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Abstract

The Diverse Environments of Gamma-Ray Bursts
by

Daniel Alan Perley
Doctor of Philosophy in Astrophysics

University of California, Berkeley

Professor Joshua S. Bloom, Chair

I present results from several years of concerted observations of the afterglows and host
galaxies of gamma-ray bursts (GRBs), the most energetic explosions in the Universe. Short
gamma-ray bursts originate from a wide variety of environments, including disk galaxies,
elliptical galaxies, galaxy haloes, and intracluster and intergalactic space. Long gamma
ray bursts associate almost exclusively with star-forming hosts, but the properties of these
galaxies also vary widely. Some are hosted in extremely small galaxies, difficult to identify
directly in emission or infer from the absorption of afterglow light, but the host luminosity
distribution extends up to very luminous (> L,) systems as well. A significant fraction of
long GRBs are observed along highly dust-obscured sightlines through their host medium.
Some of these events are hosted within conspicuously dusty galaxies, although the hosts of
other dust-obscured events show no outward signs of significant internal dust content. By
measuring the wavelength dependence of dust absorption profiles using a few well-observed
GRB afterglows, I provide evidence for ordinary dust with properties similar to those of
dust in the Milky Way in a system at z ~ 3, but a very different absorption profile from
the dust in a galaxy at z ~ 5, providing tentative evidence to support a transition in dust
composition early in the history of the Universe. I present an observationally-determined
redshift distribution for Swift GRBs, showing few to originate from high redshifts (z 2 5).
I also provide the first photometric and spectroscopic catalogs from one of the largest GRB
host-galaxy surveys ever conducted, including observations of almost 150 distinct GRB fields.
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Chapter 1

Introduction

1.1 Preface

Shortly before the launch of the transformative Swift satellite in 2004 (and shortly
before the start of my graduate career), one could be forgiven for concluding that gamma-
ray bursts (GRBs) were nearly a “solved problem”, in that most of the important questions
appeared to be converging towards a surprisingly simple solution: specitifically, that all
gamma-ray bursts were sudden, nearly impulsive releases of energy from the core collapse
of a massive star into a black hole (a collapsar; MacFadyen & Woosley 1999), funnelling
about 10°! erg of energy into a relativistic jet along the polar axis as the rest of the star
explodes as a luminous type-Ic supernova (see the reviews of van Paradijs et al. 2000 and
Mészéaros 2002 for a summary of the state of GRB research at the time). Although this
basic picture may remain illustrative of a “typical” GRB today, almost every element has
been challenged in some way during the past seven years. We now know that GRBs have
at least three distinct classes of progenitors (massive stars, an unknown older progenitor,
and soft gamma repeaters in nearby galaxies; e.g., Bloom et al. 2008) and possibly more.
GRBs can and do release energy well in excess of 10°! erg (Cenko et al. 2011). GRBs are
not always accompanied by supernovae (e.g., Fynbo et al. 2006b). Finally, the behavior
of an afterglow—the relativistic shock-wave that races out ahead of the explosion into the
surrounding gas, gleaming brilliantly in synchrotron light (van Paradijs et al. 2000)—is far
more complex than previously envisioned (e.g., Burrows et al. 2005a; Nousek et al. 2006),
suggesting that the central engine must remain active for hours or longer (Lazzati & Perna
2007) and may even power a continuous wind as energetic as the initial explosion itself
(Fan et al. 2006b; Zhang et al. 2006). Along the way, Swift shattered the record for the most
distant object (GRB 090423; Salvaterra et al. 2009; Tanvir et al. 2009), most luminous object
(GRB080319B; Bloom et al. 2009; Racusin et al. 2008), earliest observations of a supernova
(GRB 060218 / SN 2006aj and XRO 080109 / SN 2008D; Soderberg et al. 2008; Modjaz
et al. 2009) — and provided many other groundbreaking discoveries (see Gehrels et al. 2009
for a review).
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In retrospect, the remarkable diversity and complexity now evident from these results
should not have surprised us much. GRBs are notorious for their unpredictability, a fact that
is reflected in the nature of follow-up observations: the GRB observer remains tethered to
satellites in the sky via mobile phone or pager, ready to drop everything when the next burst
happens. To those outside the field this may sound intimidating, but in fact this spontanaeity
is one of the aspects that makes this work so exciting: regardless of how interesting (or not)
one’s task is at any given time, in an instant a new GRB can suddenly provide something
even more interesting and potentially groundbreaking to work on. Six hundred bursts into
the Swift era! the routine follow-up of a typical long-duration burst is no longer quite the
all-hands affair it was in the heady days of the discovery of the first afterglow, but even now
GRB satellites remain more than capable of dropping a major discovery into the lap of an
attentive observer. This has happened countless times throughout my own career: I have
had the incredible opportunity to play an active (and occasionally central) part in many of
the major discoveries of the mission. Sometimes the remarkable features of a new burst are
evident immediately; other times they are revealed only after detailed analysis.

As a result, my work has at times been motivated as much by the unpredictable nature of
Swift’s latest discoveries as by my own best-laid plans for longer-term research! Nevertheless,
as I have pursued my graduate study, a clear theme has emerged in my work: the study
of GRB environments, meaning everything from the circumburst medium (the gas that the
GRB literally explodes into) up to the integrated properties of the host galaxy itself. This
theme—the diversity of cosmic environments which GRBs inhabit, and their connection to
the greater cosmological story of the buildup of stars, galaxies, and heavy elements—will
help guide the organization and goals of this thesis. I devote particular emphasis to the
effects of dust: as I show, GRBs are (like so many other distant objects) often severely
affected by interstellar extinction, but are nearly unique in their ability to act as excellent
tracers to study the detailed properties of this obscuring dust out to the most distant parts
of the observable universe.

Although Swift detects GRBs by the hundreds, the observational study of these events
continues to revolve largely around detailed study of a relatively small number of individual
objects. The reasons for this are not difficult to understand: due to observability constraints
and other practical considerations, a small number of afterglows have received the lion’s
share of observations with available resources; furthermore, even with the picture of an
“average” GRB now relatively well-established, attention is naturally further focused on
the most exceptional cases. The early part of this thesis will similary be devoted to the
intensive study of a few particularly notable events from the past five years. However, my
goals are much broader than characterizing these bursts and the galaxies in which they
occur as isolated examples: ultimately, one hopes to make generalizable statements about
the broader population of environments in which GRBs explode—and from there, to use
GRBs as tools to describe the universe generally. The tremendous (if evanescent) multi-

'More precisely, six hundred and three as of this writing: for an up-to-date count, see the official Swift
GRB table at http://swift.gsfc.nasa.gov/docs/swift/archive/grb_table.html.
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wavelength luminosity of a typical GRB certainly makes these events excellent point-probes
of conditions in individual high-z galaxies, but (because of their direct association with star
formation) they may be usable as cosmological probes in a global sense as well.

Any such study must involve particular attention to the sorts of GRBs that rarely
appear in the typical single-burst observational paper—while the observer is naturally drawn
to the nearest, brightest, and most luminous explosions due to the relative ease of acquiring
excellent data, some bursts are known to be much more elusive. The rest of my attention,
then, is devoted to these events: the short, the dim, and especially the “dark” bursts. What
type of galaxies do these inhabit, if they even inhabit galaxies at all? Here, the ability to
make conclusions from individual objects becomes much more limited: afterglow observations
are of much poorer quality and, because of detectability limitations, the objects we see may
not be representative of the greater population. However, thanks in a large part to Swift’s
X-ray telescope, pinpointing these events on the sky and characterizing their environments
is still feasible. GRB host galaxies are exceedingly faint, but by bringing the largest optical
telescopes in the world to bear (in particular, the 10-meter Keck telescopes on Mauna Kea)
I “fill in” these holes in our sample and finally shed light on these and other exotic classes
of GRBs.

This project has been possible only due to the hard work of previous generations of
astronomers, and before beginning the description of my own work, I will briefly summarize
the history of the field from the 1960s up to the launch of Swift at the start of my graduate
career, illustrating how my work builds on these previous studies. The discussion of my own
research will be roughly divided into two general themes: studies focusing on the afterglow
and on individual objects, and studies focusing on the host galary and entire categories of
objects, in particular the “dark” bursts (events with unusually dim optical afterglow). This
host/afterglow segregation only refers to the primary tool being employed and is not total:
the afterglow discussion contains observations and analysis of host galaxies of the collection
of bursts under study, and the host galaxy chapters similarly tie the properties of the hosts to
the properties of the afterglows used to find them. Many of these chapters are based largely
on previously published articles (cited at the start of chapter), although I have in places
reworked the discussion to better represent the overall theme of this thesis or incorporated
new observations. However Chapter 7, devoted to the Keck GRB Host Survey (the large
observational project that has largely defined my graduate career) consists almost entirely
of newer material not yet available in the scientific literature and is presented for the first
time here.

1.2 Historical Background

The early history of gamma-ray bursts has many of the trappings of a good spy novel—
Cold War rivalries, nuclear tests, covert satellites, unidentified signals from deep space—
and the very discovery of GRBs was literally a fortuitous by-product of nuclear tensions
between the Soviet Union and Western powers during the early part of the Cold War. The
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first Soviet nuclear test in 1949 helped spark a series of escalating nuclear test explosions
that continued for much of the 1950s. As the dangerous health effects of radiation and
atmospheric fallout became known, however, it was eventually acknowledged that further
above-ground testing could no longer be justified, and in 1963 the Partial Nuclear Test Ban
Treaty was signed and ratified by the three powers, prohibiting most above-ground testing
(underground testing remained permitted under the Treaty.) As part of verification efforts,
the United States initiated a program known as Project Vela to search for illicit nuclear
tests by the Soviet Union. This program was multi-tiered, including elements of seismic and
atmospheric monitoring. Since nuclear tests in the upper atmosphere or in space could be
missed by solely ground-based equipment, a third, satellite-based component, Vela Hotel,
was also developed. Six satellite pairs (Vela 1a/1b, Vela 2a/2b, etc.) were developed by
teams at Los Alamos and Sandia National Laboratories and launched between 1963 and
1970. (Reed et al. 1990; Bonnell 1995)

The tell-tale signature of a nuclear blast in space is high-energy radiation (X-rays and
gamma-rays, as well as energetic particles), and the Vela satellites were outfitted with scin-
tillators designed to detect these signals. While primitive by today’s standards, the gamma-
ray detectors on these early satellites? proved more than sufficient to detect the occasional,
mysterious flashes of gamma-rays typically lasting a few seconds that became known as
gamma-ray bursts. These events did not have the characteristics of a nuclear weapons test,
and triangulation using the time-of-arrival of the burst signal at different satellites the ruled
out the Earth, Sun and any other Solar System object, clearly identifying GRBs as an astro-
nomical phenomenon. The birth of GRBs as a branch of astronomy was officially launched
with the publication of the discovery paper (Klebesadel et al. 1973) by a team of Los Alamos
scientists involved with the project.

Nothing matching the observed characteristics of GRBs had been previously predicted?,
and X-ray astronomy was still in its infancy at the time. This announcement of this un-
expected natural phenomenon therefore provided ample grounds for theoretical speculation
about their origins. Unfortunately, precious little observational evidence was available to con-
strain these theories, as is reflected in the diversity of different models proposed to explain
them: comets colliding with neutron stars (Harwit & Salpeter 1973), the shock-breakout of
a supernova (Colgate 1974), relativistic metal grains entering the Solar System (Grindlay &
Fazio 1974), bright stellar flares (Brecher & Morrison 1974), “nuclear goblins”(!) (Zwicky
1974), runaway nucleosynthesis on a white dwarf (Hoyle & Clayton 1974), collisions of an-
timatter chunks with stars (Sofia & van Horn 1974), and evaporation of primordial black
holes (Hawking 1974; Page & Hawking 1976)—to name only a few!

20r at least, on the more advanced satellite pairs: the first known GRB was detected by Vela 4a/4b (and
3a/3b) but it was not until Vela 5a/b that the phenomenon could be studied scientifically, as these early
satellites did not have sufficiently accurate timing information to determine the direction of the signal.

3Colgate (1968) had suggested that transient gamma-ray emission may originate from supernovae, but
the timing of GRB explosions did not seem to match nearby supernovae, and this interpretation quickly fell
out of favor. Of course, we now know that (many) GRBs are in fact directly associated with supernovae at
much greater distances.
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Figure 1.1 The uncertainty polygon of the bright gamma-ray burst GRB 790406, as con-
strained by the arrival times of the burst at different satellites in the interplanetary network
(Laros et al. 1981). At less than 0.5 square arcminutes in total area, this was among the most
accurately localized GRBs before the discovery of afterglows. Only a few, faint (R 2 23)
objects are consistent with the burst position, demanding that the counterpart (if Galactic)
be extremely faint in quiescence or (if extragalactic) have a very distant host, demanding
that the explosion have tremendous energetics. (Imaging was conducted in 1992 with the
NTT, and is taken from the ESO VLT archive.)



SECTION 1.2. HISTORICAL BACKGROUND 6

Some early theories could be ruled out based on the non-detection of line features in GRB
spectra (Cline et al. 1973)—but beyond that, the observations were frustratingly noncon-
straining. Paramount among the obstacles hindering progress in constraining this plethora
of models was the inability of researchers to determine the distance to a GRB (and therefore
its energetics). Gamma-rays cannot be reflected or refracted by most practical means (As-
chenbach 1985), and as a result imaging of any gamma-ray source, a prerequisite for precisely
determining its position, is extremely challenging. The first gamma-ray detectors provided
almost no directional information whatsoever, and the only way to constrain the point of
origin of an event was to reconstruct the passage of the gamma-ray signal through outer
space using the time-of-arrival of the burst at different widely-spaced satellites (Giacconi
1972; Klebesadel et al. 1973). When restricted to satellites in Earth orbit this technique can
provide only quite crude positions, but the launch of probes elsewhere in the Solar System
(such as the Helios-2 solar probe or the Soviet Venera mission) greatly extended the spatial
baseline, and therefore the accuracy, of this technique. This array of satellites and probes is
usually referred to as the Interplanetary Network (IPN), and was the only means of providing
GRB positions for several decades (e.g., Klebesadel et al. 1982; Atteia et al. 1987; Cline et al.
1999). Unfortunately, even the IPN produces only crude localizations; a “good” IPN error
box is typically about an arcminute in width but tens of arcminutes in length. Furthermore,
the long amount of time required to combine the data from this diverse array of different
spacecraft to provide a position (typically, several days) essentially precluded rapid searches
for a transient optical counterpart. In one or two cases a fortuitously small IPN error box
(e.g., Laros et al. 1981) could be searched for a candidate quiescent counterpart (the pro-
genitor star or host galaxy); with a few prominent and highly-nonrepresentive exceptions in
which a large, nearby spiral galaxy was discovered to be consistent with the IPN position
(GRB 790303, the famous March 5th event from the Large Magellanic Cloud [Evans et al.
1980], and much more recently GRBs 051003 and 070201 from M81/82 and M31, respec-
tively [Perley & Bloom 2007; Frederiks et al. 2007; Mazets et al. 2008]) these uncertainty
regions contained only faint stars and distant galaxies (Motch et al. 1985; Schaefer 1992);
Figure 1.1. This suggested that the progenitor was associated with either an exceptionally
low-luminosity Galactic star or was coming from cosmological (z > 0.1) distances.

Despite significant effort during the 1980s and early 1990s, astronomers remained un-
able to firmly resolve which of these two possibilities (the “Galactic” and “cosmological”
hypotheses) was correct. Gradually, however, pieces began to fall into place. Observation-
ally, the most significant development by far was the launch of the Compton Gamma-Ray
Observatory (CGRO) and in particular its Burst and Transient Source Explorer (BATSE)
experiment (Fishman et al. 1992), which consisted of a series of eight Nal scintillators stud-
ding the satellite on different sides. These detectors had no true imaging capability, but a
GRB detected by multiple scintillators at once could be localized with a typical positional
uncertainty on the sky of a few degrees. BATSE was also extremely sensitive, capable of
detecting hundreds of GRBs per year (and thousands over its lifetime before finally being
deorbited in 2000.) While these large uncertainty regions were still inadequate for identifying
the host galaxy or quiescent counterpart of any event, BATSE positions were easily suffi-
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cient to provide the first strong piece of evidence that GRBs originate beyond the Galaxy:
the spatial distribution of these events on the sky showed no evidence of anisotropy, with
no clustering towards the Galactic plane or the Galactic center (Fishman & Meegan 1995
and Figure 1.2). Until this time, the phenomenal energetics required if GRBs originated at
cosmological distances (and the discovery of the soft gamma repeaters [SGRs|, Local Group
neutron stars which give off repeated high-energy flares similar in character to true gamma-
ray bursts, but with a softer, thermal spectrum?) had pushed many towards the notion that
GRBs come from from Galactic neutron stars (Lamb 1995). But as BATSE positions accu-
mulated by the hundreds, the modifications necessary for this model to remain consistent
became increasingly contrived (Paczyniski 1995).5

Still, unambiguous proof of the distance scale (not to mention most other basic questions
about GRBs) remained elusive. The technological limitations of gamma-ray detectors—
specifically, their inability to pinpoint the location of a burst or measure its redshift—
virtually guaranteed that only incremental progress was possible as long as GRB obser-
vations remained solely the province of gamma-ray astronomy. Detection of a counterpart
at another wavelength would be necessary for a breakthrough in the field.

Efforts to detect such a counterpart had been ongoing for decades: it was thought
that, should GRBs be a repeating phenomenon similar to the recently-discovered SGRs
(soft gamma repeaters: soft-spectrum, recurring flashes of hard X-rays from local neutron
stars; ), detailed searches of historical plate archives covering the positions of known GRBs
might eventually identify an optical flash originating from some previous bursting episode.
Although associations were claimed in a number of cases (e.g., Schaefer 1981; Schaefer et al.
1984; Hudec et al. 1988, 1990), further analysis cast many of the reported associations into
doubt, suggesting that the optical flashes were plate defects (Zytkow 1990) or unassociated
sources (Laros 1988).

On the other hand, if GRBs were extremely distant objects, a very different behavior
is predicted: the tremendous release of energy in such a small volume (of order 10°? erg
released in a few seconds from a stellar-like object) should create a “fireball” (Cavallo &
Rees 1978; Rees & Meszaros 1992; Piran et al. 1993): an extremely dense sphere® of nearly

4In fact, bright flares from SGRs were included among the early catalogs of gamma-ray bursts and not
realized to be a separate phenomenon (on the basis of their repeatability and exclusive origin from the
Galactic plane and LMC sources) for several years (Mazets et al. 1981; Laros et al. 1987); see Woods &
Thompson (2006) for a review.

SWhile this narrative emphasizes the role of BATSE’s positions in strengthening the case that GRBs were
cosmological, CGRO and BATSE provided several other discoveries worthy of note, as BATSE also provided
high-quality GRB spectra for enormous numbers of bursts. First by discovering a significant bimodality in
the joint hardness-duration distribution, BATSE provided the first evidence that GRBs are composed of (at
least) two distinct classes (see Section 1.3); second, high-quality BATSE spectra allowed the best constraints
yet to be placed on the general mathematical form of GRB spectrum, known as the Band function after
Band et al. (1993); finally, CGRO’s high-energy instrument EGRET, the Energetic Gamma Ray Experiment
Telescope [Kanbach et al. 1988], detected a small number of GRBs at very high energies, demonstrating that
GRB explosions must be highly relativistic (otherwise, pair-production opacity would cut off the spectrum;
Piran 1999; Ruderman & Sutherland 1975).

SEnergetics considerations and other lines of argument now strongly indicate that the fireball is not an
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Fluence, 50-300 keV (ergs cm™)

Figure 1.2 Sky positions, in an Aitoff projection using Galactic coordinates, of all 2704
GRBs detected during the BATSE mission, color-coded by the total fluence (flux inte-
grated over the time of the event). The distribution is isotropic, with no concentration
towards the plane of the Milky Way (independent of the fluence of the event). Image from
http://gammaray.msfc.nasa.gov/batse/grb/skymap/.
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pure energy (i.e., energetic gamma-rays, electron-positron pairs, and extreme magnetic fields,
with a relatively limited amount of mass-energy in baryons) whose internal pressure quickly
causes acceleration outward up to relativistic speeds. If the energy in this expanding fireball
is not distributed or accelerated homogeneously, collisions between different shells of ejecta
can create internal shocks that rapidly dissipate energy, explaining the GRB itself (Rees &
Meszaros 1994).7

If GRBs originated in pure vaccuum, this would be the end of the story: any long-
wavelength emission associated with the event would be just as fleeting as the burst itself.
However, in reality, the expanding relativistic shell will quickly begin to accumulate matter
from the circumstellar medium (CSM), slowing it down and creating a pair of shock waves: a
forward shock that races forward into the CSM, and a reverse shock that travels backward (in
the frame of the expanding shell) into the ejecta itself (Rees & Meszaros 1992; Katz 1994; Sari
& Piran 1995). The forward shock is an (initially) highly relativistic blast-wave (Blandford
& McKee 1976), carrying with it a strong magnetic field that causes accelerated electrons
crossing the shock to quickly radiate their energy across the electromagnetic spectrum as
synchrotron radiation. As the shock travels it slows and spreads out, and the bolometric
luminosity falls as the characteristic frequencies of the emission move to longer wavelengths.
The result, at most frequencies, is a light curve that looks like a fading power-law (Sari et al.
1998)%. The behavior of the reverse shock emission is similar (most of the same physics
applies), but the fading rate is much faster (Sari & Piran 1999a). In all cases, the emission
should be bright but short-lived: catching an afterglow while still detectable to a moderate-
sized telescope would require observations within about a day (Meszaros & Rees 1997).

Given the large size of a BATSE error circle (degrees) relative to the fields of view of
typical optical imagers and radio telescope beams (a few arcminutes), this was no easy task
for ground-based astronomy. However, several major technological developments made the
problem much more tractable. First, the technique of coded-mask imaging (Caroli et al.
1987)—effectively, placing a checkerboard-patterned block of metal over a large detector
and using the location of its shadow to identify the source location—greatly improved the
positional accuracy of gamma-ray detectors. At the same time, the development of sensitive,

isotropic sphere but a highly beamed jet of energy, probably released in a bipolar outflow (Rhoads 1997).
However, because the event is ultra-relativistic, from the perspective of an observer along the line of sight,
the observed evolution is essentially identical to that of a spherical explosion until the shock wave slows
considerably, which does not occur for (usually) days to weeks.

"An alternative model associates the GRB with interaction with the external environment as the flow is
decelerated by interstellar matter; i.e., an external shock (Meszaros & Rees 1993; Rees & Meszaros 1992;
Katz 1994). The external shock model, however, has great difficulty explaining the short-timescale variability
evident in GRB light curves—since external shocks occur far from the explosion site, any variation should
be smoothed out by light-travel-time effects associated with emission from different regions of the shock
(Fenimore et al. 1996; Sari & Piran 1997). Internal shocks occur much closer to the central engine and do
not suffer this limitation (the internal shock model does, however, struggle to explain the high radiative
efficiencies inferred for GRBs; citealtPanaitescu+1999, Kumar+1999.)

8Radio frequencies are a prominent exception: the radio luminosity actually rises for several days while
the peak emission frequency moves from high to low frequencies. Once this peak frequency passes the radio
band, the radio luminosity fades as well.
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modern X-ray imagers made space-based afterglow searches in the X-rays practical (helpfully,
the X-ray sky is much emptier of confusing sources than the optical sky). Finally, the
development (and popularization) of the internet, and specifically of the Gamma-Ray Burst
Coordinates Network (GCN; Barthelmy et al. 1994), allowed astronomers across the world
to be rapidly notified about the locations of new GRBs.

Many years of hard work and frustration finally paid off in early 1997 with the discovery
of the afterglow of GRB 970228°. This victory was shared by two groups of astronomers: the
Beppo-SAX team who detected the burst itself (Boella et al. 1997) and later repointed the
telescope to find a bright, fading X-ray afterglow consistent with the gamma-ray position
(Costa et al. 1997), and the ground-based astronomers who discovered a fading optical
transient at the same location (van Paradijs et al. 1997). Within a few days the transient
disappeared and never recurred, leaving in its place a faint and distant galaxy. Three months
later, the story was repeated with GRB 970508—but, this time, with successful detection of
a radio transient (Frail et al. 1997) and, critically, an absorption spectrum (Metzger et al.
1997) of the optical transient that unambiguously demonstrated the cosmological (z = 0.835)
nature of the object.

Within the span of a few months, the field had undergone a complete transformation.
Progress in subsequent years was equally rapid: GRBs were shown to be highly beamed
(based on the occurence of “jet breaks”, steepenings in the light curve at late times as the
relativistic blast-wave slows down and the observer sees the edge of the jet; Sari et al. 1999),
helping to bring down what would otherwise be alarmingly high energetics (most explosions
had a beaming-corrected output of only ~ 10°! erg = 0.001 Myc? [Frail et al. 2001], a much
more manageable quantity than the alarming ~ 10°* erg ~ M c? that would be inferred from
an isotropic explosion in some extreme cases; Piran 2000). Long-duration GRBs were shown
with high certainty to be associated with regions of massive star-formation (Bloom et al.
2002)—and specifically to be coincident with type Ic supernovae (Galama et al. 1998; Hjorth
et al. 2003), showing them to be a rare kind of stripped-envelope core-collapse event (even
after correction for beaming, the GRB rate per galaxy is of order 107 year~! [Podsiadlowski
et al. 2004], many orders of magnitude lower than the Type II supernova rate and at least
several orders of magnitude lower than the type Ib/c supernova rate [e.g., Cappellaro et al.
1997, 1999], indicating very special conditions must be required for a star to die as a GRB.)

This rennaissance in GRB research motivated the development and launch of the ground-
breaking new satellite Swift'® (Gehrels et al. 2004) in late 2004. Swift is remarkable for
several reasons: its gamma-ray detector, the Burst Alert Telescope (BAT; Barthelmy et al.
2005), is extremely sensitive (detecting ~ 100 GRBs per year on average, compared to ~10
for Beppo-SAX and HETE) and its X-ray Telescope (XRT; Burrows et al. 2005¢) is able to

9GRBs are named based on the UT date on which they occur, in YYMMDD format: this famous burst,
for example, occurred on 1997 February 28. Multiple events on the same day are distinguished with a letter
suffix, starting with “A”.

10Tn an uncharacteristic departure from the acronyms beloved of government agencies and astronomers
alike, Swift was named for its unique capabilities—it is able to autonomously re-point itself in the direction
of a new GRB within 1-2 minutes to study the afterglow—rather than via a prosaic acronym.
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follow-up almost all bursts immediately and continue observing for days. Swift distributes
accurate positions to ground-based observers almost immediately (the 3" accuracy BAT po-
sition is distributed within seconds and a much more precise 25" accuracy XRT position
is distributed within minutes). Swift is also equipped with a UV /Optical Telescope (the
UVOT; Roming et al. 2005), although this instrument has played a relatively smaller role in
practice, as the UVOT is only able to detect about half of the bursts it observes (Roming
et al. 2009) and because of its blue response, it is particularly insenstive to examples of the
dusty, faint, and high-redshift objects around which most of this thesis revolves.

Swift’s successes are almost too numerous to summarize (for a more complete overview,
see Gehrels et al. 2009). Many groundbreaking studies have followed immediately upon dis-
covery of individual keystone events (or occasionaly pairs of events): GRB 050509B first
linked short GRBs to an older stellar population (Bloom et al. 2006f; Gehrels et al. 2005);
GRB 060218 provided the first look at a supernova starting moments after the explosion;
GRBs 060505 and 060614 suprised the community by failing to produce a detectable super-
nova (Fynbo et al. 2006b; Gehrels et al. 2006; Della Valle et al. 2006); GRB 080319B, the
optically brightest and most luminous burst to date, provided the first (and, for now, only)
truly simultaneous look at a GRB prompt-emission event in optical and gamma-ray energies
simultaneously (Bloom et al. 2009; Racusin et al. 2008). Less spectacularly but equally im-
portant, Swift has also functioned as a powerful GRB afterglow-discovery machine, allowing
bursts to be studied in detail in large numbers and making large, systematic demographical
studies of the GRB population (Nousek et al. 2006; Kann et al. 2010; Gehrels et al. 2008;
Nysewander et al. 2009a; Panaitescu & Vestrand 2008) finally possible.

1.3 Gamma-Ray Burst Classification

One of the most important discoveries of the Swift mission is that cosmological GRBs!!
separate into (at least) two physically distinct progenitor classes, corresponding roughly to
the phenomenological dichotomy first recognized in BATSE data by Kouveliotou et al. (1993);
Figure 1.3. The majority of observed GRBs belongs to the “long-soft” phenomenological
class, which have typical durations'? of Tyy = 2's. An abundance of evidence associates these
objects with the core-collapse of massive stars (there are invariably situated in star-forming
environments and frequenly accompanied by supernovae (Bloom et al. 2002; Fruchter et al.
2006; Woosley & Bloom 2006; see section 1.4.2). Members of the “short-hard” class have
typical durations shorter than 2 seconds (and, on average, harder spectra than their longer
counterparts); their progenitor (or progenitors) is still unknown, but it almost certainly is
not a massive star, based on the association of several short GRBs with “red and dead”
galaxies with essentially no star formation (Prochaska et al. 2006b; see section 1.4.1).

A word of caution is in order before proceeding: although Kouveliotou’s division of

UThat is to say, GRBs excluding the small number lower-luminosity events from the nearby (2 < 0.01)
universe: the SGR hyperflares and enigmatic Galactic events like GRB 070610 (Kasliwal et al. 2008).
12740 refers to the length of time over which 90% of the observed flux from a GRB is measured.
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Figure 1.3 The duration versus spectral hardness of a large sample of BATSE bursts, using

public BATSE data (Paciesas et al. 1999). A significant bimodality is evident, with two

distributions of GRBs visible: a long-duration population with a mean durations of about

a minute and a smaller short-duration population with durations of a fraction of a second.

The long-duration bursts are softer, on average, than short-duration bursts.
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GRBs into two classes on the hardness-duration diagram was remarkably prescient of what
appears to be a real bifurcation in progenitor classes, this emphatically does not mean that
all observationally “short-hard” bursts are one progenitor and “long-soft” bursts are another.
Statistically, the two distributions overlap substantially, and GRBs close to the boundary
(i.e., those with durations close to 2 seconds) cannot decisively be associated with either
class.!? Ty itself is a very crude metric of duration and does not take into account, among
other things, the phenomenon of “short” GRBs with extended emission: events where an
intense < 2 s pulse is then followed by gradual rise of softer emission lasting about a minute
(Figure 1.4). Events with this profile seem to form a continuum between unambiguous
short bursts with no extended emission, short bursts with very weak extended emission, and
events with very bright (energetically dominant) extended emission and Tgy ~ 100 s (Norris
& Bonnell 2006). Finally, while there are physically reasonable justifications for why an
old, degenerate progenitor without an envelope should release energy on a shorter overall
timescale than a massive star (the accretion rate onto a black hole in a fully degenerate system
is limited only by the viscous time of the disk [Paczyriski 1991], whereas the accretion rate
from a massive star is further limited by the gravitational free-fall time of the inner envelope
of the star [Popham et al. 1999]; in the internal shock model these timescales manifets
themselves directly in the prompt emission [Sari & Piran 1997]), GRB theory remains a long
way from predicting ab initio the diversity of light-curve profiles and durations observed in
GRBs (Kobayashi et al. 1997; Nakar & Piran 2002; Morsony et al. 2010).

Based on these considerations, then, it is fair to claim that duration, hardness, and other
prompt-emission observables do not (yet) unambiguously distinguish the class of progenitor,
and so the claim that something is phenomenologically a “short-hard” burst or a “long-
soft” burst guarantees nothing more than that the burst is literally shorter (/harder) or
longer (/softer) than the rest of the population as measured by a particular instrument.
This is somewhat unsatisfying, and potentially misleading: the goal of the astronomer is to
understand the underlying physical story producing the explosion (the progenitor and its
history), and many other observables are now available that constrain the progenitor much
more directly. As a result a certain amout of terminological confusion has developed in the
literature, where it has become common practice to refer to bursts with bright extended-
emission episodes and a Tyy > 60 s, such as the defining GRB 070724, as “short”. Zhang et al.
(2007) have instead suggested a physical classification, using the more neutral terms “Type 1”
and “Type II” to refer to compact-star-progenitor GRBs and massive-star-progenitor GRBs,
respectively, although this distinction could be criticized as premature given the relatively
primitive state of understanding of the Type I “class” in particular. A similar, but even
more detailed classification scheme has been suggested by Bloom et al. (2008).

In my personal view, the most logical way of constructing a classification system that

13A third parameter, the “lag” (the time-offset of the peak gamma-ray flux at different frequencies), has
been introduced to attempt to further separate the two classes (Norris 1995; Norris & Bonnell 2006), but
the degree to which it is able do so independent of the duration itself is controversial; correlation between
lag and duration may be a property of individual pulses (e.g., Hakkila et al. 2008) and therefore indicative
more of the radiation physics of the internal shocks than anything fundamental about the burst itself.
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Figure 1.4 Light curve of BATSE GRB 921022B, a classic example of a short GRB with
extended emission. After a brief (< 1 s), intense spike the flux fades to background level for
a few seconds before recovering. Then another, much longer emission episode begins, lasting
approximately one minute before fading away again. In this case, this long emission episode
actually dominates the energetics of the burst. (Data is acquired from the BATSE FTP site:
ftp://cossc.gsfc.nasa.gov/compton/data/batse/ascii_data/64ms/).
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is both physically informative and observationally practical to implement is to borrow the
concept of “type specimens” from biological taxonomy: choosing a few sterling individual
events, which must be unambiguously physically and phemonenologically distinct from each
other, as prototypes and evaluating the remainder of the sample based on their observa-
tional similarities to each (but with the ultimate goal of producing a classification that is
physical rather than phenomenological). Specifically, I would hold out GRB 030329 as the
prototype of what I will call the “LGRB” class and GRB 050724 as the prototype of what
I will call the “SGRB” class!?. Both of these prototype bursts are extremely well-observed
and appear to be representive of other observed events (in terms of energetics, light curve,
afterglow properties, etc.—they are not obvious “oddballs”!®. Most importantly, however,
the available observations lead to starkly opposite conclusions about the progenitors: GRB
030329 was followed by a luminous type Ic supernova that unambiguously labels this event
as the explosion of a massive star(e.g., Price et al. 2003; Stanek et al. 2003); GRB 050724
definitely occurred in a galaxy with essentially no star formation and cannot be a massive
star (e.g., Barthelmy et al. 2005; Berger et al. 2005b). Even if these were the only two
GRBs in existence, we would be able to clearly recognize two distinct classes based on these
observations, and they therefore represent an ideal starting point for classifying the rest of
the sample based on all available evidence (including, but not limited to, the high-energy
prompt-emission properties), starting with events that are most obviously similar to one pro-
totype or another, then proceeding to the more ambiguous cases by comparing them with
the two populations. I feel this classification system draws a reasonable middle ground be-
tween the purely statistical high-energy classifications (which risk placing GRB 050724, with
its bright extended-emission episode, into the long “class” and generate only a probabilistic
result for intermediate-duration events) and the more explicitly theory-laden classification
schemes that explicitly invoke specific progenitor models. The downside is that there is no
explicit prescription for assigning a member to one class or another; this procedure is entirely
subjective and can blend both phenomenological and physical elements.

Despite the considerable attention paid here to classification, it is only occasionally a
concern: Even a simple Ty, cut seems to produce a self-consistent physical classification most
of the time (for example, no event with Tyg < 1 s has yet produced a supernova or otherwise
been unambiguously associated with a massive star!®, whereas studies of populations of
Too > 2 s GRBs (e.g., Bloom et al. 2002; Fruchter et al. 2006) clearly point to a massive-star
origin for the large majority of these events, with the exceptions generally being rare and

1Following a path previously treaded by the likes of KFC and BP, the acronym is conspicuously not
spelled out.

15The prompt emission of GRB 030329 appears somewhat under-energetic compared to almost all other
long-duration GRBs and therefore not completely typical, but an additional reservoir of energy emitted in a
wide-angle jet may make up this difference; Berger et al. 2003b

Y However, GRB 090426 has Tyo/(1 + 2) < 1 s and is very likely associated with a massive star (e.g.,
Levesque et al. 2010b; Xin et al. 2011). Note also that the observational data for short-duration bursts tends
to be much more limited than for long-duration bursts, since their afterglows are fainter (Nysewander et al.
2009a; Kann et al. 2011), making progenitor constraints much more challenging to provide.
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isolated cases.) Only one SGRB event is discussed in detail in this thesis: the intriguing GRB
080503 in Chapter 2 (whose classification is very much up for debate, with a Tyg > 100 s
and a light curve reminiscent of 050724). As a result I will defer further discussion of the
classification question to that chapter, and proceed to discuss the current understanding of
the environments of the two classes I have defined.

1.4 Gamma-Ray Burst Environments

There is much more to the field of GRBs than the explosion itself. Gamma-ray bursts
explode in galaxies, and (as the discussion above illustrates) understanding where a burst
comes from, and what kind of environment it is exploding into, can be just as insightful
regarding the nature of the phenomenon as studying their light curves and SEDs. Indeed,
much of what is known about GRBs is based precisely on analysis of their environments in
this way (e.g., Price et al. 2002; Bloom et al. 2002; Fruchter et al. 2006; Prochaska et al.
2006b).

1.4.1 SGRBs: An Enigmatic Population

As T have already mentioned, the prototypical event of the SGRB class is GRB 050724.
This event, dating from early in the Swift era, occurred within 0.2” of the center of a bright,
red elliptical galaxy at z = 0.257 (Barthelmy et al. 2005; Berger et al. 2005b). The spectrum
of the host shows no detectable emission lines, limiting the star-formation rate to <0.05
My, /yr (Prochaska et al. 2006b) despite a large population of old stars (M, ~ 5 x 10*°M,
Gorosabel et al. 2006). This galaxy ceased forming new stars at any appreciable rate several
billion years before the burst, and its progenitor star must therefore have formed hundreds of
millions if not billions of years before exploding; it cannot have the same type of progenitor
as the classical long-duration bursts. Furthermore, no supernova signature was seen despite
sensitive observations in the ensuing weeks when such an event should have been peaking.

The next clearest case is GRB 050509B (Bloom et al. 2006f; Gehrels et al. 2005), which
also seems to have occurred in a massive cluster elliptical with essentially no star-formation.
This event, however, was exceedingly faint and the only detection of an afterglow is provided
by a handful of X-ray photons recieved within a few minutes of the burst, so its position
is relatively uncertain, and an association with one of several faint background galaxies is
also possible—although a-posteriori arguments suggest this is quite unlikely. GRB 050813
had no coincident host but occurred within a high-redshift cluster of galaxies, suggesting a
possible association with the intracluster light (Prochaska et al. 2006b).

Looking beyond this initial population, however, the picture quickly grows muddled.
Many additional short GRBs (over 40) have been localized to better than 5” since 20057,

17A website tool I have developed, GRBOX (the Gamma-Ray Burst Online Index; Perley & Kemper 2008)
makes determination of statistics like this simple.
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but essentially none of them are clearly associated with old galaxies lacking any current star-
formation (in the unambiguous manner of GRBs 050509B or 050724). Some are coincident
with star-forming hosts, in all cases to date at redshifts of z < 1 (e.g., Graham et al. 2009).
Some appear have no coincident host galaxy at all, suggesting that the explosion happened
in the intergalactic or intracluster medium far from any galaxy; but in other cases, what at
first appearances looks like a hostless system are shown after deeper imaging to be coincident
with a much fainter, possibly high-redshift, host (Berger 2010a).

In recent years concerted effort has been devoted towards detailed characterization of
the environments of short GRBs in detail with the Hubble Space Telescope (HST) and other
major international facilities. Given the classificational ambiguities endemic to the field (it
is worth noting again that our prototypical “short” burst, GRB 050724, has a Ty, of 96
seconds—this GRB is a classic example of an extended-emission event), and the need for
an optical afterglow to identify the precise site of the short GRB progenitor within its host,
this effort is fraught with peril. Nevertheless, these studies continue to confirm a strong
statistical difference with the environments of long-duration bursts: as a population, SGRBs
happen in redder galaxies with lower star-formation rates and larger masses than LGRBs
(Prochaska et al. 2006b; Berger 2009; Leibler & Berger 2010); and their locations within
these galaxies do not follow the distribution of blue light emitted by the younger stars in the
disk (Fong et al. 2010; Fruchter 2010).

Based on these results, the most popular progenitor model for the SGRBs is the merger
of two neutron stars, or a neutron star and a black hole (Nakar 2007; Lee & Ramirez-Ruiz
2007). This theory has a long history; such a compact-object merger was one of the original
models for (all) cosmological GRBs (e.g., Blinnikov et al. 1984; Eichler et al. 1989; Paczyniski
1991; Narayan et al. 1992; Mochkovitch et al. 1993), and the rates and energetics seem quite
consistent with most observations. However, this model is far from secure: the unambiguous
observational markers of such an event (gravitational waves, or a faint, fast-evolving “mini-
supernova”; Li & Paczyniski 1998) have yet to be observed, and the long-lived activity (late
X-ray flares) evident in some short GRBs presents a potential problem for what is expected to
be a fast-accreting, short-lived system (see the review of Nakar 2007—however, modifications
and extensions to the model such as the formation of a millisecond pulsar instead of a black
hole [Dai et al. 2006] or fallback from tidally stripped material [Rosswog 2007] may alleviate
this issue). Other models, such as the accretion-induced collapse of a neutron star (Vietri &
Stella 1999; Katz & Canel 1996; MacFadyen et al. 2005), remain viable. Indeed, it is possible
that the short class is actually split between several different progenitors: for example, Troja
et al. (2008) have claimed that the presence or absence of extended emission might divide
short GRBs into two physically distinct sub-classes (but c.f. Chapter 2 for a prominent
counter-example).

1.4.2 LGRBs: Signposts of Star Formation

The LGRBs, typified by GRB 030329 (Hjorth et al. 2003; Stanek et al. 2003) with its
luminous afterglow, clear association with a low-mass star-forming galaxy, and accompanying
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type-Ic supernova, are much better understood. Many different lines of evidence associate
this group, which constitutes the large majority of the observed GRB population'® (using the
phenomenological categorization, 75% of events from the BATSE sample and 90% of events
from the Swift sample are long-soft bursts; Paciesas et al. 1999; Sakamoto et al. 2011), with
star-forming regions and specifically with the core-collapse of massive stars in those regions.
Many, perhaps most, LGRB hosts are extremely young, rapidly star-forming dwarf galaxies
or bright, high-z starbursts with no appreciable evolved stellar population (e.g., Le Floc’h
et al. 2003, 2006). The locations of the bursts within these galaxies are invariably close to
the center and coincident with the stellar disk, consistent with a young stellar population
but inconsistent with an old star or ejected progenitor (Bloom et al. 2002); not only do they
trace the UV light from massive stars within these galaxies, but they appear to concentrate
towards the very UV-brightest regions, suggesting association with the most massive stars
(Fruchter et al. 2006). When an LGRB occurs sufficiently nearby for detection of supernova
emission to be observationally practical (z < 1 for a photometric search or z < 0.4 for a
spectroscopic search), a bright supernova is usually found (e.g., Galama et al. 1998; Malesani
et al. 2004; Pian et al. 2006; Chornock et al. 2010; see Woosley & Bloom 2006 for a review).
All such supernovae to date have been of the spectral type Ic, indicative of the core collapse
of a very massive star which has lost its hydrogen and helium envelopes.”

What remains unclear, for now, is the channel by which this stripped-envelope star is
produced, and what special conditions (if any) are required for its production. GRBs* are
exceedingly rare (only one in ~ 108 stars will produce a GRB, and one in ~ 10* massive stars;
Podsiadlowski et al. 2004) and the ingredients for producing one are clearly unusual: not
only must the massive star be able to blow away its outer layers (as is necessary for the GRB
jet to escape the stellar envelope; Matzner 2003), but theoretical arguments also demand

18Tf not necessarily the majority in a volume-limited sense: long GRBs are much brighter and can be
observed to greater distances. The z ~ 0 volumetric rate of SGRBs may actually significantly exceed that
of LGRBs (Nakar et al. 2006)

9However, two interesting cases in 2006 contradicted this expectation. GRB 060505, which occurred in
an HII region in a z = 0.08 spiral galaxy, produced no detectable supernova to very deep limits (Fynbo
et al. 2006b). GRB 060614 occurred in small galaxy with a very low star-formation rate at z = 0.125 and
also produced no supernova (Fynbo et al. 2006b; Della Valle et al. 2006; Gehrels et al. 2006). The correct
interpretation of these two events is controversial. First, their classification is unclear: GRB 060505 had a
Tyo of only 4 seconds, putting it within the overlap region of the duration-hardness diagram; GRB 060614
had a Tyg of 102 seconds, but its light curve qualitatively resembles that of a short burst with extended
emission and it has an unusually low “lag” (furthermore its host galaxy has a very low star-formation rate).
As a result, one interpretation is that they are actually SGRBs (Zhang et al. 2007). (But, both of these
judgements were made after the fact when the supernova nonassociation had been realized.) But if either
or both are genuine LGRBs and are produced by the collapse of a massive star, this instead indicates that
the core-collapse of such a star to a black hole can occur with minimal production of the radioactive Ni-56
that powers optical supernova emission; for example as was predicted by the original “collapsar” model of a
failed supernova (Woosley 1993; Hartmann & Woosley 1995). Of course, it is also possible that one or both
of these events belongs to neither progenitor class (Gal-Yam et al. 2006).

20For simplicity, we will often use “GRB” and “LGRB” interchangeably in sections such as this one where
SGRBs are not being considered.
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that it retain a rapidly-rotating core at the time of explosion (to produce the accretion disk
and jet upon core collapse; Woosley 1993; MacFadyen & Woosley 1999). The most obvious
such special ingredient is metallicity: metals provide the opacity of a star’s envelope and
make it more susceptible to losing mass as a result of radiation pressure (Eddington 1926).
Therefore, one might naively expect that a high metallicity would be necessary to produce
a GRB: after all, most stripped-envelope supernovae in the local universe originate from
metal-rich galaxies (Modjaz et al. 2011). This is categorically not observed: in fact, there is
evidence for the opposite conclusion, that GRBs originate primarily or even exclusively from
very metal-poor galaxies (e.g., Stanek et al. 2006; Wolf & Podsiadlowski 2007; Modjaz et al.
2008). The solution probably lies in the fact that while winds do an excellent job of stripping
away a massive star’s outer layers, they also remove its angular momentum, thereby defusing
the central engine. Alternatively, then, the star could actually burn the outer envelope if it
is able to mix the outer material down into the core zone (Hirschi et al. 2005; Yoon & Langer
2005; Woosley & Heger 2006); theoretical work suggests that this may indeed be possible
if the metallicity of the star is very low (<0.1 Solar). Or, even if the progenitor star does
lose its envelope (and angular momentum), the core could be subsequently spun up again
by mass transfer from or merger with a binary companion (Izzard et al. 2004; Podsiadlowski
et al. 2004; Fryer & Heger 2005), in which case no strong metallicity dependence is expected.

Despite these uncertainties about the evolutionary history of the progenitor star, the
association of long-duration GRBs with star-formation is sufficiently strong that their obser-
vational study is now motivated as much by their use for learning about the broader universe
than by the goal of constraining their origins. Much attention in astronomy is currently de-
voted to understanding the history of star-formation in the early universe (e.g., Fan et al.
2006a; Bouwens et al. 2007; Reddy et al. 2008), and the sheer brightness of a long GRB
and its afterglow combined with the direct association of the phenomenon with short-lived
(and therefore recently-formed) massive stars makes GRBs extremely useful as probes of
high-redshift star-forming galaxies and of star-formation generally.

GRBs can be used as tools in two distinct ways. First, GRB afterglows can be used as
backlights to study the nature of the star-forming galaxies in which they reside in detail, as
well as any other matter along the line of sight through which the radiation passes on its
way to earth—usually via optical spectroscopy (e.g., Fynbo et al. 2009) but also potentially
via broadband photometry (the primary technique employed in this work). GRBs and their
afterglows are extremely luminous events (up to thousands of times more powerful than
the most luminous quasars, another object frequently used as a cosmological backlight;
Bloom et al. 2009), allowing them to be identified even at immense distances (z > 8 and
beyond; Tanvir et al. 2009; Salvaterra et al. 2009; Cucchiara et al. 2011) or from within
dust-enshrouded regions, sites where other observational techniques struggle. Also unlike
quasars, GRBs are short-lived transient sources, and so their radiation does not alter the
matter within their hosts before their explosion and, once the afterglow fades, its glare does
not complicate detailed study of the host galaxy in emission.

Second, GRBs provide an excellent beacon for locating and sampling high-redshift galax-
ies as a population. The global distribution of a range of GRB observables (redshifts, host
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colors and host morphologies) is directly controlled by cosmological properties (in particular
the evolution of the global star-formation rate, the mass and luminosity function of high-z
star-forming galaxies, the initial mass function, etc.). In particular, the detection of the
high-energy radiation from a GRB (gamma-rays and X-rays) is unaffected by the luminosity
or the dust content of the host galaxy, two major selection effects that complicate attempts
to infer the demographics of star-formation in the early universe (e.g., Bouwens et al. 2007;
Adelberger & Steidel 2000). If GRBs roduction is not strongly affected by the host-galaxy
metallicity, a sample of host galaxies pinpoined by GRB afterglows would then provide a star-
formation weighted sample of the sites of (massive) stellar birth in the universe independent
of these traditional biases and up to almost any observable redshift (Lamb & Reichart 2000;
Blain & Natarajan 2000). If the GRB rate is dependent on the host metallicity (as some
evidence seems to indicate), the situation is obviously more complicated, as the stories of the
conditions necessary to produce the GRB and of the evolution of cosmic star-formation be-
come intertwined. Nevertheless, in conjunction with other diagnostics (including field-survey
techniques, whose biases are quite different) we can hope to separate these effects and bring
an answer to both questions.

1.4.3 A Biased Sample?

The hundreds of GRBs provided by Swift would seem to be an ideal data set to begin
addressing these questions. However, extreme caution is warranted before proceeding—while
the population of GRBs detected by the Swift BAT (or by other gamma-ray satellites) should
in principle be independent of the environment and even (after some correction based on the
GRB luminosity function and detector efficiency; e.g. Butler et al. 2010) redshift, the gamma-
ray signal on its own carries almost no information about either redshift or environment.?!
In reality, then, essentially all useful information about the GRB environment is obtained
from the afterglow, or from the host galaxy (which requires the positional accuracy provided
by an afterglow detection to uniquely pinpoint.)

The detection of an afterglow is highly susceptible to observational biases of many
different flavors. Numerous factors influence the observed flux (and therefore detectability)
of an afterglow (e.g., Sari et al. 1998): the total energy of the shockwave, the density of the
surrounding medium into which it explodes, the microphysics of the shock, as well as extrinsic

2IThis claim is subject to several caveats. A distant GRB should, in principle, appear fainter (due to
distance), longer (due to cosmological time dilation), and softer (due to redshift) than a very close GRB.
Unfortunately, the immense intrinsic diversity of GRBs—the isotropic energy-release, duration, and peak-
photon energy (Eiso, To0, and Epecak rest) all vary over many orders of magnitude among GRBs—make this
subject exceptionally difficult to approach, a problem that is only exacerbated by instrumental effects. While
a great deal of effort has been invested in searching for correlations that may enable some of this intrinsic
variation to be removed (e.g., Amati et al. 2002; Ghirlanda et al. 2004; Yonetoku et al. 2004; Firmani et al.
2006; Schaefer 2007) (and, perhaps, the results applied to cosmology) these results remain controversial
(Butler et al. 2007, 2009). Finally, the assumption that the prompt emission is indeed independent of the
burst environment is necessarily dependent on the notion that GRBs are internal shocks due to self-interaction
of the ejecta, rather than external shocks produced by interaction of the ejecta with the environment.
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effects (the distance of the burst from Earth and any absorption of the afterglow light along
the sightline) and practicl considerations such as the response time of the telescope. All of
these factors are potentially important, but few of them are of interest from the standpoint
of constraining the burst environment, the developing theme of this study.?? The two factors
that should clearly give us pause are:

The circumburst density: The interstellar medium provides the material through which
the forward shock travels and is therefore directly responsible for the afterglow emission.?
The dependence is not strong (the observed flux below the cooling frequency varies with
density as F' o< n'/?; frequencies above the cooling break, such as X-rays, are not affected by
the interstellar density at all—unless the density is so low that the cooling frequency itself
is pushed beyond this band) and it takes a significant variation in density to appreciably
dim an afterglow. Nevertheless, bursts occurring outside galaxies where the density is orders
of magnitude below what is canonically observed (nigy ~ 107* em ™3, instead of ngy ~ 1
cm~3) would have much fainter afterglows, even at X-ray wavelengths.

Host-galaxy absorption: Light from a GRB or other distant cosmic source can be ab-
sorbed by the matter through which it passes on the way to Earth. Optical-UV light
is attenuated by interstellar dust (micron-sized granules in the ISM, composed mostly of
unidentified molecular compounds of common refractory elements such as carbon, oxygen,
and silicon; Draine 2003), while the soft X-rays are similarly attenuated by various metal
species (mostly oxygen) in the gas phase. The host galaxy ISM also imprints absorption lines
on the spectrum—most of which are insignificant in a broadband sense with the exception
of the damped Lyman-« line, which in gas-rich hosts can absorb a significant fraction of
the flux near a rest-frame wavelength of 1217 A. Once the light escapes the host galaxy,
ultraviolet light blueward of the Lyman-a break is further absorbed by neutral hydrogen
in the intergalactic medium, should that be present in significant quantities (at z ~ 1 this
effect is nearly negligible [Madau 1995]; at z ~ 2 — 4 the hydrogen is clumped into dozens of
small clouds at varying redshifts along the line of sight that create a Lyman-a forest of deep
absorption lines [e.g., Rauch 1998]; at z > 4 the IGM becomes so uniformly opaque that all
light emitted blueward of 1217 A in the host frame is almost totally absorbed, creating a
sharp break in the spectrum [Gunn & Peterson 1965]) Finally, the light must pass through
our own Galaxy, again subjecting it to the absorbing effects of dust and gas, although the
Galactic dust and gas distributions are well-mapped (Schlegel et al. 1998) and, except near
the plane, these effects can be easily corrected for (Cardelli et al. 1989).

Among the various absorption effects described above, only two are strong enough to

22Unless, of course, one of these factors correlates with the environment in a pernicious way: for example,
if a sub-class of GRB is produced by a long-lived progenitor and for some reason produces a forward shock
with a vastly weaker radiative efficiency than “ordinary” GRBs from massive stars. Such cases will be
considered later.

23 Alternately, the burst can shock on a circumstellar wind from the (massive star) progenitor itself. In
this case the afterglow flux depends on the properties of the wind (specifically, the mass-loss rate and wind
velocity), a characteristic of the progenitor star itself, and no longer depends on the environment at all. In
any event, evidence for a wind environment is (somewhat surprisingly) rarely seen in GRB light curves.
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explain the nondetection of an afterglow that would otherwise be bright (and therefore po-
tentially bias an existing sample): host-galaxy dust extinction and Lyman-break absorption
at z > 4.2* At X-ray wavelengths, fortunately only soft X-rays are significantly absorbed
by the host gas; the Swift XRT bandpass extends up to 10 keV at which the ISM is nearly
transparent (even for a column density of Ny ~ 10%* cm~2—essentially unprecedented for
GRBs—only 1% of the 10 keV flux is observed.)

Finally, independent of genuine selection biases, we must also consider simple incom-
pleteness: before Swift, most conclusions about GRBs have been based on a relatively small
number of events (43 with measured redshift). Even if these events are representative of
nearly all gamma-ray bursts, we must remain open to the possibility that additional classes
of events producing high-energy radiation could lurk within a larger or more general sample.
An obvious example concerns SGRBs, which were not realized to be physically distinct from
LGRBs until Swift’s capabilities finally enabled the detection of their extremely underlu-
minous afterglows. As previously discussed, SGRBs are thought to usually be recognizable
from LGRBs based on their high-energy emission, but this has never been firmly tested,
and perhaps some canonically “long-duration” bursts are actually SGRBs in disguise, as has
been speculated to be the case for GRB 060614 (Zhang et al. 2007). More exotically, the
GRB population may harbor additional, rarer progenitor classes seprate from both SGRBs
and LGRBs. This is not as speculative as it might seem at first glance: several other exotic
classes of GRB that have been identified as lurking within the general GRB population in-
clude SGR megaflares from nearby galaxies (Frederiks et al. 2007; Mazets et al. 2008), an
as-yet-unidentified rapidly-flickering transient within the Milky Way (Kasliwal et al. 2008),
and an explosive eruption from a previously-quiescent supermassive black hole in a distant
dwarf galaxy (Levan et al. 2011; Bloom et al. 2011). What other classes of GRBs might we
able to recognize based on observations of their environments?

1.5 Goals and Outline

The goal of this thesis project is to directly address these possible deficiencies of the
pre-Swift sample by specifically seeking out the kinds of events that are difficult to find. I
employ a variety of different observational strategies towards this goal, but the large major-
ity of the observations and data analysis revolve around two types of observational effort:
the multiwavelength analysis of GRB afterglows using multi-color ground-based OIR obser-
vations in conjunction with Swift X-ray data (Chapters 2-6), and a multi-year program at
Keck Observatory to search for and characterize host galaxies of a wide array of potentially
“unusual” GRBs (Chapters 7-8).

Following this introduction, Chapter 2 of the thesis concerns short-duration bursts, and
the particular case of GRB 080503. It has been previously claimed that despite the great
difficulty in detecting short burst afterglows to date, this can be readily explained as a simple

240f course, Galactic foreground extinction can be extremely significant, but these ~10-20% of events can
be easily recognized and excluded from the sample.
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consequence of the fact that SGRBs are less energetic intrinsically (Nysewander et al. 2009a).
I present an in-depth analysis of a particular event which defies this trend, showing that in
at least one case a short GRB (with extended emission) likely exploded into a medium with
very low density. Combined with the lack of coincident host galaxy in deep HST imaging,
this provides strong evidence in support of the hypothesis that (some) GRBs are formed by
the inspiral of compact-binary pairs that have been ejected far from their host galaxy by a
supernova kick.

In contrast, only very few long GRBs seem consistent with occurring in an extragalactic
environment. An interesting exception is discussed in Chapter 3, which focuses on GRB
071003, a long-duration gamma-ray burst with extremely weak Mg Il absorption suggestive
of formation in a Galactic halo or other environment. This GRB appears to have nevertheless
originated from a massive star, suggesting that (as with GRB 070125, Cenko et al. 2008a;
Chandra et al. 2008) its origin is most likely in an extremely low-mass galaxy or in tidal
debris from a recent merger.

In Chapters 4-6 I present a detailed examination of the dust properties along the sight-
lines to a number of bright Swift GRBs for which good broadband photometry is available
in the infrared from the robotic telescope PAIRITEL and in the optical from a variety of
other telescopes. I will provide strong evidence for mild-to-moderate extinction columns af-
fecting most of these events—and characterize the wavelength-dependence of this extinction
(the extinction “law”) in a variety of different cases, demonstrating that the cosmological
diversity of extinction laws within GRB host galaxies is even greater than that seen within
the Milky Way. I will also provide a minimum distance from the burst to the site of this
dust by looking for evidence of dust destruction by radiation from the GRB.

In the remainder of the thesis, the focus switches from GRB afterglows to GRB host
galaxies. Chapter 7 is an overview of our multi-year program at Keck observatory to identify
these hosts, including the technical details of the data acquisition and reduction. With
approximately 120 fields imaged to depths of R > 25 mag, this constitutes the largest GRB
host-galaxy program ever conducted. The program as a whole does not constitute a uniform
survey with strict target criteria designed to ensure a “fair” sample of all Swift GRBs.
However, in Chapter 8, by combining a subset of our observations with the afterglow study
of Cenko et al. (2009) we can provide a large (50-object) catalog that is nearly complete
in redshifts and dust properties, which we use to quantify the causes of the so-called dark
bursts and demonstrate them to be dust-extinguished.

Finally, in Chapter 9 I bookend this dissertation by briefly summarizing the major
results presented elsewhere in the thesis. I will also attempt to summarize the state of the
GRB field today, and the prospects for continued progress in the future.
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Chapter 2

GRB 080503: A Short Gamma-Ray
Burst in the Intergalactic Medium

An earlier version of this chapter was previously published as ApJ 696:1871-1885!.

Abstract

Models for short GRBs which invoke the merger of degenerate objects (neutron stars
or black holes) suggest that the progenitor of the explosion may be ejected from the disk
of its host and flung into the galaxy’s halo or even intergalactic space. The forward-shock
model of GRB afterglows robustly predicts that this should result in a much fainter optical
and X-ray afterglow in some cases, but none of the afterglows which have been studied in
detail unambiguously show such a signature. In this chapter, I discuss the case of GRB
080503, a bright short-duration GRB with extended high-energy emission for which the
optical counterpart is extraordinarily faint, never exceeding 25 mag in deep observations
starting at ~1 hr after the BAT trigger. The extreme faintness of this probable afterglow
relative to the bright gamma-ray emission argues for a very low-density medium surrounding
the burst (a “naked” GRB), consistent with the lack of a coincident host galaxy down to
28.5 mag in deep Hubble Space Telescope imaging. These observations reinforce the notion
that short gamma-ray bursts generally occur outside regions of active star formation, but
demonstrate that in some cases the luminosity of the extended prompt emission can greatly
exceed that of the short spike, which may constrain theoretical interpretation of this class of
events. This extended emission is not the onset of an afterglow, and its relative brightness
is probably either a viewing-angle effect or intrinsic to the central engine itself. Because
most previous BAT short bursts without observed extended emission are too faint for this
signature to have been detectable even if it were present at typical level, conclusions based
solely on the observed presence or absence of extended emission in the existing Swift sample
are premature.

LCopyright 2009, American Astronomical Society.
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2.1 Introduction

Despite significant progress since the launch of the Swift satellite (Gehrels et al. 2004),
the origin of short-duration, hard-spectrum gamma-ray bursts remains elusive. Evidence
has been available since the early 1990s that these events constitute a separate class from
longer GRBs on the basis of a bimodal distribution in duration (Mazets et al. 1981; Norris
et al. 1984) and spectral hardness (Kouveliotou et al. 1993). The supposition that this
phenomenological divide is symptomatic of a true physical difference in the origin of the
events was supported by the first successful localizations of SGRB afterglows with the Swift
X-ray telescope (Burrows et al. 2005¢) coincident with or apparently very near low-redshift
(z < 0.5) galaxies (Gehrels et al. 2005; Fox et al. 2005b). Several of these galaxies clearly lack
significant recent star formation (e.g., Prochaska et al. 2006b; Gorosabel et al. 2006; Berger
et al. 2005b), many events appeared at large offset from the candidate host (Bloom et al.
2006f, 2007b; Stratta et al. 2007), and in some cases the appearance of a bright supernova
was definitively ruled out (e.g., Hjorth et al. 2005a). All of these circumstantial clues seem
to suggest (Lee & Ramirez-Ruiz 2007; Nakar 2007) a progenitor very different from the one
responsible for long-duration GRBs (LGRBs), which are predominately due to the deaths of
massive stars (see Woosley & Bloom 2006 for a review).

The generally favored interpretation of SGRBs is the merger of two highly compact
degenerate objects: two neutron stars (NS-NS, Eichler et al. 1989; Meszaros & Rees 1992;
Narayan et al. 1992) or a neutron star and a black hole (NS-BH, Paczynski 1991; Narayan
et al. 1992; Mochkovitch et al. 1993; Kluzniak & Lee 1998; Janka et al. 1999). However,
other progenitor models (e.g., MacFadyen et al. 2005; Metzger et al. 2008b) can also be
associated with galaxies having low star-formation rates (SFRs), and many SGRBs have
also been associated with relatively low-luminosity, high-SFR galaxies (Fox et al. 2005b;
Hjorth et al. 2005b; Covino et al. 2006¢; Levan et al. 2006d) and at much higher redshifts
(Berger et al. 2007¢; Cenko et al. 2008a) than the better-known elliptical hosts of the first
few well-localized SGRBs 050509B and 050724. (A review of SGRB progenitor models is
given by Lee & Ramirez-Ruiz 2007.)

In addition, even the conventional distinction between SGRBs and LGRBs has been
called into question by some recent events which poorly conform to the traditional classifi-
cation scheme. A large number of Swift events which initially appeared to be “short” (based
only on the analysis of the first, most intense pulse) were then followed by an additional
episode of long-lasting emission with a duration of up to 100 s or longer. GRB 050724,
which unambiguously occurred in an elliptical host, is a member of this class, creating a
breakdown in the use of duration (in particular Ty, Kouveliotou et al. 1993) as a classifi-
cation criterion. To further complicate the picture, long GRB 060614 exploded in a very
low-SFR dwarf galaxy at z = 0.125 and despite an intensive follow-up campaign showed no
evidence for a supernova, even if extremely underluminous (My > —12.3, Gal-Yam et al.
2006). Similar confusion clouds the physical origin of GRB 060505, which is of long dura-
tion (Too = 4 £ 1 s) and occurred in a star-forming region of a spiral galaxy (Thone et al.
2008b), but also lacked supernova emission to very deep limits (Fynbo et al. 2006b). Two
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earlier bursts, XRF 040701 (Soderberg et al. 2005) and GRB 051109B (Perley et al. 2006),
may constitute additional examples of this subclass, though available limits in each case are
much shallower and the alternate possibility of host-galaxy extinction is poorly constrained
compared to the 2006 events. On the basis of these results and others, Zhang et al. (2007)
have called for a new terminology for classification that does not refer to “short” and “long”
but rather to Type I and Type II GRBs, in recognition of the fact that duration alone is
likely to be an imperfect proxy for physical origin (see also Gehrels et al. 2006, Bloom et al.
2008, Kann et al. 2011).

The true “smoking gun” for the merger model, the detection of gravitational waves, is
unlikely to occur before the completion of the next generation of gravity-wave detectors, as
the sensitivity of current detectors (LIGO, Abbott 2004; and Virgo, Acernese 2004) is several
orders of magnitude below what would be necessary to detect a merger at what appears to
be a “typical” short GRB redshift of 0.2-1.0 (Abbott 2008). However, degenerate-merger
models do offer additional observationally verifiable predictions.

First, merger progenitors are much older than massive stars and can travel far from
their birthsites, especially if they are subject to kicks which in some cases could eject the
binary system progenitor from the host galaxy entirely (Fryer et al. 1999; Bloom et al. 1999).
Observationally, this should manifest itself in the form of large angular offsets between the
burst position and the host galaxy or even the lack of any observable host at all. Such an
trend has indeed been noted for many events (e.g., Prochaska et al. 2006b). The second
prediction, however, has yet to be demonstrated: if some SGRBs explode in galactic halos,
then the extremely low associated interstellar density will result in a much fainter afterglow
associated with the external shock: a “naked” gamma-ray burst. And while the afterglows
of SGRBs tend to be fainter in an absolute sense (Kann et al. 2011), relative to the gamma-
ray emission (on average, SGRBs have much lower total fluences than long LGRBs) there
appears to be no obvious difference between SGRB and LGRB afterglows (Nysewander et al.
2009a). Part of this may be a selection effect, but the brightest SGRBs to date have all been
associated with bright afterglows and cannot be “naked”.

Second, during the merger process, a significant amount of neutron-rich ejecta (including
~ 1073M, of radioactive Ni, Metzger et al. 2008b) is believed to be ejected at nonrelativistic
velocities into interstellar space. Nucleosynthesis in this matter and the resulting radioactive
decay would be expected to produce a relatively long-lived optical counterpart, similar to
ordinary supernovae (Li & Paczyniski 1998). Unfortunately, the luminosity of the transient is
generally much lower and the timescale of evolution is significantly faster than in a classical
supernova. Detection of this signature remains one of the holy grails in the study of GRBs,
though deep early limits for some SGRBs have allowed some limits to be set on the physical
parameters of this phenomenon (Bloom et al. 2006f; Hjorth et al. 2005a; Kann et al. 2011).

In this paper, we present results from our follow-up campaign of GRB 080503, which
we argue in §2.2.1 is a prominent example of the emerging subclass of SGRBs with ex-
tended episodes of bright, long-lasting prompt emission following the initial short spike. In
§2.2.2-62.2.7 we present additional space-based and ground-based observations of the event
highlighting several extreme and unusual features of this burst, including extreme optical
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faintness, a late light-curve peak, and a very deep late-time limit on any coincident host
galaxy. In §2.3 we attempt to interpret the observed behavior in the context of existing
models of emission from GRB internal shocks, an unusual afterglow, and light from radioac-
tive decay (a Li-Pacynski mini-SN or kilonova), arguing that the latter is probably not a
large contributor at any epoch. Finally, in §2.4 we discuss the implications of this event
for GRB classification, and on the difficulties faced by future searches for mini-SN/kilonova
light associated with SGRBs.

2.2 Observations

2.2.1 BAT Analysis and High-Energy Classification

The Swift Burst Alert Telescope (BAT) detected GRB 080503 at 12:26:13 on 2008 May
3 (UT dates and times are used throughout this paper). The GRB light curve (Figure 2.1)
is a classic example of a short GRB with extended emission: a short, intense initial spike
with a duration of less than 1 s followed by a long episode of extended emission starting at
~10 s and lasting for several minutes. The overall Ty, for the entire event is 232 s.

Similar extended emission has been seen before in many short bursts detected by both
Swift and BATSE (Figure 2.3). All such events to date have remarkably similar general
morphologies. However, the fact that the long component is so dominant in this case (factor
of ~30 in total fluence) raises the question of whether this is truly a “short” (or Type I)
GRB and not an event more akin to the traditional LGRBs (Type II) in disguise. To this
end we have reanalyzed the BAT data in detail and applied additional diagnostics to further
investigate the nature of this event. We also downloaded and re-analyzed BAT data from
all other SGRBs (and candidate SGRBs) with and without extended emission through the
end of 2007. A summary of the results of our analysis is presented in Table 2.1.

The BAT data analysis was performed using the Swift HEAsoft 6.5 software package.
The burst pipeline script, batgrbproduct, was used to process the BAT event data. In
addition to the script, we made separate spectra for the initial peak and the extended
emission interval by batbinevt, applying batphasyserr to the PHA files. Since the spectral
interval of the extended emission includes the spacecraft slew period, we created the energy
response files for every 5 s period during the time interval, and then weighted these energy
response files by the 5 s count rates to create the averaged energy response. The averaged
energy response file was used for the spectral analysis of the extended emission interval.
Similar methods were employed for previous Swift SGRBs.

For GRB 080503, the Ty, durations of the initial short spike and the total emission in
the 15-150 keV band are 0.32 4+ 0.07 s, and 232 s respectively. The peak flux of the initial
spike measured in a 484 ms time window is (1.2 4 0.2) x 1077 erg cm~2 s~!. The hardness
ratio between the 50-100 keV and the 25-50 keV bands for this initial spike is 1.2 4= 0.3,
which is consistent with the hardness of other Swift SGRBs, though it is also consistent
with the LGRB population. In Figure 2.2 we plot the hardness and duration of GRB 080503
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Figure 2.1 The BAT light curve of GRB 080503 with 1 s binning in the 15-150 keV band,
with a 16 ms binning curve superposed for the duration of the short spike near t = 0. The
short spike is also shown alone in the left inset. An extended, highly-binned (10 s) light
curve is shown in the right inset, demonstrating the faint emission continuing until about

200 s.
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Figure 2.2 Duration-hardness plot for bursts detected by the Swift BAT. Long bursts are
shown in gray. Short bursts (Tyy < 2 sec) are colored based on the presence or absence
of extended emission: bursts without extended emission are shown in red, faint bursts for
which the presence of extended emission is poorly constrained are orange, and short bursts
with observed extended-emission (including GRBs 050911, 060614, and 051227, whose clas-
sifications are controversial) are plotted with the short spike (green) shown separately from
the extended emission (blue). The Typs and hardness ratios measured for short-hard spikes
in this population, including GRB 080503, are generally consistent with those measured for
short bursts without extended emission. GRBs 060614 and 051227 may be consistent with
both classes, but are unusually long compared to any short burst without extended emis-
sion. The extended-emission components of all three events display similar hardness and
duration as the extended components of more traditional extended-emission events, which
form a tight cluster (GRB 050911 is an outlier). In general, however, the hardness in the
Swift channels is not a strong criterion for classification (Sakamoto et al. 2006; Ohno et al.
2008).
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Figure 2.3 BAT 25-100 keV light curves of several different Swift short bursts with high
signal-to-noise (S/N) extended emission, including GRB 080503 (top left), showing the sim-
ilar morphology of these events. The 1 s binned curve is plotted as a black line; a 5 s binning
is plotted in solid gray to more clearly show the longer-duration extended emission which
for most events is near the detection threshold. Possible short GRB 060614 is also shown; it
appears very similar to GRB 080503 except that the initial pulse is significantly longer.
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against other Swift bursts, resolving this burst and other short events with extended emission
separately into the spike and the extended tail. The properties of the initial spike of GRB
080503 match those of the initial spikes of other SGRBs with extended emission (and are
consistent with the population of short bursts lacking extended emission), while the hardness
and duration of the extended emission are similar to that of this component in other short
bursts.

The fluence of the extended emission measured from 5 s to 140 s after the BAT trigger
in the 15-150 keV bandpass is (1.86 £ 0.14) x 1075 erg cm 2. The ratio of this value to the
spike fluence is very large (~30 in the 15-150 keV band), higher than that of any previous
Swift short (or possibly short) event including GRB 060614. It is not, however, outside the
range measured for BATSE members of this class, which have measured count ratios up to
~40 (GRB 931222, Norris & Bonnell 2006). In Figure 2.4, we plot the fluences in the prompt
versus extended emission of all Swift SGRBs to date. BATSE bursts are overplotted as solid
gray triangles; HETE event GRB 050709 is shown as a star. The two properties appear
essentially uncorrelated, and the ratio has a wide dispersion in both directions. Although
only two Swift events populate the high extended-to-spike ratio portion of the diagram (and
the classification of GRB 060614 is controversial), the difference in this ratio between these
and more typical events is only about a factor of 10, and the intermediate region is populated
by events from BATSE and HETE?, suggesting a continuum in this ratio across what are
otherwise similar events.

Lag analysis (Norris et al. 2000) has also been used as a short-long diagnostic. For GRB
080503, the spectral lag between the 50-100 keV and the 25-50 keV bands using the light
curves in the 16 ms binning is 1 &+ 15 ms (1o error), consistent with zero and characteristic
of short-hard GRBs. Unfortunately, the signal is too weak to measure the spectral lag for
the extended emission which dominates the fluence. While lag can vary between pulses in a
GRB (Hakkila et al. 2008) and short pulses typically have short lags, even very short pulses
in canonical long GRBs have been observed to have non-negligible lags (Norris & Bonnell
2006).

Based on all of these arguments, we associate GRB 080503 with the SGRB (Type I) class.
Regardless of classification, however, the extremely faint afterglow of this burst appears to
be a unique feature. In fact, as we will show, while the extremely low afterglow flux is more
reminiscent of SGRBs than LGRBs, relative to the gamma-rays the afterglow is so faint that
this event appears quite unlike any other well-studied member of either population to date.

2.2.2 UVOT Observations

The Swift UV-Optical Telescope (UVOT) began observations of the field of GRB 080503
at 83 s after the trigger, starting with a finding chart exposure in the White filter at t = 85—
184 s. No source is detected within the XRT position to a limiting magnitude of >20.0

2However, the HETE fluence ratio is in a very different bandpass, and the actual ratio may be significantly
lower than the plotted ratio.
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Figure 2.4 Fluences of the short initial spike versus the long extended-emission episode for
SGRBs and candidate SGRBs. For Swift bursts this is measured in the 15-150 keV band.
For BATSE bursts (diamonds) the values are calculated from the count rates in Norris &
Bonnell (2006) and fluences (20-100 keV) on the BATSE website. HETE GRB 050709
(circle) is taken from Table 2 of Villasenor et al. (2005) and is in the 2-25 keV band,
which is significantly softer than the Swift and BATSE bandpasses. In harder bandpasses
the extended emission is likely to be much fainter; this point should therefore be treated
as an upper limit. BATSE and HETE short bursts without extended emission are not
shown. Several properties are worthy of note. First, the extended-to-prompt ratio shows
large variance, quite unlike the observed T90 values and hardness ratios. Second, the large
majority of Swift events without extended emission are very faint bursts — the limits on the
extended counterpart are not strongly constraining, although strongly extended emission-
dominated events like GRB 080503 do appear to be rare. Third, events with bright extended
emission have a wide range of short-spike fluence; the two values are not correlated. Events
with known redshift are labeled; no clear trends with distance are evident.
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(Brown & Mao 2008). A sequence of filtered observations followed, and then additional
White-band exposures. The transient is not detected in any exposure. Because of the deep
Gemini data shortly thereafter, these additional limits do not constrain the behavior of
the optical counterpart and are not reported or reanalyzed here. A summary of the the
subsequent UVOT observations is given by Brown & Mao (2008).

2.2.3 Keck Observations

Shortly after the GRB trigger we slewed with the 10 m Keck-I telescope (equipped with
LRIS) to the GRB position. After a spectroscopic integration on a point source near the XRT
position that turned out in later analysis to be a faint star, we acquired (between 13:38:37
and 13:57:02) imaging in the B and R filters simultaneously. Unfortunately, because the
instrument had not been focused in imaging mode prior to the target of opportunity, these
images are of poorer quality and less constraining than Gemini images (see below) taken
at similar times. The optical transient (OT) is not detected in either filter. Magnitudes
(calibrated using the Gemini-based calibration, §2.2.4) are reported in Table 2.2.

On May 8 we used long-slit (1” wide) spectroscopy with LRIS (Oke et al. 1995) on
Keck I to obtain spectra of two relatively bright galaxies 13" SE of the afterglow position.
We calibrated the two-dimensional spectra with standard arc and internal flat exposures.
We employed the 600 line mm™! grism (blue camera) and 600 line mm™! grating blazed at
10,000 A (red camera). The data were processed with the LowRedux® package within XIDL?.
Both objects show the same emission lines, at common observed wavelengths of A5 &~ 5821,
6778.8, 7592.2, 7745.6, and 7820 A. The latter two are associated with the HB and [O III]
A5007 lines, respectively, identifying this system to be at z = 0.561.

While the placement of the slit in the target-of-opportunity spectroscopic observation on
May 3 did not cover the location of the transient, a third, serendipitous object along the slit
shows a single emission line at Aops ~ 6802.9 A and a red continuum. We tentatively identify
this feature as unresolved [O II] A3727 emission and estimate its redshift to be 0.8245. This
source is far (31”) from the OT position, at a = 19206™315.1, § = +68°48'04".3.

2.2.4 Gemini Observations

We also initiated a series of imaging exposures using GMOS on the Gemini-North tele-
scope. The first image was a single 180 s r-band exposure, beginning at 13:24, 58 min after
the Swift trigger. We then cycled through the g, r, i, and z filters with 5 x 180 s per filter.
A second ¢ epoch was subsequently attempted, but the images are shallow due to rapidly
rising twilight sky brightness.

The following night (May 4) we requested a second, longer series of images at the same
position. Unexpectedly, the transient had actually brightened during the intervening 24 hr,

3http://www.ucolick.org/~xavier/LowRedux/index.html; developed by J. Hennawi, S. Burles, and
J. X. Prochaska.
‘http://www.ucolick.org/~xavier/IDL/index.html .
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so we continued to observe the source for several additional epochs. The next night (May
5), we acquired r-band images (9 x 180 s), followed by a long nod-and-shuffle spectroscopic
integration, and concluded with 4 x 180 s exposures in each of the g and ¢ bands. On May 6
and 7, we acquired long r-band imaging only (14 x 180 s on May 6 and 16 x 180 s on May 7).
Finally, on May 8, we acquired a long K-band integration using NIRI, nearly simultaneous
with the HST observations (§2.2.5) at the same epoch.

Optical imaging was reduced using standard techniques via the Gemini IRAF package®.
Magnitudes were calculated using seeing-matched aperture photometry and calibrated using
secondary standards. The standard star field SA 110 was observed on the nights of May 3,
May 4, May 5, and May 8; catalog magnitudes (Landolt 1992) were converted to griz using
the equations from Jester et al. (2005) and used to calibrate 23 stars close to the GRB
position.

In an attempt to measure or constrain the redshift of GRB 080503, we obtained a nod-
and-shuffle long-slit spectroscopic integration of the positions of the optical transient and the
nearby faint galaxy S1 (Figure 2.6). Two exposures of 1320 s each were obtained starting at
12:20 on 2008 May 05. Unfortunately, even after sky subtraction and binning, no clear trace
is observed at the position, and no line signatures are apparent. The redshift of the event is
therefore unconstrained, except by the g-band photometric detection which imposes a limit
of approximately z < 4.

We began near-infrared observations of GRB 080503 on 2008 May 08 at 12:46, roughly
simultaneous with the HST measurement (§2.2.5). All images were taken in the K band with
NIRI. We employed the standard Gemini-N dither pattern for each of the 30 s exposures. In
all, 92 images were taken yielding a total time on target of ~1.5 hr. The data were reduced
and the individual frames were combined in the usual way using the “gemini” package within
IRAF. There is no detection of a source at the location of the optical transient. The nearby
faint galaxies (S1 and S4) are also undetected. Calibrating relative to the 2MASS catalog
(excluding stars near the edge of the image), we derive an upper limit of K > 22.47 mag
(30).

All optical photometry, in conjunction with the space-based measurements from Swift
and Chandra, is plotted in Figure 2.5.

2.2.5 Hubble Space Telescope Observations

Given the unusual nature of the afterglow, and the indications of a Li-Paczynski-like
light curve in the first two days, we proposed® to observe the field of GRB 080503 with the
Wide-Field Planetary Camera (WFPC2) on HST. Filter changes, depth, and cadences were
chosen to confirm or refute the basic predictions of the Li & Paczynski (1998) model (see
§2.3.4). The localization region was observed in three epochs on 2008 May 8, May 12, and

STIRAF is distributed by the National Optical Astronomy Observatory, which is operated by the Asso-
ciation of Universities for Research in Astronomy (AURA) under cooperative agreement with the National
Science Foundation.

6Program GO-DD 11551; PI Bloom.
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Figure 2.5 X-ray and optical light curves of GRB 080503. The optical bands have been
shifted to the r band assuming an optical spectral index of § = 1.2; the X-ray light curve
has been shifted by a factor of 125 to match the optical (corresponding to Sox = 0.75). The
BAT light curve is extrapolated into the X-ray band using the high-energy spectrum. 3o
upper limits are shown with arrows.
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July 29. A set of F450W (1 orbit), F606W (2 orbits), and F814W (1 orbit) observations were
obtained during the first visit, with F606W (2 orbits) and F814W (2 orbits) in the second
visit, and finally a deep (4 orbit) observation in F606W in the third visit. Observations were
dithered (a 3-point line dither for the first epoch of F450W and F814W, and a standard
4-point box for all other observations). The data were reduced in the standard fashion via
multidrizzle, while the pixel scale was retained at the native ~ 0.1”pixel™t.

At the location of the afterglow in our first-epoch F606W image we found a faint point
source, with a magnitude of F606W = 27.01 £ 0.20 after charge-transfer efficiency correction
following Dolphin (2000). Our other observations show no hint of any emission from the
afterglow or any host galaxy directly at its position. We derived limits on any object at
the GRB position based on the scatter in a large number (~ 100) of blank apertures placed
randomly in the region of GRB 080503. The limits for each frame are shown in Table 2.2.
In addition, a stacked frame of all our F814W observations yields F814W > 27.3 mag. A
combination of all but our first-epoch F606W observations provides our deepest limit of
F606W > 28.5 mag (30), in a stacked image with exposure time 13,200 s. Therefore any
host galaxy underlying GRB 080503 must be fainter than that reported for any other short
burst.

Although there is no galaxy directly at the GRB position, there are faint galaxies close
to this position which are plausible hosts. In particular, our stacked image of all the F606W
observations shows a faint galaxy ~ 0.8” from the afterglow position, with F606W (AB)
= 27.3 + 0.2 mag (designated “S4” in Figure 2.6). Although faint, this galaxy is clearly
extended, with its stellar field continuing to ~0.3” from the GRB position. (It is plausible
that deeper observations or images in redder wavebands may extend its disk further, but
we have no evidence that this is the case.) Additionally, there is a brighter galaxy (“S1,”
F606W = 26.3 mag) ~ 2" to the north of the afterglow position, also visible in the Gemini
images. Given the faintness of these galaxies and the moderate offset from the afterglow
position, the probability of chance alignment is nontrivial (a few percent, following Bloom
et al. 2002), and we cannot make firm statements about their association with GRB 080503.

The extremely deep limit on a host galaxy puts GRB 080503 in very rare company.
Among short bursts, no comparably deep limit exists for any previous event except GRB
061201, although a study with deep HST imaging of short-burst hosts has yet to be published.
However, ground-based searches for hosts of other SGRBs with subarcsecond positions have
identified coincident host galaxies in 9 of 11 cases. The two exceptions are GRB 061201
(Stratta et al. 2007) and GRB 070809 (Perley et al. 2008a); both of these appear at relatively
small physical offset from nearby spirals which have been claimed as host candidates. Short
GRB 070707 has a coincident host with R = 27.3 mag (Piranomonte et al. 2008b), about the
same as the magnitude of the nearest galaxy to the GRB 080503 OT position. In fact, even
compared to long bursts, the lack of host galaxy is unusual; only five events have host-galaxy
measurements or limits fainter than 28.5 mag.

There are two general possibilities to explain this extreme faintness. First, GRB 080503
could be at high redshift (z > 3), or at moderately high redshift in a very underluminous
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Figure 2.6 Ground-based and space-based images showing the evolution of the faint OT
associated with GRB 080503. The transient peaked at about t = 1 d, shown in an image
from Gemini-North at left. Thereafter it faded rapidly and is barely detected in the first
HST epoch in F606W only. Later observations failed to reveal a galaxy coincident with the
transient position. Two very faint nearby (but non-coincident) galaxies are designated “S1”

and “S4.”
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galaxy (at z ~ 1, comparable to the highest-z SGRBs detected to date, Mp < —15 mag).”
A bright “short” GRB at very high redshift would impose a much larger upper end of the
luminosity distribution of these events than is currently suspected. An extremely underlu-
minous host would also be surprising under a model associating SGRBs with old stars, since
the bulk of the stellar mass at moderate redshifts is still in relatively large galaxies (Faber
et al. 2007).

Second, GRB 080503 could be at low redshift but ejected a long distance from its host.
To further examine this possibility, we have estimated the probabilities (following Bloom
et al. 2002) of a statistically significant association with other bright galaxies in the field.
A rather faint spiral galaxy is located 13" SE of the afterglow position (J2000 coordinates
a = 19806™315.7, § = 68°47'27".9; visible in the bottom-left corner of Figure 2.6) and has
r = 21.7 mag and z = 0.561 (§2.2.3). The probability that this is a coincidence is of order
unity. We also searched NED and DSS image plates for very bright nearby galaxies outside
the field. The nearby (D & 5 Mpc) dwarf galaxy UGC 11411 is located at an offset of 1.5°%;
again the chance of random association is of order unity. There are no other nearby galaxies
of note. While a low probability of random association does not rule out an association
with one of these objects (a progenitor that escapes its host-galaxy potential well and has
a sufficiently long merger time will be almost impossible to associate with its true host), it
prevents us from making an association with any confidence.

"GRB 080503 could also be at moderate redshift z = 1 — 3 in a moderately large but extremely dusty
galaxy. Even then, our K nondetection imposes strong constraints on the size of the object, and the relatively
blue g — r afterglow color suggests that the environment of the GRB is not particularly dust-obscured.
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Figure 2.7 The absolute magnitudes and redshifts for a sample of both long (grey squares,
from Fruchter et al. 2006) and short GRB hosts. Bursts with extended emission are marked
in green and bursts without extended emission are red; orange denotes SGRBs too faint for a
strong limit on extended emission fluence to be inferred. The two solid lines represent “host-
less” SGRBs 061201 and 080503, and are extrapolated based on the observed limits. Due to
the poor wavelength sampling of many faint GRB hosts the absolute magnitudes have been
obtained assuming a flat spectrum K-correction My =V — DM +2.51og(1 + z), where DM
is the distance modulus. We have assumed a ACDM cosmology with 23, = 0.27, 2 = 0.73
and Hy = 72 km s~ Mpc™!. The nondetection of a host for GRB 080503 implies either
that it lies at higher redshift than the majority of the SGRB population, that it originates
from a host which is much fainter than the median, or that it has been ejected to a sufficient
distance from its host that it can no longer be firmly associated with it. Such deep limits
to hosts underlying GRBs are rare, with only a single LGRB (020124, Berger et al. 2002)
undetected in deep HST imaging (out of a sample of ~ 50), while two SGRBs (of roughly
15 with good optical positions) are undetected to similar limits.
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2.2.6 Swift XRT analysis

The Swift X-ray telescope began observing GRB 080503 starting ~82 s after the burst,
detecting a bright X-ray counterpart. Observations continued during the following hour and
in several return visits.

The XRT data were reduced by procedures described by Butler & Kocevski (2007a).
The X-ray light curve, scaled to match the optical at late times, is shown in Figure 2.5.
Despite the bright early afterglow, the flux declined precipitously and no significant signal
is detected during the second through fourth orbits. A marginally significant detection is,
however, achieved during a longer integration a day later.

The X-ray hardness ratio decreases, as does the 0.3-10.0 keV count rate, during the
course of the early observations (Figure 2.8a,b). Absorbed power-law fits to the evolving
spectrum are statistically acceptable (y?/dof = 1) and yield a photon index I" which increases
smoothly with time and an H-equivalent column density Ny that apparently rises and then
falls in time (Figure 2.8c,d). This unphysical Ny variation is commonly observed in power-
law fits to the XRT emission following BAT GRBs and XRT flares (see, e.g., Butler &
Kocevski 2007b); it suggests that the intrinsic spectrum, plotted on a log-log scale, has
time-dependent curvature. In fact, we find that the combined BAT and XRT data are well
fit by a GRB model (Band et al. 1993) with constant high- and low-energy photon indices and
a time-decreasing break energy that passes through the XRT band during the observation.

The amount of physical column density that contributes to the effective Ny in Figure
2.8c can be estimated at early or late times, when the effective Ny is near its minimum, or
from the Band et al. (1993) GRB model fits. We find Ny = 5.5755 x 102 ¢cm~2, comparable
to the Galactic value of Ny = 5.6 x 10%° ecm ™2, indicating that the host-galaxy hydrogen
column is minimal.

2.2.7 Chandra X-Ray Observatory Observations

Under Director’s Discretionary Proposals 09508297 and 09508298, we conducted imag-
ing using the Chandra X-Ray Observatory ACIS-S on two occasions. During the first in-
tegration (2008-05-07 19:18:23 to 2008-05-08 04:09:59) an X-ray source is detected at o =
19"06™285.76, 6 = +68°47'35".3 (J2000, 0.5” uncertainty), consistent with the position of the
optical afterglow. This source was not detected during the second epoch (2008-05-25 18:11:36
to 2008-05-26 03:04:28), limiting the decay rate to steeper than approximately ¢~1.

Minimizing the Cash (1976) statistic, we find the Chandra spectrum to be acceptably fit
by an absorbed power law with 8 = 0.5 £ 0.5 and unabsorbed flux Fx = (1.5 +0.7) x 10~
ergs cm~2 s7! (0.3-10 keV). We assume Galactic absorption only.

We attempted to use the photon arrival times to constrain the temporal index («)
assuming power-law brightening or fading behavior (Butler et al. 2005). The exposure time is
short compared to the time elapsed since the GRB, precluding strong constraints. Although
the data do marginally favor brightening behavior (&« = —13 4+ 7), in contrast to the well-
established optical fading at this point, we do not consider this to be a strong conclusion.
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Figure 2.9 Decay index « versus spectral index ( (42) during the rapid-decay phase of
the external power-law. For a purely power-law spectrum a closure relation o = 2 + (3 is
predicted by the high-latitude (curvature) model; this is approximately obeyed as shown by
the solid line. For more complicated spectra this relation may not be obeyed exactly.

2.3 Modeling and Interpretation

2.3.1 The Origin of the Rapid Decay Phase

Immediately after the prompt emission subsides, the X-ray light curve (Fig. 2.9) is
observed to decline extremely rapidly (o = 2—4, where « is defined by F,, o< t~¢), plummeting
from a relatively bright early X-ray flux to below the XRT detection threshold during the
first orbit. Although a similar rapid early decline is seen in nearly all GRBs for which
early-time X-ray data are available (O’Brien et al. 2006), GRB 080503 probably constitutes
the most dramatic example of this on record: the decline of ~6.5 orders of magnitude from
the peak BAT flux is larger by a factor of ~ 100 than observed for the reportedly “naked”
GRB 050421 (Godet et al. 2006) and comparable to the decline of two other potentially
naked Swift events described by Vetere et al. (2008). The lack of contamination of this
phase of the GRB by any other signature (X-ray flares or a standard afterglow) affords an
excellent test for models of this decay component.

An afterglow interpretation can be ruled out almost immediately. In addition to the
difficulties faced by such a model in explaining the very sharp decay index, continuous spec-
tral softening, and smooth connection with the prompt emission (all of which are commonly
observed in the rapid decay phase of other GRBs), the early UVOT White measurement
(<220 pJy at 85-184 s) imposes a limit on the X-ray to optical spectral slope of Box < —0.5
(using the convention F, o< v=7) that is very difficult to explain as afterglow emission, but
is consistent with the low-energy tail of prompt-emission spectra.
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While the origin of the rapid-decay phase observed in most X-ray light curves is still
not settled, the most popular interpretation is high-latitude emission (Kumar & Panaitescu
2000), also referred to as the curvature effect. In this scenario, after the prompt emission ends
some photons still reach us from increasingly larger angles relative to the line of sight (to the
central source) due to a longer path length induced by the curvature of the (usually assumed
to be quasi-spherical) emitting region (or shell). Such late photons correspond to a smaller
Doppler factor, resulting in a relation between the temporal and spectral indexes, o = 2+ 3,
that holds at late times (¢ — ¢y > At) for each pulse in the prompt light curve (of typical
width At and onset time ty) where § = —dlog F, /dlogv and o« = —dlog F,,/dlog(t — t).
The total tail of the prompt emission is the sum of the contributions from the different
pulses. At the onset of the rapid-decay phase the flux is usually dominated by the tail of the
last spike in the light curve, and therefore can potentially be reasonably fit using a simple
single-pulse model with t; set to near the onset of this last spike. At later times the tails of
earlier pulses can become dominant. At sufficiently late times both ¢ — to > At and ¢t > t,
(i.e., t — tg = t) for all pulses, and the relation o = 2 + (3 is reached for ¢, = 0 (i.e., setting
the reference time ty to the GRB trigger time). In GRB 080503 the large dynamic range
enables us to probe this late regime; as shown in Figure 2.9, which displays « versus 2 + 3
for the rapid-decay phase using ¢ty = 0, the relation a = 2 4+ 3 roughly holds, as expected for
high-latitude emission.

While the above discussion suggests that high-latitude emission is a viable mechanism
for the rapid-decay phase in GRB 080503, a more careful analysis is called for, especially
since assuming an intrinsic power-law spectrum during the rapid-decay phase requires an
unphysical time-variable Ny ; a better and more physical description is provided by using a
fixed Galactic value for Ny and an intrinsic Band et al. (1993) spectrum whose peak energy
passes through the XRT range (see §2.2.6). A more detailed analysis of this event (and
others) in the context of the high-latitude model and possible alternatives using this model
will be forthcoming in future work.

2.3.2 Constraining the External Density from Lack of Early Af-
terglow Emission

The faintness of the early afterglow is very striking. Any afterglow emission for this
event was unlikely to be brighter than about ~ 1 pJy at optical wavelengths and 1072
puJy in X-rays at any time after about 1 hr (and if the late afterglow peak were due to a
non-afterglow signature, a possibility we consider in §2.3.4, these limits would be even more
stringent.) Our early optical limits are the deepest for any GRB on record at this epoch
(Kann et al. 2010). If the observed emission at ¢ > 1 d is due to a mini-SN or other process,
the absence of an afterglow is even more notable. Figure 2.10 shows the X-ray flux at 11 hr,
Fx(11hr), and the fluence of the prompt 7-ray emission, S, for GRB 080503 together with
a large sample of both LGRBs and SGRBs (data taken from Figure 4 of Nysewander et al.
2009a, but modified slightly as described in the caption.) GRB 080503 immediately stands
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out as a dramatic outlier, with an Fx /S, several orders of magnitude below that of the
general population, indicating a poor conversion of the energy left in the flow after the
prompt gamma-ray emission into afterglow (emission from the external forward shock). A
natural explanation for this difference is a very low external density.

A more thorough derivation of our limits on the circumburst density is presented in the
original version of this Chapter (Perley et al. 2009b) and is only summarized here. Using
the upper limit on the X-ray flux, Fx(11hr) < 8.4 x 107'° erg cm~% s7!, and the measured
fluence, S, = (1.7 £ 0.1) x 1079 erg cm™2, we derive constraints on the external density,
n = ny cm~? following Granot et al. (2006).

The “afterglow efficiency” ex, the ratio between the X-ray and gamma-ray fluence,
generally does not depend on density—as discussed in Chapter 1, the density term drops out
of the equations governing the brightness of the afterglow above the cooling break frequency
ve (see Sari et al. 1998, Granot & Sari 2002, and Granot et al. 2006). It is also only
weakly dependent on other factors (the microphysical parameters €, and eg, plus almost
negligible dependence on FEj ), and the remarkably low value observed for GRB 080503,
ex(t =11hr) < 8.0 x 10*5771:71, is difficult to explain. However, the frequency of the cooling
break itself is dependent on density, and a very low circumburst density can push this
frequency above the X-ray band, at which point the X-ray flux (and therefore ey) does
become strongly dependent on the density.

Based on these considerations and using the expression for v. in Granot & Sari (2002),
we impose a limit of:

n <5 x 10°E et e s em™ . (2.1)

This dependence on the parameters is valid in the limit of €5 < €, where Y = (e, /ep)¥/? > 1
and v, o« n"'E,_ 115{)2(1 + Y)_Ze;’/2 n'E_ 115{)2 6_1631/2. Therefore, the upper limit on the
external density cannot easily be increased by a large factor. This suggests a very low external
density compared to typical disk values (n &~ 1 cm™3) or even a Galactic halo (n ~ 1073
cm~?; Basu, Baidyanath 2003) but is of the same order as the intergalactic particle density
(n ~ 107% cm™3, Hinshaw et al. 2009). This result therefore provides strong evidence that
this explosion occurred far outside any galaxy. (An intriguing alternative to this, however,
would be if the burst occurred in a low-density pulsar cavity inflated by one of the NSs in

the precursor binary; Rosswog & Ramirez-Ruiz 2003.)

2.3.3 Afterglow Models: Why the Delay?

The counterpart rebrightened during the second night of observations, rising again above
detectability in both the optical and X-ray bands. The optical is far better constrained than
the X-rays in this case: the rise is at least 1.5 mag (a factor of ~ 3) and peaks between 0.1
and 2 d after the event, though most likely the peak is toward the end of this period as the
optical observations at 1-2 d are consistent with constant flux. Although the faint afterglow
and sparse observations preclude a careful search for chromatic behavior, the X-ray emission
shows a broadly similar temporal behavior as the optical and is consistent with being on
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Figure 2.10 Comparison of the total gamma-ray fluence (15-150 keV) versus X-ray flux (0.2—
10 keV) at 11 hr post-burst for GRBs with reported X-ray observations, based on Figure 4
and Tables 1-2 of Nysewander et al. (2009a) supplemented with our own re-evaluation of
the upper limits on events without detections after ~10 hr using the Swift XRT repository
(Evans et al. 2007) and other primary references listed in Nysewander et al. (2009a). New
SGRBs in 2008 have been added, along with the extremely bright GRB 080319B (Bloom
et al. 2008). Long bursts are shown in gray, short bursts without extended emission in red,
faint short bursts with poor constraints on extended emission in orange (as in Figure 2.2),
and short bursts with extended emission (including the ambiguous GRB 060614) in green.
Prominent events are labeled. Almost all events with detections fall along an approximately
linear relation indicating a roughly constant prompt-to-afterglow ratio; most upper limits
are not inconsistent with this. GRB 080503 (plotted as an upper limit, though the detection
by Chandra at several days after trigger suggests that the flux cannot be much less than
this) is strongly discrepant compared to nearly all previous events. GRB 970111 is the first
burst for which rapid X-ray observations were conducted and its general faintness appears
to be real (Feroci et al. 1998); however, based on the plot in the supplementary material of
De Pasquale et al. (2006) the afterglow flux at 11 hr may be somewhat underestimated.
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the same segment of a power-law spectrum (F, oc v~%), with a very reasonable value of
the optical to X-ray spectral slope for GRB afterglows, Gox & 0.7. This suggests that they
arise from the same physical region, and probably also from the same emission mechanism
(most likely synchrotron emission from the forward external shock, i.e. the afterglow; we
will consider other models in §2.3.4).

A late peak (t =~ 1 d) is unusual for an afterglow but not unprecedented. Most such
events are rebrightenings and not global maxima. The most prominent examples of this
have been long bursts, though some modest X-ray flaring has been observed in a few short
GRBs (Fox et al. 2005b; Campana et al. 2006), and notably the classification-challenged
GRB 060614 peaked in the optical band between 0.3-0.5 d. Without deep imaging before
our first Gemini exposure, we cannot constrain the nature of an optical afterglow in the
earliest phases of GRB 080503. However, it is clear that since this behavior is consistent
with that observed for at least some previous GRB afterglows, the observed light curve, like
the SED, is consistent with an afterglow model. The cause of this delayed peak, however,
remains an open question, which we will now turn our attention to.

The similar temporal behavior of the X-ray and optical flux around the observed peak
argues against a passage of a spectral break frequency (e.g., the typical synchrotron frequency
Vm passing through the optical) as the source of the late time peak in the light curve, and
in favor of a hydrodynamic origin. One possibility for such a hydrodynamic origin is the
deceleration time, tg... However, such a late deceleration time implies either an extremely
low initial Lorentz factor of the outflow, I'y, or an unreasonably low external density

ty -3 I\ ®
~ | —2 | Biios | —> 2.2
"o {42(14—2)5] ke ’51(100) (2:2)
I\ ®
~ 107 s | —= 2.3
k,is0,51 (100) (2.3)
I\~ ®
~ F iso -— 2.4
k7 751 (5'7) ( )

(see, e.g., Granot 2005; Lee et al. 2005a), where we have used tqe./(1 + 2) = 1 d.

An initial Lorentz factor of I'y 2 100 is typically required in order to overcome the
compactness problem for the prompt GRB emission. This would in turn imply in our case
an external density of n < 1071 em ™3 that is unrealistically low, even for the the intergalactic
medium (IGM). An external density typical of the IGM, nigy ~ 107% em™ would require
'y ~ 30. This may or may not be a strong concern in this case: the constraints on the
high-energy spectrum of the extended-emission component of short GRBs are not yet well-
established®, and it is not yet certain that existing compactness constraints apply to this
emission component, potentially allowing a lower minimum Lorentz factor than is required

8Note, however, that EGRET has detected high-energy emission including a ~ 1 GeV photon (Sommer
et al. 1994) in the extended prompt emission (lasting ~ 50 s) of the short (< 1s) GRB 930131 (Kouveliotou
et al. 1994).
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for SGRB initial spikes (Fermi has detected high energy emission up to ~ 3 GeV from the
short GRB 081024B, Omodei 2008) or for classical LGRBs.

An alternative hydrodynamic explanation for the late peak is if the afterglow shock
encounters a large and sharp increase in the external density into which it is propagating.
However, it would be very hard to produce the required rise in the light curve up to the
broad peak due to a sudden jump in the external density (Nakar & Granot 2007a) unless
a change in the micro-physical parameters accompanies the sharp density discontinuity (as
may occur inside a pulsar cavity inflated by one of the NSs in the precursor binary.) Below we
discuss other possible causes for such a broad and largely achromatic peak in the afterglow
light curve. The main features these models need to explain are the extremely low value of
Fx(11hr)/S,, and the late-time peak (a few days) in the afterglow light curve.

Off-axis jet: The bulk of the kinetic energy in the afterglow shock might not be directed
along our line of sight, and could instead point somewhat away from us. For such an off-axis
viewing angle (relative to the region of bright afterglow emission, envisioned to be a jet of
initial half-opening angle 6y) the afterglow emission is initially strongly beamed away from
us (this can be thought of as an extreme version of the “patchy shell” model — Kumar &
Piran 2000a; Nakar et al. 2003). As the afterglow jet decelerates the beaming cone of its
radiation widens, until it eventually reaches our line of sight, at which point the observed
flux peaks and later decays (Rees 1999; Dermer et al. 2000; Granot et al. 2002; Ramirez-Ruiz
et al. 2005). This interpretation can naturally account for the dim early afterglow emission
(without necessarily implying an extremely low external density), as well as the rapid decay
after the peak (if our viewing angle from the jet axis is Oops = 260y). The possibility of a
slightly off-axis jet is particularly intriguing given the fact that the initial spike is much fainter
relative to the extended emission in this event (and in GRB 060614, which also exhibits a
late light curve peak) than for most SGRBs; one may envision a unified short-burst model
in which the short-spike component of the prompt emission is beamed more narrowly than
the component associated with the extended emission. However, since a low circumstellar
density is no longer needed, there is no natural means of supressing the early afterglow that
should be created by the extended-emission associated component, and producing the large
ratio of the gamma-ray fluence and early-time X-ray afterglow flux would require that the
gamma-ray emission along our line of sight is bright and the gamma-ray efficiency is very
large (Eichler & Granot 2006). Regardless of whether the jet is seen off-axis, there is good
evidence that this GRB is significantly collimated, with a decay index o > 2 at late times
(t >3 d) in both the optical and X-ray bands.

Refreshed shock: A “refreshed shock” (Kumar & Piran 2000b; Ramirez-Ruiz et al.
2001; Granot et al. 2003) is a discrete shell of slow ejecta that was produced during the
prompt activity of the source and catches up with the afterglow shock at a late time (after
it decelerates to a somewhat smaller Lorentz factor than that of the shell), colliding with it
from behind and thus increasing its energy. This interpretation also requires a very large
gamma-ray efficiency, (e, 2 95%) corresponding to e,/(1 —€,) ~ 771;1 2 30. In this picture,
the sharp decay after the peak (at least as steep as ~ t=2) requires that the collision occur
after the jet-break time.
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The rather sparse afterglow data make it hard to distinguish between these options.
Nevertheless, the overall observed behavior can be reasonably explained as afterglow emission
in the context of existing models for afterglow variability.

2.3.4 Constraints on a Mini-Supernova

Under any scenario, the absence of a bright afterglow associated with GRB 080503,
together with the late-time optical rise, suggests that a substantial fraction of this event’s
energy may be coupled to trans- and non-relativistic ejecta. Non-relativistic outflows from
the central engine are sufficiently dense to synthesize heavy isotopes, which may power
transient emission via reheating of the (adiabatically cooled) ejecta by radioactive decay (Li
& Paczyniski 1998). Since at most ~ 0.1 Mg, is expected to be ejected from any short GRB
progenitor, the outflow becomes optically thin earlier and traps a smaller fraction of the
decay energy than for a normal SN; these “mini-SNe” therefore peak earlier and at fainter
magnitudes than normal SNe.

Current observational limits (Bloom et al. 2006f; Hjorth et al. 2005a; Castro-Tirado et al.
2005; Kann et al. 2011) indicate that any supernova-like event accompanying an SGRB would
have to be over 50 times fainter (at peak) than normal Type Ia SNe or Type Ic hypernovae,
5 times fainter than the faintest known SNe Ia or SNe Ic, and fainter than the faintest known
SNe II. These limits strongly constrain progenitor models for SGRBs. Unless SGRBs are
eventually found to be accompanied by telltale emission features like the SNe associated
with LGRBs, the only definitive understanding of the progenitors will come from possible
associations with gravitational wave or neutrino signals.

The most promising isotope to produce bright transient emission is **Ni because its
decay timescale of ~ 6 d is comparable to the timescale over which the outflow becomes
optically thin. Compact object mergers, however, are neutron rich and are not expected
to produce large quantities of Ni (Rosswog et al. 2003). Metzger et al. (2008a) estimate
that in the best cases only < 107 Mg, of Ni is produced by outflows from the accretion
disk. On the other hand, neutron-rich material may be dynamically ejected from a NS-NS
or a NS-BH merger. Its subsequent decompression may synthesize radioactive elements
through the r process, whose radioactive decay could power an optical transient (Li &
Paczynski 1998). Material dynamically stripped from a star is violently ejected by tidal
torques through the outer Lagrange point, removing energy and angular momentum and
forming a large tail. These tails are typically a few thousand kilometers in size by the end
of the disruption event. Some of the fluid (as much as a few hundredths of a solar mass) in
these flows is often gravitationally unbound, and could, as originally envisaged by Lattimer &
Schramm (1976), undergo r-process nucleosynthesis (Rosswog et al. 1999; Freiburghaus et al.
1999). The rest will eventually return to the vicinity of the compact object, with possible
interesting consequences for SGRB late-time emission. A significant fraction (~ 10-50%) of
the accretion disk that initially forms from the merger will also be ejected in powerful winds
(Lee et al. 2005b) from the disk at late times; this material is also neutron rich and will
produce radioactive isotopes (Metzger et al. 2009).
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In the case of GRB 080503, the amount (mass M) of radioactive material synthesized in
the accompanying SGRB wind necessary to provide the observed luminosity is constrained to
be (M/Mg)f ~ (1.5—1.8) x 1077 (2/1)%. A larger uncertainty is the value of f, which is the
fraction of the rest mass of the radioactive material that is converted to heat and radiated
around the optical near the peak of the light curve (~ 1-2 d). Generally f < 107* since
~ 1073 of the rest mass is converted to gamma-rays during the radioactive decay, only part of
the gamma-ray energy is converted to heat (some gamma-rays escape before depositing most
of their energy), and only part of mass in the synthesized radioactive elements decays near
the peak of the light curve (so that f can easily be much less than 10™%, but it is hard for it to
be higher than this value). We note here that the most efficient conversion of nuclear energy
to the observable luminosity is provided by the elements with a decay timescale comparable
to the timescale it takes the ejected debris to become optically thin (¢,). In reality, there is
likely to be a large number of nuclides with a very broad range of decay timescales. Current
observational limits thus place interesting constraints on the abundances and the lifetimes
of the radioactive nuclides that form in the rapid decompression of nuclear-density matter
— they should be either very short or very long when compared to ¢, so that radioactivity
is inefficient in generating a high luminosity.

Shown in Figure 2.11 are two different light-curve models for a Ni-powered mini-SN
from GRB 080503 calculated according to the model of Kulkarni (2005) and Metzger et al.
(2008a), based on two different assumptions about the burst redshift. Shown with asterisks
and triangles are the r-band and F606W band detections and upper limits from Gemini
and HST. The solid and dashed lines correspond to a low-redshift (z = 0.03) and high-
redshift (z = 0.5) model, respectively. Qualitatively, both models appear to be reasonably
consistent with the flux light curve. To reproduce the peak of the optical emission at ¢t ~ 1 d
as observed, a total ejected mass of ~ 0.1 M, is required in either case; to reproduce the
peak flux, the Ni mass required in the high- and low-redshift models is My; =~ 0.3 My and
2 x 1073 M, respectively. Since the former is unphysically large in any SGRB progenitor
model, a high-redshift event appears inconsistent with a mini-SN origin for the optical rise.

If GRB 080503 originates at very low redshift (z < 0.1), a mini-SN model would still
appear viable. However, most mini-SN models also predict that the spectrum should red-
den significantly with time and possess a negative spectral slope once the outflow becomes
optically thin after the peak at ¢ =~ 1 d; the HST detection in F606W and non-detections
in F814W and F450W at 5.35 d, however, suggest that the spectrum is approximately flat
at late times. While the detected optical emission may be attributed to a mini-SN type
of event, the expected spectrum in such a case is quasi-thermal, resulting in no detectable
emission in the X-rays. (Rossi & Begelman 2009 have proposed a fallback model in which
X-rays can rebrighten days or weeks after the event, but the luminosity is extremely low, and
to explain the Chandra count rate a very close distance of ~ 8 Mpc would be required; while
not excluded by our data, this is orders of magnitude closer than any known non-magnetar
short gamma-ray burst.) Therefore, the late X-ray detections a few days after the GRB are
most likely afterglow emission.



SECTION 2.4. (CONCLUSIONS 49

250 0.3
- Low-z model '
High-z model
—~ 26
g ~—~
\q‘; N 0.1§
3 1 3
< 270 o
S
=
F -0.03
28[ Q
| L
8 10

t (days)

Figure 2.11 Two AB magnitude (Oke 1974) light-curve models for a Ni-powered “mini-SN”
from GRB 080503, based on the model of Li & Paczynski (1998), Kulkarni (2005), and
Metzger et al. (2008a). The solid line indicates a model at z = 0.03 with a *Ni mass
~ 2 x 1073 My, total ejecta mass ~ 0.4 M, and outflow velocity ~ 0.1c. The dotted line is
for a pure Ni explosion at z = 0.5 with mass ~ 0.3 M, and velocity ~ 0.2¢. Also shown are
our r-band and F606W detections and upper limits from Gemini and HST.

2.4 Conclusions

The very same faintness which makes GRB 080503 so remarkable unfortunately also
makes it difficult to strongly constrain various physical interpretations of this event. However,
the combination of the extremely low limit on the afterglow-to-prompt fluence ratio shortly
after the burst and the lack of a coincident host galaxy provides strong evidence that this
burst exploded in a very low-density (possibly even intergalactic) medium.

This result has several important implications for the nature of SGRBs and of GRB
classification in general. For example, the interpretation of GRB 060614 (and whether it
groups more naturally with canonical SGRBs events like GRB 050724, canonical LGRBs like
080319B, or in a new class entirely on its own) is clarified somewhat. GRB 060614, despite
having a prompt-extended light-curve morphology (as well as negligible lag and no supernova
to deep limits) was (like GRB 080503) strongly dominated by extended emission but also
had a very long spike Tyy (5.5 s), on the extreme end of the short class. The initial pulse
of GRB 080503 was unambiguously short; furthermore, the faint afterglow and lack of host
galaxy both provide evidence that this event occurred in an environment quite unlike those
of canonical “long” GRBs. The existence of an apparent continuity between the appearance
of the light curves of GRB 060614 and GRB 080503 and more traditional short bursts (in
stark contrast to the bewildering diversity in the structure of longer GRBs) suggests that
they originate from the same or similar progenitors, in spite of the apparent diversity in
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environments and redshifts. The presence of bright extended emission in GRB 080503, and
the prompt-like behavior of its fading tail in the X-ray band, is a counterexample to the
inference that extended emission is an environment- or progenitor-correlated phenomenon
(Troja et al. 2008). We note again that in the vast majority of cases observed by Swift,
we cannot strongly constrain the presence of extended emission, and in only two events are
limits sufficiently deep to constrain the extended-to-spike fluence ratio to less than the value
observed for GRB 070714B.

This same result, however, may pose difficulties to the most popular model of short
GRBs: NS-NS or NS-BH merger events. The possibility that the luminosity of the extended
emission can exceed that of the initial spike by factors of 30 or more is problematic for a
merger, in which the majority of the accretion disk is expected to accrete within a viscous
timescale — not more than a few seconds (Rosswog 2007; Lee et al. 2004). This may
strengthen the case for alternative models, such as accretion-induced collapse (Vietri &
Stella 1999; Katz & Canel 1996; MacFadyen et al. 2005). On the other hand, the extremely
low circumburst density is much more consistent with a merger event with its possibility of
a natal kick than models such as accretion-induced collapse. One possible means of avoiding
this difficulty in a merger scenario (but which could also apply to other models) would be if,
for GRB 080503 and GRB 060614, the prompt spike were focused in a narrow jet seen nearly
off-axis while the extended emission were more widely beamed. Such a scenario could occur
in the case of compact object mergers if the relativistic jet is collimated by a neutrino-heated
baryon wind from the accretion disk at early times (Levinson & Eichler 2000; Rosswog et al.
2003), but the collimating effect of the wind become less effective at later times as the
neutrino flux and wind luminosity decreases.

The observed late peak in the optical light curve, which we suspected initially may have
been the signature of a Li-Paczynski supernova, is explained reasonably by other models.
The peak time of ~1 d is too long to be explained by the deceleration timescale, even for
a burst exploding into the extremely low-density intergalactic medium, unless the Lorentz
factor associated with the extended episode is also very low. However, an off-axis jet, or
alternatively a slower shell of ejecta that catches up with the initially very weak afterglow
shock and energizes it (a “refreshed shock”), could produce a rebrightening and a late peak.
A rather similar late peak has been observed before in several long bursts and in GRB 060614.
Some contribution to the afterglow from a mini-SN is not ruled out but is not necessary to
explain the available data.

Our failure to conclusively detect a mini-SN signature may also have significant ob-
servational implications. In spite of the “nakedness” of this event vastly suppressing the
late-time afterglow flux, any possible mini-SN that may have been associated with this event
was concealed by the late-time afterglow. Similar events in a higher-density environment
(such as a galactic disk) will have even brighter afterglows. If mini-SN phenomena exist in
nature, our observations suggest it will be extremely difficult to detect them over the glow of
the relativistic shock created by the burst itself. Our best opportunity is likely to lie in ob-
servationally and intrinsically faint events like GRB 050509B, whose weak gamma-ray signal
results from a low-energy flow insufficient to create a bright afterglow even in a relatively
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dense medium, but is bright enough for localization.
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Table 2.1: Prompt Emission Properties of Swift SGRBs and Can-

didate SGRBs

GRB ambiguous? z SEE/ Sspike
050509B N 0.2249 < 14.3
050724 N 0.258 2.64 4+ 0.49
050813 N 0.7227 < 3.64
050906  Y° - < 14.87
050911  Y"¢ 0.1646? 1.31+0.43
050925  Y“ - < 1.83
051105A N - < 8.06
051210  Y? 0.114? 2.72+1.33
051221A Y? 0.5465 < 0.16
051227  Y? - 2.87+0.677
060313 N - < 0.29
060502B N 0.2877 < 3.45
060801 N 1.131?7 < 1.84
060614  Y"e 0.125 6.11 +0.25
061006  Y? 0.4377  1.75+0.26
061201 N 0.111?7 < 0.71
061210 N 0.417 2.81 4+ 0.63
061217 N 0.827 < 3.81
070209 N - < 8.08
070429B N 0.904 <2.44
070714B N 0.92 0.477 £ 0.163
070724A N 0.457 < 4.24
070729 N - < 2.16
070731  Y" - < 1.37
070809  Y? 0.2197 < 1.37
070810B N - < 9.40
070923 N - < 5.96
071112B N - < 4.14
071227  Y® 0.383 1.56 + 0.49f
080503  Y° - 32.4145.7

%SGR flare in I1C 3287
bSpike Too > 1 s.

°Extended-emission episode is of much shorter duration than in all other events.

4S0ft event; in Galactic plane.

¢Fluence dominated by extended emission.
fSignificance of the extended emission is < 4o.
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Table 2.2: Optical and Near-IR Observations of the Counterpart

of GRB 080503*

tmid Exp. filter magnitude A flux telescope

(day)  (s) (A)  (uly)

0.00156 98 white > 20 3850 < 14.2 Swift UVOT
0.04083 180 r > 25.80 6290 < 0.204 Gemini-N GMOS
0.04916 800 g 26.76 £0.24 4858  0.089+0.018 Gemini-N GMOS
0.06250 800 r > 26.80 6290 < 0.0811 Gemini-N GMOS
0.05125 300 B > 26.00 4458 < 0.209 Keck I LRIS
0.05458 630 R > 25.60 6588 < 0.208 Keck I LRIS
0.07583 800 i > 26.80 7706 < 0.0779 Gemini-N GMOS
0.09000 800 z > 26.00 9222 < 0.161 Gemini-N GMOS
0.10125 360 g > 24.60 4858 < 0.650 Gemini-N GMOS
1.08333 1800 r 2548£0.16 6290 0.273+0.037 Gemini-N GMOS
1.97500 1620 r 25.65£0.19 6290 0.234+0.038 Gemini-N GMOS
2.09167 720 g 26.48£0.26 4858  0.115+0.024 Gemini-N GMOS
3.08333 2700 r 25.90£0.31 6290 0.186+0.046 Gemini-N GMOS
4.04583 2880 r 26.27£0.23 6290 0.132+0.025 Gemini-N GMOS
5.20833 2760 K > 22.47 21590 < 0.700 Gemini-N NIRI
5.35833 4600 F606W 27.01+0.20 6000 0.067+0.011 HST WFPC2
5.35833 2100 F450W > 26.9 4500 < 0.080 HST WFPC2
5.35833 2100 F814W > 26.8 8140 < 0.077 HST WFPC2
9.12917 4000 F814W > 27.1 6000 < 0.058 HST WFPC2
9.12917 4000 F606W > 28.0 6000 < 0.027 HST WFPC2

¢SDSS magnitudes are given in AB, while B and R are under the Vega system. K is relative to the
2MASS system (Cohen et al. 2003). Flux values given are corrected for foreground extinction (Eg_y = 0.06,

Schlegel et al. 1998) while magnitudes are uncorrected. Limits are 30 values.
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Chapter 3

GRB 071003: Broadband Follow-up
Observations of a Very Bright
Gamma-Ray Burst in a (Galactic Halo

An earlier version of this chapter was previously published as ApJ 688:470-490!.

Abstract

The optical afterglow of long-duration GRB 071003 is among the brightest yet to be
detected from any GRB, with R ~ 12 mag in KAIT observations starting 42 s after the GRB
trigger, including filtered detections during prompt emission. However, a high S/N ratio
afterglow spectrum displays only extremely weak absorption lines at what we argue is the
host redshift of z = 1.60435 — in contrast to the three other, much stronger Mg 11 absorption
systems observed at lower redshifts. Together with Keck adaptive optics observations which
fail to reveal a host galaxy coincident with the burst position, our observations suggest a halo
progenitor and offer a cautionary tale about the use of Mg 11 for GRB redshift determination.
We present early through late-time observations spanning the electromagnetic spectrum,
constrain the connection between the prompt emission and early variations in the light curve
(we observe no correlation), and discuss possible origins for an unusual, marked rebrightening
that occurs a few hours after the burst: likely either a late-time refreshed shock or a wide-
angle secondary jet. Analysis of the late-time afterglow is most consistent with a wind
environment, suggesting a massive star progenitor. Together with GRB 070125, this may
indicate that a small but significant portion of star formation in the early universe occurred
far outside what we consider a normal galactic disk.

LCopyright 2008, American Astronomical Society.
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3.1 Introduction

Concurrent observations of long-wavelength afterglow and ongoing gamma-ray burst
(GRB) activity should, in principle, yield important constraints on the nature of the physical
processes of the emission (e.g., Kobayashi 2000). However, as a GRB typically lasts less than
100 s, it is challenging for large ground-based optical/infrared follow-up facilities to react
to a GRB alert quickly and take data during the prompt phase. Multi-color observations,
which provide vital information on the emission mechanism, are even more difficult to obtain
during the prompt phase because of the added overhead associated with changing filters.
Nevertheless, due to the coordinated efforts of recent space missions (HETE-II, Ricker et al.
2003; Swift, Gehrels et al. 2004) to detect GRBs and various ground-based optical follow-up
programs, observations during the prompt phase of GRBs are no longer uncommon — the
optical afterglows (OAs) of several dozen GRBs have been observed (e.g., Akerlof et al. 1999;
Vestrand et al. 2006; Yost et al. 2007) during gamma-ray emission, and multi-color optical
data have been obtained in a handful of cases (e.g., Blake et al. 2005; Nysewander et al.
2009b).

Observations of GRBs in the past several years have also revealed a rich demography
in OA behavior. Some OAs have monotonic power-law decays (e.g., Li et al. 2003b; Laursen
& Stanek 2003), while others have plateau (e.g., Rykoff et al. 2006) and rebrightening (e.g.,
Wozniak et al. 2006) phases. Even among GRBs with relatively simple behavior, however,
short-timescale features not predicted in the basic shock models often appear in sufficiently
well-sampled data. Various modifications to the standard picture have been proposed to
explain such observations, including the presence of a jet with single (e.g., Sari et al. 1999) or
multiple (e.g., Berger et al. 2003b) components, refreshed shocks (Zhang et al. 2006), central
engine activity (Kocevski et al. 2007b; Chincarini et al. 2007), gravitational microlensing
(Garnavich et al. 2000), and density irregularity in the GRB environment (Holland et al.
2003). Observationally, constraints on the change in the afterglow color and the spectral
energy distribution (SED) play an important role in limiting the viability of models for a
particular GRB.

The question of the nature of the GRB itself is intimately tied to the question of its
environment and origins. At intermediate to late times, spectroscopy of the afterglow (e.g.,
Prochaska et al. 2007a; D’Elia et al. 2007) and deep imaging of the host environment (e.g.,
Bloom et al. 2002; Fruchter et al. 2006) can help establish the nature of the GRB’s progenitor
and environment, connecting what we learn about the burst itself to the larger question of
its origins and place in the early universe.

In this Chapter, we report on our photometric and spectroscopic observations of
GRB 071003 with various telescopes from the prompt phase to late times. In §2 we describe
the observations, and in §3 we present the reductions. The analysis of the light curves and
the constraints on the changes in the colors and SEDs are given in §4. The conclusions,
including the implications of the extremely unusual spectrum of this event, are discussed in
§5. We assume H, = 71 km s~! Mpc™t, Qy = 0.3, and Q4 = 0.7 throughout.



SECTION 3.2. OBSERVATIONS 56

3.2 Observations

3.2.1 BAT/XRT Observations

On 2007 October 3, 07:40:55 UT (defined as t = 0 in this Chapter; UT dates are used
throughout), a bright GRB triggered the Burst Alert Telescope (BAT) onboard the Swift
satellite. The first GCN notice was distributed within 16 s. Unfortunately, Swift was still
returning to normal observations after its 2007 August gyro failure, but it did slew to the
position after 22 ks and began observations using the X-Ray Telescope (XRT).

We downloaded the Swift BAT and XRT data from the Swift Archive? and quicklook
data site.> The XRT and BAT spectra were fitted using ISIS*.

The XRT data were processed with version 0.11.4 of the xrtpipeline reduction script
from the HEAsoft 6.3.1° software release. We employ the latest (2007 December 4) XRT
calibration files. Our reduction of XRT data from cleaned event lists output by xrtpipeline
to science-ready light curves and spectra is described in detail by Butler & Kocevski (2007b).
We use the latest calibration files from the 2007 September 24 BAT database release. We
establish the energy scale and mask weighting for the BAT event mode data by running
the bateconvert and batmaskwtevt tasks. Spectra and light curves are extracted with the
batbinevt task, and response matrices are produced by running batdrmgen. To produce
the BAT spectra, we apply the systematic error corrections to the low-energy BAT spectral
data as suggested by the BAT Digest Web siteS, and fit the data in the 15-150 keV band.
The spectral normalizations are corrected for satellite slews using the batupdatephakw task.

The burst exhibits one dominant emission episode of duration dt ~ 30 s, followed by a
minor pulse ~ 150 s later of duration ~ 20 s. The total duration is Tyy = 1484+ 1's, 7 placing
it clearly into the long GRB class. The primary pulse is resolved into multiple pulses. The
gamma-ray light curve is shown in Figure 3.1, overplotted with early-time photometry from
KAIT and P60 (discussed in §3.2 and §3.5, respectively).

The time-integrated BAT spectrum from ¢ = —10.3 to t = 169 s is acceptably fitted
(x%/v = 47.64/55, where v is the number of degrees of freedom) by a power-law model, with
photon index o = —1.3 £ 0.1 and energy fluence S, = (1.7 £ 0.1) x 107° erg cm™2 (15-350
keV). The main emission episode (t = —1.4 s to t = 22.8 s) is harder (o = —1.08 £ 0.03,
S, = (1.51£0.03) x 1075 erg cm ™2, x*/v = 56.71/55), while the final pulse (¢ = 131-169 s)
is softer (¢ = —1.8 £ 0.2, S, = 1.2753 x 1075 erg em ™2, x?/v = 41.15/55).

X-ray observations with the XRT began 6.2 hr after the BAT trigger. The X-ray light
curve measured until ¢ ~ 5 x 10° s is well fitted by a power-law time decay ¢~ 163093 The
time-integrated spectrum is well fitted (y?/v = 48.47/54) by an absorbed power-law model

2ftp://legacy.gsfc.nasa.gov/swift/data
Shttp://swift.gsfc.nasa.gov/cgi-bin/sdc/ql
“http://space.mit.edu/CXC/ISIS
Shttp://heasarc.gsfc.nasa.gov/docs/software/lheasoft/
Shttp://swift.gsfc.nasa.gov/docs/swift/analysis/bat\_digest.html

7All uncertainties quoted in this Chapter are 1o, except where specified otherwise.
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Figure 3.1 Light curve from the Swift BAT of GRB 071003, with optical photometry from
KAIT and P60, and the optical light curve model discussed in Section 4.3, overplotted. The
GRB is dominated by a complicated, spiky emission episode in the first 30 s, but a pulse is
also observed much later, at 150 s. Optical data points (all from KAIT, except one R-band
measurement from the P60), by contrast, show a power-law decay at early times followed by
a slow-rising “bump.” Here the V' and [ filtered observations have been offset to match the
R and unfiltered points based on the relative colors at 2000 s.
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[photon index T' = 2.14 £ 0.12, unabsorbed Fx = (5.8 &+ 0.4) x 107'% erg cm™2 s™!]. The
equivalent H column density, Ny = (2.240.4) x 10*! ecm ™2, is marginally consistent with the
expected Galactic column density in the source direction, Ng = 1.1 x 10?* cm™2 (Dickey &
Lockman 1990). Examining the X-ray hardness ratio (e.g., Butler & Kocevski 2007a), there
is no evidence for spectral evolution during the XRT observation.

3.2.2 KAIT Observations

The Katzman Automatic Imaging Telescope (KAIT) is a 0.76-m robotic telescope at
Lick Observatory that is dedicated to searching for and observing supernovae and monitor-
ing other variable or ephemeral celestial phenomena. It is equipped with a Finger Lakes
Instrument (FLI) ProLine PL77 back-illuminated CCD camera having a resolution of 0”8
pixel™! and a total field of view (FOV) of ~ 6/8 x 6!8. More information on KAIT can be
found in Li et al. (2000), Filippenko et al. (2001), and Filippenko (2005), while the KAIT
GRB alert system is described in detail by Li et al. (2003b). Notable KAIT observations of
GRBs include GRB 021211 (Li et al. 2003a), GRB 051111 (Butler et al. 2006), GRB 060210,
and GRB 080319B (Bloom et al. 2009).

Several improvements have been implemented for the KAIT GRB alert system since
the description given by Li et al. (2003b). An FLI PL77 camera has replaced the Apogee
AP7 camera, offering a much faster readout time (1.2 s for FLI vs. 11.0 s for Apogee).
A new feature has been incorporated into the software so the system can easily terminate
an ongoing exposure in preparation for the GRB response sequence. Most importantly, a
real-time image-processing pipeline has been developed to compare the KAIT images to
archival Digital Sky Survey (DSS) images to identify new objects. Astrometry solutions are
derived for the KAIT images by matching the detected objects to the USNO B1 catalog
(Monet et al. 2003), providing coordinates to any new objects to a precision of ~0”.2. Point-
spread-function (PSF) fitting photometry is also performed on new objects, and calibrated
to the red magnitudes of the stars in the USNO B1 catalog. The image-processing results
are displayed in real time on a website.®

For GRB 071003, the KAIT GRB alert program received the GCN socket notice at
t = 16 s. The system immediately terminated the ongoing supernova search program and
began to slew the telescope to the GRB position. After slewing from close to meridian to an
hour angle of 4.2 hr, a sequence of 5x5 s unfiltered images began at ¢t = 42 s. KAIT then
switched to a sequence that alternated with 20 s V', I, and unfiltered images. Finally, the
sequence converted to 20 s I and unfiltered images. Because of the physical west hour angle
limit of 4.7 hr, KAIT only finished part of this pre-arranged sequence. In total, 56 images
were obtained in the V', I, and unfiltered passbands from t = 42 to 1628 s, with full width
at half-maximum intensity (FWHM) of ~3".

Visual inspection of the image-processing results revealed a true new object, measured
at 12.8 mag at a position of a = 20"07"24%.12, § = +10°56'51".8 (equinox 2000.0; approx-

8http://hercules.berkeley.edu/grbdata/grbfinder.gif
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t=42-47s

Figure 3.2 Sequence of KAIT images for the OA of GRB 071003. An 80" x 80" section is
shown for the first and fifth unfiltered 5 s images and for a 20 s unfiltered image that started
at t = 431 s. The OA is the central object in the circles. It is well detected in the early
images and rapidly fades. The image quality is poor owing to the very high airmass of the
object.

imate 1o astrometric uncertainty 0”.3). Our candidate OA was subsequently confirmed by
observations from the automated Palomar 60-inch (1.5 m) telescope (P60). Figure 3.2 shows
a sequence of the KAIT images for the OA of GRB071003. An 80" x 80" section is shown for
the first and fifth unfiltered 5 s image and a 20 s unfiltered image that started at ¢t = 431 s.
As seen in Figure 3.2, a bright (R =~ 11 mag) foreground star is located 6”.5 west of the
OA of GRB 071003. As discussed in §3, the presence of this bright star complicates the
photometry for the OA, and various methods have been used to minimize its contamination.

3.2.3 P60 Observations

The Palomar 60-inch telescope (P60; Cenko et al. 2006h) automatically responded to
the Swift trigger for GRB 071003, beginning a pre-programmed sequence of observations at
07:43:51 UT (176 s after the trigger). Observations were taken in the Kron R, Sloan ¢ and
Z', and Gunn g filters at large airmass (> 2.5). Individual images were reduced in real time
by our automated reduction pipeline; the source is clearly detected in all four filters.

A second epoch of observations was manually scheduled for the night of UT October
4. In an attempt to lessen the contamination of the nearby bright saturated star, these
observations were taken in the Johnson V-band filter in relatively short (30 s) exposures. A
sequence of 30 images was obtained.



SECTION 3.2. OBSERVATIONS 60

3.2.4 AEOS Observations

The 3.6-m US Air Force Advanced Electro-Optical System (AEOS) telescope, located
at the Maui Space Surveillance System on Haleakala®, observed the OA of GRB 071003 with
the AEOS Burst Camera (ABC, Flewelling-Swan et al. 2006). ABC has a back-illuminated
2048 x 2048 pixel EEV chip, with a scale of 0”.189 pixel ™! and a FOV of ~ 6/5 x 6'5. Because
there is no direct internet access to AEOS, after Swift detected the GRB, a FAX alert was
automatically sent to the AEOS control room, to initiate a series of Target-of-Opportunity
(ToO) observations.

The AEOS observations of GRB 071003 are all unfiltered 10 s exposures. The first batch
of images started at ~9 minutes after the BAT trigger, and 238 images were observed until
t ~ 83 minutes, all with very good image quality (FWHM = 0”.9). The second batch of
images started at ¢ ~ 205 minutes, and 56 images were observed until ¢ ~ 222 minutes. Due
to the large airmass for these observations and the degraded seeing conditions, however, the
images have rather poor quality. We have tried various methods to measure the brightness
of the OA in these images but failed. Accordingly, only the first batch of 238 images is
analyzed in this study.

3.2.5 Keck I/Gemini-S observations

In response to the detection of the OA of GRB 071003, we organized a campaign to
obtain spectroscopy and late-time photometry with the 10-m Keck I and the 8-m Gemini-S
telescopes. At t =~ 2.6 hr, we attempted to observe the OA with the HIRES spectrograph
at Keck I, but the data are of poor signal-to-noise ratio (S/N) and no obvious lines were
detected. Just before the HIRES spectroscopy started, we also obtained guider images for
the OA, providing important photometric coverage during a gap in the photometry obtained
elsewhere (see §3.4). The guider images have a scale of 0”.37 pixel ™ with a FOV of 53".5 x
71".3.

On 2007 October 4, we observed the GRB 071003 OA with the Low Resolution Imaging
Spectrometer (LRIS; Oke et al. 1995) on Keck I. Anticipating significant fading of the OA,
a series of deep 300 s images was taken with the g and R filters under excellent seeing
conditions (FWHM = 0”.5). Inspection of the images reveals that the OA was still bright
and saturated in most of the images. Consequently, only a single image in each of the g and
R bands, where the OA is not saturated, is analyzed in this study. LRIS uses a beamsplitter
to separate the light between two arms, red and blue. Both the blue and red cameras have
a usable FOV of ~ 6/0 x 7/8. The red camera used a back-illuminated Tek 2048 x 2048 pixel
chip with a scale of 0”.215 pixel™!, while the blue camera has a mosaic of two 2048 x 4096
pixel Marconi chips with a scale of 0”.135 pixel L.

Encouraged by the brightness of the OA, we also performed LRIS spectroscopy of the
OA. A detailed analysis of the spectroscopic observations is presented in §3.5.

9Based on data from the Maui Space Surveillance System, which is operated by Detachment 15 of the
U.S. Air Force Research Laboratory’s Directed Energy Directorate.
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We performed more LRIS imaging for the OA of GRB 071003 on 2007 October 8, 9,
10, 11, and 15, using various combinations of u, g, V', and R filters. The presence of the
very bright star presents a significant challenge to extracting useful data on the OA, as its
diffraction spikes change positions and intensity according to the time and seeing conditions
of the observations. Unfortunately, observations on 2007 October 8 were adversely affected
by diffraction spikes and poor seeing, and were not usable. The data taken on 2007 October
15 are seriously affected by clouds, and do not provide an interesting limit to the brightness
of the OA, so they are not used in this study.

We also triggered our TOO program (GS-2007B-Q-2; PI H.-W. Chen) for GRBs with
the Gemini-S telescope and obtained g-, -, i-, and z-band images with the GMOS camera
on 2007 Oct. 5 and 6. The GMOS camera is equipped with three back-illuminated EEV
2048 x 4608 pixel chips. For our observations, the camera is used in a 2x2 binning mode
with a scale of 0”.146 pixel ! and a FOV of ~5.5x5".5. Unfortunately, the 2007 October
5 images are badly affected by bleeding from the very bright star and are not used in this
study.

As part of the efforts to follow the evolution of the OA of GRB 071003, we also performed
adaptive optics (AO) observations with Keck I on 2007 October 19. The details of the AO
observations can be found in §3.6.

3.2.6 Radio Observations

GRB 071003 was observed with the Very Large Array (VLA)! on various occasions.
We made the observation in the B configuration array. We used VLA source 19504081 as
phase calibrator for 4.86 GHz (C) band observations and 20014104 for 8.46 GHz (X) band
observations. The data were analyzed using standard data reduction routines of the Astro-
nomical Image Processing System (AIPS). The first observation took place on 2007 October
5 in the X band with flux density of 393 £ 55 pJy. Since then we made six observations in
the X band and three observations in the C band (Table 3.1).

3.3 Data Reduction

The bright star in the neighborhood of the OA of GRB 071003 makes it a challenge to
measure reliable photometry from the data described in §2. In this section we describe the
methods used to minimize its contamination.

3.3.1 Photometric Calibrations

For photometric calibrations, the field of GRB 071003 was observed in B, V|, R, and [
on two photometric nights (2007 October 7 and 8) at Lick Observatory, using both KAIT

10The NRAO is a facility of the National Science Foundation, operated under cooperative agreement by
Associated Universities, Inc.
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and the Lick Nickel 1-m telescope. About a dozen Landolt standard-star fields (Landolt
1992) were observed at different airmasses throughout each photometric night. Photometric
solutions to the Landolt standard stars yield a scatter of ~0.02 mag for all the filters. The
GRB 071003 field was also observed for several sets of BV RI images with different depth
on both nights. The photometric solutions are used to calibrate a set of local standard stars
in the GRB 071003 field. Because the GRB 071003 field is quite crowded, the number of
calibrated local standard stars is large, and the local standard stars in the field of GRB
071003 are well calibrated, with standard deviation of the mean (SDOM) of ~0.01 mag for
all the BV RI bands. We refer to this calibration as the “Lick calibration” throughout the
rest of the Chapter.

Several Landolt standard-star fields were also observed with LRIS at Keck I: in the
u, g, and R bands on 2007 October 9, and in the V' band on 2007 October 11. As the
number of the observed standard-star fields is small, it is not possible to derive a complete
photometric solution for either night. Since the GRB field was observed at similar airmasses
with some of the standard-star fields, we can treat the LRIS filters as standard and derive
the magnitudes for the local standard stars via differential photometry. Unfortunately, this
procedure suggests that the 2007 Oct. 9 night was not photometric, as different standard-
star observations yield somewhat different zero points. The 2007 October 11 night was
photometric, but only the V-band standard stars were observed.

We elected to use the Lick calibration as the foundation for all the photometric cali-
brations, except in the case of the u band. The Lick-calibrated magnitudes are in BV RI,
and can be reliably converted to the g, r, and ¢ bands using color transformation equations
(Jester et al. 2005). The conversion to the z band (Rodgers et al. 2006) is somewhat prob-
lematic, and as a result we adopt a relatively large uncertainty for the converted magnitudes.
For the u band, only two standard-star fields were observed with LRIS on 2007 Oct. 9, and
they give a difference of 0.30 mag in the zero points. We chose to calibrate the GRB 071003
field with the standard-star field that is closer in time of GRB observation, but we added
an uncertainty of 0.30 mag to all the calibrated magnitudes. We note that the true error for
the u-band calibration may be higher than 0.30 mag due to the nonphotometric conditions
on 2007 October 9.

3.3.2 KAIT Data Reduction

The KAIT data were automatically processed with bias and dark current subtraction
and flat-fielding. The PSF of the OA is seriously affected by the bright star which is less than
10 pixels away in the KAIT images. Consequently, normal PSF-fitting photometry cannot
fit the peak and background of the OA simultaneously to produce a reliable measurement.

We use image subtraction to remove the contamination of the bright star. To generate
template images for subtraction, KAIT imaged the GRB 071003 field in the unfiltered mode
and in the V and [ filters for the next several nights after the burst. To make sure the bright
star is not saturated, short (5 s) exposures were used, and 50-100 images for each filter were
acquired to ensure high S/N in the combined images. As discussed in §4, the GRB OA was
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Figure 3.3 Illustration of using image subtraction to remove the contamination of the bright
nearby star to the OA of GRB 071003. The KAIT image subtraction code is demonstrated
here. (a) An 80" x 80” section of the original 20 s unfiltered KAIT image of the OA taken
at t = 431 s; (b) the same section after image subtraction of the central 50” x 50" using an
unfiltered template image after the OA has faded; (¢) an 80" x 80" section of the combined
unfiltered AEOS image at ¢ = 5002.6 s; and (d) the same section after image subtraction of
the central 30” x 30” using a hand-made template image. See text for more details.

still reasonably bright in the second night after the burst, so we used the images obtained
at 4-6 days after the burst as the template for the field without significant OA contribution.
Our image subtraction code is based on the ISIS package (Alard & Lupton 1998) as modified
by B. Schmidt for the High-z Supernova Search Team (Schmidt et al. 1998). An illustration
of the image subtraction is presented in the top panels of Figure 3.3.

The Lick calibration was used to transform the KAIT instrumental magnitudes to the
standard Johnson V and Cousins I passbands, with proper color terms measured from the
photometric nights. We also find that the combination of the KAIT optics and the quantum
efficiency of the FLI CCD camera makes the KAIT unfiltered observations mostly mimic the
R band. During the two photometric nights, unfiltered observations of the Landolt standard-
star fields were also performed. Analysis of these images indicates that the KAIT unfiltered
magnitudes can be effectively transformed to the R band, with a relatively large color term
and an rms of ~0.05 mag, similar to the earlier results we reported (Li et al. 2003b,a; Butler
et al. 2006).

To increase the S/N, the late-time KAIT images of GRB 071003 were combined into
groups of three to eight images. The final KAIT photometry for the GRB 071003 OA
is listed in Table B.2 in the Appendix (along with all other photometry for this event).
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Figure 3.4 Early-time light curve of the optical afterglow of GRB 071003 using KAIT pho-
tometry, supplemented by observations from P60 and AEOS. The gamma-ray light curve
from the BAT is overplotted in gray (scaled arbitrarily). A clearly additive “bump” at 100—
500 s is apparent. Photometric follow-up observations continued after 2000 s with P60 and
AEOS, as well as with Gemini and Keck in subsequent nights; the complete 16-day optical
light curve is presented in Figure 3.9.

The reported error bars are the uncertainties in PSF-fitting photometry and those in the
calibration process, added in quadrature. A plot of the KAIT photometry, along with
measurements from other telescopes during the same timespan (with BAT data overplotted
and fitted by a chromatic model described in § 4.3) is presented in Figure 3.4.

3.3.3 AEOS Data Reduction

The ABC images were processed using dark subtraction only. Because of highly variable
stray light and vignetting, we did not apply a flat field to these images. We used SExtractor
(Bertin & Arnouts 1996) to find all the sources in the images, from which we were able to
determine the astrometry.

We employed the NN2 flux difference method (Barris et al. 2005; hereafter the NN2
method) for constructing the AEOS light curve. The NN2 method also uses image subtrac-
tion to measure the fluxes for a variable source, but it does not designate one particular image
as the template. Instead, given N total observations, the NN2 method solves for the vector
of fluxes from the individual images using the antisymmetric matrix of flux differences from
the N (N —1)/2 distinct possible subtractions. Compared to the template image subtraction
method, the NN2 method takes all the available information from the images into account,
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and is less susceptible to possible noise associated with a single template image. To avoid a
large number of image subtractions, we combined the original 238 AEOS observations into
39 images. For the first 228 images, each set of six consecutive images is combined into one.
The last 10 images are combined into a single image. We compared the results from the NN2
method to those from a traditional template image subtraction method (bottom panels of
Figure 3.3) and found them to be consistent with each other.

To calibrate the AEOS data to the standard photometry system, we used the KAIT
R-band data during the overlap period and assume that the unfiltered AEOS data have no
color term to the R band.!! The reported error bars are only those output by the NN2
method, and do not include a possible large systematic error due to calibration. If the
throughput of the AEOS telescope in the unfiltered mode is not drastically different from
that of KAIT, we estimate the systematic error to be ~0.07 mag when the GRB OA was
bright (¢ < 20 minutes), and ~0.15 mag when the GRB became faint (£ > 40 minutes). The
systematic errors can be much higher if the unfiltered throughput is very different for the
two telescopes.

3.3.4 Keck I/Gemini-S Data Reduction

Due to the large aperture of the Keck I and Gemini-S telescopes, the bright star close
to the GRB 071003 OA produces numerous diffraction spikes, as well as two large blooming
spikes along the readout direction. Because the orientation, width, and intensity of the spikes
change with the seeing conditions, the exposure duration, and the time of the observations, it
is difficult to cleanly remove them using the template image subtraction or the NN2 method.
However, due to the high resolution of these images, the spikes are well sampled and show
distinct axial symmetry. We developed a saturation spike subtraction method, in which we
divide the image of the bright star in half, flip the right side, and subtract it from the left
side. Due to the symmetry in the spikes, this subtraction process leaves a reasonably clean
region around the GRB OA. PSF-fitting photometry was then performed on the GRB OA in
the spike-subtracted images, and on a series of local standard stars. The Lick calibration is
used to calibrate the Keck I and Gemini-S instrumental magnitudes to the standard system.

The final Keck I and Gemini-S photometry is reported in Table B.2. The error bars
of the magnitudes are the uncertainties from the PSF-fitting photometry and those in the
calibration process added in quadrature. One special data point is the Keck I HIRES guider
image at t = 9523.7 s because it bridges the early KAIT/AEOS data to the late-time Keck I
and Gemini-S observations. The GRB OA was well detected in the guider image, but because
the image has a small FOV and is unfiltered, photometric calibration becomes particularly
difficult.

We have used three methods to calibrate the measured instrumental magnitude of the
OA after the guider images were processed with the saturation spike subtraction method:

1We attempted to quantify the color term of the unfiltered AEOS data to the standard R system using
the local standard stars in the field of GRB 071003, but found no apparent correlation between the scatter
of the (unfiltered — R) differences versus the colors of the stars.
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differential photometry between the AEOS unfiltered data and the guider images, photo-
metric calibration to about half a dozen stars in the HIRES guider images using the KAIT
unfiltered images, and photometric calibration to these stars using the Keck I R-band im-
ages. The measured R-band magnitudes from these three methods show a scatter of ~0.25
mag, and their average value and uncertainty are listed in Table B.2.

3.3.5 P60 Data Reduction

The P60 data reduction is presented in this section because it employs several methods
(illustrated in Figure 3.3) discussed earlier in the Chapter. We obtained template images
for the field after the OA of GRB 071003 has faded. However, the saturation spikes of the
bright star close to the GRB ruined the template images in the R and ¢ bands, so we were
only able to run image subtraction for the data in the g and 2z’ bands. We also employed
the saturation spike subtraction methods as described in §3.4. Although P60 does not have
the resolution of the Keck I and Gemini-S telescopes, subtraction of half of the saturation
spikes helped to clean up the background of the OA considerably.

We also applied a third method to reduce the P60 data. Due to the richness of stars in
the GRB 071003 field and the large field of view of the P60 camera (12".9 x 12".9), we were
able to pick a star that is close in brightness (within 0.1 mag in all filters) and thus has similar
saturation spikes to the bright star close to GRB 071003. The chosen star is located at «
= 20"07™14%.84, 6= +10°53'59".8 (equinox J2000.0), which is 136”.7 west and 172”.0 south
of the GRB 071003 OA. By slightly scaling the PSF of this bright star and subtracting it
from the star close to the GRB, we were able to largely remove the complicated background
around the GRB OA.

PSF-fitting photometry is applied to the images after different ways of image subtrac-
tion, and the Lick calibration is used to calibrate the instrumental magnitudes into the
standard system. The final photometry from the P60 data is listed in Table B.2, which is
the average of the spike and bright star subtraction methods. The results from the template
image subtraction method are not considered because the method can only be applied to a
subset of filters, but they are consistent with the other two methods within measurement
uncertainties.

3.3.6 Keck AO Data Reduction

On 2007 October 19 (starting at UT 05:14) we observed the GRB 071003 OA with the
NIRC2 (Van Dam et al. 2004) narrow-field camera (0”.01 pixel™') on Keck IT using natural
guide star adaptive optics (NGS AO). While the extremely bright nearby star greatly com-
plicated the optical analysis, it was ideal to be used as the natural guide star during NGS
AO imaging. We took 15 science exposures, each of 60 s and 2 coadds, resulting in a total
integration time of 30 minutes. The images were reduced using standard techniques, includ-
ing dark subtracting, flat fielding, and filtering for deviant pixels. Each frame was dewarped
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Figure 3.5 NGS AO image of the GRB 071003 field taken with Keck II on 2007 October 19,
16 days after the burst. The FOV is approximately 12” x 10”. The afterglow is well detected
with K’ = 21.58 + 0.03 mag. No host-galaxy emission is detected.

using the recommended method for NIRC2, and the resulting images were registered to a
common origin and combined.

The GRB OA is well detected 2 weeks after the burst, as shown in the final combined
image in Figure 3.5. To measure the brightness of the OA, we created a model of the
PSF using short-exposure, unsaturated images of a nearby Two Micron All Sky Survey
(2MASS) star (K = 12.011 4 0.024 mag, d = 7.8"), taken immediately prior to the science
exposures. We then subtracted this model PSF from the OA. With the same 2MASS star
as the photometric calibrator, we measure the OA to have K’ = 21.65 4+ 0.10 Vega mag.
(Galactic reddening of Agxs ~ 0.05 mag is negligible along this sightline and has not been
applied.)

3.3.7 Keck LRIS Spectroscopy Reduction

We obtained low-resolution optical spectroscopy of the optical afterglow of GRB 071003
on 2007 October 4.335 using the LRIS on the Keck I telescope. A pair of 600 s dithered
exposures was taken under clear conditions at airmass 1.2 with 0.6” seeing. We used both
the blue and red arms of LRIS, with the light split by the D680 dichroic. The 300,/5000
grism on the blue side gave a spectral resolution of 8.4 A over the range 3300-6500 A. We
used the 600/10000 grating to achieve 4.1 A resolution over the range 6500-8630 A. The
spectrophotometric standard star Feige 110 (Stone 1977) was observed the following night in
the same setup. Intermittent clouds were present the night of the standard-star observation,
so the absolute flux scale is unreliable.
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Figure 3.6 Spectrum of the GRB 071003 afterglow covering the full observed spectral range.
The spectrum has been flux-calibrated and corrected for Galactic reddening of E(B — V) =
0.148 mag. The inset shows an expanded view of the region surrounding the Fe and Mg
absorption system at the burst redshift. A power-law continuum was fitted to the regions
of the spectrum shown in green, chosen to avoid strong absorption lines and the wavelength
range contaminated by second-order blue light. The thick solid blue line shows the resultant
fit (fy oc A3 or f, oc v7087)) but it differs in slope from our more reliable fit to the
broadband photometry; thus, it is used only to normalize the spectrum.

The long, 1.0”-wide slit was oriented at a position angle of 10° for the afterglow ob-
servations, which was not the parallactic angle (Filippenko 1982). However, the Cassegrain
Atmospheric Dispersion Compensator module (Phillips et al. 2006) was mounted, so the
derived spectral shape should be reliable. The exception is in the spectral range of 6000
6500 A, where second-order blue light contamination is prominent in the spectrum of the
standard star. An attempt was made to correct for the contamination, but the spectral
slope in this section is more uncertain than in the rest of the spectrum. We also fitted an
extinction-corrected power law to the flux-calibrated spectrum (excluding line and second-
order contaminated regions) in an attempt to estimate the spectral slope, but the estimated
slope of f, oc v~ 987 differs significantly from the spectral slope estimated from multi-band
late-time photometry (§4.7). This may be due to continuum contamination from the nearby
star in the spectrum (which is difficult to properly remove), so we do not further consider
this spectroscopic spectral index.

The largely featureless spectrum (Figure 3.6) has a S/N > 5 pixel ' down to ~3500 A.
There is no apparent absorption by the intergalactic medium at these wavelengths, yielding
an upper limit to the redshift of the burst of zgrp < (3500/1216) — 1 = 1.88. Numerous
metal-line absorption lines (but no emission lines) are visible in the spectrum. We have fitted
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the equivalent widths of all 2 5o features in the normalized spectrum using a Gaussian profile
and report the rest-frame values in Table 3.2.

We previously presented (Perley et al. 2007¢e) analysis of this spectrum, identifying Mg 11
absorption systems at z = 0.372 and z = 1.100. A VLT spectrum acquired the same night
(Fugazza et al. 2007) identified a third absorption system at z = 0.937, which is confirmed by
our observations. These are the only strong absorption systems in the data, and previously
we considered it likely that the z = 1.100 system originated from the host galaxy (Figure
3.7). Surprisingly, however, a more thorough investigation revealed a fourth, weak absorption
system at a higher redshift of z = 1.604 (Figure 3.8). Contrary to our expectation, the gas
at this redshift has the weakest Mg 11 absorption of the four systems.

This is remarkable: absorption lines associated with GRB environments are generally
very strong with rest-frame equivalent widths exceeding several angstroms (Savaglio et al.
2003; Prochaska et al. 2008a). Figure 3.7 also indicates, however, the presence of fine-
structure Fe 11 transitions at this redshift. With the exception of active galactic nucleus
environments, these transitions have only been identified in gas surrounding the GRB phe-
nomenon (Prochaska et al. 2006a). These transitions are excited by the GRB afterglow itself
through indirect ultraviolet pumping (Prochaska et al. 2006a; Vreeswijk et al. 2007) of gas
in the interstellar medium (ISM) of the host galaxy. Altogether, the coincidence of (1) the
absence of any higher-redshift absorption systems in our spectrum, (2) the positive detection
of fine-structure Fe 11 transitions, and (3) the absence of intergalactic medium absorption at
A > 3500 A establishes z = 1.604 as the redshift of GRB 071003.

It might seem unusual to have detected fine-structure Fe 11 transitions in such a late-
time spectrum (¢ &~ 24.3 hr). Because the lines are excited by the GRB afterglow, they
will decay as the afterglow fades on hour-long timescales (Dessauges-Zavadsky et al. 2006;
Vreeswijk et al. 2007; D’Elia et al. 2009a). The presence of fine-structure transitions in our
spectrum, however, is consistent with the late-time rebrightening of GRB 071003 provided
that the gas lies within a few kiloparsecs of the GRB. In Figure 3.8 we present a velocity
plot of strong resonance-line transitions for z = zgrp. We report the positive detections of
C 1v A1548, Fe 11 A\2382, 2586, 2600, and Mg 11 A2803, and we note probable but statistically
insignificant absorption at Al 11 A1670 and Mg 11 A2796. The rest-frame equivalent widths
are among the lowest ever recorded for the ISM surrounding long-duration GRBs. The
equivalent width of Mg 11, for example, is fully an order of magnitude below the general
population (Cenko et al. 2008a), with the sole exception of GRB 070125, and the equivalent
width for the C 1v gas (Wis4s = 0.22 +0.06 A), represents the lowest measurement to date
(Prochaska et al. 2008a).
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Figure 3.7 Portions of the normalized Keck LRIS spectrum of the GRB 071003 afterglow. We
mark the positions of several metal absorption-line features from four distinct extragalactic
systems including a series of Fe 11 and Fe 11’* transitions associated with the host galaxy of
GRB 071003 (zgrp = 1.604). Note that the Ca 11 doublet marked as Galactic may be due
to the very bright Galactic star offset by 6.5” from GRB 071003 as opposed to the Galactic
ISM.
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Figure 3.8 Velocity plot of strong, resonance-line transitions for gas associated with
GRB 071003 (zgrp = 1.60435). These lines are very weak (note the ordinate scale) with
rest-frame equivalent widths of 100-200 mA (Table 3.2). Indeed, the C 1v absorption is the
weakest yet reported for a GRB afterglow (Prochaska et al. 2008a).
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3.4 Results and Modeling

3.4.1 Light Curve: General Observations

The multi-color photometric evolution of the GRB 071003 OA is shown in Figure 3.9,
fitted by our preferred model (described later). Visual inspection of the light curves reveals
what appear to be three distinct components: an overall power-law decline that has already
set in by the very first measurement at 42 s, a small “bump” feature at ~120-600 s, and
then a dramatic, but unfortunately not well sampled, rebrightening starting around 3000 s
that dominates the remainder of the evolution.

The bump feature appears to be additive only: fitting a single power law to measure the
decay index (¢~%) for the clear-band data both before this period and after it, the power-law
indices (o = 1.47 and « = 1.49, respectively) are fully consistent with each other and with
the overall decay index over both periods (o = 1.48).

The rebrightening is more difficult to characterize. We have no observations between the
Keck I HIRES guider point at t ~ 2.6 hr and our observations the second night; moreover,
the points reported in the GCNs are highly discrepant. An optical R-band limit is reported
at t &~ 4 hr by Shih et al. (2007), which seems to contradict the rebrightening trend suggested
by the AEOS data and guider point. It is unlikely that the OA would show such a dramatic
drop (> 3 mag) in a short time interval at such late times, so we suspect that the OA might
be heavily contaminated by the bright nearby star and was not resolved in the Lulin 1-m
telescope images of Shih et al. (2007). On the other hand, the U-band detection at ¢t ~ 7.5
hr reported by Misra et al. (2007) supports a rebrightening but is several magnitudes above
the extrapolated light curve at this time, seemingly far too bright to be consistent with our
observations. Calibration and the contamination from the bright star are the likely causes
of the discrepancy.

3.4.2 Optical to Gamma-Ray and X-Ray Comparison

The BAT and XRT light curves we derive for GRB 071003 are also shown in Figure
3.9. Unfortunately, because Swift was still in the process of returning to normal operations
after its gyro failure (Gehrels 2007), automatic slewing to GRB 071003 was disabled at the
time when the GRB was detected. As a result, there were no prompt XRT observations for
GRB 071003, leaving a long gap in the gamma-ray/X-ray light curve at t = 200-20000 s. In
particular, there are no X-ray observations until approximately the peak of the rebrightening
in the optical band. Nevertheless, direct comparison of the data available reveals three
relevant facts.

First, there is no obvious optical prompt counterpart to the last spike of the gamma-ray
light curve. However, this spike is nearly contemporaneous with the much more slowly rising
optical bump feature; we return to this possible connection in our later modeling (§4.5).

Second, at late times the X-ray light curve declines as a power law with decay index
consistent with that observed in the optical. A simple power law fits the data well, with
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Figure 3.9 Multi-color, early through late-time light curves of the OA of GRB 071003. The
magnitudes are offset according to their early-time colors, showing the color evolution be-
tween early and late times. Overplotted colored curves indicate the best-fit three-component,
color-evolution model described in the text; the dashed lines represent the individual com-
ponents that compose this model (a uniform power-law decay, a chromatic early-time bump,
and a monochromatic late-time rebrightening). The X-ray and gamma-ray afterglows are
also overplotted for comparison. The gamma-ray light curve is scaled arbitrarily; if scaled
based on the likely gamma-to-X-ray spectral index it would fall on or near the extrapolation
of the X-ray light curve back to early times.
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a best-fit decay index of ax = 1.68 + 0.04. In addition, the late-time OA behavior (after
t ~ 5 x 10" s) is consistent with a single power-law decay with an index of ap = 1.7240.07,
fully consistent with this value. As we note later, an extrapolation of the X-ray spectral
index is also consistent with the optical observations, suggesting that at late times there is
no need for an additional X-ray contribution (such as inverse Compton) or large amounts of
host-galaxy extinction.

Finally, while the gamma rays are scaled arbitrarily in Figure 3.9, we note that if we
extrapolate the gamma-ray spectrum into the X-rays to compare the BAT and XRT light
curves, the evolution between the end of the prompt emission and the start of the XRT
observations is nearly consistent with a simple extension of the late-time XRT power law
back to earlier times, without a need for a rebrightening or break. However, Swift has shown
previously (Nousek et al. 2006) that early-time X-ray light curves can conceal a wide variety
of complex features, so we will not speculate further as to whether or not this was actually
the case.

3.4.3 Detailed Optical Modeling

The fitting procedure used to model the light curve for this burst is outlined in detail in
Appendix A. For this particular event, I use three separate components: an unbroken power-
law decay starting from the earliest measurements (component 0), a fast-rising, fast-falling
early “bump” component (component 1), and a late-time rebrightening component (compo-
nent 2). I perform a variety of fits under varying combinations of assumptions regarding the
relations of the fit parameters. Some of the possibilities considered include the following:

1. Forcing the bump (component 1) to have the same color as the uniform decay (com-
ponent 0), or allowing it to be a different color overall.

2. Forcing the bump itself to be achromatic over its evolution, or allowing it to contain a
chromatic break.

3. Forcing the late rebrightening (component 2) to have the same color as the uniform
decay, or allowing it to have a different color.

4. Fixing dt, for the early steep decay to be zero (the BAT trigger time), or allowing it
to be free to vary.

5. Fixing dt; for the bump component to be zero, to be equal to the beginning of the
prompt-emission pulse that is nearly contemporaneous with it, or allowing it to be free
to vary.

6. Fixing dt, for the late rebrightening to be zero, or allowing it to be free to vary.

The results under various combinations of these assumptions are presented in Tables
3.3 and 3.4. We discuss the implications of these results in the remainder of the Chapter.
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3.4.4 Color Change

Detection of a GRB afterglow in filtered observations during prompt emission, as was
the case here, is rare. The situation is even more intriguing since our multi-color prompt OA
observations show an apparent bump feature (component 1) that is nearly contemporaneous
with a rebrightening pulse in the gamma-ray light curve. Therefore, it is of great interest to
attempt to measure the color of Component 1. By the same token, we have good spectral
coverage of the afterglow both during the primary normal decay and during the fading of the
dramatic late rebrightening, and any color difference may shed light on the origin of these
features.

We tested for color differences in three places: between component 0 (rapid decay) and
component 1 (bump), between component 0 and component 2 (rebrightening), and over the
break of component 1 itself (since the rising spectral index may differ from the falling spectral
index). In all cases we find evidence for color variation, although in each case only at the
~ 20 level. The fading component of the bump is redder than the fading component of the
uniform decay by AB = 0.75 £+ 0.34, the bump feature is chromatic with a shift from the
rising to falling component of AG = 1.11 £ 0.47, and the rebrightening (for which we only
have color information during the fading component) is also redder, by A = 0.84 + 0.31.

One must be somewhat cautious in interpreting these results — since different filters
sample the data differently, systematic errors that affect only one portion of the light curve
can masquerade as color change. Data reduction for GRB 071003 was also challenging due to
the presence of the nearby bright star, as detailed in §3. In addition, we note that the degree
of spectral index shifts noted is dependent on the model. In spite of these considerations,
however, we feel that our conclusion of color change is reasonably secure in each case.

3.4.5 Energy Injection Times

It is often unclear what time is most appropriate to use as ty when fitting a power law
to a GRB afterglow. Thanks to the extremely early-time clear-band data, it is possible to
fit tg and constrain this within a few seconds in the case of GRB 071003. This fit, notably,
gives a to of almost exactly the trigger time (dty = —0.01 & 3.01 s). The gamma-ray light
curve (Figure 3.1) fluence is strongly dominated by the initial pulse, which rises sharply and
peaks within a few seconds, so this is not necessarily surprising.

Some authors (Blake et al. 2005; Vestrand et al. 2005, 2006; Yost et al. 2007) have
presented evidence of an optical component rising coincident with the prompt emission,
although significantly longer lasting. We can analyze whether the bump component observed
in GRB 071003 may be such a feature by determining whether or not it can be fitted with a
pulse that rises abruptly, contemporaneous with the prompt emission. While our power-law
model is somewhat simplified and the sampling of the rise is extremely poor, we find that it
generally does not: the best-fit ¢; is intermediate between the trigger time and the time of
the prompt emission spike (~125 s) at dt; = 60 £ 20 s. This is a model-independent result,
although it rests mostly on one data-point: the initial V-band measurement, representing
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an integration from 97 to 117 s after the BAT trigger (~18 s before the rise of the prompt
emission spike), lies 0.14 mag above a simple power-law extrapolation from regions of the
data excluding the bump, compared to a photometric error of only 0.03 mag. While it is
possible to envision scenarios where a relatively slow optical rise might follow a gamma-ray
pulse (any broadband feature with hard-to-soft evolution, or perhaps a late internal shock
that later collides with and energizes the external shock), no model to our knowledge can
explain why an optical flare would precede a gamma-ray pulse, so we take this as evidence
that the two features are physically unconnected.

While our sampling around the rise and peak of the late-time rebrightening is poor
(and dominated by the difficult-to-calibrate AEOS and HIRES guider images), we can also
attempt to fit the ¢y for the rebrightening component. This is significantly different from
t =0, with a best-fit initial time of dty = 1245+ 311 s. (This is well short of its peak time of
approximately 20 ks, so the effect on the light curve is minor.) No prompt-like fluctuations
or other features are observed in the light curve in this region.

3.4.6 Radio Modeling

GRB 071003 is rare among Swift bursts for having a bright radio afterglow. We were
able to successfully detect the afterglow at two frequencies and several epochs spanning
~2-20 days after the burst, including observations nearly contemporaneous with our optical
data. The data are plotted in Figure 3.10.

This GRB is not far off the Galactic plane, and the radio observations are affected by
scintillation. Following Walker (1998, 2001), the afterglow is in the strong scattering regime
for both X and C bands. An approximate modulation index (which estimates the fractional
rms variation) is 0.4 in the C band and 0.6 in the X band, over a refractive timescale of
~0.5 days in the X band and 2 days in the C band. This is longer than any integration (so
the error is not reduced by integration time) but shorter than the interval between exposures
(so errors are uncorrelated).

Radio data were fitted using both an unbroken power-law model and a singly broken
power-law model. We attempted the fit both before including uncertainties due to scintilla-
tion and with an additional 40% flux error added to all C-band points and 60% error added
to all X-band points.

Without the additional flux errors, the unbroken model is a poor fit, with yx*/v =
15.32/6. A single, monochromatic break improves the fit dramatically (x*/v = 2.45/4).
This improvement is significant at 97.4% confidence. A monochromatic radio break of this
nature is very difficult to explain physically. However, with scintillation flux errors folded
into the light curve, we find that a simple power law is a more than adequate fit to the data
(x*/v = 1.4/6), which may suggest that we have overestimated the degree of modulation
somewhat. (This is to be expected: the modulation index calculated is an upper limit as it
strictly applies only for a point source. The afterglow has a physical size, which quenches
the scintillation modulation somewhat.) Therefore, as a final modification, we scaled down
this additional error until the final x*/v ~ 1. Properties of the temporal fits are given in
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Figure 3.10 VLA radio light curve fitted to an unbroken power law. The uncertainties in the

measurements have been increased compared to their statistical values to take into account the effect

of interstellar scintillation. Some contemporaneous late-time optical points (scaled arbitrarily) are
shown for comparison.

Table 3.5.

The uncertainty due to scintillation is in any event too large to allow any firm con-
clusions about the light curve. However, since only refractive scintillation is expected to
be significant, the refractive timescale is much longer than the several-hour timescale of
individual observations, and the C-band observations were in all cases taken immediately
after the X-band observations, we do consider the measurement of the radio spectral index
(Br = —1.15 £ 0.42) to be trustworthy regardless of any scintillation uncertainty.

3.4.7 Spectral Energy Distribution and Extragalactic Extinction

If our modeling assumptions are accurate (or nearly so), we can use our model to
calculate the SED at any time using a combination of all the data available, rather than
restricting the measurement to a small subset of the photometry and filters, even if the
data were acquired at very different times in the evolution of the GRB and the color is not
constant.

We calculate the SED at two epochs. First, we calculate the SED at t = 2.67 days after
the burst, the time of our four-color Gemini-South observations. In calculating this SED, we
perform a slightly modified light-curve fit: we do not perform any filter transformations (e.g.,
to convert r to R), but we fix all non-SED parameters to that derived from the light-curve
analysis. In addition, we add in quadrature a calibration uncertainty equal to 5% in all filters,
with a few exceptions. For z, we use a 15% uncertainty. For u, we use a 30% uncertainty,
for reasons described earlier. Finally, for K’, we use a large extra uncertainty of 50% due to
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the possibility of a temporal break sometime between our last optical observations and the
AO observations. (However, if such a break is absent, then the K’ observation is much more
precise than is given on the plots.) Unfiltered observations are not used. We also calculate
an early-time SED during the “normal” power-law decay at ¢ = 1000 s, using a fit excluding
late-time measurements and measurements during the (possibly chromatic) bump. Addition
of uncertainties is as for the late-time SED.

The resulting SEDs are plotted in Figures 3.11 and 3.12. After removing the effects
of Galactic extinction (but not yet considering non-Galactic extinction), both SEDs are a
reasonable fit to a power law, providing a general confirmation of our assumptions as well
as indicating that the host or intervening galaxies do not impose a great deal of frequency-
dependent extinction. In support of our analysis from the light-curve modeling, the spectral
indices appear to differ from early to late times: Big00s = 0.62 + 0.33, while G679 = 1.25
+ 0.09. (These values are direct fits to the data and do not include the effects of the small
amount of extragalactic extinction we do believe to be present, which we discuss shortly.)

Unfortunately there were no early-time observations outside the optical band, since
Swift was unable to slew rapidly. However, this GRB was observed nearly simultaneously in
X-rays, optical, and radio during the declining phase of the late rebrightening. Therefore, it
is possible to calculate a coeval late-time spectrum at all wavelengths simultaneously. The
values at 2.67 days (the same as the first optical-only SED, above, which is also contempo-
raneous with XRT observations and within about half a day of the first VLA observation)
are given in Table 3.6 and plotted in Figure 3.13.

Even without considering host-galaxy extinction, the optical and X-ray observations are
nearly consistent with a common spectral index: G = 1.25 £ 0.09, Gx = 1.14 £+ 0.12, and
Box = 0.90 £ 0.03. This consistency, plus the fact that the optical and X-ray temporal
decays are identical (ap = 1.72 £ 0.31, ax = 1.68 + 0.05), argues that both X-ray and
optical are in the same synchrotron regime and the spectrum across this range is a simple
power law. We assume this throughout the remainder of the analysis.

The deviations in the observed spectral index suggest the presence of a small amount of
extragalactic extinction. Because of the presence of numerous absorbers and the unusually
weak nature of the highest-redshift absorption system, however, the appropriate assumptions
for modeling the extinction contribution are not clear. Although Mg 1I is not an exact tracer
of the presence of dust, the extremely weak line absorption at the likely host-galaxy redshift
of z = 1.604 suggests that the dust column at that redshift is nearly negligible. Among the
remaining absorbers, the Mg 11 system at z = 0.372 is by far the strongest (by a factor of ~3
in equivalent width compared to the next strongest system at z = 1.10), and is likely to be
the dominant contributor to any observed dust absorption. However, this is partially offset
by the fact that dust at higher redshift is much more opaque (since the observed optical
frequencies are in the rest-frame UV at z > 1), so for the moment we remain agnostic as to
the actual redshift of the absorbing dust.

We fit the optical spectrum simultaneously with the normalized X-ray flux of Fieyv =
0.036 £ 0.004 pJy at 2.67 days. This value has already been corrected for photoelectric
absorption (§2.1), and X-ray absorption is not considered in the fit, allowing the gas-to-dust
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Figure 3.11 Optical SED of the GRB 071003 OA at 1000 s after the burst, fitted using the
extinction constraints derived using the late-time SED. The intrinsic (pre-extinction) model
spectrum is also shown.
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Figure 3.12 Same as Figure 3.11 but for ¢ = 2.67 d after the burst. The data (plus an
X-ray normalization, not shown) have been fitted with an SMC-like extinction law, with the
best-fit curve overplotted. The intrinsic (pre-extinction) model spectrum is also shown.
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ratio to be independent of the amount of extinction, Ay .

Four different extinction models were tested. In addition to a control fit with no extinc-
tion, we fit for Milky Way-like, Small Magellanic Cloud (SMC)-like, and Large Magellanic
Cloud (LMC)-like extinction using the parameterization of the Fitzpatrick & Massa (1990)
(“FM”) model, and a model for extinction in starburst galaxies parameterized by Calzetti
et al. (2000). In all cases the standard average value of the ratio of total-to-selective extinc-
tion Ry in the reference galaxy in question was used. (Fits with varying Ry were attempted,
but lacking infrared or ultraviolet measurements we were unable to constrain this parameter.)
We performed separate fits assuming dust at z = 0.372, 1.100, and 1.604.

Results are given in Table 3.7. We find significant evidence (f-test: 96% confidence)
for a small amount (Ay = 0.1-0.3 mag, depending on the model) of extinction along the
light of sight. We cannot strongly constrain its nature; all four extinction laws, at each
of the three possible redshifts, give reasonable fits to the observations. The intrinsic (pre-
extinction) spectral slope (3 is strongly constrained to be 0.94 4+ 0.03, averaged across the
different models. This is consistent (although marginally, at about the 90% confidence level)
with the absorption-corrected X-ray measurement of g = 1.14 4+ 0.12.

As expected, the spectrum turns over dramatically somewhere redward of the optical
and is declining with decreasing frequency by the radio band. The radio results are discussed
further in §5.4.

3.4.8 Photometric Limits on a Host Galaxy and Intervening Ab-
sorbers

Neither our LRIS imaging nor our late-time NGS AO imaging show any evidence of
extension or host-galaxy emission consistent with the afterglow position. We searched for
emission from a host coincident with the OA position by smoothing and binning the PSF-
subtracted AO image. No host emission was detected to a conservative upper limit of K’ ~
23 Vega mag.

In our first-night LRIS image (when the seeing was best and contamination from the
bright nearby star relatively minimized), a faint, extended source is visible slightly southwest
of the OA. The same source is also visible in the AO image, clearly resolved into a faint galaxy
with K’ ~ 19 mag at an offset of 2.07” southwest of the OA.

We know from the spectral analysis that there are at least four systems that intersect
the sightline between the z = 1.604 GRB and Earth, including the host itself. Of these, the
strongest candidate for association with the observed galaxy is clearly the z = 0.372 system,
which both is closest and exhibits the strongest absorption signature. (Unfortunately, we
have no spectra of the galaxy to confirm this.) This source appears to be a small irregular
galaxy, which at this redshift would be offset by ~ 10 kpc (a reasonable distance to explain
the observed absorption) and approximately 0.5 kpc in half-light radius.

No other extended sources are detected within 3” of the afterglow, so our upper limit
rules out detection of both a host galaxy and any absorbing systems within this distance.
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Figure 3.13 Broadband SED at t = 2.67 days from radio through X-ray observations. The shaded
region shows an unbroken extrapolation of the X-ray fit (90% confidence region), which is consistent
with the optical measurements. The optical points are corrected for Galactic but not extragalactic
extinction; a best-fit model for the effects of host-galaxy and intervening-galaxy extinction is shown
(thin cyan line). The locations of the cooling break and peak frequency shown are arbitrarily chosen;
the actual frequencies are not constrained by the available data except that both are located between
the radio and optical bands.



SECTION 3.4. RESULTS AND MODELING 82

The corresponding limit on a galaxy luminosity is only mild, compared to the known GRB
host distribution. At the presumptive GRB redshift of z = 1.6, any host galaxy is limited to
a K-band absolute magnitude of M(K') = —22.2 Vega mag. This value falls roughly in the
middle of the typical range of previously studied GRB hosts, which appear to have K-band
luminosities on the order of 0.1 L,, and are bluer and fainter than typical SCUBA galaxies
(Le Floc'h et al. 2003).

3.4.9 Spectroscopic Constraints on the Host Galaxy and Interven-
ing Absorbers

The very weak absorption at the host redshift in our spectrum suggests a lower than
average H 1 column density along the sightline and/or a metal-poor gas. Because of our
low spectral resolution, however, the absorption is unresolved and the line profiles may
be saturated (Prochaska 2006). We may conservatively report a lower limit to the column
densities by assuming the weak limit. In this manner, we estimate Ny+ > 10'%¢ cm™2 based
on the equivalent width of Mg 11 A2803. For a solar metallicity gas, this implies log Nyg; >
10'7 em~2. This is a conservative estimate because the gas metallicity is presumably subsolar.
Nevertheless, it is unlikely that the gas has an H 1 column density matching the values typical
of most GRBs.

In addition to the gas associated with GRB 071003, the afterglow spectrum reveals
three foreground Mg 11 absorbers. Two of these have moderate rest-frame equivalent widths
(Wares = 0.7 A), but the lowest redshift system exhibits a very large value (z = 0.3722,
Warge = 2.5 A) The incidence of such strong Mg 11 absorption at z < 0.5 has not yet been
established along quasar sightlines. These absorbers are very rare at z &~ 0.5 however, and
the incidence is declining with redshift (Nestor et al. 2005; Prochter et al. 2006a). The
number of absorbers with Wazes > 1 A per unit redshift is ¢(z) = 0.13 at z = 0.5, and the
incidence of absorbers with Wazes > 2 A is an order of magnitude lower. This implies that
one would need to observe of order 100 quasar sightlines to detect a single absorber with
Wares > 2 A at z < 0.5. Although these are a posteriori statistics, this analysis reminds one
of the apparent enhancement of strong Mg 11 absorbers along GRB sightlines (Prochter et al.
2006b). Given its low redshift, this system will be an excellent case to perform follow-up
observations and examine the properties of the galaxies hosting such systems (Pollack et al.
2008, submitted) The bright nearby star, however, poses a formidable obstacle for non-AO
ground-based observations.

3.4.10 Energetics

The measured gamma-ray fluence of 5.32 (—0.67, +0.30) x107° erg cm™2 (Konus,
20 keV—4 MeV: Golenetskii et al. 2007) can be converted to an isotropic-equivalent total
energy release in the host frame: Fi, = 3.4 (—0.6, +0.2) x10° erg — well in the upper
range of Swift events.
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No clear jet break is observed over the course of our observations, in either the optical
bands or the X-ray, out to at least 6 x 10% s. There is a possible monochromatic break in the
radio bands at around 8 days (7 x 10° s), but it appears likely to be a scintillation artifact
(see §4.6).

Using this limit, and following Sari et al. (1999), for a uniform circumburst medium
we can calculate the minimum jet opening angle and minimum collimation-corrected energy.
Using standard values for the radiative efficiency (n = 0.5) and circumburst density (n = 3.0
cm™?3) (the end result is nearly insensitive to these parameters), we have
n stz gs B/ s

R (31)

However, as we discuss later, the late-time afterglow behavior in this case favors a wind
model. Thus, following Li & Chevalier (2003) we have

t'e
O = 6.5°(L2)9/%

3 cm~

je 1 — Eiso —
B = 5423 (2 Bl (3.2

The upper limit on tje, of 7 days gives a limit on the opening of at least 3.1 (A,/0.1)'/4
deg. (As discussed later in §5.4, we estimate A, = 0.1 from the broadband spectrum.)
Therefore the collimation-corrected energy is at least £, > 2 x10% (A, /0.1)1/2 erg.

It is also possible that the jet break is hidden by the complicated evolution of the
burst, including the rebrightening, which would imply more modest energetics for this burst.
However, as the late-time slope is still relatively shallow (o = 1.72; generally we expect
a > 2 after a jet break) we consider this relatively unlikely.

3.5 Discussion

3.5.1 Initial Power-Law Decline

We first turn our attention to the rapidly declining power law. The temporal behavior
of this feature is quite simple, with a decay constant o = 1.466 + 0.006 and no evident
substructure before the “bump” or after it. There is no evidence of a rising component or
any early break. The observed spectral index § = 0.62 £+ 0.33, although if the extinction
measured at late times is also present at early times (as we expect), the intrinsic index is
actually shallower; correcting this using our preferred extinction model, we derive 3 = 0.29
+ 0.49.

Especially when the decay is observed to flatten later, very early-time decay of this
nature is often interpreted as a reverse shock. This seems possible — the spectral and
temporal indices are within the range of predictions for reverse-shock models (specifically,
the thick-shell case of Kobayashi 2000). However, a forward-shock origin is also consistent.
Examining the standard closure relations between « and /3 (as in, for example, Price et al.
2002), all environment models (ISM, wind, and jet) are consistent with the constraints
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derived from the data, largely because the early-time constraint on /3 is poor. (We discuss
the forward vs. reverse-shock models for this emission again in §5.3, in connection with the
late-time rebrightening.)

3.5.2 The Bump: Internal Shock Origin Without a Prompt Emis-
sion Connection

The bump feature is of considerable interest, since it is nearly simultaneous with a
prompt-emission pulse. However, as discussed earlier, the temporal analysis seems to disfavor
the interpretation as a prompt reverberation: the bump seems to be already rising even before
the prompt spike.

Another possible explanation for the origin of this feature is a large density variation in
the surrounding medium (a large clump or other discrete physical feature in the path of the
expanding shock). The observed pulse width At/t ~ 1 is consistent with a density variation,
and the general appearance of the light curve over this region is reminiscent of simulations of
a GRB forward shock intersecting ISM density enhancements (e.g., Figure 3 of Nakar & Piran
2003). However, our observation of possible color change across the bump would (if real)
disfavor this hypothesis, at least in the simplest models: density variation will not change the
intrinsic spectrum, unless either the microphysical parameters or cooling frequency suddenly
and significantly change. We consider this unlikely, although some authors (e.g., Yost et al.
2003; Granot & Kumar 2006) have discussed the role of variable microphysics in previous
GRB afterglows.

Alternatively, the observation that the fast-declining component seems completely unaf-
fected by the afterglow (the temporal indices before and after are effectively identical) leads
us to interpret the bump as originating from a distinct emission episode — given the rapid
rise and fall and the hint of blue-to-red evolution we suggest that it arises from internal-shock
emission. Hard-to-soft evolution and an underlying power-law decay not affected by the flare
have also been seen in X-ray flares (Butler & Kocevski 2007b; Chincarini et al. 2007). We
also note that earlier studies of GRB prompt emission have shown pulses observed at lower
energy to be broader than those at higher energy (Fenimore et al. 1995); this trend may con-
tinue into the optical band. The broader, smoother profile of this pulse relative to the much
faster-evolving X-ray flares may in this case illustrate important attributes of the emission
— either from viewing effects or resulting from the physics of the emission itself.

3.5.3 The Late Rebrightening

The rebrightening phase of this burst is quite dramatic. While our observations do not
sample the peak of the emission, a fit with a reasonable assumption of the sharpness param-
eter suggests that the flux increased by approximately 1 mag, and the amount of integrated
optical flux released during the rebrightening is comparable to or more than that emitted by
the early afterglow. A rise in optical flux of more than a magnitude at intermediate times
(well after the end of prompt emission, but before any supernova component) has to our
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knowledge been seen in only a handful of previous cases: GRBs 970508 (Castro-Tirado et al.
1998), 041219A (Blake et al. 2005), 060729 (Grupe et al. 2007), 070420 (Jelinek et al. 2007),
and 070311 (Guidorzi et al. 2007a).

The rebrightening is also notable because it appears to differ subtly from the early
decay, even though the evolution of both curves is generally quite simple. The decay index
and spectral index both steepen, by Aa = 0.25 + 0.14 and AS = 0.80 £ 0.30, respectively.
Assuming a synchrotron spectrum, there are only two possible origins for this — the optical
band is in different synchrotron regimes at different times (specifically, v < v, before cooling,
and v > v, after cooling, consistent with the changes observed), or because of a shift in the
electron index p by approximately Ap = +0.4.

We consider several physical origins for the rebrightening feature: the appearance of the
forward shock when the burst ejecta first decelerate against the ISM, the late-time peak of a
pre-existing forward shock due to evolution of the critical frequencies, impact of the forward
shock through a density variation, and rebrightening caused by a refreshed shock.

Appearance of forward shock — When the GRB ejecta first begin to sweep up an amount
of matter from the ISM comparable to the energy in the ejecta, they begin to decelerate,
and reverse and forward shocks are propagated back into the ejecta and forward into the
ISM, respectively; depending on the Lorentz factor, both shocks can then rise very quickly.
We consider this scenario extremely unlikely to be relevant, since by necessity the forward
and reverse shocks must rise simultaneously, and there is no explanation for the bright early-
time component in the burst — save for a prompt model connected with internal shocks,
but as we have already shown, there is no evidence linking the early optical behavior with
the high-energy emission.

Spectral peak of existing forward shock — A more reasonable model postulates that the
reverse and forward shocks both formed extremely early, but because they evolve differently
(the reverse shock, whose synchrotron parameters are boosted down by factors of 72, be-
gins to fade immediately, while the forward shock will rise at lower frequencies), the reverse
shock fades rapidly, while the forward shock can rise and peak when the synchrotron fre-
quency v, passes through the optical band. This model has, for example, been invoked to
explain early-time bumps in the light curves of GRB 021004 (e.g., Kobayashi & Zhang 2003),
GRB 050525A (Shao & Dai 2005), and GRB 080319B (Bloom et al. 2008), which level off
significantly (but do not rebrighten) at around 10* s. However, this model is problematic
here: although we have only sparse observations of the rebrightening, the observed rising
temporal index of @« = —1.12 + 0.16 is far too fast to be consistent with a rising phase of a
forward adiabatic shock, which predicts F oc t=9)/(4=%) (= #1/2 for a constant-density ISM
and constant for a wind). Therefore, the synchrotron peak of the forward shock alone cannot
explain this feature.

Density variation — A third possibility, not invoking the transition between reverse
and forward shocks, might be a dramatic density variation: for example, the impact of the
shock wave into a previously ejected circumstellar shell, or emergence of the shock from a
low-density cavity into a dense external medium. Density fluctuations have been successfully
invoked to explain low-level variations in several previous studies (e.g., Lazzati et al. 2002b)
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and the timescale of the rebrightening (At/t ~ 1) is consistent with a density-fluctuation
origin (Nakar & Piran 2003). However, in this case we would expect neither a change in
the spectral index (as is probably observed) nor such a slow decline after the peak, with a
temporal index that differs significantly but only slightly from the value of the initial decay.
Furthermore, detailed numerical studies by numerous authors (Huang et al. 2006; Nakar
& Piran 2003; Nakar & Granot 2007b) have failed to reproduce anything but the smallest
rebrightening signatures in previous GRBs using density variations.

Multi-component jet — The complicated light curve of GRB 030329 has been interpreted
(Berger et al. 2003b) as the result of two separate forward shocks, arising from two different
jet components: a narrow, highly relativistic jet whose emission peaks extremely early,
plus a wide, more mildly relativistic jet that dominates the late-time and radio evolution.
Could this model conceivably explain the observations of GRB 0710037 While a complete
analysis is beyond the scope of this work, we note that the observations do seem consistent:
the similarities of late-time decay of both rapid and late-time components are naturally
explained, the timescale of our rebrightening is similar to that observed in GRB 030329, and
(notably) the most significant criticism of the two-jet interpretation of GRB 030329 (that
the rebrightening rose too rapidly and peaked too sharply — Huang et al. 2006) does not
apply here: the rebrightening in this case is much smoother than that observed for GRB
030329.

Refreshed shock — Finally, we consider the possibility that this feature is due to a
discrete energy reinjection energizing the forward shock, such as via a slow-moving shell that
catches up to the forward shock at late times after it decelerates. This seems consistent with
all observations, although largely by virtue of not making strong predictions; by invoking
a customized pattern of energy reinjection at the right times, a very broad space of light
curve behavior can be modeled (Huang et al. 2006). We do note that a large, sudden
rebrightening of this nature may also produce a (second) reverse shock, which would be
observable in radio and decline rapidly with time. The radio flux does in fact decay somewhat
(in contrast to the expectation from a forward-shock model, where the radio flux is constant
or rising), and the measured o = 0.33 = 0.10 is not far from the predicted decay constant
for a reverse shock of o &~ 1/2 in the v < 1, frequency regime (Kobayashi 2000). However,
the radio decay could conceivably be due to other effects (e.g., late jet break), and without
an independent measurement of the synchrotron peak frequency v, and late-time Lorentz
factor I' we are unable to further constrain the presence or absence of such a feature with
the limited observations available.

We therefore find that only the multi-component jet and refreshed shock models are
consistent with all available data. Unfortunately, we do not have sufficient observations
during the rising phase of the rebrightening to distinguish the two models; in particular, we
can set no constraints on the color evolution and lack a detailed light curve of the rise to peak
of the rebrightening. We do note that the X-ray observations are already decaying well before
the (probable) optical peak by an extrapolation of our observations (Figure 3.9), which may
suggest hard-to-soft evolution in this feature as well. However, as noted earlier, the X-ray
decay extrapolates back to the BAT light curve without explicit need for a rebrightening, so
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without earlier X-ray measurements this association is speculative.

3.5.4 Environmental Constraints

In the simplest models, the late-time light curve of any GRB is fixed by a number of basic
parameters: microphysical parameters ep (the fraction of energy in magnetic fields), €, (the
fraction of energy in electrons), and p (the electron energy index); macroscopic parameters
Ek (the blastwave energy) and 6, (the jet opening angle); and a parameter quantifying the
density of the surrounding medium, n (for a uniform density) or A, (for an r=2 density
profile). Our broadband observations (spanning from radio to X-rays) should, in principle,
allow us to firmly constrain most of these parameters for GRB 071003 — or, more accurately,
to its late rebrightening phase, as this component is dominant at late times.

The indices a and 3 are both well constrained at late times in the optical through X-ray
bands, thanks to the wide range of temporal and spatial sampling: ap,x = 1.71 + 0.14, Box
= 0.93 + 0.03. Two environment models satisfy these constraints within 90% confidence:
a wind-driven medium (p oc r72) in which p &~ 2.9, and a model in which the jet break
has already occurred with p ~ 1.9 (but consistent with p = 2). Notably, ISM models are
a poor fit: the late-time decay rate is too fast for the shallow spectral index. The radio
observations appear to support this conclusion: the rising light curve predicted by the ISM
model is clearly ruled out, and while the slow radio decay (g = 0.33+0.1) is inconsistent in
detail with the wind prediction of constant evolution as well, it is conceivable that variations
from an exact s = —2 profile, an additional source of radio emission at early times (e.g., a
reverse shock), or a soft jet break at ¢t ~ 5 days may explain this difficulty.

The apparent spectral index of 3 &~ —1.1 observed in the radio is notable. A synchrotron
spectrum is expected to have a self-absorbed = —2 spectrum below the self-absorption
frequency 1, and a spectrum of 3 = —0.5 above it. The fact that the observed spectral
index is intermediate between these values and consistent with neither (to ~90% confidence)
tells us that, if the spectrum is really synchrotron, the absorption break is likely to be very
close to these frequencies, although exact constraints are difficult with only two frequencies
since the break is likely to be quite soft. The radio evolution appears nearly achromatic,
which would argue against this interpretation, but considering the relatively narrow time
and frequency window of the observations and unknown break sharpness, we feel that this
is not a major concern.

Because the ISM model is notably discrepant with the measured values of o and 3, we
unfortunately cannot use the afterglow as a probe of the ambient density. If the wind model,
which is more consistent with the observations in this case, is correct, we can calculate the
parameter A, using (for example) equation 2 in Chevalier & Li (1999):

F,

VUm

— 20 mJy( )1+ 2)1/2(%)*1/2E§2/2A*té/2. (3.3)

e
5403 Mpc

While we have no direct measurement of F,_, it is constrained by the radio and optical

observations (see Figure 3.13) to be ~1 mJy (within a factor of ~3). We therefore measure
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A, = 0.07(e3/0.1)/2 an interestingly low value regardless of the value of e5. While e is not
strongly constrained, the absence of a cooling break between the X-ray and optical bands
during the first 5 days (the cooling frequency v, increases in a wind model) requires eg 2 0.3.
It is possible that the wind model is inappropriate and the rapid optical decay is due to
a jet that broke before our multicolor late-time observations. (One possible criticism of the
wind model is that in this case, the color transition between early and late times is hard to
explain; because the cooling frequency rises with time, if v > v, late it must have been early
as well under standard synchrotron evolution. However, because the rebrightening appears
to be either a separate phenomenon or a large energy impulse that could conceivably have
“reset” the synchrotron parameters [including v.] to new values, this may not be a major
concern.) No jet break is observed in the light curve, but it is possible that a jet signature
was concealed by the rebrightening. This case would certainly rule out the wide-angle jet
interpretation of the secondary peak and would significantly reduce the energetics.

3.5.5 Spectral Implications on the Environment and Host Galaxy

The late-time spectroscopy and imaging tell a coherent story: unlike the vast majority
of GRBs (Wainwright et al. 2007; Prochaska et al. 2008a), GRB 071003 did not occur in
a gas-rich!? galaxy. The environment is more consistent with a progenitor located in an
outer galactic halo, or in an extremely small (even compared to “normal” long-duration
GRB hosts) and gas-poor galaxy. While the possibility of line saturation prevents us from
setting definitive upper limits, the column density through any host is consistent with being
3 orders of magnitude below typical GRB-derived values, and the contrast to the overall
GRB population - which is dominated by subluminous galaxies to begin with (e.g., Fruchter
et al. 2006; Fynbo et al. 2008), is dramatic.

While it is well established that long-duration GRBs generally originate from massive
stars, we should be careful to ensure that our prior experience does not blind us to the
existence of rarer subclasses of events. We note that one other GRB on record, GRB 070125,
had very similar properties: extremely low Mg 11 absorption and no coincident host (Cenko
et al. 2008a), as well as a very bright afterglow and extreme energetics (E, = 3 x 10°? erg;
Chandra et al. 2008), and even a (mild) late-time rebrightening (Updike et al. 2008b). Both
are also among the few Swift bursts detected at radio wavelengths.

However, GRB 070125 and GRB 071003 show evidence from their broadband light
curves of origins typical of ordinary long GRBs. In the case of GRB 070125, a constant but
very high circumstellar density suggested that it occurred in what was locally a dense envi-
ronment, not an empty galactic halo, despite the near absence of a large-scale gas signature
in the spectrum. In our case, for GRB 071003, we find evidence of a wind-like stratified

12Gince our measurement is based on magnesium, we are directly measuring the metal column, not the
gas column. An alternate possibility, therefore, is that the host is “normal” but extraordinarily metal-poor,
less than 102 of the average solar abudance. However, we consider a highly subluminous host a more likely
possibility. Both effects may be in play: low-luminosity galaxies, and those with low equivalent widths, tend
to be relatively metal-poor (Prochaska et al. 2008a).
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environment, a characteristic of a massive star. Together, these events appear to suggest an
origin for these “halo” bursts similar to those of all other GRBs.

If GRB 071003 did occur in a star-forming region, then there are two possibilities consis-
tent with the extremely small metal absorption in the spectrum. First, the burst may simply
have formed in an extremely subluminous galaxy — necessarily, the number or distribution
of such objects at very high redshift is not observationally constrained, but most simulations
predict an abundance of small, highly sub-Galactic halos in the universe that could very well
harbor limited star formation. Alternatively, GRB 071003 may have occurred in a tidally
stripped tail from another, larger galaxy. In this case, further follow-up observations should
reveal a disturbed, star-forming host in the close vicinity of the burst.

Either scenario seems plausible to explain the constraints derived on the burst envi-
ronment. In either case, if GRBs are shown to be reasonable tracers of star formation at
high redshift, then future large-sample GRB spectroscopy missions may be able to place im-
portant constraints on the star-formation history of the universe not possible by any other
means. While the sample size of such low-column-density GRBs is now small 3, these results
are already suggestive that this fraction may be significant (on the order of a few percent),
and systematic rapid afterglow spectroscopy should continue to increase the number con-
siderably over the years and decades to come. It would be an interesting discovery if the
distribution of Mg 11 equivalent widths turns out to be bimodal.

On a related note, the existence of GRB 071003 and GRB 070125 may have important
implications regarding the escape fraction of ionizing photons and the reionization history of
the universe. Although the relatively low redshift of these systems keeps the Lyman-a and
Lyman-break absorption features out of our spectral range and prevents us from measuring
the H I column density directly (Chen et al. 2007d), these GRBs provide evidence that
massive stars can form well outside of gas-dense hosts, where there is little to shield the
intergalactic medium from their ionizing UV radiation. If the fraction of these events is more
than a few percent at z > 7, then such “halo” stars may in fact be primarily responsible for
the reionization of the universe. Observationally, spectroscopy of such events at these high
redshifts may allow accurate measurement of the neutral gas fraction zy (e.g., McQuinn et al.
2008) without the interference of saturated line profiles originating from the host galaxy.

3.6 Conclusions

Although the temporal evolution of the optical afterglow of GRB 071003 is complicated,
our early through late-time photometric follow-up data clearly resolve the optical light curve
into separate components. Observations from KAIT during the prompt phase of the GRB
revealed a slowly rising, slowly falling bump or flare component, superimposed on a simple

13Tn the previously published version of this manuscript, GRB 061021 (Théone et al. 2006a) was mentioned
as a third possible example, but subsequent analysis demonstrates this event to be simply at low redshift,
placing the Mg 11 lines at the edge of the spectral range where they were missed in the preliminary reduction
(Fynbo et al. 2009).



SECTION 3.6. (CONCLUSIONS 90

fading power law that has no observable correlation with the prompt emission, suggesting
that while early internal-shock flares can be observed in the optical, they are not necessarily
the same as those producing the high-energy signatures. Our late-time observations revealed
one of the most dramatic late rebrightenings ever recorded in a GRB light curve, and sug-
gest that this feature is not due to a reverse-forward shock transition or density variation,
requiring either angular jet structure or very discrete late-time re-energizing of the optical
afterglow. This may have important implications for the interpretation of other, less dra-
matic bumps and rebrightenings at similar timescales that appear to be common features in
GRB afterglows.

The spectroscopic study of GRB 071003 offers a cautionary tale about the standard
use of Mg 1I to infer a redshift: while it is common practice to use the highest-redshift
Mg 11 system observed (especially in the cases when the absorption is quite strong) under
the assumption that the GRB host system should show significant metal absorption, here
we have a clear case where this assumption is fundamentally flawed. Were the S/N of the
spectrum worse, or the host-galaxy absorption even weaker by a factor of only 2-3, it is
likely that we would have missed the higher-redshift system entirely and proceeded with the
assumption that this burst was at a redshift of 1.100 instead of 1.604. In light of this fact,
previous and future GRB redshift claims based solely on identification of Mg 11 absorption
should be regarded with increased skepticism.

The intervening absorption systems are nevertheless also remarkable. With three com-
pletely independent Mg 11 systems along the line of sight, GRB 071003 is among the most
dramatic examples yet of the bizarre overabundance of these systems in GRB afterglows
relative to those of quasars. Further study of this sightline, especially using AO systems,
may help shed light on this mysterious result.
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Table 3.1 Radio observations of GRB 071003

tmid Frequency Flux density Error
(h) (GHz) (1ly)  (pdy)
42.168 8.46 393 55
91.698 8.46 430 50
92.238 4.86 220 54
209.248 8.46 431 51
271.158 8.46 332 67
519.898 8.46 260 42
520.358 4.86 119 46
785.328 8.46 109 45

833.336 4.86 93 52
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Table 3.2 Absorption Lines in the Afterglow Spectrum of GRB 071003

A z Transition we  o(W)°

(A) (A) (A)
3549.69 0.37223  Fell 2586 < 2.51
3568.06 0.37223  Fell 2600 2.33 0.59
3837.72 0.37223 Mg 11 2796 2.48 0.20
3847.65 0.37223 Mg 11 2803 2.14 0.19
3915.45 0.37223 Mgl 2852 1.02 0.17
4032.63 1.60435 CIV 1548 0.22 0.06
4039.88 1.60435 CIV 1550 < 0.28
4351.92 1.60435  Alll 1670 < 0.14
5003.26 1.10019  Fell 2382 0.20 0.05
5276.54 1.60435 ZnIl 2026 < 0.08
5399.79 0.37223 Call 3934 0.61 0.07
5417.99 0.93740 Mg 11 2796 0.61 0.05
5432.79¢ 1.10019  Fell 2586 0.46 0.05
5447.85 0.37223  Call 3969 0.46 0.07
5872.31 1.10019 Mg 11 2796 0.80 0.05
5888.27  1.10019 Mg 11 2803 0.68 0.06
6105.90 1.60435  Fell 2344 < 0.17
6206.91 1.60435  Fell 2382 0.26 0.04
6240.46 1.60435 Fell* 2396a  0.25 0.04
6265.95 1.60435 Fell* 2405 < 0.16
6282.68 1.60435 Fell* 2411b  0.18 0.03
6284.57 0.72 0.12
6734.47 0.97 0.15
6737.28 1.60435  Fell 2586 0.16 0.04
6772.60 1.60435  Fell 2600 0.27 0.05
7301.58 1.60435 Mg 2 2803 0.17 0.05
7430.06 1.60435 Mgl 2852 < 0.24
8091.56 0.92 0.13
8436.104 0.86 0.26
8534.91¢ 0.72 0.17
8599.024 1.34  0.17

@ Equivalent widths are rest-frame values and assume the redshift given in Column 2.

b Timits are 20 statistical values.

¢ Blended with Mg 11 A2803 at z = 0.

937.

@ These features may be residuals from sky subtraction.
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Table 3.3 Optical Light-Curve Fits: Color Change

Model Description APy Aﬁl(b,a) ABy_s (s XQ/I/

Fully monochromatic 0 0 0 0.72+0.10 125.8 / 81
Uniformly chromatic bump 0.22+0.27 0 0 0.68+0.10 125.1 /80
Variably chromatic bump 0.66+0.33 1.05£0.47 0 0.70+0.10 120.3 /79
Chromatic rebrightening 0 0 0.77+0.31 1.26£0.11 120.0 / 80

Chromatic bump-+rebrightening 0.7540.33 1.09+0.47 0.8440.31

1.26£0.11 113.7 /78

Summary of relevant parameters and x? for models allowing or disallowing color transitions and chromatic

breaks between the various components. Values without uncertainties are fixed. Component 0 is the fast-

decay component, Component 1 is the bump, and Component 2 is the late rebrightening. The absolute

late-time spectral index [ is not a model parameter, but is fit externally after completion of the fit.

Table 3.4 Optical Light-Curve Fits: ¢

Model Description dto dty dto X2 / v

(5 ) (5
Reference 0 0 0 113.713 / 78
Decay —0.01£3.01 O 0 113.713 / 77
Bump 0 60.54+20.4 0 112.700 / 77
Bump (prompt pulse) 0 125.0 0 115.118 / 78
Rebrightening 0 0 12454311 111.149 / 77

Summary of relevant parameters and x? for models using a to different from the trigger time. In all cases,

the favored color-change model (chromatic bump and rebrightening) was used. Values without uncertainties

are fixed. Component 0 is the fast-decay component, Component 1 is the bump, and Component 2 is the

late rebrightening.
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Table 3.5 Radio Modeling of GRB 071003

Parameter Value (broken Value (unbroken) Value (unbroken

power law) w/scintillation®)
ayp —0.11 £ 0.21 0.27 £ 0.06 0.34 £ 0.10
g 081 + 025 - -
toreak 8.51 £ 3.78 - -
I} —1.11+£034 —-1.15+0.44 —1.15 £ 0.42
2/ 2.45 / 4 15.32 / 6 6.07 / 6

Best-fit parameters of a fit to the radio afterglow of GRB 071003 using a Beuermann et al. (1999) broken
power-law model versus an unbroken power-law model. The improvement for the broken power-law fit
is significant given the flux uncertainties, but due to interstellar scintillation may be coincidental. If a
small amount of interstellar scintillation uncertainty is added in quadrature, an unbroken power-law fit is
reasonable.

@ In this model, we added a 15% error to all X-band points and a 22% error to all C-band points.

Table 3.6 Model fluxes at ¢t = 2.67 days

Band/Filter E Flux  Uncertainty
eV ply  pdy
X-ray 1000 0.036 0.006
u 3.46  3.17  1.42
g 255 447 030
V 225 5.07 0.27
r 1.97 597 1.14
R 1.88 801 047
i 1.61  9.16  0.56
I 1.54  10.34 0.54
z 1.34 1474 229
K’ 0.584 33.59 16.8
X 3.5e-5 414.6 918
C 2.0e-5 256.1 73.9

Fluxes of the afterglow interpolated to ¢t = 2.67 d after the BAT trigger using all available X-ray, optical,
and radio data. Galactic extinction (E(B — V) = 0.148 mag) is not accounted for; however, the X-ray flux

is corrected for photoelectric absorption.



SECTION 3.6. (CONCLUSIONS 95

Table 3.7 Extinction models for optical/X-ray fits of GRB 071003

model Ay Ry 3 X2/ v
none 0 - 0.913 £ 0.029 124 /8
z=0.372

Milky Way 0.239 + 0.093 3.09 0.939 + 0.028 5.80 / 7
SMC 0.209 £ 0.082 2.74 0.934 £0.028 5.95 /7
LMC 0.256 + 0.099 3.41 0.941 +£0.029 587 /7
Calzetti 0.279 + 0.108 4.05 0.945 +0.029 580 /7
z=1.10

Milky Way 0.133 + 0.058 3.09 0.935 4+ 0.029 7.16 / 7
SMC 0.127 £ 0.052 2.74 0.935 £ 0.028 6.38 /7
LMC 0.132 + 0.057 3.41 0.934 £ 0.028 7.16 / 7
Calzetti 0.247 + 0.095 4.05 0.957 +0.032 578 /7
z =1.60

Milky Way 0.139 + 0.048 3.09 0.943 +0.028 3.94 / 7
SMC 0.096 £ 0.037 2.74 0.934 £0.028 5.77 /7
LMC 0.131 £ 0.045 3.41 0.940 £0.028 3.98 /7

Calzetti 0.240 £+ 0.093 4.05 0.965 + 0.033 5.84 /7

Results of various fits to the contemporaneous optical and X-ray fluxes for extinction due to either the host
galaxy or the intervening absorbers at z = 0.372 and z = 1.10. A small amount of extinction is required to
accurately fit the data, but its nature is not strongly constrained. We adopt SMC-like extinction at z = 0.372
in the discussion and plots based on the relative strength of the intervening absorber at this redshift in the

spectrum.
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Chapter 4

GRB 061126: Does a Grey Burst
Imply Grey Dust?

An earlier version of this chapter was previously published as ApJ 672:449-464".

Abstract

We report on observations of a gamma-ray burst (GRB 061126) with an extremely bright
(R ~ 12 mag at peak) early-time optical afterglow. The optical afterglow is already fading as
a power law 22 seconds after the trigger, with no detectable prompt contribution in our first
exposure, which was coincident with a large prompt-emission gamma-ray pulse. The optical—
infrared photometric spectral energy distribution is an excellent fit to a power law, but it
exhibits a moderate red-to-blue evolution in the spectral index at about 500 s after the burst.
This color change is contemporaneous with a switch from a relatively fast decay to slower
decay. The rapidly decaying early afterglow is broadly consistent with synchrotron emission
from a reverse shock, but a bright forward-shock component predicted by the intermediate-
to late-time X-ray observations under the assumptions of standard afterglow models is not
observed. Indeed, despite its remarkable early-time brightness, this burst would qualify
as a dark burst at later times on the basis of its nearly flat optical-to-X-ray spectral index.
Our photometric spectral energy distribution provides no evidence of host-galaxy extinction,
requiring either large quantities of grey dust in the host system (at redshift 1.1588 4-0.0006,
based upon our late-time Keck spectroscopy) or separate physical origins for the X-ray and
optical afterglows.

4.1 Introduction

While the study of the early-time X-ray afterglows of gamma-ray bursts (GRBs) has seen
enormous strides since the launch of the Swift satellite (Gehrels et al. 2004), progress in the

LCopyright 2008, American Astronomical Society.
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understanding of the longer-wavelength emission has been somewhat more measured. This is
unfortunate, as a complete understanding of Swift afterglows can only come from a combined
broadband picture that allows us to systematically investigate whether the peculiarities seen
in X-ray data carry over into the optical domain. Many of the same questions raised by recent
X-ray results can also be asked about the optical. Is there a prompt optical component,
analogous to the steeply decaying component seen in X-rays (Barthelmy et al. 2005)7 Does
the optical light curve show unusual features suggestive of energy injection, such as the
nearly ubiquitous X-ray shallow-decay phase (Nousek et al. 2006)? Are there achromatic
optical and X-ray breaks? Do the optical and X-ray afterglows even have a common origin
at early times?

Previous studies have provided important hints. Most observations have been inter-
preted to support the consensus picture of synchrotron emission originating from a forward
shock as it sweeps through the interstellar medium (e.g., Dai & Lu 1999; Vrba et al. 2000),
or less commonly through a stellar wind (Price et al. 2002; Nysewander et al. 2006) — see
Chevalier (2007) for a review. In a smaller number of cases (Akerlof et al. 1999; Li et al.
2003a; Kobayashi & Zhang 2003; Shao & Dai 2005), very early-time data have provided
tentative evidence for an additional emission component originating from the reverse shock
as it travels backward into the shocked material in the frame of the forward shock. Recently,
studies of early-time light curves have also shown evidence of significant delay between the
onset of the prompt emission and the afterglow (Rykoff et al. 2004), and in at least one case
complicated energy injection activity as late as nearly an hour after the gamma-ray burst
(Wozniak et al. 2006), long after the gamma-ray emission has faded away. However, simulta-
neous, correlated optical and gamma-ray emission has also been reported (Blake et al. 2005;
Vestrand et al. 2005, 2006; Yost et al. 2007) for some events. In the Swift era, comparison
to the very early X-ray afterglow has also been of great interest (e.g., Quimby et al. 2006).

Most interpretations of the early afterglow have been based on unfiltered observations,
or observations in a single filter. Without information about the frequency domain, the
reported early-time behaviors discussed above are difficult to definitively associate with any
single physical interpretation. Fortunately, the increasing number of fast-responding robotic
ground-based observatories, the maturation of existing ones, and the rapid-response capa-
bilities of Swift are beginning to address this observational gap.

In the following discussion, we report on one of the brightest bursts of the Swift era,
GRBO061126. The breadth and rapidity of the ground-based response to this burst were
remarkable, including unfiltered detection during the prompt emission and multi-color si-
multaneous detections in filters from U through K (ranging a full decade in frequency)
starting less than one minute after the burst trigger. This data set provides the opportunity
to examine in unprecedented detail the time-dependent color properties of an early GRB
afterglow.

In §4.2 we present our observations from infrared (IR) through gamma rays of the early
afterglow and our late-time Keck spectrum of the host, establishing the probable redshift of
this system to be z = 1.1588. In §4.3.1 we examine the properties of the prompt emission, and
show that the high-energy and optical emission are observationally uncorrelated temporally
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or spectrally, even at very early times. In §4.3.2-4.3.3 we examine the properties of the
optical-IR light curve, and provide evidence for a red-to-blue change in the spectral index
of A ~ 0.3 at early times. We investigate the X-ray behavior in §4.4.1, and show that
no standard adiabatic model can fully explain the behavior seen by the X-Ray Telescope
(XRT). Finally, while in §4.4.2-4.4.3 we show that the earliest afterglow appears reasonably
fit by a reverse shock and the later afterglow by a forward shock based on the optical data
alone, in §4.4.4 we demonstrate that an extrapolation of the X-ray spectrum overpredicts
the contemporaneous optical flux by a factor of 5-20. We demonstrate using the optical-IR
spectral energy distribution (SED) that this discrepancy cannot be due to any known dust
extinction law. Unless we appeal to large quantities of grey dust, a possibility we discuss
in §4.5.1, we argue in §4.5.2-4.5.3 that the X-ray and optical afterglow emission from this
burst have separate physical origins.

4.2 Observations

4.2.1 Swift BAT and XRT

At 08:47:56 on 26 November 2006 (UT dates are used throughout this paper), the Swift
Burst Alert Telescope (BAT) triggered and located GRB 061126. Unfortunately, due to an
Earth-limb constraint, Swift was unable to slew promptly to the target for 23 minutes and
could not begin observations with the XRT or the Ultraviolet/Optical Telescope (UVOT)
before that time. After 23 minutes, Swift slewed to the burst position and detected a fading
X-ray afterglow.

We download the Swift BAT and XRT data from the Swift Archive?. The XRT data are
processed with version 0.10.3 of the xrtpipeline reduction script from the HEAsoft 6.0.63
software release. We employ the latest (19 December 2006) XRT and BAT calibration
files. We establish the BAT energy scale and mask weighting by running the bateconvert
and batmaskwtevt tasks, also from the HEAsoft 6.0.6 software release. BAT spectra and
light curves are extracted with the batbinevt task, and response matrices are produced
by running batdrmgen. We apply the systematic error corrections to the low-energy BAT
spectral data as advised by the BAT Digest website*. The spectral normalizations are
corrected for satellite slews using the batupdatephakw task.

The reduction of XRT data from cleaned event lists output by xrtpipeline to science-
ready light curves and spectra is described in detail in Butler & Kocevski (2007b). The
XRT, BAT, and RHESSI (Reuven Ramaty High Energy Solar Spectroscopic Imager) data
are fit using ISIS®.

The XRT light curve is converted to unabsorbed spectral flux at 1 keV using a scaling

2ftp://legacy.gsfc.nasa.gov/swift/data
3http://heasarc.gsfc.nasa.gov/docs/software/lheasoft/
‘http://swift.gsfc.nasa.gov/docs/swift/analysis/bat_digest.html
Shttp://space.mit.edu/CXC/ISIS/
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of 7.5 pJy/cps. The conversion from count rate to 0.5-10 keV (unabsorbed) flux can be
accomplished by scaling the count rate by 5.4 x 107! erg cm™2 s7!/cps.

4.2.2 RHESSI

RHESSI (Lin et al. 2002) is a dedicated solar observatory which uses nine germanium de-
tectors to image the Sun at hard X-ray to gamma-ray energies (3 keV — 17 MeV). These detec-
tors are unshielded and therefore frequently detect emission from off-axis GRBs. GRB 061126
was detected by RHESSI, which with its large spectral range allows us to complete the high-
energy spectrum of this event.

To model the RHESSI response to off-axis photons, we have used Monte Carlo simu-
lations and a detailed mass model. Since RHESSI rotates about its axis with a 4 s period,
we have generated azimuthally averaged responses spaced 15° apart in polar angle. These
responses are two-dimensional matrices of effective area: input photon energy vs. detected
count energy bins. At present both energy axes are 64 logarithmic bins from 10 keV to 10
MeV. We generate the response matrices with MGEANT (Sturner et al. 2000) simulations: each
response requires 64 simulations of a monoenergetic input spectrum, one for each photon
energy bin. For an individual GRB, we generate and subtract a background count spectrum
using data intervals before and after the burst. We generate a burst-specific response matrix
with a weighted average of the two adjacent 15° responses. Convolving a spectral model
with the response yields a model count spectrum for fitting to the GRB data.

4.2.3 RAPTOR

The RAPTOR (Rapid Telescopes for Optical Response) experiment (Vestrand et al.
2002) consists of a series of small telescopes used to conduct transient surveys as well as
perform rapid followup of GRBs and other events. One of these telescopes, RAPTOR-S,
is a 0.4 m fully autonomous robotic telescope, typically operated at focal ratio f/5. It is
equipped with a 1k x 1k pixel CCD camera employing a back-illuminated Marconi CCD47-
10 chip with 13 pum pixels. The telescope is owned by Los Alamos National Laboratory and
located at the Fenton Hill Observatory (106.67° W, 35.88° N) at an altitude of ~2500 m in
the Jemez Mountains of New Mexico.

RAPTOR-S responded to the Swift trigger at 08:48:17.29, or 20.87 s after the trig-
ger and 4.3 s after receiving the GCN (Gamma-ray Burst Coordination Network) packet.
The telescope took a series of nine unfiltered 5 s exposures (the first two of which occurred
while detectable gamma-ray emission was still ongoing), followed by a series of 10 s and 30 s
exposures. The optical transient is detected in all these frames. Preliminary photometric cal-
ibration was performed using the R-band magnitudes from the USNO (United States Naval
Observatory) B1.0 catalog. However, for consistency with the unfiltered KAIT (Katzman
Automatic Imaging Telescope) observations, which were calibrated using the more precise
SDSS (Sloan Digital Sky Survey) measurements, we subtract a constant offset of 0.16 mag
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post-calibration. The RAPTOR photometry (not including this final offset) is given in Table
B.1.

4.2.4 PAIRITEL

Starting in 2003, we began to automate the 1.3-m Peters Telescope, formerly used for
the Two Micron All Sky Survey (2MASS; Skrutskie et al. 2006), on Mt. Hopkins, Arizona.
The telescope was re-outfitted with the southern 2MASS camera, and all of the control
and data acquisition systems were rewritten (Bloom et al. 2006e). The Peters Automated
Infrared Imaging Telescope (PAIRITEL) has been obtaining useful IR observations of GRBs
since 2004.

At 08:48:18 (t = 22 s), PAIRITEL was triggered with the GCN BAT position notice of
GRB061126. The autonomous slew of the telescope and dome began at 08:48:22 and ended
at 08:48:47; the slew time was short since we had been observing M82 (23.9° to the east
of the GRB) immediately prior to the GRB. After an initial reset of the camera, the first
7.8 s images in J, H, and K bands were obtained starting at 08:48:54.35 (¢t = 58 s). We
continued with a dense sampling of observations over the next three hours as well as several
hours of imaging the following night.

Reductions of the individual images were performed using a set of customized scripts
written in PYRAF and Python. The afterglow was well detected with signal-to-noise ratio
(S/N) > 10 in individual images for the first 20 min of observations (Figure 4.1). In fact,
the H- and K,-band fluxes of the afterglow are so bright in the first few minutes that the
pixel responses were in the nonlinear regime. Unfortunately, the cloud cover in Arizona
was highly variable during the first 30 min of GRB 061126 observations, leading to variable
transmission on 10 s timescales. As such, in our analysis we refit the zeropoint in every
individual exposure to the 2MASS catalog. The typical root-mean-square (rms) uncertainties
in the zeropoints are 2-3%. Given the large variations in the sub-pixel response function for
NICMOS3 arrays, we have found that aperture photometry on individual exposures suffers a
roughly 3% systematic uncertainty from image to image (Blake et al. 2008). Table B.1 in the
Appendix gives the aperture magnitude measurements from the PAIRITEL observations. In
this table and in all plots and modeling, we exclude exposures in which the CCD response
was nonlinear, as well as H-band observations during periods of poor transmission.

We determined the position of the afterglow to be (a,d) = (05"46™24.47% £ 0.16”,
+64°12'38.60"+ 0.18”) (J2000) from a stacked J-band image covering the first 30 min after
the trigger. The quoted uncertainties are 1o, dominated by the astrometric mapping error
from our stacked image to the catalog positions of 90 2MASS sources.

4.2.5 NMSU 1 m Telescope

Optical observations in the Johnson-Cousins UBVRI filters were obtained using the
New Mexico State University robotic 1 m telescope located at Apache Point Observatory.
Because the telescope happened to be pointed relatively near the burst location, the first
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observations were started only 47 s after the burst trigger, and only 31 s after the alert. The
telescope took five sequences of observations in the order I, R, V, B, U with exposure 