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Abstract

The thesis presents a comprehensive analysis of thermal components observed

in the afterglows of gamma-ray bursts (GRBs) via multi-wavelength obser-

vations. The primary objective is to unravel the mechanisms and charac-

teristics that shape the early afterglow emission phases. The study predomi-

nantly focuses on three specific GRB events: GRB 100316D, GRB 060218, and

GW170817. For GRB 100316D, it was determined that UV/optical/X-ray

emissions within 33-52 ks intervals indicate a blackbody component, poten-

tially suggesting a cooling envelope post-shock-breakout. A similar thermal

emission pattern observed in GRB 060218 hints at potential commonalities

in their underlying processes. Upon re-examination of GRB 060218, a syn-

chrotron component in the initial 1350s of the UV/optical spectra was iden-

tified, indicating a low-luminosity jet interaction after a core collapse. This

phase is succeeded by dominant thermal radiation, with spectral data between

1350-10,000s aligning most accurately with a spherically outflowing blackbody

model and an additional power-law component at X-ray wavelengths. In the

case of GW170817, the simultaneous detection of a short gamma-ray burst

coupled with a gravitational wave from a binary neutron star merger solidified

the prevailing theory that such mergers can be precursors to short gamma-ray

bursts. It was observed that immediate UV emissions, followed by UV/optical

thermal emissions, support the hypothesis of an r-process event post-merger.

Additionally, the thesis explores the influence of redshift on the detectability

of thermal components in GRBs associated with supernovae. Higher redshift

GRBs tend to show thermal detection in the XRT spectrum, possibly a result
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of cosmological dimming. The potential universality of thermal components in

GRBs, occasionally overshadowed by the afterglow’s luminosity, underscores

the importance of multi-wavelength observations. The research endeavours to

deepen the understanding of the origins, intricate characteristics, and wider

ramifications of thermal emissions in GRBs.
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Impact Statement

This research delves into the nuanced understanding of thermal components in

gamma-ray burst (GRB) afterglows, a field that holds profound implications

for our comprehension of some of the universe’s most energetic phenomena.

My study contributes significantly to the existing knowledge on GRB af-

terglows. The emphasis on how we observe GRBs with associated supernovae

in the early detection phase has revealed the importance of UV observations in

the initial days following a burst. This is especially pivotal for low-luminous,

nearby GRBs, where synchrotron emission is expected to be lower. The find-

ings underscore the potential for enhancing observational techniques, possibly

impacting UVOT observational modes and driving the case for UV-focused

observations during such events.

Furthermore, during my tenure as the burst advocate for the UVOT team

on the SWIFT space telescope, I had the privilege of being involved in ground-

breaking astronomical events such as GRB171205A, GRB161219B, and no-

tably, GW170817. This last event marked the first correlation between a GRB

and a gravitational wave, elucidating that short GRBs originate from neutron

star mergers. The expertise and methodologies developed for analysing ther-

mal components in GRBs like 060218 and 100316D were pivotal in decoding

these bursts, further enriching our understanding of early thermal components

in GRB afterglows.

The broader implications of this research extend to our holistic comprehen-

sion of GRB afterglows. By enhancing our grasp on GRB emission mechanisms

and their interaction with their surrounding medium, we are better positioned
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to predict and analyse future events. The work on gravitational waves, par-

ticularly, holds massive repercussions; being a part of the data analysis for

what was undeniably a blue kilonova, one of the most significant discoveries

in astrophysics in recent times, emphasises the magnitude of this research’s

contribution.

The findings from this research have been presented at various academic

conferences and gatherings, fostering dialogue and collaboration within the

astrophysical community.

Looking ahead, the next gravitational wave correlated with a GRB will

necessitate rapid UV follow-ups. Any GRBs detected alongside a supernova,

or those that are proximate with low luminosity, should prioritise early UV

observations to further our insights into thermal components in GRBs. Spin-

off projects could also explore GRBs not only associated with supernovae but

those that are nearby and exhibit low luminosity, offering a broader scope for

understanding these cosmic phenomena.
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Chapter 1

Introductory Material

1.1 A Short History

First detected in 1969 by the Vela satellites, specifically Vela 5A, 5B, and 6B

(Klebesadel et al., 1973), Gamma-ray bursts (GRBs) are powerful, brief, and

intense photon flashes. These bursts exhibit energies in the range of ∼ 100

keV to 1 MeV. The discovery of GRBs spurred the launch of numerous satel-

lite detectors and the formulation of various models and theories to decipher

the origins of these photon surges. Initially, the prevailing belief was that

GRBs emanated from galactic neutron stars. However, this hypothesis was

debunked following observations from the Burst and Transient Source Exper-

iment (BATSE) onboard the Compton Gamma Ray Observatory (CGRO).

Until circa 1996, GRB localisations were either delayed and accurate (i.e.,

localisations provided by the Interplanetary Network (IPN) gave arcmin lo-

calisations on the timescale of days); or rapid and not so accurate (i.e., 2 °

error circle localisations on the timescale of just minutes after the GRB trigger

provided by BATSE). Given these problems, different strategies were devised

and pursued to capture and observe the corresponding optical emission of the

GRBs detected. What was required was an instrument that produced more

accurate and quicker localisations

BeppoSAX, a satellite for X-ray astronomy, was launched in 1996. The

instruments aboard BeppoSAX provided localisation accuracies of ∼5 ′ with
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notification within a few minutes of the GRB trigger. BeppoSAX also had a

slewing time of just a few hours and the ability to re-point its narrow-field

X-ray telescope. The first BeppoSAX breakthrough came when the satellite

discovered that in the double peaked GRB 970228 (Costa et al., 1997) there was

an X-ray counterpart. The burst was detected by the Gamma Ray Burst Mon-

itor (GRBM) and observed with the Wide Field Camera on- board BeppoSAX.

From the position determined by BeppoSAX, identification of an afterglow was

found in the optical (Van Paradijs et al., 1997). Following GRB 970228, was

the rapid localisation of GRB 970508, which enabled the first measurement

of the redshift via optical spectroscopy and provided the first measurement

of radio afterglow. GRB 970508 was observed in gamma-rays using BATSE

(Kouveliotou, 1997) and in X-rays with BeppoSAX (Piro, 1997). This pri-

mary emission was subsequently accompanied by X-rays, optical, and radio

afterglow signals (Bond, 1997; Frail et al., 1997). Through spectral analysis of

the optical transient taken by Keck, a redshift of z = 0.835 was determined.

This confirmed the origins of GRBs to be extragalactic.

A great step in our understanding of the progenitors of these bursts was

the detection of GRB 980425, a burst with a low peak flux compared to typical

GRBs. Using the Wide Field Camera on BeppoSAX, a location was determined

with an uncertainty of 8 arcminutes. Subsequent ground-based observations

from the New Technology Telescope unveiled the occurrence of a type Ic super-

nova, SN1998bw, coinciding with the timing of the GRB (Galama et al., 1998),

Piran (1998). This discovery, stemming from GRB 980425, marked the initial

evidence hinting at a potential link between GRBs and supernovae (Pian et al.,

1999).

At the turn of the millennium, was the launch of both the High Energy

Transient Explorer (HETE-2) in the year 2000, and INTEGRAL (Winkler,

1994) in 2002. Both HETE-2 and INTEGRAL were space satellites designed

to detect GRBs quickly and provide a better localisation than the BATSE

detectors. However the detection of the prompt emission and the afterglow
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follow-up observation were delayed by several hours and therefore a new mis-

sion was needed to provide observations of the afterglow shortly after the trig-

ger. This issue was solved with the launch of Swift. Swift is a multi-wavelength

satellite observatory, and was launched on November 2004. The Swift satellite

was equipped with the necessary instruments to detect both the GRB in the

gamma-rays and its afterglow in X-ray, optical and UV.

1.2 Observed properties of Gamma-Ray Bursts

1.2.1 Prompt Emission

1.2.1.1 Temporal Structure

Unlike the typical time structures observed in novae or supernovae, GRB light

curves exhibit a broad range of disparities. The timing and pulsations of

GRBs can vary greatly: some display a singular peak, whereas others manifest

multiple distinct peaks of diverse intensities. Certain light curves present a

brief, faint pulse preceding more pronounced pulses. Additionally, many GRB

light curves seem random, lacking any discernible pattern. Whilst the time

profiles of GRBs appear random, some general features appear to be prevalent.

For most bursts, more gamma-ray emission occurs at the beginning of the

burst. Some bursts that have well-resolved pulse frequency and smooth pulses

show a Fast Rise and Exponential Decay (FRED) profile. In cases where the

initial pulse that triggered the detector is weak relative to the remaining burst

emission, the pulse is known as a precursor event.

The term T90 was introduced to express the duration of the prompt

gamma-ray emission. T90 is defined as the time during which the cumula-

tive counts increase from 5% to 95% above background, thus encompassing

90% of the total GRB counts (Kouveliotou et al., 1993).

A distinctive feature of the data plots of the 2704 GRBs detected by

BATSE is the bi-modality in the duration. This bimodal distribution demon-

strated that GRBs can be classified in to two groups: short and long GRBs.

Short GRBs have an average T90 of ∼ 0.3 s and long GRBs have an average
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T90 of ∼ 30 s. The bi-modality of GRBs is not only restricted by duration,

but also by spectral hardness; the distribution of BATSE detected GRBs can

also be grouped by their different average hardness ratios (Kouveliotou et al.,

1993).

Figure 1.1: T90 Distribution from 2704 BATSE GRBs. This image displays the du-
rations of the 4B Catalog Gamma-Ray Bursts 1

In recent years, a proposal for a new class of GRBs has emerged: ultra

long GRBs have a T90 exceeding 1000 s. GRB 111209A at redshift z=0.677 is

a good example of this: it is the longest GRB ever observed, as it has a rest

frame prompt emission duration of ∼ 4 hours.

1.2.1.2 Energetics

The energy of a GRB cannot be directly determined from the total energy

emitted due to uncertainties in the jet angle. Hence, the isotropic-equivalent

energy, Eiso, is employed. Eiso represents the energy a GRB would radiate if it

were to spread out evenly in all directions with the same flux as observed from

1http://www.batse.msfc.nasa.gov/batse/grb/duration/

http://www.batse.msfc.nasa.gov/batse/grb/duration/
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our vantage point. The ability to measure the fluence of a specific GRB is con-

strained by the detector’s energy range. For a specified observer frame energy

range, [e1,e2], Eiso depends on the fluence recorded within this range, defined

as S[e1,e2] =
∫ e2

e1
ES0φ(E)dE. Here, φ(E) denotes the GRB’s time-integrated

spectral shape, S[e1,e2] is the fluence measured in that range, and S0 is the nor-

malisation in terms of photons per unit area per unit energy. Eiso is defined

as

Eiso =
4πD2

l
1 + z

S. (1.1)

In this context, z represents the redshift and Dl denotes the luminosity distance

of the GRB. The isotropic-equivalent radiated energy, Eiso, varies widely among

GRBs, ranging from the relatively low energy of GRB 980425 at 1052 erg, to

the exceptionally high energy of GRB 080916C at 8.8×1054 erg. To illustrate

the magnitude of energy released by GRB 080916C, consider its conversion

into mass using E = mc2, where c is the speed of light. This yields a mass

equivalence of approximately 9.78× 1030 kg, or nearly five times the mass of

the sun, which is around 1.989×1030 kg.

For meaningful comparisons of isotropic energies across different GRBs,

Eiso must be translated to the rest frame using a standardized rest frame energy

range (Bloom et al., 2001). The translation from the observer frame isotropic-

equivalent energy to a specified rest frame energy range, [E1,E2], involves the

application of a k-correction. This k-correction is essentially the ratio of the

measured fluence in the rest frame energy range [E1/(1 + z),E2/(1 + z)] to the

fluence measured in the observer frame energy range [e1,e2]. Mathematically,

this is expressed as:

k =

∫ E2/(1+z)
E1/(1+z) Eφ(E)dE∫ e2

e1
Eφ(E)dE

(1.2)

Upon applying this k-correction, the resultant isotropic-equivalent energy,

termed as Eiso,k, is found by multiplying Eiso with k. This relationship is

captured by:

Eiso,k = Eiso× k =
4πD2

l
1 + z

S× k. (1.3)



1.2. Observed properties of Gamma-Ray Bursts 47

1.2.1.3 Spectrum

The prompt emission is comprised of soft gamma rays that carry the bulk of

the energy of the GRB, and also both higher-energy and lower-energy photons

that arrive simultaneously. The spectrum associated with the prompt emission

is non-thermal. The best phenomenological fit for the spectrum is by using the

Band function first introduced by Band et al. (1993). The flux as function of

energy, F(E) is characterised by two power laws joined smoothly at the break

energy, (α - β )E0:

F(E) = A


( E

100 keV

)α e
[
− E

E0

]
, E ≤ (α−β )E0,( E

100 keV

)β e(β−α)
(

(α−β )E0
100 keV

)α−β

, E > (α−β )E0,
(1.4)

Although there is no specific theoretical model that predicts this spectral

profile, it provides a good fit for most observed GRB spectra. The value for

the peak energy in the νFν spectrum is Ep = (α + 2)E0. Based on samples of

GRB spectra by Preece et al. (2000) and Kaneko et al. (2006), the lower- and

higher-energy spectral indices are distributed around mean values of α ≈ −1

and β ≈ −2.25, respectively. Preece et al. (2000) used a sample of bursts

with duration 1.66 - 278 s and Kaneko et al. (2006) used the whole BATSE

catalogue of 2704, including 17 short, GRBs. The distribution of Ep is larger

than the distribution of E0 and for most bursts the peak energy is within the

range 100 - 400 keV, with the mean value of ∼200 keV. Kaneko et al. (2006)

shows small discrepancies between short and long GRBs with respect to the

low and high energy indices and the calculated peak energy.

The discovery of X-ray flashes (XRF)s (Heise et al., 2001), showed the low

peak energy cut-off to be false. XRFs have similar time profiles as GRBs, but

with lower typical energy and have a softer prompt emission spectrum than

GRBs.
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1.2.2 Afterglow

Afterglows originate from relativistic blast waves, which provide insights into

the Lorentz factors of these waves. The Lorentz factor, denoted as γ , for such a

wave can often reach values in the hundreds. Typically, each source produces

a single afterglow event. This afterglow is predominantly characterised by

synchrotron emission spanning a wide range of wavelengths, from radio to X-

rays. Due to the relativistic motion of particles within the blast, when they

are accelerated at right angles to a robust local magnetic field, they emit

this synchrotron radiation. Electrons are believed to play a pivotal role in

this process, given their pronounced radiation properties compared to other

particles. As a result, only electrons are considered significant contributors

to this synchrotron radiation, while other particles are largely disregarded.

Although local magnetic fields are incorporated into this model, overarching

intense magnetic fields are perceived to have a minimal impact on the blast

waves responsible for the afterglow (van Paradijs et al., 2000).

1.2.2.1 Temporal structure

Afterglows linked with GRBs have been observed to persist for durations rang-

ing from days to even years following the initial prompt emission (De Pasquale

et al., 2016). The behaviour of the early-time afterglow is significantly mod-

ulated by the range of observed wavelengths. Numerous initial X-ray light

curve patterns can be depicted using three or occasionally four power-law seg-

ments, with the relation Fν ∝ ν−β t−α (Nousek et al., 2006). The first power-law

segment (referred to as phase I) showcases a bright, steep decay phase with

3 < α1 < 5. It seamlessly bridges the prompt emission both in terms of time

and spectrum, typically enduring for several hundred seconds. Following this

is the plateau phase (phase II), characterised by a comparatively flat decay

index with 0.5≤ α ≤ 1.0. Post the plateau phase, there’s a transition around

103 to 104 seconds into a sharper phase, termed phase III, with α3≈ 1.2. A po-

tential concluding phase, occurring between 104 and 105 seconds post prompt

emission (designated as phase IV), is recognised as the jet break. This phase
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is marked by an even steeper decay, with α4 ≈ 2.2. Nevertheless, only a sub-

set of bursts observed by Swift exhibit signs of the X-ray jet break (Racusin

et al., 2009). While flares might overlay any segment of the power-law in the

light curve, they are predominantly observed during the earlier phases, making

them more prevalent in phases I and II (Willingale et al., 2007).

Figure 1.2: A schematic diagram showing the power-law segments and breaking
times of the early X-ray afterglow light curve. The temporal index and
time period is shown for each phase of the afterglow, each phase repre-
sents a separate power law segment. This figure is based on a diagram
3 within Nousek et al. (2006).

In most cases, the optical light curve can be represented by a single power-

law. In some cases, the optical afterglow can be best fit with a broken power-

law model. Current observations made by Swift indicate that at early times

(<500 s) the mean temporal index is αopt ∼ 0.5 (Oates et al., 2009). Whilst,

on average, at early times, the optical afterglows decay in flux with time, there

is a large variation in αopt at early times. Some light curves have a steep rise

before decaying. However, for times >500 s all the light curves used by Oates
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et al. (2009) decay. Importantly, Oates et al. (2009) looked at the UVOT V

band normalised light curves of GRB afterglows and observed a significant

trend where the brightest optical afterglows, defined as those with the highest

peak magnitudes within the first 500 s, tend to decay the quickest. This faster

decay is quantified by the steeper negative values of the temporal decay index

α for brighter bursts post 500 s, suggesting a stronger correlation between

brightness of the afterglow and decay rate in the observed frame.

1.2.2.2 Energetics

The optical afterglow can be as bright as 5th magnitude (GRB 080319B).

GRB 080319B was extremely luminous, and was visible with the naked eye.

The brightness of the optical afterglow varies significantly with the extinction

of photons from dust in the line of sight to the burst, or the absorption by

neutral hydrogen gas at high redshifts. In GRBs observed by Swift, most host

galaxy extinction curves are similar to that of the Small Magellanic Cloud

(SMC) (Schady et al., 2010). The amount of extinction in the lines of sight

to observed GRBs ranges from almost no extinction (GRB 050908) to GRBs

with detected X-ray afterglow emission and no optical-UV emission, where the

extinction is large. X-ray afterglow measurements provide a good measure

of the intrinsic energies for GRB afterglows, because the inter-stellar medium

(ISM) is almost transparent at energies >2 keV.

1.2.2.3 Spectrum

Like the prompt gamma-ray spectrum, the afterglow spectrum is also non-

thermal. The dominating emission process is thought to be synchrotron emis-

sion. This is evident by the broad-band spectrum. In some cases inverse

Compton scattering can be the dominant emission mechanism in the X-rays

(Harrison et al., 2001). Most typical X-ray afterglow spectra can be fit well

by an absorbed power law model with a photon index β ∼ 1, with a column

density, NH , ranging between 1020 - 1022 cm−2.
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1.3 Models for gamma-ray burst progenitors

To accurately model GRBs, you need a model that can explain the currently

observed features of GRBs. It needs to describe how energies in the range

1051−53 erg can be released on a timescale of seconds, with a considerable

variability in the light curves.

The only mechanism that can produce this amount of energy is from the

accretion of stellar material onto a newly formed black hole. A degree of ro-

tation is required for the accretion disk to form, because when materials fall

into it, it is accumulated onto the equator, forming a torus of accreting matter

around the BH. A funnel forms along the rotational axis of the torus; gravita-

tional energy is converted to outflowing kinetic energy via neutrino annihilation

or Blandford-Znajek mechanism (in the presence of a strong magnetic field),

and is released along the rotation axis producing jets (Woosley, 1993a).

Calculations of neutrino annihilation above the torus suggest that neu-

trino annihilation alone could explain the observed bursts (Fryer and Mészáros,

2003). Neutrinos and antineutrinos annihilate to form electron-positron pairs.

Neutrino-annihilation above the disk can input high energy and momentum,

and exert pressure against the infalling matter. The annihilation occurs mainly

on the rotation axis, in regions with little baryonic loading, as this would

dampen the neutrino energy. Once the electron-positron pair radiation pres-

sure exceeds the gravitational energy, the fireball expands and converts its in-

ternal energy into kinetic energy, until the expanding shell achieves a maximum

velocity. Afterward, the shell grows with constant Lorentz factor (Γ = 1√
1− v2

c2

)

into the external medium, where it sweeps up the material. At this point,

the shell is decelerating and converting its kinetic energy into radiation via

synchrotron radiation (Woosley, 1993a).

The large variability in the gamma-ray light curves on the scale of ∆t '

10ms implies that the sources are compact, R < c∆t ' 3000km. The high

energy γ-ray photons could interact with lower energy photons and produce

electron-positron pairs via γγ→ e+e−. The corresponding optical depth for this
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process is larger than unity (�1). This optical depth is in disagreement with

the observed non-thermal GRB spectrum, which indicated that the sources

must be optically thin (Goodman, 1986). Considering relativistic effects solves

the compactness problem (Krolik and Pier, 1991). If the outflow possesses a

bulk Lorentz factor of Γ, photon energies will experience a blue shift by this

factor. Consequently, the observed energy of the prompt emission at the source

would be reduced by a factor of Γ. This reduction diminishes the fraction of

photons that exceed the pair production threshold, thereby decreasing the pair

production rate (Krolik and Pier, 1991).

If the outflow is moving with bulk Lorentz factor Γ, the photon energies

are blue-shifted by a factor of Γ. The observed prompt emission energy at the

source would be a factor of Γ less and will reduce the fraction of photons above

the pair production threshold, and this will reduce the pair production rate

(Krolik and Pier, 1991). The relativistic motion also increases the physical size

of the emission region by a factor of Γ2; this will decrease the pair production

optical depth by a factor of Γ4. Optical depths < 1 can be achieved in most

GRBs with a bulk Lorentz factor of Γ≥ 100.

Currently, it is thought that short GRBs are formed from the merging of

compact objects, such as black holes merging with neutron stars, in regions

where star formation rate is relatively small (Blinnikov et al., 1984; Lattimer

and Schramm, 1976). Conversely, long GRBs are associated with areas of large

star-formation, where the lifetimes of such stars are short; they are also related

to the death of massive stars (MacFadyen et al., 2001). Most long GRBs must,

therefore, be produced by a NS or BH birth, which means that they are some

variety of core-collapse supernova.

1.3.1 The collapsar model

The collapsar model is used to explain the observed features for long GRBs.

Woosley (1993a) showed that long GRBs are associated with star-forming re-

gions and since massive stars are short-lived (∼ 107 years), the death of massive

stars. This association is compounded by the evidence that long GRBs are as-
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sociated with supernovae (SNe).

Observations confirm that long GRBs occur on or near regions with large

star formation (Fruchter et al., 1999). Indications of the link between long

GRBs and SNe were first seen in the power law decay of the optical afterglow,

where there is a brightening in the optical after several days; this is evidence

for Type Ib/c supernova occurring simultaneously with some GRBs (e.g. GRB

980425 Kulkarni et al. (1998), GRB 030329 Hjorth et al. (2003), GRB 060218

Campana et al. (2006)).

In the collapsar model, a rapidly rotating massive star, M > 30M� with

an iron core collapses to a black hole (Woosley, 1993a). This happens either

directly or via an accretion phase which follows the core collapse. Sufficient

angular momentum is needed to form an accretion disk outside the black hole

and for the material not to free fall into the black hole. The progenitor star

core must be 10–15 M� and have lost its hydrogen envelope before core col-

lapse; this is required so that the relativistic jet can penetrate the progenitor

envelope (Woosley, 1993a). These specific requirements shed light on the rate

at which the progenitor star sheds its mass during its existence. Stars with

high metallicity experience heightened photon pressure in regions abundant

with metals, leading them to lose mass at a more accelerated pace compared

to stars with lower metallicity (Woosley, 1993a). As a consequence, for the

collapsar model to hold true, the progenitor star must possess low metallicity

to facilitate the formation of a swiftly rotating accretion disk (Woosley, 1993a).

1.3.2 The binary merger model

Collapsars have long durations, typically ∼ 10s. This time is constrained by

the collapse time of the stellar envelope contributing to the accretion disk.

The dynamical timescale for a typical helium star is τ ≈ 10s. Larger durations

can be accounted for from stars with large mass and longer dynamical time

scales, or fall back into the black hole when the neutrino annihilation energy

contribution is low. Therefore, the collapsar model cannot produce the short

duration GRBs.
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Short GRBs are believed to originate from the merging of compact bi-

nary systems, specifically neutron star-neutron star (NS-NS) pairs (Paczyński,

1986) or neutron star-black hole (NS-BH) pairs (Eichler et al., 1989). In these

scenarios, a black hole is birthed from the coalescence of the binary system.

Empirical evidence, derived from observing short GRBs and their associ-

ated host galaxies, indicates that short GRBs, like GRB 051221a (Soderberg

et al., 2006a) and GRB 060502b (Bloom et al., 2007), are typically located

at significant distances from the centres of galaxies. This spatial distribution

can be attributed to the momentum imparted to the binary system from the

supernova explosion that resulted in the creation of one of its constituents.

1.4 Emission mechanisms

1.4.1 Prompt emission

As mentioned in Sec. 1.3, the relativistic outflow shell that produces the GRB

has a bulk Lorentz factor Γ. Consider the shell with a radius R and width ∆.

The jet outflow has an opening angle θ > Γ−1. Due to relativistic beaming

effects, in the observer’s frame, the jet appears narrower with θ ∼ Γ−1 (Sari

et al., 1999). Photons emitted directly towards the observer from the front of

the shell will arrive first. However, due to the curvature of the shell and the

longer path travelled, photons emitted at an angle θ ∼ Γ−1 will arrive later, at

tang = R
2cΓ2 (Sari et al., 1999). Differences in the Lorentz factors of the shells γ

that contribute to the overall bulk Lorentz factor Γ can arise from relativistic

turbulence (Lyutikov and Blandford, 2002). This turbulence means the shell

comprises multiple individual emitters with different Lorentz factors γ ′. Faster

shells can collide with slower ones, leading to gamma-ray production (Lyutikov

and Blandford, 2002).

The gamma rays produced from the internal shocks are the prompt emis-

sion (Sari et al., 1999). At present it is not clear what the prompt emission

mechanism is in GRBs due to large variety in gamma ray light curves. How-

ever, some candidates are synchrotron emission (Meszaros et al., 1994) and
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inverse Compton emission (Meszaros et al., 1994).

1.4.2 Afterglow

As discussed in the previous section, the prompt emission is produced by the

internal dissipation of the relativistic outflow. The afterglow is produced by

external dissipation, where the shells coalesce into a single shell. At the front

of this shell is the external shock which interacts with the interstellar medium

at R = Γct ≈ 1016−1018 cm.

For a simple afterglow model with an isotropic fireball, constant ISM

density n and constant kinetic fireball energy Ek = nr3Γ2 (Zhang and Mészáros,

2004); the Lorentz factor, radius and time are related by:

Γ ∝ r−3/2
∝ t−3/8. (1.5)

For an ISM-like or wind like circumburst medium the density goes as ρ =

Ar−2 = Ṁ/4πr2vw, where Ṁ is the rate of mass loss and vw is the wind velocity

(Zhang and Mészáros, 2004). The kinetic energy goes as Ek = ArΓ2 and the

Lorentz factor, radius and time are related by:

Γ ∝ r−1/2
∝ t−1/4. (1.6)

1.4.2.1 Synchrotron emission

Synchrotron emission is produced when a relativistic electron travels in a mag-

netic field. This mechanism is considered to be the dominating mechanism

that produces the afterglow.

The energy of the synchrotron photons and the cooling time of the elec-

trons depend on the Lorentz factor of the relativistic electron γe and on the

magnetic field B. The material emitted is moving with a bulk Lorentz factor

Γ, and therefore the photons are blueshifted (Sari et al., 1996). The photon
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energy in the observer frame is:

(hνsyn)obs =
}qeB
mec

γ
2
e Γ, (1.7)

where qe is the electron charge.

The power emitted due to synchrotron radiation, by a single electron, in

the local frame is given by:

Psyn =
4
3

σTcUBγ
2
e , (1.8)

where σT is the Thomson cross section and UB ≡ B2/8π is the magnetic energy

density (Sari et al., 1998). The cooling time in the fluid frame of the electron

follows as γemec2/P. Therefore the cooling time tsyn in the observed frame is

(Sari et al., 1996):

tsyn(γe) =
3mec

4σTUBγeΓ
. (1.9)

By combining Eq. 1.7 and Eq. 1.9 you obtain the cooling timescale as a

function of the observed photon frequency:

tsyn(ν) =
3

σT

√
2πcmeqe

B3Γ
ν
−1/2 (1.10)

Therefore, tsyn at any given observed frequency does not depend on γe, and is

independent of the electron energy distribution in the shock. For an electron

emitted due to synchrotron emission, the cooling time scales as tsyn(ν) ∝ ν−1/2.

This is not too dissimilar to the observed temporal structure of GRBs, t ∝ ν−0.4

(Fenimore et al., 1995). However, the cooling is not thought to determine to

temporal profile (Sari et al., 1998).

For a single relativistic electron with initial energy γemec2, the instanta-

neous synchrotron spectrum is related to the flux with a simple power law

Fν ∝ ν1/3 until νsyn(γe) (Sari et al., 1998). For frequencies that exceed this,

the flux decays exponentially. Therefore, the peak synchrotron power occurs
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at νsyn(γe), where it is given approximately (Sari et al., 1998):

Pν,max ≈
P(γe)

νsyn(γe)
=

mec2σT

3qe
ΓB. (1.11)

The value of Pν,max is independent of γe, but the position of the peak is not

(Sari et al., 1998).

If the electron is energetic, it will cool rapidly until it reaches an energy

where it can cool on a hydrodynamic timescale γe,c. For an electron cooling

rapidly, you have to consider the time- integrated spectrum for ν > νsyn(γe,c)

(Sari et al., 1998).

The overall spectrum is calculated by integrating over the electron Lorentz

factor distribution. The electron Lorentz factor follows a power-law distribu-

tion with index p, such that N(γe) ∼ γ
−p
e for γe > γe,min. Where the minimal

Lorentz factor γe,min is related to p by (Sari et al., 1998):

γe,min =
p−2
p−1

ee
nemec2 =

p−2
p−1

〈γe〉 (1.12)

where ne and ee are the electron number density and electron energy density,

respectively. It is necessary that p > 2 to maintain finite electron energy (Sari

et al., 1998).

The minimal Lorentz factor characterises the typical electron Lorentz fac-

tor and typical synchrotron spectrum, νm ≡ νsyn(γe,min).

The shortest acceleration timescale is given by:

tacc ≤
γecme

qeB
. (1.13)

The accelerated electrons cool via synchrotron radiation. By comparing the

acceleration timescale to the cooling timescale (Eq. 1.9) and further substi-

tuting into Eq. 1.10, you obtain the upper limit on the synchrotron frequency,
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for when the electrons are accelerated in a magnetic field,

hνsyn ≤
6πhq2

e

mecσT
≈ 50MeV. (1.14)

For the most energetic electrons they will rapidly cool and emit nearly all

of their energy at their synchrotron frequency. The number of electrons with

Lorentz factors ∼ γe and energy mec2γe is ∝ γ
1−p
e and their energy ∝ γ

2−p
e . The

most energetic electrons cool and deposit nearly all of their energy at ∼ νsyn ∝

γ2. Therefore for fast cooling electrons the flux is related as Fν ∝ γ−p ∝ ν−p/2

and is formally given:

Fν = N[γ(ν)]mec2
γ(ν)dγ/dν ∝ ν

−p/2. (1.15)

The spectrum differs between slow cooling if electrons with γe,min do not

cool on a hydrodynamic timescale and fast cooling if they do. The Lorentz

factor of an electron that cools on a hydrodynamic timescale γe,c determines

whether the cooling is fast or slow. From Eq. 1.9, you can obtain γe,c in the

observers frame:

γe,c =
3mec

4σTUBΓthyd
. (1.16)

For fast cooling γe,min < γe,c, for slow cooling γe,min > γe,c.

During the prompt emission, the process is very efficient and therefore if

the prompt emission is produced from synchrotron emission, the electrons are

fast cooling. Therefore, γe,c < γe,min and the overall observed flux, Fν is given

(Sari et al., 1998):

Fν ∝


(ν/νc)

1/3Fν,max, ν < νc,

(ν/νc)
−1/2Fν,max, νc < ν < νm,

(νm/νc)
−(p−1)/2Fν,max, νm < ν ,

where νm ≡ νsyn(γe,min), and νc ≡ νsyn(γe,c). Fν,max is the observed peak flux
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at νc and is given:

Fν,max =

√
3e3BNeΓ

4πD2mec2 (1.17)

where D is the distance to the source (Sari et al., 1998).

During the afterglow phase, relativistic electrons are produced due to ex-

ternal shocks. In this phase, there are two possible scenarios: slow cooling

and fast cooling. In the case of slow cooling, where the critical Lorentz factor

for electron cooling, γe,c, is greater than the minimum Lorentz factor of the

electrons, γe,min, the overall observed flux, denoted as Fν , is given:

Fν ∝



(νa/νm)1/3(ν/νa)
2Fν,max ν < νa,

(ν/νm)1/3Fν,max, νa < ν < νm,

(ν/νm)−(p−1)/2Fν,max, νm < ν < νc,

(νc/νm)−(p−1)/2(ν/νc)
−p/2Fν,max νc < ν ,

where νa is the synchrotron self-absorption frequency (SSA). For ν < νa, ra-

diation is re-absorbed by the same electrons that released the photons (Sari

et al., 1998). For fast cooling the overall observed flux is (Sari et al., 1998):

Fν ∝



(νa/νc)
1/3(ν/νa)

2Fν,max ν < νa,

(ν/νc)
1/3Fν,max, νa < ν < νc,

(ν/νm)−1/2Fν,max, νc < ν < νm,

(νm/νc)
−1/2(ν/νm)−p/2Fν,max νm < ν ,
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Figure 1.3: Synchrotron spectrum of a relativistic shock that accelerates electrons
to a power law electron distribution with index p. Below νa the electrons
re-absorb the synchrotron emission previously emitted by the same pop-
ulation of electrons. The synchrotron spectrum is segmented with break
frequencies νa, the cooling frequency νc and the minimum frequency νm.
The top panel shows the case of fast cooling (νm > νc), and the bot-
tom panel for slow cooling (νm < νc). The time indices are shown for an
ISM and wind density circumburst medium above and below the arrows,
respectively. Image is taken from Sari et al. (1998).
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1.5 Shock Breakout

Before delving into the intricacies of GRBs, particularly the low-luminosity

variants, it’s essential to understand a fundamental phenomenon associated

with stellar explosions: the shock breakout.

It is predicted that the birth of a supernova (SN) is preceded by the

breakout of a shock through the stellar surface; typically this breakout is in

the form of a UV or X-ray flash (XRF). Before the instance of breakout,

the shock waves become radiation dominated when propagating through the

opaque stellar envelope (i.e., the energy density following the shock is radiation

dominated) (Nakar and Sari, 2012). The shock accelerates as it travels through

the rapidly decreasing density profile of the stellar envelope. The optical depth

for photons, τ , in front of the shock to escape the stellar envelope decreases

as the shock propagates. When the value of τ approaches a critical value, the

shock can no longer be maintained by Compton scattering. At this instance,

the photons in the shock transition layer escape ahead of the shock. As τ

approaches c/v, where v is the shock velocity and c is the speed of light, the

shock breaks out (Nakar and Sari, 2012; Waxman et al., 2007).

1.6 Low Luminosity GRBs (LLGRBs)

Prompt emission isotropic-equivalent luminosities of GRBs range from 1046

- 1054 erg s−1. At low redshifts are the low-luminosity GRBs (LLGRBs),

such as GRB 980425 (Liso ≈ 4.7×1046 erg s−1). Conversely, at the largest

measured Liso is GRB 110918A (Liso ≈ 4.7×1054 erg s−1). The isotropic-

equivalent luminosity Liso corresponds to if the GRB was emitted isotropically

with an equal flux to that observed along our line of sight to the GRB. The

Liso, isotropic-equivalent luminosity, is used to compare luminosities and is

calculated Liso = 4πD2
LFk. Where DL is the luminosity distance, k is the k-

correction, and F is the flux. This is the same k-correction used to calculate

the isotropic equivalent energy, Eiso.

What characterises the LLGRBs is their isotropic equivalent luminosities,
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1046 - 1048 erg/s, 4 orders of magnitude less than the average isotropic equiva-

lent luminosities for long GRBs. They are also associated with small values of

emitted energy compared to typical GRBs, Eγ ∼ 1048−1050 erg. While there

has only been a small sample of four observed, they have a higher volumetric

rate than long GRBs. As they can only be detected from low redshift z,< 0.1,

the implied event rate is 230+490
−190 Gpc−3 yr−1 (Soderberg et al., 2006b). This

is 2 - 3 orders of magnitude larger than the rate of long GRBs directed to-

wards earth. For a typical LLGRB, the ejecta are mildly relativistic and the

energy of the ejecta is comparable with the energy in the gamma-rays, Eγ . As

showcased in Figure 1.4, the distribution of peak isotropic equivalent luminosi-

ties observed by Swift further highlights the challenge in detecting LLGRBs,

especially given their position on the left of the histogram (Virgili et al., 2009).

Presently there are four observed GRBs that have been identified as low-

luminosity GRBs (LLGRBs), each with a corresponding spectroscopically con-

firmed supernova (SN): GRB 980425 (SN1998bw), GRB 031203 (SN200lw),

GRB 060218 (SN2006aj), and GRB 100316D (SN2010bh). While being less

luminous than the long GRB archetype, LLGRBs exhibit smooth light curves.

Unlike typical long GRBs, they show no indication of a high-energy power-law

tail. Within this sample of four LLGRBs, two have regular durations (∼20s)

and two have ultra-long durations (∼2000s). All detected LLGRBs are nearby

(∼40-400 Mpc) as their luminosity is low; unless they are produced close to

us, they do not trigger current detectors.

Bromberg et al. (2011) looked at the ratio of the T90 duration and the

calculated jet breakout time for short, long and low luminosity GRBs. The jet

breakout time was calculated using the GRBs isotropic equivalent luminosity

and observed opening angle. They concluded that as there was a significant ex-

cess of LLGRBs with jet break out times less than the observed durations, the

processes that govern the gamma-ray emission of LLGRBs are likely different

to those in long GRBs (Bromberg et al., 2011). It was proposed that LLGRBs

could originate from failed jets (Campana et al., 2006; Waxman et al., 2007;
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Figure 1.4: A sample of GRBs observed by Swift with their associated peak isotropic
equivalent luminosities. The low number of GRBs on the left of the
histogram is an observational effect because LLGRBs are hard to detect
(luminosities used from Virgili et al. (2009)).

Bromberg et al., 2012), jets that cannot successfully break through their pro-

genitor envelope. It was suggested by Bromberg et al. (2011) that failed jets

are more frequent than successful ones. Whilst these jets do not break through

the envelope they have sufficient driving force to generate shocks which break

out of the progenitor envelope.



Chapter 2

The Swift Gamma-Ray Burst

Mission

Swift is a fast-pointing satellite observatory positioned in a low Earth orbit,

specifically designed to study gamma-ray bursts. The mission is equipped with

a suite of three main instruments. First, the wide-field gamma-ray (15-500

keV) Burst Alert Telescope (BAT) is capable of detecting bursts and deter-

mining their positions with an accuracy of 1-4 ′. Following this, the narrow-field

X-ray Telescope (XRT) offers more precise positioning, achieving arcsecond-

level accuracy (3-5 ′′) and provides spectra in the 0.2 -10 keV band. Finally,

the UV/Optical Telescope (UVOT) operates in the 170-800 nm band, provid-

ing 0.3 ′′ positional accuracy and delivering both optical and UV photometry.

For particularly bright afterglows, the UVOT can also obtain UV spectra.

2.1 Swift Observing Procedure

Swift is designed to observe not only predefined targets uploaded from the

ground but also gamma-ray bursts detected on-board in real time. A Pre-

Planned Science Timeline (PPST) is uploaded onto the on-board software ev-

ery weekday, containing an observing schedule with a list of targets. The BAT

utilises a Figure of Merit (FoM) algorithm to assess whether a burst detected

by BAT merits slewing the spacecraft for closer observation. FoM scores range

from 0 to 100. Each target in the PPST has an associated FoM, and if a
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detected burst has a higher FoM than the pre-programmed targets, a slew

manoeuvre toward the burst is initiated. Similarly, all transients detected by

BAT are assigned an FoM, which dictates if a spacecraft slew is necessary. If

a transient source is identified as a GRB, it receives the topmost FoM of 100,

designating the GRB as the automated target (AT). The spacecraft will then

autonomously slew, ensuring the transient source lies within the field of view of

both the XRT and UVOT, subsequently initiating an automated observation

sequence1.

Swift can be prevented from continuously viewing by certain pointing con-

straints. Pointing is constrained when any instrument is within: 46 degrees

of the Sun; 23 degrees of the Moon; and due to the low orbit, 28 degrees of

the Earth’s limb. The UVOT instrument will avoid planets within our solar

system and also sufficiently bright stars (−1.0− 0 mag). To overcome these

constraints, observations are split into observation intervals of between 5 and

30 minutes. Observations cannot exceed 30 minutes due to Swift’s observations

being occulted by the Earth. Observation segments are made up of multiple

observation intervals. The first segment of an observation segment consists of

automated observations and following segments are directed from the ground2.

Following the initial detection, first level data products are swiftly sent to

the ground through the Tracking and Data Relay Satellite System (TDRSS).

First level data products include raw images and uncalibrated event lists, for

example3. The TDRSS data are sent to the Mission Operations Center (MOC)

and to the Gamma-ray Coordinates Network Notices (GCN Notices) to provide

the astrophysics community with preliminary analysis. All high-resolution data

sets and housekeeping data from the GRB are downloaded at various Ground

Stations when the satellite passes them (typically 9-12 passes per station per

day). Data is relayed from the Ground Stations to the MOC also. From the

MOC the data are relayed to the Swift Data Center (SDC) in the Goddard

1http://swift.gsfc.nasa.gov/proposals/tech_appd/swiftta_v12/node17.html
2http://swift.gsfc.nasa.gov/proposals/tech_appd/swiftta_v12/node23.html
3http://swift.gsfc.nasa.gov/proposals/tech_appd/swiftta_v10/node51.html

http://swift.gsfc.nasa.gov/proposals/tech_appd/swiftta_v12/node17.html
http://swift.gsfc.nasa.gov/proposals/tech_appd/swiftta_v12/node23.html
http://swift.gsfc.nasa.gov/proposals/tech_appd/swiftta_v10/node51.html
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Space Flight Center (GSFC) where the reduced data products are produced.

The reduced data products are then distributed via the Quick-look Server to

the astrophysics community on the web. This final stage is completed within

three hours of the SDC receiving the data from the MOC4.

2.2 Burst Alert Telescope (BAT)

The BAT is an extremely sensitive, coded aperture, hard X-ray/gamma-ray

(15-150 keV) imager, but with a non-coded response sensitive up to 500 keV.

It has a large, 1.4 steradians, field of view designed to detect and trigger on

GRBs with localisations that are accurate to 4 arcminutes (Barthelmy et al.,

2005). The instrument specifications are detailed in Table. 2.1.

Table 2.1: BAT instrumentation characteristicsa

Energy Range: 15-150 keV (up to 500 keV non-coded)
Energy Resolution: ∼7 keV
Aperture: Coded mask, 50% open with a random pattern
Detector Area: 5240 cm2

Detector Operation: Photon Counting
Field of View: 1.4 sr (half-coded)
Telescope PSF: 17 arcmin
Source Position Accuracy: 1-4 arcmin

a The information in this table was taken from Barthelmy et al. (2005).

The BAT’s detector is arranged in an hierarchical structure of multiple

detector arrays which affords the benefit to retain burst detection and localisa-

tion’s despite loss of detector elements (Barthelmy et al., 2005). The BAT is a

coded-aperture telescope, and its coded mask comprises approximately 54,000

lead tiles arranged in a D-shaped pattern with a honeycomb structure. Almost

all gamma-ray instruments flown post-1990 use coded-aperture techniques as

this provides an accurate location of the gamma-ray source in the sky. As the

gamma-rays enter the instrument, the gamma-rays pass through the open ar-

eas of the mask but are halted where they interact with lead. The calculation

4http://swift.gsfc.nasa.gov/proposals/tech_appd/swiftta_v12/node57.html

http://swift.gsfc.nasa.gov/proposals/tech_appd/swiftta_v12/node57.html
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of the gamma-ray source in the sky is facilitated by deconvolving this known

mask pattern. The area of the BAT coded mask is 2.7 m2 which provides a

FOV (half coded) of 100 ° by 60 ° (Barthelmy et al., 2005).

2.2.1 BAT operation modes

There are two operation modes that BAT runs: Survey Mode and Burst Mode.

Survey Mode detects hard X-ray transients and produces all-sky hard X-ray

survey data. Burst Mode captures the intensity and sky location of the de-

tected burst (Barthelmy et al., 2005).

2.2.1.1 Burst Mode

There are two key processes involved in BAT’s GRB detection. The first

process involves analysing the count rate across the detector plane to seek

increases. These increases are sought because they represent the detection of a

burst at its commencement. The second process involves creating a sky image

using the events detected at the onset of the burst (Gehrels et al., 2004).

Burst trigger algorithms look for significant excesses in the detector count

rate, which are larger than what is expected from background and constant

sources. These algorithms must be versatile, accounting for variations in back-

ground count rates and the temporal diversity of GRBs. Due to Swift being in

a low earth orbit at 600 km, there are fluctuations in the detected background

count rates. For instance, in a 90-minute orbit, these rates can differ by a

factor of two.

The length of a GRB can range from milliseconds to several minutes and

within this, peaks in the gamma-ray emission can vary from one peak to mul-

tiple. Consequently, it is necessary that the triggering system be flexible and

have the ability to compare the measured detector counts to a background ex-

trapolated over a range of timescales and energy bands. Any detected sources

are compared with an on-board catalogue of sources, if the detected source is

novel and does not match any catalogued source the burst response procedure is

initiated. The classification system used helps differentiate and exclude sources
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of background such as magnetospheric particle events and galactic sources with

variable brightness (Markwardt et al., 2007).

2.3 X-ray telescope (XRT)

The XRT aboard Swift is able to measure the fluxes, spectra and light curves

of GRBs and their associated afterglows. The XRT is able to improve the

localisations provided by the BAT to 5 arcsec accuracies; for a typical GRB

this is achieved within 10 second of target acquisition (Burrows et al., 2003).

The XRT has an effective area of ∼125 cm2 at 1.5 keV and a resolution

(half-power diameter) of 18 ′′, the half-power diameter refers to the diameter

within which half of the focused X-rays enter. The XRT covers a broad energy

range (0.2-10 keV, with a 23 ′ field of view (FOV). Due to the telescope detect-

ing X-rays, it is necessary to use grazing incidence optics. Consequently, the

XRT uses a grazing incidence Wolter type I telescope (Burrows et al., 2003).

The XRT instrument characteristics are shown in Table. 2.2.

Table 2.2: XRT instrumentation characteristicsa

Telescope: Wolter I (3.5 m) focal length
Detector: e2v CCD-22
Detector format: 600×600 pixels
Pixel size: 40×40 µm
Detector Operation Modes: Image (IM) Mode

Windowed Timing (WT) Mode
Photon-Counting (PC) Mode

Pixel scale: 2.36 arcseconds/pixel
Field of view: 23.6×23.6 arcminutes
PSF: 18 arcseconds (half-power diameter) at 1.5 keV

22 arcseconds (half-power diameter) at 8.1 keV
Position accuracy: 3 arcseconds
Energy range: 0.2 - 10 keV
Energy resolution: 140 eV at 5.9 keV
Effective area: ∼125 cm2 at 1.5 keV

∼20 cm2 at 8.1 keV
Sensitivitya: 2×10−14 ergcm−2 s−1 in 104 s

a The information in this table was taken from Burrows et al. (2003).
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2.3.1 XRT operation modes

The XRT is operated in three different readout modes to facilitate the coverage

of the wide dynamic range in fluxes which arise from, and the rapid variability

of, GRB afterglows. The three readout modes are: Imaging (IM) mode, Win-

dowed Timing (WT) mode, and Photon-Counting (PC) mode. There used to

be a fourth readout mode on the XRT, Photodiode mode. However, this was

disabled in May 2005 due to a micrometeoroid hit. The XRT autonomously

alternates between the modes based on the instantaneous count rate in each

Charge Coupled Device (CCD) frame (Burrows et al., 2003).

2.3.1.1 IM Mode

IM mode produces both a GRB centroid position and an X-ray flux estimate,

however the principal use of IM mode is to acquire the first X-ray position of a

detected GRB. IM mode measures the total energy deposited from the target

per pixel in the CCD to produce an integrated image. IM mode autonomously

selects either a 0.1 or 2.5 second exposure time based on the source flux and

is operated with a low gain. IM mode is used to determine the positions of

bright source fluxes between 6×10−10−1×10−6 ergcm−2 s−1 (Burrows et al.,

2003).

2.3.1.2 WT Mode

WT mode provides poor position information, however it compensates for this

shortcoming with its ability to achieve a high time resolution (1.8 ms) and

to perform spectroscopy on bright sources. WT mode data is presented as a

single strip of data. This strip’s orientation is determined by the spacecraft’s

roll angle, meaning that depending on the angle, some data strips may appear

horizontal, some nearly vertical, and others at various angles in between. This

orientation is crucial for understanding and interpreting the data obtained in

WT mode. WT mode data is typically the first data obtained for sources

as it performs better when observing sources with higher flux than PC mode

(Burrows et al., 2003).
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2.3.1.3 PC Mode

PC mode provides full imaging and spectroscopic resolution of the source with

a time resolution of 2.5 seconds, which is much poorer than that of WT mode.

Unlike in WT mode, the data appears as a 2-dimensional image and does not

depend on the roll angle of the spacecraft. PC mode is used when the flux falls

below the range 10−10−10−11 ergcm−2 s−1 (Burrows et al., 2003).

2.4 Ultra-Violet/Optical Telescope (UVOT)

UVOT captures the optical/UV photons from the afterglow of GRBs, with the

aim of doing so within two minutes of the BAT trigger. UVOT also observes

GRB afterglows long-term.

UVOT is a modified Ritchey-Chrétien telescope which is co-aligned with

the XRT and has a 30 cm aperture. UVOT operates in the broad optical-

UV band 170 - 800 nm (Gehrels et al., 2004), and is host to a range of UV

and optical broadband filters and grisms. UVOT carries a filter wheel which

consists of: UV and optical grisms; V, B, U filters; UVW1, UVM2,UVW2

filters; and a white light filter. The filter characteristics are shown in Table.

2.3. The filters provide broad-band visible/UV imaging and photometry, and

the low-resolution grisms provide grism spectra of bright GRBs. UVOT has

a micro-channel plate intensified charged-coupled device (MIC), which is able

to detect very low light levels and can function in a photon counting mode

(Roming et al., 2005). As photons enter the UVOT detector, they first strike

the photocathode. This action discharges electrons, which are accelerated to

the micro channel plate (MCP) by a bias voltage. Once the electrons enter the

MCP, they are amplified to form an electron cloud. This cloud is then con-

verted to photons using a phosphor screen and directed to the CCD. Notably,

the MCP amplifies the original signal to the CCD by a factor of 106 (Roming

et al., 2005). Photons are detected by reading out the CCD at a high frame

rate, and the photon splash position on the CCD is determined by a centroid

algorithm (Michel, Fordham, & Kawakami 1997). The centroid algorithm uses
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Table 2.3: UVOT instrumentation characteristicsa

Telescope: Modified Ritchey-Chrétien
Aperture: 30 cm
f-number: 12.7
Filters: V, B, U, UVW1, UVM2, UVW2, White
Wavelength Range: 170 - 800 nm
Detector: MCP Intensified CCD
s Detector Operation: Photon Counting
Sensitivity: mB = 24.0 in white light in 1000 s
Field of View: 17×17 ′2

Telescope PSF: 0.9 arcsec FWHM at 350 nm
Pixel scale: 0.5 arcseconds/pixel

a The information in this table was taken from Roming et al. (2005).

Table 2.4: UVOT Filter Characteristicsa

Filter λc (nm) FWHM (nm)
V 544 75.00
B 439 98.0
U 345 87.5

UVW1 251 70.0
UVM2 217 51.0
UVW2 188 76.0
White 385 260.0

a The information in this table was taken from Roming et al. (2005).

a large image format for the detector which it produces by creating a grid of

8×8 virtual pixels for each of the 256×256 CCD pixels. The use of virtual

pixels provides an array of 2048×2048 virtual pixels with a size of 0.5×0.5

arcsec2 on the sky (Roming et al., 2005). However, a consequence of the use of

virtual pixels is that the images obtained from the CCD contain a systematic

modulo-8 fixed-pattern noise, as the effective size of the sub-pixels depends on

their position within the CCD pixel when processed at ground level (Roming

et al., 2005).

UVOT operates in three primary modes. The Image Mode captures

two-dimensional images across specified integration duration, typically rang-

ing from 10 to 1000 seconds. This mode predominantly uses the full field of
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view, yielding a raw image with dimensions of 1024x1024 pixels. In contrast,

the Event Mode meticulously logs each photon event, annotating its specific

position on the detector alongside the corresponding CCD frame time-stamp.

Merging the attributes of both these modes, the Image&Event Mode offers a

comprehensive observational data-set (Roming et al., 2005).

Upon detecting a new GRB and successfully generating a finding chart,

UVOT initialises an automated exposure sequence. This sequence, tailored

to the specific optical decay profile of the GRB and the elapsed time post its

detection, employs a strategic combination of onboard filters. Two primary

sequences have been established, one targeting luminous GRBs termed the

”Bright GRB Sequence”, and the other catering to less luminous GRBs, aptly

named the ”Dim GRB Sequence”. The foundation of these sequences was laid

based on preliminary observations, but they are inherently flexible. This adapt-

ability ensures they can be updated or expanded upon as our understanding

of GRBs deepens (Roming et al., 2005).



Chapter 3

The early optical afterglow and

non-thermal components of GRB

060218

3.1 Introduction

It has been known that there is an association between long gamma-ray bursts

(GRBs) and supernovae (SNe) since the simultaneous discovery of GRB 980425

and SN 1998bw. This connection strengthened the notion that long duration

GRBs were caused by the core collapse of massive stars (Woosley et al., 2002).

In the preferred model for long GRBs, the collapsar model, the core collapse of

a massive star into a black hole or a neutron star with an accretion disk drives

a highly relativistic jet, which penetrates the outer stellar envelope, producing

a GRB (Woosley, 1993b). The relativistic jet begins to decelerate when it

interacts with the external medium; this leads to the external shock afterglow,

which radiates a significant fraction of the initial total energy (Mészáros and

Rees, 1997). A number of SNe have been identified spectroscopically following

a number of GRBs; see Cano et al. (2016) for a recent list.

Some GRBs are observed at much lower luminosities (1046−1048 erg s−1)

than typical GRBs (1050 − 1052 erg s−1); these bursts are classified as low-

luminosity GRBs (LLGRBs). So far, six LLGRBs have been identified, four
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of which have corresponding spectroscopically confirmed SNe: GRB 980425

(SN 1998bw), GRB 031203 (SN 2003lw), GRB 060218 (SN 2006aj), and GRB

100316D (SN 2010bh). GRB 111005A, was identified as a LLGRB with a

redshift of z = 0.0133; however, an associated SN was not found (Micha lowskI

et al., 2018). GRB 170817A was a short GRB that produced gravitational

waves, GW 170817, detected by LIGO, and was associated with a blue kilo-

nova at a redshift of z = 0.009 (Abbott et al., 2017). Within this sample of four

LLGRBs associated with SNe, two have regular long GRB durations (∼ 20 s),

and two have ultra-long durations (∼ 2000 s); all four have smooth gamma-

ray light curves. Soderberg et al. (2006b) estimated the volumetric rate to be

a factor of 100 times greater than that of typical long GRBs. All detected

LLGRBs occurred nearby (∼ 40−400 Mpc); it is a consequence of their lumi-

nosities being low, which implies that unless they occur close to us, they do

not trigger current detectors.

One such LLGRB and associated SN is GRB 060218 (Campana et al.,

2006) and SN 2006aj (Cusumano et al., 2006). GRB 060218, like other LL-

GRBs, is shown to be faint and soft with a smooth gamma-ray light curve.

However, I can study GRB 060218 in great detail, due to the extensive cover-

age of the observations in the UV/optical bands, days before the Ni56-decay-

powered emission from SN 2006aj was observed. This coverage allows us to

examine the emission before the optical SN emission, and enables us to inves-

tigate the link between the outflow components of both GRB 060218 and SN

2006aj.

GRB 060218 was first detected by the Burst Alert Telescope (BAT)

(Barthelmy et al., 2005) on-board The Neil Gehrels Swift Observatory (Gehrels

et al., 2004). A very long T90 (the duration containing 90% of the gamma-ray

flux) (Kouveliotou et al., 1993) was measured from the BAT gamma-ray light

curve, of 2100±100 s and GRB 060218 is therefore considered to be an ultra-

long GRB (T90 > 1000 s) (Virgili et al., 2013). GRB 060218 had a redshift of

z = 0.0331 (Sollerman et al., 2006), making it the fourth nearest GRB with
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a determined redshift, after GRB 111005A (Micha lowskI et al., 2018), GRB

170817A (Abbott et al., 2017), and GRB 980425 (Galama et al., 1998). The

gamma-ray spectrum of GRB 060218 is atypically soft for a long GRB, with an

average peak energy Epeak = 4.9+0.4
−0.3 keV (Campana et al., 2006). The isotropic

equivalent emitted energy was calculated as Eiso = (6.2± 0.3)× 1049 ergs, ex-

trapolated to the 1−10000 keV rest frame energy band (Campana et al., 2006).

Whilst GRB 060218 exhibits a low Epeak and an Eiso that is four orders of

magnitude smaller than the value for typical long GRBs (Campana et al., 2006;

Sazonov et al., 2004), GRB 060218 adheres to the Amati correlation (Campana

et al., 2006), linking Epeak and Eiso (Amati et al., 2002). Furthermore, Liang

et al. (2006) showed that GRB 060218 conforms to the luminosity-lag relation,

a relationship seen in many long GRBs (Norris et al., 2000; Ukwatta et al.,

2012). This is a correlation between the GRB isotropic peak luminosity and

spectral lag, where the lag is defined as the difference in time of arrivals of

high and low energy photons. The luminosity-lag relation observed in GRB

060218, coupled with its compliance with the Amati correlation, indicates that

GRB 060218 has similar radiation physics to long GRBs (Liang et al., 2006),

despite being a low luminosity, ultra-long GRB. However, it has been argued

that the prompt X-ray emission in GRB 060218 is produced by shock break-

out emission (Waxman et al., 2007; Nakar, 2015). Furthermore, Nakar (2015)

suggested that all high-energy emission of LLGRBs are entirely due to shock

break-out emission (Nakar, 2015).

The Ultraviolet Optical Telescope (UVOT) (Roming et al., 2005) on-board

Swift observed strong UV/optical emission, both during the prompt gamma-

ray emission and for days following the trigger, with good coverage. Swift also

provided simultaneous observations from the X-ray Telescope (XRT) (Bur-

rows et al., 2003). The observed X-ray flux rose to a peak luminosity of

∼ 3×1046 erg s−1 (0.3− 10 keV). The peak in the X-ray flux was followed by

a fast decay, and at ∼ 104 s the flux began to decrease at a steady rate as a

power-law (Fν ∝ t−1.1); this decreasing phase lasted for several days. During



3.1. Introduction 76

the initial 10 ks there is a thermal blackbody component in the X-ray spec-

tra, which ranges in kT from 0.05 to 0.12 keV. The UV/optical light curve

shows a continuously rising UV and optical profile until it peaks in luminos-

ity at ∼30 ks, after which the source fades, and then the Ni56-decay-powered

emission from SN 2006aj is observed rising in the V-band at ∼200 ks. During

the initial 3000 s, GRB 060218 was observed with good time coverage in the

UV/optical bands with UVOT. The coverage enables the UV/optical spectra

to be examined systematically, and the search for an UV/optical afterglow can

be performed with an in-depth analysis of the early UV/optical emission, some-

thing that is lacking in previous studies of GRB 060218. Due to the detection

of both GRB 060218 and SN 2006aj, and the presence of a thermal component

in the UV/optical and X-ray emission, a variety of models have been put for-

ward to explain the observations. Campana et al. (2006) and Waxman et al.

(2007) modelled the thermal emission as being produced from the breakout

of a shock driven by a mildly relativistic shell, where the radiation generated

by the shock travels through a dense wind surrounding the Wolf-Rayet (WR)

progenitor star of the SN.

In this model, the shock reaches a region where the optical depth of the

stellar envelope is low enough that the photons from the shock escape, produc-

ing a bright flash in the UV and X-ray (Waxman et al., 2007). Waxman et al.

(2007) suggested that this takes place at a breakout radius, R = 7.8×1012 cm.

Assuming spherical symmetry, the time it takes for the photons to escape the

shock (the breakout duration) is the breakout radius divided by the speed of

light. For a breakout radius of R = 7.8×1012 cm this corresponds to a duration

of 260 s (Waxman et al., 2007). This duration is a lot shorter than the time

it takes for the X-ray to peak in luminosity at 1000 s. Waxman et al. (2007)

argued that an anisotropic shock will change the timescale, as the timescale

would not be represented by R/c, but rather a timescale influenced by an

angular velocity profile in an anisotropic shell (Waxman et al., 2007). Wax-

man et al. (2007), suggested that an optically thick wind would increase the
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breakout radius and therefore argued that the shock break out occurred in the

wind around the envelope. Ghisellini et al. (2007a) argued that fine tuning is

required to achieve a longer breakout duration. Li (2007) presented a model

which computed the characteristic quantities for the transient emission from

the shock breakout in a Type Ibc SN which follows the core collapse of a WR

star in a dense wind region. When the model described by Li (2007) is applied

to GRB 060218, the energy predicted for the shock breakout in the underlying

SN is much lower than the measured energy of the thermal components, which

was & 1049 erg.

In keeping with the shock breakout model, Campana et al. (2006) and

Waxman et al. (2007) suggested that the early UV/optical emission (t <10 ks)

could be produced from the Rayleigh-Jeans tail of the thermal X-ray emis-

sion produced by a shock propagated into the wind surrounding the envelope.

The UV/optical light curve would then be governed by the expansion of the

wind and the decreasing temperature. Within this model, the emission in

UV/optical at 120 ks is produced from the envelope of the star, which is ini-

tially hidden by the wind (Campana et al., 2006).

Ghisellini et al. (2007a) and Ghisellini et al. (2007b) propose that if the

UV/optical radiation is a result of the Rayleigh-Jeans section of the black-

body spectrum, the implied blackbody luminosities are too high, particularly

in the early times (t <3000 s). Therefore, Ghisellini et al. (2007a) argued that

the emission mechanism that governs the observed UV/optical radiation is

unclear at early times. Furthermore, Ghisellini et al. (2007a) argued that the

spectrum across the UV/optical and X-ray can be produced from self-absorbed

synchrotron emission, where the flux, F ∝ ν2.5. But they find that the model

does not account for the thermal component in the X-rays. Therefore, Ghis-

ellini et al. (2007a) proposed an alternative explanation for the origin of the

thermal emission, in which the emission is produced at the transparency radius

of a GRB jet. Such an optically thick component from the jet photosphere has

been observed in the prompt gamma-ray emission from GRB 100724B (Guiriec
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et al., 2011) and also GRB 110205A (Guiriec et al., 2016). However, this com-

ponent is distinctly different to the shock heated expanding envelope proposed

by Waxman et al. (2007), which they argue describes the thermal component

in the UV/optical emission at 120 ks.

By investigating the radio observations of GRB 060218, Soderberg et al.

(2006b) conclude that the radio emission is dominated by synchrotron self-

absorbed emission, and the emission is from a mildly relativistic outflow (Γ =

2.3). Soderberg et al. (2006b) also show that due to the lack of jet-break in

the radio up until 22 days, the opening angle of the outflow can be constrained

to θ0 > 1.4 rad. Furthermore, based on the same observations, Soderberg et al.

(2006b) rule out an off-axis jet, where the angle from the line of sight to the

jet axis is double the opening angle, θobs = 2θ j.

Toma et al. (2007) argued that the radio afterglow was produced by a

non-relativistic phase of an initially collimated jet within the external shock

synchrotron model, and showed that it is possible for a jet with an opening

angle θ0 ' 0.3 rad and an initial Lorentz factor Γ0 ' 5, to penetrate the stellar

envelope.

In this chapter, I present a detailed breakdown of the observations of GRB

060218, with a particular focus on the UV/optical and X-ray emission. My

goal is to determine what the mechanisms are that produce the emission from

GRB 060218 and SN 2006aj. I pay particular attention to the early spectral

evolution in the UV/optical emission, and study the thermal component across

the optical to X-ray energy range. In Sec. 3.2 I provide a summary of the

data reduction methods and describe the models and fitting techniques. The

results of my analysis are given in Sec. 3.3. The implications of this analysis

are discussed in Sec. 3.4.

I will use the convention for power laws: Fν ∝ t−αν−β where Fν is the

flux density, t and ν are time and frequency, α and β are the temporal and

spectral indices respectively (Sari et al., 1998). I use a subscript to denote the

waveband of interest, so the spectral index for X-ray spectra is βX and that for
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Figure 3.1: The UV/optical light curves of GRB 060218 in six UVOT filters. The
colours represent the different UVOT filters: V as red points, B as green,
U as blue, UVW1 as turquoise, UV M2 as black, and UVW2 as violet.
The light curve is not binned before 150 ks and has been binned at late
times (> 150 ks) to increase the signal-to-noise ratio (S/N>2).

UV/optical spectra is βUV . Throughout this chapter I use the values measured

in Adam et al. (2016) for the Hubble parameter H0 = 67.8 km s−1 Mpc−1 and

density parameters ΩΛ = 0.69 and Ωm = 0.31. Uncertainties are quoted at 1 σ

unless otherwise stated.

3.2 Data reduction and analysis

3.2.1 Observations

GRB 060218 was detected with the Burst Alert Telescope (BAT) on-board

Swift and Swift slewed autonomously to the burst. GRB 060218 was simulta-

neously observed with the XRT and UVOT after the trigger, and observations

continued until both GRB 060218 and SN 2006aj were no longer detectable.

Due to the rising UV/optical flux in the initial 60 ks and the identification

of SN 2006aj at 10 days past the trigger, GRB 060218 and SN 2006aj were

observed with excellent coverage in both UVOT and XRT.
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3.2.2 UVOT data

I started with the sky images which had been produced by the pipeline- pro-

cessing . These images are mod-8 corrected, and aspect corrected to ensure

the correct sky coordinates.

Count rates were obtained using the standard UVOT ftools: uvot-

maghist software from heasoft (version 6.7). When the source was brighter

than 1 count per second, the standard aperture for UVOT photometry of radius

5 arcsec was implemented. When the source was fainter than 1 count per second

a source aperture of radius 3 arcsec was selected to maintain a good signal-to-

noise ratio and aperture corrected to 5” (Breeveld et al., 2010; Poole et al.,

2008). Background was measured from a large region offset from the source

position. The background area was chosen to be free of any contaminating

sources, and large enough that weak contaminating sources did not contribute

to the mean count rate significantly. Magnitudes were calculated using the

observed count rates and the UVOT zero points from Breeveld et al. (2011).

The count rates were not host galaxy subtracted, because the host galaxy was

not detected in any UVOT bands in my source aperture.

Fig. 3.1 shows the UV/optical light curves. At 138 s after the trigger time,

the UVOT started taking data. The V and B finding charts were taken with

200 s long exposures each after the 9 s settling exposure in the V filter. I do

not include the settling exposure in my analysis, because its duration is too

short to be of much value.

In the initial 50 ks I have created eight spectral energy distributions

(SEDs) covering the UVOT energies. The time intervals for the SEDs are

given in Table. 3.1. The first SED was created after the finding charts were

taken, at which point a 20 s image was taken in each filter. After the initial

1000 s, 20 s exposure images were taken in each filter every 200 s until ∼3000 s;

therefore, five SEDs can be obtained during this time. After 3000 s the expo-

sure time for each filter increased to 200 s. There were no observations between

2700 s and 5950 s due to GRB 060218 being occulted by the Earth during these



3.2. Data reduction and analysis 81

times. Two SEDs can be obtained between 6000 s and 8000 s, as GRB 060218

was observed in each filter twice during this interval.

When creating the SEDs, even though the exposures were taken close

together in time, the magnitudes in different filters must be adjusted to com-

mon epochs. Therefore a model of the light curve is required to determine

the adjustments. For this purpose, a second order polynomial curve was fitted

to the UV/optical light curve (as magnitude against log time) in the interval

5−60 ks. Adjustments made before 5 ks were performed assuming a power-law

with a temporal index of α = −0.7. For the adjustments made after 60 ks I

used a power-law decay with slopes determined individually for each filter.

3.2.3 XRT data

For the X-ray contribution to the SED, the X-ray event data were first cleaned

using ftools: xrtpipeline. Event data were selected in grades 0 to 12 for

Photon Counting (PC) mode data and grades 0 to 2 for Windowed Timing

(WT) mode data (Capalbi et al., 2005). The auxiliary response files were

produced by ftools: xrtmkarf. These response files contain the product

of telescope area, filter efficiency and quantum efficiency as a function of energy.

The X-ray spectra were extracted using xselect (version 2.4c) and the energy

range used to analyse the X-ray data was 0.3−10 keV.

The WT mode spectra were extracted from the event data with a circular

region of radius 11 arcsec around the 1D image strip (rotated by the instrument

roll angle). The background was removed using the same size region, shifted

away from the source along the image strip. The PC mode spectra were ex-

tracted in the same way but from a 2D image. XRT spectra were grouped to

a minimum of 20 counts in each bin, which allows the use of χ2 statistics.

Where possible, the X-ray spectra were extracted over the same time

intervals as the UV/optical spectra were taken. However, after 6000 s, larger

durations were required to achieve adequate quality for the X-ray spectra. For

all SEDs, the mid-point of the X-ray exposures were chosen to be equal to the

mid-points of the corresponding UVOT time intervals, and the X-ray spectra
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Table 3.1: Times used for creating the UV/optical-X-ray SEDs. The SED central
time, is the central time from both the UV/optical and X-ray SED time
ranges.

SED central time UVOT SED range X-ray SED range
(s) (s) (s)
650 550−750 550−750
1250 1150−1350 1150−1350
1625 1400−1850 1400−1850
2125 1900−2350 1900−2350
2550 2400−2700 2400−2700
6500 6410−6590 6000−7000
7500 7410−7590 7000−8000
120000 117500−122500 10000−130000

were scaled to the corresponding count rate at the mid-point time. The time

intervals used for the SEDs are shown in Table. 3.1.

3.2.4 Analysis and modelling

The SEDs were analysed using xspec (version 12.9.0) and were modelled

with a combination of power-law and spherically outflowing blackbody com-

ponents, together with photoelectric absorption and dust extinction from our

Galaxy and the host galaxy of the GRB. The Galactic reddening was fixed at

E(B−V ) = 0.14, based on the extinction maps in Schlegel et al. (1998). The

determination of the host galaxy reddening is discussed in detail in Sec. 3.3.

The X-ray absorption in our galaxy is accounted for by fixing the hydrogen

column density, NH , in our galaxy for GRB 060218 to NH = 1.0×1021 cm−2

(Kalberla et al., 2005); the host galaxy absorption is a free parameter in the

SED fitting.

3.2.4.1 Spherically outflowing blackbody components

The blackbody emission from GRB 060218 is thought to arise in material flow-

ing out from the stellar explosion at tens of thousands of km s−1 (Campana

et al., 2006). To model the blackbody emission, I assume a spherically sym-

metric blackbody model.

However, the outflow of the blackbody component has not been included
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in the model fitted to the data for GRB 060218 before this study. To cor-

rectly describe the relativistic blackbody emission from a spherical outflow,

relativistic beaming and Doppler shift must be taken into consideration. Due

to relativistic effects, I observe the apparent flux which is related to that in

the blackbody rest frame through the Lorentz factor, Γ, the Doppler factor, δ ,

and the angle of the outflow with respect to the line of sight from the observer,

θ . The Lorentz factor, Γ, is related to the intrinsic velocity of the outflow, v,

by

Γ = (1− (v
c)2)−1/2, (3.1)

and the Doppler factor, δ , is defined as

δ = Γ
−1(1− v

ccosθ)−1. (3.2)

The observed blackbody temperature, T , in relation to the temperature

in the outflow frame, To, is given by

T = δTo, (3.3)

and the observed blackbody flux from a surface element, Fν , is given by

Fν =
2πhν3δ 3

c2
1

e
hν

kδTo −1

A
D2 , (3.4)

where A is the projected area of the emitter, and D is the distance between

the emitter and the observer.

My spherical outflowing blackbody model is composed by splitting the

emitting surface in to ten components according to the angle, θ , with a corre-

sponding line of sight velocity, v = v0cosθ , where v0 is the outflow velocity. In

the simple single blackbody model, the outflow is observed with a projected

area of A = πR2, with radius R. In the spherical outflow model, this area is

divided into ten ring components.
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Figure 3.2: The figure shows in the top panel the X-ray light curve of GRB 060218
and in the bottom panel, the colour UV M2−U of GRB 060218 from
650 s to 2000 ks. The plot is separated by four times to form five phases.

3.3 Results

Using the observations of GRB 060218 and SN 2006aj taken in the first few

days, I can use the colour (UV M2−U) and the X-ray light curve to help sepa-

rate the observations into five different phases of evolution. Splitting the light

curve into phases is useful because the spectral shape across the UV/optical

and X-ray energy range changes substantially from the time of the GRB trigger

until the Ni56-decay-powered emission becomes the dominant source of emis-

sion in the optical energy range. The colour (UV M2−U) is used because it

provides a good indication of the balance of UV vs. optical radiation, which

changes considerably over the course of the observations.

The X-ray light curve and colour (UV M2−U) are shown in Fig. 3.2.

Phase I represents the period between the start of the UVOT and XRT ob-

servations at 159 s and the time when the UV/optical power-law component

is no longer detected at 1350 s. The spectral change that characterises Phase

I is also clear in the spectral index calculations, βUV , shown in Table. 3.4 and

Fig. 3.5. Phase II is the time when the colour (UV M2−U) is consistent with

a constant value (UV M2−U) ∼ −0.5 and the thermal blackbody emission is

visible at UV/optical and X-ray energies. The constant (UV M2−U) colour is
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Table 3.2: Summary of emission components used to model the SEDs in each phase.
In phase III, the temperature and radius of the outflowing blackbody
cannot be determined because it peaks between the UV/optical and X-
ray energies. Therefore I have used simply a power law of βUV = −2 to
represent the Rayleigh-Jeans tail in the UV/optical. In phase IV, the
outflowing blackbody has no contribution in the X-ray spectra. No fits
were done in phase V.

Phase Time Emission components
(s)

I 159−1350 power law (UV/optical only)
power law (X-ray only)
outflowing blackbody

II 1350−10000 power law (X-ray only)
outflowing blackbody

III 10000−100000 power law (X-ray only)
Rayleigh-Jeans tail (UV/optical only)

IV 100000−130000 power law (X-ray only)
outflowing blackbody

expected when the UV/optical emission is dominated by the Rayleigh-Jeans

tail of a blackbody.

The line at 10 ks, shown in Fig. 3.2, marks the end of the X-ray blackbody

emission, and so the end of this phase. During phase III the X-ray emission

has a power-law spectrum without any observed contribution from a thermal

component. During phase IV the (UV M2−U) colour changes as the blackbody

cools sufficiently to peak in the UV. During Phase V the Ni56-decay-powered

emission from SN 2006aj becomes dominant at optical wavebands leading to a

much redder colour in (UV M2−U). The red colour is because of line blanketing

from iron-peak elements in the UV spectra, as seen for example in the HST

UV spectra of SN 1994I in Millard et al. (1999).

Table. 3.2 summarises the components which I used to model the SEDs

for each phase.

3.3.1 Determination of the host galaxy reddening

Before I examine the evolution of the SED, it is useful to determine the optical

reddening due to dust in the host galaxy of the GRB. Previous works have

argued that the UV/optical emission for times < 50 ks is dominated by the
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Rayleigh-Jeans tail of the blackbody-like emission component (Campana et al.,

2006; Waxman et al., 2007; Ghisellini et al., 2007a). During this period I can

determine the reddening rather precisely because the underlying spectrum has

a well understood spectral shape: a power law with spectral index, βUV =−2.

In the interval 5−60 ks I fitted second order polynomials simultaneously

to the light curves in the different UVOT filters. The polynomials were con-

strained to have the same shape (first and second order coefficient) but different

offsets in the different bands, which allowed us to get the differences in mag-

nitudes for each filter precisely while the colour was constant. The best fit set

of parabolae is shown in Fig. 3.3. I created a SED at 40 ks, using the fitted

magnitudes from my simultaneous fitting.

When modelling the SED the best extinction curve k(λ ) can be deter-

mined, and reddening values E(B−V )Rv from fitting, by fixing the known

spectral index at βUV = −2, because I assume that the UV/optical spectra

have a Rayleigh-Jeans shape. I found that the Small Magellanic Cloud (SMC)

and Large Magellanic Cloud (LMC) extinction curves produced acceptable

fits with χ2/dof= 3.9/4 and χ2/dof= 6.9/4, respectively. However, the Milky

Way (MW) extinction curve can be excluded based on the χ2, where I found

χ2/dof= 42.2/4 corresponding to a null-hypothesis probability p = 1.6×10−8.

The SMC extinction curve provided the best fit and for this curve I obtained

E(B−V ) = 0.179±0.007mag. The details of the fits for each extinction curve

are given in Table. 3.3. Based on the result that minimises the χ2, I use an

SMC extinction curve and E(B−V ) = 0.179 to fit the host-galaxy extinction

for all of my SEDs.

3.3.2 The early time UV/optical emission

The evolution of the (UV M2−U) colour, evident in Fig. 3.2, at early times,

suggests that the spectral slope in the UV/optical changes during phase I. This

spectral change is confirmed by fitting an absorbed power-law model across

the UV/optical energies in my SEDs. The parameters of the fits are shown

in Table. 3.4 together with the χ2/dof values for the fits and the associated
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Figure 3.3: Light curves for GRB 060218 in the time range 5−60 ks. The six differ-
ent colours represent the different UVOT filters. The best-fit parabolic
model light curves for each filter are shown as coloured lines, with asso-
ciated 1 σ errors in the shaded regions.

Table 3.3: Host galaxy extinction curve comparison. RV is the extinction AV divided
by the colour excess E(B−V ). χ2/dof is the best fit chi-square/degrees
of freedom and p is the corresponding null hypothesis probability.

E(B−V )
Extinction curve shape Rv (mag) χ2/ν p
SMC 2.93 0.179±0.007 3.9/4 0.41
LMC 3.16 0.197±0.008 6.9/4 0.14
MW 3.08 0.215±0.009 42.2/4 1.6×10−8

p values. All of the p values are above 0.01, and hence I consider all of the

fits to be acceptable. Fig. 3.4 shows how the spectral shape changes between

650 s and 1625 s across the UV/optical energy range. Superimposed on the

SEDs in Fig. 3.4 are the best fit power-law models for each epoch, shown

in red. Additionally, the model with a fixed Rayleigh-Jeans power-law index,

βUV = −2, is shown in blue. At 650 s the data are best modelled with fitted

spectral index βUV = 0.20+0.58
−0.63 and this value for the spectral index is consistent

with the typical GRB afterglow spectral index, 〈βUV 〉 = 0.66± 0.04, (Kann

et al., 2010; Schady et al., 2012). The UV/optical spectral shape evolves after

650 s and by 1625 s the UV/optical SED is consistent with a Rayleigh-Jeans

slope.

Fig. 3.5 shows the fitted spectral index βUV as a function of time. I have
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Table 3.4: Summary of the UVOT time-resolved SED fits for GRB 060218. Here I
show the best fit chi-square, χ2, when comparing the fit of the spectral
index, βUV (4 dof), to the fixed Rayleigh-jeans spectral shape, βUV =−2
(5 dof). p is the corresponding null hypothesis probability.

Time ———–βUV fitted———– βUV fixed at -2
(s) βUV χ2 p χ2 p
650 0.2±0.6 2.37 0.67 15.3 9.3e-3
1250 −0.5±0.3 11.60 0.02 25.7 1.0e-4
1625 −1.8±0.3 4.37 0.36 4.6 0.47
2125 −1.4±0.3 2.92 0.57 7.2 0.21
2550 −1.8±0.3 4.11 0.39 4.5 0.48
6500 −2.0±0.1 7.75 0.10 7.8 0.17
7500 −2.0±0.1 8.21 0.08 8.2 0.14

explicitly tested whether a single value of βUV could fit all of the UV/optical

SEDs by fitting a constant value to the power-law spectral indices. This fit

results in a large chi-squared, χ2 = 38.7 for 6 degrees of freedom with an

associated null hypothesis probability, p = 8.2e−7. Therefore I can reject the

hypothesis that the UV/optical emission can be characterised by a constant

power-law spectral index.

I have also tested the consistency of each UV/optical SED with a Rayleigh-

Jeans shape, which is equivalent to a power law with βUV fixed at -2, by fitting

such a model to each UV/optical SED. Table 3.4 includes χ2 and associated

null hypothesis probabilities for these fits. This model does not fit well (p <

0.01) for times < 1350 s, but is an acceptable fit at later times. Therefore

a second component, in addition to the Rayleigh-Jeans emission is needed to

describe the UV/optical emission before 1350 s.

3.3.3 Fitting the full optical to X-ray SED

When analysing the X-ray and UV/optical emission, I fitted my SEDs with

different models depending on the SED epoch. I took this approach because

the UV/optical power-law component is not detected after phase I and also,

the thermal emission component only contributes to the total X-ray radiation

in the initial 10 ks. The combination of components I used in my models for

the different SED epochs are shown in Table. 3.2.
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Figure 3.4: The SEDs of GRB 060218 at 650 s, 1250 s and 1625 s. Each SED is fitted
with a power-law model, with Galactic reddening E(B−V ) = 0.14 and
host galaxy reddening E(B−V ) = 0.179. The red line represents the
fitted power-law whose results are shown in Table. 3.2.2, and the blue
line is the Rayleigh-Jeans power-law model with βUV fixed at -2.

Figure 3.5: The best-fitting spectral indices, βUV , to the UV/optical SEDs, from
Table. 3.4. The blue horizontal line shows an attempt to fit the values
of βUV with a constant (see Section 3.3.2).
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For the phases which include the outflowing blackbody emission, I em-

ploy a spherically outflowing blackbody model as detailed in Sec. 3.2.4.1. The

model is initially fitted with the velocity of the outflow set to zero to sim-

plify the baseline estimation of the blackbody emission radius over time. This

setting serves as the foundation for subsequent iterative refinements. Unlike

typical freely adjustable parameters, the outflow velocity is derived from the

rate of change in the radius, calculated by fitting a functional form to the

radius-time data. This derived velocity is then used to adjust the model pa-

rameters iteratively. The refinement process involves recalculating the velocity

and refitting the model until the changes in the chi-squared values of successive

fits fall below a statistically significant threshold, indicating that the model fit-

ting has stabilised. Both the initial model with zero velocity and the iteratively

refined model are depicted in Fig. 3.6.

For all SED fitting the host-galaxy UV/optical reddening was fixed to

the value discussed earlier, E(B−V ) = 0.179. However, the host-galaxy X-ray

absorption was left as a free parameter, because I have no prior knowledge of

this.

When modelling the spherically outflowing blackbody model during phase

I to my SEDs, I included a power-law component across the UV/optical

energies, because there is a substantial power-law component during this

time, as seen in Fig. 3.4. At 650 s and 1250 s I measured the flux of

the power-law component in the UV/optical as νFν(1015 Hz) = (6± 2) and

(7±2)×10−13 erg cm−2 s−1, contributing 99.5% and 82% to the total flux re-

spectively.

Fitting my SEDs with my spherically outflowing blackbody model allows

us to see the evolution of the blackbody (photospheric) radius over time. When

modelling the radius, neither a linear model nor a power-law model provided

acceptable fits to the measurements, and so a power-law plus constant model

was used; this model is represented by the black line in Fig. 3.6. The best-fit
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parameters from my model are shown in Eq. 3.5,

RBB =
(

(233±6)+(1.0±0.1)(t− t0)0.68±0.01
)
×1011 cm (3.5)

where the radius can be expressed as RBB = R0 + A(t− t0)B. which gives the

inferred blackbody radius in terms of the initial radius, R0, and the time since

the event was triggered, t− t0. In this equation, A and B are free parameters

determined in fitting. The value that I calculate, R0 = (2.33±0.06)×1013 cm,

represents the radius at which the blackbody radiation is first released.

The power-law plus constant model was not fitted to the data at 650 s

and 1250 s because there is a large contribution to the X-ray flux from the

prompt emission and a large contribution to the UV/optical flux from the

afterglow component. As a consequence, I do not consider the constraints on

the radius to be very reliable at these times. Furthermore, during the initial

800 s light travel time affects the observed blackbody emission. At 650 s I

observe 85 percent of the blackbody surface area emitted at an initial radius

R0 = (2.33± 0.06)× 1013 cm. The effect would be more pronounced if the

expansion is non-spherical. This could be the case in the early evolution of the

outflow if a jet along the line-of-sight induces an aspherical outflow.

The results from the model fits to the SEDs are shown in Table. 3.5.

The measurements and model of the outflowing blackbody radius against time

are displayed in Fig. 3.6. The full SEDs with the best-fitting models and the

data/model ratios are shown in 3.7.

3.4 Discussion

In this paper, I have given detailed analysis of the early UV/optical and X-ray

emission from GRB 060218. There is a substantial change in the spectral shape

of the early UV/optical emission, with the spectral index of the fitted power-

law changing by ∆βUV = 2.2±0.6. At 650 s after the GRB trigger, the spectral

index across the UV/optical energies, βUV , calculated from the SED power-

law fit is βUV = 0.20+0.58
−0.62. The spectral index calculated from the UVOT SED
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Table 3.5: Summary of results for SED fits of GRB 060218 modelled with a spher-
ical outflowing blackbody component. NH denotes the hydrogen column
density. In the context of the fitted blackbody component, kT repre-
sents the product of the Boltzmann constant and the temperature, while
R corresponds to its radius. βX is the spectral index from the power-
law component from the fitted model across the X-ray energy range, and
βUV is the spectral index from the power-law component from the fitted
model across the UV/optical energy range. v/c is the converged value
of the velocity/c for the spherically outflowing blackbody. χ2/dof is the
best fit chi-square/degrees of freedom. For the SED at 120 ks the fitted
model included a blackbody component over the UV/optical energies.

Time NH kT Blackbody radius R
(s) (10−22 cm−2) (eV) (1013 cm) βX βUV (v/c) χ2/dof
650 0.58±0.04 117±14 0.16±0.07 0.42±0.03 0.21±0.63 0.292 311.3/327
1250 0.94±0.04 84.7±6.0 1.40±0.50 1.00±0.03 −0.17±0.43 0.237 381.4/326
1625 1.09±0.01 73.9±0.6 3.94±0.12 1.38±0.01 − 0.218 637.4/529
2125 1.08±0.01 74.4±0.3 4.20±0.13 1.67±0.02 − 0.199 500.3/456
2550 1.09±0.01 74.2±0.5 4.39±0.17 1.86±0.03 − 0.189 431.9/323
6500 1.28±0.02 56.2±0.8 6.34±0.01 2.61±0.19 − 0.140 32.7/25
7500 1.55±0.03 52.4±1.0 7.25±0.09 2.70±0.25 − 0.134 19.2/17
120000 0.52±0.07 3.9±0.4 31.5±3.7 3.33±0.35 − 0.056 42.6/26

Figure 3.6: The radius against time, determined from fitting UV/optical/X-ray
SEDs with a spherically outflowing blackbody component plus power-
law model. The photospheric radii are shown with one sigma errors in
blue. The fitted photospheric radii using a stationary blackbody model
are shown in green. The power-law plus constant model fit to the pho-
tospheric radii (Eq. 3.5) is shown as a black line.
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Figure 3.7: The SEDs of GRB 060218 for all of the times shown in Table. 3.1.
The SEDs are shown across the UV/optical and X-ray energies (0.0015–
10 keV). The models used in the fitting are listed in Table. 3.2. The
flux is displayed as EFE . The red data points represent the dereddened
UV/optical and unabsorbed X-ray flux. The blue data points represent
the UV/optical and X-ray flux including absorption as measured by
UVOT and XRT. The dashed lines represent the model components.
The bottom panel of the figure shows the ratio of the data to overall
model.
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Figure 3.7: caption (continued)

power-law fit measured for different times shows an evolution in the spectral

index, which quickly converges to a constant value of βUV .

The UV/optical and X-ray emission can be characterised by a spherically

outflowing blackbody plus power-law model for the times 1350–10000 s. During

this period the power-law model is fit only over the X-ray energy range in my

SEDs.

In the initial 1350 s the UV/optical power-law component has a higher

contribution to the overall flux in the UV/optical than the blackbody compo-

nent. For times after 1350 s, the thermal component in the UV/optical and
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Figure 3.7: caption (continued)

X-ray spectra is the dominant source of the observed luminosity. After 10 ks

there is no longer an observed thermal component in the X-ray spectrum.

At 120 ks, the blackbody cools sufficiently to peak in the UV, and I mea-

sure the UV blackbody temperature. After 130 ks the UV/optical flux is pre-

dominantly produced by the Ni56-decay-powered emission, and the X-ray spec-

trum is still characterised by a soft power-law.
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Figure 3.7: caption (continued)

3.4.1 Origin of UV/optical emission before the SN peak

I measured the UV/optical spectral index at 650 s as βUV = 0.20+0.58
−0.62. Within

one sigma, this spectral index is consistent with the mean value of GRB af-

terglow spectral indices as calculated by Kann et al. (2010); Schady et al.

(2012), 〈βUV 〉 = 0.66± 0.04. Similar to typical GRB afterglows, the emission

mechanism that produces the spectral slope at 650 s is likely to be synchrotron

emission. Typically the synchrotron spectrum extends from the UV/optical

to X-ray. However, this cannot be tested in GRB 060218 because the prompt

emission still dominates the X-ray at early times (Toma et al., 2007). If the
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power-law model, which best fits the UV/optical data at 650s, is extrapolated

to the X-ray band, it represents only one fifth of the observed X-ray flux.

Therefore the early UV/optical spectra are consistent with the UV/optical

emission being the afterglow, where the emission is produced by the interac-

tion of a jet with the circumburst medium. At the date of writing, this is the

first observation of an UV/optical afterglow in a low-luminosity GRB.

The observations at times 1350− 60000 s suggest that the UV/optical

emission is dominated by emission from the Rayleigh-Jeans part of a black-

body spectrum. At 120 ks the peak of the blackbody emission has moved

into the UV/optical, with kT = 3.9± 0.5 eV at an inferred blackbody radius,

R = (3.2± 0.4)× 1014 cm. The observations of the blackbody peaking in the

UV/optical are in agreement with the expanding shock-heated wind model

proposed in Waxman et al. (2007); Nakar (2015); Irwin and Chevalier (2016).

However, the expanding shock-heated wind model cannot explain the spectral

shape before 1350 s. Therefore there is two contributions to the total observed

UV/optical flux: the synchrotron component, and the blackbody component;

both components are observed simultaneously. It is for this reason that I argue

that the non-thermal UV/optical emission is observed outside the optically

thick expanding shock-heated wind. The characteristics of the non-thermal

UV/optical emission are comparable to typical GRB afterglows; therefore, I

propose that the non-thermal UV/optical emission is generated from the ex-

ternal shocks as the jet is slowed by the surrounding ISM.

Ghisellini et al. (2007a) interpret the UV/optical emission for times <

100 ks, as being produced through self-absorbed synchrotron emission. For

this model, Ghisellini et al. (2007a) require the UV/optical spectrum to be

∝ ν2.5. They can accommodate this value by using a value of the reddening,

E(B−V ) = 0.3 mag, 0.12 greater than the value I derived from the techniques

discussed in Sec. 3.3, where I argue that the UV/optical is on the Rayleigh-

jeans tail of the blackbody that is peaking in X-ray energies. However, the

model used in Ghisellini et al. (2007a) only addresses the UV/optical emission
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during the initial 100 ks and does not account for the UV/optical spectral

shape changing to resemble a blackbody that peaks in the UV/optical energy

range at 120 ks. Additionally, the model used in Ghisellini et al. (2007a) does

not account naturally for the blackbody component in the X-ray emission, and

they argue that this requires an additional component to explain the thermal

X-ray emission. However, I have shown that the thermal X-ray emission can

be emitted simultaneously from the same radius as the UV/optical blackbody

emission. Therefore, my model addresses areas that Ghisellini et al. (2007a)

did not, providing a more holistic explanation of the non-thermal and thermal

components of the UV/optical emission.

3.4.2 Existence of a jet?

As described in Section 3.4.1, the observations of the non-thermal UV/optical

emission in the initial 1350 s suggest that the early UV/optical emission is

synchrotron radiation. The synchrotron emission is likely due to the interaction

of the GRB outflow with the circumburst region, which is predicted in the

external shock model (Mészáros and Rees, 1997). Furthermore, Toma et al.

(2007) analysed the X-ray -Gamma-ray SED from BAT and XRT and showed

that the non-thermal emission in the prompt phase of the GRB can be modelled

well with a band function (Band et al., 1993). The low and high energy indices,

from this model, are consistent with typical values of typical GRBs (Toma

et al., 2007) where the emission is thought to be from a jet outflow. Therefore

both the prompt emission spectral characteristics and the presence of non-

thermal emission in the UV/optical at early times point towards a scenario in

which the jet has penetrated the optically thick envelope.

There are predominantly two models that attempt to reconcile the radio

observations of GRB 060218. The first is put forward by Soderberg et al.

(2006b), who argue that the observed radio afterglow requires a mildly rela-

tivistic (Γ & 2) outflow interacting with the surrounding medium. Soderberg

et al. (2006b) and Fan et al. (2006) suggest that this could be an effectively

spherical, wide outflow with θ j & 1 rad, due to the lack of jet break in the radio
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observations up to 22 days. In order to model the radio light curves, Soderberg

et al. (2006b) require an isotropic kinetic energy, Ek,iso ∼ 1048 erg, circumburst

density, n∼ 102cm−3, and the ratios of the electron and magnetic field energy

density to the total thermal energy, εe ∼ 10−1 and εB ∼ 10−1, respectively.

However the gamma-ray efficiency is too high, ηγ =
Eiso,γ

Eiso,γ +Ek,iso
=∼ 98%.

An alternative model that helps resolve the gamma-ray efficiency problem

was offered by Toma et al. (2007), where the radio emission is produced by

the external shock synchrotron model, which requires a jet with an initial

Lorentz factor, Γ0 = 5, where Γ0 is the initial Lorentz factor of the jet just

as it exits the star (Toma et al., 2007). In this model, the radio emission is

produced in the non-relativistic phase of the outflow and requires an opening

angle of θ0 = 0.3 rad (Toma et al., 2007), which is smaller than the opening

angle required in the models proposed by Soderberg et al. (2006b) and Fan

et al. (2006). The opening angle was required by Toma et al. (2007) to obtain

a reasonable γ-ray efficiency and also to satisfy a condition that was needed

for the jet to penetrate the stellar envelope. Toma et al. (2007) remark that

the jet could initially be collimated, to penetrate the progenitor envelope, like

in the standard collapsar model (Woosley, 1993b; MacFadyen and Woosley,

1999a). They explain that the radio emission is observed at a period where

the initially collimated jet moves towards a spherical geometry.

At 650 s and 1250 s the UV/optical fluxes of the power-law component

are measured to be νFν(1015 Hz) = (6± 2) and (7± 2)× 10−13 erg cm−2 s−1,

respectively. These are comparable to the predicted synchrotron flux in the

jet model of Toma et al. (2007); see Fig. 3 in Toma et al. (2007). The values

calculated in Toma et al. (2007) for the UV/optical flux are νFν(1015 Hz)≈ 3

and ≈ 7× 10−13 erg cm−2 s−1 for 650 s and 1250 s, respectively. Therefore my

observations of the UV/optical emission in the first 1350 s agree well with the

jet model discussed in Toma et al. (2007) and this further strengthens the

reasoning for a jet model to explain the observations from GRB 060218.

The presence of a jet, required to explain the UV/optical synchrotron
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emission, could induce some asphericity into the envelope. This reasoning for

asphericity has been argued for both GRB/SN 1998bw (Maeda et al., 2002) and

SN 2003jd (Mazzali et al., 2005). Aspherical expansion of the SN is favoured by

Gorosabel et al. (2006), from the detection of linear polarisation in SN 2006aj.

Linear polarisation in SNe has previously been linked with the non-spherical

expansion of Type Ic SNe (Hoflich, 1991). Furthermore, the detection of the

linear polarisation supports the jet model. Although I have shown that the

observations do not disagree with a spherical model, a link between asphericity

and SNe connected with GRBs has been seen in some studies (Maeda et al.,

2002; Mazzali et al., 2001).

Conversely to a jet model to explain the observed emission from GRB

060218, Nakar (2015) argue that GRB 060218 and all other LLGRBs are

produced from the shock breakout of a low-mass extended envelope that has

choked the jet. Therefore within their model, no emission from the jet or the

interaction of the jet outside the extended envelope can be observed. How-

ever, this choked jet scenario is incompatible with my data, because it does

not explain the synchrotron component seen in the UV/optical spectra before

1350 s. Also, the scenario does not address the blackbody component in the

X-ray spectra at early times, before the breakout timescale argued by Nakar

(2015), tBO ∼ 1000 s.

3.4.3 Host galaxy reddening

The best estimate of the host-galaxy reddening, an SMC extinction law and

E(B−V ) = 0.179±0.007 mag, was obtained by assuming that the underlying

UV/optical continuum has a Rayleigh-Jeans shape at all times between 5 ks

and 60 ks after the GRB trigger. The reddening estimates used by Campana

et al. (2006) and Waxman et al. (2007) were also based on the assumption

of an underlying Rayleigh-Jeans shape, though with a less developed fitting

procedure, and using the UV/optical SED from only one epoch (32 ks). They

obtained E(B−V ) = 0.20± 0.03 mag for an SMC extinction law, consistent

with, but less precise than, the value I have obtained. The SMC extinction
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curve, which is favoured by my fits to GRB 060218, is usually found to be the

best fit in GRB host galaxies (Schady et al., 2010). As with the majority of

GRB host galaxies, the host galaxy of GRB 060218 also has a low metallicity,

in this specific case 12+ log(O/H)∼ 0.07Z� (Wiersema et al., 2007).

Two alternative approaches to estimating the host-galaxy reddening to-

wards GRB060218, which do not require any assumption about the underlying

continuum shape, can be found in the literature: the equivalent width (EW)

of the interstellar NaI D (5895.9 Å) absorption line and the linear polarisa-

tion. A measurement of the NaI D absorption lines is reported in Guenther

et al. (2006), and is translated to an estimate of E(B−V ) = 0.04 mag using the

empirical relation between NaI D EW and E(B−V ) derived by Munari and

Zwitter (1997) from observations of hot stars in the Milky Way. This redden-

ing estimate is adopted in the works of Sollerman et al. (2006) and Pian et al.

(2006). Munari and Zwitter (1997) suggest an uncertainty of 0.05 magnitudes

for E(B−V ) derived in this way, suggesting a host-galaxy reddening some-

what lower than my measurement, but it is not known whether the relation

found by Munari and Zwitter (1997) is applicable for the lower-metallicity,

perhaps higher-ionisation interstellar medium (ISM) of the dwarf-galaxy host

of GRB 060218. Gorosabel et al. (2006) observed a stable linear polarisation

of 1.4± 0.1 per cent in SN 2006aj at 13 and 19 days after GRB 060218, and

suggested that the host galaxy ISM may be responsible for the polarisation.

Gorosabel et al. (2006) used this measurement together with the empirical

relation obtained by Serkowski et al. (1975) relating polarisation to redden-

ing in the Milky Way, P ≤ 9E(B−V ). The implied host galaxy reddening is

E(B−V )≥ 0.15 mag. This value is somewhat higher than the estimate based

on NaI D, and is consistent with my measurement of the host galaxy redden-

ing. However, I note a similar caveat as for the NaI D measurement: it is not

known to what degree the relation found by Serkowski et al. (1975) is applica-

ble for the dust species in the lower-metallicity ISM of the dwarf-galaxy host

of GRB 060218. Given their inherent uncertainties, I consider that the NaI D
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and polarisation-based estimates of the host reddening are compatible with my

measurement of E(B−V ) = 0.179±0.007 mag.

3.4.4 The blackbody emission component(s) and the

geometry of the emission

I have shown that an outflowing blackbody component contributes to the SED

at optical, UV and X-ray energies. The outflowing blackbody emission peaking

at X-ray energies before 10 ks. The concurrent observation of the Rayleigh-

Jeans spectral shape in the UV/optical suggests that the same blackbody com-

ponent is present in both energy ranges. In contrast, to explain the thermal

emission observed in the X-ray and UV/optical, Waxman et al. (2007) require

that the thermal component in the UV/optical arises from a separate region

to that of the thermal component in the X-ray. In their model, the thermal

X-ray emission is produced from a compressed wind shell, while the thermal

UV/optical emission is produced at a lower temperature in the outer shells of

the progenitor star. Thus in the model of Waxman et al. (2007) the X-ray emis-

sion originates further from the progenitor star than the UV/optical emission.

However, for a blackbody of lower temperature to dominate the emission of a

higher temperature blackbody, it must have a larger surface area, and therefore

one would expect it to arise at a greater, rather than smaller radius around

the progenitor star. I cannot envisage a geometrical configuration in which a

region of lower temperature, and at a significantly smaller distance from the

progenitor star, than that giving rise to the blackbody emission observed in

the X-ray, could produce emission that would dominate in the UV/optical.

Therefore I consider my spectral model, in which the UV/optical and thermal

X-ray emission are produced by the same blackbody component, to be more

compelling than the two-component description advocated by Waxman et al.

(2007).

Ghisellini et al. (2007b) investigated the possibility that the UV/optical

and X-ray radiation belonged to a single blackbody. They used the photo-

spheric radius model in Waxman et al. (2007) to get a temporal relation for
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the radius.

R = R0+3.6×1010(t− t0)0.80 cm. (3.6)

They assumed that the UV/optical emission before 120 ks corresponds to

the Rayleigh-jeans part of the blackbody spectrum and used the observed

UV/optical fluxes to determine the blackbody luminosity. They then es-

timated the associated energy emitted by the blackbody at each step of

their UV/optical lightcurve using L∆ t, where ∆ t was the time period for the

UV/optical flux measurement. Ghisellini et al. (2007b) argued that the energy

emitted by the blackbody was too large (EBB ∼ 1051 ergs) to be viable when

compared to the total kinetic energy of the SN explosion, ESN,K ∼ 2×1051 ergs

(Mazzali et al., 2006).

I find that the blackbody energy is smaller at early times (< 1350 s) than

Ghisellini et al. (2007b), because I have found that the UV/optical emission is

dominated by a synchrotron component at these times. I have made my own

estimate of the energy emitted by the blackbody by integrating the luminosity

of the blackbody model component with respect to time. I find that during

the initial 650–2700 s the integrated luminosity of the blackbody is E = 1.1×

1051 ergs. Thus my spectral modelling leads to a similar energetic requirement

to that raised by Ghisellini et al. (2007b). The large amount of energy radiated

by the blackbody would suggest a more energetic supernova than that inferred

by Mazzali et al. (2006), for example ESN,K = 1052 ergs as found by Cano (2013),

which is more consistent with the supernovae usually associated with GRBs.

From, Eq. 3.5, it can be seen that my calculated breakout radius, R0 =

2.3×1013 cm far exceeds the typical radius of a WR star (∼ 1011 cm), which is

the preferred candidate for the progenitor (Campana et al., 2006). Waxman

et al. (2007) propose two possibilities for explaining the large breakout radius.

The first is that the star is surrounded by an optically thick shell, formed by

a large mass-loss event from the progenitor star which occurred before the SN

explosion. The second is that a dense stellar wind can be optically thick to a

large radius. Nakar and Piro (2014) advocate the former, whereas Li (2007)
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discusses the latter. My value for R0, exceeds considerably even the breakout

radius of 7.8× 1012 cm derived by Waxman et al. (2007), in their model of

a wind from a WR star. A progenitor star which is larger than a WR star

(e.g. 100 R�) with a WR-like wind (Li, 2007), or a significant pre-explosion

mass-loss event, could account for the R0 which I derive.

From my observations, I calculated the velocities from the spherical

outflow model using the derivative of the blackbody radius against time.

The inferred velocities from the spherically outflowing blackbody range from

65400 km s−1 at 1615 s, to 16800 km s−1 at 120 ks. Extrapolating Eq. 3.5, to

2.89 days gives a velocity of v = (15000± 4000) km s−1, which is inconsistent

with the velocity calculated in Pian et al. (2006) from the spectroscopic analysis

of SN 2006aj at 2.89 days, v = 26000 km s−1. However, if I fit a power-law plus

constant model to the velocity data for GRB 060218 from Pian et al. (2006), I

find, v ∝ t−0.3 and this is in good agreement with my prediction for the velocity

of v ∝ t−0.32±0.01. The inconsistency with the velocity measurement by Pian

et al. (2006) at 2.89 days, could be because the velocities calculated in Pian

et al. (2006) are measured from the Doppler shift in the absorption lines from

the velocity in the line of sight to the observer. The velocities are measured in

the transverse direction. A non-spherical expansion which is faster in the line

of sight direction would produce such a discrepancy between the line of sight

and transverse velocities, and hence could account for the difference between

the velocities I have derived and those derived by Pian et al. (2006).

3.5 Conclusions

The work in this paper analyses the early UV/optical emission and the thermal

components observed in both the UV/optical and X-ray, in GRB 060218.

I have shown that the observed UV/optical spectral index at early

times indicates that before thermal emission dominates the UV/optical,

the UV/optical emission is the GRB afterglow. I have proposed that the

UV/optical afterglow is likely to be produced from external shock synchrotron
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emission from a jet; additionally, the same mechanism can be used to explain

the radio emission at later times (& 2 days), as explained by Toma et al. (2007).

Conversely, after the initial observations of the UV/optical synchrotron com-

ponent, the UV/optical spectrum resembles a Rayleigh-Jeans spectral shape

Fν ∝ ν2 at t > 1350 s, until the blackbody peak is measured in the UV/optical

bands at 120 ks.

I have proposed a basic model that accounts for most of the observed fea-

tures in GRB 060218. This model includes a jet that penetrates the envelope

surrounding the progenitor core. The extended envelope is optically thick and

emits UV/optical and thermal X-ray emission from the same expanding region.

Within the time interval of 1400−8000 s, the UV/optical emission corresponds

to the same blackbody spectrum as the X-ray emission. The photosphere con-

tinues to expand, and at 120 ks, the thermal UV/optical emission is observed

when the blackbody is peaking at UV energies. My basic model improves upon

previous models, because I have shown the evidence for a jet which is needed

to produce the UV/optical emission during t ≤1350 s and this UV/optical jet

signature has not been recognised in previous studies of GRB 060218. The

synchrotron component observed in the UV/optical agrees with the late obser-

vations of a synchrotron component in the radio emission. Furthermore, I have

shown that the UV/optical and X-ray blackbody emission can be produced in

the same region and can be produced in a spherical outflow.

I have demonstrated that the UV/optical emission during 5−60 ks could

be characterised by Rayleigh-Jeans emission. I have shown that the UV/optical

spectral shape does not change during this time, and this provided us with an

accurate value of the UV/optical reddening, and moreover allowed us to rule

out a Milky Way extinction curve for the host galaxy.

Finally, it is important to note that GRB 060218 is one of only four LL-

GRBs observed, providing a rare opportunity to analyse the early UV/optical

emission in the very early stages of a SN. If my interpretation is correct, GRB

060218 represents the first LLGRB with a clear observed UV/optical afterglow,
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which is valuable in understanding what is happening to produce this emis-

sion. It is proposed that this is the product of a jet penetrating the progenitor

envelope and interacting with the surrounding medium. My proposed model

has implications on future observations of LLGRBs and also highlights the im-

portance of UV/optical observations during the prompt emission of LLGRBs,

as this is the only time where the observation of the UV/optical afterglow is

possible before the dominant emission from a thermal photospheric component.



Chapter 4

A multi-wavelength analysis of GRB

100316D, evidence for thermal

emission analogous to GRB 060218?

4.1 Introduction

As mentioned in previous chapters, GRBs can be classified into two groups

by their burst duration: short GRBs and long GRBs. Short GRBs are pro-

duced by the NS-NS / NS-BH mergers, confirmed at least in one case by the

detection of a gravitational wave followed 2 seconds later by a GRB, and later

a kilonova explosion (Abbott et al., 2017). Long GRBs are produced from

the core collapse of massive stars (Woosley, 1993b; MacFadyen and Woosley,

1999b). This model is supported by the association of broad-lined type Ic

SNe observed for a number of GRBs both spectroscopically and photomet-

rically. Typically these SNe show similar properties to SN1998bw; however,

their GRBs counterparts show diverse properties, both in duration (anywhere

from 2–10000 s) and isotropic equivalent luminosity (1046−1052 erg s−1). The

photometric confirmation of these SNe comes from an optically-bright bump

in the GRB afterglow light curve, which typically occurs 10 days after the

gamma-ray emission triggers detectors. This “red bump” in the light curve is

dominantly powered by the radioactive decay of Ni56 in the SN ejecta. Addi-
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tionally, the early UV/optical afterglow light curves of GRBs associated with

SNe do not always follow the typical synchrotron model, where the flux is ex-

pected to decay as a power-law. Also, the GRB light curves can have early

breaks, that are not achromatic, signifying spectral evolution, and therefore

can not be described by a single synchrotron emitting component.

GRB 060218/SN 2006aj was a GRB that was extensively observed by

Swift in the initial 10 days, and also during its decaying SN emission. This

allowed a deep analysis of the UV/optical/X-ray emission. This emission was

found to be composed of a non-thermal synchrotron emission and a thermal

component. It can be seen in Chapter 3 that this thermal component extends

from X-ray to optical bands and described the cooling ejecta that had been

heated by the shocks of SN2006aj. There is a component in the optical emission

due to emission from a shock wave as the outer shell of an initially collimated

jet interacts with its surrounding medium. GRB 100316D/SN 2010bh was

similar to GRB 060218 in many ways. Both were low redshift (z = 0.0591 and

z = 0.033, respectively) GRBs with a spectroscopically confirmed SN, and had

a thermal component in the X-ray emission during the first 1000 s (Starling

et al., 2011). However, GRB 100316D did not have as good a coverage in the

UV/optical bands as GRB 060218. So unlike GRB 060218, I do not see a

clear bright UV bump in the UV/optical light curve for GRB 100316D, but

there was evidence of this in the form of a brightening in the UVW1 emission at

33ks (Olivares E. et al., 2012; Cano et al., 2011a). Therefore, it is possible that

during this time, the observed emission mechanism is the same as that which

governed GRB 060218: the Rayleigh-Jeans tail of a bright thermal component

in the emission.

Therefore analysing the UV/optical emission at 33ks is vital in helping to

understand what emission mechanisms are producing the pre-SN GRB light

curve in GRB 100316D. Alongside the UVOT observations in UVW1, there are

also observations in g,r, i, and z with the ground-based telescopes GROND and

Gemini-S (Olivares E. et al., 2012; Starling et al., 2011; Cano et al., 2011a).
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However, when comparing the observations from GROND and Gemini-S in

works by Olivares E. et al. (2012) and Cano et al. (2011a) there is a clear

discrepancy in the AB magnitudes. For example, with GROND the i and z

emission at 42.5 ks was measured at i = 20.87± 0.05, z = 20.77± 0.07; with

Gemini-S the i and z emission at 41 ks was measured at i = 20.42±0.04 mag,

z = 20.24± 0.11. Furthermore there are inconsistencies with the magnitudes

shown in Table 2 and Fig. 4 in Cano et al. (2011a). Therefore, in order to model

the UV/optical emission and resolve the pre-SN GRB emission component(s),

it is required to know if the optical flux values given in these previous works

are valid.

Starling et al. (2011) discovered similarities between GRB 100316D and

GRB 060218, namely the X-ray lightcurve and spectral hardness resembled

that of GRB 060218. Furthermore, Starling et al. (2011) found that X-ray

emission (144-737 s) was best modelled with a synchrotron plus blackbody

model. The temperature of the blackbody was constant at kT = 0.14 keV and

R = 8× 1011 cm. They argued that the UV/optical thermal component was

not observed in GRB 100316D (as it was for GRB 060218) offering that if

the extinction was similar to that of GRB 060218, then the emission from a

shock breakout similar to GRB 060218 would be fainter by a factor of two or

more and therefore they posited that the host galaxy would be dominating

the UV/optical shock breakout emission. Olivares E. et al. (2012); Cano et al.

(2011a) modelled the UV/optical SED during the time before the SN emission

started to rise. Olivares E. et al. (2012) argued that the UV/optical and X-ray

emission at 42 ks can be best modelled with a blackbody plus a power-law, and

their best fit model had a blackbody component with, kT = 0.079±0.003 keV

and R = (3.9±0.4)×1013 cm. However their model required a hydrogen column

density NH = 4.4×1022 cm−2, four times larger than that required by the model

used in Starling et al. (2011). Cano et al. (2011a) modelled the UV/optical

SED at 52 ks with a power-law model and no blackbody component. They

estimated the spectral power-law index β = 0.94±0.05 from the spectral fit and



4.1. Introduction 110

argued that because this power-law is harder than you would typically expect

for synchrotron emission, that this emission likely contains a component from

the shock-heated, expanding stellar envelope.

The aim of this study is to determine if GRB 100316D is analogous to

GRB 060218; in the sense of its pre-SN UV/optical emission. Therefore the

light curve and the UV/optical spectra must be analysed in order to test this

hypothesis. However, it is unclear which photometry to use, due to the dif-

ferences between the GROND and Gemini-S photometry (Olivares E. et al.,

2012; Cano et al., 2011a). The Gemini-S data is inconsistent and therefore

I aim to reprocess the Gemini-S data during the interval 30-50 ks. Due to

the different interpretations of the pre-SN UV/optical emission from Starling

et al. (2011); Olivares E. et al. (2012); Cano et al. (2011a), reprocessing the

images and doing the photometry will allow us to resolve the issues between

the previous works and enable us to probe the nature of the UV/optical emis-

sion. I will take a similar approach as I have with GRB 060218 and see if the

UV/optical spectral shape can be consistent with the the Rayleigh-Jeans tail

of a blackbody.

4.1.1 Observations

GRB 100316D was observed by a multitude of ground observatories and space

telescopes. The initial observations of GRB 100316D were performed using all

seven filters of UVOT for 3 ks. However, the host galaxy subtraction could not

be performed during the initial observation, because the optical/UV afterglow

count rates were consistent with that of the host galaxy. The source was ob-

served later at 33 ks in the uvw1 and u filter, where the flux of the afterglow

emission was distinguishable from the host galaxy emission. The imagery of

GRB 100316D and it’s surrounding field were also taken by Gemini-South (-S).

The Gemini-S images were taken with the Gemini Multi-Object Spectrograph

(GMOS) (Crampton et al., 2000) 40 ks after the GRB trigger. The multi-

channel imager GROND (Greiner et al., 2007, 2008), started observations of

GRB 100316D 42 ks after the GRB trigger and observed the source simultane-



4.1. Introduction 111

Figure 4.1: Lightcurves of GRB 100316D. Shown in the lightcurves are the obser-
vations from GROND (g′,r′, i′,z′,J), Gemini-S (B,V,Rc, i,z) and UVOT
(U,UVW1). All magnitudes are given in AB and have been corrected for
host galaxy contamination, they have also been corrected for foreground
and host galaxy extinction of E(B−V ) = 0.18, the extinction used in
Cano et al. (2011a). The GROND data is extracted from Olivares E.
et al. (2012) and Gemini-S is extracted from Cano et al. (2011a).

ously in g, r, i, z, J, H and K. UVOT, GROND and Gemini-S observed GRB

100316D and SN2010bh from 100 ks after the GRB trigger until the emission

faded to the host galaxy level.

4.1.2 Gemini-S data

As previously explained, the UVOT UVW1 emission at 33 ks shows evidence of

rebrightening. Therefore in order to probe whether this emission is consistent

with the shock-breakout type of behaviour seen in GRB 060218, additional

observations at 33ks are required to construct an SED. GROND and Gemini-S

have observations in the g, r, i and z filters at 40 ks and 42 ks respectively. It

can be seen in Fig. 4.1 that the i′,r′ AB magnitudes given in Olivares E. et al.

(2012) and i,r AB magnitudes given in Cano et al. (2011a) are significantly

different. In Fig. 4.1 the magnitudes have been corrected for the same fore-

ground plus host extinction and therefore should be reasonably consistent. It

is expected that they are not exactly the same due to slight difference of the
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responses for the i, z filters of Gemini-S and GROND; however, the differences

are as large as 0.5 mag between the i magnitudes of the GROND (Olivares E.

et al., 2012) and Gemini-S data (Cano et al., 2011a). Furthermore, as a check

on the Gemini-S data for ∼ 0.5 days from Table 2. in Cano et al. (2011a),

the magnitudes in each filter were converted into flux densities, correcting for

Galactic plus host extinction, which was estimated by Cano et al. (2011a) as

E(B−V ) = 0.18. the foreground and host galaxy corrected flux densities were

compared to the values in Fig. 4 of Cano et al. (2011a) in which they display

the SED at ∼ 0.5 days. Inconsistencies were found with the magnitudes in

Table 2 in Cano et al. (2011a) and the flux densities in Fig. 4 of Cano et al.

(2011a). Therefore I decided that in order to examine the UV-NIR SED, the

raw Gemini-S data in each filter needed to reprocessed and the photometry

reperformed and be found independantly from those in Cano et al. (2011a).

I chose to reprocess the Gemini-S data over the GROND data because the V

and i band observations from Gemini-S are consistent with HST observations

of V and i (Cano et al., 2011a).

4.1.2.1 Gemini-S image reduction

Image reduction was performed on the raw Gemini-S images taken of GRB

100316D. Images were taken from the Gemini-S archive 1 and processed using

an array of tools in Image Reduction and Analysis Facility (iraf). Specifi-

cally, this was performed using the iraf tools: gbias, giflat, gireduce,

gifringe, girmfringe, gmosaic, and imcoadd 2.

The first step in the image reduction was to subtract the bias from the

images. The bias is an offset added to the CCD before the start of an ex-

posure. To get the bias frame, the zero second exposure images taken at the

beginning and end of the observations were combined together (Massey, 1997).

Furthermore, when clocking out the CCD, there is a small residual charge that

is not moved from one pixel to the next during readout. This builds across

1https://archive.gemini.edu/searchform
2http://www.gemini.edu/sciops/data/IRAFdoc/gmosinfoimag.html
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the width of the CCD and gets displaced into the first columns of the over-

scan (Massey, 1997). Therefore, this overscan buildup needs to be removed

in the bias subtraction. The bias image was produced using gbias. In ad-

dition to the bias subtraction, flat field correction must also be performed.

This action is to correct for imperfection of the optical surface of Gemini-S,

sensitivity variances between pixels on the CCD, and illumination variances

such as vignetting (Lucey, 2016). The flat field image is processed from twi-

light flat field images using giflat. giflat normalises the flat field images,

subtracts both the bias and overscan image and combines them to one master

flat image (Carrasco, 2011). To perform corrections from the bias and master

flat gireduce was used. The final step in processing the images is to correct

for fringing in the images. Fringing occurs due to the slight variations of the

thickness of the CCD (Snodgrass and Benôıt, 2013). Fringing is caused by

multiple reflection inside the CCD and at long wavelengths, where the CCD

may become transparent, light can be reflected from the rear surface. The

ripple-like pattern is caused by constructive and deconstructive interference

(Snodgrass and Benôıt, 2013). The fringe frames are produced by combining

the images that make up the observation for that filter and then bias subtract-

ing and flat fielding the image. This is performed using gifringe. The fringe

pattern is obtained by averaging this combined image with rejection of the

highest values for each pixel (ESO, 2013). The fringing can then be corrected

for by subtracting the scaled fringe frame from an image using girmfringe.

The fringing correction has the most significant impact for the i′ and z′ images

(ESO, 2013). The processed images for each observation and filter were then

combined using gmosaic and imcoadd.

4.1.2.2 Star catalogues for calibration

The filters used in the Gemini-S and GROND observed were: g, r, i and z.

In order to calibrate the Gemini-S images my strategy was to use unsatu-

rated stars in the Gemini-S images and calibrate the magnitudes using the

known, catalogued magnitudes of those stars. The magnitudes of the Gemini-
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Figure 4.2: Three images showing the effect of fringing on the images on the Gemini-
S i-band image of GRB 100316D. Top: raw image with fringing, middle:
fringe frame image for subtraction, bottom: final fringing subtracted
image.
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S stars can be calculated using an arbitrary zero-point and using the IRAF

task phot. The photometry for calibration can be performed for any stars

which are contained in the star catalogue. The differences between the two

magnitudes can then be used to calibrate for all stars, including the object

of interest - GRB 100316D. There were three options to calibrate the images

to: the AAVSO Photometric All-Sky Survey (APASS) catalogue; field stars

observed by GROND; the SkyMapper Southern Sky Survey DR1 catalogue.

APASS observed stars in the filters: Johnson B and V and Sloan g, r and i.

The stars in the catalogue range from 7th to 17th magnitude and there were 19

stars in the same region as the Gemini-S image of GRB 100316D (2.5 arcmin

region). However there were no observations in the z-band in this catalogue.

The field stars observed with GROND (Olivares E. et al., 2012) consisted of

7 ∼16th magnitude stars located around the position of GRB 100316D within

0.5 arcmin. The GROND field stars were observed in g, r, i, z. Whilst it is an

advantage to have the z band calibration, which I can’t do using the APASS

catalogue, there are only 7 field stars observed by GROND, and therefore the

calibration errors would be much larger than with APASS. Additionally, the

GROND field stars were calibrated using Sloan Digital Sky Survey (SDSS)

catalogue in another region, during photometric conditions relative to their

photometry. Therefore there was a degree of difference in magnitudes between

the APASS catalogue and the GROND field stars. One other catalogue that

offered the benefits of both the APASS catalogue and the GROND field stars

was the SkyMapper Southern Sky Survey DR1 catalogue. The SkyMapper

catalogue offers g, r, i, and z magnitudes of more than 100 stars in the same

region as the Gemini-S observations of GRB 100316D.

I performed the magnitude calibration using all three catalogues, because

whilst skymapper offers the largest amount of catalogued stars in the region of

GRB 100316D, the spread of the magnitude difference, mag (Gemini-S) - mag

(catalogued stars), could be larger. The spread of magnitudes differences will

be fit with a constant for each catalogue and this will provide the calibration
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correction.

4.1.2.3 Matching stars from Gemini-S with catalogue stars

In order to perform the photometry for the calibration I first need to find

the stars that match the coordinates in the selected catalogue. The IRAF

task starfind was used to detect stellar objects in the Gemini-S images. For

this task, the maximum threshold ellipticity of the region file was selected at

ε = 0.5, where ε = 1− b/a and the parameters a and b represent the semi-

major and -minor axes, respectively. The full width half maximum (FWHM)

of the point spread function (PSF) was chosen as 4 pixels. starfind finds

stars in the image above a threshold of 100 ADU above the background. The

background mean of the pixel distribution was determined using imstat. The

stars produced from starfind were compared in image coordinates to those

in the selected catalogue and stars within 10 pixels in y- and x-axes were

considered a match. This matching was also inspected visually using the image

viewing software ds9 (Joye and Mandel, 2003), which allows the region files

to be overlaid on the image for closer examination. Therefore it was possible

to remove any stars that were saturated in the image, by checking if the star

core had a flat top from the star profile along its axis.

4.1.2.4 Performing magnitude calibration

To perform the photometry on the Gemini-S images and calculate the mag-

nitude brightness of GRB 100316D, it was required to first determine which

catalogue provided a precise consistent calibration. To calculate the magni-

tudes from the subtracted images, the zero-point of the afterglow image was

first calculated and then the magnitude of the subtracted image was measured.

This zero-point was used to obtain the true magnitude of the afterglow, with-

out host galaxy contamination. To find the zero-point of the afterglow image

the magnitudes of the stars that were in both the image and the the selected

catalogue (APASS, Skymapper, and GROND field stars) were calculated using

an arbitrary zero-point of 25. The difference between those calculated magni-

tudes and the ones in the catalogue were determined and a constant was fit to
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the differences, in order to obtain the zero-point of the image. The Photometry

on all images were performed using the iraf task phot. The best aperture for

photometry was selected such that the Fi−Fi−1
Fi−1 < 0.01, where F is the flux and

i represents the first index of an array of aperture sizes. The background was

calculated from the image with all stars removed; this was done by creating a

mask from stars found with the software package sextractor.

4.1.2.5 Subtracting and aligning images

Due to the large contamination of flux from the host galaxy to the afterglow of

GRB 100316D, the images needed to be subtracted so that this contamination

was removed and I was only measuring the afterglow emission. Each image was

aligned with the host-galaxy image in that filter and then subtracted, ready for

photometry. The subtracted images in the Gemini-S g-band, r-band, i-band,

and z-band are shown in Figures 4.3, 4.4, 4.5, and 4.6 respectively. A region

file of star positions was used to calculate the shifts for each image; the shifts

were applied to align the images. To subtract the images, the Python pack-

age hotpants was utilized. hotpants is a Python implementation of the

image subtraction algorithm by (Alard and Lupton, 1998). Due to differences

in seeing between the two images, their respective PSFs differ. For the obser-

vations of GRB 100316D, the seeing in the afterglow images was worse than

in the host galaxy image. Therefore, the PSF on the host galaxy images was

converted to match the PSF of the afterglow images using a PSF convolution

kernel. The convolution kernel is created using a linear combination of three

Gaussian functions: one half the size of the seeing, one the size of the seeing,

and another twice the size of the seeing. After image subtraction, the flux of

the subtracted image is normalized to the afterglow image.

4.1.3 UVOT data

GRB 100316D was initially observed in all UVOT filters. Observations were

taken in image mode. Source counts were extracted with heasarc tool uvot-

source, using a circular aperture of 3” radius centered on the position of GRB
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Figure 4.3: Top panel: Gemini-S g-band image of GRB 100316D 0.5 days after the
GRB trigger. Middle panel: Gemini-S g-band image of GRB 100316D
318 days after the GRB trigger. This image provides the host galaxy
contribution. Lower panel: subtracted g-band image, of afterglow image
at 0.5 days subtracting the host galaxy image at 318 day, using the
techniques described in Sec. 4.1.2.5.
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Figure 4.4: Host subtracted Gemini-S r-band image of GRB 100316D.

Figure 4.5: Host subtracted Gemini-S i-band image of GRB 100316D.
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Figure 4.6: Host subtracted Gemini-S z-band image of GRB 100316D.

100316D. This aperture was preferred to the standard aperture for UVOT pho-

tometry of radius 5” both to reduce contamination from the presumed host

galaxy and because the smaller aperture is more accurate when the count

rate is low (Poole et al., 2008). These count rates were then corrected to the

standard aperture using the curve of growth contained in the calibration files

for accurate absolute photometry. Background counts were extracted from a

region located outside of the host galaxy. To determine the host galaxy con-

tribution to the source, the count-rate in the source region was measured in

the interval 331–337 days after the GRB trigger, by which time the source had

faded and was no longer contributing significant counts to the region. This

count-rate was then subtracted from the earlier measurements of the source.

Observations of the host galaxy were only observed with the U and UVW1

filters at 331–337 days, therefore I created light curves for the U and UVW1

emission of GRB 100316D and SN 2010bh. The UVOT data is included in the

light curves figure shown in Fig. 4.1. The light curves count rates were con-

verted to AB magnitudes using the UVOT photometric zero points (Breeveld

et al., 2011). Each light curve was grouped using a bin size of ∆t/t = 0.2 to en-
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sure the best S/N for the afterglow light curves. For the purpose of comparing

the emission in Fig. 4.1 the UVOT light curves were corrected for foreground

and host galaxy extinction, E(B−V ) = 0.18 (taken from Cano et al. (2011a)).

However, the UVOT measurements included in my SED at 33ks will not be

corrected for Galactic and host galaxy extinction. The host galaxy extinction

and extinction curve will be determined in SED fitting.

4.2 Results

4.2.1 Gemini-S photometry

In order to construct the UV/optical SED, the Gemini-S observations of GRB

100316D at 40-42 ks were reprocessed and the photometry was performed

to get the host subtracted g, r, i, z band emission. This required that the

processed Gemini-S images were host subtracted and calibrated. I calibrated

the images with the APASS catalogue, GROND field stars, and the Skymapper

catalogue. The photometry was performed using phot with a zero-point of

25. This photometry was compared with each catalogue and the differences

were plotted. The magnitude differences were fit with a constant and this

provided the new zero-point for the Gemini-S images. Based on the fitting

of the magnitude differences and the number of my samples, Skymapper was

the best catalogue to use to calibrate the Gemini-S images. The zero-points,

determined using the Skymapper catalogue, and the photometry results from

the Gemini-S images are presented in Table 4.1.

Table 4.1: The Skymapper calibrated AB magnitudes from the Gemini-S observa-
tions of GRB 100316D at 40-42 ks. The zero-point is determined in
calibration and used to calibrate the photometry of the host subtracted
images.

Filter zero-point AB magnitude
g 27.759±0.058 20.634±0.062
r 28.237±0.056 20.845±0.058
i 27.575±0.051 20.770±0.053
z 26.634±0.038 20.784±0.041
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4.2.2 GRB 100316D light curves

In the first 1000 s of observation of GRB 100316D with UVOT the afterglow

emission was not detected in any filters. The host galaxy contribution in

the U and UVW1 were obtained from the UVOT observations taken 331–

337 days past the GRB trigger that I processed. I measured the host galaxy

contribution to be UVW1vega = 18.82±0.06 mag and Uvega = 18.65±0.08 mag.

The magnitudes for the host galaxy were determined using the same 3” radius,

aperture corrected to 5” as the photometry at 33 ks. After determining the

host galaxy contribution, I analysed the GRB afterglow emission in the U

and UVW1 bands. The U band emission from the GRB remained consistent,

within error margins, until observations ended at 600 ks. However, the UVW1

band emission from the GRB faded and was no longer detectable by 100 ks. A

comparison of the light curves from UVOT, GROND and Gemini-S are shown

in Fig. 4.1. Apart from the UVOT observations the data in this light curve

are taken from literature (Cano et al., 2011a; Olivares E. et al., 2012).

Fig. 4.7 shows the comparison of the U and UVW1 light curves of GRB

100316D and GRB 060218 (Emery at al. 2019). The light curves are shown

with normalised magnitude to see the comparison of peak emission.

4.2.3 SED results

You can see that from Fig. 4.7 that the period of brightening in the GRB

100316D coincides with the peak UVW1 emission in GRB 060218. However,

it is hard to distinguish any UVW1 emission from GRB 100316D outside of

the observations at 33ks, due to the bright host galaxy. To investigate the

source of the UVW1 emission in GRB 100316D I constructed an SED using

the g, r, i, and z band Gemini-S photometry given in Sec. 4.2.1. The SED also

included the UVW1 emission from 33 ks. Due to the presence of a blackbody

in the X-ray spectra, previously reported by (Starling et al., 2011) between

144–737 s, it is expected that the optical-UV is the tail of this blackbody emis-

sion, and therefore follows a Rayleigh-Jeans power-law shape, where F ∝ ν2.

Starling et al. (2011) also found that the X-ray emission at 33–505 ks was in-
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Figure 4.7: Top: U band light curves for GRB 060218 and GRB 100316D, shown in
blue and green, respectively. Bottom: UVW1 band light curves for GRB
060218 and GRB 100316D. The upper limits, shown as triangles, were
taken when the S/N < 1, the upper limits are given as the (count rate
+ 3× count rate error) converted into AB magnitudes.
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consistent with being produced by a thermal component with a power-law, and

found the best fit model was a power-law with β = 3.5. This is consistent with

the X-ray emission of GRB 060218: similarly to GRB 100316D the thermal

component in the X-ray emission of GRB 060218 had gone. Therefore in my

analysis of the UV/optical SED I did not include X-ray data. This is because

the power-law component in the X-ray emission likely does not correspond to

synchrotron emission; Waxman et al. (2007) explained that such a soft spectral

component could be explained with inverse Compton scattering. This inverse

Compton scattered emission would not extend to UV/optical energies. I fit the

UV/optical SED with a blackbody plus powerlaw model and I fixed Galactic

reddening as E(B−V ) = 0.12 (Schlafly and Finkbeiner, 2011). The host ex-

tinction was left as a free parameter. I performed each SED fit with a different

extinction curve (MW, LMC, SMC) to determine which best represented the

dust properties of the host galaxy. To test whether the UV/optical emission

could be produced by the Rayleigh-Jeans tail of a blackbody component, there-

fore I fixed the blackbody temperature to a value between the UV and X-ray

emission (kT = 0.01 keV) and fitted for the normalisation - because I assume

it is no longer detected in the X-ray emission. The power-law component was

a free parameter.

The results from the SED fitting are shown in Table. 4.2. MW, LMC,

and SMC extinction all produce acceptable fits to the data, but the best fit

is using the MW extinction. Therefore, I used this to derive the thermal and

power-law component properties.

4.3 Discussion

The focus of this study was to reprocess the Gemini-S photometry for GRB

100316D and use this in combination with the UVW1 observations from UVOT,

enabling us to investigate the properties of the pre-SN emission from GRB

100316D. Therefore, the Gemini-S was redone since it was first reported in

Cano et al. (2011a). In Cano et al. (2011a) they report that at 41 ks, i = 20.42
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Table 4.2: The results from the UV/optical SED fitting. The SED was modelled
with MW, LMC and SMC extinction curves. The radius is the inferred
blackbody radius from the normalisation of the blackbody model. Γ is the
photon index from the power-law component. χ2/do f is the chi-squared
fit statistic against the degrees of freedom.

Extinction curve E(B-V)host RBB Γ χ2/do f
(mag) (×1014 cm)

SMC 0.292±0.633 1.128±0.167 2.523±1.338 4.92/2
LMC 0.299±0.622 1.200±0.181 2.616±1.510 4.74/2
MW 0.309±0.066 1.181±0.185 2.501±1.421 4.29/2

Figure 4.8: The SED of GRB 100316D at the time (33000–52000) s. The SED shown
is fitted with a power-law plus blackbody model, shown by the pink and
green dashed lines, respectively. The combined model is displayed with
a black line. The parameters for this fit are shown in Table 4.2, where I
have used a MW extinction curve to describe the dust. Data points are
shown in blue and red, for the absorbed and unabsorbed observed flux.

mag, z = 20.24 (uncorrected for foreground and host extinction E(B-V)=0.18),

this is largely different to that reported by GROND in Olivares E. et al. (2012),

who find at 42.5 ks, i = 20.87 mag, z = 20.77. It can be seen from Table. 4.1

that my photometry of GRB 100316D is consistent with that reported by

GROND (Olivares E. et al., 2012).

As mentioned in the previous sections, the combination of a thermal com-

ponent that peaks at X-ray energies observed by Starling et al. (2011) and

brightening of the UV emission before the Ni56-powered optical emission indi-
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cated that GRB 100316D is comparable to GRB 060218. These properties are

not typical for long GRBs. The afterglow of long GRBs have non-thermal, syn-

chrotron emission, and the UV/optical lightcurves generally decay after 500s

as a power-law (Oates et al., 2009), which I associate with the synchrotron

emission from the external forward shock model. The similarities between the

UV emission can be seen in Fig. 4.7, the UVW1 emission is only visible at 33

ks. This time coincides with the peak in the UVW1 light curve of GRB 060218.

Therefore, it is possible that a similar light curve shape to GRB 060218 is being

observed, but the contribution of the host galaxy to the total emission of GRB

100316D is so pronounced that the emission outside the peak emission remains

unobserved. This behaviour is unlike synchrotron emission because if it was

synchrotron emission, the emission peak would have seen far earlier than 33

ks and therefore observed the emission earlier. Therefore the UVW1 emission

is more consistent with the emission being produced from an expanding shock

heated envelope, which can produce a strong UV brightening, as can be seen

in GRB 060218 (Chapter 3).

Due to there being no evidence for thermal emission in the X-ray emission

after 10 ks (Starling et al., 2011), I fixed a blackbody component at 0.01 keV

and modelled the normalisation, such that the UV/optical is modelled on the

Rayleigh-Jeans part of the blackbody model. This best fit model is shown in

Fig. 4.8.

In my investigation of the UV/optical emission of the SED at 33ks, I first

attempted to fit the spectra with a single component model, hypothesising the

emission to be on the Rayleigh-Jeans tail. The fit parameters for this single

component model revealed a χ2 value of 71.71 (for 6 bins), indicating a poor

fit to the data. Given the inadequacy of the single Rayleigh-Jean tail com-

ponent in describing the data, I then employed a two-component model: the

Rayleigh-Jean tail combined with an additional power-law component. This

approach yielded a significantly improved χ2 value of 5.71 (for 6 bins). From

my analysis, it is evident that solely relying on the Rayleigh-Jean tail does not
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provide a satisfactory representation of the UV/optical emission. A composite

model, encompassing both the Rayleigh-Jeans tail and an additional power-law

component, is necessary for an accurate depiction of the data.

This is different to the model suggested by Olivares E. et al. (2012) where

they fit the UV/optical and X-ray emission to a single blackbody and require a

very large absorption to fit a blackbody to the X-ray emission, NH = 4.4×1022

cm, which is more than double that found by Starling et al. (2011) when they

fit the thermal component to the XRT/BAT SED during 144-737 s. Therefore

I think it is not appropriate to model the X-ray with a thermal component after

10 ks. Instead in my model I have fitted the blackbody with fixed temperature,

such that it does not contribute to the X-ray emission.

By modelling the normalisation of the blackbody component I can see

if such a blackbody component would be realistic taking into consideration

the energy budget of SN2010 bh. The best fit normalisation at kT=0.01 keV

provides R = (1.181±0.185)×1014 cm, and L = (1.862±0.561)×1045 erg s−1.

Whilst this luminosity is smaller than reported by Starling et al. (2011) (L =

(3− 4)× 1046 erg s−1), it does not exceed the kinetic energy of SN 2010bh

considering the SED time bin of 3000 s, reported as high as Ek = (2.4±0.7)×

1052 erg by Cano et al. (2011a).

I determined from my SED fitting that a MW extinction curve with a host

galaxy extinction E(B−V ) = 0.309± 0.066 mag provided the best fit. Cano

et al. (2011a) argued a lower value for total extinction (foreground + host

galaxy) than ours. Cano et al. (2011a) estimated E(B−V ) = 0.18±0.08 mag

by assuming that the (V −R) colour at 10 days after maximum are the same

for all Type Ibc SNe. This is based on a relationship argued in Drout et al.

(2011), therefore the difference in (V −R) after maximum with those of other

Type Ibc SNe provided them with an estimate of the total extinction. Whilst

my value for the host galaxy reddening differs from Cano et al. (2011a), the

(V −R) colour relation is only empirical and it is not clear if this would be true

for all Type Ibc SNe. Starling et al. (2011) used the U -band 3−σ upper limit
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at 324 s with the XRT/BAT spectrum, to estimate a value of E(B−V ) = 0.9

mag for the host extinction. This is much larger than I predicted, but the

value estimated in Starling et al. (2011) is under the assumption that there

is no contribution of the thermal component in the UV/optical emission and

assumes that the power-law fitted to the XRT/BAT spectrum extends to the

UV/optical spectrum. Furthermore Starling et al. (2011) used much brighter

host-galaxy values for U and UVW1, because they measured the contribution

at 500 ks, when there was still contribution from SN 2010bh.

I measured the power-law component in my SED fits as β = 2.501±1.421.

In GRB 060218 the X-ray spectral index softened over time, from β = 0.4−3.3

(Chapter 3). A similar behaviour was measured by Starling et al. (2011), who

observe the X-ray power-law soften from β = 0.5−2.5. This was explained in

GRB 060218 as possibly being caused by inverse compton emission (Waxman

et al., 2007).The UV/optical power law could be a synchrotron component

from a jet, analogous to the optical synchrotron component that was observed

in GRB 060218 at early times.

The behaviour of the UV emission of GRB 100316D at 33 ks is very

similar to that seen in GRB 060218. Both brighten to a peak in the UVW1

emission at 33 ks. At 33 ks the magnitudes can be compared as: UVW1vega =

17.755±0.054 mag for GRB 100316D and UVW1vega = 15.469±0.08 for GRB

060218, respectively, both corrected for their total extinction. The brightening

in GRB 100316D is not as substantial as that seen in GRB 060218. Impor-

tantly, it’s essential to note that GRB 100316D is at almost twice the distance

as GRB 060218. Due to the inverse square law, the flux from GRB 100316D

should naturally be almost a factor of 4 fainter just based on this distance dif-

ference. This flux discrepancy cannot be attributed solely to afterglow emission

from the jet, given the considerable time lapse since the GRB trigger. An ex-

planation for this emission is that it is due to the adiabatic cooling of shock

heated ejecta from SN 2010bh, which in the case of GRB 060218, was seen dur-

ing the period 6-60 ks as a UV bright bump in the optical light curves. This
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observation aligns with the thermal component observed in the X-ray emission

in the initial 1000 s (Starling et al., 2011). However, the UVW1 flux is an

order of magnitude lower at 33ks than that of GRB 060218. This could be

explained by a weaker cooling emission of the SN shock heated envelope of the

progenitor star, in comparison to GRB 060218. This weaker cooling emission

could be due to a faster cooling by 33 ks compared to in GRB 060218.

4.4 Conclusions

In my analysis of the UV/optical/X-ray emission from GRB 100316D before

the Ni-56-powered emission in SN 2010bh, I examined the multi-wavelength

emission and its potential origins. My reprocessed Gemini-S photometry aligns

with the GROND observations, addressing inconsistencies in the datasets pre-

sented by Cano et al. (2011a).

The Spectral Energy Distribution (SED) between 33-52 ks is best modelled

by a combination of a blackbody and a power-law. This model is consistent

with the blackbody component observed at 330s in Starling et al. (2011), sug-

gesting an expanding and cooling mechanism similar to the thermal emission

in GRB 060218.

My findings indicate that the thermal component in the UV/optical/X-

ray emission from 33-52 ks originates from the cooling envelope emission after

the shock breakout. The spectral index from the power-law component, β =

1.507± 1.402, although not easily constrained with only UV/optical data, is

necessary alongside the blackbody component for an accurate fit to the SED.

Overall, this study contributes to our understanding of GRB 100316D and

offers a basis for future investigations into similar phenomena.



Chapter 5

GW170817 study

5.1 Introductory Material

Long GRBs have been linked to star-forming regions and massive stars’ death,

as shown by the observational connection between long GRBs and SNe. On the

other hand, short GRBs should not be taken to the same conclusions since they

are not associated with star-forming regions and, therefore, with the death of

massive stars.

While long GRBs are typically associated with intense star-forming re-

gions in their host galaxies, short GRBs are in diverse star-forming and non-

star-forming regions. This relationship supports the theory that the progeni-

tors of short gamma-ray bursts have a wide range of time delays between stellar

birth and death and result from compact binaries’ merging, in particular the

merger of two neutron stars or a neutron star with a black hole.

Moreover, many short GRBs have a large offset compared to the centre

of their host galaxy (Troja et al., 2008; Church et al., 2011; Fong and Berger,

2013), implying that the sources’ progenitors have travelled from their birth

sites to their final explosion sites. The offset distribution and short GRB

positions relative to their hosts’ stellar light suggest systemic kicks.
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Figure 5.1: Cumulative distribution of the projected spatial offsets for short GRBs
(blue) (Fong et al., 2009; Berger, 2010; Fong et al., 2012) and long GRBs
(orange) Bloom et al. (2002)). The projected offset distributions for NS-
NS binary mergers in Milky Way-type galaxies based on population syn-
thesis models in (Belczynski et al., 2006) are also shown for comparison
(green).

Such SN kicks are anticipated from SN explosions that result in neutron

stars’ development due to asymmetries that arise during the collapse, either

due to neutrino emission or an anisotropic explosion (Kusenko and Segrè, 1996;

Janka et al., 2007; Janka, 2013).

Hulse and Taylor identified the first binary neutron star, labeled PSR

B1913+16. Observations of PSR B1913+16 (Hulse and Taylor, 1975) indi-

cated a decrease in its orbital energy, offering the preliminary indirect proof for

gravitational waves, consistent with the predictions of general relativity (Taylor

and Weisberg, 1982). As a binary neutron star (BNS) system’s orbit contracts,

the luminosity from gravitational waves increases, hastening the inspiral pro-

cess. In the moments leading up to the stellar collision, this mechanism is

anticipated to produce a detectable gravitational-wave signal, capturable by

terrestrial detectors (Drever, 1983; Hawking and Israel, 1989). Subsequent to

the discovery of PSR B1913+16, radio pulsar surveys have identified numerous

additional BNS formations within our Galaxy (Manchester et al., 2005).

Presently, the network of gravitational wave detectors comprises three
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Fabry-Perot-Michelson interferometers that measure space-time strain caused

by traversing gravitational waves as a changing phase variation between laser

light travelling in perpendicular arms: the two Advanced LIGO detectors (Aasi

et al., 2015) and the Advanced Virgo detector (Acernese et al., 2014). These

detectors running at design sensitivity are predicted to see (10–200) BNS merg-

ers every year (Abadie et al., 2010; Abbott et al., 2017, 2020).

As well as a GRB and its associated afterglow, NS–NS and BH–NS binaries

mergers are also expected to be accompanied by a more isotropic counterpart,

a ’kilonova’ (Metzger et al., 2010). Kilonovae are thermal transients that are

about 1000 times brighter than a typical nova but less luminous than a super-

nova. Their emission typically lasts from days to weeks. This thermal emission

arises from the radioactive decay of heavy r-process nuclei, which are synthe-

sized in the ejecta that expands following a merger event (Li and Paczyński,

1998). While the gravitational wave (GW) chirp signal arises during the merger

process, the subsequent kilonova serves as a prominent electromagnetic (EM)

counterpart to this event. It’s predicted that such EM counterparts will accom-

pany a limited percentage of black hole-neutron star (BH-NS) mergers but will

be present in almost all neutron star-neutron star (NS-NS) mergers. Moreover,

kilonovae can serve as a direct probe into uncovering the origin of the heav-

iest elements that exist (Metzger et al., 2010).The emission from a kilonova

is a combination of its blue (lanthanide-free ejecta) and red (lanthanide-rich

ejecta) components. This is because, based on the viewing angles, both high

and low electron fraction (Ye) ejecta components can be simultaneously visi-

ble. The electron fraction, Ye, is defined as Ye =
np

nn+np
, where np and nn are the

number density of protons and neutrons, respectively. Typically, a value of Ye

less than 0.1 indicates neutron-rich material. In some cases, the blue emission

component can be blocked by the high-opacity lanthanide-rich ejecta (Kasen

et al., 2015).

The observation of gravitational waves from a short GRB will be a huge

scientific breakthrough with far-reaching implications for merger mechanics,
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progenitor types, and NS equations of state.

Throughout this chapter I will discuss the UV/optical counterpart to

GW170817, with a thorough analysis of the data reduction and modelling

of the emission. The data that will be discussed is published in Evans et al.

(2017), however the analysis in this chapter will focus more on the thermal

component, using a spherically outflowing blackbody model as opposed to a

kilonova wind model using in Evans et al. (2017). There is a breakdown of the

observation that led to the precise location of EM counterpart to GW170817

in Sec. 5.2, with the data reduction in Sec. 5.3 and 5.3.2. The modelling of the

SEDs are explained in Sec. 5.3.3, with the results given in Sec. 5.4. Finally I

discuss the implications of these results in Sec. 5.5 and draw my conclusions

in Sec. 5.6.

5.2 Observations

At 12:41:04.45 UTC on 2017 August 17, the Laser Interferometric

Gravitational-Wave Observatory (LIGO) detected a gravitational wave (GW)

signal (LVC trigger G298048; Essick (2017)) and named GW170817 (Ab-

bott et al., 2017). Two seconds after the GW trigger time, the Gamma-Ray

Burst Monitor (GBM) on the Fermi satellite triggered on a short GRB with a

localisation consistent with GW170817 (Goldstein et al., 2017). The gravita-

tional strain signal indicated a neutron star merger with a combined mass of

2.73–3.29 M�.

Swift searched for the GRB afterglow counterpart at 0.039d past the GW

trigger. The search was initially performed with a ∼ 1.1° region centred on the

Fermi-GBM localisation (90% of containment region of 1626 deg2). The search

was refined with a more precise localisation from LIGO and Virgo detectors

with a 90% containment region of 33.6 deg2. In addition, Swift took a series of

120 s exposures centred on known galaxies located within the GW localisation.

No significant X-ray or UV/optical sources were detected in any Swift UVOT

and XRT observations.
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An optical source was detected in the galaxy NGC 4993 (d∼ 40 Mpc)

at 0.5 days past the GW trigger - Swope Supernova Survey 17a (SSS17a)

(Coulter et al., 2017). This source was later confirmed to be the counterpart

to GW170817, making it the closest detected GRB. For the purposes of this

discussion, the source SSS17a in NGC 4993 will henceforth be referred to as

EM170817.

Swift started UVOT observations of EM170817 (RA, Dec (J2000) =

13h09h47.65s,−23°23
′
01.6

′′
) at 03:37 on August 18, 2017 (t = 0.6 d), initially

using only the UVW2, UVM2, UVW1, and U filters. Using a pointing off-

set, observations with the complete 6-filter complement (including the V and

B bands) started at t = 2.5 d. The offset was required to avoid a nearby

bright star that would have exceed the UVOT’s brightness limit in V and B.

UVOT detected the source in all UV filters; however, the B and V bands show

only partial detections or upper limits, owing to the significant galaxy back-

ground. In the initial exposures, UVOT detected a bright, fading UV source,

UAB = 18.19+0.09
−0.08 mag. Subsequent UVOT exposures indicated fast fading UV

emission, unlike the optical/NIR, which stayed flat for longer.
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Figure 5.2: UVOT images of EM170817 shown in false colour. The images are pro-
duced using U, UVW1, and UVM2 bands as red, blue, and green chan-
nels. The image in the top and bottom panels are the sources at 0.6 and
4.9 days past the GW trigger time.

5.3 Data reduction

5.3.1 Photometry

Absolute photometry was obtained by extracting photon counts with a 3”

radius circular aperture centered on EM170817, with a 5” aperture correction

to the calibration standard. The narrower aperture minimised contamination

from NGC4993 while increasing the signal-to-noise ratio (Poole et al., 2008).
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The background counts were obtained from a region well outside the host

galaxy. The UVOT analysis was conducted with HEASOFT v6.21 (Irby, 2017)

and UVOT CALDB version 20170130 (Corcoran, 2017). UVOTSOURCE,

a HEASOFT tool, was used to calculate count rates (including coincidence

loss correction). I calculated the background-subtracted count rate in the

source region in the interval t = 9.5–16 d, when the source had faded below

detectability in all filters, to assess the host galaxy’s contribution to the source.

Some images were removed because of the unstable spacecraft attitude of Swift.

The host galaxy count rate was then subtracted from the earlier EM170817

measurements; this was conducted separately for each filter and exposure. The

host galaxy subtracted count rates were converted to AB magnitudes using the

zero points in Breeveld et al. (2011).

Figure 5.3: UV/optical light curve for UVOT observations of EM170817. The data
shown match those in Table 5.1. Upper limits at the 3σ level are shown
as triangles.

5.3.2 Spectral energy distribution

UVOT only detected the UV emission for GW170817 until t = 1 day; therefore,

early-time SEDs were used to analyse the electromagnetic counterpart to the

gravitational wave, EM170817. The optical data i, z, y were obtained from the



5.3. Data reduction 137

Table 5.1: UVOT photometry of EM 170817. All AB magnitudes are corrected for
host contamination, but not Galactic extinction. Upper limits are given
at the 3σ mark.

Filter t ∆t Count Rate AB Magnitude
(d) (d) (s−1)

UVW2 0.6431 0.0029 0.151±0.032 21.13+0.26
−0.21

UVW2 1.0469 0.0029 0.041±0.024 > 21.45
UVW2 1.5067 0.003 0.026±0.022 > 21.66
UVW2 2.0992 0.0646 0.027±0.014 > 21.98
UVW2 2.3612 0.0702 0.021±0.013 > 22.16
UVW2 2.6601 0.0376 0.013±0.014 > 22.21
UVW2 3.0286 0.196 0.0195±0.0088 > 22.42
UVM2 0.6272 0.0043 0.092±0.018 21.12+0.24

−0.20
UVM2 1.0652 0.0308 0.026±0.011 22.52+0.62

−0.39
UVM2 1.5237 0.0378 0.0122±0.0087 > 22.07
UVM2 2.0723 0.0336 0.012±0.010 > 21.97
UVM2 4.9533 0.4697 0.0062±0.0068 > 22.47
UVW1 0.6344 0.0029 0.641±0.064 19.46+0.11

−0.10
UVW1 1.0407 0.0016 0.321±0.062 20.21+0.23

−0.19
UVW1 1.5293 0.0345 0.042±0.029 > 21.20
UVW1 2.0777 0.0350 0.004±0.023 > 21.79
UVW1 3.0211 0.1960 0.004±0.018 > 22.05
U 0.6387 0.0014 2.93±0.22 18.19+0.09

−0.08
U 1.0431 0.0008 1.39±0.20 19.00+0.17

−0.15
U 1.5021 0.0015 0.27±0.11 20.79+0.61

−0.39
U 2.3546 0.0674 0.098±0.094 > 20.41
U 4.9461 0.4673 0.038±0.072 > 20.85
B 2.3565 0.0674 0.27±0.16 > 19.31
B 2.6554 0.0348 0.42±0.19 19.93+0.65

−0.40
B 3.0258 0.1951 0.15±0.12 > 19.71
B 3.6517 0.1006 0.26±0.15 > 19.37
B 5.9098 0.1654 0.22±0.14 > 19.50
V 2.3668 0.0683 0.11±0.12 > 18.72
V 2.6657 0.0357 0.12±0.12 > 18.67
V 3.0029 0.1628 0.172±0.097 > 18.72
V 3.6620 0.1016 0.07±0.10 > 18.95
V 5.9161 0.1641 0.19±0.12 > 18.54
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counterpart’s Pan-STARRS observations to model the emission correctly. Like

my prepared UVOT data, the Pan-STARRS data is also host-subtracted, and

the transient field was calibrated in these filters prior. Due to minor time dif-

ferences in observations between UVOT and Pan-STARRs, the Pan-STARRS

data were linearly interpolated to match the observations time overlapped with

UVOT at t = (0.6 and 1 day). Pan-STARRS detected i, z, y emission until

t > 2.676 days. There were further observations from Pan-STARRs at 3.671

days, but by this time the i and y band observations were given as upper lim-

its and the z band measurement had a more significant error associated with

the measurement (z = 18.1±0.3) (Smartt et al., 2017). Therefore, when con-

structing SEDs at epochs >1 day, the GROND g, r, i, z, J, H, Ks observations

were used in conjunction with remaining UVOT optical detections. The same

methods of interpolation were used for the GROND data to match UVOT

observation epochs. The SEDs were created from the host-subtracted Vega

magnitudes from UVOT, Pan-STARRS, and GROND, where needed magni-

tudes were converted to Vega from AB. Spectral and response files were created

for each measured magnitude using the instrument responsivity and the Vega

spectrum for a given magnitude and error. This process was repeated for the

instrument. UVOT responsivities were taken from CALDB version 20170817.

5.3.3 Analysis and modelling

The SEDs were analysed using xspec (version 12.10.1) and were modelled with

spherically outflowing blackbody components, together with dust extinction

from our Galaxy and the host galaxy of the GRB. The Galactic reddening was

fixed at E(B−V ) = 0.106 (Schlafly and Finkbeiner, 2011).

For SED fitting, spherically outflowing blackbody components were used

to model the UV/optical emission; this is the same technique used for GRB

060218 in Emery et al. (2019). I adopted this methodology because, similar to

GRB 060218, a single power-law cannot adequately model the early UV/optical

emission. The wellness of fit provided by a blackbody model strongly implies

the presence of a thermal component. By simply fitting a stationary blackbody,
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one can estimate the expansion velocity with v = R/t, where R is the stationary

blackbody radius, and t is the time since the LIGO trigger. The calculated

velocity suggests, analogous to GRB 060218, that the expansion velocity of the

outflow is a considerable fraction of the speed of light, v∼ 0.1−0.3c. Therefore,

to accurately model the blackbody component, it is essential to account for

any Doppler-boosted thermal emission.

Due to relativistic effects, the observed flux is related to that in the black-

body rest frame through the Lorentz factor, Γ, the Doppler factor, δ , and the

angle of the outflow with respect to the line of sight from the observer, θ .

The formulae for Γ and δ , as well as their impact on the observed blackbody

temperature, T , and the observed blackbody flux, Fν , are detailed in Section

3.2.4.1. Briefly, the observed blackbody temperature relative to the tempera-

ture in the outflow frame, To, is given by T = δTo, and the observed blackbody

flux from a surface element, Fν , is described by Equation 3.4.

My spherical outflowing blackbody model divides the emitting surface

into ten components based on the angle, θ , with the corresponding line of

sight velocity, v = v0 cosθ , where v0 is the outflow velocity.

5.4 Results

When analysing the UV/optical emission of EM170817, I fit the spherically

outflowing blackbody model (Eq. 3.4) for all SED epochs. This approach was

adopted because the fit is poor when fitting the SEDs with a power-law model.

Each SED was checked to see if the spectra were compatible with a power-law

model, and the results are given in Table 5.2. A comparison of the power-law

and spherically outflowing blackbody model for the SED fit at 0.6431 days is

shown in Fig. 5.4
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Table 5.2: Summary of results for UV/optical SED fits of GW170827 modelled with
a power-law model. β is the spectral index. χ2/dof is the best fit chi-
square/degrees of freedom.

Time β χ2/dof
(d)
0.6431 1.75±0.07 149.72/5
1.0469 2.35±0.10 87.95/4
2.4 1.03±0.05 181.03/5
3.4 1.57±0.03 604.08/4
4.4 1.96±0.05 163.66/5

Figure 5.4: Top Panel: The SED of EM170817 at 0.6421 days past the GW trigger.
The SED is shown across the UV/optical (1–8 eV). The models shown
for comparison (dashed lines) are the spherically outflowing blackbody
model (green) and a power-law model (magenta). I display the flux as
EFE . The red data points represent the de-reddened UV/optical. The
blue data points represent the UV/optical flux, including absorption
measured by UVOT. Middle panel: ratio of data to model for the out-
flowing blackbody model. Lower panel: ratio of data to model for the
power-law model.

The outflow velocity parameter in the blackbody model was initially set

to zero. I determined the velocity using the differential of a function fitted to

the radius against time fit, then iterated this new velocity until the function’s

parameters converged. In Fig. 5.5, the fitted model and the model with zero

velocity are displayed.

The development of the blackbody (photospheric) radius over time can
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be examined by fitting my SEDs with my spherically outflowing blackbody

model. When modeling the radius, a power-law model with constant provided

the best fit, compared with power-law and linear. The power-law model is

represented by the magenta line in Fig. 5.5. The best-fit parameters from my

model are shown in Eq. 5.1,

RBB = (3.4±2.6)×1014 +((3.6±1.8)×1010)(t− t0)0.82±0.37 cm (5.1)

where the radius can be expressed as RBB = R0 + AtB. which gives the inferred

blackbody radius in terms of the initial radius, R0, and the time since the event

was triggered, t− t0. In this equation, A and B are free parameters determined

in fitting. The value that I calculate, R0 = (3.4±2.6)×1014 cm, represents the

radius at which the blackbody radiation is first released.

Figure 5.5: The radius against time, determined from fitting UV/optical SEDs with
a spherically outflowing blackbody model. The fitted photospheric radii
using a stationary blackbody model are shown in green. The linear plus
constant model fit to the photospheric radii (Eq. 5.1) is shown as a
magenta line.

Table. 5.3 shows the results of the model fits to the SEDs. In Fig.

5.5, the data and model of the outflowing blackbody radius against time are

shown. Figure 5.6 contains the complete SEDs with the best-fitting models

and data/model ratios.
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Figure 5.6: The SEDs of GW170817 for all of the times given in Table. 5.3.The
SEDs are shown across the UV/optical (1–8 eV). The green dashed line
represents the outflowing blackbody model. The flux is displayed as
EFE . The red data points represent the de-reddened UV/optical. The
blue data points represent the UV/optical and X-ray flux, including
absorption measured by UVOT. The bottom panel of the figure shows
the ratio of the data to the model.
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Table 5.3: Summary of results for SED fits of GW170827 modelled with a spherical
outflowing blackbody component. kT and R represent the energy and ra-
dius of the fitted blackbody component, respectively. v/c is the converged
value of the velocity/c for the spherically outflowing blackbody. ∆E is the
energy range of the SED. χ2/dof is the best fit chi-square/degrees of free-
dom. Also shown are the associated p-values for model fits at different
times. A p-value greater than 0.05 suggests that the model provides a
good fit to the data, while a p-value less than 0.05 suggests a poor fit.

Time kT Blackbody radius R
(d) (eV) (1014 cm) (v/c) χ2/dof p-value
0.6431 0.57±0.09 6.35±0.22 0.191 21.85/6 1.29e-3
1.0469 0.49±0.11 7.16±0.28 0.152 9.99/5 7.55e-2
2.4 0.30±0.06 12.36±0.59 0.103 21.46/6 1.52e-3
3.4 0.26±0.03 14.89±0.49 0.087 8.76/5 1.19e-1
4.4 0.24±0.03 16.35±0.71 0.077 21.62/6 1.42e-3

5.5 Discussion

In the standard model for GRBs (Meszaros and Rees, 1993; Piran, 2004), the

prompt γ-ray emission is produced by a series of internal processes within

a highly collimated, ultra-relativistic jet. Electrons accelerate and emit syn-

chrotron afterglow emission as the ejecta expands and shocks the circumburst

medium. When fitting the early UV/optical emission at 0.6431 days, I fit both

a power-law model and a spherically outflowing blackbody model. The results

are shown in 5.2, and I can see that the power-law fit can be rejected based on

the poorness of the fit. A power-law would be expected if the emission from

EM170817 was produced by synchrotron afterglow radiation; the spectral fit

rules this model out as an option and indicate the UV/optical emission at these

times is not produced by an on-axis GRB afterglow.

While my UV/optical observations rule out an afterglow origin, the effec-

tive blackbody radius, RBB, shown in Table 5.3 shows that the ejecta velocity

is a large fraction of the speed of light, c. Using an average outflow velocity

of v = RBB/(t− t0), where t− t0 is the time since the GRB trigger, this velocity

is calculated at v(0.06days)= 0.3c, v(1.0days) = 0.2c. These velocities far ex-

ceed some of the fastest supernova explosions, e.g., GRB 100316D with a SN

expansion velocity of 0.16c, measured from broad spectral features (Bufano
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Figure 5.6: caption (continued)

et al., 2012). With the additional feature of the radiation rapidly cooling from

UV(0.06 days) to red (1 day), both the velocity and the rate of cooling are

consistent with the theoretical predictions of Kilonovae.

When evaluating the fit of the expanding blackbody model, it’s essential

to also consider alternative models for a comprehensive analysis. I have already

ruled out a power-law model, thus excluding a synchrotron afterglow model to

explain the UV/optical emission from 0.6-4.4 days. A less physically precise

model is a stationary blackbody model, which does not consider the Lorentz

boosting factor on the emission energies; these fits are statistically comparable
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Figure 5.6: caption (continued)

to the expanding blackbody equation Eq. 3.4, but a stationary blackbody is

only an approximation of the expanding model, and therefore the parameters

from the radius equation would be inaccurate. Further alternative models are

variations of the kilonova model explored in Evans et al. (2017), that deal with

kilonova wind and dynamical ejecta parameters and viewing angle.

When evaluating the model fits for the SED epochs, I observed that the

optical-UV emission generally aligns well with the blackbody peak. However,

upon closer examination of the statistical fit quality, I found discrepancies.

Specifically, the epochs at 0.6431, 2.4, and 4.4 days yielded p-values less than

0.05, suggesting that these models may not provide an optimal fit to the data.

These findings emphasise the significance of the UV residuals at these epochs,

especially for UVW1 at 0.6431 days which deviates by 2σ . Although the kilo-

nova characteristics explored in Fig. S4 of Evans et al. (2017) provide some

insights, they do not fully account for the observed UV emission discrepan-

cies. Their Fig. 3, for instance, reveals a slight misalignment between their

kilonova model and the Pan-STARRS optical/near-infrared data at 0.6 days,

while my spherically outflowing blackbody model seems to align more seam-

lessly, as showcased in Figure 5.6. This comparison underscores the potential

of my model in capturing the intricate dynamics of UV and optical/near-IR
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emissions. Further models or additional parameters may need to be considered

to better explain the UV/optical emission during these epochs.

I measured a radius at the origin of the blackbody emission as R0 =

(3.4±2.6)×1014 cm. Such a large radius, when compared to that of a 1.4M�

neutron star, R1.4M� = 11.0+0.9
−0.6 km, suggests that the observed emission at this

epoch originates from a more extended, possibly less lanthanide-rich region of

the ejecta. Given the complex nature of the ejecta (with potentially multi-

ple components, different compositions, and a range of velocities), it’s quite

plausible for the early-time emission to come from such extended regions.

In the framework of the kilonova theory, even during its initial phases, a

range of atomic transitions from lanthanide elements results in a pronounced

opacity, which in turn hampers the UV emission (Kasen et al., 2013). No-

tably, the ejecta, which is formed due to tidal forces and the hydrodynamic

processes during the instant of the merger (termed as dynamical ejecta), is

predominantly neutron-rich, characterised by an electron fraction (Ye ≤ 0.2).

This composition leads to the generation of a considerable number of heavy

nuclei (around 126 neutrons) via the r-process (Burbidge et al., 1957). In com-

parison, the outflows stemming from the hyper-massive neutron star and the

surrounding accretion disk (often termed as the wind) exhibit a composition

that’s less neutron-rich and has a heightened electron fraction, Ye. This frac-

tion is postulated to be Ye = 0.2 for rapidly rotating black holes and Ye = 0.3 for

outflows from hyper-massive neutron stars (Fernández et al., 2014). Given a

raised Ye, it’s predicted that the nucleosynthesis won’t proceed beyond atomic

nuclei with 50 to 82 neutrons. This composition leads to a diminished opacity,

which conversely affects its potential to suppress UV emission. The interplay

of merger dynamics, coupled with the subsequent nucleosynthesis, can result

in the formation of extensive regions in the ejecta with high opacity. Obser-

vational data, such as the early blue emission and the deduced expansive R0,

among other indicators, collectively suggest the existence of such an opaque

component in the GW170817 kilonova.
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5.6 Conclusions

The joint detection of a short-gamma ray burst and a gravitational wave from

a binary neutron star merger has ushered in a groundbreaking era in astro-

physics, reaffirming the role of neutron star mergers as progenitors of short

gamma-ray bursts and fortifying the foundations of multi-messenger astron-

omy.

Central to my analysis is the identification of distinct thermal components

in the UV/optical emissions, particularly evident from the emission patterns

at epochs 0.6431, 1.0469, and 3.4. The prompt UV emission observed at epoch

0.6431 stands out, not only due to its statistical significance but also because

of its deviation from canonical kilonova models, highlighting the rapidly fading

and intense nature of this UV emission.

A cornerstone of my study is the spherically outflowing blackbody

model, which has effectively captured the intricate dynamics of the UV and

optical/near-IR emissions. When compared with the findings of Evans et al.

(2017), my model exhibits a more seamless alignment, especially evident in the

early blue emission at epoch 0.6431. This nuanced agreement underscores the

potential of my modelling approach in deciphering the complexities of post-

merger emissions.

My observations also indicate a significant opaque wind surrounding the

merger, as suggested by the large effective blackbody radius, RBB. Such an

extensive radius, particularly when compared to a typical neutron star, im-

plies that the observed emissions at these epochs originate from extended re-

gions, potentially less enriched with lanthanides. This aligns with the kilonova

models where atomic transitions of lanthanide elements in the early stages

introduce substantial opacity, suppressing the UV emission. The presence of

this UV emission, combined with my measurements of the UV residuals at

epoch 0.6431, hints at the dynamic interplay of early tidal stripping, merger

hydrodynamics, and post-merger nucleosynthesis.

In conclusion, my findings, rooted in the spherically outflowing blackbody
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model, provide compelling insights into the r-process post-merger dynamics of

neutron stars, emphasising the need for a deeper understanding of early UV

emissions and their implications in kilonova models.



Chapter 6

GRB-SN sample study

6.1 Introduction

Gamma-Ray Bursts (GRBs) stand as some of the universe’s most enigmatic

and powerful events. The connection between long-duration GRBs and su-

pernovae (SNe) has garnered substantial attention in astrophysical circles, yet

ambiguities persist concerning their emission processes, especially in the X-ray

and UV/optical bands. While earlier chapters of this thesis delved into spe-

cific GRBs and their unique emission characteristics, this chapter embarks on

a comprehensive exploration, analysing a curated sample of GRBs to unravel

the nuances of their X-ray and UV/optical emissions.

My systematic approach aims to discern patterns, anomalies, and shared

characteristics in the emission processes across different GRBs. By examining

both the X-ray and UV/optical realms, I aspire to provide a comprehensive

view of GRB emissions, potentially revealing intricacies that may remain ob-

scured in single-wavelength studies.

Section 6.2 delves deep into the reduction and analysis methodology, de-

tailing my GRB-SN sample selection, data reduction procedures, and the intri-

cacies of light curve and SED fitting. In Section 6.3, I furnish detailed results

of my comprehensive analysis for each GRB, elucidating their emission profiles

and associated supernova signatures. The overarching discussion in Section

6.4 extrapolates the broader implications of my findings, categorising GRBs
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based on emission traits and probing into the potential influence of redshift

and other burst attributes. The chapter culminates with Section 6.5, where I

encapsulate my findings, drawing conclusions about their broader significance

in high-energy astrophysics.

As I traverse this chapter, I aim to illuminate the multifaceted nature of

GRB emissions and contribute meaningfully to the ongoing discourse on the

intricate GRB-SN connection.

6.2 Reduction and analysis

6.2.1 GRB-SN sample

I have utilised the grading system constructed by Hjorth and Bloom (2012)

to create my sample of GRBs associated with SN. My aim is to gauge the

significance of the relationship between GRBs and their associated SNe. A

denotes a SN with strong spectroscopic evidence. B is a clear and obvious

bump in the optical light curve with weak spectroscopic evidence. C is a clear

bump in the optical light curve that is consistent with other GRB-SNe at the

spectroscopic redshift of the GRB. D is a bump in the optical light curve but

the inferred SN properties do not fully agree with other GRB-SNe, or the

bump is poorly sampled, or there is no spectroscopic redshift of the GRB. E

is a low significance bump in the optical light curve or inconsistent with other

GRB-SNe.

Only GRBs that are associated with an SN and have UV/optical measure-

ments taken within 100 ks after the GRB trigger are included in my sample.

This condition is required because I aim to probe the pre-SN emission and

look for evidence of shock-heated cooling emission, which peaks in the UV

bands. Additionally, I require that there is a spectroscopic redshift of the

GRB. Furthermore, only GRBs that were observed at redshift z < 0.6 are in-

cluded. Applying these selection criteria gives a sample of 11 GRBs that have

an associated SN detection, provided in Table 6.1.

It’s worth noting that while GRB060218 and GRB100316D are included
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in Table 6.1, detailed analyses of these bursts are not presented in sections 6.3

or 6.4. This is because comprehensive studies for these two bursts are already

provided in Chapters 3 and 4, respectively. However, they will be considered

when examining the ensemble properties of the sample in Section 4.4.

Table 6.1: GRB sample. The GRBs are shown with their corresponding supernova,
confirmed redshift to the GRB

GRB SN redshift SN grade Ref.
060218 2006aj 0.03342 A
090618 − 0.54 C
091127 2009nz 0.49044 B
100316D 2010bh 0.0592 A
101219B 2010ma 0.55185 A/B
120422 2012bz 0.28253 A
130427A 2013cq 0.3399 B
130831A 2013fu 0.479 A/B
161219B 2016jca 0.1475 A
171205 2017pie 0.037 A
180728 2018fip 0.117 A

6.2.2 UVOT data reduction and host galaxy correction

I applied the same UVOT data reduction techniques to each GRB in Table

6.1 to produce count rate light curves. Source counts were extracted using a

circular aperture of 3 or 5 arcsec radius centred on the position of the GRB.

The choice of aperture size was based on the signal-to-noise ratio (S/N). For

faint sources, an aperture of 3 arcsec was used when the S/N dropped below

2. If a 3 arcsec aperture was used, the count rates were then corrected to the

standard aperture using the curve of growth contained in the calibration files

for accurate absolute photometry. Background counts were extracted from a

region located outside of the host galaxy. Count rates were obtained using

the heasarc tool uvotsource and were converted to magnitudes using the

UVOT photometric zero points (Breeveld et al., 2011).

The regions of GRB 161219B and GRB 171205 were contaminated by their

host galaxy light. For these GRBs, observations were taken by UVOT once the

flux had stabilised, allowing us to observe the light from the host galaxy. For
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GRB 100316D, the host contribution was addressed in the dedicated chapter

for GRB 100316D and hence is not repeated here.

To subtract the host galaxy contamination for GRB 161219B and GRB

171205, I used the same technique on each GRB. A 5 arcsec source aperture

was used to measure the count rate in a summed image centred on the times

shown in Table 6.2, by which time the GRB had faded beyond detection. This

count rate is then subtracted from the count rate measured for the GRB. The

host galaxy correction was performed on the measured count rates in each filter

available. After subtracting the host contribution, I binned the light curves to

achieve a S/N greater than 2. The AB magnitudes of the host galaxy for each

GRB are shown in Table 6.2.

Table 6.2: Host galaxy AB magnitudes

GRB 161219B
t mag filter

(ks)
9388 19.92±0.09 V
3940 19.00±0.04 B
8771 20.82±0.13 U
8771 21.08±0.17 UVW1
8771 22.15±0.15 UVM2
10329 22.79±0.13 UVW2

GRB 171205
6759 18.57±0.11 V
6759 19.11±0.08 B
6759 20.28±0.11 U
6759 20.94±0.09 UVW1
6759 21.07±0.07 UVM2
6759 21.26±0.08 UVW2

6.2.3 UV/optical colour

For each GRB, I produced a set of 6 light curves in the UVOT filters: V , B, U ,

UVW1, UV M2, UVW2. To probe the characteristics of the GRB, I calculated

the colour change between the filters. I developed an algorithm to locate filter

observations that were close in time to each other and interpolate those filter

count rates to a common time.
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The algorithm selected measurements based on a range of predefined time

differences, X . For my analysis, I utilised values of X set to 50, 100, 500,

1000, and 2000 seconds. The specific value chosen depended on the number

of points I had in each filter: more data points allowed for a smaller time

difference. These numbers were chosen arbitrarily, ensuring they weren’t too

large, as a significant change in colour introduces a bias.

Measurements within these time differences were grouped together into

an array, A[...]. Iterating over this array, the algorithm rejected points that

deviated by more than a specified number of standard deviations from the

mean count rate of the array. The mean of the final array was denoted as

tµ . The count rates in A[...] were then interpolated to tµ to obtain the final

count rates for the colour plots. This process was repeated for each iteration,

with these data points being removed from the light curve, producing a new

light curve with common interpolated count rates for each filter. Data points

separated by more than 5000 s were not interpolated. If the light curves showed

no evidence for colour change and their flux could be modelled as a power-law

in time, the count rate was estimated from the extrapolated power-law for a

given time. The count rate light curves were then converted into AB magnitude

light curves.

With the new light curves in place, I generated colour plots for UV M2−V ,

UV M2−B, and UV M2−U . UVW1 and UVW2 were excluded due to a small

red leak in these filters (Brown et al., 2010). Colour changes were identified in

the colour plots by a 2σ deviation from a fitted constant across the plot.

Analysing the UVOT colour helps us understand the variations in the

spectral shape of the UV/optical emission. Previously, it was observed that

the colour UV M2−U shows an excess of optical emission compared to UV

at times < 2000 s and at > 10 days, shown in 3. This excess is due to the

dominance of synchrotron emission in the UV/optical emission until 2000 s,

after which the Rayleigh-Jeans tail of the thermal component dominates. The

increase in optical emission after 10 days is due to radioactive Ni56 decay
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from SN 2006aj. Similar methods were used to distinguish the synchrotron

component from the contribution of SNe, as seen in GRB 030329 / SN 2003dh

(Šimon et al., 2004).

6.2.4 SED creation

The Spectral Energy Distributions (SEDs) were derived from the Vega magni-

tude light curves, as described in Section 5.3.2. For each measured magnitude

on the light curves, a spectral file and a response file were created using the

instrument’s responsivity and the Vega spectrum for the given magnitude and

error. This was repeated for each light curve. The responsivities of the UVOT

filters were taken from CALDB version 20170817.

6.2.5 Light curve fitting

The light curves of the GRB afterglows show a variety of behaviours. Mod-

elling these curves enables us to reveal the characteristics of the afterglow emis-

sion. The synchrotron model is the most favoured model when describing the

UV/optical and X-ray afterglow emission of a GRB. This emission mechanism

occurs when the collimated ejecta interact with the external medium, pro-

ducing synchrotron emission. The observed flux of the synchrotron emission is

dependent on the emission frequency relative to the synchrotron self-absorption

frequency νa, the synchrotron cooling frequency νc, and the synchrotron peak

frequency νm. The microphysical parameters also impact the emission, such as

the kinetic energy of the ejecta Ek, the fraction of energy given to the electron

and magnetic field, εe and εm respectively and the properties of the external

medium as well as the electron energy index p. It has been shown in previ-

ous works that GRBs typically interact in media of constant density medium

(Rykoff et al. (2009); Schulze et al. (2011)), and therefore I consider this the

case with my sample of GRBs. However, the external shock synchrotron after-

glow emission is not always seen. Additional components have been observed

that change the light curve shape from the typical power-law decay, synony-

mous with the external shock model. Some GRBs associated with SNe exhibit
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atypical afterglow, with thermal components in their spectra; these additional

components are produced from the SN shock heated cooling envelope around

the progenitor star. GRB 060218 and GRB 100316D are examples of two

GRBs that fit this category and that show divergence from the external shock

synchrotron model. There is evidence in both cases of brightening in the UV

emission at 10-60 ks after the GRB trigger, shown in chapter 3. Therefore, a

parabolic component is superimposed on the typical power-law decay. There-

fore, it is important to look at all observed GRBs that share similar properties

to GRB 060218 and GRB 100316D, and see if their light curves are consis-

tent with the typical external shock model or if there is an additional emission

component.

In my light curve fitting, I attempted to fit the afterglow light curves with

a variety of power-law models, including one or more power-law components.

I removed optical flares that occur in the early emission simultaneous with

X-ray observations from the model fitting. The models used are shown in Eq.

6.1, 6.2, 6.3 and 6.4 and are taken from Li et al. (2012).

Eq. 6.1 shows the simple power-law model and Eq. 6.2 gives the smooth

broken power-law model. α , α1, α2 are the temporal indices, tb is the power-law

break time, and ω provides how sharp the break is.

F1 = F01t−α (6.1)

F2 = F02

[(
t

tb,1

)α1ω

+

(
t

tb,1

)α2ω]−1/ω

, (6.2)

In my light curve fitting, I also included a smooth triple power-law model

6.3. I include this additional model because the afterglow light curve can in-

volve a shallow segment similar to the plateau phase in the X-ray afterglow

light curves. This shallow decay phase can be produced by: 1) a refreshed

shock, where the leading edge of the external shock decelerates, producing the

afterglow, and interacts with slower ejecta arriving later (Rees and Mészáros,
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1998; Sari and Mészáros, 2000). 2) The second possibility is due to prolonged

central-engine activity, for up to a day (Woosley and Heger, 2006). Following

the shallow decay is a possible jet break. The jet break occurs because the

relativistic jet decelerates due to its interaction with the circumburst medium.

As a result of this deceleration, the relativistic beaming angle, θ j = 1/Γ, in-

creases with time. When 1/Γ > θ j, the jet break is observed in the afterglow

light curve, and it is seen as a steepening in the decay at all wavelengths.

F3 = (F−ω2
2 + F−ω2

j )−1/ω2 (6.3)

where ω2 represents the sharpness of the jet break time, tb,2, and

Fj = F2(tb,2)

(
t

tb,2

)−α3

. (6.4)

Typically jet breaks are observed at 90 ks after the GRB trigger, and

opening angle θ j = (2.5±1.0)◦; however, the observed break times can range

from tb = (0.4−1024) ks (Wang et al., 2018), with the typical jet break time

of tb = 90±84 ks.

6.2.5.1 Simultaneous polynomial fitting

In the event where the UV/optical light curve is dominated by the thermal

emission attributed to the shock breakout, I use the same modelling techniques

as in chapter 3. The polynomials are of the form At2 + Bt +C, where A,B are

coefficients, C is a constant, and t is time. The simultaneous fitting models all

6 light curves where they share the same A,B and have six separate constants,

so there are 8 fitting parameters. I adopted this modelling approach because

there is no colour change when the UV/optical emission is on the Rayleigh-

Jeans tail of a blackbody. Therefore the A,B should not change, only the

constants, which represent the differences in magnitudes for each filter. From

the best-fit polynomial curves, I can create the SED at the mean time of the

polynomials.

The SED can be used to determine the extinction curve and host galaxy
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extinction, E(B−V ). I achieve this by assuming that the UV/optical emission

is on the Rayleigh-Jeans tail and fitting the SED with the spectral index fixed

at β = −2, leaving only the reddening component as a free parameter in the

fit. However, this only applies to GRBs where the afterglow contribution

(synchrotron component) is negligible compared to the thermal component.

6.2.6 XRT data

To determine the origin of the UV/optical emission, it is worthwhile to use the

X-ray spectra and test if a model can be fitted across optical–X-ray energies.

For instance, if the synchrotron afterglow emission from the forward shock

is the dominant contributor to the UV/optical emission, then the optical–X-

ray SED can be modelled with either a power-law or a broken power-law.

The main approach in my SED fitting is checking if the UV/optical SED

can be fitted with a Rayleigh-Jeans power-law. However, the spectra can be

contaminated with the forward shock synchrotron component. This component

can be determined by fitting an additional power-law component to the UV–

X-ray SED. Furthermore, the X-ray SED can be used to determine if there is

evidence for a thermal component, previously seen in GRB 060218 (chapter

3) and GRB 100316D (Chapter 4). Additionally, I expect that any thermal

component in the X-ray emission would have faded sufficiently that it would

not be observed at t > 10 ks. Therefore, I use this as a cutoff point in my

modelling to indicate whether I use a blackbody or a power-law model at

X-ray energies.

The XRT data reduction follows the process outlined in Section 3.2.3, with

the X-ray spectra extracted at the same times as the UV/optical spectra.

6.2.7 SED fitting

The SED fitting for each GRB is approached in a consistent manner. Following

the methods outlined in Section 3.2.2, SEDs are created when observations

across the six UVOT filters fall within a specified interval. Where feasible, X-

ray SEDs are also generated concurrently with the UV/optical SEDs. These
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SEDs are fitted using various combinations of power-law/broken power-law

and a blackbody model, as specified by Eq. 6.5, Eq. 6.6, and Eq. 6.7.

AE = KPE−Γ (6.5)

AE =

KPE−Γ1 , if E ≤ Eb.

KPEΓ2−Γ1
b (E/1 keV)−Γ2), if E > Eb.

(6.6)

AE =
KBB1.0344×10−3E2dE

eE/kT −1
(6.7)

In these equations, AE represents the photon flux (photon cm−2 s−1), KP

and KBB denote the normalisations. The term KBB signifies R2
km/D2

10, where

D10 is the luminosity distance in units of 10kpc. E is the energy in keV, and

kT is the temperature in keV.

Galactic extinction is fixed based on the dust maps detailed by Schlegel

et al. (1998). The Galactic absorption column is derived from Willingale et al.

(2007) using the Wilms et al. (2000) abundances. Host galaxy absorption and

reddening are treated as free parameters during the SED fitting, although host

galaxy absorption is set to a fixed value if it can be determined from a late time

SED, under the assumption that the X-ray emission follows a single power-law

model.

Both the UV/optical SED and the joint UV/optical–X-ray SEDs are mod-

eled as described in Table 6.3. From the spectral fitting, the model with the

minimised χ2/do f is selected as the final model. Consideration is also given

to whether the model parameters are physically plausible and an F-test is

utilised to determine if certain models fit significantly better than others. All

SED fitting procedures are performed using xspec V.12.10.1 (Arnaud, 1996).
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Table 6.3: List of SED models used in my analysis. Models marked with an asterisk
(*) are used only for t < 10 ks.

UV/optical UV/optical–X-ray
power-law power-law
blackbody broken power-law

power-law + blackbody∗

broken power-law +blackbody∗

6.3 Results

6.3.1 GRB 090618, z=0.54, SN grade C

6.3.1.1 Light curve modelling

The light curves were modelled with a power-law and a broken power-law (Eq.

6.1, Eq. 6.2). Table 6.4 shows the best-fitted model and parameters for GRB

090618. For all light curves, the broken power-law model provided the best

fit. Table 6.4 shows the best-fitted model and parameters for GRB 090618.

The optical light curves were well modelled by the broken power-law except

for the UV M2 and UVW2, which did not fit well using either the power-law

or broken power-law. The break in the light curve is not achromatic - there

is a significant difference in the best-fitted break location in the light curve.

By comparing the second power-law index, α2, the index is consistent between

the V , B and UVW1, UV M2. This consistency, alongside the constant colour,

indicates that the supernova is not observed in the UVOT data.

6.3.1.2 Colour analysis

The colour plots for GRB 090618 are shown in Fig. 6.2. The colour plots show

some variation at the beginning of the afterglow emission, but the colours re-

main constant within error thereafter. There is no sign of the supernova optical

emission in the UVOT observations. However, the supernova was detected in

the Rc and i light curves at t > 10 days (Cano et al., 2011b).

6.3.1.3 UV/optical-X-ray SED fitting

I constructed the UVOT SEDs at 1100, 1400, 25000, 42000, and 74000 s. XRT

SEDs were constructed at the same times as the 1100, 1400, 25000 s UVOT
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Figure 6.1: GRB 090618 light curve of the optical afterglow. UVOT filters are shown
in the key. Up arrows represent 3σ upper limits.

SEDs. The X-ray SED at 25000 s was scaled to the later epochs (42 and 74 ks)

based on the light curve following a power-law model. I used the late-time X-

ray SED to model the host galaxy absorption at NH = 0.22×1022cm−2. In my

SED fitting, I used a combination of models presented in Table 6.3. Galactic

reddening was fixed at E(B−V ) = 0.09 (Schlegel et al., 1998) and Galactic

absorption was fixed to NH = 7.59×1020cm−2 (Willingale et al., 2007).

I considered the addition of a blackbody component to be a significant

improvement over either a power-law or broken-power law model if the F-

test probability was p < 0.05. For all SEDs, the inclusion of the blackbody

component significantly improved the fit compared to the power-law model

alone. Additionally, I conducted fits using a combination of blackbody and

broken power-law model, yielding a further reduction in chi-squared compared

to the blackbody + power-law model. It was also observed that the blackbody
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Figure 6.2: Colour indices of the afterglow of GRB090618 (UVOT data). Compar-
isons are made between UV filters (UVW1, UVW2 and UV M2) and the
B filter. Data points are represented in red. The blue line represents the
mean value of the colour index over the duration shown in the figure.
Data points are coloured black to denote a colour index > 3σ away from
the mean value.

+ broken power-law model provided a more adequate fit in certain instances.

The F-test p-values affirming these additional improvements can be found in

the aforementioned table. The broken power-law was fitted such that the

β2 = β1 + 0.5, which would be expected if the UV/optical and X-ray were

separated by the synchrotron cooling break frequency,νc. It must be noted

that the UV emission was poorly modelled for all models. This can be seen in

my SED figures Fig. 6.3.

Instances were noted where the blackbody + broken power-law model

provided a more adequate fit as indicated by the F-statistic. However, the

parameters derived from this model exhibited larger error bars, implying a

higher degree of uncertainty in these fits. Despite the lower chi-squared value
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indicating a better statistical fit, the larger uncertainties suggest caution in

interpreting these results. Therefore, while the blackbody + broken power-

law model may provide a better fit in certain instances, the validity of its

predictions may be compromised by the higher uncertainties associated with

its parameters.

Figure 6.3: The SED of GRB090618 at 1400 s past the GRB trigger. The SED is
shown across the UV/optical and X-ray energies (0.0015–10 keV). The
models used in the fitting are listed in Table 6.3. The flux is displayed
as EFE . The red data points represent the dereddened UV/optical and
unabsorbed X-ray flux. The blue data points represent the UV/optical
and X-ray flux including Galactic and host-galaxy reddening and ab-
sorption as measured by UVOT and XRT. The dashed lines represent
the model components.

6.3.2 GRB 091127, z=0.49, SN grade B

6.3.2.1 Light curve modelling

GRB 091127 was primarily observed with the V,U, and UVW1 UVOT filters.

There were late-time observations with the UVW1,UV M2, and UVW2 filters

(> 41 days past the GRB trigger) and one observation with UV M2 at 3000 s.

Figure 6.4 displays the light curve and best fit models for V,U, and UVW1. I

fitted the power-law models to the light curves up to 500 ks because the light

curves are contaminated by SN 2009nz after this time. The V and U light



6.3. Results 164

curves were comparable in break time, with slightly different power-law slopes

before and after the break time. This discrepancy might be due to some optical

emission contribution in the V filter due to the supernova’s radioactive decay

emission.

Figure 6.4: GRB 091127 light curve of the optical afterglow. UVOT filters are shown
in the key. Up arrows represent 3σ upper limits.

6.3.2.2 Colour analysis

There were insufficient UVOT observations to create a meaningful colour di-

agram. Therefore, I used the GROND observations from Filgas et al. (2011)

to calculate the U− i colour, shown in Figure 6.5. The colour is constant until

∼ 200 ks, at which point the supernova emission is shown to contribute to the

i-band emission.
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Figure 6.5: Colour indices of the afterglow of GRB091127. Comparisons are made
between U filters and the I filter. Data points are represented in red.
The blue line represents the mean value of the colour index over the
duration shown in the figure. Data points are coloured black to denote
a colour index > 3σ away from the mean value.

6.3.2.3 UV/optical-X-ray SED fitting

GRB 091127 was observed with both GROND and UVOT. The UVOT U-band

provides good coverage of the GRB afterglow emission before the Ni56-powered-

emission from SN 2009nz. To test for evidence of a thermal component in the

afterglow emission, I created SEDs with the g, r, i, U -band data to use in

conjunction with the X-ray data observed during the same times. Due to the

scarcity of X-ray data after 4 ks, when it is observed in a lower time resolution

PC mode, I selected the g, r, i, U -band data contemporaneous with the X-ray

data. I selected X-ray data from 8–20 ks, with this large time range needed to

obtain enough data for χ2 fitting. The results from my SED fitting for GRB

091127 are shown in Table 6.7.

The X-ray SED at 15000 s enabled us to measure the host absorption,

NH = 0.1×1022 cm−2. I fixed this value for the absorption in all of my SED fits.

At 3300 s, I modelled the X-ray SED with a BB+BPL and found a significant

improvement in the χ2, where F-stat p = 0.004. I also modelled the UVW1,

UV M2, g, r, i + X-ray SED with a BB+PL model and found a significant
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improvement compared to a power-law model, F-stat p = 6×10−12. Although

the BB+PL model was an improvement over the PL model, there was an excess

at >1 keV in the X-ray. I compared a BPL fit with a BPL+BB fit and found the

BB+BPL model best fit the SED out of all my models. The thermal component

was measured at kT = 0.043 keV, R = (5.32± 1.13)× 1014 cm. While the

inclusion of a BB model significantly improves the fit, the best-fit blackbody

properties are not realistic. The radius, R = (5.32±1.13)×1014 cm, implies an

expansion speed exceeding c. Therefore, with a p-value of 0.03, the BPL model

best fits the data with β1 = 0.20±0.02, β2 = 0.70±0.03 Ebreak = 0.013±0.003

keV, and no host galaxy reddening. It cannot be determined if there is the

presence of a thermal component for GRB 091127.

Figure 6.6: The SED of GRB091127 at 3300 s past the GRB trigger. The SED is
shown across the UV/optical and X-ray energies (0.0015–10 keV). The
models used in the fitting are listed in Table 6.3. The flux is displayed
as EFE . The red data points represent the dereddened UV/optical and
unabsorbed X-ray flux. The blue data points represent the UV/optical
and X-ray flux including Galactic and host-galaxy reddening and ab-
sorption as measured by UVOT and XRT. The dashed lines represent
the model components.
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6.3.3 GRB 101219B, z=0.552, SN grade A/B

6.3.3.1 Light curve modelling

Figure 6.7 displays the UVOT light curves. The models were fit until 140 ks,

which I identified using the colour as the time when the emission from SN

2010bh begins to dominate the afterglow emission. Clear breaks are visible

in all UV/optical bands except for UVW2. The breaks in the light curve

range from 1–100 ks. Differences in the best fit parameters for the power-law

model could be due to the lack of UVW1 and UVW2 observations before 9

ks. The afterglow synchrotron emission produced from the external shocks

should decay at a constant rate F ∝ t−β , but in this case, there appears to

be an additional emission component. This additional component could be

produced by a cooling, expanding, optically thick shell emitting blackbody

radiation.

Figure 6.7: GRB 101219B light curve of the optical afterglow. UVOT filters are
shown in the key. Up arrows represent 3σ upper limits.
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6.3.3.2 Colour analysis

The colour diagram clearly demonstrates the contribution from the radioactive

decay of nickel in SN 2010bh starting at 140 ks. There is no noticeable colour

change before the appearance of the supernova.

Figure 6.8: Colour indices of the afterglow of GRB 101219B (UVOT data). Com-
parisons are made between UV filters (UVW1, UVW2 and UV M2) and
the B filter. Data points are represented in red. The blue line represents
the mean value of the colour index over the duration shown in the figure.
Data points are coloured black to denote a colour index > 3σ away from
the mean value.

6.3.3.3 UV/optical-X-ray SED fitting

I found that the SED at 53 ks did not constrain the host galaxy absorption.

Therefore, in my fitting, I left the absorption as a free parameter. I mea-

sured a thermal component in the X-ray spectrum at 400 and 1300 s past the

GRB trigger. I checked whether the same blackbody could be significantly

contributing to the UV/optical emission and found that when a blackbody
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is fit across optical–X-ray energies, the resulting radius is too large. For the

UV/optical–X-ray SEDs I fit at 1300 s and 53 ks, the measured thermal com-

ponents have radii of R = 1.48×1014 cm and R = 1.45×1016 cm, respectively.

The results are presented in Table 6.9, and the fit at 1300s is illustrated in

Figure 6.9. This suggests an expansion speed v > c, which is not physically

plausible. Therefore, I reject this model. The blackbody component is not

observable by 53000 s, and the optical–X-ray SED can be fit by a power-law

with β = 1.07± 0.01. This is softer than the power-law measured with the

blackbody at 400 s, β = 0.42±0.13.

Figure 6.9: The SED of GRB 101219B at 1300 s past the GRB trigger. The SED is
shown across the UV/optical and X-ray energies (0.0015–10 keV). The
models used in the fitting are listed in Table 6.3. The flux is displayed
as EFE . The red data points represent the dereddened UV/optical and
unabsorbed X-ray flux. The blue data points represent the UV/optical
and X-ray flux including Galactic and host-galaxy reddening and ab-
sorption as measured by UVOT and XRT. The dashed lines represent
the model components.

6.3.4 GRB 120422, z=0.283, SN grade A

6.3.4.1 Light curve modelling

All light curves were fit with a broken power-law. The first observations with

UVOT only detected UV emission, with the optical emission brightening at



6.3. Results 172

around 10 ks. The breaks in the light curves seem to shift with increase in

the energy of the emission, possibly suggesting a thermal component that is

peaking around UV/optical energies. The light curves were only fitted until 200

ks, which is when the supernova radioactive nickel decay begins to dominate

the afterglow emission.

Figure 6.10: GRB 120422 light curve of the optical afterglow. UVOT filters are
shown in the key. Up arrows represent 3σ upper limits.

6.3.4.2 Colour analysis

The M2–optical colour plots, shown in Figure 6.11, are limited to data before

200 ks due to UV emission fading and no longer being detectable by UVOT,

but no significant colour changed are observed. However, the increase in the

optical emission from the light curve in Figure 6.10 gives us a rough idea of

when the supernova is having a large contribution to the optical emission.
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Figure 6.11: Colour indices of the afterglow of GRB 120422 (UVOT data). Com-
parisons are made between UV filters (UVW1, UVW2 and UV M2) and
the B filter. Data points are represented in red. The blue line repre-
sents the mean value of the colour index over the duration shown in
the figure.

6.3.4.3 UV/optical-X-ray SED fitting

SEDs were obtained at times that coincided with UVOT observations in all fil-

ters, and the X-ray SED was obtained for the XRT observations from 2-100 ks,

assuming that the spectral shape of the X-ray emission is not changing during

this time. A thermal component was identified that shifts from kT = 26±0.4

eV to kT = 2.9±0.6 eV (28–141 ks) and expands from R = (1.05±0.43)×1014

cm to R = (5.75± 2.38)× 1014 cm. This translates to an average expansion

velocity of approximately 0.139c, relative to the speed of light, during the ob-

served period. However, it should be noted that a fit incorporating a broken

power-law model plus a blackbody could not be performed due to an insuffi-
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cient number of data points.

Figure 6.12: The SED of GRB 120422 at 141 ks past the GRB trigger. The XRT did
not sufficiently cover this time period, therefore I fit and display only
UVOT data. The SED is shown across the UV/optical range and the
Wien tail of the blackbody model (0.001-0.1 keV). The models used
in the fitting are listed in Table 6.3. The flux is displayed as EFE .
The red data points represent the dereddened UV/optical. The blue
data points represent the UV/optical flux including Galactic and host-
galaxy reddening as measured by UVOT. The dashed lines represent
the model components.
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6.3.5 GRB 130427A, z=0.34, SN grade B

6.3.5.1 Light curve modelling

The light curve can be modelled with a broken power-law for V and B, and a

power-law model. The break in the light curve occurs at the same time in the

U,UVW1,UV M2 and UVW2 light curves at tb = 200−340 ks. The light curve

fitting was cut at 300 ks due to the presence of the radioactive nickel decay

from SN 2013cq.

Figure 6.13: GRB 130427A light curve of the optical afterglow. UVOT filters are
shown in the key. Up arrows represent 3σ upper limits.

6.3.5.2 Colour analysis

The colour was constant until the contribution from SN 2013cq at around

∼ 250 s.
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Figure 6.14: Colour indices of the afterglow of GRB 130427A (UVOT data). Com-
parisons are made between UV filters (UVW1, UVW2 and UV M2) and
the B filter. Data points are represented in red. The blue line repre-
sents the mean value of the colour index over the duration shown in the
figure. Data points are coloured black to denote a colour index > 3σ

away from the mean value.

6.3.5.3 UV/optical-X-ray SED fitting

The host galaxy absorption was calculated from the X-ray SED at 59 ks as

(NH = 0.108± 0.024)× 1022 cm−2. The absorption was fixed at this value

for all of the model fits. The optical–X-ray SED was best modelled with an

additional blackbody component, because a single power-law resulted in a poor

fit. However, the thermal component is too large. Therefore, an additional

component is needed to explain the UV/optical–X-ray emission during this

time.
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6.3.6 GRB 130831A, z=0.479, SN grade A/B

6.3.6.1 Light curve modelling

The light curves were best fit with a single power-law. A Flare, that was

present in the X-ray light curve, was not included in the power-law fit. Nor

was the contribution from the supernova at t > 200 ks. The average temporal

index was α ∼ 0.88, which was the observed shape for all of the filters.

Figure 6.15: GRB 130831A light curve of the optical afterglow. UVOT filters are
shown in the key. Up arrows represent 3σ upper limits.

6.3.6.2 Colour analysis

There were not enough UVOT observations to observe the colour for GRB

130831A.
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6.3.6.3 UV/optical-X-ray SED fitting

The best fit model was a power-law model at all of the epochs I looked at.

A blackbody model plus power-law improves the fit but it is not a significant

improvement for any of the times. There was also no consistency with the

blackbody parameters in my fits. This indicates there is no clear evidence for

a blackbody component in the UV/optical emission.
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6.3.7 GRB 161219B, z=0.148, SN grade A

6.3.7.1 Light curve modelling

The light curves exhibited substantial variability in their fitted parameters,

with a broken power-law model providing the best fit across the board. There

was no common break time across the light curves. The B-band data were

excluded due to the inability to perform host subtraction, with the latest B-

band data still contaminated by the supernova radioactive decay emission.

Figure 6.16: GRB 161219B light curve of the optical afterglow. UVOT filters are
shown in the key. Up arrows represent 3σ upper limits.

6.3.7.2 Colour analysis

The V band flux density is shallower than the UV band flux density, as evident

from the colour at ∼ 20 ks (Fig. 6.17) and the light curve (Fig. 6.16).
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Figure 6.17: Colour indices of the afterglow of GRB 161219B (UVOT data). Com-
parisons are made between UV filters (UVW1, UVW2 and UV M2) and
the V filter. Data points are represented in red. The blue line repre-
sents the mean value of the colour index over the duration shown in the
figure. Data points are coloured black to denote a colour index > 3σ

away from the mean value.

Table 6.16: Results from the light curve fitting of GRB 161219B. α1 and α2 corre-
spond to the power-law indices before and after the break in the light
curve, respectively. Moreover, the break time tb, normalisation N and
the chi-squared divided by the degrees of freedom, χ2/dof.

filter α1 α2 tb N χ2/dof

(ks) (×10−16)
V 0.36±0.04 1.02±0.19 0.7±0.5 0.65±0.34 15/20
B 0.45±0.01 4.92±0.44 44.7±0.8 1.69±0.06 0.3/2
U 0.20±0.02 1.25±0.05 27±3.8 6.38±0.62 10/11

UVW1 0.35±0.03 1.97±0.13 48.7±6.1 4.48±0.57 8/9
UV M2 0.39±0.03 1.56±0.09 65.9±12 4.63±0.75 8/14
UVW2 0.11±0.05 1.18±0.05 18.5±4.3 13.8±2.0 15/15
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6.3.7.3 UV/optical-X-ray SED fitting

The X-ray SED at 120000 s provided a measure of the host galaxy absorp-

tion as NH = (0.219± 0.021)× 1022 cm−2. At 400 s, the X-ray SED fit sig-

nificantly improved with the inclusion of a blackbody component, evidenced

by F-stat p = 4.17e− 09. The blackbody component was measured with

kT = 0.127±0.010 keV and R = (2.90±0.53)×1012 cm. I examined epochs of

850, 1300, 5850, and 33000 s, finding that a broken power-law plus blackbody

model provided the best fit for each. The broken power-law was modelled such

that β2 = β1 +0.5, as expected if the cooling frequency lies between the two seg-

ments. Little to no extinction was caused by the host galaxy. The blackbody

component was measured at every epoch. However, it’s worth noting that the

radius and temperature of the blackbody component showed fluctuations, in-

creasing and decreasing across different epochs. This is somewhat unexpected

for an expanding blackbody, which would typically show a consistent trend

of increasing radius and decreasing temperature. Additionally, the large er-

rors associated with these measurements, despite the improved fits, suggest

that there may be significant uncertainty about the reality of the blackbody

component at later times.
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Figure 6.18: The SED of GRB 161219B at (in descending order of figures) 400 s,
1300 s and 5866 s past the GRB trigger. The SEDs are shown across
the UV/optical and X-ray energies (0.0015–10 keV). The models used
in the fitting are listed in Table 6.3. The flux is displayed as EFE . The
red data points represent the dereddened UV/optical and unabsorbed
X-ray flux. The blue data points represent the UV/optical and X-ray
flux including Galactic and host-galaxy reddening and absorption as
measured by UVOT and XRT. The dashed lines represent the model
components.

Figure 6.18: caption (continued)

Figure 6.18: caption (continued)
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6.3.8 GRB 171205A, z=0.037, SN grade A

6.3.8.1 Light curve modelling

The optical light curves were flat until around 100 ks, after which they faded.

The UV light curves showed some brightening around 10 ks in the UV M2

band, along with a significant colour change during the initial 100 ks. A

broken power-law model fitted best for all light curves, except for the V band

light curve that was fitted best with a power-law. Given the inconsistency in

the fits, an additional component is likely present in the UV/optical emission.

Figure 6.19: GRB 171205 light curve of the optical afterglow. UVOT filters are
shown in the key. Up arrows represent 3σ upper limits.

6.3.8.2 Colour analysis

The colour revealed a significant UV excess before 10 ks and an optical excess

after 10 ks. The increase after 100 ks could be attributed to the optical emission
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from the radioactive decay of Nickel in SN 2017iuk.

Figure 6.20: Colour indices of the afterglow of GRB 171205 (UVOT data). Compar-
isons are made between UV filters (UVW2 and UV M2) and the B filter.
Data points are represented in red. The blue line represents the mean
value of the colour index over the duration shown in the figure. Data
points are coloured black to denote a colour index > 3σ away from the
mean value.

6.3.8.3 UV/optical-X-ray SED fitting

The host galaxy absorption, calculated from the late time X-ray SED, was

NH = 0.014. I created several UV/optical SEDs in the initial 100 ks past

the GRB trigger and selected X-ray SEDs that coincided with the epochs

of the UV/optical SEDs. The X-ray SED at 234 s significantly improved

with the inclusion of a blackbody component, as demonstrated by F-stat=32,

p = 5.63× 10−8. I modelled the full SED at 35, 55, 65, and 97 ks, finding

that a blackbody plus power-law model fit the optical–X-ray SED best at each

time. The spectral index was modelled as β = 0.60± 0.03, consistent across

all SEDs. From 234s to 97000s, the velocity of the blackbody, as a fraction of

the speed of light, is approximately v = 0.362c±0.100c.

My SED fitting procedure enables the detailed examination of the photo-

spheric radius as it evolves over time. For this specific dataset, neither a linear
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nor a power-law model adequately described the observed radius dynamics.

Consequently, a power-law augmented with a constant term was employed,

best visualised by the magenta line in Fig. 6.21. The best-fit parameters for

this model are summarised in Eq. 6.8:

RBB =
(

(101±290)+(112±147)(t− t0)0.68±0.259
)
×1011 cm (6.8)

This equation represents the photospheric radius RBB in terms of an initial

radius R0 and the time elapsed since the GRB event, t− t0. Here, A and B are

the coefficients determined from my fitting, with R0 = (1.01±2.90)×1013 cm

depicting the initial radius where the blackbody emission commences. The

considerable uncertainties in my parameters can be attributed to the strong

correlations present in the covariance matrix, making the fit sensitive to small

perturbations in the data.

Figure 6.21: Radius versus time for GRB 171205, determined from fitting
UV/optical/X-ray SEDs using a thermal blackbody model. The pho-
tospheric radii are displayed with one-sigma errors in blue. The best-fit
model to the photospheric radii, given by R = A + BtC, is depicted as a
magenta line.
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Figure 6.22: The SED of GRB 171205 at (in descending order of figures) 234 s, 35000
s, 55000 s, 65000 s and 97000 s past the GRB trigger. The SEDs are
shown across the UV/optical and X-ray energies (0.0015–10 keV). The
models used in the fitting are listed in Table 6.3. The flux is displayed
as EFE . The red data points represent the dereddened UV/optical and
unabsorbed X-ray flux. The blue data points represent the UV/optical
and X-ray flux including Galactic and host-galaxy reddening and ab-
sorption as measured by UVOT and XRT. The dashed lines represent
the model components.
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Figure 6.22: caption (continued)

Figure 6.22: caption (continued)

6.3.9 GRB 180728, z=0.117, SN grade A

6.3.9.1 Light curve modelling

There was a plateau at the beginning of the observed UV/optical flux density

that lasted until around 3 ks, after which the UV/optical light curves decayed
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with the same power-law slope of ∼ 1. All breaks in the light curve occurred

before 10 ks.

Figure 6.23: GRB 180728 light curve of the optical afterglow. UVOT filters are
shown in the key. Up arrows represent 3σ upper limits.

6.3.9.2 Colour analysis

In the time range covered, the colour was constant, exhibiting a slight excess

in the optical emission compared to UVM2 and UVW2. No significant change

was observed in the optical emission due to the supernova.
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Figure 6.24: Colour indices of the afterglow of GRB 180728 (UVOT data). Com-
parisons are made between UV filters (UVW1, UVW2 and UV M2) and
the B filter. Data points are represented in red. The blue line repre-
sents the mean value of the colour index over the duration shown in the
figure. Data points are coloured black to denote a colour index > 3σ

away from the mean value.

6.3.9.3 UV/optical-X-ray SED fitting

I excluded the early <7000 s XRT data in WT mode due to potential con-

tamination from trailing charge, which could increase the background level at

low energies <1 keV and underestimate the column density when modelling.

Consequently, I focused on the PC mode data when I had contemporaneous

UVOT observations. I was thus only able to examine a single epoch at 8000

s for the optical–X-ray SED. The late X-ray SED centred at 150 ks allowed

us to calculate the host galaxy absorption as NH = (0.067±0.025)×1022 cm.

I found a significant improvement in the fit with a blackbody plus power-law
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model, with F-stat=10.3, p = 0.000017, over a power-law fit. Broken power-

law models did not improve the fit statistics and indicated a single power-law

segment. The parameters from the SED fits are shown in Table. 6.21 and the

best fit model is shown in Fig. 6.25.

Figure 6.25: The SED of GRB 180728 at 8000 s past the GRB trigger. The SED is
shown across the UV/optical and X-ray energies (0.0015–10 keV). The
models used in the fitting are listed in Table 6.3. The flux is displayed
as EFE . The red data points represent the dereddened UV/optical and
unabsorbed X-ray flux. The blue data points represent the UV/optical
and X-ray flux including Galactic and host-galaxy reddening and ab-
sorption as measured by UVOT and XRT. The dashed lines represent
the model components.

6.4 Discussion

6.4.1 GRBs with no detectable thermal component

In my sample of GRBs, there were four bursts that had no detectable thermal

component in either the X-ray or UV/optical spectra: GRB 091127, GRB

130427A, GRB 130831A, GRB 180728.

6.4.1.1 GRB 130427A

The light curve for GRB 130427A was well modelled by a broken power-law,

and a power-law for the light curves with less data. All power-law segments

were consistent with α1 = 1 and α2 = 2.3, with a break in all UVOT bands
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at ∼250 ks. The light curves were fitted until 300 ks because this is where I

detected a significant increase in the optical flux, which I attributed to the Ni56

radioactive decay from SN 2013cq. If the UV/optical emission is caused by

a synchrotron component below the cooling frequency, the best fit temporal

power-law indices imply p = (4/3) + 1 = 2.3 for t−3(p−1)/4 before the break,

and p = 2.3 after the break for t−p, assuming the break corresponds to the

jet-break. These values of p are reasonable for a typical GRB afterglow. I did

not detect any significant improvement when adding a blackbody component

to the SED fits. My inability to detect a blackbody component could well be

due to the strong synchrotron component detected in GRB 130427A.

6.4.1.2 GRB 130831A

I removed the flare that was in the UV/optical light curve from my light curve

fitting. I found a power-law model fit all the light curves best, with α ∼ 0.86.

There wasn’t much coverage in the UV/optical when excluding the flare and

the late-time SN emission, so the B and U light curves were fit poorly. The

addition of a blackbody component in my SED fitting did not significantly

improve the fit. I left the X-ray absorption as a free parameter in fitting and

I found that a power-law fit the optical–X-ray SED best, with β = 1.9.

6.4.1.3 GRB 091127

The early coverage of GRB 091127 was mainly observed in the V,U, and UVW1

bands. The V and U light curves were consistent with a broken power-law

model, but there were not enough observations in the UVW1 band to fit this

model. I found that the break times for the V and U bands were significantly

different, with times of 20± 14 ks and 50± 9 ks, respectively. The V light

curve had a shallower slope than the U light curve, with α1 = 0.11± 0.29

and α2 = 1.4± 0.16 compared to α1 = 0.49± 0.07 and α2 = 2.0± 0.1 for the

U band. I fitted the light curve until 500 ks to ensure enough data for my

fit. The discrepancies between the U and V bands could be due to a larger

contribution from SN 2009nz in the V band. Notably, the U − i colour and

GROND data reveal a significant excess of optical emission at 280 ks, likely
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due to SN 2009nz.

I created an SED at 3300 s using observations of the g,r, and i bands

from GROND and the UVW1 and UV M2 bands from UVOT. A broken

power-law plus blackbody model provided the best fit to the SED, signifi-

cantly improving over a broken power-law alone; the model fitted well with

χ2/dof = 154/172. I measured the thermal component at kT = 0.043±0.023

keV and R = (5.32± 1.13)× 1014 cm. Starling et al. (2012) investigated the

possibility of a thermal component but concluded that the late XRT observa-

tions (after 3 ks) might be too late to detect it, as they were only modelling

the X-ray emission. They fitted their X-ray SED with NH = 0.11×1022 cm−2

and found a poorly constrained blackbody at kT = 0.06 keV, which did not

significantly improve the fit compared to a power-law model. However, by

including UVOT and GROND data in my analysis, I was able to measure the

thermal component.

The power-law exhibits a break at 26 eV, where the post-break power-law

is given by β = 1.79±0.03. This value aligns with the power-law observed in

the X-ray SED at 15000 s, which is β = 1.72±0.07. This suggests that there is

no significant evolution in the behavior between these observations. However,

this pattern contrasts with GRB 060218, which exhibited a softening at late

times in the X-ray emission. The power-law component parameters I measured

align with those found in Troja et al. (2012), who reported β1 = 0.30± 0.01,

β2 = 0.80±0.01, and a decreasing break energy from 150 eV at 6 ks to 6 eV at

55 ks. My break energy is smaller, likely due to the addition of a blackbody

component. However, while the inclusion of a blackbody model significantly

improves the fit, the best-fit blackbody properties imply unrealistically high

expansion speeds, approaching and even exceeding the speed of light. There-

fore, with a p-value of 0.03, the broken power-law model is the best fit to the

data, and I cannot determine whether a thermal component is present in GRB

091127.
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6.4.1.4 GRB 180728

All light curves were shallower than expected if they were only produced by

synchrotron radiation. The mean power-law slope after the break in the light

curve was β2 = 1.01, which is much lower than the expected, β = p, assuming

that this is the jet-break. However the broken power law indices vary signifi-

cantly across the UVOT bands, suggesting some additional emission contribut-

ing the the differences in the UV and optical β1 and β2. I detected a significant

thermal component at 8000 s in the optical–X-ray SED, with kT = 0.037 keV

and R = (1.52±1.45)×1014 cm, however this radius is poorly constrained and

would imply expansion speeds of 0.6c. This could help explain the shallow

light curves. But due to the limited observations I was only able to analyse

the spectrum at 8000 s. There was a small amount of reddening required for

the model to fit, but that was poorly constrained at E(B−V ) = 0.05± 0.12

mag.

6.4.2 GRBs with significant thermal component in the

UV/optical emission

6.4.2.1 GRB 120422

The light curves of 120422 were all best fitted with a broken power-law model.

There was no consistency between the parameters of the light-curve fits and

the break time appeared earlier for the UV than the optical. This could repre-

sent a thermal component cooling. As time progresses in the light curve, the

blackbody shifts to lower energies. I fit the optical–X-ray SED at 1100, 5900,

28000 and 141000 s, for 28000 s. It can be seen from the work conducted in

Starling et al. (2012) that there is a thermal component in the X-ray SED at

128–192 s, with kT = 0.204 keV and R = 3×1012 cm. Comparing this to my

results, at 1100 s the blackbody parameters could not be estimated due to the

limited number of data points in the X-ray. However, this radius, R = 3×1012

cm, is comparable to the radius I measure at 5900 s, R = (2.46±2.23)×1012

cm, even though my errors are large. I also measure the thermal component at
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28 ks as, R = (1.05±0.43)×1014 cm and at 141 ks as, R = (5.75±2.38)×1014

cm. The component at 141 ks was measured from only the UV/optical SED

with just a blackbody model, similarly to the blackbody component in GRB

060218 at 120 ks. Due to the limited number of measurements I cannot model

how the radius evolves. However if the expansion is linear, this implied an

expansion speed of 0.141 c or 42400 kms−1 (5900–141000 s). Schulze et al.

(2014) measured a thermal component in the optical–X-ray SED at 5000 s,

however their component is cooler and larger than my measurement, they es-

timated kT = 16 eV and R = 7× 1013 cm. Whilst it is larger than I found,

at 5900 s the blackbody plus power-law model was measured with a higher

absorption, so this could possibly account for the differences. Regardless, the

thermal component measured from the UV/optical SED at 141 ks is indepen-

dent of the absorption. Therefore I agree with Schulze et al. (2014) that this is

the shock heated cooling ejecta emission from SN 2012bz, which has a signifi-

cant contribution in the UV/optical afterglow light curve, accounting for all of

the flux at 141 ks, where the blackbody is peaking in the UV/optical energy

range. Additionally my measurement for the expansion speed of 42400 kms−1

between 5900 and 141 ks, agree well with the measurement of the expansion

velocity from FeII(5169) for SN 2012bz in Schulze et al. (2014) at t ∼ 3 days.

6.4.2.2 GRB 171205

For GRB 171205, the broken power-law model provided the best fit for most

light curves, with the exception of the V band. The limited number of obser-

vations in the V band makes this conclusion less robust. The initial power-law

segment index, α1, is close to zero for all bands, exhibiting variations mostly

within 3σ , though the UV M2 band’s index deviates by about 4σ . The α2 seg-

ment shows significant variations across different light curves. Notably, there’s

a trend suggesting that the break time decreases with increasing energy, which

could be indicative of an evolving component, possibly a blackbody. This

could also account for the large UV excess at earlier times, reminiscent of

GRB 060218.
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While my light curves alone don’t offer conclusive evidence for the emis-

sion process due to their inconsistency with solely synchrotron emission, my

analyses do reveal the significance of introducing a blackbody component in

the X-ray SED. The thermal component was a significant component in all

the optical–X-ray SEDs I modelled. my findings on reddening echo the limited

impact of the host galaxy’s reddening, a conclusion consistent across different

extinction curves. The rapid increase of the thermal component from 4×1011

cm to 5×1014 cm in a span of 35000 s is particularly striking.

Izzo et al. (2019) made similar observations and attributed the thermal

component to the hot cocoon produced by a mildly-relativistic GRB jet with

continued energy injection expanding into the circumstellar medium. They

drew this inference from both the thermal component’s characteristics and the

high expansion velocities from the broad line absorption features v ∼ 100000

kms−1 at 0.975 days past the GRB trigger time. Furthermore, they argue that

the high velocity material and elemental mixing indicate that the injection

spans a period exceeding the shock breakout timescale. If I take the average

velocity from my study, at 0.362 ± 0.1 c, this translates to 108600 ± 30000

kms−1, which aligns well with the finding in Izzo et al. (2019), providing further

credence to their model.

Building on their conclusions, my study offers further validation for this

model and highlights the need for multi-wavelength observations to truly dis-

cern the underlying emission processes. The results from my analysis of GRB

171205 exhibit striking parallels with those from GRB 060218. For GRB

060218, the photospheric radius over time was described by:

RBB =
(

(233±6)+(1.0±0.1)(t− t0)0.68±0.01
)
×1011 cm (6.9)

Despite the relatively large uncertainties in my GRB 171205 results, given

in Eq. 6.8, the profiles are remarkably similar, especially in terms of the power-

law index and the magnitude of the terms. This suggests that there might be a

shared underlying mechanism or structural characteristic between these GRBs.
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While Izzo et al. (2019) provide a comprehensive understanding, my work

accentuates the intricacies of the thermal component and its potential origins.

It’s essential to consider both studies in tandem to get a better understanding

of GRB 171205’s behaviour and the broader implications for GRB studies.

6.4.3 GRBs with a thermal component only in the X-ray

emission

6.4.3.1 GRB 090618

A thermal component was observed in the X-ray spectrum by Page et al. (2011)

and Starling et al. (2012), during the prompt emission and up to 2500 s past

the GRB trigger. I was able to fit a blackbody plus power-law model to the

SED at 1100 s and 1400 s. I also found that the SED can be fitted with a

broken power-law model. When fitting a blackbody plus a broken power-law

the implied blackbody component is too large ∼ 1015 cm. Therefore there are

two ways that the UV/optical emission be explained: either it is produced by

synchrotron emission with the cooling frequency between the optical and X-ray

energies or synchrotron emission with no break plus a thermal component.

The parameters of the broken power-law were β1 = 0.45±0.05, β2 = 0.95±

0.04. This was consistent for both SEDs, with a break energy Eb = 0.29±0.10.

My results vary slightly from that in Cano et al. (2011) whom find β1 = 0.64±

0.02, β2 = 1.14±0.02, Eb = 1.6 keV. The SEDs in Cano et al. (2011) were fitted

with a slightly larger intrinsic absorption NH = 0.27×22 cm−2 and extinction

AV = 0.3.

Alternatively, the thermal component was measured at 1100 s as T =

0.296±0.021 keV, R = 2.29±0.34×1012 cm, with β = 0.65±0.01. The thermal

component was also observed at 1400 s and the parameters were consistent

with these. This suggests a thermal component that has cooled and stayed

relatively the same size. Starling et al. (2012) measured the thermal component

at T = 0.51± 0.08 keV, R = 2.64× 1012. They fixed the intrinsic absorption

slightly higher than ours at NH = 0.3×1022 cm. I do not have sufficient data
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to look further to see if this component had evolved further, but the absence

of the thermal component at late times (>10 ks Page et al. (2011)) suggests it

has moved to lower energies through cooling. These parameters are consistent

with the thermal component being produced by the cooling emission from a

shock breakout.

The UV/optical light curve of 090618 implies a shallow decay after the

break in the light curve. Apart from UVW2 all indices, α , where below 2.

It has been argued that the value of p can vary in a burst and Curran et al.

(2010) showed the p follows a gaussian distribution, centred on p=2.36, with

a width of 0.59. However some of the fitted indices still fell short of this, with

FV ∝ t−1.24±0.08 erg cm−2 s−1 −1. This could be due to an additional component

in the optical emission, creating a shallower decay slope. Even if the optical

synchrotron emission is below the cooling frequency, this would imply from α1

that p = 1.2.

6.4.3.2 GRB 101219B

I fitted the UVOT light curves up until I detected a significant excess in the

optical emission from the supernova at 140 ks. All light curves were best fit by

a broken power-law, with the exception of UVW2, which had less data than

the others and was best fit by a single power-law. The break in the light

curve seems to increase for higher energy emission, although the uncertainty

in the break time is large. The filters with positive α1 values, specifically U ,

UVW1, and UV M2, exhibit trends in their light curves that are suggestive of a

plateau-like behaviour (or α ≈ 0) before 3000s. However, the large uncertain-

ties, especially in UV M2 and UVW2, make it challenging to draw definitive

conclusion.. A possible cause for an early plateau could be something similar

to what produces the plateau in X-ray light curves such as continued engine

activity emitted as UV/optical radiation or an additional emission component.

I measure the thermal component only in the X-ray SED, with kT = 0.114,

R = (5.96±3.23)×1012 cm, consistent with that in Starling et al. (2012) and

Sparre et al. (2011). I attempted to fit the blackbody across the optical–X-ray
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SED. However the implied blackbody radius was too large. A broken power-law

model could not be fitted with the given degrees of freedom.

6.4.3.3 GRB 161219B

The UVOT light curves were best modeled with a broken power-law for all

bands. There is no consistency between the modeled parameters, neither the

segment power-law indices nor the break times. Many of the light curves

had shallow slopes after the breaks, with V , α2 = 1.02± 0.19, which implies

p = 1.02, far lower than the expected p = 2. This could be due to the optical

emission from SN 2016jca. However, the UVW2 band also has α2 = 1.18±0.05,

suggesting that the emission in both the V and UVW2 bands could be produced

by the same mechanism or a combination of synchrotron and an additional

component.

Cano et al. (2017) found evidence for two separate thermal components

in the NIR–X-ray SED. They measured a thermal component of kT = 0.014

keV, R = 6×1014 cm at t− t0 = 33 ks. They also found a thermal component

at t− t0 = 5.8 days with kT = 0.0032 keV, R = 3× 1014 cm, which rose to a

maximum, R = 3−4×1015 cm at 15–20 days. Cano et al. (2017) attributed the

thermal component at t > 5 days as being produced from radioactive heating

(Arnett, 1982).

I examined the early X-ray spectrum at 400 s, as well as the optical–X-

ray SED at 850, 1300, 5850, and 33000 s. The X-ray SED at 400 s is best fit

with a power-law plus blackbody model, significantly improving the fit with

F-test p = 4.17× 10−9. For the optical–X-ray SEDs, the combination of a

broken power-law with a blackbody yielded the best fit. This model showed a

significant improvement over the alternative model (blackbody + power-law),

with a p-value of 0.001 for the SEDs at 850 and 1300 s.

During my exploration of various models, including BB+PL, BB+BPL,

PL, and BPL (as shown in Table 1), I found that the blackbody improved the

fit in some cases, notably at 1300 s. However, even in these instances, the

blackbody parameters were poorly constrained due to large errors. Given this
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uncertainty and the consistency of the broken power-law model across various

time points, I conclude that the UVOT/X-ray emission is best described by a

broken power-law model.

6.4.4 Influence of Redshift and Burst Characteristics

Based on thermal component detection, GRBs were classified into three cate-

gories: solely in XRT, in both UVOT and XRT, or in neither.

The redshift distribution revealed potential variations between the cat-

egories. To statistically evaluate these variations, an Analysis of Variance

(ANOVA) test was employed (St et al., 1989). This test yielded a p-value

close to 0.05, suggesting a potential influence of redshift on thermal compo-

nent detectability. Higher redshift GRBs showed a trend towards XRT-only

thermal detection, potentially due to cosmological dimming. As GRBs occur

at greater distances, represented by higher redshifts, their UV emissions can

become fainter and harder to detect due to the (1+z) factor reducing the emit-

ted photon energy reaching the observer, particularly when these emissions are

intrinsically weak.

In Figure 6.26, the Tukey’s Honest Significant Difference (HSD) pairwise

comparisons for the redshift distributions are shown. The x-axis of the plot

represents the estimated difference in average redshifts between two compared

groups. For instance, a value of 0.2 on the x-axis indicates that one group has

an average redshift that is 0.2 units higher than another group. Confidence

intervals, depicted by the horizontal lines, signify the range within which I

expect the true difference in means between each pair of categories to reside.

Importantly, these values are differences in means and not the actual redshifts

themselves, which is why some values extend beyond the observed redshift

range.
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Figure 6.26: Tukey’s HSD pairwise comparisons for redshift z distributions across
the three thermal detection categories. If a confidence interval does not
intersect the zero line, the difference is deemed statistically significant.

For the parameters Eiso, Epeak, and T90, the ANOVA tests indicated no

significant differences in their means across the categories. However, a visual

inspection of the boxplots for Eiso reveals that GRBs in the ”UVOT+XRT”

category tend to have a median isotropic energy that is visibly lower than

those in the ”XRT” category. This observation suggests potential variations in

Eiso distributions among the categories, even if the means are not statistically

different. This could be indicative of the fact that weaker afterglows might be

more conducive to the detection of the thermal component, ensuring it isn’t

overshadowed by the afterglow. A deeper exploration into the optical and

X-ray luminosities at the times typically associated with thermal component

detections could provide further insights into this hypothesis.
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Figure 6.27: Multi-panel distribution plots of key GRB parameters across different
thermal detection categories. From left to right, the plots showcase
the distributions of isotropic energy (Eiso), peak energy (Epeak), and
burst duration (T90). The categories represent GRBs where thermal
components are detected solely in XRT, in both UVOT and XRT, or
in neither. The boxplots provide insights into the median, interquartile
range, and potential outliers for each parameter within the respective
categories.

After a thorough examination of the thermal detection across the cate-

gories, a correlation analysis was performed to understand the potential rela-

tionship between redshift and the likelihood of thermal detection. Specifically,

a point-biserial correlation was used to quantify the association between red-

shift (a continuous variable) and thermal detection (a binary variable: detected

or not detected). The results indicated a weak inverse correlation, suggesting

that as redshift increases, there might be a slightly reduced likelihood of ther-

mal detection. However, it’s essential to interpret these findings with caution,

as the correlation, while indicative, is weak and does not imply causation.

More detailed analyses or larger datasets could provide clearer insights into

this potential relationship.

Correlation analyses further elucidated these patterns. A weak inverse cor-

relation was observed between redshift and thermal detection, with correlation

coefficients hinting at an increased likelihood of XRT-only thermal detection

for higher redshift GRBs. In contrast, Epeak showed a weak positive correla-

tion, suggesting that bursts with elevated peak energies might more frequently

exhibit thermal components in both UVOT and XRT.

Despite these nuanced findings, a cautious interpretation is imperative.
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The correlations, while indicative, are not robust enough to imply causation.

There’s a clear need for more expansive datasets or complementary method-

ologies to refine these insights.

6.4.5 Detectability and Implications of Thermal Components

in GRBs

My results indicate that approximately 72.7% of GRBs with associated super-

novae in my sample exhibited thermal components within the first 50-ks. This

is a lower limit, suggesting that while the majority of my observed GRBs show

these thermal components, there may be more that remain undetected due to

various reasons.

However, it’s crucial to address the non-detection of thermal components

in some GRBs. For instance, the absence of a detectable thermal compo-

nent does not necessarily mean it isn’t there. My findings hint at a potential

influence of redshift on the detectability of thermal components. Notably,

GRB091127 and GRB030831A, with redshifts of 0.49 and 0.479 respectively,

lacked detectable thermal components. This brings us to my second question.

The absence of a detectable thermal component in certain bursts, espe-

cially those at higher redshifts, poses intriguing questions. Could the ther-

mal components be inherently weaker in these GRBs, or is it a question of

detectability due to their redshift? Interestingly, for some bursts where the

thermal component was not straightforwardly detected, I was able to fit a

blackbody shape to the model that better described the emission. However,

the fitted parameters were often poorly constrained or unphysical. For exam-

ple, in the case of GRB091127, fitting with a broken power-law + blackbody

model gave us a velocity that far exceeds the speed of light, implying unphys-

ical conditions.

From Table. 6.22 it can be seen that all GRBs modeled with a power-law

(indicative of non-detection of the thermal component) exhibit luminosities

that are orders of magnitude higher than those modeled with a blackbody,

with the exception of GRB 180728. This stark difference in luminosity suggests
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Table 6.22: Luminosities of selected GRBs at specified post-burst times. The GRBs
are modeled either with a power-law or a blackbody (BB). The provided
luminosities are within the energy range of UV M2 (4.8-6.4 eV) in the
rest frame.

GRB Model Time (s) Luminosity (×1039 ergs/s)

130427A Power-law 1878 9.6569×106

130831A Power-law 707 3.3133×107

091127 Power-law 3300 3.4933×106

180728 Power-law 8000 2.2606×104

060218 BB 7500 3.1125
100316D BB 33000 5.2962×105

171205A BB 35000 1.2655×103

that the afterglow’s brightness is indeed a significant factor that can mask the

presence of a thermal component, making it undetectable.

The fact that non-detection GRBs have such high luminosities, combined

with the knowledge that detected thermal components have much lower lu-

minosities, lends credence to the hypothesis that thermal components might

be universally present in all GRBs. However, their detection is contingent on

the relative brightness of the afterglow. If the afterglow is too bright, it can

suppress the thermal component’s visibility.

GRB 180728 stands out due to its relatively lower luminosity, even though

there was no detection of a thermal component. However, it’s essential to note

that the data for this GRB is limited. I only have access to a single SED at

8000s and lack window-timed X-ray data at earlier times. This means there’s a

possibility that a thermal component was present in the X-ray at early times,

but I didn’t have the data to observe it. Such constraints underscore the

need for comprehensive data collection to make accurate detections and inter-

pretations. While afterglow brightness is a significant factor, the availability

and timing of the data also play a crucial role in the detectability of thermal

components.

In conclusion, the data supports the hypothesis that the overwhelming

brightness of the afterglow in some GRBs might overshadow the thermal com-

ponent, making it challenging to detect. This could imply that even non-
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detection GRBs might possess these thermal components, but their visibility

is compromised by the dominant afterglow.

6.5 Conclusion

My comprehensive analysis of GRBs has shed light on the presence and nuances

of thermal components across various observation bands. These components,

or their apparent absence, offer valuable insights into the intricate physical

processes behind these astrophysical phenomena.

Four GRBs in my sample did not exhibit detectable thermal components

in either the X-ray or UV/optical spectra. Among these, GRB 130427A dis-

played a potent synchrotron component. For GRB 130831A and GRB 091127,

introducing a blackbody component didn’t significantly refine the spectral fit.

GRB 180728, however, presented a detectable thermal component, but only at

a specific observational time (8000 s), but for unrealistic physics parameters.

GRB 120422 and GRB 171205 both demonstrated thermal components

in their UV/optical spectra, highlighting that specific GRBs possess processes

that impact their afterglow across both X-ray and UV/optical bands. The na-

ture of the thermal component for GRB 171205, especially the observed high

velocities, aligns closely with the hot cocoon model generated by a relativistic

GRB jet. This model is consistent with findings by Izzo et al. (2019), fur-

ther supported by my measured velocities for GRB 171205. Conversely, for

GRB 060218, the thermal emission seems to originate from a shock breakout.

The discrepancies between these two GRBs accentuate the diverse mechanisms

behind GRB emissions.

GRB 090618, GRB 101219B and GRB 161219B showcased thermal com-

ponents exclusively in their X-ray spectra, emphasising the variability of ther-

mal components across GRBs.

An essential discovery from my study is the potential influence of redshift

on the detectability of thermal components. There appears to be a trend

where higher redshift GRBs primarily manifest thermal detection in the XRT
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spectrum. Cosmological dimming might be contributing to this trend, making

UV emissions from distant GRBs more challenging to perceive.

From my results, approximately 72.7% of GRBs with associated super-

novae in my sample showed thermal components within the first 50-ks. This

figure is, however, a lower limit. The non-detection of thermal components in

some GRBs raises intriguing questions about their actual presence and poten-

tial masking by other factors.

My luminosity analyses, as presented in Table 6.22, indicate that the non-

detection GRBs often possess luminosities orders of magnitude higher than

those with detected thermal components, with the notable exception of GRB

180728. This significant luminosity discrepancy suggests that the afterglow’s

brilliance can potentially eclipse the thermal component, rendering it unde-

tectable. Such a masking effect raises the possibility that thermal components

might universally exist in all GRBs, but their detection is contingent on the

relative luminosity of the afterglow.

To conclude, my findings underscore the multifaceted nature of GRBs

and the factors influencing the visibility of thermal components. While the

overwhelming brightness of the afterglow can obscure the thermal component

in some GRBs, other factors like data availability and timing also play a pivotal

role in its detectability.



Chapter 7

General Conclusions

The culmination of this doctoral research has led to a deeper understanding

of the intricacies of GRBs and their associated phenomena. The work carried

out across multiple chapters provides a comprehensive perspective on the early

UV/optical emission, thermal components, and the underlying physics of these

astrophysical marvels. This final chapter aims to weave together the key find-

ings from the preceding chapters, emphasising the significance and implications

of the results obtained.

7.1 Thermal Components and UV/Optical

Emission in GRBs

From the detailed analysis in Chapter 3, the exploration of GRB 060218’s early

UV/optical emission unearthed a series of compelling insights. The study con-

clusively determined the presence of synchrotron afterglow radiation in the

initial phase, followed by a transition to Rayleigh-Jeans spectral shape indica-

tive of a cooling thermal process. The proposed model, which accounted for

the UV/optical and X-ray blackbody emissions from an expanding region, ad-

vanced our understanding of GRB 060218 and similar low-luminosity GRBs

(LLGRBs). This model’s strength lay in its ability to bridge the gap between

the early UV/optical synchrotron signatures and the late synchrotron radio

emissions. The findings of Chapter 3 also underscored the need for rapid

UV/optical observations in LLGRBs to capture the transient afterglow before
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it’s dominated by thermal emissions.

Chapter 4 further solidified our understanding of the thermal emissions in

GRBs. Delving into GRB 100316D’s UV/optical/X-ray emissions, the study

proposed that the observed multi-wavelength thermal component originates

from a cooling envelope post-shock breakout. This observation was fortified by

the consistent blackbody component observed across different epochs, which

aligned well with the behaviour exhibited by GRB 060218. Moreover, the

study rectified inconsistencies in datasets and demonstrated the necessity of

considering both the blackbody and power-law components for an accurate

representation of the Spectral Energy Distribution (SED).

7.2 Implications of Neutron Star Mergers and

Kilonovae

Chapter 5 was pivotal in consolidating the link between neutron star mergers

and short gamma-ray bursts. The simultaneous observation of a gamma-ray

burst and a gravitational wave was revolutionary, underscoring the power of

multi-messenger astronomy. The spherically outflowing blackbody model in-

troduced in this chapter was instrumental in elucidating the intricate dynamics

of UV and optical/near-IR emissions in post-merger scenarios. The model’s

ability to capture the subtle nuances, especially the early UV emissions, em-

phasised its potential in refining kilonova models. Furthermore, the discovery

of a substantial opaque wind surrounding the merger and the extensive effec-

tive blackbody radius highlighted the dynamic interplay of multiple processes,

from early tidal stripping to post-merger nucleosynthesis, shaping the observed

emissions.

7.3 Redshift Influence and the Universality of

Thermal Components

Chapter 6 was a testament to the complex nature of GRBs and the myriad

of factors that influence the visibility of thermal components. The research
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indicated a potential trend with redshift, where higher redshift GRBs pre-

dominantly show thermal detection in the XRT spectrum, possibly due to

cosmological dimming. The analysis also proposed that the overwhelming lu-

minosity of some GRBs could overshadow the thermal component, suggesting

that these components might be universally present across GRBs but remain

undetected due to the dominance of the afterglow. This chapter emphasised

the significance of multi-wavelength observations, capturing GRB emissions

across different bands, to unveil the hidden layers of these cosmic phenomena.

7.4 Overall Significance and Future Directions

This thesis has provided a comprehensive exploration of GRBs, from their early

UV/optical emissions to their underlying thermal components. The findings

have implications that extend beyond the specific GRBs studied, offering in-

sights into the broader class of GRBs and associated phenomena. The models

and methodologies employed can serve as a blueprint for future investigations,

with the potential to further refine our understanding of these cosmic enigmas.

While this research has advanced our understanding of the thermal emis-

sions in GRBs, particularly focusing on faint GRBs, where the thermal emis-

sion is often outshone by brighter afterglows, it also opens several avenues for

future inquiry. We have established methods to detect and analyse thermal

components in these faint events, raising questions about their similarities to

more luminous GRBs. Do these faint GRBs exhibit thermal properties con-

sistent with those observed in their brighter counterparts? Addressing this

question could significantly refine our models of thermal processes in GRBs.

Additionally, this thesis has contributed to the understanding of the con-

nection between neutron star mergers, kilonovae, and short GRBs. However,

many questions remain, especially concerning the consistency of kilonovae pro-

duction in neutron star mergers and whether thermal emissions are universally

present in short GRBs resulting from different types of compact object merg-

ers.
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Looking forward, future research should aim to expand the sample size of

GRBs with detectable thermal emissions to determine the universality of these

characteristics. Increased observations from facilities like LIGO will also be

crucial in understanding the broader implications of compact object mergers.

Each new discovery will not only test our existing models but also refine our

theoretical frameworks, furthering our ability to predict and understand the

behaviour of GRBs within the broader context of high-energy astrophysics.
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C. L. Fryer and P. Mészáros. Neutrino-driven Explosions in Gamma-Ray

Bursts and Hypernovae. Astrophys. J. L., 588:L25–L28, May 2003. doi:

10.1086/375412.

T. J. Galama, P. M. Vreeswijk, J. van Paradijs, C. Kouveliotou, T. Augusteijn,
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Re’em Sari and Peter Mészáros. Impulsive and Varying Injection in Gamma-



BIBLIOGRAPHY 239

Ray Burst Afterglows. The Astrophysical Journal Letters, 535(1):L33–L37,

May 2000. doi: 10.1086/312689.

S. Y. Sazonov, A. A. Lutovinov, and R. A. Sunyaev. An apparently normal

γ-ray burst with an unusually low luminosity. Nature, 430:646–648, August

2004. doi: 10.1038/nature02748.

P. Schady, M. J. Page, S. R. Oates, M. Still, M. de Pasquale, T. Dwelly,

N. P. M. Kuin, S. T. Holland, F. E. Marshall, and P. W. A. Roming. Dust and

metal column densities in gamma-ray burst host galaxies. Mon. Not. R. astr.

Soc., 401:2773–2792, February 2010. doi: 10.1111/j.1365-2966.2009.15861.x.

Patricia Schady, Tom Dwelly, Mat J Page, Thomas Krühler, Jochen Greiner,

Samantha R Oates, Massimiliano De Pasquale, Marco Nardini, PWA

Roming, A Rossi, et al. The dust extinction curves of gamma-ray burst

host galaxies. Astronomy & Astrophysics, 537:A15, 2012.

E. F. Schlafly and D. P. Finkbeiner. Measuring Reddening with Sloan Digital

Sky Survey Stellar Spectra and Recalibrating SFD. Astrophys. J., 737:103,

August 2011. doi: 10.1088/0004-637X/737/2/103.

Edward F. Schlafly and Douglas P. Finkbeiner. Measuring reddening with sloan

digital sky survey stellar spectra and recalibrating sfd. The Astrophysical

Journal, 737(2):103, Aug 2011. ISSN 1538-4357. doi: 10.1088/0004-637x/

737/2/103. URL http://dx.doi.org/10.1088/0004-637X/737/2/103.

D. J. Schlegel, D. P. Finkbeiner, and M. Davis. Maps of Dust Infrared Emission

for Use in Estimation of Reddening and Cosmic Microwave Background

Radiation Foregrounds. Astrophys. J., 500:525–553, June 1998. doi: 10.

1086/305772.

S. Schulze, S. Klose, G. Björnsson, P. Jakobsson, D. A. Kann, A. Rossi,

T. Krühler, J. Greiner, and P. Ferrero. The circumburst density profile

around GRB progenitors: a statistical study. Astronomy & Astrophysics,

526:A23, February 2011. doi: 10.1051/0004-6361/201015581.

http://dx.doi.org/10.1088/0004-637X/737/2/103


BIBLIOGRAPHY 240

S Schulze, D Malesani, A Cucchiara, Nial R Tanvir, T Krühler,

A de Ugarte Postigo, Georgios Leloudas, J Lyman, D Bersier, K Wiersema,

et al. Grb 120422a/sn 2012bz: Bridging the gap between low-and high-

luminosity gamma-ray bursts. Astronomy & Astrophysics, 566:A102, 2014.

K. Serkowski, D. S. Mathewson, and V. L. Ford. Wavelength dependence of

interstellar polarization and ratio of total to selective extinction. Astrophys.

J., 196:261–290, February 1975. doi: 10.1086/153410.

S. J. Smartt, T.-W. Chen, A. Jerkstrand, M. Coughlin, E. Kankare, S. A.

Sim, M. Fraser, C. Inserra, K. Maguire, K. C. Chambers, M. E. Huber,

T. Krühler, G. Leloudas, M. Magee, L. J. Shingles, K. W. Smith, D. R.

Young, J. Tonry, R. Kotak, A. Gal-Yam, J. D. Lyman, D. S. Homan,

C. Agliozzo, J. P. Anderson, C. R. Angus, C. Ashall, C. Barbarino, F. E.

Bauer, M. Berton, M. T. Botticella, M. Bulla, J. Bulger, G. Cannizzaro,

Z. Cano, R. Cartier, A. Cikota, P. Clark, A. De Cia, M. Della Valle,

L. Denneau, M. Dennefeld, L. Dessart, G. Dimitriadis, N. Elias-Rosa, R. E.
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M. Stamatikos, C. C. Thöne, and S. E. Woosley. Discovery of the nearby

long, soft GRB 100316D with an associated supernova. Mon. Not. R. astr.

Soc., 411:2792–2803, March 2011. doi: 10.1111/j.1365-2966.2010.17879.x.

RLC Starling, Kim L Page, A Pe’Er, Andrew P Beardmore, and Julian P

Osborne. A search for thermal x-ray signatures in gamma-ray bursts–i. swift

bursts with optical supernovae. Monthly Notices of the Royal Astronomical

Society, 427(4):2950–2964, 2012.

J. H. Taylor and J. M. Weisberg. A new test of general relativity - Gravitational

radiation and the binary pulsar PSR 1913+16. The Astrophysical Journal,

253:908–920, February 1982. doi: 10.1086/159690.

K. Toma, K. Ioka, T. Sakamoto, and T. Nakamura. Low-Luminosity GRB

060218: A Collapsar Jet from a Neutron Star, Leaving a Magnetar as a

Remnant? Astrophys. J., 659:1420–1430, April 2007. doi: 10.1086/512481.

E. Troja, A. R. King, P. T. O’Brien, N. Lyons, and G. Cusumano. Different

progenitors of short hard gamma-ray bursts. Monthly Notices of the Royal

Astronomical Society: Letters, 385(1):L10–L14, 03 2008. ISSN 1745-3925.

doi: 10.1111/j.1745-3933.2007.00421.x. URL https://doi.org/10.1111/

j.1745-3933.2007.00421.x.

https://doi.org/10.1111/j.1745-3933.2007.00421.x
https://doi.org/10.1111/j.1745-3933.2007.00421.x


BIBLIOGRAPHY 243

E Troja, T Sakamoto, C Guidorzi, JP Norris, A Panaitescu, S Kobayashi,

N Omodei, JC Brown, DN Burrows, PA Evans, et al. Broadband study of

grb 091127: a sub-energetic burst at higher redshift? The Astrophysical

Journal, 761(1):50, 2012.

T. N. Ukwatta, K. S. Dhuga, M. Stamatikos, C. D. Dermer, T. Sakamoto,

E. Sonbas, W. C. Parke, L. C. Maximon, J. T. Linnemann, P. N. Bhat,

A. Eskandarian, N. Gehrels, A. U. Abeysekara, K. Tollefson, and J. P. Norris.

The lag-luminosity relation in the GRB source frame: an investigation with

Swift BAT bursts. Mon. Not. R. astr. Soc., 419:614–623, January 2012. doi:

10.1111/j.1365-2966.2011.19723.x.

J. van Paradijs, C. Kouveliotou, and R. A. M. J. Wijers. Gamma-Ray Burst

Afterglows. Ann. Rev. of Astronomy & Astrophysics, 38:379–425, 2000. doi:

10.1146/annurev.astro.38.1.379.

JA Van Paradijs, M Pettini, NR Tanvir, JS Bloom, H Pedersen,

HU Noerdgaard-Nielsen, M Linden-Voernle, J Melnick, G van de Steene,

M Bremer, et al. Discovery of transient optical emission from the error box

of the gamma-ray burst of february 28, 1997. Nature, 386:686–689, 1997.

F. J. Virgili, E.-W. Liang, and B. Zhang. Low-luminosity gamma-ray

bursts as a distinct GRB population: a firmer case from multiple crite-

ria constraints. Mon. Not. R. astr. Soc., 392:91–103, January 2009. doi:

10.1111/j.1365-2966.2008.14063.x.

F. J. Virgili, C. G. Mundell, V. Pal’shin, C. Guidorzi, R. Margutti, A. Me-

landri, R. Harrison, S. Kobayashi, R. Chornock, A. Henden, A. C. Updike,

S. B. Cenko, N. R. Tanvir, I. A. Steele, A. Cucchiara, A. Gomboc, A. Levan,

Z. Cano, C. J. Mottram, N. R. Clay, D. Bersier, D. Kopač, J. Japelj, A. V.
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