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Using multiwavelength observations of short
GRBs to constrain their progenitors

Beatrix Antonia Rowlinson

Abstract

Short gamma-ray bursts (SGRBSs) are extremely bright flashgamma-rays, lasting less than 2 s,
originating from beyond the Milky Way but their progenitamsmain unknown. The most popular
progenitor theory involves the merger of two compact olsjeeither two neutron stars (NSs) or a NS
and a black hole (BH), which then collapse to form a BH. A srpatiportion of SGRBs may instead
be giant flares from extragalactic soft gamma-ray repeéBedRs) in nearby galaxies. The aim of this
Thesis is to place constraints on the progenitors of SGRBg uBultiwavelength observational data.

The extragalactic SGR giant flare theory is tested by corisigldhe properties of three candidate
SGRBs which may have occured in nearby host galaxies. Ikédylithat only one of the three was
an extragalactic SGR giant flare and, although they are all/sho be consistent with this progenitor,
GRB 070201 is most convincing candidate. Afterglow praditt are made for future candidates.

Following on from the giant flare candidates, more typicaRBS are considered. GRB 080905A is
the nearest confirmed SGRB, occuring offset from a spirabgaht z2-0.12 which is studied using
spatially resolved spectroscopy. The properties of GRBI0BA. are shown to be consistent with a
compact binary merger. GRB 090515 was a SGRB with an extseamelsual bright X-ray plateau and
extremely steep decay phase. However, the prompt andrageptioperties are consistent with typical
SGRBs. The plateau is explained by an unstable magnetaretbduring the SGRB, which collapses
to form a BH within a few hundred seconds. The magnetar isestggd to be formed via the merger
of two NSs. ManySwift SGRBs are shown to have evidence of energy injection witigir tX-ray
lightcurves and 44-76% are consistent with forming a magnet
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Chapter

Introduction

In 1963 the first Vela satellites were launched to monitorrthelear test ban treaty and on 2nd July
1967 they detected an extraterrestrial flash of gamma-fHyis. Gamma-Ray Burst (GRB) known as
GRB 670702 (Year, Month, Day) was the first of a series of GR&d®ns, with durations ranging
from 0.3 to 30 s, by the Vela satellites (Klebesadel et al73)9 In 1974, at the Texas Symposium,
Ruderman (1975) reviewed the various theories to descrRBSG There were 140 different models
described ranging from comet collisions in the Oort clougtar quakes. GRBs are now known to be
the most powerful explosions in the Universe and in just adeweonds they radiate as much energy as

the Sun will radiate during its entire lifetime.

1.1 History

By 1981, it had become clear that GRBs have erratic vartghilid a non-thermal spectrum, no two
GRBs were the same and they were never seen to repeat. Therala@the first signs that there may
be more than one type of GRB: those with single long pulsesethvith multiple pulses and a distinct
group with very short durations (Mazets & Golenetskii, 198Raczynski (1986) predicted that these
events were cosmological however, as the amount of enegyyreel was staggering, a Galactic origin

was favoured.
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The millisecond variability of GRBs can be used to calcutaiemaximum size of the emitting region,
D, using Equation 1.1 where c is the speed of light Arids the minimum variability observed. A vari-
ation of 1 ms gives an emitting region of 300 km, so GRBs odtgrfrom a compact source (Schmidt,

1978).

D < cAt (1.1)

Since the discovery of GRBs, a several satellite missiowe haen used to study their properties. They

are summarised in Table 1.1 and the following Sections.

1.1.1 ThePioneer Venus Orbiter

ThePioneer Venus Orbitervas launched on 20th May 1978. It arrived at Venus and begseraditions
on 4th December 1978. On board was the Orbiter Gamma Bursciet(OGBD; Klebesadel et al.,
1980). OGBD detected 225 GRBs during its operation and ttabled the all sky rate to be determined
for the first time. The rate was consistent with a uniform igpalistribution of progenitors (Chuang et

al., 1992).

1.1.2 The Inter Planetary Network

The Inter Planetary Network (IPN, recent results publistieéiurley et al., 2010a) was the first exper-
iment explicitly designed to study GRBs and comprises ofralmer of gamma-ray detectors onboard
satellites throughout the Solar System. The IPN initiatgrted with the launch dfilysseqWenzel et
al., 1992) which carried a GRB experiment and missions watimigna-ray detectors, such as ie-
neer Venus Orbiterwere included while they were operational. The IPN haswgblwvith the launch

of new missions and as older missions have retired. Cuyreothtributing satellites includeSwift,
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Satelite Instrument Energy Band Operational
Vela 3-12 keV 1963 -1972
Pioneer Venus Orbitef OGBD 100 keV -2 MeV | 1978 — 1992
IPN Various Various 1990 — presen
CGRO BATSE 20 — 1000 keV 1991 - 2000
EGRET 30 MeV — 10 GeV
GGS-Wind Konus 10 keV — 10 MeV | 1994 — presen
RXTE 2 —250 keVv 1995 — presen
Beppo-SAX 0.1-700 keV 1996 — 2002
HETE Il 0.2 -600 keV 2000 — 2006
Suzaku 0.2 — 600 keV 2003 — presen
INTEGRAL ISGRI 15 keV — 10 MeV | 2004 — presen
Swift BAT 15 - 350 keV 2004 — presen
XRT 0.3-10keV
UvoT 2.07-7.29eV
Agile 300 keV — 100 MeV| 2007 — presen
Fermi GBM 8 keV —40 MeV | 2009 — presen
LAT 20 MeV - 300 GeV
ISS MAXI 0.3-30keV 2009 — presen

Table 1.1: This Table gives a summary of the main satellisesluo study GRBs and a selection of the

instruments on board.
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Konus-Wing HETE-Il andMars Odyssély In a similar way to thé/elasatellites, but on larger scale,
the IPN uses timing analysis between pairs of satellitegadndulate the position of a GRB. This gives
rise to characteristically long (several degrees) andomaerror trapezia. Unfortunately, the positions
are not communicated to the ground rapidly and it can takerakdays before the GRB and its position
is known. GRB 991208 was the first GRB localised by only the ¥l a detected afterglow (Hurley

et al., 2000a).

1.1.3 TheCGROand BATSE Era

The Burst and Transient Source Experiment (BATSE) was laethon board th€ompton Gamma-
Ray ObservatoryCGRQ on the 5th April 1991 (Fishman et al., 1985). The BATSE risssthowed an
isotropic distribution, ruling out a Galactic plane origiat still allowing the GRBs to originate from

the extended Galactic halo or from an extragalactic sounpellption (Meegan et al., 1992).

Kouveliotou et al. (1993) calculated the duration duringali90% of the fluence of a GRB is emitted
leading to the definition of thegf duration now used for all GRBs. They identified a bimodal dis-
tribution in the Ty durations of the BATSE sample, shown in Figure 1.1. Usinghheness ratio,
%, BATSE showed that SGRBs are on average spectrally hardet @RBs (Kouveliotou et
al., 1993).

Also onboardCGROwas the Energetic Gamma-Ray Experiment Telescope (EGREBiEhwletected
high energy £30 MeV) emission for five of the GRBs detected by BATSE (e.drfeid et al., 1992).

1.1.4 Beppo-SAX

Beppo-SAXvas an ltalian—-Dutch satellite (Boella et al., 1997) whigtedted GRBs and slewed to
point an X-ray telescope at the GRB location within 5-12 Bafter the trigger time. This enabled the
first detections of X-ray afterglows with positions accertéd within a few arcmins. The X-ray after-

glow detected for GRB 970228 (Costa et al., 1997) enabledirdtedetection of an optical afterglow

Further information about the IPN and contributing sagelitan be found here: http://www.ssl.berkeley.edu/ipn3/
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BATSE 4B Catalog

80 I TTTTTI I IIIIIII| I IIIIIII| I IIIIIII| T T TTITTI T T TTTTI

(o))
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|
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N
o

N
O
|

O 1 1 LIl IIIIIII| ] IIIIIII| ] IIIIIII| ] IIIIIII| L1

0.001 0.01 0.1 1. 10. 100. 1000.
Tyo (seconds)

Figure 1.1: This figure shows thB), distribution published in the final BATSE catalogue (Paages
et al., 1999). This clearly shows two peaks in the distrioutivith a dividing line at~ 2 s. This led
to the definition of short GRBs (SGRBs) wiffy; < 2 s and long GRBs (LGRBs) witliyy > 2 s

(Kouveliotou et al., 1993). Obviously there is an overlapaen the two distributions.

and a host galaxy association (van Paradijs et al., 1997@wArionths later, GRB 970508 had the first
detection of an afterglow redshift,~ 0.835, proving these events were cosmological (Metzger et al.,

1997).

TheBeppo-SAXbservations showed that GRBs fade with approximately sepaw decay, t* where

a ~ 1.4, and the X-ray afterglows had a spectrumwof’ where3 ~ 0.9 (Piro, 2001). The results
from Beppo-SAXalso allowed the discovery of X-ray Flashes (XRFs, e.g. ¢leisal., 2001), and
identification of potential correlations between obsemprmperties and possible jet breaks. 90% of the
GRBs observed beppo-SAXad detected X-ray afterglows and 50% had optical countisrfde
Pasquale et al., 2003).
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1.1.5 Other missions

Konus-Wind — Konus-Wind was launched in November 1994 ondtze Global Geospace Science
satellite (GGS-Wind; Aptekar et. al., 1995) and detects in excess 6f &BRBs per year providing

lightcurves and spectra.

RXTE- TheRossi X-ray Timing ExplorefRXTB? was launched in 30th December 1998XTEhas
detected the X-ray afterglows of several GRBs and detecddhility in the X-ray afterglow of GRB
970828 (Yoshida et al., 2000).

HETE 2— TheHigh Energy Transient ExploreftHETE 22 was launched on 9th October 2000 after
the failure to deployHETE 1in 1996. It was particularly sensitive to XRFs, providedqise locations
within 100 s and led to the detection of the first SGRB with aticap counterpart (Hjorth et al., 2005a;
Villasenor et al., 2005; Covino et al., 2006)

INTEGRAL- Thelnternational Gamma-Ray Astrophysics LaboratgfM TEGRAL; Winkler, Pace,
& Volonté, 1993) was launched in October 2002 with 4 instemts on board INTEGRALIs highly
sensitive and is useful for identifying the faintest GRB plagions (Mereghetti, Gotz, & Borkowski,
2004; Foley et al., 2009; Vianello, Gotz, & Mereghetti, 20Q@bertini et al., 2011, Rowlinson et al.

private communication).

MAXI — The Monitor of All-sky X-ray Image (MAXI; Matsuoka etla 2009) is an X-ray imager which
has detected 14 GRBs and XRFs to date. It is installed in thangse Experiment Module on board

the International Space Station (ISS) and was operatiooal August 2009.

1.1.6 Swift

The Swiftsatellite is dedicated to the multi-wavelength study of GRBehrels et al., 2004) and much
of this Thesis useSwiftobservations. On board are three instruments; the Burst Fdéescope (BAT),

the X-ray Telescope (XRT) and the Ultra-Violet and OpticaleéBcope (UVOT).

2http://heasarc.gsfc.nasa.gov/docs/xte
3http://heasarc.gsfc.nasa.gov/idocs/hete?
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BAT is a coded mask telescope which detects the GRBs, witlratecimaging, giving positions to 1-4
arcmins, and spectroscopy over 15 — 150 keV (Barthelmy e2@05a). BAT triggers using a variety

of criteria including a threshold of 65above the background level.

XRT operates in the energy band 0.3 — 10 keV and is a graziideince X-ray telescope that has four
different modes for taking observations: Image Mode (IMjo#n Diode (PD), Window Timing (WT)

and Photon Counting (PC) (Burrows et al., 2005a). IM is usbdmthe satellite first slews to a GRB
target, the CCD is used to give an image of the source giviaditht accurate position but the image
is often highly piled up. After IM, the PD mode was to be usedHigh accuracy timing and gave no
positional information as the chip was read as if it were EhiB®ue to a micrometeorite hit within the

first 6 months, PD mode is no longer usable as it was not pedsitdalibrate. WT mode reads off each
column of pixels within the CCD, so the observation is sumseatin a 1D image. This mode is used

for the slew data and the brightest sources which would wikersaturate the CCD.

PC mode reads each individual pixel of the CCD; however hidaw and hence bright sources can
cause the CCD to become piled up. Pile up occurs when moreltpaoton arrives at a pixel during
the time it takes to read the pixel out. Therefore, it canmotibtermined if the signal in a pixel is due
to 1 photon of high energy or several photons of low energy?@mode, the source in an image can
be fitted with a gaussian with a full-width-half-maximum givby the resolution of XRT (14 arcsec).
The position of the source is defined to be the peak of the gaus$iowever, the peak cannot be
determined precisely due to noise, giving a position erfdypically ~4 arcsec. This position can be
improved further using UVOT images as the exact relativétipmsbetween XRT and UVOT is known.
The positions of known stars in the UVOT field can be used toemagcurately determine the pointing
of Swiftreducing the error in the XRT positions. The positions apgclly improved to~1 — 2 arcsec

using UVOT images (UVOT enhanced positions; Goad et al.7R00

The XRT data are now automatically analysed by the &iift Science Data Centre and the analysis
is described in Evans et al. (2007, 2009). After a GRB is deteby BAT, Swiftslews to point XRT at
the burst location and observations typically statiO0 s after the trigger time. However, a rapid slew

was not always possible due to observing constraints cetatthe Sun, Earth and Moon.
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A few hundred seconds after a trigger and shortly after XRAIQU starts taking observations (Roming
etal., 2005). It then takes a finding chart using the v baret fitt determine if there is a detected optical

afterglow and then cycles through the different filters.

On 9th May 2005 Swiftdetected the first X-ray afterglow of a SGRB, GRB 050509Bdlileg: to the
association of this SGRB to an old elliptical host galaxylits et al., 2005; Barthelmy et al., 2005b;
Hjorth et al., 2005a). Another highlight of tf&wiftmission was GRB 080319B, the “naked eye” burst
(Racusin et al., 2008) which a human eye, if looking in thétrgjrection and at the right time, would

have been able to detect the optical flash.

Swifthas made great leaps in the quest to see the furthest ohjebts Wniverse. April 2009 led to the
discovery of two extremely high redshift GRBs within just ek: GRB 090423 at a spectroscopic
redshift of 8.2 (Tanvir et al., 2009; Salvaterra et al., 20@2d GRB 090429B at a photometric redshift
of 9.4 (Cucchiara et al., 2011).

The effective areas of BATSE and BAT are comparable 850 keV. However at energies100 keV
the effective area of BATSE drops significantly whereas BABks at 30 — 100 keV. A+150 keV
BATSE remains sensitive up to 1 MeV. The sensitivity of BADpis rapidly at>150 keV and does not
operate above 350 keV. Therefore BATSE is able to detect rhadter GRBs than BAT (Sakamoto et
al., 2011). Additionally, BATSE used rate triggers to idgnbhew GRBs but BAT requires an image
to confirm the trigger. This means that faint hard bursts ese likely to trigger BAT (Sakamoto et
al., 2011). Also BAT and BATSE could classify GRBs diffedgnfor example a short hard burst with
extended emission may be identified as a LGRB by BAT and a SGRBAD SE (which is insensitive
to the much softer extended emission; Norris & Bonnell, 300Bhese factors are can explain the
different rates of SGRBs found by BAT and BATSE: 25% of GRBted&ed by BATSE were SGRBs

compared to just 10% for BAT.

1.1.7 Fermi

The Fermi satellite was launched on 11th June 2008 with two instrusmentboard, the Large Area

Telescope (LAT, 20 MeV — 300 GeV; Atwood et al., 2009) and tlar®na-ray Burst Monitor (GBM,
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Progenitor
(massive star)
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Gamma-ray
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Figure 1.2: This figure, adapted from Mészaros (2001)wshine main components of the fireball
model assuming a massive star progenitor (a binary mergeldvadso produce these jets and have the

same emission properties).

8 keV — 40 MeV,; Meegan et al., 2009). GBM provides poor positorors,~5 degrees with ground
analysis, and typically detects 1 GRB every 2 days. LAT hasaled 12 GRBs to date with very high

energy emission although most GRBs in the LAT field of viewrasedetected (Akerlof et al., 2011).

1.2 Fireball Model

This section will describe the main features of the popuileetfall model used to describe the emission
from GRBs and illustrated in Figure 1.2. This model is theofaed explanation for the majority of

both LGRBs and SGRBs.

1.2.1 Central Engine

The rapid variability of GRBs shows the central engine ndedse a compact source and two objects

have the required compactness: black holes (BHs) and mestizos (NSs).
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Black Hole Central Engine

The typical model of a GRB involves the rapid formation of a Bhtl the surrounding material col-
lapsing into an accretion disk. The energy supply is theenattthe accretion disk and the BH has an
extremely high accretion rate (0.01-1.Q.M~!). The extremely hot (¥10'° K) and densef ~10'6 g
cm—3) accretion disk produces neutrinos and anti-neutrinoshvpreferentially annihilate above and
below the accretion disk. When the neutrinos and anti-imagrannihilate they produce a plasma f e
and photons, known as a fireball, which is formed along thetticot axis of the star. This fireball is then
further accelerated and collimated producing a jet aloegttis of rotation (although the exact process
is still unclear, e.g. Popham, Woosley, & Fryer, 1999). Tdeatral engine is capable of emitting vast
amounts of energyH;,, ~ 10°* erg, rest mass of 0.6 M) within a few thousand seconds. However, as
discussed further in Section 1.2.2, the central engineoigght to beam this emission. If the emission
is beamed the actual energy released is given by equatiqiFra et al., 2001). FoF;,, ~ 10°* erg
and assuming a beaming angle of 3 degrees, the energy emdted instead be’, ~ 1.4 x 10°! erg.

This corresponds to the rest masssof 10~* M, being released as energy.

E, = (1—cosf)E;s(7) (1.2)

Magnetar Central Engine

Alternative theories suggest that the compact object doesatessarily collapse to form a BH and can
instead leave behind a highly magnetic NS known as a magfigsar, 1992; Duncan & Thompson,

1992; Wheeler et al., 2000; Thompson, Chang, & Quataer420Magnetars have extremely high
magnetic fields ¥ 10'5 G) and are born rapidly rotating?(~1-10 ms). The extreme magnetic fields
originate from the amplification of magnetic fields which lzbbe due to a convective dynamo (Duncan

& Thompson, 1992). The energy available is extracted viathission of numerous neutrinos and from

10
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the immense amount of rotational energy that this newly &afmagnetar has and is given by:

P —2
Etotal ~ 1052 <1—ms> erg (13)

This equation is simply the rotational kinetic energy of &ject which is proportional to its moment of
inertia and the square of its angular velocity. It has asslygical values for the mass and radius of a
neutron star to quantify the moment of inertia. Buccianginal. (2009) have used simulations to show
that relativistic jets can be launched by magnetars but reidtively low Lorentz factors. Therefore,
the magnetar model may not explain very energetic GRBs ssiGRB 080721 (Starling et al., 2009;
Cenko et al., 2010).

This model is different to the proposed magnetar giant flat@ish may also produce events similar to

GRBs (discussed in more detail in Section 1.6).

1.2.2 Jets

The size of the emitting region causes a problem known asdbeapactness problem”. The photons
produced by the fireball have much more energy than is redjfimepair production of electrons and
positrons. Also they are in extremely close proximity makihhighly likely that pair production will
occur (Ruderman, 1975; Schmidt, 1978; Goodman, 1986; Rhd&®7; Piran, 1999). Therefore the
region should have a huge optical depth, as it is opaque tmitsradiation, and the original photons
would not be able to escape. So the only observable emishimunidsbe a thermal spectrum. This
is solved if there is a highly relativistic outflow because #ource region can be much larger than
initially thought. This is because the observed variapilit equation 1.1 should be replaced with the
rest frame variability which is much longer in duration (atta of 2¢2). Additionally, the original
distribution photons could be of much lower energy (and Ishiéted in the relativistic outflow to the
observed energies) so fewer photons are available witltmuffienergy for pair production. Therefore,
the central engine is thought to launch two relativistics jatthough the exact mechanism remains
unknown. The jets may be launched in a similar way to the Btadd& Znajek (1977) mechanism, in

which accretion onto a rotating BH surrounded by a magneticetion disk leads to the formation of

11
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jets (e.g. Barkov & Komissarov, 2008).

The composition of the jets is another mystery with the maimenders being a baryonic plasma (e.qg.
GRB 080319B; Kumar & Panaitescu, 2008) or a magnetised plasng. GRB 080916C; Zhang &
Pe’er, 2009b). The jet starts optically thick (as the phstbave more energy than is required for pair

production) and flows out relativistically in two narrow lnes

Radio observations have provided strong evidence forividat jets (Frail et al., 1997, 1999). Jet
opening angles for LGRBs are thought to be typically a feweeg (Harrison et al., 1999; Halpern et
al., 2000; Panaitescu & Kumar, 2001; Racusin et al., 2009).

SGRBs are also thought to have jets although less beamed @@Bs with observed values ranging
from 4-25 degrees (Berger et al., 2005; Grupe et al., 2006aifescu, 2006; Soderberg et al., 2006;
Burrows et al., 2006; Nakar, 2007). The models by Janka €R8D6) suggest that SGRBs have
beaming angles-20 degrees, depending on how rapidly energy is depositedtietjet, and that the

emission drops off very rapidly when viewing SGRBs off axiezzolla et al. (2011) have completed
simulations of NS-NS mergers in which the magnetic field ragtes itself into two jet like funnels

into which jets could be launched with half opening angle8-e80 degrees. Although they are not

relativistic and do not actually launch jets, it is the firgstowards understanding them.

When the jets decelerate to non-relativistic velocitiesythapidly spread sideways making a much
larger emitting region, however this is only a small effen( Eerten & MacFadyen, 2011) A more
important factor is the Doppler beaming effect, as the @isldown (i.eI' reduces) the opening angle
of the jet increasesd(x % as shown in Figure 1.3). The Doppler beaming effect origmdrom

the Lorentz transformations applied to the velocity of pimst If photons were only emitted parallel
to the relativitic motion, then there would be no obviouseetf(they remain travelling at the speed
of light). However photons which are emitted at some anfjldave a parallel velocity component
which increases, tending towards the speed of light, bupénpendicular velocity component reduces

perpendicular velocity component

asg. The observing angle is given byn 6 = =ZrEreGem component. < T and in the small angle

approximationtan 6 ~ 6. Even though the actual beaming angle can be much largesh8erver only

sees the region of the jet given by the opening angle duesdXbppler beaming effect.

12
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High Latitude Emission

Prompt Emission

Figure 1.3: This shows the region of the jet observed dufirgprompt emission phase and the high

latitude emission responsible for the curvature effect.

As the opening angle of the jet increases, the emissionésdmver a larger viewing surface leading to
a sudden drop in luminosity giving a jet break in the obsetigddcurve (a lightcurve is a plot showing

how flux or luminosity evolves with time; Rhoads, 1999; SRifan, & Halpern, 1999).

The jet break would be achromatic (the same in all energy$)adet breaks are thought to have been
observed and can be used to derive the total energy withijetlie.g. GRB 990510 and recently GRB
080319B; Harrison et al., 1999; Tanvir et al., 2010a).

However, after the launch of thewift satellite it became clear there were major problems wit thi

theory as< 10% of theSwiftsample of GRBs have observed jet breaks (Mészaros, 20ill6)g4le et

al., 2007; Sato et al., 2007a). New theories suggest thiatgaks may not be the clear achromatic break
expected as other components can dominate (Nardini eQdll)2nd this may resolve the missing jet

break problems. Jet breaks are very rare for SGRBs (a liktlgreak was detected for GRB 090426

by Nicuesa Guelbenzu et al., 2011).

1.2.3 Observational properties of prompt emission
The prompt emission often consists of combinations of FREBgs (Fast Rise Exponential Decay;

Norris et al., 1996). These pulses do not appear to evolvie tivite (Ramirez-Ruiz & Fenimore,

2000) and there can be quiescent times during the prompsiemi§Ramirez-Ruiz & Merloni, 2001;

13
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Quilligan et al., 2002). There is often a different arriviaté for low frequency photons in comparison

to the high frequency photons, this is known as the speetgedihd is calculated using cross-correlation
of different energy bands, and there is a broadening of petdksrer energies. For LGRBs the lag time

typically varies from 20—-1000 ms (Ukwatta et al., 2010) wlS8IGRBs have negligble lag times (Norris

& Bonnell, 2006; Yi et al., 2006).

The observed spectra of the prompt emission is typicallgditising the Band Spectrum (Band et.
al., 1993). There is often evolution from hard spectra taesadpectra during the prompt emission
(Norris et al., 1986). Recent observations Bgrmi LAT suggest there may be an additional high
energy component observed in some GRBs which does not figpieat fireball model (e.g. Zou, Fan,
& Piran, 2009; Ghisellini et al., 2010; Zhang et al., 2011)sind] the prompt emission spectra it is
possible to subdivide the GRB population into Classical GRBGRBS), X-ray Rich GRBs (XRRSs)
and X-ray Flashes (XRFs) (Sakamoto et al., 2008a). Thesebmaljfferent populations of GRBs or
part of the same distribution. As the BATSE results show&RBs tend to have harder prompt spectra
and higher peak energies (Band et. al., 1993; Mallozzi el8P5; Ghirlanda, Ghisellini, & Celotti,
2004; Kaneko et al., 2006). Ghirlanda et al. (2009) showat$GRB prompt pulses are harder with a

higher peak energy () but are otherwise the same as LGRBs.

1.2.4 Redshift distribution of GRBs and possible correlatons

The average redshift of GRBs detected by Bwift satellite isz = 2.19 and Figure 1.4 shows the
redshift distribution of those GRBs (Jakobsson et al. Sttedif. The GRB redshift distribution gives
a unigue method to study the star formation rate of the Us&/€Fruchter et al., 1999; Christensen
et al., 2004; Tanvir et al., 2004; Jakobsson et al., 2006)maag show evidence of an evolving star

formation rate with redshift (Daigne et al., 2006, Jakohssal. Submitted).

As GRBs are observable across the Universe, it is highlyralglsi to find correlations to make them
standard candles. A standard candle is a source with a knawimdsity or total energy which can

be used to measure the actual physical distance to the s@urdsvaluable quantity for cosmology.

“http:/www.raunvis.hi.istpja/GRBsample.html
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Figure 1.4: The normalised cumulative redshift distribatfor all GRBs detected up to B0May 2011,
the dashed line represents the expected GRB rate for a di@efosmation history (Jakobsson et al.

Submitted). Image taken from http://www.raunvis.hiipja/GRBsample.html

Several have been proposed including:

1. The Amati Relation suggests there is a correlation batlee peak energy in the spectrum and
the isotropic energy of the GRB. The original samples shosvedrrelation (Amati et al., 2002;
Amati, 2006) however the inclusion 8wiftandFermidata have led to significantly more scatter
(Amati, 2010). Additionally, SGRBs and some LGRBs do not fitthis relation (Butler et al.,
2007).

2. The Ghirlanda Relation is a correlation between the pewkgy and the beaming corrected
energy emitted as gamma-rays (Ghirlanda, Ghisellini, &¥ini, 2005; Ghirlanda et al., 2008).
However, Swift and Fermi results have shown there is significantly more scatter thanght

(McBreen et al., 2010). Additionally, SGRBs do not fit thitaten but do fit a similar relation
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between the peak luminosity and isotropic energy (Ghiesichl., 2009).

3. The Asymmetry-Lag paradigm is an anti-correlation betwine observed lag time and the peak
luminosity of pulses which appears to work for both the proemission and X-ray flares (Nor-
ris, Marani, & Bonnell, 2000; Margutti et al., 2010; Ukwattal., 2010). However SGRBs with
extended emission (see Section 1.4.2) do not fit the relatmahneither do SGRBs as they have

no observed lag times (Yi et al., 2006; Norris & Bonnell, 20G@hrels et al., 2006).

1.2.5 Internal shock theory

At a large distance from the central engine, some of the gneithin the jet is emitted giving the
observed prompt emission. The prompt emission is only ebbér for angles within the relativistic
beaming angled % which corresponds to an emission area whicki§?, whereI is the bulk

Lorentz factor of the jet (Piran, 2004).

GRBs show rapid variability during the main prompt emissignich may be caused by internal col-
lisionless shocks within the jets. The central engine estitdls, with different relativistic velocities,
which collide within the jet giving internal shocks (Rees &bkaros, 1994; Paczynski & Xu, 1994;
Kobayashi, Piran, & Sari, 1997; Daigne & Mochkovitch, 199800). These shocks are known as col-
lisionless because the thickness of the shells being stdskauch less than the collisional mean free
path within that region (Piran, 2004). Electrons are ace&del across the shocks and emit synchrotron
emission, these photons can then be up-scattered to higbhagies via the inverse Compton effect
(Shaviv & Dar, 1995; Lazzati et al., 2004). As the electrosedifor the inverse Compton effect were
the original source of the synchrotron emission, this isecib case of the inverse Compton effect

known as synchrotron self Compton (Waxman, 1997; GhisdliGelotti, 1999).

1.2.6 Poynting flow theory

An alternative theory for the prompt emission, for a Poygtiltow dominated jet with highly ordered

magnetic field, is that the prompt emission originates froagnetic energy dissipation within the jets
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(Thompson, 1994; Mészaros & Rees, 1997; Vlahakis & Kpri§03). Extra components observed
within the prompt emission of GRB 080916C (Zhang et al., 2608 GRB 100724B (Guiriec et al.,

2011) have been explained using this model.

One method to distinguish between these theories may bebdgeration of polarisation within the
prompt emission (e.g. Fan, Zhang, & Proga, 2005) and thidbeeas attempted for several GRBs with
wide ranging and often controversial results (Coburn & BodtP03; Rutledge & Fox, 2004; Wigger
et al., 2004; Mundell et al., 2007; Gotz et al., 2009; Stetlal., 2009).

1.2.7 Curvature Effect

During the prompt phase, the emission observed is only froeg@n of angular sizé = & however
the emission is likely to be spread out over a larger anglee dtission from angleé > % is not
beamed directly towards the Earth but provides a significantribution to the observed emission. As
the emitting surface is thought to be curved, photons frageleangles have to travel a further distance
which gives a time delay. Also, as the photons are not bearinectlgt towards us, they are at a lower
frequency. Therefore, the high latitude emission arrives later time and lower frequency than the
prompt emission. This process of observing the high lagiteichission is known as the curvature effect

(Kumar & Panaitescu, 2000) and is illustrated in Figure 1.3.

In the fireball model, the external shocks between the jetsthe Interstellar Medium (ISM) give
the multi-wavelength afterglow. However, if a GRB occursaitvery low density environment this
component would be too faint to be detected. In this casegnheemission observable would be the
prompt and high lattitude emission. Therefore, the emisgiould fade extremely rapidly as described
by the curvature effect and there would be no typical aftevgl GRBs with this kind of behaviour
are described as “naked” GRBs, for example GRB 050421 (Getdalt, 2006). Additionally, as the
popular progenitor theories for SGRBs occur in low densityimnments, SGRBs might be expected

to also be “naked” GRBs.
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1.2.8 Reverse and External shocks

When the jets collide with the ISM or the circum-stellar medi(CSM), two shocks are expected to
form: one directed forwards into the ISM (the external shatlown in Figure 1.2) and a reverse shock
which propagates back through the jet. This reverse shackd®n modelled by Sari, Piran, & Halpern
(1999) and Akerlof et al. (1999). Reverse shocks are prediiti have an associated optical flash and
there are several candidates which may have this featgreS@ri & Piran, 1999a,b; McMahon, Kumar,

& Piran, 2006).

The afterglow emission of GRBs is predicted to be associattttthe relativistic jets shocking with the
ISM, giving the external shocks (Rees & Meszaros, 1992;4dé&ss & Rees, 1993). These shocks are
expected to give synchrotron and inverse Compton specttrainmuch less variable with time. The
afterglow is then expected to fade as a powerlaw which isrltgr@ on the frequency (as the afterglow

is fading, the peak frequency of the sychrotron spectrunts@s@ecreasing as the shock loses energy):

F,(t) oc t— v~ F (1.4)

B=T-1 (1.5)

whereF,,(t) is the flux as a function of frequency)(and time (t),« is the temporal index and is
the spectral index. Equation 1.5 gives the relationshipvéen 5 and the observed photon ind&X
The spectral index is obtained from the flux at a given energy ¥ < E—?). Whereas, the observed
photon index is obtained from the flux of photons of a givenrgyneloted against the energy of the

photon, i.e£ oc BT - Foc ETVE o E-(T-1),

1.2.9 Observed Afterglows

X-ray Afterglows

The Swiftsatellite has revolutionised the study of X-ray aftergldwsdentifying significant structure

in the X-ray lightcurves including multiple breaks and flreEvans et al. (2009) completed an in
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Figure 1.5: This figure illustrates the 5 main componentstanescales of the “canonical” lightcurve
observed in many X-ray afterglows 8iwift GRBs. This figure is taken from Zhang et al. (2006) and

shows how the flux varies with time with typical timescaled samporal indices.

depth study of the X-ray afterglows detectedSwiftand found afterglows had four basic forms. They
showed supporting evidence that 43%iftGRBs have a “canonical” lightcurve as proposed by Nousek
et al. (2006), O'Brien et al. (2006) and Zhang et al. (2006he Tcanonical” lightcurve is shown in

Figure 1.5 and comprises of the following stages:

1. Steep decay phase — the decay from the prompt emissisedtay high latitude emission and
the curvature effect. The decay slope predicted by the tunaffect is given in equation 1.6.
There is a smooth transition from the prompt emission taglfier phase (O'Brien et al., 2006;

Zhang et al., 2006).

a=LB+2 (1.6)
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2. Shallow decay phase — thought to show ongoing energytiojetrom the central engine and

cannot be explained in the typical fireball model (Nousel.e2806; Zhang et al., 2006).
3. Standard afterglow phase — the power law decline obsgme8wift
4. Jet break, as described in Section 1.2.2.

5. Flares —these can be comparable in energy to the promgsiemand-50% of theSwiftsample
have flares. They are interpreted as late time central ergitidty and are thought to have the
same emission mechanism as the prompt emission pulse®@Buet al., 2005b; Falcone et al.,
2006; Burrows et al., 2007; Curran et al., 2008; Chincarirdle 2010). Theories include late
time accretion (King et al., 2005), refreshed shocks (Reseai, 2006) and magnetic explosions

on a newly formed magnetar (Dai et al., 2006).

The first X-ray afterglow for a SGRB was detected by 8wift satellite for GRB 050509B (Gehrels
et al., 2005) and to dat8wifthas detected 31 SGRB afterglows. They fade more rapidly LLzRB
afterglows and are generally fainter, but otherwise apfmeshare many features with LGRBs (Berger,
2007, Rowlinson et al. private communication). The sigaffilcstructure in SGRB afterglows is prob-

lematic in the favoured theories for SGRBs and is discussedoire detail in Chapter 5 of this Thesis.

Optical afterglows

The first optical afterglow was detected for the long GRB 2B (Akerlof et al., 1999), the first for a
SGRB was GRB 050724 (Fox et al., 2005; Hjorth et al., 2005d)remwv many optical afterglows have
been studied for both LGRBs and SGRBs.

The Swiftsample of GRBs have dimmer optical afterglows than expg®eding et al., 2006). BAT
detects a fainter distribution of GRBs, which are eitherimsically fainter GRBs or more distant,

therefore the optical afterglow is also fainter.

There are a catagory of optically dark bursts, in which thigcapafterglow is subluminous with respect

to the X-ray afterglow. One definition of a dark burst is gii®nso x < 0.5, whereSp x is the optical
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Chapter 1. Introduction 1.2. Fireball Model

to X-ray spectral index (Jakobsson et al., 2004). This dafimiarises from a change of 0.5 in the
powerlaw of the afterglow spectrum due to a cooling breakhdfcooling break occurs at then, for

a given energy distibution of the electrons (p), the spéeatdex is governed by equations 1.7 and 1.8
(e.g. Sari, Piran, & Narayan, 1998). These GRBs could bemibhv luminosity GRBs, GRBs with high
optical absorption or GRBs at very high redshift (Fynbo et2001; Kann et al., 2010). Alternatively,
this could be related to a spectral break between the X-rdyDgmical spectra, for example the electron

self-absorption frequency (Shen & Zhang, 2009).

B=p/2—1/2v < v.) (17)

B=p/2v>r) (1.8)

Melandri et al. (2008) compared the optical and X-ray ligites of 24 LGRBs and found they often
demonstrated different behaviour (chromatic and achronimeaks). 10 of their sample were not
consistent with the standard forward shock model. Nyseemrietuchter, & Pe’er (2009) completed
a systematic study of GRB afterglows and found a correlatietween the prompt fluence and the
afterglow at 11 hours after the trigger time. The opticat@fiows of SGRBs and LGRBs have been
compared by Nysewander, Fruchter, & Pe’er (2009) who caledithat the SGRB afterglows are not
necessarily less bright due to their surrounding mediumisbatost likely due to having much lower

fluences.

Radio afterglows

The first radio afterglow of a GRB was detected for GRB 97030@i( et al., 1997). Within the radio
observations there was evidence of significant radio “tlimgk or scintillation, more than is normally
expected for radio sources. The “twinkling” originatesnfraliffractive scintillation at the source and
can be used to calculate the size of the emitting region (ffractive angle is proportional to the size

of the emitting region). Radio observations of variabilitgused by this effect showed the emitting
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region of GRB 970508 started extremely small and then widéitially expanded (Frail et al., 1997).

This provided important observational evidence of reistiv jets.

An advantage of using radio observations is that they aréfi&igntly delayed with respect to the rest of
the GRB emission as there is a strong dependence on theifiseqtithe emission and the arrival time
due to scattering processes within the intergalactic nmeditg. Inoue, 2004). Therefore, observed
afterglow emission in radio energy bands does not peak folrdays (Sari, Piran, & Halpern, 1999).
Radio observations can be used to identify when jets becaoimeedativistic and this can be used to
calculate the total energy emitted during the GRB (Waxmanrk#tni, & Frail, 1998). The first SGRB
radio afterglow was detected for GRB 050724 which allowedrtteasurement of the isotropic energy

(3-15)<10°° erg (Berger et al., 2005).

1.3 Host galaxies

The host galaxies of GRBs have provided vital observatiolus about the progenitors of these highly

energetic events, from their cosmological origin to asatmn with different stellar populations.

1.3.1 Host galaxies of LRGBs

Although many LGRBs are too distant for the identificationhokt galaxies, there are a number of
identified host galaxies which have been studied usingdefes including thelubble Space Telescope
(HST). These host galaxies tend to be small, with mean effectidéi of 1.7 kpc, moderately low
metallicity and are actively star forming (Bloom et al., 89®jorgovski et al., 1998; Fruchter et al.,
1999; Bloom, Kulkarni, & Djorgovski, 2002; Fruchter et &006; Wainwright et al., 2007). However,
there are some LGRBs found in high metallicity environméhtvesque et al., 2010b,c). Fruchter et
al. (2006) and Svensson et al. (2010) found that LGRBs ocmfegentially on the brightest pixels of
their host galaxies, showing they tend to occur on regionscti’e star formation. The locations of
LGRBs were compared to the locations of SNe and GRBs weralftmibbe more tightly distributed

than the SNe as shown in Figure 1.6.
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Figure 1.6: This figure, taken from Fong, Berger, & Fox (2Q01sows the cumulative distribution
of the fractional flux at each GRB location. The fractionakfiyuantifies the proportion of the host
galaxy’s light in pixels fainter than the GRB location. Thestied line represents the expected distribu-
tion if the distribution of sources tracks the light distriton. The shaded region represents the results
obtained for SGRBs using two different filters (the exacefgtand instruments vary depending on the
GRB and are described in Fong, Berger, & Fox, 2010). The tgit rey lines show the distribution
of core collapse SNe and Type la SNe for reference. The dak Igre shows the distribution for
LGRBs and clearly shows that LGRBs are concentrated on fhjhatbst regions of their host galaxies.
This means they are associated with more extreme star fiommthian typical SNe. Conversely, this
figure also shows that SGRBs tend to either trace the SNe amaitee faintest regions of their hosts
(note that hostless SGRBs are not included, further emgihgsthe differences between LGRBs and
SGRBS).
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1.3.2 Host galaxies of SGRBs

Until the launch of theSwiftsatellite, it was not possible to pinpoint the position off¥8% accurately as
their afterglows faded too rapidly to allow their detectgmlittle was known about their originSwift
enabled the detection of the X-ray afterglows giving possi accurate enough for some host galaxy
and optical afterglow identifications. However, as the agitafterglows are faint and fade rapidly it
is extremely difficult to get redshifts from the afterglowBypically SGRB redshifts come from host
galaxy associations and it is possible that the originagyenitor is just in chance alignment with this
host galaxy and they are not related (chance alignmentsecaalbulated using the methods described
in Hogg et al., 1997). Additionally, SGRBs often appear towmffset from their host galaxies further
adding to the possibility of chance alignments. Multipleshocandidates can further complicate this
task, for example GRB 050813 which has candidate hosts af zw@l z=1.8 (Berger, 2005; Ferrero et
al., 2007), GRB 050509B (Bloom et al., 2006) and GRB 060912#&vén et al., 2007). Therefore, it is
important to be cautious when considering individual SGB@shifts and host galaxies. However, it is
equally important to note that many of these host assoomitidll be correct so the sample as a whole
can provide important clues about the progenitors of SGHBsnicliffe et al. (private communication)
have used a set of random positions and field galaxies in adsopao the SGRB sample to show that,
when the probability of chance alignment is low, the hosagglidentification is likely to be correct.
However, when the host galaxy candidate is significantlgatfft is more likely to be a typical field
galaxy and unassociated with the SGRB. They showed thapsildalaxies identified using an optical
afterglow are>95% confident (81% of these are99% confident) and when only using an X-ray

position the identification is much less certain.

Studies of SGRB hosts have shown that SGRBs occur in botly ead late type galaxies, while
some may be associated with galaxy clusters, in direct asinto LGRBs. Early type galaxies are
old elliptical galaxies whereas late type galaxies inclydeng spiral galaxies, irregular galaxies and
galaxy mergers. Although it appears that the proportion®R8s occuring in star forming galaxies
dominate this sample (Berger, 2009), it has been found tieat tmay be an observational bias against
detecting 21 early type galaxies as those SGRBs may have fainter aftesg(for example GRB
100117A; Fong, Berger, & Fox, 2010).
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Wainwright et al. (2007) compared SGRB and LGRB host gataaied showed that SGRB host galax-
ies tend to have larger effective radii than LGRBSs but fewtgriacting or irregular host galaxies. There
is some evidence that SGRBs may trace star formation, butlifiement way to LGRBs ruling out a
common progenitor (Virgili et al., 2011). Berger et al. (8)@ompared SGRB host galaxies to LGRB
host galaxies and field galaxies, finding a 0.3% chance thRE@re drawn from the same population
of galaxies as LGRBs but a 60% chance that they are from the datribution as typical field galax-
ies. SGRB hosts also tend to be higher in luminosity and frewidar range of host types than LGRBs
(Berger et al., 2009). The position of SGRBs within theirthgalaxies and the fractional flux of that
position (in comparison to the flux of the host galaxy) weraligd by Fong, Berger, & Fox (2010) in
comparison to the LGRB sample. They found that SGRBs argliittd more diffusely throughout

their host galaxies than the LGRB population as shown inreidue.

From the first associations with elliptical galaxies it wésac that SGRBs can be associated with an
older stellar population and lower star formation ratesRS§FRhan LGRBs (Nakar et al., 2006; Zhang et
al., 2007; Gal-Yam et al., 2008; Berger et al., 2009). Theatftieity of SGRB host galaxies is typically
much higher than that of LGRB host galaxies and resemblasofiithe field galaxies (Berger et al.,

2009).

Studies of SGRB host galaxies by Leibler & Berger (2010) stwbwhat SGRBs are consistent with
an older stellar population tracking the stellar mass iistion and may partially track star formation
with a delay time. Within early type galaxies the delay tinedween star formation and the SGRB is
about 3 Gyr but for late type galaxies it is 0.3 Gyr (Leibler &Ber, 2010). If SGRBs track stellar
mass alone then equal numbers would be expected in earlyasntype galaxies, which has not been

observed but this may be related to an observational biagéBe2009; Fong, Berger, & Fox, 2010).

Some of the SGRBs are significantly offset from their hosaxgjak (e.g. Berger et al., 2005; Fox et al.,
2005; Bloom et al., 2006; Troja et al., 2008; Fong, Berger,&,R2010; Church et al., 2011). Fong,
Berger, & Fox (2010) showed that SGRB offsets cover the rdr@d kpc with a median of 5 kpc and
50% occuring at offsets less than 30 kpc. Therefore, SGRBamitors are likely to have been kicked

away from their birthplaces and there has been a significeaydetween this and the SGRB.

25



Chapter 1. Introduction 1.4. Classification methods

There is a population of SGRBs without an associated hosixgait is unclear whether these have
been significantly kicked out of nearby host galaxies or asmeiated with high redshift or faint host

galaxies which are undetected in the optical images. An gl@of a hostless SGRB is GRB 090515
(considered in Chapter 4). Berger (2010) considered a sanffiostless SGRB galaxies and deter-
mined that they typically have fainter afterglows, a lowesmpt fluence and are shorter in duration.
Tunnicliffe et al. (private communication) have suggedtet the hostless GRBs are likely to be at low

redshift and ejected from their host galaxies rather thamgt redshift.

1.4 Classification methods

1.4.1 Evidence for two populations

Since the identification of two categories of GRB using tlkeirations (Kouveliotou et al., 1993) it has
become clearer that there are two distinct populationsir Tifferences have been highlighted in the
previous Sections. SGRBs tend to be at lower redshiftsdorp >=0.4 and z;qrp >=2.3; Berger
et al., 2009) and have lower isotropic energies than LGRBsvéver, there may be a low redshift bias
for SGRBs for example due to: the bias against ellipticak lgagaxies at 21 (Fong, Berger, & Fox,
2010), lack of a strong host galaxy candidate or not being bineasure the redshift of the candidate.
Therefore, the difference between the average redshitssatropic energies of SGRBs and LGRBs
may nhot be as large (indeed there are SGRBs known at highshifesg e.g. GRB 090426; Levesque
et al., 2009). They do not fit in with the majority of potentiarrelations found in the prompt emission
for LGRBs and they have negligible lags. Their afterglowsfainter € F, >= 7 x 10710 erg cnr2
s~! for SGRBs anck F, >= 3 x 107? erg cnT? s~! for LGRBs; Nysewander, Fruchter, & Pe’er,
2009) and fade more rapidly than for LGRBs. Their locatioiithiw host galaxies and the types of host

galaxies are also in stark contrast to the LGRBs.

However, there is clearly overlap between the distribitiohLGRBs and SGRBs shown in Figure 1.1.
Additionally, this distribution is dependent on the sem#it and energy band of the instrument being

used to detect them. This is also an observed frame distiuhere are many effects which come
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into play when attempting to redshift these into their mastfes further confusing the distribution.

When considering individual GRBS, this overlap can stillgaconfusion as there are cases where the
properties of the GRBs makes it difficult to assign them infmagicular category. Examples of these

GRBs are:

- GRB 050724 Ty, = 3 s, occurred in a nearby elliptical galaxy which, among offreperties,
associated it with the SGRB population despite the longtaduréBarthelmy et al., 2005b; Berger
et al., 2005).

- GRB 060121 Tgy = 1.97 s, occurred at a higher redshift and in a more dusty enviromithan
is expected for a typical SGRB (Donaghy et al., 2006; Levaal.eR006a; de Ugarte Postigo et
al., 2006).

- GRB 060505 Ty, = 5 s, had no associated supernova but had a spectral lag widohsgstent
with the LGRB population, was located within a star formatiegion in a host galaxy at =
0.09 and its classification is still not firmly established (Fyndtoal., 2006; Ofek et al., 2007;
Jakobsson & Fynbo, 2007; Thone et al., 2008; McBreen e2@08; Bloom, Butler, & Perley,
2008; Xu et al., 2009).

- GRB 060614 Ty, = 102 s, had no associated supernova to highly constrainingsjminegligi-
ble spectral lag and a host galaxy more consistent with tpalption of SGRBs (Fynbo et al.,
2006; Gal-Yam et al., 2006; Gehrels et al., 2006; Della \dlal., 2006; Zhang et al., 2007).

- GRB 060912A Ty, ~ 5 s, occurred near a large elliptical galaxy so it may be a SG&RBaated
with this galaxy but there was also an underlying z=0.9 gakaxit is more likely to be a LGRB
(Levan et al., 2007).

- GRB 090426 Ty, = 1.28 s, the most distant SGRB at a redshiftzof= 2.609 which may be
problematic for the energy constraints of the SGRB progetiiteory. (Levesque et al., 2009) It
is concluded that the simplest explanation is that the pribgewas a collapsar (Levesque et al.,

2009; Antonelli et al., 2009; Thone et al., 2011a).

- GRB 090510 Ty = 0.30 s, at z=0.9 had a long lived high energy component detectéeiyi
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LAT and was extensively studied (de Pasquale et al., 2010tiadi et al., 2010; Ghirlanda,
Ghisellini, & Nava, 2010; Ackermann et al., 2010). The pmitgr is proposed to be a binary
merger by Corsi, Guetta, & Piro (2010) although Panaite2€11) suggest it originated from

the collapse of a massive star.

1.4.2 Extended Emission bursts

There is a sample of GRBs which have a typically long duration but which do not appear to fit the
LGRB sample, these GRBs share common properties in thaingiremission as they all have a short
hard peak followed by long soft extended emission. Typigah&ples include GRBs 060505 (Fynbo
et al., 2006; McBreen et al., 2008), 060614 (Fynbo et al. 62@al-Yam et al., 2006; Gehrels et al.,
2006; Della Valle et al., 2006; Zhang et al., 2007) and 080%%3ley et al., 2009a). These GRBs had
no associated SNe and a negligible spectral lag. If thestsbhad been detected by BATSE, the long
soft extended emission may be undetectable and they copithaps SGRBs. Norris & Bonnell (2006)
reanalysed the BATSE data and discovered 8 GRBs with amlisitiort hard spike followed by soft
extended emission. These GRBs are often refered to as SGRBsxtended emission (EE SGRBS).

This poses the gquestion: do SGRBs and EE SGRBs share a comogenipor? TheSwift sample

of SGRBs have been studied by Norris, Gehrels, & ScargleQfat evidence of extended emission,
~25% do show evidence of this component however there are @&®Bs which do not have ex-
tended emission. Norris, Gehrels, & Scargle (2011) havgestgd that these EE SGRBs have longer

lived afterglows and are likely to have a different progentb typical SGRBs.

These EE SGRBs are also the only LGRBs which are definitelgintjisSNe counterparts. EE SGRBs
tend to occur nearer to their host galaxies than typical S&RIEle SGRBs with a large offset do not

have EE and are less likely to have an optical afterglow @resjal., 2008).

The extended emission observed in GRB 080503 is potentxibfained as an off-axis jet or a re-
freshed shock (Perley et al., 2009a, and references thefgiralternative model for extended emission
involves 2 jets, one short in duration and the other narramekr long lived, was proposed by Barkov

& Pozanenko (2011). Alternatively, ongoing emission frotnagnetar central engine has also been
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suggested by Metzger et al. (2011). Despite these thedriestill unclear what these EE SGRBs are

and no theory satisfactorily explains all their propetties

1.4.3 Intermediate GRBs

Using the BATSE sample, it has been claimed that there isrd #tiatistically significant population
of GRBs with an intermediate duration (Mukherjee et al.,&%9orvath, 1998). It is not clear what
the progenitor of these would be and if they are a distincufaifon. The next stages are seaching for
examples of GRBs which do not fit into either the LGRB or the 8GRogenitor categories. However,

as it is not unambiguously clear what a SGRB or a LGRB is, thililspnove difficult.

1.5 Progenitor Theories

1.5.1 Collapsar

Prior to the publication of the first GRBs by Klebesadel e(0.73), it was predicted by Colgate (1968)
that SN could be accompanied by a flash of gamma-rays. LGRBs@w thought to originate from

the death of a rapidly rotating Wolf-Rayet star that has isshydrogen and helium envelopes giving
a type | b/c supernova (b means no silicon observed in the &strgpn and ¢ means no silicon or

helium; Paczynski, 1986; Woosley, 1993; Paczynski, 1998).

If the massive star originates in a low metallicity enviramhthen it will lose less mass via stellar winds
and thus retain the majority of its angular momentum (MagEad Woosley, 1999; Hirschi, Meynet,
& Maeder, 2005; Woosley & Bloom, 2006; Langer & Norman, 2086on, Langer, & Norman, 2006).

It is thought this will lead to fast rotation speeds which ianportant for launching the jet.

There are now six cases where a GRB or an XRF and SN have bamriaésd with each other and
they are summarised in Table 1.2. In all cases these werddypgernovae, unusually powerful SN.

However, only GRB 030329 was a typical GRB as GRB 980425 wedsnuminous and the others are
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GRB SN Satellite detecting GRB Classification of GRB
980425 | 1998bw Beppo-SAX Underluminous®-23)
030329 | 2003dh HETE 2 Typical GRB(*?)
031203 | 2003lw INTEGRAL XRF (6:7)

060218 | 2006a; Swift XRF and underluminou$9-10:11)
080109 | 2008D SWIfi((XRT) Weak XRF(12)
100316D| 2010bh Swift XRF and underluminou$)

Table 1.2: These GRBs/XRFs have been associated with typgpernovae, providing supporting
evidence for the massive star progenitor model.

(Dpaczynski (1998)2 Galama et al. (1998)2) Kulkarni et al. (1998)(*) Stanek et al. (2003),
(G)Hjorth et al. (2003)(6) Malesani et al. (2004)7) Thomsen et al. (2004§®) Campana et al. (2006),
®)Pian et al. (2006)!% Soderberg et al. (2006} Mazzali et al. (2007)(!2)Mazzali et al. (2008),

(13)starling et al. (2011).

classified as very long XRFs.

In addition to the GRB-SN detections, there are now severseé€ where a SN “bump” has been de-
tected in the lightcurves of known GRBs (e.g. Castro-Tir&d@orosabel, 1999; Bloom et al., 1999;
Cano et al., 2011). It has been shown that all observatiohgafal LGRBSs are consistent with being

associated with Ib/c SN although not all of these SN can prediGRBs (Woosley & Bloom, 2006).

Although this association is widely accepted, there atesiginificant issues. There are examples of
XRFs where it is expected that the SN counterpart would bectid, but there was no association
(Soderberg et al., 2005; Levan et al., 2005). The class of BSRhich are also known as SGRBs with
extended emission do not have SN counterparts to deep asttaiaimg limits (Fynbo et al., 2006). An
XRF without an associated SN could be explained as belortgitige SGRB with extended emission
group where the initial short hard spike was missed (SodgH#teal., 2005). Even when the SN “bump”
is observed, there are cases where they simply do not fit thertumodels (e.g. GRB 020305 and XRF
030723; Gorosabel et al., 2005; Fynbo et al., 2004; Tomieaga, 2004; Butler et al., 2005).
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1.5.2 Compact binary mergers

The progenitor of SGRBs needs to explain the observed difters between them and LGRBSs; espe-
cially the lower isotropic energies (Berger, Morrell, & RpR007; Nakar, 2007), lack of observed SN
to deep limits and association with older stellar populaioThe most popular theory is the merger of
two compact objects, typically two NSs or a NS and a BH, to farblack hole although an alternative
progenitor is the accretion induced collapse (AIC) of a ekivarf (WD) (Lattimer & Schramm, 1976;
Paczynski, 1986; Goodman, 1986; Eichler et al., 1989; Naralaczynski, & Piran, 1992; Meszaros
& Rees, 1992; Rosswog & Ramirez-Ruiz, 2003; Dermer & Atoy2006; King, Olsson, & Davies,
2007; Lee & Ramirez-Ruiz, 2007; Metzger, Quataert, & Thoomp2008). During the merger, a torus
of material is produced that then accretes onto a centrekbiale powering the GRB in a similar man-
ner to that produced during a collapsar. The energy availfaislthe GRB is proportional to the mass
of the accretion disk: for NS-NS (NS-BH) mergers this is M3 (0.1 M,) whereas a collapsar has
a torus of a few M, (e.g. Lee & Ramirez-Ruiz, 2007). This explains why SGRBsltenhave lower
isotropic energies than LGRBs. As these systems are thewidants from massive stars this progeni-
tor would also explain the lack of SN and association witreoktellar populations. The accretion rate
is very high so the torus is accreted onto the central BH with).3 s (e.g. Rezzolla et al., 2011) which
is consistent with the short durations. As some materiajeisted from the merger, there have been
predictions of a “mini” SN or “macronova” (Li & Paczyhski998; Rosswog et al., 1999; Rosswog,

2005; Kulkarni, 2005; Metzger et al., 2010).

Simulations of these mergers are vital to aid in the undedétg of how the system merges, the rem-
nant formed, how the jet is launched and its duration. Howdkiese simulations are highly complex.
NSs and BHs have extreme reletivistic gravitational field$ul general relativity, in a regime it has
not been tested in, is needed to model these systems. lioadditheir extreme gravitational fields the
nuclear equation of state of NSs also needs to be taken intwmat as this will describe the remnant
and torus formed, but again we do not know how matter behawvtwiincredibly high densities that
NSs experience. The extreme magnetic fields that occurglth@se mergers are likely to be important
and are also difficult to model. Additionally, these simidas are very computationally expensive and

hence are often run for very short durations, i.e. the fir8tslafter the merger. This makes it very dif-
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ficult to use these simulations to constrain late time priggerMany theorists have modelled different
aspects of these compact binary mergers and a recent ref/itbese simulations is given by Rosswog

(2010).

Although a BH is generally considered to be the remnant ohtkeger, there is increasing evidence
that a stable or unstable massive NS (likely a magnetar) radgrimed instead (Dai & Lu, 1998a; Dai
et al., 2006; Yu & Huang, 2007) and this option is discussethdme detail in Chapters 4 and 5 of this

Thesis.

This theory relies upon the formation of compact binary sy@tems. Several stellar population studies
have been completed and it is possible, although difficuproduce compact binary systems (a recent
example population study was completed by Eldridge, Lar§éiiout, 2011). The typical formation
route (as described in, for example, Tauris & van den Hel2@6) starts with two massive stars (of
masses>12 My). The most massive star evolves first, becoming a red swgperdeading to mass
transfer to the smaller star via Roche Lobe overflow. Aftd5 Myr, the most massive star undergoes
a SN explosion leaving behind a NS (or a BH for very massiveary stars). The secondary star
then evolves, also becoming a red supergiant with Roche bebdlow so the secondary star accretes
matter onto the NS (giving a high mass X-ray binary). As theoedary star continues to expand there
is a common envelope phase causing the NS and the core thispikéter ~25 Myr the secondary star
has lost its envelope and undergoes a SN explosion. Thieddmhind a NS-NS binary system which
will slowly spiral inwards towards each other. The systert f@im in a region of active star formation
however, as it can take 107 yr for the system to spiral inwards (see equation 1.9), thaxgamay
have significantly evolved before the merger occurs. Thiamaghat NS mergers will be associated

with older stellar populations and consequently can bedadnrall types of host galaxy.

During their formation within SN, the NS may receive a “kil¢.g. Fryer, 2004) which may disrupt
the binary system. If the binary is not disrupted, then thelatsystem will travel away from it's

original birth place. When the second NS is formed, thergérea chance that the “kick” will disrupt
the binary (although the second NS may not receive such &*kian den Heuvel, 2010). There are
many uncertainties surrounding the formation of theseesystmaking it very difficult to estimate the

rate of mergers expected and uncertainties in beaming aafeges to further issues in estimating the
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number of SGRBs expected. Many studies have been competstitnate the rates with uncertainties
covering several orders of magnitude (e.g. at z=0 NS-NS eneege 1 — 800 per yr' Gpc 3, NS-BH
merger rate 0.1 — 1000 peryrGpc?; Lee & Ramirez-Ruiz, 2007).

If the binary survives both SNe, and the NSs are close endhgh the orbits of the NSs will decay via
gravitational radiation. This was proved for the Galactitaby NS system observed by Hulse & Taylor
(1974), Taylor et al. (1992) and Weisberg & Taylor (2005) i system will merge in-3x 10° years.

The time till the two NSs merge can be described by:

2
8 M3 -1 z
Tinspiral = 107 ero?;“b,h <M@> <|V7®> (1 - 62)2 (1.9)

whereT;,.pira 1S the number of years before the NSs will merge, e is the éaciy of the system,
P, 1, 1s the orbital period in hours, M is the mass of the systens the reduced mass of the system

(n = 212+ | orimer, 2005).

mi+ma’

During the final stages of the merger vast amounts of graoitat waves are expected to be emitted.
These signals were searched for by the Laser Interferam@taviational Wave Observatory (LIGO,
the most recent results are published in Abadie et al., 2048a would provide the “smoking gun”
observation required to confirm compact binary mergers a&RESprogenitor. To date no binary
mergers have been detected by LIGO although this is notisumgras they are typically too distant to
be observed. GRB 070201 may be associated with M31, howd€€D has discounted a binary merger
in M31 (Abbott et al., 2008). However in 2014 Advanced-LIG@ntes online which is expected to
detect binary mergers within 445 Mpc (Abadie et al., 2010f)o gravitational waves are still detected,

it will start to place interesting constraints on the SGRBganitor theory.

Combining the “kicks” and long merger timescales, the hireyrstem could travel a long way before
merging. If the “kick” velocity is> 100 km s~! then it could be unbound from its host galaxy (depend-
ing on the mass of the host galaxy) and this may explain soraelss SGRBs (Berger, 2010). For
smaller “kicks” they would remain bound to the galaxy and Wdawace the distribution of old stellar
populations. In both cases an offset from the host galaxyps@ed. The predicted offset of SGRBs

from their host galaxies are found to be consistent with theeosed distributions (Belczynski et al.,
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2006; Church et al., 2011).

1.6 Soft Gamma-ray Repeaters

After a giant flare of gamma-rays on 5th March 1979, reserglditocRB, there were multiple bursts
from the same location (Mazets et al., 1982). Typical GRB&h@ever been observed to repeat from
the same location which suggested this source had a differegenitor. Now several sources are
known to emit repeating bursts of soft gamma-rays. TheseGamhma Repeaters (SGRs) have been
identified as Galactic sources. Some have been associatiedjuescent X-ray sources (Hurley et
al., 1996, 2000b; Kulkarni et al., 2003; Molkov et al., 200%ngo et al., 2007), supernova remnants
(SNRs, e.g. Kulkarni & Frail, 1993; Vasisht et al., 1994) ahdsters of massive stars (e.g. Mirabel
& Fuchs, 1999; Vrba et al., 2000; Figer et al., 2005). Howgetlamre are examples which are clearly
not associated with SNRs or massive star clusters. SGRoar&nmown to belong to the special class
of NSs known as magnetars, with magnetic fields ranging ffoti-10> G (these fields are a billion
times stronger than can be made on Earth). They are knownvio $@n periods of 2-9 s and are
spinning down rapidly, implying that they formed with msécond spin periods and have spun down
within a few hundred years. Due to the large magnetic fietds thought that SGRs are more likely to
experience anisotropy during their formation which leadktge than average kick velocities, even as
high as~1000 km s! (Gaensler et al., 2001). They are also believed to be yoursy &fproximately
10* years, which were formed from bright SN in star forming regigDuncan & Thompson, 1992;
Thompson & Duncan, 1995; Mereghetti, 2008). As some hava bbservationally associated with
clusters of massive stars we can place lower limits on thesrob#he progenitor stars. SGR 1806-20
has M, ogenitor > 40 Mg (Mirabel & Fuchs, 1999) and SGR 1900+14 Wek, 4enitor > 25 Mg

(Vrba et al., 2000). This supports the massive star progetiieory.

This is not the only potential progenitor of these magnetagsan et al. (2006b) have proposed that
magnetars can be formed via the accretion induced colldms®bite dwarf (WD) or WD-WD merg-
ers. In this case, there would be no accompanying SN and theeter would be associated with an

older stellar population or even kicked out of the host galaiternatively, as previously discussed,
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Figure 1.7: This figure shows the BAT count rate lightcurve {5350 keV) of the giant flare observed
from SGR 1806-20. The initial peak is not shown as it has aegtienally high count rate. The tail

shows periodic emission which gives the spin period of thgmatar (Palmer et al., 2005).

magnetars could be formed within and power some GRBs.

These young, highly magnetic NSs are thought to be unst@hleng the gamma-ray flares, the crust
is thought to rearrange itself giving a “magnetar quake”isThives a strong current which energises
particles trapped within the magnetic field lines. As thedfidarranges itself into a more stable con-
figuration a fireball of the energetic particles is releasi&thg the gamma-ray flare (Thompson &
Duncan, 1995). However, some of the fireball may become é&dppthin the magnetic field lines

giving a ringing down signature in the lightcurves.

In 1981, the first anomalous X-ray pulsar was discovered (AB&himan & Gregory, 1981) and there
are now several candidates. It was postulated that these algw a type of magnetar (Thompson,
Lyutikov, & Kulkarni, 2002) and AXPs have now been obsenet¢have like SGRs (e.g. Israel et al.,
2010; Kumar & Safi-Harb, 2010).

1.6.1 SGR giant flares

On 5th May 1979, SGR 0526-66 was observed to emit a giant ffaygroma-rays. The energy emitted
in this explosion was- 2 x 10% ergs (Fenimore, Klebesadel, & Laros, 1996). Giant flaresremeght
to originate from massive large scale restructuring in tlustoof the magnetar (Thompson & Duncan,
1995). It is still unclear how many giant flares a magnetarerait during its lifetime and a giant flare

has never been seen to repeat to date.
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Since this date two other SGRs have been observed to emitflzises: SGR 1900+14 (Hurley et al.,

1999) and SGR 1806-20 with the enormous luminosit of 107 erg s'' on 27th December 2004

(Hurley et al., 2005; Palmer et al., 2005). The giant flarenfi®GR 1806-20 was the brightest extra-
solar transient ever observed, causing ionisation in thhBaupper atmosphere (Inan et al., 2007)
and had a measurable reflection from the surface of the Momal€Fiks et al., 2007a). The lightcurve
from this event is shown in Figure 1.7 and the periodic tailssion provides the spin period of the
magnetar. Hurley et al. (2005) showed that this event woaltbeen visible out to several tens of

Mpc and would resemble a SGRB.

1.6.2 SGR giant flares and SGRBs

After determining that SGR giant flares could be the origirs@ine SGRBs at redshiftg 0.1, the
next step would be identify candidate events. The main remént would be an association with a
nearby galaxy. Although these extra-galactic giant flanesilsl be easily detectable, the accompanying
optical afterglow would be very faint (Eichler, 2002; Lewetral., 2008). Tanvir et al. (2005) completed
a cross-correlation of BATSE positions with nearby galsxé@ad found that a small proportion of
SGRBs appear to originate in very nearby galaxies. Laz3airlanda, & Ghisellini (2005) considered
the spectra of BATSE SGRBs in comparison to that of SGR giaré$land found 3 candidate events,
implying SGR 1806-20 is either closer to Earth than 15 kpdat there are fewer SGRs in the local
Universe than expected. Recent work by Bibby et al. (2008)@rmowther et al. (2011) show that the
recent revision in the distance to SGR 1806-20 means thésdsuLazzati, Ghirlanda, & Ghisellini

(2005) are consistent.

Several potential extra-galactic SGR giant flares have pemposed and are listed in Table 1.3. When
considering the expected rate of these events given thaosetele in our own Galaxy, it is unlikely that
these are all SGR giant flares (Chapman, Priddey, & Tanvd9R0Three of these candidate events
(GRBs 051103, 070201 and 110406A) will be discussed in metaildn Chapter 2 of this Thesis.
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GRB Galaxy Association Duration Eiso
(s) (erg)
000420B M74 0.3 ey
050906 IC328 0.128s | 1.5 x10% @
051103 M81 0.3 4.7 x 1048 (3:45)
070201 M31 0.2 1.2 x 10%7 (6:7)
110406A NGC 404 3 3.7 x 10%6 ®)

Table 1.3: This table summarises the SGRBs which are caed&ddra-galactic SGR giant flares, all

were detected using thEN except GRB 050906 which was found usi@gift Data are not publically

available to calculate the isotropic energy for GRB 000420B

(1) Ofek (2007),(2) Levan et al. (2008);>) Ofek et al. (2006){*) Frederiks et al. (2007a)>) Hurley et
al. (2010b),(®) Mazets et al. (2008)(") Ofek et al. (2008)(®) Rowlinson et al. (2011).

1.7 Neutron Stars

The structure of NSs is still unknown as it is unclear how erdtiehaves at such high densities, and
many theoretical models have been proposed to describeleomass and radius of NSs vary. These
models are all attempting to describe the equation of staaeN$ and a selection are shown in Figure
1.8. The equation of state of a NS is very important for thegmeof two NSs, if it is a “soft” equation

of state then the material is highly compressible resultirrgpid collapse to form a BH whereas “hard”

equations of state lead to stable massive NSs (e.g. Oecbatika, & Marek, 2007).

The mass range and maximum mass of NSs is vital when studgagnerger of two NSs, so it is
important to measure the masses of known NSs. The maximursumegbmass is for the Black Widow
Pulsar with a mass of 2.4 Mbut this value is subject to large uncertainties as it wassorea using the
radial velocity of its binary companion (van Kerkwijk, Boet, & Kulkarni, 2011). The most massive
reliable mass is 1.97M measured using Shapiro time delay (Demorest et al., 201dD)reay have
formed with this mass (Tauris, Langer, & Kramer, 2011). TH& iNass distribution can be modelled

using stellar evolution codes, which predict that NSs haasgses typically peaking at 1.3 and 1. M
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Figure 1.8: This figure shows some example NS equations t&f gteng the relationship between the
mass and radius of NSs (Lattimer & Prakash, 2004). The rednmeshows where the NS is rotating
so fast that the NS breaks up and the green region is forbididecausality (speed of sound on NS

surface> speed of light).

Accretion onto a NS can allow higher masses to be attainemhgUBayesian block analysis of known
NS masses, there is a narrow distribution with-M37 M., and a broad distribution at M1.73 M,

(Valentim, Rangel, & Horvath, 2011).

If NSs with masses-2 M, are allowed, it is possible to make massive NSs (magnetarg)glthe
merger of two NSs. If rotating rapidly, it is even more likelymassive NS can temporarily support
itself from gravitational collapse via rotation up to 1\,,,.., where M,,,... is the maximum allowed
mass of a NS (dependent on the equation of state), and fobke $& up to 1.2M,,,... Therefore

if the Black Widow Pulsar mass is correct (2.4-M van Kerkwijk, Breton, & Kulkarni, 2011) then

an unstable magnetar would be formedif < 3.4 M and a stable magnetar would be formed if
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M < 2.9 Mg. Assuming the average mass of a NS is 1.4 ten typical mergers could result in a
stable magnetars. The most reliable maximum mag&M.,, would imply that an unstable magnetar
would be formed via the merger of 2 average NSs. The staldfithe final magnetar is dependent
on the masximum possible mass of a NS. Its lifetime dependb@mamount of mass accreted after
formation and the loss of angular momentum by gravitatieveales or magnetic torques (e.g. Shibata
& Taniguchi, 2006; Oechslin, Janka, & Marek, 2007). MomisBaumgarte, & Shapiro (2004) studied
the effect that the equation of state of a NS and rotation evtxalve on the remnant of a compact
merger, i.e. whether a NS or a BH is formed. Using 6 known Giald¢S binaries and a range of
equations of state, Morrison, Baumgarte, & Shapiro (20043liot that the majority of mergers of the

known binaries will form a massive NS.

1.8 This Thesis

This Thesis will focus on the ongoing question of what areghagenitors of SGRBs using a variety
of observational data to place constraints on the curredribs. In Chapter 2 the progenitor of GRB
051103, a candidate extragalactic SGR giant flare, will Heatsl in light of an in depth analysis of
observational data. The work on GRB 051103 is based on Hetley. (2010b). This Chapter will

also consider new results for GRBs 070201 and 110406A, ther @andidate extragalactic SGR giant

flares observed by the IPN.

GRB 080905A, was a typical SGRB detected by 8véftsatellite with an accompanying optical after-
glow which allowed the identification of the host galaxy. @tex 3, based on Rowlinson et al. (2010a),
uses spatially resolved spectroscopy of the host galaxgtermhine the nature of the local environment

and hence place constraints on the progenitor, which is likest a compact binary merger.

Chapter 4 addresses the nature of the unusual X-ray afteflGRB 090515 which shows evidence
of significant ongoing energy injection followed by an extedy rapid decay phase. The origin of this
energy injection is suggested to be from an unstable magitetaed via the merger of two NSs. This

Chapter comprises work published in Rowlinson et al. (20.10b
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Following on from GRB 090515, Chapter 5 examines the X-régrgfows of allSwiftSGRB and finds
evidence of energy injection in a significant fraction of S&R Additionally, the magnetar model is
fit to these afterglows and is postulated to explain thisggneijection phase. This work is based on

Rowlinson et al. (in prep).

The final Chapter will summarise the key findings from theso&eChapters whilst using them to draw
conclusions about the nature of the progenitor of SGRBs.itiadlly, it will make suggestions for

future work using upcoming observational facilities.

Throughout this Thesis, a cosmology with B71 km s™! Mpc1, Q,, = 0.27, Q5 = 0.73 is adopted.
Errors are quoted at 90% confidence for X-ray data and dbdoptical data and results from theoret-

ical models.
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Chapter

Extragalactic SGR giant flares as progenitors

of some SGRBSs

2.1 Introduction

The main focus of this Chapter is GRB 051103 as a possiblagadtictic soft gamma repeater (SGR)
giant flare and is based on work completed for the paper Hetl@y). (2010b) (specifically Sections
2.2.2,2.2.3,2.2.4and 2.2.5 are from that paper and wetewby the author of this Thesis). Following
on from this two other candidates are studied: GRB 070201GRB 110406A.

GRB 051103 was an unusually bright burst detected by the-Ritmetary Network (IPN) at 09:25:42
UT. It had a fluence 02.34 x 10~° erg cnT2 (20keV — 10MeV) with a T burst duration of 0.17s
(Golenetskii et al., 2005). Ofek et al. (2006) presentedtapfwith limiting magnitude 20.5) and radio
observations (with aglimiting flux of 1.5 mJy) of the entire provisional error quédteral provided

in the GCN circular (Golenetskii et al., 2005). No new sosresre identified, however it was deter-
mined that the error quadrilateral did cross over star fognmiegions of M81. The studies conducted
by Frederiks et al. (2007a) focused on the gamma-ray lightecand energy characteristics of GRB

051103. They showed the error quadrilateral overlappeextended HI disk of M81 and argued for
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the presence of a stellar population, linked to tidal intBoas between M81 and M82 approximately
200 million years ago, throughout much of this region (Friéddeet al., 2007a). Section 2.2 presents
new, much deeper optical data than previously reportechtoection of the refined error ellipse clos-
est to M81, taken 3 days after GRB 051103 (and approximalyolirs after the Golenetskii et al.,

2005, GCN notice). These data were used to search for pesgikital counterparts of this SGRB, and
discuss the implications of its non-detection for its pmtg and putative association with M81. This

Chapter utilizes the distance modulus of M81, 27.8 magsaeted by HST observations of Cepheids
(3.6 Mpc, Freedman et al., 1994).

In Section 2.3, GRB 070201 is considered in more detail wétlv results obtained within the position
error box that have interesting consequences for the pitoger this GRB. As stated in the introduc-
tion, GRB 070201 appears to be associated with M31 and hassoggested to be an SGR giant flare
(Mazets et al., 2008; Ofek et al., 2008). Abbott et al. (20@B)e used LIGO observations to rule out a

compact binary merger in M31 at99.9% confidence.

GRB 110406A was also detected by the IPN #d@IEGRAL with a duration of 3 s (Savchenko et al.,
2011) and a fluence of.8 x 10~ erg cnm2 (20 keV — 10 MeV, Golenetskii et al., 2011) and may
be associated with NGC 404 (Rowlinson et al., 2011). This@ason is discussed in more detail in

Section 2.4.

Implications of these results on the study of future extiagec SGR giant flare candidates are dis-

cussed in the final part of this Chapter.

2.2 GRB 051103

2.2.1 Prompt properties

The first part of Hurley et al. (2010b), completed by K. Huréad collaborators, focused on the prompt
emission observations obtained by the IPN using a humbeateflit,es and are summarised in this

Section. Hurley et al. (2010b) produced a new refined ertigrsel, shown in Figure 2.1. The refined
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error ellipse was created using annuli between pairs ofctie®e on board the following satellites:
Konus-Wind(Aptekar et. al., 1995)HETE 2 (Atteia et. al., 2003) RHESSI(Smith et al., 2002),
INTEGRAL(Winkler, Pace, & Volonte, 1993Bwift(Gehrels et al., 2004) ardars OdysseyHurley
et al., 2006).

The prompt emission lightcurve, observed by BAT on bo8wdft was investigated for evidence of
a periodic component in the tail of the emission by creatiaggdograms and using a Monte Carlo
analysis to quantify the significance of any peaks. A peciatimponent has been observed in all
of the giant flares observed to date, but would not be expéntée light curve of a typical SGRB

with a binary merger progenitor. The lightcurve of GRB 053 ftom RHESSIis shown in Figure

2.2. No periodic component was identified in the light curé&&B 051103 but it was shown that a
non-detection would not be surprising for an SGR on M81. &ludt al. (2010b) scaled the periodic
component observed in the giant flare from SGR 1806-20 toidtarte of M81 and determined the

signal, using a significance cut, would be @:01

The energy spectrum of SGR giant flares is typically very tdudng the initial spike with a soft

spectrum for the decaying tail, indeed sometimes the lifike is consistent with a high temperature
blackbody spectrum (Mazets et al., 1979; Fenimore et é@811durley et al., 1999; Mazets et al., 1999;
Hurley et al., 2005; Frederiks et al., 2007b). Spectral fitsenconducted by Hurley et al. (2010b)
using data fromRHESS| Suzaku(Yamaoka et al., 2009) andonus-Wind These spectra show the
spectral evolution expected for an SGR was observed for GRRUB as they were consistent with the
observed values for the giant flare from SGR 1806-20 (Huttiey. £2005; Palmer et al., 2005; Boggs et
al., 2007; Frederiks et al., 2007b). It is possible to fit akiody to the high energy spectrum of GRB
051103 although an additional high energy power-law corapbis favoured in these fits, which was

not observed for SGR 1806-20. However, the results are alssistent with observations of SGRBs.

Hence, Hurley et al. (2010b) showed the prompt emissiongstigs are consistent with the SGR giant

flares but cannot rule out a typical SGRB.
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Figure 2.1: The original IPN error trapezium (dashed litleg, 3 refined error ellipse for the position
of GRB 051103 (solid line), and the fields of the region stddising KPNO (large squares). The cross
indicates the center of the ellipse and the most likely afrilirection of the burst. Approximately 65
square arcminutes of the ellipse are contained within tdeealor box. These are overlaid upon an
image of the area surrounding M81 from the Digital Sky SurvBye possibility that this burst came
from the inner disk of M81 is firmly ruled out. However, thedittest GALEX UV knots noted by Ofek
et al. (2006) are within the ellipse and indicate possiblgoimg star formation in the outer spiral arm.
(Lipunov et al., 2005) noted the presence of two galaxiekiwithe initial error box, PGC 2719634
and PGC 028505. The former galaxy lies at the 18% confident®anof the ellipse, and remains a

plausible host candidate, while the latter lies at the 0.@8%iour, and is unlikely to be the host.
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Figure 2.2: This figure, taken from Hurley et al. (2010b),whdhe lightcurve of GRB 051103 in the
top panel obtained frorRHESSI(60 keV — 3 MeV, 1 ms time resolution). The middle and bottom
panels show the evolution of the peak spectral energy anpdawer-law index of the spectrum fitted

usingRHESSHata (black) and joint fits witKonus-Wind(grey).
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2.2.2 Optical Observations and Analysis

Observations were obtained oft ®lovember 2005 using the Mosaic wide field optical imaging eam
at the Kitt Peak National Observatory (KPNO) 4m telescopkesE data reach a limiting magnitude
of ~ 24.5 mag in the R band (measured by identifying the faintest knpaint sources within the
images), which is considerably deeper than the study cdetpley Ofek et al. (2006) which had a
limiting magnitude of 20.5 mag. The observations coveredrttajority of the original error region,
and in particular that part nearest to the galaxy M81. Thagyasavere flat-fielded and sky subtracted

using standard tasks withimAF®.

For comparison, pipeline-reduced images of the region f@@nmada France Hawaii Telescope Legacy
Survey (CFHTLS) were obtained via the Virtual Observatdfalton et al., 2006) The data were
found and downloaded by using the VODesktop and VOExploredds, 2009). These formed part
of the wide synoptic survey in the R band, also to a limitinggmitude of~25 (llbert et al., 2006).
Coincidentally, the region was imaged ofi November 2005, 2 days prior to the burst, and re-imaged
within 1 month after the burst. This provided an ideal datd@ecomparison to the KPNO images as
the timescale between the firstimages by CFHT and the imagesPNO is only 6 days, minimising

any modulation in long-period variable stars in the disldlad M81.

Figure 2.1 shows the previous error quadrilateral, the edfér error ellipse and the fields covered by
the KPNO observations, in relation to M81. The observatimese positioned to cover the original
error quadrilateral but still cover 62% of the refined @lipse and contain 76% of the total likelihood.
It is important to note that the observations cover the regiosest to M81, and therefore this search

addresses the possible association of GRB 051103 with M81.

Initially, the images were searched for variability of afflew counterparts, either at the distance of
M81 or in the background, by visual inspection (i.e. the iemgrior and after the GRB were blinked

between and new sources were looked for) and no obviouglaftecandidate was found. The mag-

YIrAF is distributed by the National Optical Astronomy Observig®, which are operated by the Association of Univer-
sities for Research in Astronomy, Inc., under cooperatgre@ment with the National Science Foundation.

2This work makes use of EURO-VO software, tools or servicehie EURO-VO has been funded by the European
Commission through contracts RI031675 (DCA) and 011892-[\EZCH) under the 6th Framework programme and contracts
212104 (AIDA) and 261541 (VO-ICE) under the 7th Framewor&gPamme.
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nitudes of sources within these images were then studiet) USEXTRACTOR (Bertin & Arnouts,
1996) within the Graphical Astronomy and Image AnalysisIT@&AIA) 3. They were all calibrated

to the r band magnitudes of stars in the surrounding regigrubbshed in the Sloan Digital Sky Sur-
vey (SDSS Adelman-McCarthy et al., 2008). This calibratizeis completed using the magnitudes
given by SEXTRACTOR and comparing them to the known magnitudes of stars witherfitid. The
zeropoint magnitude used within SERACTOR was adjusted until the magnitudes of the stars were
consistent with the known values for that filter. The r bantkfiused by CFHT matched the filter
used in SDSS however the filter used by KPNO was a Cousins RfiimdAlthough this is partially
taken into account in the calibration to r band magnitudestet are some sources which have large
colour differences, for example very red sources. If a svappeared to differ in magnitude between
the CFHT and KPNO images, the colour correction was caledlasing equation 2.1 developed by
Lupton (2005) and it was then determined if the magnitudieidihce was due to colour effects. The
required g band data were from the SDSS catalogue whenlateadavia photometry of g band images
from the CFHTLS calibrated using SDSS sources in the fielde{thdn-McCarthy et al., 2008; Ilbert
et al., 2006). If it was not due to colour effects, the sourees imvestigated further. It is important
to note that there may be a source within the field which wagimvgrbut has not been identified due
to this colour correction method. However, this method waowrhly miss objects with a variability of

<0.3 magnitude (the average colour correction factor used).

R=r—0.1837 x (g — r) — 0.0971 (2.1)

In nearly all cases, stars whose magnitudes varied signijchetween the images were found to have
been caused by other factors, for example, being near clgeseaor large diffuse galaxies unidenti-
fied by SEXTRACTOR. Chip edges often had noisy pixels which interfered with seairces or were
misidentified as sources by SERACTOR. The large galaxies were often split into multiple sources
by SEXTRACTOR, this could be corrected using the SERACTOR parameters but then other sources

were missed. One of the stars in the region studied has angamagnitude on the images studied

3GAIA is a derivative of the Skycat catalogue and image dispal, developed as part of the VLT project at ESO. Skycat
and GAIA are free software under the terms of the GNU copyrigh
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and further investigation confirmed it is likely a variabtars This star was a point like object whose
magnitude varied between the three different epochs of lfamd images (6 days after the first CFHT
observations it was'1 magnitude brighter in the KPNO images but was a comparaatmitude in the
CFHT images~1 month later). Additionally, this source was present ingemfrom different bands
and epochs in the CFHTLS observations. This star is consistith being a type Il Cepheid within

our own galaxy (e.g. Sandage & Tammann, 2006).

The extended sources were checked to look for a convent®G&B afterglow within a moderately
distant host galaxy, with a limiting magnitude of 23.3 mag. If an extended source appeared to be
varying due to a possible point source being superimposeat] the colour correction was calculated
and the object was studied in more depth by eye. This involisidg the software to match seeing
conditions and measure the size of the object, and then tkéhihere was an indication of a change
in shape which might indicate a superimposed afterglow aorapt. No candidates were found using

this analysis.

In addition to the photometry described above, PSF-matithade subtraction was also used to search
for afterglow candidates, using a modified version of theSI8bde (Alard & Lupton, 1998; Alard,
2000). ISIS first uses the location of sources on a referanagé to check and correct for any rotation
or shift between the images being subtracted. The imagdhemesubtracted from the reference image
using a small stamp around each identified source. This mejites a better chance of finding sources
that are blended with other, brighter objects (i.e. brigbsthgalaxies). Cosmic ray cleaning was
completed to remove elliptical artifacts and bright pixedsised by cosmic rays hitting the detector.
The images were resampled onto a common pixel grid; the KPNDCGEFHT images had different
numbers of pixels and had different pixel scales so it wagssary to put them onto the same grid to
allow subtraction. The KPNO data were subtracted from the Céata taken before and with the data

taken after the burst. No credible afterglow candidatesevi@ind.

The analysis of the images found no optical afterglow caatdith the region studied 3 days after GRB
051103. This can place constraints on the progenitor of GRBLO3 by considering the expected

results for the potential progenitors.

48



Chapter 2. Extragalactic SGR giant flares 2.2. GRB 051103

2.2.3 Progenitor option 1: a SGRB

The optical afterglows of various SGRBs have been studieldtaese data can be used to predict the
range of afterglow properties of an SGRB of a particular gammay fluence. There is evidence for
a reasonable correlation, to first order, between gamméluagyice and afterglow flux (Nysewander,
Fruchter, & Pe’er, 2009; Gehrels et al., 2008). UsingPkc (Dorman & Arnaud, 2001), a model
spectrum of GRB 051103 was created by creating a dummy spedtrtheRHESShnd Konus-Wind
energy band, fit with th@HESSknd Konus-Wind joint fits in (Table 1; Hurley et al., 2010bdahe
normalisation was then calibrated to give the publishechfieevalues. The fit was then extrapolated
to theSwiftenergy band to give the 15-150 keV fluence. The estimated5tbkdV fluence of GRB

051103 is approximatel9.6 %> x 10~ 7erg cnm 2.

It is possible to compare GRB 051103 to other SGRBs in the B#f&logue (Sakamoto et al., 2008b)
using the approximate fluence, calculated for the energy H&n150 keV, and the photon indices
(given in Table 1; Hurley et al., 2010b). GRB 051103 is isadbat the extreme bright, hard end of the
SGRBs in theSwiftdistribution (c.f. Figure 14 from Sakamoto et al., 2008bimifarly, in the study
of short bursts by Mazets et al. (2004) over the much wideruseWind energy range (10 keV — 10
MeV), of the 109 spectra which could be characterized by ganiEnone exceeded 2.53 MeV. The
peak energy of GRB 051103 is approximately 3 MeV (Hurley et2010b). Thus if GRB 051103 is

an SGRB rather than an SGR giant flare, it is a fairly extrense.ca

The fluence of this burst was compared to other SGRBs obsdryeahe Swift Satellite. Table 2.1
provides the data of SGRB with fluences in the band 15-150keMate optical observations, obtained
from the relevant GCNs, and measured optical afterglowsénR band, approximately 3 days after
each burst For two of the bursts it was necessary to estimate the fluenttee correct energy band
using the same method as with GRB 051103. This is not a compéatple of SGRBs, as there are
a number with a relatively low gamma-ray fluence that werkegihot observed optically, were not
observed for longer than a few hours, or did not have a detegpécal afterglow. This sample was
chosen so it does not rely on the assumption that the lighteazan be extrapolated to later epochs and

because they are of a similar gamma-ray fluence to GRB 05X208\paring the SGRBs in Table 2.1

1t is important to note the classification of some of these B&Rre currently being debated (Zhang et al., 2009)
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Table 2.1: The observed fluence, in the energy band 15-15@¥eSGRBs with observed R band

magnitudes at approximately 3 days.

SGRB Fluence R band Magnitude at 3 days
10~7 erg cn1? mag

051221A| 11.6+0.4(1) 24.12+0.28()
051227 | 2.3+0.30) 25.49+0.09 (4
060121 | 26.7757, ® 25+0.25(6)
060614 | 2174 (7 22.74+-0.31®)
061006 | 14.3+1.4) >23.96+0.12(10)
070707 | 0.3340-53% (1) 26.62+0.18(12)
070714B| 7.2+0.9(13) <25.5014)
071227 | 2.2+0.3(1%) ~24.9(16)
080503 | 20.0+1 (17" 25.90+0.23(1%)

(1) Cummings et al. (2005%) Soderberg et al. (2006} Hullinger et al. (2005Y% D'Avanzo et al.
(2009) ®) an approximate fluence calculated using spectral parasnetdlished by Golenetskii et al.
(2006) (%) based on observations by Levan et al. (2006aBarthelmy et al. (2006%®) Mangano et all.
(2007)® Krimm et al. (2006)1% an upper limit based on observations 2 days after the burspleted
by D’Avanzo et al. (2009}')) an approximate fluence calculated using spectral parasetgalished
by Golenetskii et al. (2007)'2) Piranomonte et al. (2008}%) Barbier et al. (2007)'¥ a lower limit
based on observations 4 days after the burst completed ByReml. (2009a)!%) Sato et al. (2007b)
(16) @ 35 upper limit published by D’Avanzo et al. (2009)") Ukwatta et al. (2008§'®) Perley et al.
(20093a)
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to GRB 051103 the optical afterglow is predicted to have araRdomagnitude of- 24 mag as it is
at the higher end of the fluence distribution. This is withie timiting magnitude of the KPNO and
CFHTLS images used, but would have been unobservable imégss obtained by Ofek et al. (2006).
As no afterglow was observed, this rules out most typical B&R the region of the error ellipse
covered by these images. However, there are cases of SGRBextiemely faint optical afterglows,
for example GRB 080503, which had a similar fluence to GRB 0314nd an r band magnitude of
25.90+0.23 mag at 3 days (Perley et al., 2009a). So the observatimot rule out an unusually faint
SGRB in this region similar to GRB 080503. Additionally, GRB1103 could be a classical SGRB in

the part of the error ellipse not studied in this Chapter.

2.2.4 Progenitor option 2: an SGR giant flare in M81

Conversely, GRB 051103 could be an SGR giant flare in M81 wittilar energy to the giant flare
from SGR 1806-20 (Golenetskii et al., 2005) and a very fapttoal afterglow (Eichler, 2002; Levan
et al., 2008). Using observations of the giant flare from S@B6120, the apparent optical magnitude
of an SGR in M81 can be predicted. The distance to SGR 1806&&(pltoven difficult to determine;
the distance modulus adopted by many authors is 15.8 madéCert al., 1997), although Bibby et
al. (2008) recently obtained a revised distance modulumate of 14.240.35 mag. This Chapter
continues to use the larger distance modulus as this williggoan approximate upper limit on the
absolute magnitude. The giant flare from SGR 1806-20 had sereéd radio afterglow and this has
been used by Wang et al. (2005) to make predictions of therapp® band magnitude of the afterglow.
Their analysis suggests that the giant flare would have hagparent magnitude of 22 at 3 days, and
hence an absolute magnitude/df ~ 6 mag. Taking this as the absolute magnitude of any afterglow
of GRB 051103 if it is an SGR giant flare, and using the distanodulus to M81 of 27.8 (Freedman
et al., 1994) and equation 2.2, the afterglow would be exgokettt have an apparent magnitude>084
mag. Despite the many uncertainties involved in this caloah, there is some confidence that such an

afterglow would not be detectable with the data available.
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m — M = blogd — 5 (2.2)

SGRs have been observed during periods of activity using FEIT(Akerlof et al., 2000) an&wift
(for example Cummings et al., 2009), and IR observation® heen obtained for SGR 1900+14 4.1
days after outburst detecting no variability (Oppenheimteal., 1998). These have provided upper
limits on the optical afterglows from the softer spectruimrser, and weaker bursts seen during active
phases of SGRs but it is important to note that there have beeeported rapid optical follow up
observations of galactic SGR giant flares, which have afsigmnitly higher fluence and are spectrally
harder than these bursts. Therefore, this Section is coetpleeliant on theoretical predictions and
future observations may show discrepancies with thesdqti@ts. Indeed, these observations with a
limiting magnitude of 24.5 mag, giving an absolute magrets8.3 mag assuming it is at a distance of
3.6 Mpc, constitute one of the deepest absolute magnituatelses for an afterglow from a possible
SGR giant flare. This absolute magnitude is only exceedethdgeaarch for an afterglow from GRB
070201, which is a candidate SGR giant flare in M31, corredipgnto an absolute magnitude of -7.4
mag obtained 10.6 hours after the burst (Ofek et al., 2008Wd+er, as discussed later, it is unlikely
that both of these events were SGR giant flares (Chapmareyri& Tanvir, 2009).

From theGALEXUV imaging (Martin et al., 2005), there is evidence that tirereellipse does contain
star forming regions in the outer disk of M81. The two brightgdV sources are marked on Figure 2.3
(Ofek et al., 2006). These young stellar regions in M81 cdust an SGR which could emit a giant
flare. Similarly, these UV regions could be the locations afsive star clusters, and SGRs 1900+14
and 1806-20 have been associated with massive star clseebel & Fuchs, 1999; Vrba et al.,
2000). However, if GRB 051103 is an SGR giant flare in M81, aygp(up to~ 10* years old; Duncan

& Thompson, 1992) SNR might also be expected in the nearbgmeglthough this association is still
being debated (Gaensler et al., 2001, 2005). When an SGRigd it is theoretically possible that it

is given a kick of up tal000 km s~ or more (Duncan & Thompson, 1992) and therefore could have
traveled a distance of10pc from the SNR. However, this is only equivalent to an gargseparation

of ~ 0.6 arcsec at a distance of 3.6 Mpc (Freedman et al., 1994). Han@companying SNR would
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still be expected to fall within the error ellipse. Of the kmoSNR in M81 (Matonick & Fesen, 1997),

there are none within the error ellipse.

M81 has been studied by tihandra X-Ray Observatofpwartz et al., 2003) and three X-ray sources
are within the error ellipse. However, they have not beentitied in visible or radio observations.
Additionally, they have not been identified with known SNRarby stars, are not co-incident with
HII starforming regions (the expected location of SGRs; €am& Thompson, 1992) and are more
likely to be X-ray binary systems than unidentified SNR (Swat al., 2003). This X-ray survey had
a limiting luminosity of3 x 103 erg s™!, which means it would detect very young supernovae, as the
oldest supernovae with detected X-ray afterglows had arlasity of ~ 103" erg s and an age of
~ 60 years (Soria & Perna, 2008). Additionally, this survey vebdétect the X-ray luminous SNR as
these have a luminosity of up te 10°” erg s* but would not detect the X-ray faint SNRs which have
a luminosity of~ 10%* erg s (Immler & Kuntz, 2005). SGRs are well known to be quiescerit so
X-ray emitters and Mereghetti et al. (2000) have measureddifi X-ray flux of SGR 1806-20 to be
approximatelyl0—''erg cnm? s~!. Frederiks et al. (2007a) determined that @eandra Observatory

would be unable to observe directly the persistent X-rayfilamn an SGR like SGR 1806-20 in M81.

An alternative method of searching for SNR is to use &hd [Olll] narrow band observations. The
Isaac Newton Telescope (INT) has been used to search fatplgmebulae in M81 by Magrini et al.
(2001) and they have found 171 potential candidates, somizh are in the nearby region of the
refined error ellipse. Their criteria for differentiatingtiveen an SNR and a planetary nebula is that
planetary nebulae cannot be spatially resolved and SNRAay@ung SNR, as required for an SGR,
could be misidentified as a planetary nebula by this critersince a one arcsec region corresponds to a
physical size of- 20 pc. Young SNRs may well be significantly smaller than thiscgian expansion
velocity of a few thousand knTs over a magnetar lifetime eof 10 years leads to sizes v — 50 pc.
Indeed, many SNRs in M82 appear (based on radio maps) toledampact (Fenech et al., 2008).
However, the nearest is still23 arcsec from the error ellipse, and earlier in this Chapteas shown
that an SGR in M81 would only be able to traved.6 arcsec from its birthplace. ThexHuminosity

of SNRs in nearby disk galaxies tends to be greater thar0?¢ erg s'' (de Grijs et al., 2000) and
the work by Magrini et al. (2001) had a limitingdHflux of less thar6 x 1077 erg cnT? s~ which

corresponds to a limiting luminosity ef 10%° erg s'!. Therefore, their survey would be expected to
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find a candidate SNR. The recently published &hd [Olll] images from the INT Wide Field Camera
Imaging Survey (McMahon et al., 2001) were used, with a limgituminosity of~ 10%° erg s'! at
the distance of M81 as these are the same images as used hpiMagt. (2001), and compared with
21cm radio images from THINGS (Walter et al., 2008) and Chantiray source positions (Swartz
et al., 2003) to search for previously unidentified SNRs inithe error ellipse. There is a possible
circular 21cm radio source coincident with a Chandra X-@yree of approximately the right flux for
an SNR in M81 (source 15 in Swartz et al., 2003). However, t@rradio source is too large for an
SNR of the required age and there is no convincing supposgiidence of a source within the other
images studied. Using the published known X-ray sourcesghimave been expected to find an SNR
if it was very young or bright and it would have been expectefind an associated SNR using the:H
images. No convincing associated SNR candidates withierioe ellipse were identified, however not

all Galactic SGRs have been associated with SNRs so thislemation is inconclusive.

Although it has been determined that the error ellipse doessgpotential star formation regions as
required by the majority of SGR models, it should also be ettt this is not essential for all. An
alternative route has been proposed for producing a magheterhite dwarf (WD) mergers or the
accretion induced collapse (AIC) of a WD (King, Pringle, & 6kiamasinghe, 2001; Levan et al.,
2006b). As WD have long lifetimes, WD-WD mergers would beoagsted with older populations of
stars. It is possible that AIC will drive off a fraction of tlenvelope, leaving something akin to an
SNR behind (e.g. Baron et al., 1987). The mechanisms uridgr®MC are poorly understood, and the
physical characteristics and detectability of such rertmare not clear. Therefore a SGR produced
through these channels could be formed in an old stellarlptpn within the outer disk or halo, and

the non-detection of an SNR within the region does not placstraints on this model.

If the progenitor was an SGR giant flare, then there might geifstant similarities in the light curve
and spectrum of GRB 051103 to the giant flare from SGR 180& 2, the hardness of their spectra
or a periodic component in the emission following the maiakpeOfek et al. (2006) noted that the
light curve of these two events were consistent, i.e. th kgirve of GRB 051103 is similar to what
would be expected from an extragalactic version of the dian¢ from SGR 1806-20. From Table
1 in Hurley et al. (2010b), for the joint RHESSI + KW fits, iritly o = 0.131)-1] and it softens to

a = 0.3975:35. Although this is unusually hard for a GRB, it is consisteritrvthe photon index of
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the giant flare from SGR 1806-26,= 0.2 4+ 0.3 (Palmer et al., 2005). The peak luminosity of GRB
051103, assuming it was from an SGR in M81, is approximatelyx 10*® erg s'!. This is a factor
of 10 brighter than the peak luminosity of the giant flare frB@R 1806-20, which i€ — 5 x 10%7
erg s'! assuming it is at a distance of 15 kpc (Hurley et al., 2005}h\Wie revised distance estimate
from Bibby et al. (2008), the peak luminosity of the giantéléiom SGR 1806-20 would bex 1046
erg s, suggesting that a much smaller percentage of SGRBs are #@Rfigres. This value is 30
times fainter than the peak luminosity of GRB 051103 if it vifmen an SGR giant flare in M81 and in
this case GRB 051103 would be the most luminous SGR giantdizserved. In comparison, the peak
luminosity of GRB 070201 i$.14 x 10%” erg s'! assuming it was in M31 (Ofek et al., 2008), which is
an order of magnitude fainter than GRB 051103 and compataltte giant flare from SGR 1806-20.
It is important to note however, that there is currently necttetical upper limit for the energy of a
giant flare. Duncan & Thompson (1992) showed that the totatggnavailable is given by equation
2.3 whereBy5 = B/10' G. Therefore, the magnetic field (B) of SGR 1806-20 would arégd to
increase by a factor of5 to produce a giant flare with an energy that is 30 times grdladm the one

from SGR 1806-20.

E « 3 x 10 B erg (2.3)

Although the gamma-ray data suggest that GRB 051103 may leeteargalactic SGR giant flare, it
is important to note that SGR giant flares are rare eventssi@erng plausible luminosity functions,
Chapman, Priddey, & Tanvir (2009) calculated the probgbiiat the IPN would observe a giant
flare, with energy greater than the energy emitted by thet giare from SGR 1806-20, in the region
surveyed during the 17 years it has operated. For one giaef fleey calculated the probability to be
10%. However, as discussed in the introduction, there aeepidtential candidates for extragalactic
SGR giant flares, including GRB 070201 near M31 which has lpreposed to be an SGR giant
flare by Mazets et al. (2008) and new results will be sharederti® 2.3. The probablility that the
IPN has detected two SGR giant flares, with energy greatertti@giant flare from SGR 1806-20, is
0.6% (Chapman, Priddey, & Tanvir, 2009). Recently, seveeal SGR candidates have been identified
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including 0501+4516, 1550-5418 and possibly 0623-0006tf&émy et al., 2008a; Krimm et al., 2008;
Barthelmy et al., 2008b), which may imply that the number GRS in the Milky Way is higher than

previously thought. In this case, the luminosity of the gi#éare from SGR 1806-20 would have to be
at the peak of the luminosity function of SGR giant flares dratdfore giant flares of this luminosity
must be extremely rare events. This argues that GRB 051108ikely to be a second SGR giant flare

in the nearby Universe.

2.2.5 Conclusions regarding GRB 051103

This Section has presented new optical observations of GRB@B and have determined that there is
no R band optical afterglow with a limiting magnitude-of24.5 mag (for an afterglow overlapping a
host galaxy, the limiting magnitude is 23.3 mag) in the region of the error ellipse covered by these
observations. Comparison of the prompt emission of GRB 08 1lith a sample of other SGRBs leads
to the conclusion that if it was a classical SGRB an optic&rgfow would have been expected in these

observations.

In contrast, if GRB 051103 were an SGR giant flare in M81, netection of an afterglow would not be
surprising as the expectations for optical afterglow emisse significantly below the limits obtained
here, or the limits likely to be attained via current teclogyl The case for an SGR origin would be
strengthened if there were an accompanying SNR within thar etlipse, but there is no evidence
of this. An SGR produced via AIC of a WD or WD mergers (Levanlet2006b) would, however,
remove the requirement for an SNR. Additionally, the lunsibpof GRB 051103, assuming it is from
an SGR giant flare in M81, is significantly higher than knownRSgsant flares but still attainable with
current theoretical models. Giant flares with luminosityitr to the giant flare from SGR 1806-20
are extremely rare and it is unlikely that GRB 051103 and GRB201 are both extragalactic SGR

giant flares.

These findings, and the conclusions drawn from the prompsani (Hurley et al., 2010b), show that
GRB 051103 could be a giant flare from an extragalactic SGR &1 .MHowever, it is very difficult
to confirm this progenitor for GRB 051103 and shows the chghs of identifying any SGRB as an
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extragalactic SGR giant flare.

Although this option has not been considered in detail,pbissible that the progenitor of GRB 051103
was a compact binary merger in M81. In this case, it would lpgstvithin the reach of current grav-
itational wave searches. This scenario was ruled ot#t.9% confidence for GRB 070201 in M31
using the Laser Interferometer Gravitational-wave Olmery (LIGO) observations, and distances out
to 3.5 Mpc were ruled out to 90% confidence (Abbott et al., 2008&e LIGO Scientific Collaboration
is currently considering a search for gravitational-waignals in the data surrounding GRB 051103

(G. Jones and P. Sutton, private communication).

2.3 GRB 070201

Ofek et al. (2008) and Mazets et al. (2008) conducted an ithdapalysis of the properties of GRB
070201, a candidate extragalactic SGR giant flare from thdréneda Galaxy (M31) at a distance of
770 kpc. This GRB was detected by the IPN and would have arojsiotenergy of~ 1.4 x 10% erg

if it was in M31. No optical afterglow was found to a limitingagnitude ofR < 17.1 mag at 10.6
hours after the trigger time. Using archival data, Ofek e{2008) showed several X-ray sources and
SNRs within the error trapezium which may be associated thithGRB. They found no X-ray source
showing periodic behaviour as might be expected for an SGRshawed that the counterpart would
have an 0.2-10 keV X-ray flux af0~'"—10~'* erg cnt2? s~! (based on known SGR luminosities

which range betweet0?3-10%6 erg s'1).

2.3.1 Methods

This Section revisits GRB 070201 using up-to-date arctdedh within the Virtual Observatory (Wal-
ton et al., 2006). As described for GRB 051103, if the SGR wa®néd within a SN explosion, then it
may be possible to find a candidate quiescent X-ray courteagaociated with a SNR. It was previ-
ously noted in Section 2.2.4 that an SGR could trav&0 pc from the counterpart SNR during itg*

year lifetime, this corresponds to an angular separation ®farcsec at 770 kpc. Using 3 arcsec as the
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maximum separation within errors, the 2XMMi catalogue (¥datet al., 2009) was crossmatched with
all known SNR positions in M31 (Magnier et al., 1995) using@at'. 8 candidate matches were found
using this method, however only 1 resides within the err@pdzium (source 1 in the tables). These
candidates and the error trapezium are shown in Figure 2.data are provided in Table 2.2. Using the
area of M31 (44610 square arcmin, calculated using the Hyoler data; Paturel et al., 2003) and the
area of the error trapezium crossing M31400 square arcmins), the number of expected crossmatches

by chance found within the error trapezium is 0.07.

The probability of randomly picking a position within the bwary of M31 which is 3 arcsec away
from a SNR is given by the ratio of the area covered by SNRs haddtal area of M31. Using the
published diameters of SNRs within M31 (or assuming a padtree where no diameter is given;
Magnier et al., 1995), plus 3 arcsec, the total area coveye®NRRs in M31 is 38.211 square arcmin.
Therefore, the chance of randomly picking a position withiBl which is within 3 arcsec of a SNR is
0.086%. Completing the same calculation for all the 2XMMrses within M31 and a typical position
error of 2 arcsec, the chance of randomly picking a positiithivM31 that is 3 arcsec away from a
2XMM source is 0.141%. The chance of choosing a positionighatarcsec away from both a 2XMM
source and a SNR is 0.012%, assuming they are unrelatedhamuidbability that there is 1 random
match out of the 8 candidates is 0.096%. Therefore, the raatare unlikely to be due to random

chance.

X-ray source 1 (the source in the trapezium) is faiat T x 10~ erg cnt2? s71) and is located
3.2t2.4 arcsec from a candidate SNR. This luminosity is consistdth the predictions for SGR
guiescent counterparts by Ofek et al. (2008). The SNR ifieatiion is uncertain (a knot in a nebula
with a diameter of 1.8 mm on the photographic plate; Baade g, AB64) but if it is a young SNR,
as expected for an SGR, it may be more difficult to identify.dRidnally the source is located on the
edge of a ring of star formation around M31 (Devereux et &94). Figure 2.5 shows the location of
the candidate match on a UV composite image (using GALEXmhsiens; Martin et al., 2005), the
source is on the edge of a bright UV emission region markiegtiesence of ongoing star formation or
massive stars as might be expected for an SGR candidat®(e1gan & Thompson, 1992; Thompson

& Duncan, 1995; Mirabel & Fuchs, 1999; Vrba et al., 2000; Figeal., 2005; Mereghetti, 2008).

*http:/lwww.starlink.ac.uk/topcat/
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Table 2.2: The 8 candidate X-ray sources and their separfition the associated SNR. Diameters of the SNRs are provitiede available. The

separations are from the X-ray source and the centre of tlie 8¢ errors are given by the sum of the 2XMM position errard e position error

for the SNR.
Number| SNR ID | Diameter| Separation from X-ray source Comments

(arcsec) (arcsec)

1 BA212 - 3.22+ 2.9

2 1-008 16.6 2.81+55 Source within SNR

3 3-041 1.2 255+ 3.9

4 3-072 11.9 2.74+5.3 Source within SNR

5 3-079 22.6 3.97+ 3.8 Source within SNR

6 BA521 - 1.88+ 0.7

7 K594 - 1.39+ 4.7

8 BAG650 - 3.17+ 2.2
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Figure 2.4: The error trapezium of GRB 070201 is overlayedyeen, upon the Digitised Sky Survey
optical image of M31. The extent of M31 is shown in blue using HyperLeda data (Paturel et al.,
2003) and the 8 SNR-2XMM crossmatched sources are shownq thsnred stars. This image was
created using Aladin (Bonnarel et al., 2000).
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Figure 2.5: A composite NUV (red) and FUV (blue) image usie§LEXdata of M31 created using
Aladin (Bonnarel et al., 2000). The green lines represeatbibundaries of the error trapezium. The
red box is the SNR and X-ray source match, located on a UV @nisegion indicating ongoing SF

or massive stars.

Background active galactic nuclei (AGNs) make a large douation to the X-ray sources in the 2XMM
catalogue so each of the 8 SNR-2XMM source crossmatchesclvecoked to ensure the source was not
a background AGN. Pineau et al. (2011) completed a crosslation of 2XMM sources and the Sloan
Digital Sky Survey to identify AGN candidates and charastetheir properties. In order to compare
the 8 candidate matches to the AGN sample, CFHTLS image=i(# al., 2006) were obtained using
the Virtual Observatory (Walton et al., 2006). The R band nitagies were calibrated using US Navy
Observatory (USNO) objects The magnitudes provided are for any sources lying withth2ZXMM
position error for each source or the limiting magnitudehef CFHTLS survey~+25 mag; llbert et al.,

2006). The 2XMM properties of the 8 candidate matches andé¢lepest optical limit or detection are

5This research has made use of the USNO Image and Cataloghiwd\operated by the United States Naval Observatory,
Flagstaff Station (http://www.nofs.navy.mil/data/fckf)
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listed in Table 2.3. The rati% was calculated using equation 2.4 from Chiappetti et al0%20 It

is important to note that the large errors associated withXdray fluxes have a large impact on the
values for sources 1, 2 and 4 making them upper limits. Thakees were then compared to the AGN
population identified by Pineau et al. (2011) and shown inifé@.6. The candidates without a detected
optical source are generally inconsistent with the AGN pajmn, whereas the others are candidate
AGN. However, sources 2 and 4 lie within the SNRs and theyiketylto be associated. Source 1, the
candidate SGR counterpart, is unfortunately the only sowttich cannot be conclusively ruled out as
an AGN, although the nearby optical source may be relatdu:tadtive star formation region and not a
background galaxy. Further X-ray observations are redugeduce the position error and the X-ray
flux errors which will assist in ruling out an AGN. Althoughdannot be ruled out as an AGN, these

observations also do not rule out source 1 being an SGR apainte

Fx R
1 — | =logF bl 4+ — 24
o (22) =tog iy +551 + 1% @24)

This source may be detectable by current X-ray observatdidoe exampleSwift, and a count rate can
be predicted using WebPIMMSIt is assumed that this source is an SGR with a spectrum cailea
to SGR 1806-20 (photon index2.9, obtained using th8wift automated data products produced by
Evans et al., 2009) and a Galactic absorptiom\gf = 1.5 x 102! cm~2 for this position (Kalberla
et al., 2005). Source 1, with a 0.2 — 12 keV flux(@f6 + 7.7) x 10~* erg cnT? s~1, would have

a Swift XRT (0.3 — 10 keV) count rate af.872% x 103 count s'*. Hence, it is predicted that a 10
ks observation would deteet30 counts from this source. This would enable a significaintiyroved

position and spectrum which may be able to exclude an AGN.

®WebPIMMS is a Web version of the PIMMS (v4.3) tool. PIMMS wasveloped by Koji Mukai at the HEASARC.
http://heasarc.gsfc.nasa.gov/Tools/w3pimms.html
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Table 2.3: The 2XMM catalogue properties of the 8 candidataysources and the deepest optical observation of thatqgosHR?2 is the hardness
ratio between XMM bands 2 and 3.The optical magnitudes wenearted into fluxes and compared to the X-ray fluxes usingrtbihod described

in Pineau et al. (2011). These sources are then compared AGZN population identified in Pineau et al. (2011).

Number Source ID RA Dec Position Error Flux (F.) HR2 Optical limit | log (?—’;)
(arcsec) (ergcenT2s7h) (magnitude)
1 2XMMi J004604.1+415236 11.5171| 41.8768 2.6 (7.6 £7.7) x 10714 | 0.20+0.87 20.7 <1.23
2 2XMMi J004304.4+413609 10.7683| 41.6026 2.5 (5.8 £8.2) x 10715 | -1.00+0.58 21.1 <0.35
3 2XMM J004135.6+410655 10.3986| 41.1156 0.9 (1.440.7) x 10714 | -0.574+0.09 >25 >1.33
4 2XMM J004404.8+414844 11.0202| 41.8123 2.3 (1.1 £7.0) x 1071 | -0.49+0.24 20.1 <0.72
5 2XMMi J004413.4+411954 11.0561 | 41.3319 0.8 (1.2 4£0.5) x 10714 | -0.44+0.08 >25 >1.34
6 2XMM J004253.3+412550 10.7225| 41.4307 0.4 (3.440.3) x 10714 | -0.714-0.03 >25 >1.98
7 2XMM J004452.7+415458 11.2196| 41.9162 1.7 (1.2 +£0.5) x 10714 | -0.29+0.19 >25 >1.34
8 2XMMi J004556.6+421107 11.4862| 42.1852 1.9 (1.34+1.1) x 107* | 0.974+0.14 >25 >0.79
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Figure 2.6: (a)og (%) and the 0.2 — 12 keV flux of each of the X-ray sources which ssecated
with SNRs overlaid upon the results for the AGN populatioig(ife 4c from Pineau et al., 2011).
Source 1 is marked with afilled black circle. (b} (?—?};) and HR2, the hardness ratio between XMM
bands 2 and 3, for the X-ray sources studied (Source 1 is mhavkb a filled black circle) overlaid
upon the AGN population. The grey data points were unregoivghe SDSS, the green data points
were resolved in the SDSS and the pink symbols represent AGishvare type 2 QSOs (square) or

X-ray selected AGN (triangle) (Figure 8d from Pineau et20]11)
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2.3.2 Conclusions regarding GRB 070201

It has been shown that an SGR kicked from its formation plageldvbe a distance of3 arcsec from
an associated SNR at a distance of M31. This Section hasfiddran X-ray source located 3:22.4
arcsec from a SNR within the error trapezium of GRB 07020ler&hvere only 7 other such matches
within M31 so the chances of finding 1 within the error trapeziis very low. The likelihood of a
chance alignment of a SNR and a 2XMMi source, within the bamof M31, has also been shown to
be unlikely giving increased confidence that all 8 matchesassociated with each other. This source
has the flux expected for a quiescent SGR counterpart in Nlat approximately the right distance
from a SNR and is located in a region of active star format®expected for a massive star progenitor.

It is an ideal candidate quiescent counterpart for an SGR fjere.

However, it is not possible to discount this source as a backgl AGN due to large uncertainties in
the X-ray observations, it has been shown that the other €hastare unlikely to be background AGN
as expected. There are also large positional uncertaiftieSRB 070201 and uncertainties in both
the SNR candidacy. With future deep observations of theyXsmurce, it may be possible to clearly
identify it with the SNR but, as no SGR has been observed to mitiple giant flares, it is unlikely

to be unambiguously associated with GRB 070201.

This Section has shown the methods that could be used tafidguiescent counterparts in the future

given improved GRB positions and deep X-ray observations.

2.4 GRB 110406A

GRB 110406A was among the brightest bursts detected by £8-@nti-coincidence system) on
boardINTEGRALwith a duration~ 3 s and peak flux 0.8 x 10° counts s' (Savchenko et al., 2011).
The Ty, duration is calculated using the published 80 keV — 100 Meitturve (shown in Figure

2.7) and a program developed by R. Willingale for Rowlinsoale (private communication), giving

" Available here:
http://www.isdc.unige.ch/integral/ibas/cgi-bin/ibassweb.cgi/?trigger=2011-06-10T15-21-32.000-00000-@300
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Too = 1.017 £ 0.035 s.

This GRB was also detected usikignus-Winddentifying a total duration of 8 s and a hon-zero spectral
lag (~ 130 ms for 300 — 1160 keV versus 18 — 70 keV lightcurves; Golerietslal., 2011) which is
extremely unusual for typical SGRBs (Norris & Bonnell, 2D08he Konus-Wind lightcurve is shown
in Figure 2.8. The total time-integrated spectrum of thissbwas fitted by the Band et. al. (1993)
model witha = —1.247098, 3 = —2.30%0-13 and a peak energy df, = 32677 keV (20 keV — 10
MeV; Golenetskii et al., 2011). This spectral fit gives a fleewof (4.8 & 0.5) x 10~° erg cnt 2 and

peak flux of(1.5 4+ 0.1) x 10~* erg cnT? s~ 1,

The IPN triangulated the position of this GRB (Hurley et aD,11), shown in Figure 2.9 using the red
trapezium. This overlays much of the nearby (3 Mpc) galaxyQ\Nd®4, which is clearly visible in
UV despite a nearby bright star. At this distance the isatr@mergy release of this GRB would be
6 x 106 erg, consistent with the giant flare from SGR 1806-20 (Rasainet al., 2011). NGC 404
has a high star formation intensity 22 x 10~> M, yr—! kpc~2, much of which occurs in a bright HI
ring (2.5 x 1072 M, yr—!, visible in the UV image) around the galaxy showing evideota recent
galaxy merger event (Thilker et al., 2010). The presencetdfeastar formation suggests that there are
massive stars available as may be required for the progeaafittn SGR (as previously mentioned for

GRBs 051103 and 070201).

Unfortunately, this location was in Sun constraint for mamgeks after the GRB so no follow-up
observations were possible. However, this remains anraglseinteresting candidate extra-Galactic

SGR giant flare.

2.5 Implications for future studies

For future reference, it is important to note that with mozewsate positions and rapid follow up ob-
servations it may be possible to observe the optical atiergbf extragalactic giant flares. Theoretical
models of SGR giant flares often assume they are similar tbls¢ wave model used to describe clas-

sical GRBs. Wang et al. (2005) use the blast wave model and ohdervations of the giant flare from
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Figure 2.7: The 80 keV — 100 MeV SPI-ACS lightcurve for GRB 4Q6A. The top left corner shows
the lightcurve with 50 ms binning, the red lines represeattiackground region chosen. Top right is
the 5 signal-to-noise binning, the red lines represent the atadtend of the significant bins. Bottom
left is the significance of each bin relative to the backgobtate, the red lines represent the start and
end of the significant bins. Bottom right is the cumulativeefioe (in counts) for the duration of the

transient, the red lines represent ffyg duration.
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Figure 2.8: Th&onus-WindLightcurve of GRB 110406A, with a 16 ms time resolution on léfeand

a 2.944 s time resolution on the right. (Golenetskii et 11D

SGR 1806-20 to extrapolate the predicted optical aftergiifting their prediction to the distance of
M81 (as in Section 2.2.4 and using equation 2.2), if theresveesecond potential giant flare in M81
the optical afterglow is predicted to have a peak appareraidbmagnitude of~20 mag at 86 s after
the giant flare and would fall te-26 mag at 1 hour. This is observable with current and upcoming
facilities, for example the European Extremely Large Tedpe (E-ELT). However, these predictions
are subject to many assumptions and future multi-wavetengservations are required to determine

the luminosity and behaviour of SGR giant flare afterglows.

With the prompt slewing capabilities &wiftand upcoming missions likBVOM it is more likely that
an X-ray afterglow is detected for SGRBs providing a moraueate position and other properties. If
GRB 051103 had been an SGR giant flare in M81, would an X-r&ygléiw be observable? Although

gamma-ray afterglows have been observed for SGR giant flate¥)0 — 900 s after the giant flare
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Figure 2.9: The red error trapezium of GRB 110406A overlaypdn a composite NUV (red) and
FUV (blue) image usingsALEXdata of NGC 404 (the green circle illustrates the extent isfghlaxy
obtained using the HyperLeda catalogue). This image wagedtausing data from the Virtual Obser-

vatory (Walton et al., 2006) and Aladin (Bonnarel et al., @00

(Boggs et al., 2007; Mereghetti et al., 2005), no X-ray gftav has yet been observed as there have
been no rapid X-ray follow up observations reported. Ushggpectral fit for the afterglow (Boggs et
al., 2007) and the observed light curve (Mereghetti et 8052, the 20 keV — 20 MeV peak afterglow
flux was converted to the 0.3 — 10 keV fluR %) x 10~ erg cnm2 s~!. Scaled to the distance
of M81, this would correspond to a flux ¢873°°) x 1074 erg cm2 s~!. Using WebPIMMS, the
Galactic Ny in the direction of M81%.6 x 102° cm~2; Kalberla et al., 2005) and the spectrum published
in Boggs et al. (2007), th8wiftXRT flux would be~ 3.67319™ x 10~ count s°'. Rapid observations
with a duration of>10 ks would be required to confidently detect such an afterglamponent. Due

to the significant errors on these values, from the uncaytamthe spectral fit, it is not possible to

determine if an X-ray afterglow is expected.

An alternative method to estimate the X-ray afterglow assithat the emission mechanism for SGR
giant flares is the same as for the normal flares observedy ¥ftarglows have been observed from
flares originating from SGR 1900+14 with a typical decaynof- 0.4 and luminosities ofv 1036
erg s! at 0.1 s after the flares (Nakagawa et al., 2008). The giamt dlaserved from SGR 1900+14

"WebPIMMS is a Web version of the PIMMS (v4.0) tool. PIMMS waaveloped by Koji Mukai at the HEASARC.
http://heasarc.gsfc.nasa.gov/Tools/w3pimms.html
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Table 2.4: X-ray afterglow flux predictions at a distance &Minclude adopted distances column

Template Event

Adopted Distance

Predicted X-ray

Afterglow Peak Luminosity|

Fluxat0.1s

Flux at 100 s

Predicted Swift XRT

Count Rates

(kpc) (ergs™) (ergent2sh) | (ergent?s) (count s1)
SGR 1900+14 13.5 9 x 1037 6 x 10714 3x 1071 8 x 107"
SGR 1806-20 14.5 9 x 103 6 x 10713 3x 1071 8 x 107*
GRB 051103 3.6 x 10° 2 x 1040 1x10~H1 8 x 10713 2 x 1072
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was detected bpeppoSAXvith a peak count rate df.5 x 10° counts s, this is a lower limit as the
detector was saturated (Feroci et al., 2001). Using WebP8yitHiis was converted into a BAT count
rate and compared it to the peak flux of flares giving a scalmiof to predict the X-ray afterglow.
Table 2.4 gives the X-ray afterglow predictions for eveike EGR 1900+14, SGR 1806-20 and GRB
051103 scaled to a distance of M81. The flux predictions ame ffiven at 100 s, assuming a decay of
a ~ 0.4 and a prompt slew of an X-ray telescope to the afterglow londthis is typically achieved
by Swify). The prediction for an SGR 1806-20 like event at M81 usirg thethod is consistent with
the previous prediction using the gamma-ray afterglow. fiiteglicted count rates also show that, with
a prompt slew and observation for 1 &wiftwould be able to detect the afterglow of a giant flare in
M81. This analysis used the typical flares observed from S&Misscales them up to a giant flare,
however it is becoming increasingly clear that there is #&rimediate type of flare which are brighter
than typical flares and exhibit a long lived (1 — 8 ks) X-ray with a thermal spectrum (Lenters et
al., 2003; Gogus et al., 2011). These tails constitutk — 2 % of the total energy output in the flare
and this percentage appears to be dependent on the SGR (&a@juy011). If giant flares exhibit a

similar tail emission, then the X-ray fluxes predicted irst8iection may be underestimates.

Given the predictions given in this Section, it seems theXafterglow of an extragalactic SGR giant
flare might be detectable at the distance of M81 given a ragia ® the position. However, the
predictions all have significant errors, due to extrapotatbbservations to different timescales and
energy bands, and are based on assumptions about SGR giauafftéeglows. More multi-wavelength

follow up on Galactic SGR flares, giant flares and candidatieagalactic SGR giant flares is required.

2.6 Extragalactic SGR giant flare rate in the local Universe

It has been shown statistically that both GRB 051103 and GRR01 are extremely unlikely to both
be SGR giant flares by Chapman, Priddey, & Tanvir (2009). Hewesince that calculation has been
completed several new SGRs have been identified and AXPsaxhiteited SGR-like behaviour so it

is worth revisiting. There are now 9 SGRs and 12 AXPs knowménMilky Way and the Magellanic
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Cloud$. Since the discovery of the first giant flare 32 years agogthave only been 3 detected giant
flares from all the known SGRs giving the Galactic giant flar rof 0.094 yr'. For each known
SGR this gives a giant flare rate of 0.0104 {ir As AXPs have now been observed to exhibit SGR-like
behaviour, if they are also capable of producing giant flénesrate drops to 0.0045 yt per known
SGR or AXP. The 3 observed giant flares would be detectabléooutt Mpc, which encompasses all

three extragalactic candidates considered in this Chapter

As the typical progenitors of magnetars are massive staesgiant flare rate might be expected to
trace the star formation rate (0.68 — 1.45 Mr—! for the Milky Way; Robitaille & Whitney, 2010).
Recently there was an UV survey of galaxies within 11 Mpc gisBALEX observations (Lee et al.,
2011). Converting the FUV magnitudes of all galaxies withidpc to star formation rates using

equation 2.5 (Kennicutt, 1998), the total star formatiot@ r&ithin 4 Mpc is calculated to be 8.5 M

yrot.

SFRMgyr 1) =14x10"28L,(ergs* Hz ) (2.5)

Assuming the SGR giant flare rate is directly proportionalh® star formation rate, this would give
a SGR giant flare rate within 4 Mpc of 0.55 — 1.27yr Within the 21 year lifetime of the IPN, 11
— 25 SGR giant flares are expected to be detected within 4 Mpis i$ much higher than expected
given current observations, so it is likely that this resutiver simplified (e.g. the assumptions that the
giant flares are of similar magnitude and that they directge star formation are not good enough for
this analysis). Given the work by Chapman, Priddey, & Ta(®@09), one of the candidates presented
within this Chapter is likely to be an SGR giant flare but itx¢remely unlikely that 2 or more are real
SGR giant flares. It is important to note that all these ratesuacertain as they are based on small
number statistics within the Milky Way and the Magellanio@ls and an assumption that the rate is
proportional to the star formation rate. The rates alsousdecimagnetar formation routes not associated

with older stellar populations such as NS-NS mergers (sept€hs 4 and 5), WD-WD mergers and

8http://www.physics.mcgill.catpulsar/magnetar/main.html
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AIC of a WD. Hence, although it is unlikely that more than 1leé$e candidates are SGR giant flares,

this option cannot be fully discounted.

2.7 Overall Conclusions

Some SGRBs may be associated with nearby galaxies and ateflgi®s from extragalactic SGRs,
however, given current observations, they are very diffitutonclusively prove. Three good candi-

dates detected by the IPN have been presented in this Chapter

¢ GRB 051103 was considered in depth in this Chapter, howé&eesptoperties of this GRB are
consistent with both progenitor theories showing how diffié is to discriminate between them.

Therefore, the progenitor of GRB 051103 remains elusive.

e The catalogued objects within the error trapesium of GRB2010 one of the best cases for
an extragalactic SGR giant flare, has been reanalysed andlaate quiescent counterpart has
been identified. Although this is not conclusively assadait is unlikely that an X-ray source
and nearby SNR would be found within the error trapezium hwibre accurate positions from
missions such aSwiftand the future missio8VYOM associations like this will be essential for

confirming the progenitor.

e GRB 110406A was unfortunately in Sun constraint preventfigollow-up observations so
remains inconclusive. However, the prompt properties asd galaxy association are consistent

with an SGR giant flare.

e Both of the error boxes for GRBs 070201 and 110406A cross avtire star formation rings
within their potential host galaxies, this suggests thastiellar populations present are consistent

with SGR progenitors and timely for their formation.

e It has been shown statistically that it is extremely unjiitblat more than 1 of GRB 051103, GRB
070201 and GRB 110406A are SGR giant flares. Given the pédistsults and the findings of

this Chapter, the most likely candidate is GRB 070201. Hawethis calculation is subject to
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small number statistics and assumptions about the SGRataputracing average star formation

rates in the local Universe.

e These candidates have illustrated the necessity for rdpiel, multi-wavelength follow-up ob-
servations. With accurate positions, firm associationh ttst galaxies can be made and regions
within those hosts can be studied in detail. This, along waithlysis of the afterglow, can lead to

the identification of which are likely SGR giant flares and ethare “typical” SGRBs.

This Chapter has focused on a potential progenitor for alsmaiber SGRBs within the local universe,
however it is clear that SGR giant flares are not energetiogimto explain the cosmological distribu-
tion of SGRBs. The next Chapter uses an in depth study of a S@@RBgalaxy to place constraints on

the typical progenitor of SGRBs.
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Chapter

Discovery of the afterglow and host galaxy

of the low redshift short GRB 080905A

3.1 Introduction

This Chapter presents the discovery of the optical aftergiod host galaxy of the short GRB 080905A,
as published in Rowlinson et al. (2010a), and uses thesewaltiems to place constraints on the pro-
genitor. Its faint afterglow pinpointed its location to draphost galaxy at = 0.1218, making it the
most local short burst yet known. SGRB 050709 has the nex¢dbwonfirmed redshift for a SGRB
atz = 0.16 (Fox et al., 2005), followed by SGRB 050724 associated witlogt galaxy at = 0.257
(Barthelmy et al., 2005b; Berger et al., 2005). SGRB 0612@¥ bre associated with a galaxy at lower
redshift ofz = 0.111 but it was not possible to confirm this as it was offset by 17(8tcatta et al.,
2007). In Section 3.2, the observations obtained of thegfle of GRB 080905A are described and
the spectra obtained for the host galaxy. These data argsadain Section 3.3, the implications of

these findings are discussed in Section 3.4 and conclusierdyavn in Section 3.5.

A redshift of 2 = 0.1218 gives a luminosity distance of 562.3 Mpc, and 1 arcsec cporss to 2.17

kpc.
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3.2 Observations and Analysis

3.2.1 Prompt emission properties

GRB 080905A was detected by Swift at 11:58:54 UT. It is a SGRIB Wy, duration of 1.0+ 0.1 s.
The Burst Alert Telescope (BAT) detected three flares pep&iff +0.04067+0.0007 s,7+0.171005

s andl’'+ 0.869 + 0.003 s. The time averaged BAT spectrum was best fit by a power latvavithoton
index of " = 0.85 + 0.24 and the fluence was (14 0.2) x 10~7 erg cnT2 in the 15 - 150 keV energy
band (Cummings et al., 2008a). GRB 080905A was also detdgtt d TEGRAL(Pagani & Racusin,
2008) and thd-ermi Gamma-ray Burst Monitor (GBM; Bissaldi et al., 2008). Usitng redshift of

0.1218, the isotropic energy released.is+ 0.7 x 10%° erg in the 15 - 150 keV energy band.

Some short GRBs show evidence for a soft extended emissiopament in the prompt emission (e.g
Barthelmy et al., 2005b; Norris & Bonnell, 2006). There isevddence of soft extended emission in
the BAT 15-25 keV light curve for GRB 080905A, with a limitirftux of < 5.2 x 10~7 erg cnt2 s71.
Additionally, short GRBs have negligible spectral lag isittprompt emission unlike long GRBs (Nor-
ris & Bonnell, 2006; Yi et al., 2006). A spectral lag analysisGRB 080905A was performed, based
upon the cross correlation function methodology used in attavet al. (2010). The cross correlation
function method looks for similarities within lightcurves different energy bands and then determines
if high energy emission arrives at a different time to lowaemgy emission. This method is more
complex and accurate than simply comparing the arrivaldiof@eaks which assumes the structure of
a peak and may struggle with highly variable lightcurvese &halysis considered several timescales
using 128, 64, 32, 16, 8 and 4 ms binned lightcurves and cadpall six pairing combinations of
the BAT's four energy channels. There is a lack of emissidov@5 keV, which results in very low
cross correlation amplitudes for paired lightcurves cioiig channel 1. Channels 2 and 4 also have
relatively low emission, so in this analysis cross corietabetween channels 2 and 3 were used and
the lag was determined using a gausian fit. Theetror is calculated using 1000 lag Monte Carlo
simulations. The lag time of GRB 080905A4st 17 ms, which is consistent with zero as expected for

a short GRB.
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3.2.2 X-ray Afterglow Observations

The fading X-ray afterglow was located Byviftwith an enhanced position of RA (J2000): 191041.74
and Dec (J2000): -18 52 48.8 with an uncertainty of 1.6 ar¢36%o confidence; Evans, Osborne, &
Goad, 2008).

The time averaged X-ray Telescope (XRT) spectrum using lieéom counting (PC) data is best fit by
an absorbed power law with photon indEx= 1.45 + 0.25 and with an intrinsic absorptioiVy =
1.6 1.0 x 10%! cm™2 in excess of the Galactic absorption8f; = 9 x 10%° cm~?2 (Kalberla et al.,
2005). The combined BAT-XRT lightcurve can be fit with a brokmower law decay model with one

break. The best fit model is; = 2.627035, breaking afl; = 44373)° s to a decay ofi, = 1.4975.5%0.

Combined BAT-XRT lightcurves

The XRT lightcurve and raw BAT data were obtained from the BKift Data Centre (Evans et al.,
2007, 2009). To make a combined BAT-XRT lightcurve, the BAffadwere processed using standard
HEASOFT routines and the BAT lightcurve was rebinned using 3ignificance bins using a code
produced by A. Beardmore and P. Evans. The BAT spectrum veasfihusing a powerlaw in XPEC
(Dorman & Arnaud, 2001), the total counts in the spectrumewecorded @ R;.:.;), and then the fit
was extrapolated to provide a total 0.3 — 10 keV flix). Each count rate data poir@{,) in the BAT
lightcurve was then converted from 15 — 150 keV to 0.3 — 10 ka¥ dising the conversion in equation
3.1. The BAT lightcurve data points are then included in tf€TXightcurve. The resulting lightcurve
does not include spectral evolution during the burst, h@wves it is for a SGRB there are insufficient
data for detailed conversion. A program was written to aattenseveral of these steps and this method

is used to make BAT-XRT lightcurves throughout this Thesis.

F
lur = CRy X ——— 3.1
f u 7 8 CRtotal ( )

http://heasarc.gsfc.nasa.gov/lheasoft/
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Restframe lightcurves

It is often useful to compare the restframe lightcurves oBSRby converting each flux, f, data point in
the BAT-XRT lightcurve to a luminosity, L, with a restframiente (calculated using egation 3.2, where
Z is the redshift and,; is the observed time). The flux is converted to a luminosiingigquation
3.3 where the luminosity distanc®), is found iteratively for a given redshift. There is a facta,,,
(Bloom, Frail, & Sari, 2001), which takes into account theatpal shape and the required energy bands.
This Thesis uses an adapted and automated program, yndieMeloped by R. Willingale to convert

fluences to energies, to convert observed lightcurves @stframe lightcurves.

tobs
trest = 3.2
] + z (3.2)
L = 47D} fkeorr (3.3)

Using the redshift of 0.1218, the combined BAT-XRT lighteriiof GRB 080905A has been converted

to the rest-frame time and 0.3 — 10 keV luminosity lightcyrsieown in Figure 3.1.

3.2.3 Optical Observations

Early optical imaging of GRB 080905A obtained only upperitgron the afterglow flux, which were
found by UVOT at T+ 114 s (\>21.3 mag, where T is the trigger time; Brown & Pagani, 2008, t
Mt. John Observatory at T+ 2580 s (R20.8 mag; Tristram et al., 2008), and the MITSUME telescope
at T+ 2520 s (R>17.6 mag; Nakajima et al., 2008).

The observations began at the Nordic Optical Telescope JRI®5 hours after the burst, with further
epochs obtained with the Very Large Telescope (\ALilijlizing the FOcal Reducer and low disper-

sion Spectrograph 2 (FORS2; Appenzeller & Rupprecht, 199nhg place 14.3 and 36 hours after

2Based on observations made with the Nordic Optical Telescoperated on the island of La Palma jointly by Den-
mark, Finland, Iceland, Norway, and Sweden, in the Spanisteatorio del Roque de los Muchachos of the Instituto de
Astrofisica de Canarias.

3Based on observations at ESO telescopes at Paranal Obsgmvatler programme 1D 081.D-0588.
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Figure 3.1: This shows the combined BAT and XRT luminositd aest frame light curve for GRB
080905A. The BAT data are plotted until 2 s and the XRT data are plotted starting~at100 s.
Inset is the BAT lightcurve with linear observed time on tleeibontal axis and BAT count rate on the

vertical axis.

the burst. A final R-band observation was made on 23 Septerhbérdays post burst. Using the In-
frared Spectrometer And Array Camera (ISAAC; Moorwood, )9 further K-band observation was
obtained on 1 October, 25.5 days post burst. Comparisoresétbbservations allowed the discovery
of both a faint optical afterglow, and an underlying spirathgalaxy (Malesani et al., 2008; de Ugarte

Postigo et al., 2008).

The optical images were reduced in the standard fashionpeghitudes for the afterglow derived

in comparison to US Navy Observatory (USN@nd Two Micron All Sky Survey (2MASS)objects

4This research has made use of the USNO Image and Catalogbiwedoperated by the United States Naval Observatory,
Flagstaff Station (http://www.nofs.navy.mil/data/faxf).

This publication makes use of data products from the Two ®icAll Sky Survey, which is a joint project of the
University of Massachusetts and the Infrared Processidgiamalysis Center/California Institute of Technology, fied by
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2" = 4.3 kpc at 2=0.1218 N
T - o

Figure 3.2: The circle marks the location of the afterglonGitB 080905A on the R special filter
images obtained using the VLT. the top image is from epoch™Y8ptember 2008), observed 14.3
hours after the trigger time, and the bottom image is fronchpb (239 September 2008),18 days
after the trigger time (see Table 3.1). For reference, tleedlit positions used for spectroscopy have

also been included.
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T E Y S P T W R P T O S S T T I R R
it Position oll

Figure 3.3: This shows the locations of the two slit posiaised to obtain the spectra (dashed lines)
and the subapertures into which the spectra was dividedsimbspectra. The dashed circle shows
the location of the optical afterglow. The main image sholes $piral arms in the R special filter
observation taken using the VLT. The inset on the right shthescentral bulge of the galaxy in the
K short filter on the VLT. In the bottom left corner, there isketh of the structure of the galaxy.
The bottom two panels are 2D spectra obtained using the gniskLT. In the middle panel is the 2D
spectra for slit position 1 in which the emission lines géttier when moving from the southern spiral
arm to the northern spiral arm and the absorption featuresirgge more in the northern spiral arm
than in the southern spiral arm. Additionally, the contimuin the northern spiral arm is fainter than
the southern spiral arm bluewards of the D4000 break. In thiim panel is the 2D spectra for slit
position 2 in which faint emission lines can be observed &edcontinuum of the northern spiral arm.

The horizontal line shows the location of the QﬁB.
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within the field (since conditions were not photometric a&ttime of the observations). As the afterglow
lies on the edge of its spiral host the host subtracted &fi@r§uxes are obtained by subtraction of
the light from this galaxy, assuming zero contribution @nsient light in the final epoch of optical
images. The resulting magnitudes are shown in Table 3.1.aftkeglow is faintR ~ 24 mag, even
for a SGRB, and demonstrates the necessity of deep and rapéhvations at the location of SGRBs.
Converting the optical magnitude of GRB 080905A to a flux~of7 x 1073° erg cnt? s™! Hz!
and comparing it to the sample at 11 hours considered by Narsdsv, Fruchter, & Pe’er (2009),
it is one of the faintest afterglows detected and, with aagptiuminosity of~ 6.7 x 10*° erg s
Hz~!, the lowest luminosity optical afterglow detected and kefow the trend observed between
optical afterglow intensity and isotropic energy, sugmesthat this GRB occurred in a low density
environment. A reasonable extrapolation of the X-ray ligittve, using the broken power law model
(described in Section 3.2.2) fitted within QDP, to the timéhef optical imaging was used to determine
that the non-detection of the X-ray afterglow is consistsith the decay observed. The location of
the optical afterglow is RA(J2000): 19 10 41.71 and Dec(020€18 52 47.62, with an error of 0.76

arcsec, and is shown in Figure 3.2.

The afterglow is located-9 arcsec from the centre of amR8 mag galaxy and it was concluded that
this is the host galaxy. To calculate the likelihood of a a@ealignment of a similar or brighter galaxy
within 10 arcsec of the afterglow, the size of the host galaag compared to the area of the sky that
field galaxies of this magnitude or brighter would cover,mgpthe likelihood of finding a field galaxy
at this location (Hogg et al., 1997). The probability of a mt& alignment is less than 1%. A more
accurate method would be to use the half light radius of thexgeas described in Fong, Berger, &
Fox (2010), however it is difficult to calculate this due toxtamination of foreground stars. The low
chance probability and the fact that the afterglow locaties within the stellar field of the galaxy
both support the conclusion that this is the host galaxy oB@R0905A. As for many GRBs without
afterglow redshifts, it is possible that GRB 080905A is agsed with a higher redshift galaxy which

is fainter than the deep limiting magnitude of the opticahgas (R-25 mag).

The location of the afterglow is offset from the centre of ttwst galaxy by a projected radial distance

of 18.5 kpc. This is a relatively large offset, but is compdeeao several other SGRB locations (Troja

the National Aeronautics and Space Administration and thi#oNal Science Foundation (Skrutskie et al., 2006).
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et al., 2008; Fong, Berger, & Fox, 2010) and it is importanhtde that the host galaxy is relatively
large so the host-normalised offset would be much smallestddormalised offsets are calculated by

normalising the offset to the effective (half light) radiofsthe host galaxy.

At a redshift ofz = 0.1218 a supernova like SN 1998bw would reach a peak magnitude ghipu
R ~ 19.5 mag, a factor of>100 brighter than any object present in the final epoch. Tbie ¢d
any visible supernova component is in keeping with searelfésh have been done in other SGRBs,
supporting the classification of GRB 080905A as a member ®f3BRB population. For example,
Hjorth et al. (2005a) conducted an early search for a SN coemtofor SGRB 050509B finding any
accompanying SN would be fainter than typical SNe and Fok €2@05) conducted place deep limits
for a SN component for SGRB 050709. These observations canba&l used to probe the possible
production of radioactive Nickel during GRB 080905A. Theatjon of radioactive material in the
process of an NS-NS merger may create a visible electroniagignal described as a mini-SN (Li &
Paczyhski, 1998; Kulkarni, 2005; Metzger, Piro, & Quata2008; Kocevski et al., 2010). The absence
of any late time emission brighter th@h~ 24 mag, coupled with the known low redshift makes these
constraints strong in the case of GRB 080905A, although &ldemce of the observations is sensitive
to either relatively fast, or slow rise time (but not thoserdgérmediate duration). This suggests than
the radioactive yield associated with GRB 080905A<i9).01M,, based on the low redshift model
developed by Perley et al. (2009a) for GRB 080503 and thergemmdels in Kulkarni (2005).

3.2.4 Host Galaxy Spectroscopy

To characterize the host galaxy, deep spectroscopy wasebtan September 24th 2008, using FORS1
on UT2 of the VLT, Chile. These observations were obtainéer dlfie optical afterglow had faded. To
maximize wavelength coverage the 300V grism was used witlG8 375 filter to suppress contami-

nation by the second spectral order. This results in a wagéterange~3700 to 9200A.

The 1.0 arcsec wide slit was oriented along two differentdigesition angles, illustrated in Figure
3, and4 x 450 second exposures were acquired for each slit position. Wheslit positions (-104.1

and -42.7 degrees) were chosen to cut through the host getmaeying the nucleus as well as spiral
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Epoch Date mid point | Time after trigger| Telescope| Exposure time| Filter/grism | Seeing| Magnitude
(um (hours) (s) (arcsec) (mag)
1 Sep 05 20:30 UT] 8.5 NOT 1800 R 0.9 24.04 £ 0.47
2 Sep 06 02:39 UT| 14.3 VLT 2400 R special 1.05 | 24.26 £0.31
3 Sep 07 00:29 UT] 36 VLT 2400 R special 0.85 > 25.0
4 Sep 23 00:44 UT| - VLT 2400 R special 0.85 -
5 Oct 01 01:15 UT - VLT 7200 K short 0.65 -
(slit position 1) | Sep 24 01:39 UT| - VLT 3600 grism 0.9 -
(slit position 2) | Sep 24 02:27 UT| - VLT 3600 grism 0.9 -

Table 3.1: Log of observations of the afterglow and host oBGAB0905A. The magnitudes shown for the afterglow are hdstracted, assuming | ;

zero contamination from the afterglow in epoch 4. Magnituldave been corrected for foreground extinctio¢3 — V') = 0.14 mag.
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arms on either side of the galaxy (hereafter “slit positiéy &nd to cover the afterglow position and
cut through a nearby spiral arm (hereafter “slit position Zeeing conditions during the observations
were reasonable with an average seeing of 0.9 arcsec andammesass of 1.2 (slit position 1) and
1.3 (slit position 2). The data were reduced by Klaas Wiessesing standard procedures in Image
Reduction and Analysis Facility (IRAE)The four exposures per slit position were combined before

extraction, removing cosmic rays in the process.

The spectra of slit position 1 and 2 were extracted in the saaye the relatively bright continuum of
the bulge (slit position 1) or a nearby bright star (slit piosi 2) were used to fit the shape of the trace
function, and extract using 10 adjoining, equally sizedegtures following this trace. Subapertures
are 7 pixels in size in both slit position 1 and 2 data, whichreégponds to 1.76 arcsec per subaperture
(pixel scale is 0.252 arcsec per pixel), i.e. a value matdbetlvice the seeing full-width-at-half-
maximum (FWHM). At the redshift of the host galaxy, this @sponds to a physical scale of 3.8 kpc
per subaperture. In the following, the spectra extractatl thiese small apertures are refered to as
subspectra. Figure 4 shows examples of extracted subapddie GRB location is covered only by
slit position 2, and falls in subapertures 1 and 2. The sulispare wavelength calibrated using He,
HgCd and Ar lamp spectra. From the FWHM of a Gaussian fit on thdi@es a nominal spectral
resolution of 11A at the central wavelength is measured. This correspondssédocity resolution of
511 km s'!. However, this is the FWHM of a Gaussian fit to the emissioa 8o the central position
of the Gaussian can be determined more accurately. Theatevdvelengths are used to determine
the redshift and the radial velocities of the host galaxySattion 3.3.2) allowing significantly more

accurate measurements.

Flux calibration of the subspectra was done using obsenaif the spectrophotometric standard star
LDS 749B, Atmospheric extinction correction was done bylgpg the average Cerro Tololo Inter-
American Observatory (CTIO) atmospheric extinction cufMdamuy et al., 1994). A Galactic dust
extinction correction was performed by using thiéB — V') value of 0.14 mag (Schlegel et al., 1998),
assuming a Galactic extinction lady /Ay expressed aBy = Ay /E(B — V) (Cardelli et al., 1989).
The standard assumptid®y, = 3.1 mag is made (Rieke & Lebofsky, 1985). No Galactic Nal or K|

®IRAF is distributed by the National Optical Astronomy Obssories, which are operated by the Association of Univer-
sities for Research in Astronomy, Inc., under cooperatgre@ment with the National Science Foundation (Tody, 1993)
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absorption is detected in the spectrum, consistent witlifie¢ — V') value from Schlegel et al. (1998).
Note that this calibration provides a gomadative flux calibration which is needed to evaluate changes
between the different subspectra, e.g in the strength afgami line ratios or some continuum features,

but does not provide a full absolute calibration.

From the detected emission lines the redshift of the GRB ¢jalsixy is measured to be= 0.1218 +

0.0003.

3.3 Host galaxy properties

3.3.1 Host morphology

Visual inspection of the images in the R and K bands shows tisé to be a nearly face-on galaxy,
with clear bulge, disk and spiral arm components. At least $piral arms can be distinguished, one
on either side of the galaxy, which are hard to see due to & gueaber of foreground stars. Figure 3
shows the spiral arms as observed in the R band and insetrisage iof the central bulge in the K band.
The detection of spiral arms in combination with the det@&mission and absorption lines allows us

to loosely classify the host of GRB 080905A as an Sb/c galaxy.

By subtracting foreground stars from the images (condubted\ndrew Levan), the host of GRB
080905A has an R-band magnitude ofRI8.0 + 0.5 mag. The large error arises not due to the
faintness of the object, but due to the uncertainty in sghitrg the significant number of foreground
sources which overlap the spiral structure. Correctingdoeground extinction (B — V) = 0.14
mag) this corresponds to an absolute magnitud&/pf~ —21 mag, and suggests that the host of GRB

080905A is broadly similar to the Milky Way.

Using the near-infrared mass-light ratio, equation 3.4¢hkon & Greenhouse, 1988), and the K-band
magnitude of the host galakyk = 16.2f8:§ mag, the mass of the host galaxy is determined to be

M, oq = 2 £ 1 x 10'°M,. The errors are estimated based on the uncertainties irastibh of the

"Converted to Jy using the NICMOS units conversion form ¢Httvw.stsci.edu/hst/nicmos/tools/conversitmmm. html)
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foreground stars and identifying the extent of the hostxgala

M, q1a(Mg) = 2.6 x 108 D*(Mpc) Fx.(Jy) (3.4)

3.3.2 Rotation curve

The nearly face-on orientation of the host galaxy gives aekent view of the location of the GRB
within the host, similar to GRB 060505 which also occurredhé@arly face-on Sbc galaxy (Thone et
al., 2008). However, this favourable geometry complicatesasurements of the host dynamical mass,
required to test the consistency of this host, and GRB spastis in general, with the mass — metallicity

relation at this redshift.

Visual inspection of the 2D spectrum shows no clear slanhén[§ 1], Ha, [N 1], [OII], H 5 and

[O 1] lines ([O 1] are shown in 3.3). To determine the rotati curve of the galaxy (or upper limits),
thefxcor routines in the IRARV package were used to Fourier cross-correlate the spectifferent
subapertures of the slit position 1 spectra, finding thddtire radial velocity as a function of distance
to the galactic nucleus. Spectral sections around the tesgemission lines are correlated, as well
as the full subaperture spectra (using also absorptionriegt A Gaussian function is fit to the cross
correlation peak to determine its centre and width. Betviheriwo subspectra with the highest signal
to noise emission lines, subapertures 3 and 7, a formall negliacity difference ofl9 + 38 kms™! is
found. Using symmetrical subapertures about the galaetitre (4 and 8) the radial velocity is found
to be 30 +/- 160 kms!. This value is using very weak emission lines in subapeyso is a much

less constraining limit.

Using the GALFIT software package (Peng et al., 2002) the bakaxy is decomposed to identify
the inclination angle. The acquisition images for the speare used, which have the best seeing
conditions. An empirical PSF is used as modelled throughRié DAOPHOT routines using several
moderately bright stars close to the GRB position. An iratlion angle of~ 23° is found, however

there are large errors associated with this value due to §igoal to noise, contamination by bright
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stars and the near face-on inclination. This angle appedrs smaller than that identified for LGRB

980425,~ 50° (Christensen et al., 2008).

3.3.3 Spatially resolved properties

The middle and bottom panels of Figure 3.3 show the subsp&cim slit position 1 and 2, in which

differences in continuum shape and line properties can ee, seflecting subtle changes in stellar
population properties dominating the differing subspmeckirom Figure 3.3 it is clear that several field
stars are located close to and on top of the host. Some of bspactra appear affected by light from
these stars, which can be seen by the presence of Balmer,d\@aalines at zero redshift, and from

the shape of the continuum.

The 2D spectra show clearly several basic properties of disé hin Figure 3.4, subspectra from sub-
apertures 4 (northern spiral arm), 6 (central bulge) ana8tkern spiral arm) from slit position 1 are
shown. Additionally shown is the subspectra from subaperifor slit position 2, corresponding to
the GRB location. The slit position 1 spectrum shows thatiigular emission lines, e.g. [O 111] and
[O11], are strongest in the southern part of the host, anddgatatically weaker northwards of the
nucleus. This shows that the star formation rate is strdrigeise spiral arm diametrically opposite the
GRB position, in stark contrast to the spiral host galaxy GRBs 980425, that show strongest star
formation at, or near, the location of the burst (Christensgal., 2008). The GRB location appears to
lie in the extension of a spiral arm. The 2D spectrum of slgifpon 2, which probes this arm, clearly
shows strong nebular absorption lines of [O 111] and [O lihdawveaker K and H5 at the location of
the spiral arm, but no emission line flux is detected at thatlon of the burst. At and near the GRB

location a weak, near featureless continuum can be seen.

The slit position 1 subspectra that are dominated by butge Bhow clear absorption features com-
mon to old populations and ISM gas (Nal, Call, 4000reak, G band), and show stellar atmosphere
Balmer absorption underneath the nebular Balmer emisdibe. other spectra have brighter nebular
lines and weaker 4008 breaks. As several of the subspectra are contaminatecybtyfiom fore-

ground stars, and the resolution of the spectra is low, tladysis is limited in this Chapter to the

89



Chapter 3. GRB 080905A 3.3. Host galaxy properties

Wavelength (A)
5000 6000 7000

g

H8
olir
He
NIl

Ell §

[o]]]
Hy

Southern Spiral Arm

S e

0= ]

:-4: 15 ; Central Bulge {

17 C _|

‘g C ]

o 100 5 $ 5 $3 3

@ C ]

: M SPPIR— E

= WWWW’”WWW{ e ]

E - | | | " J"JWFW%

T o ‘ ‘ 7

15 C Northern Spiral Arm 7

10 —

5 - = = —

C © P ]

15 } GRB location {

10 —

5 } w {

0 E,MWWWMWWMWMWW| WWWWM Z
4000 6000 7000 8000

Wavelength (&)

Figure 3.4: This shows the observed spectra in the northpéral arm, the central bulge and the south-
ern spiral arm. These correspond to subapertures 4, 6 arah8dlit position 1. The lowest panel
shows the observed spectrum at the GRB location. There sicug features from sky line subtrac-

tion at~56008, ~63004 and ~76004 (shown by the dashed lines).
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nebular emission lines and the strongest absorption bands.

Using the relative fluxes of tdland H3, it is possible to determine the flux ratio at different peiintthe
host galaxy, as shown in Figure 3.5. This gives an indicatidhe reddening in the host galaxy, which
is important to consider as the metallicties and D4000 taled may be affected by this value. Figure
3.5 shows that the southern spiral arm and central bulgearsistent with having little significant
reddening. However, the northern spiral arm shows sigmifioeddening, and this will affect the R23
calculations. In the following analysis, the values for N#Ei&R23 are not corrected for extinction.
The extinction can be calculated using the Eind H3 ratio using equation 3.5 (Calzetti, Kinney, &

Storchi-Bergmann, 1994). The extinction varies fre. 1170 0; < E(B — V) < 0.997392 mag.

E(B—-V)=0.935In (g’i) (3.5)
e 2.88 '

The emission line fluxes in each subspectrum in slit positi@me measured, and compute the metal-
licity profile along this slit position through th&2 indices, equation 3.6 (Pettini & Pagel, 2004). In
addition to these indices, the R23 metallicities are coegbuthere possible using equation 3.7 (Pettini

& Pagel, 2004).

g — NulA6583
Hao

([Ou] + [Om))
HpB

(3.6)
R23 = (3.7)

In the slit position 2 subspectra only emission line uppaith can be determined at the GRB location.

The metallicity of the spiral arm that is covered by slit piosi 2 can be calculated through R23.

In Figure 3.5, The log(N2) index is shown (also converted it2+log(O/H), calibrated using nearby
extragalactic HIl regions, as defined by Pettini & Pagel,80the Hx flux and R23 metallicity as

a function of distance in kpc from the centre of the galaxye (tentre is taken to be the centre of
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subaperture 6). In the three horizontal panels these vahaegrovided for slit position 1, slit position
2 (for the spiral arm in subapertures 4 and 5, subaperture@igminated by a nearby star) and near
the GRB location (subaperture 1). The log(N2) index, whergas possible to measure, shows an
increasing metallicity from the southern spiral arm, tlgiouthe central bulge and into the northern
spiral arm. The 12+log(O/H) value increases from 8.4 in thattsern spiral arm to 8.7 in the northern
spiral arm. This is reinforced by the findings for R23 met#li which also shows that the northern
spiral arm has a higher metallicity than the central bulge southern spiral arm. The R23 metallicity
is converted into 12+log(O/H) using the KK04 method destilin Kewley & Ellison (2008). The
equations 3.8 — 3.12 are used to calculate the two valugg ©flog(O/H) by iterating equation 3.10
and equations 3.11 or 3.12. The degeneracy is broken betilvedwo solutions using the result for
log(N2) given by equation 3.13. The errors on these valuedeastimated from the errors on the R23
values shown in Figure 3.5, however there is an uncertasgg@ated with using the KK04 method in
Kewley & Ellison (2008) which is difficult to quantify. The rtadlicity at 2 kpc from the centre of the
host is found to be 8.9 or 8.1 in the southern spiral arm (it matspossible to break the degeneracy
between the two solutions in this arm), 8.9 in the centrag®&uB.5 in the northern spiral arm and
8.5 in slit position 2 at 13.4 kpc from the centre of the galakdpwever, these values for metallicity
calculated using R23 are likely to be affected by reddeninthé host galaxy and the 12+log(O/H)
metallicity is reliant on breaking the degeneracy of twaiohs. Therefore, this analysis is based on
the values obtained using log(N2) where possible and us&23evalues to corroborate the general
result. The values obtained for log(N2) are less sensitveetidening due to the close proximity of
the two lines used to calculate this value. Taking the solatafticity to be Z,=8.69 (Asplund et al.,
2004), it is noted that the southern spiral arm has Q,%#d the central bulge and northern spiral arms
have a value of 1 £. In the southern spiral arm, a metallicity gradient can Bered of -0.07 dex
kpc~!, which is consistent with the Milky Way gradient of -0:80.01 dex kpc! (Smartt & Rolleston,
1997; Rolleston et al., 2000). ThexHlux shows a decreasing trend from the southern spiral arhweto t
northern spiral arm. The results from the spiral arm in sigipon 2 tend to be in agreement with the
northern spiral arm in slit position 1. These results shaat the southern spiral arm is an actively star
forming region and this is in direct contrast to the northgpiral arm. The limits at the GRB location
are provided for reference. The GRB is in the northern spinal, on the opposite side of the galaxy to

the active star formation.
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r = log R23 (38)

y=1logOs  (3.9)
B 32.81 — 1.153y2 + [12 + log(3)](—3.396 — 0.025y + 0.1444y?)
4.603 — 0.3119y — 0.163y2 + [12 + log(9)](—0.48 + 0.0271y + 0.02037y?)
12 + log(O/H) jpwer = 9.40 + 4.652 — 3.1722 — log ¢(0.272 + 0.547x — 0.513z%)  (3.11)

12 +10g(O/H ) jower = 9.72 — 0.777z — 0.95122 — 0.0722° — 0.811z*
—1og ¢(9.0737 — 0.0713z — 0.14122 + 0.03732% — 0.058z%)  (3.12)

12 + log(O/H) = 9.37 + 2.03log (N2) + 1.26(log (N2))? + 0.32(log(N2))®  (3.13)

In addition to the emission line properties the 400®reak (D4000) is measured, which is a use-
ful diagnostic for age and metallicity which can even be meas in relatively low signal to noise
(sub)spectra. Shortward of 4080s the start of stellar photospheric opacity, which takes account
the mean temperature of the stars. Hotter stars (with shiifeémes) have more ionised metals in
their atmospheres, and hence a lower opacity, than co@es. sThis means that an older population
of stars will have a higher opacity and, subsequently, a&l4§00A break (Bruzual, 1983; Poggianti
& Barbaro, 1997; Gorgas et al., 1999; Kauffmann et al., 20@&cillac et al., 2006). Marcillac et al.
(2006) have shown that D4000 is sensitive to metallicityeotie age of the population exceeds a few
billion years or when it is>1.6. D4000 is calculated using the ratio between two bandseofontin-
uum, one redwards of the 4080break and the other bluewards. The Balogh et al. (1999)itlefirof

the D4000 continua is used, given in equation 3.14 with thesbeagth ranges indicated & which is
less wide than the original definition by Bruzual (1983) ameréfore less affected by dust reddening.
The calculated values are plotted in Figure 3.5 and provigigaditative estimate of the relative ages of
the stars as a function of position in the galaxy. The estdhatror for D4000 (calculated using the
RMS of the spectrum and the size of the bands) for slit positias +0.12 and for slit position 2 is
+0.65. As expected, it shows that the galactic centre hostddan population of stars than the spiral
arms. Interestingly, it also appears that the northerraspim hosts an older population of stars than
the southern spiral arm. This reinforces the evidence ofeastar formation occuring within the south-

ern spiral arm and not in the northern spiral arm. Due to lamers, it was not possible to calculate

94



Chapter 3. GRB 080905A 3.4. Discussion

D4000 at the GRB location.

Red[4000 — 4100]
Blue[3850 — 3950]

D4000 = (3.14)

Using the approximate metallicity of this galaxyg(O/H) + 12 ~ 8.6 from log(N2), and the mass-
metallicity relation as measured by Kewley & Ellison (20@8)ng galaxies in the Sloan Digital Sky
Survey, the mass of the galaxy is estimated te-b&)'® M. This is consistent with the value calcu-

lated using the near-infrared mass-light ratio.

3.4 Discussion

In previous spatially resolved studies of low redshift GRisthgalaxies, it has been determined that
LGRBs are associated with regions of active star formatimh lzence provides support for the core
collapse supernova progenitor theory, for example LGRB49280and LGRB 060218 (Fynbo et al.,
2000; Wiersema et al., 2007; Christensen et al., 2008). thadilly, LGRBs at higher redshifts tend
to occur in the brightest regions of the host galaxy (Fruchtel., 2006; Svensson et al., 2010) and
relatively small host galaxies (Wainwright et al., 2007)RB080905A is in direct contrast to these
results, occuring on the opposite side of a relatively |ajeal galaxy to the most active star formation
region and significantly offset from the centre, so its proge is unlikely to be a massive star. The
properties of this specific region of the host galaxy are ieagent with the findings of Prochaska et
al. (2006) for typical SGRB environments. One of the theocadlyy predicted progenitors of SGRBs
is the merger of a compact binary, for example two neutrors siaa neutron star and a black hole.
Compact binaries are expected to be given a kick velocitinduheir formation which can allow them
to travel large distances from their birthplace (Wang, Baijan, 2006, and references therein). These
events are expected to be associated with an older stefatgimn and offset from the host galaxy, as

observed for GRB 080905A.

To summarize, GRB 080905A has short, hard prompt emissitnmoperties expected for a compact

binary merger progenitor. There was no associated supgritappears to be a low density environ-
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ment and had a low luminosity. The host galaxy is a spirabgaleith active star formation, but GRB
080905A occurred close to a spiral arm, dominated by a velsitbld population, and on the opposite
side of the galaxy from the spiral arm with most active stamiation. Additionally, it was offset from
the centre of the host galaxy by a projected radial distand8.®& kpc. Therefore, these observations
have shown that GRB 080905A is unambiguously a short pdpol&RB, whose properties suggest

that the progenitor is likely to be a compact binary merger.

3.5 Conclusions

This Chapter has presented spatially resolved spectrpsafajre host galaxy of the short hard GRB
080905A, with a T of 1 s. The prompt emission had an isotropic total energy 6fx 10 erg in the
energy band 15-150 keV. The X-ray and optical afterglowsewsrserved, and the optical afterglow
had a magnitude of R24 mag at 8.5 hours after the burst fading to 5 mag at 32 hours.

The host is an almost face on spiral galaxy (inclinatie®3°) with a central bulge and at least 2 spiral
arms, and is loosely classified as a Sb/c galaxy. The pratyatiit GRB 080905A was chance aligned
with this galaxy is< 1%. The observed redshift of this galaxyzs= 0.1218 + 0.0003, the lowest
definite redshift for a typical SGRB thought to originatenfra compact binary merger. Using spatially
resolved spectroscopy, a disparity between the two spimab as identified, with the southern arm
showing a younger stellar population and more active stemdtion than the northern spiral arm. It
is not possible to be more specific as a relative flux callibnais used, not absolute fluxes, due to the

contamination from overlying stars and the entire hostxga¥@as not observed.

The optical afterglow is observed to be offset from the aafithe galaxy by a projected radial distance
of 18.5 kpc and occurs in the northern region. This offsetthedassociation with an older population
in the northern spiral arm, in addition to the prompt emisgiooperties, shows that GRB 080905A
would fit in the Type | Gold sample GRB as defined by Zhang e8l09) with the progenitor being a

compact binary merger.

GRB 080905A had a clearly identifiable host galaxy despitegsignificantly offset, however the
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next Chapter studies GRB 090515 - a hostless SGRB which nmag shcommon progenitor that is

kicked further out of its host galaxy prior to merger.
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Chapter

The unusual X-ray emission of the short

SwiftGRB 090515

4.1 Introduction

Here an analysis of GRB 090515 is presented, which is thedasst for an early X-ray plateau in a
SGRB, showing evidence of ongoing energy injection andngivdilues about the central engine and

progenitor.

GRB 090515 was one of the shortest GRBs observe®wift with among the lowest fluence, yet
for ~200 s it had the brightest SGRB X-ray afterglow and did noteappto be fading until a sudden
steep decline at- 240 s. After the first orbit, it was not detected again. Expfay this unusual X-ray

behaviour is the subject of this Chapter and is publishedowlRson et al. (2010b). The observations
of GRB 090515 are described in Section 4.2, compared to @R8s in Section 4.3 and the potential

origin of the unusual X-ray emission is discussed in Sectidn
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4.2 Observations

4.2.1 Swift Observations

All analysis has been performed by using standard routméESoFT, xsPEC(Dorman & Arnaud,
2001),QDF? and the automatic X-ray Telescope (XRT; Burrows et al., 20@&ta products produced
by the UK Swift Science Data Centre (Evans et al., 2007, 2009)

Swift triggered on GRB 090515 at 04:45:09 UT on 15th May 2009 withT Bsition RA = 10 56
41 and Dec = +14 27 22 (Beardmore et al., 2009). The Ultrae¥iahd Optical Telescope (UVOT)
enhanced refined XRT position was RA = 10 56 36.11 and Dec = 613023 with an uncertainty of
2.7 arcsec (Osborne et al., 2009).

The Tyy duration of GRB 090515 wa8.036 + 0.016 s (Barthelmy et al., 2009a). The spectrum of
the prompt gamma-ray emission can be fit by a single powerdéawhoton indexI’, = 1.6 + 0.2
(Barthelmy et al., 2009a). The fluence2s) 4 0.8 x 108 erg cn? and the peak photon flux is
5.7+0.9 phcnm? s~!. All values are in the 15 — 150 keV energy band. The BAT lightveus shown

in Figure 4.1 as the grey data points and also shown in théwitelinear time. The BAT count rates
were converted to flux in the energy band 0.3 — 10 keV using ¥eeage spectral index for the BAT
and the XRT spectra. There is no evidence of extended emisitected in the BAT energy range

(Norris, Gehrels, & Scargle, 2010).

A spectral lag analysis for GRB 090515 was completed usiegctbss correlation function method
described in Ukwatta et al. (2010) and Section 3.2.1, the 8meshinned lightcurve and BAT channels
1, 2 and 3. Not enough emission was detected in channel 4 te mkg measurement. The lag times
are (with Ir errors): lag(Ch2-Chy 6 4+ 4 ms, lag(Ch3-Ch2} 3 + 2 ms and lag(Ch2-Chy) 10 +4
ms. Typically SGRBs have negligble lag times (Norris & Baihr2006; Yi et al., 2006) and LGRBs
have typical lag times ranging from 20 ms{d.000 ms (Ukwatta et al., 2010), so it is interesting that

GRB 090515 appears to have a small lag time.

http://heasarc.gsfc.nasa.gov/lheasoft/
2http://wwwastro.msfc.nasa.gov/qdp/
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Figure 4.1: The combined light curve for GRB 090515, in grey the BAT data and black are the
XRT data. The BAT-XRT lightcurve was made using the methoscdbed in Section 3.2.2. In the
lower box there is the hardness ratio for the BAT data ((508) k@V/(25 — 50) keV) in grey and the
hardness ratio for the XRT data ((1.5 — 10) keV/(0.3 — 1.5))ke\black. Inset is the BAT count rate

per detector light curve with linear time.
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The X-ray spectrum in the 0.3 — 10 keV energy band is best fitrbgtesorbed power law withxy =
1.88 £ 0.14 and Ny = 6.1759 x 10%° cm~2, in excess of the Galactidy = 1.9 x 100 cm~2
(Beardmore & Evans, 2009). The X-ray light curve is best fitsblgroken power law with 2 breaks
giving a reducedy? of 0.86. The initial decay is relatively flang = 0.297095) with a break at
Ty = 156.2752, s followed by a steeper decay @f = 2.517035. At Ty = 240.817 3 s it breaks to an
extremely steep decay of; > 9. Although, the X-ray light curve can be fitted using a brokemer
law, it is noted that the decay appears to be a smooth curve XJay light curve is shown in Figure
4.1 as the black data points and the lower panel shows thedsgdatio for the gamma-ray emission
(in grey), i.e. the ratio of the 50 — 100 keV emission to the ZB-keV emission, and the hardness ratio
of the X-ray emission (in black, (1.5 — 10) keV/(0.3 — 1.5) ReVhe hardness ratio is fairly constant
during the plateau, with the exception of a pointélt20 s that could be a flare and does correspond

to a small peak in the X-ray light curve, but this may just bé&seo There are insufficient counts to

characterise the hardness ratio during the decay.

4.2.2 Early Optical Observations

The field of GRB 090515 was observed at early times by sevetalab telescopes but none detected
an optical afterglow. The upper limits of the R band and whilter observations are given in Table
4.1. During the plateau phase, the optical flux density caprédicted, assuming that the X-ray and
optical emission are from the same emitting region. If themot a cooling break in the spectrum (i.e.
I'y = I'ox) then the optical flux is expected to b& x 10726 erg cnt? s~ Hz~!, corresponding to
an apparent magnitude & = 15.6 mag. This is brighter than all of the optical upper limitsidgrthe
plateau, so the optical afterglow should have been obsetdedever, if there were a cooling break
in the spectrum between optical and X-ray tHemny = 'y — 0.5 and, in this case, the optical flux
density would be3.7 x 1072? erg cnT? s~! keV~! Hz~!, corresponding to an apparent magnitude of
R = 21.3 mag. This is slightly deeper than the optical upper limityided by UVOT. Therefore, if
the optical emission was from the same emitting region aXthey and there is a cooling break in the
spectrum, there is a slim chance that the optical flux was\btle observed limits so the non-detection

is consistent with the X-ray data.
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Table 4.1: The optical observations of the field of GRB 090515

Telescope | Mid point time after trigger| Exposure Time| Band | Upper Limit |  Flux Upper Limit
(s) (magnitude)| (erg cnt? s~ Hz ™)

KAIT 20 540 R 19.10 6.6 x 10728
Super LOTIS 43 10 R 17.7% 2.4 x 10727
ROTSE Il 86 67 R 18.4%) 1.3 x 10~%7
UvoT 142 146 White | 20.38% 2.1 x 10728
UvoT 1228 488 White | 21.24% 9.2 x 10-%
KAIT 2078 540 R 20.51) 1.8 x 10728
Lick 2286 60 R 21.3% 8.7 x 10~
ROVOR 5496 4200 R 21.49 7.9 x 1072

GTS060 949 ¥ 1edeyn

(@) Li et al. (2009),@ Williams et al. (2009),®) Rujopakarn et al. (2009f* Seigel & Beardmore (2009)°) Perley, Kislak & Ganeshalingam
(2009b),® Pace et al. (2009).
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4.2.3 Gemini Observations

Optical observations of GRB 090515 were obtained using @GeMorth and GMOS beginning at
06:26 UT, approximately 1.7 hours after the burst, with aadceepoch observation being taken on the
subsequent night, and a final comparison epoch on 28 Nove2®é&:. The images were obtained in
ther-band, and were reduced via the standaF Gemini tasks (Tody, 1993). The image conditions
for the first epoch were excellent, with seeing of 0.5 arceesylting in extremely deep imaging in the

total exposure time of 1800 s. A full log of observations iewsh in Table 4.2.

Within the refined XRT error circle, a single source is lodatd RA = 10 56 35.89 and Dec = +14
26 30.0, with a magnitude of = 26.36 + 0.12 mag, calibrated against existing SDSS observations
of the field, shown in Figure 4.2. This source is still visidbeit at lower significance in the shallower
images obtained on 16 May (= 26.54 + 0.33 mag). In the final epoch there is no source visible
at the afterglow location, to a limiting magnitude »of> 27.4 mag confirming a fading counterpart.
Therefore it is concluded that this is the optical afterglmWGRB 090515. At = 26.36 mag, this is
the faintest GRB afterglow ever discovered at similar tiratter the burst, and confirms the necessity
of rapid and deep observations with 8-metre class obsei®atoAs the observed X-ray absorption is
relatively low (Vg ~ 6 x 1020 cm™2), the faint optical afterglow is unlikely to be a consequet
extinction (unless it is at high redshift). The optical ajtew has a relatively flat lightcurve, with a

0.32
decay slope 06.06™ ;.

Comparing this afterglow to the sample in Nysewander, Rarci Pe’er (2009), it is noted that this
is the first SGRB with a fluence beloi®—" erg cnm2 with a detected optical afterglow. Additionally,
the afterglow at 1.7 hours is fainter than all the observetitalpafterglows at 11 hours. GRB 080503
also had an initially very faint optical afterglow, but iteth rebrightened to a peak of~ 25.5 mag at

1 day and no host galaxy was identified (Perley et al., 2009a).

Assuming there is not a cooling break in the spectrum[lie= I'px, the X-ray flux, 0.3 - 10 keV, at
the time of the optical observations can be predicted & ®e 10~'° erg cnm? s~1. This is consistent

with the observed upper limit.
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Table 4.2: Log of Gemini observations.

Epoch Date start Start time after trigger Exposure time Filter | Seeing | Airmass| Magnitude Flux
(um) (s) (s) (arcsec) (mag) (ergcent?2 st Hz™Y)
1 May 15 06:27 UT ~ 6100 1800 r 0.5 1.021 | 26.36+ 0.12 8.2 x 10731
2 May 16 05:44 UT ~ 9x10* 1800 r 1 1.005 | 26.54+ 0.33 6.95 x 10731
3 | November 28 14:20 UT ~ 1.6x107 2800 r 0.8 1.226 >27.4 < 4.55 x 10731

GTS060 949 ¥ 1edeyn
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Figure 4.2: The circle marks the location of the XRT enharmasition of GRB 090515 on the Gemini
r-band observations from epoch 1 {1&ay 2009) on the left and epoch 3 (2&lovember 2009) on
the right. An optical afterglow candidate is observed witthie error circle. Labeled are the brightest

nearby galaxies.

Labeled in Figure 4.2 are the five brightest nearby galaxidslable 4.3 provides their magnitudes and
offsets from the GRB location. These galaxies are candidatethe host galaxy of GRB 090515, with

significant offsets, or the burst could be associated wiigrifscantly fainter underlying host galaxy.

Berger (2010) studied the chance alignments of severakigalan the field of GRB 090515 and con-
cluded that galaxy 1, at ~ 0.4 has the lowest probability of chance alignment (0.1) anc¢c@énmost
likely to be associated with GRB 090515. However, galaxy$® dlas a comparable probability of
chance alignment (0.2). Tunnicliffe et al. (private commeation) show for hostless GRBs, like GRB
090515, these galaxies are likely to be field galaxies andéndre galaxy with the lowest probability
of chance alignment is not necesarily the host galaxy. Toergethis Chapter assumes that the host

galaxy and redshift of GRB 090515 is unknown.
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Table 4.3: Photometry of the nearby galaxies, as labeledyuré& 4.2, calibrated using SDSS observa-

tions.
Galaxy | Magnitude| Offset (arcsec
1 20.2+ 0.1 14
2 21.3+£0.1 16
3 225+ 0.1 15
4 226+ 0.1 13
5 234+ 0.1 6

4.3 Comparison to other GRBs

The XRT light curve of the low fluence GRB 090515 is unusualtagpes from being the brightest
SGRB in X-rays to one of the faintest within seconds. The fteeim X-rays during the plateau is
significantly higher than the fluence in gamma-rays. Addidity, the final decay is the steepest decay
observed to date (Evans et al., 2009). The X-ray spectrakiniGRB 090515 is not unusual compared
to other SGRBs. In Table 4.4, a summary is provided of thegnts of the long and short GRBs to
which GRB 090515 is compared in detail.

In Figure 4.3, the 15 — 150 keV fluence and 0.3 — 10 keV fluy at100 s is shown for all the SGRBs
in the Swift sample withlyy < 2s and which were observed by XRT at this time. GRB 090515
is shown with a filled circle. As expected, the higher fluend®BS tend to have higher flux X-ray
afterglows. GRB 090515 is an exception to this alongside GR&724A; both of these bursts have
an unusually high initial X-ray flux for their fluence. In Figu4.4(a), the combined BAT-XRT light
curves of GRB 090515 and GRB 070724A are compared. ThelidBT flux of 070724A appears
to be consistent with flares (as there is a varying hardndisg eand an underlying broken power law
decay. There is no obvious plateau phase for GRB 070724Ahutnay have occurred prior to the
XRT observations. The steep decay phase of GRB 070724A,with3.4415-%2 is much shallower
than the steep decay of GRB 090515. Additionally, the optdterglow of GRB 070724A had a

magnitude of = 23.79+0.07 mag at 2.3 hours after the burst, corresponding to a flxasfx 1030
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Table 4.4: The GRBs considered in detail in this Chapter.

GRB Too I' (15 — 150 keV)| Fluence (15 — 150 keV
(s) (10~% erg cnT?)
090515 | 0.036+0.016 1.6+0.2 2.0+ 0.8(1:(2)
090607 | 2.3+0.1 1.25+0.30 1142 ®)
080520A| 2.8+0.7 2.90+0.51 5.5+1.4%)
080503 | 170+20 2.00+0.13 200+10 )
070724A| 0.4+0.04 1.81+0.33 3.0£0.7(©)
070616 | 402+10 1.61+£0.04 1920+30 (7
070209 | 0.10+0.02 1.55+0.39 1.1+0.3®)
060717 3.0+1 1.72+0.38 6.5+1.6()
051221B 6141 1.48+0.18 113+13(10)
051105 | 0.028+0.004 1.33+0.35 2.0+0.46(11)
050813 | 0.6+0.1 1.19+0.33 4.4+1.1012)
050509B | 0.048+0.022 1.5+0.4 0.78+0.22(13)
050421 10.3+2 1.7+0.4 8.8+2.9(19)

(1) Barthelmy et al. (20094 Sakamoto & Beardmore (2009) Barthelmy et al. (2009b)")
Sakamoto et al. (2008¢) Ukwatta et al. (2008)°) Parsons et al. (2007} Sato et al. (2007c}®)
Sakamoto et al. (2007y) Markwardt et al. (2006&)'?) Fenimore et al. (2005)") Barbier et al.

(2005a)'2) Sato et al. (20053 Barthelmy et al. (2005c)*) Sakamoto et al. (2005)
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Figure 4.3: The fluence in the energy band 0.3 — 10 keV versud3h- 150 keV flux for all Swift
SGRBs which were observed at 100s after the trigger time.filled red circle marks the location of

GRB 090515.

erg cnm?2 s~! Hz~!, with an associated host galaxy (Berger et al., 2009; Kdé¢etsal., 2010). This

flux is almost an order of magnitude larger than the opticedrgfow of GRB 090515 at 1.7 hours
and GRB 090515 does not have an identified host galaxy. How&®B 070724A does share many
similarities with GRB 090515 so the possibility that thejgorate from a similar progenitor cannot be

ruled out.

Figure 4.5(a) shows the lightcurves for the observed R batida afterglows associated with SGRBs
(published values converted from magnitudes into flux dgrisiJy, using the method described in
Section 3.3.1), GRB 090515 is the faintest observed and bt @arliest detections after the trigger
time. In Figure 4.5(b) the optical fluxes are divided by theTXRix at 1000 s after the trigger time.
When the XRT flux at 1000 s is considered, the optical afterghd GRB 090515 is not unusually
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Figure 4.4: The BAT-XRT light curve and hardness ratios f&#B5090515 in blue in comparison to

other GRBs. (a) GRB 070724A in red. (b) GRB 050813 in red an@®B0509B in purple. (c) GRB

060717A in red and GRB 080520A in purple. (d) GRB 090607 in rgx} GRB 050421 in red and

GRB 080503 in purple. (f) GRB 070616 in red. In the lower bolaeach graph, there is the hardness

ratio for the BAT data ((50 — 100) keV/(25 — 50) keV), with arstand the hardness ratio for the XRT

data ((1.5 — 10) keV/(0.3 — 1.5) keV).
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Figure 4.5: (a) The optical flux light curves for all observ@@RB afterglows in the R band. (b)
Normalised using the XRT flux at 1000 s. Colour scheme: GRESQ80 purple star, GRB 091109B
- small green X (Levan et al., 2009; Malesani et al., 2009)BGR0426 - dark blue open square
(Antonelli et al., 2009; Xin et al., 2011), GRB 090305 - ligiite open diamond (Cenko et al., 2009;
Berger & Kelson, 2009), GRB 080905A - small red open circlewfnson et al., 2010a), GRB 071227
- green filled triangle (Berger, Morrell, & Roth, 2007), GRBGB09 - large black X (Perley, Thoene,
& Bloom, 2007; Perley et al., 2008), GRB 061201 - large pinkmgircle (Stratta et al., 2007), GRB
060121 - dark grey filled circle (Levan et al., 2006a), GRBZIIA - orange open cross (Soderberg et
al., 2006), GRB 050709 - light grey filled square (Hjorth et 2005a). (c) The optical flux light curve

for GRB 090515 (purple stars) with GRB 080503 (red).
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faint compared to other SGRBs. The optical light curve forBARB0503 (a short burst with extended
emission Perley et al., 2009a) is shown in Figure 4.5(c) mgarison to GRB 090515.

4.3.1 GRBs with similar fluence to GRB 090515

As the fluence of GRB 090515 in the 15 — 150 keV energy band waobthe lowest observed for

SGRBs, here it is compared to other low fluence GRBs.

GRB 050509B and GRB 050813 were short GRBs detected bgwhf satellite that were similar to
GRB 090515 during the prompt emission phase. However, thibowd BAT and XRT light curves for
GRBs 050509B and 050813, shown in Figure 4.4(b), do not sheveame X-ray plateau extending
to ~200 s after the burst. GRBs 050509B and 050813 have both ksszhta place constraints on
the compact binary merger model of SGRBs (Gehrels et al5;28{brth et al., 2005b; Bloom et al.,
2006; Ferrero et al., 2007). The observed upper limits foB®R0515 at late times (after 400 s) are
consistent with the later emission observed for GRBs 05B588d 050813. This suggests that the

plateau and steep decay are an additional component irgtiteclirve of GRB 090515.

GRB 051105 is a SGRB with an identical fluence to GRB 09051bitbafterglow was undetectable
by XRT in observations starting 68 s after the burst (Minealet2005a). GRB 070209 had the lowest
SGRB fluence and was also undetectable by XRT in observasiangng 78 s after the burst (Sato et
al., 2007b).

In Figure 4.4(c), the X-ray light curve of GRB 090515 is comguhto the two lowest fluence LGRBs in
the Swiftsample which were detected by XRT. These are GRB 080520A &RI@B0717A, they both
have significantly higher fluence in the 15 — 150 keV band th&B®90515 (due to having longer

durations), but are a lot fainter in X-rays, again suggegssidditional X-ray emission in GRB 090515.

It is possible that these GRBs had plateau phases which @rd@the XRT observations. However,
asSwiftslewed promptly to these GRBs (observations typicallytisigmvithin 100 s), a plateau phase
would need to be significantly shorter than that observe&fRB 090515. The main exceptions to this

are GRBs 060717A and 080520, which had XRT observationslmegivhen GRB 090515 was in the
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steep decay phase.

4.3.2 GRBs with steep decays

The GRB with an X-ray light curve most similar to GRB 090515GRB 090607, which has &y
just above the short-long boundary. They are compared inr&ig.4(d). Both light curves show a
distinctive steep decay at200 s. However, the emission of GRB 090607 between 80 and 190 s
not a plateau as observed in GRB 090515 and, given the hacth@gpmewhich softens as the emission
decays (shown in the lower panel of Figure 4.4(d)), is mdwlyidue to a flare at the start of the XRT

observations.

4.4 Discussion

The steep decay in the unusual X-ray light curve of GRB 09@&tot be explained using the external
shock afterglow models. Instead, this Section considethisf GRB was a naked burst with faint,

rapidly fading emission, or if the X-ray plateau is powergdap unstable millisecond pulsar.

4.4.1 An under-luminous naked LGRB

If a GRB occurs in a very low density ISM then the afterglownfrexternal shocks between the jet
and the ISM could be too faint for detection Byvift Instead, there would just be the prompt emission
followed by a rapid decline due to the “curvature effect” (Kar & Panaitescu, 2000). This predicts a

decay in flux described by:

f, o v P27 (4.1)

whereg is the observed spectral energy index at frequen¢y = I' — 1), and t is the time since the
trigger. A decay olx = 2+ 3 = I" + 1 should be observed. GRB 090515 is compared here with a
good candidate for a naked burst, GRB 050421 (Godet et #&16)20
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GRB 050421 was a weak long GRB detected by BAT following apsiéecay, as shown in Figure
4.4(e), although the decay is not as steep as for GRB 09031¢reTs evidence of spectral evolution,
as the emission is getting softer (the lower panel of Figud¢ed); however, the spectral evolution is
during the steep decay and not the plateau region. Thelih#i@ness ratio for (1.5 — 10) keV/(0.3 —
1.5) keV is 6 times larger for GRB 050421 than GRB 090515. Getlal. (2006) explained the steep
decay ¢ = 3.1 + 0.1) of GRB 050421 by assuming it was a “naked burst”, i.e. thess no forward
shock component of the afterglow as the interstellar medi&fl) was not dense enough for the shock
wave to produce a typical afterglow. The detected decaymigston is consistent with the “curvature
effect”. GRB 080503, shown in Figure 4.4(e), has also begtamed as a short “naked burst” with
extended emission detected in the BAT (although not a piatehe X-ray decay is consistent with
the “curvature effect”¢ ~ 2—4; Perley et al., 2009a). However, the steep decay for difatiese are
significantly shallower than the decay of GRB 090515, whidsws >9 (with ty at the start of the

prompt emission).

GRB 090515 shares some similarities with GRB 050421 and (Godet et al., 2006; Perley,
Kislak & Ganeshalingam, 2009b). Zhang et al. (2009) suggkstat the burst duration, observed by
BAT, represents the duration that the jet is relativistid,amnith a non-relativistic (or less relativistic)
jet, the central engine can be active for longer than this tamd may be observed by XRT. Therefore,
the X-ray plateau observed for GRB 090515 could be a cortimmuaf the prompt emission, which
has fallen below the threshold of BAT. So with a more sersitietector, GRB 090515 may have been
identified as a LGRB. If true, the steep decay is expected twhrthe “curvature effect” like GRB
050421. During the plateau, the spectral indexis 1.88 + 0.14 predicting a steep decay slope of
a = 2.88 + 0.14. As the observed decay is significantly steeper than thids not fit the “curvature
effect” theory. Using the method described by Liang et 800@), the § was shifted to the possible
flare at the end of the plateau in GRB 090515. The steep decayras less extreme, = 3.7 + 0.6,
but still marginally steeper than the predicted decay sldjes method relies on correctly identifying
the time at which the central engine is last active and withasepu in the light curve this point is
difficult to identify. The steep decay of GRB 090515 followithe plateau may be consistent with the
“curvature effect” if a later location ofytis identified. Alternatively, this could be associated wath

narrow opening angle for the jet which creates the platesiin that case outside ofTlthere would
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be very little high latitude emission, giving a much steegecay slope. It is also possible that the
spectrum softens immediately prior to the steep decay, hemtbere are not enough observed counts

to produce a reliable X-ray spectrum at this time.

GRB 090515 can potentially be explained as an under-lunsim@aked long GRB, however this is

reliant on the assumption that the plateau is powered bypgeld activity in the central engine.

4.4.2 Anunstable millisecond pulsar (magnetar) central egine

The bright X-ray plateau in the light curve of GRB 090515 cbhk associated with the formation,
emission and collapse of a millisecond pulsar. There haea peedictions that in some GRBs an un-
stable millisecond pulsar may be formed (Usov, 1992; Du&ahompson, 1992; Dai & Lu, 1998a,b;
Zhang & Mészaros, 2001). At formation, there is enoughtiohal energy to prevent gravitational col-
lapse. This energy can be released as electromagnetidioadi gravitational waves, causing the
pulsar to spin down until it reaches a critical point at whicts no longer able to support itself. At
this point the pulsar collapses to a black hole and the eamisstiops. This would be evident in the
X-ray light curve as a plateau caused by energy injectiomftoe millisecond pulsar followed by an
extremely steep decay when the pulsar collapses. Millisggmilsars formed during the core collapse
of a massive progenitor star might be expected to be asedaidth long GRBs and this has been sug-
gested by Troja et al. (2007) and Lyons et al. (2010). GRB 0908as an extremely short GRB, but
a millisecond pulsar could be formed by two merging neutttansg(a potential progenitor of SGRBS),
depending on various assumptions about the neutron staratiens of state (Dai & Lu, 1998a; Dai et

al., 2006; Yu & Huang, 2007).

Troja et al. (2007) and Lyons et al. (2010) studied LGRBs withlateau and a steep decay and GRB
090515 shows similarities to them. In Figure 4.4(f), thétigurve of GRB 090515 is compared to that
of GRB 070616 (Starling et al., 2008), one of the sample ahtiyelyons et al. (2010) as potentially
showing evidence of an unstable millisecond pulsar. Whenpaoing the light curves, GRB 070616
appears to be a brighter and longer version of GRB 090515 ithtanbright afterglow component at

later times.
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The following equations from Zhang & Mészaros (2001) @opns 4.2 and 4.3) were used to determine
if GRB 090515 could be a millisecond pulsar, usifg, s, the rest frame duration of the plateau in units
of 103 s, andLe,, 49, the luminosity of the plateau in units @0*° erg s, in the rest frame energy
band 1 — 1000keV. The equations are rearranged to give eqaati4 and 4.5, these are used to predict

the magnetic field strength and the spin period of a pulsanddrby this method.

Tom,3 = 2.05 (Iu5B, 355 _3Rg°) (4.2)
Lemao ~ (B2 5Py 4 RY) (4.3)

By 15 = 420251355 RO L) T2 o (4.4)
Py 3=2.05I45L_ 4oT0 " s (4.5)

wherely; is the moment of inertia in units af0*>g cn?, B, 15 is the magnetic field strength at the
poles in units ofl0'°G, Ry is the radius of the neutron star in®cm andP, _s is the initial period of
the compact object in milliseconds. These equations apphe electromagnetic dominated spin down
regime, as the gravitational wave dominated regime wouledbemely rapid and produce a negligble
effect in this analysis. The standard values for a neutran &®tuld be assumed, as in Lyons et al.
(2010), so thaf,s ~ 1 andRg ~ 1 which may be appropriate for a collapsar. However, as arablest
millisecond pulsar would be formed by merging two neutrarssthe true values may be different,
depending on the mass and equation of state. For a millisguolsar formed by a binary merger, the
mass of the neutron star is taken to be;M=2.1 M, (Nice et al., 2005) and estimaig; ~ 1.5.
Although GRB 090515 has many properties similar to other B&8uggesting the progenitor is most
likely a compact binary merger, there have been predictibascollapsars may also produce a SGRB
(for example from an orphan precursor jet; Janiuk, Moder&8kProga, 2008) and evidence that a
significant fraction of SGRBs are related to collapsarseathan compact binary mergers (Virgili et
al., 2011; Cui et al., 2010). So in the following analysistbptogenitor models are compared by using

different neutron star masses.

As a redshift was not obtained for this GRB, a range of retishiére used from = 0.2 up to an upper
limit of z = 5.0 consistent with the detection of the optical afterglow. &ens at high redshift have a

characteristic break in their spectra caused by absorfton intergalactic neutral hydrogen between
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Figure 4.6: (a) The blue line shows the magnetic field andopefor a millisecond pulsar formed
during GRB 090515 as a function of redshift assuming a nawtar mass of 1.4 M and the purple
dotted line assumes a neutron star mass of 2;1 Whe green stars are the 18 degree beamed LGRB
sample from Lyons et al. (2010). The red line shows the limnivkaich the progenitor would violate
the breakup spin period of a pulsar for a mass of 14 &hd the dashed red line is for a mass of
2.1 M;. The other regions are as defined in Lyons et al. (2010); deek shading corresponds to
forbidden regions (assuming a mass of 1.4)Mnd light grey are limits based on the previous studies
(as discussed in the text). The dotted lines represent amntd equal redshift decreasing from left
to right. (b) The upper magnetic field limit in (a) has beenaeged by the red curved line giving the
forbidden region assuming causality shaded in dark gresutasg a mass of 1.4 M). This region
will change depending on the mass of the neutron star, thdregse duration and luminosity of the
plateau. The red dashed curved line represents the forbiggdgon for a binary merger progenitor. (c)
The different contours represent the effect of increadiegadius of the neutron star from 10 km to 30
km assuming a constant mass of 1.4 MAdditionally, a limit is imposed on redshift due to detecti

of the afterglow in the R-band. 116
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the observer and the source. This break is known as the Lyneak land can allow the determination
of photometric redshifts, e.g. GRB 090423 at z = 8.2 had a loybreak between the Y and J band
filters, resulting in a non-detection in the Y band obseorati(Tanvir et al., 2009). To have a detection
in the R band, the Lyman break must be at a bluer wavelengthttteaR-band filter and an upper limit
on the redshift can be obtained by assuming the Lyman breakr®immediately after the R-band,
giving z<5. The millisecond pulsar was assumed to be formed-ad and, hence, the observed frame
duration of the plateau in the observer frame is 240 s (théraese duration is then calculated for
given redshifts). The luminosity of the plateau was cal@dausing the observed 0.3 — 10 keV flux
of ~ 1 x 1077 erg cnT? s, the spectral index during the plateau (1.88) and a k-cbore¢Bloom,
Frail, & Sari, 2001). These values were then substitutenl timk equations (4.4) and (4.5) to calculate
By.15 and Py _3. These are plotted as a blue contour in Figure 4.6(a) assuitnwas formed from a

collapsar and a purple contour if formed by a binary neuttanrserger.

Also shown in Figure 4.6(a), are the regions in which a natlisnd pulsar would be expected, as
defined in Lyons et al. (2010): the red line represents thakone spin-period for a neutron star of mass
1.4 Mg (>0.96ms, Lattimer & Prakash, 2004). Using equation 4.6 {iresit & Prakash, 2004), this
limit is calculated for the binary merger scenario with a maf2.1 M, to be P>0.66 ms (where P is

the minimum spin period of the neutron star in ms) and thisiasvs with a red dashed line.
Po_s > 0.81M; R *mis (4.6)

The initial rotation period needs to Bel0 ms (Usov, 1992), the upper limit for the magnetic field is
<10'7 G (implied from observations of the giant flare from SGR 1806-Stella et al., 2005) and the
lower limit for the magnetic field i$>10'° G (Thompson, 2007). This shows that GRB 090515 could
have formed a millisecond pulsar if it had a redshiftddf < z < 1.8 for a collapsar progenitor or a
redshift 0f0.3 < z < 3.0 for a binary merger progenitor. These are both very reasematshift ranges
when compared to the sample of GRBs. The magnetic field fovengspin period is slightly lower
for a binary merger progenitor than for a collapsar progenihlongside the prediction by Troja et al.
(2007) and Lyons et al. (2010) of a plateau followed by a stemyay for the lightcurve of a millisecond
pulsar collapsing to a black hole, which matches the obgdigkt curve for GRB 090515, this analysis

provides a consistent case for GRB 090515 forming a millisdgoulsar irrespective of the two initial

117



Chapter 4. GRB 090515 4.4. Discussion

progenitor models considered.

Using a causality argument, i.e. that the speed of soundenehtron star cannot exceed the speed
of light, a tighter constraint can be placed on the minimurssilfde radiusRg and M 4, whereM 4

is the mass of the neutron star in 1.4, Musing equation 4.7 (Lattimer et al., 1990). The moment of
inertia, given in equation 4.8, is based on the assumptiantkte neutron star can be modelled as an

uniform sphere.

Rg > 0.6225M7 4 (4.7)

Iys ~ My 4R% (4.8)

This constraint on radius and moment of inertia for a givessmaan be substituted into equations 4.4
and 4.5 to define a forbidden region for a given neutron stasirdateau duration and luminosity. The
forbidden region is described by equations 4.9 and 4.10saskdwn in Figure 4.6(b) for GRB 090515
assuming a mass of 1.4 M for a collapsar progenitor (red curved line), and 2/%,, for a binary

merger progenitor (red curved dashed line).

B} 15> 10.8T. 2L ) 4 (4.9)
PE 5 < 0.794M} T s Lot 4o (4.10)

It has been suggested that the radii of proto neutron staydmas large as a few tens of kilometers (Ott
et al., 2006), so in Figure 4.6(c) the effect of increasirgyrddius, from 10 km to 30 km, is shown for
a mass of 1.4 M, using the plateau luminosities and durations previoualguated for GRB 090515
assuming it is at a range of redshifts. For larger radii, tigtable millisecond pulsar has to be at higher
redshifts, have a smaller magnetic field and larger pericthAre is an R-band detection of the optical

afterglow, the upper-limit €5 is placed on the redshift .
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In Figure 4.7, the effect of the different beaming anglessatered by Lyons et al. (2010) assuming a
mass of 1.4 M, is investigated. As the causality forbidden region showFigure 4.6(b and c) also
depends on beaming angle the regions defined by Lyons et0dl0Y2re used for clarity. Up to this
point, only isotropic emission has been considered andstios/s beaming the emission would greatly
affect the results obtained. Simulations have shown thalagivistic jet can be produced by a magnetar
(Bucciantini et al., 2009). If the emission was beamed bygtekes the observations would support the
magnetar model if at > 3. With a beaming angle of 18 degrees, GRB 090515 would neetkhifeof

1 < z < 5in order to satisfy the model and the constraints obtaineddsgrving an optical afterglow.
The more tightly the emission is beamed, the higher the iftdbht the burst would need to be at in

order to fit the magnetar model and this may explain why a halsixg has not been identified.

4.5 Conclusions

GRB 090515 is a very unusual SGRB, it is the first SGRB with anfteebelowl0~" erg cnt? with

an observed optical afterglow at 1.75 hours (R=24L mag), and this is the faintest detected optical
afterglow for a GRB at that time. Its low gamma-ray fluence lddead to the expectation of a sig-
nificantly fainter X-ray light curve than observed at eaitpds. Most importantly, the X-ray plateau
followed by an extremely steep decay is very unusual, butmoaye unique in th&wiftsample. With

a more sensitive detector, the plateau observed by XRT may ingtead been identified as part of
the prompt emission and GRB 090515 might instead have bessiftéd as a LGRB. Therefore, it
poses interesting questions about the progenitor modefartthe classification of other GRBs. In
this Chapter, two popular progenitor models for GRBs weresittered, collapsars and compact binary

mergers.

This Chapter suggests that the simplest explanation farrtbeual light curve of GRB 090515 is that it
shows prolonged emission from an unstable millisecondapulsllowed by an extremely steep decay
when the millisecond pulsar collapses. Given the shorttiuraf the GRB and the other properties,
the binary merger progenitor is favoured but cannot rulezoabllapsar progenitor. For a collapsar

progenitor, the proposed unstable millisecond pulsar avithin period of 10 ms would have a magnetic
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Figure 4.7: We show here the effect of beaming the emissidBR®B 090515 assuming a mass of 1.4
M. Solid lines show isotropic solution and the solutions fe two beaming angles considered in
Lyons et al. (2010). The dotted lines represent contourgjoélkeredshift decreasing from left to right.

The forbidden regions are as defined for Figure 4.6(a).

field of ~ 3 x 10'® G at z~ 0.3 and with a spin period of 1 ms the magnetic field wouldbgx 10
G at z~ 1.8. The binary merger progenitor model gives a spin perfddans and a magnetic field of
~ 4 x 10'6 G at z~ 0.3 to a spin period of 0.66 ms and a magnetic fiele-of x 10'®> G at z~ 3.0.

These values assume isotropic emission and a radius of 10 km.

In the next Chapter, the whofwiftsample of SGRBs are investigated for evidence of ongoingggne

injection that may be similar to GRB 090515.
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Chapter

Evidence of energy injection in SGRB

lightcurves

5.1 Introduction

Observed features in X-ray lightcurves identify longewfithe central engine of GRBs, for example
late time flares (e.g. Margutti et al., 2010) and plateaus (¢ousek et al., 2006; Zhang et al., 2006).
GRBs whose X-ray lightcurves have a steep decay and a platese followed by a standard after-
glow phase, have been identified as “canonical” lightcufisusek et al., 2006; O’Brien et al., 2006;
Zhang et al., 2006). The steep decay phase is associatethighithatitude emission from the prompt
emission followed by a late emission plateau giving thegalatphase. The fluence of this plateau can
be comparable to the fluence of the prompt emission (O’Brieal.£2006), and typically occur from
10%2 —10? s till 10% —10* s after the trigger time. The plateau is thought to providdeswe of ongoing
central engine activity (Nousek et al., 2006; Zhang et &06). Therefore, identifying GRBs with
a “canonical” lightcurve can provide a sample with evidenf®ngoing energy injection. Evans et
al. (2009) studied 162 GRBs in tf&wiftsample identifying a “canonical” lightcurve in 42% of GRB
X-ray lightcurves, including 2 SGRBs (051221A and 06031#)af 11 SGRBs analysed.

121
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Although studies of flares and plateaus are typically cotatlifor LGRBS, fainter versions are evident
in many SGRB X-ray lightcurves suggesting a long lived aréngine. This is problematic for SGRB
progenitor theories as accretion is expected to end witli@awaseconds and only a small fraction of
the merger mass is available (0.01 — 0.% Mithough this is dependant on the NS equation of state,
Lee & Ramirez-Ruiz, 2007). Additionally, it is thought thiiie accretion disk gets destroyed after a
few seconds (e.g. Metzger, Piro, & Quataert, 2008). Thewe haen studies of fallback accretion,
i.e. that the NS is shredded and parts1(0% of the original disk mass) are flung into highly eccentric
orbits which accrete onto the central engine at late tim@agilares in the X-ray lightcurve (Rosswaog,
2007). Cannizzo, Troja, & Gehrels (2011) have attemptecpain plateaus by introducing a band of

material at a large distance from the central engine.

An alternative theory is that during some GRBs a millisecpntsar (magnetar) may be formed with
enough rotational energy to prevent gravitational cotlafidsov, 1992; Duncan & Thompson, 1992;
Dai & Lu, 1998a,b; Zhang & Mészaros, 2001). The progenitathis system is typically thought to be
a collapsar and LGRB candidates have been identified by &ah (2007) and Lyons et al. (2010).
However, it has also been proposed that such a magnetar lbeddmed by the merger of NSs (Dai
& Lu, 1998a; Dai et al., 2006; Yu & Huang, 2007) or via the atiore induced collapse (AIC) of a
white dwarf (WD) (Nomoto & Kondo, 1991; Usov, 1992; Metzg&uataert, & Thompson, 2008).
A candidate event for this is GRB 090515 with an unusual Xptageau followed by a steep decay
(discussed in detail in Chapter 4 and Rowlinson et al., 2D1Die likelihood of producing this event is
dependent on the equation of state of NSs. Morrison, Baumg&arShapiro (2004) studied the effect
that the equation of state of a NS and rotation would have errémnant of a compact merger, i.e.
whether a NS or a BH is formed (see also Shibata & TanigucligR0They showed that, even for the
harder nuclear equations of state, the rotation of the N&ldoarease the maximum mass ky50%
and hence mergers could often result in a NS. Using 6 knowadBalNS binaries and a range of
equations of state, Morrison, Baumgarte, & Shapiro (2004dliot that the majority of mergers of the

known binaries will form a NS.

The recent discovery of an 1.97JWNS (Demorest et al., 2010) provides further supporting evie
of the possibility that high mass magnetars can be formen & mergersOzel et al. (2010) show

that, for a maximum non-rotating NS mass of,M. = 2.1 M, the merger of two NSs with a total
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mass< 1.4M,,.. Will have a delayed collapse to a BH (i.e. a magnetar phashiy &lso predict

a regime in which the merged remnant does not collapse to #BHl, in this case the total mass is
< 1.2M 4, If the maximum NS mass is 2.1 M then the merger of two NSs of masses up to 1.3
M would result in a stable magnetar and the merger of two NSs haiger masses (up to 1.5-1.7
M) would form an unstable magnetar. As the majority of obsMN&s have massesl.4 M, it
seems reasonable to predict that many NS mergers could ireauinagnetar. The stability of the final
magnetar is dependent on the maximum possible mass of a NiSetfime depends both on the rate
that additional mass (if any) is accreted after formatiawvall as the rate at which angular momentum
is extracted by e.g. gravitational waves or magnetic tasqaey. Shibata & Taniguchi, 2006; Oechslin,

Janka, & Marek, 2007).

In this Chapter, the entirBwiftsample of SGRBs (ih < 2 s) is used to identify those with a “canon-
ical” like lightcurve suggesting ongoing central enginévaty. These results are discussed in Section
5.2. A sub-sample with sufficient data are then studied fersignature of a magnetar (with or with-
out collapse to a BH) which may signify the coalescence of N8s. If found, this would provide
additional support to this popular progenitor theory. Thagmetar model is considered in section 5.3;
with a description of the model and sample used, analysiseoétailable data and a discussion of the

implications, e.g. for gravitational waves.

5.2 *“Canonical” SGRB lightcurves

In this section, alSwiftdetected SGRBgyy < 2 s, with an X-ray afterglow or which were promptly
slewed to and observed by the X-ray Telescope (XRT) are derei. This allows the inclusion of
SGRBs without an X-ray afterglow but do have a constrainipgeu limit. Out of this sample of 35
SGRBs, only 4 did not have a detected X-ray afterglow (GRE®06, 051105, 070209 and 070810B).
Hence, 89% ofSwift SGRBs have detectable X-ray afterglows. The X-ray lightesrwere obtained
from the automated analysis on the BWift Science Data Centre website (Evans et al., 2007, 2009).
The Burst Alert Telescope (BAT) lightcurves were createigistandard pipelines in theBASOFT

package with 3@ significance bins. The BAT observations were then shifted. 30— 10 keV to make
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Table 5.1: The broken powerlaw fits for the SGRB sample andXthay spectral indices for each regimgE,). These are subdivided into the
“canonical” like GRBs withoy < 0.5 and0.5 < ay < 1, those with alle > 1 and those with just a simple shallow decay K 1). Where values are
left blank there was insufficient data available to constthem.

GRB (6751 Px71 T1 (6%) Px 2 TQ Qs Fx 3

) )

() ()

“Canonical” like withas < 0.5

051210 | 1.557008 | 1.2173% | 27799 | 0.36703; | 2.037501 1378 3.56021 | 2.497170
070724 | 0.97"002 | 1.4570%3 | 79730 | -1.1310-0) | 1.66703; 11073 1.1570:07 | 1.457038
070809 | 14233 | 167038 | 36171% | 04701 | 17453 | sass T | 100783 | 120703

080426 | 1.94'3 12692 | 03600 | 163008 | 422 | 1250087 | 230010
080702 | 11103 | L1073 | 174 | 02503 | 11805 | 4200l | 159793 | 330708
0809054 0.44:3) 1242 | 24870 | 1633
081024A | 0.70° 0758 | 0403y | 5503 | el | a7ergl | 219708
090426 | 212/3% 33 | 02rbl 18503 | 260l | 104yl | 2141
090515 | 276/3; 0304 | 0287y | Lol | 1sey, | 25007 | 212703
1006254 | 3,631 19034 | 0360 | 20003 | 222 | 31503 | 266703

1101124 | 16505 | 145780 | 140 | 02207 | 2070% | 262l | 10840 | 23703

—_

“Canonical” like with0.5 < as <

051221A] 150085 | 20743 | ezt | 059047 | 20300 | aees0r iz | Loyt | 24977
060313 | 2843 | 15503 | 3241 | 07400 | 1827015 | 74675l | L8R3 | 25070

050801 05wyl 1590y | a5 | sewyn | 21808

sgyoOS ul uondaluj ABisug ‘g Jardeyd

SaAINPGRHOS Jedluoued, Z'G
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Table 5.1: Continued:

GRB o | T g Lo Ta o3 Las
(s) )

“Canonical” like with0.5 < a2 < 1 (Continued)

061201 | 3.0904 1.8050 | 0.54701] | 1447010 | 2209757 | 1.84°01] | 226707

071227 0.82700} | 1657015 | 1807¢ | 512703 | 2397033

080919 0.86"103 | 23173 | 351°55 | 4.8370( | 23505

090510 0.80"010; | 1.78701; | 14127555 | 218717 | 2.22708

100117A 0.8500; | 159017 | 238717 | 376703 | 2.30°0:

100702A | 1.67013 0.1554 | 074313 | 2.05°913 | 194+ | 4.86"052 | 2.41+028

101219A 0.80°004 | 133072 | 19577, | 1.8870% | 1.63°0%]

All a > 1

050813 | 1.27°9:94 | 2.70t439

050906 | >1.28

051105 | >1.33

061217 | 1.29°9.98 | 1.40t113

070209 | >1.23

070429B | 1.54705 | 3.10"1%

070729 | 1.29"0%° | 1.62t0%

sgyoOS ul uondaluj ABisug ‘g Jardeyd
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Table 5.1: Continued:

GRB aq | T Qs Lzo To | as | T
(s) (s)

All o > 1 (Continued)

070810B| >1.36

081101 | >1.21

081226 | 1.4570:0° | 3.84"0:9

090305A | 1.4273%3

100206A | 1.8079:9 | 3.30339

Simple shallow decay; < 1

0505098 | 1.32700% | 2.61"192 | 86679952 | 0.080-34 | 2.08t] 2

0605028 | 0.950:0% | 2.10"277

070714A | 2.23018 1237, | 0.621008 | 2.2470%

090621B | 4.0609} 5% 1 0.72501% | 3.40" 0

0911098 | 4.02:01 4 ] 0.64700

100628A | 1.00700;

sgyoOS ul uondaluj ABisug ‘g Jardeyd

SaAINPGRHOS Jedluoued, Z'G



Chapter 5. Energy Injection in SGRBs

5.2. “Canonical” SGRBtcurves
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have a decay slope < 0.5 in their “canonical” afterglows. Black - 051210, green - @2@, blue -

070809, light blue - 080426, cyan - 080702A, grey - 0809054pfe - 081024A, light green - 090426,

magenta - 090515, yellow - 100625A, orange - 110112A. b) &hese a decay slope 0fs < a < 1

in their “canonical” afterglows. Black - 051221A, purple6@B13, red - 060801, green - 061201, blue

- 071227, orange - 080919, light blue - 090510, magenta - IDAlyellow - 101219A. c) These do

not have a shallow decay phase;> 1. Black - 050813, red - 050906, green - 051105, blue - 061217,

light blue - 070209, magenta - 070429B, yellow - 070810B pfaur 090305A, dark pink - 100206A.

d) These have a single shallow power law decline where 1. Black - 050509B, red - 060502B,

green - 070714A, blue - 090621B, light blue - 091109B, orant@0628A.
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Chapter 5. Energy Injection in SGRBs 5.2. “Canonical” SGRBtcurves

the BAT-XRT lightcurves used in this analysis (the full pess is described in Section 3.2.2). All
the SGRB BAT-XRT lightcurves were fitted with multiple powlaxvs from the final decay phase in
the BAT prompt emission throughout the total X-ray aftevglosing QDP and LCFIT (written by

P. Evans). These fits were then used to identify these withaadigical” like lightcurve. An XRT
spectrum was created for each region of the lightcurve ugiacgautomatic data products on the UK
Swift Science Data Centre website (Evans et al., 2007, 2009). @RrBJightcurves are shown in
Figure 5.1. It was assumed th&t o« v~ %t~ where = T" — 1 is the spectral indeX; is the photon
index (', is the photon index measured using BAT dndis the photon index measured using XRT)
anda is the temporal index. The steep decay phase following thept emission was defined to have
a power law decay afi, after which the decay can break to a decawpaind a further break tas. In

a small number of cases there are more than two breaks irgtitedirve andvs was defined to be the
final decay slope. The “canonical” like GRBs were classifiedhavinga, < 1 and the break time sl

is defined to be the end of the plateau. For GRB 060313, theofgeal” like lightcurve occurs after
the flaring at 100 s after the trigger. The lightcurve fits fibtlee SGRBs in the sample are provided
in Table 5.1. However, there are several caveats which reebd tonsidered with the results in this
Section and for the magnetar fits in Section 5.3.2. As SGRBglfiws are often faint and fade rapidly,
these lightcurves and spectra can be poorly sampled gisigg lerrors on the values in Table 5.1. This
could also cause breaks in the lightcurve to be missed dwede bin sizes (bins typically contain 20
photons in PC mode data so bins could have long durationsisstaal., 2007). Additionally, thBwift
satellite slews to observe GRBs after detection, leadirg ¢baracteristic gap between the BAT data
and the XRT data, and XRT can only observe for short windowmgifurther gaps in the lightcurves

which could also hide features in the lightcurves.

21 SGRBs {60%) have lightcurves which seem to be fairly well fit with afonical” template, sug-

gesting ongoing central engine activity. It is hard to rulg @anonical” lightcurves in other cases
(since the plateau phase could be missed by the samplingtatue to the faintness of the afterglow),
but the available data do not seem to require it. The breadstiohthe “canonical” like SGRBs are typ-
ically occuring orders of magnitude earlier than for the LE&Ras shown in Figure 5.2). Histograms

showing the various SGRB decay slopes are shown in Figureviihdthe values for LGRBs, deter-

https://heasarc.gsfc.nasa.gov/docs/software/fiatbiers/qdp/qdp.htm|
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Figure 5.2: Histograms showing the break times for the “céga” like lightcurves. T is the break
from the steep decay phase to the plateau phase whiteafks the end of the plateau. The blue filled
histograms correspond to the SGRB sample used in this Grepdeoverplotted in red are the LGRB

values determined by Evans et al. (2009).
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Figure 5.3: Histograms showing the temporal indices of ttenbnical” like lightcurves.«; is the
initial steep decay phase from the last decay in the prom|gstom. «; are the plateau and shallow
decay phase slopes; is the final afterglow decay slope. The blue filled histograxmsespond to the
SGRB sample used in this Chapter and overplotted in red are@®RB values determined by Evans et

al. (2009).
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Chapter 5. Energy Injection in SGRBs 5.2. “Canonical” SGRBtcurves

mined by Evans et al. (2009). The values fgrandas; are consistent with the LGRB sample, but the
final decay phaseng) is typically steeper than for the LGRB counterparts. Thitegory was further
subdivided into those with plateaus wherg < 0.5 and0.5 < as < 1. This subdivision separates
those with a clear plateau phase from those which may be &l case. 11430%) havens < 0.5

and 10 €25%) with0.5 < as < 1. The remaining GRBs either do not have any shallow decayephas
in their observed lightcurves35%) or have a single, shallow power law decline witk< 1 (~15%).

In the following comparisons, the plateaus with < 0.5 (blue stars, the GRBs in Figure 5.1a) or
0.5 < ag < 1 (green circles, the GRBs in Figure 5.1b) are consideredmpewison to the final after-
glow phase and compare these to GRBs which do not have aplaltese (red triangles, the GRBs in

Figure 5.1c) or an unbroken shallow decay (pink squaresRBs in Figure 5.1d).

The BAT fluence (15 — 150 keV) of these GRBs is plotted agahmest 0.3 — 10 keV flux at 100 s in
Figure 5.4a. The GRBs which do not have a “canonical” lighteuend to have faint X-ray afterglows
at100s € 2 x 107! erg cnm? s~1) and relatively low fluences{ 2 x 10~ erg cnT2). Those GRBs
with a plateau tend to be clustered at somewhat higher flgesnue their X-ray fluxes are significantly
higher at 100 s 10! —107Y erg cnT? s71). Figure 5.4b shows there is a wide variation in XRT
flux at 100 s for SGRBs with similar prompt fluxes. The GRBs vatitanonical” like lightcurve have
a systematically higher XRT flux at 100 s by several orders afjmitude. Although in many cases
this could be a signal-to-noise issue, considering thosfe saimparable fluences (e.tf)~7 erg cn1?)
suggests that the shallow decay phase is absent from tgbsmilives rather than it simply being fainter

than is detectable.

In Figure 5.5, the photon index is compared for the plateaifianl decay phases. The GRBs get softer
as they move into the afterglow decay phase as expected ypinat spectral evolution. Additionally,
the plateau phase tends to cluster arolind 2, similar to the plateau observed in LGRBs (O’Brien et

al., 2006b; Dainotti et al., 2010) whereas there is moreatian inT" for the afterglow decay phase.

O’Brien et al. (2006) and Willingale et al. (2007) found tlitla¢ prompt fluence is comparable to the
plateau fluence for LGRBs. In order to compare this resulhi® $GRB sample, the average flux for
the plateau phase was taken and multiplied by the time athwthie decay broke to a more typical

afterglow (assuming this component started at the initiger time) giving the 0.3 — 10 keV fluence.
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This fluence was then converted to a 15 — 150 keV fluence usingpéctral index. Figure 5.6 shows
the prompt and plateau fluence are generally comparablehvidniconsistent with the result obtained
for LGRBs. There are four significant outliers (GRBs 0612D10724A, 080905A and 090515) whose

plateaus are significantly more energetic than their prampssion.

Figure 5.7 shows the spectral indicies plotted againstehgporal indicies for the “canonical” like
lightcurves. These show the same behaviour identified byhged al. (2009) for the “canonical”
sample of GRBs. In particular Figure 5.7b shows evidencaefgy injection during the plateau phase

as described by Evans et al. (2009).

Dainotti et al. (2010) identified a correlation between tfegau phase luminosity and duration for
LGRBs with a “canonical” lightcurve. Using redshifts whexeailable or the average SGRB redshift
(z ~ 0.72) and a k-correction (Bloom, Frail, & Sari, 2001), the lunsitg and restframe durations for
the SGRB sample were calculated. These results are plottedure 5.8 and the luminosity — duration
correlation is identified. The SGRB sample gradient (-HE2814) is consistent with the LGRB sample
(-1.06 + 0.28; Dainotti et al., 2010). The SGRB plateau phases aiealy more luminous and the
plateau is shorter in duration than the LGRB counterpar@nnzzo, Troja, & Gehrels (2011) argue
that the relationship identified by Dainotti et al. (2010d@minated by selection affects atz1.5.
However, SGRBs are typically at lower redshift (the SGRBthwin observed redshift in this sample
have an average redshift 0f-9.72) so this sample lies well within the region which is notinated

by selection affects.

The plateau phases of GRB lightcurves are typically explhias ongoing central engine activity, for
example on going accretion onto the central BH. Howeverpongaccretion is problematic for NS-
NS and NS-BH merger theories as there is insufficient sudiognmaterial to maintain this accretion
(Lee & Ramirez-Ruiz, 2007). Fallback accretion from matedn highly eccentric orbits has been
postulated to resolve this (Rosswog, 2007; Cannizzo, T&j&ehrels, 2011), however it is unclear
how to produce the required reservoir of material at a fixeliuga In the remainder of this Chapter,
it is suggested that the plateau phases could be powered lagiaetar formed via the merger of two

NSs.
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B 10

0 5 10

Figure 5.7: The spectral indgkversus the temporal index for the three regimes of the “canonical”
like lightcurves: (a) steep decay phase, (b) plateau phasécastandard afterglow phase. Where there
is no XRT spectrum available for the steep decay phase, tiesBActrum is used. All symbols are as
defined in Figure 5.4 and the dashed black line shows where3 + 2. As in Evans et al. (2009), the
afterglow closure relations predicted by Zhang & Mésg&f2004) are shown, the grey region is the

slow cooling regime and the black lines are for the fast captegime.
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Figure 5.8: (a) The plateau phase flux versus the duratiohisfphase. Symbols are as defined in
Figure 5.4. (b) The plateau phase luminosity, using puetistedshifts or the average redshift, versus
the restframe duration of this phase. The black line shoestirelation between the luminosity and
duration for the SGRB sample and the dashed line shows thgorehip found by Dainotti et al.

(2010).
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5.3 Magnetar model

5.3.1 Theory

The model used here is as described in Zhang & Mészarod 201l was suggested to explain GRB
051221A with a long lived magnetar (Fan & Xu, 2006), for sed&iGRBs (Troja et al., 2007; Lyons
et al., 2010; Yu, Cheng, & Cao, 2010) and for the short GRB @80®Rowlinson et al., 2010b). This
model is consistent with the late time residual spin downsphdriving a relativistic magnetar wind
as described in Metzger et al. (2011). Equations 4.2, 48aid 4.5 are used with an underlying
powerlaw component. Previously, the plateau duration anmdriosity were calculated and then input
into the equations. In this Chapter, the equations are &tctir to the rest-frame light curves, taking
into account the shape of the lightcurve (this is a comparat#thod to that used by Dall’Osso et al.,
2011, who fitted a stable magnetar to the lightcurves of 4 LERBhe values of the magnetic field

and spin period obtained were then used to derive the luritynasd plateau duration.

These equations apply to the electromagnetic dominateddgpiin regime, as the gravitational wave
dominated regime would be extremely rapid and produce agidglelectromagnetic signal. The emis-
sion was assumed to be 100% efficient and isotropic as theibgamngle and emission mechanism
remains very uncertain (see however section 3.4.4). Thatiemqs of vacuum dipole spin-down given
above neglect the enhanced angular momentum losses duettmaeriven mass loss, which are im-
portant at early times after the magnetar forms (Metzgel. €2@11). Nevertheless, these expressions
reasonably approximate the spin-down of very highly magedtneutron stars of most relevance in this
Chapter. Isotropic emission is also a reasonable assumfaticelatively powerful magnetar winds,
since (unlike following the collapse of a massive star) tregnetar outflow cannot be confined by the
relatively small quantity of surrounding material expekctellowing a NS merger or AIC (Bucciantini

etal., 2011).
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Iys ~ M1.4R(23 (5.1)

T -2
T 5.2
em749( ) 0749( * 103Tem,3> ( )

Equation 5.1 was used to obtain the mass dependence of thel amatiequation 5.2 (from Zhang &

Mészaros, 2001) to determine the time dependence of tgaetar emission.

The model also assumes there is a single power law decaynderlying the magnetar component
where F, o« v~#t=<. This value has been set to = I', + 1, whereT', is the photon index of
the prompt emission, assuming that the decay slope is geddmy the curvature effect (Kumar &
Panaitescu, 2000), i.e. that the surrounding medium is kmvydensity as might be expected for
neutron star mergers. The normalisation of the power lavayléitis constrained using the last decay
from the prompt emission. In a small number of cases, theydelope is significantly different from
prediction andh was allowed to vary. If there is a steep decay phase afteddbegu, it is assumed the
magnetar has collapsed to a BH at the start of the steep dgiv@yy(the Collapse Time parameter).
The decay after collapse to a BH assumes the same powerlay ffeen the curvature effect, but
starting atty = tconapse- It is important to note that the underlying lightcurve abbk similar to other
GRBs with a more complex afterglow light curve, but this wadsumes that these are naked bursts

(i.e. no surrounding ISM for neutron star mergers) and dméydurvature effect is important.

This model was then written into a QDP COD file (COmponent Didim file, used to generate new

models within QDP which can then be fitted to data sets) whitten fit to the restframe lightcurves,

produces B 5, Py, —3, Rs, M1 4, @ and the collapse time where appropriate. In this analysis; &hd

Rg of the neutron star are constrained to be equal to 1 to redhgceumber of free parameters in the
model. This is consistent with the values determined by msiens of three typical neutron stars:

M<2 Mg and7 < R < 11 km (C)zel, Baym, & Gulver, 2010). As the model considers an extrem
neutron star, it was noted that the mass and radius may differ these results. However, this only

has a relatively small affect on the magnetic fields and spitods calculated (as shown in Chapter 4

and Rowlinson et al., 2010b) and so it is a reasonable appatiin as this Chapter just demontrates
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the plausibility of the magnetar model fitting the SGRB lightves.

5.3.2 SGRB:s fitted with the magnetar model

The selected GRBs are those SGRBg) (< 2 s) with sufficient data to produce multiple data points
in the X-ray lightcurve. This selection criteria excludeSEBs with extended emission, which may
share a common progenitor to SGRBs but this is still unaert80% of SGRBs in the sample have
been investigated for evidence of extended emission byi®Ndaehrels, & Scargle (2010) but only
GRB 071227 has this component. The sample are listed in BaBland their magnetar fits are given
in Table 5.3. The magnetar candidates fit the model well, thesiple candidates are GRBs which
may fit the magnetar model if assumptions are made and the 8@GRBBs are those which do not fit
the model. The BAT-XRT lightcurves in the energy band 0.3 k&¥ are created and then shifted
into the restframe 1-10000 keV luminosity lightcurve usinkrcorrection (Bloom, Frail, & Sari, 2001)
and the method described in Section 3.2.2. If no redshifhan the mean SGRB redshift is used,
z = 0.72. These lightcurves were then fitted using the magnetar magashown in Figures 5.9. There
are two potential outcomes: a stable long lived magnetachvtibes not collapse to form a BH and an
unstable magnetar which collapses forming a BH after a febvslOThe following Sections compare
the properties of the stable magnetars (blue stars in theeijuhe unstable magnetars which collapse

to form a BH (green circles) and the SGRBs which do not fit theleh¢red triangles).

The lightcurves are fit over plateau region and the power laeay, including the last decay in the
prompt emission and the X-ray observations. This removegftect of the poorly understood flaring
prompt emission not modeled by this method. The redugeit determined for each fit and is deter-
mined to be a good fit to the model£ < 3. Some of the fits were poor, but with visual inspection

this is sometimes associated with flares on the plateau ep siecay, for example GRB 100117A.

In Table 5.3 provides the derived plateau luminosity antepla duration calculated using the magnetic

field strengths, the spin periods and equations 4.2 and 4.3.

When fitting GRB 060313, which may show evidence of late timet@l engine activity (Roming et

al., 2006), it was noted that the model fits part of the lightetextremely well. In this case, obsevar-
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Table 5.2: Properties of the SGRB sample, the groups ardéfiderusing the fits provided in Table 5.3. The magnetar adatés fit the model well,

the possible candidates are GRBs which may fit the magnetdelrfaertain assumptions are made about beaming or rédstdfthe other SGRBs
are those which have a statistically poor fit to the magnetadteh These observed quantities, including host galaxycétions, offsets and optical
afterglow detections, are from published papers and GGMear@nces listed below), host offsets are quoted with if@ublished. When the redshift
is not known, the average redshift 0.72 was used and thiogrshsing brackets.

(MCummings et al. (2005); Soderberg et al. (20G8Markwardt et al. (2006b); Roming et al. (2008)Sato et al. (2006); Cucchiara et al. (2006
(D Krimm et al. (2007); Perley et al. (2008) Cummings et al. (20088¥)Barthelmy et al. (2008c)") Sato et al. (2009); Antonelli et al. (2009); Xin
et al. (2011)® Ukwatta et al. (2009); de Pasquale et al. (2010); McBreeh ¢2@10) () Barthelmy et al. (2009a); Rowlinson et al. (2010b)

GRB z Too I, Fluence Host | Host offset| Optical Afterglow
(s) (10" ergcm?s71h) (arcsec)

Magnetar candidates

051221AY | 0.55 1.4+0.2 | 1.39£0.06 11.6+0.4 y | 0.12+0.04 Y
0603132 | (0.72)| 0.740.1 | 0.71+0.07 11.3+0.5 ? 0.4+0.6 Y
060801% | 1.13 0.5£0.1 | 0.47+0.24 0.8140.10 ? 2.4+2.4 N
070809Y | 0.219| 1.3:0.1 | 1.69+0.22 1.00+0.10 y 20 Y
080426° | (0.72)| 1.740.4 | 1.98+0.13 3.7+0.3 n - N
081024% | (0.72)| 1.8+0.6 | 1.23+0.21 1.2+0.2 n - N
0904267 | 2.6 1.2+0.3 | 1.93+0.22 1.8+0.3 y 18 Y
090510%) 0.9 0.3:0.1 | 0.98+0.20 3.4+0.4 y 1 Y
09051%% | (0.72) | 0.036£0.016 | 1.6+0.2 0.21+0.04 n - Y
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Table 5.2: Continued:
()Baumgartner et al. (20109 Krimm et al. (2010); Chornock & Berger (20113 Sato et al. (2005b); La Parola et al. (2006Markwardt et al.
(2006c¢); Stratta et al. (2007) Barthelmy et al. (2007§) Krimm et al. (2008b)Y”)Cummings et al. (2008a); Rowlinson et al. (201GaKrimm et al.
(2009) ¥ Barthelmy et al. (2010); Tanvir & Levan (201089 Barthelmy, Sakamoto & Stamatikos (2011); Levan, Tanvir &&a(2011)

GRB z Too I, Fluence Host | Host offset| Optical Afterglow
(s) (10" ergcnr?sh) (arcsec)

Magnetar candidates

100702AY | (0.72) | 0.16+0.03 | 1.54+0.15 1.24+0.1 n - N
10121942 | 0.718| 0.6+0.2 | 0.63+0.09 4.6+0.3 y - N
Possible candidates

051210 | (0.72)| 1.4+0.2 | 1.1+0.3 0.83+0.14 ? 2.8+2.9 N
0612019 | 0.111| 0.8+0.1 | 0.81+0.15 3.3+0.3 ? 17 Y
070714A% | (0.72)| 2.0+£0.3 | 2.6+0.2 1.5+0.2 n - N
080702A%9 | (0.72)| 0.5+0.2 | 1.34+0.42 0.36£0.10 n - N
080905A7 | 0.122 | 1.0+0.1 | 0.85+0.24 1.4+0.2 y 9 Y
090621B% | (0.72) | 0.14+0.04 | 0.82+0.23 0.7+0.1 n - N
100625A9 | (0.72) | 0.33+0.03| 0.9+0.1 2.3+0.2 y 0+1.8 N
11011249 | (0.72) | 0.5+0.1 | 2.14+0.46 0.3+0.1 y - Y
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Table 5.2: Continued:
(IBarthelmy et al. (2005c); Gehrels et al. (2008Parsons et al. (2007); Berger et al. (2009); Kocevski e2ai1Q) ®)Sato et al. (2007b); Caito et
al. (2010); D’Avanzo et al. (2009)) Baumgartner et al. (2008); Immler & Holland (2008); Covirtak (2008)(>) Markwardt et al. (2009); Levan et
al. (2009); Malesani et al. (200%) Markwardt et al. (2010); Levan et al. (2010); Fong, BergeEd (2010)
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GRB z Ty I, Fluence Host | Host offset| Optical Afterglow
(s) (10" ergcnr2s) (arcsec)

Other SGRBs

050509B8Y | 0.23 | 0.024:0.009 | 1.5+0.4 0.23+0.09 y | 17.9:3.4 N
070724A% | 0.46 | 0.40:0.04 | 1.8140.33 0.30+0.07 y 0.7+£2.1 N
071227 | 0.38 1.8£0.4 | 0.99+0.22 2.2+0.3 y 3.1 Y
080919Y | (0.72)| 0.6+0.1 | 1.10+0.26 0.72£0.11 ? - Y
091109B% | (0.72)| 0.30+0.03 | 0.71+0.13 1.9+0.2 ? 8 Y
100117A9 | (0.72)| 0.30+0.05 | 0.88+0.22 0.93+0.13 y 0.6 Y
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Table 5.3: The sample of short GRBs used with their magnegarHj,, is calculated using the fluences and redshifts in Table dZadacorrection
(Bloom, Frail, & Sari, 2001). The values far are input into the model unless they are bracketed - in ttie tae values are fit within the model. If
there is a steep decay phase, it is assumed that the magokdpses to form a BH and the model determines the collapse tThe values for P;
and By5 are fitted from the model assuming isotropic emission. Alswided arey? for each GRB fitted. Using the values of Pand B 5 obtained
from the model, the plateau luminosity and duration arevéerusing equations 4.2 and 4.3. The derived plateau dardéiscribes the point at which

the X-ray emission from the magnetar starts to turn over filoeplateau phase to a powerlaw decay phase.

GRB Eiso P_; Bis ap =TI, +1 | Collapse time x2 | Plateau Luminosityl Plateau Duration
(erg) (s) (ergs™) (s)

Magnetar candidates
051221A| 1.837032x10°? | 8.977031 | 2107518 | (1.411053 - 15| 6.8759x10% 373008300
060313 | 3.12"} 95 x10°% | 4.45701% | 4.197028 1.71 - 0.7| 45'5Ex10"7 23101390
060801 | 1.17° 10 x10°3 | 3.70702) | 21.40°3%5 1.47 326 21| 25'57x10% 612
070809 | 8.87"595x10% | 5,712 | 15347792 | (1.70'0-%% - 1.2 2.2ix10% 2847100
080426 | 3.48")51x10°! | 9.257032 | 13.37"1:33 2.98 - 1.7  2.4708x10"7 980" 520
081024 | 5.657723x10°! | 3.0270:35 | 32.09 %39 2.33 125 29| 1.2f5ix10° 18%7%
090426 | 3.98" 139 x10°2 | 2.387005 | 5.78" 9 2.93 - 1.9 1.07)3x10% 350" 130
090510 | 5.76"5%5x10°2 | 2.087007 | 5.6170%0 1.98 - 20| 1.7t5{x10% 280"5;
090515 | 3.44325x10°0 | 2.3070:08 | 13.75 1% 2.60 176 22|  6.7t55x10% 5811
100702A | 2.28 5o x10°! | 3.025012 | 22.94" 139 2.54 167 30| 6.419x10% 355
101219A| 1.697079x10% | 2.09"512 | 6.247)95 | (1.25":93 138 25| 2.059x10% 23053
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Table 5.3: Continued:

GRB Eiso P_3 Bis a; =Ty +1 | Collapse time X?j Plateau Luminosity| Plateau Duration
(erg) (s) (ergs) (s)

Possible candidates

051210 | 5.98"1%5x10°! | 0.67700% | 5.017072 2.1 225 25| 1.2t03x10°! 37113

061201 | 1.42°} 87 x10°! | 16.1370% | 21.077125 1.57 - 09| 6.67,3x10' 120023
070714A| 3.28"398x10°! | 12.99"737 | 19.4872 3.60 - 29| 1.3%58x10v 91053
080702A | 1.20" 599 x10°! | 21.807%28 | 58.237 33 2.34 - 0.7| 1.570fx10"7 29079
080905A | 6.16"1%3x10°0 | 14.127182 | 74.857115% | (0.8070% 274 1.4  1.4702x10" 7373
090621B | 1.317297x10°% | 76.0875%;* | 65.9530-57 | (4.73']3) - 25| 1.3700x10% 27002550
100625A | 3.27"1 1810 | 25.48"387 | 186.69 5415 | (2.837053) - 24| 8.3733x10Y 38718
110112A| 2.9175%x10°0 | 19.5571%% | 28.09"5-% 3.14 - 27| 5.475x10 990"5%
Other SGRBs
050509B | 3.82"%9x10% | 87.43727-\7 | 23.81717-8° 2.5 - 46| 9.773%9x10% 28000735500
070724A| 1.137 §7 x10°0 | 1.397520 | 27.61735 | (1.25700D) 920 57| 2.070%1x10°! 52

071227 | 6.07" 52 x10°! | 3.407519 | 31.61°147 | (1.217558 170 41| 7.5t59x10% 2473

080919 | 5.18"93¢x10°! | 18.157193 | 79.91°35-79 2.10 320 7.3| 5.939x107 11097
091109B| 5.25739°x10° | 21.67 %4 | 1459731 | (3.11701%) - 40| 9.7t31x10% 4500250
100117A| 1.42208x10°2 | 1.29'012 | 13.480%5 1.88 - 70| 6.6777x10° 193
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Chapter 5. Energy Injection in SGRBs

5.3. Magnetar model
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Figure 5.9: SGRB lightcurves fit with the magnetar model.
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Figure 5.9: Continued:
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5.3. Magnetar
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Chapter 5. Energy Injection in SGRBs 5.3. Magnetar model

tions between 50 — 200 s (the initial X-ray data) were ignarethe fit as this duration appears to be
dominated by flares. If these data are included in the fit, themrmagnetar model does not fit the data
well. The model fits well to GRB 090515 predicting values &mto those given in Rowlinson et al.

(2010b).

5.3.3 Analysis

Figure 5.10 shows the spin periods and magnetic fields detedhfor the sample of GRBs assuming
isotropic emission. Eleven of the SGRBs had a good fit anditi@mthe correct region of the magnetic
field strength and spin periods, these are the magnetardzdadilisted in Table 5.2. Eight GRBs have
good fits to the model but lie outside the allowed region (tbssjble candidates in Table 5.2). These
GRBs may be in the allowed (unshaded) region if they were @lgehredshift as shown in Rowlinson
et al. (2010b). Additionally, this region is defined usingyalar momentum conservation during the
merger of two NSs (Usov, 1992) and is not a physically forbiddegion. Therefore, the candidates
with spin periods>10 ms may remain good candidate magnetars. GRB 051210 igdattlin the
possible candidates list as it is spinning faster than anatl in the models, but it is worth noting that
if the NS formed had a mass of 2.1Mhen it would reside within the allowed region, as more masssi
NSs are able to spin at a faster rate. As GRB 051210 is a caadidach may collapse to form a BH,

the higher mass solution is supported.

Prompt and X-ray Properties

There are no obvious trends between the prompt properteetharderived values for the magnetic field
and spin periods, so the magnetar model is unlikely to bexglyoddependent on the prompt emission
mechanism. In Figure 5.11, the prompt properties for thepsa@re shown and there are no obvious

relationships.

Some of the model fits would predict a fairly shallow decayrfrthe prompt emission, for example
GRB 060801, which may lie above the BAT threshold. In thesesait might be expected that ex-

tended emission is detectable in the prompt emission asdnméis not observed, so these fits may be

149



Chapter 5. Energy Injection in SGRBs 5.3. Magnetar model

107

¥ L LI B B B L W 'III'IIII

‘]O'I?

-
-

»
-+
.
‘.

F\

Field Strength (G)
=

b 1
1015 |
'1014 L 4§44 R S A |
10 100
Period (ms)

Figure 5.10: A graph showing the magnetic field and spin pleoiothe magnetar fits produced. The
solid (dashed) red line and dark shaded area representithbrepk up period for a collapsar (binary
merger) progenitor (Lattimer & Prakash, 2004) and the udstiaegion shows the allowed region for
an unstable pulsar, as defined in (Lyons et al., 2010; Rowdiesal., 2010b). The initial rotation period
needs to be<10 ms (Usov, 1992) and the lower limit for the magnetic field#0'®> G (Thompson,
2007). The black curve is the result predicted for GRB 090658 Rowlinson et al. (2010b). Blue
stars = good fit to the magnetar model with a stable magnetaerGeircles = good fit to the model

with an unstable magnetar which collapses to form a BH, arditRengles = poor fit to the model.
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Figure 5.11: (a) The prompt photon inddx(15 — 150 keV) versus theyd duration. (b) The prompt
photon index[" (15 — 150 keV) versus the 15 — 150 keV fluence. Symbols are agimeé=5.10.
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Chapter 5. Energy Injection in SGRBs 5.3. Magnetar model

incorrect. However, the majority of the candidate magretathe sample can be fitted with a steep
decay from the prompt emission so no extended emission waikekpected. The exceptions to this
are GRBs 080905A and 060801 which do not appear to fit the madkl It is important to note
that, although these fits are not as good, these GRBs canuigdminted using this criterion. This is
because the spectral properties of the magnetar comparmenbdisknown or it is not known if spectral

evolution is occuring, so this component may be spectralfiyand therefore undetectable by BAT.

In Figure 5.12(a), the 0.3 — 10 keV flux at 1000 s is comparedéoflux at 100 s. The magnetar
candidates tend to have a higher flux at 1000 s than the othBBSGwith the exception of GRBs
051210, 060801, 080905A, 081024, 090515, 100702 and 1@&121® the candidates which are
modelled as collapsing to a BH). Two other GRBs show a sintilamd to the magnetar candidates,
these are 050509B, which visually fits the magnetar model gl does not have enough data to
conclusively prove this, and GRB 091109B. This graph candpéaed if all SGRBs are assumed to
occur in a low density environment, resulting in little afflow, and the only observed emission results
from the curvature effect. The magnetar candidates whittapse to form a BH and the other SGRBs
fade rapidly, whereas the stable magnetars are giving pgeld energy injection giving the higher late
time X-ray fluxes. This analysis suggests that mergers usiltg straight to BHs have significantly
fainter X-ray afterglows, which fade rapidly, and hencer¢hmay be a selection bias against these
objects in this analysis (as sufficient data points wereireduo fit the model). When considering
only the stable magnetar candidates, there is a largeymsitirrelation (correlation coefficient = 0.84,
whereas the whole sample had a poor correlation coefficie®t03) between the X-ray flux at 100
s and 1000 s. As this graph was produced independently frenmimgnetar model, this correlation
suggests that there is a strong relationship between the aad late time X-ray flux for the stable
magentar sample. Figure 5.12(b) shows evidence of a sigulaelation for the X-ray flux at 100 s
in comparison to the flux at 10000 s, although with more scdtterrelation coefficient = 0.54). In
Figures 5.12(c) and (d) the fluxes at 100 s and 1000 s are ghleiesus the prompt 15 — 150 keV
fluence observed. There is no evidence of a correlation leetwe flux at 100 s and the fluence for the
whole sample but there is a possible correlation for thdetalagnetar sample (correlation coefficient
for all is 0.07 but 0.63 for the stable magnetar sample). gufé 5.12(d) the possible correlation for the

stable magnetar sample is very weak (0.22) but there is a earagdation between the prompt fluence
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and the 1000 s X-ray flux for the whole sample (correlatiorffagent = 0.33).

For each GRB in the sample, a 0.3 — 10 keV XRT spectrum (usiacatitomatic data products on
the UK Swift Data Centre website Evans et al., 2007, 2009}Hermodel derived rest frame plateau
duration (converted to observed frame durations) was&eitieo compare the spectral properties in the
magnetar emission phase. This was not possible for some &faitmple as XRT observations started
after the plateau phase had ended. Each spectrum was fitl8ABC using a power law] x, the
Galactic Ny (neutral hydrogen column density, taken from Kalberla t24105) and the intrinsic M

at the redshift provided in Table 5.2. The spectral fits ao¥iged in Table 5.4.

The photon index of the plateau pha$g;, is compared to the photon index of the prompt emission,
I', in Figure 5.13(a). The plateau phase tends to be softeremage than the prompt emission. There
is a slight correlation between these two values for the ekample, with a correlation coefficient of
0.48. However, if the GRBs which do not fit the magnetar sarfigethe other SGRBS) are removed
from the sample along with the outlier GRB 090621B (a possdandidate with extreme values for
B15 and P_3 and a very soft plateau) this correlation becomes much nigméisant, with a correlation
coefficient of 0.85, and this is shown in Figure 5.13(b). Télationship between these values is given
by 'x = T'%, wherea = 0.26 + 0.15. This suggests that the spectrum of the plateau regime éor th
magnetar sample is dependent on the spectrum of the promggiemand this is independent of the

stability of the magnetar.

In Figure 5.14, the intrinsic and Galactic;Nvalues are compared. The majority of the SGRBs are
consistent with having negligible intrinsic Nobserved in their spectra suggesting they are likely to
have occured in low density environments. The main excepidGRB 070714A which has a large
and well constrained intrinsic N implying it may have occured in a higher density environment
The Ny values can be used to estimate thg &bsorption using the Bohlin, Savage, & Drake (1978)
conversion, given in Equation 5.3, and the E(B-V) conversigiven in Pei (1992) for Galactic, Small
Magellanic Cloud (SMC) and Large Magellanic Cloud (LMC)Hignes. For GRB 070714A the total
Nz absoprtion corresponds toA~ 11.9 mag (Galactic), A& ~ 11.3 mag (SMC) and A& ~ 12.2 mag
(LMC). Therefore, for GRB 070714A, it seems unlikely thad thptical afterglow would be detectable.
Other GRBs which may have significant intrinsig;Nnclude GRBs 051221A, 080426, 080919 and
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flunce versus the 0.3 — 10 keV flux at 1000 s. Symbols are as imé-i§ 10.
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GRB I'x Galactic Ny | Restframe Intrinsic ¥
(10 cm2) (10% cm™2)
Magnetar candidates
051221A | 2.04014 | 5.70+0.37 18.0°'50
060313 | 1.61791% | 5.00£1.17 0.00755
060801 | 1.53"04% | 1.40+0.31 29.9"658
070809 | 1.7370%% | 6.40+0.17 2.95M42
080426 | 1.9370%) | 37.0+4.19 32.07515
090426 | 2.037)1) | 1.50+0.11 0.0073%0
090510 | 1.56"03% | 1.70+0.11 10.0715
090515 | 1.89"02 | 1.90+0.25 13.1716
101219A| 1.657932 | 4.90+0.87 56.8750
Possible candidates
061201 | 1.44"03% | 5.20+1.58 6.77752
070714A| 2.12"037 | 9.20£1.25 2141518
080702A | 1.5770%% | 15.0+1.50 1251751
090621B| 2.50"¢) | 19.0+1.96 42.8719%
110112A | 2.07t04% | 5.50+0.40 7.8607%¢
Other SGRBs
050509B | 1.92%0 | 1.60+0.04 8.00'5 0
080919 | 2.23"1%* | 26.0+3.78 105" 12
091109B | 1.96"0%1 | 9.20+0.96 1457372

Table 5.4: The 0.3 — 10 keV spectral fits for the derived platharations given in Table 5.3. Provided
are the photon indexX; x piatcqu, the Galactic Ny and the restframe intrinsic N using the redshifts

provided in Table 5.2.
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T T T T T T T T T

(a)

Figure 5.13: A comparison between the prompt emission phioiex (15 — 150 keV) and the plateau
photon index (0.3 — 10 keV). (a) shows the whole sample censidland (b) focuses on the candidates
which show evidence of a correlation between the prompt daiggu emission. Symbols are as in

Figure 5.10. 156
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Figure 5.14: The intrinsic rest framegNin comparison to the GalacticjN The arrows represent two
GRBs which had zero intrinsic M fitted in their spectra, the maximum error has been plotteanas

upper limit for their intrinsic Ny. Symbols are as in Figure 5.10.

101219A. In contrast, GRB 090426 has an extremely low tojalddrresponding to & ~ 0.080 mag
(Galactic), A, ~ 0.076 mag (SMC) and A ~ 0.082 mag (LMC).

Ny
E(B-V)

2

= 5.8 x 10*! atoms em™2 mag™! (5.3)
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Optical Afterglows

A 1 keV flux lightcurve showing the prompt, X-ray and the moshstraining optical observation
during the plateau phase was created for each burst in thplsamhese were produced using the
simple relation given in equation 5.4 (assuming a simplegrdaw spectrum and a spectral index

B = I'z — 1) to shift the observed fluxes at a measured energy to 1 keV.

measured) > Pro (5.4)

F, F, B
v(1keV) — Lv(measured) 1keV

I", was obtained from the time averaged PC mode spectra prodiyc automated anaylsis on the
UK SwiftData Centre website (Evans et al., 2007, 2009). The 0.3 -\LBRd XRT lightcurves were
shifted to flux at 1 keV using equation 5.4. The optical magiés were converted into flux for the
wavelength of the optical filter used and then shifted to 1 keWg equation 5.4. As there may be a
cooling break inbetween the optical and X-ray observati{@wi, Piran, & Narayan, 1998), the two
extreme cases are taken i®.= 3, andg, = 8, —0.5. The errors on the observed optical magnitudes
and the errors o', are used to define the region on the lightcurve that the datata could reside

in (dark grey - no cooling break, light grey - cooling breaktenthere is overlap between these two
regimes). If the optical and X-ray data are consistent, thenX-ray data points should lie within the

shaded regions for the optical data.

The 1 keV flux lightcurves for GRBs which fit the magnetar moalel shown in Figure 5.15. GRBs
051221A and 090426 have optical afterglows which are ctardisvith their X-ray afterglows. GRB
061201 may also be consistent but would require the mostreeterrors and cooling break. 53% have
optical afterglows that are inconsistent with their X-rdteeglows, signifying either significant optical
absorption or an extra component in the X-ray afterglow. E\wv, as shown in Section 5.3.3 and
Figure 5.14 using absorption in the X-ray spectra, the nitgjof the candidates are consistent with
occuring in a low density environment. Only GRBs 080426 abit119A have inconsistent afterglows

and evidence of significant absorption in their X-ray sgectn the remaining 26% the optical upper
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Figure 5.15: 1 keV flux lightcurves with 1 optical observatitight shaded region = optical observation
assuming a cooling break and dark shaded region = opticahaditson assuming no cooling break. The
references are for the optical observation used. If theyXaral optical observations are consistent with
originating from the same source, the X-ray data points Ishpass through the shaded regions. These
are the magnetar candidate SGRB sample. GRB 051210 - Jeirak (2005) - inconsistent, GRB
051221A - Soderberg et al. (2006) - optical observationcansistent with X-ray observations, GRB

060313 - Roming et al. (2006) - inconsistent and GRB 06080bwB & Racusin (2006) - inconsistent.
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Figure 5.15: Continued: GRB 061201 - Stratta et al. (200Mly consistent for with most extreme
cooling break and errors, GRB 070714A - Chester & Grupe (200pper limits inconclusive if there
is an extreme cooling break. GRB 070809 - Chester & Marsi&lD7) - upper limits inconclusive,
GRB 080426 - Oates & Ziaeepour (2008) - inconsistent and GB®B/02A - de Pasquale (2008) -

upper limits inconclusive, GRB 080905A - Brown & Pagani (8D0upper limits inconclusive.
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Figure 5.15: Continued: GRB 081024A - de Pasquale & Stra@@&) - upper limits inconclusive,

GRB 090426 - Oates & Cummings (2009) - optical observatioagansistent with X-ray observations,

GRB 090510 - Kuin & Hoversten (2009) - inconsistent. GRB QB®5 Seigel & Beardmore (2009) -

inconsistent, GRB 090621B - Curran (2009) - inconsistedt@RB 100625A - Landsman & Holland

(2010) - inconsistent.
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Figure 5.15: Continued: GRB 100702A - de Pasquale & Siedd@P- inconsistent, GRB 101219A -
Kuin & Gelbord (2010) - inconsistent and GRB 110112A - Brdé\& Stamatikos (2011) - inconsis-

tent.

limits are not constraining enough. Of the GRBs which do riothi® magnetar model, only GRB
100117A has an optical afterglow which is definitely incatent with the X-ray afterglow (as shown

in Figure 5.16).

Figure 5.17 compares the average X-ray fluxes at 1 keV to thieabfluxes at 1 keV with (b) and

without (a) a cooling break. The average X-ray flux was cal@d using the flux at the start of the
optical observation and the flux at the end of the observatlbthere is an extra component in the
X-ray emission, the data points will lie below the black lindoth Figures. This supports the previous
analysis, i.e. there are several magnetar candidates matnsistent optical emission, some which

would rely on the most extreme uncertainties and coolingkse However the sample of SGRBs

162



Chapter 5. Energy Injection in SGRBs

5.3. Magnetar model

0505098 070724A
01 r T il U al il T ul _! 01 r 1 1 1 1 " T 1 _!
001 gt 4 oo1f * !
100 | T 1 10°f 1
10 | -; 10 1:
= i= % 3
2o+ 1210+ ]
5 [ 17 f !
X 4 x E
!:u 10® r ‘! %1 -5 r '!
x - g x - ]
E 107 r 1 u_:_ 107 r — -!
0+ f { o} T
102 S e ]
4 3 4 —t3
100 | 4 107 1
10—11 L al L L ul ] 10—11 L L L L L L ]
0.01 0.1 1 10 100 1000 104 108 0.01 0.1 1 10 100 1000 10¢ 108
Time since BAT trigger (s) Time since BAT trigger (s)
071227 080919
01 T T o T mr vy _! 01 [T Ty !
0.01 | — , 0.01 | 1
10< | i 0ok + 1
10 =10 F :
10 210 o,
E r E 1 _,_++ 3
- 10° g - 10° g _'_ 1
© o
10 {1 100k 1
9 -8 1
10~ r 3 10 r -!
100 | , 100 | 1
‘IO~H PEEEETTT BRI B R ETTTT T T B ST B W T B SR TTTTT By l: 10~ﬂ PEEETTTTT BRI S W T TTTT B R T B TS T B R TTTT B R wTTT By n:
0.01 0.1 1 10 100 1000 104 108 0.01 0.1 1 10 100 1000 104 108
Time since BAT trigger (s) Time since BAT trigger (s)
091109B 100117A
01 r T il U al il T ul _! 01 r 1 1 1 1 " T 1 _!
001 k !\ 1 001k =< !
107 | 1 10°F 1
<10 F 1707 F '\ﬁ 1
310'5 3 310~5 'ﬁ ]
: 130 . ]
=10° =10°
% F -+ 1= F 1
5107 — 4 5107 .
i SR Fal =
10 | -4 00k 1
E ~ —_
10 | i1 10k 1
10§ 4 107 1
10—11 L al L al L ul ] -11 L L L L L L ]
0.01 0.1 1 10 100 1000 104 108 0.01 0.1 1 10 100 1000 10¢ 108

Time since BAT trigger (s)

Time since BAT trigger (s)

Figure 5.16: As Figure 5.15, the GRBs shown here are from ther SGRB sample GRB 050509B

- Breeveld et al. (2005) - consistent, GRB 070724A - de Pdsgu&iaeepour (2007) - upper limits

inconclusive if there is an extreme cooling break, GRB 071:22ucchiara & Sakamoto (2007) - likely

consistent, GRB 080919 - Immler & Holland (2008) - likely sistent, GRB 091109B - Oates (2009)

- upper limits inconclusive if there is an extreme coolingdk, and GRB 100117A - de Pasquale,

Holland, & Oates (2010) - extremely inconsistfé*g.
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as in Figure 5.10.
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which do not fit the magnetar model are more likely to have isteist X-ray and optical observations,

and when they are not consistent it is likely due to flaringvigtin their X-ray lightcurves.

Although there is some evidence that the magnetar candiditee additional X-ray emission, it is
not known what spectrum is expected from a newly formed magraad hence those whose optical

emission is consistent with their X-ray emission cannotdrametely discounted.

5.3.4 Discussion

Specific cases

GRB 070809 is one of the best fitting stable magnetar carefidatd lies within the allowed regions.
This GRB had a faint optical afterglow and is offset by 20 ki a galaxy at z =0.219 (Perley et al.,
2008), making it an ideal candidate for a magnetar formedhéamerger of two NSs. However it is
important to cautious about this candidate host galaxycéesson as the likelihood this is an unrelated

field galaxy is 5 — 10% (Tunnicliffe et al. private communioa).

GRB 061201, with a spin period ef16 ms, fits the magnetar model well but is spinning slower than
expected. This relies on the correct host galaxy identifinadand hence redshift, as it would fit the
model if at a higher redshift. Additionally, the approxirat0 ms limit imposed by Usov (1992)
is dependent on the initial radius of the collapsing objexd the radius of the final NS. This limit

is also derived for the model involving AIC of a WD. Therefdlere is some level of flexibility in
this imposed limit. This, and other GRBs close to this boupdare still considered to be potential

candidate magnetars.

GRB 051221A is consistent with having energy injectionéfightcurve out tov 2x 10 s (Burrows et
al., 2006; Soderberg et al., 2006). Fan & Xu (2006) explathézias energy injection from a magnetar.
The model used in this Chapter model fits this GRB very weli.efial. (2007) proposed an alternative

two jet model to explain the lightcurves without requirindgéional energy injection.

GRB 060313 has been included in the magnetar sample by ignthré first 50 — 200 s of the lightcurve
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due to the flaring activity, this gives a good fit to the latetadlaut this result should be treated with
caution. Flares could be associated with on-going aceretito the newly formed magnetar. Alterna-
tively, Dai et al. (2006) and Gao & Fan (2006) suggest thaay flares originate from reconnection

of twisted magnetic fields within the NS. Margutti et al. (2Qhave conducted a systematic study into
SGRB flares, including the flares observed in GRB 060313, andligded that the flares are consistent

with a central engine origin.

Included in this sample are SGRBs whose progenitors arecuty significant debate, particularly
GRB 090426 atz2.6 which could have orginated from a collapsar instead afiar merger although

that has not been ruled out (Antonelli et al., 2009; Levesgju@., 2010; Thone et al., 2011; Xin et al.,
2011). GRB 090426 fits the model well, irrespective of thegerotor, but the progenitor debate is

important to note as this Chapter is specifically studyingsgme NS binary merger progenitors.

The Wider Sample

Interestingly, seven of the magnetar candidates requitepse to a BH (051210, 060801, 080905A,
081024, 090515, 100702A and 101219A) although, when cerisigltheir wider properties, it is noted
that GRBs 060801, 080905A and 081024 do not appear to fit thikelaeell. This implies that, if these
SGRBs are making magnetars, they only collapse to a BH in d snmaber of cases. Comparing
the derived plateau durations and the collapse times prdvid Table 5.3, the magnetar typically
(but not always) collapses to a BH after the plateau phase,when the magnetar has spun down
significantly. The collapse time is related to the mass ohtlagnetar and the spin period at which the
differential rotation can no longer support gravitatiogallapse. The discrepancy between collapse
time and plateau duration are hence likely to be reliant upermass of the magnetar. Additionally,
there may be ongoing accretion on to the magnetar (remnétite merger) which may raise the mass
of the magnetar above the critical point prior to significapin down. Interestingly, those candidates
which collapse to form a BH and are within the allowed (ungttBaegion of Figure 5.10 have a higher

magnetic field for a given spin period than the candidateskvtid not collapse to a BH.

Many of the magnetar candidates lie within, or near to, theglisted plateau luminosity and duration
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relation in Metzger et al. (2011) when considering uncatias due to redshift, efficiency and beaming.
However, there are candidates whose plateaus are sigtiificorter than predicted or at a lower
luminosity. It is important to note that this analysis andtthf Metzger et al. (2011) assumes a NS
mass of 1.4M and this is likely to be significantly higher for a NS mergeogenitor (e.g. 2.1M).
This has a small affect on the values of the magnetic fielthgtheand the spin period calculated in this
model (as shown in Rowlinson et al., 2010b) but does not feigmitly affect the predicted regions of
Metzger et al. (2011).

Accretion Effects

This model does not account for ongoing accretion onto thgnaiar, from the surrounding torus
of material formed during the merger. This would effect thsults obtained, especially if accretion
increases the NS mass to more than can be supported as tlis iregollapse to a BH. Additionally,
accretion could explain flares observed overlaying theeplatmodel. Flares may also be associated

with ongoing magnetar activity as described in Dai et al0@0

Piro & Ott (2011) studied the affect of accretion onto magreformed during SNe, however their
results are also applicable to these magnetars. The mdaratite for SGRBs is the significantly
reduced reservoir of material available for accretion aaekha different accretion rate. This section
assumes the simplest accretion rate published by Metzger @010b) assuming that accretion starts
at 0.16s after the trigger time, this gives a total accretiisk mass ot~ 0.3 M. Accretion onto the
magnetar occurs when the propeller regime ends, given batiegqub.5 from Piro & Ott (2011) where

pss = Bis R},

M < 6.0 x 10733, M 2Py P Mo s (5.5)

As before, an initial NS mass of 1.4 JMand radius ofl0° cm is assumed. Figure 5.18a shows the

accretion rate as a function of time after formation. Figbr&8b shows the evolution of the spin
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Figure 5.18: (a) The accretion rate as a function of time ragsy the accretion rate for a compact

binary merger Metzger et al. (2010b) starting at 0.16 s dftertrigger time giving a total accretion

disk mass 0f~0.3 M5,. (b) The evolution

red - the magnetar predicted for GRB

of the spin period of the magnetar for the &ccretion rates,

060313 and blue - GRB I®050lid lines include accretion

and dashed lines have no accretion. In these plots, aatitedi® a very small or negligible effect. (c)

The amount of rotational energy available in the magnetagdgh case.
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period of two different magnetars (using the paramters fRB& 060313 and 090515 as these have
contrasting magnetar properties) assuming there is &mecr@hto the magnetar or no accretion. When
there is significant accretion (e.g. GRB 090515) it can nmaityi prevent spin down and affect the
rotational energy (Figure 5.18c) available, although ¢he® negligible effects for the low accretion

rates considered.

It is worth noting that accretion would potentially have awéarge effect on the results obtained
for LGRB magnetar candidates (e.g. the sample in Lyons gR@l.0) as these are thought to have
a significantly higher mass accretion disk and an accret® similar to that proposed by Piro &
Ott (2011). In that case, the energy reservoir could reatiesan excess of 9 ergs for particular
combinations of the initial conditions. This additionaleegy source could be a potential explanation

for large flares observed in some of the LGRB candidate lightes.

Figure 5.19 shows the total mass accreted after the propetiane has ended. The linear correlation
between the duration of the propeller regime and the mas®tadcis caused by the relationship:
M « t75/3 (i.e. the sooner the propeller regime ends, the greater #ss that can be accreted).
The candidates which accrete the most mass are those whizkalapse to form a BH within a few

hundred seconds, leading to the suggestion that accretignimdeed be driving this collapse. The
stable magnetar outlier is GRB 100625A which was also weliyfithe unstable magnetar model but

the stable model was chosen to reduce the number of free paemnin the model.

Energy Constraints

Considering all these potential candidates, up to 76% oS@B&Bs in this sample could be fit with
the magnetar model when using their X-ray lightcurves. &bB gives the isotropic energy released
during the prompt emission phase of the GRB. These valuesttebe consistent with the maximum
expected energy output from the magnetar central enginesingg, < 3 x 10°2 erg (Metzger et
al., 2011). However, this value is exceeded for some goodidates, GRBs 060313 and 101219A
which may be due to using the average redshift and the acteat®are at significantly lower redshift.

Additionally, GRBs 060801, 090426, 090510 and 100625A als®ed this value but it is important to
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Figure 5.19: The amount of mass accreted by the magnetarsa¢faé duration of the propeller regime.
The dashed line represents the maximum mass available acthmetion disk and is 0.3 Man upper

limit for the amount of mass which can be accreted. Symbasarin Figure 5.10.
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note that 090426 and 100625A may be consistent within eammldbeaming has not been corrected for.
With a reasonable beaming correction, all of these GRBsaMieiell below the maximum expected
energy output. Another consideration A%, o M1,4P0‘,E3, so if magnetars can have masses up to
2.1M,, then the maximum energy output could be as high as £ 1 x 10°3 erg. In this case, the
E;so for GRBs 060801, 090426 and 100625A would be consistent.itibddlly, if the newly formed
magnetar is accreting, it is possible to spin up the magmoetating a larger store of rotational energy.
It is concluded that the energy output of all the magnetadickate GRBs are likely to be consistent
with magnetar central engines prior to any beaming cooestiFigure 5.20 shows the energy emitted
during the plateau phase (plateau luminosity multipliedh®sy duration) against the isotropic energy
emitted during the prompt emission. Only two GRBs which fi thagnetar model emit more energy

during the plateau phase, GRBs 051210 and 090515.

Beaming has not been corrected for in this Chapter, whichundoubtedly affect these results by in-
creasing the spin period and the magnetic field strengthsagrsin Rowlinson et al. (2010b). Beam-
ing, with a half-opening angle of 3phas been shown to form via the formation of an ordered magent
field during the merger of two 1.5 MNSs which collapse to form a BH (Rezzolla et al., 2011). How-
ever, the beaming angles of SGRBs and associated magrataasrunconstrained. 100% efficiency
has also been assumed in the conversion of rotational eim@m¥EM radiation. This will not be the
case and acts counter to the beaming argument as this reithgcegin period and the magnetic field
strengths. For example GRB 090515 s~ 1.4 x 10'6 G andP ~ 2.3 ms assuming 100% efficiency,
at 10% efficiency these drop drastically B~ 4.4 x 10" G andP ~ 0.73 ms. Given the uncertain-
ties in both beaming and efficiency, it is noted that the raedlies of the magnetic field strength and
the spin period may vary by a factor of 3. When taking into actdhat many of this sample do not
have redshifts and that most of those with redshifts relylmmce alignments with host galaxies, there
are further uncertainties in the real values. It is impdrtamote however, that these GRBs do show
evidence of ongoing energy injection and they qualitayifigithe model well, despite the wide range

of values caused by these uncertainties.
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Merger rates of NS-NS binaries

The merger rates of compact binary mergers have been stogigdmain are highly uncertain. Some
studies predict more NS-NS mergers than NS-BH mergers Zeski et al., 2006). Alternatively, Lee
& Ramirez-Ruiz (2007) show that the rates of NS-NS mergedsNf8-BH mergers are consistent. In
any case, the NS-BH mergers are thought to be more luminoalsssovable out to higher redshifts. No
predictions of the relative rates have made for EM detestirt they have been made for gravitational
wave observatories. Bethe & Brown (1998) predict that LIGGuld detect roughly equal numbers
of these events or more NS-BH mergers while Abadie et al.qBPfredict that Advanced-LIGO will
detect more NS-NS mergers. O’'Shaughnessy et al. (2008)latdche expected NS-NS merger and
NS-BH merger rates in the local Universe and they are rougbihsistent. If it is assumed that this is
comparable to the relative rates for electromagnetic ebsaries, then the finding thatt — 76% of
the SGRBs in this sample could be modelled with a magnetaldimiconsistent with all the NS-NS
mergers forming a magnetar (although these values are dlotamstrained by the rate calculations or

this model).

If this model is correct then it may contribute to the numbékieown magnetars in our Galaxy.
O’Shaughnessy et al. (2008) predict the merger rate of N&y$&ms per Milky-Way like galaxy
to be~10~° — 10~* mergers per year. Assuming that magnetars are active Iot years (Duncan &
Thompson, 1992), this implies that 0.1-1 known Galactic metays could be formed by this method.
There are many uncertainties within this calculation, bughiows that NS-NS mergers may be the
progenitor for a small percentage of known magnetar pojounland could explain magnetars without

associated SNRs.

5.3.5 Gravitational Wave Signals

These objects pose an interesting source of gravitatioasksvas there are predicted signals for all
of the stages this system would go through: inspiral, magretd final collapse to BH. Here is a
simplified calculation, assuming the amplitude, h, of thavgational waves are proportional to the

inverse of the distance, using some of the published piedi&t The maximum distance out to which
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Advanced LIGO (with a sensitivity d ~ 4 x 10~2%) and the Einstein Telescope (HT~ 3 x 10~%

Hild et al., 2011) could observe this phase is calculatedgareh in Table 5.5. The gravitational wave
amplitude is quoted for a distance of~ 0.1 or 390 Mpc. The magnetar phase prediction is an upper
limit assuming a spin period of 1 m&,; = 1.5 for a binary merger progenitor, and an ellipticity= 1.
Advanced LIGO predictions by Abadie et al. (2010b) are forNIS mergers. Although an ET limit

of 5900 Mpc ¢ ~ 0.9) is quoted this may be an underestimate as there are poadidiiat ET can
observe NS-NS mergers out 1o~ 2 (Sathyaprakash, Schutz, & Van Den Broeck, 2010).

Piro & Ott (2011) investigate the potential of accreting metgrs to emit gravitational waves using the
spin parametep. If 5 > 0.14 then secular instabilities are excited within the NS and i& 0.26
then bar-mode instabilities occur. Figure 5.21 shows tfwduéen of the spin parameter for two of
the candidate magnetars used previously, GRBs 060313 &% 59 At no point do these magnetars
exceed8 = 0.14, however it is important to note that this model assumes thgnmtar was formed
from a collapsing star. If the magnetar is formed by merging NSs, a bar mode instability could
potentially occur during formation. Baiotti, Giacomaz#& Rezzolla (2008) completed simulations
comparing high mass NS-NS binary mergers and low mass nserfleey found that low mass mergers
form a hyper massive NS which exhibits extreme oscillatigms to having a large bar mode instability.

While the NS settles into a more stable configuration it estitsng gravitational waves.

Shibata & Taniguchi (2006) also study different massediveldo the maximum mass of a NS. They
determined that i/ < M,,... then the NS will emit gravitational waves until it is a stabfghere and
collapse to a black hole is dependant on the gravitationakbveanission (possibly collapsing within
50 ms) or on forces such as magnetic breaking. In this casg,pifedict that advanced gravitational
wave detectors will be able to observe these events out tofsd Rternatively if M ~ M,,q., then it
collapses rapidly to spherical shape and hence is morg likaireate a stable NS which may collapse
at late times due to magnetic breaking. The gravitationalesdrom the more massive NS would be

detectable to 10 Mpc. These predictions are consistenttiuate from Corsi & Mészaros (2009).

In both Baiotti, Giacomazzo, & Rezzolla (2008) and Shibatdaakiguchi (2006), instabilities in the
NS formed by a compact merger produce detectable graviwtiwaves in contrast to the spherical

collapse model of Piro & Ott (2011). However Piro & Ott (20khowed that accretion may have an
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Figure 5.21: The spin parametgrfor the magnetar candidates in Figure 5.18, red - GRB 060313
and blue - GRB 090515, assuming they collapse to immedifbety a spherical NS. The solid lines
assume accretion and dashed lines have no accretion. Waitiaic occurs it can slightly reduce the

GW emission. A GW emission is only expected in this model when 0.14.
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Table 5.5: Gravitational wave predictions for the thrededédnt regimes in this magnetar model and applied to futbsevatories. The distances

guoted are luminosity distances.

Phase Citation Predicted Amplitude Distance used A-LIGO limit | ET Limit | Amplitude at 2-0.1
(h) (Mpc) (Mpc) (Mpc) (h)
Inspiral Abadie et al. (2010b) 4 x 10724 445 445 5900 4.6 x 10~
Magnetar | Corsi & Mészaros (2009) < 1.7 x 10=23 10 <43 <570 <4x107%
Collapse to BH Novak (1998) 4% 1072 10 100 1300 1x1072%4
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Chapter 5. Energy Injection in SGRBs 5.4. Conclusions

important affect on the gravitational wave signal. Therefdhese objects are potentially important
sources of gravitational waves and further analysis coimdiall these factors and the new limits on

maximum NS masses is required.

The predictions by Metzger et al. (2011) do not take into antehe loss of energy via gravitational
waves and this may play a significant role for the formatioa nfagnetar via the merger of two NSs. If
the energy losses via gravitational waves are significaat) the magnetar will spin down more rapidly

leading to shorter plateau durations than predicted wisidonsistent with some of these candidates.

5.4 Conclusions

This chapter first considered the BAT-XRT lightcurves of SWift detected SGRBsIf, < 2 s) and

identified “canonical” like lightcurves. The following colusions were drawn:

e ~60% of SGRBs have a “canonical” like lightcurve with evideraf ongoing energy injection

from the central engine during the plateau phase.

e Although the “canonical” lightcurve phases show many sanities with LGRBSs, they are typi-

cally orders of magnitude earlier and there is much moreatiarni in the temporal indices.

e The plateau fluence is generally comparable to the prompidkjeconsistent with the results for

LGRBs, although there are 3 cases where the plateau fluesigmiBcantly higher.

e The luminosity and duration of the plateau phase is foundetednsistent with the identified

correlation for “canonical” LGRB lightcurves identified Bainotti et al. (2010).

Following on from the study of GRB 090515, this work has shakat the X-ray lightcurves of some
SGRBs considered could be explained with energy injectiomfa magnetar which can collapse to
form a BH. This is not unexpected as, if one magnetar can be itiedugh this route (GRB 090515),
the equation of state of NSs allows this outcome for otherNESmergers. This has been shown

to be possible for Galactic binaries and reasonable equgatib state by Morrison, Baumgarte, &
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Table 5.6: A summary showing the main features studied. Jiliess best magnetar candidates found, possible candigiatieSGRBs which do not fit
the model. “Fits Model” : has a reduced < 3 (GRB 050509B visually fits well but not enough data pointsdofam) “Allowed region” : fits within

the required parameter space in Figure 5.10 (? = could fit vatious assumptions), “Prompt properties” : the model daggpredict unobserved
extended emission (if predicted this is a ? as it may be sicsoft), “Extra component” : there is evidence of an exteenponent in the X-ray
afterglow which is not observed in the optical note this daalso be due to absorption (? = borderline case or opticamppit not constraining),
“Predicted region” : do the values for the plateau luminpaitd the plateau duration, calculated using equationsrl 2188, lie within the predicted
region in Metzger et al. (2011)? (? = outside region but wditildith reasonable assumptions) and “Magnetar candidaye’s:if fits model and lies

in allowed region, ? for a possible candidate, no if defigitedt a candidate.

GRB Fits model| Allowed region| Prompt properties Extra component Predicted region Magnetar candidate
050509B No No Yes ? No No
051210 Yes ? ? Yes ? ?
051221A Yes Yes Yes No No Yes
060313 Yes Yes Yes Yes Yes Yes
060801 Yes Yes ? Yes Yes Yes
061201 Yes ? Yes ? ? ?
070714A Yes ? Yes ? ? ?
070724A No Yes ? ? No No
070809 Yes Yes Yes ? Yes Yes
071227 No Yes ? No Yes No
080426 Yes Yes Yes Yes ? Yes
080702A Yes ? Yes ? Yes ?
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Table 5.6: Continued:

%4

GRB Fits model| Allowed region| Prompt properties Extra component Predicted region Magnetar candidate

080905A Yes ? ? ? No ?

080919 No ? Yes No No No
081024 Yes Yes ? ? Yes Yes
090426 Yes Yes Yes No Yes Yes
090510 Yes Yes Yes Yes Yes Yes
090515 Yes Yes Yes Yes Yes Yes
090621B Yes ? Yes Yes ? ?

091109B No No Yes ? No No
100117A No Yes ? Yes No No
100625A Yes ? Yes Yes ? ?

100702A Yes Yes Yes Yes Yes Yes
101219A Yes Yes Yes Yes Yes Yes
110112A Yes ? Yes Yes ? ?
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Shapiro (2004). The recent discovery of a 1.94 MS (Demorest et al., 2010) also has the important
consequence of NS mergers being more likely to make a mag(@zel et al., 2010). Table 5.6
summarises the findings of Section 5.3, if the candidatehf@siodel and lies in the allowed region it
is considered to be a firm candidate and if they fit the modelcandd lie in the allowed region with

given assumptions then they are possible candidates. Timecoraclusions are:

e 11 firm candidates#%) and 8 possible candidate®(s) were found, suggesting th&t —76%
of SGRBs form a magnetar. Of the 11 firm candidates, 5 are titdogcollapse to form a BH
and when including possible candidates, 7 out of 19 may ged#lao form a BH. This implies
that 37—45% of events forming magnetars would collapse to a BH withinfite few hundred

seconds.

e This Chapter focuses on NS-NS merger progenitors, howbeeAIC of a WD could also pro-
duce a SGRB and leave behind a rapidly rotating magnetarsiviiltar X-ray emission proper-
ties. Among other observational signatures, the veryiffegravitational wave signals between

these events may someday allow these progenitors to beglisthed.
¢ All SGRBs with a plateau in the X-ray lightcurve could poiahy be explained by this model.

e There is a clear correlation between the X-ray flux at 100 b thiat at 1000 s and 10000 s for
the candidates which form a stable magnetar. The late timedlare significantly lower for the

unstable magnetar cases and the sample which do not fit thelmod

e There is a possible correlation between the photon indethéoprompt emission and the photon

index in the plateau phase for the magnetar candidates.

e There is excess emission in the X-ray afterglows not obseirvéhe optical afterglows for 53%
of the magnetar sample. Only 2 magnetar candidates clearhotlhave this excess emission

and 1 borderline case. However, it is unclear if this is sglab the magnetar model.

e Many of the magnetar candidates lie within or close to thelipt®ns of Metzger et al. (2011).
Some have significantly shorter plateaus than predictethizitnay be associated with gravita-

tional wave emission.
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e Accretion onto the newly formed magnetar formed by a NS-Nfaulyi merger has a negligible
affect on the spin periods and hence the rotational enerdgdiwf the magnetar. However, it
can be shown that accretion can have a significant affectditepsar progenitors. This may
explain late time flares for collapsar progenitors and theseulations suggest the rotational
energy budget could exce@d>? erg for some combinations of initial spin periods and maignet

fields.

e The unstable magnetar candidates, those which collapsertod BH, are potentially accreting
more material than the stable candidates. This is suggastadhotential solution for why they

collapse at late times.

e The rate of magnetar formation found in this model are coeisisvith upper limits set by the
Galactic magnetar birth rate and the predicted NS mergeratihough the latter are still highly

uncertain.

e These objects are highly interesting targets for futurgitational wave observatories as they are
predicted to emit gravitational waves during merger, thgmetar phase (likely to be increased
via accretion and bar mode instabilities) and, in some ¢alsedinal collapse to form a BH. ET
would be particularly useful for this as it could be used tohgr these events out to> 0.9,

which covers the majority of the expected redshift distiiiuof SGRBs.

e For the candidates which form a stable magnetar. Duncan &rvipison (1992) showed that
the amount of energy available for an SGR giant flar&isx 3 x 10*7 BZ erg. Hence a
young magnetar, with magnetic fields Bfs ~ 10, could produce a giant flare with an energy
of 3 x 10* erg. This value is comparable to the isotropic energy of sS&@&Bs (e.g. GRB
080905A atz ~ 0.12, Rowlinson et al., 2010a) so would be observable in the locaverse.
Both of the merger and giant flare events are very rare, hawmresidering these models it is
possible (although very unlikely) that in the future therayrbe two spatially co-incident SGRBs.
This has also been proposed for LGRBs by Giannios (2010)raydstuggest that these magnetar
candidates could be identified by discoving an old spatiediyncident radio GRB afterglow in

nearby galaxies.
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This work does not show conclusive proof that SGRBs are fagnmnagnetars, however it does show
that these models could fit a large proportion of the obseB@&Bs, could explain much of the evi-
dence for late time central engine activity in SGRBs, and thay have important observational con-

sequences.
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Chapter

Conclusions

Since the discovery of GRBs in 1967, it has become increbsimgdent that there are at least two
different types of GRB. LGRBs have been associated with colapse SN, whereas the progenitors
of SGRBs are still debated. The observations of $heft satellite have enabled the localisation and
multiwavelength followup of SGRBs, with almost 7 years woof observations available (including
the detection of>30 SGRB X-ray afterglows) it is now possible to start studythe properties of
SGRBs in depth. This Thesis has focused on SGRBs detectdteli?N and theSwift Satellite and

has used these observations to place constraints on tlestprogenitor theories.

6.1 Progress towards the progenitors and central engines &GRBs

6.1.1 Extragalactic SGR giant flares

Following the detection of a giant flare from SGR 1806-20,a$ lbeen hypothesised that SGR giant
flares are detectable in the nearby Universe and would haviéasiprompt emission properties to a

SGRB. Therefore this is a progenitor candidate for a smadlgggage of SGRBs which may be associ-
ated with nearby galaxies. Included in Chapter 2 are newtsefar three SGRBs and their suggested

host galaxy associations, all detected by the IPN, whosgemitors may be extragalactic SGRs: GRB
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051103 with M81, GRB 070201 with M31 and GRB 110406A with N®&&4Unfortunately, due to the
nature of the IPN, the position errors obtained for these &R® very large and cannot conclusively

associate the GRBs with their candidate host galaxies.

¢ GRB 051103 remains inconclusive, the prompt propertieswsmtittected optical afterglow are
consistent with both an extremely energetic extragalé®Gd&R giant flare and a typical SGRB
with little optical afterglow. However, if it were an SGR itould be likely to require an alter-
native formation route to that normally suggested for SGRthare is no evidence of a SNR
within the error ellipse and the error ellipse only cros$esduter boundary of M81. There is a
candidate Galactic magnetar lying outside the plane of tlexy which may be consistent with
a different formation route (Callingham et al., 2011), ihiomed this would be consistent with

the findings for GRB 051103.

e GRB 070201 also remains inconclusive, but is a more convincandidate than GRB 051103.
It was noted prior to this Thesis that the error trapeziunsses a region of active star formation
within M31. Chapter 2 has associated a likely SNR with a fXistay source within the error
trapezium with a<0.1% probability of chance alignment. The separation o$¢hsources and
their other properties are consistent with known SGRs, ntpitia candidate quiescent counter-
part to this GRB. This, in addition to the prompt emissionathis consistent with the giant flare
from SGR 1806-20, provides strong support for the SGR giang fbrogenitor theory for GRB
070201.

e GRB 110406A was recently detected by the IPN, however it wascBnstrained for many weeks
preventing any multiwavelength follow up. In Chapter 2,9spted that the prompt emission

and putative host galaxy properties make it an ideal extaatia SGR giant flare candidate.

It has been shown, using a probability argument based on &€aliant flares observed, that it is
very unlikely that GRB 051103 and GRB 070201 are both exteagia SGR giant flares. Based on the
literature and the results obtained in Chapter 2, GRB 07@2@&ars to be the strongest candidate. The
presence of active star formation in M31 and NGC404 provigithér supporting evidence as massive

stars are the theorised progenitor of SGRs. However, a3 tidsis has discussed, there are alternative

184



Chapter 6. Conclusions 6.1. Progress towards the progsrital central engines of SGRBs

formation routes for SGRs which would explain the locatiérGRB 051103, for example WD-WD

mergers and the AIC of a WD.

No extragalactic SGR giant flare has been confirmed to dateisassquires a firm host galaxy asso-
ciation and ideally an association with a quiescent X-raye® and SNR. This will require rapid and
deep follow up observations to identify the multiwaveldngfterglow giving more accurate positions.
Satellites such aSwiftand SVOM(see Section 6.2.1), with rapid follow-up capabilitiess ateal for
this study. These are relatively rare events within the féidiew of instruments such &wiftso the
likelihood of detection is low. Despite this, it is surprigithat a definite candidate has not been well

localised yet and it is anticipated that the chance of deted$ good in the future.

6.1.2 Compact Binary Mergers

The merger of two NSs or a NS and a BH is the most popular pragyahieory for SGRBs, however no
conclusive observational evidence has been obtained ¢o @ais Thesis has compared the observed

properties of several SGRBs to those expected from a corbpaaaty merger. The main findings are:

e GRB 080905A was detected offset from a spiral galaxy, witthance alignment 0&1%, and
is at the lowest confirmed redshift for a SGRB. The X-ray anticapafterglows were faint and
the isotropic energy was 5 x 10* erg. These properties are consistent with a binary merger
occuring in a low density environment. Spatially resolvpdaroscopy was obtained for the host
galaxy, the first time this has been completed for a SGRB, stgpthat GRB 080905A occured
offset from the spiral arm with least active star formatiowl & relatively old population. This is
consistent with the merger of a compact binary system whashideen kicked out of its the host

galaxy.

e GRB 090515 was a hostless SGRB with the faintest detectedabpifterglow to date and an
undetectable X-ray afterglow at late times. The prompt atel ime properties are consistent

with a compact binary merger.

o The Swift SGRB sample used in Chapter 5, along with GRB 090515, hawerstiat~60% of
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SGRBs show evidence of late time energy injection withinrtKeray afterglows. This energy
injection results in similar behaviour to that observeci|a t GRBs with “canonical” lightcurves,
but the stages all occur much earlier in the lightcurvesHerSGRB sample. This energy injec-

tion is problematic for the typical compact binary mergesganitor theory.

The Swift satellite revolutionised the study of SGRBs, however itaia difficult to detect the faint
and rapidly fading optical afterglows as this requires ddpilow up on an 8 m class telescope. This
means that host galaxy associations and redshifts, sudtabelitained for GRB 080905A, are also
very difficult to obtain. Particularly difficult to obtain amabsorption redshifts from SGRB afterglows,
which are vital for unambiguously identifying host galaxind redshifts, however this requires faster

responses with large optical facilities.

Although not considered in this Thesis, there are suggestibat the SGRB population should be
further subdivided. For example SGRBs atlz(e.g. GRB 090426 at z = 2.609; Levesque et al., 2009)
and those appearing to be associated with young stelladggtams (e.g. GRB 050709; Covino et al.,
2006). These may just be the tail of LGRBs in the overlappiistyibution of Tyg durations (Figure
1.1) or may have a different progenitor (e.g. Virgili et 2011).

More data are required to further the understanding of tbgemitors and central engines of SGRBs.
This would also aid in determining the overlap between SGR®8aGRB populations and clarifying
the nature of the EE SGRBs. The European Extremely Largesdabe (EELT, construction will begin
in 2012 to be completed in the 2020s; Gilmozzi & Spyromili@0g) will be very useful in the detection
of even fainter afterglows and study the local environmaritiin the host galaxies of SGRBs in detail

using spatially resolved spectroscopy.

6.1.3 Magnetars as the central engine of some SGRBs

Chapters 4 and 5 of this Thesis have shown that there is esgédafhongoing central engine activity
within some SGRB observations that is inconsistent withtypéal compact binary merger progenitor

models. There is now increasing observational evidencewslggests that the equation of state of
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NSs is relatively hard, allowing more massive NSs than presly thought. It has been proposed that
two merging NSs could form a magnetar, whose late time #ialibpends upon the masses of the
two NSs, and can emit a vast amount of rotational energy anadisle electromagnetic radiation. The
possibility that such a magnetar could produce the eneljggtion observed in SGRB afterglows has

been investigated.

e GRB 090515 has the most unusual X-ray afterglow observedte fbr a SGRB. Chapter 4
showed that the X-ray afterglow of GRB 090515 can be natueatblained using an unstable
magnetar which powers an X-ray plateau @240 s and then collapses to form a BH. The other
properties of GRB 090515 point to a compact binary mergehisois the first NS-NS merger

candidate which is thought to form an unstable magnetar.

e A sample ofSwift detected SGRBs are fitted with the magnetar model in Chaptalidwing
for both stable and unstable magnetars, and the model wasabxplain much of the observed
energy injection within SGRB lightcurves. This, alongsigeent advances in understanding of
NSs, leads to the suggestion that many NS-NS mergers forngaeta which inject energy into
the afterglows at late time. Thus solving the problems ofgnimjection with the typical merger

theory.

¢ As stable magnetars may be formed via the merger of two N$s ptovides an additional

mechanism for the production of SGRs which may go on to predinservable giant flares.

The magnetar model could explain energy injection withirRBS and is consistent with recent results.
However, the theoretical model requires further work tedeine the emission mechanism, efficiency
and beaming angles. The NS equation of state is also veryriemidor this model and observations

are starting to place interesting constraints on this.

Magnetars are also proposed to be the central engine of LGRBsseveral candidates have been
proposed (including those in Lyons et al., 2010). It would/bey interesting to fit the QDP magnetar
model, used in Chapter 5, to LGRB X-ray lightcurves to detaenif magnetars could also realistically
explain the majority of the plateaus observed in LGRB lightes. The LGRB candidates can then be

compared to the SGRB candidates.
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The extended emission observed in EE SGRBs has also beersptbjp originate from a magnetar
central engine (e.g. Bucciantini et al., 2011). Howeveg, émission mechanism is thought to be dif-
ferent to that seen in the plateau phase. The model curtesglyoo many free parameters for fitting to
lightcurves. The EE SGRBs also have evidence for energgtiojeat later times in their lightcurves.

Future work could combine the two different parts of the neignmodel to determine if they can

consistently explain the observed X-ray lightcurves offiEeSGRBs.

6.2 The future

There are many missions which will prove highly useful to $hedy of SGRBs in the future. Some of
these have already been mentioned in the text, e.g. the EEER&dtions 2.5 and 6.1.2, and this section

focuses on the future contributers which are expected te tlteymost impact on the study of SGRBs.

6.2.1 Detection of SGRBs

Swiftis now nearly 7 years old and still discovering new, unusuaB8. It will continue to add to the
SGRB sample and hopefully will detect an extragalactic S@Rtdlare. Howeverswift will not be
operational indefinitely. Th&pace-based multi-band astronomical Variable Object Mor(ISVOM;
Gotz et al., 2009b) is expected to launch in 2016/17 andapiérate in a similar manner Bwift by
detecting the GRB and then slewing to point an X-ray telesapd Optical telescope at the location
to obtain accurate positions. However, as the gamma-ractbet ECLAIRS (4 —250 keV), operates
in a softer energy band than BAT (15 — 350 keV) it is unclear moany typical short hard GRBs it
will detect. BAT operates at a softer energy band than BAT&dE s found a smaller percentage of

SGRBs (~10% compared te-25%), so ECLAIRS may also detect far fewer.

Further in the future, thdoint Astrophysics Nascent Universe Satel{i&aNUS; Burrows et al., 2010)
has been proposed. HowevdiNUSaims to detect high redshift GRBs and will use an X-ray telpsc
to detect them. As this is an even softer detector, it is @malhat the chances are thBENUSwill

detect SGRBs. Another proposal was Breergetic X-ray Imaging Survey TelescdpXIST; Grindlay
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et al., 2003), also using softer detectors to find high resbRBs, butEXISTwas unranked in the

Astro2010 Decadal Survey and is now going to be redesigned

Therefore, afteSwiftand SVOMthe future looks very bleak for the detection of typical SGRd
obtaining rapid positions as missions are targeting theesbfgh redshift GRBs. This is unfortunate

as upcoming instruments such as Advanced-LIGO make it atirextime for the study of SGRBs.

6.2.2 LOFAR

In 2010 the LOw Frequency ARray (LOFAR, 10 — 250 MHz) becamerajional and aims to detect
a wide range of transient objects. Stappers et al. (201Ltyibes the methods which LOFAR will use
to detect a wide range of transient objects and this willjikeclude GRBs. The work of LOFAR on

transient objects will then be applied to the study of trants with the upcoming Square Kilometer

Array (SKAY.

van Eerten & MacFadyen (2011) have modelled the multi wangtheafterglow lightcurves of SGRBs
and predected the detectability for instruments such asAlFORdditionally, it has been shown that
LOFAR may detect orphan SGRB afterglows even years aftelsvassuming that they formed via a

compact binary merger (Nakar & Piran, 2011).

As shown in Chapters 4 and 5, the merger of two NSs may also fomagnetar. The magnetar is
predicted to produce a radio flare which is detectable by LRFRshirkov & Postnov, 2010). The
duration and magnitude of this flare is dependent on theariifetof the magnetar. In Pshirkov &
Postnov (2010) the radio flare only lasts for a few ms as theyrae the magnetar is short lived. The
radio signal becomes a precursor to the SGRB with a flux, Engby equation 6.1 wheresd.is the
luminosity of the flare in units of 10 erg s™1, v is the Lorentz factor and D is the distance to the merger
in Gpc. They predict an observable signal for nearby SGRBsyTo not consider the possibilty that
the magnetar could last for significantly longer duratioas ¢een in Chapters 4 and 5) so it will be

very interesting to see if LOFAR indeed detects these flandslzeir durations as this would provide

http://exist.gsfc.nasa.gov/
2http://www.skatelescope.org/
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supporting evidence for the magnetar model.

1Gpe\*
F(120 MHz) ~ 6 x 103171 ( Dp C) Jy (6.1)

6.2.3 ALMA

The Atacama Large Millimeter/submillimeter Array (ALMAperational at a limited level from the
end of 2011; Brown, Wild, & Cunningham, 2004) will be ideal &tudying the afterglows of GRBs
as it operates at the peak wavelengths for the afterglowhsgtron emission (de Ugarte Postigo et
al., 2011). Additionally, ALMA observations are not affedtby interstellar dust allowing the study of
dark and high redshift (up to~zZL0) GRB afterglows. de Ugarte Postigo et al. (2011) also sthai
ALMA will be able to conduct spatially resolved spectrosgaif host galaxies in a similar manner
to that conducted in Chapter 3 for GRB 080905A but at wavelengleal for studying the molecular

emission lines.

6.2.4 Neutrino Detectors

GRBs are predicted to emit copious amounts of neutrinos \®agxman, 1997; Razzaque, Mészaros,
& Waxman, 2003) and several neutrino experiments have pteairio detect these sources. Indeed the
detection of neutrinos could aid in confirming the centralira and emission mechanisms of GRBs
(e.g. identify a magnetar central engine formed during apamwhbinary merger and when collapse to

a BH occurs; Sekiguchi et al., 2011).

IceCube (Achterberg et al., 2006) has already been used paitially completed state to search for
neutrinos from individual GRBs giving 90% upper limits (Adst et al., 2010). The full configuration
is now complete and this will be able to either detect thesgrimos from GRBs or place constraining

upper limits on them.

190



Chapter 6. Conclusions 6.3. Final concluding remarks

The ANTARES (Astronomy with a Neutrino Telescope and Abussrenmental RESearch) neutrino
detector, online from 2008, aims to detect neutrinos frorBERNTARES Collaboration, 2011a). To
date, no cosmic sources have been detected (ANTARES Cddi@tio et al., 2011b).

6.2.5 Advanced LIGO and ET

As described in Section 1.5.2, one of the best methods torootifie progenitor of SGRBs would be
the detection of a SGRB with a spatially and temporally cioiect gravitational wave detection. Not
only would this identify the progenitor, the gravitationahve signal is predicted to be able to place
tight constraints on the equation of state of NSs, measerm#sses of the merging objects and provide
the actual distance to the merger (e.g. Read et al., 2009kEpdka et al., 2011). This “smoking gun”
observation has not been achieved with LIGO as it does noepiar enough into the Universe. When
Advanced-LIGO comes online in 2014, the prospects of dietesignificantly improve as the detection
limit of 445 Mpc (Abadie et al., 2010b) is much closer to thamst confirmed SGRB-(560 Mpc,
GRB 080905A). If Advanced-LIGO fails to detect a signal aident with a SGRB, this will start
placing very interesting constraints on the progenitorS@RBs. To follow on from Advanced-LIGO,
the ET has been proposed and many co-incident detections Wewxpected. Typically the predicted
signal focuses on the compact binary inspiral immediateiyr go the actual merger. In Chapter 5 of
this Thesis, it is shown that other signals may be expectad the same source and predicted limits

are provided for Advanced-LIGO and ET.

However, the coincident detection relies upon a satellidcivis able to detect SGRBs being opera-
tional when these instruments come on line and, as discus&=ttion 6.2.1, this may not be the case

depending upon the lifetime &wiftand the SGRB detection capabilitiesS¥OM

6.3 Final concluding remarks

The work presented in this Thesis has extended the previoosl&dge of SGRBs by presenting and

interpreting new observational data. In many ways the dgipart the favoured compact binary merger
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progenitor but there are still many significant discrepascnd open questions. With the in depth
follow up of more SGRBs and the use of multimessenger ob8eng it will be possible to start

constraining the theoretical models and possibly solvetigoing mystery of SGRBs.
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