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Chapter
Introduction

The stars don’t shine upon us
We’re in the way of their light.
David Berman

1.1 Overview

The serendipitous discovery of the gamma-ray burst (GRB) phenomenon was possible thanks
to the distrust between the United States of America and the Union of Soviet Socialist Re-
publics at the height of the Cold War. With the weaponization of nuclear energy and the
demonstrated power of such weapons at the end of the Second World War, an arms race
between the powerful countries of the west and the east had begun. Naturally, developing
such devastating weapons required much research and testing. As these weapons became
more and more powerful, the tests demonstrating the power of these devices also became
more and more dangerous. Over growing public health and environmental concerns due to
the test detonation of nuclear weapons in a variety of environments; the U.S.A., U.S.S.R. and
the United Kingdom followed common sense and decided to restrict the testing of nuclear
weapons. They signed the Partial Test Ban Treaty in Moscow on 5 August 1963, which pro-
hibited test detonation of nuclear weapons in any environment but underground. In order
to make sure that the U.S.S.R. was compliant, the U.S. developed a group of satellites called
Vela, which carried X-ray and y-ray instruments to detect the characteristic double-humped
light curve originating from nuclear explosions.

In 1973, Klebesadel et al. (1973) were conducting a search for high-energy emission orig-
inating from supernovae by looking at the data gathered by the Vela satellites. They were
unable to find any supernova-related emission in the data sets, however they reported the
discovery of 16 independent “y-ray bursts” with durations in the range of 0.1 to 30 seconds.
These prompt flashes of y rays were detected by several of the Vela satellites simultane-
ously and they were determined to be of cosmic origin. The discovery of GRBs immediately
sparked the curiosity of the astrophysical community and many have speculated that the
bursts should be of Galactic origin, as otherwise they would require an enormous amount of
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2704 BATSE Gamma-Ray Bursts
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Figure 1.1: Locations and fluences of 2704 GRBs detected by BATSE. The spatial distribution of GRBs is determined
to be isotropic, which is consistent with the extra-galactic origin hypothesis. Image credit: NASA.

energy to produce. Given that the detected fluence in y-rays was reported to be on the order
of ~ 107 erg cm™2, assuming isotropic emission at a redshift z = 1 would imply energies
~ 4 x10° erg! Thanks to the Burst and Transient Source Experiment (BATSE) aboard the
Compton Gamma Ray Observatory the number of detected GRBs had increased dramatically
and allowed for more robust statistical analysis regarding the origin of GRBs. Meegan et al.
(1992) have provided crucial evidence favouring the extra-galactic origin for GRBs. They
showed that GRBs are distributed isotropically across the sky, which is inconsistent with the
Galactic source hypothesis where one would expect the GRBs to be detected predominantly
along the Galactic plane of the Milky Way (see Figure 1.1)!. The first BATSE catalogue (Fish-
man et al., 1994) enabled Kouveliotou et al. (1993) to establish the existence of (at least)
two populations of GRBs, based on the duration of the prompt y-ray flashes. They were able
to demonstrate, in a statistically significant manner, that the burst duration distribution had
a bi-modal shape with a separation between the two populations at ~ 2 seconds.

As observational evidence gradually started to shed light on the properties of these mysteri-
ous y-ray flashes, there were also endeavours to build a theoretical framework to explain the
nature of GRBs. In their seminal work, Lattimer & Schramm (1976) and Eichler et al. (1989)
have examined the consequences of neutron star mergers. They proposed that neutron star
mergers would lead to nucleosynthesis of heavy elements, neutrino emission, gravitational
waves and that these events could comprise a portion of the observed GRB population. It

! Although the spatial distribution of GRBs was determined to be isotropic, this was not considered as definitive proof
for their cosmological origin at the time. Other hypotheses such as a neutron stars located at a previously unknown
Galactic “corona” were suggested to explain the isotropic spatial distribution. See e.g., the Great Debate in 1995.
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Figure 1.2: The momentous detection of GW/GRB 170817/A. The top two panels show the prompt emission of GRB
170817A as detected by the Fermi telescope in two separate bands. The third panel from the top shows the independent
detection of GRB 170817A by the INTEGRAL telescope. The bottom panel represents the detection of GW 170817 by
the LIGO/Virgo collaboration in the form of a waterfall plot. As expected, there is a small delay between gravitational
waves and electromagnetic counterpart. Credit: Abbott et al. (2017a).

would take 28 more years before our observational capabilities would catch up to verify most
of the claims presented in these studies. On August 17, 2017 the Fermi Gamma-ray Space
Telescope and INTEGRAL detected a short-duration GRB in conjunction with the independent
detection of gravitational waves by the advanced Laser Interferometer Gravitational-Wave
Observatory (LIGO) and Virgo collaboration (Abbott et al., 2017a,b; Fong et al., 2017). This
profound discovery provided strong evidence that neutron star mergers are progenitors of
short GRBs as well as marked the beginning of the multi-messenger era in Astronomy (see
Figure 1.2). Woosley (1993) proposed that core-collapse supernovae of rapidly-rotating mas-
sive stars could be another candidate for the progenitor of GRBs. In 1998, Galama et al.
(1998a,b) found the first evidence of supernova/long GRB association by identifying SN
1998bw at the approximate location of GRB 980425.

3
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Afterglow

Figure 1.3: Illustration of the different stages of GRBs. They are initially detected as flashes of y rays (the prompt
emission) followed by a long-lived broadband afterglow. Here, the internal shocks model is shown for the prompt
phase. Image credit: NASA’s Goddard Space Flight Center.

Rees & Mészaros (1992) have laid the foundations for the “fireball” model of GRBs, and
argued that a relativistic fireball would inevitably interact with its environment to produce
electromagnetic radiation. In Mészaros et al. (1994), the authors considered the relativistic
blast wave created by a point explosion moving into the surrounding medium, and how
such a process would lead to broadband electromagnetic radiation. Later, van Paradijs et al.
(1997) detected the long-awaited first optical counterpart to a GRB. They detected an optical
transient consistent with the location of GRB 970228, ~ 21 hours after the initial detection of
the y-ray emission. Moreover, Costa et al. (1997) detected a fading X-ray transient associated
with the same GRB. This long-lived broadband emission following the initial burst of y rays
is called the afterglow of the GRB. Soon after their discovery, follow-up observations of the
afterglow emission proved to be useful to understand the physics of GRBs. Metzger et al.
(1997) performed the first spectroscopic measurements of a GRB afterglow (GRB 970508)
and proved the extra-galactic origin of GRBs by measuring the redshift for the first time.

To summarize, GRBs are the most energetic explosions in the Universe. They are the product
of either the core-collapse of massive stars (associated with long GRBs) or coalescing com-
pact binaries, where at least one of the objects is a neutron star (associated with short GRBs).
GRBs are ultra-relativistic collimated outflows powered by a compact central engine. They
are initially detected as brief flashes of y rays, which is called the prompt emission phase
of the GRB. As the ultra-relativistic ejecta sweeps up enough mass from the surrounding
medium a pair of shocks are created, one of which moves into the ejecta (reverse shock),
and the other moves into the circumburst medium (forward shock). In these relativistic
shocks, tangled magnetic fields are amplified and charged particles are accelerated, which
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Figure 1.4: Evolution of the bulk Lorentz factor of the ejecta based on hydrodynamic simulations. The reader can
see the different stages of the blast wave; the acceleration stage during which T rapidly increases, the coasting stage
where T stays approximately constant, and the deceleration stage. Credit: Kobayashi et al. (1999)

emit synchrotron radiation spanning the entire electromagnetic spectrum. This broadband
long-lived emission is called the afterglow of the GRB. See Figure 1.3 for an illustration of
the different stages of GRBs. In the following sections, the current theoretical understanding
of the physics of GRBs is described. For a complete review of the observational properties
and theoretical understanding of GRBs the reader is referred to e.g., Piran (2004); Kumar
& Zhang (2015).

1.2 GRB blast waves

In 1986, Paczynski (1986); Goodman (1986) were already investigating the physics of cos-
mological GRBs. Given the high temporal variability in the prompt emission light curves of
GRBs and the fact that they are at cosmological distances, they considered the release of
energies on the order of ~ 10°! erg into a small volume with radius ~ 10 km within a short
amount of time (~ 1s). Such high energy densities would lead to pair-production which
would lead to an, initially, optically thick fireball. As the fireball starts its adiabatic expan-
sion, the bulk Lorentz factor of the flow, I', will increase linearly with the blast wave radius
as long as the fireball remains optically thick. Following the acceleration stage, once the
blast wave reaches the photosphere (at which point it becomes optically thin) it enters the

5
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coasting stage throughout which I' stays approximately constant. The maximum, coasting,
bulk Lorentz factor of the flow is defined as,

E
T, = -

= (1.1)
czMo

>

where E, is the total explosion energy, c is the speed of light and M, is the baryonic mass of
the ejecta. As the blast wave ploughs through the circumburst medium, the kinetic energy
is imparted to the surrounding material. Once the blast wave collects enough material, i.e.,
with a mass of M, /I, it enters the deceleration stage (Rees & Mészdros, 1992). In this case
the deceleration radius of a blast wave, with a coasting Lorentz factor of I}, moving into a
medium with constant number density, n, can be expressed as,

inr3 nm ——EO
dec™™'p T 2 2
3 Iyc

1/3
_ 3E,
Fee=| ——==5 | -
dec 4mnm, T c?

In the lab-frame of the burster, r,,. = cty.. .- Since the blast wave is moving towards the ob-
server with a Lorentz factor I, the time in the lab-frame can be expressed as t,,, = t,./(2I%).
Once we substitute these expressions in Equation 1.2, the deceleration time in the observer

frame can be expressed as,
3E e
0
dec (SZnnmPFgcs)

Numerical results for the Lorentz factor evolution of the blast wave can be seen in Figure 1.4
(Kobayashi et al., 1999).

(1.2)

Assuming a more general circumburst number density profile of the form
n= Ar_k, (1.4)

where r is the distance from the centre, the time of deceleration for the blast wave becomes

tdec=[ (3= K)E, ] (1.5)

2471( T[Amp FS*chsfk

Throughout this thesis, I only consider density profiles with either k = 0, which corresponds
to a homogeneous, interstellar medium-like (ISM-like) density profile, or k = 2, which is
representative of the density profile in free stellar winds.

Since the ejecta are optically thick during the acceleration stage, and since the blast wave im-
parts a large portion of its kinetic energy to the surrounding medium during the deceleration
stage, it is expected that the radiative processes governing the observed prompt emission
arise during (or at the transition to) the coasting stage. Despite decades of research, the
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radiative processes giving rise to the prompt emission are not well understood. There are
mainly two models to explain the observed temporal and spectral properties of the prompt
emission; the internal shocks and photospheric emission model. The internal shocks model as-
sumes that the central engine of the GRB will create an outflow with time varying I'. In such
a scenario the outflow consists of regions with different I', and the faster material ejected at
later times will catch up with the regions with lower I' (see Figure 1.3 for an illustration).
When these shells collide internal shocks are generated in the outflow where a considerable
amount of the kinetic energy can be converted into thermal energy (Rees & Mészaros, 1994).
In turn, a reasonable fraction of the thermal energy will be deposited into charged particles
which can create non-thermal radiation. Depending on the differences of I' between the
colliding shells and the mass of the shells, the maximum expected radiative efficiency of
such a process is ~ 30 %. The photospheric model, on the other hand, assumes low energy
near-thermal photons interacting with higher energy electrons below the photosphere i.e.,
before the ejecta become optically thin. These photons will typically gain energy when they
interact with the electrons and if the ejecta become optically thin before the photons and
electrons have a chance of completely thermalizing the escaping photons might generate a
GRB. None of these models are able to explain all of the observed properties of the prompt
emission, and it is likely that a combination of both radiation mechanisms contribute to
generating GRBs.

1.3 GRB afterglows

The afterglow emission relays crucial information regarding the physics governing GRBs. It
is thanks to the afterglow emission that the cosmological origin of GRBs was conclusively
demonstrated (Metzger et al., 1997). Still, the majority of redshift measurements of GRBs
are thanks to follow-up observations of the afterglow in optical wavelengths, which allows
spectroscopic measurements of absorption lines. Moreover, modelling the afterglow emis-
sion allows us to probe the energetics of GRBs, their dynamical evolution, microphysical
properties of ultra-relativistic shocks, the environments of GRBs and their progenitors. This
thesis is predominantly focused on extracting information from the observed afterglow emis-
sion of GRBs.

1.3.1 Dynamics

The blast strength of the first atom bomb explosion in 1945 was deemed classified by the U.S.
military. Sedov (1946); Taylor (1950a) presented the dynamical evolution of blast waves
created by point explosions. In 1950, Taylor (1950b) was able to infer the (then classified)
explosion energy of the 1945 atomic test by utilizing a series of publicly available snapshots
of the explosion. This was possible due to the self-similar nature of the blast wave evolution.
The so-called Sedov-Taylor (ST) solution has been widely utilized in astronomy to describe
Newtonian blast waves, especially for the evolution of supernova remnants. The Blandford-
McKee (BM) solution is the relativistic analogue of the Sedov-Taylor solution (Blandford &
McKee, 1976). Post-deceleration, the GRB blast wave dynamics is described by the BM solu-
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tion as long as the blast wave remains ultra-relativistic. As the blast wave decelerates further,
the blast wave dynamics smoothly transitions to the Newtonian Sedov-Taylor solution. For
a blast wave which is in a self-similar deceleration stage one can derive some basic scalings
for the T and r (blast wave radius) evolution;

k=3 1
I'oc t872% roctik (1.6)

obs obs ?

where ¢, refers to the time in the observer frame and k is defined as in Equation 1.4. Since
it is assumed that the blast wave is moving towards the observer at nearly the speed of light
whilst generating the afterglow emission, the emission duration at the observer frame is
contracted by a factor of ~ 2I'2. These scalings naturally explain the observed power-law
decay of the GRB afterglow light curves.

1.3.1.1 Jet-break

GRBs require an outrageous energy budget considering the cosmological distances where
these events take place. It is possible to reduce the required energetics of GRBs, when one
considers a collimated outflow instead of an isotropic explosion. When it is assumed that the
outflow is collimated with a half-opening angle of 6, the true energy becomes,

E,.=E.(1—cosf,) 1.7)

true 1s0

where E,  is the isotropic-equivalent energy. Rhoads (1999) anticipated the collimated na-
ture of GRB jets and predicted the observational signatures of such beamed outflows. While
I' > 1/6, it is impossible to distinguish between an isotropic outflow and a beamed jet. This
is because of the fact that the emission is Doppler-beamed towards the observer with an an-
gle of 1/T, thus the observer is unable to “see” the edges of the jet when I' > 1/6,,. Moreover,
the blast wave is unable to spread sideways when I > 1/6, because the edges of the jet are
not causally connected. Rhoads (1999) predicted that when I' ~ 1/6, that there should be
a steepening in the afterglow light curve, which is called the jet-break. Once I' < 1/6,, the

steepening of the light curve happens due to two reasons:

1. As T becomes smaller the observer is able to see more of the emitting regions of the
blast wave, and when I' = 1/6,, the observer can see the whole emitting region. After
which point further decrease of ' does not increase the size of the emitting region.

2. When T' = 1/6, the edges of the jet become causally connected, which allows the
sideways expansion of the blast wave. This leads to I decreasing even faster than before
due to the fact that the blast wave interacts with more of the circumburst medium.

1.3.2 Radiation

As the GRB blast wave starts to interact with its surrounding medium, a pair of shocks are
created. The reverse shock propagates into the ejecta, whereas the forward shock propagates
into the circumburst medium. These shocks compress the plasma and amplify ambient mag-
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Figure 1.5: Example broadband synchrotron spectra of the GRB afterglow emission. v,, v,, and v, represent the self-
absorption, injection and cooling break respectively. The upper panel illustrates the fast cooling spectrum (v,, > v,)
whereas the bottom panel shows the slow cooling spectral regime (v,, < v.). p is the power-law index of the accelerated
electron distribution. Credit: Sari et al. (1998)
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netic fields. Charged particles are accelerated by scattering back and forth across the shock
front in a process called diffusive shock acceleration (Bell, 1978). We denote the fraction of
thermal energy going into the magnetic fields and accelerated particles as €, and €, respec-
tively. The energy spectrum of the accelerated particles follows a power law of the form,

n(y)o<cy®, (1.8)

where p is the power-law index and y is the Lorentz factor of the individual particles. The
distribution has a minimum Lorentz factor of y,, and a maximum Lorentz factor denoted
by y.ax- The integrated energy in the particles hardly depends on y,,, when y, .. >y, for
p > 2. Therefore, v, is usually not taken into account when p > 2 to reduce the number of
free parameters.

The observed emission is the sum of the synchrotron emission of all accelerated particles. The
spectrum can then be described as a broken power-law with several prominent breaks. The
injection break, v,,, signifies the contribution of particles with Lorentz factors of y,,. As the
particles emit synchrotron radiation, they lose their energy and cool down. For particles with
y larger than a critical value y,, the cooling timescale is shorter than the dynamical timescale,
thus, they rapidly lose their energy to synchrotron emission. This introduces another break
in the spectrum called the cooling break, v.. Finally, the self-absorption break, v,, is the
frequency below which the blast wave becomes optically thick. In Figure 1.5 example spectra
for different ordering of these break frequencies are shown (Sari et al., 1998).

When low-energy photons interact with high-energy charged particles, they can get up-
scattered and gain energy from the particles. In the context of GRB afterglows, it is likely
that the emitted lower-energy synchrotron photons would in turn interact with the high-
energy particles in a synchrotron self-Compton (SSC) scatering process. This would lead to
additional cooling of the particle population and result in high-energy up-scattered photons.
In 2019, MAGIC Collaboration et al. (2019a) detected high-energy, TeV photons coincident
with GRB 190114C. This marked the first high-confidence detection of TeV emission from
a GRB, demonstrating that the afterglow phase is capable of producing very high-energy
photons.

1.3.3 Afterglow data sets

The launch of the Neil Gehrels Swift Observatory has enabled quick localization of GRBs and
therefore the number of GRBs with detected afterglow counterparts has increased dramat-
ically (Gehrels et al., 2004). Furthermore, the on-board X-ray detector (Swift-XRT) has re-
vealed the early-time (~ 1 minute after initial detection of the burst) behaviour and complex
features of the X-ray afterglow emission. Swift-XRT discovered that the X-ray light curve did
not follow just a simple power-law decay but instead included an early steep decay followed
by a shallow (plateau) phase with occasional flaring behaviour. This complex temporal evo-
lution at early times could signify energy injection due to late-time central engine activity.
Emission originating from the reverse shock can also lead to flaring behaviour.
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Broadband follow-up observations are required to properly constrain the locations of the
breaks in the afterglow synchrotron spectra (see Figure 1.5). Depending on the adopted
triggering strategy, ground/space based observatories perform follow-up observations upon
the detection of a GRB. The data set can include various different emission/absorption
components, and propagation effects. Persistent emission from the host galaxy can add a
time-independent offset to the afterglow light-curves, and needs to be taken into account.
Furthermore, dust extinction and absorption in the host galaxy of the GRB will affect the
optical/soft X-ray counterparts of the afterglow emission. Interstellar scintillation can cause
strong variability in radio wavelengths, especially at early times when the angular size of the
blast wave is smaller. Moreover, extra-galactic background light (EBL) attenuation prevents
the detection of TeV afterglow emission at large redshifts.

1.4 Numerical afterglow models

Analytical solutions for the blast wave dynamics successfully describe the evolution of GRB
jets in asymptotic regimes (see Section 1.3.1). The BM solution is valid as long as the blast
wave is ultra-relativistic (i.e., at early-times when I' > 1) whereas the ST solution is only
valid for Newtonian blast waves (i.e, at late times when I ~ 1). It is not straightforward to de-
scribe the dynamics of the trans-relativistic regime using simple analytical prescriptions. In
the last decade, advancements in numerical methods allowed the study of GRB jet dynamics
via detailed relativistic hydrodynamical simulations. To capture the physics of these ultra-
relativistic outflows, these simulations need to resolve the blast wave over many orders of
magnitudes in space and time. Therefore, advanced numerical techniques such as adaptive
mesh refinement (AMR e.g., Zhang & MacFadyen 2009; van Eerten et al. 2010) are required
to capture the dynamics of GRB jets spanning from ultra-relativistic to Newtonian regimes.
These hydrodynamical simulations also demonstrated that the simple analytical approach to
calculate the lateral evolution of the jet (Rhoads, 1999) overestimates the lateral expansion
of the blast wave after the jet-break time, tie; (€.8., Zhang & MacFadyen 2009; Wygoda et al.
2011; van Eerten & MacFadyen 2012b). Therefore, to accurately calculate the dynamics at
tops R Lo 2D hydrodynamical simulations are required. For a comprehensive review the
reader is referred to, e.g., van Eerten (2018).

Throughout this thesis, I make use of numerical models which are based on 2D relativistic
hydrodynamical simulations to capture the jet dynamics in a realistic fashion. van Eerten
et al. (2012) introduced boxfit, which is a numerical tool capable of producing afterglow
light curves and spectra for given burst parameters. To accomplish this, they make use of
2D hydrodynamical simulations performed for GRB jets with different initial opening angles.
They make use of scale-invariance to calculate the blast wave dynamics for any given explo-
sion energies and circumburst densities. Once the dynamics of the jet are inferred from the
pre-calculated simulation snapshots, boxfit solves radiative transfer equations to calculate
observed synchrotron emission at given observer times and bands.

Although boxfit has drastically reduced the computational cost of calculating realistic dy-
namics for GRB jets, the code still has to solve radiative transfer equations in realtime to
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produce light curves and spectra. When performing Bayesian inference to infer burst param-
eters from afterglow data sets, the model needs to be evaluated more than 100000 times,
which makes boxfit impractical to use with large data sets. The numerical code scalefit
(Ryan et al. in preparation; Aksulu et al., 2020; Ryan et al., 2015), on the other hand, is
able to calculate the afterglow emission in a much more computationally effective manner,
while still relying on 2D hydrodynamic simulations. scalefit relies on pre-calculated spec-
tral tables, where the peak spectral flux and the break frequencies (i.e., v,, v,, and v,) are
stored at various observer time epochs. Furthermore, these tables are generated for various
jet opening angles and observer viewing angles. We make use of boxfit to generate these
spectral tables. In turn, scalefit makes use of scaling rules (van Eerten & MacFadyen, 2012a)
to infer the spectra at given observer times, for different spectral regimes (i.e., different or-
derings of v,, v, and ».). This eliminates the necessity of solving the radiative transfer
equations, and reduces the computational cost of evaluating the model dramatically.

1.5 Gaussian process framework

Although the blast wave model is able to successfully explain the general trends in the
observed GRB afterglow emission, the detailed temporal and spectral evolution can often
exhibit complex features. These deviations from the models can arise due to physical pro-
cess which are not included in the models, e.g., reverse shock contribution at early-times,
late-time energy injection from the central engine, synchrotron self-Compton processes. Fur-
thermore, as described in Section 1.3.3, GRB afterglow data sets often include instrumental
systematics and propagation effects, which further complicate the observed evolution of
GRB afterglows.

In Aksulu et al. (2020) (see Chapter 2), we introduce a novel approach to modelling GRB
afterglow data sets, by making use of Gaussian processes (GPs) to account for the above
described additional systematics. GPs are stochastic processes that define continuous dis-
tributions over functions (see e.g., Rasmussen & Williams 2006). GPs are useful tools for
regression and classification problems where the underlying mechanism producing the data
sets is unknown, which is the case for the systematics included in the GRB afterglow data
sets. The GP framework is described as,

ft,v)~ 9P (u(t,v,p),x(t,0)), (1.9)

where, t and v are the time and frequency at which the observations are obtained, u is the
mean function of the GP, X is the covariance matrix, ¢» and 0 represent the model parameters
and the, so called, hyperparameters of the GP model respectively. Thanks to its computational
efficiency, we are able to make use of the scalefit numerical model as the mean function of the
GP (see Section 1.4). The covariance matrix, ¥, describes how the data points are correlated
over observer time and frequency. ¥ is calculated based on the chosen kernel function and
the corresponding hyperparameters of the GP. Throughout this thesis I utilized a squared-
exponential kernel function, which results in a covariance matrix of the form,
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Figure 1.6: Radio afterglow light curve of GRB 000926. The solid line represents the light curve predicted by only
the model (scalefit). The dashed line, together with the shaded area, represents the mean and 1-o uncertainty of the
Gaussian process (GP) model. The variability at early times is due to interstellar scintillation. As can be seen, the GP
model is able to account for scintillation.
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2 2
2, :k(Xi,Xj):Aexp[—%Z(Xlkl—zxjk)]+5ija,21, (1.10)
k=1 k
where, (4,1,,1,,0,) are the hyperparameters and X is the feature set (time epochs and fre-
quencies of the observations). Here, A defines the amplitude of the correlation between the
observations, whereas (1, 1,) respectively define the length scale in time and frequency space
over which the data are correlated. o, adjusts the amount of white noise present in the data

set.

The likelihood function of the GP model is described as,
1,0, 1 N
log,Sf(VIX,B,qS):—Er % r—Elog|2}|—Elog(2ﬂ:), (1.11)

where, r is the residuals of the model with respect to the observations. We marginalize
the model parameters and hyperparameters over the likelihood function to obtain robust
estimates of the GRB parameters.

In principle the GP component should only explain artifacts in the data set which cannot
be accounted for by the model itself, i.e., components which are highly variable in time
and/or frequency domains. In order to prevent the GP from modelling components which
vary gradually over time and/or frequency (such components should be accounted for by
the model), we do not allow (I, l,) parameters to exceed a certain value. In Figure 1.6, an
example fit for the radio afterglow of GRB 000926 can be seen, where the variability due to
interstellar scintillation is captured by the GP model.

1.6 Outline of thesis

The overarching aim of this thesis is to provide insights regarding the physics of GRBs by
constraining their physical parameters, and to probe how these parameters are distributed
across the GRB population.

In Chapter 2, we introduce a new method for modelling the afterglow emission of GRBs. The
blast wave model is able to explain the general trends in the observed GRB afterglow light
curves and spectra. However, as it is the case with every model, the physical realities are more
complex. The GRB afterglow data sets contain systematic deviations from our models due to
emission mechanisms not included in the models (e.g., synchrotron self-Compton, reverse
shock contribution), propagation effects (e.g., interstellar scintillation at radio wavelengths,
dust absorption due to the host galaxy) and instrumental effects. When performing Bayesian
inference, we find that these systematic deviations lead to underestimated uncertainties on
the model parameters when sampling the y? likelihood. We introduce a new method for
modelling the afterglow emission, where we make use of Gaussian processes to account
for additional systematics in a non-parametric fashion. This new approach results in more
robust parameter estimates. We demonstrate the effectiveness of the proposed method using
synthetic data sets. Furthermore, we apply this new method on well-studied, archival GRB
afterglow data sets, and compare our results with previous studies.
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In Chapter 3, we make use of the above mentioned method to model a sample of 26 GRBs.
Our sample consists of 22 long GRBs and 4 short GRBs with available, well-sampled, broad-
band afterglow data sets. In this study we aim to understand how the various GRB param-
eters are distributed across the population. We perform model selection between homoge-
neous and wind-like circumburst media (CBM), using the obtained Bayesian evidence values
for each modelling effort. We find that there is an approximately even split between the num-
ber of long GRBs in homogeneous and wind-like CBM. As expected, the short GRB sample is
consistent with a homogeneous CBM density profile. We look for correlations between the
burst parameters and make comparisons between the parameter distributions of long GRBs
in homogeneous/wind-like environments and short GRBs. We do not find any significant
differences between the kinetic energies of short and long GRBs. Given that short GRBs are
much less luminous during the prompt phase, we find that short GRBs are systematically
less efficient in producing the prompt y-ray emission when compared to long GRBs. Further-
more, we find that the inferred density profile for long GRBs in wind-like environments is
consistent with the density profiles expected of canonical Wolf-Rayet type stars.

In Chapter 4, we take a different approach to probe the parameter distributions of the GRB
population. Instead of modelling individual GRBs, we conduct a population study based on
the Swift BAT6 sample of long GRBs. We build a numerical tool which is able to generate
a synthetic population of GRBs for given parameter distributions, and output distributions
of the observables such as detected photon count in y-rays, redshift, isotropic-equivalent
prompt energetics, and afterglow flux values. In order to make a fair comparison between
the synthetic population and the observed BAT6 sample, it is crucial to take into account
the selection effects. We make use of Bayesian inference in order to infer the distribution
parameters of the synthetic population, which successfully reproduces the observed prop-
erties of the BAT6 sample. Furthermore, we compare the inferred synthetic population to
our previous work, presented in Chapter 3, and find that the parameter distributions agree
with each other, especially for GRBs in wind-like environments. We briefly comment on the
energetics of GRBs, and the lack of observed jet-breaks in the GRB population. We make
a case study based on the famous GRB 130427A, and discuss how the upcoming ATHENA
mission can help to test the forward shock model.

In Chapter 5, we present the first results for the Australia Telescope Compact Array (ATCA)
rapid-response mode observations triggered on a short GRB (GRB 181123B). With the begin-
ning of the multi-messenger era in Astronomy, it has become important to quickly follow-up
on LIGO/VIRGO detected gravitational wave (GW) events. Such rapid follow-up observa-
tions might present improvements on the large uncertainties of positional information for
GW events. ATCA started observations ~ 12.6hours after the initial trigger of short GRB
181123B. Although there were no significant detections, ATCA was able to obtain upper lim-
its on the afterglow emission. In this study, I led the modelling efforts to understand how
such early-time observations can help constrain the physics of GRBs. We demonstrate that
even upper limits help to constrain the model parameters. Especially the fraction of ther-
mal energy going into accelerating the charged particles, €,, can be constrained using these
observations.
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In Chapter 6, we derive the physical parameters of the “MAGIC” GRB 190114C, which is the
first GRB detected in TeV energies. We present new radio follow-up observation obtained
by the Meer Karoo Array Telescope (MeerKAT) and collect additional observations from the
literature in radio/mm-wavelengths, optical, and X-ray bands in order to compile a broad-
band data set for the afterglow of GRB 190114C. Furthermore, we make use of the method
introduced in Chapter 2 to robustly infer the physical parameters of this exceptional GRB.
We find that the accelerated particle distribution exhibits a hard energy distribution with
a power law index well below 2, which might be one of the reasons that this GRB emitted
TeV photons. We compare the inferred parameters of GRB 190114C with a large sample
of long GRBs (see Chapter 3) and find that this GRB constitutes an outlier within the GRB
population. This might indicate that TeV emitting GRBs are relatively rare.
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Abstract

The afterglow emission from gamma-ray bursts (GRBs) is a valuable source of information
to understand the physics of these energetic explosions. The fireball model has become the
standard to describe the evolution of the afterglow emission over time and frequency. Thanks
to recent developments in the theory of afterglows and numerical simulations of relativistic
outflows, we are able to model the afterglow emission with realistic dynamics and radia-
tive processes. Although the models agree with observations remarkably well, the afterglow
emission still contains additional physics, instrumental systematics, and propagation effects
which make the modelling of these events challenging. In this work, we present a new ap-
proach to modelling GRB afterglows, using Gaussian processes (GPs) to take into account
systematics in the afterglow data. We show that, using this new approach, it is possible to
obtain more reliable estimates of the explosion and microphysical parameters of GRBs. We
present fit results for 5 long GRBs and find a preliminary correlation between the isotropic
energetics and opening angles of GRBs, which confirms the idea of a common energy reser-
voir for the kinetic energy of long GRBs.
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2.1 Introduction

Gamma-ray bursts (GRBs) are the most energetic explosions in the Universe. They are ei-
ther the result of the collapse of massive stars (long GRBs) (Woosley, 1993), or of compact
object mergers where at least one of the objects is a neutron star (short GRBs) (Eichler
et al., 1989); for a review see, e.g. Piran (2004). During these catastrophic events, an ultra-
relativistic, collimated outflow is generated by a compact central engine (Rees & Mészaros,
1992). Initially, GRBs are detected as prompt y-ray flashes. The exact emission mechanism
which produces these y rays is still debated; for a review see, e.g. Kumar & Zhang (2015).
As the outflow starts to interact with the circumburst medium, it starts to decelerate and
forms a relativistic, collisonless shock where charged particles are accelerated in tangled
magnetic fields and emit synchrotron emission across the whole electromagnetic spectrum
(Rees & Mészaros, 1992). This emission is called the afterglow of the GRB. It is possible
to understand more about the physics of GRBs by modelling the afterglow. The afterglow
emission reveals how the dynamics of such relativistic shocks evolve over time as well as
the microphysical properties in such extreme acceleration regions (Wijers et al., 1997; Sari
et al., 1998; Wijers & Galama, 1999; Panaitescu & Kumar, 2002; Yost et al., 2003).

With the launch of the Neil Gehrels Swift Observatory (Gehrels et al., 2004), the detection
rate of GRB afterglows has significantly increased. Together with multi-wavelength ground
and space based follow-up, and the start of the multi-messenger era, we now have a wealth
of data on GRB afterglows (Abbott et al., 2017b; MAGIC Collaboration et al., 2019a). More-
over, recent advancements in afterglow theory and numerical hydrodynamics allow us to
model the dynamics and emission mechanism of GRB afterglows much more reliably (van
Eerten, 2018). Although the models agree with the general trends of the afterglow data, it
is still challenging to get reliable estimates of GRB parameters because of additional physics
which is not included in the models (e.g. self-synchrotron Compton scattering effects, re-
verse shock emission), instrumental systematics, and propagation effects (e.g. scintillation
in radio, absorption by the host galaxy gas and dust in the optical and X-ray regimes). All
these effects introduce systematic deviations to the afterglow observations, and result in a
more complex flux evolution over time and frequency than predicted by the models. Gom-
pertz et al. (2018) have shown that there must be intrinsic errors involved when modelling
GRB afterglows, by using closure relations to show that the data exhibits inconsistencies
which cannot be explained by the measurement errors. In this work, we show that systematic
deviations put unrealistically tight constraints on the model parameters when performing
parameter estimation where the likelihood function is only proportional to the y? value.

In this paper we introduce a new approach to fitting GRB afterglow data, by modelling the
systematics using Gaussian processes (GPs). This way, the model parameters are not bound
by artifacts of systematic deviations, and Bayesian parameter estimation gives more reliable
parameter uncertainties. In Section 4.3 we explain the method in detail, in Section 2.3 we
present test results with synthetic data sets, and compare to results obtained by conventional
modelling. Moreover, in Section 2.4 we apply this method to 5 long GRB afterglow data
sets and present the results. In Section 2.5 we further elaborate on the modelling of GRB
afterglows, and we conclude in Section 2.6.



2.2 Method 19

2.2 Method

GPs are a generalization of the Gaussian probability distribution, in the sense that, GPs en-
able us to define a probability distribution over functions instead of variables or vectors (Ras-
mussen & Williams, 2006). GPs are non-parametric, stochastic processes, and are therefore
a useful tool in regression problems where the underlying model of the data is unknown, as
is the case for the systematic differences between GRB afterglow models and observations.

In this section we describe a Gaussian process framework for modelling the systematics in
the GRB afterglow data sets. We follow the same methodology described in Gibson et al.
(2012), where they used the same approach to model transit light curves of exoplanets,
which are affected by significant systematics.

2.2.1 GRB afterglow data

In order to solve for the many GRB afterglow model parameters, a well-sampled multi-
wavelength data set is required. The data set consists of N flux measurements, y = (f,,,,..., f, N)T,
measured at times and frequencies X = (x,, .. .,a:N)T = ((t,, vl)T, o (tys vN)T)T, where X

is an N x 2 matrix. The reported uncertainties of the flux measurements are expressed as
o= (01,...,0N)T.

2.2.2 Gaussian process framework

In this work, we use a GP model to take into account any possible systematics in the GRB
afterglow data in a non-parametric fashion, where the systematics are described as,

ft,v)~92 (u(t,v,p),x(t,v,0)), 2.1

where u is the mean function of the GP (i.e. the afterglow model), ¥ is the covariance matrix
of the GP model, ¢ and 0 represent the GRB parameters and the, so called, hyperparameters
of the GP model respectively.

The log likelihood of the GP model is described as,
1,0, 1 N
log £2(VIX,0,¢) = _ET »r— 5 log|Z| — > log(2m) (2.2)

where r is the residual of the afterglow model with respect to the observed flux density
values. We define the residual as,

r =logy—logp, (2.3)

due to the fact that the measured flux densities vary over orders of magnitudes with time
and frequency. In such cases it is common to model the logarithm of the measured values
(Snelson et al., 2004). Therefore, we exclude any negative flux measurements from the data
sets when modelling.
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The covariance matrix, %, defines how correlated the data points are over observer time
and frequency. In order to construct the covariance matrix, a squared-exponential kernel is
chosen, over the 2D input space (time and frequency),

2 2
1 X —Xj1)
%, = k(X;,X;) = Aexp [—5 >

2
k=1 lk

] +6,05, 2.4

where A represents the amplitude of the correlations, [; and [, determine the length scales
of the correlations over time and frequency respectively, and o, represents the amount of
white noise in the data set. These parameters are called the hyperparameters of the GP and
need to be marginalized together with the model parameters. The white noise parameter
is formulated as o, = 0, 0, where 0., is the uncertainty in the logarithm of the flux
measurements and o, is the hyperparameter which scales the reported uncertainties. Thus,
the hyperparameters can be expressed as,

0=(41,l,,0,)". (2.5)

In this work, we use the george Python package (Ambikasaran et al., 2015) as the GP
framework. george enables us to calculate efficiently the covariance matrix and the GP
likelihood even for relatively large data sets and it is designed to be used with any external
optimization/sampling algorithm.

2.2.3 Model

We assume a relativistic, collimated, outflow interacting with the circumburst medium (CBM),
forming a pair of shocks propagating into the ejecta (short-lived reverse shock) and into

the CBM (long-lived forward shock) where charged particles are accelerated and emit syn-
chrotron radiation (Sari et al., 1998; Wijers & Galama, 1999; Granot & Sari, 2002). In this

work we only consider the emission originating from the forward shock. The forward shock

model has been able to successfully describe the spectral and temporal evolution of GRB

afterglows.

In this work, we incorporate scalefit (Ryan et al., 2015, Ryan et al. in prep.), as the mean
function of the GP model. scalefit is an afterglow model, which makes use of pre-calculated
tables of spectral features (i.e self-absorption break v, injection break v, , cooling break v,
and peak flux density of the spectrum f, .., ) over decades in time and for different observing
angles. scalefit takes advantage of scale invariance to calculate the observed flux density for
given explosion and microphysical parameters, observer times and frequencies. The model
parameters are described as,

¢= (GO’EK,iso’ nO’ eobs’p’eB’ée’ gN)T’ (26)
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where 6, is the opening angle of the jet, E, ;. is the isotropic-equivalent kinetic energy of the
explosion, n, is the circumburst number density, 6, is the observing angle, p is the power-
law index of the accelerated electron population, €, is the fraction of thermal energy in the
magnetic fields, €, = g%fee where e, is the fraction of thermal energy in the accelerated
electrons, and &, is the fraction of electrons being accelerated.

boxfit (van Eerten et al., 2012) is used to produce the tables containing the spectral features.
boxfit is a GRB afterglow modelling tool, which makes use of pre-calculated hydrodynamics
data and solves radiative transfer equations during runtime. Since it relies on hydrodynam-
ics data, it is able to model the dynamics of the blast wave reliably. boxfit has been used to
successfully model the broadband emission from various afterglows (see e.g. Guidorzi et al.
2014; Higgins et al. 2019; Kangas et al. 2020), but its computationally expensive repeated
radiative transfer calculations are a drawback when implementing boxfit in a sampling al-
gorithm. scalefit instead draws from a table that reproduces the spectral breaks and peak
fluxes from boxfit exactly, but approximates the spectral curvature across breaks when re-
constructing spectra. Through its approximation of spectral curvature, scalefit avoids the
need for repeated radiative transfer calculations and allows for fast computation (for ap-
plications, see e.g. Ryan et al. 2015; Zhang et al. 2015). This offers a good compromise
between speed and accuracy. In this work, aimed at GPs, we make use of the fact that due
to the slight differences in their approach the different modelling tools produce afterglow
light curves with different relative systematics, leaving a detailed comparison of the relative
merit between the methods for afterglow modelling in general for future work.

2.2.4 Regression

In order to marginalize over the model parameters and the hyperparameters of the GP, we
make use of pymultinest (Buchner et al., 2014), which is the Python implementation of the
MultiNest nested sampling algorithm (Feroz et al., 2009). Sampling from complex objective
functions can be challenging as algorithms can get stuck in local maxima. The main advan-
tage of using pymultinest is that it is able to converge on the global maximum with high
efficiency (i.e. relatively small number of function evaluations). For all the presented results,
pymultinest is used in the importance sampling mode (Feroz et al., 2019) with mode sep-
aration disabled. We use 1000 initial live points and use an evidence tolerance of 0.5 as our
convergence criterion. These values are adapted from Feroz et al. (2009).

The fraction of accelerated electrons, &, is degenerate with respect to (Ey ,, 1, €5, €,),
where (Ej ;,,n,) are proportional to 1/&,, and (e, €,) are proportional to &, (Eichler &
Waxman, 2005). Because of this degeneracy, we fix £, to be 0.10. Canonically, £, is set to
unity when modelling GRB afterglows, however, for our sample we find that a smaller value
for £, gives more physical results for €, and €,, since accepting the canonical value results
in non-physical parameter values (e.g. €, + €, > 1). Moreover, particle-in-cell simulations
have shown that £, can be as low as 0.01, depending on the shock conditions (Sironi &
Spitkovsky, 2011).
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Figure 2.1: Example regression result from modelling GRB 970508 using the GP model. The radio light curve at 8.46
GHz is shown, where the solid line is the scalefit light curve, the dashed line is the mean predicted by the GP model
and the shaded area represents the 1-o uncertainty of the GP model. It can be seen that at early times the data is
heavily affected by scintillation, and the systematics are modelled by the GP. The variability in the model (solid line)
is due to numerical noise.

Regression is performed by marginalizing over both the hyperparameters and model param-
eters (see Equations 3.3 and 4.4). In all of the fits presented in this work, we assume that
the systematics are uncorrelated over the frequency domain by fixing the hyperparameter [,
to a very small number. We recognize that this assumption may not hold for regions of the
spectrum where the frequency domain is sampled closely (e.g. radio or optical observations
at similar frequencies). Also, dust extinction may lead to correlated noise in the frequency
space over several decades. However, after correcting for dust extinction, when the data
set spans over multiple decades in frequency, the emission in radio, optical and X-rays will
not be correlated. In Figure 2.1, we present an example regression result for the radio light
curve of GRB 970508, which contains significant variability in radio bands at early times
due to interstellar scintillation. It can be seen that over time, as the shock front expands and
the source size increases, the variability decreases.

2.3 Application to synthetic data

In order to test the effectiveness of the proposed method, we generate synthetic data sets
and try to recover the true parameters by modelling the synthetic data using both the con-
ventional method of sampling the y? likelihood and the proposed method of sampling the
GP log likelihood function (Equation 2.2).
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Table 2.1: Assumed priors for modelling synthetic data sets.

Parameter range Prior distribution
0.01<6,<1.6 log-uniform
10 < By, < 10%° log-uniform
107* < n, < 1000 log-uniform
0<6,,/60,<2 uniform
1.5<p<3.0 uniform
107 < €5 <0.50 log-uniform
10%< ¢, <10 log-uniform

Table 2.2: Fit results for the synthetic data set generated using Model 1. The data set contains only white noise as
described in Section 2.3. Results from both y* and GP (42) likelihood sampling are presented. All the uncertainties
on the parameters represent the 95% credible interval. Parameter estimations which include and exclude the true
parameter value within the 95% credible interval are marked as v'and X, respectively.

Parameter 22 Y True value
0, 0.096712%1 v 0.098%09Y7 v 0.10
10g,,(Ex i50.53) 0.0170)7 v —0.04505 v 0.00
log,,(n,) —0.091018 v —0.1273% v 0.00
0,../6, 029701 v 0.2779% v 0.30
p 24051002 v/ 2.406700% v 2.40
log,,(€5) —1.9407 v —1.910% v -2.00
log,,(€,) —1.4870 v  —1.517018 v -1.54

Two sets of synthetic data are generated using scalefit (Model 1 from now on) and boxfit
(Model 2 from now on) as the underlying model. The synthetic data sets are generated in

radio, optical and X-ray bands and across 10 time epochs, which are log-uniformly separated.

The uncertainty fractions are chosen to be 10%, 2%, and 10%, for radio, optical and X-ray
bands respectively. The data points are generated by drawing from a Gaussian distribution
with the model value (either Model 1 or 2) as the mean and the corresponding uncertainty
as the standard deviation.

In this work, we model any type of data set using Model 1 (see Section 3.2.3). Therefore, the
synthetic data set generated with Model 1 contains only white noise, whereas the synthetic
data set generated with Model 2 also contains systematics with respect to Model 1. This
allows us to test the performance of the GP model, both in the absence and presence of
systematic differences. For all the synthetic data modelling, we use the same prior for the
parameters, which is presented in Table 2.1. We select fiducial GRB parameter values for our
synthetic data sets; (8, Ey iso» M, Oops/ 0 D> €5 €,) = (0.10,10%,1.00,0.30,2.4,1072,107").

Tables 2.2 and 2.3 show fit results for both data sets and modelling approaches. As it can
be seen in Table 2.2, the GP model and y? sampling perform similarly in the absence of
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Table 2.3: Fit results for the synthetic data set generated using Model 2. The data set contains both white noise and
systematics as described in Section 2.3. Results from both y and GP (¥2) likelihood sampling are presented. All
the uncertainties on the parameters represent the 95% credible interval. Parameter estimations which include and
exclude the true parameter value within the 95% credible interval are marked as v'and X, respectively.

Parameter P 9P True value
6, 0.0357075. 90053 X 0.071139%2 v/ 0.10
1081 (Ex 150,53) 0.51970054 X 0.57°9%" v 0.00
log,,(n,) —2.6697 005 X —0.213 v 0.00
0,4/, 0.641%003 X 0.70'0% v 0.30
p 246970014 x 233701 v 2.40
log,,(€5) —0.538% 001 X —2.0'7e v -2.00
log,,(€,) —1.779505 X —1.961035 v -1.54

systematics. Overall, the GP model results in larger parameter uncertainties. When there are
systematics involved, the shortcomings of the y? sampling approach stand out. In Table 2.3,
we show that the y? sampling technique is unable to recover any of the true parameters,
despite inferring small uncertainties on the parameters. On the other hand the GP model is
able to recover every parameter within the 95% credible interval.

In Figure 2.2 we show the fit results for all synthetic data sets and modelling approaches in
the form of violin plots. Violin plots are a way to visualize the marginalized distributions of
parameters in a compact way, where the shaded area represents the normalized histogram
of the posterior samples, and the solid bar shows the interquartile range of the distribution.
As it can be seen, the GP model results in larger uncertainties, more complex marginal
distributions, and more accurate parameter estimations.

In order to investigate further whether sampling the GP likelihood results in more reliable
parameter inferences, regardless of the chosen parameters for the synthetic data sets, we
generate 100 sets of synthetic data both using Model 1 and Model 2 with randomly chosen
GRB parameters. We fit all of the data sets using both the proposed method of GP likelihood
sampling and x* sampling. We perform coverage measurements on these fit results to deter-
mine how accurate the inferred uncertainties are. Coverage measurements are performed
by fitting 100 synthetic data sets and counting how many times the true parameter was
recovered for a given confidence region.

In Figure 2.3, we show the coverage measurement results for each GRB parameter both in
the presence and absence of systematic deviations. These plots show the fraction of success-
fully recovered parameters (vertical axis) for a given credible interval ! (horizontal axis)
(Sellentin & Starck, 2019). The black points show the ideally expected coverage, where the
error bars are calculated using the binomial uncertainty, given by,

o=+/p(1—p)/N 2.7

!Credible interval is the Bayesian analogue of confidence interval.
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Table 2.4: Redshift (2), Galactic foreground extinction (Ayy ), rest-frame host galaxy extinction (Ay ), and the
best fit extinction model for the host galaxy of the long GRB sample. MW denotes Milky Way type host extinction, and
SMC denotes Small Magellanic Cloud type host extinction (Pei, 1992).

GRB name b4 Ayvw  Avhose  HOSt type
970508 0.835 ~0 ~0 N/A
980703 0.966 0.1891 0.90 MW
990510 1.619 ~0 0.22 SMC
991208 0.706 0.0512  0.80 MW
991216 1.02 2.016 ~0 N/A

Table 2.5: Assumed priors for modelling the long GRB sample.

Parameter range Prior distribution
0.01<6,<1.6 log-uniform
10* < By, < 10% log-uniform
10~* < n, < 1000 log-uniform
0<6,,/6,<2 uniform
1.0<p<3.0 uniform
107 < €5 <0.50 log-uniform
107°<¢€,<10 log-uniform

where p is the probability of containing the true parameter (credible interval) and N is
the number of samples (100 in our case). The coverage measurements show that the GP
model performs better both in the presence and absence of systematic deviations, as the
measured coverage for the GP model is closer to the ideal case. y* sampling underestimates
the errors on the parameters, especially for parameters which affect the temporal slope of
the light curves (6,, 6,,, and p). In the presence of systematic deviations, even the GP model
underestimates the errors on the parameters, however, less so than y? sampling.

2.4 Application to archival GRB afterglow data

In this section we present fit results for 5 long GRB afterglows for which significant modeling
has already been done, namely; GRB 970508, GRB 980703, GRB 990510, GRB 991208 and
GRB 991216. We compare our results to previous, multi-wavelength, modelling efforts. In
Table 3.1, we present the overall properties of the GRB sample. For this work, we were
able to generate scalefit tables for constant density CBM only. Therefore, constant density
CBM is assumed when fitting the afterglow data. We use the prior distributions presented
in Table 2.5 in our modelling efforts. The inferred parameter distributions for the long GRB
sample can be seen in Figure 2.4 in the form of a violin plot.
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Table 2.6: Fit results for GRB 970508. Results from both 2 sampling and GP likelihood sampling (¥2) are presented.
The uncertainties on the parameters represent the 95% credible interval for columns x2 and ¥2. Columns PKO2
and Y03 show results from Panaitescu & Kumar (2002) and Yost et al. (2003), respectively. PKO2 did not provide
uncertainties on the parameters for this burst. The uncertainties for the Y03 results represent the 68.3% credible
interval. All the values taken from previous studies have been converted to the same units. The values have been
corrected for our choice of &, = 0.1 by multiplying (Ex iso> o) by 10 and dividing (e, €,) by 10 (see Section 2.2.4).

GRB 970508

Parameter 22 Y PKO02 Y03
0, 0.5007%000e  0.74%032  0.32  0.84%)0%0
loglo(EK,iso,53) 0'370t8:g% 0~53t8:§g 0.597 0-56i818ﬁ
log,,(n,) 0.4070025  0.80%0%  0.87  0.30%00%
0,../6, 0.6977700%%  0.750%00%%  1.33 0
p 2.4047091%  239%010 918 2.1270%
log,,(€5) —2.72070%5 3512 234 16073910
log,,(€,) —2.0781001 1971030 977 2437002

2.4.1 GRB 970508

GRB 970508 exhibits an increase in optical flux at around ~ 1 day after the burst, and
starts to decline as a power-law with time. Panaitescu & Kumar (2002) (PKO2 from now on)

explain the rise in the optical flux by assuming that the jet is viewed off-axis with 6, ~ 4/36,.

They find that a wind-like CBM (n o< r~2) suits the observations best. On the other hand,
Yost et al. (2003) (Y03 from now on) favor a constant density CBM in their analysis.

In our analysis, we exclude the data points before the peak of the rise in optical wavelengths,
and fit the data points which obey the power-law behaviour. We take the observing angle as
a free parameter, allowing viewing angles both larger and smaller than the opening angle.

Figure 2.7 shows the light curves for the inferred parameter distribution for the afterglow of
GRB 970508 using GP regression. Table 2.6 shows the inferred parameter values. Assuming
that the re-brightening in optical bands is due to late-time energy injection from the central
engine, the energetics inferred from our modelling will overestimate the initial explosion

energy. We find a wide opening angle, 0.74ﬁ8:;§ rad, which is consistent with YO3, who find

an opening angle of 0.847003 rad. The inferred isotropic kinetic energy by the GP model is
consistent with both PKO2 and Y03, whereas the y* sampling infers a lower E ,, with small
uncertainty. Both GP likelihood and y* sampling infer similar p values of ~ 2.4, which is

larger than what PKO2 and Y03 found.

2.4.2 GRB 980703

Panaitescu & Kumar (2001b) (PKO1 from now on) favor a constant density CBM for GRB
980703. Following Vreeswijk et al. (1999), PKO1 take the host extinction to be A, = 1.45 +
0.13, and find that p = 3.08. Y03 also favor a constant density CBM, and find a value of
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Table 2.7: Fit results for GRB 980703. Results from both y? sampling and GP likelihood sampling (¥2) are presented.
See Table 2.6 for detailed explanation.

GRB 980703

Parameter Ve 4GP Y03

0, 0.149907399%%%  0.199*50%5  0.2347092
10g,0(Ex iso,53) 0.1397601s  —0.021317  1.07:558%
log,,(12,) 0.156150  0.58103F 2447008
0,../6, 0313700 0.317928 0
p 2.202709% 204970992 3547004
log,,(€5) —0.58870%48  —0.87102%  _3.74%0987
logy,(€,) —2.5200001  —2361013  —2.02%51%

A, = 1.15 for the host extinction and infer p = 2.54*09*. In this work we take the host
extinction to be A, = 0.9 (Bloom et al., 1998a) and find that p = 2.05i8j(1)85.

The host galaxy of GRB 980703 has a significant contribution to the observed radio and
optical emission. We assume that the host galaxy contribution is constant over time and
leave the host galaxy flux in radio and optical wavelengths as free parameters.

Figure 2.8 shows the light curves for the inferred parameter distribution for the afterglow
of GRB 980703 using GP regression. Table 2.7 shows the inferred parameter values. The GP
model infers an opening angle which is consistent with Y03, whereas y 2 likelihood sampling
infers a smaller opening angle. Inferred n, and E, ,,, values are significantly smaller than Y03.

,iso

2.4.3 GRB 990510

PKO1 favor a constant density CBM for the case of GRB 990510. The optical afterglow of
GRB 990510 exhibits a break in its temporal evolution at around 1.5 days. This break is
interpreted as a jet-break. PKO1 find p = 2.09 + 0.03 using closure relations, which is also
consistent with the inferred value from the GP model.

Figure 2.9 shows the light curves for the inferred parameter distribution for the afterglow
of GRB 990510 using GP regression. Table 2.8 shows the inferred parameter values. The
inferred opening angle is consistent with van Eerten et al. (2012), where they performed a
detailed fit using boxfit (vE12) model and found an opening angle 0.075*9% rad assuming
an on-axis observer. On the other hand PKO2 find a smaller opening angle 0.0547)00; rad.

The GP model predicts a larger e, value when compared to x> sampling and previous studies.

2.4.4 GRB 991208

Figure 2.10 shows the light curves for the inferred parameter distribution for the afterglow
of GRB 991208 using GP regression. Table 2.9 shows the inferred parameter values. The
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Table 2.8: Fit results for GRB 990510. Results from both 2 sampling and GP likelihood sampling (¥2) are presented.
The uncertainties on the parameters represent the 95% credible interval for columns y2 and ¥%. Columns PK02 and
vE12 show results from Panaitescu & Kumar (2002) and van Eerten et al. (2012). The uncertainties for the PKO2 and
VE12 results represent the 90% and 68% credible intervals, respectively. All the values taken from previous studies
have been converted to the same units. The values have been corrected for our choice of &, = 0.1 by multiplying
(Ex iso» M) by 10 and dividing (eg, €,) by 10 (see Section 2.2.4). Since PK02 find p < 2, the conversion from e, to the
equivalent €, results in a negative value. Therefore we denote log,,(¢,) as N/A.

GRB 990510
Parameter 72 9P PKO02 vE12
0 006423750 006717002 0.054500] 0.07570%%
IOglo(EK,iso,SB) 1'125tg:8§?1 0'870ig:(1)§9 0'98tg:3(1) 1'25tgjgg
log,,(n,) 029300, —0.011533  0.461037% —0.52705
0./ 6, 0.70570004,  0.29710.5>7 0 0

0.028 0.12 0.18 0.06
p 2-230t0.027 1'91i0.089 1-83t0.01 2-28t0‘01
log,o(es) 620000 —17208 328705 —3.33°20
log,,(€,) —1.80319:026 —2.497017 N/A  —2.0870%

inferred p value by the GP model agrees with the results presented in PK02, whereas y?2
sampling results in a smaller p value.

In our analysis we find a smaller opening angle than PKO2 with an extremely off-axis ob-
server angle. The GP regression and y? sampling give significantly different results for mi-
crophysical parameters and observer angle.

2.4.5 GRB991216

Figure 2.11 shows the light curves for the inferred parameter distribution for the afterglow
of GRB 991216 using GP regression. Table 2.10 shows the inferred parameter values. PK02

Table 2.9: Fit results for GRB 991208. Results from both y2 sampling and GP likelihood sampling (¥2?) are presented
together with literature values. See Table 2.8 for detailed explanation.

GRB 991208

Parameter 22 Y PKO02
X X .026
6, 0.02261°000% 00350000 0.22700%
1°g10(EK,iso,53) 1'951ig:g§1 1'58i8:§g _0'015t8:g?
log,,(n,) —0.14101 00072 0.14123¢ 2.259%
) 0.0079°007, 158703 0
p 1.1964*5007 155501 153700
log,,(€5) —0.3018675:9008¢ —0.86703%  —2.4570%

log,,(€,) —3.2417907  —2.570% N/A
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Table 2.10: Fit results for GRB 991216. Results from both y> sampling and GP likelihood sampling (42) are presented
together with literature values. See Table 2.8 for detailed explanation.

GRB 991216
Parameter P Y PKO02
6, 0126870 0.083700 0.047°90%
l°g10(EK,iso,53) 19961)—%882 1'34t8:§? 0.99tg;§§
log,,(n,) —0.6833109%"  —0.60752, 1.677938
0,,./6, 0.79797000%  0.43703% 0
p 2.53670916  1.49%018 136700
log,,(€5) —5.041%0%4  _0.76%046 2747040
log,,(€,) —1.601*502 9 77042 N/A

find a hard electron distribution with p = 1.36 £ 0.03, which is consistent with the results
we get from GP modelling.

GP regression and y* sampling result in very different parameter values for GRB 991216.
This is mainly because the optical data contribute to the y* value the most, whereas the radio
data has a small contribution to the y2. The best fit obtained from y? sampling, despite the
fact that it has a smaller y? value than the best fit of the GP model, completely misses the
radio data points and therefore is an inadequate representation of the observed emission.

2.5 Discussion

GRBs are thought to be collimated outflows, therefore the isotropic equivalent energies of
these events are an overestimation of the true energetics. The true, beaming corrected, en-
ergies of these events significantly depend on the geometry of the outflow (i.e. the opening
angle),

Ey = Ey 160(1—cos 6;). (2.8)

Previous studies have shown that there is observational evidence that there exists a standard
energy reservoir for GRBs. Frail et al. (2001) have measured the opening angle of a sample
of GRBs based on achromatic breaks in the afterglow light curve. They have shown that
the beaming corrected energy release in y-rays is narrowly clustered around 5 x 10°° erg.
Moreover, Panaitescu & Kumar (2002) have shown, using multi-wavelength afterglow mod-
elling, that the beaming corrected kinetic energy of GRBs are narrowly distributed and vary
between 10°° to 5 x 10°° erg. Similarly, Berger et al. (2003) have analysed the X-ray after-
glow data for a large sample of GRBs with known jet breaks, and have found evidence that
the beaming corrected kinetic energy of these events are approximately constant. Note that,
these studies are based on pre-Swift afterglow observations and therefore might be biased
towards more energetic GRBs. After the launch of Swift, thanks to improved localization,
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Figure 2.5: Isotropic equivalent kinetic energy (Ey;,,) dependence on the opening angle (6,) inferred from our mod-
elling. The red measurements (y?) are obtained by y* sampling and the blue measurements (¥2) are obtained by
sampling the GP log likelihood function. The dashed black line represents the E ; (1 — cos ) = 1.7 x 10°! relation.
The error bars represent the 95% credible interval. '

the number of redshift measurements have increased and other classes of GRBs have been
discovered, such as low-luminosity GRBs (1I-GRBs) which exhibit significantly less luminous
prompt emission. 11-GRBs might constitute outliers in the overall GRB population and might
not conform with the idea of a constant energy reservoir (Liang et al., 2007).

Our analysis also shows a strong correlation between 6, and Ey ;. In Figure 2.5, we show
the measured opening angles and isotropic energies of our GRB sample. It can be seen that,
when the GP model is used for inferring parameters, the measured values suggest that the
beaming corrected kinetic energies are approximately the same for long GRBs. GRB 970508
is a clear outlier, which is consistent with the findings of Panaitescu & Kumar (2002). As
discussed in Section 2.4.1, GRB 970508 exhibits a re-brightening in optical wavelengths,
which could be due to late-time energy injection. This energy injection could account for the
overestimation of the isotropic-equivalent kinetic energy of this source, which might imply
that the standard energy reservoir applies more strongly to the initial ejecta formation of a
GRB than to any later activity of the central engine. Note that the correlation is not apparent
when y? sampling is used for parameter estimation.

In Figure 2.6, we show the inferred beaming corrected kinetic energies with 95% credible
intervals for the sample GRBs. The inferred E, in our analysis is ~ 1.7 x 10°! erg, which is
about an order of magnitude larger than what previous studies have found. This discrepancy
with previous studies is expected as we fix £, to be 0.1 instead of the canonical value of 1.0.
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Figure 2.6: Beaming corrected kinetic energies of the long GRB sample. The red measurements (y2) are obtained by
2% sampling and the blue measurements (¥2) are obtained by sampling the GP log likelihood function. The dashed
line is the log-average of GRBs 980703, 990510, 991208, 991216, which is equal to 1.7 x 10° erg. The error bars
represent the 95% credible interval.

We also recognise that it is too early to judge whether these few very well studied, well-
sampled GRB afterglows are representative of the whole population.

2.6 Conclusion

In this work, we have introduced a novel method for modelling GRB afterglows, where Gaus-
sian processes are used to take into account any systematics between the model and obser-
vations in a non-parametric fashion. Using synthetic data sets, we have shown that the GP
approach results in more accurate posterior distributions with respect to sampling the y>
likelihood.

We model a sample of 5 well-known long GRBs with multi-wavelength coverage (GRBs
970508, 980703, 990510, 991208, 991216), using the scalefit code together with the GP
framework. We compare the inferred parameters for each GRB with the literature values
and comment upon the parameter distributions of the overall sample. We find a correlation
between the isotropic-kinetic energy and opening angle, with GRB 970508 being the only
outlier. This correlation, which is consistent with previous studies, suggests that there is a
common energy reservoir which drives the dynamics of GRBs.
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Figure 2.7: Fit result for GRB 970508 by sampling the GP likelihood. Observed flux density values are presented in
radio, optical and X-ray bands (upper, middle and lower panel respectively) together with the posterior predictive light
curves. Triangles represent 3-o upper limits. A sample of 100 parameter sets are randomly drawn from the inferred
joint probability distribution of the parameters, and scalefit light curves are drawn for each parameter set.
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Figure 2.8: Fit result for GRB 980703 by sampling the GP likelihood. Observed flux density values are presented in
radio, optical and X-ray bands (upper, middle and lower panel respectively) together with the posterior predictive light
curves. Triangles represent 3-c upper limits. A sample of 100 parameter sets are randomly drawn from the inferred
joint probability distribution of the parameters, and scalefit light curves are drawn for each parameter set. The host
galaxy contribution in radio and optical is not subtracted.
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Figure 2.9: Fit result for GRB 990510 by sampling the GP likelihood. Observed flux density values are presented in
radio, optical and X-ray bands (upper, middle and lower panel respectively) together with the posterior predictive light
curves. A sample of 100 parameter sets are randomly drawn from the inferred joint probability distribution of the
parameters, and scalefit light curves are drawn for each parameter set.
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Figure 2.10: Fit result for GRB 991208 by sampling the GP likelihood. Observed flux density values are presented

in radio and optical bands (upper and lower panel respectively) together with the posterior predictive light curves.

Triangles represent 3-o upper limits. A sample of 100 parameter sets are randomly drawn from the inferred joint
probability distribution of the parameters, and scalefit light curves are drawn for each parameter set. The host galaxy
contribution in optical is not subtracted.

M




42 A new approach to modelling gamma-ray burst afterglows

GRB 991216
v ¢ 143GHz
. @ 486 GHz(x5)
- & 842 GHz(x25)
103 4 A & 15.00 GHz(x125)
¢ 99.90 GHz(x 625)
v ¢ 350.00 GHz(x3125)
=
\E] 101 4
2
10~ 4
T T T T T
3
10 g @ Koband
] @ Hband(x5)
1 @ Jband(x25)
102 4 @ I band(x125)
E ¢ R band(x625)
] ¢ Vband(x3125)
> 10! E
é ®e
A E o
= 10° 5 ' .
1071 4
T T T T T T T T T T T T
@ 4467 keV
=
=/
E
«2
T T T T T T T
1071 10° 10t 102

Time (days)

Figure 2.11: Fit result for GRB 991216 by sampling the GP likelihood. Observed flux density values are presented in
radio, optical and X-ray bands (upper, middle and lower panel respectively) together with the posterior predictive light
curves. Triangles represent 3-0 upper limits. A sample of 100 parameter sets are randomly drawn from the inferred
joint probability distribution of the parameters, and scalefit light curves are drawn for each parameter set. The host

galaxy contribution in optical is not subtracted.
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Abstract

Gamma-ray bursts (GRBs) are ultra-relativistic collimated outflows, which emit synchrotron
radiation throughout the entire electromagnetic spectrum when they interact with their envi-
ronment. This afterglow emission enables us to probe the dynamics of relativistic blast waves,
the microphysics of shock acceleration, and environments of GRBs. We perform Bayesian in-
ference on a sample of GRB afterglow data sets consisting of 22 long GRBs and 4 short GRBs,
using the afterglow model scalefit, which is based on 2D relativistic hydrodynamic simula-
tions. We make use of Gaussian processes to account for systematic deviations in the data
sets, which allows us to obtain robust estimates for the model parameters. We present the
inferred parameters for the sample of GRBs, and make comparisons between short GRBs
and long GRBs in constant-density and stellar-wind-like environments. We find that in al-
most all respects such as energy and opening angle, short and long GRBs are statistically the
same. Short GRBs however have a markedly lower prompt y-ray emission efficiency than
long GRBs. We also find that for long GRBs in ISM-like ambient media there is a significant
anti-correlation between the fraction of thermal energy in the magnetic fields, €,, and the
beaming corrected kinetic energy. Furthermore, we find no evidence that the mass-loss rates
of the progenitor stars are lower than those of typical Wolf-Rayet stars.
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3.1 Introduction

Gamma-ray bursts (GRBs) are the most powerful explosions in the Universe. They are ultra-
relativistic collimated outflows, which are powered by a compact central object. GRBs are
initially observed as brief flashes of y rays lasting about 0.1-1000 s. These initial brief flashes
of high-energy radiation are called the prompt emission of the GRB. The exact emission
mechanism of the prompt emission remains elusive, despite decades of dedicated research.
GRBs are phenomenologically categorized as short and long GRBs depending on the duration
of the prompt emission phase (Kouveliotou et al., 1993). Short GRBs have been associated
with compact object mergers where at least one of the objects is a neutron star (Lattimer
& Schramm, 1976; Eichler et al., 1989), whereas long GRBs are thought to be results of
core-collapse supernovae of massive stars (Woosley, 1993).

As the ejected ultra-relativistic outflow from a GRB starts to interact with the circumburst
medium (CBM), a pair of shocks are generated, one of which propagates into the ejecta
(reverse shock) and the other propagates into the CBM (forward shock). In these shocks,
tangled magnetic fields are amplified and charged particles are accelerated, which results
in long-lasting synchrotron emission spanning the whole electromagnetic spectrum (Rees
& Mészaros, 1992). This broadband synchrotron emission is observable for several months,
even years in some cases, and is called the afterglow emission of the GRB. The afterglow
emission provides crucial insights on the energetics and environments of GRBs, the dynamics
of relativistic blast waves, and the microphysics of particle acceleration in shocks (Wijers
etal., 1997; Sari et al., 1998; Wijers & Galama, 1999; Panaitescu & Kumar, 2002; Yost et al.,
2003).

Thanks to missions like the Neil Gehrels Swift Observatory (Gehrels et al., 2004) and Fermi
Gamma-ray Space Telescope (Atwood et al., 2009), the number of detected/localized GRBs
has increased and allowed for rapid, ground/space based, broadband follow-up observations
of the afterglow emission. Moreover, the start of the multi-messenger era has supplemented
our understanding of the physics of GRBs (Abbott et al., 2017b; MAGIC Collaboration et al.,
2019a). Besides advances in observational instruments, developments in numerical hydro-
dynamics and radiative transfer have enabled us to build models with increasing complexity
and accuracy (e.g., van Eerten et al. 2012; De Colle et al. 2012; van Eerten & MacFadyen
2013; Ryan et al. 2015; Duffell & Laskar 2018; Wu & MacFadyen 2018; Jacovich et al. 2021).
Moreover, advances in statistical methods allow us to perform robust Bayesian inference and
obtain reliable parameter estimates (Aksulu et al., 2020). Due to all these developments, we
can now model a sample of GRB afterglow data sets, consistently, and investigate the distri-
bution of physical parameters in the GRB population.

Previously, Panaitescu & Kumar (2002); Yost et al. (2003) have performed broadband after-
glow modelling, and inferred burst parameters for a sample of long GRBs. Furthermore, Fong
et al. (2015) have gathered data for a large number of short GRBs, and inferred their burst
parameters based on their afterglow emission. These studies utilized semi-analytic models
to reproduce the observed broadband emission; in this study we make use of a model based
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on 2D relativistic hydrodynamic simulations. This allows us to capture the dynamics of these
energetic events in a more realistic fashion.

In Aksulu et al. (2020) (A20, from now on), we introduced a new method for Bayesian
parameter estimation, where we make use of Gaussian processes (GPs) in order to take
into account some systematic effects in the data set and physics not included in the model.
We showed in A20 that this approach allows us to obtain more robust parameter estimates,
whereas the more conventional method of sampling the y? likelihood leads to underesti-
mated uncertainties on the parameters, especially in the presence of systematics. We make
use of a modified version of the GP model described in A20, in order to model a sample of
26 GRB afterglow data sets. In Section 4.3 we describe the GRB sample, model, inference
approach and details of the regression process. In Section 4.4 we present our results and the
inferred physical parameters of the sample. Finally we discuss our findings in Section 4.5
and conclude in Section 4.6. Throughout this work we assume the cosmology as described
in Planck Collaboration et al. (2016).

3.2 Method
3.2.1 Sample

Our GRB afterglow sample consists of 26 GRBs with well-sampled, broadband data sets.
We relied only on peer-reviewed, published data sets, and converted the reported measure-
ments to mJy units. The main selection criterion for the sample of GRBs has been the avail-
ability of broadband afterglow data. 22 out of the 26 GRBs are long GRBs detected between
1997-2014, with published broadband data sets; the time period is set to get a large enough
sample. For short GRBs, we found only four with detections in radio, optical and X-ray bands
up to the present. We omitted GRBs with non-canonical features in their light curves and
include the five GRBs modelled in A20. When possible, we neglect epochs and/or bands
for which there is evidence that the emission is dominated by processes which are not in-
cluded in our model (e.g., early time optical and radio emission from GRB 130427A, which
is dominated by reverse shock emission). This does not, of course, in any way represent a
well-defined complete sample. We drew the boundary for having enough data somewhat
subjectively, and similarly selected data sections in the early light curves suspected of un-
modeled physics by eye.

We corrected the observed flux values for Galactic dust extinction using the extinction curve
given by Pei (1992). We subtract any persistent emission originating from the host galaxy
when possible. We do not correct the data for the dust extinction due to the host galaxy;
instead we leave the rest-frame A, value for the host galaxy as a free parameter (see Section
3.2.3). We present the GRB sample in Table 3.1.

3.2.2 Gaussian process framework

GPs are stochastic processes which can be used for regression and classification problems
for which the underlying physical model is unknown (e.g., Rasmussen & Williams 2006).
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Table 3.1: The GRB sample for this study. The measured redshift (z) and isotropic equivalent prompt energetics
(Ey,iso) are presented.

Burst name z Ey,is0/10> (erg)

2] 051221A | 0.5465 | 0.15

% | 130603B | 0.3564 | 0.21

£ | 140903A | 0.351 0.006 + 0.0003

2| 200522A | 0.5536 | 0.0084+ 0.0011
970508 | 0.835 061 =+ 013
980703 | 0.966 6.9 + 08
990510 | 1.619 | 17.8 £ 26
991208 | 0.706 | 223 + 0.8
991216 | 1.02 675 + 8.1
000301C | 2.04 4.6
000418 | 1.118 91 £ 1.7
000926 | 2.066 | 27.  + 5.8
010222 | 1.477 | 81. £ 1.

21030329 | 01685 | 1.66 =+ 0.2

& | 050820A | 2.615 975 £ 7.7

5| 050904 | 6.29 124,  + 7.7

8| 060418 | 1.49 128 =+ 1.
090328 | 0.7357 | 13. £ 3.
090423 | 8.26 95 £ 2.
090902B | 1.8229 | 440.  +30.
090926A | 2.1062 | 200.  + 5.
120521C | 6.0 825 + 2.
130427A | 0.3399 | 81.
130702A | 0.145 0.064 % 0.01
130907A | 1.238 | 330. =+ 10.
140304A | 5.283 1224 + 1.4
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Following A20 (also see Gibson et al. 2012), we make use of GPs to take into account any
systematic deviations from the afterglow model. In this section, we highlight some improve-
ments on the GP model introduced in A20. For clarity we use the same notation as in A20.
Vectors and matrices are represented by bold symbols.

The systematics are described by the GP model as,

ft, V) ~92 (ult,v,¢),x(t,v,0)), 3.1

where t and v are the time and frequency coordinates in the observer frame, ¢ represents
the afterglow model parameters, and @ represents the hyperparameters of the GP. Since
the observer time and frequency change over many orders of magnitude, we work with
the logarithm of these coordinates when performing GP regression. The mean function of
the GP, u, is the afterglow model, and X is the covariance matrix which describes how the
systematics are correlated over t and v. We adopt a 2D heterogeneous squared-exponential
kernel function (e.g., see Rasmussen & Williams 2006) to calculate the covariance matrix,
2, (X — X,
%, = k(X,,X;) = Aexp [—% > %

] +6,07, (3.2)
k

k=1
where X represents the 2D feature set (i.e., observer time and band). The hyperparameters
of the GP are defined as,

0=A1,l,0)" (3.3)

where A represents the amplitude of the correlations, [; and [, determine the length scales
of the correlations over time and frequency, respectively, and o, represents the amount of
white noise in the data set. In A20, the systematics in the data set were assumed to be
uncorrelated across different observational bands. Therefore, the hyperparameter [, was
fixed to be a small number. In this work, we make [, a free parameter, thereby allowing the
GP model to capture systematics correlated over different observational bands. We refer the
reader to A20 for a more detailed explanation of the GP model.

3.2.3 Model

We assume a collimated, ultra-relativistic blast wave moving into a circumburst medium,
which need not be uniform; we assume a density profile of the form

—k
r
n=n _— . 3.4

rd(lO” cm) 3.4

The normalisation is chosen at a radius that often falls within the range sampled by real
afterglows. We will not treat k as a fully free parameter, but only allow the ‘classic’ values of
2 and 0. For k = 2, the interpretation of the environment is pretty unambiguous: the blast
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wave is in the unshocked, freely expanding part of a massive stellar wind. In that case a
more common nomenclature of the parameters is:

A
p(r)=—, (3.5)
r
where r is the distance from the star and A can be expressed as,
M

A= .
4y, (36)

wind

Here, M is the mass loss rate of the progenitor star and v, , is the wind velocity. For a
canonical Wolf-Rayet star with a mass loss rate of 10~ M, /yr and wind velocity of 1000km/s,

A~5x10" g/cm, which value is denoted by A,. We can simply scale the inferred n,; values
to units of A, using

A Mo

4, " 3oan™ B2

s«

For k = 0 the interpretation of the environment is much more ambiguous. In this case the
actually observed afterglow typically covers well under a factor 10 in radius travelled by the
blast wave, so any environment in which the density does not change much over a factor few
in distance (and within the solid angle hit by the outflow) will do. This could definitely be
canonical ISM, but for A, not too different from 1, a wind bubble around a massive star will
contain many solar masses of material and thus the GRB jet will never emerge from it during
the normal afterglow phase (the blast wave typically needs to sweep up less than (beamed
equivalent of a spherical amount of) 0.1 M, of ambient matter to become non-relativistic).
However, the bulk of the wind bubble will contain wind that has been shocked against the
ISM, and that is uniform enough to fit the k = 0 case. Another possibility might be that the
star has a significant proper motion through a somewhat dense ISM. In that case most of
the wind bubble is swept back, and in the forward hemisphere the blast wave may emerge
from the wind into the ISM in time.

The initial Lorentz factor of the blast wave is assumed to be uniform within the opening
angle of the jet, i.e. a top hat jet model. We assume that charged particles are accelerated in
the forward shock and emit synchrotron emission (Sari et al., 1998; Wijers & Galama, 1999;
Granot & Sari, 2002). In this work, we do not take into account emission originating from
the reverse shock and thus confine ourselves to fitting the later parts of the afterglow when
the reverse shock has passed through the ejecta and the deceleration phase is over; in this
limit the value of the initial Lorentz factor of the jet is no longer important and need not
(indeed, cannot) be fit. For the ‘microphysical’ parameters, which describe the spectrum and
energy content of the electrons behind the blast wave and the magnetic field in which they
move, we use the customary notation: p is the power-law index of the energy distribution
of the relativistic electrons, and €, and e, are the fractions of post-shock energy density in
relativistic electrons and magnetic field, respectively. Only a fraction of all electrons, &,,, may
be accelerated. When p ~ 2, the total energy in electrons and the value of p become very

correlated in the fit, because the blast-wave emission depends on the combination é, = i%%ee.
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Therefore we fit for that quantity, and disentangle p and e, later where possible. Similarly,
the fraction of accelerated electrons, &, is degenerate with respect to (Ey i, s €55 €,);
where (Ey ;,, ) are proportional to 1/&,, and (e, €,) are proportional to &, (Eichler &
Waxman, 2005). Because of this degeneracy, we cannot determine &, independently from
afterglow light curves and fix it to the canonical value of 1 (for ease of comparison with
previous studies).

We make use of the numerical model scalefit (Ryan et al. in preparation; Aksulu et al.,
2020; Ryan et al., 2015). scalefit uses pre-calculated tables of spectral features (spectral
breaks, peak spectral flux) for a range of different time epochs, opening angles, and observ-
ing angles. These tables are generated separately for ISM and wind-like circumburst density
profiles using boxfit (van Eerten et al., 2012). boxfit is a numerical code which is able to
output flux values for given observer time, frequency, and GRB parameters. The main advan-
tage of boxfit is that the dynamics rely on pre-calculated relativistic hydrodynamic (RHD)
simulations. However, since boxfit solves the radiative transfer equations during runtime,
it is computationally expensive. Therefore, it is not practical to use boxfit when performing
Bayesian inference. Moreover, boxfit does not take into account the effects of synchrotron
cooling on the self-absorption break. This may lead to incorrect spectra in certain regimes.
scalefit, on the other hand, makes use of pre-calculated spectral features, obtained from
boxfit in a valid regime, and utilizes scaling rules (van Eerten & MacFadyen, 2012a) to
calculate the spectra for various regimes (i.e. different orderings of the break frequencies).
scalefit is valid for all spectral regimes, unlike boxfit, and is computationally inexpensive
in comparison (Ryan et al. in preparation ). However, scalefit makes assumptions about the
sharpness of the spectra around break frequencies, whereas boxfit generates smooth spectra
in a self-consistent way.

Additionally, we account for dust extinction due to the host galaxy when calculating the
observed flux. For the majority of GRBs in our sample we adopt the Small Magellanic Cloud
extinction curve given by Pei (1992). However, for GRBs 000418 (Gorosabel et al., 2003),
010222 (Frail et al., 2002) and 090328 (McBreen et al., 2010) we assume a Starburst type
extinction curve (Calzetti et al., 2000). We include the dust extinction due to the host galaxy
as a free parameter.

Summarizing, our model parameters are defined as
d) = (90) EK,iSO’ nref: 90]35: p) eB’ ée: gN:AV)T) (3'8)

where 6, is the opening angle of the jet, E ;, is the isotropic-equivalent kinetic energy of the
explosion, n, is the normalization factor for the circumburst density profile (see Equation
4.2), 0, is the observing angle, p is the power-law index of the accelerated electron popu-
lation, €, is the fraction of post-shock energy in the magnetic fields, é, = Eee where €, is
the fraction of post-shock energy in the accelerated electrons, &, is the fraction of electrons
being accelerated, and A,, is the amount of dust extinction in the rest-frame due to the host
galaxy.
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Table 3.2: Assumed priors for the GP hyperparameters.

Parameter range Prior distribution

107 <a <10 log-uniform
10°%<l, <1 log-uniform
10°%<1,<1 log-uniform
10° <o, <10° log-uniform

3.2.4 Regression

In order to obtain posterior distributions for the hyperparameters and model parameters, we
make use of nested sampling (Skilling, 2004). Incorporating nested sampling allows us to
calculate the evidence with an associated numerical uncertainty, while producing posterior
samples as a byproduct. Inferring the Bayesian evidence is instrumental in this study, because
it gives us a measure to determine which model explains the data best: a blast wave moving
into a homogeneous (k = 0) or wind-like (k = 2) circumburst medium (see Section 3.2.3).

Following A20, we utilize pymultinest (Buchner et al., 2014), which is a PYTHON package
based on the MultiNest nested sampling algorithm (Feroz et al., 2009). For all the presented
results, pymultinest is used in the importance sampling mode (Feroz et al., 2019) with
mode separation disabled. We use 400 initial live points and use an evidence tolerance of
0.5 as our convergence criterion.

We assume wide priors for a and o), however, the length scale hyperparameters (i.e. [; and
1,) are capped at 1 (see Table 3.2), since we do not expect any systematics to be correlated
over orders of magnitude (the GP model operates in the log-space). This is important, we
found, because if one allows long correlation length scales, the GP can take up features like
constant offsets between model and data, or slope differences, which the model should really
be capable of fitting. We intend the Gaussian process mostly to take up issues like calibration
differences between instruments leading to extra 'noise’ within a band, and physical effects
that are shorter in time and frequency scale than is included in the model, such as radio
scintillation, minor flares, etc.

For all the model parameters we assume uninformative prior distributions, which can be
seen in Table 3.3.

Note that we do not take into account any reported upper limits on the afterglow flux when
inferring parameters, since upper limit reports typically do not contain enough information
to include them in the fitting in a statistically sound way.

3.3 Results

In this section, we present the modelling results for our sample of 26 GRB afterglow data
sets (see Table 3.1). We will not discuss individual GRBs in detail, since the objective of our
work is to examine the properties of a population of GRB afterglow sources and systematics
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Table 3.3: Assumed priors for the physical parameters.

Parameter range Prior distribution
0.01<6,<1.6 log-uniform
10 < Ey ;o < 10%° log-uniform
107% < n . < 1000 log-uniform
0<6,,/60,<2 uniform
1.0<p<3.0 uniform
10 <e,<1.0 log-uniform
10 <¢ <10 log-uniform
0<A, <10 uniform

of how the properties are distributed and may differ between subclasses. In so doing, we
will examine correlations between each pair of fit parameters and distributions of fit pa-
rameters between each of a few subclasses. All in all, we make about 50 such comparisons,
and therefore we have a fair chance of finding differences or correlations at the few percent
probability level by statistical coincidence. To account for this, we will only regard corre-
lations or differences in distributions as firmly significant when the null hypothesis of no
correlation or no difference can be excluded at the single-trial p value of 3 x 10™* or better,
and tentative below p = 1 x 107>, Of course, since we do not have a statistically complete
sample, we should not only examine the statistical significances but also the possible effect
of biases.

We find that in all cases the best-fit values of the parameters and their 68% credible intervals
remain naturally contained within the range set by the priors, and in most cases this is still
true for the 95% credible interval.We also find that in individual cases there can be strong
correlations between parameter errors due to degeneracies in a specific fit, but we did not
find any that were common enough to induce correlations between parameters in the overall
population. We also find that for all physical parameters the range of best-fit values is signif-
icantly larger than the error regions of the better constrained afterglows. This implies that
there are no physical parameters, specifically also not the shock microphysics parameters
or the beaming-corrected energy, that prefer a universal value. This is in agreement with
previous studies (e.g., Starling et al. 2008; Curran et al. 2009; Ryan et al. 2015), but now
for a large and uniformly analysed sample of GRBs.

For our further description of the results, we focus on groups of physical parameters, from
the outside in. We begin with the ambient density, since this is the first distinction we make,
and it is made in a way somewhat different to the others, by comparing two different model
fits. All others are simply free parameters fit within a certain constrained but continuous
range. Of these, we first discuss the energy and geometrical parameters (opening angle and
viewing angle), and after that the shock microphysics parameters.
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Table 3.4: Model selection for the GRB sample. % represents the Bayesian evidence. Reported uncertainties represent
1-0. We select the mode, either homogeneous (ISM) or wind-like environment, with higher inferred evidence values.
The evidence values for the preferred model are written in bold numerals.

Burst name In% [ISM] In% [Wind] Bayes factor

2| 051221A —22.79+0.04 | —24.26+0.12 4.33

f5| 130603B®@ | —21.45+0.05 | —21.42+0.03 | ~1.

£ | 140903A —24.97+0.05 | —25.73+0.02 2.15

3 | 200522A —18.31+0.03 | —19.30+0.02 2.68
970508 —99.21+0.12 | —92.68+0.31 | > 150.
980703 —86.74+0.02 | —82.33+0.06 82.80
990510 279.21£0.02 | 278.45+0.03 2.15
991208 —60.33+0.04 | —67.63+0.10 | > 150.
991216 —5.37£0.04 | —4.56+0.03 2.25
000301C 37.45 +0.05 25.30+0.12 | > 150.
000418 —55.09+0.04 | —49.81+0.05 | > 150.
000926 28.31+0.08 34.48 £0.04 | > 150.
010222 37.34+0.04 31.01+0.02 | > 150.

2| 030329 —29.23+0.01 | —59.81+0.05 | > 150.

& | 050820A —40.26+0.74 | —33.88+0.05 | > 150.

e0| 050904 —31.20+0.03 | —33.30+0.07 8.13

< | 060418 —11.5540.06 | —19.19+0.02 | > 150.
090328 —50.14£0.03 | —51.69+0.30 4.71
090423 —51.42+0.06 | —55.97+0.10 94.59
090902B —49.39+0.02 | —39.78+£0.04 | > 150.
090926A —9.68+0.03 | —12.24+0.02 12.98
120521C —54.96+0.06 | —55.50 %+ 0.09 1.70
130427A 324.52+0.08 | 336.86+0.03 | > 150.
130702A 19.45+0.18 8.55+0.68 | > 150.
130907A | —135.85+0.01 | —141.59+0.02 | > 150.
140304A —60.46+0.04 | —57.90 +0.04 13.00

(a) For this data set both homogeneous and wind-like models result in similar evidence values. An
ISM-type environment is preferred since this is a short GRB and no strong winds are expected due
their progenitors.
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3.3.1 GRB environment and ambient medium

We do not assume a priori which model, homogeneous or wind-like environment, should
be chosen for a given data set. Instead, we model every data set both for homogeneous
and wind-like environment models, and choose which one explains the data best. Model
selection is performed by comparing the evidence values from both fits. We present the
log—evidence values, along with the corresponding Bayes factors, for each modelling effort
in Table 3.4. The Bayes factor, i.e. ratio of the evidence values, allows us to quantify the
likelihood of the preferred model over the alternative model. A Bayes factor larger than 20
(e.g. Kass & Raftery 1995) suggests a strong preference for the selected model. 15 out 26
GRBs in our sample, all long, have a Bayes factor larger than 20, and 8 out of these GRBs
show evidence for a constant density environment. Thus, if we only consider the GRBs with a
strong preference, there is an approximately even split between homogeneous and wind-like
environments. Starling et al. (2008) have analyzed a sample of 10 GRBs and commented on
their CBM density profile. They also find that both ISM-like and wind-like environments are
required to explain the observed light curves for their sample of GRBs. Curran et al. (2009)
have analyzed the optical and X-ray light curves of 10 GRB afterglows, and arrived at the
same conclusion. Schulze et al. (2011) have compiled a sample of 27 Swift detected GRBs
(including one short GRB), and utilized the observed X-ray and optical afterglow emission
to comment on the density profiles of their environments. They are able to determine that
18 GRBs in their sample are consistent with homogeneous environments, and 6 GRBs are
consistent with wind-like environments. If we do not restrict ourselves to high Bayes factors,
a slightly higher fraction of afterglows favours an ISM solution (16 out of 25, i.e., 64%).

For the short GRB sample the evidence values for both models are closer to each other. This
is mainly due to the fact that short GRBs have fewer observations available, and therefore
the data sets are less constraining; importantly, none of the short GRBs favour a wind envi-
ronment, in agreement with the usual notion that they occur in less dense and near-uniform
ISM. For short GRB 130603B, the evidence values for homogeneous and wind-like environ-
ments are consistent with each other considering the evidence uncertainty. Given that an
ISM environment is a priori favoured, we chose that solution.

The wider environment of the GRB is also probed by the host extinction, A, . This is of course
biased to somewhat low values by the fact that we want well-detected optical afterglows, and
for short GRBs to somewhat higher values because we need them to lie in regions of not too
low density to produce a detectable afterglow. We find that more than half the afterglows
have a nonzero A,, with better than 20 significance, with no significant differences between
short and long GRBs or wind and uniform ambient media.

Now that we have found the best ambient-density model for each afterglow, we will look at
the other parameters, for which we take the values for the best-fit ambient medium in each
case. We present our modelling results for the GRB parameters (including the rest-frame host
extinction values, A, ) in Tables 3.5 and 3.6, the short and long GRB sample respectively. In
Figures 3.10, 3.11 and 3.12 we present the posterior distribution for each parameter (in the
form of a violin plot) together with their 68% credible intervals. The complete set of light
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curves and posterior distributions are available as online supplementary material, including
results for both homogeneous and wind-like environments for each GRB in our sample.

3.3.2 Energy, opening angle, and viewing angle

In Figures 3.1 and 3.2 we present the parameter values for the GRBs associated with homo-
geneous and wind-like environments, respectively, in the form of a corner plot. These figures
help us to identify any correlations between the burst parameters. The diagonal elements in
each figure contain the parameter distributions for the single fit parameters, with different
colours for the short (green), long-ISM (blue) and long-wind (red) GRBs.

Opening angle: We do not find a notably different opening angle distribution for short and
long GRBs. When a Kolmogorov-Smirnov (KS) test is performed on the inferred opening
angle of ISM-like long GRBs and short GRBs, we find a p value of 0.48 for the hypothesis that
the two samples are drawn from the same distribution. A KS test checking the consistency
of the 6, distribution between ISM- and wind-like long GRBs yields we find p = 0.012. On
its own that might be considered moderate evidence for a difference, but given the many
trials (distribution comparisons) in this paper, it is not (see above).

Observer viewing angle: The distribution of the observer viewing angle, 6, ., does not fol-
low a simple form, since it is constrained to be within the jet opening angle (at least at early
times), but that is different for each GRB as we have just seen. However, the fractional ob-
server angle distribution, 6,,./6,, does have a simpler form under the top-hat jet assumption,
because in that case every direction within the opening angle has the same properties and
thus the same brightness at early times: its probability density is linear for 6, < /2 and a
sine function for 6, = m/2. We show the distribution for the full sample in Figure 3.3, with
the two limiting theoretical cases. The observed distribution extends a bit beyond 1, but
no values are significantly larger than 1. Even so, KS-comparison with the theoretical distri-
butions gives p = 0.17 for accepting the null hypothesis of equality. We conclude that the
data are consistent with the top-hat jet hypothesis and do not strongly indicate a structured,
more centrally concentrated jet (which would closely resemble a top-hat jet for observers
close to the jet axis in any case, e.g., Dalal et al. 2002; Rossi et al. 2002, 2004; Granot &
Kumar 2003; Kumar & Granot 2003; Panaitescu & Kumar 2003; Salmonson 2003; Ryan
et al. 2020). However, this does argue against the opening angle of the prompt y-ray emis-
sion being significantly narrower than that of the afterglow emission, since all our GRBs are
gamma-ray selected, and thus a wider afterglow opening angle would lead to small values
of 6,,./6,. This may argue against, or at least significantly constrain so-called ‘jet-cocoon’
models of GRBs, in which a core jet with quite high initial Lorentz factors (I, 2 100) is
surrounded by an energetic cocoon with Lorentz factors of several tens (e.g., Ramirez-Ruiz
et al. 2002; Peng et al. 2005). The initial conditions of the simulations underlying our model
are already outside the progenitor object. We do not think our afterglow selection has biased
us against jet-cocoon cases: if the cocoon only decelerated after our afterglow data start, it
would give rise to a late-injection or plateau phase in the afterglow (Granot & Kumar, 2006;
van Eerten, 2014), and we have not excluded any afterglows for obvious signs thereof. If the
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Figure 3.1: Corner plot for the inferred physical parameters of the GRBs associated with constant density environments.
Blue circles and green squares represent the inferred parameter value of long GRBs and short GRBs, respectively. The
error bars represent the 68% credible limit.
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error bars represent the 68% credible limit.
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Figure 3.3: Histogram of the inferred 6,,/6, for the GRB sample. The dotted line represents the analytically expected
probability density function for large opening angles (6, = 7/2 rad), whereas the dashed line represents the probability
density function for small opening angles (6, < 7/2 rad).

cocoon decelerated before our afterglow data start, then the tendency to smaller observer
angles because of the gamma-ray selection would remain, and we do not see this.

The results on the GRB energy are more complex, and we defer them to the discussion
section.

3.3.3 Shock physics parameters

For the shock physics parameters we have to be a bit careful (see Section 3.2.3): in order
to avoid too strong degeneracies for p ~ 2, we fit for p and €,, and indeed we do find some
cases of p < 2. The distribution of p, the power-law index of the shock-accelerated particles,
can be seen in Figure 3.4. We find that the p-values are consistent with being drawn from the
same distribution for long GRBs and short GRBs. We find a mean value of 2.21 and standard
deviation o, = 0.36 for the inferred p values. Curran et al. (2010) have analyzed a large
sample of Swift detected GRBs to determine the distribution of p. They utilized the reported

spectral indices in X rays to determine the p values of their sample, using closure relations.

They find that the distribution of p is consistent with a Gaussian distribution with u = 2.36

and o = 0.59; given the errors in both methods, we consider the two results to be consistent.

We find three cases where p is significantly less than 2, and thus where a high-energy cutoff
to the electron distribution is required to keep the total electron energy finite. In more than
half the cases (15), p = 2 is included within the 95% confidence region of the fit result,
implying that indeed using €, is required to avoid problems in the fitting process.
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Figure 3.4: Histogram of the inferred p for the GRB sample.

While the short GRBs all have €, values on the low side, their small number and large error
bars prevent us from drawing any strong conclusions in this respect: the KS test results in
p = 0.10 for the short/long GRB distributions of magnetic-field energy fractions being the
same, and similarly we find no evidence for a difference between the long GRBs in ISM
and wind environments. What is quite striking though is that e, ranges over 5-6 decades in
value, a much greater range than e,.

Since €, is a physically more meaningful measure of the electron energy density, we derive
it from the nominal fit values in case p > 2. The derived ¢, values can be seen in Tables 3.7
and 3.8. In Figure 3.5 we present the e, distribution of the GRB sample, only for GRBs
with inferred mode value of p > 2. We find that ¢, is never very low and always above 0.1,
with some values close to 1. The values for the different subsamples are in good agreement
(mean values are 0.34 for homogeneous environment and 0.28 for wind). Beniamini & van
der Horst (2017) have demonstrated that it is possible to constrain e, by measuring the
peak flux and peak time of the radio afterglow light curve. By applying this method to a
sample of 36 long GRBs, they were able to put upper limits on the scatter of e,. They find
that o,, . < 0.31 for constant density environments, and o,,, . < 0.26 for wind-like
environments. We find that the standard deviation of e, for the long GRB sample is o, . =
0.24 for homogeneous environments and oy,, . = 0.28 for wind-like environments. Note
that, although the standard deviations of the inferred e, distributions are consistent with
Beniamini & van der Horst (2017), they find lower mean values of 0.15 and 0.13 for ISM-
like and wind-like long GRBs, respectively.
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Figure 3.5: Histogram of the inferred €, for the GRB sample.

3.4 Discussion

3.4.1 GRB environment and ambient medium

The inferred CBM densities for ISM-like long and short GRBs exhibit a wide distribution.

The mean value for the circumburst densities of ISM-like long and short GRBs are 1.26
and 0.39 cm ™ with standard log-deviations of Tlogyony = (1.32,1.49), respectively, i.e., they
cover about 3 decades in density. Given the wide variety of possible massive-star and merger
environments, this is not so surprising.

We do not find any pronounced differences between the density distributions for short GRBs
and ISM-like long GRBs. Canonically, it is expected that short GRB progenitors should be
in lower-density environments than long GRBs. Fong & Berger (2013) report that short
GRBs are localized to lie at greater distances from their host galaxy centres when compared
to long GRBs. They find that, for short GRBs, the median value of the offset from their
galaxian centre is 4.5 kpc, and when compared to the size of their host galaxy the median
value of the offset becomes r/r, = 1.5. Note that there is a strong bias in our short GRB
sample because we require bright afterglows, and afterglow brightness goes up strongly with
ambient density. And indeed, if we check our four short GRBs we find that their environment
is quite atypical for the short GRB population: studies of the host galaxies of our four short
GRBs show that they do not have a large offset from their host centre. GRB 051221A has
been identified to lie in a star-forming galaxy with an estimated normalized offset of r /1, =
0.29 £ 0.04 (Soderberg et al., 2006). GRB 130603B is associated with a spiral galaxy, and
has been localized to a tidally disrupted arm at a distance of 5.4 + 0.3 kpc from the centre
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of the galaxy (de Ugarte Postigo et al., 2014). Troja et al. (2016) find that GRB 140903A
lies at a distance of 0.5 % 0.2 kpc from the centre of its host. Fong et al. (2021) estimate
a normalized offset of r/r, , = 0.24 £ 0.04 for GRB 200522A. This is quite unlike the full
population: Fong et al. (2015) have studied the afterglow emission from a sample of 38
short GRBs and have found that they lie in low-density environments with median densities
of (3—15) x 107 em™. They also state that 80 to 95% of short GRBs in their sample have
densities smaller than 1 cm ™, which is also true for 3 out of 4 GRBs in our short GRB sample
within the reported uncertainties. O’Connor et al. (2020) have utilized the X-ray light curves
of the Swift population of short GRBs to constrain their circumburst environment densities.
They assumed fiducial values for the GRB parameters and have found that < 16% of the
population have densities lower than 10™* ecm™, and that 2 30% of the population has
densities larger than 107 cm™. In other words, our requirement of a well-detected and
well-sampled afterglow does seem to have biased our short GRBs to lie in regions similar to
those of long GRBs. This means they are not very representative of the whole population of
short GRBs. There may be a silver lining to this cloud, in that when discussing their physical
parameters in comparison to long GRBs, we can eliminate strong fit-induced correlations
with environmental parameters as a potential cause for any differences we find. Also, under
the most likely scenario that short GRBs are all mergers, born from a binary long before the
merger time, there is no reason to think that the physical properties of the merger and GRB
explosion would depend on the medium they happen to be in at the time of merger. Hence,
we do not think that this environmental bias makes our GRB sample biased relative to the
whole short GRB population in intrinsic parameters.

It would be good again to caution, now quantitatively, that for k = 0, the radius of the blast
wave scales with observer time as r o< t'/%, which means observations do not cover a wide
range of radii. The afterglow starts at the deceleration radius, r,,., where half the initial jet
energy has been deposited, and transitions into a spherical supernova remnant-like evolution
at the non-relativistic radius ryg. For typical values these are just under 10'” cm and 10'® cm,
respectively, both scaling as (E/n)"/*. Their ratio is ryg/ny.. = 20(T,/100) %, where T}, is the
initial jet Lorentz factor. Given that we have few examples where we get close to either end
of these regimes, we see that indeed the typical uniform-like afterglow covers only a small
range of radii. Therefore, approximate uniformity of the ambient medium is enough, which
may apply to many plausible environments.

For long GRBs in wind-like environments, the distribution of n, has a mean of 14 em™3, or

a mean A value of 0.48 A_, with a standard log-deviation of Tlogyyn, = 0-69, rather narrower
than the density range of the total sample. This indicates that the free-wind parameters
we find are indeed similar to canonical values expected of massive Wolf-Rayet stars, the
most likely progenitors. It might argue that the likeliest reason for seeing uniform media
about equally often is that the reverse shock in the stellar-wind bubble is close enough that
in many cases the main afterglow phase is in the shocked wind. For the free-wind case,
r o< t'/2, so the afterglow samples a markedly larger range of radii. For canonical values
(M =10"°M,/yr, E = 10% erg, T, = 100) we find r .. = 1.5x 10" cm and ry, = 1.5x 10" cm,
and since they again scale the same with most parameters, ry;/ry.. = 10*(I,/100)?, a large
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range indeed even if we see only part of it sampled in the data. Note that for a canonical
wind velocity of 1000 km/s, the afterglow phase starts in the wind material that was emitted
less than one hour before the star explodes, and even in weak winds typically still less than one
day. It ends in wind material that was emitted a fraction of a year to a few years before the
explosion. GRB afterglows thus do not probe typical mean-life stellar wind parameters, and
indicate that even very close to the end of the star’s life the wind is similar to that during an
average moment in its life. We note that some, especially single-star, GRB scenarios prefer
low mass loss rates of the progenitors, and it is known that in low-metallicity environments
massive stars do indeed have lower mass loss rates (Vink et al., 2001; Vink & de Koter, 2005);
since we find that A/A, = 0.48 on average, our fits do not provide evidence for this. This
may agree will with more recent findings that GRBs actually do not prefer low-metallicity
environments, other than that they are suppressed in regions with metallicity above solar
(Perley et al., 2016; Fynbo et al., 2009, , and references therein). This in turn may favour
binary evolution scenarios for the origin of long GRBs (Perley et al., 2016).

These ambient-medium considerations ask for better investigation of scenarios in which the
blast wave emerges from the free wind early, since in light of the above this appears difficult,
and yet we find half or more of the afterglow fits prefer a uniform-medium solution.

3.4.2 Energy and opening angle

The observed flux of GRB afterglow emission does not directly depend on the true energy
of the burst, but rather depends directly on the energy per unit solid angle, or the isotropic
equivalent energy, E, . Therefore, to measure the true energetics of these events by afterglow
modelling, we need to constrain both the isotropic equivalent energy and the opening angle.
The true energy can then be calculated using

iso*

E e = Eiio(1 —cos 6). 3.9)

true

This equation is valid for both the total energy and for the y-ray and afterglow kinetic en-
ergies separately, provided that the opening of both is the same; we have argued above
(Sect. 3.3.2) that this is indeed the case.

In A20, we suggested the existence of a common kinetic energy reservoir for long GRBs,
based on a very small sample of only 5 GRBs. For the larger sample in this work, where we
have also allowed both wind and ISM ambient media, this no longer holds: in Figure 3.6,
we present the inferred isotropic equivalent kinetic energies and opening angles of our long
GRB sample. We perform a KS test on the nominal best-fit values for each GRB to determine
whether or not the E . values for homogeneous and wind-like GRBs are drawn from the
same distribution. We find that we can reject the null hypothesis with a p-value of 6.5x 1072,
which according to our strict criteria is not significant enough. However, this does not do
full justice to the modeling results, since the different GRBs have very different errors on
the parameters. So as a potentially more discerning test, we fit for E; . for GRBs in ISM
and wind-like environments separately using the relation in Equation 3.9. The posterior
samples of fits results for both groups are shown in Figure 3.6, and do not overlap at all.
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Figure 3.6: Scatter plot of 6, and Ej ;, parameters for the long GRB sample. The blue circles and red diamonds
represent long GRBs in homogeneous and wind-like environments, respectively. Error bars represent the 68% credible
interval. The blue and red lines represent the best-fit results from 500 “iso-energy” curve, Ey ;, = Ey/(1—cos 6;), fits
to the inferred parameters. For each fit we sample values from the posterior distribution of the parameters. We find
Eg grue = 2.737537 x 10°" for ISM-like long GRBs and Ey ,,, = 3.3871$5 x 10°? erg for wind-like long GRBs.
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Figure 3.8: Scatter plot of the reported ty, and derived €, parameters for the short and long GRB sample. The magenta
circles and green squares represent long and short GRBs, respectively. Error bars represent the 68% credible interval.

We therefore find that GRBs in wind-like environment are significantly more energetic, with
an average Ep . = 3.38&?? x 10°* erg, than GRBs in homogeneous environments with an
average Ey .. = 2.737075 x 10°" erg. The histograms of the true kinetic and total energies of
the three sub-samples are shown in Figure 3.7. While these again have the disadvantage of
making use only of the nominal fit values of the energies rather than all the information in
the posterior distribution, they do illustrate some difference between the wind- and ISM-like
long GRBs.

The E, ., distributions for long and short GRBs are consistent with each other. This suggests
that the kinetic energy of the explosion is not significantly different between short and long
GRBs. However, the measured prompt emission energies are orders of magnitudes lower for
short GRBs, which implies that it is the prompt emission efficiency of short GRBs that is

lower. The prompt emission efficiency can be defined as

_ y,true
CY = E— . (3 10)

v,true + EK,true
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3.4 Discussion

We present the relevant derived parameters of the GRB sample in Tables 3.7 and 3.8. In

Figure 3.8 it can be seen that short GRBs are systematically less efficient than long GRBs.

The average value of the inferred e, parameters for short and long GRBs are 2.7 x 10~* and
0.26, respectively. Beniamini et al. (2015) have analyzed the observed flux from 10 long
GRBs in X-rays and GeV energies to estimate the energetics of these GRBs. They find that
there is a discrepancy between the estimated energies using both bands, where the energy
estimated from the GeV flux is significantly larger. They state that this discrepancy can be
explained within the forward shock framework by either assuming that the cooling break lies
between these two bands or by taking into account Compton cooling effects. As a result they
find that the average prompt efficiency value becomes 0.87 for the X-ray estimated energies,
and 0.14 for GeV estimated energies. They note that the GeV estimated energetics should be
more reliable, and these are consistent with our results. We perform a KS test to determine
if the e, distribution for long and short GRBs originate from a common distribution. We
find that the null hypothesis can be significantly rejected, with p = 1.3 x 107*, so short
GRBs are indeed less efficient y-ray emitters. However, this analysis does not account for the
uncertainties in the €, parameter, and relies only on the mode of the posterior distribution.

It is not so clear what might cause this difference in efficiency, and our study does not
speak much to this because we examine only the physics of the afterglow. We do note that
in the afterglow, the short GRB blast waves have a lower (synchrotron) emission efficiency,
because this scales as €,e;, which is lower on average for short GRBs (which have about
the same e, and lower e, for a given true energy — see below). Whether we should expect
that same difference to exist for the internal shocks that cause the prompt emission (or
whether those are even dominated by synchrotron emission) is unclear, however. In Gottlieb
et al. (2019), the authors find that the main factor determining the radiative efficiency is
the amount of baryon loading. Since our findings indicate that short GRBs are less efficient,
this could also mean that baryon loading in short GRB jets is more prominent. Gottlieb
et al. (2021a) (see also Gottlieb et al., 2020, 2021b) have performed RMHD simulations to
investigate how the prompt emission features (variability, spectrum and efficiency) vary for
hydrodynamic/magnetized jets with intermittent/continuous central engine activity. They
have found that magnetized/intermittent jets are the most likely candidate for GRBs, as they

yield high prompt efficiencies and are consistent with observed spectral/temporal features.

They also note that, for hydrodynamic/intermittent jets, the efficiency drops below 1%. As
the degree of magnetization increases the mixing processes become less efficient and lead
to higher e, values.

In order to test whether or not the inferred energetics for the GRBs are feasible, we make
use of the total beaming corrected energies, E,. = Ey e + E, - Assuming that the jet is
powered by the rotational energy of a Kerr black hole (e.g. Blandford & Znajek 1977), it is
possible to estimate the total jet energy from the mass My, and rotation parameter a of the
black hole as

E e =€ieEror = jetf(a)MBch, (3.11)

true jet™'rot

where E,, is the rotational energy of the central black hole. Taking not too aggressive values
a = 0.9 and € = 0.1 (e.8., Lee et al. 2000; McKinney 2005), we get E

true

& 0.015Mpc>.
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Table 3.9: Correlation significance results for the Jackknife re-sampling. The upper panel shows p-value estimates for
the whole long GRB sample, the middle panel takes into account only the long GRBs in ISM-like environments, and
the bottom panel is for the long GRBs in wind-like environments.

-value
Anti-/correlation . P .

Minimum  Maximum Average
B | €5 Er e 1.22x107 | 228 x 107 | 4.65x 107°
O 6,—¢, 6.85x 107* | 0.010 4.18x107°
b0
8| es—Eqio 0.011 0.48 0.12
2| &5 Erme 4.74x107° | 1.28x10* | 3.66 x 10°
< | ey 1.71x107* | 6.12x107° | 1.60 x 10~°
2| e5—Ex i 0.10 0.99 0.82
2| e5—Ex true 0.011 0.68 0.21
9| bo—es 0.55 0.99 0.87
2| e5—Egio 9.03x107° | 0.37 0.12

The short and long GRBs with the highest inferred beaming corrected energies are GRBs
200522A and 090902B, respectively, with best-fit values of 2.2 x 10°* and 2.4 x 10** erg.
Using Equation 3.11, the implied mass of the central black hole can be inferred as > 0.19
and > 23.73 M, for GRBs 200522A and 090902B, neither of which presents a significant
difficulty for the favourite source models.

343 ¢,-E 0,-€; anti-correlations

K, true’

We find that 6, and E, . are strongly correlated with each other for both wind-like and
ISM-like long GRBs; this does not, however, have any new meaning. It is simply the result
of the fact that E, , is derived from E,, via the opening angle, and that the distribution
of E,, is fairly narrow, whereas that of 6, is wider. Hence, this correlation is largely due

1S0
to the fact that we are correlating 6, with itself, and we even find that the best-fit slope
shows Ey ... o< 0,7, quite close to the theoretically expected E o< 6% one would get for a

K,true

single-valued E; j with a range of values of 6, < 1.

We do however find a strong and significant anti-correlation between e, and E; . for the
sample of long GRBs. In Figure 3.9 we demonstrate this anti-correlation. We find that the
fraction of energy lost to amplifying magnetic fields systematically decreases as the mea-
sured beaming corrected kinetic energy gets larger. When we perform a Pearson r correla-
tion test we find a p-value of 10>, strongly rejecting the null hypothesis that they are un-
correlated. We fit correlation lines by repeatedly sampling from the posterior distributions
of the parameters and obtaining the best fit lines for each iteration. The €,-FE; . relation
can be described as a power-law with index a = —0.53*0). Alternatively, we can of course
regard this correlation as due to an e, — 6, relation. The e,—6, relation can be described as

a power-law with index a = —2.19*03>. We also checked for a possible correlation between
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Figure 3.9: Scatter plot of €5 and Ey ., parameters for the GRB sample. The blue circles, red diamonds, and green
squares represent ISM-like long GRBs, wind-like long GRBs and short GRBs, respectively. Error bars represent the 68%
credible interval. The magenta lines represent the best-fit results from 500 linear fits to the inferred parameters. For

each fit we sample values from the posterior distribution of the parameters. The inferred slope is a = —0.53i8:g‘7‘.
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ey and Ey ;. ; it is not significant. This may be somewhat surprising, since we think of the

energy fractions in electrons and magnetic field to be set very locally at the shock, and thus
correlate better with E which scales with the local energy per unit area at the shock.

K,iso?
Since the number of GRBs in either sample is small, we use a Jackknife resampling test
to check the robustness of these correlations due to outliers. The results can be seen in
Table 3.9, and show that the significant correlations are robust. However, they also reveal
are rather strong difference between the two subclasses: the correlations are not significant
in the wind-like GRBs and very strongly significant in the ISM-likes. The significance of the
result for the total population is therefore entirely due to that of the ISM-like GRBs. This
is puzzling, since it unclear how the correlation between these two blast wave parameters
would come to depend on the shape of the ambient density distribution.

3.4.4 Caveats

First of all, it is not straightforward to infer population distributions from uncertain mea-
surements. When creating histograms, we spread the inferred parameter values across bins
which span over the 68% credible region. Since it is not correct to combine posterior samples
from separate modelling efforts, the histograms presented in this study are mostly for illus-
trative purposes. Although this still relays valuable information about the GRB population, it
would be valuable to account for the uncertainties in a statistically valid manner (e.g., Hogg
et al. 2010).

Second, it is not possible to compile an unbiased sample of well-sampled afterglows, because
a variety of instrumental biases and observer choices enter into the determination of which
GRBs to follow up extensively and for which such followup is successful. Therefore, the in-
ferred GRB population will likely not cover all of the physical parameter space. We have
commented above on whether we estimate this has a significant influence on our conclu-
sions. While we accounted for the small sample size of especially short GRBs when stating
significances, it is still good to bear in mind that our short GRBs are especially unrepresenta-
tive of the total population of short GRBs (though, as we noted, there is no clear expectation
that this this would bias the intrinsic properties of this subset of short GRBs, for which we
draw the most marked conclusions.)

3.5 Conclusion

We have studied a sample of 26 GRB afterglows (as well as the total prompt y-ray energy
emitted), which was biased to enabling detailed afterglow physics studies, i.e., towards hav-
ing well-sampled radio, optical, and X-ray light curves. While this largely excludes the most
obscured GRBs (due to optical extinction) and GRBs in low-density regions (i.e., most short
GRBs), we argue that there are quite a few conclusions about GRB physics that are not
strongly affected by those biases:



10.

11.

12.

3.5 Conclusion

. All physical parameters have intrinsic distributions of significant width, i.e., none have

a ‘standard’ value that is almost the same for all GRBs, or even within a subsample
(short, long-ISM, or long-wind; Sect. 4.4).

. Short GRBs prefer uniform ambient densities, in agreement with theoretical expecta-

tions and previous studies (Sect. 3.3.1).

. Long GRBs have about equal likelihood of wind-like and uniform ambient media. A

massive star progenitor is expected to impact the environment of the burst, suggesting
a wind-like medium to be more likely. We note that even a massive star wind environ-
ment can be close to homogeneous at scales probed by the afterglow observations, but
that this is not the most natural outcome for typical parameters (Sect. 3.4.1).

. The wind strengths for the wind-like long GRBs favour canonical mass loss parameters

of massive Wolf-Rayet stars, the most likely progenitors, and specifically do not indicate
a bias towards low mass loss rates, as required by some GRB models (Sect. 3.4.1).

. We do not find evidence for different jet opening angles between long and short GRBs

(Sect. 3.3.2).

. The observer viewing angles are consistent with top-hat jets, and with the opening

angles of the prompt y-ray emission and early afterglow emission being the same. This
may significantly constrain so-called ‘jet-coccoon’ models of GRBs (Sect. 3.3.2).

. We find a distribution of slopes of the energy distribution of accelerated electrons, p,

that is consistent with previous studies; it contains only a few examples where p < 2
significantly, but many where it is close enough to 2 to warrant caution in fitting p and
€, (Sect. 3.3.3).

. The values of ¢, are all in the range 0.1-1, with no significant differences between

short/long or wind/uniform samples (Sect. 3.3.3).

. The true total energies of long and short GRBs are similar, implying that the rela-

tive faintness of short GRBs in y rays is due to their lower y-ray emission efficiency
(Sect. 3.4.2).

While the total energies of GRB blast waves do not have standard values, they are
smaller on average by an order of magnitude for ISM-like long GRBs than for wind-
like ones (Sect. 3.4.2).

Some required gamma-ray efficiencies of GRBs are close to 1, which is a challenging
value for current prompt emission theories (Sect. 3.4.2).

There is a strong and significant correlation for ISM-like long GRBs between the mag-
netic field energy at the shock and the true total kinetic energy of the blast wave. It is
surprising that this same correlation does not exist for the wind-like GRBs (Sect. 3.4.3).
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Posterior samples for long GRBs in constant density CBM
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Figure 3.10: Violin plots representing the obtained posterior distributions of the free physical parameters for the long
GRB sample associated with a constant density environment. The shaded areas represent the density of the posterior
samples and circles represent the mean value. Error bars represent the 68% credible interval.



3.A Posterior distributions for the free physical parameters 77

Posterior samples for long GRBs in wind-like CBM
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Figure 3.11: Violin plots representing the obtained posterior distributions of the free physical parameters for the long
GRB sample associated with a wind-like environment. The shaded areas represent the density of the posterior samples
and diamonds represent the mean value. Error bars represent the 68% credible interval.
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Posterior samples for short GRBs
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Figure 3.12: Violin plots representing the obtained posterior distributions of the free physical parameters for the short
GRB sample. The shaded areas represent the density of the posterior samples and squares represent the mean value.
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Chapter

Exploring the long GRB population: A
population synthesis study

M. D. Aksulu, M. De Pasquale, J. Japelj, H. J. van Eerten, R. A. M. J. Wijers
Submitted to the Monthly Notices of the Royal Astronomical Society
Abstract

In this paper we derive physical properties of a sample of gamma-ray bursts with limited
afterglow data, namely the Swift BAT6 sample. We use the fact that its gamma-ray selection
is well defined and that it is reasonably complete in redshift to perform a population syn-
thesis study, in which we use Bayesian inference to constrain the distributions of physical
parameters by fitting the observed distributions of brightness in X rays, optical, and radio
as predicted by the numerical afterglow model scalefit. We are able to generate a synthetic
population of long GRBs which is consistent with the observed properties of the BAT6 sample.
We find that the synthetic population is mostly consistent with previous individual modelling
efforts, especially when we assume a wind-like density profile for the circumburst environ-
ment. We find that most of the burst parameters of the long GRB population span a large
range of values, which is consistent with previous studies. The beaming-corrected kinetic
energy of the population is centred around ~ 10°* erg with a spread of Tlogro e ~ 12+ We
also use the results to show that it is not very rare that GRBs have parameters for which the
light curve is a very long break-free power law, such as seen in GRB 130427A.
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4.1 Introduction

Gamma-ray bursts (GRBs) are the most energetic explosions in the Universe. They are ultra-
relativistic collimated outflows powered by a central compact object. Initially, GRBs are de-
tected as prompt flashes of high-energy radiation that last between 0.1-1000 s. The radiative
processes governing the so-called “prompt” phase of GRBs are not yet well-understood. Af-
ter the prompt phase, when the blast wave starts to interact with the surrounding medium,
ultra-relativistic shocks are formed where charged particles get accelerated and emit syn-
chrotron radiation. This “afterglow” radiation spans the entire electromagnetic spectrum
and can be observed for days or in some cases even years (Rees & Mészaros, 1992). GRBs
are phenomenologically categorized as short and Long GRBs depending on the duration of
the prompt phase (Kouveliotou et al., 1993). Long GRBs, which have a duration ty, 2 25,
are thought to be the result of core-collapse supernovae of massive stars (Woosley, 1993),
whereas short-GRBs have been associated with compact object mergers where at least one
of the objects is a neutron star (Lattimer & Schramm, 1976; Eichler et al., 1989).

The afterglow emission of GRBs allows us to probe their energetics, the environments of the
progenitor, and the microphysical properties of ultra-relativistic shocks. With the launch of
Neil Gehrels Swift Observatory in 2004 the localization of GRBs has improved significantly,
allowing for follow-up observations of the afterglow with both ground and space-based in-
struments (Gehrels et al., 2004). Previous studies have utilized the fireball model to infer
the burst parameters of individual GRBs based on extensive multi-wavelength afterglow ob-
servations (Panaitescu & Kumar, 2002; Yost et al., 2003; Aksulu et al., 2021). In this study,
we employ a different method to probe the parameter distributions of the GRB population.
Instead of utilizing broadband, high-cadence afterglow data sets to model a relatively small
sample of GRBs, we make use of a larger sample of GRBs with a limited number of afterglow
flux measurements and well-understood selection biases. We conduct a population synthesis
study to reproduce the observed features of such a sample, and perform Bayesian inference to
determine the distributions for the burst parameters of the long GRB population. This has the
advantage of allowing us to use a rather larger sample of GRBs than is available for detailed
individual study, and also one that has somewhat wel understood selection effects. Also, it
allows us directly to fit distributions of parameters of the population as a whole. Ghirlanda
et al. (2012) performed a population synthesis study to constrain the jet opening angle, 6,,
and the initial bulk Lorentz factor, I, based on the observed prompt features of the GRB
population. Later on, in Ghirlanda et al. (2015), they utilized the obtained distributions
to infer the afterglow flux distribution of the GRB population to investigate the detection
rates of “orphan” afterglows. However, they assume canonical values for the microphysical
parameters, and are unable to reproduce the observed X-ray afterglow flux distribution in
conjunction with the optical and radio distributions. In this study, we assume log-/normal
distributions for the burst parameters, and leave the distribution mean and standard devia-
tions as free parameters. We perform Bayesian inference, based on the target distributions of
the chosen long GRB sample, to obtain posterior distributions for the distribution parameters,
and we repeat the procedure for both GRBs in homogeneous and wind-like environments.



4.2 Target sample

Furthermore, we make comparisons between results from individual modelling efforts and
the population synthesis.

In Section 4.2 we introduce the sample of long GRBs as well as the target distributions which
need to be reproduced by the synthetic population. In Section 4.3, we give a detailed descrip-
tion of the utilized method to generate a synthetic population of GRBs, consistent with the
observed features of our sample. In Section 4.4, we present the results of our analysis and
compare the obtained parameter distributions with individual GRB afterglow modelling re-
sults. In Section 4.5 we comment on the implications of the population study and conclude
in Section 4.6.

4.2 Target sample

In order to determine the underlying parameter distribution of the long GRB population,
we need a reference sample of GRBs with well-understood selection biases. We will use the
observables of this sample as our target distributions. In this work we make use of the BAT6
sample as the target population (Salvaterra et al., 2012). This is a flux complete sample (in
the prompt emission phase) of long GRBs which have a selection criterion of having at least
2.6 photons s™! ecm™2 flux in the 15-150 keV Swift/BAT band. The sample has a high redshift
completeness level of 88%.

We gather the prompt emission features and afterglow measurements for the BAT6 sam-
ple to create target distributions for the observables of the GRB population. The isotropic-
equivalent energy emitted in y-rays, E_;,, and the rest-frame energy at which the prompt
spectrum peaks, E . > Of the BAT6 sample have been collected from Nava et al. (2012).
We collect the peak photon count in the 15-150 keV band from the Swift/BAT catalogue
(Lien et al., 2016). The X-ray flux values of the afterglow emission at 11 and 24 hours have
been collected from the Swift/XRT catalogue (Evans et al., 2009). We convert the flux val-
ues in the 0.3-10 keV Swift/XRT band to units of mJy. We make use of the reported average
photon index to calculate the flux at the geometric centre of the Swift/XRT band (~ 1.3 keV).
Furthermore, we correct for absorption by making use of the ratio of the reported average
absorbed and unabsorbed flux values. The data for the R-band observations at 11 hours were
obtained from Ghirlanda et al. (2015), upon request from the authors (also see Melandri
et al. 2014). The radio observations (8.4 GHz) at various time epochs for the BAT6 sample
are presented in Ghirlanda et al. (2013). Since the radio observations are not taken at the
same time epoch for all of the GRBs, when we try to reproduce the radio afterglow flux dis-
tribution we select a random time epoch from the observation times of the BAT6 sample, for
each synthetic GRB. The BAT6 sample of long GRBs along with their corresponding observ-
ables are presented in Tables 4.8 and 4.9, and the reader can refer to e.g., Figures 4.3 and
4.4 to see the cumulative histograms of the target distributions. Missing values are simply
excluded from the target distributions, which could introduce biases especially for the radio
afterglow distribution (see Section 4.5.4).
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4.3 Method

4.3.1 Calculating Gamma-ray photon flux

In order to take into account the selection criterion of the BAT6 sample, we need to calcu-
late the photon flux in gamma rays. However, since we do not have a physical model for the
prompt emission of GRBs, we need to rely on a series of assumptions and observed correla-
tions to calculate the photon flux. In this work, we follow the reasoning of Ghirlanda et al.
(2012).

* The isotropic equivalent gamma-ray energies, E, ;,, for the BAT6 sample are presented
in Nava et al. (2012). Since the observed E o distribution will differ from the intrinsic
distribution of the population (due to the selection criterion), we define the intrinsic

E_ . distribution as a free distribution.

y,iso

* Following Ghirlanda et al. (2012), we assume that the prompt emission light curve is a
simple triangle and deduce the peak luminosity using L., = 2E, ;,(1+2)/Ty,. Where
Ty, is the burst duration, which is drawn from a log-normal distribution centred at
27.5 s and with a standard deviation 0.35. The peak bolometric flux is then computed
using F,) = L., /4nd;.

* Since we need the photon flux within a certain band (15-150 keV), we need to assume
a spectral shape. In this work we assume a Band function for the spectral shape (Band
et al., 1993),

E a
Ny(E) = A ——— _ for (0 BVE . <E
+(E) (100kev) eXp( ) or (a—B)E,e < E,

peak
(@—P)Epen 17" p 4.1
_A[ 100 keV ] exp(f _a)(loo keV)
for (@ — B)E,eq > E.
We assume spectral slopes a = —1 and 8 = —2.3, corresponding to typical observed

values (Kaneko et al., 2006; Sakamoto et al., 2011).

* In order to normalize the spectrum in Equation 4.1, we also need to assume a value
for . We make use of the phenomenological correlation between E, ;, and E

peak* peak,rest
(Amati relation: Amati et al. 2002) to determine E for any given E We draw

peak,rest v,iso*
the E ek rest value from the correlation as described by Nava et al. (2012): log;, E eatc rest
is drawn from a normal distribution with mean 0.61log, E, ;;, — 29.6 and standard

deviation 0.25. We calculate the observed spectral peak energy E ... = Epeyy rese/ (1 +2).

* We calculate the normalization factor, A (Equation 4.1), by integrating EN,(E) from 0
to oo and equate this expression to F, ;. Now, that we have normalized the spectrum,
we are able to infer the photon flux.

To summarize, we are able to calculate the observed photon count within a given band (15
to 150 keV in our case) for a population of GRBs, given a distribution of E, ;. This enables us
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to discard the GRBs which do not meet the selection criterion of the BAT6 sample from our
population. We adopt a log-normal distribution for E_; , throughout this work. We note that
our assumption that all GRBs have the same spectral shape is a big simplification; but the
fact that we leave the distribution of the GRB energy free can absorb some of the variation
induced by the spectral properties; also we are not aware of correlations between afterglow
properties and prompt emission spectral shape that would make it especially important to
include spectral variability in this study.

4.3.2 Afterglow model

In order to compare the observed flux distribution of the afterglow of the BAT6 sample to the
synthetic population we need an afterglow model. We assume an ultra-relativistic blast wave
moving into the CBM (circumburst medium) to create a shock-front where charged particles
are accelerated in tangled magnetic fields, emitting synchrotron radiation (Sari et al., 1998;
Wijers & Galama, 1999; Granot & Sari, 2002). We assume that the CBM has a density profile

of the form,
—k
r -3
n=n _— cm C. 4.2

'ef( 10" cm) (4.2

Here, r is the distance from the central object, n, is the normalization at 107 cm, and k
determines the density profile. In this study, we only consider the cases where k = 0, which
corresponds to an homogeneous environment, and k = 2, which can be interpreted as a
free-stellar-wind environment. We assume that the blast wave has an opening angle of 6,
and an initial isotropic-equivalent energy of E, ;.. The fraction of thermal energy going into
accelerating the charged particles is denoted by €,. We assume that the particles are accel-
erated to a power-law distribution with a power-law index of p. In this case, the emission
properties directly depend on

p—1
p—2
therefore we directly consider €, in our model to allow p < 2 values in the synthetic GRB
population. Furthermore, the energy density of the magnetic fields is determined via €,
which describes the fraction of thermal energy going into the magnetic fields. A fraction, &,
of all the electrons are accelerated. In this study we assume &, = 1, since this parameter is
degenerate with respect to (Ey i, Myess €5, €,) (Eichler & Waxman, 2005).

€, (4.3)

In this work, we make use of the numerical model scalefit (Ryan et al. in preparation; Aksulu
et al., 2021, 2020; Ryan et al., 2015), which makes use of pre-calculated tables of spectral
features (spectral breaks, peak spectral flux) for a range of different time epochs, opening
angles, and observing angles. These tables are created using the numerical model boxfit (van
Eerten et al., 2012), which is directly based on 2D hydrodynamic simulations to capture the
dynamics of the blast wave in a realistic fashion. The main disadvantage of boxfit is that it
needs to solve radiative transfer equations at runtime, which makes boxfit computationally
expensive. Furthermore, contrary to scalefit which makes use of scaling rules to calculate
the spectra for different regimes (van Eerten & MacFadyen, 2012a), boxfit is not valid in
all spectral regimes (e.g., it does not take into account cooling when calculating the self-
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Table 4.1: Free distributions which describe the GRB population. For all the parameters we assume a log-normal
distribution, except for p for which we assume a normal distribution. See Sections 4.3.1 and 4.3.2 for parameter
definitions.

Parameter Distribution
10g10 Ey,iso ‘/V(I-'Ly 0'2) normal
logo€, N (u,0%) | normal

log,, 6, A (u,0%) | normal
log,onee | A(u,0?) | normal

p N (u,0%) | normal
log,, €, N (u,0%) | normal
log,, €, A (u,0%) | normal

absorption break frequency, whereas in scalefit the spectral regimes where this plays a role
are accessible through scaling relations, see Ryan et al. in prep.).

To summarize, we are able to calculate the expected afterglow flux for any given GRB with
parameters,

¢ = (90’ EK,iso> nref’ Gobs’ p, eB’ ée> gN’ Z)T' (44)

In order to generate a population of GRBs in a self-consistent manner, we need to relate the
prompt emission phase to the afterglow phase. To accomplish this, instead of assuming an
independent distribution for E ; ,, we define,

iso?

_ Ey,iso
" E.. +E, .~

K ,iso 7,iso

(4.5)

€

which describes the radiative efficiency of the prompt phase and correlates the afterglow
emission features to the prompt emission features.

4.3.3 Generating the population

In this section, we describe the procedure for generating a population of GRBs in compliance
with the selection criterion of the BAT6 sample. As detailed in Sections 4.3.1 and 4.3.2 we
have 7 free distributions that shape the population of GRBs (see Table 4.1).

To generate a GRB population with n,,, number of GRBs, we start by sampling E, s, val-
ues from a given distribution. For each sample, we calculate the photon count at the de-
tector, and continue sampling new values of E ;. until we satisfy the selection criterion
of > 2.6 phs™! em™ in the 15-150 keV observing band. This means that the given distri-
bution for E, ;, is the intrinsic distribution for the GRB population. As we account for the
selection criterion, the E, ;, distribution for the observed GRB population will differ from
the intrinsic distribution. Once we have a GRB with “detectable” prompt emission (and an
associated E, ;, value), we sample from the given distributions for the afterglow parame-

ters. The afterglow emission is coupled to the prompt features only via the e, parameter,
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while n <n,,, do

Sample t;

detected = False;

while /detected do

Sample z and determine d; as described in Section 4.3.4.1;
Sample E, from a given distribution;

Sample E ., . using the Amati relation and calculate the observed
Epeak = Epeak,rest/(l + Z);

Calculate photon flux as described in Section 4.3.1;

if photon flux >= 2.6 then
| detected = True;

end

end

Sample €, 6y, n,;, p, €; and €, from given distributions;

Determine E, . using the relation in Equation 4.5;

K ,iso

Sample 6, following the assumptions in Section 4.3.4.2;
Add parameter set to population;
n++;

end

Algorithm 1: Generating a population with n,,,, GRBs.

as this parameter together with the chosen E, ;, value, determines the E ;, of the burst. In
this study, we do not account for any selection effects on the afterglow emission. Therefore,
any given distributions for the afterglow parameters (including €,) should be interpreted as
observed distributions.

We repeat the procedure, outlined above, until we have n,,, number of GRBs in the pop-
ulation. The pseudo-code for generating a synthetic population of GRBs can be found in
Algorithm 1.

4.3.4 Assumptions

4.3.4.1 Redshift distribution

The intrinsic redshift distribution of the population is adapted from Ghirlanda et al. (2012).
The GRB formation rate, v)(z), is given by,

P(z) = e(2)R(2) (4.6)

where e(z), the ratio of the GRB rate density to star formation rate, is taken from Salvaterra
et al. (2012) as e(z) = (1 +2)"7. R(z), the star formation rate fitted to data, is taken from Li
(2008) as,

0.0157+0.1182

RG)= 1+ (2/3.23)*6°

M®yr_1Mpc_3. “4.7)
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[ Sampled for §p = 0.1 rad
1.5 4 1 Sampled for g = 7/2 rad

1.0 -

0.5 1

Normalized relative likelihood

0.0 -

0.0 0.2 04 0.6 0.8 1.0
oobs/GO

Figure 4.1: Histogram of 10000 numerically sampled 6,,./6, values. The blue histogram along with the blue line
(dashed) represent the sampled and analytically expected probability distribution for 6, < /2. The red histogram
along with the red line (dotted) represent the sampled and analytically expected probability distribution for 6, ~ /2

Thus, the GRB formation rate becomes,

0.0157+0.1182

-1 -3
WMQYI‘ MpC . (48)

Y(E)=1+2)"

After we have sampled the redshift, we assume the cosmology described in Planck Collabora-
tion et al. (2016) to calculate the luminosity distance. Since the calculation of the luminosity
distance is computationally expensive, we make use of a pre-calculated z-d, table and inter-
polate between the values.

4.3.4.2 Observer angle distribution

In this study, we assume that the observing angles of the GRBs are within their opening
angle, 6,. The observing angle, 6, distribution is obtained by using purely geometrical
arguments. We rely on the fact that, assuming the cone of the jet is within the observer field

of view (i.e. 6, < 6,), the probability distribution of 6, becomes,
p(0,,) =Nsinf, (4.9

where, N is the normalization constant obtained by integrating p(6,,,) from 0 to 6,. It is
straightforward to calculate the cumulative distribution function and sampling 0, . The

obs*
probability distribution for 6,;,/6, can be expressed as a linear function for 6, < m/2, and

obs
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becomes a sinusoidal function for 6, ~ 7/2. In principle, this probability distribution repre-
sents the intrinsic distribution for the viewing angle. We assume that, as long as the observer
angle is within the cone of the jet, the observed prompt emission flux does not depend on
B,s- Therefore we are able to use Equation 4.9 to directly sample 6, values for the syn-
thetic population. In Figure 4.1 the expected probability density function for the fractional
observing angle can be seen.

4.3.5 Bayesian inference

In this section, we describe the adopted methodology for inferring the free parameter distri-
butions, shown in Table 4.1, based on the observed prompt and afterglow emission properties
of the BAT6 sample.

In order to obtain posterior distributions for the distribution parameters (u and o in Ta-
ble 4.1), we make use of nested sampling (Skilling, 2004). We utilize pymultinest (Buchner
etal., 2014), which is a PYTHON package based on the MultiNest nested sampling algorithm
(Feroz et al., 2009). Throughout this work, pymultinest is used in the importance sampling
mode (Feroz et al., 2019) with mode separation disabled. We use 400 initial live points and
use an evidence tolerance of 0.5 as our convergence criterion.

In order to perform Bayesian inference to determine the underlying parameter distributions
of the GRB population, we first need to establish a likelihood function, over which we can
marginalize the distribution parameters. As can be seen in Table 4.1, each free distribution
is defined by two parameters (i.e., u and o), which leaves us with 14 free parameters in
total. We use k-sample Anderson-Darling (AD) test statistics to evaluate the fitness of our
solution. The AD-test statistics is basically the weighted (to give emphasis to the tails of the
distribution and to account for different sample sizes) sum of the square differences between
two empirical cumulative distributions, and allows us to quantify whether or not two discrete
data samples are drawn from the same distribution. We make use of the k-sample AD-test
method included in the SciPy PYTHON package (Virtanen et al., 2020), which is based on
Scholz & Stephens (1987).

The log-likelihood function then becomes,

k
L == A D(E i Fopn)s (4.10)

i=1

where, f, ., and f, ; represent the i™ component of the observed and synthesized feature
sets, and k is the total number of features. To calculate the AD statistics, we generate a
population of 50 GRBs at each iteration, which is similar to the number of GRBs in the BAT6

sample.

Since the prompt features (i.e., observed E_ ;,, peak photon count and E,,; ) and the selected
redshift of a given GRB only depend on the intrinsic E, ;, distribution, we perform Bayesian
inference in two phases. In the first phase, we infer the intrinsic E, ;;, distribution based on
the prompt emission features, and create a table of detected GRBs. This table is used in the
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Table 4.2: Priors for the free distribution parameters in Phase I. The distributions are defined in Table 4.1

Distribution Prior range

e B rora] 49 <y <55 uniform
810 Lyiso LETE 4x10°% <0 <217 log-uniform

second phase to assign redshifts and E, ;;, values to the GRBs in the synthetic population. This
allows us to skip the inner “while” loop in the second phase, when fitting for the afterglow
parameters.

4.3.5.1 Phase I: Modelling the prompt features
In phase I, we only fit for the distribution parameters of E, ;, for given target distributions
of 2, E, ii5s Epeak rest> @l the peak photon count (N,,). In this case, the feature set (i.e., f) in
Equation 4.10 is defined as,

f=(E, 10,2 N). (4.11)

This phase corresponds to the inner “while” loop shown in Algorithm 1, and therefore does
not require calculating the afterglow emission for the population of GRBs. This reduces the
computational cost of this phase. The assumed priors for the free parameters can be seen in
Table 4.2.

Once we obtain posterior distributions for the mean and standard deviation of the intrinsic
E, ;, distribution, we are able to create a table containing parameters for the “detected” GRB
population (with Ny, > 2.6 ph s em™). To create this table, we generate a population of 50
GRBs for every posterior sample and record the parameter sets (E, i, 2, Epeqre) Of these
GRBs for later use.

4.3.5.2 Phase lI: Modelling the afterglow features

In the second phase, we fit for the afterglow parameters (including e, ) for the given afterglow
measurements of the BAT6 sample. In this case, the feature set (i.e., f) in Equation 4.10 is
defined as,

f= (fv,Xfray 11h» fv,Xfray 24h> fv,beanch fv,radio) ° (4 12)
The assumed priors for the free parameters can be seen in Table 4.3.

In this phase, we skip the inner “while” loop shown in Algorithm 1, and instead make use
of the table generated in Phase I to determine the prompt features of each GRB (e.g., E, ;,,

z). This ensures that each drawn GRB is consistent with the selection criterion of the BAT6
sample. This greatly accelerates the Bayesian inference procedure.
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Table 4.3: Priors for the free distribution parameters in Phase II. The distributions are defined in Table 4.1

Distribution Prior range

) —2<u<o0 uniform
08y € )
0T 4x107% <0 <2.17 | log-uniform

—2<u<0.2 uniform
log,, 6, [rad] Sk )
4x107° <0 <217 | log-uniform

3 —3<u<3 uniform
log,on,e[cm ] s .
4x107° <0 <2.17 | log-uniform

l<u<3 uniform
P 10%<0o<5 log-uniform
log,g €, —103 <u<o0 uniform
4x107° <0 < 2.17 | log-uniform
_ —-10<u<0 uniform

log,, €,

4x107% <0 <2.17 | log-uniform

4.4 Results

In this section we present the results from the Bayesian inference procedure. We marginalize
the free distribution parameters as described in Section 4.3.5. We perform 3 fits in total:
Phase I where we fit for the prompt features and apply the selection criterion, Phase II
where we fit for the afterglow features. We perform Phase II for homogeneous and wind-like
environments separately. Aksulu et al. (2021) (A21 from now on) have performed robust
Bayesian inference on a sample of 26 broadband GRB afterglow data sets, of which 22 are
long GRBs. They applied model selection based on the evidence values to determine the
CBM density profile; either homogeneous (k = 0) or wind-like (k = 2). A21 use the same
model, scalefit, in combination with Gaussian processes to account for any systematics in
the afterglow data sets. Since they make use of the same afterglow model, it is useful to
make comparisons between results from individual modelling of a sample of GRBs, and the
population synthesis results from this study. Throughout this section we comment on the
similarities and differences between the results from these two different approaches. We
perform Kolmogorov-Smirnov (KS) tests between parameter distributions obtained from the
population synthesis and results from A21 to determine the probability of rejecting the null
hypothesis that the samples are drawn from the same distribution. We make of order 30
such comparisons and therefore consider any p-value below 3 x 10 to be significant.

The inferred parameters for Phase I can be seen in Table 4.4. The corresponding posterior
distribution is presented in Figure 4.2 in the form of a corner plot. We would like to empha-
sise that the results in Table 4.4 represent the parameters for the intrinsic E_;, distribution
of the long GRB population. The posterior predictive distributions for the observables can
be seen in Figure 4.3.

89




90 A population synthesis study

—
ot
T

05

0.5 1.0 1.5

Hiogyg By iso [erg] Ologyg By iso

Figure 4.2: Posterior distributions for the mean and standard deviation of the E, ;, distribution. The parameters are

as defined in Table 4.1. As expected, the mean and the width of the distribution are correlated.

Table 4.4: Inferred parameter modes and the corresponding 68% credible regions for Phase I. The parameters are as

defined in Table 4.1.
Distribution Parameter

p | 50.13%5%
log,, E, ,, [erg] :
e o | 1.307012
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log,o E-.iso [erg] logo(z + 1) log,o Npn [ph s™! cm™2]

Figure 4.3: Posterior predictive results for Phase I. Cumulative histograms for the observables of Phase I are shown.
The solid line (magenta) represents the measured features of the BAT6 sample. The green shaded area represents the
posterior predictive of the inference results for the detected population, whereas the intrinsic population is represented
by the grey shaded area. The reader can see how the intrinsic distributions get modified by the selection criterion. We
randomly draw 1000 posterior samples and generate a population of 50 GRBs for each sample to determine the shaded
regions.

Table 4.5: Inferred parameter modes and the corresponding 68% credible regions for Phase II. The parameters are as
defined in Table 4.1.

Distribution Parameter ISM-like = Wind-like
—1.377060 [ _ 7g+0:30

u ~0.31 _0.58
log,, €
10y o 0.027%% | 0.027094
—0.76+0'47 _0.29+0.26
log, 6, [rad] g 008 o1
o 0.04*0% | 0.04%012
—0.29%073 0.67709%
logyo g [em™] | ¥ o0 010
o) 0.0475 4 0.03755
) u 1.69%00 | 2.23%012
o 0.0279%2 | 0.0270%2
log . ¢ n —2.02%753 | —1.945563
1078 o 0.047021 | 0.03*29%
log,, € [z —3.61%57, | —1.98105
10 ~e
g

.06 .
0.02%5 | 002150
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Figure 4.4: Posterior predictive results for Phase II. Cumulative histograms for the observables of Phase II are shown.
The solid line represents the measured features of the BAT6 sample. The shaded area represents the posterior predictive
of the inference results. We randomly draw 1000 posterior samples and generate a population of 50 GRBs for each
sample to determine the shaded regions. The upper and lower panels show results for homogeneous and wind-like
CBM, respectively.
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The procedures for Phase II are performed twice, for GRBs in homogeneous and wind-like
environments. In each case we assume the same type of environment for all of the GRBs
in the population. In reality, previous studies have shown that the long GRB population
should include both types of environment (e.g., Starling et al. 2008; Curran et al. 2009;
Schulze et al. 2011; Aksulu et al. 2021). In principle it is possible to generate a “mixed” pop-
ulation of GRBs which include both homogeneous and wind-like environments. However,
this would increase the number of required parameters as each environment type would
have different distributions for the burst parameters. In this work, we consider each environ-
ment type separately. The inferred parameters for Phase II can be seen in Table 4.5 both for
homogeneous/ISM-like and wind-like CBM. The corresponding posterior distributions are
presented in Figures 4.10 and 4.11 for homogeneous and wind-like environments, respec-
tively. The posterior predictive distributions for the observables can be seen in Figure 4.4.
In Figures 4.12 and 4.13 we also present the multi-dimensional corner plot of the poste-
rior predictive distribution for the afterglow observations. These multi-dimensional plots
demonstrate that the synthetic population is able to recover most of the correlations in the
observables, except for the R-band/X-ray afterglow correlation. The synthetic population
finds a much stronger correlation in the R-band/X-ray plane than what is observed in the
BAT6 sample. This indicates that future studies incorporating multi-dimensional k-sample
tests in the likelihood function might be able to constrain the GRB population even further.
However, this is not within the scope of this work. We are not able to determine which envi-
ronment type explains the data best, and therefore do not favour one model over the other
on the grounds of fit quality.

The inferred parameter values for Phase II exhibit large uncertainties for the mean and
relatively small values/uncertainties for the standard deviation of the distributions (see Ta-
ble 4.5). This is because, in this study, we assume that the underlying parameter distributions
for the GRB population are independent from each other. However, when we marginalize
over the distribution parameters, we find that there are strong correlations between some
of the burst parameters (see Figures 4.10 and 4.11). These correlations force the sampling
algorithm towards small o values and highly correlated u values to be able to reproduce
the observed distributions of the BAT6 sample. Due to this effect, the inferred o values do
not necessarily represent the spread of the underlying parameter distribution. To infer the
“real” spread for the burst parameters, we sample a certain number of parameter sets from
the posterior distribution and generate 50 GRBs for each parameter set. We combine the
GRB populations, generated from each of these posterior samples, to obtain the total popu-
lation of GRBs, which we call the “posterior predictive” population. The mean and standard
deviation for the burst parameters can be estimated using the posterior predictive, which
are presented in Table 4.6 along with measurement results from A21. As can be seen in
Figures 4.10 and 4.11, the resulting posterior predictive population exhibits strong correla-
tions between parameters. In principle, one could assume correlated parameter distributions
by fitting a complete covariance matrix, but that would give too many free parameters to
constrain with the data set we have available.
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Table 4.6: Mean and standard deviations of burst parameters for the posterior predictive synthetic populations. We
generate 50 GRBs per sample for a random selection of 1000 posterior samples. Values from Aksulu et al. (2021) are
also given for comparison.

Distribution Homogeneous Wind-like

This work A21  This work A21
w —1.19 | —0.49 —0.99 [ —0.71

log,, €
10 =y o 0.44 0.62 0.42 0.73
u —0.70 | —0.80 —0.57 | —0.37
10gyq 0, [rad] o 046 | 0.53 0.44 | 0.38
log,, n [Cm,g] u —0.20 0.10 0.89 1.16
10 ref o 0.90 1.32 0.90 0.69
u 1.76 2.15 2.07 2.32
p o 0.17 | 0.39 028 | 0.27
u —2.20 | —2.17 —2.80 [ —3.07

log,, €
10=B o 1.13 1.83 1.59 1.55
_ u —3.29 | —1.67 —2.23 [ —1.29

log,, €
10 ~e o 0.97 1.74 1.03 0.38

In the following sections, we take a detailed look at the inferred parameter distributions of
the GRB population. In order to obtain posterior predictive populations for homogeneous
and wind-like GRBs, we randomly sample 1000 posterior samples (both for phase I and II)
and generate 50 GRBs per sample. In the end, we obtain a population of 50 000 GRBs both
for homogeneous and wind-like environments. This procedure is necessary because gener-
ating each parameter independently from the best-fit distribution would ignore the highly
important correlations between them. Throughout this section, we test the null hypothe-
sis that two distributions are equal using a Kolmogorov-Smirnov (KS) test, and present the
resulting p-value.

4.4.1 GRB environment and ambient medium

The environments of GRBs provide valuable information regarding the progenitors of these
energetic explosions. In Figure 4.5 we present the CBM density histograms for the synthetic
population and measurement results from A21, both for homogeneous and wind-like envi-
ronments.

Assuming a homogeneous density profile, we find that the particle density of the CBM has
a mean of 0.63 cm™° with a wide scatter of T logyyn, = 0-90- These results remain consistent
with multi-wavelength afterglow modelling results from A21, as demonstrated by the KS-
probability: p = 0.45.

Assuming a wind-like density profile, we find that the particle density of the CBM (at a
reference distance, see Section 4.3.2) has a mean of 7.76 cm™> with a scatter of T logyo ey =
0.90. These results are also consistent with multi-wavelength afterglow modelling results
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Figure 4.5: Histograms for the CBM density distribution. The upper panel shows the results for the synthetic population
(blue) along with the measured values from A21 (black), assuming homogeneous CBM. The lower panel shows the
results for the synthetic population (red) along with the measured values from A21 (black), assuming wind-like CBM.
The p -values with which we can reject the null hypothesis that the samples from A21 and population synthesis are
drawn from the same distribution are presented in the respective sub-plots.
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Figure 4.6: Histograms for the opening angle (6,), isotropic equivalent kinetic energy (Ej ;,), beaming-corrected
kinetic energy (Eg ), and prompt efficiency (e,). The upper panel shows the results for the synthetic population
(blue) along with the measured values from A21 (black), assuming homogeneous CBM. The lower panel shows the
results for the synthetic population (red) along with the measured values from A21 (black), assuming wind-like CBM.
The p -values with which we can reject the null hypothesis that the samples from A21 and population synthesis are
drawn from the same distribution are presented in the respective sub-plots.

from A21 (KS test p = 0.54). For the wind-like case, it is more intuitive to express the CBM

density as,
A

(=5 (4.13)

where A= M/(4nv,,, '

and a mass-loss rate of 107° M, yr ', A=75.0 x 10" g cm™

values to units of A, using

+)- For a typical Wolf-Rayet type star with wind velocities of 1000 km s~
! which is denoted by A,. We can

scale the inferred n,;

A Mot

—_—=— 4.14

A, 30em™® @14
In this notation, our mean density corresponds to A= 0.26 A, for the progenitor wind, a bit
lower than, but consistent with A = 0.48A, found by A21. We note that this value is typically
found in individual and group studies of GRBs (e.g., Cenko et al., 2011, , and references
therein).



4.4 Results

4.4.2 Opening angle and Energy

The observed afterglow flux directly depends on the isotropic-equivalent kinetic energy of
the explosion; to understand the true energetics of these events we make use of the beaming-
corrected energy, which is defined as,

EK,true = EK,iso(l —Cos 90) (415)

(= Ey 11,05 /2, of course, for small 6,). In Figure 4.6, we present the distributions of 6,, Ey ,,,
beaming-corrected kinetic energy (Ey ), and prompt efficiency (e,) for the synthetic pop-
ulation and the measurement results from A21, both for homogeneous and wind-like envi-
ronments.

Jiso

We find a mean of 0.27 rad and a scatter of o, 4 = 0.44 for the opening angle distribution
of the synthetic population in wind-like CBM. For GRBs in homogeneous environments the
mean and scatter of the 6, distribution is 0.20 rad and Olog,, 0, = 0-46, respectively. When we
perform a KS-test to determine whether or not the synthetic population is consistent with the
inferred 6, distribution in A21, we find p-values of 0.45 and 0.10 for GRBs in homogeneous
and wind-like environments, indicating that the two results are consistent.

We find similar E, ;, distributions, with a mean of (8.3,4.9) x 10® erg and a scatter of
Tlogio Ey oo = (0.90,0.91), for GRBs in homogeneous and wind-like environments, respectively.
The Ey ;, distribution for the synthetic GRB population in homogeneous environments is
not consistent with the measured values from A21, right at our threshold significance of
p = 3 x 107%; we see that this is due to the population synthesis requiring higher energies
than the fits in A21 by about a factor 10 on average. However, for GRBs in wind-like envi-
ronments, the inferred E, ,  distribution is quite consistent with the measured values from

A21, with p = 0.96.

,iso

The beaming-corrected kinetic energy distributions for GRBs in homogeneous and wind-like
environments have means of (1.62,1.66) x 10°? erg with a scatter of Tlogio Ex ae = (1.25,1.20),
so they are very similar for the two environments. There is some discrepancy with A21
for the homogeneous environment, but not significantly so (p = 0.01). For the wind-like
environment, the results agree with A21 (p = 0.35).

The distribution for the fraction of energy emitted in gamma rays (e,) spans the same
range for both environments, with a mean of (0.06,0.10) with a standard deviation of
Tiogipe, = (0.44,0.42) for synthetic populations in homogeneous and wind-like environ-
ments, respectively. Here the results are most discrepant with the findings of A21 on individ-
ual fits. Those results much more often required gamma-ray emission fractions quite close to
one. For the homogeneous environment the discrepancy is very significant (p = 8.2 x 107);
for the wind-like environment (p = 4.0 x 10~°) it is below our threshold for calling a signifi-
cant discrepancy.
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Figure 4.7: Histograms for the power-law index of the accelerated electrons (p), fraction of energy in the accelerated
particles (€,, €,) and magnetic fields (e;). The upper panel shows the results for the synthetic population (blue) along
with the measured values from A21 (black), assuming homogeneous CBM. The lower panel shows the results for the
synthetic population (red) along with the measured values from A21 (black), assuming wind-like CBM. The p -values
with which we can reject the null hypothesis that the samples from A21 and population synthesis are drawn from
the same distribution are presented in the respective sub-plots. We remind the reader that the distributions of e, are
generated from the subsample of cases where p > 2, which is small for the homogeneous CBM.



4.4 Results

4.4.3 Shock physics parameters

In Figure 4.7, we present the p, €, €,, and e, distributions of the synthetic population and
measurement results from A21, both for homogeneous and wind-like environments.

The distribution of the power-law index for the accelerated particles, p, has a mean of
(1.76,2.07) and a scatter of o,= (0.17,0.28) for synthetic GRBs in homogeneous and wind-
like environments, respectively. For populations in both types of environment we find that a
significant portion of GRBs have p < 2. This is especially evident for GRBs in homogeneous
environments, where the vast majority of the population has p < 2, much more strongly than
in the corresponding individual fits in A21, with p =5 x 107°. This result is quite important,
since p is usually assumed to be slightly larger than 2 in both simulations and analysis of
GRB afterglows (Curran et al., 2010, e.g.,). For the wind-like environment, the population
synthesis outcome also has more low electron index values than the corresponding case in
A21, but the discrepancy is not significant (p = 0.02).

The fraction of thermal energy in the magnetic fields, €,, exhibits a wide distribution for
synthetic populations in both types of environment. We find that the e, distribution has a
mean of (6.3,1.6) x 10~ and a width of Ologyyey = (1.13,1.59) for GRBs in homogeneous
and wind-like environments. The inferred e, distributions for both environment types are
consistent with the broadband afterglow modelling results from A21 (p = 0.41 and 0.80,
respectively), and is also broadly consistent with the values assumed or derived in other
studies (Panaitescu & Kumar, 2002, 2001a, e.g.,).

The €, distribution has a mean of (5.1,59) x 10~* with a standard deviation of Ologoe, =
(0.97,1.03) for GRBs in homogeneous and wind-like environments. By definition (see Sec-
tion 4.3.2), the é, parameter is correlated with p. As mentioned above, the p distribution
inferred via population synthesis differs from the modelling results in A21, therefore, it is
not surprising that the €, distribution also differs from what is presented in A21. For GRBs
in homogeneous CBM we find considerably lower values for €, with p = 1.5x 102, GRBs in
wind-like environments also exhibit lower €, values when compared to A21, however, the
differences are more moderate with p = 4.3 x 10~*. It is also informative to take a look at
the inferred e, distribution, as this parameter is physically more meaningful. However, we
are only able to calculate e, values for the portion of the GRB population with p > 2 (see
Section 4.3.2), and for the homogeneous CBM case this is only a small tail of the overall
distribution, so the comparison should be taken with a grain of salt. For the €, distribution,
we find a mean of (0.23,0.14) with a standard deviation of Ologyye, = (0.54,0.44) for GRBs
in homogeneous and wind-like environments. Beniamini & van der Horst (2017) showed
that it is possible to constrain €, using measurements of the peak of the radio afterglow
light curve. They gathered radio afterglow measurements for a sample of 36 long GRBs and
inferred that e, = (0.15,0.13) and Tlogye, < (0.31,0.26), for GRBs in homogeneous and
wind-like environments. Although we infer similar mean values for €,, the inferred spread
for €, is larger, but at least for the wind-like case, our findings are within range of earlier
findings. Specifically, for the straightforward cases where p > 2, we find values of €, around
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0.1, which is similar to those found or assumed in earlier studies. It is the many cases where
we find p < 2 that require further thought.

4.5 Discussion

4.5.1 Homogeneous vs. wind-like environments

Individual modelling efforts of broadband GRB afterglow data sets have shown time after
time that some GRBs favour homogeneous CBM density profiles, whereas others favour
wind-like environments (see A21, and references therein). The most accepted progenitor
models for long GRBs, core-collapse of massive stars, would naturally lead to wind-like den-
sity profiles due to prominent stellar winds. However, there are some scenarios where homo-
geneous environments can be understood within the massive star progenitor framework. As
the stellar wind propagates into the circumstellar medium, the reverse shock will move into
the ejected stellar material, homogenizing the circumstellar medium. The density profile
of such a shocked-wind environment would be close to homogeneous. Furthermore, if the
progenitor star has super-sonic motion relative to the ISM, a GRB jet might punch through
the bow-shock and start its deceleration phase within the ISM. However, as we noted in A21,
these scenarios will typically require A, << 1, very high stellar runaway velocities, and/or
very high ambient ISM densities, and so they are perhaps in significant tension with our
current understanding of GRB progenitors.

Nonetheless, purely based on the population fits in this study, we find that it is possible to
reproduce the observed features of the BAT6 sample assuming either homogeneous or wind-
like density profiles. We do not find any strong evidence favouring one model over the other.
However, it is noteworthy that there is significantly more tension between the synthetic
GRB population and individual modelling results when we assume homogeneous density
profiles. For wind-like GRBs, the different inference techniques result in similar parameter
distributions. Of course the sample of GRBs used in A21 is not in any way a statistically
well-defined sample, and so the result need not agree.

4.5.2 Shock physics parameters

The accelerated particles exhibit a significantly harder spectrum with on average lower
power-law indices, p, for synthetic GRBs in homogeneous environments, compared to the
modelling results from A21. However, the differences for GRBs in wind-like environments
are not significant. Curran et al. (2010) found a relatively wide distribution for p centred
around 2.36 with a standard deviation of 0.59. The inferred synthetic population assuming
homogeneous CBM, exhibit p values consistently lower than 2. Such hard electron distribu-
tions would significantly increase the synchrotron radiation efficiency. For GRBs in wind-like
environments, the p distribution still extends to values lower than 2 more than in A21, but
not nearly as extremely. These results point to two avenues of further research. The first is
that they compound the impression already noted above that homogeneous environments
are in tension with what we know from other avenues of inquiry, and so perhaps despite
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Figure 4.8: The parameter distributions for the synthetic population and broadband afterglow modelling efforts. The
blue points represent the posterior predictive synthetic population assuming homogeneous environment. The black
points are taken from Aksulu et al. (2021), which represent broadband afterglow modelling results favouring homo-
geneous environments. The red histogram represents the synthetic population in wind-like environments. The error
bars represent the 68% credible interval.
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Figure 4.9: The parameter distributions for the synthetic population and broadband afterglow modelling efforts. The
red points represent the posterior predictive synthetic population assuming wind-like environment. The black points
are taken from Aksulu et al. (2021), which represent broadband afterglow modelling results favouring wind-like
environments. The blue histogram represents the synthetic population in homogeneous environments. The error bars
represent the 68% credible interval.



4.5 Discussion

their acceptable fit quality per se we may need to consider discarding them. The second is
that we require better understanding of the shock physics, especially whether a likely accel-
eration mechanism would predict frequent cases of p < 2, and if so, how one might model
and constrain the energetics of the accelerated electron population.

We should iterate again that the fact that the energy fractions e, and e, approach unity in
the fits is not in and of itself concerning. We have fitted parameter sets (Ey i, s, €5, €,)
here under the assumption that the fraction of electrons in the pre-shock medium that are
accelerated into the post-shock high-energy power law distribution that we see emitting
synchrotron radiation, &, is unity. However, as shown by Fichler & Waxman (2005), any
parameter set (Ey /&y, Mot/ En, €5En, €8y, Ey) Will give exactly the same dynamical and
spectral evolution for any allowed &,, < 1. This degeneracy is of course why we cannot fit
for £, separately. Importantly, the physical constraints on the values of the energy fractions
are that e,&,, <1 and €,&,, < 1. Since it is quite plausible that £, < 1, having one or both
the €’s approach or even exceed unity in the fits may be allowed. This is true of course only
to the extent that the required upward adjustments of the total energy and ambient density
are still plausible. From the corner plots, we see there is room for that: for both assumed
ambient medium models the highest values of €, are at the lower end of the densities, and
highest energies are also mostly avoided by the high e, values. But the space is not more
than about a factor 10. Similarly, for €,, there is also some room, except in one case of the
A21 fits. So perhaps overall there is room for lowering &, to about 0.1 before we get into
tension with density and energetics, but not much more. This is in itself interesting, since it
provides insight from external physical constraints into what &,, might be even though we
cannot directly fit for it in the models.

4.5.3 Prompt efficiency

Detailed modelling of individual GRB afterglow data sets often results in energetics that
indicate a prompt radiative efficiency e, ~ 1. Such high radiative efficiencies are difficult to
explain for currently proposed radiation mechanisms. The population synthesis results indi-
cate much more modest values for the prompt efficiency, when compared to the individual
modelling results in A21. When we perform a KS-test for GRBs in homogeneous environ-
ments we are able to reject that the e, vales are drawn from the same distribution as A21
with a p-value of 8.2 x 10~”. The wind-like GRBs, on the other hand, result in a p-value of
4 x 1072, which we do not consider significant. Once again, the fact that the two samples
have rather different selection effects can play a role in this discrepancy. From a physical
viewpoint, lowering £, can also come to the rescue here, since it increases the blast wave
energy. The emitted gamma-ray energy is an observational result, and thus unchanged, so
it lowers the required gamma-ray emission efficiency.

4.5.4 Robustness of the analysis

To investigate the robustness of our method with respect to the availability of broadband
observations, we repeat the regression process for Phase II, as described in Section 4.3, by
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Table 4.7: Mean and standard deviations of burst parameters for the posterior predictive synthetic populations when
we neglect the R-band or radio afterglow data. We generate 50 GRBs per sample for a random selection of 1000
posterior samples. We include results for when we neglect the R-band and Radio afterglow data in our modelling.

Homogeneous Wind-like

Distribution (without) (without)
All bands R-band Radio | Allbands R-band Radio
log,, € u —1.19 —1.10 | —1.09 —0.99 —1.30 | —1.14
10"y o 0.44 0.45 0.45 0.42 0.41 0.48
w —0.70 —0.64 | —0.62 —0.57 —0.57 | —0.64
10g, 0, [rad] o 0.46 046 | 0.46 0.44 044 | 044
log, n [Cm_3] u —0.20 —0.11 | —0.62 0.89 0.99 0.73
10 “ref o 0.90 1.27 1.46 0.90 0.92 1.07
w 1.76 1.83 1.84 2.07 1.98 2.11
p o 0.17 0.24 | 022 0.28 022 | 0.34
log,, € u —2.20 —2.88 | —2.15 —2.80 —3.80 | —2.61
10~B o 1.13 1.41 1.22 1.59 1.90 1.47
log,, € w —3.29 —3.03 | —2.89 —2.23 —2.64 | —2.36
10 ~e o 0.97 1.40 1.02 1.03 1.06 1.23

excluding the R-band and radio afterglow observations, one at a time. The resulting pa-
rameter distributions from these fits are presented in Table 4.7. The posterior predictive
distributions for the observables are presented in Figures 4.14 and 4.15 for missing R-band
and radio data, respectively. The reader can see that the afterglow flux distributions cover a
much wider range when the corresponding observing band is not included as a target distri-
bution during the Bayesian inference procedure. This indicates a less constrained population
of GRBs. However, as can be seen in Table 4.7, the distributions do not change drastically
when we exclude R-band or radio data from the target distributions, which demonstrates
that the results are not very much affected by missing data. The exception is the effect of
missing optical data on e,: the mean value changes quite a bit, even by a factor 10 in the
wind-like fits. This could be caused by the fact that lack of optical data especially hinders
constraining the location of the cooling break, which is sensitive to €.

4.5.5 Energetics, missing jet breaks, and GRB 130427A-like events

A study of the energetics of the explosion may be used to indicate the progenitor system.
In 2001, a study of a moderate number of GRB light curves with their jet break times led
(Frail et al., 2001) to find that the average prompt gamma-ray energy was always of the
order of a few 10° erg, similar to the energy produced in a SN II explosion. Successive
studies in the Swift years have found that the distribution of GRB energies is much wider
(Racusin et al., 2009), and several events had energy larger that 10°! erg (Cenko et al., 2011,
e.g.,). The result of this work indicates that the average beaming-corrected kinetic energy
in GRB afterglows ranges widely, with values 10®° - 10* erg and also on average higher
than these studies. There are two broad classes of scenario to explain the engine of a GRB.
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One is the collapsar scenario, in which stellar matter, via a disk or torus, feeds the core of
the star collapsed into a black hole and, via jets, powers a collimated explosion. The other
scenario assumes that the core collapses in a newly born rapidly spinning magnetar, which
again powers an explosion. The amount of explosion energy that can be delivered by each
depends on rather complex physics, but roughly scales with the mass-energy of the central
object. Most of the energies we derive are consistent with both cases, though the extreme
high end probably requires the collapsar scenario, in which the central object mass is an
order of magnitude higher. In Fig 4.6, no two populations are visible in the energetics. For
the population synthesis we did not allow for that possibility in the model, but in the A21
results it could have emerged. However, this does not argue for a single mechanism for the
energetics, since the range is much wider than the difference between their means, likely
indicating that the energy conversions in both allow a wide range of outcomes.

4.5.5.1 GRB 130427A-like events

In their work, A21 gather that the brightest GRB of the last 30 years, GRB 130427A, pos-
sesses a relatively large opening angle 6, = 33"7 degrees and a true kinetic energy, cor-
rected for beaming, of ~ 10°*erg. Neither the opening angle nor the beaming-corrected
kinetic energy appear particularly noteworthy in this study. We note though that, as De
Pasquale et al. (2016) and A21 themselves pointed out, a kinetic energy ~ 10°* erg would
imply an implausibly high gamma-ray efficiency e, ~ 0.99 (but note our earlier caution that
a lower &, can fix this).

What makes GRB 130427A rather unique is that there is no sign of a steepening of the X-
ray light-curve despite the fact that it was so bright that extends to 3 years after the GRB
(formal 95% lower limit to the time of a break: 61 Ms), indicating that any jet break might
be very late. As a result, its E,, should be considered a lower limit and the efficiency an
upper limit. And in principle, there are conditions in the forward shock model for which we
would basically never see a jet break. Since the jet break time in wind environment is at an

epoch
t, V4 r g . 1/2
0, = (_1 jrz) (—KX"’“) d (4.16)
(Chevalier & Li 2000), an event with a large semi-opening angle 6,, ~ 0.6 rad, Ey, =

10% erg, A, ~ 0.01 would theoretically lead to a jet break time of ~ 10° days. On the other
hand, the distance of the ejecta reached at that time and thus the minimum size of the stellar
wind bubble in this case is theoretically given by the formula

B t 1/2
R=16E/2 A} (ﬁ) pc; (4.17)

with the same parameter values above, we would have R ~ 30 pc. To our knowledge, we do
not detect such large stellar wind bubbles around single stars'.

L Obviously; such ejecta could become non-relativistic first, but the example is indicative.
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There is a link between the properties of the stellar wind and the density of the pre-explosion
constant density medium. The radius of the region shaped by stellar wind, where density
decreases as radius r 2, is:

T~ MEQBH&;/Z pc (4.18)

(De Pasquale et al. 2016; Fryer et al. 2006), where n is the pre-wind density. It is easy to
derive that r, ~ 20 pc requires a dense wind ' (A, > 10) and external ISM density below
1cm™ (which is not high for star forming regions), and the upper limit by De Pasquale et al
of t = 60Ms. We thus take r, < 20 pc. Putting this value in equation 4.17, we find

K,is0,53" **,—1 1+g

t 1/2
132 E/? A‘W(—"’) ) (4.19)

In order to understand what fraction of GRBs have similar X-ray light curves to GRB 130427A,
we generate a population 50 000 GRBs, by randomly sampling 1000 posterior samples and
generating 50 GRBs per sample. Moreover, we select GRBs which satisfy the conditions

1. ajet-break at the earliest 90 Ms after the burst,

2. an observed afterglow X-ray flux at 90 Ms which is larger or equal to GRB 130427A,
i.e., 2.9 x 1077 mJy at 1keV

3. and a “realistic” blast wave radius which is smaller than 15.3 pc (501y).

We find that, given the above conditions, ~ 6% of the detected long GRBs in wind-like
environments should have similar features to GRB 130427A. When we relax the condition
for the blast wave radius (iii), we find that the number of GRBs with late-time jet-breaks
and high X-ray flux doubles to ~ 14%. In this analysis we assumed an on-axis observer
when calculating t;,. If one assumes large observer angles (which is realistically the case),
the number of GRBs with large t., should be even larger. Our study thus suggests that

jet
GRB 130427A is certainly not common, but neither is it particularly rare.

In the case of the values found by A21 and GRB 130427A, we have Eli/lfossAfl_/f )54,
Thus, these parameters do not violate Eq. 4.19 and the fact that we do not see a jet break
is consistent with the forward shock model until the limit on the jet break time were raised
by another factor 5 or so. It is important to keep in mind that for such extreme parameters
the validity of the above equations also ends, specifically because they assume the jet is still
ultra-relativistic when it breaks. By equating the swept-up wind mass to E .,/ c?, we find

that this requires a radius less than

AN
" = 9-7Eiso 53 A pc. (4.20)

*

At r = ry, the ejecta enter the non-relativistic expansion. In this case, the forward shock
model predicts that the decay slope of the X-ray afterglow would also change, creating a

depends on M'/® only, so we can take this rough equality if the wind speed is within a factor few of the reference
value.

IStrictly speaking, M_g = 1 implies A, = 1 only if the stellar wind has a speed of 1000 kms™. However, Eq. 4.18
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break in the light-curve. For GRB 130427A, ry; corresponds to about 3 pc, similar to the jet
break limit we have derived, and so either a jet break or a break to the non-relativistic regime
could plausibly come first in this case. This does indicate that future X-ray facilities such as
ATHENA (Nandra et al., 2013), with sensitivities approaching ~ 107'¢ ergcm™ s, will be
able to probe both these transitions in a plausible number of GRB afterglows, and thus test
the validity of the forward shock model on which our works are based.

4.6 Conclusion

In this study, we developed a method to produce populations of GRBs, which are consistent
with the observed features of the BAT6 sample.

1. The dynamics, energetics and environments of the inferred population are in line with
broadband modelling results. All of the inferred parameter distributions are relatively
wide and do not support the idea that there is a single value for the whole population.

2. When we assume homogeneous environments, there is significant tension between
the population synthesis and broadband modelling results for the shock physics pa-
rameters. The differences are marginal for GRBs in wind-like environments.

3. The prompt efficiency inferred from population synthesis is on average lower when
compared to A21, for both type of CBM density profiles. In the case homogeneous
environments there is a significant difference between individual modelling and pop-
ulation synthesis results.

4. Asignificant fraction of GRBs have a power-law index p < 2 for the accelerated particle
distributions; for ISM-like environments, it is even the vast majority.

5. ~ 6% of GRBs in wind-like environments should exhibit a jet-break at late-times t >
90 Ms consistent with the observed light curve of GRB 130427A.

6. Future, more sensitive, observatories Max: like ATHENA will be invaluable at testing
the forward shock model by probing the jet-breaks and/or transrelativistic phase at
late times (several years after the burst).

Acknowledgements

This work was carried out on the Dutch national e-infrastructure with the support of SURF
Cooperative. H. J. van Eerten acknowledges partial support by the European Union Horizon
2020 Programme under the AHEAD2020 project (grant agreement number 871158). MDP
thanks Istanbul University Bilimsel Arastirma Projeleri (BAP) project no. 30901, ”Studying
GRB Physics with Athena, ESA’s next flagship mission”. MDP thanks Mr. M. D. Ilhan as well.

107







Appendices

4.A The BAT6 sample
4.B Posterior distributions for the afterglow phase

4.C Posterior predictive distributions



A population synthesis study

110

9€ 98 s £8°69 $1°CST | S8'0F0E8T | YEFE9T 90'0FS9'T 00T'T | 9ET1+080
- 0T 86°8€ €8°ShT | ¥EOFYI'S YOS FTSLT | 09TFO9YT | 0S6'T | D6TE080
Th FTET L9 6819 14'88C | 0SOFO08+C | SYFLOET | 00'EF00TYI | OV6°0 | 61E080
- - 6692 TT6S | TFOFO00TIT | - - 0SS'T | ZITTLO
- 6 YL €Sy | - - - 0T8'0 | DTITTLO
97 ¥ 981 9 £9'89 99'20C | 9Z0F1€'8 YOZ FEI0T | ESTFS9'8 0SI'C | 0TOTLO
- - ve1T 16CIT | 8T0F 659 - - 0SE'T | 1TSOLO
- - ¥6°8S S9°6L1 | YZOFITY - - - 8T£0L0
- - TE'10T STOVS | YTOFHI Y - - 00S'T | 90£0L0
89 F S8C - €8'S/T 0S'8TZ | 800 F6F'E - - 060°C | V¥ZTT190
8t F ¥0€ 6T 8/°991 STOYS | IS0F06'07 | SSTFTOVT | L8 TFOTLZ | OIST | 1ITIT90
- 9 TE'801 €0C9Z | 9Z0FI1'9 S8 F9H0T | 800 F9¥°0 0S€0 | 120190
- S 16'ST ¥S¥8 | THOFO0TST | LT FS96 O’ TFO00TOT | 09T'T | Z00T90
- 6 €6C €T°6 LTOFOLT 06 F 65¥ 9" 0F 95 0LY'S |  £T6090
- o1 LS'6 85°1C | 9¥'0F T8 - - 0v6°0 | V216090
- 6 TL'S €6'LT | STOFE0E LOTFOTy | STOFIVY 088'T | 806090
- - 96°ST 0€'S9 | 0CTOFL8 Y - - - V¥06090
- - 8T'1L 659€T | STOFLTL SPZFO0SL | L6TFOLOE | 026'T | 18090
- el SL6ET 6588 | 8L0FOFIT | SPFSS 0T'0FSTO 0€T°0 | ¥19090
- - 1261 86°CIT | 9€°0F96°S SEIFSIE | CT'TF9T8 00S'€ | 90£090
- L 00°6¥1 STy | 8TOFOLT LSTFVLS | 06'TFO0EST | 016'€ | 012090
- €€l 9.°ST 0T6v | LTOF6LT 9ITF60F | ITOFOIY 0SOv | 902090
Th FOrT o ov'el 958y | €8°0F90°L SITFIIy | LEOFVLE 00T'C | DTT60S0
- s 86°9¢C ¥T'eL | SE0F9ST - - 01T | T080S0O
€9 €s 86°0€ 89201 | ¥6'0FOL IV | 9F LTI 90'0FZET 0190 | VSZS0S0
SSF 092 6 0S°LE ot's. | 88t yF9oC 100 F60°0 0S9°0 | V9T1+0S0
ceF Tl ¥ 6v'C8 LYLYT | STTFOSTIT | LZITF66F | ¥80F090F | 006C | TO¥0OSO
- 19 ¥LTT 01'4S | 0Z0F9T'E LTFSIT LTOF69T Ob¥'1 | 81£0S0
yIlr @ Uz ©® IT® (,_ud,_syd) (AsY) (819) sureu

3s919ead

(Arn) “f orped  (Arr) “f puegq-g  (Arm) 01 x “f AeIX  1unod uojoyqd T 201/ osthy z 1sing

“S[[BI9P 10J T UOHIIS 33 *,.-,, AQ Parousp
ar1e sonfea Surssiy a[qel sy ur sy roddn Aue JTWO 9A) "UOTIDUNXS ISNP 10 PIIIDILI0d U] 2ARY SIUSUIDINSEIUI PUB]-Y Y[, 'SpULq OIpeI pue pueq-Yy ‘SABI-X UI UOISSIUID
MO[SI91J8 313 JO SAN[RA XNJj PaINSESW Y3 Judsaid OS[e I "JUSWNIISUL IVE/HIMS 33 Jo pueq A 0ST-ST SY3 UI 3unod uojoyd painsesw pue ‘(>4

H) SuIelj-1S2I 93 Ul
so1810us Yead [endads (°*7) sor81ous Aei-A Juseamba-o1donost ‘(z) syryspal painsear oy Juasaid am a[qel STy uf -a[dures 91y a3 JO S9INIBJ PaAIasqo UL 8 dqel
qead T I YIyspal p 1 1qe3 s1y.




11

4.C Posterior predictive distributions

EF1I¢ 29 €C°L9 9%'S61 6ETF0L6C 0S FCLS OF'TF00°8T €I9°'T | VEOSOIT
CF9C LL ceel €S vy LS'E 8ECFSIL 0€'SF06'SS 0¢¢’'Cc | VSOCOTIT
- el 6C'S 0L LT LEE 6C F ¥0V €I'0F86C 901°'C | 98TL0O0T
YCF0cl c0Ss LY ¥9¢ 12°'8v6 LT0F0LCT ECFOIL 8’0 FSEY 0¥S'0 | VIZ9001
- - roely SO'CITT | 0CO0FLE'S - - - VS19001
- 9¢ 8C'8Y 9T°€ll 90'TF0T'ST ST F9vC 90'0F L6'T 090°'T | d80C160
- 1€ec L9 TV Cr'SevT | 8L CTFOCTY CFIS €00F19'1 0610 LTT160
r F0€¢C 8¢l 91 6¥'CCl ECOFLLY 89 F L0S IT'TF96°L 0TL'T 020160
- 6¢ €C'ee IT°€01 Iv'0F0L6 9C ¥ SS 60°'0F08°0 0460 810160
- IT vEvC 6T°LS YEO0OFOT'E ¥ FCIC 90'0F96'¢€ 0¥C'1 | 4926060
v F01 4 14°9¢€ 906 0C'0FLS'E €99 F€20C | 0¢'SF0S'0F 0S¢ ¢18060
LY F1€C C vCLE 89°¢€6 61T 0F€ELE Y91 F9¢S 00°€F0€'1C 000°¢ | 9STL060
- - SP'e91 ¢C¢'S0S 6C0F69°L - - - V604060
6E€ F€L9 €t VL 8¥¢ 61°0CL 0¥°69 € F 0S¢ 80°0F L6'E 0¥S0 Y2060
- - ¢8'TIT ¥0°'8C¢ SOTF09VI - - - 102060
- [0)8 8LV 26'9¢1 08'0F8¢’S SC FVLIT OF'0F 0¥'1C 0SS'T ¢01060
- S 00°sS £L14°S0C 9L T€F0€9 0€'CF+0¢C'ST 0LLC ¢Cc180
8¢ F L6 - €C'SL 6%°S0C IS 0F0€LI - - 09C'¢ 12C180
- OTT 98°L G8°9¢C IC0F8LC 9SLF IPST | 08°CLF00°S€E 00T'C | VEOTIS80
- 0s £9°66 8Y'¥0¢ I0OTF61V v F809 09'CF0S°0¢ 01S'C TICTI180
0¢ +0¢¢ 9¢ 9t°SS 91'8¢1 9¢'0FSL'C STF+19 TO0FLTO 0€s0 £00T80
- 028 SS'Sh C6911 9T'0F L9°C ITF80¢ €0'0F 260 0690 | V916080
- €l 1°0¢C 0T'8¥y 9’ 0F 10°¢E S F0I1I8 OF'0OFOF' 11 00c'¢ 08080
- 29 9%°0S1 S8°LLY SE'0FSE9 €CCFS8LT | O0'OTFO00'ICI | 06S°C 124080
- - - - ST'OF VLT - - - d€19080
- T c091 T10°0S OT'TF00°¢€T 69T F 1691 | 00'0OTF0098T | 0¥0O'E £09080
- e 6¢°S¢E 0S9'8¢€T 29°0F 0961 8% F 999 88°'0F01'¢C 0¥9'1 S09080
- 0L 8€'S0T £L1°20¢ LT'OFES'E YICTF9LE SYCFIV6 069°C | 4€09080
- - SO'SPPI 86°090C | YT O0FE€8'C - - - 209080
- 6S 6%°'18 €9'S61 S8T'0F€9'C - - 044°0 0080
qIr @ Wwe® YIt®  (wd _syd) (AS) (319) swreu
(Arn) “f orped  (Arr) “f puegq-g  (Ar7) 0T x “f AeIX  3unod uojoyq wsaropead 201/ oSty b4 18Ing

‘8" 9[qeL, JO UOIBNUNUOD :6°y J[qBL




112 A population synthesis study

20T

“log10 00

L
1.0-0.5 02 04

o
;\
1.6 2.0 24 005010015
v Mogyo e Slog1o e

4 -2 02 0.6 1.0 14 0.20.40.6 0.5

17 -10 -0 1015 2
" logyg e log1o 7e Hlogyo ey Tlogyo ey

Mogro 0 ] Clogg0g  Mlogyg 23] Clogig neer

Figure 4.10: Posterior distributions for the Phase II parameters assuming homogeneous environment for the GRB

population. The parameters are as defined in Table 4.1.
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Figure 4.11: Posterior distributions for the Phase II parameters assuming wind-like environment for the GRB popula-
tion. The parameters are as defined in Table 4.1.
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Figure 4.12: Posterior predictive results for Phase II in the form of a corner plot assuming homogeneous CBM. We
combine the population observables from a randomly selected sample of 500 posterior samples. For each posterior
sample we generate 50 GRBs. The log,, of the flux values are presented. Black points represent the BAT6 sample
observables, whereas the blue points represent the synthetic population.
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Figure 4.13: Same as Figure 4.12, however, for wind-like CBM.
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Abstract

We introduce the Australia Telescope Compact Array (ATCA) rapid-response mode by pre-
senting the first successful trigger on the short-duration gamma-ray burst (GRB) 181123B.
Early-time radio observations of short GRBs may provide vital insights into the radio after-
glow properties of Advanced LIGO- and Virgo-detected gravitational wave events, which will
in turn inform follow-up strategies to search for counterparts within their large positional
uncertainties. The ATCA was on target within 12.6 hr post-burst, when the source had risen
above the horizon. While no radio afterglow was detected during the 8.3 hr observation, we
obtained force-fitted flux densities of 7+£12 and 15+ 11uJy at 5.5 and 9 GHz, respectively. Af-
terglow modelling of GRB 181123B showed that the addition of the ATCA force-fitted radio
flux densities to the Swift-XRT detections provided more stringent constraints on the frac-
tion of thermal energy in the electrons (loge, = —0.7573% rather than loge, = —1.137935>
derived without the inclusion of the ATCA values), which is consistent with the range of
typical e, derived from GRB afterglow modelling. This allowed us to predict that the for-
ward shock may have peaked in the radio band ~ 10 days post-burst, producing detectable
radio emission Z 3 —4 days post-burst. Overall, we demonstrate the potential for extremely
rapid radio follow-up of transients and the importance of triggered radio observations for
constraining GRB blast wave properties, regardless of whether there is a detection, via the
inclusion of force-fitted radio flux densities in afterglow modelling efforts.
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5.1 Introduction

The first gravitational wave (GW) detection of a binary neutron star (BNS) merger, GW170817,
by the Advanced LIGO and Virgo (aLIGO/Virgo) facilities, was an eagerly awaited event
(Abbott et al., 2017b). Such a merger was predicted to produce a multi-wavelength electro-
magnetic afterglow radiating from radio to gamma-rays, and GW170817 did not disappoint
(Abbott et al., 2017c; Andreoni et al., 2017). The most conspicuous predicted counterpart
was the prompt ejection of collimated, short-lived gamma-ray emitting jets, similar to the ob-
served short gamma-ray burst (SGRB, gamma-ray durations < 2 s; Narayan et al., 1992) phe-
nomenon, which is one of the two main classes of gamma-ray burst (GRB; Norris et al., 1984;
Dezalay et al., 1992; Kouveliotou et al., 1993) detected by the Neil Gehrels Swift Observatory
(hereafter Swift; Gehrels et al., 2004) Burst Alert Telescope (BAT) and the Fermi Gamma-
ray Space Telescope (hereafter Fermi) Gamma-ray Burst Monitor (GBM; Meegan et al., 2009).
The other dominant population known as long GRBs (LGRBs) typically have durations > 2's
and are attributed to core collapse supernovae (e.g. Galama et al., 1998b; Bloom et al.,
1998b). It was therefore the near-simultaneous detection of GW170817 and GRB 170817A
(the latter of which was a SGRB detected by Fermi; Abbott et al., 2017c) and the late-time
radio and X-ray follow-up confirming the presence of an off-axis jet (e.g. Mooley et al., 2018;
Ghirlanda et al., 2019; Troja et al., 2019b) that strongly supported the link between BNS
mergers and SGRBs.

The detection of the electromagnetic counterpart to a aLIGO/Virgo-detected BNS merger is
of great importance as it enables the localisation of the source, along with providing comple-
mentary information such as an independent distance measurement, insight into the central
engine, the energy released, and the final merger remnant. However, the initial localisation
of a GW event by aLIGO/Virgo is tens to hundreds of square degrees, making it difficult
to search for counterparts. We therefore introduce a method designed to exploit the estab-
lished link between GW-detected BNS mergers and SGRBs by using the Australia Telescope
Compact Array (ATCA) rapid-response mode to trigger on Swift-detected SGRBs.

While the radio emission from SGRBs is usually short-lived (< 2days; Fong et al., 2015),
the ATCA rapid-response mode is capable of being on-source within 10 minutes. By rapidly
responding to Swift SGRB triggers, ATCA can become a new diagnostic tool for uncovering
the range of radio behaviour shown by SGRBs to help interpret what to look for from GW
events that have off-axis gamma-ray jets. As targeted observations can usually reach deeper
sensitivities than wide-field surveys, ATCA observations can provide a template of the radio
brightness and timing properties of BNS mergers, which will in-turn inform the follow-up
strategies of the next era of aLIGO/Virgo GW events by wide-field radio telescopes, such as
Australian instruments like the Murchison Widefield Array (MWA; Tingay et al., 2013) and
the Australian Square Kilometre Array Pathfinder (ASKAP; Johnston et al., 2008).

The jet launched during an SGRB is expected to produce a radio afterglow as predicted by
the fireball model (Cavallo & Rees, 1978; Rees & Mészaros, 1992). In this model, the rel-
ativistic ejecta interact with the circumstellar medium (CSM) producing a forward shock
that accelerates electrons and generates synchrotron emission. Reverse shock synchrotron
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emission, produced by the shock that propagates back into the post-shock ejecta, may also
be observed depending on the density of the CSM and the ejecta. The broadband spectrum
produced by the jet interactions in the GRB afterglow is described by the peak flux and 3
characteristic frequencies (v,,, the minimum electron energy frequency; v,,, the synchrotron
self-absorption frequency; and v_, the electron cooling frequency), which evolve over time
(Sari et al., 1998; Wijers & Galama, 1999; Granot et al., 1999). Only early-time radio ob-
servations are able to properly constrain 2 of these 3 frequencies (v,, and v,,), and also
disentangle the reverse and forward shock components. By combining ATCA observations
with multi-wavelength observations to perform SED modelling, these parameters can be de-
rived, thus providing information about the blast wave kinetic energy, the CSM density, the
magnetic field energy density and the power law electron energy distribution (Sari et al.,
1998; Wijers & Galama, 1999; Granot et al., 1999). Limits on the linear polarisation of the
reverse shock can also provide information on the jet magnetic field structure (Granot &
van der Horst, 2014). Early-time radio observations of SGRBs are also sensitive to temporal
steepening from the jet-break (Sari et al., 1999), which constrains the jet opening-angle
used to calculate the true energy released (and therefore merger BNS/GW event rates, e.g.
Fong et al., 2014, 2015; de Ugarte Postigo et al., 2014). Even early-time non-detections in
the radio band can allow us to make predictions about when the forward-shock emission
may peak, which can inform the cadence and duration of follow-up radio observations, po-
tentially optimising the success of a late-time detection as we demonstrate in this paper. In
addition, sensitive, multi-frequency, high-cadence radio observations may allow us to distin-
guish between more exotic emission models caused by the ejection of neutron star material
or the propagation of shocks caused by the merger event, which may produce non- to ultra-
relativistic omnidirectional radio emission (e.g. Nakar & Piran, 2011; Kyutoku et al., 2014).
It is therefore crucial to obtain early-time radio observations (within minutes to days) of a
larger sample of SGRBs to better characterise the timescales and frequencies necessary for
understanding the range of behaviours we might expect from GW radio counterparts.

There are also several BNS merger models that suggest a short-lived, supramassive and
highly magnetised neutron star (NS) or “magnetar”, supported by rotation, can exist for a
short time (< 10*s) before finally forming a stable magnetar or further collapsing into a
black hole (BH, e.g. Usov, 1992; Zhang & Mészaros, 2001; Falcke & Rezzolla, 2014; Zhang,
2014). Evidence for such merger products comes from the detection of a “plateau phase” in
some SGRB X-ray light curves between ~ 10> —10*s post-burst, where this departure from
power-law decay indicates ongoing energy injection (Rowlinson et al., 2013). Such merger
remnant scenarios may be sources of prompt, coherent radio emission (see Rowlinson et al.,
2016, for a review). However, no continuous monitoring of the radio behaviour has yet been
performed at GHz frequencies during the plateau phase. Such detections or upper limits
could constrain different central engine models as has been done at late-times (e.g. Fong
et al., 2016).

Only eight SGRBs have published detections in the radio band to date: GRB 050724A,
051221A, 130603B, 140903A, 141212A, 150424A, 160821B and 200522A (Berger et al.,
2005; Soderberg et al., 2006; Fong et al., 2014, 2015, 2017; Troja et al., 2016; Zhang et al.,
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2017; Troja et al., 2019a; Lamb et al., 2019; Fong et al., 2021). Note that this does not in-
clude GW170817 as it had a far more off-axis outflow than standard cosmological SGRBs so
the corresponding radio afterglow was detected much later when the ejecta had moved into
our line-of-sight (Mooley et al., 2018). Out of a sample of > 70 radio-observed SGRBs, only
~ 10% have been detected in the radio band at GHz frequencies (Fong et al., 2021). This
low detection rate may be due to an observed fast rise in radio emission with a potentially
short radio afterglow lifetime. For example, 7 of the 8 radio-detected SGRBs were detected
within 1 day post-burst, at least half of which faded below detectability within ~ 2 days (see
Figure 5.1). Given these short timescales, it is possible the radio emission is frequently domi-
nated by the reverse-shock (as was the case for GRB 051221A; Soderberg et al., 2006) since
simulations of BNS mergers demonstrate forward shock radio emission may evolve over days
to weeks (Hotokezaka et al., 2016) as is also the case for many LGRBs (e.g. van der Horst
et al., 2008, 2014). If we instead compare the radio-detected sample to those SGRBs that
were initially observed at radio wavelengths < 1 day post-burst, this gives a much higher ra-
dio detection rate of ~ 30% (Fong et al., 2015). However, while the first four radio-detected
SGRBs showed initial flux densities of > 0.1 mJy/beam at GHz frequencies, few of the other
< 1day post-burst pre-2016 observations had sufficient sensitivity to detect a predicted peak
flux density of ~ 40u Jy/beam at 10 GHz for an SGRB at an average redshfit of z = 0.5 with
an expected CSM density of n, ~ 0.1cm™ (Berger, 2014). In fact, the four most recent
radio-detected SGRBs peak at S 40u Jy/beam.

The small sample of radio detected SGRBs therefore provides limited knowledge of their ra-
dio afterglow brightnesses and timescales, and is insufficient for deriving the energy outputs
and environmental properties of the population through multi-wavelength modelling. It is
therefore vital to perform both rapid and sensitive radio follow-up observations of SGRBs
to capture these short-lived and faint events. The key to achieving this is through the use
of rapid-response (also known as triggering) systems, where a telescope has the ability to
automatically respond to a transient alert, and either repoint at the event or update its ob-
serving schedule to begin observations when the source has risen above the horizon. Rapid-
response radio telescopes have been in use since the 1990’s (for example see Green et al.,
1995; Dessenne et al., 1996; Bannister et al., 2012; Palaniswamy et al., 2014; Kaplan et al.,
2015) but predominantly at low radio frequencies (100 MHz to 2.3 GHz), with the majority
of experiments being designed to search for prompt, coherent radio emission. However, until
recently, the only high frequency (> 5 GHz) rapid-response program designed to target inco-
herent (synchrotron) radio emission from GRBs has been run on the Arcminute Microkelvin
Imager (AMI) Large Array (LA), known as ALARRM (the AMI-LA Rapid Response Mode),
which has been active since 2012 (Staley et al., 2013; Anderson et al., 2018b). It was only
through ALARRM that it was possible to be on-source fast enough to detect the rise and peak
in the reverse-shock radio emission at 15 GHz from GRB 130427A within 1 day post-burst,
which also represents one of the earliest radio detections of a GRB to date (Anderson et al.,
2014). In addition, the radio catalogue of AMI observations of 139 GRBs (12 were short
GRBs but non-detections), the majority of which were automatically triggered on using the
rapid-response mode within 1day post-burst, was the first representative sample of GRB
radio properties that was unbiased by multi-wavelength selection criteria (Anderson et al.,
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2018b). This work revealed that possibly up to ~ 44 — 56% of Swift-detected LGRBs have a
radio counterpart (down to ~ 0.1—0.15 mJy/beam), with the increase in detection rate from
previous studies (~ 30%; Chandra & Frail, 2012) likely being due to the AMI rapid-response
mode, which allows observations to begin while the reverse-shock is contributing to the ra-
dio afterglow. This program has motivated the installation of a rapid-response mode on the
ATCA.

Here we present the first triggered observation of a SGRB using the new ATCA rapid-response
mode. ATCA is an ideal instrument for performing triggered radio follow-up of Swift SGRBs
due to its high sensitivity and broadband receivers that provide simultaneous multi-frequency
coverage. The ATCA response times (which can be as short as minutes) have the potential
to be much faster than the current median SGRB response of the Karl G. Jansky Very Large
Array (VLA; ~ 24.7 hrs), which rely on manually scheduling target-of-opportunity observa-
tions (Fong et al., 2015). In Section 2, we describe the ATCA rapid-response system from
the observer interaction (front-end) level and the observatory (back-end) level. In Section 3,
we describe the triggered ATCA observation and data reduction of GRB 181123B, and cor-
responding results. This is followed by a comparison of our radio limits for GRB 181123B to
the sample of radio-detected SGRBs and a discussion of the parameter space that the trig-
gered ATCA observations are probing in Section 4. Finally, we perform modelling of the GRB
181123B afterglow and thus demonstrate the usefulness of obtaining early-time (within 1
day) radio observations of an SGRB (regardless of whether or not there is a detection) to
place constraints on the GRB physics.

5.2 ATCArapid-response mode

ATCA is a six element, 22 m dish, East-West interferometer based in New South Wales in
Australia. Its maximum baseline length is 6km and it is capable of observing in multiple,
broad frequency bands with full polarisation, and in a variety of array configurations. ATCA
is currently equipped with the Compact Array Broadband Backend (CABB; Wilson et al.,
2011), which has a 2 GHz bandwidth that is capable of observing in two frequency bands
simultaneously with tunable receivers that operate between 1.1-105 GHz.

Since 2017 April 18, ATCA has been capable of rapidly responding to transient alerts. The
rapid-response mode can trigger using the 16 cm, 4 cm and 15 mm receivers, corresponding
to a usable frequency range of 1.1 — 25 GHz, and can observe in any CABB mode. In the
following, we describe both the observer front-end and the observatory back-end of this
new triggering system.

5.2.1 VOEvent parsing/front-end

The front-end software we use to interface with the ATCA rapid-response system (vo_ATca)'
is designed to trigger on Virtual Observatory Events (VOEvent; Seaman et al. 2011), which
are the standard format for broadcasting machine readable astronomical alerts related to

https://github.com/mebell/vo_atca
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transient events. A VOEvent package contains all the required data (in xMmL format) that
allow automated decisions to be made in real-time given certain keywords and parameters.
VOEvents are brokered via the 4 Pi Sky VOEvent Broker (Staley & Fender, 2016) and the
coMET VOEvent client (Swinbank, 2014). These packages allow us to listen to multiple
VOEvent streams, including those broadcast by Swift. We use the PyTHON package VOVENT-
PARSE (Staley, 2014) as the main tool to read the VOEvents and to extract the required
information to be assessed by the triggering algorithm.

Upon receiving a Swift VOEvent, the ATCA VOEvent parser uses the keyword GRB_IDENTIFIED
= TRUE to initially identify a GRB packet. Packets containing STARTRACK_LOST LOCK=TRUE
are ignored as it means that Swift has lost its celestial position-lock so such an alert is un-
likely to be from a real transient. While the observatory back-end prevents the telescope
from overriding for sources that are too far north (see Section 5.2.2), we impose an ad-
ditional declination cut-off for all SGRBs north of +15° to ensure the potential for > 8 hr
integrations for the triggered observations.

On passing these stages, the parser then assesses the duration of the trigger so that SGRB
candidates can be identified. However, on the short timescales following the alert, and with
growing uncertainty as the GRB burst duration increases, it is difficult to classify Swift GRBs
as short or long in an automated way. A rigorous classification of the GRB requires human in-
spection of the data, which is only published online on the Gamma-ray Coordinates Network
Circulars (GCN) Archive,* usually between 10 mins and 1 hr post-burst and therefore not via
a VOEvent. To account for this, we implemented a three-tiered system to flexibly respond
to different GRB durations and therefore filter for those events more likely to be SGRBs.
The keyword INTEG_TIME (the length of time for the transient signal to reach a significant
threshold) parameter is used as an estimator of the incoming GRB’s true duration.

* GRBs with INTEG_TIME<0.257 s have a high probability of being SGRBs so the VO-
Event parser will automatically submit these triggers to the observatory and alert team
members via text and email of the override observation.

» With durations 0.257 s <INTEG_TIME < 1.025 s, we have implemented a "wait-to-proceed”
algorithm as the probability of the GRB being a SGRB decreases with increasing In-
TEG_TIME. In this case, we issue email and text alerts so that team members can check
the GCN Archive for adequate verification of the GRB classification. If the GRB is con-
firmed to be short, then the duty team member responds ”YES” to the detection email,
and this email reply is read by an algorithm (via the Google email Application Program-
ming Interface?) that then proceeds with submitting the trigger to ATCA, resulting in
an override observation. This provides an easy interface to assess and submit triggers
via a mobile phone, which can receive SMS alerts and allow responding to emails away
from a computer.

e If INTEG_TIME>1.025s then we presume that the GRB is long and we do not proceed
with submitting a trigger to override the telescope.

https://gen.gsfc.nasa.gov/gen3_archive.html
2https://developers.google.com/gmail/api
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After the parser (or duty team member) has successfully identified the event as an SGRB,
our algorithm then searches the ATCA calibrator database for a nearby and suitable phase
calibrator. It then automatically builds a schedule file (we use the ATCA scheduler software
CABB-SCHEDULE-API)" for a 12-hour observation of the GRB in the requested frequency band
(for GRB triggering we currently use the 4 cm receiver), which has interleaved phase cali-
brator observations every 20 minutes. Note that the total exposure time is also limited by
how far the GRB is above the horizon at the time of the trigger. The schedule file and over-
ride request is then submitted to the observatory where it is assessed for submission to the
observing queue by the ATCA back-end.

5.2.2 Observatory back-end

Time on the ATCA is scheduled into two 6-month long semesters, and the order of obser-
vations in each semester is set months in advance. This is done to allow the project investi-
gators, who are also responsible for conducting the observations, to plan their activities. A
rapid-response system is not easily compatible with this mode of operation.

Nevertheless, demand for the telescope to quickly respond to events has been steadily ris-
ing. In 2016, roughly 10% of telescope time was given to NAPA (Non A-priori Assignable)
or ToO (Target of Opportunity) projects, while in 2019 this figure had risen to 19%. For a
NAPA project, a science case is given to the time assignment committee (TAC), which ranks
its significance against the other projects for that semester. Provided the science is consid-
ered compelling, these projects are allowed to displace time from other projects during the
semester, with the philosophy being that were we to know during the scheduling process
when an event would happen, a compelling project would have been scheduled to observe
it.

Rapid-response NAPAs operate in the same way. A scientific justification must be supplied to
the TAC, who must agree that rapid response is warranted. The observatory then supplies
an authentication Javascript Web Token (JWT) to the project, and assists the investigators
to test their automatic triggering system.

A web service is provided so that the trigger to start observations can be sent from any
internet-connected device. A Python library (ATCA-RAPID-RESONSE-API) is also available to
make it easier to send requests to this service.? All requests must contain a valid schedule
file, and must nominate the target coordinates and a nearby phase calibrator.

Upon receipt of a trigger, the web service tries to schedule the observation as soon as possible.
If the source is above the horizon and the user-nominated minimum useful observing time
can be obtained before the source sets, the current and subsequent observations can be
displaced and the system can start the observations within 2 seconds of the trigger’s arrival.
Within that time, emails are sent to the projects that will be displaced, and to the triggering
team, describing the new order of the scheduling. The schedule is also altered as necessary
to add a scan on a flux density calibrator at an opportune time, and potentially to shorten

Uhttps://github.com/ste616/cabb-schedule-api
Zhttps://github.com/ste616/atca-rapid-response-api
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the observations to fit the available time. At all times, the emphasis is to move the telescope
to the target coordinates as quickly as possible.

The service can also provide an immediate rejection should no suitable time be found for
the observation. For example, if no available time can be found up to 100 hours in the
future (generally because the request was made during a time when the array is shutdown
for maintenance or participating in VLBI observing), the observations are rejected and the
proposal team are notified. While no explicit limit is set for the source declination, sources
too far north may not be available for the user-nominated minimum useful observing time,
and will thus be rejected.

If the web service can schedule the observations, a separate service then takes over, and takes
control of the observing control software. Some more checks are made to see if the array can
be used for observing, and will delay the start of the observations if the weather conditions
are unsuitable. This service also monitors the observations for interruptions due to weather,
equipment failure and human intervention. Rudimentary responses are pre-programmed for
any such eventuality. The service stops once the observations have finished, the target sets,
or the observations are cancelled, whichever comes first. Control of the telescope then goes
to the investigators whose project was scheduled to be running at this end time.

A more complete guide to the operation of the rapid-response system is provided in the ATCA
Users Guide.'

5.2.3 Triggering performance

Since the commencement of the program, we have worked with the observatory to improve
the success of SGRB triggered observations with ATCA, which involved extensive system
and software debugging. Many SGRBs were missed due to the telescope being in uninter-
ruptible modes such as maintenance, reconfiguration, participating in VLBI or operating in
an incompatible correlator mode (the latter has since been resolved).

Our original override strategy involved triggering on all Swift GRBs with INTEG_TIME<
1.025s as SGRBs have been detected with INTEG_TIME up to 1.024s. However, as men-
tioned in Section 5.2.1, the majority of events within this timescale are LGRBs. Swift data
requires a human in the loop to classify the event as long or short, which is usually based on
the duration and the hardness of the event (note that SGRBs often produce higher energy
prompt emission than LGRBs) and are only published on the GCN Archive up to an hour
post-burst (also note that the distinction between events with durations between 1—2s can
be tenuous and has led to discussions regarding intermediate GRB classes; e.g. Mukherjee
et al., 1998; Horvath, 1998; Huja et al., 2009; de Ugarte Postigo et al., 2011). This original
strategy therefore resulted in several false ATCA triggers, most of which were identified and
cancelled before the telescope was overridden as there was additional lead time before the
event in question had risen above the horizon. However, there were a few instances where
some data was collected on LGRBs. Recent edits to the VOEvent parsing of event timescales

https://www.narrabri.atnf.csiro.au/observing/users_guide/html/atug.html
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using the keyword INTEG_TIME, which are described in Section 5.2.1 have resulted in a
significant reduction in ATCA triggers of LGRB contaminants.

When ATCA receives a trigger of an event that is above the horizon, the main limitation to the
response time is the telescope slew speed. On receiving the VOEvent via the parsing code,
it takes 2 — 3's for the observation to be queued and the subsequent maximum observing
time calculated. Following a Swift alert on the long GRB 190519A (Ukwatta et al., 2019),
ATCA was on target and observing the event in 2 min and 39 s. Other response times range
between 3—6 min post-burst, which make the ATCA rapid-response system competitive with
other triggering facilities such as AMI (e.g. Anderson et al., 2018b) yet is also based in
the Southern Hemisphere, has more collecting area, a larger number of frequency bands,
polarisation capabilities, and (in some configurations) better angular resolution.

5.2.4 Short GRB experimental design

The majority of GRBs detected by Swift-BAT are LGRBs, with SGRBs (in this case events with
Ty, < 2sincluding those found in ground analysis) only accounting for ~ 7—8% (this is based
on event numbers between 2017 and 2019 using the Swift GRB Look-up Table,' where T,
is the time between 5 and 95% of the fluence being emitted). We therefore expect ~ 5—10
SGRBs to be detected by Swift per year, and therefore predict < 2 will be observable with
ATCA (below a Declination cut-off of +15 deg) during an observing semester.

Our rapid-response observations are performed using the 4 cm receiver, which has dual
2 GHz windows that are usually centered at 5.5 and 9 GHz, which is the most sensitive ATCA
band. This choice is based on several factors: the full-width half-maximum of the primary
beam encompasses the initial Swift-BAT positional uncertainty of newly detected GRBs (1-4
arcmin; Barthelmy et al., 2005), it is largely immune to atmospheric instabilities, and is less
disrupted by RFI than other ATCA bands. In addition, as synchrotron emission from GRB
reverse and forward shocks peaks earlier and brighter with increasing frequency, the 4 cm
band (5.5/9 GHz) is optimal for ensuring the source will be bright but not peaking before
the telescope is on-target.

As mentioned in Section 5.1, the radio afterglows from SGRBs are usually detected within
1 day post-burst (e.g. Fong et al., 2015), which strongly motivates our need for the ATCA
rapid-response mode. The triggered observations are designed to observe between 2—12h
(depending on how long the source is above the horizon following the trigger). As previous
SGRB radio studies have shown that the radio afterglow has already switched-on within
4 —16h post-burst (e.g. Anderson et al., 2018b), a < 12hr observation allows us to track
the rapid rise in emission with a sensitivity of ~ 60 uJy (30") on one hour timescales.? This
means that any delays of < 1 hr related to waiting for the GRB classification does not affect
the rapid-response science goal (see Section 5.2.1). A < 12 hr track also ensures some peri-
ods of simultaneous Swift X-ray Telescope (XRT, observing band between 0.3 —10keV; Lien
et al., 2018) observations, which is essential for modelling the spectral energy distribution

Uhttps://swift.gsfc.nasa.gov/archive/grb_table/
Zhttps://www.narrabri.atnf.csiro.au/myatca/interactive_senscalc.html
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Figure 5.1: Radio light curves of SGRB radio detections (1o error bars) and 30 upper-limits observed at frequencies
between 6 and 10 GHz. Left: Radio flux density vs days post-burst and Right: k-corrected spectral luminosity vs days
post-burst in the rest-frame. The 9 GHz upper-limit of GRB 181123B is depicted as a large white triangle. For those
GRBs without a known redshift we assume z = 0.5. The 30 upper limits of those SGRBs that were observed but not
detected in the radio band are depicted as grey triangles. References for all radio flux densities and redshifts for radio-
detected SGRBs: Berger et al. (2005), Fox et al. (2005), Prochaska et al. (2005), Soderberg et al. (2006), de Ugarte
Postigo et al. (2014), de Ugarte Postigo et al. (2014), Cucchiara et al. (2014), Chornock et al. (2014), Fong et al.
(2014), Fong et al. (2015), Troja et al. (2019a), Lamb et al. (2019), Paterson et al. (2020), Fong et al. (2021). All
radio upper limits shown in grey were taken from Fong et al. (2015, see references therein).

(SED), and for exploring the radio properties associated with the plateau phase (e.g. see our
modelling in Section 5.4.1).

Following the triggered, rapid-response observation, we also request three ~ 4 hr follow-up
observations in the 4cm band to occur between 1 —3, 4 — 6, and 8 — 12days post-burst,
which can reach a sensitivity of 30 uJy (30). While 3 of the previous radio-detected SGRBs
faded below detectability within 2 days post-burst, the other 2 were detected up to 10 days
post-burst (see Figure 5.1), thus motivating this more long-term monitoring of any triggered
candidate.

5.3 ATCA observations of GRB 181123B

Swift-BAT detected the short GRB 181123B at 05:33:03 UT (trigger=873186), which was
rapidly detected in the X-rays by the Swift-XRT and localised to the position a(J2000.0) =
12"17™28:05 and 5(J2000.0) = +14°35'52"4 with a 90% confidence of 1°8 (Osborne et al.,
2018). Further optical and near-infrared follow-up detected a source coincident with the
Swift-XRT position (Fong et al., 2018; Paterson & Fong, 2018; Paterson et al., 2018), result-
ing in the identification of the host galaxy at redshift z = 1.754 and the detection of the
optical afterglow to GRB 181123B (i = 25.1 mag at 9.1 h post-burst; Paterson et al., 2020).
This makes GRB 181123B one of only three SGRBs at z > 1.5 (Paterson et al., 2020).

On receiving the VOEvent trigger, ATCA was automatically scheduled to begin observations
on 2018 Nov 23 at 18:07:24.9 UT (12.6h post-burst) for 8.3h (Anderson et al., 2018a),
when the GRB had risen above the horizon (minimum elevation of 12 deg). On this date,
ATCA was in the 6B array configuration, and the triggered observations were taken in the
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Table 5.1: ATCA observations of GRB 181123B at 5.5 and 9 GHz, which began on 2018 Nov 23 at 18:07:24.9 UT
(12.6 h post-burst) for 8.3 h.

Frequency 3o Upper-limit Forced-fit flux density

(GHz) (uJy/beam) (uJy/beam)
5.5 34 7£12
9.0 32 15+£11

4 cm band, with the dual 2 GHz bandwidth windows centered at 5.5 and 9 GHz. The obser-
vation pointing was at the initial BAT position, which was 1.2 arcmin offset from the final
Swift-XRT position of GRB 181123B. Note that we requested no follow-up ATCA observations
due to the imminent reconfiguration and correlator reprogramming, with many subsequent
programmes having priority.

The ATCA rapid-response observation was reduced and analysed with the radio reduction
software MIRIAD (Sault et al., 1995) using standard techniques. Flux and bandpass cal-
ibration were conducted using PKS 1934-638 and phase calibration with PKS 1222+216.
Several rounds of phase and amplitude self calibration were also applied (this was possible
due to the nearby bright field source FIRST J121731.7+143953; Helfand et al., 2015). In
order to obtain the most robust flux density upper limits at the position of the GRB, we used
MFCLEAN to create a clean model of the sources in the field (manually drawing clean boxes)
and subtracted this model from the visibilities. A primary beam correction was then applied
due to the 1.2 arcmin offset between the pointing centre and the best known GRB position
from the Swift-XRT. GRB 181123B was not detected, and the final 30 upper-limits can be
found in Table 5.1.

As we know the precise location of GRB 181123B to within the ATCA beam, we also report
the peak force-fitted flux density at both 5.5 and 9 GHz in Table 5.1. These were calculated
using the task mMFIT to force-fit a Gaussian to the beam that was fixed at the Swift-XRT
position of the GRB (errors are the 1o rms). The advantage of quoting the force-fitted flux
density over an upper-limit is that such a measurement also accounts for the presence of
nearby sources, as well as variations in the noise across the image. The data were also divided
into 3h and 1h timescales and then re-imaged to search for evidence of emission that may
have switched on nearer the end of the observation; however none was detected.

5.4 Discussion

In this section, we first demonstrate that our radio flux density limits for GRB 181123B
are consistent and competitive with previous studies of the radio-detected SGRB population.
This is followed by afterglow modelling to demonstrate the importance of obtaining early-
time radio observations (regardless of whether there is a detection) to better constrain the
properties of the blast wave.
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In Figure 5.1, we show the light curves of SGRBs observed in the radio band between 6 and
10 GHz. The 8 radio-detected SGRBs are colour-coded with 3o upper-limits represented by
triangles. The 30 upper limits of those SGRBs observed but not detected in the radio band
have been plotted as grey triangles. The ATCA 9 GHz 30 upper-limit of GRB 181123B is
shown as a large white triangle. In the left panel of Figure 5.1, we have plotted the observed
radio flux density vs days post-burst, whereas in the right panel we have plotted the spectral
luminosity vs days post-burst in the rest frame, assuming a redshift of z = 0.5 (Berger, 2014)
for those events with no known redshift. When converting the flux (F) to luminosity (L), a
k-correction was also applied such that L = 4nFd?(1+z)* ? ' ergs ' Hz !, where d, is the lu-
minosity distance for the redshift z (assuming ACDM cosmology with H, = 68 kms ™' Mpc™"
and Q,, = 0.3; Planck Collaboration et al., 2016), and a and f3 are the temporal and spectral
indices defined as F o< t* v* (Bloom et al., 2001). We assume a = 0 and B =1/3, which are
appropriate for an optically thin, post-jet-break light curve (see Chandra & Frail, 2012).

From Figure 5.1 we can see that the ATCA flux limit for GRB 181123B is extremely compet-
itive and consistent with the most constraining lower-limits. Using formalism by Granot &
Sari (2002), Berger (2014) showed that if we assume fiducial parameters for SGRBs, along
with typical microphysical parameters for LGRBs, the expected peak flux density at a red-
shift of z = 0.5 is F, ~ 40u Jy at ~ 10 GHz for an ambient medium density of n, = 0.1cm™>.
Our 30 sensitivity at 9 GHz was 32y Jy, and therefore sensitive enough to detect emission
from a GRB with the above properties, however, it is important to note that some GRB mi-
crophysical and macrophysical parameters like the kinetic energy and the CSM density can
vary by several orders of magnitude (Granot & van der Horst, 2014).

The luminosity light curves in Figure 5.1 show the 3¢ upper-limit for GRB 181123B at
~ 1day post-burst (in the rest frame). Given the very high redshift of GRB 181123B, even
these sensitive ATCA observations would not have detected the radio counterpart to the
seven SGRBs detected at early times (within a day post-burst in the rest frame) if they were
placed at z = 1.754. We therefore cannot draw any further comparisons between the physical
properties of the radio-detected GRB sample and GRB 181123B based on luminosity alone
and require more detailed multi-wavelength light curve modelling (see Section 5.4.1).

5.4.1 Modelling constraints

In this section, we model the afterglow of GRB 181123B in order to explore how early-time
(< 1day) radio observations of SGRBs can help to constrain the dynamical and microphysical
parameters of such blast waves in the context of the fireball model. Using the redshift derived
from the identification of the host galaxy of GRB 181123B (z = 1.754; Paterson et al., 2020),
we model the force-fitted flux density values at the Swift-XRT position of the GRB from our
ATCA observations together with the Swift-XRT light curve (Evans et al., 2009, 2010). We
have chosen to use the force-fitted flux measurements plus errors in our modelling as it
allows us to assign a likelihood to a predicted model flux for a set of model parameters,
which is not possible with an upper limit (for some examples of where radio force-fitted
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flux measurements are quoted and used in afterglow modelling see Galama et al., 1998c;
Kulkarni et al., 1999; van der Horst et al., 2011, 2015).

For this modelling, we have chosen to only consider the forward-shock component to min-
imise complexity, particularly as we are dealing with a small number of data points. As
previously mentioned, the reverse-shock could be dominant at early times (< 1day) in the
radio band as has been observed for some SGRBs (e.g. Soderberg et al., 2006; Lamb et al.,
2019; Troja et al., 2019a). Given that the reverse-shock evolves to lower frequencies more
rapidly than the forward-shock and we have no radio detection, our modelling depends
primarily on the X-ray detections, which are always dominated by the forward-shock, thus
motivating our model choice. Our afterglow fitting also does not rule out a reverse shock
contribution. We therefore assume a spherical, relativistic, blast wave interacting with the
circumburst medium and generating synchrotron emission. Since SGRBs are known to occur
in homogeneous, low density environments (median densities of n, ~ (3 —15) x 103 cm™
with ~ 80—95% of events being situated in environments of n, < 1 cm™; Fong et al., 2015),
we assume a constant density circumburst medium.

We use the boxfit code to model the afterglow emission (van Eerten et al., 2012). boxfit
makes use of pre-calculated hydrodynamics data to calculate the dynamics of the blast wave,
and solves radiative transfer equations on the go. Since in this work we assume a spherical
blast wave, we fix the opening angle (6,) to 7/2. We then use the C++ implementation of
the MultiNest nested sampling algorithm, which is a Bayesian inference tool, to determine
the posterior distributions of the free parameters (Feroz et al., 2009). The free parameters
of our model are defined as:

* E..: Isotropic equivalent kinetic energy in units of erg.

K,iso*

* n,: Circumburst medium number density in units of em3.

* p: Power-law index of the accelerated electron distribution, such that N(y) oc y7?,
with some minimum Lorentz factor y,, (Wijers & Galama, 1999).

* ¢,: Fraction of thermal energy in the magnetic fields.

* ¢,: Fraction of thermal energy in the electrons.

In order to demonstrate how the inclusion of early-time radio data helps to further constrain
the dynamical and microphysical parameters (when combined with Swift-XRT observations
and regardless of whether or not there is a radio detection), we model the afterglow of GRB
181123B with and without the ATCA force-fitted fluxes and compare the posterior distri-
butions of the free parameters. In both fits, we use the same prior for the free parameters
(Table 5.2) and the resulting best fit values in Table 5.3 are set with the lowest chi-squared
value in the posterior.

Light curves for the posterior predictive distribution when the ATCA force-fitted flux density
values are included in the modelling, together with the best fit, can be found in Figure 5.2.
Given that the modelling of the X-ray detections of GRB 181123B alone suggests an energetic
solution, the inclusion of radio information aids to pull down the overall fit so that at both
5.5 and 9 GHgz, the best fit light curves are clustered around the ATCA force-fitted flux den-
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sities. While the resulting model is consistent with the Swift Ultraviolet/Optical Telescope
(UVOT; Roming et al., 2005) upper-limits (Oates & Lien, 2018), it over-predicts the Galactic
extinction corrected i-band flux reported by (Paterson et al., 2020) by a factor of ~ 3 or 1.2
magnitudes. At this high redshift, an i-band detection indicates the afterglow emission was
produced at ultraviolet wavelengths in the rest frame, and would therefore be quite prone
to extinction by dust. Given our model does not consider extinction, intrinsic or otherwise,
this over-prediction may therefore not be unreasonable. However, our i-band prediction is
much higher than the host optical extinction calculated by Paterson et al. (2020) from pho-
tometric observations (A, =0.23) or calculated from their observed excess hydrogen column
density (Ny; derived from X-ray afterglow spectral modelling), which is known to scale to
optical extinction (Giiver & Ozel, 2009), predicting A, =0.38. There are also other potential
sources of optical and infrared emission from SGRBs such as a kilonova from r-process ra-
diative decay (e.g. Metzger et al., 2010), which our model does not include. However, such
emission usually does not dominate over the afterglow until > 1d post-burst (e.g. Tanvir
et al., 2013).

As can be seen in Table 5.3, the inclusion of the ATCA force-fitted fluxes in our modelling
allows for much better constraints to be placed on €, (see also Figure 5.5, which shows a
comparison between the marginal distributions of the parameters for both cases - modelling
with and without the ATCA data). The rest of the parameters are consistent between both
modelling experiments but the E, , is on the brighter end of known SGRBs (Fong et al.,
2015). Our findings are consistent with those by Beniamini & van der Horst (2017), who
have shown that the flux density and time of the GRB radio light curve peak can be used to
particularly constrain e,. We also note that our constraint on e, is also consistent (within the
95% credible interval) with the distribution of €, (0.13 —0.15) found through the analysis
of 36 GRB radio afterglows performed by Beniamini & van der Horst (2017). The predicted
radio peak also suggests that at later times (2 3 — 4 days post-burst), the forward shock ra-
dio emission from GRB 181123B may have been detectable at 5.5 and 9 GHz with > 4hr
ATCA integrations (see Figure 5.2). Therefore, the inclusion of early-time radio data in GRB
afterglow modelling (regardless of whether or not there is a detection), together with an
X-ray light curve, allows us to predict the forward shock peak radio flux density, thus con-
straining the fraction of shock energy in the relativistic electrons (e,). Paterson et al. (2020)
also derived these same afterglow parameters for GRB 181123B but assumed fixed values of
€,=0.1 and e; = 0.1 or 0.01. While our parameters are far less constrained, our values for
Ey ;5o and n, (as well as €, and €,) are consistent with Paterson et al. (2020) within the 95%
credible intervals. However, our value range for p was higher and did not overlap with the
range derived by Paterson et al. (2020). Note that our value range for p is more consistent
with those calculated for radio-detected SGRBs (see Section 5.4.2).

5.4.1.1 Robustness of the results for more complicated models

The aim of the modelling analysis presented in Section 5.4.1 is to demonstrate how early-
time radio data (even a non-detection) can help to constrain physical parameters in the
framework of the fireball model. However, the presence of a plateau feature in many GRB
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Table 5.2: Assumed priors for the free parameters for all modelling efforts.

Parameter range

Prior distribution
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Figure 5.2: Fit result for the afterglow light curves of GRB 181123B at ATCA observing frequencies 5.5 GHz (top panel)
and 9.0 GHz (middle panel), and with the Swift-XRT (0.3—10 keV; bottom panel) when the ATCA data are included (in
this case the force-fitted flux densities; red data point and error bar plotted on the 5.5 and 9.0 GHz light curves). The
plotted values in the Swift-XRT light curve (also red data points) were downloaded via the Swift Burst Analyser (Evans
et al., 2010). For each of the three frequency bands, 200 light curves are drawn by sampling the inferred posterior
distribution of the parameters. The solid line represents the best fit model. The horizontal dashed lines show the 3-o

detection limit for various ATCA integration times.
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Table 5.3: Fit results for GRB 181123B for when the ATCA force-fitted data are excluded, included or the ATCA force-
fitted mean is lowered by an order of magnitude. The errors on the parameters represent the 95% credible interval. It
can be seen that when the ATCA data are included, e, is better constrained.

Parameter name | ATCA data excluded ATCA data included Lower ATCA forced fit
10g10 EK,iso 52'42:2 52'02:3 51'5t(1):2135
log,,n, —0'43:;‘ _0'53:1 _l'lﬂ:g
p 2.927042 2.9070% 2.97°07%
log;, €5 _2.93:; _3'03:; —2.53:;
log,, €, —1.1319%2 —0.751030 —0.607032

X-ray light curves indicates that energy injection and more complex emission mechanisms
are at play beyond a simple forward and reverse shock. One of the main interpretations of
X-ray plateaus observed from SGRBs is likely an energy injection signature from a potentially
short-lived, supramassive, highly magnetised, rapidly rotating neutron star remnant, often
referred to as a ‘magnetar’ (e.g. Zhang & Mészaros, 2001; Yu & Huang, 2007; Rowlinson
et al., 2013). In fact, Gompertz et al. (2015) has performed broad-band modelling of SGRBs
that includes energy injection from the spin-down of such a magnetar. Alternatively, Lev-
entis et al. (2014) were able to demonstrate that X-ray plateaus could be explained by the
combined emission from the reverse and forward shock, provided that the blast wave is in
the thick shell regime, and such a reverse shock would also lead to an additional emission
component in radio and optical wavelengths. In the case of GRB 181123B, the X-ray light
curve of the afterglow shows evidence of a plateau phase at early times that Sarin et al.
(2020) and Rowlinson et al. (2020) have interpreted as energy injection from an unstable
magnetar that collapsed a few hundred seconds following its formation. While many models
have been proposed in the literature to describe the X-ray light curve behaviour of GRBs, our
limited radio data-set means that an exhaustive analysis of these complex models is beyond
the scope of this paper. Nonetheless, it is worth exploring whether the constraints we have
derived from our simple forward shock model are still meaningful if we introduce additional
free parameters.

In the following we investigate how the inclusion of the ATCA data affects the posterior of
modelling efforts that also include energy injection. We therefore incorporate energy injec-
tion into boxfit, which is modelled by varying the isotropic equivalent kinetic energy (Ej ;)

as a power-law in time. In this case, E, ,,, is described as:

iso

E, t <ty
E =1 E,(t/t;,)" by <t Sty +dty (5.1)
Eg(L+dty/ty)*  ty+dty <t
where the three additional parameters are defined as:

* t;,;: Start time of the energy injection in seconds (s).



5.4 Discussion

Table 5.4: Assumed priors for the energy injection parameters for all modelling efforts.

Parameter range Prior distribution
8.64 < t;, (5) <4.32x10° log-uniform
8.64 < dt,; (s) <4.32x 10° log-uniform
0.0<a<2.0 uniform

. dtmj: Duration of energy injection in seconds (s).
* a: Power-law index of the energy injection.

The assumed prior distributions for the energy injection parameters can be seen in Table 5.4.
We use the same priors as before for all other burst parameters (Table 5.2).

The resulting best-fit parameters for the afterglow modelling of GRB 181123B that includes
energy injection for the cases when the ATCA force-fitted flux densities are included and
excluded can be found in Table 5.5, with the resulting light curves for the posterior predic-
tive distribution, together with the best fit model plotted in Figure 5.3. Due to the limited
multi-wavelength coverage of the afterglow, we are not able to place tight constraints on
the energy injection parameters. However, note that e, continues to be well constrained
when ATCA data are included, even with a more complex model with additional parameters
(see Figure 5.6, which shows the marginal distributions of the parameters for the energy
injection cases when ATCA data are included and excluded). In addition, Figure 5.7 com-
pares the obtained marginalized distribution for the GRB parameters (omitting the energy
injection parameters) for the two modelling cases that include the ATCA data: with and with-
out including energy injection. It can be seen that the resulting parameter values common
between both fits are consistent within the 95% credible intervals despite different model
complexities. However, while the model is consistent with the Swift-UVOT upper-limits, it
over-predicts the i-band detection (Paterson et al., 2020), which demonstrates the limita-
tions of our modelling.

The modelling of GRB 181123B shows that early-time radio observations, regardless of
whether they are detections or non-detections, are able to constrain the fraction of ther-
mal energy in the accelerated electrons, €,, beyond what is possible with just the Swift-XRT
X-ray light curve data. Our modelling also predicted that observations at later times (1-10
days) may have resulted in a detection of the forward shock, which would further constrain
the GRB parameters.

To test how the dependencies between the parameters in our model are affected by the mean
of the forced fitted values, we ran an additional fit using boxfit (without energy injection)
where we lowered the mean of the ATCA force-fitted flux density values by an order of
magnitude. Table 5.3 shows the resulting inferred parameters with the best fit light curves
shown in Figure 5.4. The main effect of lowering the mean value of the force-fitted ATCA
flux densities on the parameters was to decrease the mean value of the circumburst medium
density (n,) and increase the fraction of thermal energy in the magnetic fields (e,) by a
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Table 5.5: Fit results for GRB 181123B for when the ATCA force-fitted data are excluded and included, with energy
injection also included in our modelling. The errors on the parameters represent the 95% credible interval. It can be
seen that when the ATCA data are included, e, is better constrained.

Parameter name | ATCA data excluded ATCA data included
log,, Eg iso 51'82:2 51-4t(1)}31
logy, 1, —0.7535 —0.977%
p 3.087042 3.1670%
log,, €, _1-9322 _2'1111:8
log,, €, _1~01t(1)§0 _0'66ig:§g
log,, Einj (days) _1~23t(1):gl _1-32:1):34
log,, dt,, (days) -1.24)8 -1.18
a 0.8670%1 0.8870%
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Figure 5.3: As for Figure 5.2 but with energy injection incorporated into our modelling.
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Figure 5.4: As for Figure 5.2 but with the ATCA forced-fitted flux densities lowered by an order of magnitude.

similar amount (factor of ~ 3 —4) when compared to the results from fitting the original
force-fitted ATCA flux densities. However, note that all parameters presented in Table 5.3
that were derived from including ATCA force-fitted flux densities in our modelling still agree
within the 95% credible intervals of the modelling performed without the ATCA information.
The reduction in the ATCA force-fitted mean flux densities also indicate that the predicted
peak forward shock emission in the radio band would be delayed and also drop below the
ATCA 30 detection limits (see Figure 5.4) when compared to the fit performed with the
measured force-fitted flux densities shown in Figure 5.2.

Overall, our analysis demonstrates the importance of quoting force-fitted flux density values
for radio transients over just reporting 3¢ upper-limits, which is traditional in most fields
of astrophysics. If only upper-limits are reported then it is not always possible to incorpo-
rate this information into some modelling analyses (e.g. like our GRB afterglow modelling),
which means we are throwing away important data that could further constrain the physics
of an event or source. Finally, the inclusion of early-time radio force-fitted flux densities
allows us to make predictions about the time and brightness of the forward shock peak in
the radio band, which can inform late-time radio follow-up strategies.
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5.4.2 Comparisons of GRB 181123B to radio-detected SGRBs

We now compare our parameter constraints on the micro- and macro-physical properties
of GRB 181123B resulting from our modelling to those obtained for other radio-detected
GRB:s. For this comparison, we only focus on the parameters derived from our forward-shock
modelling using boxfit with the inclusion of the ATCA data (see Table 5.3). Six of the eight
radio-detected SGRBs have constraints on the same parameters (e.g. Table 5.2) through af-
terglow modelling (GRB 050724A, 051221A, 130603B, 140903A, 160821B, GRB 200522A;
Berger et al., 2005; Soderberg et al., 2006; Fong et al., 2014; Pandey et al., 2019; Troja et al.,
2016; Zhang et al., 2017; Troja et al., 2019a; Lamb et al., 2019; Fong et al., 2021). The ad-
vantage of these modelling efforts was that these events had extensive multi-wavelength
data (radio, infrared, optical, X-ray) so the afterglow analysis led to stringent constraints
on these parameters and in many cases, an estimate of the gamma-ray jet opening angle,
which has important implications for rate calculations. While the parameters we derived for
GRB 181123B were far less constrained, our 95% credible intervals agree with those values
derived for the six SGRBs mentioned above, but the upper limits in our prediction for both
n, and p are much higher overall. In fact, our derived accelerated electron distribution is
steeper than that usually expected for GRBs (p = 2.90%0'%) but not unreasonably so. Over-
all, as previously mentioned, the inclusion of ATCA force-fitted flux densities within 1 day
post-burst have allowed us to place reasonable constraints on e,.

5.5 Conclusions

In this paper, we introduce the ATCA rapid-response observing mode by presenting results
from the first successful SGRB trigger on GRB 181123B. This new mode of operations allows
the telescope to automatically and rapidly respond to transient alerts broadcast via VOEvents,
causing the active observing programme to be interrupted to allow for time-critical observa-
tions of transient phenomena. Successful triggers on LGRBs (see Section 5.2.3) have demon-
strated that if the source is above the horizon, the ATCA can be on target and observing the
event as fast as 3 minutes post-burst, allowing us to probe this early-time radio regime over
a wide range of frequencies (1.1 — 25 GHz) with full polarisation, and in a variety of array
configurations.

The ATCA rapid-response observations of GRB 181123B began 12.6 hr post-burst, as soon as
the target had risen above the horizon, collecting 8.3 h of data at 5.5 and 9 GHz. While no
radio emission was detected from GRB 181123B, we quote force-fitted flux densities, which
enabled more constraining GRB afterglow modelling to be performed then would usually
be possible with just X-ray data from Swift-XRT. The addition of early-time radio data in the
modelling allowed us to obtain more stringent constraints on the fraction of thermal energy
in the electrons behind the shock wave (e,), which in turn allowed us to predict the peak
in the forward shock radio afterglow emission around ~ 10 days post-burst. This modelling
indicates that 2 3 —4days post-burst, the radio afterglow of GRB 181123B may have been
detectable with a > 4 hr ATCA integration.



5.5 Conclusions

Our results demonstrate the importance of including early-time radio observations in af-
terglow modelling efforts for constraining GRB blast wave properties and predicting the
late-time peak in the radio forward shock, regardless of whether or not there is a detection,
provided that force-fitted flux densities are quoted rather than upper-limits in the case of a
non-detection.

This project also demonstrates the importance of implementing rapid-response observing
systems on radio telescopes to probe a new parameter space in transient science. Early-time
radio observations of SGRBs can allow us to distinguish between different sources of early-
time synchrotron afterglow emission (e.g. Kyutoku et al., 2014) and even detect prompt and
persistent coherent signals predicted to be produced during the compact merger and from
the merger remnant (e.g. Rowlinson & Anderson, 2019). Detections from rapid-response
radio observations will provide crucial insight into the radio brightness and timescales we
might expect from aLIGO/Virgo-detected merging BNSs or NS-BH systems, which will aid in
our search for electromagnetic counterparts in the large GW positional error regions. Other
science cases include LGRBs, which may show bright, early-time radio emission from the
reverse shock (e.g. Anderson et al., 2014) and flare stars, which have shown simultaneous
high-energy and radio flaring behaviour (e.g. Fender et al., 2015).

Finally, our efforts running rapid-response programs on ATCA act as an excellent test for
transient observing strategies with the SKA. It is only through the utilisation of a rapid-
response system that we can exploit the SKA to study early-time BNS and BH-NS merger
physics down to sub-micro-Jansky levels.
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Appendices

5.A Marginalised parameter distributions for different model fits

The following Figures 5.5, 5.6 and 5.7 show the marginalised parameter distributions for
different modelling tests performed in Section 5.4.1.
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Figure 5.5: The corner plot for the marginalized parameter distributions resulting from forward-shock modelling of
the GRB 181123B afterglow using boxfit. The red distributions show the modelling results when the ATCA force-fitted
flux densities are not included in the data set and the blue distributions show the results for when the ATCA data are
included.
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Figure 5.6: As for Figure 5.5 but with energy injection included in the model.
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Figure 5.7: As for Figure 5.5, however, in this case both presented parameter distributions include the ATCA data. The
red distributions show the modelling results when energy injection is included in the model and the blue distributions
show the results without the inclusion of energy injection. Although including energy injection increases the complexity
of the model, it can be seen that e, is well constrained in either case when ATCA data are included. The additional
parameters for the energy injection case (t;,, dt;,; and a) are omitted in this plot for clarity.
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Abstract

The “MAGIC” GRB 190114C is the first GRB detected in TeV energies. The afterglow of
this GRB was detected over a record breaking range of observational bands, spanning from
650MHz to TeV energies, which demonstrates that the physics governing the afterglow
phase is able to generate very high-energy radiation. In this study, we present afterglow
observations at 1.28 GHz obtained by the Meer Karoo Array Telescope. Furthermore, we
perform robust Bayesian inference of the parameters of a forward shock model based on
2D hydrodynamical simulations, and using data over the full available range of frequencies
and times. We make use of Gaussian processes to account for additional systematics in the
broadband afterglow data set. We compare the inferred parameters with previous studies of
GRB 190114C, as well as with a larger population of long GRBs. We perform model selection
to determine the density profile around the progenitor, and find that the observations are
best fit with a homogeneous environment. We find that the accelerated particle distribution
in the shocked plasma is a hard power law with an index, p, well below 2. Moreover, we
find that GRB 190114C constitutes an outlier in a broad sample of long GRBs, which might
imply that GRBs capable of producing TeV emission are relatively rare.
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6.1 Introduction

Gamma-ray bursts (GRBs) are extremely energetic explosions, where an ultra-relativistic
collimated outflow is launched by a central compact object. They are initially detected as
flashes of gamma rays during the prompt phase, which can last between 0.1 to 1000s. The
exact physical mechanism producing the highly-variable and luminous y-rays is not well-
understood. GRBs are classified as short/long depending on the duration of the prompt
emission phase (Kouveliotou et al., 1993). For short GRBs, the duration in which 90% of the
energy is emitted in gamma rays is t,, S 25, and they are associated with compact binary
mergers where at least one of the objects is a neutron star (Lattimer & Schramm, 1976;
Eichler et al., 1989). For long GRBs, on the other hand, the GRB duration is ty, % 25, and
they are thought to be the result of core-collapse of massive stars (Woosley, 1993). Once the
relativistic outflow starts to interact with the circumburst medium (CBM), a pair of shocks
are generated one of which moves into the ejecta (reverse shock) and the other moves into
the surrounding medium (forward shock). In these shocks magnetic fields get amplified
and charged particles are accelerated which leads to long-lasting, broadband synchrotron
emission, which is called the afterglow of the GRB (Rees & Mészaros, 1992).

GRB 190114C was initially detected by the Neil Gehrels Swift Observatory (Swift from now
on) and the Fermi Gamma-ray Space Telescope. It was determined to be a long GRB with
a burst duration of 25s (Gropp et al., 2019; Hamburg et al., 2019). This GRB was deter-
mined to be relatively close-by at a redshift of z = 0.425 (Selsing et al., 2019). The Major
Atmospheric Gamma Imaging Cherenkov (MAGIC) telescopes started observations 57 s after
the initial trigger and they were able to significantly detect TeV energy photons originating
from a GRB for the first time (MAGIC Collaboration et al., 2019a). Given that they detected
TeV photons up to 40 min after the burst, which is long after the end of the prompt emission
phase, this high-energy emission component is most likely originating from the afterglow
of the GRB. Such high-energy emission is expected due to the inverse-Compton scattering
of the lower energy synchrotron photons by the accelerated high-energy charged particles
(MAGIC Collaboration et al., 2019b). Emission resulting from this type of interaction is de-
scribed as synchrotron self-Compton (SSC) emission.

Misra et al. (2021) have inferred the GRB parameters based on the observed X-ray and radio
emission of the afterglow, by employing time-varying shock microphysics within the forward
shock framework. In this work, we perform robust Bayesian inference to constrain the phys-
ical parameters of GRB 190114C in the context of the standard forward shock model. We
make use of the method introduced in Aksulu et al. (2020) to take into account any system-
atic deviations from the model using Gaussian processes (GPs). We compare the inferred
parameter values with the parameter distributions of a large sample of long GRBs presented
in Aksulu et al. (2021). Furthermore, we present additional observations at 1.28 GHz ob-
tained by MeerKAT.

In Section 6.2 we present a summary of the afterglow observations and describe the treat-
ment of the afterglow data set. In Section 6.3 we briefly go over the utilized methodology,
and in Section 6.4 we present the results of the Bayesian inference procedure. We discuss



6.2 Afterglow Data set

the physical implications of our findings in Section 6.5 and compare how the inferred pa-
rameters compare to a larger sample of long GRBs (Aksulu et al., 2021). Finally, we present
our conclusions in Section 6.6. Throughout this work we assume the cosmology as described
in Planck Collaboration et al. (2016).

6.2 Afterglow Data set

In order to infer the burst parameters based on the afterglow emission, a well-sampled,
broadband afterglow data set is required. In this section we present an overview of the data
set describing the X-ray, optical, and radio afterglow emission of GRB 190114C.

The burst was initially detected by the Swift Burst Alert Telescope (Swift-BAT) at 20:57:03.19
UT. The X-ray Telescope aboard Swift (Swift-XRT) began observations 64 s after the initial
trigger. We make use of the flux values reported in the Swift Burst Analyzer to construct the
X-ray light curve (Evans et al., 2009). We collect the reported unabsorbed flux values in the
0.3—10keV band along with the reported photon indices. To convert the flux values to mJy
units, we calculate the flux at the geometrical center of the observing band (1.73 keV) using
the corresponding photon index for each time epoch. The reported photon index values in
the burst analyzer show evidence for spectral evolution over time, where there is an increase
in the photon index at ~ 3 x 10° s after the burst. Note that, in their own analysis, Misra
et al. (2021) do not find any evidence for spectral evolution.

The optical data points are compiled from Misra et al. (2021); Jordana-Mitjans et al. (2020)
and GCNs (Selsing et al. 2019; Izzo et al. 2019; Bolmer & Schady 2019; Kim et al. 2019;
Kumar et al. 2019; Ragosta et al. 2019; D’Avanzo 2019; Im et al. 2019). The collected obser-
vations are converted into units of mJy. All data points are corrected for Galactic extinction
in the direction of the burst with E(B— V) = 0.0107 mag (Misra et al., 2021; Schlafly &
Finkbeiner, 2011). de Ugarte Postigo et al. (2020) find that GRB 190114C lies in the nu-
clear region of an interacting galaxy. They present late-time observations of the host galaxy
and its companion throughout the optical spectrum. We approximate the persistent contri-
bution due to the host galaxy using the late-time observations presented in de Ugarte Postigo
et al. (2020).

MeerKAT started observations at ~ 1day after the burst, and performed observations at
13 time epochs up to ~ 35days after the initial detection of GRB190114C (Diretse et al.
in preparation). The observations were taken at 1.28 GHz and can be seen in Table 6.1.
Additionally, we collected data at radio and mm wavelengths from Volvach et al. (2019);
Laskar et al. (2019); Misra et al. (2021). Pre-burst images obtained by MeerKAT show that
there is significant persistent emission at 1.28 GHz at the location of GRB 190114C, which
we correct for prior to our analysis.

Laskar et al. (2019) find that there is a significant contribution from the reverse shock at early
times. Since in this study the primary goal is to model the emission from the forward shock,
we crop early-time data where the emission from the reverse shock is dominant. Following
Laskar et al. (2019), we exclude all optical/X-ray data at time epochs before 0.03 days, and
radio/mm-wavelength data before 0.3 days. The forward shock model we will fit also does
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Table 6.1: MeerKAT observation log at 1.28 GHz (Diretse et al. in preparation). Host contribution is not subtracted.

Time since burst Flux Error
(seconds) (mJy) (mJy)
8.12 x 10* 1.19x 107" | 1.6 x 1072
3.34x 10° 9.20x107% | 1.4x 1072
5.21 x 10° 1.46x 107" | 1.9x 1072
6.77 x 10° 4.64x107" | 48x1072
1.53 x 10° 1.70x 107! | 2.4 x 1072
2.13 x 10° 1.60x 107" | 1.9 x 1072
3.19 x 10° 2.84x107! | 3.1x1072
4.54 % 10° 1.83x 107" | 2.6 x 1072
9.46 x 10° 2.24x107" | 2.5x1072
1.19 x 107 1.72x 107" | 2.0 x 1072
1.76 x 107 9.30x107% | 1.8x 1072
2.48 x 107 9.70x107% | 1.4x 1072
3.04 x 107 1.05x 107" | 1.5x 1072

not include the inverse Compton scattering process that generates the TeV gamma rays, so
we fit that model to the radio to X-ray data only.

6.3 Method

In this section we describe the employed method to infer the physical properties of GRB
190114C based on the observed afterglow emission. We assume an ultra-relativistic, colli-
mated, blast wave moving into a surrounding medium with a density profile described as,

r

—k
n=n T ) 6.1
'ef( 10" cm) 6.1)

where, r is the distance from the explosion center, and n, is the number density of the
circumburst medium (CBM) at a distance of 10'” cm. In this study, we only consider cases
where the CBM has a homogeneous density profile, i.e., k = 0, and where the CBM resem-
bles free stellar-wind type density profile, i.e., k = 2. The initial Lorentz factor within the
jet opening angle is assumed to be uniform (i.e., top-hat jet model). As the blast wave in-
teracts with the CBM, two pairs of shocks are created; the short-lived reverse shock, which
moves into the ejected material, and the forward shock, which moves into the CBM. In these
shocks magnetic fields are amplified and charged particles are accelerated which, in turn,
emit broadband synchrotron emission (Sari et al., 1998; Wijers & Galama, 1999; Granot &
Sari, 2002). In this work, we do not consider the emission arising due to the reverse shock,
and therefore omit early-time data which is dominated by the reverse shock emission (see
Section 6.2).



6.3 Method

We make use of the numerical tool scalefit, which is an afterglow model based on 2D hy-
drodynamic simulations (Ryan et al. in preparation; Aksulu et al., 2021, 2020; Ryan et al.,
2015). scalefit employs pre-calculated tables which include spectral information (peak spec-
tral flux, spectral break frequencies; i.e., self-absorption break, injection break and cooling
break) for a range of different opening angles and observer viewing angles calculated on
different time epochs. scalefit takes the pre-calculated spectral tables and makes use of
scaling rules (van Eerten & MacFadyen, 2012a) to generate spectra and light curves in a
computationally efficient manner.

The dynamics of the blast wave is described by the isotropic-equivalent kinetic energy of the
explosion (Ey ;,), the half-opening angle of the jet (6,) and the CBM density (n,, also see
Equation 6.1). Besides the dynamical parameters, the observed emission will also depend
on the observer viewing angle (6,,,) and the microphysical parameters of the shock (p, e
€z, and &, ). Here, p denotes the power-law index of the energy distribution of the accel-
erated particles, and e, denotes the fraction of thermal energy invested in accelerating the
particles. €, denotes the fraction of thermal energy going into amplifying magnetic fields.
The e, parameter is not well defined when p < 2, without introducing another parameter
Y max> the maximum Lorentz factor of the accelerated particle distribution. In order to avoid
adding new parameters, we define €, = Eee, and make use of this parameter instead of
€,. &y is the fraction of particles being accelerated in the first place. £, is completely de-
generate, and scales proportionally, with respect to (1/Ey ;,,1/n,) and (€, €,) (Eichler &
Waxman, 2005). Due to this degeneracy, we fix &, to unity throughout this work. We leave
the dust extinction in the rest-frame of the host galaxy, A, as a free parameter. We make use
of the extinction curves defined for the Milky Way (MW), Small Magellanic Cloud (SMC),
and Large Magellanic Cloud (LMC) presented in Pei (1992). To summarize, the physical
parameters are defined as,

e’

d) = (907EK,iso’ Nyeps eobs’p7 €p> ée’ gN’AV)T' (62)

We follow the exact methodology described in Aksulu et al. (2021) (see also Aksulu et al.
2020; Gibson et al. 2012), and make use of GPs to take into account any systematic devia-
tions from the model.

Following Aksulu et al. (2021, 2020), we make use of nested sampling (Skilling, 2004)
to obtain posterior distributions for the physical parameters and hyperparameters of the GP
model. We make use of the pymultinest PYTHON package (Buchner et al., 2014; Feroz et al.,
2009). Using nested sampling allows us to get an estimate of the Bayesian evidence, which is
useful to calculate Bayes factors and perform model selection (see Section 6.4). We assume
the same prior distributions for the physical parameters and hyperparameters as in Aksulu
et al. (2021), except for the microphysical parameters ¢, and é, (see Table 6.2). We allow
these parameters to exceed unity, which is clearly unphysical as they represent fractions,
because of the fact that they are completely degenerate with respect to &,,. Although we
initially assume &, = 1 when modelling GRB 190114C, in the cases where (e,,€,) > 1,
we can easily reduce the assumed value for £, to push these parameters towards physical
values. Since & is also inversely proportional to (Ey ;,, 1), decreasing &, will also increase

iso?
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Table 6.2: Assumed priors for the physical parameters.

Parameter range Prior distribution
0.01<6,<1.6 log-uniform
107 < Ey 5, < 10%° log-uniform
107% < n,; < 1000 log-uniform
0<6,./6,<2 uniform
1.0<p<3.0 uniform
107 < €, <100 log-uniform
1077 < &, < 100 log-uniform
0<A, <5 uniform

the values of these parameters. Misra et al. (2021) also reduce the £ value in order to avoid
unphysical values for the microphysical parameters.

6.4 Results

We do not make a priori assumptions regarding the CBM density profile; instead, we per-
form fits both for homogeneous (k = 0) and wind-like (k = 2) CBM environments. We
then perform Bayesian model selection using the obtained evidence values from the nested
sampling procedure. The model with homogeneous CBM results in a log-evidence value of
In % = —72.51+0.05, whereas the model with wind-like CBM results in In & = —99.24+0.02.
The quoted error on In & represents the 1-o uncertainty. In the end, our analysis suggest
a strong preference towards the model assuming homogeneous CBM profile with a Bayes
factor of 2, mogencous/ Zwind ™~ 10''. Besides performing model selection to discern between
homogeneous and wind-like CBM, we also compared the evidence values for different extinc-
tion curves. We only considered the MW, SMC, and LMC type extinction curves presented in
Pei (1992). We were unable to distinguish between these models as each of them results in
similar evidence values. For the rest of this paper, we assume an SMC type extinction curve.

The inferred model parameters for both homogeneous and wind-like CBM models can be
found in Table 6.3. The obtained posterior distributions of the physical parameters/hyperpa-
rameters assuming homogeneous and wind-like models are presented in Figures 6.5 and 6.6.
The posterior predictive light curves are presented in Figures 6.1 and 6.2 for homogeneous
and wind-like CBM density profiles, respectively.

All of the physical parameters are well-constrained within their respective prior distributions.
We infer similar E, , values for both homogeneous and wind-like environments, however,
the jet-opening angle, 6, is smaller for when we assume homogeneous CBM. Therefore the
implied beaming-corrected kinetic energy,

E

K ,true

= Ey j5o(1 —cos 6)), (6.3)
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Figure 6.1: Modelling results for GRB 190114C assuming homogeneous circumburst density profile. The posterior

predictive light curves for 100 randomly sampled parameter sets are presented.
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Figure 6.2: Modelling results for GRB 190114C assuming wind-like circumburst density profile. The posterior predic-
tive light curves for 100 randomly sampled parameter sets are presented.
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Table 6.3: Modes and uncertainties for the physical parameters. Results for homogeneous (k = 0) and wind-like
(k = 2) environments are presented. The errors represent the 68% credible interval.

Parameter name k=0 k=2
log,, 6, [rad] —0.9807 00z | —0.435%59°
10g,0 Ey i, lerg]l | 52.04870077 | 52.079701¢
log,on,s [em™] | —1.53179%% | 0.281%17
p 1.57870924 | 1.64970.9%
6,/ 6, 0.347%09% 1 0.791709%0
log,y € 0.8335755 | —0.693.036;
log,, €, —1.68019970 | —2.099+92
A, 0.6677000% | 0.902*0%%7

Table 6.4: Mode and uncertainty for the beaming-corrected kinetic energy. Results for homogeneous (k = 0) and
wind-like (k = 2) environments are presented. The errors represent the 68% credible interval.

Parameter name k=0 k=2
108, Ey e Lerg] | 49.77670%2% | 5074970131

is smaller for the homogeneous CBM case (see Table 6.4). We find e, > 1 for the homoge-
neous CBM model, which is unphysical given that this parameter represents the fraction of
thermal energy invested in amplifying magnetic fields. This is indicative that only a frac-
tion of the electrons in the plasma are being accelerated, i.e., £, < 1. Ajello et al. (2020)
have measured the isotropic-equivalent energy emitted during the prompt phase (E, ;, in
the 1keV to 10 GeV band) to be (3.5 0.1) x 10°® erg. This implies a prompt emission effi-
ciency of ~ 97% assuming &, = 1. Lowering the £ value will also allow for more reasonable
gamma-ray efficiencies, because Ey ., o< &'

6.5 Discussion

In this section, we further elaborate on the physical implications of the inferred parameters.
Furthermore, we make comparisons with similar studies conducted for GRB 190114C. Since
GRB 190114C is a special case, regarding the detection of TeV photons which indicates
efficient SSC emission, we also compare the obtained parameters with a large sample of
long GRBs presented in (Aksulu et al., 2021).

The inferred power law index of the accelerated particle distribution, p, is well below 2
for both homogeneous and wind-like CBM models. This indicates a rather hard electron
distribution, which may contribute to explaining the fact that TeV photons were detected
from GRB 190114C.

Misra et al. (2021) have implemented time-varying microphysics within the context of the
forward shock model. They assume that the microphysical parameters, (e,,€,), vary as a
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Table 6.5: Comparison for the inferred dynamical parameters in this work and Misra et al. (2021) (M21). We scaled
the inferred (Ey j,, ) in this work by multiplying with 50 to accommodate &y = 0.02. We express the parameters
presented in M21 in the same units as this work.

k=0 k=2
Parameter name  This work M21 This work M21
log,, 6, [rad] —0.980700% | >—0.25 | —0.43570%%8 | > —0.47
log,, Ey i, lerg] | 53.747%0000 | 54.29 | 53.7781014 | 53.25
log,o e [em™] | 0.16870%4 1.36 | 1.9807017%4 1.78

power law with time. They fix p = 2.01, so that e, is well-defined without requiring the in-
troduction of a new parameter y,_ ., the maximum Lorentz factor of the accelerated particle
distribution. Since we find p < 2 for both homogeneous and wind-like CBM, and we keep
the microphysical parameters constant over time, it is not straightforward to make compar-
isons between the microphysical parameters inferred in Misra et al. (2021) and this work.
However, it is still insightful to make comparisons for the dynamical parameters. Since they
assume &, = 0.02 in order to satisfy €, < 1 at early times, we need to multiply (Ej ;,, ,.s) by
a factor of 50 to make a fair comparison. We present the comparison between the dynamical
parameters in Table 6.5. Given the different assumptions for the microphysics, one should be
cautious before drawing any conclusions from such a comparison. However, for a wind-like
CBM, the parameters are remarkably consistent with each other. On the other hand, for a
homogeneous CBM (which is the favoured model in this work) the inferred parameters are
inconsistent. Furthermore, Misra et al. (2021) favour a MW type extinction curve in their
analysis, with a large A, value in the range of 1.9 to 2.4.

In order to understand where GRB 190114C stands within a large population of long GRBs,
we compare the inferred parameters with the results presented in Aksulu et al. (2021). The
inferred parameters for GRB 190114C along with the results for the large sample are shown
in Figures 6.3 and 6.4, for homogeneous and wind-like CBM models respectively. Since the
results in Aksulu et al. (2021) were also obtained assuming &, = 1, the presented plots
constitute a fair comparison. As can be seen, GRB 190114C is an outlier when compared
to the population of long GRBs. The dynamical parameters, besides 6,,, seem to lay on the
lower tail of the population. Although there are comparable GRBs in the sample, the majority
of GRBs have larger p values than the one inferred for GRB 190114C. GRB 190114C has
the largest €, parameter in the sample for both homogeneous and wind-like CBM models.
However, the reader should note that in Aksulu et al. (2021) have not included e, values
larger than unity for the prior distribution. Furthermore, it is possible that the inferred e,
value is over-estimated, due to the additional cooling effects of SSC emission which is not
taken into account in our models. This might lead the fitting algorithm to overcompensate
by increasing synchrotron cooling via the e, parameter.
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Figure 6.3: Comparison of the inferred parameters for GRB 190114C with the long GRB sample presented in Aksulu
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figure.
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Figure 6.4: Same as Figure 6.3, however for the wind-like CBM case.



6.6 Conclusions

6.6 Conclusions

We present new observations of the afterglow of GRB 190114C performed by MeerKAT
at 1.28 GHz (Diretse et al. in preparation). We collect observations from the literature in
radio/mm-wavelengths, optical, and X-rays to compile a broadband data set for the after-
glow of GRB 190114C.

We perform robust Bayesian inference to constrain the physics of this extraordinary GRB
based on the broadband afterglow emission. We make use of a forward shock model based
on 2D hydrodynamical simulations to capture the dynamics in a realistic fashion. We take
into account systematic deviations from our model by utilizing GPs, and robustly infer the dy-
namics, environment, and shock microphysics of GRB 190114C. When we perform Bayesian
model selection to discern between homogeneous and wind-like CBM density profiles, we
favour an homogeneous environment with a Bayes factor of ~ 10''.

We compare our results with similar studies performed for GRB 190114C, and also see how
the inferred parameters compare to a large sample of long GRBs. We find that GRB 190114C
possesses unusual microphysical parameters and is an outlier within a broader population of
GRBs. The unusual characteristics of this GRB might be a factor in generating TeV photons.
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6.A Posteriordistribution for the physical parameters and hyperparam-
eters
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Figure 6.5: Corner plot for the obtained posterior distribution from the Bayesian inference procedure assuming ho-
mogeneous CBM. The parameter descriptions can be found in Section 6.3. The parameters (A,1;,l,,w) are the hy-
perparameters of the GP, and the reader is referred to Aksulu et al. (2021, 2020) for detailed descriptions of these
parameters.
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English summary

Astrophysical jets are directional, beamed ejecta which are powered by a central engine.
Much of the non-thermal emission we observe in the Universe is powered by astrophysical
jets. Astrophysical jets have been observed over scales varying by many orders of magnitude,
from Active Galactic Nuclei (AGN), where the central engine is a supermassive black hole
with the mass of the order of 10° solar masses, to low mass X-ray binaries where the central
engine is either a very dense remnant of a star (i.e., neutron star) or a stellar mass black
hole. Despite much dedicated research we still lack the exact understanding of how such
jets are formed.

Gamma-ray bursts (GRBs) are astrophysical jets with extreme properties. They are the most
energetic explosions in the Universe, where a jet is ejected at nearly the speed of light. They
are the resulting outflow from either the merger of neutron stars or the violent deaths of mas-
sive stars. GRBs were first discovered during the Cold War, when the U.S. launched the Vela
satellites to enforce the treaty against testing nuclear weapons above ground. These satel-
lites carried gamma-ray instruments to detect any illegal nuclear detonations. Officially, the
Vela satellites did not detect any nuclear explosions, however, they accidentally discovered
the GRB phenomenon.

GRBs are initially detected as bright flashes of high-energy radiation (i.e., y rays) which can
last between 0.1 to 1000 seconds. Given that GRBs originate from outside of our Galaxy, the
observations of such bright flashes of y rays imply enormous energies for these catastrophic
events. The observed y-ray emission is called the prompt emission of a GRB. GRBs are cate-
gorized as short and long GRBs depending on the observed duration of the prompt emission.
Short GRBs are associated with neutron star mergers, and long GRBs are associated with
supernovae of massive stars. The exact physical mechanism which is responsible for the
observed flashes of gamma-rays is still debated. Following the prompt emission, when the
ultra-relativistic jet of a GRB starts to interact with its surrounding medium and sweeps up
material, external shocks are formed. In these shocks charged particles are accelerated and
magnetic fields are amplified, which results in synchrotron radiation observable throughout
the whole electromagnetic spectrum. This multi-wavelength radiation is called the afterglow
of the GRB. An illustration representing the various stages of GRBs can be seen in Figure A.
For a more detailed description of GRBs the reader is referred to Chapter 1.

The observed properties of the afterglow emission depend on the energy of the explosion, the
opening angle of the jet, the density of the surrounding medium with which the jet interacts,
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Figure A: Illustration of the different stages of GRBs. They are initially detected as flashes of y rays (the prompt
emission) followed by a long-lived broadband afterglow. Image credit: NASA’s Goddard Space Flight Center.

and the physics which govern how particles are accelerated in ultra-relativistic shocks. We
are able to capture the dynamical evolution of the jet thanks to recent advances in numerical
hydrodynamic simulations. Moreover, we are able to predict the observed afterglow emission
based on these simulations for given physical conditions. Utilizing such numerical afterglow
models and comparing the predictions with afterglow observations allows us to expand our
understanding of GRBs. In this thesis I make extensive use of Bayesian inference techniques,
with state-of-the-art numerical afterglow models, to measure the physical properties of GRBs.
These properties are described by certain quantities, which we call physical parameters, such
as the explosion energy, opening angle of the jet, density of the surrounding environment,
and the fraction of the explosion energy spent for accelerating the particles and amplifying
magnetic fields in the shocks. For each set of values of these parameters, one gets different
predicted light curves. The Bayesian inference technique is a statistical method of finding,
given all the measurements made of a specific GRB afterglow, which values of the physical
parameters lead to the best match between those measurements and the model, as well as
how much uncertainty remains in these values. A large fraction of the work for this thesis
was developing a method of doing so that was practical and robust. The overarching aim of
this thesis is to provide insights regarding the physics of GRBs by constraining their physical
parameters, and to probe how these parameters are distributed across the GRB population.

Although the numerical models are able to explain the general trends in the observed after-
glow emission, the observations exhibit a more complex evolution and can deviate from the
predicted general trends. Such systematic deviations can be the result of additional emission
mechanisms which are not included in the models. Also, as light travels toward the observer
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it can get absorbed by interstellar dust, and interact with the interstellar medium to increase
the observed variability. Moreover, as we need many different observatories with different
characteristics to capture the broadband evolution of the afterglow emission, instrumental
systematics also complicate the afterglow data sets. All these different processes introduce
systematic deviations to the observed afterglow emission. In Chapter 2, we introduce a new
method for modelling the afterglow emission of GRBs. We find that traditional modelling
methods result in unrealistic parameter estimates when systematics are present in the data
sets. We make use of Gaussian processes (GP) to take into account any systematic deviations
from the models. GPs are stochastic processes which allow us to identify any correlations
between the data points, and make predictions accordingly. Since we do not have an exact
description of the processes contributing to the systematics, we make use of GPs to model
any deviations from the afterglow model in a non-parametric fashion. Using synthetic data
sets, we demonstrate that the proposed method leads to more robust parameter estimates.
Furthermore, we apply this new method on well-studied, archival GRB afterglow data sets,
and compare our results with previous studies.

In Chapter 3, we make use of the above-mentioned method to model a sample of 26 GRBs.
Our sample consists of 22 long GRBs and 4 short GRBs with available, well-sampled, broad-
band afterglow data sets. In this study we aim to understand how the various GRB param-
eters (such as the explosion energy, opening angle, environment density and shock proper-
ties) are distributed across the population. We accomplish this by modelling each individual
GRB in the sample using the method introduced in Chapter 2. We present the inferred pa-
rameters of the GRB sample and comment on how these parameters are distributed across
the population. We find that, despite the fact that the observed prompt emission of short
GRBs is fainter than long GRBs, they have similar explosion energies. This suggests that the
emission mechanism producing the y rays is less efficient in the case of short GRBs.

In Chapter 4, we take a different approach to probe the parameter distributions of the GRB
population. Instead of modelling individual GRBs, we conduct a population study based
on a limited sample of long GRBs. We build a numerical tool which is able to generate a
synthetic population of GRBs for given parameter distributions, and output distributions
of the observables. In order to make a fair comparison between the synthetic population
and the observed sample, it is crucial to take into account the selection effects, which we
accomplish by only including GRBs over a certain brightness in our sample. We make use of
Bayesian inference in order to infer the distribution parameters of the synthetic population,
which successfully reproduces the observed properties of the long GRB sample. Furthermore,
we compare the inferred synthetic population to the above-mentioned modelling results of
individual GRBs, which is presented in Chapter 3, and find that the parameter distributions
agree with each other. Based on the inferred properties of the GRB population, we also
briefly comment on how future observatories can help us to gain a better understanding of
GRB physics.

In Chapter 5, we present the first results for the Australia Telescope Compact Array (ATCA)
rapid-response mode observations triggered on a short GRB (GRB 181123B). With the begin-
ning of the multi-messenger era in Astronomy it has become important to quickly follow-up
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on gravitational wave (GW) events. ATCA started observations ~ 12.6 hours after the initial
trigger of short GRB 181123B. Although there were no significant detections, ATCA was able
to obtain upper limits on the afterglow emission. In this study, I led the modelling efforts
to understand how such early-time observations can help constrain the physics of GRBs.
We demonstrate that even upper limits help to constrain the model parameters. We show
that, especially, the required amount of energy to accelerate particles in GRB shocks can be
constrained using these observations.

In Chapter 6, we derive the physical parameters of the “MAGIC” GRB 190114C, which is the
first GRB detected at extremely high (TeV) photon energies. We present new radio follow-up
observation obtained by the Meer Karoo Array Telescope (MeerKAT) and collect additional
observations from the literature in radio/mm-wavelengths, optical, and X-ray bands in order
to compile a broadband data set for the afterglow of GRB 190114C. Furthermore, we make
use of the method introduced in Chapter 2 to robustly infer the physical parameters of this
exceptional GRB. We find that the particle are accelerated to higher energies than expected
from canonical GRBs, which might be one of the reasons that this GRB emitted TeV photons.
We compare the inferred parameters of GRB 190114C with a large sample of long GRBs (see
Chapter 3) and find that this GRB constitutes an outlier within the GRB population. This
might indicate that TeV emitting GRBs are relatively rare.



Nederlandse samenvatting

Astrofysische jets zijn gerichte, uitgestraalde ejecta die worden aangedreven door een cen-
trale ‘motor’. Een groot deel van de niet-thermische straling die we in het heelal waarnemen,
wordt veroorzaakt door astrofysische jets. Astrofysische jets zijn waargenomen op schalen
die vele orden van grootte kunnen variéren, van actieve melkwegkernen (AGN), waar de
centrale motor een superzwaar zwart gat is met een massa in de orde van 10° zonsmassa’s,
tot een lage-massa rontgendubbelster, waar de centrale motor ofwel een zeer dicht overblijf-
sel van een ster (neutronenster) is, ofwel een zwart gat met een stellaire massa. Ondanks
veel doelgericht onderzoek weten we nog steeds niet precies hoe zulke jets worden gevormd.

Gammaflitsen (GRBs) zijn astrofysische jets met extreme eigenschappen. Het zijn de meest
energetische explosies in het heelal, waarbij een jet wordt uitgestoten met bijna de snelheid
van het licht. Ze zijn het resultaat van de fusie van neutronensterren of de gewelddadige
dood van zware sterren. GRBs werden voor het eerst ontdekt tijdens de Koude Oorlog, toen
de V.S. de Vela-satellieten lanceerden satellieten lanceerden om naleving van het verdrag
tegen het testen van kernwapens boven de grond te bewaken. Deze satellieten waren uitge-
rust met gammastraalinstrumenten om illegale nucleaire detonaties op te sporen. Officieel
hebben de Vela-satellieten geen nucleaire explosies gedetecteerd, maar ze ontdekten per
ongeluk het GRB fenomeen.

GRBs worden het eerst waargenomen als heldere flitsen van hoogenergetische straling (d.w.z.
gammastralen) die tussen 0.1 en 1000 seconden kunnen duren. Aangezien GRBs van buiten
ons melkwegstelsel komen, impliceren de waarnemingen van zulke heldere flitsen enorme
energieén voor deze catastrofale gebeurtenissen. De waargenomen emissie van gammastra-
len wordt de "prompt emission”van een GRB genoemd. GRBs worden ingedeeld in korte en
lange GRBs, afhankelijk van de waargenomen duur van de prompt emission. Korte GRBs
worden in verband gebracht met fusies van neutronensterren, en lange GRBs met superno-
vae van zware sterren. Het precieze fysische mechanisme dat verantwoordelijk is voor de
waargenomen flitsen van gammastraling is nog steeds onderwerp van discussie. Wanneer de
ultra-relativistische jet van een GRB in wisselwerking treedt met het omringende medium
en materiaal opveegt, worden externe schokken gevormd. In deze schokken worden geladen
deeltjes versneld en worden magnetische velden versterkt, hetgeen resulteert in synchrotron-
straling die over het gehele elektromagnetische spectrum kan worden waargenomen. Deze
multigolflengtestraling wordt de nagloeier van de GRB genoemd. Een illustratie van de ver-
schillende stadia van GRBs is te zien in Figuur A. Voor een meer gedetailleerde beschrijving
van GRBs wordt de lezer verwezen naar Hoofdstuk 1.
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Figuur A: Illustratie van de verschillende stadia van GRBs. Ze worden aanvankelijk waargenomen als flitsen van
gamma-stralen (de prompt emissie), gevolgd door een langlevende breedbandige nagloei. Afbeelding credit: NASA’s
Goddard Space Flight Center.

De eigenschappen van de nagloei-emissie hangen af van de energie van de explosie, de ope-
ningshoek van de jet, de dichtheid van het omringende medium waarmee de jet wisselwerkt,
en de fysica die bepaalt hoe deeltjes versneld worden in ultra-relativistische schokken. We
zijn in staat om de dynamische evolutie van de jet te beschrijven dankzij recente vooruitgang
in numerieke hydrodynamische simulaties. Bovendien zijn we in staat om de waargenomen
nagloei-emissie te voorspellen op basis van deze simulaties voor gegeven fysische condities.
Het gebruik van zulke numerieke nagloeimodellen en het vergelijken van de voorspellin-
gen met nagloeiwaarnemingen stelt ons in staat om ons begrip van GRBs te vergroten. In
dit proefschrift maak ik uitgebreid gebruik van Bayesiaanse inferentietechnieken, met state-
of-the-art numerieke nagloeimodellen, om de fysische eigenschappen van GRBs te meten.
Deze eigenschappen worden beschreven door bepaalde grootheden, die we fysische para-
meters noemen, zoals de explosie-energie, de openingshoek van de jet, de dichtheid van
de omgeving, en de fractie van de explosie-energie die besteed wordt aan het versnellen
van de deeltjes en het versterken van magnetische velden in de schokken. Voor elke reeks
waarden van deze parameters krijgt men verschillende voorspelde lichtkrommen. De Bay-
esiaanse inferentietechniek is een statistische methode om, gegeven alle metingen die aan
een specifieke GRB nagloeier zijn gedaan, te vinden welke waarden van de fysische parame-
ters leiden tot de beste overeenkomst tussen die metingen en het model, alsmede hoeveel
onzekerheid er in die waarden overblijft. Een groot deel van het werk voor dit proefschrift
bestond uit het ontwikkelen van een methode om dit te doen die praktisch en robuust is.
Het overkoepelende doel van dit proefschrift is inzicht te verschaffen in de fysica van GRBs
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door hun fysische parameters te bepalen, en te onderzoeken hoe deze parameters verdeeld
zijn over de GRB-populatie.

Hoewel de numerieke modellen in staat zijn de algemene trends in de waargenomen na-
gloeiemissie te verklaren, vertonen de waarnemingen een complexere evolutie en kunnen
zij afwijken van de voorspelde algemene trends. Dergelijke systematische afwijkingen kun-
nen het gevolg zijn van extra emissiemechanismen die niet in de modellen zijn opgenomen.
Bovendien kan het licht op zijn weg naar de waarnemer geabsorbeerd worden door interstel-
lair stof en wisselwerken met het interstellaire medium, waardoor de waargenomen variabi-
liteit toeneemt. Omdat we veel verschillende observatoria met verschillende eigenschappen
nodig hebben om de breedbandige evolutie van de nagloeier vast te leggen, bemoeilijkt de
instrumentele systematiek ook de nagloei-datasets. Al deze verschillende processen leiden
tot systematische afwijkingen van de waargenomen nagloeier. In Hoofdstuk 2 introduce-
ren we een nieuwe methode voor het modelleren van de nagloei-emissie van GRBs. We
vinden dat traditionele modelleringsmethoden resulteren in onrealistische parameterschat-
tingen wanneer er systematiek in de datasets aanwezig is. Wij maken gebruik van Gaussi-
sche processen (GP) om rekening te houden met eventuele systematische afwijkingen van
de modellen. GPs zijn stochastische processen die ons in staat stellen eventuele correlaties
tussen de datapunten te identificeren, en dienovereenkomstig voorspellingen te doen. Aan-
gezien wij niet beschikken over een exacte beschrijving van de processen die bijdragen tot de
systematiek, maken wij gebruik van GPs om afwijkingen van het nagloeimodel op een niet-
parametrische manier te modelleren. Met behulp van synthetische datasets tonen we aan
dat de voorgestelde methode leidt tot robuustere parameterschattingen. Verder passen we
deze nieuwe methode toe op datasets van goed bestudeerde GRB-nagloeiers, en vergelijken
onze resultaten met eerdere studies.

In Hoofdstuk 3 maken we gebruik van de hierboven vermelde methode om een steekproef
van 26 GRBs te modelleren. Onze steekproef bestaat uit 22 lange GRBs en 4 korte GRBs met
beschikbare, goed bemonsterde, breedbandige nagloei-datasets. In deze studie willen we
begrijpen hoe de verschillende GRB-parameters (zoals de explosie-energie, openingshoek,
omgevingsdichtheid en schok-eigenschappen) verdeeld zijn over de populatie. We doen dit
door een model te maken van elke individuele GRB in de steekproef met behulp van de
methode geintroduceerd in Hoofdstuk 2. We presenteren de afgeleide parameters van de
GRB steekproef en bespreken hoe deze parameters verdeeld zijn over de populatie. We vin-
den dat, ondanks het feit dat de waargenomen prompt emission van korte GRBs zwakker is
dan die van lange GRBs, ze vergelijkbare explosie-energieén hebben. Dit suggereert dat het
emissiemechanisme dat de gammastraling produceert minder efficiént is in het geval van
korte GRBs.

In Hoofdstuk 4 kiezen we een andere aanpak om de parameterverdelingen van de GRB-
populatie te onderzoeken. In plaats van individuele GRBs te modelleren, voeren we een
populatiestudie uit op basis van een beperkte steekproef van lange GRBs. We bouwen een
numeriek instrument dat in staat is om een synthetische populatie van GRBs te genereren
voor gegeven parameterverdelingen, en uitgangsverdelingen van de waarneembare groot-
heden. Om een eerlijke vergelijking te kunnen maken tussen de synthetische populatie en
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de waargenomen steekproef, is het cruciaal om rekening te houden met selectie-effecten,
wat we bereiken door alleen GRBs boven een bepaalde helderheid in onze steekproef op te
nemen. We maken gebruik van Bayesiaanse inferentie om de distributieparameters van de
synthetische populatie af te leiden, die met succes de waargenomen eigenschappen van de
lange GRB steekproef reproduceert. Verder vergelijken we de afgeleide synthetische popu-
latie met de bovengenoemde modelresultaten van individuele GRBs, die worden gepresen-
teerd in Hoofdstuk 3, en vinden dat de parameterverdelingen met elkaar overeenkomen. Op
basis van de afgeleide eigenschappen van de GRB populatie, geven we ook kort commentaar
op hoe toekomstige observatoria ons kunnen helpen om een beter begrip te krijgen van de
GRB fysica.

In Hoofdstuk 5 presenteren we de eerste resultaten van de snelle-reactie waarnemingen
van de Australia Telescope Compact Array (ATCA) naar aanleiding van een korte GRB (GRB
181123B). Met het begin van het multi-messenger tijdperk in de astronomie is het belangrijk
geworden om gebeurtenissen met zwaartekrachtgolven (GW) snel op te volgen. ATCA begon
met waarnemingen ~ 12.6 uur na de eerste trigger van de korte GRB 181123B. Hoewel er
geen significante detecties waren, was ATCA in staat om bovengrenzen te stellen aan de
nagloei-emissie. In deze studie leidde ik de modelleringsinspanningen om te begrijpen hoe
zulke vroege waarnemingen de fysica van GRBs kunnen helpen inperken. We tonen aan dat
zelfs bovengrenzen helpen om de modelparameters in te perken. We tonen aan dat, in het
bijzonder, de hoeveelheid energie die nodig is om deeltjes in GRB-schokken te versnellen,
beter kan worden ingeperkt met behulp van deze waarnemingen.

In Hoofdstuk 6 leiden we de fysische parameters af van de “MAGIC” GRB 190114C, die de
eerste GRB is die gedetecteerd werd bij extreem hoge (TeV) fotonenergieén. We presenteren
nieuwe radio follow-up waarnemingen, verkregen door de Meer Karoo Array Telescope (Meer-
KAT) en verzamelen aanvullende waarnemingen uit de literatuur in radio/mm-golflengten,
optische, en réntgenbanden om een breedbandige dataset samen te stellen voor de nagloeier
van GRB 190114C. Verder maken we gebruik van de methode geintroduceerd in Hoofdstuk
1 om de fysische parameters van deze uitzonderlijke GRB op een robuuste manier af te lei-
den. We vinden dat de deeltjes versneld zijn tot hogere energieén dan verwacht wordt van
canonieke GRBs, wat een van de redenen zou kunnen zijn dat deze GRB TeV fotonen heeft
uitgezonden. We vergelijken de afgeleide parameters van GRB 190114C met een grote steek-
proef van lange GRBs (zie Hoofdstuk 3) en vinden dat deze GRB een uitschieter is binnen de
GRB-populatie. Dit zou erop kunnen wijzen dat GRBs die TeV uitzenden relatief zeldzaam
zijn.
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