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Abstract

For their short durations, 7-ray bursts (GRBs) are the most electromagnetically lu-
minous objects in the universe. In this thesis, I use these fascinating objects, both as
signposts, indicating the presence of an ultra-relativistic (Lorentz factor I' ~ 10%-10%)
outflow from a newly born stellar mass black hole, and as lighthouses, illuminating
the circumburst (r ~ 1pc) and inter-stellar (r ~ 1kpc) media along the line of sight.

In Part I, I describe my efforts to automate the Palomar 60 inch telescope (P60),
the primary instrument on which much of this thesis is based. Designed to capitalize
on NASA’s recently launched Swift v-Ray Burst Explorer, P60 now routinely provides
moderately fast (At < 3min) and sustained (R < 23mag) observations of GRB
afterglows and other optical transients.

Part II focuses on the geometry and energetics of some of the best-sampled events
in the Swift era. I find both GRB050820A and GRB 060418 are an order of mag-
nitude more energetic than pre-Swift events, with a total energy release in excess of
1052 erg. Both GRBs are therefore members of an emerging class of “hyper-energetic”
events, suggesting a much broader energy distribution then previously thought and
challenging current massive star progenitor models.

Finally, in Part III I study the environments of long-duration GRBs. The massive
star progenitors should leave an imprint on the GRB environment, both on the pc
scale as a wind from mass loss of the outer envelope, and on the kpc scale from
the dense, dusty disk where massive stars form. Interestingly, I demonstrate that
GRB 070125 exploded in a halo environment, suggesting at least some massive stars
form far way from the disk of their host. By comparing the X-ray and optical light

curves from a sample of 29 GRBs, I find nearly half show evidence for suppressed
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optical emission. I attribute this to dust absorption in the host galaxy, consistent

with a massive star origin for long-duration GRBs.
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Chapter 1

Introduction and Overview

y-ray bursts (GRBs) are brief (At ~ 0.1-1005s), intense (F, ~ 107°-10""erg cm™?),
flashes of high-energy (1 keV-10 MeV) radiation. Discovered serendipitously by the
Vela satellites in the late 1960s (Klebesadel et al., 1973), GRBs result from collision-
less shocks within an ultra-relativistic, collimated outflow. As the shock expands,
the kinetic energy of the outflow accelerates electrons in the circumburst medium.
The resulting broadband (radio—X-ray), long-lived (At ~ days to weeks) synchrotron
radiation is known as the afterglow. At least two extragalactic populations appear
capable of producing GRBs: long-duration (At 2 2s) events are associated with
massive star core-collapse, while short-duration (At < 2s) GRBs are likely associ-
ated with an older stellar population. In this chapter, I provide a brief introduction
to GRBs, primarily in the context of the relativistic fireball model and the result-
ing synchrotron afterglow emission. I conclude with a brief overview of the results

presented in the remainder of this thesis.

1.1 Observed Properties of the Prompt 7-Ray Emis-
sion

Figure 1.1 displays the high-energy light curves of a sample of GRBs (Bonnell et al.,
1997). Upon first glance, the most striking feature is the marked diversity — no

two light curves look exactly alike. The durations in Figure 1.1 are representative of
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the observed GRB population as a whole, with tgy! values ranging from < 100 ms to
> 103s. In fact the observed extreme values are likely artifacts of instrumental time
resolution and triggering algorithms.

Another feature evident in nearly all light curves in Figure 1.1 is rapid variability.
In fact many GRB light curves show statistically significant variations on all sampled
time scales (as low as tens of ms). If relativistic effects are neglected, causality
arguments would constrain the physical size of the emitting region to R < cit ~
3 x 10® cm, comparable in size to the radius of Earth (Rg = 6.378 x 108 cm).

The high-energy spectra of GRBs are non-thermal. Most events are well fitted by
a power-law spectrum with an exponential cutoff at energies of a few hundred keV
(Band et al., 1993). Like durations, the observed cutoff values can span over many
orders of magnitude, dropping as low as the X-ray bandpass in some cases (the X-ray
flashes, or XRF's; Heise et al., 2001).

The launch of the Burst Alert and Transient Explorer (BATSE) on-board the
Compton Gamma-Ray Observatory (CGRO) in 1991 allowed for the first time detailed
population studies by providing degree-sized localizations for thousands of GRBs (Pa-
ciesas et al., 1999). It was thus determined that GRBs were distributed isotropically
on the sky, and the luminosity function (log N — log.S: number as a function of
peak flux) showed clear deviations from the S~%2 power-law required for a bounded
Euclidean space (Meegan et al., 1992). Both findings argued strongly in favor of a
cosmological origin for GRBs (Paczynski, 1986), although a Galactic model in the
extended halo (e.g., high-velocity neutron stars; Li & Dermer, 1992) could not be
ruled out entirely until the detection of afterglow emission (Section 1.3).

Finally, observations with BATSE revealed the first evidence of two distinct sub-
populations of GRBs. The observed duration distribution is bimodal, with a cutoff
value at tgg ~ 2s (Figure 1.2; Norris et al., 1984; Kouveliotou et al., 1993). Fur-
thermore, the observed duration shows a strong correlation with spectral hardness,

as those events with the most high-energy photons also had the shortest durations

IThe duration calculation for a background-subtracted light curve is not particularly well defined.
I adopt here the standard measure in the field, tgy, which is defined as the interval over which 90%
of the total background-subtracted counts are observed.
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Figure 1.1 — GRB high-energy light curves. Plotted here is the count rate in all
four BATSE energy channels (30 keV — 2 MeV) as a function of time. Note the large
diversity in shape and duration, as well as the rapid variability seen in many bursts.
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Figure 1.2 — Bimodal duration distribution of BATSE GRBs. The decomposition
into two log-normal distributions, as determined by Horvath (2002) (thin solid lines),
together with the sum of the two distributions (thick solid line), are shown here
superposed on the observed histogram. From Nakar (2007).

(Qin et al., 2000). The two populations are often referred to as short-hard (tgg < 25)
and long-soft (tgg = 2s) bursts. For the remainder of this thesis, unless otherwise

~

specified, I will be discussing primarily long-soft GRBs.

1.2 The GRB Paradigm: Relativistic Fireball Model

Armed solely with the facts about the prompt emission presented in Section 1.1, it
is nonetheless possible to gain remarkable insight into the GRB phenomenon. The
short time scale variability requires y-ray production in a compact emission region: a
so-called astrophysical “fireball” (Cavallo & Rees, 1978). As originally envisioned, a

fireball should be opaque due to e~ — e™ pair creation. Photon pressure would cause
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the fireball to expand and cool until the energy spectrum is degraded below the pair
production threshold, and a thermal spectrum would emerge once the outflow became
optically thin (Goodman, 1986; Paczynski, 1986).

We know, however, that GRB spectra are non-thermal, and the resolution to this
“compactness problem” forms the foundation of our current understanding of GRBs.

The optical depth for pair creation is given by (e.g., Piran, 2005):

ferordnd®F,
T. = -
i mec?R?

(1.1)

where f,+ is the fraction of photons above the pair production threshold energy (i.e.,
2me+ = 1.02MeV), or is the Thomson cross section, d is the distance to the burst, and
F, is the GRB fluence. Assuming GRBs lie at cosmological distances (d ~ 10%® cm)
and using typical fluence and radius measurements from BATSE (F, ~ 1077 ergcm™2,
R ~ ¢0t ~ 3 x 10° cm), we find an optical depth of 7., ~ 10'°. All photons with
E > 1.02MeV would create pairs, and the emergent spectrum would be thermal.

To resolve the compactness problem, we invoke ultra-relativistic expansion of the
fireball toward the observer. If we consider an outflow with Lorentz factor I' [I' = (1—
(v/c)?)~1/?], the size of the emitting region will increase by a factor of I'?: R ~ I'%cét.
Additionally, observed photons have been blue-shifted by a factor of I', so the fraction
above the pair production threshold in the fireball rest frame decreases by a factor of
I'—2% where « is the power-law spectral index of the prompt emission. For observed
values of a &~ 2, we require I' 2 100 in order for the fireball to be optically thin
(74, < 1) and thus produce the observed non-thermal spectra.

We consider here two possible mechanisms to generate the prompt ~-ray emis-
sion from the ultra-relativistic fireball outflow (Figure 1.3). If the outflow contains
baryonic material, the kinetic energy of these entrained baryons can be converted to
radiation via dissipation in shocks, either internally, through instabilities within the
outflow (Narayan et al., 1992; Rees & Meszaros, 1994; Paczynski & Xu, 1994), or
externally, by sweeping up the circumburst medium (Rees & Meszaros, 1992). The

observed durations and variability time scales suggest internal shocks as the likely
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Figure 1.3 — The GRB paradigm: an ultra-relativistic fireball outflow. Shown on the
left are the two leading progenitor models for GRBs. There is now strong evidence
linking the core-collapse of a massive star to long-duration GRBs (Section 1.4). Co-
alescence of two degenerate compact objects (neutron star-neutron star or neutron
star-black hole) is thought to be the leading candidate for short-duration GRB pro-
genitors. In both cases, accretion onto the newly formed black hole generates a highly
collimated, ultra-relativistic outflow. If the outflow contains an appropriate amount
of baryons, collisionless shocks within the outflow (i.e., internal shocks) generate the
prompt y-ray emission. Alternatively, for an electromagnetically dominated outflow,
instabilities within the outflow could be the source of GRBs. In both cases, long-
lived, broadband afterglow emission results when the the outgoing shock accelerates
electrons in the circumburst medium, causing them to emit synchrotron radiation.
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source of GRB emission (e.g., Piran, 2005 and references therein). It is important to
note, however, that the Lorentz factor of the outflow and the efficiency of conversion
of kinetic energy of the baryons to v-rays depend sensitively on the fraction of en-
trained baryons (Cavallo & Rees, 1978; Goodman, 1986; Shemi & Piran, 1990). The
capture of too many baryons will produce only a mildly relativistic outflow with a
low y-ray conversion efficiency. This is know as the “baryon loading” problem.
Alternatively, the outflow could also be electromagnetically dominated (e.g., Usov,
1992; Lyutikov & Blandford, 2003; Figure 1.3). In this case, y-ray production is
caused by instabilities in a relativistic magnetic outflow. One advantage of this model
is that it does not require the large circumburst magnetic field invoked to explain the
observed afterglow emission (Lyutikov & Blandford, 2003). However, in its current
state, it is difficult to observationally discriminate between these two models for the

outflow.

1.3 The Key to the Puzzle: Afterglow Emission

A natural consequence of the relative inefficiency in converting the kinetic energy of
the outflow into v-ray radiation is the production of long wavelength emission as the
outflow sweeps up and shocks the ambient circumburst medium. Given the long-lived,
fading nature of this emission, these counterparts have been dubbed “afterglows”
(Figure 1.3).

After many unsuccessful attempts (due primarily to the long time delay in obtain-
ing follow-up observations), the first X-ray (Costa et al., 1997), optical (van Paradijs
et al., 1997), and radio (Frail et al., 1997) GRB afterglows were detected in 1997.
Unlike the prompt emission, afterglow radiation was confirmed to be both broadband
(radio—X-ray) and smoothly variable. As an example, I display the X-ray, optical,
and radio light curves of the afterglow of GRB 0604182 in Figure 1.4.

To explain the afterglow emission, we consider a relativistic shell of material propa-

2Tt is customary to name GRBs after the UT trigger date, appending letters for those days on
which more than one GRB was discovered. Thus the third GRB discovered on 2010 January 1 would
be referred to as GRB 100101C.
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long-lasting, and lacks the short time scale variability seen from the prompt emission.
All three band passes (X-ray, optical, and radio) can typically be well fitted as a series
of broken power-laws.

gating into the undisturbed circumburst medium. The shell will decelerate once it has
swept up a circumburst mass of M /T", where M and I" are the mass and Lorentz factor
of the outgoing shell, respectively. For typical values of Iy ~ 100 and Exg ~ 103
(Section 1.5), and assuming a circumburst particle density of n ~ 1cm™2, the decel-
eration begins at a radius of r ~ 107 cm.

At the intersection of the relativistic outflow and the ambient circumburst medium,
a shock front forms. The densities at the shock front are so low that the mean free
path for collisions is larger than the size of the system. Either magnetic fields or
plasma waves play the role normally assigned to collisions; in this sense the shocks
are “collisionless”. Assuming the unshocked circumburst medium is cold, then con-

servation of mass, energy, and momentum across the shock front requires (Blandford



& McKee, 1976):

N9 = 4F2TL1
ey = 4F2n1mpc2
I? =2I3% (1.2)

where n; 5 and e 5 are the number density and energy density, measured in the local
rest frame of the unshocked (subscript 1) and shocked (subscript 2) material. T’ is
the Lorentz factor of the fluid just behind the shock, and I', is the Lorentz factor of
the shock front (both measured in the frame of the unshocked circumburst medium).

To calculate the emitted spectrum, we follow the formulation of Sari et al. (1998).
In the shocked circumburst material, we assume electrons are accelerated to a power-
law distribution of energies, N(I'.) oc I';? (Fermi, 1949), with a cutoff at low energy
given by I',,,. To mask our ignorance of the detailed microphysics of the shock process,
we further assume that a constant fraction of the total energy is imparted to the

electrons (€.) and magnetic field (ep):
Ce = €. = 4F§een1mp02 (1.3)

ep = ege = B* /81 = 4F363n1mp02. (1.4)

The minimum electron Lorentz factor can then be written as:

p—2\ my,
'y =€ | —— ) —T. 1.5
‘ (p_l)me : (15)

The accelerated post-shock electrons, in the presence of a magnetic field, will emit
synchrotron radiation (Rybicki & Lightman, 1979). The resulting spectrum will be
a broken power-law, with the exact shape determined by the relative ordering of
three critical frequencies: v,, the frequency where self-absorption becomes significant
[7(vy) = 1]; Vi, the frequency corresponding to the minimum energy electron [v,, =
v(vm)]; and v, the frequency above which electrons cool efficiently via radiation. For

most times of interest, v, < v, < v, (i.e., the slow cooling regime). Integrating over
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the electron distribution yields:

F, x v? F V< Uy (1.6)
pi/3 P Vs <V < Uy (1.7)

p= 2y < v <, (1.8)

v U > (1.9)

A plot showing the spectra resulting from all possible orderings of v,, v,,, and v, is
shown in Figure 1.5 (Granot & Sari, 2002).

The hydrodynamic evolution of the shock depends on the density profile of the
circumburst medium, as well as the angular profile of the outflow (i.e., collimated
or isotropic). Consider first an isotropic outflow expanding into a constant density
(p o< ) medium. This scenario is also referred to as an inter-stellar medium (ISM).

Assuming adiabatic expansion, the flux density will scale as (Sari et al., 1998):

F,oc tV2  uv<uy, (1.10)
2 sy <v <y (1.11)

3A=p)/4 < v <, (1.12)
t@=3e)/4 ey > (1.13)

Alternatively, if we eliminate the electron distribution index p from the above equa-
tions, we find a characteristic relation between the temporal and spectral indices in

each spectral regime known as a “closure relation” (Price et al., 2002):

a= £ v, .
S (1.14)
% Uy <V < Uy (1.15)
% P Um <V <, (1.16)
Bl v >, (1.17)
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Figure 1.5 — Synchrotron spectra from GRB afterglow emission. The predicted spec-
trum is a broken power-law, with the exact shape depending on the relative ordering
of the three critical frequencies: v,, v,,, and .. Typical afterglow observations are
made when v, < v, < . (top panel). Scalings of the flux density (vertical arrows)
and critical frequencies (horizontal arrows) with time are indicated for the case of
constant density and wind-like circumburst profiles. From Granot & Sari (2002).
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The long-soft class of GRBs, however, is thought to arise from the deaths of
massive stars as they collapse to form black holes (Section 1.4; Woosley, 1993). In
the late stages of evolution, massive stars are stripped of their outer envelopes in a
wind, leaving behind a signature p oc r=2 density profile that should be discernible
in the afterglow light curve. The analogous temporal decay indices for an isotropic

outflow expanding into a wind-like medium are (Chevalier & Li, 2000):

F, x t! PV < Uy (1.18)
t0 P Uy <V < Upy (1.19)

tA=se)/4 .y < v < b, (1.20)
13/ sy (1.21)

The derived closure relations are:

a= 5 u<y, 1.22
2 )

BEL Ly <V < Uy (1.23)

MTH P Um <V <1 (1.24)

Ly > . (1.25)

The above temporal decay indices and closure relations (Equations 1.10-1.25) are
only valid for a spherically symmetric outflow. GRBs, however, are thought to be
beamed events (Section 1.5). At early times, observers only notice emission from a
narrow cone (opening angle § ~ I'"!) due to relativistic beaming. As the shock slows,
however, lateral spreading of the jet becomes important, and the observer eventually
notices “missing” emission from wider angles (Rhoads, 1999; Sari et al., 1999). This
hydrodynamic transition manifests itself as an achromatic steepening in the afterglow
light curve, with an expected post-jet break decay proportional to ¢77.

The power of afterglow observations is that they allow us to infer fundamental
properties of the outflow (Fxg, 0, €., and €g) and the circumburst medium (n and the

density profile) from relatively straightforward observations. The primary drawback,
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however, is that our estimates of the physical parameters are often limited by our
model uncertainties, which can be quite difficult to determine. The methods used to
translate afterglow observations into physical parameters are discussed in more detail

in Section 1.5.

1.4 Massive Star Progenitors and the Environments

of GRBs

Until now, I have not mentioned the source powering the relativistic outflow. The
nature of this central engine is almost entirely lost in the process of converting the
kinetic energy of the outflow into «-rays. The sub-arcsecond positions provided by
afterglow detections, however, have nonetheless allowed us to unambiguously iden-
tify the central engines powering long-duration GRBs: massive star core-collapse
(Woosley, 1993).

The most compelling evidence in support of the GRB-supernova connection comes
from observations of the closest (z < 0.3) events (Woosley & Bloom, 2006). At late
times, as the emission from the afterglow fades, it is sometimes possible to observe the
effects of radioactive decay from the *Ni produced during core-collapse. In four cases
(GRB980425: Galama et al., 1998; GRB030329: Stanek et al., 2003; Hjorth et al.,
2003b; GRB031203: Gal-Yam et al., 2004; Malesani et al., 2004; and GRB 060218:
Pian et al., 2006; Modjaz et al., 2006) spectroscopy during this phase revealed broad-
lined features indicative of fast-moving but sub-relativistic (v < 10,000 kms™!) ejecta.
In all four cases the spectra were classified as Type Ib/c supernovae, which are believed
to result from the core collapse of the most massive stars (M 2 20 M; Filippenko,
1997). As an example, we plot our spectroscopic observations of SN 2006aj, associated
with GRB 060218, in Figure 1.6.

At z 2 0.3, supernovae are too faint, redshifted, and absorbed to be routinely
detected with current facilities. Observations of the environments of GRBs, however,

are consistent with a massive star origin. Because of their relatively short lifetimes
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Figure 1.6 — Evolution of SN 2006aj associated with GRB 060218. The initial spec-
trum was taken on 2006 February 21, three days after the GRB, and is dominated by
featureless, power-law afterglow emission (the bright emission lines are from the host
galaxy and are unrelated to the GRB/SN). At later times, as the afterglow fades,
broad-lined humps and valleys begin to emerge. Because of the lack of H and He,
SN 2006aj was classified as Type Ic SN. Type Ic SNe are believed to result from the
core-collapse of the most massive stars (M 2 20M; Filippenko, 1997).

(< 20 Myr), massive stars don’t have time to venture far from the dense disks in which
they formed. As a result, GRB host galaxies form a population of irregular, blue
galaxies (Floc’h et al., 2003) with exceptionally large rates of specific star formation
(star formation per unit mass; Christensen et al., 2004). Within their hosts, GRBs are
preferentially located in the innermost regions, tracing the blue light from hot young
stars even more closely than ordinary (i.e., non-relativistic) core-collapse supernovae
(Bloom et al., 2002; Fruchter et al., 2006).

Absorption spectroscopy of bright GRB afterglows is therefore ideally suited to
probe the dense regions where stars are being formed. The ISM along GRB sightlines
has therefore yielded some of the largest neutral hydrogen column densities seen out-

side the Milky Way. The observed median value, (log N(H 1)) = 21.6 cm ™2 (Jakobsson
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et al., 2006a), is comparable only to the densest class of quasar (QSO) sightlines, the
so-called damped Ly-a systems (DLAs; Wolfe et al., 2005). Because QSOs sample
gas according to cross section, they are much more likely to probe the outer regions
of galaxy halos (e.g., Prochaska et al., 2007b).

The massive star progenitors of long-duration GRBs should affect the local (pc
scale) circumburst density as well as the global (kpc scale) ISM environment. Mas-
sive stars shed large portions of their outer H and He envelope in the late stages of
evolution through stellar winds. The resulting circumburst density profile (p oc r~2
for a constant mass loss rate) should be detectable from the temporal evolution of
the broadband afterglow (Section 1.3). Unlike spectroscopy of the dense ISM, how-
ever, demonstrating a wind-like environment on pc scales has proven challenging.
Broadband modeling of the best-sampled afterglow light curves seems to rule out a
wind-like medium for a substantial fraction of events (Yost et al., 2003; Panaitescu
& Kumar, 2001). Explaining this discrepancy is still an open question in the GRB
field.

The origin of short-hard GRBs remains one of the outstanding questions in the
field. Several recent events have been associated with elliptical galaxies with little
signs of ongoing star formation (GRB050509B: Gehrels et al., 2005; Bloom et al.,
2006; GRB050724: Berger et al., 2005b; Barthelmy et al., 2005b), suggesting an
older stellar population. The leading candidate is a coalescing degenerate binary
system (neutron star-neutron star or neutron star-black hole; Eichler et al., 1989).
Confirmation of this hypothesis, however, would likely require detection of a non-
electromagnetic signal (i.e., gravitational waves), and may therefore be some time off

in the future.
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1.5 GRB Energetics: Collimation and Distribu-

tion

With the discovery of the first GRB afterglows in 1997, it became possible for the
first time to directly measure the distance scale to these events. Optical spectroscopy
of the bright afterglow of GRB 970508 revealed a strong metal absorption system
at z = 0.835, firmly establishing the cosmological nature of long-duration GRBs
(Metzger et al., 1997). Even for those events without bright optical afterglows, optical
spectroscopy of the host galaxy often yields bright emission lines and hence a redshift
determination.

With a distance in hand, we can convert GRB fluences to energies, the most
fundamental parameter for any explosion. The implied energy release for the brightest
GRBs was truly astounding, in some cases approaching 103 erg, the rest mass energy
of a neutron star (Kulkarni et al., 1999a). Such tremendous luminosities are difficult
to explain even in the context of massive star collapse.

The resolution of this “energy catastrophe” lies in the geometry of the outflow.
GRBs are now widely believed to be collimated explosions (Rhoads, 1999; Sari et al.,
1999). At early times, when the Lorentz factor of the shock is larger than the inverse
of the outflow opening angle, 6, relativistic beaming causes the outflow to appear
isotropic. As the shock decelerates, however, observers begin to see more and more
of the outflow. Finally, when I' ~ 67!, observers begin to notice “missing” emission
from wide angles (Figure 1.7).

This hydrodynamical transition manifests itself as an achromatic steepening in
the afterglow light curve, and convincing evidence for such a transition has been seen
in several cases (Figure 1.8; Harrison et al., 1999). Measuring the time of this “jet
break” allows for a determination of the opening angle, as the two are directly related

by (Frail et al., 2001):

6 — 0.057 L T () Lo o (ﬂf/g (Lfﬁ (1.26)
- 1d 2 1052 erg 0.2 0.lcm™3/ ‘




17

The jet spreads
sideways quickly |

The jet remains
within Initial cone

Radiation is /
beamed into a Jet Radiation is beamed

Narrow cone break § into a large cone

Figure 1.7 — Jets in GRBs. At early times, radiation is beamed into a narrow cone,
and the light curve evolution appears isotropic. When the Lorentz factor of the
outflow approaches the inverse opening angle, the jet begins to spread laterally and
the observer notices missing emission from wide angles. This transition is visible as
an achromatic steepening in the light curve known as a jet break. From Piran (2002).

Here t; is the jet break time, E, ;s is the isotropic prompt energy release, 7, is the
efficiency in converting kinetic energy to v-rays, and n is the circumburst density.

Based primarily on jet breaks observed in the optical and radio bandpasses, most
GRBs appeared to be highly collimated (0 ~ a few to tens of degrees). Correcting for
the narrow opening angles, the prompt y-ray energy release (E,) was found to cluster
around 10°! erg, similar to the electromagnetic energy release from SNe (Figure 1.9;
Frail et al., 2001). This was an extremely important result in the field, as it offered
the hope that GRBs, like Type Ia supernovae, may be used as standard candles to
constrain the cosmology of our universe.

As noted previously, only a fraction of the initial outflow kinetic energy is dis-
sipated internally to generate the prompt emission. The remainder propels a shock
outward into the circumburst medium, generating the broadband afterglow emis-

sion®. Given that internal shocks are predicted to be relatively inefficient (n, ~ 10%;

3In fact, GRBs may emit energy through a variety of channels, from non-relativistic ejecta (i.e.,
SN) to non-electromagnetic emission (gravitational waves, neutrinos). Here I will concern myself
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Figure 1.8 — Achromatic steepening of the light curve of GRB990510. By deter-
mining the time of this jet break transition, it is possible determine the degree of
collimation of the outflow (Equation 1.26). With narrow opening angles (4.6° for
GRB990510), determining the degree of collimation is required for an accurate de-
termination of the total energy release. From Harrison et al. (1999).

Kobayashi et al., 1997; Daigne & Mochkovitch, 1998), constraining this outflow ki-
netic energy (Exg) is just as important to understand the central engine as E.,.

Accurately determining Fkg is not nearly as straightforward as measuring £, as
only a fraction of the shock energy is converted to afterglow emission. Instead it is
necessary to rely on comparing observations to theoretical predictions for afterglow
emission (i.e., afterglow modeling).

Robust afterglow modeling requires broadband observations of the afterglow over
the entire course of its evolution, as well as accurate predictions for the afterglow flux.
Throughout this work, I make use of the multi-parameter fitting software developed
by Yost et al. (2003). The theoretical models include corrections for electron radiative

losses as well as inverse Compton emission (Sari & Esin, 2001), and therefore represent

predominantly with relativistic output of the central engine, as this is what differentiates a GRB
from an ordinary SN.
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Figure 1.9 — Collimation-corrected prompt energy release in GRBs. The top panel
shows the isotropic prompt energy release (£, ;) from a sample of pre-Swift GRBs.
After applying the collimation correction (bottom panel), the true prompt energy
release (E,) is tightly clustered around 10°! erg. From Frail et al. (2001).

our most detailed understanding of afterglow physics. These models still undoubtedly
suffer from large and unknown uncertainties. However, together with the broadband
(X-ray through radio) data sets presented here, this work represents some of our most

detailed examinations of GRB afterglow emission to date.

1.6 The Swift v-Ray Burst Explorer

Progress in the field of GRBs has come predominantly through two means: 1) new
satellite missions capable of providing more accurate localizations for larger numbers
of GRBs with smaller delay times; and 2) follow-up afterglow observations at earlier
times, with larger telescopes, and/or in new regimes of the electromagnetic spectrum.
Much of the work in this thesis builds off discoveries made by the Swift v-Ray Burst
Explorer, the latest NASA satellite dedicated to GRB science (Gehrels et al., 2004).
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Table 1.1.  Swift Instrument Overview

Instrument | Effective Area Detector Field of View  Localization Accuracy  Energy Range
BAT 5200 cm? CdZnTe 2sr ~ 3 15 — 150 keV
XRT 135 cm?? XMM EPIC CCD 23 x 23’ =~ 3" 0.2 - 10keV
uvoT 30 cmP Intensified CCD 17 x 17 ~0.3" 1700 - 6500 A

2Measured at 1.5keV.

bMirror diameter.

For this reason, I outline the salient characteristics of Swift below.

Launched in November 2004, Swift has three instruments on board: the wide-field
(2 sr) Burst Alert Telescope (BAT; Barthelmy et al., 2005a), a hard X-ray (15-150
keV) coded-mask imager; the X-ray Telescope (XRT; Burrows et al., 2005a), a 2—
10 keV X-ray imaging telescope, and the Ultra-Violet/Optical Telescope (UVOT;
Roming et al., 2005), providing imaging from 1700-6500 A. The BAT currently pro-
vides ~ 3’ localizations for & 100 bursts each year. Meanwhile, the XRT and UVOT
“swiftly” slew to BAT-discovered GRBs, typically beginning observations of the af-
terglow within 100 s of the burst. Initial results from all three instruments are relayed
to ground-based observers in real-time (i.e., time lag of only seconds) so that they
may coordinate observations of the afterglow as well. The relevant characteristics of

all three Swift instruments are outlined in Table 1.1.

1.7 Thesis Overview

The GRB field has matured considerably since the discovery of the first afterglows
only a decade ago. As discussed in this introduction, a general picture has emerged,
what I refer to as the relativistic fireball model (Figure 1.3), with the following key

components:

e A compact central engine, capable of generating an ultra-relativistic outflow
(I' 2 100). We know at least some (if not all) members of the long-soft class of

GRBs are powered by a massive star undergoing core-collapse.
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e Shocks and/or instabilities within the ultra-relativistic outflow, which generate

the short-lived, non-thermal flashes of high-energy radiation we know as GRBs.

e Accelerated electrons in the shocked circumburst medium, responsible for the

long-lived, broadband afterglow emission.

e A high degree of collimation, which, after incorporating into energy estimates,

results in a relatively narrow distribution of GRB energy release: E ~ 10°! erg.

Building off the unique opportunity heralded by the launch of Swift, this thesis at-
tempts to address two fundamental issues in GRB studies: 1) What is the true
distribution of opening angles and collimation-corrected energy releases from Swift
GRBs? and 2) Are the environments of Swift GRBs, both locally (i.e., the circum-
burst medium) and globally (i.e., the host galaxy ISM) consistent with a massive star
origin?

The centerpiece of this thesis is the robotic Palomar 60 inch telescope (P60), which
I introduce in Chapter 2. I took a lead role in converting P60 from a classically sched-
uled, night-assistant-operated telescope into a fully automated facility dedicated to
transient astronomy. The workhorse of the GRB group at Caltech, P60 now routinely
responds to Swift GRB triggers immediately following (and in some cases even dur-
ing) the prompt y-ray emission, providing an unprecedented multi-color glimpse into
the poorly understood early afterglow phase. Unlike most robotic facilities, however,
P60 is large enough to observe afterglows for days or even weeks, enabling detailed
multi-color studies to investigate the geometry, energetics, and environments of Swift
GRB:s.

Chapters 3 and 4 are devoted primarily to the study of GRB energetics. Chapter 3
focuses on the P60-discovered afterglow of GRB050820A, one of the most detailed
broadband data sets in the Swift era. Swift triggered on a faint precursor (sev-
eral hundred seconds before the bulk of the prompt emission), allowing us to obtain
contemporaneous X-ray and multi-color optical observations during the GRB itself.

Following the X-ray, optical, and radio light curves for months, I measure a total
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energy release (E., and Ep) in excess of 10°% erg, suggesting the true GRB energy
distribution may be much broader than previously imagined.

Building off this result, I provide detailed broadband light curves for GRB 050525A
and GRB 060418 in Chapter 4. Using the multi-parameter fitting software developed
by Yost et al. (2003), I model the observed light curves for both events in order to infer
the fundamental physical properties of the outflow. I find that GRB 060418, much
like GRB050820A, is an over-energetic outlier compared to the pre-Swift sample. I
define a new class of “hyper-energetic” GRBs, with total energy release in excess of
1052 erg, and discuss the repercussions of the existence of such events on progenitor
models and GRB cosmology.

In Chapter 5, I use both absorption spectroscopy and afterglow modeling to study
the environment of GRB 070125 on both the pc and kpc scales. GRB 070125 appears
to have occurred in an environment unlike any previous GRB, far away from the disk
of its host (and hence far away from the bulk of massive star formation). I speculate
the resolution may lie in triggered star formation in a tidally stripped region caused
by galaxy mergers and interactions, suggesting that GRBs may be relatively unique
probes of star formation in such extreme environments at high redshift.

In Chapter 6, I turn my attention from individual events to consider properties
of the entire population of Swift optical afterglows. I construct a sample of 29 Swift
GRB afterglows with P60 coverage beginning less than an hour after the burst, an
order of magnitude increase over pre-Swift samples. I find that a significant fraction
(50%) of Swift GRBs show a suppressed level of optical afterglow flux relative to
the X-ray, the so-called “dark bursts.” Contrary to previous studies, our multi-color
P60 data allows me to show that in fact most of this suppression is caused by dust
extinction in the GRB host galaxy, consistent with what one would naively expect
from a system with a massive star progenitor.

Not surprisingly, the studies in this thesis have raised many new questions, par-
ticularly with regards to the GRB energy distribution. I conclude in Chapter 7 with
a summary of the major results, as well as a look forward to future studies of GRB

energetics and environments.
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Part 1

The Palomar 60 Inch Automation

Project
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Preamble

In order to take advantage of the unique opportunities offered by the launch of Swift,
in 2004 we converted the Palomar 60inch telescope (P60) from a classical night-
assistant-operated telescope to a fully automated facility dedicated to ~-ray burst
(GRB) and other transient follow-up. Like other small, robotic telescopes then in
existence, P60 is capable of automatically responding to transient alerts, providing
an unprecedented multi-color glimpse into the crucial minutes immediately following
(and in some cases even during) the prompt ~-ray emission. Furthermore, P60 is
currently one of the largest robotic optical facilities in the world. It is therefore
capable of providing multi-color imaging of GRB optical afterglows for days or even
weeks after the trigger. In this sense P60 was designed to bridge the gap between the
earliest rapid-response observations and deep, late-time imaging and spectroscopy on
the world’s largest telescopes.

In the chapter that follows, I outline the design requirements, hardware and soft-
ware upgrades, and lessons learned from the roboticization process. The chapter is
largely based on an article published in The Publications of the Astronomical Society
of the Pacific (Cenko et al., 2006a), with an updated discussion of non-GRB science
and the future of P60.
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Abstract

We have converted the Palomar 60inch (1.52m) telescope from a classical night-
assistant-operated telescope to a fully robotic facility. The automated system, which
has been operational since 2004 September, is designed for moderately fast (¢ < 3
minutes) and sustained (R < 23 mag) observations of ~-ray burst afterglows and
other transient events. Routine queue-scheduled observations can be interrupted in
response to electronic notification of transient events. An automated pipeline reduces
data in real-time, which is then stored on a searchable Web-based archive for ease
of distribution. We describe here the design requirements, hardware and software
upgrades, and lessons learned from roboticization. We present an overview of the

current system performance as well as plans for future upgrades.

2.1 Introduction

The field of optical transient astronomy has matured to produce numerous important
scientific discoveries in recent years. Type Ia supernovae (SNe) have been used as
standard candles to produce Hubble diagrams out to z ~ 0.5, providing evidence
that the expansion of the universe is accelerating (Riess et al., 1998; Perlmutter
et al., 1999). Observations of the broadband afterglows of long-duration (t > 2 s)
v-ray bursts (GRBs) have revealed an association with the deaths of massive stars
(Galama et al., 1998; Stanek et al., 2003; Hjorth et al., 2003b). The discovery of the
first afterglows and host galaxies of short-duration (t < 2 s) GRBs (Gehrels et al.,
2005; Bloom et al., 2006; Hjorth et al., 2005; Fox et al., 2005) has possibly revealed
a new class of GRB progenitors: compact binary coalescence (Eichler et al., 1989).
As interest in the field has steadily grown, new, more powerful methods of identify-
ing optical transients have been developed. The Swift v-Ray Burst Explorer (Gehrels
et al., 2004) is currently providing ~ 100 prompt GRB localizations per year, an order-
of-magnitude improvement over previous missions. Planned wide-angle, high-cadence

surveys with large facilities, such as Pan-STARRS (Panoramic Survey Telescope and
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Rapid Response System; Kaiser et al., 2002) and LSST (Large Synoptic Survey Tele-
scope; Tyson, 2005), promise to overwhelm our current follow-up capability, providing
hundreds of variable optical sources each night.

Dedicated, robotic, medium-aperture (1-3m) telescopes have the opportunity over
the next few years to play a crucial role in this field. Like small-aperture (< 0.5m),
robotic facilities, they can respond autonomously to transient alerts, providing ob-
servations at early times. And given the relative abundance of such telescopes, it is
entirely feasible to focus predominantly on transient astronomy. However, like larger
telescopes (> 5m), interesting events can be followed for longer durations and in
multiple colors. In this sense robotic, medium-aperture facilities can act to bridge
the gap between the earliest rapid-respon