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Abstract

There s growing scientilic agreement that at least some cosmic ganima-ray bists
(GRBs) comeide with the deaths of rapidly rotating massive stars - dubbed “hyper-
novae.” In 1987, a supernova (SN 1987A) was detected in the Large NMagellanie Clond
~ its progeuifor was a blue. rapidly rotating supergiant that was a likely member of a
hinary svstem that underwent merger prior to the supernova event [1]. Although no
accompanying GRB was detected, there is evidence [2] that one may have oconrred
but was heamed in a direction away from the Earth. Whether or not SN T9STA wis
a hyvpernova or generated a GRB. we can investigate the question: Ave long duration
GRBs produced by hypernovae. and are massive interacting binary systems the pro-
aenitors of hvpernovace?

In this thesis. we use a phenomenological model to determine #. the jet opening
angle of long duration GRBs. Our basic underlying assumption is that massive hi-
nary star sytems are hypernova progenitors. We alse test the hypothesis that these
svstems do not undergo significant cosmological evolution. We find that the statistics
of GRBs are, in fact. consistent with a uniform rate per unit of comoving volume {rom
= 2 3 to the present. and we incorporate this result in our model. We caleulate 0 by
deriving two expressions for the probability that a given GRB is detected. one hased
on the geometry implied by the beaming model and the other based on the observed
and expected rates of long duration GRBs, under the asswmption that these events
are produced by hypernovae that originate in massive. interacting. binary systems.
These expressions give the detection probability as a function of a few key physical
parameters. By finding estimates of these parameters. equating the two expressions.
and performing a Monte Carlo simulation. we obtain the most probable value of # for
single-jet and double-jet burst models.

For the single-jet burst model, we find that the most probable valie is 8* dee
(FWHM). the median value is 10.3 deg. and the standard deviation is L4 dee. For

L2

the double-jet model. we find that the most probable and median values are 5.5 7 -



deg. and 7.3 deg, respectively, and a standard deviation of 3.1 deg.

Because these results are well in agreement with values inferved from the observed
properties of long duration GRBs [3] and with values calculated based on the strue-
tured jet model of these bursts [4], we conclude that our underlving asswmption  that
massive, bimary systeims are hypernovae progenitors is at the very least plansible
and 1s consistent with the hypothesis that SN 1987A was a prototvpical hypernova
cvent. Futhermore, owr result from applying a statistical test to the distribution of
long duration GRBs in space allows us to conelude that these events (and their pro-
cenitors) ave likely to have a uniform density in comoving space ot to cosmological
distances (z ~ 3).

Thesis Supervisor: Paul C. Joss
Title: Professor
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Chapter 1

Introduction

The energeties of gamma-ray bursts (GRBs) arc extreme - assuming isotropic cmis-
sion. one can caleulate as much as 2M.,c? worth of energy in a single burst. It is
difficudt to conceive of physical models which could produce such high emission en-
ergies on such short timescales. A popular model for GRBs is that of a hypernova.
which is a massive, rapidly rotating core collapse supernova. Hypernovae are thought
to forin beamed jets of y-radiation; the beaming reduces the energetics to tractable
proportions. In this thesis. we assume that long-duration GRBx and hvpernovae are
one and the same. and use this asswnption to calculate A, the jet opening angle of

GRB=

Kknowledge of ¢ i1s a valuable litmus test of GRB progenitor models, which can
strengthen or weaken the plausibility of this model. For many approaches, 0 1s an
accessible quantity. both theoretically and observationally, and is therefore usefnl in
constraining possible progenitor models. For example, knowlege of # tells us about
the proper energy emission geometry and jet structure (energy distribution) [5]. which
Is required to find the total energy release within the bhurst (a requirement for hy-
pernova physies to satisfy). Since the hypernova scenario has only a limited range of
allowable opening angles. knowledge of the opening angle sheds hight into the physics

behind the hypernova event itself.



In addition to calculating 6, we will also adopt a statistic that allows nus to test

the uniformity of GRBs over cosimological distances.

Supernova 1987A (SN 1987A hereafter) was the closest naked-eve supernova in
over 300 vears. occuring in the Large NMagellanic Clond (LNC). Its progenitor. star
Sk — 697202, was a blue supergiant that resembled a typical. unevolved star in the
LMC. was most unusual for a supernova progenitor. Furthermore, the discovery of
neutrinos from the supernova explosion, along with the energies and spread in ar-
rival times of these neutrinos, provided compelling evidence that core collapse had
oceured. However. in many ways, SN 1987A did not comply with standard theoretical
expectations. It was exactly this noncompliance that prompted theorists to consider

binary involvement of the progenitor star as an alternative [1, 6].

Further theroetical work has demonstrated that the progenitor of SN J987A wax
likely to have heen the end-product of a stellar merger in a massive hinary systen.
Along with other evidence, this suggests that SN 1987A might have heen a hyper-
nova and may even have generated a GRB event for observers within the beams of

the hypernova jets.

In the next section, we will paint the history of GRB obscrvation and theory.
Further details regarding GRB detection and observations are provided in §1.2 and

§1.3.

1.1 Detecting Gamma-Ray Bursts and Hypernovae

I the 1960s. the U.S. Air Force launched a series of satellites inspired by o recently
signed nuclear test ban treaty. These satellites  named ~Vela”  were part of a
classified rescarch and development program whose goal was to develop the tech-

nology to monitor nuclear tests from space and give the U.S. a means of verifying



compliance with the conditions of the treaty. At the end of the decade. while exam-
ining archived data [rom the Vela 4 satellite, Ray Klebesadel and Roy Olsen. hoth
of the Los Alamos National Laboratory, discovered a mysterious event that had heen
recorded a few years earlier. It appeared to be a short burst of gamma rays. lasting
approximately 6 seconds. At the time. the technology was insufficient to determine
where the burst oceurred.  As a result. because of Cold War suspicions about its
possible terrestrial origin, the Vela findings remained classified until 1973, by which
time it had become clear that this burst, and other similar events discovered by Vela.

were of cosmic origin [7].

In 1976, the Interplanctary Network (IPN) was launched. It comprised a set of
gamma-ray detectors aboard solar and planetary spacecraft, used to locate the po-
sition of a GRB using triangulation. By locating these bursts to within a few are
minutes, the IPN was able to show that GRBs were not already known sources of

imterest (sich as X-rayv ciitters).

In 1991. NASA launched the Burst and Transient Source Experiment (BATSE)
aboard the Compton Gamma-Ray Observatory. Tts primary goal was to study the
(poorly understood) phenomenon of GRBs by detecting and recording them as they
happened. Similar projects with more advanced capabilities were later launched: the
[talian-Dutch BeppoSAX satellite, the High-Energy Transient Explorer IT (HETE-2).
INTEGRAL. and Swift.

By 1992, it had become clear that GRBs are bimodal: 75 9% are “long.” with mcan
durations of ~ 20 s: while the remainder are nmmch shorter. with a mean of only
025 [8, 9]. Given the clear distinetion between the two tyvpes. it appeared that there
were two separate causes at work, 1.e.. two types of progenitors. In this thesis. we
focus ou the physics of long-duration GRBs onlyv: unless otherwise stated. we shall

use the term GRBs in Chapters 2 and 3 only for long-duration bursts.



By 1995. over 500 GRBs had been detected by BATSE and their angular positions
in the sky recorded - but the distances to the sources remained unknown. A plot of
all detected GRB sites showed that they were randomly distributed across the entire
sky. with no significant concentration towards the galactic center or plane (Figure
1-1). thus suggesting that they were at cosmological distances. rather than of galactic
origin. If this were the case. then GRBs - detected as powerful sowrces notwithstand-
mg their cosmological distances - posed a problem: how to explain what would be
the most, lnminous and energetic sources of clectromagnetic radiation known in the

. . 5 3¢ .
universe (releasing ~ 10°1-10% ergs per burst in y-rays alone!).

IMigure 1-1: The distribution of 535 GRBs detected as of 1995 from the second BATSE
catalog [10]. The apparent isotropy suggests that GRBs are of cosinological, rather than
galactic, origin.

An early attempt to explain these large bursts of encrgy was based on the mevger
of neutron stars. It was known that binary neutron stars (NS-NS) sonmetimes werge
becanse of the emission of gravitational radiation from their binary orbits. These
mergers might radiate large amounts of energy in the form of gamma-rays. and thus
could accommt for both the observed energetics and the random distribution of GRBs

[11. 12]. So were NS-NS mergers really the source of GRBs?



When an NS-NS systew is formed, the two formative supernova explosions i the
progenitor binaries propel the stars at high recoil velocities (a natal “kick™) so that.
given the very long merger timescale. the merging nentron stavs have the potential to
travel far from their host galaxies [13]. If a GRB occurs when the nentron stars merge
outside their home galaxies. then there should be no optical trace of their galaxies of

origin.

In 1997, the discoverv of an optical counterpart (“afterglow™) to GRB 970228
made it possible for the first time to identify a host galaxy and thereby determine the
redshift associated with a GRB. Calculations based on that and subsequent GRBs
have by now confirmed that thev do indeed occur at cosmological distances. Further
analysis revealed that GRBs occur not outside their host galaxies (as the NS-NS the-
ory would have it). but within the dense and dusty active star-lorming regions of a

host galaxy (14, 15, 16, 17, 18, 19, 20].

In 1998, an alternative explanation for the genesis of GRBs was suggested by
Paczysnki [16]. To solve the energy budget probleni. he proposed that GRBs often
accompany a hypernova explosion and the resulting creation of a “microquasar™. A
liypernova is thought to be a supernova event that results in the emission of 5 radia-
tion within narrow beamns; the beaming of the emission greatly reduces the prodigions
enerev requirements. A microquasar is simply a “small” quasar (where the mass of
the central black-hole is of the order of several M., instead of hundreds of M) Ac-
cording to the “collapsar model™ of hypernovae [21. 16]. the standard model which we
will adopt. a GRB could be created in the following way: an initially massive. rapidly
rotating star undergoes core collapse (the hvpernova). This leads to the formation of
a rapidly rotating (Kerr) black hole surrounded by a massive orbiting torus of debris.
Energy is then extracted by the hole-torus interaction and is emitted as jets pointed
along the axis of rotation, thereby forming a microquasar [16. 22, 23]. As Voss and
Tauris [13] explain, hypernovae “are expected to be found close to their place of birth

as a result of the short lifetime [...] of their progenitors™. That is to say. il hyper-

[



novac produce these GRBs. one would expect to find such GRBs occwrring in active

star-forming regions (spiral arms) of galaxies. exactly where they are observed 1o be.

Figure 1-2: An artist’s rendition of a hypernova and its collimated jets. Here. the inner
stellar core has collapsed and created the microquasar, whose jets are pictured puncturing
the outer envelope of the progenitor star.

More recent GRB observations have provided additional and stronger evidence of
the link between hypernovae (i.e., some core collapse supernovae) and GRBs. For
example. relatively nearby GRB 030329 (z = 0.17) had an unusually bright optical
alterglow. making possible extensive observations of its optical spectriun. About «a
week after the GRB event, the observed spectrum changed suddenly to resemble that
of SN1998bw. thus providing the first direct. spectroscopic confirmation that o snbset

of classical GRBs 1s caused by hypernovae [24].

1.2 Observational properties of GRBs

GRBs exhibit a wide variation of timescales. BATSE obervations of over 200 busts il-
Iustrate that the timescales follow a bimodal distribution (Figure 1-3). Long-duration

GRBxs have durations from a few to hundreds of seconds. while short-duration GR1s

6



are typically tenths of seconds long, with the dividing line at >~ 2 seconds. Futher-
more. there exist differences in peak photon energies of bursts according to their
durations (see Figure 1-3). It is thus thought that there are two different canses at

work for the two different classes of bursts.
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Figure 1-3: Histogram of GRB durations for over 200 bursts detected hy BATSE. Notice
their bhimodal distribution.

In addition to their timescales, GRBs differ greatly in their light curves (Fignree
I-1). Some may display a single. primary burst. Others may consist of a series of
pulses of different heights and durations. Some pulses rise and/or fall very quickly.

while others may rise or fall ofl more slowly.

Oftentimes a GRB is followed by transients and/or afterglows in other cnergy
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IMigure 1-1 GRB lighteurves come in an assorted variety of shapes. sizes. and number of

pulses.

bands (e.g.. optical, X-ray, or radio). The optical afterglows have proven to be par-
ticularly useful in that they have allowed us to identify host galaxies. and subscequently
deterinine their redshifts. Thus far. bursts have been observed as far as = = 1 with
the majority clustered near z &= 1. It is through these bursts with measured redshitts

that we can determine 6.
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1.3 Detection capabilities

In 1991, NASA launched the Burst and Transient Source Experiment (BATSE)
aboard the Compton Gamma-Ray Obhscrvatory. NMade up of four seperate detect-
g channels, it detected bursts with y-ray energies between 50 and 300 keV. While
cood for its time. the instrments were only able to provide a burst position accn-
rate to roughly 5 square degrees on the sky, thus leaving a relatively large positional
crror circle. Detecting over 2000 GRBs during its lifetime, BATSE provided the key
mformation to deduce that GRBs are at cosmological distances. BATSE was decom-

misioned in August of 1996.

In 1996. the Gamma-Ray Burst Monitor (GRBM) was lanuched aboard the Bep-
poSAX space mission by the Italian Space Agency and the Netherlands Ageney for
Aerospace Programs. Its main mission was to provide a broader cnergy band for
deteeting GRBs. ranging from 40 to 700 keV. BeppoSAX also had a larger effective
area for collecting GRB photons, as well as improved energy resolution and imaging
‘apabilities compared to those of BATSE. It was the first instrinmnent to provide hurst
positions accurate to a few arcminutes and to report positional determinations on a
more rapid time scale. This made 1t possible to optically image a burst source soon al-
ter the burst event itself, thus making optical observations and redshift-measurements

possible. BeppoSAX was decommissioned in April 2002.

In October of 2000. the (MIT constructed) High-Energy Transient Explorer 11
(HETE-2) was launched; the original HETE was lost during its launch. It included a
set of wide-field gamma-ray spectrometers called FREGATE (French Gamma Tele-
scope). The primary goal of HETE-2 was to determine the origin and nature of GRBs
through studying their properties in X-ray and 5-ray energies from 6 to 400 keV),
while providing precise localization and identification of burst sources. HETE-2 is

still in operation today.

9



The European astronomical satellite, INTEGRAL. was launched in October of
2002, A medium-sized mission. INTEGRAL is planned to be in commission only for
a few years. INTEGRAL was the first satellite to observe burst sources simultane-
ously in optical. X-ray. and y-ray wavelengths. while having improved resolution and

sensitivity.

The Burst Alert Telescope (BAT) is the ganuna-ray instrument aboard the Swift
mission. launched in November of 2004, As a NASA mission with international partic-
ipation. Swift gives even more rapid timescales for burst localizations. allowing greater
opportunity to observe the burst afterglow with ground and space-bhased telescopes.
It also has instruments that work together to observe burst afterglows i s-rav. N-rayv.
UV, and optical wavelengths, and provides redshifts for the bursts. To date. Swift
provides the most comprehensive study of burst afterglows. However, data from this

mission are not yet publicly released. and. therefore. will not he incliuded in this thesis.

1.4 Synopsis of the thesis

In Chapter 2, we create a phenomenological model to predict the opening angle. 0.
of & GRB jet by inferring the unknown frequency of hypernovac from the apparent
{recuency of this particular supernova type. We also compute estimates for » fow key
physical variables that arise in our equation for #. In Chapter 3. we assemble our
results and perforin a Monte Carlo siinulation to get a range of possible values for 6.
We discuss and interpret these results. In particular. we re-examined the possibility
that SN 1987A was a hypernova in light of our findings. At the end of Chapter 3. we
discuss some arcas for future research that might shed further light of the questions

that we have addressed.

10



Chapter 2

A phenomenological model to

determine jet opening angles of

GRBs

In this thesis. we assume that GRBs derive from hypernovae. which we asswme to be
massive, rapidly rotating supernova events. With this as our starting point, we derive
two expressions for the probability, Pyegeer. that a given GRB jet s detected and we

estimate # by equating these expressions.

Suppose a GRB with jet opening angle # occurs at the center of a sphere of radins
r. Then imagine there is an observer somewhere on the surface of that sphere (Figure
2.1). The probability of detecting a burst is the ratio of solid angle subtended by the

GRB beam(s) to that of the entire spherc. For a GRI that emits a single jet:

902 (1 _ e (0 \
P — 2 (1 = cos (%)) _ ! (1 — cos (%)) (2.1)

472 2
A GRB that emits a double jet (Figure 2.1) will subtend twice the solid angle on the

spherical surface than that of a single jet:

—
|
Lo

Paetect. 2
aetect, 2 "
dmr?

47r? <1 — COS ((—)f)) | — cos (9.%)

11



IMeure 2-1:0 Given a sphere with radius 1. and a GRB centered inside the sphere. the
probability of detection is given by the ratio of solid angles subtended by the heam(s) of the
GRD (o that of the entire sphere. Whether a GRB emits one or two beatus of ~ raditation
is unknown. The dotted lines represent a (possible) second jet, in an opposing direction to
the first beam.

Notice that in both cases, Fgeer 18 independent of . i.c.. independent of the distance
from the observer. Also notice that if two beams were produced from the sowrce. a
point. of contention. then an obscerver is twice as likely to be in the heansed region.
and hence. ... for a two-jet burst is double that of a one-jet hurst. Finally. notice
that in the limit of small 8. 0, ~ V20,. Whether or not a GRB emits two jets of
s-radiation or just a single one is an open question. In this thesis. we will calculate

f) for both single and double jet models.

Another way to calculate Pyeee 18, by definition, to find the fraction of all GRBs

that are actually detected:

Iz . Hnbs
detect =
/])L’:l'[l



Here. Ry represents the rate of observed (detected) GRBs on Earth. and R, is
the expected (or true) rate of GRBs that occur throughout space (detected or not ).
Because only the ratio of observed to expected bursts is needed. the units of “rate”

are arbitrary.

Equating expressions 2.1 and 2.2 with 2.3, we can solve for 6:

) (2.4)

Rope
0, = 2cos "[1- 2 b
Ru'p

Robs
B, = 2cos”! <1— )} )
he.z‘p

In the following sections, we derive estimates for the quantitics Rope and [7 . and

use them to caleulate values of 6.

2.1 Calculating R, - the observed rate of GRBs

[n this section. we calculate the observed rate of GRBs. We choose the nuits of “rate”
to he Mpe ? yr ! We assune that this rate is separable. in the sense that it can he

expressed in the form:

Fobs
]{0 § =
"TAT

(2.6)

Here, poe 1s defined as the volume density of burst sources that have been detectoed,

and AT is the total length of observation.

2.1.1 Calculating the observed volume density, p,.

Consider a GRB that occurs somewhere in space. When a burst oceurs and s de-
tected. there are two factors that effect the probability of viewing that hurst. assuming,

the burst jet points in our direction - the intrinsic brightness of the burst. and the

13



distance to the burst. Brighter bursts and closer bursts are more likely to he visible.
Therefore, for a given brightness there must exist a maximum distance. or cosmolog-
ical redshift, at which a burst can be detected. For such a redshift. there exists a
corresponding maximum volume ol detectability. V),,.. that encloses the burst. This
s the quantity we use to caleulate volune densities. For a single burst. the vohune
density is 1/V),4. For N bursts with measured redshift. the volume density is simply

the sum over all bursts:

N l
Pobs = 1) 2‘ - (2.7)
j=1 Y mar.
where 7) is the ratio of the total number of detected bursts to the number of detected

bursts with observationally measured redshifts. To caleulate V. from 2. we nse

the following equation:

r

; 3 9o
“mu..r = ”ﬂ'd (2‘\)

.3 maar
whoere d,,q, represents the total line-of-sight comoving distance [25] corresponding, to

l'(‘,dShift “haas &Il(l 15 gi\’(’ll by:

S &
naa ][O Jo \/61‘](1 + :)3 + Qk(l -+ 3)2 + ng

d

Here. ¢ is the speed of light, Hy is the Hubble constant (which we take to he 70
ks~ 'Mpe ™) [20]. and Qp7, Q. and Q4 are cosmological parameters that represend

the partition of energy density throughout the universe. We adopt recent estimaites

With the mathematical underpinnings in place, the first step in calculating V.,
is to find an expression for z,,,, and caleulate values for each burst. Qualifatively.
this should depend on the measured ~brightness™ of the burst. the sensitivity of the
detector(s). and the actual distance to the burst source. z,. If a burst occured at its

maximun possible redshift, z,,,,. then by definition. the incident photon flux would

14



register at the threshold of the detector. Therefore, if we know the threshold for GRB
detection and the absolute huninosity (or time integrated huninosity) of the source
(deduced from the measured redshift, z.). we can find a z,,,, such that the perceived
(measured] “signal”™ of the burst is equal to the detection threshold.  Quantifving
thix concept requires understanding how GRIB detectors work and fiuding their cor-

respouding thresholds.

GRB detectors generate event triggers when they receive signal above some thresh-
old. A signal is typically measured as a photon flux (photous e s} or a fluence
(photons em™2 57! keV™!). Bursts are typically triggered when the signal is some
number of standard deviations above the background (noisc) signal. In addition to
the integrated energy Hux (or fluence) of a bhurst. individual photon cnergies are
recorded. and, by histogramming, once can obtain an encrgy spectrum (photons cin 2
< ' keV™! as a function of photon energy). Most GRB energy spectra share the same
characteristic shape, and Baud [27] has proposed the following approximation o fif

them:

V I oy ‘Tli L .
N(E) = No (tew) ¢ ™ s 1y (2.10)
l U N, by a=fi d—a E A ’ - -
0 (1()() k(:V) € (](mk(‘\") N ]/ g I/b

[n Band’s expression. the fitted parameters are Iy, o (the low-energy spectral photon
index), A (the high energy spectral photon index). £, (the breaking energy of the
burst. which is the value of F at which the power laws are joined). and the normal-
ization constant, N, ' In some cases, bursts only display spectra visible in higher
(F > Ey) or lower (15 < I5,) energy ranges. In those cases. onlv the corresponding

function for that energy range is used for fitting the spectrun.

To find z,,4,. we obtain the spectral parameters [28. 29. 30] for bursts with known

From these parameters, another useful parameter can be derived. the peak encrgy, E,. 1o
find the maximum of G(E) = E2N(E), take the first derivative ’(5

. st equal to 00 and solve for
10 I a-42—-1 £y . I a+2 I

. deq A g . Lp - T 7 - Y e 3 : - ' .
Fpt = Nola + 2) (rom%r) e "o+ No(3) (m) e Too= 0. Solving tor 1), sives
I = (T(J -+ 2) I‘J().
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Figure 2-2: Example of a tvpical spectral fit for GRIB. The shape of a GRIB spectinn
can be well described. in most cases, by a broken power law joined smoothlv at a hreak

cnergy point (equation 2.10). In this example, the low energy spectral index is o = (.90,
the high-energy spectral index is 3 = -2.427. and the break energy is Fy = 1119.5. hnage

courtesy-of Band et. al. [27]

redshifts, z.. With these source spectra in hand, we then transform them so as to

predict what the spectra would look like at an arbitrary redshift, ="

Integration of
the redshifted spectra gives the predicted photon Hux. Comparing this Hux to the
detector threshold determines the detectability of the burst at 2. When their ratio

IS llll.lt\". 3', = -

The transformation to arbitrary redshift first involves redshifting the energy. 12

of each photon by a factor of £ = ’l—;—%E This effectively shifts the spectra {from

N(FE)YE to N(E")dFE'. We also need to account for the decrease in munber flux

of photons due to moving the source further away: the nmmber of detected photons

falls off with distance as so we multiply the photon count. N(E)dE. by o fac-

1
a2

16

oot

-k

S AR L NN

11l



g 2 - . . . . . . N

tor of ('(]/} - where d; is the total lne-of-sight comoving distance (equation 2.9} <.
2 ; N - . . .

Integration of (%—,) NI over the appropriate energy interval, unigue to cach

istriment. yields the predicted photon flux for a burst at redshift ="

A detector’s threshold is the minimum count rate that triggers the detector. Be-
cause burst count rates are not constant in time and light curves differ for difterent
encrgy bands. the sensitivity varies with different sets of AJ5 and Al the energy and
time windows in which the burst is incident on the detector. Threshold is dependent
on the sensitivity of the instrument, which in turn depends on several parameters.
meluding the total collecting area, detector efficiency. internal backgrowd. and aver-
age instriunent solid angle. The threshold. therefore. is a difienlt quantiry to model,
Band [31] has attempted to model detector thresholds for all GRB detectors to date.

Using his results. we model the burst trigger threshold as:

G — [’/{UIH{

where At is the burst duration, and /734, represents the detector sensitivity at the

(2.11)

peak energy, [2,. This quantity is obtained from Figure 2-3. We lower the threshold
by a factor of \/% because the longer the detector is registering counts above the
background, the more unlikely it is that the detected event is simply a background

{luctnation.

Finally. we solve for z,,,, by using a munerical root-extrapolation routine in Mat-
lab. called fzero. to drive a burst to the Hmit of its defectability. We solve for a
value of z,,,,, such that

. 2
S () N (T

dmax

S

-1 =0 (2.12)

where d,,,, and ' are functions dependent upon

o
“mar-

Zwe adapt terminology from Hogg [25]



Figure 2-3: Check this shit out. Graphs of detector thresholds as a function ol peak
energy. I,. The graph on the left is for the GRB instrument FREGATE. aboard the
HETE-2 mission. The graph on the left is for the GRB monitor aboard the BeppoSAX
mission. For each instrument. the solid line represents a = -1 and 3 = -2 the dashed line
o = 0.5 and 7 = -2, and the dot-dashed line o = —1 and 3 = ~3. o aud 7 represent
the high and low encrgy sprectral parameters, respectively. To obtain Fp,,g for a single
burst. we match the known parameters, o and 3, to the appropriate line. and read ofl the
threshold at the corresponding peak energy E,.

The data for this task were obtained from Frail and Bloom [28]. We note that
only some bursts have measured redshifts. and of this set. only some have sufficient
spectral-energy parameters published to find z,,,,.. We have calculated 2, for these

bursts and give our results in Table 2.1.

Now with 2., In hand. we apply equation 2.7 to all of the hursts in our sample.
Thix gives us the observed volume density. pop.. For cach instrwment. we find that
1= % for HETE-2 and n = % for BeppoSAX. This yields an obscrved density of
(Pobs.1ETE-2) = 791 x 10710 Mpe=3. and (PobsBrepposax) = 118 < 107" Npe = In

the next section. we caleulate AT, the observation time of detected bursts.

2.1.2 Calculating the total observation time, AT

In this section, we calculate the total observation time for the HETE-2 and Bep-

poSAX missions. Normally, these would be trivial subtractions between the “twn
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Burst | Instrument | zg Zmax
970228 | BeppoSAX | 0.69 | 1.98
970508 | BeppoSAX | 0.84 | 1.28
071214 | BeppoSAX | 3.42 | 9.04
980326 | BeppoSAX L.OO | 112
980329 | BeppoSAX | 2.95 | 19.89
980613 | BeppoSAX 110 1.49
990123 | BeppoSAX 1.60 | 26.26
990510 | BeppoSAX 1.62 | 7.62
990705 | BeppoSAX | 0.84 | 5.35
990712 | BeppoSAX | 0,43 | 1.04
000214 | BeppoSAX | 0.85 | 1.83
010222 | BeppoSAX | 1.48 | 24.68

010921 | HETE-2 0.45 1 1.38
020124 | HISTE-2 3200 LAl
020813 | HETE-2 1.26 | 2U18
021004 | HETE-2 2.34 | 2.66
021211 | HETE-2 1.01 | 1.30
030115 | HETE-2 220 2.11
030226 | HETE-2 1.99 | 2.3

030324 | HETE-2 2.70 1 2.72
030328 | HEETE-2 1.52 ] 1.8
030329 | HETI-2 0.17 | 0.83
030429 | HETE-2 2.66 | 2.34
030528 | HETE-2 1.00 | 1.54

Table 2.1: Measured redshifts, z.. and maximum detectable redshifts. z,,,,. for GRBs
detected by BeppoSAX and HETE-2. Maximwn redshifts for bursts detected by oiher
instruments (Integral. and Swift) are unavailable until sufficent data are publishecd from
those missions. Data for the results presented in cohunns 1 - 3 arc adapted from Freidmeann
and Bloom [28]
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on” and “shutdown™ dates of the instruments, but literature searches did not vield

those dates for our missions. Instead. we will find suitable approximations for A7

HETE-2 had the following history: The first detected hurst was GRIB 010921,
and we last checked for new bursts to incorporate into this thesis on August 28th
2000, so 1ts effective “turn oft” date (since it s still operating) was 2005-08-28 Wo
approximate AT ~ A7 + % AT represents the time difference (in vears) hetween
the first detected burst and the last time we incorporated new bursts in this anal-
ysis (A7 = 3.94 yr), and r represents the an approximation to the average rate of
detection for that instrument (r = %) (Since detectors typically function for some
time before the first burst is detected and after the last burst is detected. we assume
that the hurst occurance intervals follow a Poisson distribution and the average time
interval between bursts is thus 1) Thus. we get a total observation time for HETE-2

to be AT = 4.00 yr.

BeppoSAX has a simpler history. The instrument BeppoSAXN has the following
history: The instrument “turn-on™ date was 1996-06-03 and the instrument shut-
down date was 2004-02-30. Thus, we get a total observation time for BeppoSAX to
he AT =591 yr.

2.1.3 Calculating the total observed GRB Rate, R,

Since we have different burst frequencies for each instrument (as expected. since
the instruunental seusitivities differ). we will have different GRB rates. 12,,.. Using,
equation 2.7, we find that the total rate per unit volume. K. 1s the suun of the

mdividual rates:

- Pobs ‘ Pobs
R zw:( ) +< - ) 2.13)
” AT/ nere—2 AT ) Beppos 1 x (

Subsituting in values for equation 2.13 gives us a total observed burst rate of 1

obs
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218 x 101 Mpe * yrt

2.2 Estimating the expected rate of GRBs, R, ),

T this section, we caleulate the true (or expected) rate (Mpe * v ') of hypernovace.
which we postulate to be GRBs. We define a hypernova to be a rapidly rotating, core
collapse supernova that ends with the formation of a black hole. We estimate this

rate with the following decomposition:

Re:rp =Ty /") : / P (2.14)

Here, 1, is the Galactic rate of core collapse supernovae (SNe) that end in pulsars:
observationally, this is the pulsar birthrate. 3 is the ratio of SNe in the Galaxy that
end in black holes to SNe that end in pulsars. [ is the fraction of core collapse SNe i
the Galaxy that have cores that are rotating sufficently rapidly to form microquasars
when they collapse [16]. and p is the munber density of Milky Way-cquivalent galaxies

in the universe *.

In the above decomposition, we have implicitly made several asswuptions. We
use Milky Way equivalents in owr counting procedure. and asswumne that the comoving,
munber density of Milky Way-equivalent galaxies is constant in time (i.c., no cosmo-
logical evolution of either the comoving number density of Milky-Way galaxics or the
rate of SN/hypernova production per galaxy). Justification for this assumption is
given in Appendix A, By doing this. we also assiune that these hypernova candidates

are fonnd ouly in spiral galaxies (See Ch. 1 for a justification of this assmmption).

We calculate the, r,. 4, f. and p in the following subsections.

3By Milky-Way equivalent galaxies. we mean the number of galaxies with Massive Star Formation
Rales equal to the current Massive Star Formation Rate in the Galaxy.
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2.2.1 Calculating r, — the Galactic rate of core collapse SNe

Determining the Galactic rate of core collapse SNe is difficult to do directly. and
we find counting their end products to be more accessible. Therefore. we use the
Galactic pulsar birthrate instead. A pulsar is the product of a moderately massive

(8M - < M < 20M. ) core collapse SN. and its population birthrate is well studied.

7, has npper and lower limits of 1/20 and 1/250 yr'. respectively. with a hest-
estimate value around 17125 yro! [32, 33, 34. 35]. Later on (Chapter 3). we will
assuune a probability distribution of values for r,. based on the upper and lower lim-

its given above.

2.2.2 Calculating ;7 — the Galactic ratio of SNe that produce

black holes to SNe that produce pulsars

In onr definition for a hypernova, we require that the SN yields a black hole upou
death. Black holes are created from SNe with a lower mass it near 20 M. [36]. lu
§2.2.1. we obtained a rate for SNe that create pulsars upou death. To convert this
SN rate to a black hole birthrate, we multiply our rate by /4 - the birthrate ratio of
black holes to pulsars in the Galaxy. This quantity is found from the Salpeter Initial
Mass Funetion (IMF) [37]. The Salpeter IMF is the integrand of the birthrate density

(time ! volune ™) of stars with masses in the range (M. N 4+ AN and is given by

AN o M > dA/di (2.15)

Thus, to detennine the birthrate ratio of black holes to pulsars, we shmply take

the ratio of their predicted birthrates:

50 1=2.5 707
.120—30M@ M dM

20-30M=, 5 495
Js_1iar.,  M—23dM

3= (2.16)

To incorporate the uncertainty in the limits of integration. we will assune a uni-
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form distribution for their values when we perform the Monte Carlo simulation in

Chapter 3.

2.2.3 Calculating f — the fraction of rapidly rotating core
collapse SNe

Owr hypernova model requires rapid rotation. which begs the guestion of how a SN
progenitor can acquire the necessary rotation speeds to create a hypernova. Even if
the progenitor had been rapidly rotating. sustaining large rotational angular veloe-
ities s diffieudt  loss of angular momentum via its stellar wind will leave the star
rotating in a state of relatively slow rotation. A better, and more natural. mechanism
for rapid rotation in SN progenitor cores is from binary interaction with a compan-
ion star [33. 39]. Tidal locking, mass accretion from the companion star. and even
the merger of both stars followed by transfer of angular momentum inwards to the
stellar core. are viable processes that allow the progenitor to attain and sustain the
large angular velocities necessary to form a hypernova [38, 39, Furthermore. a Large
fraction of stars are members of binary systems [40. 41, 42]. so that a large fraction

of massive stars had a binary companion at some point during their lifetime.

In 1992. Podsiadlowski et al. [1] estimated the fraction of core collapse supernovae
that originated from binary systems in the Galaxy. Ouly Type IT and Type Ih/¢ SNe
result from core collapse.  Of these SN types. we assume that ouly the acceretion
and merger processes transfer the neccesary amount of angular momentiun to the
progenitor star. These processes are labeled as the “SN II (blue)™ tvpe in the results
of Podsiadlowski et al. given in Table 2.2 below. We use the weighted average values
for our parameter f. and use the upper and lower extrema given in the Table as our

range of possible values. Thus. [ is between 2.4% 1o 6.4%.
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Supernova Type 811 M, 11-15 M, 15-20 M, Weighted Average

A. Assuming One Binary for Every Three Systems

SNI 88% (87%) 81% (80%) 76% (76%) 834% (83%)
SN I (stripped) .......... 0.5% (0.2%) 1.5% (0.5%) 0.9% {0.3%) 0.9% (0.3%)
SNIi{(blue}............... 3.7% (3.4%) 2.0% (1.8%) 3.6% (1.6%) 3.2% (2.4%)
Accretion .............. 1.1% (0.4%) 0.7% (0.2%) 3.2% (1.0%) 1.4% (0.4%)
Merger ................. 2.6% (3.0%) 1.3% (1.6%) 0.4% (0.6%) 1.8% (2.0%)
SNIb ... 8.1% (9.4%) 16% (18%) 20% (22%) 13% (15 /u}
B. Assuming Two Binaries for Every Three Systems
SNIT o 73% (T1%) 63% (60°) 55% (55%) 66% (64‘/..)
SN H (stripped) .......... 1.2% (0.4%) 3.0% (1.1%) I 7“' {0.6%) 1.9% {0.6%)
SNI(bluej............... 8.0% (7.6%) 3.9% (3.7%) o (3.0%) 6.4% (S 190}
Accretion .............. 2.3% (0.8%) 1.3% (0.4%) 60"’ 2 00 Vo) 2 8% (0.9%)
Mcrger ................. 57% (68“/0) 2.6% (3.3%)] Yo ( ) Yo (4 2%)
SNIb ... 18% (21%) 31% (35%) 36“ (42%) 26 %o (31%)

Table 2.2: Shown are the relative [requencies of varions core collapse supernova types in
svstems with massive primaries, based on Monte Clarlo simulations of different evolntionary
scenarios. The frequencics refer to the percentages of all stars (not svstems) that expericnee
a particular type of supernova explosion. We assume that rapid rotation in massive stars
is induced [rom accretion and merger processes. Thus. we use values listed under the “SN
IT (blue)™ category. Adapted from Podsiadlowski et al. [1]

2.2.4 Calculating p — the number density of Milky Way-

equivalent galaxies in space

To caleulate p. we use the galaxy huninosity function, ®(L). with spiral galaxy pa-
rameters, which gives the number density of spiral galaxies as a function of lnnimosity.
L.(1)d] is the corresponding luminosity density (i.c.. the total huninosity per uni
volume contributed by galaxies with lnminosities between oand [+ d/L). If we also
know Ly . the luminosity of the Milky Way, then the mumber density of Milky-Way-

cquivalent galaxies is given by

i LO( L)L

Law

>~
"
-

To provide an analytic fit to the data. Schechter [43] proposed the [ollowing ap-
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proximation:

4 o i[./ ;
O(L)L = o, (L) b/ L (2.18)

4k /S [’*

In this expression. o, Ly, and « are empirical constants that vary with galaxy mor-
phology. ¢, is a normalization factor based on the overall number density of galaxies.
L, is a characteristic (or “modal™) galaxy huninosity, and « is the the slope of the
luminosity function at L << L, (i.e.. the faint-end slope) - it is a measure of how

much mass is locked up in faint galaxies.

C'ombining equations 2.16 and 2.17. and then shuplifying using the incomplete

Gamma function. I'(r), we find:

b LT (0 +2.42)

= (2.19)

Lanw
where, by definition, I'(a.x) = [ (" e~ 'dl. We choose a range of values for Ly
since huninosity estimates depend on the (uncertain) mass of the Galaxy. and adopt
it to be Ly = 2 x 10L.,. We choose a lower infegration limit. L. that corre-
sponds to a luminosity of the Small Magellanic Cloud (we have found that evalnation
of equation 2.19 is insensitive to the magnitude of Lg). We argue that anything lower

would represent a galaxy too small to harbor active star forming regions.

Our final step is to solve for p using equation 2.19. From their survev of the nearby
optical galaxy sample. Marinoni et al.[44] provide valnes of . o, and A, (holometric
wagnitude) (Table 2.3) under three different velocity field models. To convert from

Mo to Loowe use My, = 4.7896 and the following equation:

L
; * o 10—0.71(1\1* = Motar) (220



THE PARAMETERS OF THE MORPHOLOGICAL TYPE-SPECIEFLC LS.

Model Sample Ngal o A, = Sloghe o' {10 i Mpe Yoo NEdof
b 311 07T £ 022 2070 2006 [N LSO A I [

St GG — T 0200 <2004 + 026 BN] A+ 620 0T

- 80 G40 09T 00 20 0680 £ 00N Lo3 4w .51

Aldti-attractor (Mark TIT} - Sa-Sh 1520 =062+ 001 <2050 +0.12 22004 (L6 0o
Se-Sd 2240 080 £ 010 2039 0.1 3024059 041

Sm-lm 619 =211 £ 028 <20 112072 007 4 .07 0.6%

ST 4380 ~ 1104007 -20.63 4 0.00 Lav 4078 (NN

[ MH 0564 022 22071 £ 036 AL w02 AR

S0 (605 —Lu34+021  —20.2004 021 1.03 +0.26 .31

E-S0 G50 ~LU3 £ 00 20067 019 (RIS AV ol

Cluster Dipole Model Sa-Sh 15363 —073 £ 011 204N 20012 20T 9.4
Se-Sd 2289 08T £ 0.00 2030 &0 307 0.6 R

Sm-loy 287 =240 2032 2112 4073 [IRT P SR ol

S-hin MY 172005 =20.60 £0.09 1LO2 +£0.72 LN

Iy 316 055 £0.22  —20.73 £ 027 IR N 0.77

SO ARG 108 £ 021 <2018+ 021 0T £ 020 027

F-80 930 <1 22008 2072 £ 00 IREVEE VAL 0.7

Hubble Plow in LG frame  Sa-Sh 1330 0781011 <2057 £0.13 2RO 1 VAT
Se-Nd 2249 —0.93 £ 0,00 —2035 4 0.1 320 k0 [Un

Stn Imi 6200 2207 £ 0032 2070 0.6y 010 E O 1A 042

S-lae 10X - 117 £0.07 0 20,60 £ 0.00 162 £ 4070 i

Table 2.3: Measured parameters for the Schechter Inminosity function according to mor-
phological tvpe of galaxy. Each of these parameters was deduced using three diflerent
velocity models to describe the expansion of the local universe: Multiattractor. Cluster
Dipole, and ordinary Hubble Flow. Adapted from Marinoni et al. [11]



Parameter Value/Distribution
Rope 2.18x 1071 yr=!'Npe?
Law 2% 10" L.
My [8.11] AT
AL [20.30] AL
iy 150 A7, 1
ry 0.005 x 10001 yp=!
, 0.024,0.064]
Oy [3.80.5.24] x 10~*Mpe~?
v [-1.25.-1.09]
M, [-20.69. -20.51]

Table 2.1 Monte Carlo parameter distributions

We adopt values specific to S-Im galaxies in Table 2.3, since 1) GRBs have been
observed to oceur in spiral galaxies only (see Chapter 1). and 2) active star formation
1s believed to oceur only in S-Im galaxies. We use values taken from the Multiattrac-
tor model {which is thought to be the most realistic model). Finally, using, cquations
2.19 and 2.20. and the upper and lower values of a, ¢,. and M, from Table 2.3, we

construct probability distributions for use in the Monte Carlo simulation (Chapter 3).

2.2.5 Summary

I 62,101 - 20040 we estimated a value, or a range of possible values. for variables
needed to caleulate R, In this section. we estimate those primary quantitios in

terms of paramcters given below.

We adopt the following notation for values given below in Table 2,15 {a.b] rep-
resents a uniform distribution of numbers between a and b, Because the pulsar
birthrate. r,. spans over an order of magnitude, we choose a distribution that is uni-

form in the logarithm.






Chapter 3

Results, Conclusions, & Future

Work

3.1 Estimating ¢

In this section, we use the results developed in the previous chapter to estimate ¢ the
jet-opening angle of GRBs. Our expression for calculating # is given by equation 2.4
Substituting in the appropriate values for R, (equation 2.14) and 2. we rewrite

A as:

0, = 2cos”

1-92 / {()b &
“rBfp

QR ol Miyp=2044]
9o ( Robs Loar [y, M~ X

- T - (3.1)

1. Maygy 25,7
’I],f() L* F((} + 2 7‘—]—?7#?) v/All M 25dA]

_lobs [{o/)\ )

ijp
- My —2.5
Rops Laiw an M™=2d N

Tpflﬂ* 14* F(KE+ 2. mlﬁgw—““—\) /;\] A 254 )]

o == 2co87

= 2cos |1 —

(3.2)

Many of these variables have ranges of possible values, given in Table 2.4 To
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imcorporate their range. we perform a Monte Carlo simulation to estimate € m the
following way: Using these ranges of possible values. we asswne that each variable
has a specific probability distribution of values within its estimated vange. We then
choose at random a possible value for each of the variables and use equation 3.1 1o
calculate 6. We repeat this process 10,000 times and plot the resulting frequency

distribution of # as a histogram (Figure 3-1).

Since the number of jets emitted by a ~-ray burst source is uncertain. we perform
a Monte Carlo simulation and estimate 6 for both the single and double jet models.
Recall that in the limit of small . 8, ~ v/26,. Our results from this are given helow
m Figure 3.1. For each distribution. there exists a median value of @ and a niost
frecquent vildue of 6 that represents the most probable value. For the single-jot Thst
model. we find that the most probable value is Sf(’ deg (FWHAI). the median value
15 10.3 deg. and the standard deviation is 4.4 deg. For the double-jet model. we find
that the most probable and median values are 5.5%7 . deg. and 7.3 deg. respectively.

and a standard deviation of 3.1 deg,.

3.2 Discussion

Recently, Frail et al. [3] estimated opening angles, #;. for a set of GRBs with known
redshifts. concluding that in most cases 3° < #; < 25°, with a signilicant concentration
at roughly 4”. Their estimate of #; was based on measuring physical properties of the
GRB jet. and contain no information about the existence of an opposiug (double) jet.
Owr values for 6 are cousistent with their measured result. It is thus very plausible.
under the assumptions that we have made in this thesis, that the hypernova popula-
tion and the GRB population are one and the same. More importantly. thix result
demonstrates that the hypothesis that the origin of hyernova in massive interacting

binary systems is consistent with the observational results of Frail ot al. [3].
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Monte-Carlo distribution for a single (1) jet GRB model
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Figure 3-1: The Monte Carlo distribution of possible values of € for single and donble jet
models.

Our results from the Kolimogorov-Smirnov test (Appendix A} have implications
for the constancy over cosmological timescales of the rate of occurence of hypernova
progenitors. Owr results show that GRBs, and, by implication. hypernova progeni-
tors. have no significant cosmological evolution (i.c. the comoving nunber density is
constant over the time that we can access with the cirrent sample of GRBs to = ~ 3).
If our hypothesis that hypernovae are the progenitors of GRBs ix correct. then these
results also nnply that the rate of massive star formation in S-hin galaxies has not
changed over time. Of course, individual spiral galaxics may still evolve. but the
overall birthrate of massive stars in such galaxies does not appear to have changed

significantly.
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3.2.1 Was Supernova 1987A a Hypernova?”

SN 1987A was the closest naked-eye supernova in over 300 years. occuring in the Large
Magellanic Cloud. The energies and temporal spread of neutrinos detected from the
explosion provided strong confimation of the core collapse theory for massive SNe.
However. i many ways SN 1987A did not comply with theoretical expectations for
a core collapse SN. In particular. its progenitor, Sk —69°202, was a blue supergiant.

rather than the red supergiant that had been expected.

In 1992, Podsi et al [6] argued that the progenitor of SN 19877 had wndergone
aceretion trom, or merger with. a binary compaunion. This raises the possibility that

SN 1987A could have been a (possibly failed) hvpernoval.

The emipirical evidenee suggests a strong connection among supernovae. hyper-
novac. and GRBs. Our candidates for hypernova progenitors are massive stars that
acuired rapid core rotation throngh interaction with a past or present hinary com-
panion. and Sk —069°202 seems to have been a member of this class. We sumiarize

below the evidence in support of this assertion.

1) Core collapse is by definition a prevequisite for the evolution of a hypernova
[16]. From the nature of its neutrino emission [45, 46]. we know that the progenitor

of SN 1987A experienced core collapse.

2) Prior Binary Membership. There are two main reasons to believe fhat
Sk —697202 had a binary companion. The blue color of Sk —69°202. the rapid rise
time of the optical SN outburst. and the rapid decline of the SN lighteurve, all serve
as direct observational evidence to support this belief [6]. Additionally, subscquent

to the supernova explosion. the surrounding cjecta took an axially symmetric form

"We define afailed” hypernova as a hypernova event that generates only weak jets (and. perhaps,
acorrespondiugly weak GRB event) or no jets at all. This is possible il some or all of the hvpernova
jet energy is absorbed by the stellar envelope, either because the hypernova event is relatively weak
or because the stellar envelope is relatively thick.



(Fignre 3.2.1), which is to be expected if Sk —697202 was the product of a mierger in

A massive binary system [1].

3) Rapid Rotation of the progenitor core is a prerequisite for a hypernova [16].

2]
=

—69°202 appears to have been the product of a binary merger [1]. Via trans-
fer ol angular momentwmn, such mergers result o a rapidly rotating hine superglant.

1. 39. 6, 38].

1)) Signs of a relativistic jet. In 1987. a “mystery spot™ was found in images
of SN 1987TA [47]. A subsequent re-analysis of the data [48] found a second such
spot on the opposite side of SN 1987A. The line counecting these two spots is nearly
parallel to the symmetry axis of the pre-supernova cjecta. which is prestumably the
axis of rotation of the progenitor star. This suggests that the spots delineate a jel
receding obliquely from us (the observer). Furthermore. the spots were also found
on an hnage taken at a later date, enabling the speeds of the moving spots to be
calculated [2]. These speeds were found to be 1.2¢ and 0.6, Such transhuninal ve-
locities are suggesetive of jets similar to those believed to occur in hypernovace. 1f one
of these jets had been aimed along our line of sight. we might have observed a GRIB

coinecident with SN 1987A.

I this thesis. we have found that if GRBs are produced by massive interacting
binaries, then the GRB jet opening angle is consistent with that found from indepen-
dent arguments. Thus, our results lend additional weight to the hypothesis that SN
1987A was a prototypical hypernova event that generated relativisitic jots, possibly

producing GRBx for observers within the beams of the jets.

3.2.2 Future Work

With so many variables in play, the direction of future efforts should be toward sensi-

fivity analysis. Attention should first be given to the variables with the Taraest effect
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Figure 3-2: The aspherical, axisymmetric distribution of ejecta around SN 1987A implics
a rapidly rotating progenitor star. Photo taken by the Hubble Space Telescope. courtesy of
the Space Telescope Science Institute (STScl)

on the final answer. Assumptions and estimates surrounding those variables require

the most serutiny.

There are a few particular assumptions and approximations that need to be re-

fined. These are listed below:

When calculating p (§2.3), we assumed that its value is independent of redshift. If.

however, galactic number density varies with redshift (as seems likely). then equation

34



2.19 would require revision. (On the other hand. our results of for the T\_" Sugest

Yeau

that the overall GRB rate has been constant in {1ne.)

Our z,,4, values are highly sensitive to the photon flux threshold of each GRB
instrument. (equation 2.11). Figure 2-3 was given by Band et al. [31] and was derived
by Integrating over a conunon energy band. However. each instrument does 1ot cover
such a wide energy window. For example. Band et al.’s [31] functions yield nou-zero
detection rates for bursts with peak energies clearly outside the energy band of the
mstrument. Their technique should be repeated with greater care. so that each in-
strument has it own specilic encergy band taken into account. This should reduee the

systematic errors i ¢, which we suspeet may be substantial.

We can improve our counting statistics by taking Swift data into account. At the
time of this writing. data from the Swift wmission is not yet publicly available. As
Swift has already measured redshifts for more GRBs than any other instrument. data
from this mission will significantly improve our z,,,, statistics. For exaniple. in jusi
six months of operation, Swift has data for fifteen bursts with measured redslifts
using these data will nearly double our exisiting sammple size. Inclusion of Swift data

makes the missing spectral parameters of HETE-2 and BeppoSAX almost irrelevant.

We need to incorporate the newest estimates for the range of valnes for the mas«
cutofls (A and Aly) for black hole formation in supernova events (equation 2.16).
Finally, when calculating p. we applied a single hnninosity function and birthrate
for S-Iin galaxies. A good refinement would be to implement the appropriate huni-

nosity function and birthrate for cach galaxy type separately.
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Appendix A

Distribution of * -

max

How are GRBs and their progenitors distributed thoughout space? Is their spatial
density uniform, or do evolutionary effects come into play? In this section. we test

the hypothesis that GRBs and their progenitor systems are uniformly distributed

thoughout space (i.e., homogencous). To do this. we make use of the —‘.‘?—- statistic

nraa

and utilize a statistical method (the KKolmogorov-Smirnov test) to determine the like-
lihood of this assumption.

l,f‘-é test was first introduced to astrophysics by Schiidt in 1968 [49] to

‘mar

The

measure the spatial distribution of distant quasars. It is a method that gives a quan-
titative measure of the uniformity of the radial distribution of the parent population
of a set of observed objects. Empirically, it is the ratio of the comoving volume V'
enclosed at a cosmological redshift z, to a maxiumum volume V), cnclosed ot a
redshift 2,4, that represents the maximum distance at which a given object would

be seen.

. . . - 7 . . . . .
The distribution of ‘—L——— for a set of observed objects can tell us about their unifor-
masr
mity i space. For example. if a sample of objects is drawn from a parent population

with a uniform distribution. then the

‘v\' values for that sample will be uniformly
mar

distributed hetween 0 and 1, which gives a mean \4~~ of 0.5, A sample with a small
nan

(< 0.5) mean value of r‘— means that most of these objects prefer a nearer part
max )

37



of their accessible volume. This implies that the objects were cither wmore rare or
intrinsically fainter in the past. Since GRBs are a stellar phenomenon. we do not not
anticipate that their instrinsic huninositics would change, and assume that any devia-
tion of the mean from 0.5 represents a change in density evolution instead. Sunilarly.
a sample with a larger (> 0.5) mean would imply that the objects were more conm-
monplace i the past. I either case. a non-uuiform parent population distribution

would he mdicated. so that evolutionary effects may need to be taken into acconnt.

In this thesis. we consider the ‘\— values for the set of GRBs with known redshiflts
maur
(studied in Chapter 2). If these GRBs were derived from systems with a homogenons
spatial distribution. then our \—L- values for GRBs would he wniformly distribnted
mag

between 0 and 1 and would have an average value of 0.5. We test this hypothesis by

using the Kolmogorov-Smirnov one-sanple test [50, 51] (hereon the K-S test).

The -5 test 1s a statistical test that gives a measure of goodness of fit. It allows
one to determine whether a sample of ohjeets 15 consistent. with a given theoreticnl
parent population. This s done by comparing the observed cumulative frequency
distribution (edf) Fy(2) with a predicted theoretical edf [7(x). Here. Fy(a) and ()
arce defined to be the fractional munber of actual and expected observations. respec-
tively. with values equal to or less than @ For our cwrrent problem. @ = l_\T anel
['(r) = (for 0 < 2 < 1). By measuring the maximun deviation between the two
distributions, one can determine the probability for such a difference to oceur if the
observations were really a random sample drawn from the parvent population. We
use the K-S test on our sample of GRBs to test the hypothesis that these observed
Ihusts are derived from a parent population that is uniformly distributed thronghout

( ()YII()\'iI]g Space.

I'h(2). 1= created from the data presented in Table A 1. Both of F4(r) and ()
arc shown i Figure A-1. From the figure, the maximum absolute deviation hetween

the two distributions is measured to be D, = 0.1410.
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The next step in the K-S test is to determine of obtaining the value of 12, equal
to or greater than the actual value if the observed sample was. indeed. randomly
sampled from the parent population. The essence of the K-S test lies i the proof

that [50]:

oty =1- 22(—1)/“]6'"’2i2'2 (A1)
0

where &= \/n),. n is the total munher of observations in the sample. and o is the
significance level for a given value of t. The significance level can he interpreted as
the probability of incorrectly rejecting the null hypothesis. In other words. the null
hypothesis is likely to be accepted for “large™ values of o Here, the null hypothesis is
the proposition that our set of observed GRBs is wniformly distributed in comoving

space.

Our set of observed GRBs has n = 24 samples. so that /nD, = 0.6908. Eval-
uation of equation A.1 then gives o(y/nD,) = 0.7266. Hence, we accept the null
hypothesis that GRBs are derived from a population with uniform comoving spatial
density. This result means that if a sample of GRBs were drawn from a distribution
that has uniform spatial density, then a value of \/nD, equal to or larger than the

one we found would be obtained 73% of the time.
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Table A.1: Observed cumulative frequency distribution data

Fo(x) | x = %
o 0.0237
= | 0.0832
& 0.0937
s | 0.1037
= | 01127
= | 0.1656
s | 0.1676
= 0.1945
5 | 0.2573
5| 0.2757
0| 0.3732
= 0.1491
2| 04673
S0 04845
5 0.6027
o 0.6119
T 0.6696
= | 07507
= 0.8038
0 0.8229
= 0.8533
2 1 0.9927
= 1.0000
2710000 |
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Figure A-1: Comparison of cumulative distribution functions Fy(x) and F(x). The observed

cumulative distribution function (cdf) Fy(x). denoted by asterisk’s. represents the cdf for
the set of GRBs with known redshifts. The theoretical cdl for a parcut population F{x).

denoted by the solid line. represents a population of GRBs with uniforni comoving spatial
density,
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