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Abstract

So far the progenitors of short γ-ray bursts (SGRBs) have proved elusive.
Their presence within both old and young environments and their bias against star-
forming regions provide tantalising evidence of a neutron star binary or neutron star
- black hole merger origin. Within this thesis we study an array of characteristics
of the population of SGRBs focussing in particular on their host environments and
afterglow properties in the optical and X-ray bands.

In particular we consider a set of SGRBs with no detectable host galaxy to
deep limits and no clear host in the field from probabilistic arguments. These GRBs
either represent a population at high redshift or with high offsets from low redshift
hosts. Comparing the offsets of these GRBs from their potential hosts with random
positions on the sky we find they are somewhat closer than expected, suggesting
these GRBs are more likely to have been kicked from relatively local hosts.

We also consider the issue of classification, given suggestions that the often
used two second duration divide for SGRBs may produce a sample with a high
contamination from collapsar objects or potentially a suggested third class of in-
termediate objects. We look at a sample of optically-detected SGRBs below the
nominal two second divide and go on to consider properties of a larger sample of
GRBs comparing varying duration bins. From constructed optical lightcurves and
SEDs, we constrain the presence of extinction, jet breaks, supernovae and kilonovae.
Though there is a suggestion that such a sample would be 40% contaminated from
collapsar objects we find, from supernova constraints combined with duration and
spectral hardness fits from Bromberg et al. (2013) that only 22% of objects in our
sample could have been collapsars.

The optical constraints placed on a kilonova (an r-process transient associ-
ated with neutron star mergers), suggest this transient is fainter than has sometimes
been predicted but is consistent when considering additional opacities from the r-
process material which could cause strong reddening to the infra-red.

Finally, we do not find evidence for a distinct class of intermediate GRBs,
though there are likely additional progenitors which create GRB-like objects. At
the intermediate duration we do find two unusual individual events not typical of
LGRBs: GRBs 100816A and 060505. We find that GRB 100816A is most likely
a mis-classified SGRB, from its position within its host and the constraint on any
associated supernova.
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Chapter 1

Introduction

1.1 History of GRB discovery

1.1.1 Discovery

The most exciting discoveries are often fortuitous. This is true across the whole

range of science from the discovery of penicillin to the cosmic microwave background.

This is also the case with gamma-ray bursts (GRBs) which were first detected in 1969

by the Vela satellites. The initial function of these satellites was military, launched

to ensure compliance to the Nuclear Test Ban Treaty of 1963 by detecting any γ-

rays produced from nuclear tests made in space. The presence of multiple satellites

allowed a basic constraint of the direction of any detected γ-rays due to measurable

time lag between multiple detections and Earth occultations. No nuclear test was

ever reported, but in 1973 details of sixteen flashes of gamma-rays were published

by Klebesadel et al. (1973). They were unlike previous phenomena and, from the

weak directional constraint, not emerging from the Earth or the Sun. This opened

up a new era of discovery with GRBs proving enigmatic but ultimately providing

us with a wealth of information regarding their origins, their place in the Universe

as well as details about the Universe itself.

1.1.2 Afterglow revolution

GRBs are characterised by a brief, bright flash of γ-rays with durations typically

between tens of milliseconds and thousands of seconds. Initially, the brevity of these

events, as well as the difficulty of focussing γ-rays, meant an accurate position could

not be provided from the γ-rays alone. For methods using photon arrival times, for

example, errors on locations were several degrees across (though more recent method

involving using a coded mask provide positions on the order of several arcminutes).
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This meant that for many years after their discovery the distance scales of GRBs

could not be determined, precluding measurement of the energetics behind their

production. As large samples of GRBs were collected, in particular by the BATSE

instrument onboard the Compton Gamma-Ray Observatory (CGRO) launched in

1991, it became clear that their distribution on the sky was isotropic (Meegan et al.,

1992; Briggs et al., 1996). The apparent lack of preference for the Galactic plane or

centre ruled out some progenitors with a local origin but still allowed for GRBs to

be extremely local (∼ 100AU) (White, 1993) or present in a Galactic neutron star

corona (∼ 100 − 400kpc, z . 0.01) (Lamb, 1995). However, this distribution most

naturally pointed towards GRBs being extra-galactic and residing at cosmological

distances (& 40Mpc, z & 0.01) (Paczyński, 1995).

In most cosmological scenarios, as well as a few Galactic ones, the large

energy density at the source implies that the plasma produced (e+, e−, γ fireball)

undergoes relativistic expansion (Rees and Meszaros, 1992; Begelman et al., 1993).

For extragalactic sources, without this relativistic expansion the high density of

photons would create an effective high energy cutoff due to e+-e− pair creation at

∼ 1 MeV, which is not seen. Because the observed photons are blue-shifted and the

observed timescales are shortened pair creation is reduced since, in the comoving

frame, the photons are softer and the density is decreased (Vedrenne and Atteia,

2009, pgs. 219-222). Another important consequence of this scenario, as well as

creation of γ-ray emission from internal shocks, is the prediction that this fireball

will produce X-ray, optical and radio afterglow emission after ploughing into the

external medium (Meszaros and Rees, 1993; Meszaros et al., 1994; Meszaros and

Rees, 1997). Counterpart searches in the BATSE era were, however, unsuccesful

with searches generally occurring a few days after the initial GRB detection (e.g.

Hurley et al. 1994; Frail et al. 1994), though a few searches were completed within

a few hours (e.g. Schaefer et al. 1994). Nonetheless, the limits placed on this

emission were still generally consistent with cosmological models where searches

for counterparts needed to be initiated even more quickly in order to detect these

transients.

The first afterglows were detected over 25 years after the first detection of a

GRB, from rapid follow-up with the BeppoSAX satellite. BeppoSAX was equipped

with both γ-ray wide field (GRB Monitor for detection and multiple Wide Field

Cameras for localisation) and X-ray narrow field instruments (NFI) allowing follow-

up to occur hours after the GRB detection. Detections of an accompanying X-ray

transient provided enough precision for ground and space-based optical follow-up, as

well as searches for radio transients, providing sub-arcsecond precision (Costa et al.,

2



1997; van Paradijs et al., 1997). The first GRB redshift was measured in 1997 from

the host galaxy spectrum of optically-localised GRB 970508 (Metzger et al., 1997)

at z = 0.835 (Bloom et al., 1998) (GRB 970228 was actually detected earlier but

the redshift of the host galaxy was measured after that for GRB 970508; Djorgovski

et al. 1999; Bloom et al. 2001). Measurements such as this for many GRBs confirmed

that they were of extra-galactic origin and, in fact, can be detected out to very high

redshifts.

This distance scale implies isotropic equivalent γ-ray energies of Eiso ∼ 1050−
1054 erg. However, there is also likely significant collimation of the GRB outflow into

narrow jets, with evidence seen for some GRBs (Frail et al., 2001; Bloom et al., 2003;

Racusin et al., 2009). The true energy is not always possible to determine due to

unknown jet opening angles but where the true energy can be measured Racusin

et al. (2009) found the energy budget is clustered around Eγ ∼ 1050 erg, though

some GRBs are sub-luminous outliers to this distribution.

This period of time, known as the “Afterglow Revolution”, settled the de-

bate about the distance scales and energetics of GRBs, provided clues about the

progenitor, and paved the way for the next generation of telescopes, in particular

HETE-II, Swift and, more recently, Fermi by providing the best strategy for con-

sistently detecting and localising GRBs to high levels of precision. We will now go

on to talk in more detail about the population of detected GRBs themselves, their

properties, environment and origins as well as the physics behind their production.

1.2 Classification of GRBs

For a GRB the initial emission, primarily in γ-rays, is termed the prompt emission

and, as has been discussed in section 1.1.2, this is often followed by detectable

afterglow emission in the X-ray, and sometimes optical and radio bands (e.g. Gehrels

et al. 2009). The spectra of both the prompt and afterglow emission is non-thermal,

often best fit by a series of connected power-laws (when absorption is accounted for)

though, depending on the spectral energy range, the prompt emission also has an

exponential high energy cutoff.

From burst to burst the lightcurve structure of the prompt γ-ray emission

is highly variable. As can be seen in Figure 1.1, some GRBs are comprised of sin-

gle, simple peaks sometimes showing a fast-rise, exponential decay (FRED) profile

whereas others contain multiple distinct peaks sometimes separated by quiescent pe-

riods. The emission can also contain fine structure showing anywhere from millisec-

ond variability to thousands of seconds. Thus, classification requires some careful
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consideration.

From the prompt emission, one useful quantity is the duration, often ex-

pressed as T90 which is the time for 90% (between 5% and 95% above the back-

ground) of the total fluence from the γ-ray emission to arrive. Fluence here is the

γ-ray flux received in the detector integrated over the duration of the GRB. Along

with T90, the property of spectral hardness, as defined as the ratio between two

γ-ray sub-channels covering different parts of the spectrum, can be used to show

that there are at least two populations of objects which produce GRBs, known os-

tensibly as long-soft GRBs (LGRBs) and short-hard GRBs (SGRBs) (Kouveliotou

et al., 1993).

However, as can be seen in Figure 1.2, though there are at least two popula-

tions in the parameter space there is clearly overlap. In addition, there are sugges-

tions that the population could be fit by three log-normal distributions (Horváth,

1998; Ř́ıpa et al., 2009; Huja et al., 2009; Horváth et al., 2010) introducing a third

intermediate class between the original two. Based on the original BATSE data a

basic split between SGRBs and LGRBs was formed at T90 = 2 s (Kouveliotou et al.,

1993), within an energy range of 50− 300 keV. The measured duration of GRBs is

dependant on the spectral band being sampled. Figure 1.2 also shows the population

of GRBs detected by the Swift/BAT instrument which has a softer spectral energy

band of 15− 150 keV than BATSE. This means that, even though this split is still

often used, it is not necessarily appropriate with Bromberg et al. (2013) suggesting

a value of T90 = 0.80 s should be used instead. In addition, some “short” GRBs

are composed of a short initial spike of hard γ-rays followed by a period of softer

extended emission (Norris and Bonnell, 2006). In these cases, it may be best to sep-

arate the spectrally distinct parts of the emission and to look only at the duration

of the initial, hard pulse (Norris et al., 2010b).

It is clear that classification simply based on the duration and spectral prop-

erties, though useful, has its problems. It is also useful to consider other properties

associated with the GRB such as its environment, energy and any associated super-

nova signature (e.g. Zhang et al. 2009).

1.3 Host galaxies and associated supernova

Studying the host galaxies and environments of both the long and short populations

of GRBs provides information about the types of progenitor systems which formed

them. For LGRBs, their host environment clearly shows a strong link with massive

stars. Their host galaxies are blue, low metallicity, actively star-forming dwarf
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Figure 1.1: BATSE GRB lightcurves in energy range 50 − 300 keV. The top two pan-
els show GRBs which display a single peak: on the left is a (short) GRB with a fast-
rise, exponential decay (FRED) profile and on the right a simple peak. The bottom left
hand panel shows a GRB with multiple peaks and fast variability and the bottom right
a GRB with multiple peaks separated by quiescent, or at least low level emission, peri-
ods. GRBs occur over a range of different timescales covering a range in these examples
from 0.6 to just under 200 s. All BATSE lightcurves shown here have been taken from
http://www.batse.msfc.nasa.gov/batse/grb/lightcurve/
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Figure 1.2: T90 vs Hardness Ratio for BATSE (grey starred points) and Swift (red trian-
gles). The Hardness Ratio (HR) is taken as the ratio between the fluence in the 50−100 keV
channel and the 20− 50 keV channel. Within the population of GRBs there are at least two
overlapping classes: one with a shorter duration and harder spectrum and the other, larger
population with a long duration and softer spectrum.
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galaxies with masses consistent with the LMC (covering a range 108.5 − 1010.3M�)

but with much higher star formation rates (median∼ 2.5M� yr−1) (Savaglio et al.,

2009; Fan et al., 2010; Levesque et al., 2010b). In addition, LGRBs lie within the

brightest regions of their host galaxies (Fruchter et al., 2006; Svensson et al., 2010)

placing them within these star-forming regions.

The most convincing link between LGRBs and massive stars is their associ-

ation with supernova. SN 1998bw, the first supernova associated with a GRB, was

a luminous Type Ic event pointing to a hydrogen-deficient core-collapse supernova

(Galama et al., 1998; Patat et al., 2001), measurable because of its low redshift. Fol-

lowing this discovery, associated supernova have been detected for a number of local

LGRBs (e.g. Hjorth et al. 2003; Stanek et al. 2003; Malesani et al. 2004; Bersier

et al. 2006; Pian et al. 2006; Campana et al. 2006; Starling et al. 2011; Melandri

et al. 2012) though there are also two notable examples of robust non-detections

(GRBs 060614 & 060505) where the lack of a supernova is constrained down to deep

limits (Fynbo et al., 2006; Gal-Yam et al., 2006; Della Valle et al., 2006).

SGRBs are found in much more varied environments, within host galaxies

both with and without active star formation. Fong et al. (2013) found for a sample

of 36 SGRBs with strongly associated host galaxies, of these hosts 47% were late-

type whereas only 17% were found in early-type hosts with some notable examples

being: GRBs 050509B, 050724, 100117A & 100625A (Gehrels et al., 2005; Bloom

et al., 2006; Berger et al., 2005; Fong et al., 2011b, 2013). The remaining GRBs in

the sample had host galaxies of inconclusive type or were not firmly associated with

any one host. Even accounting for the unidentified hosts, this observed early-to-late

type ratio shows there is a tendency for SGRBs to be found in star-forming galaxies

perhaps suggesting the SGRB rate traces not only stellar mass but also star forma-

tion (Fong et al., 2013). Comparing the late-type host galaxies of SGRBs to LGRBs,

they are typically more massive (∼ 109.5 − 1012.1M� when considering maximum

possible masses), higher metallicity (Z ∼ 0.6 − 1.6Z�) and have lower specific star

formation rates (star formation rate per unit mass, SFR = 0.2−6M� yr−1) (Berger,

2009; Leibler and Berger, 2010). Hence, even when only considering the host galax-

ies with active star formation, the SGRB and LGRB host galaxies are not drawn

from the same underlying distribution (Leibler and Berger, 2010).

Within their host galaxies, unlike LGRBs, SGRBs are often found in faint re-

gions and do not appear to directly trace star-formation (Fong et al., 2010). SGRBs

are also found with greater offsets from their host galaxies (for well-localised SGRBs

with known redshifts ∼ 6 kpc on average) with some lying in the outskirts or out-

side the host altogether (Cenko et al., 2008; Rowlinson et al., 2010a; McBreen et al.,
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2010). As has been mentioned, there is also a population of well-localised SGRBs

which have no host galaxy detection down to deep limits and cannot be associated

with any one galaxy in the field, termed “hostless” GRBs (Berger, 2010; Tunnicliffe

et al., 2014). In Chapter 3, we discuss the likelihood that these GRBs are highly

offset from galaxies at low redshift (z < 1), finding that this is the preferred expla-

nation, over these GRBs residing within hosts at high redshift. Overall, for these

GRBs the potential host galaxies in the field have typical offsets > 30 kpc where the

galaxy redshift is known.

For LGRBs the detection of supernova provides proof of massive star asso-

ciation but for SGRBs the lack of a detected supernova and strong constraints in

some cases is also particularly telling. In Chapter 4, we find a bright hypernova

event such as SN 1998bw is ruled out in seven out of the nine GRBs with confirmed

redshift.

It is clear that the population of detected GRBs is comprised of at least

two, possibly more, unique channels. Two sets of progenitors capable of producing

GRBs with large enough event rates and luminosities to be detectable are mergers

of compact objects (double neutron star, or black hole - neutron star mergers) and

rapidly spinning, hydrogen-stripped massive stars. These models are linked with

SGRBs and LGRBs respectively. Since this thesis is largely concerned with SGRBs

and their most likely progenitors, it is relevant to consider the creation, evolution

and eventual merger of neutron star and neutron star - black hole binaries. In

addition, due to potential contamination within the SGRB sample from LGRBs we

also consider their creation and properties.

1.4 Neutron star binary and neutron star - black hole

mergers

SGRBs are characterised by both their duration and their spectral properties. Their

isotropic equivalent energies are of the order Eiso ∼ 1050 erg, lower than for their

long counterparts (Eiso ∼ 1053 erg) (e.g. Amati 2006). Neutron star - neutron star

(NS-NS) and neutron star - black hole (NS-BH) mergers were first suggested as

a possible progenitor for GRBs by Paczyński (1986). The energy of the outflow

produced, their presence in ageing populations and their potentially high space

velocities make them good candidates for SGRBs. We outline the main features of

these systems and their merger below.
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1.4.1 Formation and evolution via primordial channel

Formation

There are several possible routes to create NS-NS and NS-BH binaries. The main

formation channel begins with two massive progenitors in a binary pair (the pri-

mordial channel). The potential well of any set of binary objects can be described

by the Roche potential (figures 1.3 and 1.4 show a rough approximation of the typ-

ical shape of this potential surface). This is the combination of the centrifugal and

gravitational forces within the binary. The shape of the Roche potential is entirely

determined by the binary mass ratio, q. There are five points in this potential

with no net force, known as the Lagrange points, the most important of which lies

between the two bodies and is termed L1. The equipotential surfaces which pass

through this point and around the stars are known as the Roche lobes (Paczyński,

1971). If a body expands to fill its Roche lobe mass transfer can occur through the

L1 point and spill onto the companion star (Kuiper, 1941).

In the binary system considered, the more massive star of the two (the pri-

mary star) is the first to evolve off the main sequence. It fills its Roche lobe beginning

mass transfer onto its companion. Due to the relatively equal mass of the two bodies

this mass transfer should be dynamically stable (Paczyński, 1971). As the primary

star loses its hydrogen envelope it forms a helium star.

The initial mass of the primary determines the remnant produced when this

star undergoes core collapse. If the main sequence mass of the star was 8M� < Mp <

20 − 25M� then the helium star will subsequently explode as a supernova leaving

behind a neutron star remnant (New, 2003). For initial masses M > 20− 25M� a

black hole remnant can be formed. In the range 25M� < Mp < 40M� a supernova

will still occur but this will be weak with ∼ 2M� of material falling back onto

the newly created neutron star, causing collapse to a black hole (New, 2003). For

more massive stars with initial masses > 40M� no supernova occurs and a black

hole will be formed by direct collapse (Fryer, 1999). Any supernova that does occur

will impart a kick to the system both as a natural consequence of the anisotropy of

the explosion in the rest frame of the binary and from any intrinsic anisotropy of

the supernova itself. Providing the system remains bound this will provide a space

velocity perhaps of ∼ 250−300 km s−1 on average (Bloom et al., 1999) (but also see

the following sub-section).

When the secondary star evolves off the main sequence, as was the case with

the primary before, it fills its Roche Lobe starting another mass transfer episode.

However, due to the large discrepancy between the mass of the donor (∼ 8−15M�)
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and the mass of the accretor (MNS ∼ 1.4−3M�; MBH & 3M�) the mass transfer is

dynamically unstable (Belczynski et al., 2006), causing the Roche Lobe of the donor

star to shrink. This causes a runaway effect where the mass transfer rate becomes

so large the compact object cannot accrete the incoming matter (Belczynski et al.,

2006). This causes a common envelope phase to occur where the matter surrounds

the Roche Lobes of both stars in the binary (Kuiper, 1941).

This envelope of matter provides a drag on both objects, extracting orbital

angular momentum and tightening the orbit of the binary. Eventually the envelope

is ejected via the released orbital energy and the emerging system is a close binary

consisting of the first compact object and a helium star (Fryer et al., 1999a). If the

helium star does not fill its Roche lobe, it also explodes as a supernova imparting

another kick to the system. The NS-NS or NS-BH system produced from this

evolution has both a random space velocity and relatively tight orbit. This sequence

of evolution to form both NS-NS and NS-BH binaries are shown in Figures 1.3 and

1.4.

In addition to the channel outlined above, it is also possible a population of

highly compact binary systems could be produced. Before the supernova occurs, if

the second helium star does fill its Roche Lobe, then a third period of mass transfer

may be initiated, decreasing the orbital separation further (Belczyński and Kalogera,

2001; Belczynski et al., 2006). Only after this further tightening of the orbit does

the helium star produce a supernova, forming the second compact object. It is

unclear what fraction of binary systems will follow this channel to produce systems

with these smaller orbital separations. However, some contribution of these shorter-

lived binary systems could explain the preference for star-forming over elliptical host

galaxies seen in the SGRB population discussed in section 1.3.

Evolution

The merger of the binary system will eventually occur after enough angular mo-

mentum has been lost via gravitational wave radiation. This depends on the orbital

separation, a, such that:
da

dt
∝ a4 (1.1)

(Peters, 1964). Hence, there will be a delay between the creation of the compact

object binary and the eventual merger. Clearly, the length of this delay is strongly

dependant on the initial orbital separation of the binary system after the final phase

of common envelope evolution. For many of these systems this delay can be on the

order of 107 − 1010 yrs (Bloom et al., 1999; Fryer et al., 1999a; Belczynski et al.,
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Mp>Ms

RG MS

He star MS

SN

Figure 1.3: Evolution of two main sequence stars both with 8M� . M . 25M�. The
primary star with the larger mass (Mp) evolves off the main sequence first filling its Roche
lobe and eventually producing a supernova with a neutron star remnant. When the sec-
ondary star evolves this causes a period of common envelope evolution decreasing the orbital
separation. The common envelope is eventually ejected. The secondary star then explodes
as a supernova creating a second neutron star leaving a close neutron star binary system.
See also Fryer et al. (1999a)

11



BH He star

Figure 1.4: Evolution of two main sequence stars of differing initial masses: Mp & 25M�
and 8M� .Ms . 25M�. As for the neutron star evolution shown in Figure 1.3, the primary
star evolves off the main sequence first filling its Roche lobe. A supernova is produced only
if the initial mass was . 40M�, creating a black hole from fallback of material onto the
neutron star remnant produced, otherwise the star collapses directly to a black hole. The
secondary star, following the same sequence of evolution as in Figure 1.3, fills its Roche lobe
causing a period of common envelope evolution resulting in a decreased orbital separation.
After the common envelope is ejected, the secondary star explodes as a supernova, leaving a
neutron star remnant. This leaves a neutron star -black hole binary system with a relatively
tight orbit. See also Fryer et al. (1999a)
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2006). Note, however, that for the systems which have undergone a second common

envelope stage resulting in smaller orbital separations (Belczynski et al., 2006) this

delay time would be significantly reduced with merger times of the order 103−106 yrs.

For these binary systems the kicks imparted by each of the supernovae at the

time of the neutron stars or black hole being formed give the system a potentially

high space velocity. For neutron star binaries, based on the comparison between

measured pulsar velocities and population synthesis, the distribution of the kicks is

thought to be either bimodal or Maxwellian with the mean velocity around ∼ 250−
300 km s−1 in two dimensions (Hansen and Phinney, 1997; Bloom et al., 1999; Hobbs

et al., 2005). For the bimodal distribution the two peaks occur at ∼ 100 km s−1

and ∼ 600 km, s−1 with dispersions of ∼ 50 km s−1 and ∼ 150 km s−1 respectively

(Fryer and Kalogera 1997; Fryer et al. 1999a; see also Arzoumanian et al. 2002).

These measured kick distributions indicate that at least some proportion of the NS

population has high space velocities. Overall, a bimodal kick distribution provides

larger kicks on average compared with the Maxwellian values and this is a source of

uncertainty when considering the spatial distribution of the binary systems at the

point of merger (Church et al., 2011).

For an NS-NS system, two kicks will be imparted producing a random veloc-

ity overall. For the NS-BH systems, though those black holes formed from accretion-

induced collapse of a neutron star will still receive a kick, it is possible that no kick

will be imparted to a black hole formed from direct collapse, though this still under

debate (e.g. Repetto et al. 2012). However, Church et al. (2011) claim that even

omitting a black hole kick does not strongly affect the space velocity distribution for

NS-BH binaries compared with NS-NS binaries since the properties are insensitive

to the natal kick from the first supernova. The magnitude of the imparted kicks, and

the resultant overall kick, is important for the location of the merger with respect

to its host galaxy.

Both the merger time and the magnitude and direction of the received SN

kicks influence the spatial distribution of the binary systems when they merge. For

a significant delay combined with a potentially high space velocity it is expected

that these systems will travel far from their original birth site before merging with

the overall distance also dependant on the mass of the host galaxies themselves.

Figure 1.5, adapted from Belczynski et al. (2006), shows the positions of the binary

systems from population synthesis with respect to three different host galaxy types

with high and low masses. For low mass galaxies in particular, it may be expected

that binary mergers could be found over > 30 kpc from their host centre for a non-

negligible fraction of events (Bloom et al., 1999). We should note that any highly
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compact systems would merge before travelling far from their birth site, though it

is unlikely that this will account for a large proportion of the population.

This spatial distribution is consistent with what has been seen for SGRBs

(Church et al., 2011). The presence of SGRBs in a variety of hosts is indicative of

an old progenitor and, in addition, the lack of SGRBs found in star-forming regions

combined with their sometimes high offsets from their hosts is consistent with the

progenitor systems being kicked. For the “hostless” GRB population, if they are

at high offset from a low redshift host then this is consistent with the distribution

shown in Figure 1.5 where some NS-NS or NS-BH binaries should be found at high

offsets from their host galaxies, to the point where it would no longer be possible to

associate the SGRB with the host galaxy.

1.4.2 Formation and evolution via dynamical channel

An alternative formation channel for these binary systems is through dynamical

interactions within globular clusters. This can occur through three (or more) body

interactions where an existing compact binary, most likely a low mass X-ray binary

containing a high mass compact object and a low mass main sequence companion,

exchanges its lower mass companion for another compact object (Grindlay et al.,

2006). In globular clusters, overall, the more massive stars slow down and amass

in the cluster’s core whereas the less massive stars speed up and spend more time

in the cluster’s outer regions (Davies, 1995). This is known as mass segregation.

Because of the migration of the lower mass stars, through interactions, the loss

in kinetic energy from the core can cause these clusters to undergo core collapse,

causing the core to contract (Ashman and Zepf, 2008, pg. 29). The cores of these

post-core-collapse globular clusters are thus very dense environments and so have

more chance of creating these dynamically formed binaries.

Globular clusters are generally found out to ∼ 40 kpc from their host galax-

ies (Harris, 1996). Though no SGRBs have been found explicitly within globular

clusters, this channel of NS-NS and NS-BH binary creation could account for some

SGRBs seen at high offset (Salvaterra et al., 2008). However, the rate of these bi-

nary mergers is such that they could not account for all SGRBs observed (Grindlay

et al., 2006; Salvaterra et al., 2008, 2010).

1.4.3 Merger and Jet Creation

When the binary system reaches the point of coalescence, the end point capable of

producing a GRB will be a black hole surrounded by a hot torus of material. The
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Figure 1.5: The distribution of NS-NS and NS-BH systems within their host galaxies,
adapted from Belczynski et al. (2006). The solid thick black line shows the positions of the
systems when they are initially created and the dot dash and thin lines show the positions
of the NS-NS and NS-BH systems, respectively, when they merge. This distribution for low
and high mass starburst, spiral and elliptical galaxies are shown. For low mass galaxies
and elliptical galaxies, there is clearly a strong divergence between the initial and final
positions for these systems. This distribution is also conservative as it contains a significant
contribution from the ultra compact binary systems (differing for different host galaxies)
though the proportion of these systems within the population is not well known.
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main reservoirs of energy for launching the jets which create the GRB would be the

binding energy of the disc and the spin energy of the black hole.

For an NS-NS binary the merger itself occurs very quickly, with two objects

of roughly equal mass becoming a single object within 2 ms. As the two neutron

stars merge they shed mass into spiral arms which then wrap around the central

object to form a hot torus (Price and Rosswog, 2006). In some cases, though the

total mass of this object exceeds that for a black hole (for a uniformly rotating ob-

ject; Baumgarte et al. 2000), the differential rotation means it can be supported as a

hypermassive neutron star (HMNS) for up to or perhaps beyond 50 ms (Shibata and

Taniguchi, 2006). The HMNS collapses to a black hole after the angular momentum

has been dissipated either by gravitational radiation or by magnetic effects such as

magnetic braking, where any outgoing wind coupled to the magnetic field causes

a drag extracting angular momentum. The delayed creation of the black hole over

direct collapse can produce greater disc masses, and thus with a larger energy reser-

voir, these systems are more likely be able to create GRBs (Shibata and Taniguchi,

2006).

For an NS-BH merger, the ability of this system to launch relativistic jets is

dependant on the tidal disruption of the neutron star. If the merger occurs directly,

no accretion structure can be formed with any stripped matter falling directly into

the black hole. The presence of tidal disruption, and a suitable disc mass, is sensitive

to the mass ratio of the binary system as well as the spin of the neutron star (Rosswog

et al., 2004). If the black hole is large enough (mass ratio . 0.24) this tidal disruption

can occur within the black hole’s innermost stable circular orbit (ISCO) in which

case, though almost all of the mass will be within this radius, redistribution of the

angular momentum can create spiral arms with enough matter outside the ISCO

to form a disc (Faber et al., 2006). In addition, a neutron star without spin has a

greater chance of forming a disc outside of the Schwarzchild radius (event horizon)

(Rosswog et al., 2004).

A e+- e− γ fireball can be produced by the compressional heating and dis-

sipation associated with accretion of matter from the disc onto the central object.

The driving force leading to relativistic expansion may be due to the generation of

large magnetic fields or by annihilation of νν̄ (producing e+e− pairs) in the polar

regions (Rosswog et al., 2003).

The energy deposited in the poles from νν̄ annihilation is dependant on the

neutrino luminosity generated by the hot torus surrounding the central object. For

NS-NS systems this is around Eνν̄ ∼ 1050 erg with comparable values for NS-BH

systems (Vedrenne and Atteia, 2009, pg. 451). This is consistent with the energies
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seen for SGRBs.

There are various dynamo mechanisms suggested for the generation of the

relativistic jets from strong magnetic fields (Thompson and Duncan, 1993; Kluźniak

and Ruderman, 1998; Balbus and Hawley, 1998; Balbus, 2003), which would need

to be of the order of 1015 G (Price and Rosswog, 2006). Fields of this magnitude

could provide enough energy to power a GRB. Preceeding any dynamo action, Price

and Rosswog (2006) suggested that the magnetic field could be amplified to this

level from seed fields of 1012 G at the interface between the two neutron stars at

merger. The shear between the two fluids can produce Kelvin-Helmholtz instabilities

causing vortex rolls and amplifying the magnetic fields. Blobs of matter within the

high field can float to the surface and break out producing a relativistic blastwave.

Magnetic interactions between the infalling material and the spinning BH via the

Blandford-Znajek process (magnetic fields threading the BH and extracting spin

energy) (Blandford and Znajek, 1977) can also extract the magnetic energy and

power the relativistic jet.

One factor, however, that must be considered when calculating the energies

available in these systems to launch the relativistic jet is the level of baryon contam-

ination in the polar regions. Initially after the merger the region along the rotation

axis of the BH is clean of baryons due to the huge centrifugal forces (Vedrenne and

Atteia, 2009, pg. 421). Any magnetic break out can also work to keep the region

clean from baryons due to magnetic pressure. However, there is also a strong bary-

onic wind driven by the neutrino flux which could cause baryon pollution (Price and

Rosswog, 2006). Hence, complex interactions between these two processes determine

the outcome of the merger and whether or not this would prevent the launching of

the jet.

Overall, potentially both NS-NS and NS-BH binary mergers are viable pos-

sibilities for the progenitors of SGRBs both in terms of energies and duration.

1.4.4 Associated sub-relativistic explosion: Kilonova

As well as the emission produced within the relativistic jets, radioactive material

synthesised either within a tidal tail from the merger itself or within an outflow

driven by the accretion disc can also produce emission (Li and Paczyński, 1998;

Kulkarni, 2005; Metzger et al., 2008, 2010; Roberts et al., 2011). This type of

transient accompanying a merger event is often referred to as a “kilonova”.

The neutrino-driven outflow in the accretion disc can be produced at large

radii, where the disc is thin and efficiently neutrino-cooled. The primary neutrino

heating and cooling processes are due to neutrino and e+- e− pair capture onto
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baryons respectively (Metzger et al., 2008). At a given height above the disc the

temperature decreases and given the strong dependence of the neutrino cooling

process on temperature (∝ T 6) there is a net heating and it is this heating which

can drive the outflow (Metzger et al., 2008).

Both these non-relativistic outflows, the tidal tail and the disc wind, are

dense enough to synthesise heavy isotopes. However the composition is neutron

rich, though the electron fraction, Ye (Ye = Xp/(Xn +Xp) and Xp and Xn are the

proton and neutron mass fractions) is higher for the wind (Ye ∼ 0.1− 0.4) than for

the tidal tail (Ye ∼ 0.03 − 0.1) (Metzger et al., 2010). This means that little 56Ni,

the radioactive decay of which powers supernova, will be synthesised and instead

an optical transient would be powered mainly by heavy elements produced by the

r-process (rapid neutron capture). The r-process can only occur when the half-

life of β-decay is long compared with the timescale for neutron capture with many

successive neutron captures producing neutron-rich heavy isotopes (proton number,

NP > 58). Fission and β-decay of these heavy nuclei can produce radioactive heating

which can power a transient (Metzger et al., 2010). Overall, the transient will most

likely be powered by some combination of material produced within the disc wind

and the tidal tail.

A transient powered by r-process material is likely to be fainter, shorter lived

and peaking earlier than seen for normal supernova lightcurves, occurring on times

scales of hours-days. Kasen et al. (2013) also consider the effect of opacity from

the r-process elements, in particular the lanthanides (58 < NP < 70) but taking

Neodynium (Nd) as representative, where line blanketing in the optical can both

redden the transient and extend its duration, making it dimmer at peak (Barnes

and Kasen, 2013). This additional opacity is due to the complex valence structures

of some rare elements produced in the r-process as well as a heterogeneous mixture

of many elements with distinct lines (Kasen et al., 2013).

In chapter 4, we search for evidence of kilonovae within the optical lightcurves

of SGRBs. When a high opacity is not considered, with ejecta masses 10−2 M� and

velocities around v ∼ 0.1 c the lightcurve would peak on timescales of ∼ 1 day with

MV ∼ −15 (Metzger et al., 2010). Within the SGRB lightcurves, there is at least

one case where the presence of a kilonova is constrained at this optical brightness.

With the current crude approximation of the higher opacity from r-process elements

from Barnes and Kasen (2013), for the same ejecta mass and velocity parameters,

find the peak time is on the order of ∼ 1 week with peak magnitude in the R and B

bands of MR ∼ −13 and MB ∼ −11 and with a more luminous peak in the infra-

red MH ∼ −16. These values are more consistent with what is seen in the SGRB
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population and, in fact, a very red transient not seen in the optical lightcurve has

been recently associated with a short GRB (Tanvir et al., 2013), indicative of this

reddened kilonova.

1.5 GRBs from stellar collapse

The most often discussed model for the creation of LGRBs is that of the collapsar

which involves the collapse of a hydrogen-stripped massive star into a black hole.

More recently, however, there has also been much discussion of the protomagnetar

model where the type of progenitor star collapses but rather than forming a black

hole forms a rapidly-rotating magnetar (e.g. Metzger et al. 2011).

The overlap in duration space between short and long GRB populations (for

example see Figure 1.2) makes it necessary to consider the progenitors of long GRBs

as well as short if we are to disentangle the populations. Bromberg et al. (2013), for

instance, have recently suggested, considering a pure LGRB collapsar sample, that

up to 40% of an SGRB sample defined by the often-used two second divide could

be comprised of collapsars (Bromberg et al., 2013). In chapters 4 and 5 we place

constraints on the potential number of collapsar objects which could be within such

an SGRB sample.

We discuss here the creation and properties of collapsars and protomag-

netars, in particular their association with supernovae, to provide background for

discussions later in this thesis. The collapsar model as a progenitor for LGRBs was

first proposed by Woosley (1993) and the protomagnetar model by Usov (1992) and

both are outlined below.

1.5.1 Collapsars

Formation and collapse

The collapsar model involves the collapse of a hydrogen-stripped massive star into

a black hole. A large angular momentum in the system is also required to produce

an accretion disc. Thus, the end point of a black hole with an accretion disc is very

similar to the end product of the compact object mergers discussed in section 1.4.3.

A massive single star, during the course of its evolution, can lose its hydrogen

envelope due to strong stellar winds. These winds are driven by radiation pressure

from metal lines in the photosphere of the star (Chiosi and Maeder, 1986). The

hydrogen-stripped star remaining is called a Wolf-Rayet star (Chiosi and Maeder,

1986). As a GRB progenitor, the loss of this envelope is important as it allows the
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jet created to break out from the stellar surface. Too much baryonic matter and

the jet would be quenched before it emerged. The star’s initial mass determines

whether it will collapse to form a black hole directly (Type I collapsar, & 40M�) or

whether the black hole will be formed by fallback of material onto a neutron star

(Type II collapsar, 20 − 40M�) (see MacFadyen et al. 2001). In order to form the

accretion disc the collapsing star must have enough angular momentum to stop the

material falling directly into the black hole (Fryer et al., 1999a).

Another way to form a collapsar is through a binary system comprised of a

massive star, as before, and a smaller main sequence companion. In close binaries,

when the primary star evolves off the main sequence, filling its Roche lobe, the

subsequent common envelope evolution could strip its hydrogen envelope. After the

common envelope has been expelled the helium core can collapse to a black hole

with an accretion disc as before. Alternatively, two stars of comparable mass could

evolve off the main sequence at the same time forming two helium stars and merging

during the common envelope phase to form a massive helium core. The collapse of

this core could, again, form a black hole (Fryer et al. 1999a; see also Fryer and Heger

2005).

Initially after the black hole has been formed the accretion rate is very high

(MacFadyen and Woosley, 1999). This develops a favourable geometry for jet out-

flow. After several seconds the jet can be generated either by neutrino annihilation

or MHD processes. The energy available for neutrino annihilation is typically greater

than was seen for binary star mergers, on the order of Eνν̄ ∼ 1−14×1050 erg (Mac-

Fadyen and Woosley, 1999). Since the black hole is at the centre of a core collapse

event, the jet must also penetrate the stellar envelope causing a delay from jet cre-

ation to detection as a GRB (Woosley, 1993). This may place a lower limit on the

duration a collapsar.

1.5.2 Proto-Magnetar Model

For the same initial Wolf-Rayet star progenitor, an alternative end state which could

power a GRB would be a rapidly-rotating magnetar. When collapse of the star

occurs, if the rotational energy of the proto-neutron star core exceeds the binding

energy of the stellar envelope then, in principle, a neutron star remnant could be

produced rather than a black hole (Dessart et al., 2008; Metzger et al., 2011; Dessart

et al., 2012). Even for the more massive stars (& 40M�), in this case enough material

becomes unbound for fallback of material onto the core not to be sufficient to trigger

collapse to a black hole. In addition, differential rotation within the neutron star

can enhance initially weak magnetic fields to values up to ∼ 1015 G through various
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magnetic effects including the magneto rotational instability and magnetic braking

(Wheeler et al., 2000; Dessart et al., 2008)

Neutrinos heat the surface of the magnetar driving a wind. This wind is ini-

tially non-relativistic but as the proto-NS cools the magnetisation increases causing

the wind to become relativistic (Metzger et al., 2011). Although the wind emission

may be isotropic, collimation into a bipolar jet can occur by interaction of the wind

from the magnetar with the surrounding star (Bucciantini et al., 2008). After ∼ 10 s

the jet can break out of the stellar surface and produce the emission we see as a

GRB.

As for the collapsar and binary merger models, this GRB emission can be

powered by the fireball model (discussed in Section 1.6). However, it is also pos-

sible that the prompt and some part of the afterglow emission could be produced

by magnetic dissipation i.e. dissipation of the jet’s Poynting flux above the photo-

sphere (Metzger et al., 2011). This depostion of energy can both accelerate the jet

and increase the internal energy of the flow resulting in emission. Inverse Comp-

ton scattering of photons within the flow as well as synchrotron emission from the

accelerated electrons could produce the power-law emission spectrum observed for

GRBs (Metzger et al., 2011).

A maximum duration limit of ∼ 30 − 100 s could also potentially be set for

GRBs driven by this mechanism. At this point the magnetisation becomes too large

for the magnetic dissipation to continue to be effective, ending the prompt GRB

phase (Metzger et al., 2011).

1.5.3 Associated supernova

In addition to the GRB, MacFadyen and Woosley (1999) also predicted that LGRBs

should be associated with Type Ibc supernova (i.e. core collapse supernova with no

hydrogen lines). Type II collapsars produce a weak supernova when the iron core

collapses to a neutron star before delayed black hole formation but Type I collapsars

directly collapse to a black hole with no associated supernova (MacFadyen et al.,

2001). For the proto-magnetar model a supernova would naturally occur upon core

collapse either powered by neutrinos or by a combination with magneto-rotational

effects (Metzger et al., 2011).

A supernova can also be created from radioactive material generated after

the black hole creation either from jet interaction with the stellar envelope or from

a non-relativistic (v ∼ 0.1c) viscosity-driven disc wind (MacFadyen and Woosley,

1999). The jet can displace the stellar material and the deposited energy can cause

explosive nucleosynthesis. The composition of this and the disc wind is roughly equal
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protons and neutrons (electron fraction Ye ∼ 0.5) meaning the right conditions exist

to synthesise 56Ni (Woosley and Bloom, 2006).

For detected supernovae associated with LGRBs the mass of synthesised
56Ni measured is ∼ 0.5M� (Iwamoto et al., 1998; Woosley et al., 1999; Lipkin

et al., 2004; Soderberg et al., 2006b). This mass is on the upper end of that seen

for Type Ibc supernova (0.2− 0.5M�) (Drout et al., 2011). SN 1998bw is normally

used as an example of a canonical GRB-SN and Cano (2013) find that, on average,

the bolometric luminosity of GRB-associated SN is consistent with this supernova

(with scatter of 0.5× LSN1998bw where LSN1998bw ∼ 4× 1042 erg s−1 at peak).

Since we would expect collapsars to be associated with these typically bright

supernovae, constraints on the presence of a supernova in the lightcurve of an SGRB

could provide strong evidence for its origin as a non-collapsar object. In chapter

4, the presence of supernovae within the lightcurves for a sample of SGRBs is con-

strained, and along with measures of the duration and hardness, can be used as a

measure of the level collapsar contamination within a typical SGRB sample.

1.6 Prompt and afterglow emission

As has been discussed, the prompt emission properties are important for the classifi-

cation of SGRBs based on their duration and hardness. In addition, throughout this

thesis, the properties of SGRBs will be studied, in part based primarily on optical,

infra-red and X-ray data of the afterglow emission. Below we outline how both the

prompt and afterglow emission are thought to be generated along with the expected

overall shape of the spectrum and lightcurve produced. The fireball model described

in the following section is independant of the progenitor, as long as enough energy

is provided, and is hence applicable to all progenitor models discussed in sections

1.4 and 1.5 (except perhaps for the proto-magnetar model).

1.6.1 Fireball model with internal and external shocks

To produce a GRB it is generally believed that an ultra-relativistic fireball of high

energy photons is launched from some central engine. A small amount of entrained

baryonic matter within the fireball can produce synchrotron emission via accelera-

tion due to either internal (prompt emission) or external (afterglow emission) shocks

(Rees and Meszaros, 1992).

An e+- e− γ fireball is formed at initial radius Rin due to the huge energies de-

posited by the compact object central engine. As the fireball expands adiabatically,

the bulk Lorentz factor Γ initially increases linearly with radius until a saturation
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radius (Rsat) is reached at which point the fireball coasts at a constant value Γmax.

Before Rsat is reached the e+-e− pairs within the fireball start to fall out of equi-

librium, producing a quasi-thermal emission spectrum. However, the optical depth

is still high enough that this emission cannot escape. It is only beyond the photo-

spheric radius, Rph, where the opacity τph = 1, that we can detect the non-thermal

spectra produced first from internal shocks within the ejecta and then from the

shock when the fireball decelerates due to coming into contact with the external

medium surrounding the source.

The shocks which produce the GRB emission mainly accelerate the electrons

associated with entrained baryonic matter. It is these accelerated electrons which

then emit via synchrotron emission (and possibly inverse Compton scattering). Even

a small amount of baryon loading (∼ 10−7−10−5M�) would mean that the baryonic

matter would carry the bulk of the fireball energy. From repeated crossing of the

shock, confined due to magnetic irregularities, the electrons at the shock front can be

accelerated to very high energies resulting in an energy spectrum which is a power

law distribution. We can define the electron energy spectrum based on Lorentz

factor γe above a minimum Lorentz factor γm such that:

N(γe) ∼ γ−pe for γe > γm (1.2)

Most electrons will be at Emin = γmmec
2, so γm can be seen as the character-

istic γ. At higher frequencies there is a break in the spectrum known as the cooling

break, νc ≡ νc(γc), and is characterised by the regime where the electrons lose a sig-

nificant fraction of their energy to radiation. The resultant synchrotron spectrum is

shown in Figure 1.6, adapted from Sari et al. (1998), and is dependant on whether

γm > γc (fast cooling) or γm < γc (slow cooling). For electrons with γ > γc they

cool rapidly emitting most of their energy at their synchrotron frequency.

The characteristic lightcurve produced for high frequency emission is shown

in Figure 1.7, also adapted from Sari et al. (1998).

1.6.2 Prompt emission

The prompt emission is explained by internal shocks and is generally in the fast

cooling regime. If the output of the central engine is time-varying then multiple

shells of material with different bulk Lorentz factors can be produced (Narayan

et al., 1992; Rees and Meszaros, 1994). When faster shells overtake slower ones a

shock front will be created. The presence of many of these shocks could explain the

complexity and variety seen in the γ-ray lightcurves of the GRB (e.g. Daigne and
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Figure 1.6: The synchrotron emission from shocked electrons in the ultra-relativistic jets
of the GRB from Sari et al. (1998). The spectrum is characterised by two regimes: slow
and fast cooling. The difference is based on the position of the cooling break νc above
which the electrons lose significant energy from radiation. The top panel shows fast cooling,
where νm > νc, where νm is the frequency associated with the characteristic Lorentz factor
of the electron distribution, and the bottom panel shows slow cooling with νm < νc. The
distribution will transition between these two regimes, most likely residing in the slow cooling
regime for the majority of the afterglow emission. The lowest frequency emission is not
dependant on the electron distribution and is affected by synchrotron self absorption, where
the electrons re-absorb the synchrotron emission. This gives the regime below νa a blackbody
profile with Fν ∝ ν2. Above νa the flux density profile is Fν ∝ ν1/3 where the emission
is the sum of all the low energy tails of the electron distribution. At high frequencies the
spectrum is dependant on the cooling regime and power-law index of electron distribution,
p, as shown in the figure.
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Figure 1.7: The canonical lightcurve produced for high frequency emission from the
shocked electrons from Sari et al. (1998). The lightcurve seen is dependant on evolution of
the break frequencies νm (tm ≡ tm(νm)) and νc (tc ≡ tc(νc)): the cooling break. Hence, a
break seen in the lightcurve may be due to the evolution of the cooling break as it passes
through the frequency regime being observed.
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Mochkovitch 1998). The prompt emission itself reflects the activity of the central

engine as well as the total duration telling us about its lifetime (Kobayashi et al.,

1997).

1.6.3 Afterglow emission

Afterglow emission can be explained by external shocks when the fireball is decel-

erated by the external medium. As the shell expands more and more of the ISM

is shocked and heated. Beyond the deceleration radius, R > Rdec, the shocked gas

dominates, with the fireball reconverting the bulk kinetic energy into thermal energy

(Kobayashi et al., 1999). Though two shocks are produced: the forward shock which

propagates outwards into the external medium and the reverse shock which prop-

agates into the ejecta, in the Standard Afterglow Model only the emission caused

by the forward shock is considered. This is because the reverse shock is only mildly

relativistic and most of the energy conversion takes place in the forward shock (Sari

and Piran, 1995). However, it is predicted that the reverse shock will make a con-

tribution to the afterglow emission producing a strong optical flash (Meszaros and

Rees, 1997). When modelling the afterglow throughout this thesis the lightcurve

and spectrum are treated as a series of power-laws, as shown in Figures 1.6 and 1.7,

unless this is clearly a poor fit. However, we do also consider any deviations from

this model such as flares.

1.7 Organisation of this thesis

Study of SGRBs has been greatly enhanced since the launch of initially HETE-

II and now f. Rapid follow-up of these GRBs within orders of minutes-hours by

the satellite itself and minutes-days from rapid ground based follow-up has allowed

detection of X-ray and optical transients, providing sub-arcsecond localisation for

a sample of ∼ 26 SGRBs up to the end of 2011. New data and analysis will be

presented from sub-samples of this population, looking at host galaxy properties

and afterglow lightcurves.

In addition, we address the issue of classification by considering a potential

new population of “intermediate” GRBs emerging from studies of the γ-ray duration

and hardness.

In Chapter 3, a population of well-localised SGRBs with no definitive host

galaxy either at the position of the GRB to deep limits or from probabilistic ar-

guments is considered. These SGRBs either present a population at high redshift

or at high offset from galaxies at low redshift (z < 1). As well as presenting new

26



data with analysis of the lightcurves and potential host galaxies for four of these

“hostless” GRBs, we look at the host galaxy offsets of the SGRB population as a

whole, placing these bursts in context. We also compare the full sample of “hostless”

GRBs to the distribution of galaxies on the sky with respect to random positions

to test whether the potential host galaxies are simply a chance association.

In Chapter 4, the optically-localised SGRB population is considered as a

whole (up to the end of 2011), compiling available data from the literature along

with new data, to create consistent optical lightcurves. Fitting these lightcurves,

and SEDs where possible, this data is then used to investigate physical properties of

both the GRBs themselves and the surrounding medium. Within the lightcurves we

search for achromatic jet breaks and accompanying optical thermal emission. We

also place limits on the number of collapsars that could be masquerading as “short”

GRBs within the population defined by a two second split in T90.

In Chapter 5, we consider the issue of classification of GRBs, since overlap

between the distinct progenitor systems around the two second divide undoubtedly

produces contamination when attempting to define a cohesive sample. We split the

population into duration bins; comparing their prompt emission, afterglow and host

environment properties. In particular, we look around the two second divide, in-

vestigating the contamination of collapsars in the SGRB sample and the possibility

of a new population of intermediate GRBs. Evidence for this intermediate popula-

tion is found by looking at the distribution of the duration and hardness for several

satellites including BATSE, BeppoSAX and Swift (Horváth, 1998; Horváth et al.,

2008; Huja et al., 2009; Horváth, 2009; Horváth et al., 2010). Within the context

of classification, we also present details of GRB 100816A, a GRB lying intermediate

between the long and short populations. Its spectral hardness, host galaxy position

and lack of associated supernova make it unusual for an LGRB and we investigate

the possibility that this GRB is a mis-classified SGRB or a new kind of event entirely.
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Chapter 2

Methods and Techniques

2.1 Overview of techniques used in this thesis

The main bulk of this thesis is comprised of analysis of optical and infra-red data

from several world leading facilities including the Very Large Telescope (VLT) and

the two Gemini telescopes: North and South. I will outline the basics of detection

along with the necessary methods for general reduction and further calibration of

this data.

2.1.1 Detectors

Charge Coupled Device (CCD)

The modern day workhorse of observational optical astronomy is the charge coupled

device (CCD) which has allowed increased sensitivity and a linear response when

compared with photographic plates. The detecting element of a CCD is comprised

of a two dimensional array of individual pixels. Each pixel is essentially a light

sensitive capacitor (Birney et al., 2006) comprised of metal-insulator-semiconductor

junctions. Typically the semi-conductor is p-type meaning it has been doped to

contain an excess of positive “holes”. An applied positive voltage causes the migra-

tion of the positive holes away from the junction leaving a depletion region, setting

up a potential well. Electrons within the depletion region can be excited from the

valence band to the conduction band by any incoming photons. The positive “hole”

produced migrates away from the depletion region leaving the excited electron be-

hind. Hence each pixel stores the detection of incoming photons via the collection of

photoelectrons within a potential well. The CCD itself can be read out by varying

the voltage in such a way as to move the charge, column by column, out to the read-

out register, which in itself is a column of pixels which have not been exposed to the
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incoming radiation. The charge in each of the pixels in the readout register is then

measured with an amplifier. This charge is passed onto an analog-to-digital con-

verter. The output of this converter are analog to digital units (ADUs) or counts.

Via the gain, the number of counts is directly related to the number of received

photons taking account of introduced noise.

Infrared detectors

Infrared detectors work in a similar way to the CCD but require different materials in

order to create the correct bandgap for excitation by the incident infra-red photons.

Whereas CCDs are often silicon arrays, infrared detectors are typically created with

InSb or HgCdTe. For instance, the four chips on the High Acuity Wide field K-band

Imager (HAWK-I) on the VLT use HgCdTe (known as HAWAII arrays) (Kissler-

Patig et al., 2008). For HgCdTe the detailed composition can be tuned over a large

wavelength range to create the desired bandgap (Glass, 1999, pgs. 141–143).

The other main difference between CCDs and infra-red detectors is the sepa-

ration of read out and detection into two layers. The read out layer uses silicon and

is connected to the detector layer by small indium pillars known as “bumps” (Glass,

1999, pgs 145–148). This separation is necessary due to the difficulty of creating

infrared sensitive material with effective charge transfer capabilities.

2.1.2 Imaging reduction

There are various sources of systematic and random noise which are introduced into

the data during this process. These sources and the necessary calibrations we apply

will be discussed below.

Bias frames

When calibrating a science image we first of all need to take account of the zero

offset of the pixels. In addition to any zero offset which may exist a bias is also

introduced by the amplifier. This is done in order to properly sample the readout

noise. Readout noise is mainly introduced by the amplifier itself when collecting the

charges from the pixels and is random rather than systematic. The best method of

accounting for the bias depends on how uniform the bias pattern is across the CCD

and how variable the pattern is throughout the night. The overall bias image of the

CCD can be measured by taking zero second exposures, so that the total time is

equal to the readout time. Multiple bias frames are often taken and can then be

combined to find the median of these exposures. A bias frame samples the whole of
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the image and hence is useful to measure bias patterns which persist. However, bias

images will often be taken before the night has begun and not during and hence

not simultaneous with the the science image. Another option is to measure the

mean offset for each row using an overscan region where, for each image, either the

final columns are read out multiple times or a physical unexposed region is read

out. This will look like additional columns on the produced image. The benefit of

using the overscan region is that the bias level can be measured concurrently with

the image. Typically, over the course of the night an averaged stack of the initial

bias frames are suitable for correcting for the zero offset in the science data though

the overscan region can be used instead. Subtraction of the bias from your science

image accounts for the zero point offset.

As well as accounting for the zero offset, bias frames can also be used to

measure the read noise. Subtraction of one bias frame from a second (or an average

of a set of bias frames from an additional bias), removes the bias offset and any

non-uniformity leaving only the random noise in the frame. Measuring the variance

of this bias difference frame allows measurement of the readout noise (σ2
R = σ2

diff/2)

noting that combining multiple bias frames increases the readout error by a factor

of
√
N , where N is the number of frames.

Flat field frames

We must also account for both the variability of sensitivity between pixels and non-

uniform illumination of the CCD. This can be achieved by imaging a uniformly

illuminated field. For optical data, the most often used flat field is the twilight

sky just after sunset and just before sunrise. At low zenith angle (z ∼ 20◦) the

twilight sky is relatively flat and by moving the telescope between exposures and

combining the frames using a median method the stars can be eliminated. Flat field

frames can also be taken within the telescope dome using an illuminated screen.

These are called dome flats. Twilight flats are often used in preference to dome flats

when possible since the dome screens cannot be made as uniform as the twilight

sky. Finally flat fields can be taken of the night sky if there are large areas of sky

within an image by dithering and median combining. However, these images are

low signal-to-noise. Hence, these are more likely to be used in the infra-red where

the sky background is brighter. It should also be noted that since any flat frames

is still an image of a field the bias must be subtracted. The flat frames can then be

used to scale the image.
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Dark frames

Within a CCD, in addition to photoelectrons, there will also be thermally excited

electrons, which provide an unwanted background. This is known as dark current

and scales exponentially with temperature such that n ∝ exp[−B/kT ] where B is a

constant (Birney et al., 2006). Though the current itself can be well modelled there

is also a thermal noise component on top of this which scales as
√
n, hence it is

beneficial to reduce this uncertainty as much as possible.

For the 8 m telescopes, in the optical regime the CCDs are cooled to around

−120◦C (for instance on the FOcal Reducer and low dispersion Spectrograph (FORS2)

instrument on the VLT) whereas the near-infra red detectors are further cooled to

around ∼ −200◦C. At these temperatures the dark current in the optical is typi-

cally ∼ 0.0006e−/px/s (Boffin, 2013, FORS User Manual) and in the near infra-red

∼ 0.10− 0.15e−/px/s (Kissler-Patig et al. 2008; Carraro et al. 2011, HAWK-I User

Manual). Hence dark current subtraction is important in the near infra-red region

but for optical detectors it is negligible and attempting to remove it may add more

noise to the data (Izzo et al., 2013, FORS2 Pipeline User Manual).

To correct for dark current a dark frame can be taken. Here the charge is

allowed to accumulate for a duration equal to that of the science image but the CCD

itself is never exposed. This dark frame can then be subtracted from the science

image.

Background subtraction

The main reduction processes outlined above allow us to reduce the impact on our

science images of error introduced by the CCD. However, there will also undoubtedly

be a sky background level from scattered light within the camera, diffuse sources

and the wings of bright objects. The background level and associated noise can be

accounted for using sky apertures, as will be discussed in the next section. How-

ever, if there is a variable sky background, with gradients across the image, then it

may still be prudent to remove this directly from the image before photometry is

performed.

The method chiefly employed in this thesis to subtract the background is

through use of the source extractor program, SExtractor (Bertin and Arnouts, 1996).

To measure the varying background level, a grid is constructed across the whole

frame separated into a set of meshes. The background is estimated using the clipped

mean, from iterative clipping of the background histogram to 3σ, unless the field

is particularly crowded (defined by a change in the standard deviation > 20%) in
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which case the mode is used instead (Da Costa, 1992; Bertin and Arnouts, 1996).

The background map, which can then be applied to the image, is a bi-cubic spline

interpolation of the grid created1. A median filter can also be applied to help reduce

any overestimation on local scales due to bright sources. This is a sliding window of

fixed width within which the median value is calculated for each window, smoothing

out any unwanted extremes in the background map. The SExtractor program allows,

amongst other things, the mesh and median filter sizes for background estimation

to be specified and these values were chosen to best recreate the background seen

in the processed images.

2.1.3 Photometry

Where possible our images were taken under photometric conditions, with no cloud

cover and stable seeing. In addition, it is also preferable to take observations at low

zenith angle, z, to reduce the atmospheric extinction (airmass).

Aperture Photometry

For measurement of the source magnitudes the main method applied in this thesis is

aperture photometry. Here, a suitable aperture is chosen based on the point spread

function (PSF) of unsaturated point sources in the field.

The main quantifiable sources of noise will be the read noise, sky background

shot noise and source shot noise. Both the noise on the sky and on the source will

be Poisson distributed. In units of detected electrons the Poisson noise is given by
√
nsky and

√
nsource where nsky and nsource are the number of detected events for the

sky and source respectively. For counts (ADUs) this noise must be divided by the

gain (i.e.
√
n/G). The gain, as discussed in section 2.1.1, provides the conversion

between the measured counts (ADUs) in the image and the number of electrons

(primarily photoelectrons) detected.

In our observations we are typically background limited, meaning the sky

noise dominates. The noise, a combination of the sky and read noise, is well approx-

imated by placing multiple apertures, with the same area as the source aperture,

on the sky and measuring the variance between these apertures. Alternatively, an

annulus around the source can be used to measure the variance of the sky pixel

values. Combining this measured variance with the noise of the source will give us

the overall error for the detection.

1Original interpolation details from Bertin and Arnouts 1996 have been updated in Bertin,
SExtractor User Manual
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In addition to these noise sources there are also many sources of systematic

errors which could contribute. This includes mis-calculation of the bias level, bias

structure or flat field, non-linearity near the point of saturation and interpolation er-

rors introduced from placing a circular aperture on a grid of square pixels. However,

most of these additional errors will be small with only the flat field error potentially

adding any significant contribution to the noise already accounted for.

Zeropoint calibration

To produce absolute rather than relative photometry, the source magnitude can be

calibrated from sources with known magnitude. One method of calibration is from

the observation of a standard field containing bright primary standard stars. This

can be done if the observations were taken under photometric conditions. Calibrat-

ing from a separate image in this way means any differences in exposure time and

airmass must be taken into account. At angles from zenith less than z < 60◦ the

airmass is well approximated by X = sec(z) (at z = 0◦, X = 1 and z = 60◦, X ∼ 2)

with second order terms becoming increasingly important at higher angles (Birney

et al., 2006, pgs. 125-132). The extinction correction is dependant on wavelength

with typical corrections in the range 0.02−0.16 magnitudes per unit airmass for the

wavelength range 7800− 4700 Å2. The difference between the standard and science

frame airmass values is often minimised and so this correction, especially for longer

wavelength observations, is not normally significant.

If no standard calibration frames are available, or if the observations could

not be taken under photometric conditions, secondary standard stars within the

science images can be selected. These stars have been calibrated from the primary

standard stars and are fainter with less accurate photometry. The calibrators chosen

must be non-saturated, isolated point sources with magnitudes available in the ap-

propriate filter within a photometry catalogue. Using secondary calibrators avoids

any complications with different exposure times or airmass since they are within

the same frame as the source. For optical observations the point sources selected

were normally from the USNO or SDSS catalogues (Monet et al., 2003; Abazajian

et al., 2009), where available in the field. For the near-infrared band observations

the 2MASS catalogue was most often used (Skrutskie et al., 2006).

2Extinction values measured using the 0.6 m Bochum telescope at the La Silla site in Chile.
Values available online at https://www.eso.org/sci/observing/tools/Extinction.html
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Filter and magnitude systems

For calculation of fluxes as well as magnitudes we must also consider both the filter

and the magnitude system being used to calibrate the standard stars. One con-

sideration is whether the filter transmission as a function of wavelength between

the observation and the standard stars differ, though this source of error is usu-

ally small. The standard broadband optical filters for the FORS instrument are

based on the Johnson-Cousins UBV RI system (Johnson and Morgan, 1953; Cousins,

1978) whereas the the Gemini telescopes follow the Sloan system with filters g′r′i′z′

(Fukugita et al., 1996). For calibration, when the magnitude of the standard stars

is only known in the alternative filter set (e.g. g′r′i′z′ rather than UBV RI) a

correction can be estimated using standard stellar conversions (e.g. Lupton et al.

2005).

The most frequently used magnitude systems are either based on the stellar

spectrum of α-Lyrae (Vega) or on a constant flux per unit Hertz standard (AB).

Conversion between these magnitude systems requires knowledge of the spectrum

of Vega, sometimes causing a discrepancy if different spectra have been used or

different interpolations of the spectrum used to calculate the conversion. In this

thesis we try to achieve consistency through use of the astSED python code as part

of the astLib package which bases its conversions on the Vega spectrum available

from Bohlin and Gilliland (2004).
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Chapter 3

Hostless short gamma-ray

bursts

3.1 Introduction

As has been discussed in Chapter 1, the differing environments between SGRBs and

LGRBs can tell us much about their progenitor systems. LGRBs are clearly linked

to massive stars, residing in galaxies with a high star-formation rate, within the

star forming regions. SGRBs, on the other hand, have distinct progenitors from

LGRBs, sometimes appearing in galaxies with an established older population and

sometimes found well outside star-forming regions.

In addition, for the majority of LGRBs at low redshift it has been possible

to isolate the signature of a type Ic supernova, suggesting that their progenitors

are Wolf-Rayet stars (Hjorth and Bloom, 2011, and refs therein). Deep searches

in SGRBs fail to locate any supernova signatures, and offer further evidence that

the progenitors of short bursts are not related to stellar core collapse (Bloom et al.,

2006; Hjorth et al., 2005; Rowlinson et al., 2010a). The varied host demographics

offer part of the picture, but the locations of the bursts on their hosts are also

greatly diagnostic. It appears that SGRBs are scattered significantly on their hosts,

occurring in typically fainter regions, and at larger offsets than their long cousins

(Fruchter et al., 2006; Fong et al., 2010; Church et al., 2011). These properties can

naturally be explained if the progenitor is a merger of two compact objects (e.g.,

NS-NS, collapsing to a black hole by accretion-induced collapse (AIC), or NS-BH)

(Eichler et al., 1989; Fryer et al., 1999a; Bloom et al., 1999; Fong et al., 2010).

A key distinguishing factor between different intrinsically ancient progenitor

populations, such as accretion-induced collapse (AIC) of white dwarfs to neutron
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stars (Levan et al., 2006b; Metzger et al., 2007), and compact binary mergers, comes

from the dynamics of the systems themselves. In a double compact object binary,

a combination of natal kicks, and mass loss from the binary at the time of each

supernova, can act to provide the systems with space velocities of several hundred

km s−1 (e.g. Wong et al. 2010). Integrated over the lifetime of the binary of 107−1010

years this corresponds to distances of tens of kpc from their birth sites. For extremely

high kicks, or relatively low mass host galaxies, the binary may escape the galactic

potential of its host altogether. Hence, a population of SGRBs in intergalactic space

would offer strong support for a binary merger model for their progenitors (Bloom

and Prochaska, 2006; Berger, 2010).

However, determining the offset of a burst from its host is non-trivial when

there is no obvious parent galaxy coincident with or close to the burst location. In

these cases probabilistic methods based on the sky density of galaxies are often used

to argue for a host association (e.g. Bloom et al. 2002, 2007; Levan et al. 2007;

Berger 2010). However, the sky density is such that any random position on the sky

is likely to be within a few arcseconds of a moderate redshift galaxy with R < 25. In

other words, in many cases we cannot strongly identify the host galaxy (probability

of . 1%), which can often lead to mis-identifications. A second problem is that to

the limits of our ground-based (or even Hubble Space Telescope) observations, we

probe a reducing fraction of the galaxy luminosity function as we move to higher

redshift. Hence there is a degeneracy between GRBs which have been kicked far, and

hence are well offset, from relatively local hosts and those which lie within fainter

galaxies at high redshifts. This problem is particularly acute if the high redshift

galaxies host primarily old stellar populations, and hence exhibit only weak rest

frame UV (observer-frame optical) emission.

In this sense the “hostless” problem for SGRBs in not that there are a lack

of candidate hosts; in all lines of sight there will be plausible parent galaxies within

a few tens of kpc. Frequently the probability of chance alignment with at least

one of these is small, and may be suggestive of kicks to the SGRB progenitors

(Berger, 2010). Instead, the problem in these hostless cases is the difficulty in

determining uniquely the parent galaxy (from e.g. several with similar probabilities,

or underlying larger scale structure). This means we are unable to make full use of

the diagnostic information contained in the offset distribution and the properties of

the hosts for improving our knowledge of SGRB progenitors.

Obtaining the redshift for the GRB using the afterglow would allow us to

narrow our search to hosts within a small redshift range. However, for SGRBs the

faintness of their afterglows (Kann et al., 2011) means that redshifts are difficult
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to obtain in practice, and in nearly all cases to-date redshifts for SGRBs have

been inferred from their presumed host galaxy rather than from the burst itself

(e.g. Hjorth et al. 2005; Berger et al. 2005; Rowlinson et al. 2010a; Fong et al.

2011b). In fact, even accounting for the faint continuum, in some cases the lack

of any absorption features also gives an indication that the burst is not in a dense

interstellar medium (ISM) (Foley et al., 2005; Berger et al., 2010).

Based on the optically localised SGRB sample outlined in section 3.3.1,

∼ 70% have apparently well-associated host galaxies, while the remainder are ap-

parently hostless. This may offer evidence for kicks. Here, we present the discovery

and subsequent observations of the optical afterglows and host limits of a further

two hostless bursts, GRB 090305A (see also Berger 2010), GRB 091109B and deep

limits of a third, GRB 111020A (see also Fong et al. 2012). We also present the host

galaxy limits of a fourth GRB, GRB 110112A, and look for potential host galaxies

in the field (see also Fong et al. 2013). These GRBs are all unambiguously of the

short-hard class, with T90 < 0.5 s and prompt emission which is spectrally hard. We

consider the extent to which our current detection limits probe the galaxy luminos-

ity function as a function of redshift, and what this implies for hostless GRBs more

generally.

These hostless GRBs could reside within relatively high redshift (but so far

unseen) host galaxies or have travelled far from their low redshift (z < 1) hosts,

perhaps within the intergalactic medium (IGM). Clues to their origins may come

from studies of the most likely hosts amongst the nearby galaxies on the sky. We

present an alternative diagnostic tool developed by taking random positions and

comparing them to the distribution of galaxies on the sky, thus reproducing the sort

of analysis performed when looking for a SGRB host. From this we define probability

of chance association (Pchance) and a radius within which we can confidently state

a host association.

3.2 Observations and Analysis

3.2.1 GRB 090305A

Prompt and X-ray observations

GRB 090305A was detected by the Burst Alert Telescope (BAT) instrument on Swift

(Barthelmy et al., 2005b) in 2009 on March 05 at 05:19:51 UT (Beardmore et al.,

2009a). The GRB had a duration of T90 = 0.4± 0.1 s and a fluence (15− 150 keV)

of 7.5 ± 1.3 × 10−8 erg cm−2 with the errors quoted at the 90% confidence level
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(Krimm et al., 2009). For a GRB at z = 0.5 (a typical redshift for an SGRB)

extrapolating this fluence to the 1 − 1000 keV range gives an isotropic equivalent

energy of Eiso = 4.5× 1050 erg.

The X-ray Telescope (XRT) on Swift (Burrows et al., 2005) began observa-

tions 103.4 s after the BAT trigger in photon counting (PC) mode but no X-ray after-

glow was detected (Beardmore et al., 2009b). An optical afterglow was detected by

the Gemini Multi-Object Spectrograph (GMOS) instrument on the Gemini-South

telescope (Hook et al., 2004) at position α = 16h 07m 07.58s, δ = −31◦ 33′ 22.1′′

(Cenko et al., 2009). Using the position provided by the Gemini observations and

by relaxing the default screening criteria, the X-ray afterglow was identified with

99.99% confidence using the method of Kraft et al. (1991) for determining confidence

limits with a low number of counts. The source was no longer detected when further

XRT measurements were made 3.92 ks after the BAT trigger for 2.05 ks. Using all

available data this gives a 3σ upper limit of 1.7× 10−3count s−1 indicating a decay

slope of at least ∼ 0.8 (Beardmore et al., 2009b). All BAT and XRT measurements

and limits are shown in Figure 3.1.

Optical observations

We obtained multiple observations of the field of GRB 090305A using the Gemini

South telescope. We reduced the data using the Gemini GMOS packages available

for IRAF to produce bias subtracted, flat field corrected, and in the case of the

i′ band, fringe field subtracted images. The optical afterglow was detected in all

bands with observations made ∼ 35, ∼ 55 and ∼ 75 minutes after the GRB in the

r′, g′, i′ bands respectively. Further observations were made in the r′ band ∼ 95,

∼ 125 and ∼ 13000 minutes (∼ 9.02 days) after the BAT trigger with the afterglow

still detected in the first two epochs. The final Gemini epoch can be used to place

a constraint on any host galaxy coincident with the GRB position, with the limit

measured using an apeture equivalent to the full width at half maximum (FWHM)

of the image. The r′ band images are shown in Figure 3.2 with the optical transient

(OT) and nearby source A indicated. Variation of the afterglow flux density, F , is

described using F ∝ t−αν−β. The spectral fit using the r′, g′, i′ band detections

has an index of βO ∼ 0.50. The temporal fit to the r′ band detections has slope of

αr = 0.52±0.03, shown in Figure 3.1. We note that this could also be reasonably fit

by a broken power law with a steep slope matching the X-ray observations. However,

the broken power law fit is too overconstrained to determine whether this is a better

fit than the single power law.

A final epoch of observations was made using the FORS2 instrument on the
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Figure 3.1: X-ray and optical light curve of GRB 090305A. The XRT measurements are
shown as black open squares including the single XRT detection and late time upper limit
(Evans et al., 2007). The Gemini South GMOS optical measurements and limit in the r′, g′

and i′ bands are the blue filled squares, green circle and red triangle respectively. The VLT
R band limit is shown as a cyan square. We have fit the r′ band, where we have multiple
detections, with a power law measuring a decay index of αr = 0.52± 0.03.
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Start of observations (UT) Exposure time ∆T (minutes) Filter Magnitude

Gemini South GMOS
2009-03-05 05:47:23.5 5× 180 s 36.87 r′ 22.98± 0.02
2009-03-05 06:07:00.6 5× 180 s 56.51 g′ 23.54± 0.03
2009-03-05 06:26:41.5 5× 180 s 76.19 i′ 23.28± 0.03
2009-03-05 06:46:21.2 5× 180 s 95.84 r′ 23.33± 0.02
2009-03-05 07:07:20.5 4× 500 s 125.53 r′ 23.75± 0.03
2009-03-16 05:37:04.7 10× 150 s ∼ 13000 r′ > 25.69

VLT FORS2
2009-03-25 05:08:06.8 20× 240 s ∼ 28830 R > 25.90

Table 3.1: A log of Gemini and VLT observations of GRB 090305A. Magnitudes quoted
for the Gemini telescope are in the AB system and for the VLT are in the Vega system.
∆T is taken at the mid-point of the observations. All magnitudes have been corrected for
Galactic extinction of E(B − V ) = 0.22 (Schlegel et al., 1998).

VLT in the R band. This was a long exposure image but due to the proximity of a

group of bright stars could only marginally improve on the Gemini limit. Details of

all observations made are listed in Table 3.1.

3.2.2 GRB 091109B

Prompt and X-ray observations

GRB 091109B was detected by the BAT instrument on 2009 November 09 at 21:49:03

UT (Oates et al., 2009b). The Suzaku Wide-band All-sky Monitor (WAM), which

also detected this GRB, measured an Epeak = 1330+1120
−610 keV showing the GRB is

spectrally hard (Ohno et al., 2009). The GRB had a duration of T90 = 0.3± 0.03 s

and a fluence (15− 150 keV) of 1.9± 0.2× 10−7 erg cm−2 (Oates et al., 2009a). As

for GRB 090305A, if we use a redshift of z = 0.5 and extrapolate this fluence to the

1−1000 keV range we measure an isotropic equivalent energy of Eiso = 1.47×1051 erg

The X-ray afterglow was detected by the XRT which began observing at

21:50:21.1 UT, 78.1 s after the BAT trigger (Oates et al., 2009b). The X-ray light

curve shown in Figure 3.3, with data entirely taken in PC mode, can be fit by a

power law with decay index αX = 0.64+0.09
−0.08 (90% errors).

Optical observations

We obtained multiple observations of the GRB position in the R band using the

FORS2 instrument and observations in the J and K band using the HAWK-I in-

strument both on the VLT. The data was reduced using the standard IRAF packages
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Figure 3.2: A finding chart for GRB 090305A. All images except the final image are from
Gemini r′ band observations and show the optical transient (OT - blue circle) fading. No
coincident host galaxy is found from late time Gemini imaging at the GRB position. The
potential host galaxy, source A, is identified in the first epoch image with a red circle. Due
to the faintness of source A, it is not possible to determine whether it is extended. The final
image is from our additional late time observation using the FORS2 instrument on the VLT
and also shows the lack of a coincident host galaxy down to the limits of the image.
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Figure 3.3: The XRT (Evans et al., 2007) and VLT optical light curves for GRB 091109B.
The X-ray data is plotted as black open squares and the R band optical measurements and
limits are plotted as blue filled squares. Additional J and K band limits from the HAWK-I
instrument on the VLT are plotted as a red triangle and a green circle respectively. Both
the X-ray and the R band data have been fit with power slopes giving decay indices of
αX = 0.64+0.09

−0.08 and αR = 0.60± 0.10, consistent with each other.
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Start of observations Exposure time ∆T (minutes) Band Magnitude

2009-11-10 03:28:37.800 8× 300 s 361.56 R 24.13± 0.14
2009-11-10 04:53:49.091 22× 10× 6 s 431.95 K > 22.23
2009-11-10 05:54:57.305 22× 10× 6 s 497.45 J > 21.99
2009-11-10 07:59:36.965 4× 300 s 621.39 R 24.42± 0.21
2009-11-11 05:10:38.044 8× 300 s 1903.28 R > 25.63

Table 3.2: A log of VLT FORS2 and HAWK-I observations of GRB 091109B. Magnitudes
are in the Vega system and have been corrected for Galactic absorption of E(B−V ) = 0.17
(Schlegel et al., 1998). ∆T is taken at the mid-point of the observations.

to produce bias subtracted and flat field corrected images.

We discovered an optical afterglow in the R band from two sets of R band

observations taken on 2009 November 11 ∼ 360 minutes and ∼ 620 minutes after

the BAT trigger with clear fading between the epochs. The position was α =

07h 30m 56.60s ± 0.02, δ = −54◦ 05′ 23.3′′ ± 0.3, consistent with the revised X-ray

position (Evans et al., 2009b). A third set of R band observations were taken on

2009 November 11, ∼ 1900 minutes (∼ 1.32 days) after the start of the GRB and

when the afterglow had faded allowing us to place a constraint on the magnitude of

any underlying host galaxy. These images are shown in Figure 3.4 with the optical

transient (OT) indicated in the image along with two potential host galaxies: nearby

faint source A and bright galaxy, source B.

J andK band observations were also made on 2009 November 10, ∼ 495 minutes

and ∼ 430 minutes after the GRB respectively. The transient was not detected in

either band. The upper limit placed in the K band implies that the afterglow

emission was unusually blue, with a practically flat SED, and therefore suggestive

of low extinction. We note that this also unusual in the context of the afterglow

model where we would expect a steeper slope of at least β = 0.5 (Sari et al., 1998).

All observations, magnitudes and limits are listed in Table 3.2 and shown in Fig-

ure 3.3. The X-ray and optical temporal decay indices are αX = 0.59 ± 0.05 and

αR = 0.60± 0.10, where this measured X-ray slope is consistent with that reported

by Evans et al. (2009b).

3.2.3 GRB 110112A

Prompt and X-ray observations

Swift detected GRB 110112A with the BAT instrument on 2011 January 12 at

04:12:18 UT (Stamatikos et al., 2011). The duration of the GRB was T90 = 0.5±0.1 s

43



10" B

OT

A

N

E

5"

OT

A

OT

OT

Figure 3.4: Finding chart for GRB 091109B. The images were taken in the R SPECIAL
filter on the VLT. The first 2 panels are from the first epoch and indicate the optical transient
(OT), a nearby source (A) and a bright galaxy (B). The optical transient can clearly be
seen to be fading across the three epochs. Other objects visible in the field appear to be
foreground stars and not galaxies.
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Figure 3.5: Finding chart for GRB 110112A. The images from the WHT ACAM instrument
(left) and the Gemini-South GMOS instrument show the position of the optical transient
(OT) and three potential host galaxies (A,B,C). These objects are clearly extended.

and it had a fluence (15− 150 keV) of 3.0± 0.9× 10−8 erg cm−2 (Barthelmy et al.,

2011). As for the previous GRBs, extrapolating this fluence to the 1 − 1000 keV

range, using a redshift of z = 0.5, we measure an isotropic equivalent energy of

Eiso = 1.92× 1049 erg.

An X-ray afterglow was detected by the XRT which started observing 75.5 s

after the BAT trigger (Stamatikos et al., 2011).

Optical observations

An optical transient was detected ∼ 15.4 hrs after the BAT trigger in the i′ band us-

ing the ACAM (Auxiliary-port camera) on the William Herschel Telescope (WHT).

This object was marginally coincident with the position for a candidate identified

by Xin et al. (2011) with the Xinglong TNT telescope, whose brighter magnitudes

implies fading (Levan et al., 2011). We took late-time imaging using the GMOS

instrument at the Gemini-South telescope confirming this object as the afterglow of

the GRB. The finding chart for the afterglow of GRB 110112A is shown in Figure

3.5. For further details of observations of GRB 110112A, see Fong et al. (2013).

3.2.4 GRB 111020A

Prompt and X-ray observations

GRB 111020A was detected by the BAT instrument on 2011 October 20 at 06:33:49

UT (Sakamoto et al., 2011b). The duration of the GRB was T90 = 0.40± 0.09 s and

it had a fluence (15−150 keV) of 6.5±1.0×10−8 erg cm−2 (Sakamoto et al., 2011a).

Extrapolating this fluence to the 1− 1000 keV range, using a redshift of z = 0.5, we

measure an isotropic equivalent energy of Eiso = 1.77× 1050 erg.
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The X-ray afterglow was detected by the XRT which started observing 72.8 s

after the BAT trigger (Sakamoto et al., 2011b). The afterglow was also observed

by the Chandra X-ray Observatory which placed the most precise position on the

afterglow: α = 19h 08m 12.49s ± 0.2, δ = −38◦ 00′ 42.9′′ ± 0.2 (Fong et al., 2012).

Optical and Infrared observations

Observing with the Gemini South telescope in the i′ band Fong et al. (2011a) noted

the presence of several point sources near to the X-ray afterglow position. However,

with further imaging Fong and Berger (2011) later reported that none of these

sources were fading between the epochs. Hence, no optical afterglow was observed

for this GRB.

We obtained observations of GRB 111020A with the VLT, equipped with

HAWK-I, in the J-band. We reduced this data using the HAWK-I recipes available

for the ESO Recipe Execution Tool (esorex) to produce flat field corrected, dark

and background subtracted images. Our observations started at 00:33 on October

21 2011, approximately 18 hours after the burst with a total exposure time of 44

minutes. We identify the same sources seen by Fong et al. (2012) (in particular G1,

G2 and G3). In our imagery we label these objects A (G3), B (G2), and C (G1) in

order of increasing offset from the GRB position. We note that only object C and

perhaps B appears extended in our image with 0.4′′ seeing. We do not identify any

additional sources which could be the IR afterglow of GRB 111020A to a limiting

magnitude of J = 23.6 (3σ).

We obtained late time observations of the GRB position in the R band using

the FORS2 instrument on the VLT. We reduced this data using the FORS recipes

available for esorex to produce bias subtracted and flat field corrected images. This

observation is shown in Figure 3.7 and the details of the observation are given

in Table 3.3. Although no optical counterpart was found, due to the small error

(sub-arcsecond) on the Chandra X-ray afterglow position we can still use this to

accurately measure offsets from any potential host galaxies and to place deep limits

at the position of the afterglow.

Additionally at this epoch we obtained FORS2 spectroscopy of a bright

galaxy offset from the GRB position which is a plausible host (see section 2.5)

shown in figure 3.6. The spectrum is significantly contaminated by light from a

bright foreground star overlapping the galaxy and confused with its nucleus. How-

ever, in the outlying regions of the galaxy we identify a weak emission line at 6688Å.

Identifying this as H−α suggests at redshift of z = 0.019, or 81 Mpc.

46



H-alpha at z=0.019

Figure 3.6: The VLT/FORS spectrum of the galaxy proximate to GRB 111020A. The
source is significantly contaminated by an extremely bright foreground star sitting close
to the location of the nucleus of the galaxy. We have attempted to remove this star by
subtracting the median value across the wavelength range in each row from the spectrum.
At an offset position, consistent with the disc of the galaxy we do observe an emission line
at 6690Å. If this line is interpreted as Hα, the inferred redshift is z = 0.019

Start of observations Exposure time ∆T (days) Band Magnitude

2011-10-21 00:33:29.579 44× 10× 6 s 0.77213 J > 23.6
2012-03-23 07:18:05.768 20× 240 s 155.03 R > 24.03

Table 3.3: A log of VLT HAWK-I and FORS2 observations of GRB 111020A in the J and
R SPECIAL filters. The HAWK-I observation was made at early times with no afterglow
detected. Both observations allow us to place a constraint on any underlying host galaxy.
The magnitudes quoted here are in the Vega system and have been corrected for Galactic
absorption of E(B − V ) = 0.43 (Schlegel et al., 1998). ∆T is taken at the mid-point of the
observations.
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Figure 3.7: VLT observations for GRB 111020A. The early time J band image is shown
on the left with three nearby objects (A,B,C) shown in relation to the position of the X-ray
transient (XT) with no infra-red transient detected. Objects A, B, C are synonymous with
objects G3, G2, G1 respectively identified in Fong et al. (2012). Though objects B (G2) and
C (G3) show evidence for extension, the faintness of object A (G1), the object closest to
the X-ray position, makes this difficult to determine and the afterglow is still clearly offset
from this object. In the FORS RSPECIAL band image shown on the right of the 3 objects
we only detect galaxy C. In addition, we detect, a nearby large spiral galaxy (labelled D).
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3.2.5 Candidate host galaxies

For GRBs 090305A, 091109B, 110112A and 111020A there is no host galaxy coinci-

dent with the optical afterglow position down to deep limits. Hence, we investigate

galaxies in the field around these SGRBs to determine if there are any strong host

galaxy candidates.

GRB 090305A occurred in a region with a high density of sources meaning

there are many field objects of the order of 5−8′′ away, none of which show evidence

of extension. There is a faint object located 1.48′′ from the optical afterglow, shown

in Figure 3.2 and labelled as source A. The magnitude of source A is r′(AB) =

25.64 ± 0.20. Due to its faint magnitude it is not possible to determine with high

confidence whether this object is extended.

For GRB 091109B we identified two extended objects which are potential

host galaxies. The first is a faint object ∼ 3.0′′ from the GRB position marked in

Figure 3.4 as source A with R(V ega) = 23.82± 0.10. The object is not detected in

the J and K band down to the limiting magnitude listed in Table 3.2. The second

potential host, source B, is a spiral galaxy located ∼ 22.5′′ from the GRB position.

Even though this is located much further from the GRB position than source A, it

is much brighter with magnitudes R(V ega) = 19.19± 0.05, J(V ega) = 17.45± 0.05

and K(V ega) = 16.16± 0.05.

GRB 110112A occured in a relatively clear region quite well offset from other

objects in the field. We find 3 spiral galaxies which could potentially be host galaxies

labelled as A, B and C in Figure 3.5. These objects have i′ band AB magnitudes

of 22.70± 0.07, 21.16± 0.04 and 20.17± 0.05 respectively with increasing offsets of

12.9′′, 19.3′′, 35.6′′.

In our images we identify four objects which could be candidate host galaxies

for GRB 111020A, shown in Figure 3.7. Three of these objects are within 7′′ of the

X-ray afterglow with the fourth being a large, extremely bright spiral galaxy at

an offset of 166′′. The labels of A-D are with increasing offset from the afterglow

position. This galaxy, labelled D in our image, has a magnitude R(V ega) ∼ 14.0

with the uncertainity due to a number of saturated foreground stars obscuring the

galaxy, making it difficult to make a precise measurement. Our measured redshift for

the galaxy (if taken from the single line) is z = 0.019, corresponding to a projected

separation of 60 kpc. At this redshift the absolute magnitude would be MR ∼ −20.6

(∼ 0.5L∗ for a spiral galaxy; Nakamura et al. 2003). Since this object was not within

the field of view for our HAWK-I imagery we cannot use any colour information to

check that the host galaxy properties are consistent with the inferred redshift but the

absolute magnitude implied seems consistent with typical galaxy luminosities. The
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3 objects nearby have offsets of 0.7′′, 3.0′′ and 6.8′′ respectively, labelled as A, B, C in

Figure 3.7 corresponding to galaxies G3, G2 and G1 in Fong et al. (2012). All these

objects are detected in our HAWK-I data with magnitudes J(V ega) = 22.00±0.09,

21.41 ± 0.10 and 20.70 ± 0.08 respectively, but with only objects B, C showing

evidence for extension. However, only object C is clearly detected in our FORS

data with R(V ega) = 21.34 and object B marginally detected.

To give an indication of whether these galaxies are strong candidates to be

the host we ask what is the probability, Pchance, that an unrelated galaxy of the

same magnitude or brighter would be found within the given offset. This approach

has been considered extensively for LGRBs and SGRBs (e.g., Bloom et al., 2002;

Levan et al., 2008; Berger, 2010). Here we use a simplified version based on the

offset between the SGRB position and the given galaxy and compare this to the

distribution of such offsets in a large sample of random sky positions, as described

in section 3.3.3. For source A associated with GRB 090305A we measure a value of

Pchance = 0.05 which, though a low value, does not provide a firm host association.

Similarly, for GRB 091109B sources A and B have values of Pchance = 0.08 and

0.10 respectively. For GRB 110112A all three host candidates have relatively higher

Pchance values of 0.55, 0.37 and 0.46 with galaxy B having the lowest Pchance value.

Looking at the objects we detect in the field of GRB 111020A, in both our

R and J band data, we find Pchance values of 0.003, 0.05, 0.07 and 0.05 for objects

A (G3), B (G2), C (G1) and D. If object A (G3) is indeed a galaxy then this object

is strongly associated and hence the GRB could be classified as “hosted”. However,

we caution that this field is at low galactic latitude and that this object could be a

faint star. In addition, this object does not show significant evidence for extension

and so we do not conclusively rule out the other galaxies as potential hosts.

3.3 Identifying hostless SGRBs

3.3.1 A sample of SGRBs

We utilise a sample of all SGRBs detected up to the end of 2011. This includes bursts

with T90 < 2 s, and those bursts which have been declared short bursts with extended

emission by the Swift team in the GCN circulars archive. Since we are interested

in host identifications we further cull this input list to require at least an XRT

detection of the afterglow, since BAT-only positions are insufficient to identify hosts

with moderate to high confidence unless they are extremely bright (e.g. Levan et al.

2008). In addition, since we are interested in the host galaxies of these SGRBs, we

do not list XRT-localised SGRBs where a host galaxy search has not been reasonably
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attempted. By these criteria the sample includes 40 GRBs: 33 SGRBs with T90 < 2 s

and 7 with extended emission. Of these GRBs 26 are well-localised (2 with Chandra

detections) and 14 are localised using the XRT (& 1.4 ′′ error circle radius). Our

complete host galaxy sample along with some basic properties of the GRBs is shown

in Table 3.4 and 3.5.

The optically-localised SGRB sample given in Table 3.4 has also been sub-

divided into those with small and large offsets. To do this we use the methodology

of Fruchter et al. (2006) to calculate the fraction of total galaxy light in regions of

lower surface brightness than at the position of the GRB, Flight. Any burst with

Flight > 0 must be within the host and Flight = 0 indicates it is not. We use values

of Flight from Fong et al. (2010), supplementing these with our own values based

on our VLT imaging of GRB 080905A and GRB 090510. In the few cases when no

Flight measurement is available we assume the GRBs are on the light of their hosts,

especially since these GRBs are at low offsets.
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3.3.2 Limitations of Pchance

Probabilistic arguments of the sort outlined above have been used to argue for host

galaxy associations for many Swift SGRBs (e.g. Prochaska et al. 2006; Kocevski

et al. 2010; Rowlinson et al. 2010a; McBreen et al. 2010). However, Pchance is

calculated as an independent quantity for each galaxy considered, meaning that

for some SGRBs there are several galaxies with roughly similar Pchance values. This

potentially produces a degeneracy in identification of candidate hosts between bright

galaxies with large offsets and faint galaxies with small offsets (Berger, 2010), as seen

for GRBs 091109B and 111020A.

If NS binary mergers are indeed responsible for the creation of SGRBs then

we may expect larger offsets due to both the natal kick and the delay in merger time

after creation (potentially ∼ 109 yrs). Figure 3.8 shows typical NS binary merger

sites with respect to a spiral host galaxy with R(V ega) = 23 at z = 1, slightly

less luminous (MR ∼ −22.5) than the Milky Way (from Church et al. 2011). We

include both the case of NS binary systems formed through a primordial channel and

a dynamical channel within globular clusters (GCs), where a neutron star captures

a companion through three-body interactions (Grindlay et al., 2006). We compare

this with the Pchance values we would measure as a function of projected offset (in

kpc) highlighting the areas where Pchance is 2% and 5%. This demonstrates that

for NS binary mergers we would expect a significant fraction to merge at a point

where we can no longer associate the resulting explosion with the host galaxy from

which it originated (see also Berger 2010). This problem becomes even more acute

when considering fainter galaxies. A lower luminosity galaxy at the same redshift

will have significantly higher Pchance at moderate offsets, making a firm association

difficult. Furthermore, the weaker potential for the galaxy means it will retain a

smaller fraction of its binaries (e.g. Zemp et al., 2009). In other words, in any

kicked scenario we would expect a significant fraction of bursts for which we cannot

identify any host galaxy. The implications this could have for hostless GRBs are

further discussed in section 3.4.2.

3.3.3 A diagnostic tool to help investigate short burst host associ-

ations

In the search for the hosts of apparently hostless GRBs, galaxies with the lowest

Pchance are still often cited as the most likely host galaxies, even if there is no

outstandingly good candidate (e.g. Stratta et al. 2007; Perley et al. 2009a; Berger

2010). This problem is compounded by the limitations of Pchance noted in section
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Figure 3.8: This plot shows the distribution of NS binary mergers with respect to a Milky
Way-like spiral galaxy at z = 1. This is shown for both the primordial and the dynamical
channel of NS binary formation. The value of Pchance we would expect for this galaxy at
R(V ega) = 23 are also shown with the 2% and 5% Pchance areas highlighted.
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3.2. To better assess this we took 15,000 random positions within the footprints of

the Sloan Digital Sky Survey (SDSS) (Abazajian et al., 2009) and the Cosmological

Evolution Survey (COSMOS) (Capak et al., 2007), and used the measured galaxy

data available within these surveys to find the nearest galaxies brighter than a

given magnitude. The galaxy magnitude range chosen was reflective of SGRB host

galaxies, using SDSS data at the bright end (15 − 22.5 mag) and supplementing

this with data from the Subaru telescope in the COSMOS survey at the faint end

(> 23 mag). We applied a magnitude zero-point offset from the Subaru r+ filter to

SDSS r′ of r′ = r+ + 0.12, determined by comparing magnitudes from a random

sample of galaxies detected in both surveys.

The galaxy distribution is shown in Figure 3.9 along with the enclosing per-

centiles (1%, 5%, 10%, 15% and 50% percentiles) of the distribution, i.e. beyond the

1% line only 1% of the galaxies in the sample have magnitude < r′ and are at offset

< observed. Also shown are the putative host galaxies of the SGRB population. We

would expect any well constrained host galaxy (by Pchance or similar probabilistic

measure) to be an outlier to the main galaxy distribution and, indeed, we see that

all strongly associated SGRB host galaxies lie below the 1% percentile line. For

hostless GRBs, however, the proposed host galaxies lie closer to the background

galaxy distribution.

We can use the division between GRBs strongly associated with their host

galaxies and those considered hostless shown on Figure 3.9 to define an ‘association

radius’, δx. For a galaxy of a given magnitude, this is the offset from the centre of

the putative host galaxy within which we can say the GRB is strongly associated,

specifically there is a less than 1% chance that an unrelated galaxy of this magnitude

(or brighter) would appear within this distance. Conversely, if a GRB does not fall

within this radius for any nearby galaxy then we chose to describe it as hostless. δx

(in arcseconds) is given by Equation 3.1.

δx = 0.17× 1013m−γr (3.1)

where mr is the r′ band AB magnitude of the suggested host galaxy and γ = 8.84

describes the best-fit power law dependence and is an empirical fit to the data.

Hence, we can define a hostless SGRB where the position of the GRB (allowing for

the error box) does not fall within the association radius of any nearby galaxies. The

choice of association radius clearly depends on the minimum probability that one

is prepared to accept (e.g. one could prescribe differing radii at different confidence
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Figure 3.9: Using random positions in the Sloan Digital Sky Survey (SDSS) and the Subaru
telescope in the Cosmological Evolution Survey (COSMOS) we have plotted the minimum
offsets for galaxies brighter than a given r′ AB magnitude for 15,000 random positions. The
solid red lines are the 1%, 5%, 10%, 15% and 50% percentiles for this dataset, with the
dotted lines showing the extrapolation of the fit beyond our dataset. We have plotted the
galaxies with the lowest Pchance for all SGRBs with optical (or CXO) localisations (green
and blue triangles) and for SGRBs with only Swift/XRT positions (magenta squares). The
blue triangles represent galaxies in the field of hostless SGRBs, with only one galaxy being
included for each GRB. All well-constrained host galaxies (green triangles) lie below the 1%
percentile line.
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levels). However, the 1% (3σ) contour is broadly applicable, and would suggest

for our sample of ∼ 20 SGRBs we may expect one to be falsely associated with a

galaxy which is not its host. Using this approach we identify a total of seven (eight)

hostless SGRBs, 061201, 070809, 080503, 090305A, 090515, 091109B, 110112A (and

potentially 111020A).

We also note that 4 of the XRT-localised GRBs are potentially hostless:

050813, 060502B, 070729 and 090621B. For GRB 090621B, however, this may be

due to the lack of a deep search thus far.

We can now compare the galaxies with the lowest Pchance values (Pchance,min)

for our seven (eight with our potential host of GRB 111020A) bursts to the distri-

bution of random locations on the sky. This will allow us to ascertain if this sample

of events, originate from the underlying galaxy distribution, as might be expected

for local, but kicked SGRBs, or are essentially uncorrelated, as might be expected

for SGRBs originating from higher redshift. To do this for each random location

we identify the galaxy with the minimum Pchance, and hence arrive at a distribution

of Pchance,min for all random locations. The Pchance values can be calculated using

the percentile lines themselves. The percentiles are calculated by binning the mag-

nitude distribution (∆m = 0.1 increment) and calculating the offset value for each

percentile within each bin. The lines for multiple percentiles are calculated using the

same formulaic form as Equation 3.1. Pchance itself is then based on these percentile

lines. This is shown graphically in Figure 3.10. The Pchance values for the galaxies

considered have been given in section 3.2.5. Note that although Pchance,min is strictly

a function of the galaxy magnitude range considered, the span of galaxies covered

by our joint SDSS/COSMOS analysis is fairly representative of the typical range

accessible in our GRB host fields. The Kolmogorov-Smirnov (KS) test probability

that the hostless SGRB positions are drawn from an underlying random distribution

of the sky is PKS = 0.19, which is not a rejection of this statement.

Interestingly, as can also be seen in Figure 3.10, comparison between the

Pchance,min distributions of the hostless GRBs and the random sample with Pchance

calculated from the method of Bloom et al. (2002) (Pchance,B) would give a rejection

(PKS = 0.01). Bloom et al. (2002) assume the surface distribution of galaxies is

uniform, ignoring the clustering of galaxies, and defining Pchance,B as

Pchance,B = 1− exp(−η) (3.2)

where η is the expected number of galaxies in a circle with effective radius r

given by η = πr2σ(≤ m). σ(≤ m) is the mean surface density of galaxies brighter

than magnitude m in the R band and is based on deep optical galaxy surveys
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Figure 3.10: The upper plot shows the cumulative distribution of Pchance,min for a set
of 15,000 random positions within the SDSS and COSMOS footprints (black line). For
comparison, the Pchance,min values calculated using the method of Bloom et al. (2002) (dotted
black line) are included. This is clearly distinct from the Pchance values calculated with the
method outlined in the text. Also shown is the cumulative distribution of Pchance,min for the
well-localised SGRBs with a host galaxy (blue), hostless SGRBs (red) and the Swift/XRT
only detected SGRBs (green). The dotted red line is the hostless sample with the inclusion
of a our identified galaxy (galaxy B) for GRB 111020A, but this is uncertain due to the
presence of another object close-by which could be a faint star as explained in the text.
The lower plot shows a histogram of the ratios of the Pchance,min values to the median of
the random galaxy distribution, for all the well-localised SGRBs in our sample. As for the
upper plot the hostless GRBs are shown in red and the other well-localised GRBs in blue.
A KS test of these distributions compared to the random positions does not show that these
populations are statistically distinct. However, looking at the median values does show that
a significant fraction (6/7) of secure hostless cases the Pchance,min values are less than the
median value for the random galaxy distribution.
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(Hogg et al., 1997; Beckwith et al., 2006). There is clearly a distinction between

this Pchance,B calculation for the random sample and the method we have developed

especially given the stronger rejection when compared with the hostless Pchance,B,min

values. This could be due to the assumption of unformity and may reflect that the

clustering of galaxies may be more significant on the scales we consider here.

In figure 3.10 in addition to direct comparison we also compare the Pchance,min

values for the hostless GRBs to the median of the random galaxy distribution,

looking only at galaxies above the limiting magnitude placed on each individual

hostless GRB. In this case we find that in 6/7 secure hostless cases (i.e. excluding

GRB 111020A) the Pchance,min value is less than the median. Only in the case of

GRB 110112A do we find that the Pchance,min value is greater than the median. For

a random sky distribution we would expect to sample this distribution evenly and

the binomial probability of 6/7 (7/8) events lying at less than the median is 0.0547

(0.0313), suggestive that we are observing SGRBs from local structure in their fields.

Hence, these results provide some evidence that we are observing SGRBs

that are correlated with large scale structure on the sky, even if the individual host

galaxy that we identify with Pchance,min is not the true host. This may reflect that

these bursts are kicked from relatively low redshift, and relatively luminous galaxies.

However, it is also possible that we are observing these SGRBs from moderately

massive structures at higher redshift, and hence the low values for Pchance,min are

actually reflecting other cluster members. Early estimates from Berger et al. (2007a)

put the percentage of SGRBs in clusters at ∼ 20% (e.g. Bloom et al. 2006; Levan

et al. 2008), though further studies of this nature have yet to be published. Hence

this possibility is not necessarily unlikely.

Furthermore, the galaxies identified with lowest Pchance in these cases are

likely to be relatively massive, such galaxies are more likely to retain any dynamically

kicked systems within their haloes. In contrast, lower mass galaxies have a much

larger escape fraction, and are more likely to create a population of hostless SGRBs

(see also Bloom et al. 2002; Fryer et al. 1999a). Alternatively, the relative offsets from

the galaxies with lowest Pchance is broadly consistent (< 50 kpc) with the presence of

globular cluster systems within these hosts in at least some cases. In this case it may

be that we are observing a population of dynamically formed binaries within these

globular clusters, and that, given the typically large distances we cannot directly

observe the host cluster (e.g. Grindlay et al. 2006; Salvaterra et al. 2008; Church

et al. 2011).
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3.4 Discussion

By considering the locations of SGRBs relative to random locations on the sky we

have shown that even those SGRBs for which it is most difficult to unambiguously

identify a host are likely to be at moderate redshift (z ≤ 1). However, it is possible

that rather than observing the hosts themselves, we instead are tracing larger scale

structure.

3.4.1 Constraints on the possibility of high-redshift host galaxies

We can use the 3σ point source detection limits at the locations of the hostless GRBs

in our sample to place constraints on the possibility of a coincident host galaxy. For

increasing redshift we can determine the minimum galaxy luminosity, Llim as a

fraction of L∗ (the characteristic luminosity of the knee of the Schechter luminosity

function; Schechter, 1976), we would be able to detect in a given filter. To do this

we used an evolving Schechter galaxy luminosity function where the number density

of galaxies per unit luminosity, φ(L), is given by Equation 3.3.

φ(L)dL = φ∗
(
L

L∗

)α
exp

(
− L

L∗

)
dL

L∗
(3.3)

Using Llim we can determine the probability of detection of a galaxy, Pdetect,

as given in Equation 3.4

Pdetect =

∫ Llim

Llow

Lφ(L)dL

/∫ ∞
Llow

Lφ(L)dL (3.4)

where we define Mlow = −10 as the magnitude corresponding to a suitable lower

limit on galaxy luminosities. This definition of Pdetect given in Equation 3.4 is made

under the simplifying assumption that the likelihood of a galaxy producing an SGRB

is proportional to its luminosity.1 Specifically, Pdetect describes the fraction of the

luminosity-weighted luminosity function that we probe with increasing redshift. To

perform this analysis we used the templates for Sbc, Elliptical (Ell) and Irregular

(Irr) galaxies from Coleman et al. (1980) and considered magnitudes in the SDSS

r′ band. We note that the templates used are based on agregates of observed local

galaxies and so includes typical levels of extinction appropriate for the galaxy type.

In addition, we have neglected the effect of surface brightness dimming, but we

expect this to be a small effect for these sources which are only marginally resolved.

For increasing redshift we use a simple linear evolution of the luminosity

function, investigating the magnitudes in the SDSS r′ band up to z = 4. We use

1But see also Belczynski et al. (2006)
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a value of M∗r = −21.48 at z = 0 from Montero-Dorta and Prada (2009) and

an adapted value for M∗r = −22.88 at z = 2.0 from Ilbert et al. (2005), using

r′(AB) = R(AB) + 0.06 (Sbc), = R(AB) + 0.06 (Ell) and = R(AB) + 0.04 (Irr)

appropriate for the galaxy templates used (Coleman et al., 1980). Similarly we

also evolved α from αz=0 = −1.26 at z = 0 (Montero-Dorta and Prada, 2009) to

αz=2 = −1.53 at z = 2 (Ilbert et al., 2005).2

Figure 3.11 shows this analysis using the detection limits determined for all

the hostless GRBs in our sample. We use our measured deepest r′ limits placed on

GRB 090305A, 091109B (both adapted from the VLT R band limits) and 110112A

(extrapolated from the Gemini North i′ band). We have also included published

limits for GRBs 061201, 070809, 080503, 090515 and 111020A (Perley et al., 2009a;

Berger, 2010; Fong et al., 2012) again adapted to the r′ band where necessary. There

is a deeper limiting magnitude for GRB 111020A from Fong et al. (2011a) and hence

this value is used here rather than our reported limit.

Looking at the redshift range thought to be typical for SGRBs (z < 1) we find

for at least six of the bursts we uncover ∼ 85% of the integrated galaxy luminosity

for the Irr galaxy type, ∼ 73% Sbc galaxy type and 55% for the Ell galaxy type. In

addition, the extremely deep limit placed on GRB 080503 means that even for the

Ell galaxy type we uncover 88% of the integrated galaxy luminosity.

This analysis suggests that it is unlikely that the hostless SGRBs are simply

cases of faint, but coincident, hosts in the redshift range for z < 1, though this

case is less strong for Ell galaxies. Higher redshifts, however, up to e.g., z ∼ 4,

are not ruled out by observations of the afterglows or the limits on coincident host

galaxies. In addition, detection of the afterglow of GRB 091109B in the R band and

GRB 090305A in the g′ band allows us to place upper redshift limits of z . 5 and

z . 3.5, respectively.

Though the majority of SGRBs have been found at redshifts in the range 0.1−
0.9 there is some evidence indicating the existence of a higher redshift population.

GRB 090426 has the highest confirmed redshift (z = 2.609) of a GRB with T90 < 2 s

(Levesque et al., 2010a; Thöne et al., 2011). However, there remains considerable

discussion as to its nature with its host galaxy, environment and spectral properties

being more suggestive of a massive star progenitor than a compact binary merger

despite its short duration (Antonelli et al., 2009; Levesque et al., 2010a; Xin et al.,

2010; Thöne et al., 2011). There is potential evidence for other SGRBs at high

redshift with indications for a z > 4.0 host for GRB 060121 (Levan et al., 2006a; de

2The minimum galaxy luminosity detectable with our detection limits, Llim, is determined using
the python astSED module as part of the astLib package.
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Figure 3.11: The set of panels on the left hand side show the minimum luminosity galaxy,
Llim, we could detect as a function of redshift in the SDSS r′ band and based on the
deepest available magnitude limits of all the hostless GRBs in our sample. Each of these
panels contains this evolution for an Sbc (black, solid line), Ell (red, dotted line) and Irr
(blue, dashed line) galaxy. This includes a simple linear evolution of the luminosity function
with redshift. Using these Llim values, we then plot the fraction of the integrated luminosity
we probe at increasing redshift in the right hand set of panels (Pdetect). This is again shown
for the three types of galaxies we consider here.
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Ugarte Postigo et al., 2006), beyond the redshift detection limits we have placed for

a fainter galaxy, and the faint, possibly high redshift hosts of GRB 060313 (z . 1.7)

(Schady and Pagani, 2006) and GRB 051227 (Berger et al., 2007b). In particular,

GRB 070707 (z < 3.6), has a very faint coincident host at R ∼ 27 (Piranomonte

et al., 2008). These results may indicate that hostless GRBs are a window onto

a higher redshift population. However, some hostless SGRBs have been probed to

deep limits, especially GRB 080503 with a limit of F606W > 28.5 from HST (Perley

et al., 2009a). If the delay-time distribution for SGRB progenitors is long, then

we would expect to preferentially see them at lower redshift. Under the binary

neutron star model a significant component will be created around the peak of the

Universal star formation rate and so will merge in a time ∼ 109 yrs after this era

(O’Shaughnessy et al., 2008).

A further constraint on the high redshift scenario can be obtained simply by

contrasting the properties of the long and short host populations. To first order,

LGRBs should trace the global star formation rate (allowing for plausible biases

introduced by metallicity, which could increase the high-z, low-Z rate). In contrast,

SGRBs (assuming they have a stellar progenitor), trace the star formation rate

convolved with a delay time distribution. In other words, in general we would expect

the SGRB redshift distribution to be skewed towards lower redshifts, than for the

LGRBs. The samples of Fruchter et al. (2006); Savaglio et al. (2009); Svensson et al.

(2010) all measured 15 − 20% of the optically localised LGRB host galaxies have

R > 26.5. However, the TOUGH survey (The optically unbiased GRB host survey)

(Hjorth et al., 2012) find this value to be 30%. To these same limits ∼ 30% of

SGRBs are “hostless” meaning that from this comparison we cannot draw a strong

conclusion either way. However, we find the limits outlined above and coupled with

the fact we see more clustering of the hostless GRBs towards galaxies at low redshift

than we would expect compared to random galaxies suggestive for a low redshift

origin.

3.4.2 The low redshift scenario

The apparent preference for hostless SGRB sight lines to lie close to bright galaxies,

with low Pchance relative to random positions on the sky, offers support for models in

which we are observing the hostless SGRBs to arise from systems kicked from their

hosts at high velocities (several hundred km s−1), and most likely with significant

time between their creation and explosion as a GRB (∼ 109 yrs). For the seven

secure hostless GRBs in our sample, using z = 0.5 where the redshift is unknown,

the average offset is ∼ 42 kpc with offsets ranging from . 6.6 kpc to ∼ 118 kpc.
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We consider this our preferred explanation of the hostless SGRBs and consider the

implications here.

For the limited sample of (12) SGRBs with optical positions, confidently

identified host galaxies and measured redshifts, the physical offsets shown in Table

3.4 are mostly relatively low (e.g. 051221A, 050724, 070714B), with an overall mean

of ≈ 6 kpc. There are some, however, which are further from their host galaxy

centres either in the outskirts (e.g. 080905A, 071227) or outside of the host galaxy

(e.g. 070429B, 090510). For the hostless SGRBs physical offsets > 30 kpc are

measured for the suggested host galaxies with confirmed redshifts (e.g. 061201,

070809, 090515) (Fong et al., 2010; Berger, 2010; Rowlinson et al., 2010b) and

& 6 kpc for the cases with only an upper limit on the redshift (e.g. 080503) (Perley

et al., 2009a).

Within the considerable uncertainties, the measured SGRB offset distribu-

tion (assuming the galaxy with the lowest Pchance is the host in the hostless cases)

does appear broadly consistent with predictions for the positions of NS-NS and

NS-BH binary mergers using host galaxies of mass comparable to the Milky Way

(Fong et al., 2010) and using estimated galaxy masses for the SGRBs (Church et al.,

2011). However, in some individual cases, the offsets from the galaxies with the low-

est Pchance are surprisingly large given these predictions, including hostless GRBs

060121, 070809 and XRT-localised 060502B (Church et al., 2011).

Larger offsets would also be a natural product of neutron star binary progeni-

tors formed via a dynamical channel within globular clusters (GCs) where a neutron

star captures a companion through three-body interactions (Grindlay et al., 2006).

For GRBs 061201 and 070809 Salvaterra et al. (2010) suggested that their bright af-

terglows preclude a location in the IGM and suggested the dynamical channel as the

most likely solution. However, SGRBs with optical afterglows have been detected

outside their host galaxies, most likely within a low density medium if not within

the IGM, meaning at least in some cases that the afterglow can be detected (Berger,

2011). Indeed, for the hostless GRBs presented here, along with GRB 090515 (Rowl-

inson et al., 2010b), their faint afterglows could be in line with their being embedded

within the IGM, with detection being possible since they are at low redshift.

Another important consideration is that lower mass host galaxies, due to

their shallower potential wells and therefore lower escape velocities, should typically

exhibit larger burst offsets due to unbound binaries. For dwarf galaxies we would

expect a non-negligible fraction of binary mergers to be found > 30 kpc from their

host centres (Bloom et al., 2002). Using an evolving galactic potential, the merger

sites may be even more diffusively distributed with respect to their host galaxies and
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may occur out to a few Mpc for lighter halos (Zemp et al., 2009). Particularly given

that for dwarf galaxies, even at moderate redshifts (z ∼ 1), their intrinsic faintness

would make them more difficult to detect, this means that it would be more difficult

to associate such a SGRB with its low mass host galaxy and so these cases would

appear as being hostless. In this case it could be that these fainter galaxies are

within the halo of a larger galaxy and this is the reason we’re seeing a suggested

association with larger galaxies at low redshift.

3.4.3 Implications for co-incident gravitational waves

The prime means by which an unambiguous association between SGRBs and com-

pact object binaries may be determined is the observation of a simultaneous grav-

itational wave signal (Phinney, 1991; Abadie et al., 2010). Such signals should

be detectable to next generation GW detectors to distances of ∼ 500 Mpc NS-NS

and ∼ 1 Gpc NS-BH (Abadie et al., 2010). To date, relatively few of the detected

SGRBs fall within this horizon (formally only the lowest z = 0.105, GRB 080905A

Rowlinson et al. 2010a is consistent with NS-NS or NS-BH detection), suggesting

in common with independant analysis (e.g. Abbott et al. 2010) that simultaneous

detections with Swift and GW detectors will be rare. One possibility which could

increase the event rate would be if the hostless SGRBs were in fact kicked from

local structures within the horizon of the new advanced detectors. Our observations

suggest that in general this is not the case, most of the candidate host galaxies are

too faint to lie within this volume, and there are not many bright galaxies within

several arcminutes (corresponding to projected distances of several hundred kpc at

a distance of 100 Mpc) of the GRB positions.

In the case of GRB 111020A there is an apparently local galaxy with low

Pchance. This galaxy, at an apparent distance of ∼ 80 Mpc is comfortably within the

threshold for GW detection with next generation instrumentation, although in this

case the energy release of the burst of Eiso ∼ 1046 ergs would be far lower than typical

for SGRBs, while the offset from the host would strongly disfavour events akin to

soft-gamma repeaters (Hurley et al., 2005; Tanvir et al., 2005). In addition, for

the rest of the hostless SGRB sample we searched the NASA extragalactic database

(NED)3 (Schmitz et al., 2011) for any bright, low redshift host within 10′ of the GRB

position. Galaxy 2MASX J13350593-2206302 (also designated 6dFGS gJ133506.0-

220631 in the 6dFGS catalog) is detected within 50′′ of GRB 070809 with magnitude

R = 15.38 (Jones et al., 2004, 2009). With redshift z = 0.042783 (Paturel et al.,

2003) this galaxy is within 190 Mpc, again within the GW detection volume. These

3http://ned.ipac.caltech.edu/
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situations are rather similar to the more poorly constrained case of GRB 050906

(Levan et al., 2008) whose γ-ray only position places it close on the sky to IC 328,

and whose energy (if associated with IC 328) would be similar.

These results suggest that we should expect to see a handful of SGRBs within

the GW horizon per year (all sky), but also imply that the hostless SGRBs likely

contribute no more to this population than those with optically identified hosts.

3.5 Conclusions

We have looked at the afterglow properties of three apparently hostless SGRBs:

GRB 090305A, GRB 091109B and GRB 111020A. The former, in particular, had a

very faint X-ray counterpart, only identified due to the detection of the optical

afterglow within the BAT error circle. In addition, redshift limits of z . 5 and

z . 3.5 for GRBs 091109B and 090305A can be placed due to their detection in the

R and g′ band respectively.

Deep optical observations at the GRB position after the afterglow had faded

allows us to put constraints on any coincident host galaxy, specifically the 3σ limiting

magnitude for GRB 090305A is r′(AB) > 25.69, for GRB 091109B the limits are

R(V ega) > 25.80, K(V ega) > 22.23 and J(V ega) > 21.99 and for GRB 111020A is

R(V ega) > 24.23 (a deeper limit of i′(AB) > 24.4 has also be placed by Fong et al.

2012). Although r′ band observations make elliptical galaxies in particular difficult

to detect at higher redshifts, use of a deep limit in the K band would even the

chances of detecting any type of host galaxy. Using the deepest limiting magnitudes

for GRBs 090305A and 091109B we find that out to z = 1 we uncover ∼ 75% of the

integrated galaxy luminosity for an Sbc type galaxy, ∼ 85% for an Irr galaxy and

55% for an Ell galaxy. This means that any undetected host galaxy would have to

occupy the low mass end of the galaxy luminosity function. GRB 111020A which,

even using the deepest limit available from Fong et al. 2012, has a shallower limit,

would uncover ∼ 50% (Sbc galaxy). It is unclear as to the status of GRB 111020A as

a hostless burst due to the presence of an unresolved object 0.7 ′′ from its position

which would have Pchance < 0.014. However, for other GRBs considered here as

well as no coincident host detection, we also find no host that can be confidently

identified using Pchance values (< 1%).

These GRBs represent a growing population of optically localised SGRBs

with no obvious host galaxy. We have considered two possible origins for these

4This case is also complicated by the relatively low Galactic latitude, which means that fore-
ground stars significantly outnumber background galaxies in our images.
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hostless SGRBs. The first is that they originate from a higher redshift, and so far

unseen population of SGRBs, while the second is that they lie at lower redshift, and

are kicked from local, and relatively bright host galaxies.

To address these issues we developed a diagnostic to assess the significance

of the association of any given galaxies with a SGRB, and compared the properties

of the sample of bursts with those of random positions on the sky. These results

suggest that hostless SGRBs as a population have a correlation with structure at

small angular scales, more so that “average” random lines of sight. This perhaps

offers evidence that the hostless SGRBs are in fact associated either with these bright

galaxies, or with fainter galaxies associated with the same large scale structure. In

this case the offsets are either as a result of large scale natal kicks to the progenitors,

or of their dynamical formation within globular clusters.

We note that a similar study by Berger (2010) concluded that large offsets

of 15 − 70 kpc from relatively low redshift galaxies are their preferred explanation.

They found for a high redshift solution the constraints on any underlying host galaxy

implied a bimodal population of SGRBs with peaks at z ∼ 0.5 and z ∼ 3. They also

allow for a minor contribution from NS binary mergers in globular clusters. Our

work broadly agrees with the results considered by Berger (2010), although critically

extends it to consider the true distribution of galaxies on the sky (rather than

average number counts), utilizing this comparison to make statistical statements on

the population as a whole.

Ultimately, if hostless GRBs are present at low redshift, deeper observa-

tions of their locations will continue to yield null detections of their host galaxies.

However, for bursts associated with structure at lower redshift we may be able to

ascertain if they are hosted within globular clusters via deep observations with ei-

ther the Hubble Space Telescope (to z < 0.1) or the James Webb Space Telescope

(to z < 0.2). Such a detection could offer strong evidence for the origin of SGRBs

in compact binary mergers.
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Chapter 4

A sample study of the optical

afterglow of short gamma-ray

bursts

4.1 Introduction

The sample of well-localised short GRBs is substantially smaller than for their long

cousins, due to their short duration, making them more difficult to detect, smaller

event rate and generally fainter afterglows (Kann et al., 2011). Their greater spectral

hardness also means the BAT instrument on the Swift telescope is less attuned to

their detection compared to the BATSE instrument due to its softer spectral band.

It is thus important to consolidate all the detections to date and to perform

sample studies on the population as whole. We compile a sample consisting of all

optically localised SGRBs from 2005 to the end of 2011 and combine all available

optical data from the GCN circulars, all published material and our own data. For

this sample we apply an upper limit on the duration of T90 = 2 s (or, for GRBs

with an initial hard pulse followed by extended emission, an initial pulse duration of

T90 = 2 s) (Kouveliotou et al., 1993) but we also investigate claims that a split of 0.8 s

for the Swift telescope would be more appropriate (Bromberg et al., 2011, 2013).

Detailed studies of individual bursts and some sample studies have been produced

previously (in particular Kann et al. 2011) but here we analyse all available optical

and XRT data using a consistent method, fitting the lightcurves and SEDs where

possible. The data points and fits are then used to investigate many of the global

and local properties within the sample. In particular:

• We search for jet breaks and place limits on jet opening angles.

71



• We look for the presence of extinction by considering the optical to X-ray

spectral slope and looking for suppressed optical emission with respect to

the fireball model (Jakobsson et al., 2004; van der Horst et al., 2009). For

completeness in this analysis we include SGRBs with optical upper limits

(and X-ray lightcurves) as well as those with optical detections.

• We look for evidence of predicted mini-supernova or kilonova produced from

radioactive material associated with the merger of neutron stars (Li and Paczyński,

1998), placing constraints on the brightness of these events in the optical band.

• Using late time detections we also place constraints on any associated super-

nova. Considering the proposed T90 = 0.8 s divide for collapsar - non-collapsar

events we use these constraints to determine the maximum fraction of collapsar

events which could be present within our optically localised sample.

4.2 Analysis

4.2.1 Sample construction

The sample includes all GRBs from 2005-2011 inclusive with at least one optical

afterglow detection and with T90 < 2 s. This sample is mainly comprised of GRBs

detected by Swift by also includes those SGRBs which fit this criteria detected by

HETE-II and INTEGRAL. The γ-ray emission of some “short” GRBs is comprised

of a short hard peak, known as the initial pulse complex (IPC), followed by low level,

softer extended emission. Hence, we have also included all those GRBs where the

IPC is < 2 s (Norris and Bonnell, 2006; Norris et al., 2010b). Norris et al. (2010b)

determined the presence of extended emission by sampling a time interval around

the pulse (up to 200 seconds before and 400 seconds after), testing within varying

time bins for a change from high to low level intensity. If no change was detected

it was assumed there was no extended emission. The duration of the IPC, given in

Table 4.1, is measured by Norris et al. (2010b) as occurring over an interval where

the intensity is above 1/e times the IPC peak intensity.

The total sample considered here contains 24 GRBs. The optical sample has

been constructed from all available data for the GRBs within published material

as well as from the Gamma-ray Coordinates Network (GCN) circulars. We have

also included some previously unpublished material for GRB 060313 mainly in the

R band and GRB 051221A in the Ks band. Table 4.1 shows the full list of GRBs

included in this sample. All GRBs detected by the BAT instrument from the launch
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of Swift to the end of 2011 are shown in Figure 4.1 with the GRBs in our sample

highlighted.

4.2.2 Lightcurve and SED fitting

The lightcurves for these GRBs have been constructed from all available afterglow

measurements in all bands. Vega to AB magnitude conversion (as well as flux cal-

culations) have been performed making using of the astSED python module which

is part of the astLib package.1 Within the literature, conversion between magnitude

systems can differ, creating discrepancies between magnitude and flux values pub-

lished. Though this difference may be small we have aimed to be consistent in our

conversions by making use of this code. All bands have been extrapolated to the R

filter using a power law spectrum of the form Fν ∝ ν−βO . To measure the optical

spectral slope, βO, where the colour data is available a spectral energy distribution

(SED) has been constructed for each GRB and a representative β value chosen to

scale the points. Where this is not possible the βO value has been inferred from

the βX (Evans et al., 2009a).2 Assuming a synchrotron spectrum and that both the

X-ray and optical emission originate from the same source βO should be between βX

and βX − 0.5 depending on the position of the cooling break (van der Horst et al.,

2009). Hence we infer a value of β0 = βX − 0.25 ensuring the errors are > 0.25 to

cover our lack of certainty of the absolute βO slope compared with βX . In the case

of GRB 070809 the shallow X-ray power law index of βX = 0.22 means we cannot

use this to infer a sensible βO value. Using a value of p = 2.2 for the spectral index

of the synchrotron electron distribution as a canonical value (e.g. Achterberg et al.

2001) implies a measured optical slope, assuming the frequency considered is above

the cooling break and hence giving a slope of β = (p− 1)/2, of β = 0.6 as suggested

by Kann et al. (2011). The β values which can be used to extrapolate all bands to

the R band are given in Table 4.2.

1Using the version 0.4.0 available from http://astlib.sourceforge.net/
2Photon index (ΓX) measurements available from http://www.swift.ac.uk/xrt spectra/
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GRB T90 T90(IPC) Fluence HR
(s) (s) (10−7erg cm−2)

GRB 050709 0.07a - 3.03± 0.38 a

GRB 050724 96 0.384 6.3± 1.0 1.05
GRB 051221A 1.4 - 11.6± 0.4 1.52
GRB 051227 114.6 0.832 2.3± 0.3 1.54
GRB 060121 1.97a - 38.7± 2.7 a

GRB 060313 0.74 - 11.3± 0.5 2.49
GRB 061006 129.9 0.448 14.3± 1.4 1.20
GRB 061201 0.76 - 3.3± 0.3 2.30

GRB 070429B 0.47 - 0.63± 0.10 1.28

GRB 070707 0.8b - 2.07+0.06
−0.32

b

GRB 070714B 64 1.152 7.2± 0.9 1.52
GRB 070724A 0.4 - 0.30± 0.07 1.10
GRB 070809 1.3 - 1.0± 0.1 1.27
GRB 071227 1.8 - 2.2± 0.3 0.98
GRB 080503 170 0.128 20± 1 1.06

GRB 080905A 1.0 - 1.4± 0.2 2.31
GRB 081226A 0.4 - 0.99± 0.18 1.52
GRB 090305A 0.4 - 0.75± 0.13 2.22
GRB 090426 1.4 - 1.8± 0.3 1.12
GRB 090510 0.3 - 3.4± 0.4 1.92
GRB 090515 0.036 - 0.2± 0.08 1.49

GRB 091109B 0.27 - 1.9± 0.2 2.45
GRB 100117A 0.3 - 0.93± 0.13 2.17
GRB 110112A 0.5 - 0.30± 0.09 0.91

Table 4.1: The sample of short GRBs comprising of all GRBs with T90 or with T90(IPC) ≤
2 s. T90 values are measured by the BAT instrument on the Swift telescope in the 15−150 keV
band unless explicitly stated otherwise. The Hardness Ratio (HR) is measured as the ratio
between the fluence in the 50− 100 keV and 25− 50 keV bands over the entire T90 duration
of the GRB. In this case for GRBs with extended emission they appear softer than if the
IPC component alone was considered.
Footnotes: (a) HETE-2 trigger. T90 and Fluence are given in the 30− 400 keV energy band
(GRB 050709; Villasenor et al. 2005, GRB 060121; Donaghy et al. 2006). (b) INTEGRAL
trigger. T90 and Fluence are given in the 20−200 keV energy band (GRB 070707; McGlynn
et al. 2008).
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Figure 4.1: T90 versus Hardness Ratio plot for all GRBs detected by the BAT instrument
on Swift from its launch to the end of 2011. From our sample of optically localised GRBs,
those detected by the BAT are shown in the plot (triangles) and the bursts with and with-
out extended emission are shown as blue and red points respectively. For the GRBs with
extended emission the hardness ratio is shown for the entire BAT detection whereas the T90
is for the initial pulse complex only. For comparison the rest of the population is also shown
(grey squares).
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Some afterglow measurements contain a significant contribution from under-

lying host galaxies. In these cases we have attempted to correct for this using the

known host galaxy magnitude (or magnitude of the host galaxy at the afterglow

position) in the given passband or extrapolating using the galaxy type and redshift,

if necessary. In some cases, it was not appropriate to combine the available bands

into an extrapolated lightcurve. In these cases we have indicated the bands included

in the stated lightcurve fit. The fits are based on the power law lightcurve of the

form Ft ∝ t−αO with best fits given in Table 4.3. All the lightcurves with data

points extrapolated to the R band and in the observer frame are shown in Figure

4.2.

From looking at Figure 4.2 it is clear that the sample of SGRB optical

lightcurves is diverse. The range of decay slopes is wide sometimes showing a plateau

before a steeper break occurs. The sample also suffers from a variety of sampling

durations over the full decay slope making it difficult to characterise behaviour in

some cases. Overall, however, in all but a few cases the lightcurves are reasonably

well fit with a series of power laws, though there may be some additional small

scale variation in the more well sampled cases. There are a few cases however where

additional components are clearly required.

For GRB 050724 an additional outburst must be added at ∼ 12.5 hrs (lasting

∼ 13 mins) to fit the data. This is approximately coincident with a flare in the

X-ray lightcurve. This peaks at ∼ 15.9hrs but lasts for ∼ 7 hrs (Malesani et al.,

2007). Malesani et al. (2007) suggested that this is related to late-time activity

of the central engine. However, it is interesting that there is no strong evidence

for outbursts in the other optical lightcurves, meaning perhaps GRB 050724 was

unusual in this behaviour.

In addition, the lightcurve of GRB 080503 shows a rise and then a steeper

decay not well fit by a set of power laws. Although GRB 080503 is a burst with

extended prompt emission the optical lightcurve was also extremely faint (Perley

et al., 2009a). Perley et al. (2009a) suggest this late peak could be due to an off-axis

jet or a refreshed shock. It is again interesting that behaviour such as this is not

seen in any of the other SGRB lightcurves.

The lightcurves of GRBs 060313 and 070714B show evidence for a plateau

period before a steeper decay. This plateau characterises the early part of the

lightcurve before the break which occurs a few thousand seconds after the trigger.

Overall, within the sample, 13 of the 24 GRBs show some evidence for a break, be it

a late time upper limit showing steepening or where the lightcurve is well sampled

enough to see the break. We consider in section 4.2.3 whether any of these breaks
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GRB Bands α1 Tbreak (s) α2 Refs

GRB 050709 all 1.50 850000 2.75 [1],[2]
GRB 050724a all 1.60 204000 3.87 [3]-[6]
GRB 051221A R,r′ 0.64 37370 1.23 [7]-[10]

K 0.46 - - this work
GRB 051227 all 2.20 - - [11, 12]
GRB 060121 all 0.71 - - [13]-[15]
GRB 060313 all −0.06 6904 0.93 [12],[16]-[20], this work
GRB 061006 I > 0.26 - - [11]
GRB 061201 all 0.97 - - [21]

GRB 070429Bb all −1.82 2330 > 1.79 [22]-[24]
GRB 070707 all 0.68 130000 3.08 [25]

GRB 070714B all −0.04 3147 1.15 [26]-[29]
GRB 070724A all > 0.60 - - [30],[31]
GRB 070809 all 0.73 - - [32],[33]
GRB 071227 all 0.98 - - [34],[11]
GRB 080503c all −0.24 128000 0.99 [35]
GRB 080905A all 0.40 79480 1.01 [36]
GRB 081226A r′ 1.27 - - [37]
GRB 090305A all 0.61 - - [37], this work
GRB 090426 all 0.26 3740 2.31 [38]-[46]
GRB 090510 all 0.70 39250 1.23 [47]-[51]
GRB 090515 all 0.06 111400 > 0.15 [52]

GRB 091109B all 0.50 38000 > 1.00 this work
GRB 100117A r′ 1.65 - - [53],[37]
GRB 110112A i′ > 0.56 - - [54], this work

Table 4.3: Fits to the lightcurve sample. All bands have been extrapolated to the R
band unless the bands have been explicitly stated. A negative slope indicates a rise in the
lightcurve. Footnotes: (a) The fit to GRB 050724 also includes a fit to an outburst at early
times. (b) The rise quoted here, based on early time UVOT points, is not likely a physical
rise but an issue with the scaling to the optical points. (c) GRB 080503 is clearly not best
fit by a decaying power law. The lightcurve shows a consistent rise, not indicative of flaring
behaviour, before steeping falling off. References: [1] Fox et al. (2005) [2] Hjorth et al.
(2005) [3] Wiersema et al. (2005) [4] Cobb and Bailyn (2005) [5] Malesani et al. (2007) [6]
Berger et al. (2005) [7] Roming et al. (2005) [8] Wren et al. (2005) [9] Boettcher and Joshi
(2005) [10] Soderberg et al. (2006a) [11] D’Avanzo et al. (2009) [12] Berger et al. (2007b)
[13] Hearty et al. (2006) [14] de Ugarte Postigo et al. (2006) [15] Levan et al. (2006a) [16]
Cobb (2006a) [17] Cobb (2006b) [18] Thöne et al. (2006) [19] Nysewander et al. (2006)
[20] Roming et al. (2006) [21] Stratta et al. (2007) [22] Holland et al. (2007) [23] Antonelli
et al. (2007) [24] Perley et al. (2007a) [25] Piranomonte et al. (2008) [26] Landsman et al.
(2007) [27] Covino et al. (2007) [28] Perley et al. (2007b) [29] Graham et al. (2009) [30]
Berger et al. (2009) [31] Kocevski et al. (2010) [32] Perley et al. (2007d) [33] Perley et al.
(2007c) [34] Cucchiara and Sakamoto (2007) [35] Perley et al. (2009a) [36] Rowlinson et al.
(2010a) [37] Nicuesa Guelbenzu et al. (2012b) [38] Yoshida et al. (2009) [39] Oates and
Cummings (2009) [40] Kinugasa et al. (2009) [41] Mao et al. (2009) [42] Rumyantsev et al.
(2009) [43] Xin et al. (2010) [44] Thöne et al. (2011) [45] Antonelli et al. (2009) [46] Nicuesa
Guelbenzu et al. (2011) [47] Kuin and Hoversten (2009) [48] Marshall and Hoversten (2009)
[49] Olofsson et al. (2009) [50] Olivares et al. (2009) [51] Nicuesa Guelbenzu et al. (2012a)
[52] Rowlinson et al. (2010b) [53] Fong et al. (2011b) [54] Xin et al. (2011)
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Figure 4.2: The set of R band extrapolated lightcurves for all GRBs in the sample sep-
arated into four panels. Upper limits are shown as triangles where they are constraining
of the best fit. These values are in the observer frame. The lightcurve for each GRB is a
different colour with symbols indicated on each of the panels.
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may be evidence for a jet.

4.2.3 Constraints on jet breaks

The highly-relativistic collimated outflow from a GRB will be strongly beamed (with

beaming angle Γ−1 where Γ is the bulk Lorentz factor of the material in the jet)

so that initially Γ−1 < θj where θj is the jet half opening angle. As Γ decreases

and, due to lateral expansion, the jet eventually reaches the point where Γ ∼ θ−1
j

we, as the observer, see the edge of the emission. At this point we should see an

achromatic break: a jet break. Depending on the external medium, the decay index

of the lightcurve should alter by δα ∼ 0.75 (medium dominated by the contribution

from the stellar wind of the progenitor) to δα = 0.5 (uniform medium), with the

latter expected for SGRBs (Granot, 2007).

Breaks such as this have been seen for some LGRBs (e.g. Frail et al. 2001;

Bloom et al. 2003; Tanvir et al. 2010a). However, it is also known that breaks can

occur for other reasons such as migration of the cooling break. Hence, for breaks

in the lightcurve, as well as considering the change in slope it is also important to

ensure the break is achromatic in order to determine whether it is, in fact, a jet

break.

To constrain the presence of jet breaks in the SGRB sample we looked for

simultaneous breaks in both the optical and the X-ray lightcurves. To do this we

have looked at the Swift XRT data within the 0.3 − 10 keV band (Evans et al.,

2007)3 for the subset of GRBs in the sample with breaks in the optical lightcurves.

This sample is given in Table 4.4. As well as the break times we also consider the

change in the lightcurve slope in both the overall optical lightcurve and the X-ray

lightcurves. For those lightcurves where a simultaneous break may be present we

also looked at the individual filters to look for further evidence of simultaneous break

points.

Within this sample there are two GRBs which may show simultaneous breaks:

GRBs 060313 and 051221A. We also further consider the lightcurve of GRB 090426

which has been purported as having a jet break in the literature (Nicuesa Guelbenzu

et al., 2011).

GRB 060313 shows a simultaneous break between the optical and the X-

ray lightcurve. The R band (only) and X-ray lightcurves and their best fits are

plotted in Figure 4.3. However, the steepening of this break in the optical band of

δαO = 0.99+0.44
−0.46 is potentially greater than we would expect for a jet break, though

the large error does not preclude this being the case. In the R band lightcurve there

3Available from http://www.swift.ac.uk/xrt curves/
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GRB ∆α0 Tbreak,O (s) ∆αX Tbreak,X (s) X-ray data range (s)

GRB 050709 1.25 850100+696500
−201100 - - 100− 1391040

GRB 050724 2.26 203600+81200
−127700 5.23 491+28

−23 80− 181680

GRB 051221A 0.59 37374+63450
−22530 1.37 24216+4648

−2782 96− 997400

GRB 060313 0.99 6904+175.4
−154.5 0.86 7736+971

−1494 88− 192320

GRB 070429B 3.61 2333+2077
−1221 - - 522− 1492

GRB 070707 2.40 129700+
− - - 45070− (447240)

GRB 070714B 1.20 3147+9820
−1192 1.03 753+304

−128 69− 87840

GRB 080503 1.23 128300+51050
−117700 3.45 227+6

−7 82− 1403

GRB 080905A 0.62 79479+79220
−21520 1.77 584+273

−226 116− 887

GRB 090426 0.53 39252+1254
−1353 -a -a 124− 436890

GRB 090510 2.05 3740+4042
−1585 1.46 1469+161

−177 100− 23006

GRB 090515 > 0.09 111400+16940000
−105300 9.7 162+3

−3 72− 284

GRB 091109B > 0.51 38000+76200
−16310 - - 155− 203630

Table 4.4: A subset of GRBs within the sample with breaks in the optical lightcurves.
Here we compare breaks (if present) in the X-ray lightcurves to those in the optical to look
for simultaneity. There are two examples where this may be the case: GRBs 060313 and
051221A. However, we also note that in 5/12 cases above the XRT data does not extend far
enough to constrain the break seen in the optical lightcurve.
Footnotes: (a) For GRB 090426 the presence of a break in the X-ray lightcurve is not
significant over a single power law but the data points do not extend far enough to properly
constrain the non-detection of a break. We consider the lightcurve of this GRB further in
the text.
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is a plateau (with perhaps a slight rise) before the break. The change in the slopes

is also not consistent between the X-ray and the optical. It is therefore unclear

whether this break is related to the expansion of the jet.

In the combined R and r′ band lightcurve for GRB 051221A there is a break

coincident with the end of a plateau period in the XRT data. However, this break is

not evident in the K band. This data, along with the best fits to the lightcurve can

be seen in Figure 4.4. Burrows et al. (2006) also claim evidence for a jet break in the

lightcurve of GRB 051221A. However, they place this at 354 ks based on a late time

break in their data taken with the ACIS (Advanced CCD Imaging Spectrometer)

instrument on the Chandra satellite. We cannot constrain this break in the optical

lightcurve since it does not extend far beyond the suggested late time X-ray break

point. From our investigation, we do not find convincing evidence of a jet break.

For GRB 090426 though there could be a simultaneous break with the optical

data in the X-ray lightcurve, the F-test probability of chance improvement from the

single power law to the inclusion of a break is 38%. Hence, adding a break is not a

significant improvement on the simpler model. However, the X-ray lightcurve data

does not extend far into the regime of the optical lightcurve with only one detection

beyond the optical break point. Looking at the lightcurves in the individual filters

we found breaks in the R and g′ band lightcurves at ∼ 39300 s. Both the X-ray

and optical data can be seen in Figure 4.5. Hence, though Nicuesa Guelbenzu et al.

(2011) suggest the presence of a jet break from looking at the multiple individual

optical bands, the low significance of a break in the X-ray lightcurve suggests that

this break is most likely not a jet break.

Overall, in the sample of 24 optically localised GRBs we do not find a con-

vincing case for a jet break. The sparcity of detections in some cases makes this

unsurprising as it is often difficult to constrain the presence of breaks. However,

even for those lightcurves which are well sampled many of the breaks do not appear

to be achromatic. We therefore promote caution when claiming to have found jet

breaks in the optical or X-ray only for GRBs as the causes for these breaks to be

more widespread than simply in cases of jet breaks.

Using the last detection in our lightcurves we can place constraints on the

jet opening angle, θj , given in Table 4.5. This was calculated using the relation in

Equation 4.1 from Frail et al. (2001).

θj(radians) = 0.057× tj3/8×
(

1 + z

2

)−3/8 [ Eiso(γ)

1053 ergs

]−1/8 ( ηγ
0.2

)1/8 ( n

0.1 cm−3

)1/8

(4.1)
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Figure 4.3: The R band (red squares) and X-ray (black, circles) lightcurves for
GRB 060313. The best fit power law model is also shown for both sets of data. The
break points of the lightcurves are marked with vertical red and black lines respectively.
The R band lightcurve shows a steep decay after a plateau phase whereas the X-ray shows
a steepening with a smaller change in ∆α.
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Figure 4.4: The R band (red squares), r′ band (magenta squares), K band (offset by -1.0
mag, orange squares) and X-ray (black circles) lightcurves for GRB 051221A.
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Figure 4.5: The R band (red squares), g′ band (offset by +1.0 mag, blue squares) and
X-ray (black circles) lightcurves for GRB 090426. The best fit power law model is also shown
for the data sets (solid lines). For the X-ray data both the single and broken power law
(dotted line) fits are shown. The power law with a break is not a significant improvement
on the fit with no break. There is a simultaneous break in the R and the g′ bands with the
break point indicated.
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where Eiso(γ) is the isotropic equivalent energy released in γ-rays, n is the mean

circumburst density of the material at the site of the GRB and ηγ is the efficiency

of the fireball in converting the energy from the ejecta into γ-rays. For SGRBs, n is

typically between 10−4 − 1 cm−3 and is usually lower than for LGRBs (Fong et al.,

2013). In our calculations, we adopt a value of n = 10−2 cm−3. ηγ is proposed to be

around 0.2 as the fireball process is efficient at producing γ-rays (Frail et al., 2001).

From Table 4.5 the mean lower limit for θj is > 5.8◦ with a standard deviation

of 4.1◦. This is conservative compared with LGRB beaming angles mean of ∼ 8.5◦

using the sample of Bloom et al. (2003). The lower limit is also close to the measured

jet opening angles in the literature of ∼ 4 − 8◦ for GRB 051221A (Burrows et al.,

2006) and ∼ 3 − 8◦ for GRB 111020A (Fong et al., 2012), both measured using

late time Chandra data. This suggests a wide range of jet angles for short GRBs,

especially with some high lower limits of > 21.8◦ for GRB 050709 and > 25◦ for

GRB 050724 (Burrows et al., 2006).

The indication that some GRBs may have wide jets has implications for the

detection of gravitational waves from merger events, both for the confirmation of

electromagnetic counterparts and for the numbers of potential events that can be

detected. On the one hand a wide jet increases the likelihood that a gravitational

wave detection will be accompanied by γ-ray emission especially since the gravi-

tational waves themselves favour face on emission. On the other hand, if merger

events are accompanied with wide jets then this means the true event rate will not

be much higher than observed making the probability of detection smaller. Overall,

constraining the jet opening angle will help us to determine the detection fraction of

gravitational wave events and the possibility of detecting a simultaneous GRB-event.

4.2.4 Constraints on extinction

Using the optical and XRT data available we calculated, the optical to X-ray spectral

index, βOX for our sample. For this analysis, we also included those GRBs with

X-ray lightcurves and optical upper limits to derive limits on their associated βOX

values. Jakobsson et al. (2004) propose that a GRB is optically subluminous with

respect to the fireball model, termed “dark”, if βOX < 0.5. In its simplest form, the

fireball model states that we expect the electron energy distribution to have a power

law index p ≥ 2 (Sari et al., 1998). The photon spectral index is dependant on this

value and, depending on the position of the cooling break, we would expect this to

be (p− 1)/2 or p/2 meaning any value less than this must be caused by something

outside the realms of the model. More sophisticated definitions of “darkness” have

also been proposed, for example van der Horst et al. (2009) define a cutoff of βOX <
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GRB z Eiso(γ) tj θj
(ergs) (days) (degrees)

050709 0.1606 8.51× 1049 > 19.0 > 21.78a

050724 0.257 2.4× 1050 > 3.5 > 9.87b

051221A 0.5464 2.57× 1051 > 5.2 > 7.88c

051227 (0.5) 6.7× 1050 > 0.58 > 4.16
060121 4.6 2.19× 1053 > 2.1 > 2.01

1.7 4.07× 1052 > 2.1 > 3.26
060313 (0.5) 8.5× 1051 > 8.0 > 8.10
061006 0.4377 1.74× 1051 > 0.62 > 3.85
061201 (0.5) 3.2× 1051 > 0.46 > 3.14

070429B 0.9023 1.35× 1050 > 0.027 > 1.47
070707 (0.5) 9.3× 1050 > 4.5 > 8.61

070714B 0.9224 1.1× 1052 > 4.4 > 5.71
070724A 0.4571 2.45× 1049 > 0.15 > 3.86
070809 (0.5) 7.3× 1049 > 1.5 > 7.76
071227 0.381 5.62× 1050 > 0.29 > 3.38
080503 (0.5) 8.7× 1051 > 5.4 > 6.95

080905A 0.1218 2.29× 1049 > 0.6 > 7.21
081226A d (0.5) 2× 1050 > 0.25 > 3.53
090305A (0.5) 4.5× 1050 > 0.088 > 2.15
090426 e 2.609 4.2× 1051 > 7.4 > 6.18f

090510 0.903 4.07× 1052 > 0.41 > 2.00
090515 (0.5) 1.5× 1049 > 1.0 > 8.32

091109B (0.5) 1.38× 1051 > 0.43 > 3.40
100117A 0.915 9.12× 1050 > 0.34 > 3.00

110112A d (0.5) 1.89× 1049 > 0.64 > 6.75

Table 4.5: Constraints on the jet opening angle, θj , from our non-detection of a jet break
and using the last optical lightcurve detection. Eiso(γ) is bolometric and taken from Kann
et al. (2011) unless otherwise stated.
Footnotes: (a) Fox et al. (2005) give a jet opening angle of 14◦ based on the break in the
optical lightcurve. However, we see no coincident break in the X-ray lightcurve and so have
not classed it as a jet break. (b) This lower limit is consistent with the lower limit from
Grupe et al. (2006) of > 25◦ from late time Chandra observations of the X-ray afterglow
taken 3 weeks after the GRB. (c) The upper end of the opening angle range given by Burrows
et al. (2006) of ∼ 4− 8◦ is consistent with our lower limit. The proposed jet break occured
in late time Chandra observations of the X-ray afterglow and outside of the range of our
optical measurements. (d) The Eiso(γ) value for GRBs 081226A and 110112A are in the
Swift BAT 15 − 150 keV energy band (e) Eiso(γ) is taken from Levesque et al. (2010a) (f)
Nicuesa Guelbenzu et al. (2011) give the opening angle for a single jet as 4.8◦ based on
the simultaneous break in the optical and near infra-red lightcurves. However, due to no
convincing break being evident in the X-ray lightcurve we do not class this as a jet break.
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βX − 0.5 to allow for values of p < 2 which can be reconciled by introducing a high

energy-cutoff in the electron energy distribution, and this interpretation therefore

allows for GRBs with unusually shallow X-ray spectral indices. Here we consider

both criteria for darkness.

There are many possible explanations for bursts which appear dark by either

of the above criteria. A small subset are likely to be at high redshift, where the

Lyman-α break has moved through the optical (e.g. Tanvir et al. 2009; Cucchiara

et al. 2011), while for the majority of LGRBs it appears likely that dust extinction

is the prime cause (Perley et al., 2009b; Greiner et al., 2011), although numerous

other mechanisms (e.g. Inverse Compton in the X-ray, low circumburst density)

remain plausible in individual cases (Li et al., 2002; Sari et al., 1998).

The βOX slope was calculated using interpolated data from the X-ray lightcurve

and the most constraining optical measurement or upper limit available. The X-ray

lightcurve was fit and interpolated to the same mid-time as the optical measure-

ments. When multiple optical observations were available, and within the time

period of the X-ray observations, we used measurements taken 2000 s after the BAT

trigger to eliminate the contribution at early times by either reverse shocks or from

the prompt emission. The results of this analysis for the optically-detected SGRB

sample are given in Table 4.6 and for the X-ray detected sample in Table 4.7.

There are six potentially dark GRBs in Table 4.6. Interestingly, two of

these GRBs are “hostless”: GRBs 061201 and 070809. As discussed in Chapter

3 of this thesis, “hostless” GRBs have no clearly identifiable host galaxy down to

deep optical limits. Though this potential evidence for extinction could then be

indicative of an unseen underlying host galaxy, we must add the following caveats.

Though GRB 070809 has βOX = 0.45 ± 0.05, qualifying it as a dark GRB by the

Jakobsson et al. (2004) criterion, the shallow X-ray spectral index of βX = 0.22+0.14
−0.11

means it is not dark according to the definition of van der Horst et al. (2009) where

βOX < βX − 0.5. GRB 061201 does qualify as dark by both criteria and so could be

seen as a genuine dark GRB. The remaining four dark GRBs are 060121, 060313,

070429B and 081226A. These GRBs all reside at a low offset from their host galaxies

and so this could be evidence for extinction. In addition, GRB 060121 is purported

to be at high redshift (z & 4.0) meaning this optical extinction could be due to

Lyman-α absorption (Levan et al., 2006a; de Ugarte Postigo et al., 2006).

For the sample of seventeen X-ray detected SGRBs with optical upper limits

given in Table 4.7 six are potentially dark. Three of these GRBs: GRBs 051210,

100625A and 111117A have known host galaxy candidates within their XRT error

circles (Berger et al., 2007b; Fong et al., 2013; Sakamoto et al., 2013). In addi-
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GRB Filter Mid-time of observation βX βOX
Dark GRB - βOX < 0.5

060121 R 7128 1.28+0.17
−0.16 0.30± 0.03

061201 U 3283 1.19+0.28
−0.26 0.36± 0.13

070809 g′ 40356 0.22+0.14
−0.11 0.45± 0.05

Dark GRB - βOX < βX − 0.5

060313 R 2419 1.21+0.11
−0.11 0.49± 0.06

070429B V 2029 2.0+0.6
−0.6 1.14± 0.10

081226A r′ 4070 2.27+1.24
−0.32 0.98± 0.09

Dark GRB - βOX ≥ 0.5

050709 R 126000 1.24+0.22
−0.22 1.26± 0.06

050724 R 41800 0.67+0.13
−0.12 0.78± 0.02

051221A r′ 11120 1.07+0.12
−0.11 0.76± 0.03

051227 R 41363 1.26+0.32
−0.27 0.70± 0.05

061006 I 53753 1.31+0.40
−0.35 0.73± 0.04

070707 R 388907 2.3+2.2
−0.6 > 0.48

070714B R 85052 0.86+0.23
−0.09 0.91± 0.13

070724A Ks 10195 0.64+0.23
−0.22 0.72± 0.03

071227 R 25104 0.90+0.30
−0.22 0.92± 0.06

080503 g 4247 1.53+0.26
−0.12 1.5± 0.12

080905A R 52806 0.53+0.18
−0.17 > 0.71

090305A r′ 2014 - 0.72

090426 V 7048 1.04+0.09
−0.09 0.86± 0.04

090510 r′ 22299 0.75+0.07
−0.07 1.00± 0.06

090515 R 7911 1.53+0.77
−0.27 < 4.8

091109B R 21694 1.06+0.34
−0.26 0.60± 0.04

100117A r′ 15480 1.61+0.32
−0.25 > 1.2

110112A i′ 55560 1.17+0.25
−0.10 0.97± 0.03

Table 4.6: Table of βOX for the optically detected SGRB sample. The βX values are taken
from Evans et al. (2009a) where we have used, in order of preference: PC mode LT (Late
Time) and PC mode TA (Time Averaged) values. The only exception to this choice is if
the errors on the late time values are significantly higher than for the time averaged values,
in which case we use the value with smaller error. All errors are at the 1σ level.
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GRB Filter Mid-time of observation βX βOX Refs

Dark GRB - βOX < 0.5

100625A I 992 1.40+0.40
−0.15 > 0.48 [1]

100702A J 364 1.5+0.44
−0.3 > 0.35 [2]

111117A u 262 1.2+0.25
−0.3 > 0.44 [3]

Dark GRB - βOX < βX − 0.5

051210 R 63 2.1+0.4
−0.3 > 0.88 [4]

080919 Ks 699 1.9+0.6
−0.4 > 0.93 [2]

090621B R 3180 2.7+0.7
−1.0 > 1.05 [5]

Dark GRB - βOX ≥ 0.5

050509B r′ 7797 0.88+0.64
−0.34 > 0.83 [6]

060801 v 373 0.68+0.12
−0.11 > 0.50 [7]

061210 u 254800 1.86+1.26
−0.61 > 1.08 [8]

070714A v 867 1.2+0.3
−0.2 > 0.80 [9]

080123 UVW2 7379 1.6+0.5
−0.4 > 1.02 [10]

080426 I 27000 0.8+0.3
−0.3 > 0.98 [11]

080702A v 379 1.0+0.4
−0.4 > 0.98 [12]

081024A R 135 0.7+0.4
−0.3 > 1.24 [13]

101219A u 404 0.53+0.16
−0.15 > 0.61 [14]

111020A J 66712 0.8+0.31
−0.3 > 0.57 [15]

111121A UVW2 750 0.88+0.14
−0.13 > 0.84 [16]

Table 4.7: Table of βOX for a sample of twelve X-ray detected SGRBs. This includes
SGRBs where the X-ray lightcurve best fit can be determined and excludes any SGRBs
with only an upper limit on the X-ray decay. As for table 4.6 the βX values are taken
from Evans et al. (2009a). All errors are at the 1σ level. References: [1] Suzuki et al.
(2010) [2] Nicuesa Guelbenzu et al. (2012b) [3] Oates and Mangano (2011) [4] Jelinek et al.
(2005) [5] Galeev et al. (2009) [6] Bloom et al. (2006) [7] Brown and Racusin (2006) [8]
Cucchiara et al. (2006) [9] Chester and Grupe (2007) [10] Cucchiara and Ukwatta (2008)
[11] de Ugarte Postigo et al. (2008) [12] de Pasquale (2008) [13] Melandri et al. (2008) [14]
Kuin and Gelbord (2010) [15] Tunnicliffe et al. (2014) [16] Kuin et al. (2011)
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Figure 4.6: The upper plot shows the X-ray flux plotted against optical (black)/infra-
red (red)/ultra-violet (blue) flux measured for the SGRB afterglows in our sample (the
X-ray flux having been found by interpolating the light curve to the same epoch as the
corresponding UV/optical/IR observation). In addition, the SGRBs X-ray detections and
optical upper limits are shown as open triangles. The lines representing βOX = 0.5 for three
different wavelengths are shown (cf. Jakobsson et al., 2004). From left to right these lines
represent Ks band (red line; ν ∼ 1.39 × 1014Hz), R band (black line; ν ∼ 4.50 × 1014Hz)
and the U band (blue line; ν ∼ 8.18 × 1014Hz). Bursts to the right of these lines in the
corresponding colour are dark. The triangles represent limits on the values. The lower plot
shows the spectral indices βX vs βOX . The colours are the same as in the first plot. Here
the line representing βOX = βX − 0.5 is shown (c.f. van de Horst et al, 2009). Any GRBs
which fall into the dark regime on either plot are labelled.
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tion, the subarcsecond localisation with the Chandra telescope for GRB 111117A

(Sakamoto et al., 2013) shows that this GRB is at a low offset from its host galaxy.

Although no host galaxy has yet been identified for the remaining three GRBs ex-

tensive investigation at the position of the GRB and in the surrounding regions has

not been undertaken. Hence, for all GRBs in the sample the sub-luminous optical

upper limit could be evidence for extinction, as for the optically localised sample.

Overall, for the sample of 36 GRBs (24 with optical detections and 12 with optical

upper limits) 30% are potentially dark GRBs.

4.2.5 Constraints on associated kilonova

Many models of NS-NS and NS-BH mergers, the models often proposed as the

progenitors of SGRBs, predict that, as well as the GRB and its subsequent afterglow,

there should also be associated thermal emission. This emission is powered by the

radioactive decay of heavy elements produced by the r-process within strong winds

from the accretion disc (e.g. Li and Paczyński 1998; Kulkarni 2005; Metzger et al.

2008, 2010; Metzger and Berger 2012) or within a tidal tail from the merger itself

(Kasen et al., 2013; Barnes and Kasen, 2013). Low ejected mass means that the

lightcurve will be dimmer and faster evolving than a typical supernova and hence is

often termed a kilonova (Metzger and Berger, 2012).

Metzger and Berger (2012) state that for typical values of ejecta masses

Mej = 10−2M� the associated kilonova would peak at a visual magnitude of MV =

−15 in the rest frame, reaching maximum light around 1 day after the merger and

initial GRB emission. However, Barnes and Kasen (2013) suggest that the high

opacity from the r-process elements will cause line blanketing in the optical, peaking

at MR = −13, with most of the emission in the infra-red. This opacity also produces

a broader bolometric lightcurve peaking over longer timescales (a few days to a week)

(Kasen et al., 2013; Barnes and Kasen, 2013).

Within the sample of SGRBs investigated here we have looked for any ev-

idence of a kilonova by searching for a rise from 0.5 − 5 days post-GRB. There is

no clear indication for additional thermal emission within the optical lightcurves

and we can thus use our fits to place upper limits on any kilonova emission. When

the optical lightcurve spans the peak of the kilonova emission, around 1 day in the

rest frame, we can use our lightcurve fits to interpolate and to place consistent con-

straints around this time period. For many GRBs, however, the optical lightcurve

is not detected over this time period and in these cases we have used the most

constraining detection or upper limit. These values are given in Table 4.8.

Since the kilonova emission should be quasi-thermal, to calculate the upper
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limits given in Table 4.8 we have used a blackbody spectrum at T = 10000K to

extrapolate the limit from the lightcurve to the V band in the rest frame (Metzger

and Berger, 2012). Where the redshift is not known we use z = 0.5 as a typical

redshift for a SGRB (e.g. Kann et al. 2011). We also only consider detections and

upper limits after 0.25 days (based on limits of Barnes and Kasen 2013) in the rest

frame since, depending on the initial ejecta mass and velocity, high opacity before

this time would mean we would not expect to detect the emission and limits cannot

be placed.

To explore the full parameter space we plotted the GRB lightcurves in the

r′ band rest frame (as before assuming z = 0.5 when no redshift is available) and

compared them to the the optical kilonova lightcurves adapted from Metzger and

Berger (2012) and Barnes and Kasen (2013).

Figure 4.7 demonstrates that in the majority of cases at the peak time of the

kilonova the optical emission is still dominated by the afterglow. However, there

are seven good examples of the lightcurve constraining the brightest kilonova which

are labelled in the figure. The most constraining limit placed on a kilonova is by

GRB 080905A. In this case any associated kilonova emission would be a factor of

∼ 43 times less luminous in the r′ band than the brightest kilonova limit and ∼ 4

times fainter than predicted in the standard scenario both from Metzger and Berger

(2012). Interestingly, even the deep constraint from GRB 080905A is consistent with

the fainter R band lightcurve predicted by Barnes and Kasen (2013). This suggests

the contribution of higher opacity from r-process elements may be significant and it

may be prudent to conduct future kilonova searches in the infra-red.

4.2.6 Constraints on supernova

For this sample selection we have utilised the oft-used two second divide first pro-

posed by Kouveliotou et al. (1993) in relation to the BATSE instrument on board

the CGRO telescope. However, this division is based on the spectral response of

BATSE which is considerably harder than the BAT instrument on the Swift satel-

lite. Using the duration distribution of GRBs detected by Swift, Bromberg et al.

(2013) have proposed a Collapsar - non-Collapsar split based on a flattening in the

distribution at short times. They propose that this flattening is due to the minimum

time for the jet created by accretion onto the black hole at the centre of the massive

collapsed star to break out of the stellar envelope. It should be noted that this

non-collapsar - collapsar model for the GRB population does not take account of

the proto-magnetar model, which may be the progenitor of a significant proportion

of LGRBs (Metzger et al., 2011; Dessart et al., 2012). However, the proto-magentar
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GRB z Time (rest frame) Upper limit on MV νLν
(days) (AB) (1042 erg s−1)

Extrapolated fits to 1 day

GRB 050709 0.1606 1.000 −16.6 1.09
GRB 050724 0.257 1.000 −17.8 3.23

GRB 051221A 0.5464 1.000 −18.7 7.49
GRB 060313 (0.5) 1.000 −18.4 5.63
GRB 070707 (0.5) 1.000 −17.9 3.56

GRB 070714B 0.9224 1.000 −18.4 5.32
GRB 080503 (0.5) 1.000 −16.7 1.12
GRB 090426 2.609 1.000 −22.0 158

Most constraining upper limits or detections

GRB 051227 (0.5) 1.458 < −16.1 < 0.466
GRB 060121 1.7 13.33 < −17.4 < 2.28

4.1 0.951 < −23.3 < 481
GRB 061006 0.4377 1.331 < −18.2 < 4.46
GRB 061201 (0.5) 2.261 < −17.6 < 2.65

GRB 070429B 0.9023 0.663 < −20.0 < 23.5
GRB 070724A 0.4571 0.636 < −16.5 < 0.976
GRB 070809 (0.5) 0.976 < −16.6 < 1.06
GRB 071227 0.381 2.441 < −17.2 < 1.78

GRB 080905A 0.1218 1.355 < −13.5 < 0.0601
GRB 081226A (0.5) 18.83 < −16.1 < 0.672
GRB 090305A (0.5) 6.019 < −16.2 < 0.748
GRB 090510 0.903 - - -
GRB 090515 (0.5) 0.694 −15.3 0.324

GRB 091109B (0.5) 0.881 < −16.0 < 0.630
GRB 100117A 0.915 - - -
GRB 110112A (0.5) 0.429 −18.9 8.63

Table 4.8: The limits on a kilonova detection in the V band for all GRBs in the sample.
The peak brightness time for the most common kilonova is taken as 1 day in the rest frame.
For those GRBs with data covering this time period the lightcurve fit is used to interpolate
the V band absolute magnitude at that time. When the data does not extend to 1 day we
used the most constraining upper limits or detections closest to this time to put an upper
limit on a kilonova detection. An early time cutoff of 0.25 days in the rest frame has been
applied as it is likely that little emission will escape before this time due to the opacity of
the ejecta. For GRBs 090510 and 100117A no data is available after this cutoff and hence
no upper limit has been given. When the redshift is unknown z = 0.5 is used as a common
SGRB redshift.
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Figure 4.7: The fits to the lightcurves of the GRBs in the sample in the rest frame. To
show the typical expected brightness of a kilonova in the r′ band we have also plotted
the kilonova limits adapted from Metzger and Berger (2012) (grey, solid lines) and from
Barnes and Kasen (2013) (grey, dashed line). The limits from Metzger and Berger (2012)
represent a range of plausible kilonova models spanning the expected range of ejecta mass
(Mej ∼ 10−3 − 0.1M�) and velocity (β ≈ 0.1 − 0.3) based on the work of Metzger et al.
(2010). The limits from Barnes and Kasen (2013), adapted from the R band, are calculated
with ejecta mass Mej = 10−2M� and velocity β = 0.1 and include additional opacity from r-
process elements (particularly the lanthanides) dimming the R band lightcurve and causing
reddening to the infra-red (see also Kasen et al. 2013) The GRB lightcurves are also shown
and are colour coded in the same way as Figure 4.2. The lightcurves of GRBs with known
redshifts are shown as solid lines and upper limits as dashed lines. Where the redshift is
unknown z = 0.5 has been used and these lightcurves are shown as dotted lines for the fits
and dot-dash lines for upper limits. To scale to the rest frame r′ band we have used the beta
values from Table 4.2. Seven GRBs are reasonably constraining of the brightest kilonova
but only GRB 080905A places a deeper constraint on the presence of a greater range of
possible kilonova lightcurves. None of the lightcurves reach the limit placed by Barnes and
Kasen (2013).
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model is still subject to the same constraints placed on the collapsar model at short

durations since the GRB still have to emerge from within a stellar envelope. Hence,

we would expect the contribution of this population to be more significant at longer

durations and the fit to any plateau based on minimum time constraints for any

GRBs from stellar collapse should not be strongly skewed. Based on the fit to the

plateau, Bromberg et al. (2013) calculate the probability of an object at a given

duration being a non-collapsar, fNC , and using fNC = 0.5 place a division at 0.8 s.

They also suggest that 40% of GRBs with durations below 2 s are collapsars. In

order to investigate this claim we divided the GRB sample into those above and

below T90 = 0.8 s (or, for those with extended emission, T90(IPC) ≥ 0.8 s) and

searched for the presence of a supernova. In our sample nine GRBs are above this

new proposed duration threshold (given in Table 4.9). We did not detect any char-

acteristic rise in the lightcurves suggestive of supernova emission and so we can use

our data to place constraints.

All limits have been scaled to the rest frame R band using spectra available

for SN 1998bw (Patat et al., 2001).4 As shown in Patat et al. (2001) there is clear

spectral evolution over the course of the supernova and hence we attempted to

match the spectrum used to the time of of the upper limits as closely as possible

and where the spectral range of the available spectra allowed. As for section 4.2.5

where the redshift is not known we use z = 0.5. Limits on the R band absolute

magnitudes are given in Table 4.9. We also include the fNC values individually

calculated by Bromberg et al. (2013) for all traditional short GRBs in the sample

using, where possible, both the duration and spectral hardness information. Due

to ambiguity in the duration of GRBs with extended emission no probabilities were

given. Figure 4.8 show the rest frame R band supernova constraints along with the

R band lightcurve of SN 1998bw from Galama et al. (1998). We also include the

lightcurve for SN 2002ap which was a SN 1998bw-like event but represents the faint

end possible for these types of supernova (Gal-Yam et al., 2002).

4Data obtained using the The Online Supernova Spectrum Database (SUSPECT) available at
http://suspect.nhn.ou.edu
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In figure 4.8 six out of the twelve GRBs with known redshift are constraining

of a hypernova event such as SN 1998bw and five of these GRBs discount fainter

associated supernovae such as SN 2002ap. Cano (2013) finds that most LGRB-

associated SN have luminosities equivalent to SN 1998bw with scatter of ∼ 0.5 ×
LSN 1998bw and hence these limits are constraining of the majority of measured

collapsar supernovae. The limit of GRB 050709 is particularly strong, due to follow-

up with the ACS instrument on the Hubble Space Telescope (HST). Of the five

GRBs above the proposed duration split with a well-constrained redshift three of

these events constrain a SN 1998bw-like event and perhaps in two cases a fainter

such event. The limit of GRB 080905A very strongly constrains the non-detection

of an associated supernova ∼ 200 times fainter than SN 1998bw (in line with the

limit reported by Rowlinson et al. 2010a) and is comparable to the limits placed on

long GRBs 060505 and 060614 which occured at low redshift (Fynbo et al., 2006).

Setting unknown redshifts in our sample to z = 0.5, we find that 15 of the 24

GRBs constrain a bright associated supernova, allowing for a maximum of 38% of the

sample being associated with collapsar events. If we also use the fNC values for the

sample, where these values are available (19 GRBs, excluding GRBs with extended

emission) and assuming all GRBs with fNC > 0.5 are non-collapsar objects, we find

a maximum collapsar percentage of 21%. However, though a redshift of z = 0.5

is suitable for a typical SGRB event if the GRBs are collapsars then for GRBs

with unknown redshift this assumption would be incorrect and we would expect

the redshift to be higher (< z >∼ 2.2; Jakobsson et al. 2012), severely weakening

the supernova constraints. Hence to check that the validity of this constraint we

consider the limited sample of GRBs with measured redshift and fNC values, finding

the maximum percentage of GRBs which could have associated supernovae to be

22% (7/9 events likely to be non-collapsar objects), consistent with the number

inferred above. This suggests that the 37% collapsar contamination suggested by

the fNC values in our sample is too high, with supernova constraints on three of

the GRBs below the fNC < 0.5 threshold. Of these three GRBs, in particular,

GRBs 051221A and 070724A have a well-constrained redshift and the latter also

has a strong supernova constraint. Also comparing, for example, the positions of

the SGRBs within their host galaxies, a sample defined as T90 < 2 s is clearly distinct

from a LGRB sample (Fong et al., 2010). As we will discuss in Chapter 5, this same

distribution containing only GRBs with 0.8 s < T90 ≤ 2.0 s is still distinct from the

LGRB sample, also suggesting the level of contamination is perhaps not as high as

proposed. However, it should be noted that since this sample is optically localised

it does not include a large proportion of GRBs and is not necessarily representative
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Figure 4.8: The limits placed on any associated supernova in the rest frame V band either
with upper limits (triangles) or when no supernova was seen in the detections (squares).
Closed and open symbols represent known and unknown redshift, with unknown redshift
set to z = 0.5. The subset of GRBs with T90 (or T90(IPC)) above and below the 0.8 s
division are shown as red and black points respectively. For comparison we plot the V band
lightcurve of SN 1998bw, which accompanied GRB 980425 and the lightcurve of SN 2002ap.
The lightcurve for SN 1998bw peaked around 16 days (post GRB trigger) with an absolute
magnitude of MV = −19.35 ± 0.05. SN 2002ap reached an absolute magnitude of −17.7.
Since this supernova did not accompany a GRB but is SN 1998bw-like, the offset time used
from the GRB was estimated to be the same as for SN 1998bw. We also include the upper
limits (blue triangles) for low redshift SN-less LGRBs 060505 and 060614 (Fynbo et al.,
2006). These limits are clearly deeper than the majority of GRBs in this sample but are
comparable to the limit of GRB 080905A and not as deep as for GRB 050709.
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of the whole SGRB sample.

4.3 Conclusions

We have investigated a sample of 24 SGRBs combining those with and without

extended emission. Using fitted SEDs, where possible, and extrapolating an optical

slope from the X-ray slope where not, we have combined all the optical data into

an extrapolated R band lightcurve for each short GRB. In some cases due to either

a clear evolution of the βO slope, or no improvement in the overall lightcurve by

combining the data we have investigated single band lightcurves instead. There is

great diversity in the optical lightcurve slopes with many containing breaks. Except

for GRBs 050724 and 080503, which show flaring activity and rising behaviour

respectively, the optical lightcurves are all reasonably well fit with a set of power

laws.

We find an achromatic break in the lightcurve of GRB 060313 between the

optical and X-ray lightcurves. However the change in slope in the optical lightcurve

is particularly steep, making it unlikely that this is a jet break. In the lightcurve of

GRB 090426 though there is a consistent break between optical bands, in particular

r′ and g′ there is no significant evidence for a break in the X-ray lightcurve, though

this lightcurve does not extend far beyond the optical break, making it difficult to

constrain. Overall, we do not find significant evidence of a jet break in any of the

lightcurves of our sample, though in six cases the X-ray data does not overlap with

the optical break.

Adding a sample of SGRBs with optical upper limits to the sample with

optical detections, 12/36 SGRBs show evidence for suppression of optical emission

from comparison of their flux with available X-ray data. Interestingly, within this

sample are two GRBs with no clear host galaxy down to deep optical limits (“host-

less” GRBs). The remaining optically detected SGRBs are embedded within their

host galaxies and in the case of GRB 060121 this optical suppression may be an

indication of high redshift.

Using the optical detections or limits interpolated to or closest to 1 day after

the GRB we can constrain the presence of thermal emission from an NS-NS or NS-

BH merger (kilonova). Looking at the fitted lightcurves for the GRBs in our sample

and comparing with the canonical kilonova brightness in the optical from Metzger

and Berger (2012), in seven cases (assuming a redshift of z = 0.5 for three) we can

constrain a optically bright associated kilonova. In the case of GRB 080905A any

associated thermal emission must be ∼ 43 times fainter than the brightest kilonova
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and ∼ 4 times fainter than the standard scenario. Detecting this emission is difficult

due to the lightcurve still being dominated by the afterglow for many SGRBs at the

peak brightness of the kilonova.

Within the sample we also placed constraints on associated supernova, paying

attention in particular to GRBs with T90 > 0.8 s, ostensibly a more suitable duration

division for SGRBs detected by Swift. We did this by looking at the late time upper

limits (and sometimes detections) around 17 days after the GRB. For the five GRBs

in this subsample with measured redshifts (of nine GRBs in total), the limits on

three of these events constrain a SN1998bw like transient, with the deepest limit in

this subsample coming from GRB 080905A of > 100 times fainter than SN 1998bw,

which is comparable to the deep limits of GRB 060614 and GRB 060505 (Fynbo

et al., 2006). For the sample of GRBs with known redshift, ostensibly, combining

our supernova limits with the probabilities of a GRB being a non-collapsar object,

fNC , we find a maximum of 22% of the GRBs could have been collapsar objects.
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Chapter 5

Classification of γ-ray bursts: a

population study and the case

of GRB 100816A

5.1 Introduction

As has been discussed extensively throughout this thesis, gamma-ray bursts can be

nominally split into two categories of long and short GRBs. The importance of this

distinction lies in the fact that these populations have disparate progenitors and

are not simply the manifestation of the same physical process. In chapters 3 and

4, samples of SGRBs have been collated utilising the often-used 2.0 s duration divi-

sion between the classes, based on the original GRB sample observed by BATSE.

However, overlap between the classes means consideration of other properties; the

spectral hardness, lag (Norris and Bonnell, 2006) and the nature of the GRB host

galaxy can also be important for classification (e.g. Levan et al. 2007). In addition,

as was also discussed in chapter 4, based on the Swift data, which has a softer spec-

tral response than BATSE had, Bromberg et al. (2013) have suggested a duration

split at 0.8 s would be more appropriate for Swift SGRBs (see also (Bromberg et al.,

2011)).

The importance of correctly classifying GRBs is twofold; firstly the true du-

ration distribution of a class provides a direct handle on the lifetime of the central

engine within the progenitor, and hence on the progenitor itself. Secondly, an ob-

servational selection effect is that longer lasting bursts tend to yield high fluences,

and a greater chance of detailed study (e.g. Gehrels et al. 2009; Nysewander et al.

2009). Hence, the key task of unveiling the progenitors of SGRBs may be much
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easier if we can isolate both a clean sample, and one of moderate size.

In addition to the main progenitor classes (collapsars and compact object

mergers) often associated with short and long GRBs we may expect to see some

contribution from other events capable of producing GRB-like transients such as

giant flares from magnetars within local galaxies (Tanvir et al., 2005; Levan et al.,

2006b), massive white dwarf - neutron star or black hole mergers (Fryer et al.,

1999b; King et al., 2007) producing longer lived objects (> 100 s) (Thompson et al.,

2009) or even the end point in the lives of hydrogen-rich supergiants as opposed

to the hydrogen-stripped Wolf-Rayet progenitors for traditional collapsars (Levan

et al., 2013). The observed diversity within the GRB population may suggest this

is already the case with some individual outliers having properties deviating from

both expectations and other, similar, events. Within the Swift sample GRBs 060614

and 060505 (Della Valle et al., 2006; Fynbo et al., 2006; Gehrels et al., 2006) are

two examples of ostensibly long GRBs (i.e. T90 > 2.0 s) but with no accompa-

nying supernova to deep limits, perhaps suggesting collapsar objects accompanied

by particularly weak supernova (from a small 56Ni yield, maybe due fall-back BH

formation rather than direct collapse) (Fryer et al., 2006; Tominaga et al., 2007;

Kochanek et al., 2008), examples of mis-classified short GRBs (Xu et al., 2009)

or a different progenitor entirely. Clearly the wealth of potential progenitors for

gamma-ray bursts means that some proportion of the population may not fit into a

two-category designation.

Looking at the duration distribution of GRBs from multiple GRB telescopes,

there are suggestions of a third group of GRBs of intermediate duration, and spectra

typically softer than both long and short GRBs (Horváth, 1998; Horváth et al.,

2008; Ř́ıpa et al., 2009; Horváth, 2009). This putative third group contributes a

much smaller fraction of the total population than either long or short bursts, but

its contribution could be significant around the notional two second divide. This

is especially true for bursts detected by Swift, since its energy response relative to

BATSE means it tends to detect bursts with a rather softer spectral shape. In

essence this can dramatically change the selection function of different burst types.

Isolation of individual intermediate GRBs has been attempted by de Ugarte

Postigo et al. (2011), exploring the multi-dimensional parameters space of bursts

with intermediate duration to assess if any obvious differences emerge relative to

the expected properties of LGRBs and SGRBs. de Ugarte Postigo et al. (2011)

conclude that, within their sample, the majority of such bursts are consistent with

lying within either of the classical long or short populations (the majority within

the long group).
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Hence, the issue of classification is a complex one. In this chapter we attempt

to probe this issue by considering a sample of GRBs split using a set of duration

cuts. We consider, in particular, the region around the two second divide looking at

“short” GRBs both below 0.8 and 2.0 seconds and GRBs of intermediate duration

up to 10.0 seconds. For these samples we look at:

• The prompt emission properties. Looking at the Epeak-Eiso relation followed

by long but not by short GRBs (Amati et al., 2002).

• The X-ray and R-band afterglow properties sampled at a given time in the

rest frame.

• The environment within the host galaxy.

Into this mix we also consider the particular case of GRB 100816A, a hard

burst of intermediate duration (3 s) with good γ-ray, X-ray and optical followup. We

locate the burst well offset from a bright galaxy at z = 0.8, and discuss the nature

of the burst in comparison with the populations of both long, short and potentially

intermediate GRBs. We place constraints on any accompanying supernova at the

burst position and find the emission would have to be ∼ 3 times fainter than a

hypernova such as SN1998bw. Within the context of the population as a whole,

the afterglow and environment properties of GRB 100816A align it with the SGRB

population. However, looking at its prompt emission it is consistent with the Eiso-

Epeak relation normally only seen for LGRBs. If GRB 100816A is a short GRB

then not only does it add another well-studied example to the SGRB sample but

also represents the first measured absorption redshift within an afterglow spectrum,

providing confirmation of the redshift rather than relying on the association of an

SGRB with its host galaxy. It is unlikely that this GRB is associated with a collapsar

event due to its lack of coincident supernova and its position within its host galaxy.

Though, we see a trend of more collapsar contamination as we look at GRBs

with increasing T90, the case of GRB 100816A, a hard GRB at the long end of

the short distribution, also demonstrates that there are still objects which do not

fit the simple divide between short and long GRBs. Overall, comparing factors

beyond simple hardness and duration, we do not find any strong evidence for a

distinct third population sitting near the two second divide, but it also likely that

any population at this duration has a contribution too small compared to the short

and long populations to identify its unique properties.

106



5.2 GRB 100816A: Observations and Analysis

5.2.1 High energy observations

GRB 100816A was first detected by Swift at 00:37:51 on 16 August 2010 (Oates et al.,

2010), and was also recorded by both Fermi (Fitzpatrick, 2010a,b) and Konus-Wind

(Golenetskii et al., 2010). Its duration was T90 = 2.9 ± 0.6 s in the 15 − 150 keV

band. Fermi measured the duration as 2.04±0.23 s in the 50−300 keV band, closer

to the BATSE spectral energy range for which the T90 = 2.0 s division was first

measured, though Bromberg et al. (2013) suggest the SGRB split for Fermi should

be placed at 1.7 s. For both duration measures, GRB 100816A sits near the short-

long GRB T90 boundary. In addition, the burst is spectrally hard, with a best fit

peak energy of Ep = 170.7± 79.7 keV, based on the Swift observations (Markwardt

et al., 2010), consistent with those obtained by Konus-Wind (Ep = 148+41
−26 keV) and

Fermi (Ep = 146.30 ± 3.44 keV). In addition, looking at the difference in photon

arrival times for different BAT bands, GRB 100816A has a small lag measurement

of 10 ± 25 ms in the (100-350) - (25-50) keV range (Norris et al., 2010a). Its total

fluence of (2± 0.1)× 10−6 ergs cm−2 places it at the bright end of the Swift SGRB

fluence distribution, and central in the distribution for LGRBs.

5.2.2 XRT and UVOT observations

A prompt slew of the telescope yielded detections with both the X-ray and Ultraviolet-

Optical Telescopes (XRT and UVOT). The XRT starting observing 89 s after the

BAT trigger, obtaining 4.4 ks of data. We downloaded the pre-reduced XRT lightcurve

and fit the data (Evans et al., 2007).1 Looking at the X-ray data from 200 s onwards,

at the end of the flaring activity, we fitted the lightcurve with a power law with slope

αX = 1.08+0.03
−0.03. Fitting a broken power law with a break around 800 s does improve

the fit but an F-test value of 12.6% shows this is not strongly significant. This is

shown in Figure 5.1.

The XRT early time spectrum formed from Window Timing (WT) mode

data can be fit with an absorbed power-law spectrum with photon index 2.16+0.22
−0.21,

consistent with the index of the later time spectrum from Photon Counting (PC)

mode data (Littlejohns and Oates, 2010). The best fitting absorption column of

1.4+0.5
−0.4 × 1021 cm−2 is in excess of the Galactic value of 4.5 × 1020 cm−2 (Kalberla

et al., 2005). Using the detected Gemini points described in section 5.2.3 we mea-

sured the optical to X-ray slope of βOX ∼ 0.57, consistent with the canonical GRB

1From the XRT repository available online at http://www.swift.ac.uk/xrt curves/
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afterglow model (Sari et al., 1998).

The UVOT started observing the GRB position 91 s after the BAT trig-

ger. The optical afterglow was detected with high significance in the white and

U band filters and marginally in V , B and UVW1 (Oates et al., 2010). In order

to characterise the decay of the lightcurve measured by UVOT we downloaded the

pre-reduced UVOT data.2 Using the HEASOFT UVOT data analysis tools to both

detect objects in the field (using SExtractor) and calibrate them, we extracted the

two U band epochs where the source was detected, details in Table 5.1, finding a

power law index of αU = 1.09± 0.12.

5.2.3 Optical observations

We observed the afterglow of GRB 100816A with the GMOS instrument on the

Gemini North telescope, beginning at 11:34 UT, approximately 11 hours after the

burst. The afterglow was well detected, as was the apparent host galaxy (Tanvir

et al., 2010b). A log of our Gemini observations is given in Table 5.1 and the finding

chart is shown in Figure 5.2.

Spectroscopic data were reduced in the standard fashion using the Gemini

IRAF packages to create a flattened, cosmic-ray cleaned and wavelength calibrated

spectrum covering the wavelength range 4000–6700Å. The resulting data are of low

signal to noise, but the trace from both afterglow and host galaxy can be seen within

the spectrum. Within the afterglow spectrum we see signatures of MgII (2797/2803

Å) and FeII (2600Å), at a common redshift of z = 0.8035, which matches the

redshift obtained from emission lines from the X-shooter spectrograph on the Very

Large Telescope (VLT) (Tanvir et al., 2010b) and we adopt it as the redshift of

GRB 100816A.

In addition to our spectroscopic observations we also obtained imaging obser-

vations in the r′ and i′ band over several epochs (see Table 5.1). This photometric

data was reduced using the Gemini IRAF packages to produce bias subtracted, flat-

field corrected images. The afterglow is clearly detected in our early epochs, but no

source is seen in difference imaging between the final two epochs as can be seen in

Figure 5.3. To assess the depth of this subtraction we populated the images with

artificial stars with a PSF matched to that of isolated objects within the field, and

subsequently attempted to recover these in new subtractions. Though the depth

of the subtraction image is measured as r′(AB) > 25.85, both epochs involved in

2From http://www.swift.ac.uk/swift portal/
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Figure 5.1: The X-ray and optical lightcurve of GRB 100816A. The X-ray lightcurve is
shown with black points with open squares and crosses respectively for points measured
in Window Timing (WT) and Photon Counting (PC) modes. The lightcurve shows early
time flaring superimposed on a power law. Fitting the data from 200 s onwards yields a
best fit single power law with αX = 1.08+0.03

−0.03. The black, broken line shows this power
law extended to earlier times. The GMOS r′ and i′ band afterglow measurements are also
shown as red triangles and magenta squares. The best fit power law is shown for the r′

of αr = 1.19 (solid line), with the contribution a supernova with the shape and magnitude
of SN1998bw would make to the lightcurve (dotted line) and the lightcurve produced from
the combination of the two (dotted line). The constraint on any accompanying supernova
was placed from subtraction between the epochs at 6.6 and 19.5 days. At these epochs the
contribution of any SN is non-negligible and hence the limit has been scaled based on the
difference in contributions between the epochs. The upper limit on the i′ band decays faster
than −0.67. Assuming the same power law slope for the i′ band as the r′ band the limit
placed on any accompanying SN must be . 1.9 times (r′ band) and . 3.4 times (i′ band)
fainter than a SN1998bw-like hypernova. The TNG r′ band point, scaled from R band, is
also shown (red, filled circle) and is consistent with the fit to the r′ band GMOS points.
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the subtraction could have contributions from any underlying supernova (as can be

seen in Figure 5.1). Using the difference between the combined afterglow and su-

pernova fluxes for a SN1998bw-like transient we can scale the measured depth and

place a limit on any underlying supernova at 19.5 days of r′(AB) > 25.4 and and

i′(AB) > 25.3, ∼ 1.9 times and ∼ 3.4 times fainter than SN1998bw respectively.

In addition, this limit is also fainter than the vast majority of supernova associated

with GRBs (Hjorth and Bloom, 2011; Cano, 2013).

Along with the X-ray and UVOT U band lightcurves, the i′ and r′ band

optical lightcurves for GRB 100816A are shown in Figure 5.1. To compare with our

Gemini r′ lightcurve we also plot the measured TNG LRS afterglow point measured

at earlier times, calibrated from SDSS stars in the field.3 The host-afterglow complex

was not resolved in the TNG images and so a host contribution was subtracted using

measured magnitudes from the Gemini imagery. The TNG image was also in the

R band and so was scaled to the appropriate r′ band using a power law SED and

a representative spectral slope based on the canonical afterglow model (Achterberg

et al., 2001) of −0.6 from Kann et al. (2011). The TNG point is consistent with our

Gemini r′ band measured slope. The best fit r′ band slope is αr = 1.19± 0.15 and

an upper limit can be placed on the i′ band slope of αi > 0.67. In addition to the

afterglow we also show the lightcurves combined with the contribution we would see

for a supernova with the magnitude and shape of SN 1998bw at z = 0.8035 (Galama

et al., 1998). The SN lightcurve has been scaled to the r′ and i′ bands using the

appropriate spectra closest to the measured time period from Patat et al. (2001).4

Host galaxy

Our X-shooter spectroscopy of the host galaxy shows emission lines of Hα, Hβ, OII

(3727 Å), NII (6548/6583 Å) and OIII (5007 Å) and the H and K absorption lines

of CaII identified at redshifts z = 0.8034 and z = 0.8049 (Tanvir et al., 2010b). This

is possibly indicative of either an interacting system or velocity components within

the galaxy itself (Tanvir et al., 2010b).

The presence of emission lines in the spectra tells us that it is actively star

forming. Considering the late time Gemini imaging in the r′ and i′ bands we measure

a galaxy magnitude of r′ = 22.44± 0.02 and i′ = 21.41± 0.01. At z = 0.8035 these

bands span the Balmer break, the relative strength of which can inform us about

the age of the stellar population, with older populations displaying a stronger break.

3Available from the TNG public archive at http://ia2.oats.inaf.it/index.php/tngarchive/tng
4Making use of the SUSPECT SN spectrum archive available at http://bruford.nhn.ou.edu/ sus-

pect/index1.html
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Figure 5.2: The finding chart for GRB 100816A. These images were taken by the GMOS
instrument on the Gemini North telescope in the r′ band. The afterglow (AG) was detected
on the north side of its host galaxy (HG), indicated in the first panel. The third panel shows
the reference epoch of observation which was the deepest exposure at ∼ 6.6 days after the
GRB. This image was used as the reference when subtracting from the other epochs to both
measure the afterglow magnitude and to place limits on any associated supernova emission.
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Figure 5.3: Two sets of subtraction images for GRB 100816A. As for Figure 5.2 these
images were taken in the r′ band by the GMOS instrument. The top line shows the the
subtraction of the second epoch image (at ∼ 1.4 days) along with the reference image (at ∼
6.6 days). The top right panel (final in the sequence) shows the residual from this subtraction
from which we can measure the magnitude of the afterglow. The bottom line of images shows
the result to the subtraction used to place a constraint on any associated supernova. The
series shows the imaging taken at ∼ 19.5 days, when we would expect the supernova to peak,
the same reference image before and the result of the subtraction. No object is present at
the GRB position down to a 3σ limit of r′ > 25.9 in the subtraction image.
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Date Time ∆T (days) Filter / Exposure Mag Object
(midtime) Grism (s)

UVOT observations
2010-08-16 00:43 0.0050347 U 240 18.38± 0.06 Host+AG
2010-08-16 01:54 0.054526 U 190 21.2± 0.30 Host+AG
TNG LRS observation
2010-08-16 03:22 0.11500 R 180 21.3± 0.1 AG
Gemini North GMOS observations
2010-08-16 11:27 0.44653 r′ 120 23.10± 0.06 AG
2010-08-16 11:34 0.47881 B600 4x1000 - -
2010-08-17 10:42 1.42478 r′ 3x180 24.60± 0.17 AG
2010-08-17 10:54 1.43295 i′ 3x180 24.80± 0.16 AG
2010-08-22 14:30 6.58274 r′ 5x120 -
2010-08-22 14:45 6.59291 i′ 5x120 -
2010-09-04 12:02 19.48535 r′ 5x240 > 25.85 -
2010-09-04 12:27 19.50241 i′ 5x240 > 25.91 -

Table 5.1: A log of optical observations of GRB 100816A. All magnitudes quoted here are
in the AB magnitude system and have been corrected for Galactic Extinction of E(B −
V ) = 0.09 (Schlegel et al., 1998). The UVOT magnitudes have not been corrected for the
contribution of the host galaxy but it is expected the afterglow will dominate at this time.
The magnitudes in the Gemini images have been measured using image subtraction with
the images at ∼ 6.6 days in the r′ and i′ bands were used as reference images.

The strength of the break is indicative of either an Sbc or Scd galaxy (based on the

models of Coleman et al. 1980), consistent with the evidence that the host galaxy is

star-forming but also demonstrating that this galaxy is not strongly blue. However,

even though the host galaxy is star-forming, GRB 100816A resides in a faint region,

as can be seen in Figures 5.2 and 5.3. In addition, this is consistent with the HST

infra-red imagery from Fruchter et al. (in prep.) demonstrating that this region is

genuinely faint and not just at a high optical depth due to a large volume of dust.

This shows that GRB 100816A is not strongly associated with the star-formation

within the host itself.

5.3 Discussion

5.3.1 Comparison sample definition

To consider the GRB population as a whole, and to put the properties of GRB 100816A

in context, we consider prompt, afterglow and host properties of a sample of GRBs

split into four duration bins. When we consider duration we use either T90 of the en-

tire prompt emission or, where the structure of the emission is composed of a short,

113



hard spike known as the initial pulse complex (IPC) followed by softer extended

emission, the T90 of the IPC only.

These are set out as follows:

• Set S1: T90 ≤ 0.8 s. This is the split proposed by Bromberg et al. (2013) as

appropriate for the division of SGRBs detected by Swift. This is based on the

point at which the “average” hardness burst has a 50% probability of being a

non-collapsar object, i.e. fNC = 0.5.

• Set S2: 0.8 < T90 ≤ 2.0 s. This encompasses the remainder of GRBs often

classed as short. Defining this duration bin allows us to probe any differences

between this population and that of Set S1.

• Set I: 2.0 < T90 ≤ 10.0 s. This time bin should exclude the majority of the

SGRB population and allows us to probe an intermediate duration.

• Set L: T90 > 10.0 s. This longest time bin encompasses the remainder of the

GRB population, primarily composed of LGRBs.

Within these duration cuts (combining Sets S1 and S2 for SGRBs) we hope

to discriminate between the bulk of the short, intermediate and long samples.

Previous population studies of this sort, especially when considering an in-

termediate population, use more complex definitions based on the two-dimensional

phase space of duration and hardness (see e.g. Horváth 1998; Horváth et al. 2010; de

Ugarte Postigo et al. 2011). These splits are based on multi-variate fits in hardness

and duration, using the combination of three overlapping Gaussian distributions

(Horváth et al., 2010), producing probabilities that each individual GRB belong to

one of the three classes (de Ugarte Postigo et al., 2011).

We choose to use these simpler duration cuts since we do not wish to bias our

results based on those of previous studies. An intermediate class has been claimed

within the population based on duration alone (Horváth, 1998, 2002; Horváth et al.,

2008). In the case of GRB 100816A we wish to determine whether or not this GRB

shares properties with other intermediate GRBs and, since it is harder than the

bulk of the population, we do not wish to exclude any GRBs which may be similar.

We note that some other intermediate samples, where hardness ratio is a factor,

GRB 100816A would lie on the short-intermediate boundary (e.g. de Ugarte Postigo

et al. 2011) but still has enough ambiguity for us to not classify this GRB with any

great certainty before we perform this further analysis.

Except for the sample used in the analysis of section 5.3.4, where we look

at the positions of the GRBs within the host galaxies, each of our samples is a
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subset of all GRBs detected by Swift from its launch to the end of 2011. Though

we require a Swift detection, in some cases we also make use of detections made by

other telescopes, with details highlighted in the text.

5.3.2 Constraints from the prompt emission

Figure 5.4 shows the duration-hardness distribution for the complete sample of Swift

GRBs (up to the end of 2011) with the four duration bins outlined in section 5.3.1

highlighted. We also highlight GRB 100816A, showing that it is particularly hard

for its duration. Figure 5.4 shows that some GRBs within the intermediate duration

bin (Set I) are typically softer than even the GRBs within the long duration bin

(Set L). The mean values, however, are consistent due to the large scatter in the

distributions with < log(HR) >= 0.060 (Set I) and < log(HR) >= 0.11 with

standard deviations, σ, of 0.19 and 0.11 respectively. Additionally, though the two

short duration bins (S1 and S2) clearly contain some harder GRBs compared to long

and intermediate samples the mean hardness ratios for both samples are consistent

with the rest of the population with values of < log(HR) >= 0.23 (σ = 0.15) and

< log(HR) >= 0.15 (σ = 0.14).

However, the cumulative distribution of the hardness ratios for the four du-

ration bins, shown in figure 5.5, demonstrates that Sets S1, I and L are is distinct.

Performing a Kolmogorov Smirnov (KS) test to check the likelihood of two sam-

ples being drawn from the same underlying distribution we find a strong rejection

between Set I and both Sets S1 and L with values of KS = 0.0002 and 0.0004 respec-

tively as well as a very strong rejection between Sets S1 and L (KS = 5.2× 10−7).

However, the KS test values between the hardness ratio of Set S2 and any other

distribution show no rejection of the samples being drawn from the same underlying

distribution with values of KS = 0.16, 0.26 and 0.36 when compared with the S1, I

and L populations.

With a hardness ratio of log(HR) = 0.26, GRB 100816A is clearly an outlier

in the intermediate distribution, more similar to the SGRBs. In addition, we see no

significant spectral lag between the hard and soft photons for GRB 100816A (Norris

et al., 2010a). This fact is also consistent with SGRB behaviour as a positive spectral

lag, where the hard photons arrive before the soft, is sometimes seen for LGRBs but

not for SGRBs (Norris et al., 2000, 2005; Yi et al., 2006).

As well as looking at the population as a whole, Bromberg et al. (2013) also

consider the collapsar distribution as a function of hardness by using the prompt

emission photon index, Γ, to split the sample into soft, intermediate hardness and

hard bins. In the Swift sample, for the GRBs with the hardest spectrum the duration
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Figure 5.4: The Swift duration against hardness ratio for all GRBs in our sample. The
hardness ratio is measured using the fluence from 50 − 100 keV band and the 25 − 50 keV
band both measured by the BAT. The GRBs have been separated into the four durations
bins with sets S1 (green, open circles), S2 (blue, closed squares), L (grey, open squares) and
I (red, closed triangles) as described in the text. In addition, GRB 100816A is highlighted
(black circle) and is clearly among the hardest GRBs of that duration.
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Figure 5.5: The Swift hardness ratio for the four duration bins: Set S1 (green), S2 (blue),
I (red) and L (black). The hardness ratio distribution of Set I is clearly distinct from Set
S1 and L as are Sets S1 and L. The distribution of Set S2, however, is not distinct from any
of the other duration bins.
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at which fNC = 0.5 is T90 = 2.8+1.5
−1.0 s. In addition, for the Fermi sample of hard

GRBs, at T90 = 2.0 s the probability of being a non-collapsar object is as high as

fNC ∼ 0.8. This means that for hard GRBs, any proposed cutoff between collapsar

and non-collapsar objects is at a much higher duration than when considering the

population average. In the case of GRB 100816A, even though, for the average across

the population, its Swift duration does not exclude it as a collapsar object, its Fermi

duration of 2.04 ± 0.23 s and its hard spectral index means, by this measure, the

probability of being a non-collapsar object is very high. This also suggests there

may be additional hard GRBs excluded from most non-collapsar samples due to

their longer duration which, by the measure of Bromberg et al. (2013), would also

have a significant probability of not being a collapsar.

Another property of the prompt emission to consider is the correlation in

the LGRB population between the isotropic equivalent energy, Eiso, and the Epeak

value in the rest frame, Epeak,src (Amati et al., 2002). This has been shown to hold

for intermediate GRBs (de Ugarte Postigo et al., 2011) but SGRBs are clear outliers

(Amati et al., 2002). To look at this relation we considered a sample of GRBs, in

addition to being detected by Swift BAT instrument, detected by the Fermi Gamma-

Ray Burst Monitor (GBM), due to its wide energy coverage (typically 10−1000 keV).

The combination of information from two detectors gives us knowledge of the fluence

and accurate determination of the Epeak(obs) as well as the possibility of a redshift

to determine values in the source frame of the GRB. We also expanded this sample

to include GRBs between 2005 and the launch of the Fermi satelitte (end of 2008)

using Epeak,src and Eiso values from de Ugarte Postigo et al. (2011). This is shown

in Figure 5.6. In our sample we see no distinction between sets S1 and S2 with all

SGRBs being outliers to the distribution. GRB 100816A, though perhaps a little

harder than for the average long GRB, is not distinct from the main bulk of Set L.

It is also, however, among the lowest energy GRBs with its Eiso less than for the

bulk of the LGRB population. Of the small number of intermediate bursts within

the intermediate sample (Set I) all but one follow the Amati relation. The outlier

is GRB 060505, a GRB with no associated supernova to deep limits.

Though Set I is softer on average than Set L, the consistency of the inter-

mediate sample with the Amati relation shows the prompt emission properties in

the rest frame are similar to that of the long population. As a SGRB, it would be

unusual for GRB 100816A to follow the Amati relation but otherwise its prompt

properties are consistent with the SGRB population.
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Figure 5.6: The Eiso vs Epeak(src) distribution for Set L (grey squares and triangles), I
(red triangles), S1 (green circles) and S2 (blue squares). Both Set L and the majority of Set
I follow the Amati relation with both Sets S1 and S2 being clearly distinct. GRB 100816A,
shown as a black circle, is consistent with the long GRB population. All but one of the small
sample of intermediate GRBs follow the Amati relation, the outlier being GRB 060505.
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5.3.3 Constraints from the afterglow

To consider the rest frame X-ray afterglow properties for our sample of GRBs we

looked at the XRT afterglow luminosity measured at 11 hr in the rest frame. The

sample is comprised of all GRBs with an XRT detection up to the end of 2011 with

known redshift, combing samples from Evans et al. (2009a) and the Swift GRB table

available online,5 also making use of the table of measured spectral and temporal

slopes.6 The observed flux could be converted to unabsorbed flux at 11 hr in the rest

frame using the spectral fits available on the Swift XRT details available online with

details of the fitting procedures available in Evans et al. (2007, 2009a).7 Using the

X-ray spectral slope βX the X-ray luminosity was then calculated using Equation

5.1 (Ghisellini et al., 2009).

LX =
4πd2

L

(1 + z)1−βX
fX (5.1)

This equation converts observer frame 0.3 − 10 keV fluxes to rest frame

0.3 − 10 keV luminosities, assuming there is no spectral break between the bands.

Figure 5.7 shows the comparison of the X-ray afterglow luminosity. The mean X-ray

luminosities for our four duration cuts are as follows: < log(LX) >= 42.87 (σ = 0.63,

S1), 43.86 (σ = 0.63, S2), 44.49 (σ = 0.74, I) and 44.67 (σ = 0.86, L). Though de

Ugarte Postigo et al. (2011) found that their sample of intermediate GRBs had a

significantly different distribution of X-ray afterglows than the long GRBs, with the

afterglows generally being fainter both at early (100 s) and later (104 s) times, we

do not find this to be strongly the case in out sample. GRB 100816A itself, as can

be seen in Figure 5.7, is bright compared to the short GRB population but is fairly

typical of the long and intermediate samples.

We have also looked at the R band afterglow Vega magnitude at 1 day in the

rest frame of the GRB after the burst trigger for a sample of GRBs from Kann et al.

(2010) and Kann et al. (2011) with known redshift. These magnitudes have been

extrapolated to a common redshift of z = 1. In Figure 5.8 it can be seen that the

shortest duration bin (S1) is clearly fainter with a mean magnitude R = 24.5± 2.8

compared to long GRBs where R = 19.8±1.6. However, it should be noted that since

this sample requires an optical detection it does not include the sample of LGRBs

which are optically sub-luminous with respect to their X-ray fluxes (Jakobsson et al.,

2004; van der Horst et al., 2009), showing non-detections even sometimes when their

5http://swift.gsfc.nasa.gov/docs/swift/archive/grb table.html/
6Available at http://www.swift.ac.uk/xrt live cat/
7http://www.swift.ac.uk/xrt spectra/
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Figure 5.7: XRT luminosity at 11 hrs (rest frame) for four duration bins: Sets S1 (green,
open circle), S2 (blue, closed squares), I (red, closed triangles) and L (grey, open squares).
GRB 100816A, shown as a black circle, has a high luminosity compared to the sample of
short GRBs but is fairly typical for the long and intermediate samples. The X-ray luminosity
is in the 0.3− 10 keV energy band in the rest frame.
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X-ray afterglows can be fairly bright (e.g. D’Elia and Stratta 2011). The faintness

of any optical afterglow, however, might not be due to intrinsic property of the GRB

but may in part be explained by highly dust-obscured local environments (Perley

et al., 2009b). Though the mean magnitude for the GRBs within the Set I is less

than for Set L, R = 21.51, these GRBs are fairly scattered with a standard deviation

of σ = 3.11 mag. In fact, the distribution of the GRBs at the intermediate duration

do not show a cohesive sample and they are fairly evenly scattered between the

short, as is the case for GRB 100816A, and long populations.

5.3.4 Constraints from the host galaxy

Using high resolution imaging, the position of a GRB (or other transient object)

within its host galaxy with respect to the star-forming regions can be characterised

by measuring Flight: the cumulative fraction of total host galaxy light at the burst

position (Fruchter et al., 2006). This distribution has been shown to be widely

disparate between LGRBs and SGRBs, with LGRBs strongly correlated with the

light of their host but SGRBs having a tendancy to occur in fainter regions (Fong

et al., 2010; Svensson et al., 2010).

Figure 5.9 shows the normalised cumulative distribution of a set of Flight val-

ues for the four duration bins. The samples for the long and intermediate GRBs are

comprised of bursts from the sample of Fruchter et al. (2006) supplemented with data

from Svensson et al. (2010). For both short GRB bins, Flight values were compiled

from Fong et al. (2010) and Fong and Berger (2013). We also added additional mea-

surements to the intermediate sample, given in Table 5.2, from analysis of available

HST and Gemini data, increasing the sample from five GRBs to ten. Performing a

Kolmogorov Smirnov (KS) test to check the likelihood of two samples being drawn

from the same underlying distribution we find a strong rejection between the S1

sample and both the intermediate and long duration bins with values of 0.002 and

0.00005. Interestingly, there is also a strong rejection between the S2 sample and the

long duration bin (PKS = 0.005). To characterise the maximum level of collapsar

contamination this implies we constructed an artificial sample comprising 40% of

randomly selected GRBs from the long sample and 60% from the S1 sample (3 : 5

GRB ratio to match the 8 GRBs in S2 sample). We do this 10,000 times and then

perform KS tests between these distributions and that of the long GRBs. By doing

this we aim to mimic the behaviour a sample with 40% collapsar contamination, as

suggested by Bromberg et al. (2013), would have and to test how likely this would

be to produce the same KS test rejection as seen for the S2 and long samples. We

find in only 4% of the cases do we recover KS ≤ 0.005, suggesting a 40% collapsar
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Figure 5.8: The optical afterglow R band magnitude at 1 day (rest frame) extrapolated to
redshift z = 1. The majority of the GRBs within the two short duration bins (S1 and S2)
are consistent with each other and consistent with being fainter than the long GRB detected
population. However, we should note that there are some long GRBs which are optically
sub-luminous in comparison with their X-ray afterglows but this is often purported as being
due to dust extinction local to the GRB position or a result of high redshift rather than an
intrinsic property of the GRB. The intermediate population is highly scattered but there
are some of these GRBs, including GRB 100816A, which are outliers from the GRBs within
the long duration bin.
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GRB Telescope Instrument Filter Flight
051016B HST WFC3 F160W 0.92
060912A HST WFC3 F160W 0.53
080520 HST WFC3 F160W 0.87a

071020 Gemini GMOS-N r′ 0.62
100816A Gemini GMOS-N r′ 0.29

Table 5.2: Calculated Flight values for GRBs within the intermediate duration cut where
appropriate data is available. These images were taken at times when the afterglow no
longer contributes to the host galaxy light (in some cases years after the GRB). The Flight
value was calculated by masking out all pixels in the image unrelated to the host galaxy,
using SExtractor to define its extent. Summing the remaining pixels within the image and
normalising, the Flight value at the well-localised position of the GRB can then be extracted.
Footnotes: (a) Flight from Tibbets-Harlow et al. (in prep.)

contamination would be unlikely to produce this level of rejection. We must also

add, however, that this is a rough estimate since we cannot assume the S1 sample

is comprised purely of non-collapsar objects. However, looking at the fNC values

for individual objects in the S2 sample suggests a potential contamination of up to

60% meaning 40% distribution tested here is conservative and, hence, overall these

two uncertainties will act against each other. Comparing the S2 and intermediate

sample, the KS test does not strongly reject these two distributions being drawn

from the same population (PKS = 0.08). The long and intermediate samples clearly

have a very similar distribution, both showing a strong association with the bright

regions of their host galaxies.

Figure 5.10 shows the distribution of Flight values compared to their GRB

duration. As can also be seen in Figure 5.9, the mean Flight value increases from the

shortest to the longest duration bin. For GRB 100816A, though its host galaxy is

star-forming, the GRB itself is well offset from the centre as can be seen in Figures

5.2 and 5.3. This is reflected in its VLT R band Flight value of 0.29, with an even

lower value from infra-red HST data of 0.12 (Fruchter et al., in prep.), which is

clearly an outlier from both the long and intermediate duration bins with mean

values of 0.78 (σ = 0.22) and 0.73 (σ = 0.24). The low Flight value is more typical

of the S1 and S2 samples with means of 0.17 (σ = 0.21) and 0.29 (σ = 0.31)

5.4 Conclusions

We have considered a sample of Swift detected GRBs split into four duration bins,

attempting to characterise behaviour around the two second duration divide. We
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Figure 5.9: A cumulative distribution of Flight values for the S1 (green), S2 (blue), I
(red) and L (black) GRB samples. Flight represents the fraction of the host galaxy light at
the position of the GRB and is representative of the preference for the GRB to reside in
star-forming regions. In this sample, both the long and intermediate GRBs clearly occur
most often in star forming regions whereas both S1 and S2 samples show the opposite and
preferentially lie in the fainter regions of their host galaxies (or even offset from the host
entirely).

125



Figure 5.10: Plot of T90 versus Flight for the four GRB samples. There is a clear increase
with T90 in the mean Flight across the four duration bins though there is significant scatter.
Both the L and I samples clearly favour the brightest regions of their galaxies. GRB 100816A
is an outlier to the rest of the GRBs at that duration. There is also a slight increase in
< Flight > from the S1 to the S2 sample though the samples are consistent with each other.
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T90 bin < log10(HR) > < log10(LX) > < R(1 day) > < Flight >
(s) (erg) (Vega mag)

T90 ≤ 0.8 0.23 (0.15) 42.87 (0.63) 24.84 (0.67) 0.17 (0.21)
0.8 < T90 ≤ 2.0 0.15 (0.14) 43.86 (0.70) 24.36 (3.54) 0.29 (0.31)
2.0 < T90 ≤ 10.0 0.06 (0.19) 44.49 (0.74) 21.51 (3.11) 0.73 (0.22)

T90 > 10.0 0.11 (0.11) 44.70 (0.85) 19.78 (1.61) 0.78 (0.24)

GRB 100816A 0.26 44.32 24.87 0.29

Table 5.3: A summary of the mean values within each of the duration bins considered.
The standard deviation of each of these values is also given in brackets. For comparison, we
have also included the measured values for GRB 100816A.

consider the sub-sample of GRBs both below and above the duration cut of 0.8 s

which has been suggested by Bromberg et al. (2013) as a more suitable short divide

for Swift GRBs, looking for any bulk differences in behaviour due to contamina-

tion for collapsar-like objects. We also consider the suggestion of a third class of

intermediate GRB by looking at duration cuts between 2.0 and 10.0 s, comparing

to the bulk of the LGRB population with T90 > 10.0 s. It is interesting to note that

the intermediate sample lies on the plateau of the GRB duration distribution (1-10

seconds) as measured by Bromberg et al. (2011), suggesting this is perhaps a regime

where the distribution of collapsars falls as the contribution of merger events starts

to increase. The summary of results from the samples considered is given in Table

5.3.

Overall there is a clear distinction between the shortest (T90 ≤ 0.8 s, Set

S1) and the longest duration bin (T90 ≤ 10.0 s, Set L) for both the X-ray and

optical afterglow magnitudes and the distribution of the GRBs on their host galax-

ies. The distinction is less clear when considering the second short bin between

0.8 < T90 ≤ 2.0 (Set S2) and the intermediate duration bin 2.0 < T90 ≤ 10.0 (Set I).

The properties of Set I are typically consistent with those of Set L and, for the af-

terglow magnitudes, is not distinct from the S2 sample. However, when considering

Flight, the cumulative fraction of the light of the host galaxy at the position of the

GRB, though a KS test does not strongly reject these samples being drawn from

the same underlying population (PKS = 0.08), the mean Flight values the interme-

diate and S2 distributions are significantly different. For the afterglow magnitudes

and Flight values, across the four samples the mean of the distributions considered

systematically increase. This suggests, in particular for the S2 sample, that the

sample starts as a fairly pure “short” GRB sample with increasing contamination

from collapsar events as we reach and exceed the two second divide. The level of
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contamination, however, is difficult to determine but from supernova constraints

placed in chapter 4 may be not as high as the 40% suggested by Bromberg et al.

(2013) especially considering the Flight distribution where the majority of the GRBs

in S2 still occur in fainter regions than the LGRBs and the KS test results shows

these distributions are distinct (PKS = 0.005). Indeed, we find that in only 4% of

cases do we have the same level of rejection when considering a non-collapsar sample

with 40% collapsar contamination.

Considering the case of GRB 100816A this event seems a lot more consistent

with the short GRB population than the long. Its Flight value in particular is a clear

outlier to both the intermediate and long samples, showing a clear correlation with

both of the SGRB samples. In addition, we place a constraint on any associated

supernova of ∼ 3 times fainter than a SN1998bw-like hypernova event, meaning any

supernova present would have to be fainter than the bulk of the LGRB population

(Cano, 2013; Hjorth and Bloom, 2011). One peculiarity is that GRB 100816A is

consistent with the Amati relation (the correlation between Eiso and Epeak,src values)

which, while typical for a LGRB, is unusual for a SGRB and, indeed, the SGRBs

in our sample are all clear outliers to the Amati relation for LGRBs. In addition,

we also find that GRB 060505, within the intermediate duration bin, is an outlier

to the Amati relation and coupled with the fact there is a strong constraint on

any accompanying supernova (Fynbo et al., 2006) could indicate this GRB is also

not of a collapsar origin. It is therefore clear that some events do not conform to

a simple division in duration. Indeed, the hardness cuts performed by Bromberg

et al. (2013) on the sample demonstrate that when the prompt emission spectrum

is hard, they expect to see a significant proportion of non-collapsar events out to

longer durations and perhaps even beyond the two second divide. On balance, it

is likely that GRB 100816A is a disguised SGRB but it is still possible that this

object represents a new event distinct from a NS-NS/NS-BH merger or a traditional

collapsar event.

If there is a distinct progenitor represented by an intermediate class then

attempts to localise a unique sample, whether using simple duration cuts or other

factors such as hardness ratio (e.g. (de Ugarte Postigo et al., 2011)), are too con-

taminated with objects from the other two progenitor systems to really be able to

distinguish. It is therefore important to continue to search for an elusive signature

event indicative of a new class of object, potentially within the intermediate class.
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Chapter 6

Conclusions

The primary focus of this thesis has been the identification and study of short γ-

ray bursts (SGRBs), looking principally at properties of their lightcurves and host

galaxies (or lack thereof) through use of optical and near infra-red data. This work

compares simple expectations of compact object mergers to the SGRB population in

terms of their location with respect to their putative host galaxies and through the

presence of kilonovae. In addition, we constrain the presence of interlopers within the

SGRB population from collapsar objects or potentially a third class of intermediate

GRBs. Overall, through this work we strive to identify the progenitors of SGRBs,

paving the way for a deeper understanding both for their intrinsic properties as

a population, including lifetimes and kick velocities, and any associated emission

of interest to other related fields such as gravitational wave searches and r-process

transients.

6.1 Summary of results

6.1.1 SGRB host environments: “hostless” GRBs

The diversity of SGRB host galaxies and their positions within them are often cited

as evidence for progenitors from older populations, in particular compact object

binaries. Within the SGRB population, the “hostless” GRBs, those with no coinci-

dent host galaxy to deep limits and no strongly associated galaxy by probabilistic

measures, can provide an additional test to this hypothesis by perhaps providing

evidence for strong kicks if they reside at low redshift, as we would expect for at

least some proportion of compact object mergers (Hansen and Phinney, 1997; Ar-

zoumanian et al., 2002; Hobbs et al., 2005).

From sampling the distribution of galaxies on the sky with respect to random

129



positions, using multiple surveys to cover the full magnitude range, we find that

the hostless GRBs are moderately closer to galaxies nearby in projection than we

would expect for a random distribution, although less so than one would see from

considerations of classical measurements of Pchance. Some of these galaxies are

known to be at low redshift (z < 1), with the brightness of others suggestive of

a low redshift origin. In addition, from the deepest limits placed at the positions

of two of the hostless GRBs we find that we would have expected at z = 1 to

uncover ∼ 75% of the integrated galaxy luminosity for an Sbc type galaxy, ∼ 85%

for an Irr galaxy and 55% for an Ell galaxy. If they lie at z = 1, both these

facts together point to a low redshift origin being more likely. Whether the GRBs

are correlated with the nearby galaxies identified, with fainter satellite galaxies

associated with a cluster, or are residing within globular clusters remains unclear.

The presence of two hostless GRBs close to very low redshift galaxies within the

horizon of the upgraded gravitational wave detectors also presents the possibility of

future simultaneous detections of a SGRB event and a gravitational wave detection.

6.1.2 SGRB lightcurves

Of the 24 optically localised GRBs detected up to the end of 2011 classified as

“short” (by either the measure of T90 ≤ 2 s or T90(IPC) ≤ 2 s) we found no evidence

of the collimated emission of the jet. Though there were breaks detected within

multiple optical lightcurves, for most of these GRBs this was not accompanied by

a simultaneous break in their X-ray lightcurve (or vice versa), implying that many

breaks seen are not achromatic and hence are not associated with the widening of

the GRB jet. On average, the lower bound placed on the jet opening angle, θj ,

is & 6◦ comparable with the LGRB average of ∼ 8.5◦ and so demonstrating that

the jets from compact object mergers are no narrower than collapsars. Suggested

jet break angles for SGRBs in the literature, measured at late times in the X-

ray lightcurve by the Chandra satellite, are ∼ 4 − 8◦ for GRB 051221A (Burrows

et al., 2006) and ∼ 3 − 8◦ for GRB 111020A (Fong et al., 2012), although these

lack evidence of achromatic behaviour. Additionally the presence of some high

lower limits (> 20◦) implies that the jet opening angle for some compact objects is

wide. For gravitational wave searches this increases the possibility of detection of a

simultaneous electromagnetic counterpart for these events but also implies that the

measured rate of SGRBs may be close to the true rate of compact object mergers

reducing the possibility of object detection.

In addition, within the SGRB optical lightcurves there is no evidence for

associated thermal emission and in seven cases we can rule out the brightest kilonova
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predicted by Metzger et al. (2010). For the strongest kilonova constraint, that

of GRB 080905A, we can rule out a substantial portion of the parameter space

suggested by Metzger and Berger (2012). This is in line with the recent predictions

by Kasen et al. (2013) that opacity by r-process elements in the ejecta may cause

substantially more reddening that previously predicted, making an R band transient

not only fainter but also peaking later, with more of the emission re-emitted in the

infra-red. Since these r-process transients are expected to be less collimated (if at

all) than the jetted afterglow emission, it has been suggested that these transients

may be more suitable for gravitational wave followup (Metzger and Berger, 2012).

However, the lack of an optical detection from the sample of SGRBs investigated

suggests that these surveys would need to be targeted towards the infra-red in order

to detect these transients, increasing the complexity of the searches.

6.1.3 GRB classification: short and intermediate GRBs

Though it is clear that the GRB population as a whole is comprised of multiple pro-

genitor systems, it is not always clear how best to classify them. Some authors (e.g.

Zhang et al. 2009) have suggested a complex classification system based on multi-

ple measured and intrinsic properties such as associated supernovae, environment,

energy properties and host galaxies in addition to duration and spectral hardness.

However, many of these classification schemes require detailed information for each

individual GRB which in many cases, especially for the shorter lived fainter GRBs,

is simply not available.

The simpler two second divide, more often used to define SGRBs, was based

on number statistics measured by the BATSE instrument on the CGRO telescope

and not the currently used Swift telescope with a softer spectral response function.

Bromberg et al. (2013) suggest that a division at 0.8 s would include a sample with

20% contamination from collapsar objects as opposed to 40% for a sample defined

by the two second divide. In particular, the sample from chapter 4 does contain at

least two GRBs which are more likely to be collapsars than merger events: GRBs

090426 and 060121, as evidenced, in particular, by their host galaxy environments

and emission properties (Levan et al., 2006a; Antonelli et al., 2009; Levesque et al.,

2010a).

However, from both constraints on a bright accompanying supernova and

high probabilities of an object being a non-collapsar (fNC > 0.5), we find a max-

imum collapsar contamination of ∼ 22% when considering the limited sample of

SGRBs with measured redshifts. In addition, when looking at the GRB positions

with respect to the brightest regions of the host galaxy (Flight) for the sample of
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GRBs between 0.8 < T90 < 2.0 s, the possibility of this sample being drawn from

the same underlying population as the long population is strongly rejected. From a

rough test of a non-collapsar sample with 40% contamination from randomly drawn

collapsar objects we find the same level of rejection only 4% of the time. Consider-

ing the prompt emission and afterglow properties, the mild increase in luminosities

from the shortest GRBs to this higher duration sample indicates there is some con-

tamination from collapsar objects but this is unlikely to be as high as previously

suggested. This is encouraging for the creation of clean samples of SGRBs with a

larger sample size especially when deriving overall SGRB properties.

The case of GRB 100816A also adds an interesting prospect to the study of

SGRBs. This GRB is traditionally long (T90 = 2.9 ± 0.6 s, Swift) but its spectral

hardness, afterglow properties and, in particular, host environment all suggest it is

more consistent with being a non-collapsar object. In addition, even though the

prompt emission properties show this GRB is compatible with the Eiso - Epeak,src

relation, applicable to LGRBs but not to SGRBs, it has a particularly low isotropic

equivalent energy for an LGRB. The association of this GRB with the SGRB pop-

ulation is actually consistent with the result of Bromberg et al. (2013) if we also

consider its spectral hardness. For the hardest GRBs, the duration splits suggested

by Bromberg et al. (2013) are much higher than when considering the population as

a whole. For instance when examining the Fermi duration distribution at T90 ∼ 2 s

the probability of being a non-collapsar object is as high as fNC ∼ 0.8, suggesting

GRB 100816A, with a Fermi duration of T90 = 2.04 ± 0.23 s, is most likely a non-

collapsar object. This opens up the interesting question of additional objects at this

longer duration which may also be non-collapsar objects and should be part of the

“short” class of GRBs.

Contemplating these results in the context of future classification schemes,

we posit that the host galaxy characteristics, both in terms of galaxy properties and

position within the host, and the hardness could be more telling than the duration.

Though the population does have a peak at shorter durations, GRBs with extended

emission do demonstrate that these objects are capable of producing longer duration

GRBs in some form and that considering this population of objects as “short” is

perhaps causing some objects to be misclassified. A classification scheme based

on hardness, or at least combining duration with hardness, would perhaps prove

more fruitful at producing a complete sample while still keeping the sample as clean

as possible. The host galaxy properties and, in particular, Flight values are also

particularly telling. The strong preference of SGRBs for low Flight could prove as a

useful way to determine whether a GRB is a non-collapsar object especially when

132



coupled with host galaxy properties not consistent with the LGRB population.

From the suggestion of a separate population of intermediate GRBs, the

sample considered here (defined as GRBs with 2.0 s < T90 ≤ 10.0 s) did not show

any significant difference from the LGRB population. This suggests that, if this class

is significant, overlap from both the short and long classes are not allowing a clean

sample to be determined. However, there are likely to be additional objects other

than neutron star mergers and collapsars capable of producing GRB-like objects

such as massive white dwarf - neutron star or white dwarf - black hole mergers

and it could perhaps be the case that these are represented by this intermediate

population.

6.2 Future prospects

The progenitors often proposed for SGRBs are neutron star binary (NS-NS) or

neutron star - black hole (NS-BH) mergers. For a “smoking gun” confirmation of

such a merger event we would need to detect an unmistakable signal. Two such

detectable events could be the signature of a kilonova or a unique gravitational

wave pattern. Since, our constraints on kilonova emission in the SGRB sample rule

out the brightest kilonovae in the r′ band it is prudent to focus these searches in the

infra-red where we are perhaps more likely to detect an r-process transient (Kasen

et al., 2013). Indeed, for recently detected short GRB 130603B at z = 0.356, the

first SGRB with an absorption redshift measured from the afterglow emission, deep

infra-red searches have been performed using the F160W and F606W bands on the

WFC and ACS instruments respectively on the HST (Berger et al., 2013; Tanvir

et al., 2013). Tanvir et al. (2013) have shown that the GRB is accompanied by a

rebrightening in the infra-red not seen in the optical, indicative of a kilonova. This

gives strong support for the compact object merger model.

An open question is whether both NS-NS and NS-BH systems are repre-

sented in the SGRB population. Their differing evolution, merger dynamics and,

in particular, total system rest masses (10M� compared with 3M�) means we may

expect NS-BH binaries to be more energetic, have longer durations and perhaps

even have a different distribution of kilonovae properties. In addition, it has been

suggested that NS-BH binaries may actually have larger offsets than NS-NS bina-

ries, depending on the kick distribution considered (Church et al., 2011). Hence one

avenue for investigation could be to obtain deeper observations of the “hostless”

GRBs, to confirm or deny the existance of a host galaxy at high redshift, and thus

to help unveil the true SGRB distribution. In addition to studies of the energetics
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and durations, this may help to distinguish between these progenitors.

Another question is whether all compact object mergers should have a de-

tectable kilonova in the infra-red and what range of properties we can expect. These

r-process transients may contribute a significant fraction of many of the heavy ele-

ments in the Universe, the abundances of which cannot be simply accounted for by

e.g. supernovae (Woosley and Weaver, 1995), and understanding this process better

will help to constrain this fraction.

Some of the “hostless” GRBs in our sample could have occured within the up-

graded gravitational wave detector horizon of ∼ 500 Mpc for a NS-NS and ∼ 1 Gpc

for NS-BH mergers, providing interesting prospects for potential future detections

when these facilities come online. Simultaneous detection of an electromagnetic

counterpart, as well as providing information about the source, significantly im-

proves this localisation (subarcsecond precision for an optical transient). Any fol-

lowup needs to cover a large field of view in addition to achieving the necessary depth

for detection. For compact object binary mergers detection of kilonova, rather than

the optical afterglow of an SGRB, may prove a better prospect especially since the

emission from the kilonova will be less collimated than for the afterglow and hence

would be detectable to higher degrees off-axis of the jet than for the afterglow (Met-

zger and Berger, 2012). However, having to focus the search in the infra-red rather

than the optical will make this more challenging especially since it is difficult to

probe the infra-red emission as deeply as the optical. As has been discussed, wider

jets could increase the possibility of a simultaneous detection between gravitational

waves and the SGRB collimated emission (prompt or afterglow), though this would

also lower the expected rate of these objects. Constraints on the beaming angles

of SGRBs would help us to understand the gravitational wave detection rates we

can expect from their progenitors. For the next generation of gravitational wave

detectors and beyond (e.g. Einstein telescope; Punturo et al. 2010) simultanous

detection of SGRBs and gravitational waves also presents the possiblity of accurate

determination of the Hubble constant, through measurements of both the luminosity

distance and the redshift of compact binary mergers for multiple systems (Nissanke

et al., 2013).

Some associated properties of SGRBs could also allow for their use as cos-

mological probes. If, as has been suggested, their locations are strongly correlated

with galaxy clusters (Berger et al., 2007a; Levan et al., 2008) then detection of an

SGRB could be used as a marker for the likely presence of a mass overdensity or

large scale structure. Additionally, if some SGRBs do reside at high offset from

their host galaxies then they could also provide useful probes of the intergalactic
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medium. The capability of the LAT instrument on the Fermi satellite to detect

high energy γ-ray emission (> 1 GeV) has also allowed tests of Lorentz invariance

violation to be performed for one SGRB, GRB 090510 (Abdo et al., 2009). With

the lack of intrinsic spectral lag seen at lower prompt emission energies for SGRBs

and the range of γ-ray energies, these objects are excellent test beds for this type of

analysis and high energy detections of more of these objects in the future will allow

further probing of this fundamental property of light.

For detailed SGRB studies to continue it must be ensured that these objects

are localised to sub-arcsecond positions, providing host galaxy information, environ-

ment properties and improving the possibility of an associated redshift. As well as

optical localisations providing this level of precision, recent X-ray afterglow follow-

up with the Chandra satellite (Fong et al., 2012; Margutti et al., 2012; Sakamoto

et al., 2013), has also given excellent positional information potentially providing a

more complete well-localised sample in the future.

The continued study of SGRBs offers opportunity not only to learn more

about the evolution and final end point of compact object mergers but also as po-

tential gravitational wave sources, mutliple potential probes and for the study of

rare transients and how their production contributes to the makeup of the Universe.

With the recent detection of an r-process transient along with the upcoming up-

graded gravitational wave detectors, with the strong possibility of a simultaneous

detection of an SGRB with a gravitational wave signal, this is an exciting time to

be working in the field with a wealth of information still to be uncovered, questions

to be answered and many new discoveries still to be made.

135



Bibliography

J. Abadie et al. TOPICAL REVIEW: Predictions for the rates of compact binary

coalescences observable by ground-based gravitational-wave detectors. Classi-

cal and Quantum Gravity, 27(17):173001, September 2010. doi: 10.1088/0264-

9381/27/17/173001.

K. N. Abazajian et al. The Seventh Data Release of the Sloan Digital Sky Survey.

ApJS, 182:543, June 2009. doi: 10.1088/0067-0049/182/2/543.

B. P. Abbott et al. Search For Gravitational-wave Bursts Associated with Gamma-

ray Bursts using Data from LIGO Science Run 5 and Virgo Science Run 1. ApJ,

715:1438–1452, June 2010. doi: 10.1088/0004-637X/715/2/1438.

A. A. Abdo et al. A limit on the variation of the speed of light arising from quantum

gravity effects. Nature, 462:331–334, November 2009. doi: 10.1038/nature08574.

A. Achterberg et al. Particle acceleration by ultrarelativistic shocks: theory

and simulations. MNRAS, 328:393–408, December 2001. doi: 10.1046/j.1365-

8711.2001.04851.x.

L. Amati. The Ep,i-Eiso correlation in gamma-ray bursts: updated observational

status, re-analysis and main implications. MNRAS, 372:233–245, October 2006.

doi: 10.1111/j.1365-2966.2006.10840.x.

L. Amati et al. Intrinsic spectra and energetics of BeppoSAX Gamma-Ray

Bursts with known redshifts. AAP, 390:81–89, July 2002. doi: 10.1051/0004-

6361:20020722.

L. A. Antonelli et al. GRB070429B: VLT observations. GRB Coordinates Network,

6372:1, 2007.

L. A. Antonelli et al. GRB 090426: the farthest short gamma-ray burst? AAP, 507:

L45–L48, December 2009. doi: 10.1051/0004-6361/200913062.

136



Z. Arzoumanian, D. F. Chernoff, and J. M. Cordes. The Velocity Distribution of

Isolated Radio Pulsars. ApJ, 568:289–301, March 2002. doi: 10.1086/338805.

Keith. M. Ashman and Stephen. E. Zepf. Globular Cluster Systems. Cambridge

Astrophysics Series, 2008.

S. A. Balbus. Enhanced Angular Momentum Transport in Accretion Disks. ARAA,

41:555–597, 2003. doi: 10.1146/annurev.astro.41.081401.155207.

S. A. Balbus and J. F. Hawley. Instability, turbulence, and enhanced transport

in accretion disks. Reviews of Modern Physics, 70:1–53, January 1998. doi:

10.1103/RevModPhys.70.1.

J. Barnes and D. Kasen. Effect of a High Opacity on the Light Curves of Radioac-

tively Powered Transients from Compact Object Mergers. ApJ, 775:18, September

2013. doi: 10.1088/0004-637X/775/1/18.

S. Barthelmy et al. GRB 050509b: Swift-BAT refined analysis of the short hard

burst. GRB Coordinates Network, 3385:1, 2005a.

S. D. Barthelmy, T. Sakamoto, and M. Stamatikos. GRB 110112A: Swift-BAT

refined analysis. GRB Coordinates Network, 11557:1, 2011.

S. D. Barthelmy et al. The Burst Alert Telescope (BAT) on the SWIFT Midex

Mission. SSR, 120:143–164, October 2005b. doi: 10.1007/s11214-005-5096-3.

S. D. Barthelmy et al. GRB 090515: Swift-BAT refined analysis. GRB Coordinates

Network, 9364:1, 2009.

T. W. Baumgarte, S. L. Shapiro, and M. Shibata. On the Maximum Mass of

Differentially Rotating Neutron Stars. ApJL, 528:L29–L32, January 2000. doi:

10.1086/312425.

A. P. Beardmore et al. GRB 090305: Swift detection of a short burst. GRB Coor-

dinates Network, 8932:1, 2009a.

A. P. Beardmore et al. GRB 090305: Swift-XRT refined analysis. GRB Coordinates

Network, 8937:1, 2009b.

S. V. W. Beckwith, M. Stiavelli, A. M. Koekemoer, J. A. R. Caldwell, H. C. Fer-

guson, R. Hook, R. A. Lucas, L. E. Bergeron, M. Corbin, S. Jogee, N. Panagia,

M. Robberto, P. Royle, R. S. Somerville, and M. Sosey. The Hubble Ultra Deep

Field. AJ, 132:1729–1755, November 2006. doi: 10.1086/507302.

137



M. C. Begelman, P. Meszaros, and M. J. Rees. Gamma-ray bursts from blast waves

around Galactic neutron stars. MNRAS, 265:L13–L16, November 1993.
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editors, Albert Einstein Century International Conference, volume 861 of Amer-

ican Institute of Physics Conference Series, pages 622–629, November 2006. doi:

10.1063/1.2399634.

X. L. Fan, J. Yin, and F. Matteucci. The nature of long-GRB host galaxies

from chemical abundances. AAP, 521:A73, October 2010. doi: 10.1051/0004-

6361/201015293.

G. Fitzpatrick. GRB 100816A: Fermi GBM observation. GRB Coordinates Network,

11124:1, 2010a.

G. Fitzpatrick. GRB 100816A: Fermi GBM observation (correction to GCN 11124).

GRB Coordinates Network, 11128:1, 2010b.

R. J. Foley et al. GRB 051227: Keck spectroscopy. GRB Coordinates Network,

4409:1, 2005.

W. Fong and E. Berger. GRB 111020A: gemini-south additional observations and

limit on an optical afterglow. GRB Coordinates Network, 12470:1, 2011.

W. Fong, E. Berger, and D. B. Fox. Hubble Space Telescope Observations of Short

Gamma-Ray Burst Host Galaxies: Morphologies, Offsets, and Local Environ-

ments. ApJ, 708:9–25, January 2010. doi: 10.1088/0004-637X/708/1/9.

W. Fong, E. Berger, and D. Fox. GRB 111020A: gemini-south i-band observations.

GRB Coordinates Network, 12467:1, 2011a.

W. Fong et al. The Optical Afterglow and z = 0.92 Early-type Host Galaxy

of the Short GRB 100117A. ApJ, 730:26, March 2011b. doi: 10.1088/0004-

637X/730/1/26.

144



W. Fong et al. A Jet Break in the X-Ray Light Curve of Short GRB 111020A:

Implications for Energetics and Rates. ApJ, 756:189, September 2012. doi:

10.1088/0004-637X/756/2/189.

W. Fong et al. Demographics of the Galaxies Hosting Short-duration Gamma-Ray

Bursts. ApJ, 769:56, May 2013. doi: 10.1088/0004-637X/769/1/56.

W.-f. Fong and E. Berger. The Locations of Short Gamma-ray Bursts as Evidence

for Compact Object Binary Progenitors. ArXiv e-prints, July 2013.

D. B. Fox et al. The afterglow of GRB 050709 and the nature of the short-hard

γ-ray bursts. Nature, 437:845–850, October 2005. doi: 10.1038/nature04189.

D. A. Frail et al. A search for the radio counterpart to the 1994 March 1 gamma-ray

burst. ApJL, 437:L43–L46, December 1994. doi: 10.1086/187678.

D. A. Frail et al. Beaming in Gamma-Ray Bursts: Evidence for a Standard Energy

Reservoir. ApJL, 562:L55–L58, November 2001. doi: 10.1086/338119.

A. S. Fruchter et al. Long gamma-ray bursts and core-collapse supernovae have dif-

ferent environments. Nature, 441:463–468, May 2006. doi: 10.1038/nature04787.

A. S. Fruchter et al. in prep.

C. Fryer and V. Kalogera. Double Neutron Star Systems and Natal Neutron Star

Kicks. ApJ, 489:244, November 1997. doi: 10.1086/304772.

C. L. Fryer. Mass Limits For Black Hole Formation. ApJ, 522:413–418, September

1999. doi: 10.1086/307647.

C. L. Fryer and A. Heger. Binary Merger Progenitors for Gamma-Ray Bursts and

Hypernovae. ApJ, 623:302–313, April 2005. doi: 10.1086/428379.

C. L. Fryer, S. E. Woosley, and D. H. Hartmann. Formation Rates of Black Hole

Accretion Disk Gamma-Ray Bursts. ApJ, 526:152–177, November 1999a. doi:

10.1086/307992.

C. L. Fryer, P. A. Young, and A. L. Hungerford. Explosive Nucleosynthesis from

Gamma-Ray Burst and Hypernova Progenitors: Direct Collapse versus Fallback.

ApJ, 650:1028–1047, October 2006. doi: 10.1086/506250.

C. L. Fryer et al. Merging White Dwarf/Black Hole Binaries and Gamma-Ray

Bursts. ApJ, 520:650–660, August 1999b. doi: 10.1086/307467.

145



M. Fukugita et al. The Sloan Digital Sky Survey Photometric System. AJ, 111:

1748, April 1996. doi: 10.1086/117915.

J. P. U. Fynbo et al. No supernovae associated with two long-duration γ-ray bursts.

Nature, 444:1047–1049, December 2006. doi: 10.1038/nature05375.

A. Gal-Yam, E. O. Ofek, and O. Shemmer. Supernova 2002ap: the first month.

MNRAS, 332:L73–L77, June 2002. doi: 10.1046/j.1365-8711.2002.05535.x.

A. Gal-Yam et al. A novel explosive process is required for the γ-ray burst GRB

060614. Nature, 444:1053–1055, December 2006. doi: 10.1038/nature05373.

T. J. Galama et al. An unusual supernova in the error box of the γ-ray burst of 25

April 1998. Nature, 395:670–672, October 1998. doi: 10.1038/27150.

A. Galeev et al. GRB 090621B: RTT150 optical observations. GRB Coordinates

Network, 9549:1, 2009.

N. Gehrels, E. Ramirez-Ruiz, and D. B. Fox. Gamma-Ray Bursts in

the Swift Era. ARAA, 47:567–617, September 2009. doi: 10.1146/an-

nurev.astro.46.060407.145147.

N. Gehrels et al. A short γ-ray burst apparently associated with an elliptical galaxy

at redshift z = 0.225. Nature, 437:851–854, October 2005. doi: 10.1038/na-

ture04142.

N. Gehrels et al. A new γ-ray burst classification scheme from GRB060614. Nature,

444:1044–1046, December 2006. doi: 10.1038/nature05376.

G. Ghisellini et al. A unifying view of gamma-ray burst afterglows. MNRAS, 393:

253–271, February 2009. doi: 10.1111/j.1365-2966.2008.14214.x.

I. S. Glass. Handbook of Infrared Astronomy. Cambridge University Press, 1999.

S. Golenetskii et al. Konus-wind observation of GRB 100816A. GRB Coordinates

Network, 11127:1, 2010.

S. Golenetskii et al. Konus-wind observation of GRB 111222A. GRB Coordinates

Network, 12715:1, 2011.

J. F. Graham et al. GRB 070714B—Discovery of the Highest Spectroscopically Con-

firmed Short Burst Redshift. ApJ, 698:1620–1629, June 2009. doi: 10.1088/0004-

637X/698/2/1620.

146



J. Granot. The Structure and Dynamics of GRB Jets. In Revista Mexicana de

Astronomia y Astrofisica, vol. 27, volume 27 of Revista Mexicana de Astronomia

y Astrofisica Conference Series, pages 140–165, March 2007.

J. Greiner et al. The nature of “dark” gamma-ray bursts. AAP, 526:A30, February

2011. doi: 10.1051/0004-6361/201015458.

J. Grindlay, S. Portegies Zwart, and S. McMillan. Short gamma-ray bursts from bi-

nary neutron star mergers in globular clusters. Nature Physics, 2:116–119, Febru-

ary 2006. doi: 10.1038/nphys214.

D. Grupe et al. Jet Breaks in Short Gamma-Ray Bursts. I. The Uncollimated Af-

terglow of GRB 050724. ApJ, 653:462–467, December 2006. doi: 10.1086/508739.

C. Guidorzi et al. Swift report on GRB 070729. GCN Report, 77.1, 2007.

B. M. S. Hansen and E. S. Phinney. The pulsar kick velocity distribution. MNRAS,

291:569, November 1997.

W. E. Harris. Globular Clusters in the Milky Way (Harris, 1996). VizieR Online

Data Catalog, 7195:0, November 1996.

F. Hearty et al. GRB 060121: probable detection of NIR afterglow. GRB Coordi-

nates Network, 4604:1, 2006.

J. Hjorth and J. S. Bloom. The Gamma-Ray Burst - Supernova Connection.

arXiv:1104.2274, April 2011.

J. Hjorth et al. A very energetic supernova associated with the γ-ray burst of 29

March 2003. Nature, 423:847–850, June 2003. doi: 10.1038/nature01750.

J. Hjorth et al. The optical afterglow of the short γ-ray burst GRB 050709. Nature,

437:859–861, October 2005. doi: 10.1038/nature04174.

J. Hjorth et al. The Optically Unbiased Gamma-Ray Burst Host (TOUGH) Survey.

I. Survey Design and Catalogs. ApJ, 756:187, September 2012. doi: 10.1088/0004-

637X/756/2/187.

G. Hobbs et al. A statistical study of 233 pulsar proper motions. MNRAS, 360:

974–992, July 2005. doi: 10.1111/j.1365-2966.2005.09087.x.

D. W. Hogg, M. A. Pahre, J. K. McCarthy, J. G. Cohen, R. Blandford, I. Smail,

and B. T. Soifer. Counts and colours of faint galaxies in the U and R bands.

MNRAS, 288:404–410, June 1997.

147



S. T. Holland, M. de Pasquale, and C. B. Markwardt. GRB 070429B: possible UVOT

detection of an optical afterglow. GRB Coordinates Network, 7145:1, 2007.

S. T. Holland et al. Swift report on GRB 100625A. GCN Report, 289.1, 2010.

I. M. Hook et al. The Gemini-North Multi-Object Spectrograph: Performance in

Imaging, Long-Slit, and Multi-Object Spectroscopic Modes. PASP, 116:425–440,

May 2004. doi: 10.1086/383624.
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I. Horváth et al. Classification of Swift’s gamma-ray bursts. AAP, 489:L1–L4,

October 2008. doi: 10.1051/0004-6361:200810269.

E. A. Hoversten et al. Swift report on GRB 090510. GCN Report, 218.1, 2009.
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