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Thesis Abstract

The aim of this thesis is to study Gamma-Ray Burst (GRB) pndges and
central engines, | begin by examining unexpected platea@RB light curves
and place contraints on the central engine, that are cems$isith a proto-magnetar.
Next | compare these to the normal plateaus seen in the ligheand expand
my investigation to include flares. Finally | investigateetter some giant flares

could actually be a GRB if the GRB in those light curves cowddalprogenitor.
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Chapter 1

Introduction

1.1 Introduction

1.1.1 Vela Satellites

In this chapter | summarise the discovery and observatidhashma-Ray Bursts
(GRBs), the most powerful objects in the Universe. The US3d\&atellites were
sent into space to monitor the Nuclear Test Ban Treaty signed®63, which
forbade nuclear explosions in the atmosphere, underwaterspace. However
their lasting legacy was the discovery of bright gamma-ragtfes, now known as
Gamma-Ray Bursts.

To detect a nuclear explosion in space the Vela satellites g@ng to monitor
X-rays and gamma-rays. On th&d July 1967 the Vela satellites detected an
unexpected burst of gamma-rays shown in Figure 1.1. Thisneasonfused
with gamma-rays produced by a nuclear explosion becauseath®f having a

sharp peak followed by a slow levelling and finally a slow fagldue to the decay
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1.1. INTRODUCTION CHAPTER 1. INTRODUCTION

of unstable elements. The observed signal had two disteakg rather than a
gradual fading and it also lacked the intense flash.

The Vela satellites could accurately locate nuclear explesout to several
times the distance of the Moon, further out it was only pdssib set a lower
bound on distance. Using the Vela satellites’ data for tséadice and direction it
was possible to rule out GRBs as events within the Solar 8yste

Originally it was thought that GRBs were events in our gal&wegause of
the huge amounts of energy involved. For example if GRB 0883 Which had
isotropic energy ofti,, ~ 7 x 1052 ergs and a distance of 6116.9 Mpc (Racusin
et al. 2008); occurred within the Milky Way its isotropic energy(ind assuming
a distance of 25,000 parsecs) wouldb@ x 10*° ergs. With these lower energies
the leading model was that GRBs could be caused by violenirsnces in the
magnetospheres of neutron stars within our galaxy (ReeszB&ros & Begelman
1994). If GRBs were of galactic origin then the distributiohGRB positions
would have a concentration near the galactic centre, alser @alaxies would
show up as hot spots.

For long GRBs, the isotropic energy is found to be from!'10 10 erg (for
the energy range 1 keV - 10 MeV). Energies arountf £dgs are hard to produce
using the favoured model (the Sun’s rest mass energysis< 10> ergs). For
the efficiency of a GRB to be 20% (Bloom, Frail & Kulkarni 2003), this would
imply a maximum expected energy for a GRB to be roughly anraytimagnitude
below the higher energies observed for a GRB (fel)®* erg).This also does not
take into account any mass that would be tied up in the congigett remaining
after the GRB or in the expected accretion disk.

Supernovae have a typical isotropic energyl6f' ergs (Chevalier 2005).

23
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Figure 1.1: The gamma-ray burst @ff' August 1970 recorded by three of the
Vela satellites. The arrows show peaks observed by eachedddtellites estab-
lishing that they are a genuine phenomenon and not a sourcas# aboard one
of the satellites (Klebesadel, Strong & Olson 1973)
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1.1. INTRODUCTION CHAPTER 1. INTRODUCTION

However the electromagentic energy output of a GRB during td seconds ap-
pears to be of the order of a percent or less of the total erartput, but even this
photon output (in gamma-rays) is comparable to the totattitnenergy output
leading to optical photons by a supernova over weeks (Blesz22006).

The main issue with GRBs occuring at cosmological distameesthat the
observed gamma-ray fluences imply a total energy of the asfier solar rest
mass~ 2 x 10°* ergs (Mészaros 2006), if the radiation is emitted isdtralty.
Woosely 1993 states that the progenitor star should calépsa black hole with
mass (M)~ few solar masses (M with an accretion disk of 0.5 Mwhich grows
at a few tenths M s™!, this would require that the disk mass was converted into
gamma-rays at- 92.6% efficiency. For long GRBs the efficiency is thought to be
20% (Kobayashet al. 1997, Bloom, Frail & Kulkarni 2003).

1.1.2 Compton Gamma-Ray Obervatory

However it was not until 1991 that our understanding of GRiBsificantly im-
proved, with the launch of NASA's Compton Gamma-Ray Obgernya( CGRO)
that included the Burst And Transient Source Experimeni(BB). BATSE used
eight sodium iodide scintillators facing outward from eacmner of the satellite,
these are sensitive to gamma-ray energies over the banG@RkeV.

The scintillators produce a flash of visible light when skiby gamma-rays.
Flashes were recorded by light sensitive-detectors whgsaloutput is digitized
and analyzed to determine the arrival time and energy of #menga-ray which
caused the flash. The relative gamma-ray fluxes are recoydgifférent detectors

could also provide positions on the sky.
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Unfortunately, the BATSE uncertainty of 4 arc minutes (Fishman 1998)
meant counterpart features were not discovered in othés pethe electro-magnetic
specturm. In spite of this BATSE detected 2704 bursts ogéx ytear lifetime. The

analysis of these led to the following major discoveries:

1. The distribution of GRBs on the sky is isotropic as showifrigure 1.2,
this strongly indicating either GRBs occurred in the gatabalo (Podsi-
adlowskiet al. 1995) or at extra galactic distances, this result provided

evidence of cosmological origin (Briggs al. 1996).

2. The duration of GRBs have a bimodal distribution dividéd-& seconds
as shown in Figure 1.3. It was also found that GRBs with dorestk 2
seconds release more of their energy in very energetic garaysarelative

to longer bursts which have soft spectra (Kouveliogbal. 1993).

The distinction between the two main populations was nedticlear; they
were classified into two types short and long i.e. those shtman 2 seconds and
those longer than 2 seconds (Kouveliottual. 1993). This also provided the
first evidence for two different progenitors for GRBs, lon&Bs were thought to
be produced when a rapidly rotating massive star collapséarin a black hole,
whereas for short bursts the merger of two neutron stars @uéron star and a
black hole.

An easy test for if GRBs were from very distant galaxies wdagdto search
for lines in the spectrum which should indicate that GRBsehlavge redshifts;
however no lines were observed in the spectra from any GRB.wWés consistent

with the theory that the radiation is emitted by synchrotradiatior.

1Synchrotron radiation is where a charged particle moveg sleise to the speed of light in a
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2704 BATSE Gamma-Ray Bursts

Fluence, 50-300 ke {ergs cm™)

Figure 1.2: The sky distribution of 2,704 GRBs observed byTBE colour
coded by fluence, statistical tests confirm the GRBs areapmially distri-
butioned on the sky; no significant quadrapole or dipole nams found
(http://lwww.nasaimages.org/luna/servlet/view/all).
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Figure 1.3: The durations of the GRBs recorded with BATSEu¥&iotouet al.
1993). The duration parameter used ig, Which is the time over which a burst
emits from 5% to 95% of its total measured counts. The sohd Bhows the
distribution of the uncorrected values fog,T To correct for the time error&T g,

in each time bin, Kouveliotoet al. (1993) assumes that each,Ts represented
by a Gaussian distribution. Next each error convolved biioisd by adding all
the overlapping Gaussians. The convolved distributioessaown by the dotted
line.
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Figure 1.4: An image of the afterglow of GRB 970228 in the 2k&¥ range.

The left panel shows a previously unknown X-ray source \esfohours after the
GRB. The right panel shows the X-ray source three days latemvit had faded
by a factor~ 20.

1.1.3 The BeppoSax Satellite

The BeppoSax satellite discovered the first GRB afterglovha2s™® February
1997, which is shown in Figure 1.4. The key innovation for pepax was a
second instrument focused by quickly slewing the sateititey to rapidly find
the X-ray flare from the GRB and to provide a much more accuoat&tion with
an uncertainty of a few minutes of an arc (Manganol, Hollankl&esani 2007).
Despite providing the first afterglow localization no reifisimeasurement
could be determined. Thus once the burst had faded and ay‘foature of the
medium around the burst it was impossible to tell if this wdsaal nebula or a

distant host galaxy. The first redshift measurement wasxdiyeghe Mg; doublet

spiral path in a magnetic field and thereby radiates energydriorm of electromagnetic waves.
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line ratios (z> 0.835) and an absence of the Lynmarabsoption feature2(3 >

z) in the spectra of an optical counterpart to GRB 970508 gilertet al. 1997).
Metzgeret al. (1997) could not rule out the possibility that the opticaligsion

is due to a chance coincidence of a BL Lac Object within the GRBr circle
(with a probability~ 2 x 10~*), however the chance of finding a chance BL Lac
Object that also displays the same temporal variabilityhasGRB is very small.
Assuming the minimum distance and cosmology g@fH70 km s Mpc~—! and

2y = 0.2, the luminosity distance is at least 48 Gpc.

BeppoSax continued capturing bursts including GRB 98043%ical obser-
vations failed to find an afterglow, but instead observedmesove Type I§ the
probability of a chance alignment was1 x 10~°. However, it was not until GRB
030329, that the relation between GRBs and supernovae wéisced, agreeing
with the favoured progenitor model. Here a supernovae gjp@acivas superim-
posed upon the afterglow and the timing of the supernovaestggt expolded
within a few days of the burst (Hortét al. 2003; Stanelet al. 2003).

The X-ray luminosity of GRB 030329 was 10°! erg s! (Schmidt 2001)
which typical for a cosmological GRB (see Section 1.2.1)weer the nearby
(40 Mpc) GRB 980425 was 5 orders of magnitude lower (Piaat al. 2000), it
could be that SNe 1b/c produce 2 classes of GRB or that GRBZB84A typical
GRB jet viewed off axis (Guettat al. 2004).

If Supernovae 1b/c produce different classes of GRBs, witstitong GRBs

produced by the scenario discussed in Sections 1.1.2 andhe.®rigin of the

2Supernovae Type Ic are supernovae containing no hydroggmargor very weak) helium
lines in their spectra. The progenitors of Types Ic supesedase most of their outer hydorgen-
rich and helium envelopes due to strong stellar winds or fls® interaction with a compan-
ion(Pols 1997).
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second low-luminosity class is unknown. It could be due sghpernovae shock
break out (Colgate 1968, Woosley & Weaver 1986 and Matznerck&e 1999),
the small radius and high density of the progenitor may abget to escape with
a mildly relativistic speed, but it may not transfer suffidienergy to account for
~-ray emission (Waxman 2004).

If the GRB jet is viewed from a direction makingg+ few x% with the jet
axis, wherel is the Lorentz factor, the-ray flux may be strongly supressed
(Nakamura 1998, Eichler & Levinson 1999, Wooselyal. 1999, Granogt al.
2002, Yamazaket al. 2003), radio emission is then expectedc~al year delay

(Frail et al. 2000 and Livio & Waxman 2000).

1.1.4 Swift

On 11** December 2002, a telescope known as RAPTOR responded tggartri
from HETE-II for GRB 021211; it started imaging 64.9 secomlfter the GRB
was detected. This was one of the fastest response timag Befdt. If RAPTOR
had not started imaging so quickly the afterglow would notehbeen seen and
the GRB would have been classified as a dark gamma-ray*buédsout 50% of
the GRBs precisely located by BeppoSax have no opticalghfter about 60%
have no radio detection and about 10% have no X-ray afterglow

Historically the time delay between the burst and when thallserror-box
positions are available, and therefore when the follow-ipenvations can begin
are typically in the range of 3-8 hours (Barthelmtyal. 2005) and cause difficulty

to studying GRB central engineSwifthas eliminated such delays by using a sin-

3Dark gamma-ray bursts are GRBs observed without an afteydghos could be because the
afterglow faded too quickly for telescopes to move to thatijrection or that some GRBs occur
in galaxies that contain a lot of dust blocking the opticghtifrom the afterglow.

31



1.1. INTRODUCTION CHAPTER 1. INTRODUCTION

gle spacecraft instrument to detect a burst, provide aipasitithin 12 seconds
of the initial trigger, within as little as 20-70 seconds (B&Imy et al. 2005).
Swiftincorporates on board autonomy to slew the spacecraft tat poe X-ray
Telescope and UV-Optical Telescope at the burst positidmetyin observations
without ground-based intervention. This autonomous mespallowsSwiftto ex-
amine GRBs faster than previous instruments, providingdrapulti-wavelength
data of a GRB which is used to study GRBs in this thesis at mgrifmescales.

TheSwiftsatellite hoped to identify the positions of GRBs, so theagenitors
can be identified and to study the afterglow i.e. the first @ $€conds to provide
more detail about the blast wave and its interaction withsitgoundings. To
accomplish these goafwift carries three instruments to observe GRBs, a wide
field Burst Alert Telescope (BAT) which studies the energyga 15 - 350 keV, a
narrow field X-Ray Telescope (XRT) observing the spectruomfi0.3 - 10 keV
and a UV-Optical Telescope (UVOT). A key feature®iiftis also its ability to
slew to the direction of a burst within as little as 100 seconigigure 1.5 shows
the main parts of th8wiftsatellite.

The BAT is a coded-aperture instrument, which images hardys; but does
not focus them, it has a high sensitivity10~® erg cm~2 s~ ! and a large field of
view (2 steradians) over which it searches for possible GiRigers (Barthelmy
et al. 2005). The BAT algorithm to detect GRB triggers is based @rdligorithm
developed for the HETE-II, it looks for excesses rangingrfré to 110 above
the background noise with a typical value o&8 The onboard software ensures
any that trigger is caused by a point source, eliminatingpial trigger sources
such as flickering in bright galactic sources and magne&rspparticle events.

Once a burst is detected, the BAT provide an initial positidth an accuracy
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of 1-4 arc-min (Barthelmyet al. 2005), the sky location and intensity will are
be immediately sent to the ground and distributed to the comity through the
Gamma-ray burst Coordinates Network (GCN). Within 100 sesoof the burst
this position is narrowed down to a few arc seconds by the XRiChis also then
relayed to the GCN.

The XRT onSwiftis designed to autonomously measure the fluxes, spectra,
and light curves of GRBs and afterglows over a wide range rogenore than 7
orders of magnitude in flux. To do this the XRT has 3 operatiobaerving modes
and automatically changes between them depending on thes@GRB The first
mode used is Image mode, which is most useful uf to 107 erg cnT? s}
(Burrowset al. 2005).The XRT CCD is operated like an optical CCD, collegtin
the accumulated charge from the target and reading it otbwitany X-ray event
recognition. For a typical GRB, this image is highly piled ampd will therefore
produce no spectroscopic data but it will produce an aceyrasition and a good
flux estimate (Burrowet al. 2005).

The X-ray data discussed in successive chapters was takéhén Windowed
Timing (WT) or Photon-counting (PC) mode. WT mode uses a 200nen win-
dow covering the central 8 arcminutes of the field of view (FOvhaging infor-
mation is preserved in one dimension, but the columns akebtbcontinuously
to provide rapid timing information in the trailed image atpeach column, at
the expense of positioning information. This mode has gouod tesolution (2.2
ms) and also bright source spectroscopy through rapid C@bDos. It is use-
ful for fluxes below~ 10~7 ergs cn? s~}( Gehrelset al. 2004). PC mode has
complete imaging and spectroscopic resolution, but the tesolution is only 2.5

seconds. PC mode uses a ‘normal’ CCD readout sequence, ah\wie entire
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CCD is read out every 2.5 seconds, and processed on-boaubbmating a bias
map and searching for X-ray events irkS pixel neighborhoods (Burrowet al.
2005) around each local maximum pixel. It is useful for flukresn 2 x 10~ to
2 x 107 ergs cm? s7! (Gehrelset al. 2004).

This thesis seeks to discover more properties of the GRBaesgines by
examining GRB eneretics, to find a GRB’s energy it is necgskahave a reli-
able redshift measurement. GRBs can occur outt015—20 (Lamb & Reichart
2000), at these redshifts the Lyman cut-off will not be degddn the UVOT, how-
ever for redshift 1.5< z < 4.5 the UVOT can use the Lyman cut-off to determine
redshift. For fainter GRBsI(.0 < mp < 24.0) the photometric redshifts can be
acquired by comparing the fluxes in the broadband filters (iRgrat al. 2005).
Also varying optical, UV and X-ray lines and edges are expaaetithin an hour
following the burst from the illumination of the immediat&00 pc) environment
by the initial burst. The rapid response of Swift enablesaadefor X-ray lines
and thus provide another method to determine redshift (&sat al. 2004).

By obtaining a large sample of GRBs over a wide range of flugacel red-
shifts, Swiftenables this thesis (in Chapter 3) to seek trends betwedarahig)low
redshift GRBs in the observer and the rest frame using damg-data and high
redshift bursts which were not identified prior to the lauéiswift. Most of the
data used is either light curve morphology or spectra fraimegiprompt emission
seen in the BAT or afterglow emission at later times seen enXRT. The BAT
uses a two-dimensional coded mask and a large-area sdkddsteector array to
detect weak bursts and has a large FOV to detect a good fnaaftioright bursts.
Hence, the only way to formulate an image is to use a codedtape The BAT

coded aperture mask consists~0f54, 000 lead tiles in a random pattern, while
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Figure 1.5: A picture of th&wiftsatellite labelled with the BAT, XRT and UVOT.
http://www.swift.psu.edu

there are 32,768 individual CdZnTe elements in the detgdtore. After about
130 seconds, light curve information in 4 energy bandpaasegansmitted. Af-
ter about 20 minutes the afterglow light curve becomes alabalwith burst event
by event data available 3-4 hours after the burst (Barthehal. 2005).

An X-ray afterglow is found for 96% of BAT detected GRBs, whthe opti-
cal/UV afterglow is found for 60% of GRBs (Burrovet al. 2008). Prior to the
Swiftmission X-ray and optical afterglows generally began seconds after the
burst decaying with a temporal index-efi.. WhenSwiftstarted observing its first
GRBs, revealing the first 1,000 seconds they found an unéxgsteep decline at
roughly 100 seconds for example GRB 050125 and GRB 05021%ad@ét al.
2006). In fact less tha20% of GRBs follow a gradual decline shown in Figure
1.6 (Evanset al. (2010), a canonical light curfenas been observed for many
GRBs (Nouselet al. 2006, Zhanget al. 2006).

A further suprise was that there were far fewer GRB light esrwith achro-

matic jet breaks (Willingalet al. 2007, Satcet al. 2007), these are caused when

4The canonical light curve is the most common light curve stfap GRBs shown by the steep
decay in Figure 1.6
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Figure 1.6: A schematic view of the early GRB light curve. &fthe prompt
emission the decay tends to follow one of two paths: A steepylduring which
the flux can fall by 3 or more orders of magnitude, followed hyl@eau starting
betweenl 0 — 10* seconds, is known as the canonical GRB light curve. Alterna-
tively it can follow a gradual decay. Either decay path mayehi#hares occuring

or can end with a break 10* seconds to a steeper decay (O’'Briral. 2006).

the jet stops moving relativistically so that the radiatismo longer beamed, but
emitted isotropically so that the flux that can be observetél®scopes decreases.
Jet breaks were expected to be seen in most light curves.

Swiftalso observes flares i 50% of GRB afterglows (O’'Brieret al. 2006),
including giant flares seen after thg,Turation had passed. Such flares are par-
ticularly unusual as the fluence of the flare is comparabléab seen during the
prompt emission (Burrowst al. 2005, Falconet al. 2006).

Swift has localised many short GRBs finding they occur in lyagaxies that
are either elliptical or irregular galaxies (Prochaskal e2@06). Only a few show
evidence for star formation in the host, for example GRB@&0(Foxet al. 2005,
Prochaskaet al. 2006), which fits for an old population such as neutron star or

black hole mergers.

X-rays from a supernova shock wave were observed duringfteeglow of
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XRF/GRB 060218/SN20064aj, the rapid slew performedwjiftensured that the
supernova was observed at the time of initial core-collagdso in addition to
the usual non-thermal spectrum a thermal component wasatsoand evolved
over time (Campanat al. 2006).

Other bursts of note include; GRB 090423 one of the furthbgtats seen in
the Universe at z- 8.2 (Salvaterrat al. 2009, Tanviret al. 2009), GRB 080319
which was bright enough to be seen with the naked eye (Raewsith 2008),
GRB 060614 which cast doubt on the method used to classifydoshort GRBs
and finally GRB 050509B the first short burst observed withfaerglow.

To dateSwift has observed over 500 GRBs, the average redshift is a factor
of ~ 2 higher than the median redshift for BeppoSax and HETE-IrgBeet al.
2005). This is due to the BAT's trigger sensitivity, rapiéwing so that afterglows
are observed when they are brighter and also possibl\Bivdtobserved different

population of GRBs to previous missions (Lee & Dermer 2007).

1.2 The Prompt Phase

1.2.1 Energetics

The prompt emission is radiation that is emitted directlyioly the burst, this of-
ten consists of multiple pulses which can overlap. The gnefg burst is ususally
given as the isotropic energy found using the fluence of th8 @Ryamma-rays,
which can be found using Formula 1.1 whereaad ¢ are the minimum and
maximum energies and(E) is the spectral shape. If two GRBs are at different

redshifts the fluence will be measured in two seperate ragtdrenergy ranges,
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also two different instruments with different energy rasgell also lead for dif-
ferent values of gand g, this imples that in both of these cases the isotropic
energies cannot be directly compared. Thus to compare thesit energies of
GRBs in either of these cases is a k-correction is appliedvi® tipe bolometric

energy for all GRBs in the same energy range.

Sy = / : Ey(E)dE (1.1)

€2
The k-correction is the ratio of the measured GRB fluence éetwwo rest
frame energies [F/(1+2) and E/(1+z)] (where z is the redshift) and the fluence
measured in the first detector wavelength range (Formula 1.1
El/(1+z
Y(E)dE
b Jm 4) ) (1.2)
Joy EV(E

Thus for GRBs in the rest frame the isotropic energy can bexdousing

(Bloomet al. 2001):

Eiso = 47TD125¢1 (13)

1.2.2 Beaming

The energy of the first GRB with measured redshift (GB970%@8)7 x 10°! ergs

(Metzgeret al. 1997) which is constient with the energy observed in a sup&rn
implying a stellar origin for GRBs. However, the very highmlinosity leads to a
compactness problem caused by the high electon-positaduption rate. This
can be solved by invoking an extremely high outflow velocitihva Lorentz factor

equal to(1 — (v/c)*)7%5 ~ 100 — 300 (Baring 1993, Fenimore, Epstein & Ho
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1993).

The approximate opening angle of the jet can be estimatedttiiby observ-
ing jet breaks in the afterglow light curves: a time after gfhthe slow-decaying
afterglow abruptly begins to fade quickly as the jet slowsd@nd can no longer
beam its radiation as effectively. Jet breaks are discussadre detail in Section
1.3.1.

The isotropic energy can be corrected for beaming by muyitiglit by a factor

shown in Formula 1.4.

E’y - fb X Eiso (14)

where f, = (1 — cos(6;)) ~ 0.5 x 67 for smalld and#; is the opening angle
of the jet.
This leads to a narrower range of energies for GRBs i.e. fog loursts the

isotrpoic energy~ 10°! ergs.

1.2.3 Spectrum

The spectrum of prompt emission is non-thermal, for GRBssihectrum is ex-
pected to be produced by synchrotron radiation or inversaion radiatiop.

GRB spectra are best fit by a non-thermal sychrotron speatviiima power law
with a exponential cut off at lower energies and a steepeeptaw at high ener-

gies (Bancet al. 1993).

SInverse Compton radiation is when a photon collides with lasteon causing the photon to
gain energy.
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O(F) = (ﬁ)aexp(—%) for (¢ — B)Ey > FE
(1.5)

(E) = (for)* Peap(B — ) (o) for (o= B < B

This is known as the Band Function (Formula 1.5) where E isethergy in
keV, E, is the break energy. A is a constant ant the low energy spectral index
andg is the high energy spectral index. GRBs are classified as,dterd or long,
soft bursts by their J, parameter and their spectral hardness. Spectral hardness
is found using the ratio of the total counts in two energy lsaddpendent on
the instrument used to observe the GRB. During my thesis dingnless ratio for
prompt emission detected in the BAT was found using a 25 - S0ba&nd and
a 50 - 150 keV band, GRB spectra when well resolved showsfgignt time
evolution as demonstrated in Figure 1.7, whereas each putdees from hard to

soft (Ryde & Svenson 1999).

1.2.4 Temporal Properties

How the GRB light curve change from pulse to pulse is termedammbility,
which typically varies from a few milliseconds to a few sedenThe duration of
the prompt emission is measured by, parameter and for BATSE GRB shows
a bimodal distribution as shown in Figure 1.3. In comparitioa Swift GRB
distribution shown in Figure 1.8 does not show evidence ofmdality this is
because short GRBs frequently fail to trigger the BAT whielguires that the

count rate must have increased meanfully above the backdrtayel and that
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Figure 1.7: The evolution of the X-ray spectral indéxzr with time since the
BAT trigger for GRB 070616. GRB070616 had unusually prokedgrompt
emission with a §, (15 - 350 keV) = 402+ 10 seconds. The spectral evolu-
tion from the prompt to the afterglow emission is modelledhwthe curvature
model plus an underlying afterglow component (Starkgl. 2007).
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Figure 1.8: TheSwift distribution of GRB durations, the top panel shows the
GRB Ty, duration; the lack of short GRBs detected is clearly visddenpared to
Figure 1.3 (Sakamotet al. 2008). The lower panel shows the distribution of the
Tso duration i.e. the time over which a burst emits from 25% to 7&%s total
measured counts.

there must be significant signal in the image. Short GRBs\détikto have enough
photons to produce the signal required in the image (Sakaatatl. 2008).

Another reasorSwift detects less GRBs per year is that BATSE seaches for
triggers by observing the whole sky that is not concealedheyBarth, whereas
Swift monitors~ % of the sky. Swift sacrifices the all-sky coverage for greater
precision; using a high resolution detector it providesifpmss (to an accuracy of

about 3 arcmin) fine enough to aim optical and X-ray telessope
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1.3 The Afterglow

The prompt emission is followed by the afterglow, which isasered from X-

ray to radio wavelengths. The X-ray and optical emission tmageen during or
just after the prompt emission and in some cases month after the GRB. All
of the afterglows in this thesis are examined using X-ragrgfows, some optical
afterglows are discussed in Chapter 2 Section 2.4. Radissgoniis not examined
in this Thesis.

Since the launch ddwiftfour main light curve shapes have been seen; canon-
ical, one break, no breaks and oddball light curves. The seotion examines the
canoncial light curve which is the most common afterglow phmiogy seen in
42% of GRBs (Nousekt al. 2006, Zhanget al. 2006, Evant al. 2010). GRBs

with canonical and other light curves are also discussecdapr 3 Section 3.3.

1.3.1 The Canonical light curve

The canonical light curve is shown in Figue 1.6 by the steegageath, this
steep decay has a temporal index betwedrand—3 and is the tail of the prompt
emission. Next a shallow decay known as the plateau is seae@mwemporal index
between—1 and 0 (Lianget al. 2007), this is then followed by a normal decay
with a temporal index between1.5 and—1.0. Finally a steep decay known as
the ‘jet break’ (also discussed in Section 1.2.2) with terapmdex~ —2.

These jet breaks are not always seen in X-ray afterglows (&aal. 2006),
Curranet al. (2008) suggests this could be because often at late timesghal
to noise ratio is poor or the temporal break in the X-rays isked by some

additional source of X-ray emission (Satb al. 2006). Racusiret al. (2009)
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finds extra jet breaks assuming the normal decay in the cealblght curve is
not necessarily a disinct second section of the light cung:fdting this as a jet
break.

The jet break in the afterglow light curve has been arguecktthb combina-
tion of both the edge of the jet becoming visible and fast#tgpreading. These
are both expected to occur at the same time, when the Loractiart’, of the jet
drops below the inverse of the half opening arngle

WhenT drops belowd; ! the edge of the jet becomes visible, since relativistic
beaming limits the region from which a significant fractiohtibe emitted radi-
ation reaches the observer to within an angle-of’~! around the line of sight
(0 < T''). Once the edge becomes visible then assuming no signifii@nal
spreading only a small fractidﬁ9j2 < 1 of the visible region is occupied by the jet
and therefore would be Vmissing’ contributions to the oledrflux compared to
spherical flow. This would cause a steepening in the lightecalled a jet break
(Granot 2007).

WhenT drops belowd; ! the centre of the jet comes into casual contact with
its edge, and the jet can in principle start to expand sidewaynificantly. It has
been argued it would then expand sideways rapidly closegspleed of light in
its own rest frame. During this lateral expansion the jetropg angle grows as
6; ~ T, this causes the energy per solid angle to drop with obseimedandl’
to decrease faster as a function of the observed time whsthitsan a steepening
of the afterglow light curve i.e. a jet break (Granot 2007).

It is important to keep in mind, however, that numerical s#sdshow that
the lateral spreading of the jet is very modest as long asrél&ivistic (Granot

2007). This implies that jet spreading cannot play an imgurtole in createing a
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jet break and the predominant cause of the jet break is th&sing contribution’
from the outside of the jet once its edge becomes visible.

The GRB environment also effects the shape of a jet brealstrieture mod-
els in the context of the cocoon in the collapsar model (RaznRuiz, Celotti
& Rees 2002) and in the context of a hydromagnetically driweatron-rich jet
(Vlahakis, Peng & Konigl 2003) have been invoked in orderdcoaint for sharp
bumps in the afterglow light curves of some GRBs for exampkRB330329
(Bergeret al. 2003).

Another example is a ‘fan’-shaped jet (Thompson 2005) wheragnetocen-
trifugally launched wind from the protoneutron star, forduring the supernova
explosion in the massive star progenitor, becomes retditivi The density in its
immediate vicinity drops and it is envisioned to form a thineath of relativistic
outflow.

Swift GRBs are on average at higher redshifts, have smaller opamgles,
lower isotropic energies and lower collimated gamma-ragrgies compared to
GRBs seen befor8wift. Racusinet al. (2009) suggests this could be biasing
from detecting jet breaks at late times where a large opeamigée and collimation
corrected energy output would be required.

In canonical light curves flares are often seen superimpaped different
stages of the decay. Spectral evolution is observed in ttddiv hundred seconds
for light curves that have a steep decay and in which flares tebe harder than
the underlying continuum.

In the collapsar model both rapid rotation and host galaxaitieity have an
effect on the collapse of the progenitor. For a single stanado achieving both

a stellar envelope depleted of hydrogen (which requiresangtwind i.e. high
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metallicity) and fast rotating core (low metallicity) seémcontradict each other.
It is argued that rapid mixing of hydrogen with helium woulause hydrogen to
be converted to helium without ejecting the envelope (Yoohatager 2005) and
thus without momentum loss (Woosley & Heger 2005).

Without rapid rotation (angular momentum j = feai 0! cm~2 s71), the star
would collapse a black hole on a hydro-dynamical timescateymg any inter-
nal energy with it. With rapid rotation the mantle has too menergy to fall
freely inside the stable orbit. An accretion disk forms wiitle dissipation of ro-
tational and gravitational energy and will give rise to sosoet of mass ejection
and electromagnetic display, though a lot of the energy mayecout as neutrinos
(Svenssoret al. 2010). Low metallicity keeps the radius of the star smalled a
also reduces mass loss, both effects inhibit the loss ofrigalar momentum of
the star.

In the collapsar model the metallicity to a large extent detees the rate
of mass loss that is due to the stellar wind in the progentar, &nd thus also
the angular momentum loss (Svensstral. 2010). Core-collapse progenitors
arising in low metallicity environments support only weakds and may be able

to retain a large fraction of initial rotation.

1.4 The Fireball Model

As discussed in Section 1.1.1 the energy of a GRB is genegtaccatastrophic
energy release from a stellar object. The progenitors df ltg and short GRBs
are likely to leave a black hole behind powering flares (altffoit is possible

an unstable magnetar may form temporarily before collaptina black hole as
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discussed in Chapter 2).

The gravitional energy released by the massive star c@lapsnerger in-
volvoes the order of a few solar masses which is convertexfree energy on
timescales of milliseconds inside a volume of the order lmrketers. The prompt
energy is then boosted by continued accretion of gas fromdaheof the progen-
itor star or from the debris of the compact merger.

The sudden release of gravitational energy in such a corvpagne converts
a fraction of that energy to neutrinos and gravitational @awvhile a smaller
fraction goes into producing a high temperature firebalt tingorized by Jeremy
Goodman and Bohdan Paczynski. They proposed that an exgpgas (or fire-
ball) of electron and positrons would form along the axisathtion and that this
gas would expand outwards at relativistic speeds.

As it expanded the energy would be transferred from heatnetld energy
and as the gas cooled the average energy per particle andaaaynwvould de-
crease. The decrease in the average energy per particlel wontinue until the
gamma-rays would not have enough energy to make new elegtsitron pairs
to replace the pairs which annhilate. Eventually this wdeéle only the gamma-
rays streaming outwards.

To make the fireball model fit with observational data an amadiprotons
and electrons was added to the fireball (effectively addipdrégen the most
abundant element in the Universe). After the electronipmss annhilate, the
protons and some electrons survive to form the debris of tebdll. The debris
is plasma which has no overall charge as the charge on thieaglecancels out
that of the protons.

These left over protons cause the gamma-rays to be trappt#t inpaque
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(optical depth> 1) cloud of surviving electrons by Compton Scattering. The
pressure of the gamma-rays pushes on the electrons cabgingto accelerate
outward at relativistic speeds.

The protons and electrons that are accelerated by the gaaysawill travel
until they run into the surounding interstellar medium; itlwhen start to gather
up more matter. When the fireball enters another plasma sutheanterstellar
medium it creates plasma wadesThe interstellar medium is very dilute (with
a density~ 1 atom/cnt® (Chaisson & McMillan 1993)); however the fireball
quickly gathers enough material to affect its motion.

When the fireball debris and the interstellar medium interdee forces be-
tween the two plasmas are carried by plasma waves and notebgothision of
particles. The plasma waves involve large numbers of claapgeticles moving
with each other and colliding together with the particlethi@interstellar medium,
these collisions create heat.

When the fireball debis and the interstellar medium collidektivistic speeds,
three thing occur for a GRB to be created. First the kinetergy of the protons
in the fireball is converted to random motion, then the pretsimare their energy
with the electrons so the electrons are accelerated clage tepeed of light also
some of the energy also some of the energy is transferred goatia fields.

The electrons radiate synchrotron radiation in the formait gamma-rays
with roughly the energy that is needed to produce a GRB. Thestom appears
in a continuous spectrum extending over a wide range of eagths due to the

velocity of the particle.

6Plasma waves involve a partial separation of protons fractedns, and large electronic fields
pulling them back together, there may also be large magfielits (Ridpathet al. 1997).
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1.5 Fireball Model Additions

1.5.1 Jets

The energy needed to produce a typical GRB with the progeoiiserved is be-
tween10°! to 10°% ergs. To reduce the amount of energy required to produce a
GRB that fits observations, it was suggested the radiatibeasned in our direc-
tion. This would also imply that there are many more GRBs Wlace not ob-
served because they are beamed in other directions, a ficeldd be produced,
but it would be channelled in the direction of the beam.

Two quantities are needed for the theory of the evolutiomefjéts, the first is
the geometric beaming factor which is the simplest jet mile opening angle
of the jetd;. The second is the relativistic beaming factor i.e. the siorsof a
particle that moves with a lorentz factbibeing beamed into a cone with opening
anglel/T.

Initially the jet is ultra-relativistic {/I" < 6;), an observer on the beam only
receives infomation from within the relativistic light cemnd has no knowledge
about whether the cone outside the emitter is radiating britas part of the jet’s
evolution is equivalent to the isotropic case.

As the jet slows down eventually the relativistic beam beesmvider than the
collimation anglel/I" > 6;. Two effects come into play, firstly the edge effect
i.e. the observer starts to feel the deficit of energy perdsafigle. Secondly
the casually connected region starts to extend the wholeojg¢ and can keep
expanding sideways. The times for the two effects are closeath other or
simultaneous depending on the assumption of the unknowemnsign speed.

The post jet-break optical light curve should be proporico ~ t=2, much
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steeper than the isotropic caset™!. A jet break is the natural interpretation
for the apparent steepening observed in many GRB opticaighfivs. Although
behaviour in the asymptotic regime was well-known, the itkldbehaviour near

the jet break involves complex effects including the jeesygling hydrodynamics.

1.5.2 A non-uniform external medium

The density surround a GRB may not be uniform; an example dvbala Wolf-
Rayet star producing a stellar wind, where the wind is epgctnaterial with a
constant mass loss rate. Most of the current GRB afterglaa aconsistent
with a constant density external medium, but a handful oktsucould be well
modelled by including stellar wind. An external density jomvould be expected
where the stellar wind meets the interstellar medium (ISM¥wle it, this causes
a distinct afterglow signature. The ISM itself may have dgrfkictuations which

would also add impints on the afterglow light curve.

1.5.3 Microphysics

Some bursts such as GRB 010222 have a shallower temporalidgsiope be-
fore and after the jet break suggesting: I < 2 (Cowsiket al. 2001). Afterglow

model fits assume all the shock parameters andeg do not evolve with time,
detailed afterglow fitting seems to be compatible with theaieone or more of

these parameters, may evolve with time.
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1.5.4 Pair formation, neutrons and other effects

The prompt gamma-rays can form a radiation front which maesad of the
blast wave, this can interact with the interstellar medil®M) so that some of the
gamma-rays can scatter back to meet outgoing gamma-raygeaedate electron-
positron pairs.

The pairs enhance the opacity and can modify the blast wawardics con-
siderably. It is likely a number of neutrons are caught inftheball, if neutrons
and protons move at roughly the same speed the neutron shlitl wead when
the proton shell is decelerated, the trailing proton waveladanteract with the
neutron tail causing a bump on the light curve.

If GRBs originate in star forming regions the presence oft duains would
cause a new emission component. Some GRBs are associatea supernova,
signalled by a red bump on the optical afterglow light curizgher the collpase
of a giant star or the compact binary merger creates the firéldae observational
evidence for massive stars collapsing to produce a GRB engiv Section 1.1.3.
In the next two sections | will go into more detail about thdlagmsar model and

the merger model.

1.6 The collapsar model

There is agreement in the astrophysics community that thg-tturation bursts
are associated with the deaths of massive stars in a cdegselsupernova event
known as a collapsar or hypenova. Collapsars are expecteccto for rapidly
rotating helium stars such as Wolf-Rayet stars with mass2sM ., (MacFadyen,

Woosley & Heger 2001). Matter from around the core forms arreton disk.
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The infall of the accretion disk material into the black h@ehought to drive a
pair of jets along the poles of the rotational axis as the enalnsity is less in the
accretion disk. Matter in the jets are accelerated to re#dit velocities creating
a shock wave. When the jet breaks the surface, a shock wasksboait into the

interstellar medium, producing external shocks.

1.7 The binary merger model

This model inolves either two neutron stars (NS - NS) or amgustar and a black
hole (NS - BH) merging which results in a short GRB (Paczyri€86, Eichler
et al. 1989). The final supernova producing a neutron star is thioiaghive the
system a ‘kick’ which may be large enough to push the binastesy outside a
small galaxy. Trojeet al. (2007) found that short GRBs which were followed
by a soft episode of emission lie very close to their hostgyesting that their
progenitors were a NS - BH binary, whereas GRBs with no exdnekternal
emission have large offsets consistent with a NS - NS merger low density
environment.

Given the time needed to form a NS - NS or a NS - BH binary, a 36&B
is likely to be located in an old stellar population. The lsjnhas to be compact
enough that the system will emerge within 13.8 billion yeaising an initial
seperation between 10'°cm and10''cm. Gravitational radiation will cause the
binary system to lose energy and thus spiral inwards inorgdbe gravitational
pull between the compact objects until they collide and merghe GRB fire-
ball will be produced around the rotational axis by eitheutneo emission or

magnetohyrodynamical processes (Rosseiog). 2003).
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1.8 Long or Short GRBs

Since was launched it has taken observations of a few GRBséban to defy the
usual classification as either a long or a short burst, thedede GRB 050911,
GRB 060505 and GRB 060614. Taking GRB 060614 as an examplasia low
redshift burst with T, of 102 seconds, placing it easily past the 2 second citeria
for long bursts. A host galaxy was found at z = 0.125 with atieddy low star
formation rate for long GRBs (Christensetnal. 2004, Sollermart al. 2005) and
GRB 060614 was a significant distance from this star forméggan in a location
more commonly associated with short GRBs (Gal-Yetmal. 2006).

Other well-observed nearby GRBs had supernovae detectedhis GRB
did not, to limits more than a hundred times fainter than jmes detections
(SN1998bw/GRB 980425 Galaneaal. 1998, SN2003dh/GRB030329 Staregk
al. 2003, SN20031w/GRB031203 Hjor#t al. 2003 & SN2006aj/GRB 060218
Campaneet al. 2006). Finally the BAT spectrum shows a first short-hard spec
trum episode of emission lasting 5 seconds followed by amrelad softer episode
lasting about 100 seconds as shown in Figure 1.9.

GRB 060614 shares some similarities with short bursts, astitmportant dif-
ferences such as the bightness of the extended soft episbdavas due to a
collapsar, it is the first indication that a some massivesdtat as supernovae or
highly under producé®Ni. If it was due to a merger, then the bright long lived
episode is dificult to explain for a NS - NS merger where ligiberetionis expected
at late times, but it may a NS - BH scenario more easily.

In the next chapter | examine unexpected plateaus in somel@REurves, |

then use the luminosity and duration of these plateaus tepiaits on the central
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Figure 1.9: The BAT light curve and hardness ratio of GRB (8D6The BAT
light curve (15 - 150 keV) at 1 second time resolution is showithe upper
panel, where the solid-dotted line marks thgyTinterval and dotted vertical lines
mark the begining and end of the satellite slew time. The tqamel shows the
hardness ratio of the count rate in the 25 - 150 keV and in theZEkeV band
(Manganolet al. 2007).
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engine. Chapter 3 investigates GRBs with a redshift daddayeSwiftin the rest
frame to search for global trends. In Chapter 4 | examinetdlares and ask if
they could actually be the GRB, finally in Chapter 5 | sumnmanyy findings and

discuss possible future work.
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Chapter 2

Can magnetars power GRBs?

2.1 Abstract

Long duration gamma-ray bursts (GRBSs) are thought to beywmed by the core-
collapse of a rapidly-rotating massive star. This evenegates a highly relativis-
tic jet and prompt gamma-ray and X-ray emission arises frot@arnal shocks in
the jet or magnetised outflows. If the stellar core does notédiately collapse
to a black hole, it may form an unstable, highly magnetisdtisacond pulsar, or
magnetar. As it spins down, the magnetar would inject energythe jet caus-
ing a distinctive bump in the GRB light curve where the entisdbecomes fairly
constant followed by a steep decay when the magnetar ceBap¥e assume that
the collapse of a massive star to a magnetar can launch tteé jei. By automat-
ically fitting the X-ray lightcurves of all GRBs observed hetSwift satellite we
identified a subset of bursts which have a feature in theltlaurves which we
call an internal plateau — unusually constant emissiomvedid by a steep decay

— which may be powered by a magnetar. We use the duration amddsity of
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this internal plateau to place limits on the magnetar spriodeand magnetic field
strength and find that they are consistent with the most evdneredicted values

for magnetars.

2.2 Introduction

GRBs are thought to be caused by a violent event such as thpselof a massive
star (for long duration bursts) or the coalescence of twogarhobjects (for short
duration bursts). These progenitors result in the immedatmation of a black
hole which powers a relativistic jet pointing in the direxctiof the observer. In
the standard fireball model variability in the Lorentz facbd the outflow causes
internal shocks which produce the prompt flash of X-ray andma-ray emission
(Rees & Mészaros 1994; Sari & Piran 1997). When the rakdtooutflow sweeps
up a sufficient amount of external material, the ejecta il#eated causing a
forward shock which is primarily responsible for the multavelength afterglow
emission (Katz 1994; Mészaros & Rees 1997; Sari, Piran &ixan 1998).
Alternatively there is a model that suggests a black hole na@e formed im-
mediately, but instead that a transitory highly magnetisgudly rotating pulsar,
or magnetar, may form (Usov 1992; Thompson 1994), beforstidwecollapses to
a black hole (Rosswog & Ramirez-Ruiz 2003). Proto-magsdtave very high
magnetic field strengths af0'°G (Duncan & Thompson 1992; Duncan 1998)
which are thought to be a consequence of millisecond ratatidirth in a core-
collapse supernova. Values up+010'’G are implied by observations (Steka
al. 2005). Such objects are considered a possible central efgirGRBs due

to their large rotational energy reservoir,.£ Also they can be associated with
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supernovae, as are long GRBs, and their winds are thougleictante relativistic
like a GRB jet.

Zhang & Mészaros (2001) investigated the observatidgakgure of a spinning-
down magnetar as the GRB central engine. Adopting an appiaiei magnetic
dipole radiation model, they infer that the spindown powiethe proto-magnetar
could produce a period of prolonged constant luminositipfeéd by at—2 decay.
They considered the modification of the forward shock dymantly magnetar
spindown and predicted a distinct achromatic feature. Alammodel was dis-
cussed earlier by Dai & Lu (1998) who considered the energgction to the
forward shock by a millisecond pulsar with much a weaker negigrfield. This
model is one of the candidates to interpret the majority efXhray plateaus ob-
served in many Swift GRB afterglows (Zhaegjal. 2006; Nouselet al. 2006).
This model does not invoke the internal dissipation of thgnegar wind. On the
other hand, if the magnetar wind indeed dissipates intrifore hitting the
blastwave, it is possible that it would generate an ‘interdaay plateau whose
X-ray luminosity tracks the spindown luminosity if the eggidissipation and ra-
diation efficiency remain constant. If the magnetar undesgtirect collapse into
a black hole before spin down, then the X-ray plateau wouldolewed by a
very steep decay. This is the light-curve feature we ingeséi and hereafter we
call this feature an ‘internal plateau’.

In theSwiftera the early X-ray light curve, observed within the first feaurs
of the GRB, has been found to be complex (e.g. Nouweki. 2006; O’Brien
et al. 2006). The so-called canonical X-ray light curve obsenred significant
fraction of GRBs (Evanst al. 2009) has a short period of fast decay, often with

flares superimposed, which are usually over within the figirhafter the burst.
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Figure 2.1: The top panel shows the light curve in the BAT arRir¥or GRB
060510B and the bottom panel displays a more typical buikB G60427. The
green line represents emission from the burst (prompt) badlue line emission
from the afterglow, as given by the Willingale et al. (20079ahel. The portions
in red in the left panel are the data (flares and internal alagewhich the model
does not fit. -
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This is followed by a shallower decay period lasting froma feours up to a day
with a temporal decay index ~ 0.5 (where the X-ray flux,f, oc v=%t* and 3
is the spectral index). After this X-ray plateau there is aeth transition to a
modest power law decay of ~ 1 — 1.5.

Willingale et al. (2007) found that the X-ray light curve of most GRBs, in-
cluding those of the canonical form, can be represented byctwnponents — the
prompt and afterglow — plus flares (Section 2). However, we firat in a small
minority of bursts a period of relatively constant emiss{oampared to the gen-
eral lightcurve) followed by a steep decline can be idertifighich does not fit
this phenomenological model. The observed feature insteseimbles the pro-
posed signature of a magnetar spin down. Tatjal. (2007) found such a feature
dominates the X-ray light curve of GRB 070110 freel, 000 — 20, 000 seconds
in and proposed it was due to a spinning down millisecondgrulStarlinget al.
(2008) found a similar, earlier feature in GRB 070616 endahg@bout 600 sec-
onds. Liang et al. (2007) systematically analyzed a sanp¥eray plateaus and
identified several more plateaus that are followed by dewats slopes steeper
thana = —3. Itis the combination of a plateau followed by a steep dechiglw
distinguishes these from the canonical behaviour. We cetlgse objects as can-
didate internal plateaus.

We have conducted a systematic investigation of the GRByXight curves
observed byswift up to the end of 2008. Using an automated fitting procedure in
this Chapter we identify 10 bursts which may have an emisstanponent pow-
ered by magnetar spin-down dominating the light curve fansgeriod of time
in the form of an internal plateau. Assuming this internaltpau is caused by the

spinning down of a magnetar we use its properties to comsting magnetic field
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and initial spin period of the magnetar. The criteria forestihg those GRBs with
internal plateaus is discussed in Section 2.2. Sectiondares the properties
of the internal plateaus with the magnetar model and we dssthe implications

in Section 2.4.

2.3 Swift light curves

Over 90% of GRB X-ray light curves are well described by a tvemponent
model with a prompt and an afterglow component as describaftiilingale et

al. (2007). These components are described by an exponerdtaielaxes into

a power law; this function can be expressed for the promptpmrant as shown

in Equation 2.1. Large flares were masked out of the fittinggdore. Although
apparently bright, such flares account for only about 10%heftotal fluence in
most cases. The prompt and afterglow emission rises witinihe constant,,
andt, respectively. Later the emission transitions from an exgoial to a power
law at point (T,, F,), where the subscript p refers to the prompt component of the
emission (Willingaleet al. 2007) or subscript a refers to the afterglow component
of the emission. The exponential and power law decay arecbatiolled by the

indexay, Or a,.

fp(t) = Fpexp <ap — t;‘—:) exp (=), t<T,
(2.1)

o) = Fp (%p) exp (%%> ) t=>T,
For this investigation we are interested in those GRBs whadg X-ray emis-

sion could not be adequately fitted by the Willingale modd&ud we fitted all the
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SwiftGRBs with the model and then examined all cases where thelrfzode

The X-ray light curves were derived from the BAT and XRT dating the
methods described in O’Briegt al. (2006) and Willingaleet al. (2007). BAT
& XRT light curves were derived for each GRB using the NASAEASARC
software. The BAT data were extracted over the 15-150 ke\dlzard the BAT
spectra were produced using the task batbinevt. An estiofatke fractional
systematic error in each BAT spectral channel from the BAibcation database
(CALDB) was added to the spectra using the batphasyserr @mdmThe cor-
responding response matrices were generated by the compasshtngen. XRT
data were extracted over the 0.3-10 keV band. The light cuwere corrected
for Point Spread Function (PSF) losses and exposure \aig@tiThe XRT spec-
tra were extracted using the xselect software and the speets grouped to have
at least 20 counts per channel. The relevant ancillary respdiles were gen-
erated using the task xrtmkarf . data from the Ultravioled &ptical Telescope
(UVOT) was extracted using the task uvotevtic. TheV, B, Uahite magnitudes
were corrected for Galactic extinction along the line ofrsignd then converted
to monochromatic fluxes at the central wavelength of eactrfilThe effective
mid-wavelength was taken to be 44%5fbr the White filter.

In Fig. 2.1 we show an example of a GRB that the Willingale niditewell
(GRB 060427) and one which it does not (GRB 060510B) and aaisteemon-
strates an internal plateau where the flux remains constiémswmall fluctuations
for about 360 seconds. It has been suggested that insteaglafeau there is
a group of flares very close together, however maintainingga kevel of flux
for hundreds of seconds with the peak of each flare having stlidentical flux

seems unlikely. Some of the GRBs for which the model failsenttose where
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a pre-cursor triggered th8wift BAT instrument or where very large flares were
not fitted. We examined all of the fitted light curves to remeueh cases. To be

included in the internal plateau sample a GRB must have
1. Alightcurve that could not be adequately fitted by the Wiale model.

2. A significant period of time during which the X-ray flux islagvely con-

stant, i.e. at least a third of a decade long.

3. A convincing steep decline following the internal plateghich falls by a
factor of ten wherex > 4, so that the emission is likely caused by central

engine activity and is not the canonical X-ray plateau.

This gives 10 GRBs with light curve internal plateau feasutteat resemble

the spin-down magnetar model discussed in Zhlarigészaros (2001).

2.4 Internal Plateau Sample

The 10 GRBs which form our internal plateau sample and vadfiegerest such
as the redshift and plateau limunosity are listed in Tablédr the GRBs with
an observed redshift in Table 1, the mean redshift is 3.9fhifscantly higher
than theSwiftmean redshift of 2.22 for all GRBs with measured redshift. AK
test with a confidence level of 90could not prove the that the distribution of
these redshifts are inconstient with tBevift redshift distribution for all GRBs
with measured redshift. The GRBs which display an intertaigau are shown
in Figures 2.2 to 2.6 and are discussed briefly below.

GRB 080310 has emission that could be an internal platebowed by a steep

decline, which seems to rise above the underlying emiséitsw shortly after the
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internal plateau there is a flare which peaks at the same flineasternal plateau.
While in this GRB the proposed internal plateau could be d@enhultiple number
of flares (Littlejohnset al. 2012), we include it in our sample.

GRB 071021 has a possible internal plateau dominating tiheXéaay lightcurve.
This is the shortest proposed internal plateau in the salagli;g about 105 sec-
onds.

GRB 070721B has a possible internal plateau that dominadg & the
lightcurve. Flaring dominates over the internal plateaussron, during the mid-
dle of this time interval. This could signify a brief period accretion onto the
proto-magnetar. Ignoring the single flare the emissionnslar to that for other
internal plateau candidates, so it has been included inaimple.

GRBO070616 is intriguing in that the emission rises reldyiwowly over 100
seconds to a peak, then persists at a fairly constant levetdoshowing a very
rapid decline.

GRB 070129 is similar to GRB 070721B in that it has a possibternal
plateau that is interrupted by a flare followed by a steepidecl

GRB 070110 displays a canonical early light curve with atiahsteep de-
cline, but then exhibits a period of relatively constant &€smon. Following this
plateau the decay is surprisingly steep-{ 7) decay (Trojeet al. 2007). Thus
in this case the proto-magnetar survived for much longer thanost of the other
GRBs.

GRB 060607A appears to follow the canonical lightcurve vaitimormal’ X-
ray plateau with multiple flares preventing a good fit with the component
model. However at late times the decay following the platisaoo steep for an

afterglow and is consistient with ~ 4. This is unlikely to be explained by any-
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thing other than central engine activity and thus has beendied in the internal
plateau sample. As in GRB 070110, the internal plateau se@&RiB 060607A

dominates the burst emission unusually late starting atnta®@0 seconds when
(from Table 1) most of the other internal plateaus have ended

GRB 060510B (also shown in Fig. 2.1) is very similar to GRB 6X6. In
both cases the proposed internal plateau dominates thsiemisom the burst
very early on.

GRB 060202 displays unusual emission attributed to annategylateau be-
tween 325 and 766 seconds. The fluctuations during thisgnladee unusually
regular.

GRB 050904 has multiple flares at early and late times, bubetta?230 sec-
onds there is a period where the emission appears relategigtant followed by

a steep decay, leading it to be included in the sample as &posgernal plateau.

To further investigate the nature of the internal plateawcampared the X-ray
data to optical/UV data from the UVOT. The GRBs within the géarwith near-
simultaneous optical/UV and X-ray light curves are showkiopn 2.7. While an
early rise in the optical can be seen in some cases, the beftigasion does not
show the same behaviour as the X-ray. The internal plateddaliowing steep
decay are significantly more prominent in X-rays. For examplGRB 070616,
the optical is constant from before the plateau in the X-ray antil after the steep

decline.
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Figure 2.2: The GRB light curves displaying internal platdsehaviour. The
green line represents emission from the burst (prompt) hadblue line emission
from the afterglow, as given by the Willingale et al. (20079ael. The portions
in red are the data (flares and internal plateaus) which treéehdoes not fit.
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Figure 2.3: The GRB light curves displaying internal platdsehaviour. The
green line represents emission from the burst (prompt) hadblue line emission
from the afterglow, as given by the Willingale et al. (20079ael. The portions
in red are the data (flares and internal plateaus) which treéehdoes not fit.
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Figure 2.4: The GRB light curves displaying internal platdsehaviour. The
green line represents emission from the burst (prompt) hadblue line emission
from the afterglow, as given by the Willingale et al. (20079ael. The portions
in red are the data (flares and internal plateaus) which treéehdoes not fit.
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Figure 2.5: The GRB light curves displaying internal platdesehaviour. The
green line represents emission from the burst (prompt) hadblue line emission
from the afterglow, as given by the Willingale et al. (20079ael. The portions
in red are the data (flares and internal plateaus) which treéehdoes not fit.
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Figure 2.6: The GRB light curves displaying internal platdesehaviour. The
green line represents emission from the burst (prompt) hadblue line emission
from the afterglow, as given by the Willingale et al. (20079ael. The portions
in red are the data (flares and internal plateaus) which treéehdoes not fit.
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Table 2.1: The observed properties for each of the interlzéaus of GRBs in

my sample and also the Steep Decay once the plateau has ended.

GRB | Redshift Flux! Luminosity! | End Time' | Steep Decay
102 ergcn? st
0.3-10 keV ergs! S

080310 | 2.426 5.39 2.6e+50 401.9 11.2175%
071021 5.0 2.45 6.6e+50 248.3 9.18759%,
070721B| 3.626 0.24 3.0e+49 802.9 10317282,
070616 | 2.22 11.44 4.4e+50 585.6 5.071013
070129 | 2.22 2.24 8.6e+49 683.0 771708
070110 | 2.352 0.02 8.8e+47 21887.1 6.9870:20
060607A| 3.082 0.15 1.3e+49 13294.7 3.4370:5)
060510B| 4.9 6.58 1.7e+51 362.9 10.4319:5¢
060202 | 2.2% 2.69 1.0e+50 766.0 5701018
050904 | 6.29 1.53 7.1e+50 488.8 9.364 1093

* Where no measurement is available t

Swift GRBs taken from the website maintained by P. Jakobsson
http : | /raunvis.hi.is/ pja/GRBsample.html
! These are parameters related to the plateau, i.e. the emdgithe time the
plateau ends before the steep decline begins.

he redshift is assumbd the mean of
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Figure 2.7: Combined BAT, XRT, and UVOT light curves for th&&RBs with multi-wavelength data during the internal
plateau. The vertical dashed lines indicate the time imadesver which the internal plateu dominates the emissione Th
optical data have been scaled down by a factor of ten in paretsl c.
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If the plateau seen in each of the X-ray lightcurves is of atereal origin,
then the X-ray and opticallightcurve should be related twheather in a manner
consistent withthe external shock model, i.e. the breaksilshbeachromatic.
However, if the X-ray and optical emission components arerekated to each
other, e.g. a sharp decay in X-ray but no break in opticas $tiongly suggests
that the X-ray emission is not external or a jet-break buteats of internal origin.

In Troja et al. (2007) for GRB 070110 four spectral energy distributions
(SEDs) were examined during the initial decay, the begigrand end of the
plateau and during the shallow decay after the steep declihese SEDs were
constructed by extrapolating the X-ray spectrum to the logreergies. During
the initial decay the optical data are not consistent witheRtrapolation of the
X-ray spectrum to low energies. During the internal plai¢he optical and X-ray
spectral distributions are also completely inconsistéttt wne another, implying
different origins for the optical and X-ray photons.

For GRB 080310 and GRB 070616 the extrapolation of the X-mgcsum
is also inconsistient with the optical during the interntpau (Littlejohnset al.
2012, Starlinget al. 2008). Likewise, for GRB060607A extrapolating the X-ray
spectum to the optical in a similar way to Tragaal. (2007) gives a poor fit to
the optical (reduced? of 15.1). From this we conclude that during the internal
plateau, the X-ray and optical emission have separatensrigir the four GRBs
for which we have multi-wavelength data. Henceforth we emtiate on the X-
ray behaviour of our sample.

As the time at which the internal plateau ends differs mdskédf. GRB
070110 and GRB 070616) it is possible they have a differeigiror Thus we

further sub-divide the sample into those GRBs in which thestant emission
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phase ends before or after 10,000 seconds. Those which éoré 6,000 sec-
onds are denoted as having early internal plateaus whdress énding after this
time have late internal plateaus. In the next section we ewenfhe results for
these two groups to determine if their properties are ceomsisvith being caused
by the same physical process and whether that process istnsvith being

due to a magnetar. Of the 8 GRBs in the early internal plateaupg5 have a
redshift measurement as do both GRBs in the late plateaypgFar the 3 GRBs
with no redshift measurement we adopt a redshift of 2.22 ntlean redshift of
Swift GRBs to determine the luminosity. Our conclusions are nosisige to this

choice.

2.5 The magnetar model

Magnetars are defined as a neutron star where the magnedigives the main
source of free energy, rather than rotation. The decay sfitagnetic field powers
electro-magnetic radiation (Duncan & Thompson 1992).

The first recorded observational evidence of this was fronulagoof ‘hard’
gamma-rays detected on 5th March 1979 which were 1,000 tamestense as
any previous burst of gamma-rays from beyond the Solar 8ysthich is now
thought to be from a magnetar (Kouveliotou, Duncan & Thonmp2003). This
pulse was followed by fainter ‘soft’ gamma-rays which fadaeer the next 3
minutes oscillating with a period of 8 seconds. Two objeatshieory may be
able to produce this energy to power this emission; a blaté diloa neutron star,
a black hole can be ruled out as it would not be able to prodonee8tsecond

oscillation.
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Duncan & Thompson (1992) examined the effect of dynamo actioneutron
star magnetic fields and found that if the fluid moving in a nemlneutron star
transfers a tenth of its kinetic energy to the magnetic fitld §ame ratio as is seen
in the Sun), then the field would grow !> G. The over time magnetic field
should slow the magnetars rotation, within 5,000 years d 10> G would
slow the spin rate to once every 8 seconds (Kouveliotou, Bar& Thompson
2003), matching the oscillations seen for the March 1978tbur

The magnetar hypothesis has been accepted as a likely atiplarfor the
observed Soft Gamma Repeaters (SGRs) and Anomalous X-tagirBAXPs)
(Thompsoret al. 2002, Kaspi 2004, Woods & Thompson 2006), which are dis-
tinguished by quiescent, bursting and flaring X-ray emisgpowered by their
magnetic field. In this chapter | am comparing the propeniethe GRB central
engine for 10 GRBs and comparing them to the limits set foraigemagnetar,
however there is evidence that caution is needed with thpsogeh. McLaughlin,
Stairs & Kaspi (2003) report the discovery of a radio pulsawered by a rota-
tional spin period of 6.7 seconds with a magnetic field df x 103G, which is
in the same range as the anomalous X-ray pulsars which hareitentified as
being magnetars.

The maximum rotation of a star can be estimated by equatagrdvitational
attraction at the surface of the star to the centrifugalddending to throw matter
off the star, bearing in mind that matter will be thrown ofétktar if it rotates too
quickly and a stable star would need to rotate below thise/aline exact break-up
speed depends on the internal conditions of the neutronLstirmer & Prakash
(2004) estimate this as being0.96 milliseconds.

In order to generate the intense magnetic fields required footo-magnetar
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a massive star’'s magnetic field must be increased as it seéhrough magnetic-
flux conservation or efficient dynamo action (Dai & Lu 1998hi§can be used to
make a prediction for the initial period of the proto-magreevery time the star
collapses inwards by a factor of two the magnetic fields areegsed by a factor
of four. To build up sufficient dynamo action on the surfacestar needs an initial
rotation period oK< 10ms (Usov 1992). The inital rotation period of millisecend
are thought to differentiate between a proto-magnetar aneludéron star. From
a theoretical estimate the limits set for the expected gtroagnetic field are B
> 10°G (Thompson 2007), which is a factor of 10 greater than thosed for
the unusual radio pulsar discovered by McLaughlin, Staiisa&pi (2003).

To place limits on the central object we assume the GRB jaduadhed by
the collapse of a massive star to a magnetar which survivea &hort period
of time before it collapses to a black hole (see Thompson 200@ review on
the magnetar GRB central engine models). A transitory pnodgnetar could
cause the flux to remain roughly constant throughout theeplatntil the proto-
magnetar had spun-down enough for the rotational energye tm$ufficient to
support the star. It would then collapse to form a black helgsing the plateau-
like emission and causing the steep decay following theeplatFlares during the
plateau-like emission or the steep decline can arise framresion onto the central
object. We use equations 2.2 and 2.3 (see Zhang & Mészaixl) to relate the
continuous injection luminosity of the plateail,(erg s!), and the rest-frame
time at which the plateau breaks down(s), to the magnetar magnetic field and

initial period.

L~10YB ;P 3R (2.2)
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T =2.05x 10° 5B, ;P _3Rg 2.3)

Equations 2.2 and 2.3 are produced using the standard &diakgernal shock
afterglow model, assuming that the reverse shock is mildlgtivistic. At any
time the emission at a given frequency may be dominatedréaththe forward or
reverse shock. These equations are derived using the sloimgoegime (Sari,
Piran & Narayan 1998) which is usually satisfied. Zhang & ké&&es (2001)
also assume the spindown of the proto-magnetar is mainlyaekectromagnetic
dipolar and gravitational wave radiation.

We use the GRB spectral shape and a k-correction (Blebal. 2001) to
convert the observed 0.3-10 keV flux to the rest-frame 1-ALK&Y luminosity.
B, is the magnetic field strength at the poles whegg:B= B, /10" G, R, _3 is
the initial rotation period in millisecondg; is the moment of inertia in units of
10% g cn? and Ry is the stellar radius in units af® cm. If we use standard values
for a neutron star (Stairs 2004) of masd .4 M, andRs ~ 1then using Equations
2.2 and 2.3 we can infer the central object’s initial rotatferiod and magnetic
field strength. The correlation between the derived periaditae magnetic field

is shown in Fig. 2.8 calculated isotropicall¥is, and B, ;s,) and with beaming.
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Figure 2.8: The initial period and magnetic field for eachtt# GRBs examined. In the left-hand panel it was assume
that energy was released isotropically, whereas in the migad right-hand panels it is beamed with an opening angle of
and 18 degrees respectively. GRBs with red filled circlesHanown redshifts and their internal plateaus occur durey t
prompt emission; GRBs shown by blue filled squares have knedshifts and their internal plateaus occur after the ptromp
emission; GRBs shown by green filled triangles have inteptateaus that occur during the prompt emission at unknowr
redshifts, and for which the redshift has been assumed tgl& & the median redshift of tf&wiftsample, meaning their
parameters are more uncertain. The light grey shaded regiloow limits based on the magnetic field and period limits
discussed in the literature. See text for details. The daytey shaded region shows where a progenitor would be wigjat
the breakup spin-period of a neutron star.
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6.

Figure 2.9: The relationship between the length of the nakplateau emission and its luminosity in the observems&a
where it was assumed that energy was released isotropiocatlye left panel and beamed with an opening angle of 4
degrees in the right panel. GRBs with red filled circles hawevikn redshifts and their internal plateaus occur during the
prompt emission, GRBs shown by blue filled squares have kmedshifts and their internal plateaus occur after the ptromp
emission. The GRBs shown by green filled triangles havenatgrateaus that occur during the prompt emission at unknow
redshifts.
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In theory there should be GRBs in the lower right portion aj.R2.8 with a
relatively long period and low dipolar field strength. Fromuation 2.2, a lower
luminosity is expected for these GRBs and hence it may beteenal plateau is
too faint to be observable. GRBs are unlikely to be presetiiertop-left as they
would require extreme magnetic fields.

The derived periods are close to the sub-millisecond brgalkmits for a neu-
tron star, so it could be that most stars cannot support adeampmagnetar and
collapse immediately to a black hole. If the initial rotatiof the proto-magnetar
violated the break-up limit for a neutron star’s period itirdikely it could become
stable enough to survive for the lengths of time given in &ahl This results in
a natural boundary on the left-side of Fig. 2.8. Thus only alsgroup of GRBs
may produce an observable plateau and this could explaayip@rent correlation
in Fig. 2.8.

The rotational energy reservoir of the magnetar given irldalwas calculated
using Equation 2.4 with R= 1 and is consistent with the total power of the
internal plateau K, ,1.t) as it should be given the way magnetic field and initial

period are calculated.

E.o=2x 1052M1,4R§P0_733 ergs (2.4)

The plateau energyy,, ;s,, was calculated assuming that the radiation is emit-
ted isotropically but it is almost certainly collimated byedativistic wind flowing
through a cavity produced by the elongation of a bubble ofmpkaand magnetic
field (Bucciantiniet al. 2007). This can be corrected for using Formula 1.4

Chapter 1, Section 1.2.2, whefieis the opening angle of the beam. The max-
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imum beaming angled(= 18°) was estimated by assuming the fastest possible
period as the break up spin-period of a neutron star. Takiisgangle as the beam-
ing angle for each GRB, the corresponding beaming-comemtergies are shown

in Table 2.2 along with an example of the beaming-correctesigies derived us-
ing a beaming angle of 4 degrees (Fetilal. 2001). A factor which effects the
comparison of these energies is that the true initial rotagieriod is likely to be
smaller than that derived from Equation 2.4 (Thompson 208G}..; could be

larger.
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Table 2.2: The different beamed energies found for the alafer different opening angles compared to the energy of the
actual GRB and the energy availiable in the rotational gnezgevoir. All energies in Table 2 are in ergs, the openirgjes
used to find the beamed energy respectively are 4 and 18 deJiiee GRB E,, values were taken fror8wift GCN Notices
referenced above and in Chapter 6.

GRB PO,iso Bp,iso BeamedPO BeamedBp Eiso Erot Eiso,plat E'yl,plat E'yQ,plat
ms | x10'G | ms x101°G 6; =4 6; =18
080310 | 0.7 |0.3 13.8 55 2.91e+53 | 3.90e+52| 4.00e+52 9.75e+49| 5.29e+51
071021 (0.7 |05 14.1 9.9 3.53e+53 | 4.15e+52 4.25e+52| 1.04e+50| 8.45e+51
070721B| 1.1 |04 22.3 1.7 1.72e+53 | 1.64e+52| 1.69e+52| 4.11e+49| 1.27e+51
070616 | 0.6 | 0.2 12.0 5.0 2.47e+54 | 5.74e+52| 2.93e+53| 7.13e+50| 1.50e+52
070129 (0.9 |0.3 18.7 6.9 3.98e+53 | 2.34e+52| 1.07e+53| 2.62e+50| 5.51e+51
070110 | 1.1 | 0.06 23.2 1.3 7.08e+52 | 1.61e+52 1.65e+52| 4.02e+49| 1.07e+51
060607A| 0.6 | 0.04 12.4 1.0 2.13e+53 | 5.35e+52| 5.48e+52| 1.34e+50| 8.89e+51
060510B| 0.2 | 0.1 4.2 2.5 1.09e+54 | 4.64e+53) 4.76e+53 1.16e+51| 1.78e+52
060202 |11 |04 22.0 6.9 3.08e+58 | 1.70e+53| 8.33e+52| 2.03e+50| 4.27e+51
050904 |04 |0.2 7.1 4.0 2.51e+54° | 1.61e+53| 1.65e+53| 4.01e+50| 3.17e+52

" Tuelleret al. 20082 Barbieret al. 20073 Palmeret al. 2007 Satoet al. 2007° Krimm et al. 2007° Cummingset al.

20077 Tuelleret al. 2006° Barthelmyet al. 2006° Hullingeret al. 2006'° Sakamotcet al. 2005
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2.6. DISCUSSION CHAPTER 2. MAGNETARS & GRBS

The correlation between plateau luminosity and duratiah@vn in Fig. 2.9,
which suggests that higher luminosity plateaus are gdgyeshikhorter duration.
There are too few GRBs in the late internal plateau group awdiny firm con-
clusions. Their luminosities are lower, but not much lowsrt that of the early
internal plateau group.

The mechanism producing this emission is still uncertaiet@geret al. 2011),
however if the emission is internal as suggested in the pusvgection it could be
produced by forced reconnection at the forward shell (eygiblarsky 2003, 2005;
Thompson 2006; Zhang & Yan 2011) or by upscattering forwémack photons
(Panaitescu 2008). Alternatively if the emission, whichleshot certain is found
to be external despite the steep decays it could be gendgiteefreshing the
forward shock (e.g. Granot & Kumar 2006; Dall’Osspal. 2010).

2.6 Discussion

We have identified a small number of GRBs which display a leoitime dur-
ing which the X-ray emission shows a smooth plateau followgd steep de-
cline. The internal plateau is challenging to interpreihgsaccretion models as
it requires a constant power jet component with a roughlystamt radiation effi-
ciency. This possibility has been examined by Kumtzal. (2008a), who suggest
that the prompt emission of a GRB may be caused by the accretithe outer
regions of a stellar core and that the X-ray plateau coulcibsed by the fall-back
and accretion of the stellar envelope. This model has prodkeccounting for the
steep declines seen after the plateau. Even assuming aesfgepo the region

being accreted, the steepest decline expectachs2.5 (Kumaret al. 2008b).
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Here we argue that a more natural explanation may come frenmignetar
model which predicts a period of constant spin-down poweris Thodel starts
with the assumption that the neutron star accretor can ptiweeGRB prompt
emission which while not certain, is feasible (Usov 1992¢ifipson 1994; Buc-
ciantiniet al. 2007). Comparison of the luminosity and duration of the nmaé
plateaus observed in our GRB sample with the dipolar spimdesy (Zhang &
Mészaros 2001) implies upper limits to the magnetic figtdreyths close to the
maximum allowed for such objects and initial spin periodmailose to the max-
imum allowed to maintain neutron star structural integrithe upper limits for
the dipolar magnetic field of the magnetar are particulayrsy if the emission
is strongly beamed.

The largest magnetic fields implied for isotropic emissio® @nsistent with
field strengths ofx10G which can be generated in magnetars born with spin
of a few milliseconds (Thompson & Duncan 1993; Duncan 1998yiant flare
from SGR 1806-20 oa7" December 2004 demonstrated that unless such flares
are much rarer than the rate implied by detecting one, magneiust possess
a magnetic field strength ef 10'°G or higher. Indeed values up to 10''G
could not be ruled out (Stellet al. 2005). For the GRB sample in this paper this
could allow beaming factors corresponding to jet openirgjesof 4-10 degrees,
consistent with values derived from Frail al. (2001).

The number of GRBs that display internal plateau behaviswery small.
This perhaps is not surprising as we would expect them to belgletectable
for quite a narrow combination of magnetic field strength antial spin period.
These rare features do provide limits on the magnetic fiald®snding the cen-

tral engine around the GRB, and can help advance understanflthe mecha-
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nisms behind prompt emission.
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Chapter 3

The properties of GRBs at known

distances

Abstract

In this chapter | study a sample of GRBs with a known distamcecarrect these
GRBs to redshift zero, so that a range of properties such adight curve mor-
phology can be scrutinized for new correlations. As an esitenthese GRBs are
then subdivided into those with flares and those with platedine method used
in Chapter 2 Section 2.4 is then applied to these plateausitbdarameters of
the central engine, however we do not find any link betweesetharameters and

flare behaviour.

3.1 Introduction

In this chapter | investigate all GRBs with a redshift measugnt that are detected

by Swiftup to the end of April 2009. Gamma-ray bursts have been stegas
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potential cosmological probes of the Universe partiallg doithe huge distances
from our galaxy at which they can occur, for instance thehesst long GRB de-
tected is GRB 090423 which has a redshift of 8.2 this cornedpto a distance of
13.035 billion light-years from Earth.

Lambet al. 2007 calculates the limiting redshift{z) detectable wittSwift,
BATSE and HETE-II for 15 GRBs with well determined redshifidgpeak photon
number fluxes. The number of these 15 GRBs that are obser{idhlg at each
redshift is displayed in Figure 3.1. Figure 3.1 shows thaT 8B and HETE-II
would be able to detect half the GRBs out to a redshift of 2@ neasSwiftshould
be able to a redshift of 70, although that is unlikely that GR®uld occur at such
high redshifts as there would not have been enough time to $tars as shown in
Figure 3.2.

The star formation rate for the first stars (Population IfrsY) is thought to
peak at redshifts 1& z > 20, while for Population Il stafghere is a much larger
and broader peak at redshifts o£2z > 10, so it would be expected that GRBs
would occur out to redshift 10 or possibly 15-20. Figure :12ws where GRBs
occur in the early universe compared to the most powerfunadsgical probes
currently being used called Quasaos Quasi-Stellar Objects (QSOs).

Gamma-ray bursts would have a few advantages over quasaisoasnologi-

IPopulation Ill stars are a hypothetical generation of stssumed to have been formed before
Population Il stars as their supernovae is required to prethe heavy elements seen in Population
Il stars (Ridpattet al. 1997).

2Population Il stars are the oldest stars we see in the sky tmaié have fewer heavy elements
than younger stars like the Sun. (Ridpattal. 1997)

A quasar is an object with a high redshift which looks like arsbut is actually the very
luminous active nucleus of a distant galaxy. One of the d¢ldeasars (z=6.28) displays a Gunn-
Peterson trough (a feature in the spectra due to the presémeitral hydrogen, where electro-
magnetic radiation is supressed) and have absorptionmregidront of them indicating the inter-
galactic medium at that time was neutral gas(Beeket. 2001).
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Figure 3.1: The cumlative distributions of the maximum tatts at which 15
GRBs redshifts and published peak photon number fluxes warittetectable by
BATSE, HETE-II andSwift(Lamb 2007).
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Figure 3.2: A diagram to place the maximum expected redshiftRBs and
Quasars in a cosmological context. The epochs of first lightra-ionization are
shown on a scale of redshift and the age of the Universe (La03)2
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cal probe, firstly GRBs have been detected out to a highehiedhe afterglows

can be from 100 to 1,000 times brighter at early times tharsausaat high red-
shifts (Lambet al. 2007). Finally quasars are strong UV sources often causing
the ultraviolet background field to rise locally (Dall’Agli Wisotzki & Worseck
2008).

Type la supernovae are also used as cosmlogical probestheithdvantage
that they each explode at the same mass, however they hasteasyic error due
to the uncertainties in dust extinction, whereas GRBs pateethe dust avoiding
these errors. The main difficulty using GRBs as cosmolgioalbes is that their
energy varies over three orders of magnitude and GRBs hayedifeerent prop-
erties.

For the first four years th&wiftwas operational it found either photometric or
spectroscopic redshifts fer30% of GRBs. In this study | only deal with known
redshifts, consequenth70% of bursts are excluded, also the derived star for-
mation rate may be biased by the spectroscopic redshifttsf{&Xiao & Schaefer
2009).

For bursts without a redshift measurement a solution isaockefor luminosity
indicators, that link a measurable property of the prompiseian to the burst’s
redshift, energy or peak luminosity. The observed fluencpeak flux can then
be used (with the inverse square law) to derive a distanchddurst and the
burst’s redshift for a given cosmology. The advantage isittepplies to all long
GRBs, the disadvantage is that currently the uncertaintiegbe derived redshifts

are much larger than those of the spectroscopic redshifts.
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3.1.1 Light Curve Shape

One of the aims of this chapter is to examine light curve molpdy for redshift
indicators. With the launch ddwiftthe first 1,000 seconds of GRB light curves
could be observed and subsequently a trend in GRB light sumas seen and so
the canonical light curve was proposed (Nouseél. 2006, Zhanget al. 2006 and
Panaitescet al. 2006). Nouselet al. (2006) noted that this behaviour is not seen
in all afterglows and suggested this could be due to limigsddoral coverage.

O’Brien et al. (2006) showed that the prompt emission seen in the BAT
smoothly transitions into the emission seen in the XRT (@sed in Chapter
1, Section 1.4). Willingaleet al. (2007) interpreted this as the combination of
two components both decaying as an exponential relaximgaqower law. The
first representing prompt emission and the second afterglovgsion, under this
model not all GRBs would exhibit all the segments of the cacedmfterglow. For
example the afterglow component can be sufficiently weakithaver dominates
the prompt emission.

Evanset al. (2009) includes minor revisions from the automatic analgsift-
ware first presented in Evaret al. (2007). The updated software is used to
produce high-precision positions, light curves and sjgeidr all Swift GRB data
taken using the XRT up to the end of 2008, providing a sampld1& GRBs.
Evanset al. (2009) examines these GRBs in the observer frame as theraatas
enough redshift information to translate to the rest fraoreriost bursts.

In Evanset al. (2009) light curves are binned using the same criteria (ddfin
in Evanset al. (2007)), the advantage is that light curves were generated |

uniform way, but also introduces the limitation that therbing is not always the
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best representation of the data for an individual GRB.

The first group of early data taken in Photon-counting modéie light curve
is found using the analysis software on SPER data, which wagded for de-
tecting a source and localizing it; no good time intervaks @corded. Thus to
produce each light curve it is assumed that the data is aomis this is a safe
assumption unless the XRT switches back into Windowed Tgmiiode.

The method used to produ&aviftlight curves was automated and presented
with analysis for 318 GRBs in Evaret al. (2009). This sample was reduced so
that only light curves which had enough data that three ghatéhe canonical
light curves could have been expected to be seen, also ghiydurves with at
least 20 bins of data were included. The morphologies seethése 162 light
curves shown in Figure 3.3, 4% have no breaks, 30% have o, b42% are
canonical and 24% are oddball light curves.

The canonical light curve is described in detail in Chapteé3ettion 1.3.1,
oddball light curves are by their nature unusual and caneaitbnmed up as a
single group with common properties, and the findings fromariset al. (2009)
for the other light curve morphologies are discussed below.

Evanset al. (2009) finds light curves with no breaks (panel d) consistetit
the Willingale Model providing we are observing the only pawaw phase of
the light curve. Evanst al. (2009) finds that the lack of a steep decay phase is
either due to the afterglow being bright enough to dominassaarly time or the
prompt emission decaying very rapidly. Also that the lacla@lateau implies no
energy injection, the outlier in this group is GRB 051221HpInot examine this
GRB as it has no redshift.

For light curves with one break and shallowing decays (pah&vanset al.
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Flux

Time

Figure 3.3: A schematic diagram of the different GRB morplgas (Evanset
al. 2009). Panel a shows canonical light curves (also shown aptéhn 1 Section
1.1.4 Figure 1.6 Steep decay path), panels b and c show lighie€ with one
break either flattening b or steepening c, panel d showsdigivies with no breaks.
Evanset al. (2009) also defines any light curves that do not fall into ohthese
morphologies as oddball light curves.
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(2009) mentions that this behaviour could be described byctnonical model
if the shallow phase is similar to the plateau phase. If sis, it a lower rate of
counts per second and is longer lived, continuing to the ér&laftobservations
in most cases- 1 day. Evidence of central engine activity injecting energyt
day has been seen in GRB 050502B (Falceired. 2006) and GRB 080810 (Page
et al. 2009).

For light curves with one break and steepening decays (arievanset al.
(2009) finds it unlikely that they correspond to the normal post jet break phase
of the light curve, due to the early time the break would needdcur ¢ 1,000
seconds). Evanat al. (2009) also finds it unlikely that they are drawn from the
same population as Figure 3.3, panel b. One break steepkgimgurves were
examined with the traditional plateau and normal decaywuilhg it, from the K-

S test; there is 48 chance the steepening decay and the normal decay after a
plateau represent the same population of times, but oalya % probability the
decay slopes of the traditional plateaus and the shallowé&tgviour (in Figure

3.3, panel c¢) are from the same population.

Other conclusions from this study that are relevant to thegter are that each
of the light curve morphologies can be explained by the Wiiéile Model. Also
that there is energy injection in the plateau phase of th@rmaal light curve
in agreement with previous studies (Nousskal. 2006, Zhanget al. 2006 &
O’Brien et al. 2006) and that some mechanism must cause a steepening of the
light curve independent of energy injection, which must catise any spectral
change. Finally that there must be energy injection betweemlateau and nor-

mal decay following it.
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3.1.2 Prompt Pulses

As an extension to this chapter GRBs are divided into GRBEB flares and also
GRBs with plateaus. The flares are then fitted with a prompepfitting model.
One of the key strengths of tf&wiftsatellite over previous missions is the ability
to observe the first 1,000 seconds of a GRB (Chapter 1 Sectiof)1 The XRT
has detected 95% of BAT detected triggers, this facilitétedstudy of the end of
the prompt emission and of the early afterglow as discugs&hapter 1 Section
1.3. For many GRBs a rapid decay phase which seems to be tratsspectral
and temporal continuation of the prompt emission (O'Bretral. 2006). This
suggests that this Rapid Decay Phase (RDP) is the tail ofrtmegt emission.

Several models have been proposed to explain this tail dinaduthe cooling
of a hot cocoon around the jet (Pe&ral. 2006) or a highly radiative blast wave
which discharges hadronic energy in the form of ultra-higlraic ray neutrals
and escaping cosmic ray ions (Dermer 2007). However, thewosld not apply
to short GRBs and the later is unclear if it can simultaneoudkerpret the ob-
served light curves and spectral evolution of the RDP. Thstrpopular model
is High Latitude Emission (HLE) or ‘naked’ GRB emission, whitake place in
areas of very low density interstellar medium (Fenimeteal. 1996, Kumar &
Panaitescu 2000, Qiet al. 2004, Dermer 2004, Zharet al. 2006 and Lianget
al. 2006).

During HLE radiation is received from a region along the lofesight to the
observed with an angular size!, emission from higher latitudes> I'~! which
is received over timescales that are long compared to theidarof the burst and

away from the observer, however is at a significant magnitledectable byswift
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for about an hour after the burst (Kumar & Panaitescu 2000)riig HLE the
temporal index of the decline cannot be larger than abou$8,spectral evolution
IS not expected.

GRB 060218 (Campanet al. 2006, Ghiselliniet al. 2006) and GRB 060614
(Gehrelset al. 2006, Zhanget al. 2007 and Manganet al. 2007) are two unusual
GRBs detected b$wiftin addition to that previously discussed in Chapter 1 Sec-
tions 1.1.4 & 1.8 respectively, they also show strong spéetrolution in the RDP.
In the light of this Zhang, Liang & Zhang (2007) performedalanalysis during
the RDP of the light curves and spectra of 44 GRBs fitted witeeéhmodels to
investigate if additional components could be acting ingady afterglow.

The 44 GRBs were divided into 3 groups, Group A which showedmec-
tral evolution, Group B which have hard-to-soft evolutioithwut flares and the
remaining GRBs into Group C that have flares superimposed thgotail. From
the overall sample 33 of the GRBs showed clear hard-to-gefttsal evolution,
thus the simplest HLE alone could not explain this featuteary, Liang & Zhang
(2007) fit each of their models to the tails that have smoottiie

The first model examined was the curvature effect of a stradtyet, suc-
cessfully fit the 11 GRBs with no spectral evolution, but washle re-produce
the light curves of GRB 060218 and GRB 060614. The second hveate the
superposition of the curvture effect with an underlying povaw, an afterglow-
like soft component was seen betweldri — 10° seconds for GRB 060218, this
model failed to re-produce both the light curves and the tspkeindex evolution
for GRB 060218 and GRB 060614. The third model was for the ature ef-
fect using an evolving exponential spectrum with a cut-o#mgy, this is given by

E. = Ey(t/to — 1)*2, ty should correspond to the beginning of the inernal shock
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emission phase, whetg is the temporal index of the RDE is the cutoff energy
of an exponential cutoff power law spectrum.

The flickering features in some light curves make the redu€kdsquared
much larger than unity. This indicates that to describe ttoenpt pulse model a
solution is needed that includes HLE. The evolution of thengst pulse and the
addition of the emission from several pulses so that the fluxiae predicted from

the prompt phase to later in the XRT light curve.

3.2 Method

3.2.1 K-corrections

As described in Chapter 1, Section 1.2.1 to compare eneofyrrietric fluence or
flux of two GRBs at different redshifts entails more than towlfor the inverse
square law dimming, since the spectrum from these burstédimmuredshifted by
different amounts. Thus a k-correction is required giverFbymula 1.3 (Chapter
1 Section 1.2.1), for comparison Figure 3.4 shows the uected and corrected
energies of a group of GRBs, the typical estimated unceytéom a k-correction
energy measurement4s 20% (Bloomet al. 2001).

A script provided by Dick Willingale was used to calculate tkcorrections,
this script required the peak energy, redshift, break gnengergy range and also
the flux measured in the BAT and XRT. The break energy was asdumbe 20
keV and the peak energy (Fwvas assumed to be 116 keV when none was recorded
as this is the median peak energy 8wiftGRBs. The high energy spectral index

was also assumed to be 2.3, the rest of the inputs were takearpgy from an
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Figure 3.4: The energy release over 20-20,000 keV of 17 ctogioal GRBs.
The k-corrected energies and their estimated errors areatet! by dark squares
and the uncorrected energy by a cross (Blagtral. 2001)
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online spreadsheet for @&wift GRBs compiled by Kim Page and where necessary
from GCN reports for each GRB.

The script finds the k-corection by taking the ratio of theiggbenergy range
to the energy range observed where the desired energy rainggside the range
measure as is shown in Figure 3.5. The energy range obsevvelef BAT is
15-150 keV and for the XRT is 0.3-10 keV, a seperate k-cavecis calculated

for each instrument which can be used from 10-10,000 keV.
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Figure 3.5: A schematic diagram of a GRB’s flux and energycihias been annotated with some of the parameters used

find each k-correction. Figure 3.5 also shows the measured)gmange detected usifByviftcompared to the k-corrected

energy range.
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In Figure 3.5 E/(z+1) takes the energy range you want to cbthe spectra
to and applies a redshift shifting it into the observed frathen the program uses
Formula 1.2 (Chapter 1 Section 1.2.1) to calculate the kections. The spectral
data for GRBs are often sparse, hence for this thesis the Baction (Chapterl
Formula )is used to provide the spectral shape for the GRBsom required to
determine the k-corection.

At low energies this function provides a power law continuwith an expo-
nential cut-off that provides the spectral shape in Figukev@herea = photon
index - 1. At higher energies where tlte-1 = photon index the Band function

produces a broken power law that is used to describe therapshtipe.

3.2.2 Interpolating the data

Some GRB light curves have only around ten data points, valseo¢hers have
hundreds. To examine the data at given times, this left orfevofalternatives:
the first to focus on a single part of the light curve, for exéanihat detected
in the BAT (15-150 keV) and to fit this data, then extrapdlateother parts of
the spectrum. The second option was to use interpolatiorstimate what is
happening between each data point.

The extrapolation method has the advantage that by lookiagiagle part of
the light curve it will be able to follow the light curve out tarther energies than
interpolation, which will be unreliable past the last datanp as it will continue
at the previous gradient. The problem with this method it tha GRB light

curve changes as it evolves, so looking at one smaller pautdyarobably not

4Extrapolation creates new points outside a discrete sehoik data points as opposed to
interpolation which creates new points between data points
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give an accurate fit out to later energies as the function eflittht curve will
probably have changed considerably. Also it has been fduaidihe results from
extrapolation are often less meaningful and subject totgramcertainty (Katz
2005).

The interpolation method has the advantage that it usey daéa point avail-
able to estimate the light curve, using this method flaresathdr features will
be included in the complete light curve. Thus interpolat®the method used
for this chapter, there are three types of interpolatiort #va commonly used:
linear, polynomial and spline interpolation. Polynomigkrpolation suffers from

Runge’s phonomendnso was eliminated as a method.

SRunge’s Phenomenon occurs when high order polynomialstaysen by the interpolation
routine that then cause unnecessary oscillations betwegarpodints.
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Figure 3.6: The light curve of GRB 060218 and the linear ipbdgition between each datapoint. The original data pomts i
red and in green the linear interpolation and the error oh @aerpolated point.
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The spline interpolation fails to fit the data convincinglgually linear inter-
polation would have straight lines of changing gradients/ieen points. However
the interpolation has been performed on a logarithmic ssaaevhen you move
back to normal space this becomes a curve giving a smoothitian between
data points. Linear interpolation managed to fit reliablyo&lthe light curves in
the sample from the beginning to the end of the data as shoWwigure 3.6, thus

this method was used to measure the flux at given times forlegdtcurve.

3.2.3 Pulse fitting flares

Willingale et al. (2010) uses an analytical expression for pulse profilesseeri
from the internal shock model incorporating the spectruch@ecay indices from
fast cooling regime and a tail arising from high latitude ssnn. Each pulse is
assumed to originate from an expanding thin shell ejectad the central engine
using the emission profile given in Genet & Granot (2009).

The Lorentz factor is assumed to be constant, if fast codadipglies to the
luminosity for sychrotron emission d = -1 and a = 1. The comguuminosity is
then integrated over the equal arrival time surface (EATI®8Ng the number of

photons N per unit photon energy E, area A over observed tiae T

dN
dEdAdT

E
(E,T>Ty4+1Ty) =P(T— Tej’Trise)B(E X

where B is the magnetic field strength and the pulse profilés(P)
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3.2. METHOD

pk

Figure 3.7: A schematic diagram showing important pararadte the pulse fit-
ting model, where the pulse rises over timg,Juntil it reaches a peak,f. The
characteristic times of the pulsg &nd7;, = Ty — T'rise are the arrival times of
the last photon and the first photon emitted from the shah@khe line of sight

measured with respect to the ejection time T
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T T, Tr — Thise
P(T = Ty, Ty, Tiise) = [(min(—=—2,1)*? — (F_20yat2) o
Tf Tf
Ti — T T =T
1 — (L _Trseya+2y—1yZf T Trisey—1 3.2

Where E is the characteristic energy of the pulse at timedris the index at
the peak frequency of the~ spectrum and a is the temporal index. This spectral
profile governed by index d and the pulse profile function gitree rise and fall of

the pulse as shown in Figure 3.7.

3.2.4 Analysis

A sample of 130 GRBs were downloaded, but 9 of these were rlettabbe
processed due to there not being enough information abeuburst to provide
the inputs required to calculate the k-corrections. Anptiteblem encountered
was where the k-corrections were not given as a number, iigases where no
peak energy was detected and where the true peak energy bstarstially less
than the assumed value of 116 keV. To resolve this probidior the XRT was
set to equak anda was set to the previous value f@rin the XRT.

To investigate the integrated flux of the GRBs a program wakesrto find
the area under the interpolated data. This program usedrde3ium Rule to
create a reasonable estimate for the area shown in Figure 3.8

The GRB’s T, was used as an input for the integration program that gives th
time integrated flux as an output, which was then used to [Eéthe isotropic

energy g, of each GRB using Formula 1.3 (Chapter 1, Section 1.2.1).fllixe
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—
Step size for the
interpolation

Figure 3.8: A simplified diagram of how the program uses aeseof trapesiums
to estimate the area under the light curve of each GRB. Smestep size of the
interpolation program is very small this was taken to be tiétwnof the trapesium.
was then used to find the luminosity of each GRB within the dartgppexamine
how it changes with time in the observed frame and the restdrdhe relationship
between the luminosity and&was also explored.

In Figures 3.9 to 3.14 the results from plotting the lumimpsigainst the
isotropic energy are shown at different time intervals. eliof best fit was used
to investigate how the scatter in luminosity at ftom the line of best fit varies
at each time interval. The scatter was calulated by usingElar 3.3 wherey,,
is the luminosity in ergss at a given time steps,.,; is the B, in ergs, m is the
gradient of the line of best fit, c is the intercept and N is thmber of GRBs with

a luminosity at a given time step.

z(?/gbs — (MTobs + 0)2)]—71 (3.3)

Scatter = | N
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At 10% — 10* seconds the scatter is at its greatesb.1 dex compared at 10
(scatter~ 0.1 dex),10° and10° seconds when the scatter dropst@.5. O'Brien
et al. (2006) found that after- 10 seconds the decay from a GRB follows two
paths; either a steep decay in which the flux can fall by a faxft8 or more grad-
ual decay. These two possible paths are shown in Figure Thapter 1, Section
1.1.4 where the difference in flux between these two pathsbggst before 100
seconds which agrees with my results where the scatterasesgo 1.94 dex. Fig-
ure 1.6 also shows the difference between these paths redoetweer 0* — 10°
seconds, as is seen in my results where the scatter draps seéconds.

In Figure 1.6 the time where there is the greatest spread iB [BRIinosities
is between 100 and 1,000 seconds, this is plotted with lightecshape in Figure
3.15, to examine if GRBs with certain shapes are groupedhege

In the observer frame Evareg al. (2009) finds there is a significant chance
of a break from~ 100 — 10 seconds, but that there are two peaks one from
~ 1-300 seconds and at 10* seconds, which they suggest reflect common start
and end times of the plateau phase. Again, this is consistiémthe scatter seen

in Figures 3.9 to 3.14 in the rest frame.
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Figure 3.9: The relationship between the luminosity of a QBigs s!) and its isotropic energy (ergs) in the rest frame 10 |-
seconds after the intial burst, for which the scatter in luwsity is 0.12 dex.
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Figure 3.10: The relationship between the luminosity of aB3Brgs s') and its isotropic energy (ergs) in the rest frame
100 seconds after the intial burst, for which the scatteumihosity is 1.94 dex.
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Figure 3.11: The relationship between the luminosity of aB3Brgs s') and its isotropic energy (ergs) in the rest frame
10° seconds after the intial burst, for which the scatter in huosity is 5.06 dex.
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Figure 3.12: The relationship between the luminosity of aB3Brgs s') and its isotropic energy (ergs) in the rest frame
10* seconds after the intial burst, for which the scatter in huosity is 5.16 dex.
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Figure 3.13: The relationship between the luminosity of aB3Brgs s') and its isotropic energy (ergs) in the rest frame

10° seconds after the intial burst, for which the scatter in hiosity is 2.54 dex.
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Figure 3.14: The relationship between the luminosity of aBB3Brgs s') and its isotropic energy (ergs) in the rest frame |-

10 seconds after the intial burst, for which the scatter in hiosity is 0.32 dex.
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3.2. METHOD CHAPTER 3. GRBS AT KNOWN DISTANCES

The outliers in Figures 3.9 to 3.14 are GRB 050803, GRB 06G21BGRB
060502B. GRB 050803 had a relatively low flux (1:48)~1° at 10 seconds),
which helped give a relatively low value for the isotropiceyy at early times.
GRB 060218 was an unusual burst in that as well as the usuaheomal X-ray
spectrum, there was also a thermal component thought toebbré#ak out of a
shock driven by a mildly relativistic shell into the densendiisurrounding the
progenitor (Campanat al. 2006). Also the peak flux of GRB 060218 was an
order of magnitude lower than any other GRB-SNe except XRI903 which
had an even softer spectrum (Sakanettal. 2004). Finally it is also a relatively
low redshift burst and a short burst which tend to have lowetropic energies

(but not low enough to seperate them from the lower energyg (6RBS).
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Figure 3.15: The luminosity of each GRB at 100 and 1,000 s#xomhen there should be a larger separation in luminosity
due to spectral shape O’Briex al. (2006). The GRBs are displayed colour-coded by their liginve shape.
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3.2. METHOD CHAPTER 3. GRBS AT KNOWN DISTANCES

In Figure 3.15 the luminosity at 100 and 1,000 seconds igqadpino group
of GRB light curve shapes clearly stand out as being sep&ateother GRBs.
Overall it can be seen that each group of GRBs have droppeddynagnitude
between 100 and 1,000 seconds. The oddball light curve hsitias do not seem
to be that unusual compared to other GRBs. One break flagidigint curve have
more variation in luminosity than one break steepening GRMs is unsurprising
as the former would have already undergone a steeper dediaay vaiation in
a or time the light curve flattens would lead to a larger sprealdiminosity. The
group of GRBs with the tightest correlation are those witlbreaks and a gradual
decline which is not unexpected, however | would have exqubcanonical GRBs
with a sharp decline at this time to have lower luminosity.

In Figures 3.16 to 3.19 a light curve of each shape GRB hasjtledrd at dif-
ferent redshifts to compare the efficiency. The efficien©of GRBs is interesting
because it could give us further insight into the energyipi&sn process. Effi-
ciency of a given GRB is given in Formula 3.4 whergdhd B¢ are the isotropic
gamma-ray energy and the kinetic energy of the afterglopeaetively.

E

1= BT B G4

The difficulty with finding the efficiency is that although Ean be measured
from the gamma-ray fluence for bursts with known redshifg theasurement
of Ex requires detailed afterglow modelling. The shallow dechggse in the
canonical light curve (Chapter 1 Section 1.1.4) is the mekdvant in terms of
refreshed shocks are the origin of this phase then theliafterglow energy must

be lower than estimated using late time data, leaditgbe underestimated.
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3.2. METHOD CHAPTER 3. GRBS AT KNOWN DISTANCES

For GRBs with a very shallow flux decay lasting from10%*5 to ~ 10* sec-
onds, the decay implies in a model independent manner, alawgy efficiency,
typically > 90% (Eichler & Granot 2006). Thus aboQ0% of energy goes into
gamma-ray radiation and about’0goes into the blast wave. It could be ex-
pected that the afterglows which don’t break to be more lwumgthan GRBs with
a canonical shape until late times (10°> seconds). In Figure 3.16 to 3.19 GRBs
have been selected as close as possible to each redshifireeipnum scatter in
redshifts is 0.15) and in three panels the luminosity of @weonical light curves
becomes> that of the light curves with no breaks as expected. Thislresoon-
sistent with Shaet al. (2010) that interprets the lower luminosity light curve of
no break afterglows as disfavouring energy injection. Haevehis interpretation
disagrees with Evanet al. (2009) where the relationship between the spectral
and temporal indices of GRBs are plotted with a dark grey brapdesenting the
areas permitted by afterglow closure relationships. Aiicamt fraction of the no
break light curves are above this band implying energy iigec

Early in the light curve in three out of four of the panels itighe canonical
luminosity. Oddball light curves and GRBs with one break wehitie decay then
flattens seem to be relatively luminous at early times, batighhard to tell due to

the small number of light curves present.
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Figure 3.16: The complete lightcurve of a GRB chosen fromhdmght curve morphology with redshift closest to z = 1.
Each GRB light curve is then colour-coded by shape
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Figure 3.17: The complete lightcurve of a GRB chosen fromhdmght curve morphology with redshift closest to z = 2.
Each GRB light curve is then colour-coded by shape
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Figure 3.18: The complete lightcurve of a GRB chosen fromhdmght curve morphology with redshift closest to z = 3.

Each GRB light curve is then colour-coded by shape
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Figure 3.19: The complete lightcurve of a GRB chosen fromhdmght curve morphology with redshift closest to z = 4.
Each GRB light curve is then colour-coded by shape
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3.2. METHOD CHAPTER 3. GRBS AT KNOWN DISTANCES

Although the star formation rate for Population Il stargigpected to peak at
16 <z < 20 (Valageas & Silk 1999), Campaeéal. (2001) states that if a GRB
was observed at very high redshift ¥z6) with no intrinsic absorption (and free
of intervening systems) it will be a good candidate for hgvieen produced by
a Population Il star. Good GRB candidates would be expactéa high energy
up to~ 10°7 erg and long-lived with a rest time duratien 10* seconds (Toma,
Sakamoto & Mészaros 2011).

The sample oBwift GRBs with redshift contains three GRBs with>z6, in
Figure 3.20 the rest frarfidight curves of 15 GRBs with increasing redshifts are
plotted to investigate if there are any significant diffexes between high redshift
and low redshift GRBs. In Figure 3.20 no defining feature dfedence can be

seen in the light curve as the GRB redshift increases.

5The time was corrected into a rest frame time by using= tops/(z + 1) where t is the
time in the rest frame ang g5 is the time in the observed frame.
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Figure 3.20: The light curves of two GRBs plotted in the reaftrfe at each redshift step.
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3.2. METHOD CHAPTER 3. GRBS AT KNOWN DISTANCES

3.2.5 GRBs with plateaus

During Chapter 2 GRBs with internal plateaus were used tafiftdmation about
the central engine powering the burst, in the sample of GRI8sl in this chapter,
37 have light curve with a traditional plateau (see Chapt&ettion 1.14, Figure
1.6). The luminosity of this plateau and time it ends (showRigure 3.12) were
used as inputs for Formulae 2.2 and 2.3 (Chapter 2 SectipnFAgure 3.22 shows

the rotational period and magnetic field strength found fthese formulae.
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Figure 3.21: The variation in luminosity and end time of tHat@au for GRBs with traditional plateaus and GRBs with
internal plateaus. Early internal plateaus are shown in lbkte shows late internal plateaus and traditional plateaa

green.
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3.2. METHOD CHAPTER 3. GRBS AT KNOWN DISTANCES

The early internal plateaus clearly stand out in Figure & keparate from
the traditional plateaus, even the late internal platealbiEtwend on a similar
timescale to traditional plateaus have a more extreme lasitiynthan most tra-
ditional plateaus. It is also interesting in Figure 3.21i the traditional plateaus
seem to follow on from the internal plateaus albeit with mscatter. The rela-
tionship between the luminosity and break time of tradgiloplateaus has been
examined as a possible tool for constraining cosmologiaemeters by extend-
ing the Hubble diagramto very high redshifts (Cardonet al. 2010, Dainottiet
al. 2008 & Dainottiet al. 2010). The Willingaleet al. (2007) model (discussed
in Chapter 2, Section 2.2) enables@Wift GRBs to be fit by the same expression,
which gives the break time of the plateau as one of its parnsethis gives an
advantage to using this relation to constrain cosmologiaeameters. In Cardone
et al. (2010) it is stated that more high luminosity GRBs are neaddlp deter-
mine between current models, the early internal platedas aihigher luminosity
in Figure 3.21 and appear to follow the same relation asticadil plateaus.

The central engines that produce early internal plateatisihight curve have
higher magnetic fields for a given rotational period tharsththat could produce
shallow plateaus. The defined gap between these objectharaditer plateaus
implies that central engines that produce internal platesudifferent and more
extreme objects than cetral engines that produce othezanlat The gap in the
bottom right of Figure 3.22 seems to support the idea preseimt Chapter 2,
Section 2.4 that it could be other plateaus are being hiddeedtth the afterglow

emission.

A diagram that allows the cosmological parameters sucheablittbble Time to be found
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Figure 3.22: The relationship between period and magnelit found for GRBs with an internal plateau compared to those !
with a traditional plateau. Early internal plateaus ae showblue, orange shows late internal plateaus, traditipfeteaus

are green and red shows traditional plateaus which alsodrairgernal plateau in their light curve
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3.2. METHOD CHAPTER 3. GRBS AT KNOWN DISTANCES

For GRBs that produce late internal plateaus perhaps ittisumprising that
they would be similar to the traditional plateaus as memtbpreviously both
types of plateau end on a similar timescale. However if taditional plateaus
were due to the collapse of a spinning magnetar, where aye#iring the energy
to support their shallow decay? Also if this is true and tleeptdecline in internal
plateaus is due to the magnetar becoming unstable and siolipio a black hole,

how can it then produce a traditional plateau?

3.2.6 Light curves of GRBs with flares

The GRB light curves used in this chapter were scrutinizedléoes, to ensure
that variations in the light curve were not wrongly includedave assumed that
a flare must have a flux at least three times greater than therlyimd) afterglow.
Using this criteria 86 flares were found in 53 GRB light curves

GRB afterglows with no breaks (Section 3.1.1 Figure 1.3) lkely to be
dominated by the afterglow component (See Chapter 2 Se2i)rfrom the be-
ginning of Swiftobservations (Liangt al. 2009), thus I'd expect that these GRBs
would show a limited flaring component. The fraction of GR@hli curves with
each light curve shape and flares are examined in Figure Bt#3standard flares
seem to have a similar percentage population as all GRBsredtshift, though
mainly canonical and light curves with one break show flarestae group with
the least flares are light curves with no breaks. The giarggldo not follow the

same behaviour they are more common in light curves with glsinreak.
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Figure 3.23: The population of each light curve shape foG&Bs with redshift and no flares (blue), for all GRBs with

redshift and normal flares (red) and GRBs with giant flareggégeand measured redshift.
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3.2. METHOD CHAPTER 3. GRBS AT KNOWN DISTANCES

GRBs with normal flares have a very similar population to fezse GRBs
with redshift, but with a slight favouring for one break affeows. Marguttiet al.
(2010) finds that mainly canonical and light curves with oreak contain flares,
they investigated flare and afterglow morphology for all GRiscussed in Evans
et al. (2009) and 113 GRBs with flares from Chincaretial. (2010). We also
find that as a percentage the morphology of the underlying kgirve is more
important for giant flares which seems to favour one bredht layrves, however
only a small number of GRBs afterglows satify the conditiased in Chapter 4
for giant flares meaning the error on this group is greatekintathe result that
giant flares are more likely to be found in one break aftergloivthis was due
to the brightness of the afterglow then it implies that flanase an independent
origin or it could mean that flaring emission is being supeéssistead of being
hidden beneath other emission.

As flares need to be brighter than the underlying afterglovission to be
observed, upon initial inspection it would be expected Hamuld be prevalent
in fainter afterglows. In Figure 3.24 the brightness andpghaf GRB light curves
that contain flares are plotted and surprisingly the aftavglthat contain flares are
amongst the brightest afterglows and the fainter GRB dfterg have no flares.
However it should be noted that for giant flares the afterglave slightly fainter

than many GRBs.
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3.2. METHOD CHAPTER 3. GRBS AT KNOWN DISTANCES

The fainter afterglows (which do not contain flares) do nebfa any partic-
ular shape although it is worth noting that the afterglowthwio breaks are not
part of this group. An unusually faint afterglow which cointaa flare is GRB
050803 which was not mentioned in Section 3.3 as having a laxvet 10 sec-
onds relative to other afterglows this changes at latergimd-igure 3.8. Figure
3.24 seems to be suggesting that flares are not being hidd#érelafterglow at
early times, favouring that flaring emission is suppresaddinter afterglows, but

if so it is not clear how the flare is being produced in GRB 05080

3.2.7 Flares

To investigate the flux density of individual pulses a prograas produced (Will-
ingaleet al. 2010), this program also gives the characteristic time ®BGRBS,
however shown in Figure 3.25 there is a gap in the data fromt@Q@00 seconds
followed by a single pulse at 43,000 seconds. From the gledalple of GRBs
34 had flares that could be fit reliably enough to provide tipeiia needed for this
model, thus this correlation is re-plotted for my samplede # this can support
the relation by filling in some of this gap.

Unfortunately no pulses were found past 300 seconds, ajthibdoes support
the correlation found in Willingalet al. (2010). The latest Tin Willingale et al.
(2010) is GRB 050724 at 43,000, seconds, this was classified as a short
burst with extended tail emission. Interestingly this is tnly short GRB in
the Willingaleet al. (2010) sample, for the GRBs fit in this chapter there is GRB
090423 which may be a short burst, but it is not certain (Krigtral. 2009). GRB
090423 has aT= 43.1 seconds and a flare peak luminosity-1.2.09 x 10°° erg
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3.2. METHOD CHAPTER 3. GRBS AT KNOWN DISTANCES

s—1, placing it amongst the relation with the long GRBs. It cob&lthat GRBs
with central engine activity this late are rare, so more GRBeasvations should
fill in this gap. Alternatively that flares may occur in morariinous afterglows
(as suggested in Section 3.3, Figure 3.23) and that aftev adedred seconds(in
the rest frame) most flares are hidden by the afterglow. EketnGRB 050724

as it is a short GRB with rapidly decaying afterglow.
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Figure 3.25: The correlation between the flare peak lumtg@sid T, found in Willingaleet al. (2010), plotted with GRBs

from this chapter.
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3.2. METHOD CHAPTER 3. GRBS AT KNOWN DISTANCES

The equivalent width of the flares in Figure 3.25 does not seeoorrelate
unless you assume the 5 GRBs on the right of the main popnlat®a seperate
group. | have examined theygl flare luminosity, flare peak time, afterglow lumi-
nosity, redshift, UVOT magnitude, afterglow morphologydanitial decay of the

afterglow without dicovering anythings else that sets ¢h®&®Bs apart.
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Figure 3.26: The relation between the time the pulse peakshantime between pulse ejection and the time the flare peaks:

the equivalent width of flares.
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3.2. METHOD CHAPTER 3. GRBS AT KNOWN DISTANCES

Figure 3.26-3.28 show the best relations found betweenghta object pa-
rameters and the parameters found for flares with the putsegfjtrogram. Other
factors that did not correlate are flare luminosity, flarerabteristic time, flare
isotropic energy, initial rotation period of the centralj@ett, dipolar magnetic
field, luminosity of the plateau and the time the plateau erfeisr GRBs with
a traditional plateau and an internal plateau, the plataduthe end time closest
to the flare peak time was analysed. As flares are thought taulmed by central
engine activity this seems surprising, maybe this suggestsnstable magnetar
could not power traditional plateaus and that energy irgectannot explain the
lack of the steep decline expected to be the signature of #gnatar collaps-
ing to a black hole. So far there is only one GRB in Figure 3.28 warameters
taken from an internal plateaus so it is too early to draw arslbetween internal

plateaus and flare behaviour.
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Figure 3.27: The relation between flare energy and the magfield strength of the central object. The magnetic field
strength was found using the end time of traditional andnatkeplateaus which are indicated seperately.
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Figure 3.28: Flare energy plotted against the initial iotabf the central object. The central object’s initial roba was

found using the end time of traditional and internal plas2atiich are indicated seperately.
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3.3 Conclusions

This study finds there is more variability between the luroitysof different
GRBs between 100 and 100,000 seconds, which supports thitsfesm O’Brien
et al. (2006). It is not clear why at late times the GRBs begin to eoge.

No significant difference was observed between the lightesiof GRBs at
high redshift compared to those at lower redshifts, thida&tbe because the largest
recorded redshift is 8.2 (see Chapter Section 1.1.4),sh@oi low to be from Pop-
ulation Il stars (see Figure 3.2). Thus the stars at ret8mfay not be different
enough in composition or other properties to produce anats/difference to
GRBs at closer redshifts, produced by other Population I stalrs.

GRBs with flares tend not to have faint afterglows at earlyeSpfor normal
flares a similar percentage occur in each light curve shapsl &3RBs with a
redshift measurement suggesting they occur independentight curve shape.
Giant flares however seem to preferentially occur in lightves with one break.
Additional GRBs did not fill in the gap between charactecistmes in the LT,
relation Willingaleet al. (2010). We suggest that either the GRBs with central
engine activity this late (43,0005 seconds) are rare so more GRB observa-
tions should fill the gap or it could be that flares generallguyén more luminous
afterglows (as suggested in Section 3.3.2, Figure 3.23)adiled a few hundred
seconds (in the rest frame) most flares are hidden by theybdver

The early internal plateaus clearly stand out in Figure a4eperate from the
traditional plateaus, even the late internal plateaus end similar timescale to
traditional plateaus have a more extreme luminosity thasttnaditional plateaus.

The central engines that produce early internal plateaukarlight curve have
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higher magnetic fields for a given rotational period tharsththat could produce
shallow plateaus. The defined gap between these objectgumeF8.22 implies
that central engines that produce central engines aradliffand more extreme
than central engines that produce other plateaus.

For GRBs that produce late internal plateaus perhaps ittisurprising that
they would be similar to traditional plateaus, as mentiope¥iously, both types
of plateau end on a similar timescale. The gap in the bottght of Figure 3.22
seems to support the idea presented in Chapter 2 Sectioha2.# ¢ould be other
plateaus are being hidden beneath the afterglow emission.

Finally no correlation is found between central object paeters (found as-
suming the plateau the collapse of an unstable magnetarlazlaiole) and flare
parameters (found using pulse fitting). This may suggestahanstable magne-
tar could not power traditional plateaus and that energgciinpn cannot explain
the lack of the steep decline expected to be the signatureeahtgnetar collaps-
ing to a black hole. However if it were the case that traddiguiateaus were due
to the collapse of a spinning magnetar, additional problemsld be how they
are gaining the energy to support their shallow decay. eantlore for GRBs with
an internal plateau and also a traditional plateau it isearchow the later tradi-
tional plateau can be produced by a magnetar when by intplatglaus theory the

magnetar should have already collapsed to a black hole.
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Chapter 4

Giant flares: Could they be the main

burst?

Abstract

About 50% ofSwift GRBs have flares in their lightcurves, however in some cases
the peak of this flare is comparable to the initial burst. laseh cases how is

it possible to be sure that the main burst is the first pulse reotda precursor

so that what has been classified as a flare is actually the GRBfs| chapter |
compare large flares to the burst and examine both with knoecupsors and the

accomapnying GRB.

4.1 Introduction

The standard model for GRB afterglows is a spherical blagtvexpanding into a
uniform density ambient medium, this should produce reddyismooth afterglow

light curves. However, data from ti&wift mission has showr 50% of GRBs
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Figure 4.1: A schematic diagram of the luminosity of a GRB graht flare as
time passes. Panel a shows the usual definition of GRB andfibarndis chapter

| investigate the scenario in panel a compared to precuesatshe giant flares to
examine if the scenario in panel b could be correct for som8&R

have afterglows containing flares, although usually thesedlhave a fluence of
only aboutl — 10% of that of the prompt emission, however in some GRBs the
energy of the X-ray flare is comparable to that of the prompssion.

Giant flares with a high fluence are studied in this Chaptey #re very bright
and often beyond the bur$t,. In Section 4.1.2 we show that the definition of a
precursor varies, | argue that due to the uncertainty in thgsdication between
the GRB, giant flares and precursors, it is possible in théeBgzhat the flare is

the actual GRB and the burst before this is a precursor asrshofvgure 4.1, in

this chapter | examine a sample of GRBs in this context.

4.1.1 Models for large flares

Burrowset al. (2005) suggests that these large flares are due to extendedlce
engine activity, this activity has also been suggested pagx extended GRB
tails seen by the BATSE instrument. In the light curve of GRIB®02B there is

a second flare- 10° seconds this would imply that internal shocks are contiguin
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about a day later in the observer frame possibly due to falklmn to the black
hole (MacFadyen, Woosley & Heger 2001, Kiegal. 2005).

Alternatively they suggested that external shocks en@ing dense clumps
in the nearby interstellar medium (Lazzati al. 2002) could also explain giant
flares. However since Burrowet al. (2005) there has been strong evidence that
flares are not caused by external shocks i.e. the rapid ridedacay of most
flares, some flares are superimposed on pre-existing dedagh wontinue after
the flare, observations of flares in ‘naked’ afterglows (e@RB 050421) with
no evidence for forward shock emission and (most relevdotlyhis chapter) the
enormous flux increase in giant flares. (Chincashial. 2007, Burrowset al.
2007). These factors can be explained if flares are produgedtérnal shocks,
additional observational evidence supporting this théstie similarity between
the shapes of X-ray flares and peaks in the prompt emissien,the spectral
evolution of flares (discussed more in Section 3.01). The iiaternal shocks
required to explain the flares in GRB 050502B could have besegted in two

ways:

1. In the model proposed in Rees & Mészaros (1994) the aleengine ex-
pels shells (discussed in more detail in Chapter 3, Sec&dhand 3.3) of
material moving at different Lorentz factors, this causasions in the rel-
ativistic outflow generating internal shocks. These ciiis can occur over
a range of times, with late time collisions produced by twellshwith very
similar Lorentz factors. However in this model the reswgtinternal shock
at late times may not carry enough internal energy to prodiloservable

emission (Zhang 2006, Lazzati & Perna 2006).
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2. Alternatively the central engine could be active at tHatetimes erratically
ejecting shells; Kobayashi, Piran & Sari (1997) found arggroorrelation
between the time a pulse is observed and the ejection timetiie central
engine, thus GRBs with flares observed10® seconds imply an ejection
time days after the prompt emission is over. This model wstgtkin Liang
et al. (2006) which found that the slope of the decay in flares is crbfe

with the aftermath of the curvature efféct

Chincariniet al. (2010) presents a sample of 113 X-ray flares detected by
Swift, 43 of these flares have a measured redshift examines thetievobf flare
temporal properties with energy, Margugti al. (2010) takes 9 bright flares from
the Chincariniet al. (2010) sample investigates the time lag for flares compared
to prompt pulses. Both studies then fit flares with using ationgroposed in
Norris et al. (2005) that is the inverse of the product of two exponentald is
determined using the peak time, pulse width, asymmetryjisieetime and decay
time of the flare.

Chincariniet al. (2010) examine the evolution of flares with energy in four X-
ray bands and find that flares are sharper at larger energiese\ine flare width
w oc E7%5 similar to prompt emission, they also find that flares have syma
metric shape where the time it takes a flare to decay is twieeithe it takes to
rise. Chincariniet al. (2010) concludes that flares are closely linked to the prompt
emission and that no model is currently able to account feir thbservations.

Margutti et al. (2010) finds that although flares occur in all light curve mor-

phologies they are more often superimposed in one break andnecal after-

1The curvature effect describes the possible consequeness the expanding fireball surface
(Qinetal.2006). For example emission along the line of sight stopgla@dmission is dominated
by the radiation coming from the edge of the surface
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glows. This flares in this study follow the same time lag {luminosity (L is.)
relation as prompt pulses i.e.& ¢, **** suggesting that prompt emission and
flares are produced by the same origin.

In Chapters 2 & 3 GRB light curves are corrected into the nesthe for study
partially due to time dilation i.e it should be mentionedttfa GRBs with un-
known redshift (which thus cannot be converted to the rasiefatime dilation
delays the arrival time and broadens flares. However thia@aaccount for all
late flares i.e. GRB 050724 is a short GRB with a flarel day after the trig-
ger, also demonstrating that the central engines of bott & short bursts can
produce this behaviour.

If the central engine is still injecting significant energya the blast wave at
late times, how does it explain the short duration of gamayaemission? This
can be explained by higher bulk Lorentz factors, which rssial lower magnetic
fields at the larger radius reached by the internal shocksesietlate times (Bur-
rowset al. 2007). Due to an earlier, more energetic GRB outflow expanitito
the medium, the bulk Lorentz factor of X-ray flares cannot éednined by most
models used to find the Lorentz factors of GRBs i.e. in Sari &ai®R(1999) and
Zou & Piran (2010), in these studies this. For internal slsdblere are two spec-
ulations for the bulk Lorentz factor of flares: (1) The tygdibalk Lorentz factor
of flares is just tens, considerably less than that of the ptautflow (Fan & Wei
2005) or (2) The typical bulk Lorentz factor of flares is jusgter than that of
the prompt outflow (Burrowet al. 2005, Zhanget al. 2006). Panaitescet al.
(2008) suggest that for the x-ray flare model of up-scatteragssion from a for-
ward shock emission, late outflow a bulk Lorentz factot0° is required. In this

chapter we use a method developed in Jin, Fan & Wei (2010) dattie Lorentz
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factor where possible for giant flare in my sample (discuseethore detail in

Section 2.2).

4.1.2 Precursors

In many GRB models the main burst is preceded by a weaker Witrsa thermal
spectrum called a precursor, there is then a period whele ¢it no emission is
detected before the main bursting episode begins. Prasunsoe first proposed
as occurring in Type Il supernovae, though they were quiaktprporated into
GRB theory. Colgate (1973) suggested that where the shosiages in a low
density environment, the temperature behind the shock raaglhtively low i.e.
a few x107 K. The radiation mechanisms bremsstrahlung and inversep&om
scattering are slow compared to ion-ion thermalisationsth high-temperature
ion precursor forms.

The first detected precursor was GRB 900126 roughly 10 secbefibre the
main burst as well as a tail of X-ray emission for 30 secondbe $pectra of
the precursor was best fit by a blackbody model withkT1.5873-25 keV (Mu-
rakamiet al. 1991). In Section 1.3 we summarize the findings of the foutistu
searching through samples of GRBs for precursor emission.

Theoretical models of precursor emission can be sepamatedhiree classes:
fireball precursors (Li 2007; Lyutikov & Blandford, 2003; @dzaros & Rees,
2000; Daigne & Mochkovitch, 2002; Ruffimt al. 2001), progenitor precursors
(Ramirez-Ruiz, MacFadyen & Lazzati, 2002; Lazzati & Began2005) and the

‘two step engine’ model (Wang & Mészaros 2007).
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Fireball Precursors

The fireball model (Goodman 1986, Paczy’'nski 1986) has Heestindard model
for GRBs discussed in detail in Chapter 1 Section 1.4 . Inshenario it is as-
sumed that a radiation dominated, optically thick and basgoor plasma fluid
is suddenly produced in a compact volume. The radiatioredrite fireball into
relativistic expansion so that a significant fraction ofitm&al energy is converted
into kinetic energy (Paczy’nski 1990, Shemi & Piran 199atdr the fireball be-
comes optically thin and thermal radiation begins to escapthe fireball expands
its kinetic energy is converted to the prompt gamma-ray siois

The radiation in the fireball has a finite energy, thus the @m®vent must
have a finite duration, the remnant event starts when theafiredstill optically
thick, while the main episode occurs when the fireball isadgeoptically thin (Li
2007). So the remnant occurs before the burst and thus atlesdiatance from
the central engine than the main burst. As the remnant isyzexti by emission
from the fireball photosphere it should have a quasi-theooalponent, thus in a
high energy band the remnant should appear weaker than tBe Gt remnant

event should be observed as the precursor to the GRB (Li 2007)

Progenitor Precursors

The GRB emission is thought to be produced in shocks afterelagivistic jet
breaks free from the stellar envelope. Initially the jet exelerated in the star
causing a bow shock, which propagates ahead of the jet amshowgure 4.2
, this is expected to produce transient emission, seen ascargor with an ex-

pected blackbody spectrum. Although Ramirez-Retial. (2002) suggests that
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the precursor could interact with the jet and produce a i@nrtal spectrum via
inverse Compton scattering if the jet is optically thin a gtar's surface and non-

thermal particles are present. (Ramirez-Ruiz, MacFadyém&zati, 2002)
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Figure 4.2: The propagation of the jet through the stellantheainitially the jet is unable to move the envelope matieio

a speed comparable to its own and is thus abruptly deceterAtethe jet propagates a bow shock propagates ahead (a),
strong thermal precursor is produced as the shock breaksteélar surface and exposes the hot shocked material (8. Th
fireball escapes the stellar envelope and interacts withdemse photon emission (c) (Ramirez-Ruiz, MacFadyen & &thzz
2002).
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In Waxman & Mészaros (2003) it is shown that a series often@nd harder
thermal X-ray pulses are produced as successive shock waassthrough the
stellar material as the jet pushes it beyond the boundatysoétellar envelope. In
Ramirez-Ruiz MacFadyen & Lazzati (2002) it is suggested tfhese precursors
could provide the radius of the progenitor, initial Lorefaztor of the fireball, the
radial distance gamma-rays are produced and also the ekteadium surround-
ing the progenitor. One problem is that models predict thesé precursors cannot
be more than 10 seconds before the burst (Wang & Mészag) 20hereas pre-
cursors are observed much further before the burst thancdhds (Burloret al.

2008).

Two step engine

The two step engine was proposed in Wang & Mészaros (2@@ag¢ount for
the longer than expected delays {00 seconds) between the precursor and burst.
The 100 second gap was reminiscent of the timescales ctddular the fallback
collapsar model (MacFadyest al. 2001) where fallback begins minutes to hours
after the initial core collapse. In this new model the cadlapf the core produces

a supernova and the star collapses to a proto-neutron $taistpernova shock is
insufficient to eject all matter outside the star.

During the initial collapse of the star, a weak jet could benlehed with an
energy of fewx10% ergs, either through magnetohydrodynamic processes in
the core or propeller effects associated with a proto-meustar (Wheeleet al.
2000). If this doesn't disrupt the star the fallback acametilescribed above pro-
duces the main burst. The progenitor is thought to have atinemaal spectrum

as it should be produced by internal shocks or reconnection.
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Multiple precursors

Multiple precursors were first observed in GRB 011121 (Rital. 2005) and
later GRB 030329 (Vanderspei al. 2004). In more recent studies GRB 070306
has a precursor beginning at 118 seconds before the triggec@d precursor
is detectedl0® seconds later, each successive pulse is more powerful bean t
one before. Multiple precursors could be explained by artalns jet with a
constantly operating central engine with a modulated ixe$dic wind, causing
gaps in emission (Ramirez-Rugzt al. 2001).

Another suggestion for a three stage collapse is that a Watk or rapidly
spinning neutron star (spinar) forms first (primary puldert a heavy accretion
disc forms (second pulse), followed by a fatal collapse Iwing hyper-accretion
of the star to a black hole. Another theory is that the aconetiisc aggregated at
some stage of a spinar evolution (Lipunataal. 2009).

This raises the question why most GRBs (with precursors)adalisplay this
three stage collapse, Fryer (1999) states that the fallbeekario works for GRBs
that are not too weak or too strong. A weak explosion leadgliceat collapse to a
black hole or a spinar if it has enough rotational energy fupsut it. Theoretical
and computational evidence argues that rotation weakenbdbnce and hence
the explosion (Monchmever 1991, Yamada & Sato 1994) makatigeat collapse

more likely.

Previous searches for precursors

One of the key difficulties in studying precursors is the la€lobjective criteria

for exactly what emission is classified as a precursor, asaocking for a precur-
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sor implies looking for an emission episode before a GRBy&ig the observing
telescope or that the precursor is bright enough that iti$uddl the requirements
for a GRB even though it is before the main burst. Here | exanthe results of
four previous studies; Koshet al. (1995) hereafter K95, Lazzagit al. (2005)
hereafter LO5, Burloret al. (2008) hereafter BO8 and computer simulations by
Lipunovaet al. (2009) hereafter L09, each has differing definitions for ecpir-
sor.

The percentage of GRBs with a precursor in K95-is$% of BATSE GRBs
detected before May 1994, in L0%20% of bright long bursts in the final BATSE
catalogue are found to have precursors and in BO8 found-~that% from 105
GRBs observed before March 2008 Swift. All these studies use different cri-
teria to select bursts from observed GRBs, L09 uses a sym#tepopulation to
find a rate for GRBs with precursors ef 10% of all GRBs (roughly consistent
with the rates found by previous observational studies).

K95 define a precursor as being from the same sky positioreaSRB, having
a smaller count rate than the main burst, that its emissiost mop below the
background before the main episode begins and the time piscdmthis level to
the main burst must have a separation at least as large aartigod of the main
burst.

K95 finds that the typical separation between precursor amst Iis ~ 100
seconds. K95 also finds that there is a correlation betweemuhation of the
precursor and the duration of the GRB, however overall theg fio substan-
tial evidence that the properties of the main burst are dégenon the precursor
emission.

LO5 defined precursors as emission that must be detected egidning to
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decay before the GRB trigger, this is designed to pick up waakursors, but
exclude slowly rising GRB emission. Precursors were foumthdve a typical
delay of~ 30 seconds and had a non-thermal softer spectra contrary tadhkel
predictions in Sections 1.21 and 1.22

B08 requires that precursor emission has a smaller flux irSthiét BAT (15-
350 keV) light curve and that the flux falls below the backgrduevel before
the star of the GRB. The two previous studies lacked knowtadees and hence
could not pin down the energetics of each precursor, how808rfinds that the
spectra and energetics of the precursor are indistingbistieom the main burst.

The spectra could appear to be non-thermal due to the carwolof black-
body emission at different temperatures and/or from daffietocations consistent
with a predicted thermal character. However on averagedineplaw fit spectral
indices are very similar to the main event, this paired wiih large energetics of
the precursor is hard to explain. BO8 suggested that the hdateissed in Section
1.23 could reproduce this, or that this is a sign of the samghar@sm producing
the prompt emission. B08 finally investigate two ‘postcussan GRB 060210
they find that the spectra is softer and the energetics wehdrrthe burst and the
precursor. As this is only one burst no general conclusiamsbe drawn.

L09 predicts that precursors could oceurl 0° seconds before the main burst
for the model discussed in Section 1.23, they find pulsesdcoctur~ 10° sec-
onds before the main burst, but that these pulses could bedak to be detected
or form a jet. LO9 predicts that separatiors1000 seconds as separations of
~ 100 seconds in the rest frame have been seen (Bwetal. 2008) and bursts

with z > 10 are expected to be found (Salvatestal. 2008).
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4.2 Method

4.2.1 Spectral Energy Distributions

To produce a spectral energy distribution (SED), first therlap between the BAT
datafile and data taken in Windowed Timing (WT) mode was fowsing the
fkeyprint command to compare the start and end time of filehédrigger time.
The time interval the spectra would need to be extractednfeaich datafile was
recorded.The bat spectra was extracted over these timeg heibinevt command
with an energy bin list set to CALDB:80and then create a response file was
created (so that the data could be read into Xspec) usingdtghasyserr and
batdrmgen commands.

For the X-ray data xselect was used to produce region fileghioburst and
the background areas in the image, the spectra was themtextia these regions
over the selected times. The xrtmkarf command was used ttupeoa Ancillary
Response Function (ARF) file, this was then grouped with dokground spectra
and the WT response file using the grppha command. The BAT andpéc-
tra were then read into Xspec with channels outside the Tbké%y and 0.3-10
KeV respectively were ignored, finally the following modetlsre fit to the BAT
and WT spectra: a powerlaw, a broken power law, a powerlaw plack body

emsission and a power law with an exponential cutoff.

2This uses the ‘standard’ 80 channels which are defined inafigration database
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4.2.2 Obtaining Lorentz factors

Jin, Fan & Wei (2010) propose a method to estimate the Loractor for giant
X-ray flares, based on the curvature effect interpretatiothe quick decline of
the flare. This method provides a tighly constrained Loréatzor, but can only
be applied some giant flares as the half opening angle of tifeigrequired.

The rapid decline of X-ray flares may have placed a tight camgton the
emission radiugz, (Zhang 2006, Lazzati & Begelman 2006) provided the decay
is high lattitude emission (Fenimoet al. 1996, Kumar & Panaitescu 2000) (dis-
cussed in more detail in Chapter 3 Section 1.2). If this is ituequires a high
variability timescaleyT (Fan & Wei 2005), thus ifk, anddT can be estimated
then the bulk Lorentz factor can be found using= [R./(2¢6T)]'/? (Jin, Fan &
Wei 2010), where all following timescales are in the reshfea Jin, Fan & Wei
(2010) then uséT ~ T, — T; the bulk factor in terms of luminosity and radius
(Mészaros & Rees 2000, Nakar, Piran & Sari 2005, Fan 20d@)a approxima-
tion of the net flux in colliding shells to produce Formula A¥hereT; is a good
approximation of the ejection time of the last dominant pul$ is the peak time
of the dominant pulsej is the spectral index and R is the ratio of the flare peak

flux F , and the flux where a cutoff emerges...

[, ~ RY/[22+0)] /Qj 4.1)

In this chapter using the rest frame lightcurve I fit a powsra the afterglow
plus a gaussian to fit the flare for the time it peaks, afterttitedime at which the
gaussian crosses the powerlaw is recorded. The flux at timess is then used to

calculate R. In Racusiat al. (2009) they find the opening angles for jet breaks
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in Swift afterglows, opening angles for possible jet breaks are ddion GRB
060124 and GRB 060525, these are used to estimate the flarmg@egle using

0; fiare ~ 0.76; crp (Jin, Fan & Wei 2010), for the other GRBs in this sample the
opening angle was assumed to be the mean of the prominemepgt group i.e.
5.56 degrees giving a standard error for on each opening angi)&3 degrees.
Finally g is found using the relatio = Photon Index—1. After obtaining a
Lorentz factor | use Formula 4.2 to estimate the accretioe(da, Fan & Wei

2010), where L, is the flare luminosity in units of0°’erg s!

M ~5x1075Lsol;t Mgs™ (4.2)

4.3 Data Analysis

The flares selected to be examined in this Chapter had a higit cate of> 85
counts per second and were a factoro80 brighter than the afterglow flux, as a
final requirement both the rise and decay of the flare needbd tbserved. The
GRBs with giant flares used in this sample are shown in Figdrégo 4.6 and
discussed briefly below:

GRB 050502Bhas the longest giant flare, also a smaller flare at° seconds
(discussed in more detail in Section 1.1) and in Jin, Fan & {#@10) was found
to have Lorentz factor of 22.

GRB 060124is interesting as as well as a giant flare beginning-a850
seconds and it also has a precursor 1.5 seconds beforeggertrilt also has a

redshift of 2.298 and evidence of a second pulse during st §are.
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Figure 4.3: A schematic diagram of the curvature emissiamnmanent that is
used for the method used to find giant flare Lorentz factorseM/IR is the ratio
between the peak flux of the X-ray flarg Fand the flux when a cutoff emerges
Fxc. Tian IS the time the curvature emission component ends (Jin, Falde&
2010).
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GRB 060526has an upper limit on the GRB Lorentz factor of 247 and evi-
dence of another shell collision during the flare. This GR&dlas a redshift of
3.21.

GRB 061121has the highest count rate (3,200 counts per second) for the
giant flare in this sample and also a precursor 5 secondseb#fertrigger time.
This GRB also has a redshift of 1.314.

GRB 070704has a giant flare beginning at 256 seconds.

GRB 100619Ahad the earliest giant flare, beginning just 42 seconds tfer
burst, most interstingly it also has a second giant flaregrigiht curve has the
latest start time in the samp$&0 seconds.

Chincariniet al. (2010) also find that flare width evolves with the flare peak
time (T,,) linearly so thatv ~ 0.2T,, which distinguishes it from prompt emission
pulses where the width is constant (Noetsal. 2005). Marguttet al. (2010) finds
that the bright flares also become wider at later times, veibel luminosities and
softer emission. The sample selected in this chapter areragteven for bright
flares, three of these flares are included in Chincastral. (2010), too few to
derive a relation, however using their fitted parameterghese bursts, only one

flare lies within a standard deviation of ~ 0.2T,,.
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Table 4.1: The observed and rest frame properties of the GRBgjiant flares in my sample. Whekg,, is the isotropic

energy released in either the GRB or the flare, denoted byulhscsipt

GRB Too Peak Flux (0.3-10 keV) Start time| End timet, | Rest framé. | Eis fiare | Eiso.GRB

Seconds 10%ergcnr?st Seconds| Seconds Seconds | 10°? erg | 10°% erg

050502B| 17.1 0.418 284.54 1827.31 567.5 4.17 0.546
060124 13.6 4.05 178.11 950.09 125.2 5.42 1.78
060526 | 298.2 4.94 198.16 608.67 318.3 11.2 11.5
061121 81.3 25.5 34.61 217.48 54.5 4.53 4.93
070704 380 1.03 256.87 676.26 173.5 3.62 6.2
100619A| 97.5 12.6 42.10 197.60 47.7 14.4 28.1
100619A| 97.5 0.796 854.90 1558.0 466.9 3.87 28.1
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Temporal & Spectral Analysis

The long bursts in Table 4.1 all hadg, longer than 10 seconds implying that
they cannot be a progenitor precursor. For these GRBs nondiezomponent
is reported during the burst for any GRB in this sample (Canmet al. 2010,
Markwardtet al. 2007, Paget al. 2007, Paget al. 2006, Markwardet al. 2006,
Fenimoreet al. 2006 & Cumming®t al. 2005) which is also expected for both the
fireball and progenitor precursor models, although a pésskplanation for the
lack of a thermal component is given in Section 4.1.2. Duééorelatively long
Tyo measurements, lack of thermal emmission and powerful @egmigine activity
here | favour the Two Step Engine (discussed in Section h2#)e central engine
causing this activity if the GRB is a precursor for the giaatdk excluding those
in GRB 100619A.

It has been found that precursors are generally softer tharbtirst (K95,
Murakamiet al. 1991, LO5), in Figures 4.4 to 4.6 the giant flares vary in the
hardness ratio the flares appear to be harder than the ihirst, however in
GRB 100619A the photon index in each flare appears to be gesvofter for
each successive pulse. For GRB 100619A the only model farupsers that
can explain the second giant flare is that of multiple premstsif this were the
case the final giant flare should be the most powerful due tdata¢ collapse
discussed in Section 4.1.2 following the behaviour alsohdee GRB 070306
with multiple precursors (Ramirez-Ruit al. 2001). For GRB 100619A each
progressive giant flare producing less flux than the flare [@BJpreceeding it
which disagrees with this hypothesis. Chincaetal. (2010) also find that when a

GRB contains multiple flares each flare is on average soféer tifne previous one,
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so the softening of successive flares in GRB 100619A alsceagréth normal
flare behaviour.

BO8 (in Section 4.1.2) found that the spectra of precursdrlamnst are indis-
tinguishable (contrary to my previous findings in this Sexgjithus they suggested
that same mechanism produces the prompt emission in thedndgrogenitors,
B0O8 also investigates flares in a GRB as ‘postcursors’. Farpteteness | use
spectral energy distributions to model the spectra of thedlathe results from
the best-fitting models are shown in Table 4.2, where n is bs®ring column
density. For GRB 050502B, GRB 060124 and the second flare iBIBB619A
there was no overlapping data between the BAT and WT moddeset cases
the WT data is modelled alone. In all of the giant flares in &hPR no thermal
component is seen.

Table 4.2: The time cuts used for the model fitting of each tgil@ne and the

results for the best fitting models to the giant flare spectra.

GRB | Time Cut Best Model Photon Index n
Seconds atoms cn?
050502B| 550-1000 Power law 2.2H10.1 0.27 x10%
060124 | 400-850 Power law 1.40+£0.02 | 6.02x10%
060526 | 150-170 Power law 1.86+0.53 | 2.73x10*
061121 | 62-138 Power law 1.37£0.06 | 2.33x10%

070704 | 160-289 | Cut-off Power law| 1.89+0.062 | 1.22x10%?
100619A| 81-125 Power law 1.25+0.12 | 4.58x10?%
100619A| 905-1250 Power law 2.214+0.06 | 4.47x10%

The hardness ratios in Figures 4.4 to 4.6 show that the giargsflshowed
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the standard flare spectral tendencies (Burretval. 2005, Falconest al. 2006,
Romanoet al. 2006) i.e. the spectra were harder than the underlyingcgter
and an evotuion from hard to soft was seen over time where ¢la& pardness
occured before the peak in the light curve. The photon irglting the flare
show spectral evolution beginning with a dip which turnsreveo the peak of the
flare in the light curve (except for GRB 050502B were theregap in the photon
index around where a dip could be expected and continuesddhtoughout the
flare). In GRB 060526 & GRB 070704 the dip in the photon index lba seen
before the giant flare dominates the afterglow emission.

For three of the six GRBs there is a gap in the data or a singéeant with
large errors so there is no way to conclude if there is anytsplevolution during
the quiescent period between the prompt emission in the bagin the giant
flares. For the remaining three no identifiable spectralumh is seen during this
period. The quiescent periods between the precursor and Ipoast are periods
of low flux thus it has not been possible to extract meaningheictra during these
times, also the hardness ratio had large errors (Hudtett. 2008b), thus it is not
possible to conclusively state if spectral evolution igngkplace over these times.

No well defined spectral evolution trend can be seen througthe burst al-
though in four of the six bursts there are a small number o gatints and in
GRB 050502B large error bars, of the remaining bursts GRB108 and GRB
061121; GRB 100619A shows the most complex behaviour withiphel peaks
and troughs - also the trough at 2 seconds appears similar in size to that the
later giant flares, at early times (4 seconds) GRB 061121 seems to also show
less pronounced variations. In the part of the light cunetected by the BAT the

flares that can be seen have a relatively similar flux as the G&es presentin the
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Lightcurve & Hardness ratios of GRE 0505028
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Figure 4.4: The lightcurves,hardness ratios and photoicésdf GRB 050502B
and GRB 060124. The photon indices were supplied by the UKtSeience
Data Centre at the University of Leicester (Evatsl. 2007)
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Lightcurve & Hardness ratios of GREB 060526
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Figure 4.5: The lightcurves,hardness ratios and photorc@sdof GRB 060526
and GRB 061121. The photon indices were supplied by the UKtS&ience
Data Centre at the University of Leicester (Evatsl. 2007)
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Lightcurve & Hardness ratios of GRB 070704

TTTT T T TTTTTTT T T T TTTTT] T T TTTTTTT T T TTTTTI] E
B LU -
oo10e L 3
B : E
E1070 | 1
5 | +
10 | =
i A
E'”]-u !- +_}—|— -
o108 | - ¥ HHHH H—t 3
e 1t Rl i
ke 03 =
= 0.2 } — ——t :::":::} H———
5x A =
2 2 —
£E
MR | PR | MRS | MR | MR |
1 10 100 1000 10¢ 10=
Time since BAT trigger (s)
Lightcurve & Hardness ratios of GRB 1006194
1D_€ -r' LAY LI | LI | rrrTTTT L T """'I-;
:T: 107 & A E
i LU -
E 3
; 10 ¢ | 3
ot I:ﬁi‘ E
?m ° b it .
E1D E ‘*1 . ':
. "+
g‘lﬂ'g | Y ] HHHHH— - HHHHE——
2
= +1
N Wyt -|++'~q1 [# ffl'#—l'l.l._l_.H--E
e 05 E
Ead 5 } } # HHHH—— } '::}:
E?“ 2 .I.',-".p-o- ---d- - ot e —-—_'_:
i 1¢ E
DE 1aal sl MR ET | M AT | MR | MR M
1 10 100 1000 104 10:

Time since BAT trigger (s)

Figure 4.6: The lightcurves,hardness ratios and photoit@sdof GRB 070704
and GRB 100619A. The photon indices (and hardness ratio Ri8 G00619A)
were supplied by the UK Swift Science Data Centre at the Usiiyeof Leicester
(Evanset al. 2007)
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XRT data , save that if the each of the troughs in the BAT dataiRB 100619A
correspond to a flare of similar flux to the giant flares obsgivethe XRT data
there multiple pulses are ejected in in the first 10 secondbkesfe long bursts to
produce the istropic energies similar to the single (or io tases double) pulse
in the giant flares.

Dado & Dar (2010) find that the evolution of the spectral index GRB
050502B is well described by the cannonball méaeth inverse Compton scat-
tering during a flare. In this chapter | do not investigatedaenonball model, but
as well as modelling spectral evolution for flares it also esak prediction that
flares which can be modelled by this scenario and do not hax@gzanying de-
tectable gamma-ray emission should have relatively smbtieentz factors due
to the weakening of the central engine as the accretion mhteconsumed. The
Lorentz factors of the giant flares are examined later ingbigion.

GRB 100619A has the longest lasting spectral evolution@BAT showing
clear peaks and troughs; and also a significantly highgrcrs (almost double
that of the first giant flare). Alternatively it could be thaese pulses are pro-
ducing more much energetic GRB emission and other GRBs aitielerrors on
the BAT data do not have significant spectral evolution okier&GRB, hence why
the isotropic energy of the burst is much more similar to tlagflare for these
GRBs. However, it should also be noted that GRB 100619A wsthls only burst
in this sample with two giant flares, so extra internal enesgyoing into launch-

ing a second flare, this GRB emits 14% of its burst isotropic energy in the two

3The many similarities between the prompt emission puls€&RBs and flares during the fast
decay and afterglow phases of GRBs suggest a common onigihe lcannonball model of GRBs
this common origin is mass accretion episodes of fall-baakten on a newly born compact object
(Dado & Dar 2010)
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flares.

Comparison with BO8

Some of the GRBs im my sample are also recorded as havingrpogsun B08,
hence | compare the properties of the bursts with giant flareay sample to
their precursors and also GRBs in general with precursor808). One of the
requirements for precursors in B08. For five out of seven efdlant flares the
GRB has a higher g, in Table 4.1 and is that they have less flux than the GRB (in
the band 15-350keV), thus it is unsuprising that the giané$lare more energetic
in Figure 4.7 . If we consider the scenario defined in Figutepénel b, could not
be precursors according to the criteria set in BO8. The buvgh giant flares also
have a greater range in isotropic GRB energies and do not seemcorrelated
with the GRB isotropic energy. They also do not appear to lakeation with
precursors in their light curve.

In Figure 4.8 there appears to be a correlation where GRBslang durations
produce shorter quiescent intervals for between the Bifsand the quiescent
period. The one outlier being the only GRB in my sample witreaofid giant
flare, however when taking into account the other GRBs widtprsors in BO8,
three new outliers are produced two of which are for GRB 0B088ich has two
precursors, | would have expected that the second precorapibe an outlier, it
seems strange if this is the case that the first precursordameilan outlier, but
GRB 100619Ass first flare not also being one. Alternativelg tivo outlier GRBs
are have a longer duration by 100s than any other GRB producprecursor in
BO8.

Drago A. & Pagliara (2007) models quiescent periods for GRBse BATSE
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Figure 4.7: The isotropic energy of the giant flare/precurdotted against the
isotropic energy of the GRB. GRBs with giant flares (red spats then compared
to GRBs with precursors from B08; where blue stars denote &iRBt are also in
my giant flare sample and green crosses all other GRB in BO8
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band (55-350 keV) examining periods of central engine dgtiasting a few tens
of seconds, could accurately describe the progenitors @, BQt not the giant
flares. They find that the emission after the quiescent péastd about twice as
long as the emission prceeding it, this is not the case fayssers in Figure 4.8

and is also not for giant flares.
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Figure 4.8: The relationship between the bdfgtand the quiescent period between GRB and flare or precureerGRBs
with giant flares are shown by red spots, whereas the blugataiGRB with precursors that are in BO8 and also in my giant
flares sample, all other GRBs with precursors in BO8 are sspred by green crosses.
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Lorentz Factors

The Lorentz factors are< 10° and thus are inconsistent with the expectations
from Panaitescet al. (2008) (discussed in more detail in Section 1.1) this could
be because the acceleration is from something other tham#h@ressure or due
to the shocks generating flares being produced by energydiss (discussed in
Section 1.1).

Table 4.3: The parameters found for each giant flare usingniiar4.1, the results
for the giant flare for GRB 050502B is found in Jin, Fan & Wei 120, the centre

time of each flare is also included for comprison with resfdtend in Jin, Fan &

Wei (2010).
GRB 0; R | 5 I | T.[s] | M[10~"Mps~1]
050502B| 0.13 | 1100| 1.3 | ~22 | 771.4 3.65
060124 | 0.013| 257 | 0.3 | ~ 261 | 386.0 3.24
060526 | 0.023| 110.| 1.0 | ~ 95 | 205.3 24.6
061121 | 0.034| 253 | 1.05| ~72 | 91.4 18.5
070704 | 0.034| 54 | 1.4 | ~52 | 209.7 3.79
100619A| 0.034| 111 | 0.17| ~ 87 | 77.8 27.9
100619A| 0.034| 70 | 1.04| ~59 | 351.6 1.72

Jin, Fan & Wei (2010) compare the time of the centre of the flaréo the
Lorentz factor of normal and two giant flares as shown in Fegu©. The giant
flares in Table 4.3 all occupy the same region as the two giargslin Jin, Fan &
Wei (2010), seperate from normal flares. Dado & Dar (2010lict¢hat the giant
flare GRB 050502B should have a relatively small Lorentzdaethich is sup-

ported by the lorentz factors in Table 4.3, but this is a sisethple group of flare
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Figure 4.9: The upper limits of the bulk Lorentz factor of thatflow powering

GRB flares and the centre time of the flares. The hollowed aledl fifiangles

are where the spectrum is assumed to be modelled by a singter pew and the

band function respectively. In black are normal flares arerédd stars are two
giant flares (Jin, Fan & Wei 2010).
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Lorentz factors. A future study could expand upon this sa&ngvid also model
other GRBs to see if the spectral evolution can be modellethbycannonball
model with inverse Compton scattereing during the flare.

Unfortunately there is not a recorded Lorentz factor the GRBmy sample,
So it is not possible to compare the Lorentz factors of theedldo the Lorentz
factors of the same burst. Liargg al. (2010) has a list of initial Lorentz factors
for 16 GRBs which vary from 110-1000, these Lorentz factoesderived by the

detection of the X-Ray onset bump, Optical forward shockkgemae or by a tight
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limit for the onset time of the forward shock emission. Compgthese GRB
initial Lorentz factors to the values in Table 4.3 this pars a further way to
distinguish between the burst and giant flares for 6 of theartdlares.

If we assume that this range of Lorentz factors (Liahgl. (2010)) is constant
for the prompt emission, most of the flares in table 4.3 hawenhiz factors closer
to the Fan & Wei (2005) speculation favouring late interrfadcks produced by
an unsteady refreshed outflow generated by the central ergiar the prompt
emission. GRB 060526 has a recorded upper limit on the Loriaator of the
GRB of 247 (Oatest al. 2009), which seems to support Burroetsal. (2005) &
Zhanget al. (2006). Overall my sample seems to imply that this is not yipecal
bulk Lorentz factor of flares, but that for some flares the Hutkentz factor~
tens as is found in (Fan & Wei 2005). Although this is a very bisemple with
only one upper limit on a GRB Lorentz factor for comparisariyfe studies with

a large number of flare and GRB Lorentz factors may find thatighnot the case.

4.4 Conclusions

If the GRBs in my sample were really precursors as shown inr€ig.1, | favour
the precursor model for a short lived neutron star which tbatapses to a black
hole (discussed in Section 1.24), due to the lack of thernmé&ggon found in the
spectra and also the long durations of central engine actigguired for some
GRBs (i.e. up to a maximum of 450 seconds in the rest frame).

In comparison to GRBs with precursors in BO8 | find that buvsith giant
flares also have a greater range in isotropic GRB energieslamit seem to be

correlated with the GRB isotropic energy or have a relatiathprecursors in
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their light curve, or other GRBs with precursors. | find a pbkescorrelation that
GRBs with a short duration tend to have shorter quiesceaitvats between either
the precursors and GRB or giant flares and the GRB.

In Section 4.3 | find some evidence of evolution during thesband also the
giant flares, suggesting that the GRB is the product of maailssbolliding pro-
ducing the observed emission, whereas for giant flare ysaalnoother evolution
with at most evidence of one other pulse contributing to thession. Perhaps for
GRBs with good BAT data this could be used to distinguish ketwthe giant
flare and the main burst. This also seems to go against thethdézhe GRBs
in my sample could be precursors and the giant flares the mast bpisode as
in BO8 it was found that precursor emission is indistuisbdbdm other prompt
pulses. Unfortunately | do not find enough evidence to statpectral evolution
Is occuring during quiescent times.

For 6 of the 7 giant flares the Lorentz factors are outsidedahge given by 17
GRBs with known initial Lorentz factors, providing a furtheay to distinguish
between a GRB and giant flare of similar fluence. The Lorentiofa of these
giant flares imply that for some flares the bulk Lorentz faetotens as is found
in (Fan & Wei 2005). Although this is a very small sample witilyoone upper
limit on a GRB Lorentz factor for comparison, future studmdth a large number
of flare and GRB Lorentz factors may find that this is not theecas

To conclude there is some evidence that these giant flarekfemeent to nor-
mal flares - occupying a different region from normal flaredigure and also
not obeying the relation for normal flares ~ 0.2T, found in (Chincariniet al.
2010). Overall my findings in this Chapter do not rule out tiet GRB could be

a precursor and that the giant flares are the real GRB as smokgure 4.1, how-
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ever it seems unlikely as five out of seven of the giant flarenatanore energetic
than the orginal GRBs whic would rule out the GRBs as preaarisp the criteria
set out in B0O8, also for GRB with good BAT data the spectralgiem is different

during the GRB and giant flares. The Lorentz factors foundriost of my sam-
ple also lie outside that of published GRB initial Lorentetfar also providing an
distinguishing factor between GRBs and flares of similanfaes although this is
based on a relativley small sample providing an upper limitlee GRB Lorentz

factor.
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Chapter 5

Conclusions & Future Work

5.1 Thesis Overview

The first investigation performed in this thesis was exangran unexpected fea-
ture in the light curves of some GRBs which looked like thenaigire of a mag-
netar (i.e. a period of constant emission followed by a stesgtine). This feature
could not be fitted by the Willingale model as being producgdhe prompt or
afterglow component and was called an internal plateauferdntiate it from the
traditional plateau.

The dipolar spindown law (Zhang & Mészaros 2001) was usid thre lumi-
nosity and end time of the internal plateau to place congsdor the rotational
period and the magnetic field of the central object. Thesewensistent with
a proto-magnetar and theoretical limits i.e. the brealpip-sf a neutron star.
Bucciantiniet al. (2007) suggests a method for proto-magnetars to produtie col
mated outflows, thus | also investigated the beaming anglésand 18 degrees.

The largest magnetic fields implied for isotropic emissiomn@nsistent with field
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strengths ofv 10'%G which can be generated in magnetars born with a spin of a
few milliseconds (Thompson & Duncan 1993, Duncan 1998)nieed to be col-
limated to porduce periods that do not violate the breakpip sf a neutron star.

Next | wanted to compare traditional plateaus for GRBs witbwn distance
to the internal plateaus found in the previous chapters ¢oifsthese could be
formed by the same process. The early internal plateaud staras separate from
the traditional plateaus in terms of the magnetic field andtional period of their
central engine, even the late internal plateaus which eradgimilar timescale to
traditional plateaus have a more extreme luminosity thastitnaditonal plateaus.

This was expanded to consider the global trends of GRBs wkitnoavn red-
shift and also flares in their light curves. Like internaltgkaus, flares are thought
to be produced by central engine activity, so for GRBs wittgrdwus | then com-
pared the limits they placed on the central engine to the eotgs of flares in
each of these light curves, however, no correlations weseado The shape of
the light curve was also investigated in Chapter 3 with flgudehaviour. Normal
flares tended to have a similar percentage occuring in egloshdurve shape as all
GRBs with a redshift measurement suggesting they occupgrntiently to light
curve shape. Giant flares however seem to preferentiallyranacanonical light
curves or light curves with one break.

Since finding that giant flares behaved differently than senélares | decided
to investigate giant flares compared to the main episode @stom, questioning if
they might be the burst and the GRB actually a precursor. &prtb the fireball
and progenitor models for precursors | did not find a therneahgonent in the
GRB spectra, this combined with the long duration requiredativity from the

central engine implied that the GRB is not a precursor. H@wéwe case that the
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GRB is a precursor, | find that it is likely to be from a shortdd/neutron star,
providing up to 1,000 seconds for central engine activifyuriovaet al. (2009).
Finally | used a new method proposed in Jin, Fan & Wei (2010)no lorentz

factors of giant flares and estimated the baryon loading éheg@entral object.

5.2 Thesis Summary

Swifthas detected over 500 GRBs since its launch, for 96% an Xftasg&ow is
also found, while the optical/UV afterglow is found for 60%®GRBs (Burrows
et al. 2008). This large number of GRBs with multi-wavlength datas lenables
this thesis to find features in the light curve that relateh®grogenitor or central
engine of the burst. In this section | will discuss how threg topics in the GRB

research field and how this thesis has contributed to thi. fiel

5.3 What is the central engine?

The firstissue | invesitgate is the central engine, it has ldegermined that it must
be a compact star with radius 10”cm that converts a fraction of its graviational
energy into collimated jets (Nakar 2010). However theretareemain models for
the object powering the GRB emission; the first model is fareion onto a black
hole and in thesecond model a millisecond proto-magnetsiblean suggested
(Usov 1992, Thompson 2007).
In Chapter 2 | consider the collapse of a massive star andestigigat it may

temporarily form a rapidly rotating neutron star beforelapsing to a black hole,

producing a plaateau followed by a steep declime> 4) which cannot be pro-
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duced by other models such as fall-back accretion (Kusai. 2008). For 10
GRBs that display this feature | find the largest magnetid$ieif the progenitor
implied isotropic emission are consistent with field stésgnf~ 10 G which
can be generated by in magnetars with a spin of a few millisgs¢Thompson
& Duncan 1993; Duncan 1998) assuming radiation is beameds These limits
could provide a method for identifying GRB engines if fourmhsistent with the-
oretical limits (such as the break-up spin of a neutron dtara large sample of
bursts.

Subsequent study in Rowlins@ al. (2010) has further constrained the for-
bidden regions for these proto-magnetars in Figue 5.1 hyguie casuality ar-
guementi.e. the speed of sound on a neutron star cannotcetteespeed of light
to place tighter limits on the minimum radius and mass of thetron star. This
study also found an internal plateau in a short burst GRB 09@&hich would be
consistent with theoretical limits for a proto-magnetasuasing if it collapsed by
a merger progenitor that it had a redshiftio? < » < 4.4.

In Chapter 3 | asked if energy injection could be reducingstieepness of the
plateau decay observed for internal plateaus, so thatitvadl plateaus could also
signal the collapse of a proto-magnetar. | found that GRRR imternal plateaus
clearly stand out seperately from traditional plateaughwentral engines that
produce early internal plateaus in the light curve havirghler magnetic fields
for a given rotational period than central engines whichl@équoduce traditional
plateaus.

This may suggest that an unstable magnetar could not poacktitmal plateaus
and that energy injection cannot explain the lack of steafireexpected to be

the signature of the magneta collapsing to a black hole. KMewEit were the case
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Figure 5.1: The curved red line indicates the new forbiddemez(also shaded
in dark grey), the black lines show theoretical limits in Inget al. 2010. The

dotted lines indicate the merger model for short GRB 0905ibthe solid blue

line the collapsar model for GRB 090515. Green data poirgsesent the long
GRB sample with internal plateaus.
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that traditional plateaus were due to the collapse of a spghmagnetar, future
work could address how they are gaining energy to suppartshallow decay or
how GRBs with an internal plateau and also a traditionalgalatcan be produced
by a magnetar when by internal plateaus theory the magrietaidhave already
collapsed to a black hole. Also future work could model the these unstable
proto-magnetars are likely to form, so that if these are aerimal plateau or if
unstable proto-magnetars were more common than this signabuld be both

internal and traditional plateaus.

5.4 Central Engine Activity

Strong evidence has been found that late flares such as tmseénsGRB 050502B
and GRB 050724 (with a rest frame-at5 x 10* seconds) are produced by inter-
nal shocks (Chincariret al. 2007, Burrowset al. 2007) which indicates that the
central engine is long-lived (Lazzati & Perna 2006). It hasiosuggested that tra-
ditional plateaus could be produced by central engineict{Zhang & Mészaros
2001 and discussed in Chapter 2 Section 2.4), although ghlatEaus could also
be produced by refreshed shocks (Nousedl. 2006), it is not currently possible
to distinguish between these two models.

In Willingale et al. (2009) a correlation between the characteristic times of
a pulse and its peak luminosity was found, this correlatiad & gap from 300
- 43,000 seconds. In Chapter 3 | re-plot this correlatiorhvail Swift GRBs up
to April 2009 that could be fitted by the pulse fitting methodhe$e flares fail to
close this gap, implying that these late flares are relatixagie.

In Margutti et al. (2010) it is found that flares occur preferentially in GRBs
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with a one break or canonical light curve and suggest thagdlare often hid-
den or supressed in other GRBs. In Chapter 3 | find that therenare flares in

GRBs with canonical or one break afterglows, however whenpdrcentage of
GRBs (at known distances) with each light curve morpholagycampared to the
percentage of normal flares in each light curve | find them pedelent of GRB

morphology in diagreement with In Margutt al. (2010). | also find that the
weakest afterglows generally do not have flares, which isising if flares are

commonly hidden by the afterglow. To distinguish if thesesftaare hidden or be-
ing quenched in GRBs if different shape could provide clogbé physics behind
the central engine activity at varying times. Future workldossuperimpose flares
found in one break or canonical beaks to the light curves oB&Rith no breaks

to test if they would be hidden had they occured in a GRB witlbrakes. If this

work found these GRBs would not be hidden it would suggedtfthges may be

guenched.

In Chapter 4 | also find a possible correlation that GRBs wishart duration
tend to have shorter quiescent intervals for between theupsers and GRB and
also between giant flares and the GRB. The fact that the gessitrelation does
not distinguish between these three different types of ptgmlse seems to im-
ply they could each be produced by the same mechanism. Thigp®orted by
Burlon et al. (2008) which finds that the spectra and energies of the psecare
indistinguishable from the main burst, but contradicteddmghutet al. (1995),
Murakamiet al. 1991 and Hurkett (2008).

A breakthrough in understanding the central engine woultlod it could
be probed directly i.e. by gravitational waves. Fo examplthe case of a GRB

associated with proto-magnetar (discussed in Chapter ®8&et:4) a rate of 40 -
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80 Gpc? year! would be required for a detection by the two Einstein Telesso
in the next year (Howelkt al. 2010). Without a ground breaking observation,
future work could be invested in a major effort in theoreltiaad computational

modelling in order to produce testable predictions forefi#nt central engines.

5.5 Probing high redshifts

The second major topic touched on by this thesis is one of thst mmportant
iIssues in modern cosmology; how can we extend the cosmalogitder up to
high redshifts? In Chapter 3 | examine a sample of GRBs withwknredshifts
and correct their light curves into the rest frame. | exarditiee luminosity and
isotropic energy of these GRBs in time bins from 1®? seconds. However | did
not find a distinct difference between GRBs of varying refishi

Although the star formation rate for Population Il stasxpected to peak 16
<z < 20. Campanat al. (2001) states that if a GRB was observed at very high
redshift (z> 6) with no intrinsic absorption in the X-ray or UV afterglowand
free of intervening systems) it will be a good candidate favihg been produced
by a Population Il star (whereas at lower redshifts Popaitall and | stars are
seen). Lamb 2007 conflicts with this stating that the stanfdron for Population
[l stars peaks at redshifts 18 z < 20, thus it is unlikely Population Il stars
would be common at (2 6).

The sample ofSwift GRBs with redshift contains three GRBs with<z 6,
hence in Chapter 3 the rest frame light curves of 15 GRBs witheiasing redshifts
are plotted to investigate if there are any significant défces between the high

redshift and low redshift GRBs. No defining feature of diffiece can be seen in
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the light curve as the GRB light curve increases, this ingpliet this is too low
to be from Population Il stars. Thus the stars at redshifte mot be different
enough in composition or other properties to produce anas/difference to

GRBs at closer redshifts, produced by Population | or lisstar

5.6 Conclusions

In this thesis | have set limits on the magnetic field and rote periods of the
central engine for a small group of GRBs with emission thatghbe the signature
of a magnetar, these parameters are consistent with tiheddénits for a proto-
magnetar. | also repeat this model for GRBs with traditigriateaus and find that
it is unlikely that they can produce as extremely magnetidgi@and periods. |
raise theoretical problems for consideration when usingttreory for traditional
plateaus. For giant flares, | have proven that it is unlikblgt they are actually
the GRB (and the measured GRB is unlikely to be a precursarth&r more for
GRBs with good BAT data I find that the spectra could distispuretween the
GRB and a giant flare with similar fluence. Finally | have alkown that for
GRBs with known distances there are no new trends that cauigsed to indicate

redshift one their light curves are corrected to the resh&a
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