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Abstract

Long ~-ray bursts (GRBs) are uniquely powerful explosions at cosmological
distances. As they mark the deaths of massive stars, they act as beacons of star
formation and point out faint galaxies in the distant universe. Thus, they allow us to
probe the conditions and the evolution of galaxy formation and metal enrichment
throughout the universe. However promising as these prospects are, they need
rely on a firm foundation based on the understanding of how the formation of
gamma-ray bursts depend on the galactic environments. That is, do GRBs trace
all star formation, or are they biased to metal poor and low mass hosts? Here I
will explore the host galaxies of these events in order to understand how they relate
to the properties of their galaxy populations. Like gamma ray bursts, core-collapse
supernovae (CCSN) are the “grand-finale” of the life of massive stars. Providing a
census of all massive star formation, they are an ideal control group to compare GRB
hosts with at low redshifts. I employ this method to compare restframe properties of
the host populations, concluding that GRB hosts are in comparison to CCSN hosts
drawn from a compact, low mass and irregular galaxy population. This suggests
an inherent bias amongst GRB progenitors, and that they prefer low metallicity
environments. Furthermore, the GRB locations on their hosts have higher surface
luminosities than for CCSNe, suggesting that GRB progenitors are more massive
and short lived than those of CCSNe. Although the low redshift sample only appear
to trace star formation in sub-luminous irregular galaxies, I will also show that this
need not be strictly true everywhere: I will study the luminosity-metallicity and
mass-metallicity relations of GRB hosts up to z ~ 6, and show that at high redshift
where the universal metallicity is lower than in the present day universe, GRB hosts
appear to follow the metallicity relations of that era. While GRBs might be biased
tracers of star formation in the local universe, this suggests that above z > 3,
the universal metal enrichment is low enough that GRBs trace all star formation.
Even at intermediate redshift, I will show that not all GRB hosts are blue and
sub-luminous. The host of the dark burst GRB 080207 is extremely red, massive
and with high inferred dust and gas content. I will discuss how the difficulties
of obtaining accurate positions for highly extinguished bursts may have adversely
affected host samples and follow-up strategies, and show that the increasing number
of well studied dark burst suggest that many of them are massive and dust rich.
This implies that, even at lower redshifts, a complete census of all GRBs may trace
a higher fraction of star formation then inferred by only optically bright bursts.
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Chapter 1

Introduction

In the Aristotelian paradigm of cosmology the Universe consisted of the heavens and
the Earth. The heavenly bodies, the Sun, Moon and the planets revolved in spheres
around Earth and they were perfect. Hence, the celestial world was immutable
and never changed — change only occurred in the earthly domain. Thus transient
phenomena on the night sky, perhaps most notably the comets, must inherently be
earthly and atmospheric events that occur within the distance of the Moon.

Such remained the view of the Universe for hundreds of years. Perhaps the
very beginning of modern astronomy began with Tycho Brahe, later to become
astronomer royal at the Danish court. Tycho would be one of the first astronomers
to realise the importance of measurements, that is the ability to make consistent
and accurate measurements, and how to use their statistics — something taking for
granted today. Although Tycho’s later career would see him construct the largest
astronomical devices of his time, allowing precise measurements of angles — the
discovery we credit him for mostly today, occurred in 1572, when Tycho would
notice that the new light in the sky did not move in relation to the fixed stars.
This lack of apparent parallax meant that the newcomer was distant, and not an

atmospheric event, but was located at least beyond the Moon and the planets. He



called it “The new star” — “De nova stella” (Brahe, 1573). To us, it’s better known
as SN 1572. By this discovery, Tycho disproved the ancient universe of Aristotle, and
what is more important, he did so with the same scientific method of observation
and inference as used in modern science. The centuries following would bring even
greater understanding of the universe we live in, and just like Tycho, we understand
the crucial role of observations. Though where Tycho only had the aid of his bare
eyes, optical telescopes would soon come to revolutionise astronomy, and until today,
when we can observe the sky in almost any wavelength from gamma-rays to radio,
from the ground or from space. Although science has made enormous progress
the last centuries, there still remain questions about the universe that we do not
understand. Observing transients, much like Tycho did with SN 1572, has proved
to be an invaluable tool to modern astronomy. From Cepheid variable stars we first
understood the scale of the universe outside our own galaxy by being able to make
distance measurements to neighbouring galaxies (Hubble and Humason, 1931) and
from type Ia supernovae as standard candles we have learnt the shape of the universe
(see e.g. Filippenko and Riess, 2000, for a review). By virtue of their their great
luminosities, supernovae have long interested astronomers. The different types of
supernovae can tell us different things about the universe, from providing cosmic
standard candles to pointing out regions of active star formation.

While supernovae (SNe) have a rich and long history of observations dating
back almost two thousand years, gamma-ray bursts were not discovered until the
1960s. By this time the space age had enabled the development of semiconductor
detectors and satellite borne observatories in Earth orbit. Although they are new-
comers in the cosmic zoo, they have already provided a wealth of scientific results
from both theory and observation. In this thesis I aim to study the host environ-
ments of gamma-ray bursts. I will begin with giving a brief introduction to a few

subjects in modern astronomy, necessary in order to appreciate the context of the



following chapters. In the following section, I will describe the evolution of the mas-
sive stars that are the progenitors of both long GRBs and supernovae. Following
this I will carry on to the stages immediately after the gravitational core-collapse
at the end of the massive stars life cycle, that produce either a SN or a GRB. I
will study their observational imprints and the physics behinds these events. 1 will
motivate the study of their host galaxies by discussing how GRBs, owing to their
unique properties, are an exciting prospect for exploring the high redshift universe.
Chapters 2, 3 and 4 present the main objective of the thesis, new and original re-
search and results by the author. Chapter 5 is a conclusion and summary of the
thesis and the main results presented within, as well as a brief summary of the future

of direction of the field.

1.1 Evolution of massive stars

Star formation is the process where clouds of gas and molecular dust fragment and
collapse until the central temperature of the proto-stars reaches a temperature high
enough to start hydrogen burning. The fragmentation process results in a powerlaw
distribution &£(M,) of the masses M, of the newly formed stars, the initial mass

function (IMF)

con)x (4) (L)

where (M, ) gives the fraction of total stellar mass at M,. The slope a of the
IMF is typically ~ 1.35 (Salpeter, 1955) - such that massive stars are rare, and
low mass stars are numerous. The evolutionary path of a star (e.g. as illustrated in
Figure 1.1 by the core density and temperature), and its endpoint, depends crucially
on its initial mass. Hence it is convenient to define low mass stars as those that
after the main sequence (MS) and giant phase become white dwarfs. Consequently,

high mass stars are those that end their lives in core collapse events, often giving



rise to luminous explosions like SNe and GRBs.

Main sequence life time scales broadly as Tars ~ M2 as a result of the in-
creased rate of nuclear burning required to balance the gravity of more massive stars
(e.g. Prialnik, 2000). The defining feature of the main sequence is hydrogen fusion
into helium in the core, achieved in the simplest case by the proton—proton (p—p)
chain. Although the p—p chain is effective at relatively low temperatures, the energy
production rate g scales with temperature 7" as g,—, o T4, which is a significantly
lower temperature dependence than that of the carbon, oxygen, nitrogen (CNO)
cycle (e.g. von Weizscker, 1938; Bethe, 1939) !, which scales as gono o T'6. Even
at intermediate masses, M, > 1.3My, the energy production on the main sequence
will be dominated by the CNO cycle.

The high luminosities of massive stars effectively support radiatively driven
stellar winds that can drive mass loss rates M, ~ 10~Mgyr—' (Markova et al.,
2004). As the mass loss depends on the opacity of the stellar atmosphere, it scales
broadly with metal abundance, Z, as M x VZ (e.g. Kudritzki and Puls, 2000;
Crowther et al., 2002). For massive stars, this suggests that the mass loss timescale
is comparable to the MS lifetime. Hence, very massive stars can loose a significant
fraction of their hydrogen envelopes before they explode.

Stellar winds are also significant in their interactions with rotating stars. By
carrying away angular momentum they slow the rotation of the star, an effect that
is magnified in the presence of a magnetic field where the wind is locked with the
co-rotating stellar magnetic field. As the wind moves further out, conservation of
angular momentum leads to further decreased rotation. As we will return to later,

the rotation of the star when it reaches the end of its life cycle can have significant

1For completeness, we note that the CNO cycle is actually a bi-cycle. The primary cycle begins
with §2C +1 H —3 N + ~ and concludes with ¥*N +1 H —}2 C +3 He, i.e. converts hydrogen to
helium without changing the abundance or isotope ratio of the C, N, and O catalysts. The other
possible cycle that begins with ¥ N +1 H —15 O 4+ v and ends with 'O +1 H —1* C 43 He is less
probable than the main cycle above.



consequences for how the dying star explodes.

After the core is depleted of hydrogen, energy production in the core is halted
and as a result the core contract under gravity to maintain hydrostatic equilibrium
until temperature reaches the limit of helium burning, 7' ~ 103 K. Hydrogen burning
now continues in a shell surrounding the core, while in the core itself, the triple-alpha
process fuses helium into carbon and oxygen. Successive core/shell nuclear burning
stages continue until the core consists of " Fe at which point no more energy can
be released by fusion into heavier elements, °6 Fe has the highest binding energy per
nucleon of all elements. As the stellar core is turned into iron ashes, it is surrounded
by an “onion” layer structure of increasingly lighter elements separated by nuclear
burning fronts and a hydrogen envelope at the outermost.

A core devoid of any source of pressure to balance the inward force of gravity
cannot remain in hydrostatic equilibrium, hence a gravitational collapse begins. As
the core density increases, the free electron gas soon becomes degenerate, and the
core mass reaches the Chandrasekhar limit. Since the electron degeneracy pressure
isn’t enough to halt the collapse it continues until heavy nuclei start to capture free
electrons, e.g.

X +e =0 1Y 4. (1.2)

The loss of electrons decreases the core pressure and allows the collapse to accelerate
further while the core temperature increases to T ~ 10° K. At this temperature

thermal photons are energetic enough to start photo-disintegration of iron nuclei,

%Fe 4~y — 13He + 4n (1.3)

a process that absorbs ~ 2 MeV of energy per nucleon and allows the core to collapse

at near free-fall velocity. Core temperature and pressure continue to increase until



photo-disintegration of helium begins,

‘He 4+~ — 2p + 2n. (1.4)

This process absorbs a further ~ 6 MeV of energy per nucleon and the collapse
continues until the density is high enough to force the free electrons to be absorbed
by protons,

pt+e = n+r, (1.5)

in effect creating a pure neutron core. This process reduces the number of electrons,
which further lowers the core pressure — which can continue until the core density
reaches ~ 10'® kg m™ and neutron degeneracy pressure halts the collapse. Conser-
vation of the lepton number in the electron absorption leads to the production of as
many as 10°7 neutrinos in the core. Although neutrino cross sections are notoriously
small, the high densities will build up a non-negligible optical depth, and neutrinos
will deposit some fraction of the total energy in the outwards bounced shell (see e.g.
Janka et al., 2007, for a review.).

In the above narrative we focused only on the evolution of the stellar core
as it evolves from hydrogen burning on the main sequence to iron core collapse.
Although the mass of the core is the major discriminator between different remnant
types, several other factors also influence the evolution of massive stars.

Although the simple spherically symmetric case discussed above is a good
description of systems with negligible rotation, asymmetries introduced by rapidly
rotating progenitors can significantly change this picture. The formation of rota-
tionally supported accretion discs for example, can have profound implications on
the nature of the core-collapse explosion, as I will discuss further in Section 1.3.

The observational signature depends on how much of the hydrogen envelope has



been retained by the core (e.g. Georgy et al., 2009, see also Figure 1.2). Such as,
if a hydrogen envelope of significant mass is still retained, the resulting spectrum
will show a signature of Balmer lines. These tend to be the result of relatively low
mass stars, ~ 8 — 30My (though see Smartt et al., 2009; Crowther, 2007, for more
discussion on the upper limit of this range) , or stars with initially relatively low
metallicities, that are unable to support high wind driven mass loss rates. Stars
more massive than this, in particular those with strong winds, possibly supported
by high metallicities, are generally able to eject most of their hydrogen envelopes
before they explode and their spectra will lack any signature of hydrogen.
Producing gamma-ray bursts, may however need more unusual routes of
stellar evolution. In the current paradigm, long duration GRBs are formed during
core-collapse of massive progenitors. They differ from ordinary SNe, in that the
central engine most likely consists of the core of the progenitor which is surrounded
by an accreting torus. Breaking the spherical symmetry, this configurations launches
ultra-relativistic bipolar jets along the rotational axis. Although this is similar to
a core-collapse supernova, it requires additionally that i) the progenitor is rapidly
rotating in order to support an accretion disk, and ii) that the core has shed the
majority of its envelope so that the jets can be launched. Making the evolution
of GRB progenitors even more alluring, standard (single) stellar evolution suggests
that it is indeed difficult to both retain a rapid rotation and eject the envelope
at the same time since winds tend to drain angular momentum. A few solutions
have been suggested (e.g. Woosley and Heger, 2006), including evolution of GRB
progenitors in binary systems (e.g. Levan et al., 2006b), and non-standard evolution
with complete mixing of the envelope on the main-sequence (e.g. Heger et al., 2000;
Yoon et al., 2006). In the first scenario, the binary system solves the problem
of removing the hydrogen envelope by ejecting it in a common envelope phase.

Secondly, common envelopes are ejected by taking angular momentum from the



binary orbit, hence this type evolution is effective at creating tight binary systems.
Given a small binary separation, the final requirement of rapid rotation is enabled by
tidal locking of the He core and its companion. In the second scenario, rotationally
induced mixing counteracts the chemical gradient supported by nuclear burning.
If successful, the entire hydrogen envelope will be mixed into the star and the red
supergiant phase (RSG) bypassed. Becoming a Wolf Rayet star immediately after
the main sequence means preventing mass loss in the RSG phase, and leaving a
massive, rapidly rotating GRB progenitor. In the following sections we discuss
observations and theory of supernovae and gamma ray bursts, and what we can

expect to learn from studying their host environments.

1.2 Supernovae

Although the evolution leading to a collapsing iron core, and indeed the physics
that govern the continuous in-fall to a nuclear density central object, are largely
well understood, much uncertainty remains as to how the explosion occurs. Only in
the recent years have two dimensional (radius and latitude) computer models with
realistic input physics managed to simulate the explosion itself (e.g. Woosley and
MacFadyen, 1999; Zhang et al., 2006a). The shock wave deposits ~ 10%* — 10%°.J of
energy in the stellar envelope (Prialnik, 2000), ejecting the outer layers and heating
the inner part so that renewed nucleosynthesis begins. At the peak luminosity of the
lightcurve the energy is thermal. This cannot be sustained for long, and the later
decay of the lightcurve is powered initially by the inverse 3-decay of the radioactive

nickel-56 isotope into cobalt-56,

BNi+e =5 Cot v+ 7, (1.6)
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Figure 1.1: The evolution of a 25M star in the logTx — log pc plane modelled
by four different stellar evolution codes (See Paxton et al. (2010) page 79 for more
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of state in equilibrium. Off the main sequence the tracks show the evolution to
higher core temperatures and densities, interrupted by quick flashes when burning
of heavier elements (carbon, neon, oxygen and silicon) begins. Figure taken from

Paxton et al. (2010)



which releases energy in the form of gamma ray photons (~ 1.72 MeV) when it
decays to the ground state. The process in equation 1.6 has a half life time 71/, =
6.1 days, setting the early time decay slope of the lightcurve to ~ 0.06 magnitudes/day.
In the late time lightcurve the energy release is dominated by the decay of cobalt-56

into iron-56 by either inverse 3 decay or 8T decay. L.e.

BCo+e” = Fed v, 4+ or: °Co =5 Fe +e + v, +7, (1.7)

with a half life 7,5 = 77.7 days, giving the late time lightcurve a slope of
~ 0.01 magnitudes/day

Classically, supernovae are classified after prominent line features in their
spectra (Minkowski, 1941). SNe type I lack hydrogen lines in the their spectra,
while SNe type II have strong hydrogen Balmer lines. Type I’s are further subdivided
based on secondary line features in their spectra. Ia’s have an absorption feature
from silicon at A = 6150 A, while type Ib show He I lines and Ic have no strong
absorption features at all. Type II are classified after lightcurve features as II-L if
they decay linearly or as II-P if the lightcurve display a plateau of almost constant
brightness before continuing to decay. For the purposes of the thesis however, it shall
be more convenient to group all SNe that have massive stellar progenitors as core-
collapse SNe (CCSN), these are SN Ib, SN Ic and SN II with all its subgroups. On the
contrary, SN Ia progenitors are not massive stars, instead, most likely they are white
dwarfs in interacting binary systems that explode once they have accreted mass to
reach the Chandrasekhar limit. As opposed to SNIa’s, which may be detached from
star formation by the long timescales of binary evolution (e.g. Webbink, 1984; Stanek
et al., 2006), core collapse SN progenitors are massive and short lived, hence the
CCSN rate Rgy is proportional to the instantaneous star formation rate (SFR) by

the fraction of stars in the supernovae progenitor mass range, assuming some lower
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and upper limit of stellar masses.

100
J &(M,)dM,

Rgy o« SFR— . (1.8)

[ M,&(M,)dM,
0.1

This suggests that Rgy ~ 0.007SFR yr~!, which for a Milky Way star formation
rate of ~ a few solar masses per year is equivalent to a SN rate ~ 0.01 yr~!. This is
broadly consistent with the 2-5 core collapse supernovae recorded over the previous
few thousand years (SN1054 and SN1680; SNe 386,393,1181 are of unknown type),
given that our position inside the Galactic disk will hide a significant fraction of
Galactic SNe behind obscuring dust (also compare to Diehl et al., 2006; Robitaille
and Whitney, 2010). With such few events observed in our local galaxy, SN surveys
are typically forced to look outside the Galaxy where SNe are both more numerous,
and easier to detect. Early surveys targeted known, bright galaxies in the relatively
nearby universe and were successful in uncovering a large number of SNe. The main
shortcoming of targeted surveys is that they are inherently biased to discover SNe in
known bright galaxies which may be more chemically evolved than the general star
forming population. Rather, understanding the true nature of the environmental
effects on SNe would require an unbiased selection method. Hence, more recent SN
surveys have, instead of targeting bright galaxies, been implementing deep observa-
tions of blank fields at regular time intervals aiming to detect and/or measure the
lightcurve near peak light. Utilising these methods, the SDSS Supernova Survey
(Frieman et al., 2008; Sako et al., 2008) uncovered hundreds of SNe Ia, and ~ 80
CCSN at low low redshifts (< 0.4). The Palomar Transient Factory (PTF) (Law
et al., 2009; Arcavi et al., 2010) is a fully automatic wide field survey, currently
boasting nearly one thousand spectroscopically confirmed SN, including about 300

core-collapse SNe. In Chapter 2 we will look in more detail on the SNe discov-
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ered by the GOODS SN survey and PANS, both operating in the GOODS fields.
Together they have discovered ~ 60 CCSN and many more Ia’s, stretching limits
of detectability to z ~ 2 for the brighter type Ia’s, although few CCSN are found
above redshift ~ 1. Other missions to detect optical transients include Pan-STARRS
(Kaiser et al., 2002), which is currently observing, and finding SNe (e.g. SN 2009kf
Botticella et al., 2010), with one prototype telescope, but when fully operational
will consist of a four telescope array in a wide-field setup covering the entire sky on
an approximately weekly cadence.

We have already mentioned that the progenitors of CCSN are massive stars
and described how they reach their core instabilities in order to collapse. But what
different properties do they acquire to produce the different types of CCSN that
are observed? Imaging of SN progenitors before they explode is of course is the
most direct method to answer this. However, this is often very difficult due to the
unexpected nature of these events, and deep pre-explosion images resolving the pro-
genitor star have often been serendipitous. There are a number of studies in the
literature to take note of though, beginning with the type II SN 1987A in the Large
Magellanic Cloud (LMC), the first occasion on which the progenitor was resolved
prior to the explosion, and clearly missing after the SN light had faded. In contrast
to the predictions of standard stellar evolution models however, the exploding star
was a blue, not red, supergiant (BSG) with a mass ~ 18M (Sonneborn et al.,
1987) — leading to a re-examination of the stellar evolutionary models of massive
stars (e.g. Langer et al., 1989) to include convection to produce BSG SN precursors.
Clearly, the stellar evolution leading up to supernovae explosions is not simple, and
most likely the details vary for the different SN types. The type II-P supernovae
SN 2005cs had a relatively low mass red giant progenitor (Li et al., 2006), which
has also been found for e.g. SN2003gd (Smartt et al., 2004; Maund and Smartt,

2009) and SN2008bk (Mattila et al., 2008) — suggesting a trend towards 8 — 15M¢,
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Figure 1.2: The end of stellar evolution in the initial metallicity vs. mass plane for
single massive stars. The darker shaded area indicates where the explosion remnant
is likely to be a black hole instead of a neutron star. (adapted from Figure 2 in
Georgy et al., 2009)

stars exploding in the red giant phase (see also Smartt et al., 2009, for a review).
Pre-explosion images of the type ITb? SN 1993J suggested that the progenitor was a
red supergiant in an interacting binary system (Aldering et al., 1994) which was suc-
cessfully confirmed after the supernovae had faded (Maund et al., 2004). Although
not yet conclusive, binary progenitors are also suggested for SN2001ig (Ryder et al.,
2004) and SN2008ax (Crockett et al., 2008), both of type IIb — suggesting that at
least some hydrogen deficient SNe might have their envelopes stripped by a binary

companion rather than ejected by a stellar wind.

2A classification used for SNe switching from type II to type Ib
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In Figure 1.2 the properties of the different supernovae progenitors are drawn
out in the initial mass vs. metallicity plane (Georgy et al., 2009). Although ob-
servations have indicated that many progenitors are found in binary systems, this
simplified picture assumes evolution without interaction with a close companion.
Indeed adding a companion would only lower the mass limits for making Ib and
Ic’s by replacing the inefficient mass loss by stellar winds with binary mass transfer.
Qualitatively, the results agree. SNII progenitors are of lowest mass, although at
extremely low metallicities even the most massive stars wont be able to support
winds to remove the hydrogen envelope, hence towards zero metallicity only SNII
are produced 3 . In the next section we discuss gamma-ray bursts, core collapse
events related to supernovae but beamed in ultra relativistic jets emitting immense
levels of v-rays. Although their progenitors are elusive, it’s now thought that they

are closely related to certain types of supernovae.

1.3 ~v-ray bursts

Until the mid twentieth-century, astronomy had been restricted to the optical range
of the spectrum. In part this was due to complications of atmospheric absorption at
other wavelengths, but also because of the lack of suitable detectors. With the devel-
opment of more effective detectors for ionising radiation, exploring the high energy
range of the electromagnetic spectrum largely began in the 1950’s when sub-orbital
sounding rockets were given X-ray capabilities. Though this was mainly motivated
in order to study solar or lunar X-rays, the discovery of the first X-ray source outside
of the solar system? started the era of high energy astrophysics in 1962. Then, in

the midst of the cold war, during the 1960’s, the American Vela satellites were put

3unless complete mixing during the main sequence depleted all the hydrogen, i.e. chemically
homogeneous evolution (Maeder, 1987)
“i.e. Sco-X1,(Giacconi et al., 1962)
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in orbit to monitor the nuclear disarmament treaty with the Soviet Union. These
were the first space-born detectors with gamma-ray capabilities, and although their
primary mission was not one of astronomical interest, their greatest legacy would be
to discover a completely new and extremely energetic class of astronomical objects.
Between 1969 and 1972 the Vela 5A, 5B, 6A and 6B satellites detected numerous
short flashes of gamma rays. These events did not correspond to the signature of
a terrestrial nuclear weapons explosion, and indeed even with the limited spatial
resolution it could be determined that they did not originate from either the Earth
or the Sun. When this discovery was released to the scientific community in 1973
(Klebesadel et al., 1973), a several decade long debate began as to the origin of these
events.

The Compton Gamma Ray Observatory (CGRO) was launched in 1991 with
the Burst Alert and Transient Explorer (BATSE) instrument on-board. BATSE
achieved two main results that revolutionised the understanding of GRBs. Firstly,
by accurately measuring the lightcurves (e.g. Figure 1.3) and durations of the
gamma ray emission, it became apparent that there are two classes of GRBs sep-
arated in a bi-model distribution of the typical prompt emission duration (Kou-
veliotou et al., 1993), i.e. short bursts and long bursts as shown by Figure 1.4.
Secondly, by localising the bursts on the sky to an accuracy ~ 5 — 15 degrees (Fish-
man et al., 1994), the spatial distribution was shown to be statistically isotropic
(Meegan et al., 1992). One of the great controversies of GRBs was whether they
were of Galactic origin or if they were extragalactic events. The arguments for a
Galactic origin were mainly that extragalactic distances would imply luminosities
several orders of magnitude greater than that observed in any supernovae. Although
an isotropic distribution made theories of solar system or Galactic disc origin unfea-
sible, the question was not yet settled as theories of GRBs occurring in the spherical

Galactic halo were still quite possible.
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clearly exhibit a wide range of behaviours including short single peaks, mul-
tiple irregular or quasi-periodic variability and “fast rise exponential decay”
shapes, and many burst display variability down to millisecond timescales, sug-
gesting that the central engine must be a stellar sized object.
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Figure 1.4: Distribution of Ty durations as measured by BATSE. Two distinct peaks
can be recognised signifying that GRBs come in two different types with short or
long duration. Figure from http://www.batse.msfc.nasa.gov/batse/grb/ (Meegan
et al., 1998)

Whereas BATSE was mainly sensitive to the prompt and short lived ~y-rays,
the next step in understanding the origin of GRBs would come from discovering
the panchromatic afterglow radiation. Enduring for much longer timescales, the
afterglow had been predicted by theory to be the inevitable result of the deceleration
of an ultra relativistic shock wave. Finally settling the question of the distances
of GRBs, GRB 970228 was the first burst for which the theorised afterglow was
actually detected (van Paradijs et al., 1997; Wijers et al., 1997). The burst was
detected by the BeppoSAX satellite, which had the ability to promptly relay the
burst location to the ground, serving observers with the information needed to follow
up the event with ground, or space based optical observations. The optical afterglow
of GRB 970228 did not reveal the redshift of the source, like many GRB afterglows
would provide in the future, but it allowed an accurate position to be determined —

which coincided with a faint blue galaxy at redshift 0.695 (Bloom et al., 2001).
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Like SNe, GRBs are classified into subgroups, although here the classification
is based on the duration ® and the spectral hardness (Kouveliotou et al., 1993). The
short and spectrally hard bursts typically have Tgg < 2s. They can be found in
stellar populations of all ages, including passive elliptical host galaxies (e.g. Bloom
et al., 2006, 2007), suggesting that their progenitors are most likely linked to older
stellar populations, e.g. the coalescence of black holes or neutron stars in binary
systems (e.g. Davies et al., 1994; Ruffert and Janka, 1999). The long and soft class of
bursts, typically with 2 s < Tyy < 1000 s, are in contrast only found in star forming

regions and have been firmly associated with the core collapse of massive stars (e.g.

Stanek et al., 2003).

1.3.1 The Collapsar model

Explaining the unprecedented luminosities displayed by long GRBs has proved to
be a challenge for theory. The high energies involved and the short time scale
variability observed in the prompt emission lightcurves suggest that (i) they are
most likely powered by gravitational energy, and (ii) the central engine must be
small, such that the light crossing time is order of lightcurve variability, i.e. order of
a millisecond (Morsony et al., 2010). The long and soft type of GRBs have readily
been associated with both star forming regions and SN Ibc, suggesting that they
indeed share some characteristics with core-collapse SN. The “failed” SN (Woosley,
1993), or hypernova (Paczynski, 1998), scenario, where a massive star undergoing
core collapse fails to eject its shell and instead forms an accretion disk, leads to
the standard collapsar theory of GRBs. Independent of the exact nature of the
progenitor star or system, the collapsar model (Woosley, 1993; MacFadyen and

Woosley, 1999) has seen success predicting the association of GRBs with star forming

SMost commonly measures by the length of the time interval during which 90% of the gamma
energy is observed: Too.
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regions and core-collapse supernovae.

The standard model describes the general physics of the event, although
each individual burst can exhibit variations or even deviations from this. Varia-
tions in initial mass of the collapsing core, rotational velocity, and the geometry
of the jets can produce bursts with seemingly very different properties. Further-
more, the collapsar model has been successful in predicting that the GRB should
be accompanied by a supernovae type Ib/c. Indeed, several nearby long bursts
have shown evidence of supernovae signature in their lightcurves and/or spectra.
e.g the GRB-SN pairs GRB 980425-SN1998bw (Galama et al., 1998a), GRB 030329-
SN2003dh (Hjorth et al., 2003b), GRB 031203-SN2003lw (Malesani et al., 2004) and
GRB 100316D-SN2010bh (Starling et al., 2010; Chornock et al., 2010). Although
supernovae features are only expected to be seen in relatively nearby events, and
certainly the majority of detected GRBs have been out of reach to attempt such
observations, two nearby long GRBs lacking any trace of SN have challenged the
standard classification scheme; GRBs 060505 and 060614 (e.g. Fynbo et al., 2006;
Della Valle et al., 2006) at z = 0.089 and z = 0.125 (though see Cobb et al. (2006)
for discussion on the possibility of mistaken identity of the GRB 060614 host galaxy
— a higher redshift could render the SN issue moot). How these events relate to the
collapsar model is still a matter of discussion, and apart from the lack of SN their
afterglows are consistent with those of other long bursts (Xu et al., 2009). Further-
more, GRB 060505 is hosted by a spiral with low metallicity at the explosion site,
high star formation rate and a young stellar population indicative of an origin from
a collapsing massive star (Thone et al., 2008a). The collapsar origin of GRB 060505
is also supported by its spectral lag 8 (McBreen et al., 2008), which is inconsistent

with that of other short bursts (e.g. Zhang et al., 2006b) at the ~ 3o level, sug-

5T.e. the temporal correlation of the prompt emission at different photon energies (e.g. Band,
1997). Long bursts are typically observed with spectral lags ranging from 0 to several seconds,
while short bursts are typically consistent with no spectral lag.

19



gesting that its massive progenitor exploded without producing a bright supernovae
(e.g. Heger et al., 2003; Fryer, 2006, 1999). On the contrary, GRB 060614 appears to
originate in a passive host, which is not a typical environment to find long bursts in,
which along with the apparent lack of spectral lag (Xu et al., 2009) might suggest
that perhaps the merger of compact objects with long lived central engine could
be responsible (e.g. Kluzniak and Ruderman, 1998; Rosswog et al., 2003; Gal-Yam
et al., 2006).

The collapsar begins to form as the iron core of a massive and rapidly ro-
tating star collapses. Although the exact mass distribution of the progenitors is
unknown, estimates suggest M 2 20My (e.g. Larsson et al., 2007). Irrespective
of the progenitors mass, it must be able to form an iron core with Mo 2 2Mg
— massive enough that it will collapse to a black hole, which will start accreting
from the stellar envelope. Provided that the rotation is sufficient, a centrifugally
supported disk will form. The polar regions of the envelope are less supported by
the rotation and will be accreted first. The collapsar model is not specific on how
energy is extracted to fuel the burst, although theoretical simulations, e.g. Figure
1.5 suggest that either magneto-hydrodynamic effects (e.g. Bucciantini et al., 2009)
or neutrino-antineutrino annihilation (Woosley, 1993) is responsible for powering

the launch of the ultra relativistic beamed jets.

1.3.2 Afterglows

Since the first discovery of GRB afterglows (Wijers et al., 1997), they have be-
come one of the most important diagnostic tools for understanding a wide range of
GRB behaviours (e.g. Rykoff et al., 2009) and tracing the immediate line of sight
circumburst region (e.g. Schady et al., 2007, 2010; Perley et al., 2010a, and many
others).

The afterglow is panchromatic with a broken powerlaw spectrum. The peak
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progenitor. Right panel shows the disk density structure at 7.5 s after collapse of

the iron core. Left panel shows the energy density of the polar jets. Figures adopted
from Woosley and MacFadyen (1999)
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energy moves from being initially in the X-ray band, through UV, optical, IR to
radio as the jet is decelerated. Afterglows have been detected and studied across the
electromagnetic spectrum. The X-ray afterglows are typically bright beginning a few
seconds after the prompt emission, and often give the first insights into the nature of
the burst, e.g. position, brightness, temporal decay and often give a measure of the
absorption by neutral hydrogen along the GRB line of sight — providing valuable first
clues as to the local environment of the burst. Although Swift can locate the X-ray
afterglow to an accuracy of a few arcsec (e.g. Evans et al., 2009), optical afterglows
are often necessary to uniquely identify the host galaxy. Furthermore, (absorption)
spectroscopy of the optical transient is often vital to identify the redshift of the
burst, and frequently also give deeper insight in the host environment by allowing
direct study of the metal abundances e.g. Figure 1.6.

For both the spectral and temporal evolution of the afterglow, a powerlaw

behaviour is prescribed, generally speaking,

E,(t) o t— =7 (1.9)

where « is the slope of the lightcurve and 3 is the spectral slope. The values of these
parameters are intricately linked to the physical behaviour of the central engine and
jet. The canonical X-ray afterglow lightcurve can be described by four segments of
powerlaws (e.g. Figure 1.7) tracing the temporal evolution of the central engine and
forward shock-wave (e.g. Zhang et al., 2006a);

i) The initial powerlaw decays steeply, typically with o ~ 3, until ~ 100 — 1000 s
post-burst. This is most likely the tail end of the prompt emission (Barthelmy et al.,
2005).

ii) A shallow decay, indicating a steady continuous energy injection by the central

engine (e.g. J6hannesson et al., 2006; Zhang et al., 2006a; Nousek et al., 2006) typ-
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Figure 1.6: Optical spectra of GRB afterglows are often useful diagnostics of other-
wise very faint systems — even when the host is too faint to be observed in emission;
redshift, metallicity and hydrogen column can be constrained from the afterglow.
Here showing the optical afterglow of GRB 050730 (Starling et al., 2005) with a
dampened Lyman alpha line profile and several absorption features of the host at
redshift z = 3.97 (solid marks) and intervening absorption systems at redshifts
z = 3.56 and z = 1.77 (dot-dashed and dotted marks respectively). Spectral lines
attributed to hydrogen, silicon and iron in the GRB hosting system are labelled.
Note the wealth of information about the host extracted from the afterglow. Such
detailed study would not be possible for this i > 28.8 (Levan, private communica-
tion) host without the GRB. Figure taken from (Starling et al., 2005).
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ically decays with o ~ 1/2 and last until 10® to 10* s, although this phase is not
observed or present in all bursts.

iii) The normal spherical decay of the afterglow, typically o ~ 1.2 until 10* to 10°
S post-burst.

iv) Post jet break decay, i.e. an increased rate of decay caused by the jet slowing

down and widening. The post jet-break typically decays with o ~ 2.

In addition to these regions of powerlaw decay, a large fraction of GRB
lightcurves also show one or several X-ray flares. Phase i) sometimes have a softer
spectrum than the late time phases, while during phases ii) - iv) the spectral index
is generally unchanged.

Sari et al. (1998) describe the spectral index as

1/2 Ve <V < Up
=9 (p—1)/2 vm<v<ve (1.10)
p/2 Ve, Um < V

where p is the powerlaw index of the electron electron distribution, N(E)dE o
E7PdE, and v,, vy, are the the cooling and peak synchrotron frequencies. 2 < p <
2.5 usually applies (though Dai and Cheng, 2001, solve the unbounded electron en-
ergy distribution also for p < 2 with a high energy cutoff), so that 0.5 < g < 1.25.
This restriction on the spectral slope have been tested observationally by multi-
wavelength studies of burst afterglows, which are generally in excellent agreement
with the theory (e.g. Galama et al., 1998b; Willingale et al., 2007). However, it is
also apparent that some systems have spectral slopes more shallow the the 0.5 < 3
limit, suggesting that the optical flux is suppressed relative to the X-ray (i.e. dark

bursts Jakobsson et al., 2004). In Chapter 4 we return to the subject of dark bursts
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and their host galaxies with a more in depth discussion and new results.

Since the afterglow is emitted when the external shock wave interacts with
the circumstellar medium, it is, in theory, possible to test for the signatures of dif-
ferent progenitors. Massive stars eject significant amounts of matter through their
stellar winds, from which it is likely that the radial density profile of the circumstel-
lar medium becomes n(r) oc 1/r? rather than roughly constant, as expected from
the interstellar medium. Although testing this observationally is challenging, the-
oretical calculations in the afterglow evolution in wind-like mediums suggest that
cooling breaks will vary in magnitude for the two cases (e.g. Chevalier and Li, 2000;
Panaitescu and Kumar, 2002). Although a wind-like medium finds favour with
several bursts, many do not, and so require either different progenitors, or some
mechanism, such as high ISM pressure, to transform a wind-like medium into a
constant density profile.

The jet break is a geometric effect, and hence it is always achromatic. Mul-
ticolour observations are usually required to differentiate it from a cooling break,
which occurs when the cooling frequency, v, moves through the observed frequency
v in equation 1.10 (e.g. Sari et al., 1998). A cooling break will have A = 1/2,
the break size in the lightcurve can be estimated from the theoretical relationships

between v and [ known as the closure relations (e.g. Sari et al., 1998).

1.4 GRBs as cosmic probes

Owing to their extremely high luminosities, gamma-ray bursts can be used to probe
the conditions of the early universe. Their connection with core-collapse SNe means
that they trace star formation, although questions remain if this relationship is
direct or if it is altered by GRB progenitors being biased towards low-metallicity

environments. Nevertheless, high redshift bursts will offer unique opportunities to

26



study many interesting aspects of the cosmic history; from the era of re-ionisation
(McQuinn et al., 2008) and the first population III stars (Sivaram and Arun, 2010),
the formation and evolution of galaxies, the luminosity function (Jakobsson et al.,
2005) and the chemical enrichment history of star forming galaxies. The ability to
detect high redshift GRBs is a great improvement of what is possible even with
the brightest of SNe (see Figure 1.8 for a comparison between the peak absolute
magnitude of SNe, and the discovery magnitudes of GRB optical afterglows), offering
considerable benefits for using them as probes of high redshift galaxy populations.
While the luminosity function and cosmic star formation rate history (Figure 1.9)
are well constrained at low redshift, it becomes increasingly difficult beyond redshift
z ~ 2. Hence, GRB selection of star forming galaxies would in principle be ideal to
help improve this by being able to probe even faint galaxies. While SNe are helpful
at low redshift, GRBs would allow pinpointing the locations of galaxies beyond
z ~ 8.

Although GRBs are promising for studying the evolution of the universe, we
also realise the limits of our current knowledge. In reality, much remains unknown or
poorly understood of how GRB progenitors evolve and how it is dependent on their
environments. Without first having a solid understanding of how GRB selection
works, i.e., how and why some massive stars end their lives as GRBs instead of
core-collapse SNe, we can’t use their full potential as cosmic probes. Hence, the
goals of this thesis are to improve the understanding of GRB host galaxies and how
their selection is dependant on their star formation rates, masses and metallicities.
This serves as a calibration of a GRB selected sample in relation to fundamental
properties.

In their full potential, the advantages of using GRB selection of star forming

galaxies can be summarised as follows.
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Figure 1.8: Comparison of absolute magnitudes on discovery of optical GRB af-
terglows (blue stars) with peak absolute magnitude of core-collapse SN lightcurves
(red stars). The CCSN in this figure are found by an optical transient survey in in
the GOODS North and South fields (see e.g. Strolger et al., 2004, note that core-
collapse was data acquired in private communication.). The GRB sample include
153 GRBs with known redshift and discovery magnitudes reported through the GCN
network, compiled by the GRBIlog project. Absolute magnitudes of the GRB optical
transients include first order k-correction but no spectral shape correction.
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The GRB is produced by a single stellar progenitor, allowing selection across

the galaxy luminosity function.

The afterglow is bright enough to be detected at great cosmological distances

and with an intrinsic featureless powerlaw spectrum.

The GRB event is relatively short and localised, unlike QSOs or AGNs they

don’t affect their host galaxies on scales larger than a few tens of parsecs.

The afterglow fades on timescales of days to months, leaving the clean host

galaxy to be observed.

The high energy - and X-ray emission can easily penetrate obscuring dust
and gas, meaning that GRB selected samples are less affected by extinction

than optical observations.

1.5 Organisation of the thesis

Owing to their extreme luminosities, GRBs have already enabled detailed study

of high-redshift star forming regions. Future prospects suggest that GRB selected

sampled galaxies will reveal the nature of star formation through the evolution of

the universe, essentially providing a homogeneous sample selection from the present

day to redshift above z = 8 where the first stars and galaxies form. In this thesis

I will present new and interesting results of research on the nature of GRB hosting

galaxies, how their galactic environments compare to those of core-collapse SNe in

the local universe and how future sample selections can be enhanced to improve the

completeness. Briefly, the organisation of the thesis is as following:

e In Chapter 2 I study the physical restframe properties of low redshift GRB

hosts in order to statistically compare their distributions to that of classical
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Figure 1.9: The evolution of the cosmic star formation rate as represented by three
different studies. In order from light shading to darker: (1) The original “Madau
plot” (Madau et al., 1998b) modelling the SFR from the integrated light of faint
field galaxies and a Salpeter IMF. Uncertainty is increasing above z ~ 4 — 5. (2)
A compilation of measurements from UV to radio by Hopkins (2004); Hopkins and
Beacom (2006) modelled with the functional form of Cole et al. (2001). (3) Yiiksel
et al. (2008) incorporating high redshift GRBs scaled by local GRB-SFR ratios to
extend the model of the cosmic star formation history, here using a double broken
powerlaw.
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CCSNe. Here I utilise multiwavelength photometry to model the spectral
energy distributions and to extract absolute magnitudes and estimate host
masses and star formation rates. I study the distributions of morphological
properties; galaxy sizes, surface luminosities and the relative brightnesses of
the GRB or SNe site on their galaxies in order to understand how and why

GRB hosts differ from those of CCSN.

In Chapter 3 we study the mass and metallicity distributions of the high-
redshift GRB host population. I will show that, although low redshift hosts
are typically less chemically evolved than suggested by the mass-metallicity
relation, at higher redshift this trend is less obvious. This also coincides with
the redshift range were M* of the galaxy mass function is sampled by a larger
fraction of the hosts due to the decrease of the global metallicity, suggesting
that above redshift z > 3 — 4, GRBs are unbiased tracers of star formation.
Comparing with the mass-metallicity relation of high redshift galaxy popu-
lations, these results indicate that GRBs are consistent with the chemical

enrichment history probed by Lyman-break galaxies.

In Chapter 4 I discuss the growing evidence that dark bursts have evolved in
significantly different environments than the bulk of the host sample studied
before. I perform a case study of the dark GRB 080207 in which we model the
afterglow and spectral energy distribution from X-ray to optical and show that
the properties can be adequately explained by extreme amounts of intervening
dust and gas in the direct line of sight. I study the multiwavelength properties
of the extremely red host galaxy using observations from the best available
ground and space based observatories and show that the host is an extremely
dust obscured star forming galaxy with a disturbed morphology. I add this

to the growing evidence that most dark bursts show extinction, and draw
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more general conclusions on the implications on the dark burst hosting galaxy
population, including how their omission from optically selected samples at

low redshift may affect our view of e.g. metallicity biases of GRB progenitors.
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Chapter 2

The host galaxies of
Core-collapse supernovae and

long gamma ray bursts

2.1 Introduction

Core-collapse supernovae (CCSN) mark the end-points in the lives of short-lived
(lifetime < fewx107 years), massive stars (M >8Mg). The selection of galaxies
via the presence of a CCSN thus provides, in principle, an ideal mechanism for the
detection of star forming galaxies at a range of redshifts. Long duration GRBs are
closely related to CCSN, and offer similar advantages as tracers of star formation,
which have been widely discussed in e.g. Jakobsson et al. (2005, 2006); Madau et al.
(1998a). Specifically, both CCSN and GRB production requires only a single stellar
progenitor, and so they select galaxies independently of the galaxy luminosity. By
doing so they can point out galaxies too faint to be included in flux limited surveys,
potentially providing a handle on the faint end of the galaxy luminosity function

at high-z. Unlike GRBs however, CCSN are less affected by metallicity effects, and
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hence they provide a more complete selection of the collapse of stars with initial
main sequence masses in excess of ~8My. Therefore, a census of supernova host
galaxies is providing a census of essentially all massive star formation sites at a given
redshift.

One drawback in the use of supernovae as a direct probe of star formation has
been the inability to pursue searches for CCSN beyond z ~ 1, due to the limitations
of current technology. Out to this distance the luminosity function, and star for-
mation rate are reasonably well constrained through other methods. However, the
recent installation of Wide Field Camera 3 (WFC3) on the Hubble Space Telescope
(HST), and in the longer term the launch of JWST offer the opportunity to push
this to much higher redshift. Nonetheless, in the interim period their potential use
to “calibrate” environmental dependencies in nearby GRBs, and other star-forming
galaxy samples, motivates their study.

A complication in the use of SN comes from understanding biases in their
observed rate introduced by dust extinction within their hosts. While the highly
penetrating v and X-ray’s from GRBs can largely circumvent problems with local
extinction this is not necessarily the case for their optical afterglows. CCSN, which
are several magnitudes fainter at peak than a typical GRB optical afterglow (e.g.
Tanvir et al. (2010); Bloom et al. (2009) and Figure 1.8), are even more prone
to non-detection due to host galaxy extinction. In practise, the extent to which
extinction biases the detection of either GRB optical afterglows or CCSN remains
poorly understood, although it is likely to impact both (e.g. Mannucci et al., 2003;
Fruchter et al., 2006; Rol et al., 2007; Levan et al., 2006a).

Effort has already been invested in studying SN hosts, and the locations of SN
within them. In particular this has focused on large samples of SN at low redshift,
for example those found by, or overlapping with, the Sloan Digital Sky Survey

e.g. Prieto et al. (2007) or those found in galaxies targeted by other surveys e.g.
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James and Anderson (2006). These surveys offer insight into SN host properties and
locations, and using local SN, with small angular distances, allow the environments
to be probed in detail. However, locally discovered supernovae have historically been
found by targeted searches of specific galaxy catalogues, producing a bias towards
brighter host galaxies. More recent searches (e.g. SDSS, SN Factory, Skymapper
and Pan-STARRS) avoid this by repeatedly tiling blank regions of sky, although they
typically find more distant SN. Comparisons of these hosts suggest that while SN
globally trace star formation the relative fractions of Ib/c increase in highly metal
enriched environments, likely reflecting the tendency for massive stars to loose their
hydrogen envelopes via radiatively driven winds at higher metallicity (Prieto et al.,
2007).

All CCSN, by their nature, indicate the formation of massive stars in their
hosts, while the locations of the supernovae within their hosts can also be strongly
diagnostic. Fruchter et al. (2006)(hereafter FO6) used a new pixel statistic (essen-
tially the fraction of light contained in regions of lower surface brightness than the
region containing SN or GRB) to show that GRBs are highly concentrated on the
light of their hosts, and likely favour a much more massive and shorter lived pro-
genitor than CCSN, which trace blue light within their host galaxy. Utilising this
technique on a lower redshift sample of CCSN found in the SDSS fields, Kelly et al.
(2007) show that SN Ic are also highly concentrated on the brightest regions of their
hosts, a distribution very similar to GRBs. This may suggest that both GRBs and
SN Ic originate only from the most massive stars (Larsson et al., 2007). James and
Anderson (2006) take an alternative approach of using Ha images and similarly find
that SN Ib/c are more concentrated on their hosts. They suggest that this may
be due to the expulsion of SN II progenitors from their star forming regions with
moderate velocities, rather than an intrinsic tendency for SN Ib/c to lie on brighter

regions of their hosts. Should SNII typically originate from less massive stars than
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SN Ib/c then this may be expected since the transverse distances travelled over the
stellar lifetime would be larger for less massive (and hence longer lived) stars.

Although there is a growing consensus that GRBs originate from different
environments than the bulk of CCSN, it is not yet clear how well the global properties
of the whole host galaxy are evidence of this. Savaglio et al. (2008) note that
global metallicity measurements of GRB hosts are predominantly subsolar!. This
agrees with theoretical models of GRB production, which favour lower metallicity
environments (e.g. Heger et al., 2003). Furthermore, a study by Modjaz et al.
(2008) suggested that SN Ic not associated with GRBs tend to originate from more
metal rich environments than SN Ic with a GRB associated. These authors also
suggested that sub solar (20 to 60 percent of solar) metallicity is required to produce
a GRB. A complication of testing this hypothesis is that metallicity can vary by
several tenths of a dex within the hosts, both by localised enrichment (e.g. the IFU
measurements by Christensen et al., 2008) and due to a radial gradient (e.g. Garnett
et al., 1997; Rolleston et al., 2000). This makes spatially resolved spectroscopy, or
direct measurements of metallicity from the afterglow spectrum valuable. However,
this is impossible for a significant fraction of GRBs, since the angular distances are
too small to resolve the hosts into many resolution elements. Thus, while not an
ideal measure, estimates of the stellar mass or luminosity of the hosts can be used
as a proxy for metallicity, and when averaged over a large number of hosts should
still provide robust statements about CCSN and GRB environments.

Here I investigate the multi-wavelength properties of a sample of CCSN host
galaxies observed by the GOODS (Great Observatories Origins Deep Survey), and
PANS (Probing Acceleration Now with Supernovae) surveys, and compare these

to those of GRBs. These galaxies, lying at comparable redshift to many GRBs,

! Although at times this conclusion depends on an assumption about the ionisation parameter
within the host
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although at distinctly lower-z than the mean GRB value of ~ 2.5 (Jakobsson et al.,
2006), offer the opportunity for direct comparison of derived physical properties (e.g.
mass, star formation rate), without the need to worry about evolutionary effects in
either the galaxy luminosity function, or, in the case of GRBs, the universal evolution
of metallicity. Using a large, multi-wavelength (optical through mid-IR) dataset I
derive physical parameters for the host galaxies of CCSN and GRBs. This includes,
rest frame luminosities, star formation rates, stellar mass and surface brightness at
the GRB or SN location. Considering possible bias effects that might be present in
both samples, my results broadly echo those of previous work that GRB hosts are
typically smaller and less massive than those of CCSN, most likely due to metallicity
bias. GRBs also originate in brighter locations, consistent with their origin in more

massive stars.

2.2 Host galaxy samples

See Table 3.1 for a brief summary of the data samples and sources used in this
chapter. The following sections describe the sample construction and data analysis

in more detail.

2.2.1 Supernovae in GOODS and PANS

The GOODS (Giavalisco et al., 2004) survey undertook observations in two fields,
centred on the Hubble Deep Field North and Chandra Deep Field South. These
observations included deep observations with the HST using the Advanced Camera
for Surveys (ACS) in the F450W(B), F606 W (broad V/R), F814W(I) and F850LP(Z)
filters. Rather than obtain the images in a single epoch, the observations were made
roughly every 45 days, to be sensitive to the rise time of SN Ia at z ~ 1 (see e.g. Riess

et al., 2004). As well as detecting a number of SN Ia, these observations also located
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Table 2.1: Summary of GRB and CCSN data sources.

CCSN host Sample

Sample size 58
Redshift sources Wirth et al. (2004), Vanzella et al. (2005),
Vanzella et al. (2006),Vanzella et al. (2008),

Strolger et al. (2004) and Strolger (private communication).

Public photometry sources Chary et al. (2005), Giavalisco et al. (2004)

New photometry in this thesis Tables 2.2, 2.3 and 2.4 NB: Optical data is catalog sourced,

but not previously published.
Selection Criterion CCSN in GOODS North or South.

GRB host Sample

Sample size 34

Redshift sources See Savaglio et al. (2009, 2006) and sources within.
Public photometry sources See Savaglio et al. (2009, 2006) and sources within.
New photometry in this thesis Table 2.5 (IRAC photometry)

Selection Criterion Long burst at z j 1.2 with host detected in

at least one band.

numerous core collapse supernovae (e.g. Strolger et al., 2004; Dahlen et al., 2008,
and Dahlen et al. in prep) with a mean redshift of z ~ 0.6 (CCSN are generally less
luminous at maximum than SN Ia, and so visible over a smaller volume in a flux
limited sample). These SN host galaxies form an excellent sample for further study,
by virtue of their selection in a blind survey, independent of galaxy luminosity (in
contrast to many low-z SN searches which are targeted at specific galaxy catalogues),
and because of the wide range of supporting data covering the blue optical to mid-IR
regions.

These data, in addition to that secured by HST and described above, en-
compassed large programmes with Spitzer and also a concerted effort from ground
based observatories to secure complementary near-IR observations and redshift cat-
alogues. ACS V-band images of the resulting sample of CCSN hosts are shown in
Figure 2.1.

Each SN discovered in GOODS or subsequently PANS is typed based on the

available photometric and spectroscopic data on both the SN and its host galaxy.
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Figure 2.1: Mosaic image of the 58 CCSN host galaxies in the GOODS fields. These
V-band images have a width of 7.5 arcseconds and the location of the Supernovae
on the host is marked with a cross-hair.
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The means of this typing is described in Strolger et al. (2004), its outcome is that
the confidence in the typing of a given supernova is given by the assignation of
a “medal”. These medals, termed Gold, Silver or Bronze reflect both the quality
and quantity of data available to type the SN. The optimal diagnostic is obviously a
spectrum of the SN itself, demonstrating the clear presence (or absence) of hydrogen.
Spectroscopically typed SN are given a Gold medal. In the absence of a spectrum
the diagnostics used are the lightcurve shape, its peak absolute magnitude, the type
of host galaxy and its U-B colour. Initially the lightcurve shape is compared to that
of a SN Ia. If this fit is poor, but the lightcurve well sampled then the transient is
assigned as a CCSN with a Silver medal. If the lightcurve is inconclusive, but the
host galaxy appears to be star forming then (in general) the SN is typed as CCSN
with a Bronze medal. Hence, it is possible that the inclusion of Bronze CCSN
introduces a small number of SN Ia into the CCSN sample. I will discuss this issue,
and other selection effects, further in section 8. For further details on the algorithms

for the classification of each SN the reader is referred to Strolger et al. (2004).

2.2.2 GRB host galaxies

The mean redshift of GRBs in the Swift era is ~ 2.5 (Jakobsson et al., 2006), however
a number of GRB host galaxies have been observed at redshifts across the same, or
very similar range as that of the GOODS CCSN sample. To approximately match
the redshift distributions I use all GRB host galaxies at z < 1.2. Images of the
resulting sample, which have HST observations, are shown in Figure 2.2, the subset
of the hosts for which I present Spitzer fluxes is shown in Figure 2.3. A comparison
of the resulting redshift distributions is shown in Figure 2.4. Using this sample
enables me to create a consistent dataset for CCSN and GRB hosts to perform
the analysis on. This is crucial in order to be able to compare the results in a

methodical way. The majority of the photometry for GRB host galaxies fitted here
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is taken from F06 and Savaglio et al. (2008). However, I have supplemented this
data with HST observations of 4 GRB host galaxies at z < 1.2 (GRB/XRF 050416,
GRB 050525, GRB 060218 and GRB 080319B?) and Spitzer IRAC observations of a
further 13 hosts. The use of HST makes it possible to spatially resolve these galaxies
and thus enables a comparison of not only their luminosities but also physical sizes
and the locations of the transients on the host. The HST data was reduced in
the standard fashion via multidrizzle, and magnitudes and radii were determined
following the method described in F06. See section 2.3.1 for a description of the
IRAC photometry. Although deep imaging across multiple bands is available 1
do not include the ambiguous GRBs 060505 and 060614, whose membership of the
long duration category of GRBs is controversial (e.g. see Gehrels et al., 2006; Fynbo
et al., 2006; Thone et al., 2008a; McBreen et al., 2008, for a discussion of different
viewpoints).

Although the above selection largely removes any redshift bias from the ob-
served population, there do remain important selection differences between the GRB
and CCSN host population. Whilst these are difficult to quantify they should be
considered before conclusions regarding the two populations are drawn. The first
effect is that the CCSN have been located in a blind field search, and have a wide
range of complementary data. This means that it is possible to derive at least a
photometric redshift for every CCSN within the sample. In contrast there are a
number of very faint GRB host galaxies, which do not have spectroscopic redshifts,
and have insufficient bands for photometric redshifts to be plausible. Should these
lie in the range of redshift I consider here (z < 1.2) their non-inclusion would tend
to bias the observed population to higher luminosity. Indeed, even for the systems
with measured redshifts, the majority of the low-z sample, (~ 28 from 34) come via

emission line measures in their host systems, rather than absorption lines in the af-

2Host photometry extracted after subtraction of point source, see also Tanvir et al. (2010)
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Figure 2.2: Mosaic image of GRB host galaxies with HST imaging. The images are 7.5 arcseconds wide, and the locations of the
GRBs on the host is marked with a cross-hair.
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Figure 2.3: Mosaic image showing the GRB hosts observed with Spitzer IRAC.
Images are in 3.6um where available, otherwise in 4.5um. The width of each tile is
~ 80 arcseconds.
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Figure 2.4: The redshift cumulative distributions of the GRB (blue) and SN (red)
samples used in this chapter. To provide similar redshift distributions I only consider
GRBs with z < 1.2. The redshift distribution of 6900 MUSIC field galaxies is
plotted in black.
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terglow, which may well create a bias towards brighter hosts, and will be considered
in more detail later. In a similar spirit I have included GRBs with hosts identified
both by their optical afterglows and where the X-ray afterglow is sufficient to unam-
biguously locate the host, however it should be noted that bursts with particularly
faint optical afterglows (by dust extinction) could be missed from the sample.
Finally, there are a number of host galaxies at known redshift (GRBs 980326,
990705, 991216, 050416A, 050525A, 050824 and 051016B), which have observations
in a single photometric band, precluding a detailed analysis of their spectral energy
distributions. Excluding these would create a further bias within the samples, and
so, rather than omitting them I derive physical parameters by assuming they can
be fit with the spectral template which provides the best fit of the majority of the
GRB hosts. Although this produces potential systematic errors into the analysis (for
example the fainter galaxies may typically have different colours than the brighter

systems where the templates are derived) it is preferable to their complete omission.

2.2.3 GOODS-MUSIC: A comparison sample

The GOODS-MUSIC (MUltiwavelength Southern Infrared Catalog) (Grazian et al.,
2006) includes photometry ranging from U-band (2.2ESO and VLT-VIMOS) to the
8 um IRAC band. Of the ~ 14000 objects listed in the catalog, I select ~ 6900
non-stellar, non-AGN objects with 0.1 < z < 1.2 (redshift either spectroscopic or
photometric) as a field galaxy comparison sample to the GRB and CCSN popula-
tions. The object selection for the MUSIC catalog is made in the ACS z-band with
a secondary selection made in the Ks-band to obtain a higher completeness. The
limiting magnitudes are reported to be zjj, ~ 26 or K, ~ 24 (AB magnitudes) at
a completeness level of 90 %.

Although this is a magnitude limited catalog, whereas the GRBs and CCSNe

are are detected independent of host magnitude, I consider this a good sample of
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field galaxies at similar redshifts to those of the GRBs and CCSNe described above.
It should also be noted that method of selecting the MUSIC galaxies does not
bias towards highly starforming galaxies like the selection based on core-collapse
events does. The MUSIC galaxies are hence bound to give a representation of all
Hubble types, i.e. include starforming spiral and irregular galaxies as well as passive

elliptical galaxies.

2.3 Photometry

Image data from GOODS is used to assemble photometry in up to 12 bands. B,
V, I and Z bands are taken from Hubble’s Advanced Camera for Surveys (ACS).
Near infrared J, H and K bands from ground based Very Large Telescope (VLT)
using the Infrared Spectrometer And Array Camera (ISAAC). Infrared images come
from Spitzer’s InfraRed Array Camera (IRAC) at 3.6, 4.5, 5.8 and 8 um wavelength.
Further infrared magnitudes at 24 um (Spitzer MIPS) are adopted from Chary et al.
(2005). The ACS data comes in high resolution (0.03 arcseconds per pixel) drizzled
images. I use the online cutout-service 3 to extract only the galaxy and it immediate
surroundings from the larger mosaic image. The Spitzer images are lower resolution
and one image of manageable size covers the entire field.

Photometry on the ACS images for the 16 hosts in the original sample (F06)
is initially done with the gqphot package in IRAF. I then compared this photometry
with the GOODS source catalog (Giavalisco et al., 2004), and finding a good agree-
ment between them, I adopted catalog values for all of the hosts (see Table 2.2).
Photometry on the ISAAC data, J, H and K bands was also checked for consistency
between automatic source detection via SEXTRACTOR (Bertin and Arnouts, 1996)

and manual aperture photometry, after which I create a source catalog, and adopt

3http://archive.stsci.edu/eidol.php
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values from this for all of the hosts (see Table 2.3).

Due to the high amount of blending in the IRAC bands, automatic source
detection is more challenging than for the optical and NIR bands. Photometry of
the IRAC data is performed by hand, see below for a more detailed description.

In addition to photometric data I also extract measured radii from the
GOODS catalogue values. These are converted into physical sizes using the as-
sumed cosmology (ACDM, Qy; =0.27, Qp = 0.73, Ho = 71 km s~! Mpc™1).

The majority of the host galaxy photometry for the GRB host galaxies is
collected from the GHostS project, where the photometry is compiled from numerous
sources, see Savaglio et al. (2008) and references within. All photometry has been

corrected for galactic extinction following Schlegel et al. (1998).

2.3.1 IRAC photometry

The GOODS fields have been imaged in the Spitzer IRAC bands, from which I
have measured and report photometry for 56 of the 58 CCSN hosts in Table 2.4.
A number of GRB hosts have also been imaged in the IRAC bands, in addition to
the reported magnitudes collected from the GHostS project. I have analysed these
images and report 26 new 3.6um — 8.0um magnitudes or magnitude limits for GRB
hosts in Table 2.5.

Note that, due to the amount of blending between sources at IRACs reso-
lution, for some galaxies reliable photometry could not be achieved. In these cases
the catalog entry is left blank.

The GOODS Spitzer /IRAC observations have been mosaiced and drizzled
to a pixel scale of 0.6 arcsec/pixel, limiting magnitudes are ~ 24 — 25 depending
on the IRAC band and extent of the source, as estimated from HST imaging. The
GRB observations are reduced by the standard IRAC pipeline, and have the native

pixel scale of 1.2 arcsec/pixel. Limiting magnitudes are ~ 19 — 23 depending on
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exposure times and bands of the individual observations.

The photometry is performed with a program coded in Python, using the Py-
FITS module provided by STScl to interact with FITS images, to extract (normal
extraction) the flux inside a circular aperture with sub-pixel accuracy. The back-
ground is measured from blank apertures outside the host, which also provide the
background standard deviation for determination of limiting magnitudes. Quoted
limits are 3-sigma.

At the resolution of IRAC, the majority of the hosts are unresolved; in which
case I use small aperture photometry and aperture corrections according to the
official IRAC calibration (for the GRB hosts) or as determined from the curve of
growth (CCSNe in the GOODS mosaic). If the source emission is determined to
have a FWHM larger than the FWHM of the PSF, I extract the photometry from

a large aperture enclosing all of the flux.

2.4 Spectral Energy Distribution fitting

The collected photometry covering wavelengths from 0.4 pm (ACS B-band) to 24
um (Spitzer MIPS), allows me to fit template spectral energy distributions that
are close representations of the true SED within these limits. Redshifts for the
CCSN hosts are determined spectroscopically in 41 cases and photometrically in
17. Spectroscopic redshifts are adopted either from Strolger et al. (2004) where
available, or by querying the Team Keck Treasury Redshift Survey (TKRS) (Wirth
et al., 2004) for the GOODS north field, or the GOODS/FORS2 release 3 (Vanzella
et al., 2005, 2006, 2008) online redshift catalog in the south field. Photometric
redshifts are calculated with the HYPERZ photometric redshift code (Bolzonella

et al., 2000) 4. The SED fitting includes only two degrees of freedom: a wavelength

“Consistency is checked using objects overlapping with the MUSIC catalog.
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Table 2.2: Photometric catalog over CCSN host galaxies in the GOODS fields.
Errors are 1 sigma standard errors, limits are 3 sigma limiting magnitudes estimated

from the sky background.

SN name B A% I Z

2002fv 28.94 £ 0.53 28.16 & 0.21 26.78 £ 0.12 26.89 + 0.17
20021z 23.23 £ 0.19 224 +£0.07 21.45 + 0.07 21.11 £ 0.08
2002hs 24.17 £ 0.17 23.93 £ 0.12 23.51 &= 0.18 23.06 + 0.17
2002hq 21.93 + 0.18 21.08 £ 0.06 20.19 + 0.07 19.90 £+ 0.08
2002kb 21.47 + 0.14 20.64 = 0.05 20 &+ 0.07 19.78 £ 0.08
2002ke 21.45 £ 0.05 20.72 £ 0.07 20.47 £ 0.08
2002kl 23.32 £ 0.13 22.69 + 0.06 22.28 + 0.1 22.18 4+ 0.13
2003ba, 21.07 & 0.04 20.06 &= 0.01 19.63 £+ 0.02 19.43 £ 0.03
2003bb 22.32 £0.29 21.62 +0.12 20.71 + 0.13 20.24 £+ 0.12
2003bc 22.6 £0.05 21.78 £0.02 21.29 + 0.03 21.14 4 0.04
2003dx 24.02 £ 0.04 23.31 £ 0.02 22.78 £ 0.02 22.65 + 0.03
2003dz 25.51 £ 0.18 2528 £ 0.14 24.79 £ 0.19 24.57 + 0.24
2003en 25.78 & 0.06 25.34 & 0.04 24.53 + 0.04 24.49 + 0.04
2003er 22.65 &+ 0.12 21.40 &+ 0.03 20.41 + 0.03 20.05 £ 0.03
2003et 23.34 + 0.04 23.09 & 0.03 22.73 £ 0.04 22.25 £ 0.04
2003ew 23.55 £ 0.14 22.61 & 0.05 21.76 £ 0.05 21.45 + 0.06
2003N 24.96 £ 0.16 24.7 £ 0.11 24.32 £ 0.17 23.88 &+ 0.17
K0404-005 24.95 + 0.08 22.88 & 0.01 21.23 + 0.01 20.57 £+ 0.0
K0404-003 27.19 £ 0.14 27.13 £ 0.14 26.53 = 0.16 26.43 + 0.17
K0404-006 24.03 &+ 0.02 23.45 &+ 0.01 23.02 + 0.02 22.77 £+ 0.02
K0404-008 21.15 4+ 0.01 19.84 £+ 0.0 19.16 £+ 0.0 18.83 £ 0.0
K0404-010 27.45 £ 044 25.26 & 0.05 23.76 £ 0.03 23.22 + 0.02
K0405-001 22.39 + 0.01 21.66 & 0.01 21.04 + 0.01 20.87 + 0.01
K0405-002 22.39 &+ 0.01 21.62 &+ 0.01 21 4+ 0.01 20.83 &+ 0.01
K0405-005 26.04 + 0.11 25.24 & 0.04 24.37 = 0.04 24.33 £+ 0.05
K0405-007 24.14 &£ 0.03 23.03 & 0.01 22.21 = 0.01 21.91 £ 0.01
K0405-008 27.02 £ 0.23 26.22 &+ 0.09 25.59 £ 0.1 24.89 + 0.06
HST04Pata 20.13 + 0.0 19.56 + 0.0 19.26 + 0.0
HSTO04Cli 26.92 & 0.16 25.85 & 0.05 25.42 + 0.06 25.47 £ 0.08
HST04Wil 22.65 £ 0.01 21.72 £ 0.01 21.27 +0.01 21.08 £+ 0.01
HST04Pol 22.22 £0.01 21.434+0.0 20.74 00 20.5+0.0
HST04Jef 25.7 £ 0.1 25.83 + 0.1 24.99 + 0.09 25.04 £+ 0.13
HST04Ken 23.05 +£ 0.02 22.21 £0.01 21.56 &+ 0.01 >24.43
HST04Cum | 25.17 & 0.05 25.04 4+ 0.04 24.58 + 0.05 24.50 £+ 0.05
HST04Cay | 26.75 £ 0.1 25.74 + 0.03 25.58 £ 0.06 25.39 + 0.06
HST04Bon | 23.56 & 0.03 21.94 + 0.01 20.67 = 0.0  20.23 £+ 0.0
HST04Sos 23.90 + 0.03 22.8 + 0.01 22.05 + 0.01 21.76 £ 0.01
HST04Fox 24.91 + 0.04 24.6 £+ 0.02 24.01 £ 0.03 >26.36
HST04Con | 23.43 & 0.02 22.95 4+ 0.01 22.08 + 0.01 21.76 + 0.01
HSTO04Hei 21.47 £ 0.14 20.64 & 0.05 20.00 + 0.07 19.78 £ 0.08
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SN name B \% I s
HSTO04Riv | 26.45 & 0.13 25.64 £ 0.05 24.80 & 0.05 >26.18
HST04Geo | 24.26 + 0.03 24.08 + 0.03 23.36 &+ 0.03 23.12 £ 0.02
HST04Gua | 26.11 & 0.17 24.36 & 0.04 22.66 + 0.01 21.66 £ 0.01
HST04Ida 27.10 £ 0.11  26.29 & 0.08 26.49 + 0.21 26.59 4+ 0.3
HSTO05Kir 24.66 £ 0.04 24.43 + 0.03 23.98 £ 0.03 24.10 £ 0.05
HSTO05Pic 23.60 & 0.02 23.47 + 0.02 22.81 £+ 0.02 22.65 £ 0.02
HSTO05Sev | 24.15 + 0.05 24.18 + 0.04 23.66 £+ 0.04 23.32 £ 0.04
HSTO05Sco | 25.20 & 0.06 25.34 + 0.06 24.58 £ 0.06 24.35 £ 0.06
HST05Boy | 25.45 4+ 0.05 25.29 + 0.04 24.80 + 0.05 >26.37
HSTO05Den | 25.30 & 0.07 24.78 &£ 0.04 23.92 + 0.03 23.53 & 0.03
HSTO05Bra 23.32 £0.02 22.28 &+ 0.01 21.63 £ 0.01 21.36 & 0.01
HSTO05Str 24.03 & 0.04 23.84 + 0.04 23.21 £+ 0.03 22.93 £ 0.03
HSTO05Ste 24.34 + 0.23 23.75 + 0.09 23.32 £ 0.1 23.51 &£ 0.1
HSTO05Cas | 26.33 & 0.15 25.83 & 0.08 24.98 £+ 0.07 24.89 £ 0.08
HSTO05Mob | 24.91 £+ 0.05 23.93 &+ 0.02 22.97 &+ 0.02 22.66 & 0.01
HST05Ton 23.22 £ 0.02 22.45 4+ 0.01 21.45 £+ 0.01 21.15 £ 0.01
HSTO5F11 24.94 + 0.04 24.73 £ 0.03 24.57 + 0.04 24.38 £+ 0.04

Table 2.3: Photometric catalog over CCSN host galaxies in the GOODS fields.
Errors are 1 sigma standard errors, limits are 3 sigma limiting magnitudes estimated

from the sky background.

SN name

J

H

K

2002fv
20021z
2002hs
2002hq
2002kb
2002ke
2002kl
2003ba
2003bb
2003bc
2003dx
2003dz
2003en
2003er
2003et
2003ew
2003N

>27.82
>23.78
23.25 £ 0.05
19.45 £+ 0.02
19.3 £ 0.02

>24.17

23.02 £ 0.62
19.23 + 0.14
19.18 £ 0.17

>26.96

20.01 £ 0.02
22.70 £ 0.05
18.85 4 0.02
18.89 + 0.03
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SN name

K0404-005
K0404-003
K0404-006
K0404-008
K0404-010
K0405-001
K0405-002
K0405-005
K0405-007
K0405-008
HST04Pata
HST04Cli
HST04Wil
HST04Pol
HST04Jef
HST04Ken
HST04Cum
HST04Cay
HST04Bon
HST04Sos
HSTO04Fox
HST04Con
HSTO04Hei
HST04Riv
HST04Geo
HST04Gua
HSTO04Ida
HSTO05Kir
HST05Pic
HSTO05Sev
HST05Sco
HST05Boy
HSTO05Den
HSTO05Bra
HST05Str
HST05Ste
HST05Cas
HSTO05Mob
HSTO05Ton
HSTO05Fil

24.22 £ 0.5
20.83 £ 0.1
20.15 + 0.07
>27.14
2091 £ 0.1

19.59 £ 0.06
21.37 £ 0.13
23.92 £+ 0.42

19.3 £ 0.02
24.47 £ 0.56

24.29 £ 0.51

20.75 £ 0.1
19.91 £+ 0.07
>23.63
20.74 £ 0.1

19.18 £ 0.05
21.22 £ 0.12
23.73 £ 0.39

19.18 £ 0.17
25.18 £ 0.79

23.28 + 0.32
20.61 + 0.09
19.62 £ 0.06
>26.31

20.45 + 0.08

18.81 £+ 0.04
20.96 =+ 0.11
23.43 £ 0.34

18.89 + 0.03
24.36 £ 0.53

24.24 £ 0.52
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Table 2.4: Photometric catalog continued: Spitzer IRAC bands

SN name 3.6 um 4.5 um 5.8 um 8 um
2002fv > 25.65 24.52 + 0.14 > 23.58 > 24.69
2002fz

2002hs 21.78 £ 0.01 21.79 £ 0.01 22.37 £ 0.06 22.53 £ 0.06
2002hq 18.89 + 0.01 19.39 + 0.03

2002kb 19.28 + 0.01  19.95 £ 0.0 19.8 + 0.13 19.74 + 0.01
2002ke 19.97 + 0.01 20.47 £ 0.2

2002kl 22.4 + 0.03 23.17 £ 0.21

2003ba 19.45 + 0.01 18.55 + 0.01
2003bb 18.97 + 0.01 19.43 + 0.03
2003bc

2003dx 22.44 + 0.02 22.46 + 0.08
2003dz 23.35 + 0.04 23.66 + 0.2
2003ea 22.4 +0.07  22.78 £ 0.07 23.06 £ 0.38 > 23.25
2003en 24.58 £ 0.24 25.33 £ 0.25 > 22.93 > 25.44
2003er 19.55 £ 0.0 20.08 £+ 0.03
2003et 20.89 + 0.01 21.19 £+ 0.02
2003ew 21.16 + 0.01 21.34 £ 0.05
2003N 21.86 +£ 0.02 21.86 £ 0.01 22.04 £ 0.07 22.2 + 0.1
K0404-005 18.99 + 0.0 19.52 + 0.0  19.67 £ 0.01 20.13 £ 0.04
K0404-003 24.71 £ 0.16 23.44 + 0.26
K0404-006 | 21.03 + 0.01 20.79 £ 0.02

K0404-008 18.02 + 0.0 18.33 + 0.01

K0404-010 | 21.71 + 0.02 23.52 + 0.03 22.76 + 0.19 22.9 4+ 0.12
K0405-001 20.99 + 0.01 21.19 £ 0.05
K0405-002 20.98 + 0.01 20.97 £+ 0.05
K0405-005 24.03 £ 0.07 24.29 £+ 0.1 > 23.97 > 24.23
K0405-007

K0405-008 | 23.1 + 0.06 23.15 £ 0.2

HSTO04Pata | 18.86 + 0.0  19.26 + 0.0  19.25 + 0.03 17.97 + 0.02
HST04Cli 22.88 + 0.13 2247 + 0.11

HST04Wil 20.91 + 0.03 21.43 £+ 0.07

HST04Pol 19.83 + 0.01 20.2 + 0.0 20.19 + 0.04 20.28 £+ 0.05
HSTO04Jef

HST04Ken

HST04Cum | 23.21 + 0.05 23.5 + 0.05  23.69 £+ 0.23 > 24.06
HST04Cay | 23.65 + 0.05 23.83 + 0.08 23.11 + 0.27 23.79 + 0.32
HST04Bon 18.97 £ 0.0 19.32 + 0.0 19.34 + 0.01 19.51 4+ 0.01
HST04Sos 21.21 +£0.02 21.54 + 0.01 21.76 + 0.08 21.82 + 0.06
HST04Fox 24.23 + 0.09 > 24.54
HST04Con | 20.77 £ 0.0  21.25+ 0.01 21.2 4+ 0.05  21.88 + 0.07
HST04Hei 19.28 + 0.01 19.95 +0.0 198 +£0.13  19.74 + 0.01
HSTO4Riv | 23.89 + 0.06 23.97 + 0.44
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SN name 3.6 um 4.5 pm 5.8 um 8 um
HST04Geo 23.13 £ 0.02 23.72 £ 0.23
HST04Gua | 18.74 £+ 0.03 19.18 + 0.04

HST041da 24.32 £ 0.16 > 24.21
HSTO05Kir

HSTO05Pic | 22.42 £ 0.03 22.69 £ 0.26

HST05Sev | 23.51 £ 0.08 23.47 £ 0.38

HST05Sco | 22.06 £+ 0.03 22.7 + 0.17

HST05Boy 24.8 + 0.26 > 24.47
HSTO05Den | 22.65 &£ 0.03 22.75 £ 0.02 23.05 £ 0.12 23.05 £ 0.17
HSTO05Bra | 20.82 £ 0.0 21.04 £ 0.01 21.11 £ 0.03 20.93 + 0.04
HST05Str 21.99 £ 0.07 224+ 0.06 > 221 22.55 £ 0.13
HST05Cas > 26.07 > 24.67
HSTO5Mob | 21.3 £0.03  21.87 £ 0.01 21.85+0.1  22.37 &+ 0.09
HSTO5Ton | 19.79 £ 0.0 20.28 £ 0.0  20.23 +£ 0.03 20.51 £ 0.02
HSTO5Fil 23.32 £ 0.06 > 24.25

HST05Ste | 23.54 £ 0.09 > 23.81

Table 2.5: GRB host photometry in the Spitzer IRAC bands. Limits are 3-sigma

background estimates, errors are 1-sigma.

GRB 3.6 um 4.5 pm 5.8 um 8 um
970228 | 22.02 £ 0.2 > 20.02

990712 21.98 £ 0.4 > 19.42
991208 > 22.21 > 20.57
000210 21.76 + 0.23 20.48 + 0.25
000911 > 22.12 > 18.41
010921 | 21.74 + 0.43 > 20.15

020405 | 20.81 + 0.15 > 19.82

020819 | 18.96 £ 0.02 19.27 £0.22

021211 21.24 + 0.24 > 18.57
030329 | >22.59 > 18.96

031203 | 18.19 £ 0.03 17.6 £ 0.06

040924 | >21.92 > 19.81

041006 | 21.43 + 0.19 > 20.0
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independent flux proportionality, and a reddening inside the host galaxy that is
wavelength dependent and calculated in the host restframe. The reddening curve
is adopted from Calzetti et al. (2000) which is derived to suit actively starforming
galaxies.

Template spectral energy distributions are collected from the literature. They
include both observed SEDs of local galaxies and SEDs produced with various spec-
tral synthesis codes. Mean templates for local ellipticals and spirals galaxies are
adopted from Coleman et al. (1980). Synthetic GISSELIS8 spectra ranging along
the entire Hubble sequence are adopted from Bruzual A. and Charlot (1993), and
synthetic fits for local galaxies ARP220, HR10, M51, M82, M100, NGC 6090 and
NGC 6946 are adopted using the GRASIL spectral libraries of Silva et al. (1998). 1
also include GRASIL synthetic templates fitted for submm selected GRB hosts by
Michatowski et al. (2008).

The best fit is given by minimising

Nfilter f b f 10% 2
2 i,obs — 0 X Ji template X v 21
X ; o0 (2.1)

with respect to the scaling parameter b, and the reddening parameter A,.
The reddening curve k(\) and R, = 4.05 are fixed by the reddening law. The
optimum SED template is transformed to its restframe and analysed to estimate
physical parameters of the host galaxy. For wavelengths between two photometric
bands this means we derive the flux from a model fit that is more secure than a
simple linear interpolation, or by assuming a globally flat SED. Some examples of
the SED fits are shown in Figure 2.5. Having determined the best fitting spectral
templates I derive absolute magnitudes in given photometric bands by integrating
the spectrum over the response function of the filter. In Figure 2.6 I plot the derived

My values against the radii of each host galaxy (here defined by rgy — the 80% light
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radius).

In the following section I describe in brief the parameter-SED relations used
to estimate stellar mass content (M, ) of the hosts, their star formation rates (SFR)
and metallicities (12 + logO/H). Note that the spectral energy distributions are
corrected for internal extinction added in the fitting procedure when estimating
these properties. Estimating the uncertainties of the final parameters is, due to the
nature of the SED fitting, difficult. The statistical errors of the final “best” fit model
can be easily computed by allowing the normalisation constant of the fit to change,
giving errors that are proportional to the photometry errors. A fully comprehen-
sible estimate of the errors introduced by the fitting should rather involve a model
independent treatment, i.e. not being limited to the best fit model. Such treatment
would likely involve a much increased computational load deriving from the neces-
sity for additional fitting in a Monte Carlo type of simulation. Such treatment it
unfortunately outside the scope of this work. Nevertheless, it should be noted that
the implicit uncertainties of all properties derived from the model fits involve both a
statistical (i.e. deriving from the photometric uncertainty) and a systematical (i.e.
introduced by the model fitting) component. Furthermore, it’s important to note
that the systematic component is highly dependent on the photometric coverage,
and variable across the SED in such a way that it is small close to, or between, mea-
sured wavelengths, and grows far away, or outside the wavelength range sampled by

photometry.

2.5 Deriving Physical Parameters

2.5.1 Stellar masses

The stellar component of the total mass in a galaxy, M,, can be estimated using

the rest frame K-band luminosity, which samples the old stellar population with a
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Figure 2.5: Example spectral energy distribution fits. Wavelengths are in the ob-
served frame. Host galaxies of SNe HST04Con and K0404-005 have absolute V
magnitudes of -21.37 and -22.53 respectively. The hosts of GRBs 000210 and 020819
have absolute magnitudes of -20.07 and -21.93 respectively
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Figure 2.6: 80 % light radius versus absolute V band magnitude for GRB hosts
(blue squares), CCSN hosts (red points, filled for hosts with spectroscopic redshifts).
Blue triangles on the bottom axis are the absolute magnitudes for GRB without a
measured radius (i.e. those without HST imaging).
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much weaker contribution from hot and massive short lived stars. I note that some
caution has been suggested when using this method on stellar populations dominated
by young to intermediate aged stars, as red supergiants can become a significant
source of enhanced K-band luminosity, and thereby lead to an overestimate of the
stellar mass, e.g. Leitherer and Heckman (1995). A standard method of mass
estimation is the mass to light ratio, where one assumes a proportional relationship
between the stellar mass and the K-band luminosity. Castro Cerén et al. (2006)
prescribe M, /Ly ~ 0.1 for the GRB host galaxies in their sample. Here I have

chosen to estimate the stellar masses with the relation of Savaglio et al. (2009),

log(M, /M) = —0.467 x My — 0.179, (2.2)

where M, is the total stellar mass of the galaxy in units of solar masses. This
relation is calibrated on the basis of GRB hosts, (see also Glazebrook et al. (2004)
for details on this mass calibration) and give results that are consistent with the

mass to light ratio in Castro Cerén et al. (2006).

2.5.2 Starformation rates

While the K-band luminosity is an indicator of the old stellar population in a galaxy,
the U-band luminosity samples the SED contribution from the hot, massive and

hence newly formed stars. Following Cram et al. (1998) the SFR is estimated by,

8.8 x LU
1.5 x 1022Whz !

SFRy(all) = Meyr L. (2.3)

Where Ly is the U-band luminosity in units of Whz~!, and the factor 8.8
is introduced to correct from SF Ry (M /Mg > 5) to account for all star formation.
It should be noted that this SFR is not model independent, but rather it assumes

a certain initial mass function (IMF). Cram et al. (1998) assume a Salpeter IMF.
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Both stellar masses and star formation rates may be inaccurately estimated if the
IMF is strongly deviating from that of Salpeter.

Further useful quantities are the specific star formation rate (SSFR) @,

_ SFR __,

) 2.4
a7 (2.4)

and the star formation surface density X,

SFR
Y¥=—
g

Meyr 'kpe™!, (2.5)

— star formation per unit stellar mass and unit area in the galaxy respectively. Since
these indicate how intense the star formation is, they are in some regards a more
interesting parameters to study than the SFR itself. GRB hosts are believed to have
high SSFR in general, as the presence of GRB itself is evidence of the formation of
massive stars. Indeed this is supported by Castro Cerén et al. (2006) who place the
SSFRs of four z ~ 1 GRB hosts amongst the highest observed. In Figure 2.7 I plot
the SSFRs vs the masses for the GRB and CCSN hosting galaxy populations, as

well as a selection of other high-z galaxy populations.

2.5.3 Metallicities

The role of progenitor metallicity in determining the outcome of massive-star core
collapse has been discussed by various authors. With the difficulties in making direct
measurements of the metallicity at high redshift, mass or luminosity are commonly
used as proxies. The existence of a relationship between galactic stellar mass and its
metallicity has been known since Lequeux et al. (1979) published their results based
on a sample of eight local galaxies. Their conclusion that low stellar mass galaxies

also have lower metallicities, has since been confirmed and extended by using the
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Figure 2.7: Specific star formation rates versus stellar mass for GRB hosts (blue
squares), CCSN hosts (red circles, filled for hosts with spectroscopic redshifts) and
a selection of distant red galaxies (DRGs), Sub-mm galaxies (SMGs) and Lyman-
break galaxies (LBGs) compiled by Castro Cerén et al. (2006)
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much larger samples of local galaxies allowed by the SDSS, e.g. Tremonti et al.
(2004). The origin of the M-Z relation is still under investigation. Loss of metal
enriched gas via galactic winds, accretion of low metallicity gas from the IGM, or
lower starformation efficiencies in low mass galaxies could all effect the metallicity,
and have been suggested as possible explanations, see e.g. Larson (1974) and Pei
and Fall (1995).

Savaglio et al. (2005) calibrate the following mass-metallicity (M-Z) relation-
ship using 69 Gemini Deep Survey and Canada-France Redshift Survey galaxies

with redshifts between 0.4 and 1,

12 +log (O/H) = 0.478log M, + 4.062, (2.6)

where M, is given in units of solar masses. This M-Z relation is claimed to be an
improvement from the use of luminosity-metallicity relations (~ 0.2 dex scatter),
largely due to the small variations through the galaxies evolution in the K-band
luminosity used to estimate the stellar mass in the galaxies. While short starburst
and star formation history modify the B- and V-band luminosity greatly, the K-band

remains relatively constant.

2.6 Locations

In addition to their galactic environments, the local environments of GRBs and
SN can also provide strong constraints on progenitors. If spatially resolved spec-
troscopy is available then the chemical evolution of the progenitor region can be
probed directly, however, this is only possible in a handful of cases (e.g. Christensen
et al., 2008). In the absence of detailed spectroscopy the luminosities of the region
containing the transient can also be a diagnostic (e.g. Ostlin et al., 2008). These

luminosities can be investigated both in relation to the overall host galaxy, and in
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absolute terms. Fruchter et al. (2006) developed a pixel statistic, Fjjgns, where the
galaxy is defined by adjoining pixels above some signal to noise limit. These pixels
are then sorted into ascending order, and the pixel containing the GRB or SN is lo-
cated in this ranked list. It is then possible to record a simple statistic — the fraction
of host light in pixels of equal or lower surface brightness than the pixel containing
the GRB or SN. This technique has the significant advantage that it provides in-
formation on the location of a given transient which is broadly independent of the
morphology of the galaxy. This is particularly important for high redshift hosts,
which often show disturbed and irregular morphologies. The analysis of Fruchter
et al. (2006) showed that GRBs are significantly more concentrated on their host
light than the SN, and this is naturally interpreted as GRBs originating from more
massive stellar progenitors (Larsson et al., 2007). A similar result was obtained by
Kelly et al. (2008) for type Ic supernovae, also suggesting a higher mass origin for
these systems (Raskin et al., 2008).

I have extended the analysis of Fruchter et al. (2006) to include more recent
CCSN and GRBs. The GRB sample is only moderately enhanced from the sample
of Fruchter et al. (2006), since the number of bursts with accurate positions and
HS'T observations is not dramatically larger in the Swift era. However, the CCSN
sample has increased by a factor of 4. To derive locations for the transients I co-align
images taken at different epochs, one in which the SN/GRB is bright, and the other
where it absent (for GRBs this is normally a very late time image, while for SN
it is frequently a pre-explosion image). I then perform a direct subtraction of the
two HST images and centroid on the variable source. I then create a galaxy mask
via SEXTRACTOR and locate the pixel containing the GRB/SN in its cumulative
distribution. The results for the Fj;g5; parameter are listed in Tables 2.6, 2.7 and
2.8.

An alternative approach is to investigate the surface brightness of these pix-
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els, and thus of the region of the host galaxy containing the GRB or SN. By doing
this, one can make a direct comparison of the local luminosities of GRB and CCSN,
essentially measuring the luminosity of the populations which host them. Since the
luminosity of a given star is roughly proportional to the cube of its mass Lp oc m2,
the mass (and hence age) of the stellar population dominates this statistic, more
strongly than, for example, stellar number counts, where Lp o Ny. Since the GRB
and CCSN host galaxies lie at similar redshifts the physical scales probed by this
are comparable®.

I perform this analysis using the full sample of 58 CCSN shown in Tables 2.6
and 2.7. For the GRBs, I utilise a subset of the sample as F06, where the burst lies
at z < 1.2 with a positional accuracy of < 0.08 arcsec, such that the location of the
burst was known to better than the HST (WFPC2 or ACS) PSF, and thus the images
did not require additional smoothing to emulate the observation of the host at the
resolution of the error region. I have calculated the true surface brightness of the
pixel that contained the CCSN or GRB event in units of L kpc=2 for a subsample
of hosts. To account for the differing redshifts of the sample I make K-corrections
to these values assuming that the locations of the transient have the same colours
indicated by global photometry of the host galaxy. This introduces a degree of error
since the colour mapping across the galaxy is unlikely to be constant. However, the
signal to noise of individual pixels is normally too low to place strong constraints
on the pixel colours. I note that the application (or not) of this correction does not
significantly impact the results. The resulting distribution in shown in Figure 2.8,
and confirms that not only do GRBs trace a high power of light within their host
galaxies, but also that GRB hosting regions are much brighter than those which

host a CCSN.
5 A pixel is roughly 150-200pc on a side
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2.7 Results

The results of my analysis for CCSN and GRB hosts are shown in Tables 2.6, 2.7
and 2.8, where I have tabulated the parameters derived from the fits (absolute mag-
nitudes, star formation rates, stellar masses and metallicities) along with directly
measured parameters (rgg). The raw photometry used for the fits to the CCSN hosts
is presented in Tables 2.2, 2.3 and 2.4. The median V band absolute magnitudes
are —20.0 (CCSN) and —19.56 (GRB) respectively, median masses are 3 x 10°Mg,
(CCSN) and 1.9 x 10°Mg (GRB), median star formation rates and specific star
formation rates are 3.6Moyr—! (CCSN), 1.5Moyr~! (GRB) and 1.2Gyr~! (CCSN),
0.97Gyr~! (GRB).

In Figure 2.6 I showed the distribution of rgy versus My, and in Figure 2.7
the distribution of SSFR versus stellar mass. I perform KS-tests on the cumulative
distributions of all the parameters to formalise the probabilities that they are drawn
from a single population. The KS probabilities are listed in Table 2.9, and a selection
of the cumulative distribution functions are plotted in Figures 2.9 to 2.8.

I also compare the GRB/CCSN selected galaxies with the GOODS-MUSIC
field galaxy sample. Since this sample is selected differently from the CCSN or
GRB hosts, the field galaxy CDFs cannot simply be compared to the CCSN/GRB
CDFs. Instead, for M, I accumulate the mass in every step so that the step height is
proportional to the mass of each field galaxy instead of constant. Hence, where the
CDF for the CCSN/GRB hosts shows the number of galaxies with mass < M, the
accumulated function shows the fraction of total mass in the field that is accounted
for by galaxies with mass < M,. The principle for the SFR and ® is the same, but
¢ weighted by SFR instead of ® itself, i.e. this distribution function shows what
fraction of star formation occurs in galaxies less active than ®. In plotting the field

galaxies in this way, agreement is expected between the field galaxy and GRB/SN
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Figure 2.8: Local environmental properties of the GRB and CCSN sample. Top:
The locations of SN (red) and GRBs (blue) on the light distributions of their host
galaxy. The blue dashed line shows the locations for GRBs at z < 1.2, while the
solid blue line shows all bursts in the sample of Fruchter et al. (2006). Lower: The
absolute surface brightness under the transient location in units of L kpc™2. Both
in relative and absolute terms GRBs appear more concentrated on their host galaxy
light.
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Figure 2.10: Top left: Cumulative distribution of CCSN (red) and GRB (blue)
host galaxy masses along with fractional mass distribution in field galaxies (black).
Note that for CCSN and GRB 1 plot the fraction of number of galaxies, while for
the field galaxies, I plot the fraction of mass. Top right: Cumulative distribution
of the star formation rates. The field galaxy sample is weighted by the individual
galaxies SFR. Lower left Cumulative distribution of CCSN and GRB specific star
formation rates. The field galaxies SSFR is weighted by the SFR in each galaxy.
Lower right The surface star formation rates of GRB and supernova host galaxies,
assuming a uniform distribution of star formation over rgg.
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curves if the probability of a GRB or SNe occurring in a given galaxy were directly
proportional to the SFR (or mass) of the galaxy.

Unlike previous work, I do not find any statistically significant differences
between the absolute magnitudes of the GRB and CCSN host populations: the hy-
pothesis that they are drawn from the same population is accepted with probability
Prs = 0.43 for both Mg and My, although the median My of the CCSN hosts is
a factor of ~ 1.5 brighter in luminosity than that of the GRB hosts. Also the rest-
frame B-V colours of CCSN hosts are similar to those of GRBs with a probability
Prs = 0.29.

However, though the stellar masses and star formation rates are also broadly
comparable (Pxg = 0.48 and Pxg = 0.15), when weighting the star formation
by the galactic mass this suggest, with a moderate statistical significance (Pxg =
0.07), that GRB hosts have less star formation per unit mass then those of CCSNe.
Nevertheless the median specific star formation rates are both very similar at ~
1Gyr—1.

A comparison of the radii of the two galaxy samples suggests, at a high sig-
nificance, that GRB hosts are smaller than those of CCSN (Pxg = 0.003), which
is consistent with the majority of GRB hosts having an irregular morphology. The
most significant evidence for the difference between the progenitors of CCSN and
GRBs comes from their locations. Despite a relatively small sample of GRBs with
highly accurate positions on their hosts it is clear that they typically occur in regions
of much higher surface brightness than CCSN (e.g. Figure 2.8), with the median
difference between GRB and CCSN hosting sites being a factor of 4 in surface bright-
ness (Pxs = 0.01), and Pxs = 5 x 1072 when comparing the relative brightness
(Flight) of the explosion site.

Although some of these results are surprising, in particular the broad agree-

ment between the masses, star formation rates, and absolute magnitudes of the two
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populations, there are a number of selection effects which are important to acknowl-
edge in order to fully understand the results. In the following section these effects,

and how they may have effected the sample distributions, will be discussed.

2.8 Selection effects

It is clear from the above results that there are differences between the two
samples in several comparative properties (e.g. rgo, surface brightness), while
others (e.g. absolute magnitudes) appear broadly similar. A key question is
therefore what selection effects could plausibly operate within the sample, and
how these might impact comparisons. l.e., could they force the two disparate
distributions to look rather similar? Or alternatively, might they create ap-
parent differences in similar underlying distributions? Below, I describe the
motivation for the sample definition, and consider several selection effects, and
their impact on the observed distributions of different parameters.

In the selection of the sample I have attempted to be as inclusive as
possible, that is, including essentially all of the GRB hosts with z < 1.2 (and
any available photometry) and all of the candidate CCSN hosts found within
the GOODS fields. It is however necessary to explore how a number of selection
effects could impact the bias of the samples, and how these would be affected
if further (more restrictive) criteria were imposed. Below I discuss the effects

of redshift, SN type and extinction on the samples.

2.8.1 Dust obscuration

Perhaps the most serious bias affecting GRB/CCSN selected galaxies is that

incurred by dust obscuration along the line of sight. The brightest GRB opti-
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Table 2.6: Name of the associated core-collapse event, the redshift and quantities derived from the Spectral energy distribution
fits; Absolute magnitude in the V- and B-bands, star formation rate and stellar mass content. Hosts with only photometric
redshift determination are marked in italic. Note that Fj;4;; and surface luminosity for bursts 2002fz to 2003N are calculated in
the F606W filter, while the rest are in the F850LP filter.

SN name z 0 My Mg SFR logM, 12+ Surface Lum Flignt
[kpc] ABmag ABmag [Mo/yr] [Mo] log(O/H) [log(Lokpe ?)]

2002fv 0.7 0.86 -15.9 -15.47 0.18 8.04 7.9 7.83 0.46
20021z 0.84 11.7 -22.08 -21.64 45.01 10.61 9.14 8.2 0.59
2002hs 0.39 8.43 -17.24 -16.89 1.3 9.11 8.42 7.67 0.09
2002hq 0.67 16.6 -22.66 -22.22 76.78 10.88 9.26 8.16 0.37
2002kb 0.58 15.82 -224 -22.21 30.64 10.42 9.04 8.7 0.84
2002ke 0.58 18.17 -21.61 -21.27 22.1 10.25 8.96 7.67 0.44
2002kl 0.41 5.91 -19.07 -18.9 0.6 8.86 8.3 7.35 0.14
2003ba 0.29 8.18 -20.93 -20.42 18.5 10.16 8.92 8.48 0.82
2003bb 0.96 20.37 -23.3 -22.77 173.35 11.3 9.46 7.97 0.18
2003bc 0.51 4.45 -20.65 -20.43 6.27 9.52 8.61 7.85 0.2
2003dx 0.51 2.17 -19.19 -18.94 1.59 9.15 8.43 8.34 0.45
2003dz 0.48 2.47 -16.88 -16.73 0.53 8.65 8.2 7.64 0.61
2003ea 0.98 4.38 -20.36 -20.21 4.81 9.47 8.59 8.74 0.57
2003en 0.54 1.64 -17.39 -17.19 0.14 8.03 7.9 8.61 0.91
2003er 0.63 7.16 -22.11 -21.68 32.74 10.73 9.19 8.02 0.08
2003et 1.3 4.97 -21.63 -21.51 48.3 10.56 9.11 8.62 0.86
2003ew 0.58 15.21 -20.58 -20.18 10.15 9.86 8.77 8.48 0.71
2003N 0.43 3.73 -17.51 -17.15 1.66 9.23 8.48 7.89 0.69
K0404-005 | 0.79 8.34 -22.29 -21.66 21.52 10.94 9.29 8.81 0.61
K0404-008 | 0.55 1.13 -15.54 -15.37 0.16 8.06 7.91 7.65 0.56
K0404-006 | 0.41 2.4 -18.31 -18.02 2.94 9.52 8.61 8.48 0.79
K0404-008 | 0.28 9.45 -21.16 -20.59 27.12 10.54 9.1 9.0 0.7
K0404-010 | 0.61 2.31 -18.83 -18.08 0.17 9.09 8.41 8.4 0.59
K0405-001 1.01 11.0 -22.7 -22.48 196.31 10.35 9.01 8.19 0.28
K0405-002 | 0.56 8.43 -21.18 -20.9 5.63 9.92 8.8 8.46 0.8
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Table 2.7: Table 2.6 continued.

SN name z 0 My Mg SFR logM, 12+ Surface Lum Flignt
[kpc] ABmag ABmag [Mo/yr] [Mo] log(O/H) [log(Lokpe ?)]

K0405-005 0.68 2.55 -18.17 -18.05 0.4 8.48 8.12 7.93 0.3
K0405-007 0.5 4.78 -19.73 -19.28 1.72 9.46 8.58 9.32 0.98
K0405-008 0.88 3.32 -18.21 -17.72 1.85 9.17 8.45 8.03 0.6
HST04Pata | 0.41 9.53 -21.87 -21.47 33.12 10.46 9.06 8.6 0.53
HSTO04Cli 0.75 1.52 -17.45 -17.33 0.85 8.89 8.31 8.23 0.72
HST04Wil 0.42 8.3 -20.2 -19.9 2.41 9.49 8.6 8.27 0.69
HST04Pol 0.56 7.9 -21.47 -21.14 14.89 10.3 8.99 7.87 0.14
HST04Jef 0.96 2.26 -18.37 -18.31 0.41 8.48 8.12 8.12 0.69
HST04Ken 0.52 5.28 -20.53 -20.13 2.34 9.75 8.72 8.38 0.7
HST04Cum | 0.97 3.44 -18.78 -18.72 2.93 9.14 8.43 8.3 0.69
HST04Cay 0.8 1.15 -17.61 -17.41 1.5 8.8 8.27 7.9 0.2
HST04Bon 0.66 8.49 -22.15 -21.57 71.59 10.85 9.25 8.09 0.19
HSTO04S50s 0.55 4.41 -20.13 -19.83 4.13 9.66 8.68 8.46 0.8
HSTO0/Fozx 0.69 2.33 -18.59 -18.49 0.56 8.64 8.19 8.07 0.35
HST04Con 0.84 7.62 -21.27 -20.97 9.99 10.13 8.91 8.23 0.5
HST04Hei 0.58 14.92 -22.29 -22.06 31.05 10.43 9.05 7.4 0.14
HSTO04Riv 0.61 2.42 -17.43 -17.27 0.35 8.38 8.07 7.99 0.58
HST04Geo 0.94 5.13 -20.09 -19.97 3.34 9.28 8.5 8.62 0.85
HST04Gua | 1.26 4.19 -22.9 -22.06 117.58 11.49 9.55 8.48 0.43
HSTO04Ida 0.91 1.59 -17.14 -17.1 0.51 8.63 8.19 8.38 0.77
HSTOSKirk | 0.45 2.65 -17.49 -17.36 2.37 7.7 7.74 8.13 0.74
HSTO05Pic 091 6.0 -20.49 -20.42 4.31 9.41 8.56 8.3 0.62
HSTO05Sev 096 7.61 -19.87 -19.87 1.67 8.94 8.34 7.6 0.07
HST05S5co 093 3.5 -18.96 -18.79 3.79 9.65 8.68 7.56 0.0
HST05Boy 0.66 2.28 -17.45 -17.47 0.26 8.0 7.89 8.24 0.69
HSTO05Den 0.97 3.09 -19.82 -19.67 2.97 9.46 8.59 8.53 0.87
HST05Bra 0.48 2.85 -20.18 -19.8 4.59 9.74 8.72 9.01 0.94
HSTO05Str 1.03  4.05 -20.56 -20.37 9.52 9.72 8.71 7.31 0.0
HST05Cas 0.73 1.47 -17.68 -17.61 0.33 7.96 7.87 8.09 0.77
HST05Mob | 0.68 4.25 -19.79 -19.47 4.86 9.71 8.7 8.1 0.32
HST05Ton 0.78 6.75 -21.73 -21.31 25.92 10.56 9.11 8.6 0.76
HSTO5F1 1.21  2.73 -19.37 -19.38 4.28 9.33 8.52 7.66 0.0
HST05Ste 047 7.1 -18.37 -18.27 0.6 8.41 8.08 7.7 0.88
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Table 2.8: As table 2.6 but for GRB host galaxies. Surface luminosity and Fj;4,¢ depend on accurate positional information,
hence, they are only calculated for hosts with HST imaging and positional errors < 0.1 arcsec and < 0.15 arcsec respectively.

GRB name z 0 My Mg SFR logM, 12 Surface Lum  Fiign¢
kpc) ABmag ABmag [Mo/yr] [Mo]  +log(O/H) [Lokpe?]

GRB970228 0.695 3.2 -18.13 -18.04 0.25 8.21 7.99

GRB970508 0.835 1.48 -18.37 -18.22 3.08 8.24 8.0 8.48 1.0
GRB970828 0.958 2.8 -19.43 -18.8 2.17 9.57 8.64

GRB980326 1.0 -14.87 -14.59 0.01 6.93 7.38 1.0
GRB980425 0.0085 -18.34 -18.09 0.34 8.53 8.14

GRB980613 1.1 3.75  -20.77 -20.42 6.34 9.83 8.76 0.42
GRB980703 0.97 2.42 -21.49 -21.23 53.79 10.15 8.92 0.56
GRB990705 0.86 9.38 -21.36 -21.11 5.5 9.94 8.81

GRB990712 0.43 2.25  -19.57 -19.43 1.07 8.94 8.33 8.39 0.97
GRB991208 0.71 1.16  -18.8 -18.68 0.55 8.59 8.17 0.94
GRB991216 1.02 2.25  -17.86 -17.58 0.23 8.33 8.04

GRB000210 0.846 -20.01 -19.85 1.89 9.21 8.47

GRB000418 1.12 1.7 -20.55 -20.48 18.16 9.14 8.43 0.45
GRB000911 1.06 -19.37 -19.2 1.36 9.09 8.41

GRB010921 0.45 2.76 -20.17 -19.87 1.74 9.38 8.54 8.62 0.44
GRBO011121 0.36 5.80  -20.14 -19.75 1.4 9.55 8.63 8.36 0.51
GRB020405 0.69 -21.06 -20.75 4.96 9.89 8.79 8.31 0.59
GRB020819 0.41 -22.06 -21.53 14.5 10.52 9.09

GRB020903 0.25 143 -19.33 -19.34 1.02 8.69 8.22 8.44 0.96
GRB021211 1.006 1.63  -19.95 -19.12 6.95 10.26 8.97 8.67 0.76
GRB030329 0.17 1.03 -16.67 -16.52 0.87 7.47 7.63 8.16 0.99
GRB031203 0.1055 -19.07 -18.52 0.44 9.24 8.48

GRB040924 0.859 3.23  -19.55 -19.1 4.54 9.36 8.54

GRB041006 0.716 5.19 -18.73 -18.29 1.17 9.69 8.69 8.23

GRB050223 0.5915 -20.77 -20.51 4.3 9.81 8.75

GRB050416A | 0.6535 2.12 -19.48 -19.23 0.98 9.06 8.39 8.98 0.97
GRBO050525A | 0.606 1.76  -16.48 -16.22 0.06 7.66 7.72 8.19 0.95
GRB050824 0.83 -18.62 -19.02 1.37 7.45 7.62

GRB050826 0.296 -20.97 -20.28 1.39 9.93 8.81

GRBO051016B | 0.9364 -21.42 -21.16 5.78 9.96 8.82

GRB051022 0.807 -21.55 -21.23 23.85 10.49 9.07

GRB060218 0.0331 0.55 -15.92 -15.92 0.05 7.44 7.62

GRB061126 1.1588 -22.36 -21.61 51.34 11.16 9.4

GRBO080319B | 0.937 -17.49 -17.23 0.13 8.07 7.92 8.58
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M, 0.48
My, 0.43
Mp 0.43
by 0.30
B-V 0.28
SFR 0.15
o 0.07
Lsurface 0.01
) 0.003
Fuigne | 5x107

Table 2.9: KS probabilities for comparison of physical properties between GRB
and CCSN host galaxies. Showing the probabilities that the distributions of each
parameter are drawn from the same population. The parameters compared are the
global star formation rates (SFR), the absolute B and V band luminosities (My and
MBg), the B-V colour, the luminosity of the pixel underlying each GRB/SN Ly fqce,
the 80% light radii rgg, the specific star formation rate ®, the surface star formation
rate X and the location of the GRB/SN on their cumulative host galaxy light.

cal afterglow observed is roughly 20 magnitudes brighter than a typical CCSN
(Bloom et al., 2008; Racusin et al., 2008), and GRB afterglows typically re-
main brighter than their associated SN for several days. Although a deeply
buried burst could be expected to suffer from large extinctions and with cor-
respondingly faint optical afterglows, (so called ‘dark’ bursts, see e.g. Fynbo
et al., 2001; Lazzati et al., 2002; Jakobsson et al., 2004; Levan et al., 2006a;
Rol et al., 2007; Perley et al., 2009a, and Chapter 4) dust destruction by X-
rays could still be effective enough to allow UV/Optical observations of the
afterglow according to Fruchter et al. (2001). However, Fynbo et al. (2009)
suggests very convincingly that dark bursts may not be representative of the
general GRB population, and trace different environmental properties than
bursts with detected optical afterglows. Either way, even in the absence of

any transient optical emission it is possible to identify a redshift for a GRB

from its X-ray identified host galaxy, (e.g. GRBs 970828 or 051022 Groot
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et al., 1998; Rol et al., 2007). This relative insensitivity to dust obscuration
is one of the key advantages of GRBs over many other techniques for high
redshift exploration. Indeed, while it is interesting to note that both spiral
host galaxies in the GRB sample (GRB 990705 (Masetti et al., 2000)) and
GRB 020819 (Jakobsson et al., 2004) ) are from bursts which were plausibly
dust obscured, in general the GRB afterglow is much brighter than any SN,
and hence if the low spiral fraction in GRBs were due to dust obscuring many
optical afterglows, I would expect to see an even stronger bias against spiral
galaxies in the CCSN sample, which is not the case.

Indeed, SN are likely much more strongly affected by dust that GRBs;
studies of local starburst galaxies in the IR suggest that a reasonable fraction of
CCSN may occur in deeply enshrouded regions of their hosts (Mannucci et al.,
2003), essentially invisible to optical observations. This problem becomes even
more extreme at moderate redshift, where optical observations probe rest-
frame UV light, thus one may then suspect that the CCSN sample may be
incomplete due to SN being lost to dust extinction. Since the dustiest galaxies
tend to be those which are most massive it is likely that any dust obscuration
would remove the brightest hosts in the sample, and would imply that any
impact on a CCSN selected galaxy population from dust, would most likely
act to decrease its mass distribution.

Indeed, while MIPS observations of the GOODS fields (Chary et al.,
2005) suggest that ~60% of SN hosts are detected, this is not true for GRB
host observations; Le Floc’h et al. (2006) find a detection rate of only ~ 20%
implying that dust may well have a larger impact on CCSN detection than
GRBs. In contradiction to this I note that the deeper observations of the

CCSN host may be a factor in the higher detection rate, and that comparing
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the detection rate above a uniform depth results in more similar rates.

2.8.2 Evolution of global properties

Although both CCSN and GRBs originate from young systems, this does not
necessarily indicate that the relations between broad band properties and un-
derlying physical conditions should be the same for each sample. Since it is
explicitly assumed that there is a direct proportionality between the K band
and stellar mass, or U-band and star formation rate, any systematic differ-
ences in these proportionalities between the two sample could create a bias in
the observed populations. The morphological properties of the CCSN hosts,
combined with their redder colours suggest that there is a significant older
population already in place. In a sense these galaxies should therefore be rea-
sonably representative of the samples of local star forming galaxies from which
the stellar-mass and star formation rate indicators are derived. In contrast,
GRB hosts are apparently irregular (e.g. Section 2.9), and several studies indi-
cate they are extremely young, with ages for the dominant stellar populations
of under 107 years (e.g. Christensen et al., 2004; Levesque et al., 2009). For
very young systems the K-band luminosity is dominated by young stars (e.g.
Berta et al., 2004), and therefore may well be enhanced per unit stellar mass,
such an effect would cause a significant overestimate of the GRB host galaxy
masses. Secondly, in very young stellar systems (¢ < 10% years) the relation
between U-band luminosity and SFR is not constant, but underestimates the
SFR for a given U-band luminosity (Verma et al., 2007). In other words, the
very young stellar ages derived from detailed studies of individual GRB host
systems (e.g. Levesque et al., 2009) suggest that the derived properties for the

GRB hosts may be systematically too massive, with too low a star formation
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rate. Were this corrected for, it is likely that the GRB and CCSN sample
would seem more disparate than observed. To partly quantify this effect, it
is relevant to note that not only is there a relationship between K-band lu-
minosity and stellar mass, but also between effective radius and stellar mass
(Bernardi et al., 2003; Damjanov et al., 2009). Since the median sizes of the
GRB and SN hosts differ by a factor a ~ 2, this would also suggest that the
median mass of a CCSN host would be a factor ~ 4 larger. In essence, it is
not possible for both the GRB and SN hosts to satisfy both of these relations,
given the very young stellar ages of GRB hosts, and their likely impact on the
broadband properties. I hence suggest that it is the morphological (and size)
difference which defines the GRB and SN populations, and that CCSN hosts
are indeed typically more massive than those of GRBs. It can however not be
discounted that some fraction of CCSN are missed in small, compact galaxies
—i.e. similar to the typical GRB hosts observed. Due to the relative faintness
of CCSNe, the efficiency with which they are detected drops when the surface

brightness of the host galaxy is of comparable magnitude as the SN itself.

2.8.3 Redshift

A further selection effect to consider is the origin of the redshifts for any given
CCSN or GRB. For CCSN the broad-band photometric data available enables
the derivation of a photometric redshift (although see below). In contrast most
GRB hosts do not have this coverage and therefore redshifts come primarily
from either emission redshifts of the hosts or via absorption redshifts derived
via observations of their afterglows. Although emission line flux is not directly
proportional to host continuum magnitude there is a broad dependence which

means that emission line redshifts can normally only be derived for brighter
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hosts. In contrast, absorption redshifts can be determined independently of
host magnitude (e.g. Berger et al., 2002; Hjorth et al., 2003a; Vreeswijk et al.,
2004), although this is not necessarily straightforward for low redshift bursts
where the UV metal lines are not redshifted into the optical band. The con-
sequence of this is that the requirement of a measured redshift biases the
GRB sample toward intrinsically brighter hosts. Indeed, if I perform a KS
test between the hosts with absorption line spectra and those with emission
line redshifts I find that the sample with absorption redshifts is fainter than
those with redshifts derived from emission lines; KS-probability of being drawn
from the same distributions is only Pxs = 0.001. In other words, it is plausible
(though not certain) that a population of intrinsically faint, low to moderate
redshift GRB hosts, are missing.

In part because of the above discussion, I have included photometric
redshifts for the CCSN sample where possible. Since, if the photometry is
sufficiently well sampled, they do provide a necessary handle on the faint
hosts not observed with TKRS or GOODS/FORS2. Though exclusion of
hosts without spectroscopic redshift would narrow down the sources of random
errors, it would also bias the sample towards observationally bright, and thus
on average more luminous, host galaxies. I note that the mean apparent
magnitudes and absolute magnitudes are 23.54 and -19.8 for the complete
sample, and 22.79 and -20.5 for hosts with spectroscopic redshifts, hence I
include all CCSN hosts in the sample, independently of how the redshift was

determined.
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2.8.4 SN typing

Approximately half of the CCSN are typed with low confidence (Bronze medal),
hence there is a probability that there is a fraction of SN Ia hosts in the sam-
ple. SN Ia can appear in both old stellar population due to long delay times
between star formation and explosion, as well as exploding rapidly after the
formation of the progenitor system. Since they are more likely than CCSN to
occur in latent stellar populations, this could clearly affect the colours, star
formation rates and specific star formation rates of the CCSN sample analysed.
It is, however more difficult to determine how the mass distribution will be
affected. Performing SED-fitting and estimating the host stellar masses of the
GOODS-detected SN Ia’s gives a ~ 0.2 dex higher mass distribution, though
the KS-probability conclude they are consistent with a single distribution.

As a further test to rule out that the results have been disturbed by
mistyped SN, I perform the KS-test also on the sample containing only securely
typed CCSN (Gold and Silver medal). I find that the G4S sample are brighter
in the V band absolute magnitudes, but not significantly more massive than
the complete sample. Using this subsample the absolute magnitudes are still
broadly consistent, although with a somewhat decreased probability: Pxg ~
0.17. The same trend is echoed by the mass distributions which are also
consistent with Pxg = 0.27.

However, I also note that this in part may well be due to the reduced
numbers of hosts in the sample (G+S:23 , B:35) when culling by SN confidence
level, as well as due the fact that this sample is also brighter in apparent
magnitudes. Though some influence cannot be ruled out, the conclusions are

overall not changed by including or excluding parts of the sample based on SN

typing.
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There is some evidence that SN Ib/c host galaxies are typically more
luminous (Prantzos and Boissier, 2003) and more metal enriched (Prieto et al.,
2007) than hosts of SN II, and Kelly et al. (2007) gives a strong indication
that they typically lie on the brighter parts of the host. Nevertheless, it should
be noted that such a bias introduced by an unusually large SN Ib/c fraction
in the sample would act to decrease the separation between the CCSN and
GRB populations when considering the Fj;g;: and surface luminosity distribu-
tions, and act in the opposite direction when considering absolute magnitudes.
However, few SNe in the sample have their subtypes resolved, and this effect
would most likely be much smaller than that of dust obscuration and redshift

selection discussed above.

2.8.5 The overall impact of selection effects on the observed sample

Above I have considered various biases which are likely to be operating within
the samples of GRB and CCSN host galaxies. These include selection effects
which are inevitably introduced into any magnitude/flux limited sample and
also intrinsic systematic errors which propagate through the sample due to
incomplete knowledge of the detailed physical states of the galaxies that are
studied. Overall, I considered the apparent differences in size and morphol-
ogy to be compelling. Although dust extinction will impact both SN and GRB
hosts it should impact SN more, and hence the different morphologies observed
are inconsistent with it being a dominant selection effect. Similarly, the lack of
GRB hosts with photometric redshifts biases them to the brighter hosts, where
emission line redshifts can be obtained. The difference between apparent host
luminosities of bursts with host emission, or afterglow absorption redshifts is

indicative that there may be a faint population of GRB hosts (currently GRBs
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without redshift measurements) omitted from the sample. Finally, the extreme
properties of the GRB stellar populations based on detailed population mod-
elling (e.g. Levesque et al., 2008) imply that using empirically determined
relationships between monochromatic luminosities and physical properties is
not necessarily optimal. Hence I conclude that the environments of CCSN and

GRBs are indeed different, and consider explanations for this below.

2.9 Discussion

Although supernovae and GRBs are closely related phenomena, one question of
interest is the characteristic environments — both local and galactic — in which
they form. By contrasting the environments of the two transient events, clues
can be obtained concerning their stellar progenitors. This in turn provides
observational constraints to the pathways which can create GRBs and is central
to understanding any biases in using GRBs as cosmological probes (e.g. as
probes of star formation) as opposed to galaxy samples selected in flux limited
surveys. For example, the comparison with the MUSIC sample suggests that
roughly a few percent of the starformation tracked by CCSN and GRB is too
faint to be included in the flux limited sample. Finally, the fraction of stars
which may create GRBs as a function of environmental properties can feed
into predictions of high redshift (and hence low metallicity) GRB rates, as an
input for potential future GRB missions targeting high redshift GRBs (e.g.
EXIST 6 and JANUS).

The conclusion of FO6 is echoed by the results presented here, suggesting
that GRB hosts are consistently less massive and have more irregular morphol-

ogy than their SN counterparts. Given the well calibrated relation between

Shttp://exist.gsfc.nasa.gov/
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luminosity and metallicity, e.g. Tremonti et al. (2004), this is most clearly
explained by a preference for GRBs in low metallicity environments. F06 also
compared how CCSN and GRBs trace blue light in the hosts. The findings are
in this thesis are broadly consistent with those of previous works. In the larger
sample presented here, CCSN are tracing the blue light, and therefore broadly
the global star-formation. The GRB population on the other hand appears
to be significantly more concentrated on the brightest regions of the galaxies.
This could naturally be interpreted as GRBs being due to the collapse of more
massive stars, probably with initial masses >20 My (Larsson et al., 2007).
These stars form in large OB-associations, and, since stellar luminosity traces
a high power of stellar mass (crudely L, oc M3), produce much more light
than stars of lower mass, even those which produce supernovae.

This is further reflected in an analysis of the surface brightnesses mea-
sured directly under the transient position, which accepts the possibility that
they are being drawn from the same population with a KS-probability of only
0.01. Furthermore a comparison of locations within the hosts following the
method of FO6 is even more compelling, suggesting that the two distributions
cannot be reconciled with a probability higher than Pxg = 5 x 1073, These
results are naturally explained by the origin of GRBs in very young, and sub-
sequently very massive stellar progenitors.

The so far most successful progenitor model for long GRBs is the col-
lapsar model (Woosley, 1993), predicting that the bursts are the result of the
collapse of rapidly rotating cores from massive stars. The metallicity to a
large extent determines the rate of mass loss that is due to stellar wind in
the progenitor star, and hence also the angular momentum loss. Core collapse

progenitors arising in low metallicity environments support only weak winds
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and may be able to retain a large fraction of the initial rotation. As rapid
rotation is thought to be one of the key discriminators between GRB and
CCSN explosions, it is natural to expect that GRB progenitors may therefore
form in lower metallicity environments. However, all SN so far associated with
GRBs are of the Ic variety, suggesting that the hydrogen envelope has been
lost, and indicating that low metallicity may not be sufficient to create GRBs
and that in single stars more exotic processes such as complete mixing on the
main sequence (e.g. Yoon and Langer, 2005) may be necessary.

Introducing the option of a binary star evolution (e.g. Levan et al.,
2006b; van den Heuvel and Yoon, 2007; Podsiadlowski et al., 2004) can po-
tentially create GRBs across a wider range of metallicity. A binary scenario
is suggested where two massive (M > 8M,) stars after main sequence evolu-
tion and separation tightening through a common envelope phase end up as a
neutron star or black hole and helium core binary. Tidal locking of the helium
core’s rotation enables enough angular momentum to create a torus, and the
accretion of this onto the central compact object at core collapse powers the
GRB. Although this scenario remains possible at all metallicities, magnetic
braking by a strong stellar wind could bias also binary progenitors towards
low metallicity environments.

The discrimination between the different progenitor routes can poten-
tially be made via metallicity measurements for the host galaxies. While binary
channels will operate at all metallicities (albeit with an increased rate toward
the lower end), single star evolution may produce a sharp cutoff in the metal-
licity at which GRBs can be created. The two possibilities can potentially be
tested via metallicities for a large sample of GRB hosts.

The task of host galaxy metallicity measurement is made difficult owing
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to the large redshift of many bursts. Therefore, many studies of long burst
host galaxy metallicities have used a luminosity-metallicity relation for the
estimate, as I will attempt in the next chapter. Other possibilities to measure
the local metallicity are by using the GRBs optical or X-ray afterglow as a
probe, and study the absorption lines when it shines through the immediate
environment, see for example Starling et al. (2005); Vreeswijk et al. (2004);
Chen et al. (2005).

Wolf and Podsiadlowski (2007) studied the host metallicities using largely
the same sample as F06, but with a more conservative redshift constraint.
Their modelling of metallicity dependent efficiency for producing GRBs sug-
gests that progenitor metallicity is of importance, their favoured model being
one with constant efficiency up to nearly solar composition and with a sharp
cutoff, although they make the implicit assumption that the shape of the mass
metallicity relation for GRB hosts is the same as for field galaxies. While this
may be the case, it is far from clear (Modjaz et al. 2008). The authors also
comment on the global versus local metallicity within the galaxy. Importantly,
without spatially resolved spectroscopy, the variations between metallicity in
different parts of the galaxy can be almost as large as the scatter in the M-Z re-
lationship. Thus spectroscopy without spatial resolution may not yield better
results (for the progenitors metallicity) than using mass or K-band luminosity
as proxy.

The new sample of GRB and CCSN hosts used here is a factor of 2-4
larger than previously available samples, and with broadband coverage allow-
ing estimates of physical parameters to be made. It is interesting to investigate
how these results may be interpreted in terms of the above discussion.

In contrast to previous studies, I do not find highly significant (consid-
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ering the KS-test) differences between the My or Mg distributions for GRB
and CCSN hosts, although the median GRB hosts is roughly a factor of ~ 1.5
fainter than the median of CCSN (see Figure 2.10 where I show the cumula-
tive distribution function of My ). Considered alone, this is inconsistent with
previous studies, although it should be noted that the distinction in absolute
magnitude is previous samples was the least significant of a number of param-
eters compared. The origin of the apparent discrepancy between these results
and those of F06 is down to the combination of two factors. Firstly, I attempt
to derive absolute magnitudes based on spectral templates, rather than as-
suming flat spectrum sources. Secondly, the larger sample of CCSN used here
is apparently fainter than the sample considered in F06. Indeed, the mean ap-
parent magnitude of the new CCSN sample is ~ 1 magnitude fainter, despite
a similar redshift distribution. Although the new larger sample of CCSN does
not suggest a globally different luminosity function it is particularly interest-
ing to note that the sample of GRB hosts contain no galaxies brighter than
My ~ —22.4, while the CCSN host population continues to My ~ —23.3.
Given the luminosity — metallicity relations discussed above this may be con-
sistent with a sharp cutoff in the metallicity at which a GRB can be created.
Comparison of these two distributions with models for GRB efficiency in bi-
nary and single star models as a function of metallicity may help to elucidate
this further, although in practise a still larger sample of GRB and CCSN
hosts may be necessary to place strong constraints. The main bias effects on
the distributions of B and V absolute magnitudes are redshift method, and
dust obscured hosts. Both emission line redshifts and dust will bias the GRB
sample towards brighter hosts, while dust in CCSN hosts will give a fainter

sample - although a quantitative estimation of how large these effects are is
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difficult, they are acting in opposite directions, suggesting a fainter true GRB
host population and a brighter true CCSN population.

Since the absolute magnitude distributions of the two populations show
only modest differences, it is unsurprising that the global distributions of other
parameters which depend directly on the magnitude in a given band (princi-
pally mass and star formation rate) are also similar. Further, since GRB hosts
are on average bluer and of lower mass (even though the difference between
each distribution are not significant in their own right) the distinction in the
specific star formation rate is much stronger (this is also in part since the
order of individual galaxies is obviously not identical in the mass and SFR
cumulative distributions).

While the estimated stellar masses and starformation rates are compat-
ible with a common distribution, it should be noted that galaxy and stellar
population age can have an effect on the measurements and derived restframe
properties,it causes one to overestimate the mass, and underestimate the SFR
for young starbursts as discussed previously, while also dust obscuration will
narrow the mass distributions of the samples. Hence, it is possible that the
mass and SFR distributions are more diverse than a direct interpretation of
the results would indicate. This suggestion is further supported by simple mor-
phological analysis of the host galaxy samples, which show striking differences.
In the sample of CCSN hosts the spiral fraction is approximately % ~ 0.45
with a Poisson counting error ~ 5. If the GRB host sample has identical spiral
fraction, the expected number of spirals is ~ 15 + 4, whereas only two can be
recognised as spirals in the GRB host sample (GRBs 990705 and 020819)".

The Poisson probability of two or less spiral galaxies to be found in a sample

"This count ignores the unusual GRB 980425, but its inclusion only slightly affects the results
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with an expected spiral fraction of 0.45, is ~ 4 x 107°.

Performing a more quantitative analysis on the physical sizes of the
hosts reveals that GRB hosts are also significantly smaller than CCSN hosts.
A comparison of the 80% light radii using the KS-test results in Pxg = 0.003
that the sizes are drawn from the same parent distribution. In Figure 2.6 I plot
rgo versus My . Visual inspection confirms that the GRB host population is
smaller than the CCSN host population, which is accepted by the KS-test, and
is in excellent agreement with the morphological distribution - small irregulars
versus large grand design spirals.

As an alternative to estimating mass from the K-band luminosity, I
note that there is also a strong trend in the size-stellar mass relation (e.g.
Shankar and Bernardi, 2009). Since the luminosity based mass estimates sug-
gest consistent distributions for the CCSN and GRB samples, but the size
distributions are inconsistent, both of these relations cannot be correct. Due
to the uncertainties in stellar population ages, and their contributions to the
K-band luminosities, I suggest that size is a more stable proxy for mass when
comparing samples of potentially different ages. Inserting the size distribu-
tions into any size-to-mass relation would hence yield a significantly lower
mass distribution than estimated by the K-band luminosity and result in a
KS-probability for the mass identical to that of rgy. However, if this argu-
ment is wrong, and the K-band mass estimates are indeed correct, this would
suggest that the host masses are more similar than previously though, and
implications on global environments and metallicities would put constraints
on the collapsar model.

The low probability of the size and morphological distributions being

compatible is obviously in conflict with the apparently similar mass (K band
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luminosity) distributions discussed above, and does suggest markedly differ-
ent large scale environments. Assuming that GRB hosts have similar mass
distributions but smaller size distribution than the CCSN host sample, I look
at size - metallicity relations at constant mass. A positive correlation between
size and metallicity is found by Hoopes et al. (2007) for UV selected galaxies
and by Ellison et al. (2008b) for galaxies in close pairs. On the opposite side,
Ellison et al. (2008a) indicate that the mass-metallicity relation in ~ 44000
SDSS galaxies is offset to higher metallicities for galaxies with decreasing size.

The ambiguity of these results can be interpreted in two ways: If the
estimates mirror the true distributions, then it can be deduced that GRB
hosts, and progenitor stars, have similar mass and metallicity distributions, but
have significantly higher stellar densities. Alternatively, if the estimated mass
distributions are dominated by galaxy-evolutionary or dust obscuration bias
effects, then the GRB hosting population could be significantly less massive
than it appears from the K-band estimates. Instead, if the mass-to-light ratio
is violated, galaxy size will be a more stable indicator of galaxy mass; This
notion is supported by strong trends in the size-stellar mass relation (e.g.
Shankar and Bernardi, 2009), which also notes the age-dependency of this
relation establishes smaller sizer for old galaxies at a given mass - hence galaxy
evolution is not likely a major concern for galactic size distributions derived

here.

2.10 Summary

I have used multiwavelength photometry to investigate the physical properties

of long gamma ray bursts and core-collapse supernovae hosting galaxies at
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low to intermediate redshifts. I fit spectral energy distributions, and estimate
restframe absolute magnitudes, stellar masses and star formation rates. From
the stellar masses I have also attempted to estimate host metallicities. Galaxy
sizes and morphologies are studied. The results show that within the sam-
ple the derived masses and absolute magnitudes are not significantly different
between the two populations, although the majority of likely selection effects
act to make any differences in the underlying distributions smalled when anal-
ysed as done here. Indeed, while not statistically significant in terms of a KS
test, the cutoff in the luminosity function of GRB hosts about 1 magnitude
fainter than the CCSN hosts, is suggestive of a metallicity cutoff. Further,
the physical sizes and morphologies within the two samples are different with
high statistical significance, and this lends further support to models in which
GRBs form only in certain environmental conditions, most likely related to
low mass and metallicity.

Finally, the locations of the bursts and CCSN on their hosts, measured
both in absolute terms, and relative to their cumulative light distributions
shows GRBs to be more highly concentrated on their host light, and to be
occurring in regions of high absolute surface brightness.

To summarise my interpretation in terms of current models for GRB

production I suggest the following

e GRB hosts have consistently smaller physical sizes than CCSN hosts,
and they are consistently of irregular morphology as opposed to CCSN

hosts.

e The high surface brightness of the immediate burst location and their

concentration on the host light, suggest that GRBs are originating in a
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younger stellar population than CCSNE, with more massive stars.

e This and other lines of evidence suggest that the dominant stellar pop-
ulations in GRB hosts are very young. This may introduce systematic
errors which overestimate stellar mass and underestimate star formation

rates.
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Chapter 3

The masses and metal

abundances of GRB hosts

3.1 Introduction

Galaxy selection by the presence of GRBs has been suggested to offer sig-
nificant advantages over other methods for sampling the galaxy luminosity
function of star forming galaxies down to faint luminosities even at high red-
shifts. This relies on the uniquely high luminosities of the transient event itself,
having proved to be observable at least to redshift z = 8.2 (e.g. Tanvir et al.,
2009; Salvaterra et al., 2009) and due to the fact that selection is, at least to
first order, independent of the galaxy luminosity. In addition, the GRB itself
is a transient event, and after the afterglow has faded the underlying host
galaxy can be studied without interference. This is mainly what prefers GRB
selection over e.g. AGN or Quasars to study high redshift galaxy populations.

The luminosity distribution of GRB hosts is well studied at low red-

shift and at optical wavelengths, e.g. (Savaglio et al., 2009; Niino et al., 2010)
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and in Chapter 2. The galaxy mass function can be studied by the proxy
of the nIR restframe luminosity. The calibration from nIR luminosity, typ-
ically K-band to mass is relatively straight-forward and varies less with age
and star formation history than optical bands since it traces the older stellar
population. Typically GRB host galaxies are blue and sub-luminous, or in
terms of fundamental properties; star forming and low mass. Since the pres-
ence of the GRB implies that the galaxy is actively forming massive stars —
it is not surprising that studies of low redshift host SED properties confirm
their star forming nature (e.g. Chapter 2). Whilst this is comparable to that
observed in SN hosts, it is also found that GRB hosts have comparatively
small physical sizes, and are on average less massive than their SN producing
counterparts, suggesting that GRB selection is not directly proportional to
SFR. While these studies have focused on hosts at low to intermediate red-
shifts, up to z ~ 1, it is also interesting to study the growing sample of GRB
hosts beyond the low redshift regime that have been followed up with deep
imaging observations. These high redshift events offer unique opportunities
to study the metal abundances of the early Universe from GRB afterglows,
and constrain the luminosity function and galaxy stellar mass function even
at the faint end where flux limited samples struggle. At high redshift where
possible selection effect due to metallicity are small or non-existent, this al-
lows the evolution of the mass-metallicity relation to be constrained, i.e. to
study the Universal build-up of mass and chemical elements beyond the ca-
pabilities of other techniques (e.g. Chary et al., 2007). Above redshift z ~ 2
Lyman-« is redshifted into observed frame optical, and it becomes possible
to measure the hydrogen column as well as metal line column densities from

their absorption of the afterglow light (e.g. Savaglio et al., 2003; Prochaska
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et al., 2007). Indeed, since this method is independent of the host luminosity,
metal abundances can be determined even when the host remains undetected
in deep observations. However, at low redshifts, metallicities instead have to
be measured from host emission, which requires that the host is bright enough
for spectroscopy, possibly biasing the sample to high mass, high metallicity
systems.

Here I present a study of 92 GRB hosts galaxies at 0 < z < 8.2 with
host observations. I study the mass distribution of the GRB selected galaxy
population by means of their spectral energy distributions (SEDs). As in the
previous chapter, I fit model templates and host extinction in order to extract
physical properties (e.g. M, and absolute magnitudes) of the hosts. I present
a mass versus redshift plot of the host galaxies and discuss the observations
in the context of the evolving galaxy mass function and Universal chemical
enrichment. For this purpose, I consider measured metal abundances for a
subset (34 in number) of the hosts in our sample published in the literature.
I use these spectroscopically determined metallicities in conjuncture with our
mass estimates to study the mass-metallicity relation as it is traced by the

GRB host population to z ~ 6.

3.2 Data sample

I make use of the low redshift host sample discussed in Chapter 2, which is
appended with an additional 42 detected host galaxies at z > 1.2 and 9 hosts
for which only upper limits are available (See table 3.1 for a summary and
sources). As in the low-z sample, I have chosen to include also hosts with

only a single detection, or even only limits in order to avoid biasing the sam-
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ple towards higher luminosities. The additional photometry is sourced from
the GHost online database! and references within, see (Savaglio et al., 2006),
or obtained from observations at Gemini Observatory and HST. The Gemini
observations are reduced with standard techniques in IRAF and zeropoints
are calibrated against USNO standard stars in the field. The magnitudes are
listed in Table 3.2. The HST observations (Levan et al. in prep) are obtained
with ACS in the F775W or F814W filters, WFC3 in the F110W filter, or with
NICMOS in either F160W or F125W. These HST observations include limit-
ing magnitudes for the three highest redshift bursts — GRBs 050904, 080913
and 090423, all above redshift 6. All HST magnitudes and observations are
summarised in Table 3.3 The full host sample covers the redshift range from
0.01 to 8.2. In Figure 3.1 I plot the redshift distributions of both the host
sample and the full burst sample with known redshift. I note that the median
redshift of the host sample is ~ 1 in contrast to ~ 2.5 for the full sample
of GRBs with determined redshifts. While the fraction of bursts that have
reported host measurements is relatively high in the lowest and highest red-
shift bins, I also note that at the mean GRB redshift ~ 2.5, only ~ 1/3 have
received host followup resulting in reported detections or upper limits on the
flux. Metal abundances measured by either host emission lines or afterglow
absorption are adopted from the literature, see Table 3.4 for details.

I note that this set of measured metal abundances is far from homoge-
neous. The majority at low redshift are oxygen abundances from host emis-
sion, based on the Ry3 calibration (e.g. Pagel et al., 1979; Tremonti et al.,
2004). Above redshift z ~ 2 restframe Lyman-ov moves into observed frame

UV or optical, allowing hydrogen columns and metallicities to be measured

"http://www.grbhosts.org/
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Table 3.1: Summary of GRB and CCSN data sources.

GRB host Sample

Sample size 92
Number of hosts detected in 13 (GRBs 980326, 990705, 991216, 050416A,
only a single band 050525A, 050824, 0510168, 060206,

060605, 050824, 000301C,
030429 and 030323)
Number of hosts with only 9 (GRBs 080928, 070721B, 060607, 060522,

photometric limit 060223, 050922, 050730, 030226 and 020124)
Redshift sources Savaglio et al. (2009) and sources within.
Public photometry sources Savaglio et al. (2009) and sources within.
Public metallicity sources See 3.4 for details.

New photometry in this thesis Tables 3.2 and 3.3. Also Levan et al. (in prep)
Selection Criterion Long GRB with host detection or limit.

Gemini observations

GRB z mag

050814 5.3 > 26.23
060105 ~4 > 24.87
060108  2.03  23.91+0.04
060124  2.296 > 25.42
060204B ~ 3.1 24.154+0.04
060210  3.91  24.96 +0.08
060502A 1.51  25.45+0.07
061222A 2.088 24.64 +0.07
071112C 0.823 25.48 +0.07

Table 3.2: Photometry for GRB hosts observed at Gemini Observatory. The host
of GRB 050814 is observed in the i-band, all other in the r-band. Quoted errors are
1—o0 sky variance and limiting magnitudes are estimated from the 3—o sky variance.
Zeropoints errors are a further ~ 0.1. All magnitudes are in the AB system.
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HST observations

GRB z filter mag
050730  3.97 F775W > 28.8
050904  6.29 F850LP > 27.50
050908  3.34 F775W  27.88 +£0.19
060115 3.3 F814W > 28.6
060223 441 F110W 27.85+0.15
060522  5.11 F110W > 27.9
060526  3.22 F775W > 28.3
060605  3.71 F775W  27.98 £ 0.20
060607  3.08 F775W > 30.1
060927 547 F110W > 28.3
061110B 3.44 F775W  27.78 +0.17
070721  3.63 F775W  28.53 +0.33
080913  6.73 F160W > 28.50
090423 8.2 F160W > 28.36
F125W > 30.29

Table 3.3: Photometry for GRB hosts observed with HST.

Quoted errors are 1 — o sky variance and limiting magnitudes are estimated from

the 3 — o sky variance. All magnitudes are in the AB system.
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from the afterglow absorption spectrum. In this redshift range, a mixture of
sulphur, silicon, iron, and zinc abundances is seen. It should also be noted
that metallicities from host emission will be averaged over the host galaxy,
while afterglow absorption metallicities probe only the line of sight. The vari-
ety of elements measured by absorption spectroscopy poses further challenges
to a direct comparison. Here I have assumed a solar abundance pattern in
order to estimate 12 4+ log O/H. l.e. assuming that in the general case, the
metallicity [O/H] can be expressed as [O/H] = [X/H] + Cx for any element
X, where the conversion term C'xy depends on the usually unknown abundance

N(H) N(H)

is reduced to C'xy = 0 under the assumption of solar abundance ratios because
(@ N(X) _
log ( ) + log (N(O)) = 0.

Though the assumption of a solar number ratio between elemental

ratio. Since by definition, [X/H] = log( (X )> log (N(X)) the term Cyx

species is not an ideal solution, the abundance patterns of GRB host galaxies,
or indeed any high redshift stellar population, are too poorly understood to
improve on the conversions. However, the abundance patterns observed in
Calura et al. (2009) for a sample of four bursts do not appear to be systemat-
ically offset from solar, and Prochaska et al. (2004) find abundance patterns
broadly consistent with solar in the host galaxy of GRB 031203, making the
assumption a reasonable approximation. This is also further strengthened by
studies of local group dwarf galaxies where solar-like abundance ratios have
been observed (e.g. Hunter et al., 2007; Trundle et al., 2007; Venn et al., 2001,
2003).

[ fit the photometry with galaxy template SEDs using the same methods
presented in Chapter 2. Hosts with only a single filter measured are handled

the same way, i.e. by fitting the template that is most common amongst hosts
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Figure 3.1: The redshift distribution of all GRBs with measured redshift and low
Galactic extinction (Ay < 0.5) between 1997 and 2010 is shown by the shaded red
histogram. The redshift distribution for bursts with host observations, i.e. either
host detection or measured upper limit is shown by the hashed histogram. Labels
on top of the histogram indicate the fraction of bursts that have host observation,
that is, the ratio of the number counts in each bin.
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with good SED coverage. In addition, I also fit hosts with only upper limits
on the flux in the same way to estimate limits on their restframe properties.
As previously, a ACDM cosmology with Q,;, = 0.27, Qy = 0.73 and H, =

71 kms™ *Mpc ! is adopted.

3.3 The high-z M-Z relation

The mass metallicity (M-Z) relation is well constrained in the local universe,
as discussed in Chapter 2 (e.g. Tremonti et al., 2004), but is more difficult to
sample at early cosmic times. However, Maiolino et al. (2008) estimate the
evolution of the mass-metallicity relation with nIR spectroscopy of a sample
of Lyman-break galaxies near z ~ 3. At lower redshift the M-Z relation is
estimated from Tremonti et al. (2004) and Savaglio et al. (2005), giving in

total the relation in four redshift bins:

O
12 + log (ﬁ) = —00864(10g (M*) — M()))2 + K[), (31)
where

( ( (
11.18 9.04 ~ 0.07
11.57 9.04 0.07 to 0.7

My = and Ky = for z = (3.2)

12.38 8.99 0.7 to 2.2
12.76 8.79 2.2 to 3.5

\ \ \

assuming units of solar masses for the total galaxy stellar mass, M,. Recalling

that the solar oxygen abundance, 12 + log (%) ~ 8.69 (Asplund et al., 2009),
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the mean stellar mass of a galaxy with solar abundance becomes approximately

M,(Z.) 8.60 — Ko\ /*
log | =290 ) = py — [ ———2 .
Og( M ) 0 ( —0.0864 > ’ (3.3)

which can be interpolated for redshift up to z = 3.5. As many GRBs are ob-
served substantially above this redshift, evaluation of the M-Z relation above
z = 3.5 requires extrapolation which is uncertain, or only provide an upper
limit of the M-Z relation, i.e. assuming that the metal enrichment is monoton-
ically increasing with cosmic age. Where necessary, a second order polynomial
extrapolation of the M-Z relation parameters was used. Although it should be
noted that the difference between zeroth, first or second order polynomial are

small compared to the intrinsic uncertainty in M,.

3.4 Results and discussion

Selection of high redshift galaxies is often strongly affected by luminosity bi-
ases, i.e. any magnitude limited sample would be challenged to detect the
faint end of the luminosity function. One of the goals of GRB selection is to
counter this effect, but what are the limitations of current observations? In
Table 3.4 1 present the estimated restframe properties (Mp and M,) of the
sample along with their redshifts and metal abundances. In Figure 3.2 I show
the mass versus redshift distribution of all 92 GRB hosts in our sample. An
estimate of the detection limit, assuming a maximum depth of K = 28(AB)
is shown as a function of redshift. At redshifts z < 1 even very faint (low
mass) systems can, and have been detected, but at increasingly higher red-
shift the minimum detectable mass is increasing. However it should be noted

that this is an oversimplification of a very complex situation involving both
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the SED shape and the magnitude limit of individual observations, and as a
result several upper limits are significantly above this idealised detection limit.

The mass distribution suggests that at redshifts < 2 a significant frac-
tion of hosts have supersolar metallicities as estimated from the M-Z relation,
in contrast to only two host for which this has been spectroscopically con-
firmed (GRBs 050826 (Levesque et al., 2010a) and 020819 (Levesque et al.,
2010c)). Indeed only half of these have measured metal abundances, and mass
estimates can be sensitive to the spectral range covered by photometry. Still a
a number of hosts (e.g. GRBs 020405, 051022 and 980703) have good photom-
etry in the nIR range, but nevertheless overestimate the metallicity from the
M-Z relation compared to their spectroscopic metallicities. This would seem
to indicate that relatively local GRB hosts are offset from the mass-metallicity
relation inferred from the field galaxy population.

Over the complete redshift range where GRBs and their host galaxies
have been studied, they appear to be consistently sub-luminous. With a few
exceptions, GRB hosts around z ~ 2 — 3, when the Universal star formation
density peaked, are typically 2-3 orders of magnitude less massive than seen in
the fIR and sub-mm bright galaxies that drive the increase in star formation
density (e.g. Chary and Elbaz, 2001). This is suggesting that GRBs selected
by optically bright afterglows only trace star formation at the faint end of
the galaxy mass function, and implies that at these redshifts, GRBs only
probe galaxy environments that are comparatively unevolved in terms of mass
assembly and chemical enrichment. However, the exceptions may be crucial
to complete this view — GRBs 020117 and 030115 both showed evidence of
significant excess extinction in their afterglows (Berger et al., 2007; Levan

et al., 2006a), and were shown to be hosted by massive dust rich galaxies

100



around the characteristic mass of the galaxy mass function, M*. This could
indicate that the lack, in current samples, of GRBs that trace star formation
in massive and chemically evolved galaxies, does not reflect intrinsic properties
of the GRB progenitors, but is more likely to be due to selection of GRBs by
the presence of bright optical afterglows (i.e. not dust obscured). As this may
have far-reaching implications on how GRBs can be utilised as cosmic probes,
I will return to the problem of these so called dark bursts in Chapter 4.

Since GRBs trace star formation even at the faint end of the galaxy
luminosity function, they are in principle ideal tools for studying the build-
up of chemical elements and probing the M-Z relation of faint star forming
galaxies. However, due to the enrichment of metal abundances with cosmic
time and the evolution of the galaxy luminosity function, the M-Z relation
displays evolution with redshift. Thus, although constructing an M-Z relation
purely from GRB selected galaxies is an interesting prospect (e.g. Levesque
et al., 2010b), small sample sizes still makes this difficult at redshifts z > 1.
Even though it is still difficult to constrain the evolution of the Universal
metal abundances from GRBs, it is possible to check whether the metallicities
of GRB hosts are consistent with their luminosities and masses as they are
estimated from the nIR fluxes. By comparing with the evolution of the M-Z
relation described in Section 3.3, we can test whether GRB hosts are consistent
with other star forming galaxy populations at similar redshifts. From these
results we can infer if low redshift bursts appear biased to low metallicity
environments, and if high redshift GRB host environments are consistent with
same Universal chemical history as probed by LBGs.

As a preference for sub-luminous and low metallicity hosts has been

noted by several authors (e.g. Sollerman et al., 2005; Fruchter et al., 2006),
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Figure 3.2: GRB host galaxies in the M, — z plane. Filled and unfilled stars are hosts
with measured/not measured metallicity respectively. The dashed line and grey
area show the approximate mass of a solar metallicity galaxy and above, assuming a
redshift evolution of the M-Z relation. Small red points are sub-mm selected galaxies
for a comparison. The shaded red area covers stellar masses of an K > 28 source
with a typical GRB host SED.
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there is a keen interest in understanding the nature of metallicity effects on
the GRB selection method. Although single progenitors may only be able
to retain sufficient angular momentum for a rapidly rotating collapsar if it is
relatively metal poor, this necessity for low metallicity can be relaxed if angular
momentum is transferred in a binary progenitor system. Perhaps most likely,
the bulk of the observed GRB population comes from a mix of both single and
binary progenitors, similar to core-collapse supernovae progenitors, which are
known to evolve in both single and binary systems (e.g. Aldering et al., 1994;
Maund et al., 2004; Ryder et al., 2004; Crockett et al., 2008). It has been
suggested that low metallicity galaxies are more star forming than equally
massive, but more metal rich galaxies (Mannucci et al., 2010a), and that this
could explain the fact that most GRB hosts studied have been metal poor
(e.g. Kocevski and West, 2010; Mannucci et al., 2010b). Even though, the
preference for GRBs to occur in lower metallicity environments compared to
broad lined SNe Ic (Modjaz et al., 2008), would be difficult to explain, and
is compelling in favour of a true metallicity threshold to produce GRBs from
massive progenitors.

The luminosity-metallicity relation for 34 GRB hosts with 0.01 < 2z <
6.3 is shown in Figure 3.3 where absolute B-band magnitude is plotted against
the oxygen abundance. The restframe B-band is better sampled by the pho-
tometry, meaning that Mp requires less or no extrapolation of the templates,
compared to mass estimates where the restframe K-band is not observed. For
a comparison, the L-Z relation for low metallicity galaxies at redshift z ~ 0.8
(Jabran Zahid et al., 2010) is also shown. Although the local host sample with
emission line metallicities (red points in the figure) appear broadly consistent

with a linear relation, this falls consistently below that estimated for field

103



galaxies. At high redshift hosts should furthermore be less chemically evolved
than present day galaxies, placing them at low metallicity compared to this
relation. While this is indeed seen in Figure 3.3 it should also be pointed out
that for many afterglows of high redshift events only lower limits on the metal
abundance are measured due to saturated metal lines, it is therefore difficult

with the current data to estimate the L-Z relation for GRB hosts above z > 3.

Figure 3.4 shows the mass versus oxygen abundance. While the large
redshift range obscures any clear view of any M-Z relation, I also plot the
evolving M-Z estimated from Equation 3.1. The Left inset figure shows the
difference between the M-Z expected and measured metallicities, indicating
that, although some hosts are comparatively massive, at low redshift the ma-
jority fall below the expected M-Z relation of field galaxies. This view changes
at higher redshifts, z > 2 — 3 where the host galaxies appear to follow more
closely the mass-metallicity relation of high redshift galaxies. Although these
are still few events, prohibiting any firm statistical conclusions, it should be
noted that this is coincident with the redshift where the M* metallicity be-
comes subsolar. This suggests that, as the universal metallicity drops at high
redshift, GRB selection will probe star formation across the galaxy mass func-
tion without bias towards low metallicity hosts. However, it should also be
noted that all the hosts below z = 1 are measured from host emission, and
that the transition to metallicities from afterglow spectroscopy makes a direct
comparison difficult. Further, since the majority of the emission line metallic-
ities are measured from oxygen, the comparison to a variety of other elements
is made even more complicated if the abundance patterns vary significantly

from solar.
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Figure 3.3: The L-Z relation for 33 host galaxies up to redshift z = 6.3. Colours
indicate the source of the metal abundances (red: oxygen, white: « elements, blue:
zinc, black: silicon, yellow: sulphur and magenta: iron.) which are re-normalised
to 12 + log(O/H) assuming a solar abundance pattern, and the points are labelled
with the redshifts of the bursts. The dashed line shows L-Z relation calibrated to
Mp at redshift z ~ 0.8 (Jabran Zahid et al., 2010).
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Figure 3.4: The mass-metallicity relation for 33 host galaxies up to redshift z = 6.3.
Colours indicate the source of the metal abundance, red: oxygen, white: « ele-
ments, blue: zinc, black: silicon, yellow: sulphur and magenta: iron. All metal-
licities are re-normalised to 12 + log(O/H) assuming a solar abundance pattern.
The points are labelled with the redshifts of the bursts. Dashed lines represent the
evolving mass-metallicity relation as estimated by Maiolino et al. (2008) at redshifts
z=20.1,1,3 and 5 from top to bottom. Note that the parameters of the M-Z relation
at z = 5 are extrapolated from the lower redshift bins. The right inset figure shows
the difference Az between the measured metallicity and that predicted from the
model (Solid grey histogram: includes metallicities taken at the limit, dashed his-
togram: not including metallicity limits). The left inset figure shows the metallicity
differences versus redshift.
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Although afterglow spectroscopy, and hence metallicities, are measured
independently of host luminosity at redshifts where this is possible, a bias
towards high luminosity hosts is possible at low redshift where host emission
spectroscopy can only obtain meaningful signal to noise for brighter hosts.
Hence, untangling the physical meaning behind the low metallicity nature of
hosts at low redshift is non-trivial. Two distinct hypothesis can be recognised:
Either there is an intrinsic preference for low metallicity, i.e. single progenitors
for the collapsar, or low metallicity is a secondary effect of selecting the most
star forming galaxies, i.e. the anti-correlation between metallicity and star
formation rate. Both of these cases could be expected to offset the L-Z and M-
Z relations in consistency with the distribution seen at low redshift in Figures
3.3 and 3.4, although the fact that GRB selected galaxies appear to follow
the M-Z relation above redshift z > 3 would suggest that low metallicity is
selected due to increased GRB efficiency rather than increased star formation.
However, a distinct metallicity threshold for the progenitors is not evident at
any redshift, though if progenitors could follow from either single or binary
evolution, this effect would indeed be smeared out.

Assuming that high redshift bursts trace star formation across the
galaxy mass function, the mass-metallicity relation of their host galaxies can
give an indication of the evolution of the global metal enrichment. In Figure
3.5 the metal abundances of hosts are plotted versus redshift, showing the gen-
eral trend of decline of metals with increasing redshift. Above z > 2 — 3, the
GRB hosts M-Z relation is broadly consistent with that of LBGs extrapolated
from Maiolino et al. (2008), suggesting that both metal abundances and the
luminosity function of host galaxies has evolved on par with the star forming

field galaxy population. GRB hosts are then consistent with a cosmologi-
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cal history where galaxy mass build up faster than the chemical enrichment.
Maiolino et al. (2008) suggest this is an indication that massive galaxies are
assembled by the merger of low mass (low metallicity) systems before the star
formation efficiency increase and chemicals build up more rapidly. Chary et al.
(2007) also find evidence from GRB selected galaxies of a strong evolution in
the M-Z relation. Their interpretation of the results suggest that low mass
star forming galaxies appear less chemically evolved due to the loss of metals
to the intergalactic medium. Hence, larger samples of metallicities from high
redshift GRB afterglows coupled with broad-band observations of their hosts
to estimate luminosities and masses, are needed to constrain a more detailed
view of how the metal enrichment has evolved. Importantly, due to the bright-
ness of GRB afterglows, this will be made possible also at redshifts beyond
the limits of QSO absorption systems and flux limited samples.

This chapter has suggested that GRB selection can indeed be a powerful
tool for studying the evolution of both mass assembly (i.e. the luminosity
function and galaxy mass function) and chemical enrichment. To gain a better
view of this at high redshift, the number of detected burst and measured
redshifts need to increase, in particular above z ~ 4. While this may not be
possible until next generation instruments become available, improved host
sample selection also at lower redshift are promising in order to understand
how GRBs progenitors depend on their environments, and ultimately to fully
use them as cosmological probes. The next chapter will continue to follow the
hints that dark bursts trace also a more massive, dustier and possibly more
metal rich galaxy population, and how current host samples may be biased

due to their omission.
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GRB host properties

GRB z Mpg M, 12 +1og(O/H)
GRBO971214 342  -21.468  9.709

GRB980425  0.0085 -18.05 8.51 8.4 (1)
GRBIS0703  0.97  -21.23  10.09  8.48 (1)
GRB990123 1.6 -20.65 9.50 >7.72 (2)
GRB990506 1.31 -20.08 9.33

GRB990510 1.619 -18.31 9.47 7.54 (3)
GRB990712 043  -19.42 892 8.4 (1)
GRB991208  0.71 -18.69 8.56 8.02 (1)
GRB000131 4.5 -19.69 7.81

GRB000301C 2.0404 -17.14 8.12

GRB000926 2.036  -20.68 9.32 8.52 (4)
GRB0O10222 148  -1875 861  >7.39 (4)
GRB0O10921  0.45  -19.86  9.36  8.24 (1)
GRBO011211 2.141  -19.91 9.39 >7.33 (4)
GRB020124  3.198 > -19.69 < 9.31

GRB020127 1.9 -23.51 11.18

GRB020405  0.69  -20.74  9.87  8.46(1)
GRB020813 1.255  -20.73 10.14 >7.52 (4)
GRB020819  0.41  -21.52 1047 9.0 (5)
XRF020903 0.251 -19.23 8.73 8.07 (1)
GRB021004  2.33 -20.96 9.55

GRBO030115A 2.5 -22.45 11.29

GRB030226 1.986 >-20.86 < 9.86 >7.38 (4)
GRB030323  3.372 -19.88 9.36 >7.82 (4)
GRBO030328 1.52 -20.64 9.72

GRB030329  0.17  -1649  7.38  8.13 (1)
XRF030429  2.66  -20.80 9.83

XRF030528 0.782  -21.07 9.57 8.4 (1)
GRB031203  0.1055 -18.36 9.22 8.28 (1)
GRB040924  0.859  -19.06 9.28 8.1 (6)
GRB050401 2.899 -19.45 9.16 >7.12 (4)
GRBO050730  3.968 > -18.63 < 8.78 6.43 (4)
GRBO050814 5.3 > -22.42 < 10.55
GRBO050820 2.6147 -20.07 10.02 8.06 (4)
XRF050824  0.83  -19.82 9.34 8.4(7)
GRB050826  0.296  -20.26 9.92 8.83 (1)
GRB050904  6.29 -20.86 10.3 >7.59 (4)
GRBO050908  3.34 -19.08 8.99

GRB050922 2199  >-1899 < 895

GRB051022 0.807  -21.23 10.44 8.62 (1)
GRB060105 4.0 > -22.97 < 10.81
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GRB060108  2.03  -2201  10.36
GRB060115 353  >-1851 < 8.76
GRB060124 2296 > -20.80 < 9.79
GRB060204B 3.1  -22.88  10.77
GRB060206  4.048 -19.90  9.41 7.84 (4)
GRB060210 391  -22.22  9.56

XRF060218  0.0335 -15.91  7.42 7.54 (8)
GRB060223 4406 -20.56  10.88
GRB060502A 151  -1980  9.33

GRB060505  0.0889 -19.30  9.25 7.99 (9)
GRB060510B 4.942 -21.18 9.9 7.84 (10)
GRB060522  5.11 > -20.17 < 9.53
GRB060526 322  >-1857 <875 8.12 (11)
GRB060605  3.773 -19.40  9.14

GRB060607  3.007 >-1591 < 7.54
GRB060927 547  >-19.54 < 9.21
GRBO61110B 3.44  -19.34  9.15

GRB061126  1.1588 -20.54  9.71

GRB061222 2088 -19.63  7.65
GRBO061222A 2.088 -21.34  10.05
GRB070306  1.4959 -22.23  10.43
GRB070721B  3.626 > -18.73 < 8.86
GRBO70802 2455 -21.19  10.01  8.23 (12)
GRB080319C 1.95  -2328  10.99
GRB080913  6.73  >-19.74 < 9.30
GRB080928  1.692 > -22.64 < 10.69
GRB090205  4.6503 -22.01  10.64  >8.12 (13)
GRB090323  3.5774 -23.55  11.94
GRB090423 823  >-19.52 < 9.23

Table 3.4: Restframe properties of high redshift GRB
hosts. Hosts at z < 1.2 are duplicated from Chapter 2 if
a spectroscopic metallicity is available. Quoted metallici-
ties above have been converted to the oxygen abundance
12 + log (O/H) where necessary. References for metal
abundances are as following: 1: Levesque et al. (2010a)
2: Prochaska et al. (2007) 3: Vreeswijk et al. (2001)
4: Prochaska et al. (2007) 5: Levesque et al. (2010c)
6: Wiersema et al. (2008) 7: Sollerman et al. (2007) 8:
Wiersema et al. (2007) 9: Han et al. (2010) 10: Chary
et al. (2007) 11: Thone et al. (2008b) 12: Elfasdéttir
et al. (2009) 13: D’Avanzo et al. (2010)
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Figure 3.5: The metallicity vs. redshift distribution of 34 GRB host galaxies. The
horizontal dashed line marks solar oxygen abundance, 12 + log(O/H) = 8.69. The
majority redshift z < 2 — 3 hosts are offset from the M-Z relation probed by field
galaxies at these redshifts, while the higher redshift hosts don’t appear to be pref-
erentially metal poor at a given mass. This suggests that high redshift events trace
star formation across the luminosity function — and that the decline of metallicity
seen at high redshift seen in this figure reflects the global chemical enrichment with
cosmic age.
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Chapter 4

The dark GRB 080207 in an
extremely red host and the
implications for GRBs in highly

obscured environments

4.1 Introduction

A fraction of gamma-ray burst afterglows are undetected or have suppressed
flux in the optical and even in the nIR (e.g. Groot et al., 1998). These bursts
may include high-redshift events or where there is significant absorption in the
host galaxy. Alternatively, observational selection effects may result in a non-
detection due to unfavourable location, poor weather etc. for ground based
observatories . These observational selection effects can largely be avoided by
selecting bursts based on some quantitative criteria, in particular by compar-

ing the optical limits on the afterglow emission to the expected values based
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on the observed X-ray flux and spectral slope. Approximately 60% of Swift
bursts are have both X-ray observations and optical follow-up, allowing at least
a rudimentary estimate or limit the X-ray to optical spectral slope. However
the fraction of bursts that have simultaneous X-ray and optical observation,
and where the optical observations are deep enough to provide detection or a
meaningful limit, is more difficult to quantify. By the above criterion, Jakob-
sson et al. (2004) (see also Rol et al., 2005) define dark bursts as those with

an X-ray-to-optical spectral slope, Box < 0.5, where F, oc v~? and

. 10g10(Fz/,X/Fv,Opt>
Box = -
IOglo(VX/VOpt)

(4.1)

In the range 0.5 < [opx1.25 < which is suggested by the standard fire-
ball model, the distribution of Spx is approximately flat (e.g. Figure 1 in
Jakobsson et al., 2004), with a tail of Sox < 0.5 outliers. van der Horst
et al. (2009) suggest a more sophisticated approach and define dark bursts by
Box < Bx—0.5. Selecting bursts which are dark by these requirements, ensures
the sample studied appears genuinely physically distinct from the optically
bright GRBs, in contrast to simple requirement of an optical non-detection,
which is often not constraining in terms of physical models of the afterglow
(Rol et al., 2005). Understanding these dark bursts, and the physical causes of
darkness is important, not only for understanding the diversity of GRBs them-
selves, but also for characterising their utility as cosmological probes, and in
particular as tracers of the star formation rate.

As we have discussed earlier, long GRBs are known to be associated
with massive stars (e.g. Stanek et al., 2003; Hjorth et al., 2003b, as well as

Chapter 2), and hence an ideal scenario would be one in which there was di-
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rect proportionality between GRB rate and star formation rate, allowing the
GRB rate to be an immediate proxy for the star formation rate across cos-
mic history. Two particular advantages of GRBs in this role come from their
brightness, allowing them to be seen at the most extreme redshifts (Tanvir
et al., 2009; Salvaterra et al., 2009) and their high energy emission, enabling
them to be seen through high dust columns. Coupled with this, they select
galaxies across the luminosity function (rather than just at the bright end).
Hence, GRBs have the potential to infer the star formation rate, largely free
from the order of magnitude corrections that other techniques must apply to
allow for contributions from the faint end of the luminosity function, and dust
obscuration (e.g. as discussed in Chapters 2 and 3). In practise however, this
promise remains to be fulfilled. This is largely due to a combination of incom-
pleteness in the available samples (e.g. Jakobsson et al., 2006; Fynbo et al.,
2009) for example because of the difficulty in locating dust obscured GRBEs,
and because of poorly known environmental effects (such as metallicity, e.g.
Wolf and Podsiadlowski, 2007; Modjaz et al., 2008) on the GRB progenitors
which impact any direct proportionality between GRB rate and star formation
rate. An understanding of dark bursts offers a route through both of these
problems; by increasing the completeness of GRB samples, the ability to ob-
tain an accurate redshift distribution for the whole of the GRB population
currently detected by Swift is gained. In tandem, studies of the environments
of dark bursts, in comparison with those of bright examples can be extremely
valuable in elucidating the impact of environment on GRB production.

It is therefore reasonable to ask how studies of dark bursts can be
achieved. GRBs are located in the gamma-rays and subsequently pinpointed

by their X-ray afterglows. Although X-ray afterglows in the Swift era are
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ubiquitous, they frequently do not allow detailed study of the burst due to
the inability to obtain either absorption spectroscopy of the afterglow, or the
unambiguous detection of the host galaxy. Although Swift X-ray position-
ing has been greatly improved by more refined algorithms that determine the
satellite’s pointing using UVOT, The median XRT error circle is still ~ 1.5
arcsec, with 90% of bursts being positioned to less than 2 arcsec (Evans et al.,
2009). This suggests that the bulk of GRB host galaxies still can’t be unam-
biguously determined using only X-ray. Purely by chance (e.g. considering
the galaxy number counts by Hogg et al., 1997), they have ~ 15% probability
of randomly containing a galaxy with R < 25 — roughly the median magnitude
of GRB hosts (Hogg and Fruchter, 1999), and may contain more than one
galaxy comparable to the faintest known GRB hosts — R < 29 (Fruchter et al.,
2006). Hence, even the now well refined X-ray positions from the Swift X-ray
Telescope (Evans et al., 2007) cannot unambiguously locate a host. Although
absorption in the X-ray afterglows can provide a clue to the GRB environment
via the measurement of hydrogen column (Nyg), this is one of few constraints
that can be obtained from the X-ray afterglow alone. Indeed, in the absence
of a redshift, even the rest frame X-ray column cannot be accurately con-
strained. Although the definition of dark bursts doesn’t require an optical
afterglow non-detection, (and indeed in many cases the afterglow has been
detected), selecting an unbiased sample of dark burst hosting galaxies calls for
accurate identification of the host even in cases where the optical afterglow re-
mains undetected. A possible solution to the problem of identifying the hosts
is to obtain sub-arcsec astrometric positions, reducing the chance alignment
by a factor of ~ 10, for dark GRBs via their X-ray afterglows. Currently, this

is only enabled by the Chandra X-ray Observatory, and this is the approach
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employed here.

A consequence of the relative dearth of dark bursts (per the Box < 0.5
definition rather than simply optical non-detection, also throughout this work)
in the pre-Swift era and relatively weak constraints which can be obtained from
X-ray afterglows alone means that the origins and hosts of dark GRBs remain
relatively poorly understood, despite the relatively large number uncovered by
Swift. It is therefore not entirely clear how the environments of dark GRBs
(both local and galactic) differ from those of the optically bright population.
From the sample of Cenko et al. (2009) the fraction of dark bursts appears
to be ~ 0.5 with the majority of these being consistent with low to medium
redshift events suffering from dust extinction in the host (Perley et al., 2009b).
This agrees with the fraction of dark bursts reported by Melandri et al. (2008)
(~ 0.5) and Fynbo et al. (2009) (0.25 — 0.4), and could significantly bias
samples based on optical detection of the afterglow as discussed in the latter
work. Studying the host population of dark GRBs is therefore a priority in
order to understand how they differ from normal bursts and what impact the
difference will have on statistical host samples (e.g. the ones seen in Chapters
2 and 3) — either by inclusion of dark hosts, or by their exclusion. Although
the number of dark GRBs with securely identified hosts is still relatively small
(~ 12, see e.g. section 4.5.2) it is noteworthy that several of other heavily
extinguished bursts hitherto have been associated with galactic environments
that are atypical of the overall host population: The hosts of GRB 020127 and
GRB 030115 are massive extremely red objects (EROs) (Berger et al., 2007;
Levan et al., 2006a), although the Sox values are poorly or unconstrained due
to the lack of follow-up observations (e.g. Fox and Frail, 2002; Smith et al.,
2005). GRB 051022 has a massive host (Chapter 2, Svensson et al. 2010)
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with large average extinction as well as a red afterglow (e.g. Rol et al., 2007;
Castro-Tirado et al., 2007) and GRB 080325 also has a massive host with
evidence of significant extinction (Hashimoto et al., 2010). Although this is
not an exhaustive list of all dark bursts, in these cases the evidence seems to
suggest either unusually red hosts, unusually massive hosts or hosts with very
high extinction. It is also interesting to note that, the 5 hosts of dark burst
contained in the sample discussed in Chapter 2, all have estimated galaxy
masses above the sample median.

Here I will present observations of GRB 080207: the X-ray afterglow by
Swift XRT, and the subsequent Chandra observations that allowed a sub-arcsec
position of the afterglow to be determined. The small errorbox of the X-ray
afterglow determined by Chandra subsequently enabled the host galaxy to be
determined, and I will present the 19 band observations of the host, ranging
from optical to sub-mm wavelengths. I estimate a photometric redshift and
restframe properties from the host SED, and show that it is an extremely
red galaxy, which likely contains significant amounts of dust. This implies
that GRB 080207 was heavily extinguished, with sufficient local extinction to
render even its nIR afterglow invisible to deep observations. Furthermore, I
will discuss the general properties of the dark burst hosting galaxy sample and

its implications for dark bursts.

4.2 QObservations

GRB 080207 was discovered by Swift at 21:30:21 UT on 7 February 2008. A
prompt slew enabled the location of an X-ray afterglow, however no optical

afterglow was found in UVOT observations. The burst was long duration with
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tgo > 300s (at which point the source moved out of the BAT field of view
(Stamatikos et al., 2008)). Chandra X-ray observations of the afterglow were
obtained, which enabled the determination of a sub-arcsec position for the dark
GRB 080207 and the identification of its host galaxy, followed by observations
of the host galaxy in 19 bands ranging from optical g-band observations with

Keck, to sub-mm observations with SCUBA2.

4.2.1 Afterglow
X-ray

Observations with the Swift X-ray Telescope (XRT) began 124 seconds af-
ter the burst, and continued for 30 hours post burst. For spectral analysis
the XRT observations were processed through xrtpipeline to create cleaned
event lists in both Windowed Timing (WT) and Photon Counting (PC) mode.
[ separately fit spectra to the WT and PC mode data using XSPEC (Arnaud,
1996). The WT data are best fit by an absorbed power-law model with spectral
slope 8 =0.3440.1 (F, x v™?), and Ny = (96 & 11) x 10*® cm~? (assuming
zero redshift for the absorption), significantly in excess of the galactic value
of 1.94 x 10*® em~2. The PC mode observations yield a similar excess column
density, Ny = (75 £ 16) x 10*® ecm™2 | but a much softer spectral slope of
£ =14+£0.1. It is also worth noting that a consistently high Ny for the zero
redshift case was also found by Racusin (2008).

The WT mode observations took place during the period 130 to 194
seconds post burst. Throughout this time the BAT was also detecting higher
energy emission, and the harder spectral index measured in the WT data
is most likely a representation of the prompt emission in the X-ray band. I

therefore adopt the spectral slope of the afterglow as f = 1.3+0.1, as measured
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in the PC mode observations.

The adopted X-ray lightcurve comes from the Swift repository (Evans
et al., 2007, 2009), with the addition of the Chandra observation at t ~ 7x10°s.
The lightcurve is broadly flat during the WT mode observations. The period
between the end of WT and the beginning of PC mode observations is broadly
consistent with a single power law decay (F(t) o< t~) of index av ~ 1.0. There
is no sign of, or requirement for steep initial decays, or a later time plateau as
seen in many X-ray afterglows (Nousek et al., 2006). The PC mode late time
(between 1000 and 10° s) (Figure 4.1) is fitted with a single power law with a
decay index @ = 1.7+ 0.1 and x?/dof = 65.36/65 ~ 1.005.

Chandra observed the afterglow of GRB 080207 on the 16th of February
2008. The afterglow was placed on the ACIS S-3 (back illuminated) chip and
Very Faint (VF) mode employed to enable better rejection of background
events. The standard cleaned event files are utilised, but filtered to the energy
range of 0.5-7 keV (largely to reduce background events and better isolate the
afterglow). The afterglow is detected at a position of RA=13" 50™ 02.98°% ,
Dec = 07° 30’ 07.4” (J2000) with a 0.4 arcsec error circle. The background
subtracted count rate of the afterglow in this band is found to be 5.3 x 10~*
cps. There are insufficient counts in the image to obtain a spectrum directly,
however, by assuming the same spectral index as measured in the Swift PC
mode data this implies a flux of 3.8 x 107! ergs s7! ecm™2 in the 0.3-10 keV
band equivalent to Swift XRT, and is consistent to ~ 1o with the extrapolation
of the earlier X-ray lightcurve — indicating that any jet-break has jet to occur
8 days post burst. Alternatively the jet break could have occurred earlier than

the onset of the PC mode observations (< 5000s), although this is unusual.
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Figure 4.1: The X-ray lightcurve of GRB 080207 from Swift XRT PC mode (small
black points) and Chandra (large filled circle). The Chandra flux is rescaled from its
observed ACIS bandwidth to equivalent of the Swift XRT in this figure. The solid
green line shows a single power law fit with a decay slope a = 1.7.
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Optical

Deep optical observations of GRB 080207 were pursued by several groups
roughly 12 hours after the GRB and include observations by 2 to 8 metre class
telescopes in both the optical and nIR. None of these observations yielded
any afterglow candidates to deep limits. Kuepcue Yoldas et al. (2008) report
deep optical limits from GROND: ¢g’>23.9 r'>23.8 i’>23.5 and z'>22.8, nIR
limits from VLT are reported by Fugazza et al. (2008) as J>23.5, H>22.8 and
K>21.5.

These limits are amongst the deepest obtained for emission from any
GRB at moderate times after the burst (~ 12 hours). The deep limits in
both the optical and the IR rule out colours similar to that of high-z GRBs
like 050814 (Jakobsson et al., 2006), 050904 (Kawai et al., 2006; Haislip et al.,
2006), 080913 (Greiner et al., 2009), 090423 (Tanvir et al., 2009; Salvaterra
et al., 2009), and also very red colours due to extinction as have been observed
in a handful of bursts (e.g. Levan et al., 2006a; Rol et al., 2007; Jaunsen et al.,

2008; Tanvir et al., 2008).

4.2.2 Astrometry

To locate the X-ray afterglow precisely on the deep host galaxy images, relative
astrometry is performed between the Chandra frames and those obtained at the
VLT (see Section 4.2.3). Sources located in the Chandra frame were centroided
by fitting Gaussian profiles to their point spread function. These were then
compared with the VLT FORS2! frame (see section 4.2.3), giving a total of

6 optical counterparts to X-ray sources in the optical image. An astrometric

! Although using the HST images would have been preferable, this is unfeasible due to the small
field of view
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solution was computed with the IRAF task geomap, which places the afterglow
on the FORS2 frame with an accuracy of 0.45 arcsec. Subsequent relative
astrometry between the FORS2 and HST WFPC2 and NICMOS frames was
performed using 10 (WFPC2) and 7 (NICMOS) sources in common to each
frame. The total error in the placement of the X-ray afterglow on the HST

images is ~ 0.5 arcsec.

4.2.3 Host galaxy

In addition to the prompt afterglow observations reported above deep obser-
vations of the host galaxy in 19 bands ranging from observed frame optical
B-band to sub-mm 850pum have been obtained. The host galaxy is faint or
undetected in the optical and bright at longer wavelengths, indicating very red
colours not usually associated with GRB hosts. The host galaxy is displayed
in Figure 4.2. The XRT position (large green circle) is unable to uniquely
determine the host, while the improved Chandra position (small red circle)
intersects three small knots with similar colours, which will be assumed to

belong to the host galaxy system.

Hubble Space Telescope

The X-ray position of GRB 080207 was observed by the Hubble Space Tele-
scope using both WFPC2 in the F606W, F702W and F814W filters, NICMOS
with the NIC3 camera and F160W filter (H-band) and WFC3 with the F110W
filter. Details of the individual observations and photometry are reported in
Table 4.2. All photometry presented in this table is performed as part of this
thesis.

The WFPC2 data was retrieved from the archive with “On-The-Fly”
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Figure 4.2: Five band mosaic image of the field of GRB080207 including its host
galaxy (top and left panels). The red circle marks the Chandra X-ray position and
errorbox, the green circle show the Swift XRT position and errorbox. The host
is faint or undetected in the optical but shows strong emission in nIR and longer
wavelengths. The large lower-left panel shows a 3 filter false colour image showing

the extremely red host galaxy in the centre and a number of other red galaxies also
in the field.
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processing. The individual images were then cosmic ray rejected, shifted and
combined via multidrizzle to produce a final image with a scale of 0.06
arcsec per pixel (roughly 2/3 of the native pixel size).

NICMOS images were cleaned for quadrant dependent residual bias lev-
els (pedestal effect) using pedsky and subsequently processed through multidrizzle
onto an output grid with pixel size 0.1 arcsec. WFC3 observations were ob-
tained with a standard 4-point box dither pattern, and also combined via
multidrizzle, with the native pixel size unchanged (0.13 arcsec).

There is no evidence for host galaxy emission in any of the WFPC2
observations. However, the F160W observations clearly show evidence for
a host galaxy at the location of the X-ray afterglow of GRB 080207. Point
source limits for objects at the location of GRB 080207 in the WFPC2 images
are F606W = 26.8, F7T02W=27.2, F814W=27.0 (all 3c AB magnitude limits).
However, the galaxy is clearly extended in the NICMOS F160W observations,
hence I have derived more realistic limits using apertures equal to the half
light radius of the galaxy as measured in the F160W observations (0.4 arcsec),
and then assumed this aperture correction to the total flux of the host. This is
also broadly in agreement with the magnitude limits obtained by populating
the images with fake sources of half light radii equal to that of the host, and
subsequently attempting to recover them via SExtractor (Bertin and Arnouts,
1996). The resulting limits are F606W=25.4, F702W=25.65, F814W=25.02
(See also Table 4.2).

Ground based host observations

In addition to the optical and nIR observation with HST, deep observations of

the host galaxy with the VLT, Gemini and Keck observatories are obtained.

124



The VLT R-band observation were carried out on the 1st of April 2008,
using FORS2. These observations obtained 4 x 500 s exposure time, but
the host galaxy remains undetected to a limit R > 25.65. Although the R-
band limit is affected by blending with a neighbouring source, the limiting
magnitude is broadly consistent with those from HST.

The Gemini observations utilising z (GMOS), J and K (NIRI) obtained
exposure times of 720s (in z) and 2880s (in J and K). The seeing in the z band
observations was very good (~ 0.5 arcsec), but was poorer for the J and K
band (~ 0.9 arcsec). These observations were reduced in the standard fashion
under IRAF. The host is detected in each of these observations, although only
with marginal significance in the J-band observations. Photometric calibration
of the host galaxy was performed relative to SDSS observations of the field for
the z-band observations, and in comparison to 2MASS for the J and K.

The Keck observations were performed in the g and I bands (LRIS)
with exposure times of 4 x 33041 x 320 s and 5 x 300 s exposure respectively.
The data were reduced with standard IRAF techniques and zero magnitudes
were calibrated relative to SDSS stars in the field. I note that both the g and
I bands are deeper than the HST and Gemini optical observations, resulting
in a detection of the host at short wavelength indicating redshift z < 2.8. The
Keck K-band observations obtained 25 x 60 s exposure time enabling a factor
~ 2 better signal-to-noise than the Gemini observations in the K band, and
flux consistent within 1 — o. The Ks band is calibrated using sources in the
field common with the Gemini frame. See Table 4.2 for a full summary of all

observation details and results.
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Spitzer

The host of GRB 080207 was also observed by the Spitzer Space Telescope,
utilising both IRAC in all 4 bands (3.6, 4.5, 5.8 and 8.0 micron) and with
MIPS at 24 microns. The host is clearly detected in all IRAC and MIPS
bands, indicating significant nIR and mIR emission, possibly suggesting a
massive and dusty host. The clear detections in these bands are in contrast
to the majority of GRB hosts which are undetected (or very weakly detected)
in similar observations (e.g. Le Floc’h et al., 2006; Castro Cerén et al., 2008).
As the host is unresolved at the resolution of Spitzer, photometry of the host
was performed on the standard post-BCD mosaics, utilising small apertures
(2.4 and 7.4 arcsec for IRAC and MIPS respectively) and applying tabulated
aperture corrections and zeropoints. The resulting magnitudes are shown in

Table 4.2.

SCUBA2

As a part of early observations with SCUBA2 (Holland et al., 2006; Economou
et al., 2008) on the JCMT, ~ 43 minutes of observations in the 450um and
850pm bands during the nights 2010-02-25,2010-02-26 and 2010-03-12 were ob-
tained. The observations were carried out in the SCAN mode with a DAISY
scanning pattern. The data is reduced using the STARLINK module SMURF,
running makemap in the iterative mode 2 to map the SCAN data into a sky
image with a pixel scale of 3 arcsec (e.g. Jenness et al., 2010). The sky maps
are flux calibrated relative to the sub-mm flux of CRL618 which is observed
during the same nights as the science observations (e.g. Dempsey et al., 2010).

Before the maps for all nights are co-added, astrometric corrections are ap-

%j.e. iteratively fitting detector signal and background noise.

126



plied as determined by separate observations of pointing sources also observed
during each night. I perform aperture photometry in the 450um and 850um
bands respectively - measuring fluxes of 23037+ 17740uJy and 2529+4374uJy
respectively, although the host is undetected. Using blank apertures on the
map [ estimate 3 — o limiting magnitudes of 12.1 and 13.6 (AB magnitudes)

in the 450pum 850pum bands respectively.

4.3 Afterglow properties

The X-ray spectrum exhibits apparent absorption significantly in excess of
the Galactic value. The zero redshift model results in Ny ~ 75 x 10%%cm 2
(c.f. total Galactic Ny column ~ 1.94 x 102°cm™—2) with x?/dof = 125/153.
Attempting to fit a broken power law with fixed AG = 0.5, e.g. assuming
the spectral turn-over to be influenced by a cooling break in the X-ray band,
results in significantly worse fits with x?/dof = 168/152, and 36/29 respec-
tively for PC and WT mode data, suggesting that excess Ny is the most likely
explanation for the observed spectrum.

Grupe et al. (2007) suggest that the X-ray measured Ny column can

be used to limit the redshift by

log (14 z) < 1.3 = 0.5[log (1 + ANg)], (4.2)

where ANy is the difference between Galactic and observed Ny values in units
of 10%em—2, fitted at zero redshift. This would suggest that GRB 080207 orig-
inates from z < 1.3. Interestingly the only GRB in the sample of Grupe et al.
(2007) to be found with a higher Ny than GRB 080207 is GRB 051022, whose

optical afterglow was also markedly suppressed (Rol et al., 2007). Indeed, al-
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though it is commonly very difficult to assess the redshifts for dark GRBs it is
occasionally possible to pinpoint redshifts for bursts whose optical afterglows
are somewhat suppressed, and are invisible to UVOT, but are still visible to
deep ground based optical observations. In these cases the measured (rest
frame) column densities are apparently higher than those for the GRBs with
very bright optical afterglows (Schady et al., 2007).

Assuming that GRB 080207 is not limited to z < 1.3, I fit the X-ray
spectrum with single power law model absorbed by the Galactic Ny column
and an absorber redshifted to z = 1.74 as suggested by the photometric redshift
solutions for the host (see section 4.1). This model suggests an X-ray spectral
slope 8 = 1‘34418:%(75 and a significantly higher Ny column than the zero redshift
case with Ny = 679712% x 102%cm~2. This makes this the highest measured
restframe Ny column of any GRB host yet, to my knowledge.

Extrapolating the X-ray power law to optical/nIR frequencies and re-
normalising the integrated flux to be consistent with the 11 hour post burst
flux as suggested by the lightcurve, reveals the optical/nIR flux limits are
fainter than expected. The X-ray-to-optical spectral slope is estimated to be
Box < 0.3 and thus this burst fulfils the criteria for dark bursts of Jakobsson
et al. (2004) (and also fulfils the dark criterion by van der Horst et al. (2009)
since 0.3 < fBx — 0.5). To evaluate an optical extinction that explains the
optical darkness of this burst, I adopt extinction curves fitted to Galactic
(MW) conditions (Seaton, 1979) with Ry = 3.1, SMC conditions (Prevot
et al., 1984) with Ry = 2.72, a starburst (SB) law (Calzetti et al., 2000) with
Ry=4.05 and the extinction curve fitted the afterglow of the dark GRB 080607
(Perley et al., 2010Db).

The afterglow is reddened after extrapolating the X-ray into the optical-
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Afterglow

properties

Ra, Dec(J2000) 13:50:02.98, +07:30:07.4
Errorbox 0.5 arcsec

X?/dof (spectral fit) | 48.49/48 ~ 1.01

g 1347416

Ny 679712 % 10%cm 2
Ay (MW law) > 2.6

Ay (GRB 080607 law) | > 3.4

Ay (SMC law) > 3.7

Ay (SB law) > 4.1

x?/dof (lightcurve) 65.78,/66 ~ 1.00

o 1.7+ 0.1

Table 4.1: Chandra X-ray position and fitted parameters for the afterglows analysis.
The quoted hydrogen column and extinction are calculated in the restframe of the

hosts photometric redshift (zpnor = 1.74).

nlR regime, and after introducing a cooling break with Ag = 0.5 short-wards
of the XRT band (Figure 4.3). By requiring that the absorbed extrapolation

falls below the detection limits, at the redshift z = 1.74 a restframe line

of sight extinction in excess of Ay ~

3.4 (GRB080607) magnitudes is found. These all suggest that the optical
extinction is indeed also very high compared to the bulk GRB population,
but that the dust-to-gas ratio is comparable to that found in other hosts (e.g.
Schady et al., 2010; Perley et al., 2009b). A summary of derived afterglow

properties can be found in Table 4.1.

4.4 Host galaxy properties

The g-band detection of the host galaxy suggests that it lies below z ~ 4.
Coupled with the relatively bright magnitudes in the nIR to mIR, and the red

colours across the whole of the wavelength range, rather than a sharp break

2.6 (MW), 3.7 (SMC), 4.1 (SB) and
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Figure 4.3: The afterglow spectral energy distribution ~ 11 hours post burst, rang-
ing from nlR to X-ray frequencies. The solid red line shows the X-ray model fitted
with redshift z = 1.74, the solid black line is the X-ray power law extrapolated
without a spectral break and the dashed line with a A3 = 0.5 cooling break. The
power law and spectral break model is shown absorbed in the restframe by a Milky
Way reddening law with Ay = 2.6 (dotted line), and by a SMC law with Ay = 3.7
(dash-dotted line).
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in the optical and a flat SED in the optical - nIR, the favoured interpretation
is that of a dusty sight-line. This is also strongly supported by the detection
of the host galaxy at 24 microns, and although the SCUBA2 limits are not
deep enough to offer any significant constraints, they are fully consistent with
sub-mm dust emission at the photometric redshift z ~ 1.7 I derive in Section
4.4.1.

The observed R-K colour of R — K > 5.4 (equivalent to R— K > 3.7 in
AB magnitudes) is one of the reddest GRB hosts yet discovered, and indicates
that, at least in the case of GRB 080207, the environment is markedly different
to that of optically bright bursts. The high resolution imaging acquired by the
WEFC3 on HST resolves the large scale structure of the host, which is displaying
an irregular morphology, tentatively suggesting a merging or disturbed system.

In the following section I will discuss the photometric redshift solutions
and the restframe properties implied. The 19 bands covered by photometry
are presented in Table 4.2 and a four band mosaic image in Figure 4.2 shows
the host going from non-detected in the visual, to faint in z-band to strong
detections in nIR J-band and IR 4.5um. In the following I have assumed a
ACDM cosmology with Q; = 0.27, Q4 = 0.73 and Hy = 71kms 'Mpc™ 1.

4.4.1 Photometric redshift

The 19-band observations cover a broad wavelength range from optical to
sub-mm, and should allow a well constrained photometric redshift to be deter-
mined, and estimates of the physical properties (e.g. mass and star formation
rate) of the host galaxy to be made without relying on extrapolating an as-
sumed spectral shape. To enable detailed and accurate modelling of a system

that could possibly contain both a young and starbursting stellar population
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¢l

Host observation log

Date Instrument Filter Exp.Time (s) Magnitude (AB) flux (uJy)
2009-02-19 Keck/LRIS g 1640 2741 £ 0.3 0.04 £0.01
2008-03-18 HST/WFPC2 F606W 1600 > 254 0.16 £0.10
2008-04-01 VLT /FORS2 R 2000 > 25.651 0.14 £0.07
2009-03-21 HST/WFPC2 F702W 3600 > 25.65 0.2 £0.08
2009-02-19 Keck/LRIS I 1500 25.84+ 0.29 0.17 £ 0.05
2009-03-20 HST/WFPC2 F814W 3300 > 25.03 0.38 £0.13
2009-02-24 Gemini/GMOS  z 1260 25.02 £ 0.25 0.18 £0.05
2009-02-19 Gemini/NIRI J 2880 23.87 £ 0.31 1.06 £0.35
2009-12-10 HST/WFC3 F110W 2400 23.32 £ 0.09 1.75 £0.17
2008-04-05 HST/NICMOS F160W 2560 23.04 £ 0.14 2.27 £ 0.34
2009-02-19 Gemini/NIRI K-prime 2880 21.94 £ 0.24 6.25 £1.62
2009-05-31 Keck/NIRC K-short 1500 21.74 £ 0.13 7.52 £0.93
2009-03-20 Spitzer/TRAC 3.6 pm 1600 20.81 £ 0.04 17.7 £ 0.76
2009-03-20 Spitzer/IRAC 4.5 pm 1600 20.67 £ 0.03 20.14 £ 0.65
2009-03-20 Spitzer/IRAC 5.8 pm 1600 20.21 £ 0.13 30.76 £+ 4.32
2009-03-20 Spitzer/IRAC 8.0 pm 1600 20.63 £ 0.19 20.89 £ 4.29
2008-07-31 Spitzer/ MIPS 24 pm 5407 18.50 £ 0.20 148.59 £ 32.1
2010-02-25,26,03-12 JCMT/SCUBA2 450 pm 2616 > 12.1 23040 £ 17740
2010-02-25,26,03-12 JCMT/SCUBA2 850 um 2616 > 13.6 2530 £ 4370

Table 4.2: Photometric observations of the GRB 080207 host galaxy. Magnitude are in the AB system. ! indicates blending with
a nearby source affects the limiting magnitude. Limits in the magnitude column are 3-sigma estimated from half-light radius
apertures (WFPC2) or point source limits (SCUBA2). In the flux column, the actual flux measured in the aperture also in the
cases of non-detections, are reported.



and an older, redder component I find that allowing for a linear combination
of two templates provide a significantly better fit than only using a single
template. Hence, to simultaneously fix the photometric redshift and the full
restframe spectral energy distribution, I fit a linear combination of two tem-
plates, one coming from a set of detailed optical templates including models
described in Coleman et al. (1980) and Bruzual A. and Charlot (1993). The
second set of templates (described by Siebenmorgen and Kriigel, 2007) con-
tain galaxies with significant amounts of dust increasing their IR and sub-mm
luminosities by reprocessing the UV and optical light. Furthermore, I fit the
reddening of the first set of models by assuming a Calzetti et al. (2000) red-
dening law. The dusty templates in the second set already include a dust
screen model, and are not reddened any further. In total this includes 6 free
parameters (redshift, Ay, two templates and two normalisation constants.),
and for 19 photometry data points, this gives dof = 19 — 6 = 13 degrees of
freedom.

Fitting the available photometry, including measured fluxes for the non
detections, and allowing both redshift and host absorption to vary as free
parameters (e.g. Chapter 2) yields a primary photometric redshift solution
of z = 1.7450¢ with x?/dof = 19.37/13 ~ 1.49, shown in Figure 4.4. The
redshift error is the central 1 — o interval, i.e the integrated probabilities
above and below the interval are both (1 — 0.683)/2. This result is broadly
consistent with an independently derived solution with HyperZ (Bolzonella
et al., 2000) using only the optical and nIR photometry. It is also worth noting
that a higher redshift than provided by the best fit would further increase the
restframe hydrogen column derived from the X-ray spectrum, e.g. ~ 10%

higher at z=2.2. A significantly higher solution, e.g. above 4-5, also seems
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highly unlikely in the perspective of the extremely high luminosities this would

imply, e.g. a secondary local x> minimum around z ~ 5.8 has My < —25.

4.4.2 Restframe properties of the host

The restframe properties of the host galaxy as derived from these fits are
shown in Table 4.3. I estimate physical galactic properties from the restframe
k-corrected and extinction corrected spectral energy distribution. Stellar mass
content is estimated from the restframe K band absolute magnitude (Savaglio
et al., 2009), corresponding to between IRAC 5.8 and 8um at z = 1.74. For the
star formation rate I make two estimates, one based on the U-band luminosity
(Cram et al., 1998) and one based on the far-IR luminosity (Kennicutt, 1998).
The host is massive and highly star forming - assuming that the fIR traces
the true SFR more accurately than the U band. Placing it on the %*R \E
M, plane compared to the bulk GRB hosting galaxy population (e.g. Castro
Cerén et al., 2006, 2008; Savaglio et al., 2009) suggests that it is one of the most
massive and most actively star forming GRB hosts to date. From the SED
model I estimate a restframe far-IR luminosity Lsp ~ 3 x 10'L¢, suggesting
that GRB 080207 is one of few bursts with a ULIRG host (Michalowski et al.,
2008). However it should be noted that the ULIRG classification rests mainly
on the 24 pm MIPS detection, and while the SCUBA2 limits are consistent,
they are also too faint to offer significant constraints on the fIR nature of the
SED.

Comparing the host with the luminosity function at z ~ 2 (e.g. Dahlen
et al., 2005, 2007) suggests that it is comparable to the characteristic luminos-
ity in the B-band; Lp ~ 1.3L%, in contrast to the typically under-luminous

properties of optically bright selected samples.
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In particular it is clear that the host extinction in this case is high in
comparison to the bulk GRB population - the dominant model in the optical
has an Ay ~ 1.9 while the second component has a total of ~ 100 magnitudes
of extinction from core to surface (see Siebenmorgen and Kriigel (2007) for a
description of their dust model) - suggestive of a major dust content within
the host. Although a 3 — o detection is lacking from SCUBA2, I estimate
a 3 — o upper limit of the dust mass as ~ 1.2 — 1.4 x 10°M, assuming a
dust temperature of 45K (e.g. Michatowski et al., 2008), and also note that a
lower temperature would increase the necessary dust mass. The possibility of
significant dust content is in contrast to the majority of GRB host galaxies,
whose photometry suggests relatively little dust (e.g. Savaglio et al., 2009;
Tanvir et al., 2004), indeed it is more similar to that commonly found in sub-
mm selected galaxies (e.g. Michalowski et al., 2010a). However, it should be
noted that these studies have mainly concerned optically selected host samples,

and may not be representative of the true population.

4.5 Discussion

4.5.1 Implications for dark GRBs

The host galaxy of GRB 080207 is one of very few GRB hosts which can be
classified as an ERO. The other examples GRBs 030115 (Levan et al., 2006a)
and 020127 (Berger et al., 2007) also host bursts which were dark, or showed
significant extinction in their afterglow lightcurve. Several other bursts also
show very red colours in their afterglows, indicating significant extinction along
the line of sight (e.g. Tanvir et al., 2008), however at least in some cases where

the afterglow is unusually red, observations of the host galaxies do not reveal
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Figure 4.4: The host galaxy spectral energy distribution and photometric redshift
solutions at zpper = 1.748:8?. The wavelength scale is in the observer frame. The
thick solid line shows the composite template model with the dashed, and dash-
dotted lines showing the individual components. The dotted line is purely thermal
emission from ~ 7 x 103M, dust at ~ 45K. The inset figure shows the probability

distribution as a function of redshift.
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Host restframe properties

L7A
x2/dof 19.37/13 ~ 1.49
Ay ~ 1.9

My —20.29 +£0.04
Mp —20.99 +0.04
My, —21.86 +0.04
My —23.89 £ 0.04
LI 2.4 +0.09102L,,
log (M, /M) 11.05 4 0.02
SEFRy 40.7 £ 1.6 Mg /yr
SFRf[R 416 £17.0 M@/yr

Table 4.3: Restframe properties of the hosts SED template fit. Absolute magnitudes
are not corrected for host extinction. Stellar mass and star formation rates are
corrected extinction corrected for Ay = 1.9. The quoted errors are lo statistical
errors on the best fit template.

exclusively red colours (e.g. Gorosabel et al., 2003a,b; Rol et al., 2007; Jaunsen
et al., 2008; Perley et al., 2009b; Djorgovski et al., 2001), although there is
an apparent trend for the dark GRB host population to include much redder
galaxies than that of the optically bright population (e.g. Hashimoto et al.,
2010; Kiipcti Yoldag et al., 2010). Indeed, GRB hosts in general are very blue
and typically sub-luminous (Le Floc’h et al., 2003; Christensen et al., 2004),
suggesting that only a relatively small fraction of GRB selected star formation
is obscured - at least so far as the bulk GRB hosting population is represented
by burst with optically bright afterglows. Further the blue colours of the GRB
hosts, and the relatively low detection rate at long wavelength (e.g. Berger
et al., 2003; Tanvir et al., 2004) in the pre-Swift sample suggest that few
GRB hosts are dusty systems, in contrast to sub-mm observations operating

in a similar redshift range, which suggest that the bulk of star formation is

obscured, with a good fraction occurring in ULIRG-like galaxies (Chapman
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et al., 2005; Michalowski et al., 2010a).

At first sight then it would appear that the complete set of galaxies
hosting GRBs are very different from those of sub-mm galaxies, although the
direct comparison is far from trivial (e.g. Watson et al., 2004). Indeed, when
comparing the rate of sub-mm detections with that expected under simple
models of paucity, sub-mm bright GRB hosts are only marginally (~ 20) below
the expected values (Tanvir et al., 2004; Le Floc’h et al., 2006). Though it
should be noted that the sample of sub-mm observations of hosts is relatively
small, and that this host sample had a median redshift ~ 1.2 compared to the
median redshift of sub-mm galaxies of z ~ 2.2 (Chapman et al., 2005).

An alternative approach is to study the optical /IR properties of both
GRB hosts and sub-mm galaxies. The median I-K colour of sub-mm selected
galaxies is 'K = 4.1 £ 0.2 (Smail et al., 2004), much redder than the general
field population which has median I-K = 2.8 4+ 0.1 (Smail et al., 2004). In con-
trast the GRB population is typically very blue (if somewhat heterogeneously
selected to date), with mean colours for optically bright bursts of - K = 1.6
+ 0.3, based on the sample of Savaglio et al. (2009), although a significant
fraction of GRB hosts are undetected in deep K-band observations, implying
at times even bluer colours.

The mean ratio of [N 11] / Ha in sub-mm galaxies at z ~ 2 is of order
0.5 based on deep IR spectroscopy (Swinbank et al., 2004), in contrast to the
(relatively local) GRB hosts with the same measure which yield [N 1] / Ha
~ 0.1 (Savaglio et al., 2009; Levesque et al., 2010b). This suggests that even at
z ~ 2, where the universal metallicity may have dropped significantly, sub-mm
bright galaxies may not be the most promising locations for GRBs. Indeed,

the highest [N 11]/Ha ratio in the optically bright GRB sample of ~ 0.2 would
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only include approximately ~ 20% of the sub-mm sample of Swinbank et al.
(2004) as shown in Figure 4.5. Although few hosts of dark bursts have direct
measurements of their metallicities, making a direct comparison difficult, I
note that the dark GRB 020819 has the highest measured [N 11] / Ha so far
(Levesque et al., 2010c), making the corresponding distribution for dark bursts
to include metallicities at least ~ x2 higher. Future observations of the [N
11 /Ha ratio in GRB hosts at higher-z (for example in the IR with X-shooter),
should enable firm statistical statements to be made. In the meantime, I
discuss the mass distributions which also commonly act as a proxy for a direct

metallicity.

4.5.2 The mass distribution of dark burst hosts

In order to further understand the relations between the dark burst hosting
galaxy population and ULIRG / sub-mm like galaxies, I compare the stel-
lar mass distributions of sub-mm galaxies calculated by Michalowski et al.
(2010a,b) with the stellar masses of dark burst hosts (see Table 4.4) and the
optically bright bursts from Chapter 3 to redshift z < 4. 1 also estimate
the sub-mm galaxy masses with my own SED fitting code, and note that the
results are consistent with the adopted values. The cumulative mass distri-
butions are shown in Figure 4.6. While it is important to note that the host
sample of dark GRBs consists of only 11 galaxies, the results clearly show that
dark bursts are systematically hosted by the most massive systems compared
the optically bright GRBs. The formal probability that the samples of opti-
cally dark and optically bright bursts are drawn from the same population is

given by the Kolmogorov-Smirnov (KS) test, where Pgg = 0.009. The con-

trasting host masses between optically bright and dark bursts is particularly
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Figure 4.5: Cumulative distributions of the [NII]/Ha ratio for low redshift (z <
0.7), optically bright GRB hosts (blue) in comparison to z ~ 2 sub-mm galax-
ies (red). Triangles indicate upper limit measurements. Sub-mm galaxies with
[NII]/Hoa > 0.7 may have AGN contribution. All galaxies with Ho restframe
FWHM < 1000kms~! from Swinbank et al. (2004) have been included.

140



GRB z log,o(M./Mg) Ref. (mass or photometry)
970828 | 0.958 9.57 Chapter 2

000210 | 0.846 9.21 Chapter 2

020819 | 0.41  10.52 Chapter 2

050223 | 0.59 9.81 Chapter 2

051022 0.807 10.49 Chapter 2

060210 | 3.9 10.56 Perley et al. (2009Db)
061126 1.16 11.16 Chapter 2

061222 | 2.08 7.65 Perley et al. (2009Db)
080207 1.74  11.05 this chapter

080325 | 2 10.85 Hashimoto et al. (2010)
080607 | 3.036 11.88 Chen et al. (2010)
090417B | 0.3 9.25 Holland et al. (2010)

Table 4.4: Stellar masses of all host galaxies of dark bursts available to date. Note
that in the case of GRB 090417B I have supplemented the existing data with addi-
tional photometry and derived new stellar mass estimates.

interesting as it lends further credibility to claims that samples based primar-
ily on bursts with optically detected afterglows could be severely inhibited by
selection effects (e.g. Fynbo et al., 2009).

Although I have not been able to reach a detection of the host sub-mm
flux by SCUBA2, the number of GRB hosts with significant dust content be
can roughly estimated. Assuming that some fraction of dark bursts occur in
obscured systems, and also have similar dust to mass ratios — I compare their
stellar mass distributions in Figure 4.6. Roughly estimated, ~ 90% of the
dark burst hosts are more massive than the least massive sub-mm galaxy —
and hence under this simple argument one could expect a similar detection
rate of dark GRB hosts in the sub-mm at SCUBA sensitivity. Depending on
the intrinsic mass function of the sub-mm population, even greater detection
rates could be plausible with SCUBA2 when considering that the sub-mm

galaxy sample in this comparison is flux-limited (Chapman et al., 2005). In
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Figure 4.6: Cumulative distribution of stellar mass in optically bright GRB host
galaxies (blue line) and hosts of dark bursts (black line). For a comparison I also
show the distribution of stellar masses of the sub-mm galaxies (red line) calculated
by (Michalowski et al., 2010a,b)
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terms of physical properties of the dark burst hosts, this suggests that dark
bursts are hosted predominantly by a very dust rich galaxy population.
Given that GRBs trace (at best) a fraction of star formation, potentially
even at moderately large redshift, it is surprising that attempts to transfer di-
rectly between GRB rate and star formation rate produce even moderately
consistent results (e.g Price and Schmidt, 2004; Yiiksel et al., 2008; Kistler
et al., 2009). Although the sample of dark bursts to date with detected and
studied host galaxies is still small, the emerging picture suggests that they
indeed trace a different galaxy population than the optically bright sample,
certainly the host of GRB080207 is more akin to sub-mm or ULIRG galaxies
than to the typical GRB hosts, suggesting that it is part of a subset of the
GRB hosting galaxy population that trace star formation in more massive,
dusty and metal rich environments. In the face of the growing evidence that
dark bursts can be hosted at higher metallicity than the bulk GRB population
studied today, it should be considered likely that GRBs can offer significant
advantage over other methods to study the evolution of the cosmic star for-
mation history — but only by paying due attention to sample selection effects
and understanding the dark burst host population to avoid bias effects.
Although there is no direct measurement of the metallicity of the host
of GRB 080207, the high stellar mass is suggestive of a metal enriched envi-
ronment — again raising the question of what is the nature and metallicity
dependence of GRB progenitors? Considering the low metallicities typically
associated with the bulk of the GRB hosts, I note that several authors (e.g.
Levan et al., 2006b; Davies et al., 2007) have discussed tight binary systems
as possible progenitors to GRBs in high metallicity environments. While this

would still require ongoing star formation and high mass stars, Habergham
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et al. (2010) report evidence for top-heavy IMFs in merging systems, increas-
ing the likelihood of a GRB progenitor.

If the galaxy hosting GRB 080207 is undergoing a merger that further
increased its rate of forming massive stars, and if a binary progenitor is indeed
possible at high metallicity - maybe massive and dust-rich galaxies are hosting
a non-negligible fraction of bursts. Although to which extent these conclusions

can be generalised to other dark bursts is far from certain.

4.6 Summary

I have studied the afterglow of the dark GRB080207 from X-ray to nIR wave-
lengths and presented evidence of significant extinction in excess of at least
2.6 magnitudes (MW law) in the restframe visual as the cause of its optical-
nlR darkness. The high optical extinction is also echoed by the restframe
hydrogen column which is the highest measured in any GRB environment to
date. Lacking optical detection of the afterglow I have used observations of
the X-ray afterglow at late time with Chandra, enabling an X-ray position to
accurately identify the host galaxy. The ERO host spectral energy distribution
has been studied in 19 bands from optical to sub-mm allowing me to estimate
a photometric redshift ~ 1.74 and an average optical extinction of Ay ~ 1.9
in a massive galaxy. Furthermore, the host appears to be a ULIRG from its
far-IR SED, with a high star formation rate as traced by the far-IR light. With
a significant fraction of all bursts being classified as dark, and an increasing
desire to utilise GRBs as high redshift probes of the star formation evolution,
the understanding of the nature of dark bursts should be highlighted. This,

and a number of other dark bursts in similar hosts should further encourage
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the study of dark bursts, their host environments and how they relate to the

evolving rate of star formation.
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Chapter 5

Conclusions

In conclusion, I have studied the star forming and GRB hosting galaxy popula-
tion from low to high redshifts, and discovered the highly varied nature of the
environments in which these events occur. In this chapter, I will summarise
the most important results and conclusions from the Chapters 2, 3 and 4, and
then briefly discuss the future strategies for improving our understanding of
how GRB progenitors depend on their environments, and how this impacts on

GRB selected galaxy samples.

5.1 Summary of results

In Chapter 2, I presented a comprehensive study of the galactic and small scale
environments of gamma-ray bursts and core collapse supernovae in order to
compare and contrast the environments their respective progenitors evolve in.
This study included a sample of 34 GRB hosts at z < 1.2, and a comparison
sample of 58 supernova hosts located within the Great Observatories Origins
Deep Survey footprint. The properties of the hosts were studied by means of

their spectral energy distributions, morphologies and the surface luminosities
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under the transient positions. Physical properties of the hosts were estimated
by fitting template spectra to the available photometric data, ranging from
HST optical (0.45 um) to Spitzer infrared (24pum), and extracting absolute
magnitudes, stellar masses and star formation rates from the resulting fits.
The local environments of the progenitors were studied performing relative as-
trometry between the GRB or SNe discovery images and images taken either
before or after the transient has faded, and thereafter calculating surface lumi-
nosities and the fraction of light statistic. The morphologies are divided into
Spiral or Irregular galaxies, and the restframe 80% light radius is calculated
as an estimate of the physical size.

The results for the low redshift GRB host population presented in this
thesis broadly corroborate previous findings, but offer significant enhance-
ments in spectral coverage and a factor 2-3 increase in sample size. Specifically,
it is found that CCSN occur frequently in large galaxies, which is consistent
with the spiral fraction, which is ~ 50%. In contrast to this, GRBs typi-
cally occur in small and morphologically irregular galaxies, where the spiral
fraction is only ~ 10%. Although these results are statistically significant at
a high level, the comparison between the rest frame absolute magnitudes of
the GRB and CCSN sample is less conclusive than found in previous work,
suggesting that while GRB hosts are typically smaller than those of CCSN,
their total blue light luminosities are only slightly lower. I suggest this is likely
due to rapid periods of intensified star formation activity, which both create
the GRB progenitors and briefly but significantly enhance the host galaxy lu-
minosity across the spectrum. Finally, the analysis of local environments of
GRBs and CCSN showed that GRBs are highly concentrated on their host

light, and further occur in regions of higher absolute surface luminosity than
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CCSN. This suggests that their progenitors are more massive than those that
explode as CCSNe, and as a result they never reach far from the clusters or
OB associations where they formed.

In Chapter 3 I studied the masses, mass-metallicity and luminosity-
metallicity relation for 92 GRB hosts at z < 8.2. Metallicities from either af-
terglow absorption or host emission were compiled from literature for a subset
of roughly one third of the hosts. Host galaxy masses and absolute magni-
tudes were estimated from their spectral energy distributions by fitting model
templates. I show that at low redshift a significant fraction of GRB hosts lie
below the M-Z and L-Z relations of the general star forming galaxy popula-
tion. Though sample sizes are still small, these results suggest that low redshift
hosts are selected by a preference of low metallicity, although this is currently
being challenged by other lines of evidence. Though a low metallicity nature
of GRB progenitors is consistent with the collapsar model, some host are also
found in metallicities at high as 12+1log (O/H) = 9.0 or in very massive hosts,
suggesting that at least a fraction of GRBs evolve through channels that are
not affected by their metallicities, or that large scale metallicity gradient are
in place. At higher redshift, z > 3 the M-Z and L-Z relations are poorly
sampled. I have used and estimated the high redshift M-Z relation and found
that the metal abundances of high redshift bursts, 3 < z < 6, are broadly
consistent with that traced by Lyman-break galaxies at similar redshifts. This
indicates that galaxies across the luminosity function are probed at higher
redshift, and that the metal abundances traced by GRB hosts is consistent
with a cosmological chemical enrichment that evolves slower than the mass
assembly of galaxies.

In Chapter 4 I presented results on one of a small number of well ob-
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served and studied dark bursts and its unusual host galaxy. Dark bursts often
suffer from optically faint afterglows, making it difficult to achieve accurate po-
sitions only relying on the Swift XRT. To uniquely determine the host galaxy
in this case, I used Chandra observations obtained 8 days post-burst to place
the afterglow on the sky with sub-arcsec accuracy. The host is noticeably dif-
ferent from those of the optically bright GRB sample, being an extremely red
galaxy, with observed R-K colour > 5.4.

The first evidence that GRB 080207 was a dark burst became appar-
ent when the afterglow was undetected in both optical and nIR wavelengths.
Extrapolating the spectral slope from the X-ray suggested an optical to X-
ray slope of Bpox < 0.3, which is significantly shallower than that predicted
by the standard model. I show that a likely explanation for this comes from
the Swift X-ray observations, which suggest extreme absorption in the line
of sight. By modelling the X-ray to nIR spectral energy distribution of the
afterglow, I demonstrate that unusually high host extinction can explain the
optical-nIR darkness. High extinction in the host galaxy is further supported
by the restframe X-ray spectrum, which suggests one of the highest neutral
hydrogen columns found in GRB hosts so far.

To study the host of GRB 080207 I used comprehensive follow up ob-
servations with HST, Spitzer Space Telescope, Gemini, Keck and SCUBA2 in
optical, near- and mid-infrared and sub-mm filters to determine a photometric
redshift of z = 1.74 and fundamental restframe properties.

Unlike most other GRB hosts in the same redshift range, which are
typically blue in optical colours and sub-luminous, the host of GRB 080207 is
massive, M, ~ 1.1 x 10"* M, and extremely dust obscured as evident from

both the ~ 1.9 magnitudes of extinction fitted to the host SED, and the
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extreme absorption of the afterglow. The fIR to sub-mm properties of the
host amounts to a best fit SED model with significant dust content in the host
and a fIR luminosity in excess of 10*2 L, suggesting it is a ULIRG.

These results add further substance to the growing evidence that GRBs
originating in very red hosts always show some evidence of dust extinction in
their afterglows, although the converse is not true as some extinguished after-
glows are also found in blue hosts. This indicates that a poorly constrained
fraction of GRBs occur in very dusty environments. By comparing the inferred
stellar masses, and estimates of gas phase metallicity in both GRB hosts and
sub-mm galaxies, I showed evidence to suggest that many GRB hosts, even
at z ~ 2 are at lower metallicity than the sub-mm galaxy population, offering
a possible explanation for the dearth of sub-mm detected GRB hosts. How-
ever, I also showed that the dark burst hosts are systematically more massive
than those hosting optically bright event, and by proxy of the mass-metallicity
relation, this may also suggest that they have higher metal abundances. As
the fraction of bursts that show signs of heavy extinction along the line of
sight may be as large as ~ 50%, these results are implying that previous host
samples may be severely biased by the exclusion of dark events.

As a conclusion, in this thesis I have examined the environments of
gamma-ray burst host galaxies and how GRBs probe star formation, the lumi-
nosity function and metal abundances. Thus I have been able show that low
redshift hosts show evidence of an apparent metallicity bias in the evolution of
GRB progenitors compared to those of CCSN. However, I have also shown that
evidence is accumulating that GRBs selected by optically bright afterglows do
not provide a complete census of the environments that can spawn GRBs.

This evidence that bursts which have their optical fluxes suppressed relative
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to their X-ray fluxes (dark) often are extinguished by dust or gas in the host
galaxy, suggests that there is a poorly studied population of GRB hosts that
include also massive, dusty and presumably metal rich systems. Though the
fraction of dark bursts is poorly constrained, this implies that the metallicity
bias on GRB progenitors could be weaker than previously though, or even
non-existent. Although the question of a metallicity bias may have signifi-
cant impact on what fraction of star formation is traced by GRBs at low and
intermediate redshifts, I have also showed that at higher redshift, where the
Universal metal enrichment is still low, GRB hosts don’t contradict the mass-
metallicity relations of the general galaxy populations, and hosts are selected
across the luminosity function. Taken together, these points suggest that a
selection of GRBs not biased to only events with optically bright afterglows,
may provide a more complete census of star formation than has previously

been assumed.

5.2 The future of GRB host studies

To effectively be able to use GRBs as cosmic probes we first need to under-
stand what environments they evolve in and which fundamental properties
they trace. In this thesis I have attempted to do just this, although the job
is still incomplete. Future work will principally investigate one of two major
themes by means of their host galaxies:

How does metallicity affect the GRB rate, and how are the hosts of dark
bursts related to obscured star formation in ULIRGs and sub-mm galaxies?
Although I have already been able to show that at least some dark bursts

trace star formation in gas and dust rich massive galaxies, a more complete
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understanding of the dark population is needed. This would include building
a statistically significant sample of dark bursts with accurate X-ray position-
ing in order to locate their hosts. Studying their long wavelength emission
properties, i.e. sampling the SEDs from IR to sub-mm will be a complement
to optical photometry and enable measurement of extinction curves, stellar
masses and dust masses. Indeed, observation to this goal are already ongo-
ing, or will begin in the near future through observing proposals with space
observatories such as HST, Spitzer and Chandra, as well as ground based ob-
servatories, e.g. Gemini and the VLT. As dark bursts are optically faint and
indeed often undetected, afterglow spectroscopy is of little value to obtain red-
shifts. As I have demonstrated, estimating photometric redshifts from the SED
fitting is a useful but challenging option and gives a self consistent solution to
redshift and galaxy properties simultaneously.

Hopefully dark bursts could answer our questions of how host properties
are sampled by GRB selection. If the current results persist, e.g. larger and
statistically significant samples also show that dark bursts are are frequent
in massive and heavily obscured galaxies with high star formation rates, this
could end the debate of whether there is a metallicity bias for GRB production.
If this becomes the case, the collapsar model may be up for a challenge unless
it can be further substantiated that GRBs progenitors can evolve in binary
systems. It is however far from certain that all GRB progenitors evolve the
same way. It could well be the case that a fraction of single progenitor bursts
trace a low metallicity environment, whereas bursts with binary progenitors
give a complete view of star formation at all metallicities. Whether this is
the case or not, further studies of the local an galactic scale environments will

bring light to the stellar populations and progenitors of GRBs.
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The second theme assumes that we have a workable knowledge of how
GRBs relate to their host galaxy environments, in order to study the formation
and evolution of early galaxies without being dominated by selection effects.
Most directly, the characteristics and slope of the luminosity function at high
redshift can be constrained by GRB selected galaxies, preventing the difficul-
ties of reaching the faint end that are present in magnitude limited samples.
Even when the hosts themselves are too faint to detect, their locations are
pinpointed by their afterglows, allowing limits to be measured where other-
wise nothing would be seen. Probing the faint end of the luminosity function
is one way of studying the formation and evolution of galaxies, but also their
chemical evolution can be traced by their absorption of the afterglows. Going
even further back in time, to when the intergalactic medium was still partly
neutral, GRB afterglows will have the potential to probe the fraction of neutral
hydrogen as a function of redshift. By doing this, a better understanding of
how the Universe was re-ionised will be gained. Thus, observations of GRBs is
an extremely useful tool for understanding how the Universe has evolved from

the formation of the very first stars until present day.
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