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Abstract

We present the detailed and systematic study of the spectral characteristics of the X-ray
flashes (XRF) and the X-ray rich gamma-ray bursts (GRBs) observed by HETE. Eighteen
XRFs and X-ray rich GRBs are studied in detail. Total of 45 GRBs observed from January
2001 to September 2003 are used in the systematic study of the prompt emission. We performed
joint analyses for both spectral data of the X-ray instrument called Wide-field X-ray Monitor
(WXM) and the y-ray instrument called FREnch GAmma TElescope (FREGATE) on board
HETE.

The spectral characteristics of the XRFs and the X-ray rich GRBs are very similar to those
of hard GRBs except that the peak energy in vF, spectrum (Epeax ) is lower. The spectrum
of both XRFs and X-ray rich GRBs can be expressed with the empirical GRB models (Band
function or power-law times exponential cutoff model). The XRFs and the X-ray rich GRBs
show similar durations as the long GRBs, the complex time-structures, the spectral softening
during the bursts, and lower E,e.x energies compared to hard GRBs which have typical Epeax
energies of ~ 250 keV. Six XRF's show E.x energies of a few keV.

From the systematic study of 45 GRBs, we found: 1) X-ray to v-ray energy fluence ratio
forms a single distribution from XRF's to hard GRBs; 2) the number of XRF's is comparable to
that of hard GRBs; 3) the lower-energy photon index « is distributed with a centroid around
—1.0 for all GRBs; and 4) E,c.x energy has a good positive correlation with the time-averaged
flux, and also with the one-second peak photon flux in the ~-ray range. This may imply that
XRFs are intrinsically weaker than hard GRBs.

With 10 redshift-determined HETE localized GRBs, the relation between the redshift-
corrected Fpeax and the isotropic-equivalent energy are investigated. Our sample includes one

XRF, GRB020903, with the redshift of 0.25. We confirmed the relation, Eye. o< E2?, for hard
GRBs. Furthermore, the properties of GRB020903 are consistent with an extension of this
relation by a factor of ~ 300.

The integrated peak-flux distribution (“log N-log P” relation) of XRFs is close to that
expected for the Euclidean geometry. This may imply that XRFs have a closer distance scale
than that of weak hard GRBs.

We discuss the implication of this observational study on several theoretical XRF models

based on the observational results of this study.
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Chapter 1

Introduction

It has been thirty years since the discovery of Gamma-Ray Bursts (GRBs) was first reported
in 1973 by Klebesadel et al. [43]. Since that time, two main breakthroughs in GRB research

have occurred.

The first was provided by the Burst And Transient Source Experiment (BATSE) instrument
on-board the Compton Gamma-Ray Observatory. BATSE consisted of eight scintillators, each
51 cm in diameter, situated at the eight corners of the spacecraft. It was capable of determining
the arrival direction of GRBs with an accuracy of a few degrees. BATSE observed 2704 GRBs
in its 9 year mission, and found that while the distribution of GRBs is isotropic, the paucity
of very faint GRBs compared with the number expected from a Euclidean space distribution
suggests that the GRB source population is inconsistent with a Galactic distribution [58].
These properties indicated that the distance scale to GRB sources is cosmological. However,
confirmation of this inference had to wait for the direct measurement of the distance (see a
lively debate of the cosmological and Galactic hypotheses by Paczynski [59] and Lamb [45]).

The second breakthrough was the discovery that GRBs have afterglows. This revolutionary
discovery was made by the BeppoSAX satellite. BeppoSAX had two X-ray instruments; Wide
Field Camera (WFC) and Narrow Field Instruments (NFI). WFC had a 40° x 40° field-of-view,
and could find the transient sources and localize them with an accuracy of ~ 5 arcminutes.
NFI was composed of the X-ray detectors (proportional counters) and the X-ray mirrors, and
could obtain localizations accurate to better than an arcminute. On February 28, 1997, the
WEC observed Gamma-ray burst GRB970228. NFI was pointed to the burst position 8 hours
after the trigger, and detected an uncatalogued X-ray source with a 2-10 keV flux of several
1072 erg cm™2 s7! at the edge of the WFC error box. Four days later, the flux of this source
had decreased by a factor of ~ 20 [12].

21
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This was only the beginning, however. An optical counterpart of GRB970228 was also
detected. Groot et al. [31] discovered a decaying 21st magnitude object with the William
Herschel and Isaac Newton Telescope. The deeper images made with the ESO New Technology
Telescope [32] and the Keck Telescope [53] showed a ~ 1” extended object at the location of the
optical transient. This object later turned out to be a galaxy at redshift z = 0.695, and is almost
certainly the host galaxy of the GRB. GRB970228 was the first of many detected GRBs with
afterglows, whose distances were measured directly by the observation of redshifted spectral
lines — either emission lines from the host galaxy, or absorption lines in the spectrum of the
afterglow itself. We now know that the distances to most of the long GRBs are cosmological
(z ~1).

Prompt X-ray emission was known to be common in GRBs from the early days of their
discovery. The earliest reports of prompt X-ray emission in GRBs concerned the bursts of 1972
April 27 ([52], [104]) and 1972 May 14 [111]. The April 27 event was observed by the X-ray (2.0-
7.9 keV) and ~-ray (0.067-5.1 MeV) spectrometers on board Apollo 16 and also by the Vela 6A
satellite. The authors performed detailed spectral and temporal studies combining X-ray and -
ray data. They found similar time variability in both energy ranges, and successfully measured
the spectrum ranging over four orders of magnitude. The May 14 event was simultaneously
observed by six different X-ray and ~-ray instruments — the -ray detectors (~ 0.1-1.5 MeV)
on three Vela satellites, the solar-flare y-ray detector (~ 0.1-1.5 MeV) on the IMP-6 satellite,
and two X-ray telescopes (7-500 keV) on board OSO-7. The authors reported hard-to-soft
spectral evolution during the burst using the X-ray data. These early observations confirmed
that GRBs produce significant amounts of X-ray emission.

In the early 1980s, unidentified X-ray transient sources called “fast X-ray transients” were
reported by several authors. The Sky Survey Instrument (SSI) on Ariel V (15 October 1974 -
14 March 1980) scanned the sky for 5.5 yr in the energy band 2-18 keV with a time resolution
of ~ 100 minutes. Pye and McHardy [67] performed a systematic search of the SSI database
and found 27 candidates, including one coincident with a GRB (GB 751102). Although most
of these events might be nearby RS CVn-like systems, some may possibly have been related to
transient sources associated with GRBs.

The HEAO-1 (12 August 1977 - 9 January 1979) A-1 experiment (Large Area Sky Survey
experiment; 0.25-25 keV) had complete coverage of the entire sky. Ambruster and Wood [3]
searched the first 7 months of the A-1 data and found 10 fast transients. Although the error
boxes of three sources included M dwarf flare stars and one source was identified with a RS

CVn system, six sources remained unidentified. One source, H0547-14, could have been a weak
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GRB with a photon spectral index o« = 1.65 + 0.14, and a high hydrogen column density Ny
= (9.2+1.7) x 1022 em~2 [2].

Gotthelf et al. [33] searched for the X-ray counterparts of GRBs in the data from the
FEinstein (12 November 1978 - April 1981) Imaging Proportional Counter (IPC; 0.2-3.5 keV).
They found 42 candidates including 18 hard and 24 soft sources (their definition of hard (soft)
is ratio of 0.2-1.3 keV counts to 1.3-3.5 keV counts smaller (larger) than unity). The authors
suggested that the hard 18 sources might be the X-ray counterparts of GRBs.

The ROSAT (1 June 1990 - 12 February 1999) all-sky survey data were searched by Greiner
et al. [34] for X-ray afterglows. Although they found 23 X-ray afterglow candidates, the ex-
pected number in RASS was ~ 4 events. The search for the optical counterparts of six randomly
selected X-ray sources was also conducted. Five out of six X-ray error circles contained M stars.

Because of the considerable interest in X-ray observations of GRBs, the Ginga (February
5, 1987 - November 1, 1991) gamma-ray burst detector (GBD) was specifically designed to
investigate burst spectra in the X-ray range. The success of the Ginga GBD observation
of GRBs paved the way for the next generation GRB satellite, the High Energy Transient
Experiment (HETE) mission. The details about the GBD observations are summarized in
chapter 2.

In this thesis, we focus on the characteristics of the prompt emission of the sub-classes of
GRBs called X-ray flashes (XRFs) and X-ray rich GRBs. These GRBs have a high fluence
in the X-ray range (e.g. 2-30 keV) unlike the GRBs typically observed by BATSE. XRFs
and X-ray rich GRBs were first studied in detail by the Ginga satellite [97] and their spectral
characteristics were investigated by BeppoSAX ([36], [42]). The recent results of Kippen et al.
[42], indicate that XRFs and X-ray rich GRBs are probably aspects of the same phenomenon
that is responsible for ordinary GRBs.

This thesis comprises analyses of 45 XRFs/X-ray rich GRBs/GRBs observed by HETE from
February 2001 to September 2003. Of these, 18 XRFs and X-ray rich GRBs are subjected to
detailed study. The contents of the thesis are as follows: The review of GRB observations of
both prompt emission and afterglows are given in chapter 2. Theoretical XRF/GRB emission
models are summarized in chapter 3. Chapter 4 contains the detailed description of the HETFE
satellite. The data reduction and analysis methods are described in chapter 5. The individual
prompt emission characteristics of 18 XRFs and X-ray rich GRBs are described in chapter 6.
The systematic study of XRFs and X-ray rich GRBs is described in chapter 7. I discuss the
sky distribution and event rate of XRF's, logN-logP of XRFs, the magnetic field strength at the

shocked region, and theoretical models of XRF's based on our observational results in chapter
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8. Chapter 9 contains the conclusions. The development and calibration of the WXM detector
response matrix, HETE GRB summary tables, figures of the all spectra and light curves, and

the description of the constrained Band function are presented in the appendices.



Chapter 2

Observational properties of GRBs

2.1 Prompt emission

2.1.1 Spectral parameters of the BATSE GRB sample

The spectral characteristics of the prompt emission of GRBs were studied in detail with the
Burst and Transient Source Experiment (BATSE) on the Compton Gamma Ray Observatory.
Preece et al. [63] selected 156 BATSE bursts with fluence in the 30-1000 keV band larger
than 4 x 107° ergs cm~2 or with a 1s peak flux in the 50-300 keV band exceeding 10 photons
cm~2 s71. Each burst is divided into several time intervals, and there are 5500 spectra in total.
The BATSE GRB spectra are well fitted with the Band function [6]. The Band function is an

empirical spectral model described as following:

ferp(E) = A(E/100)%exp(—E(2 + «)/ Epeax)

if E < (a— B)Epeax/ (2 + @) = Epreak,
and f(E) = A(a — B) Bpear/[100(2 + @)]*“exp(8 — ) (£/100)°
if E > (a— B)Epea/(2 + ), (2.1)

where the four model paramters are

1. the amplitude A in photons s~ cm ™2 keV !
2. a low-energy spectral index «

3. a high-energy spectral index (3, and

25
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Figure 2.1: BATSE E,cqx distribution from Band function fit [63].

4. a vF, “peak” energy Epeax -

The distributions of the BATSE spectral parameters (Epeax , @, and 3) in the Band function
are shown in figures 2.1, 2.2, and 2.3 respectively. As seen in figure 2.1, Epeax is tightly
concentrated around 250 keV. The power-law indices a and 3 are clustered around —1 and —3
respectively. This result suggests that the spectra of the prompt emission has a “universal”

shape for most of the bursts.
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2.1.2 Characteristics of X-ray flashes

There is unique group of the GRBs which exhibit large fluences in the X-ray range (2-30
keV). These GRBs are called X-ray flashes (XRFs). BATSE did not have a good sensitivity for
detecting XRFs due to the lower threshold energy of 30 keV. To investigate XRF's, we definitely
need an X-ray instrument. Detailed studies of XRFs were performed by the GINGA [97] and
BeppoSAX satellites [36], both of which possessed an X-ray detector.

GINGA XRF sample

Since the Ginga gamma-ray burst detector (GBD) consisted of a proportional counter (PC; 2—
25 keV) and a scintillation counter (SC; 15-400 keV), GBD had a good capability for observing
XRFs. According to Strohmayer et al. [97], GBD observed bursts which show a high X-ray to
~-ray fluence ratio (figure 2.4 right). About 36% of the bright bursts observed by GBD have
Epeax energy around a few keV (figure 2.4 right). This Ginga result is not consistent with the
BATSE E,cax distribution which is concentrated around 250 keV. The Ginga sample indicates
that GRB have a much broader range of characteristics, especially considering the lower energy

band.
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Figure 2.5: Left: Histogram of T90 for hard GRBs (blue) and XRFs (red). Right: The peak
flux in 2-25 keV and the photon index in the power-law spectrum [36].

BeppoSAX XRF sample

The BeppoSAX satellite had a large field of view X-ray instrument called the Wide Field Camera

(WFC) which covers an energy range from 2 to 25 keV and a field of view of 40° x 40°. The

definition of an XRF for the BeppoSAX team was a burst which is seen in WFC but not in

the ~-ray instrument, called the Gamma Ray Burst Monitor (GRBM; 40-7000 keV). WEC

observed 17 XRFs in 5 years [36]. The durations of XRFs are from 10 s to 200 s, which is

similar to the long duration GRBs (figure 2.5 left). The peak fluxes in 2-25 keV were in the
1 2

range of 1078 and 1077 erg s™! cm™2. The spectra in WFC energy range were described by
simple power-law model with the photon indices of —3 to —1.2 (figure 2.5 right).

WFC+BATSE XRF sample

Kippen et al. [42] searched for the GRBs and XRFs which were observed in both WXC and
BATSE. 36 hard GRBs and 17 XRFs were found in 3.8 years when WXM and BATSE were
operated simultaneously. The WFC and BATSE joint spectral analysis of XRF shows that
their Ee.x energies are significantly lower than those of the BATSE sample (figure 2.6). The
low and the high energy photon indices are the same as the hard GRB (a ~ —1 and  ~ —2.5).
FEpeax has a good correlation with the 1s peak flux in 50-300 keV, but not with the T, duration
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Figure 2.6: The distribution of Epe.x and a for XRFs compared with the BATSE sample [42].

or the low-energy photon index a (figure 2.7).

2.1.3 Ej. — Eio relation (Amati’s relation)

Amati et al. [1] studied the spectral properties of the BeppoSAX GRBs with known redshifts
(12 GRBs). They investigated the spectral parameters of time-averaged spectra in the GRB
source frame (i.e. the redshift corrected spectrum) and found a good correlation between Epeax
at the source frame and the isotropic equivalent energies in 1-10000 keV; EZE, ~ E0:5230.06

(figure 2.8). Atteia [5] combined this relation with the duration of the bursts and proposed an

empirical redshift indicator.
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2.1.4 Lag/Variability relation

Norris et al. [56] investigated the spectral lags between two energy bands (25-50 keV and 100-
300 keV or > 300 keV) for two samples: the 174 brightest BATSE bursts with durations longer
than 2 s and six GRBs with known redshifts. An anti-correlation is found between the ~-ray
hardness ratio or peak flux and the spectral lag for the bright BATSE GRB sample (figure 2.9).
For the GRBs with known redshift, the relationship between peak luminosity (L) and spectral
lag (1) is well fitted with a power law.

L T
— ~13 —115, 2.2
105%erg (G 01s) (2:2)

Fenimore and Ramirez-Ruiz [20] (see also [68]) investigated the correlation between the time
variability (V) and the luminosity of GRBs (for 7 GRB with redshifts). They found that high

(low) variable GRBs are intrinsically more (less) luminous (figure 2.10).

L
1q = 31X 107733 erg s~ (2.3)

Schaefer et al. [87] performed a severe test for the lag/variability relation. If both the
spectral lag and the variability have correlations with the luminosity, we should see a correlation
between the spectral lag and the variability. Since the lag and variability are possible to measure
using the large number of BATSE GRBs without any redshift information, the validity of both
relations can be examined to high precision. Figure 2.11 shows the plots of lag and variability for
112 BATSE bursts. The correlation coefficient is r = —0.45 (7.6 x 1077 for chance occurrence),
and the lag/variability has a good correlation. Thus both Lag-Luminosity and Variability-

Luminosity relation are valid to a high significance.

2.1.5 V/Viux

The V/Viax test [90] provides a quantitative evaluation of the uniformity of the radial distri-
bution of the objects.

Assuming the Euclidean space, the observed peak count (background subtracted peak
counts) of a source will depend on its distance as ™2, so that

S
CYlim

D=

)2 (2.4)

Tmax = T(
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We characterize the radial location of the source by the ratio of the volume V' contained within
the radius r to the volume Vi, contained within the radius rp.,. The ratio is (7/rmax)?, so

Cy

V/Vmax = (T

)75, (2.5)

If the sources are have a uniform distribution in space, the distribution of V/Vj,.x should be
uniform over the range 0-1. In this case, < V/Vi,ax > is 0.5. Since for sources with a uniform
space distribution, V/Vj,.x has a uniform distribution between 0 and 1, the r.m.s. error of
< V/Viax > will be (12n)_1/2, where n is the number of objects. If the minimum signal-to-

noise ratio is set at k, then the limiting count Cj,, is
Ciim = kB°?, (2.6)

assuming Poisson statistics for the background count B.
Pendleton et al. [60] applied the V/Vi,ax test to the BATSE burst and found that <
V/Vinax > 18 0.329 £ 0.011, which is 15.5 ¢ away from a homogeneous distribution.

2.1.6 Line of Death Problem in low-energy index «

Preece et al. [62] investigated the low energy spectral index of the BATSE GRBs. The syn-
chrotron shock model (SSM) predicts that the low energy photon index should not exceed —2/3
(e.g. [100]). Sari et al. [84] and Sari et al. [85] claimed that the time scale for synchrotron
cooling of the particles may be shorter than the duration of the pulses. In this “fast cooling”

case, the low energy photon index will be —3/2. Figure 2.12 shows the results from the BATSE
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catalog of time-resolved spectroscopy of bright bursts overlaying the o = —2/3 (“death line”,
dashed line) and the lower boundary of the cooling spectrum (o = —3/2, dotted line). It is
clear that the observed « is inconsistent with SSM.

Preece et al. [64] applied the additional test of SSM using the observed low and high photon
index (« and () from the BATSE data. Even in this study, Preece et al. [64] claimed that it
is not possible to explain the prompt emission of GRB with only SSM.

2.1.7 Extra high-energy spectral component in GRB941017

Gonzdlez et al. [28] analyzed the EGRET’s calorimeter TASC (Total Absorption Shower
Counter) data for GRB941017 and found an extra high energy component exhibiting a photon
index of —1 up to ~ 200 MeV. Its fluence is greater than the lower-energy component observed

by BATSE. This high-energy power-law does not show any cutoff, meaning more energy is
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Figure 2.13: Left: light curves of GRB941017 a) BATSE-LAD, b) EGRET-TASC 1-10 MeV,
and ¢) EGRET-TASC 10-200 MeV. Right: time-resolved vF, spectrum of GRB941017. The
data are jointly analyzed with LAD and TASC [28].

radiated above 200 MeV (figure 2.13). Gonzélez et al. [28] presented the possibility of ultra-
relativistic hadrons producing the MeV v-rays by inducing electromagnetic cascades through

photomeson and photo-pair production.

2.1.8 GRB tail emission

Connaughton [11] developed a sophisticated method of subtracting the background in BATSE
data and studied the weak GRB emission on a longer time scale. Connaughton [11] summed
and averaged 400 BATSE long GRBs and found the statistically significant tail emission in
~-rays lasting for 1000-2000 seconds after the trigger. The author also found that this tail
emission is independent of the duration of the prompt emission and also of the burst intensity.

Although it is not clear whether the emission is coming from the prompt emission or from the
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afterglow, some signature of the external shock might be seen in the v-ray region.

2.2 Afterglow

2.2.1 The supernova-GRB connection
Supernova Bump

GRB970228 is the first GRB for which an optical/X-ray counterpart was found. However,
the story did not end with this excitement. The optical afterglow of GRB970228 showed a
significant deviation from the pure power-law decay about 1-2 weeks after the burst [25]. This
might be the evidence for the presence of a supernova component in the light curve. The first
suggestion of the supernova bump in the GRB afterglow was made by Bloom et al. [8] for
GRB980326. This was a very important observational indication of the association between a

supernova and a GRB.

SN1998bw/GRB980425

The most suggestive evidence for the supernova and GRB connection before the HETE-2 era
was SN1998bw/GRB980425. The BeppoSAX detected the GRB980425 and the WFC error box
contained the supernova SN1998bw located in a spiral arm of the nearby galaxy ESO184-G82
with a distance of 40 Mpc (z=0.0085) [24] (figure 2.16). The chance probability of detecting
any supernova with peak optical flux a factor of 10 below that of SN1998bw in the error box is
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Figure 2.16: Image of the galaxy ESO 184-G82 with (left) and without (right) SN1998bw [24].

10~*. The optical spectrum indicated that SN1998bw is a type Ic supernova.

Iwamoto et al. [39] performed the model fitting to the light curve and the spectrum of
SN1998bw. They found that SN1998bw can be well reproduced by an extremely energetic
explosion of a massive star composed on mainly of carbon and oxygen (figure 2.17). And the
kinetic energy of the ejecta is calculated to be (2-5) x 1052 erg. They argued that this extremely

large energy could produce the relativistic shock which is required for a GRB.

Supernova association with GRB030329

HETE-2 observed GRB030329, the one of the brightest GRB ever reported [107]. Its optical
afterglow was 12.4"™ magnitude at 67 minutes after the burst [86]. The redshift of z=0.167 [30]
makes it the closest GRB excepting only GRB980425/SN1998bw.

About ten days after the burst, the spectral signature of type Ic supernva emerged in the
afterglow ([96] and [37]; figure 2.18). This supernova was designated as SN2003dh. As seen in
the figure 2.18, the spectrum of SN2003dh is very similar to the type Ic supernova SN1998bw.
The expansion velocity is estimated to be 36,000 £+ 3,000 km s~ (0.12 4 0.01c). GRB030329

provided the direct observational evidence that, indeed core-collapse events can produce a GRB.

2.2.2 Optically Dark GRB

Only 50% of the GRB well-localized by BeppoSAX had optical transients (afterglow), whereas
an X-ray afterglow is present in 90% of cases. Optically dark GRBs are GRBs without an
optical transient detection. De Pasquale et al. [17] compared the X-ray afterglows and optically
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bright /dark GRBs observed by BeppoSAX (figure 2.19). They found that the X-ray afterglows
of the optically dark GRBs have about 5 times lower flux. Under the assumption that the
optical to X-ray spectrum is the same, the optical flux could be ~ 2 magnitudes lower than the
optically bright GRBs. They argued that the highly absorbed environment of the optical light
might be causing the optically dark GRBs.

Faint optical afterglow: GRB 021211

The nearly real-time localization of GRB021211 [15] provided by HETE-2 makes it possible to
solve the problem of “optically dark” GRBs. The early optical observations had started 90,
108, and 143 seconds after the burst. The optical afterglow of GRB 021211 is intrinsically much
fainter than other GRB afterglows (figure 2.20). This burst would have been classified as an
“optically dark” GRB without the rapid follow-up observation.
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Figure 2.20: Light curve of GRB 021211 and other GRBs. The light curve of GRB021211 can
be fitted with a two component power-law; an initial steeply declining “flash”, f o t7* with «

~ 1.6 and typical afterglow behavior with o =~ 1 [21].

Extinction by dust; GRB 030115

Rapid follow-up observations of GRB 030115 which was localized by HETE-2 show the con-
vincing signature that the optical afterglow is extinguished by dust. Figure 2.21 shows the
near infrared and optical afterglow spectrum and the best fit model, assuming dust extinction
[48]. The afterglow property of GRB 030115 provides a good case of an “optically dark” GRB

caused by dust absorption.

High redshift GRBs

Fynbo et al. [23] suggest one interpretation of optically dark GRBs is that a large fraction of
GRBs occur at redshifts z > 7 and are hence invisible in the optical due to Ly-a blanketing and
absorption by intervening Lyman-limit systems. Authors suggest that it is essential to conduct
deep (Rim > 24 at less than 1 day after the trigger) follow-up imaging at optical and infrared

wavelengths to answer the question as to why some bursts are darker than others.

2.2.3 Standard energy reservoir in GRBs

Interpreting the break in the afterglow light curve as the conical jet structure of GRBs, we

can correct the geometry and calculate the “true” released energy in v-rays. In this conical
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Figure 2.22: Left: Distribution of the isotropic 7-ray energy (top) vs. the jet opening angle
corrected ~y-ray energy (bottom) [22]. Right: Distribution of the jet opening angle corrected

~-ray energy [9].

jet picture, the break in the afterglow light curve can happen for two reasons. First, when the
relativistic shell has slowed down and the bulk Lorentz factor I" has reached I' ~ 60; (where 6,
is the opening angle of the jet), the flux drops suddenly. Second, the side-ways expansion of
the jet makes the deceleration of the ejecta much faster.

Frail et al. [22] calculated the jet opening angle for 17 GRBs with known redshifts using

the jet break times t;. The formula is:

o o057 (b 3/8(1+z>3/8 Eiso(7) _1/8(777)1/8( n )1/8 @)
I 1day 2 10%3ergs 0.2 0.lcm—3 ’ ‘

where 7, is the efficiency of the fireball in converting the energy in the ejecta into y-rays and

n is the mean circumburst density and assuming the constant values for these paramters.

The result is surprising. As seen in figure 2.22, the jet opening angle corrected total vy-ray
energy E. is tightly concentrated around 5 x 10°° ergs. Bloom et al. [9] calculated the E,
for a larger GRB sample and a more reliable value of the ambient density. Bloom et al. [9]
confirmed the tight E, value of E, = (1.33 £ 0.07) x 10°" ergs. This energy is comparable to

ordinary supernovae.



Chapter 3

GRB theory

3.1 GRB emission models

The dynamics of GRBs are well described in the framework of the “fireball” model (the details
of the fireball model are in the review by Piran [61]; here, we refer to the review by Van Paradijs
et al. [106]). In this model, a large amont of energy is released into a small volume, resulting
in an explosion. The key to the model is that a large fraction of the energy is transferred
into a small fraction of the mass. Let us consider the release of an energy £ = 10°? Es, ergs
into a sphere with radius ry,. A rest mass M, of baryons is contained in the volume, and the
energy-to-mass ratio in the initial fireball is thus n = E/Myc*. The evolution of the fireball
from these initial condition depends on one other paramter, the optical depth. If the photon
energies are primarily in the MeV range, the optical depth is very high due to photon-photon
scattering and pair production. Thus, the internal energy can only be converted into kinetic
energy by adiabatic expansion. Adiabatic expansion can be described from thermodynamics,
T'V7Y~! = const., where T" is the rest-frame temperature, V is the source volume, and 7, is the
adiabatic index of the gas; v, = 4/3 for an ultrarelativistic gas. If we convert V' into the radius
of the volume R and substitute v, = 4/3, 7" o R~!. The total internal plus kinetic energy in
the frame of an external observer is E = I'My(kT’/m,, + ¢?), where T is bulk Lorentz factor of
the fireball and m,, is the proton mass. For relativistic temperatures, the first term dominates,
so F o« I'T" = const. Combined with the previous thermodynamic relation, we have I' < R.
The bulk Lorentz factor of the gas thus increases linearly with radius, until it saturates at a
value I'y ~ n, at a radius r. ~ nry,. Because all the matter has moved with v ~ ¢ beyond 7,
it is all piles up in a thin shell with thickness R/T'?. This is the picture how I' evolves in the
fireball model.

47
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Figure 3.1: Schematic figure of the GRB prompt and afterglow emission model. The collapse
of massive star (collapsar) and/or neutron star (NS) merger which finally form a black hole
are the most supported models of the central engines of GRBs. In the internal shock model,
the prompt emission is produced by particles accelerated via internal shocks, which are due
to the collision of relativistic moving shells. The particles radiating to cause the afterglow
are accelerated by the external shock, which is the interaction between the merged shell and

interstellar material.

When the relativistic fireball expands and becomes optically thin, its kinetic energy trans-
lates to thermal energy via a shock; the thermal energy is then radiated as synchrotron radi-
ation. There are two types of shock (see figure 3.1). The internal shock is due to the internal
collisions of shells of various speeds; The external shock originates from the collision between
the expanding shell and the surrounding interstellar material. The prompt emission of GRB is

considered to be the result of internal shocks, whereas the afterglow is caused by the external

shock.

Here, we review the two GRB prompt emission models proposed by Tavani [100] and Sari
et al. [84]. These models give us the explanation for how to produce the synchrotron radiation

through the shock and how to reproduce the observed GRB spectrum.
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3.1.1 Synchrotron shock model (SSM)

Tavani [100] shows that the synchrotron shock model (SSM) predicts a specific shape of GRB
spectrum which agrees with broadband GRB spectra (e.g. Band function).

The GRB site is assumed to be surrounded by an optically thin nebular medium (a low-
density ISM, a SNR, or a mass outflow from a companion star in a binary system). An MHD
relativistic wind is a mixture of electromagnetic fields, e* -pairs, and baryons. A relativistic
wind is assumed to be produced by a compact star. If the relativistic wind interacts with a
nebula not in pressure equilibrium with MHD outflow, the relativistic motion of the resulting
shock front is characterized by a bulk Lorentz factor I'.

Before the relativistic MHD plasma interacts with a shock front, the particle distribution
function is assumed to be completely thermalized and characterized by a single (relativistic)
particle energy or temperature. Three-dimensional distribution of the radiating particle number
per energy interval dvy and solid angle d? is described by a relativistic Maxwellian distribution

of particles:
N2

i (,0) i = S50

e~ dry dA, (3.1)

where v = Ei/myc?, v, = kgT*/myc?, where T* is the preshock distribution temperature
of radiating particles of energy FE., kp is the Boltzmann constant, ¢ is the speed of light,
d) = dcosadg is the solid angle where « is the pitch angle of the particle trajectory with
respect to the local magnetic field direction, ¢ is the azimuthal angle, and N is a normalization
constant.

The postacceleration particle energy distribution function can be drastically altered by the
formation of a suprathermal component when the acceleration process takes place at the shock

front. The altered postshock distribution function with a suprathermal power-law tail of index

p:

sl (v, a) = f‘ﬁi Kzg,e‘v/%) + K <3> ] , (3.2)

where Ny and K are normalization constants, and f, takes into account the possible spatial
nonuniformity of the pitch angle distribution with respect to the pitch angle. The energy range
of the power-law distribution is v, < v < v, where ,,, which is to be determined by balancing
acceleration and cooling loss in the shock frame, is a maximum energy of shock-accelerated
particles.

The most efficient acceleration process will be at a condition where K = 1 / (e7,). This
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condition is achieved at 7 = v, when the particles at the initial average energy -, and thermal
low-energy tail is modified at the top of the distribution resulting from fast acceleration. The
condition 7, < 7/, where 7. and 7, are the acceleration and radiating timescale at the rest
frame, is the crucial requirement for a suprathermal component in GRB spectra.

The synchrotron spectral energy emissivity per unit volume and solid angle J¥(«) is

B = [ pG,anile.e)d

32\ N, 7* _ v
_ (16ﬂ2> <C2) <mi02> faBpssina [f (ij sina)] (3.3)

where v is the critical frequency corresponding to the preshock temperature 7, of particles

of charge ¢, p%(v, ) is the single-particle synchrotron power, N is the local q*-pair number
density, ¢y is a normalization constant, ca = 2 — 5/e + [1 — . ?]/[e(p — 1)], and F(w) is a

dimensionless spectral function given by

1 1 fvm
Flw) = /0 yle VF' <;j;> dy + . /1y y PF (;:;) dy (3.4)

where we denoted

UJ:V/(V:SinO(), y:’}//’%ka ym:’ym/’)/* (35)

with

F@ﬂzxémkyﬁfﬁm’ (3.6)

the synchrotron spectral function, and Kjs/3(2’) is the modified Bessel function of order 5/3.
The differential proper intensity in the shock comoving frame (proper intensity) I9 is obtained

after an integration of J5 over the solid angle d2(a) and emission volume dV/

f://ﬁmmmmaf (3.7)
The observed flux F¥ can be obtained from the proper intensity I by dividing by the
square of the source distance D, and by taking into account the possible effect of relativistic
beaming and possible cosmological effects.
In this SSM, Fe.i corresponds to the synchrotron critical frequency v, = 3y2e B sin o/ (4mmc).
The electron spectral index p has to be less than 3 for ..k to be the synchrotron critical fre-

quency (figure 3.2).
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Figure 3.2: The spectrum calculated by synchrotron shock model proposed by Tavani. The
spectral shape is the same as “classical” synchrotron radiation with a slope change at the

synchrotron critical frequency v,,. The light blue region is the observing energy band of GRBs.
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3.1.2 SSM with synchrotron cooling

There are several reasons that the simple SSM [100] is not the appropriate model for GRB
prompt emission. First, as seen in figure 3.2, the low energy photon index « is constant value
—2/3, so the observed a value should be narrow distribution around —2/3. However, according
to the BATSE results, « is scattered from —2 to 0 (see figure 2.2). Second, since Epeax is
concentrated around 250 keV in BATSE data, magnetic fields will be 107 G if we use the
typical value for electron Lorentz factor v ~ 100 and bulk Lorentz factor I' ~ 100. Then, the
synchrotron cooling time t.oo at the observer’s frame is teoor ~ (1 + 2) / (TyB?) < 107% 5. So

the synchrotron loss effects should be apparent in the GRB spectrum.

Sari et al. [84] proposed a SSM taking into account the effect of synchrotron cooling.
They consider two possibilities depending on the cooling timescale tq,, and the hydrodynamic
timescale of the expanding shell t;yq. The total duration of the burst is the time to convert the
bulk of the kinetic energy of expanding shell into thermal energy via shocks; on the other hand,
the individual peaks of GRBs are due to shotlike thermalization. The width of the individual
peaks represents the cooling time scale. So, a burst having a complicated time structure is the
case where thyq > teool (so called “fast cooling”). In thyg < teool (S0 called “slow cooling”), the
kinetic energy of the shell is turned rapidly into thermal energy, but the electrons lose their
energy via radiation on a much longer timescale. This regime can create a burst with a smooth

single-hump and afterglow emission.

Sari et al. [85] calculated the spectrum in the SSM model including the effect of cooling.
Assuming an electron distribution of N(v) o 47?7, the spectrum has three characteristic fre-
quencies; the synchrotron self absorption frequency v,, the synchrotron critical frequency for
electrons with the minimum Lorentz factor vy,, and the synchrotron cooling frequency v, (figure
3.3). The lower and higher end of the spectrum is the same for both the “fast cooling” and
the “slow cooling” processes. In the higher frequency range (v > 1, for “fast cooling” and v
> 1, for “slow cooling”), the number of electrons with Lorentz factor of ~ 7 is proportional to
1P due to the power-law assumption of the electron distribution. Their energy is proportional
to v27P. As the electrons cool, they deposit most of their energy into a frequency range v,
(7) o< ¥2, hence F, oc 777 o< v"?/2. On the other hand, at frequencies below v,, the spectrum
is the Rayleigh-Jeans portion of the blackbody spectrum F, o v2y(1y,,) where v(vy,,) is the
typical Lorentz factor of the electrons. If we assume that v(vy,,) o« %, F, « v2. In the range
of v. < v < vy, in the “fast cooling” spectrum, all the electrons cool down on the dynamical

timescale tg,,. Since the energy of an electron is o< 7 and its typical frequency is v, x v?, F,
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~1/2_ The spectral shapes in other frequency ranges are same as the Tavani’s simple

x vyt v
SSM (this argument refers to Granot et al. [29]).

In this cooling SSM, the prompt emission is in the “fast cooling” phase, and peak energy
in vFv spectrum corresponds to v,. Whether Tavani’s SSM or Sari’s SSM, ek is at the

synchrotron critical frequency of Lorentz factor of 7y,.
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Figure 3.3: The synchrotron cooling spectrum proposed by Sari et al. [85]. There are two
phases, fast cooling and slow cooling, whether v. < vy, or v. > v,. The light blue region is the

observing energy band of GRBs.
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3.2 Theoretical models for XRF

There are key phenomena which could be a breakthrough in our understanding of the prompt
emission of GRBs. They are X-ray flash (XRF) and X-ray rich GRBs. XRFs and X-ray rich
GRBs are GRBs with a high fluence in the X-ray range. We review several theoretical models
of XRF which attempt to explain in the unified physical picture from XRF's to ordinary GRBs.

3.2.1 Off-axis jet model

Yamazaki et al. [112] proposed a model for XRF in which the viewing angle is much larger than
the collimation angle of the jet (left panel of figure 3.4). In this model, the high X-ray to ~-ray
fluence ratio is due to the relativistic beaming factor 6 = I'[1 — [ cos(f, — Af)] changing as a
function of off-axis angle (right panel of figure 3.4). Both the peak flux ratio and the fluence
ratio increase as the viewing angle increases.

According to the model, Epex energy of GRB (~ 250 keV) is shifted to low energies because
of the smaller relativistic beaming effect. So Ee.x can be estimated as ~ 1) / d, where § =
L[l — Bcos(0, — AG)] ~ [1 +T2(0, — A0)?)]/2T and 6, > Af. E,ea of XRF as a function of
the viewing angle is plotted in figure 3.5 assuming a GRB E,e.x energy of 300 keV and a bulk
Lorentz factor of 100. A value of Epc.x energy of a few keV could be achieved at viewing angles
larger than 5° in the case where the half opening angle of the jet ~ 1°.

In this original model, since the fluence at the Fpe is proportional to 6%, XRFs should
not be at high redshift. However, the BeppoSAX team revisited the XRF data and updated the
value of < V/Vjax > from 0.56 to 0.27. This number is very close to < V/Vj,.x > for classical
GRBs: this suggests that XRFs could be at large cosmological distances. Yamazaki et al. [113]
changed some model parameters of their off-axis model and find that a hard GRB at a viewing
angle of 0.05 radian (~ 2.9°) with a half opening angle of 0.03 radian (~ 1.7°) could be an XRF
with a redshift of 1.5.

3.2.2 Photosphere-dominated fireball

Mészéros et al. [51] studied the photosphere at smaller radius than the radius where the internal
shock is occurring (102 —10' cm). The flow starts from a minimum radius ro = ¢ty ;i = 107107
cm, and the Lorentz factor accelerates as I' o< r up to a coasting (or saturation) radius r, ~
rol's. The shells with Lorentz factors of I'y; and I',, eject from a starting radius ro and collide

at radius ry,. The energy radiated in the shock by these merged shells can be enough to create
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Figure 3.4: Left: The schematic figure of the off-axis GRB model. An XRF is a hard GRB
observed at a large viewing angle. Right: The peak flux ratio (upper panel) and fluence ratio
(lower panel) of 2-10 keV to 50-300 keV as a function of viewing angle (see Yamazaki et al.
[112] for details).
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Figure 3.5: The observed Epc. energy as a function of viewing angle assuming a GRB Ejcax
of 300 keV and a bulk Lorentz factor of 100. The solid lines corresponding to the half opening
angle of the jet are 1° (black), 2° (red), 3° (green), 5° (blue), and 10° (sky blue).

pairs optically thick to Thomson scattering. The radius r4 is defined as that where the pair

comoving scattering depth 7 ~ 1.

For shocks occurring at ry, < ry, the scattering optical depth of the shocked shells can
become 7' > 1 (the prime corresponds to the value at the rest frame). It is expected that pair-
production acts as a thermostat, and for comoving compactness parameters (parameter for
judging whether the source is optically thick for v interaction or not) 10 — 103, the comoving
pair temperature 7% is 3 — 30 keV. For a center of mass bulk Lorentz factor I', = (I'pT,,)"?

= 300T; 2.5, the observer-frame pair-producing shock radiation peak is at

hvy o ~ 100 T;710¢;j§g0_2F072.5[2/(1 + 2)] keV. (3.8)

Since the term I'.[2/(1 + 2)] depend on z and I', the typical peak energy is 20 — 100 keV. Note
that because the pair-production is needed in this model, I'. can not be too low. Therefore a

peak energy of ~ 20 keV could be achieved in the case of a very high redshift (z~ 10).
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Figure 3.6: Schematic drawing of the photosphere-dominated fireball. rg, is the radius of the
collision of the two shells. ry is the radius of the optical depth of the pair-production 7o ~ 1.
When ry, < r4, the optically thick pair-production region exists from rg, to ro. This region

could produce X-ray excess GRBs.

3.2.3 Dirty fireball model

The small bulk Lorentz factor GRBs called dirty fireball model [16] could produce XRFs. Hard
GRBs observed by BATSE have a bulk Lorentz factor from 100 to 1000 (the authors called these
“clean fireballs” as Iy > 300). On the other hand, the dirty fireball has a bulk Lorentz factor
I'y < 300. In their model, the spectrum is extremely sensitive to I'g. Since the peak energy
is oc I's, it changes by 8 orders of magnitude between 'y = 3000 and 'y = 30. The duration
of peak power output is just the deceleration timescale which is oc 'y 83 The dirty fireball
produces transient emissions that are longer lasting and most luminous at X-ray energies and

below (figure 3.7).

3.2.4 Structure jet model

Rossi et al. [79] investigated the jet which has a beam pattern where the luminosity per unit
solid angle decreases smoothly away from the axis (figure 3.8). Both the energy per unit solid

angle (¢) and the bulk Lorentz factor (I') depend as power laws:

€c 0<6<86,
o { ee(g)? 0. <0<, (3.9)
and
Pc 0 S 0 S 0(:
b= { Le(y)™F, ol >0 6. <6 <0 (3.10)

where 6; is the opening angle of the jet, 0. is introduced to avoid a divergence at 6 = 0. The

power-law index of —2 is assumed in this model; however, this is not a necessary ingredient of
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Figure 3.7: The plot of the photon energy € in the unit of m, vs. the spectral power P(t). The
lines correspond to the different values of bulk Lorentz factors. The peak photon energy ¢, will

decrease and the duration will increase when the Lorentz factor goes down [16].
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Figure 3.8: Schematic drawing of jet which has an axisymmetric energy distribution.

the model.

In this model, T" tends to be lower when the viewing angle increases. This kind of “struc-
tured” jet is predicted by the Collapsar model [116] and XRF could be the off-axis viewing of

the structure jet.

3.2.5 Relativistic wind with a small contrast of high Lorentz factor

Mochkovitch et al. [54] investigated the internal shock model which a central engine generates
a relativistic wind with a non-uniform distribution of Lorentz factor. In their two-shell toy

model, Epe.x can be express as,

Ex@ﬂ@y(“)

Ep X TQacf‘Gac—l ’

(3.11)
where E is the average injection power into the wind, « is the ratio of Lorentz factor of 1st
(I'1) and 2nd (T'y) shell (k = I'y/Ty), 7 is the time difference between 1st and 2nd shell, T is
the average Lorentz factor (I' = (I'y +I'3)/2), and ¢,,(k) is an increasing function of « for all
reasonable value of 7 and y. According to this equation, E,eax is a decreasing function of ' as
long as > 1/6. XRFs are obtained with “clean fireballs” (large T') while winds with large
baryon loads (“dirty fireballs”) lead to a harder spectrum because internal shocks occur closer
to the source at a higher density.

The excellent agreement with the observed Epeax distribution could be achieved in the case of
r =y = 1/4 (figure 3.9 left). According to Mochkovitch et al. [54]; 1) the redshift distribution
of XRFs is identical to that of hard GRBs, 2) the duration and injected power are not very
different for XRFs and hard GRBs, and 3) the most effective way of producing XRFs is a

reduction of the constant x = I'y/T"; and an increase of the average Lorentz factor I
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Figure 3.9: Left: The Epc.x distribution in the case of x=y=1/4. The dashed line represents
the whole population and the solid line is those bursts which can be detected by BATSE. Right:
Simulated results of Epeax vs. peak flux [54].

3.2.6 High redshift GRB

Heise et al. [36] proposed that XRFs could be GRBs at the high redshift. According to Lamb
and Reichart [46], if many GRBs are produced by the collapse of massive stars and/or the
neutron star margers and their evolution rate is proportional to the star formation rate ([101],
[102]), GRBs could occur out to at least z ~ 10, and possibly to z ~ 15-20. If this is the case
for XRF's, the observed spectrum of the prompt emission is highly redshifted. For example, the
Epeax energy of 300 keV at the source frame is observed as ~ 30 keV in the case of redshift of

10. However, there are several observational evidences that the XRFs are not at a very high

redshift (e.g. GRB011030, GRB020427 [10], GRB020903 [95] and so on).
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Instruments

4.1 HETE-2 Satellite

The High Energy Transient Explorer 2 (HETE-2; [78]) is the first astronomical satellite ded-
icated to observe GRBs. The HETE-2 (hereafter HETE) satellite was successfully launched
on October 9, 2000 using a Pegasus rocket. There are two unique features to HETE. First,
HETE can provide the location of GRBs with localizations of a few tens of arcminutes to a
few tens of arcseconds, with delay times of 10 s to a few hours, to the ground observers. This
capability gives us the opportunity to observe GRB afterglows in multi-wavelengths from a
very early phase. Second, broad-band spectroscopy (2-400 keV) of GRBs are possible with the
combination of the X-ray and v-ray instruments. This not only allows us to detect the various
classes of GRBs, but also to determine the spectral parameters of the prompt emission. The
information about the prompt emission is essential for study of the central engine, since even
excellent observations of the afterglows only provide limited information.

The three scientific instruments on-board HETE are: the FREnch GAmma TElescope
(FREGATE; [4]), which gives the trigger to GRBs; the Wide-field X-ray Monitor (WXM,;
[41], which is the key instrument to localize GRBs to ~ 10’ accuracy within a few tens of sec-
onds; and the Soft X-ray Camera (SXC; [109], [55]), which localizes GRBs to a few arcseconds
accuracy. The details about each instruments are described in the next section.

There are three primary ground stations (PGS; [13]); these are located at Singapore, at the
Kwajalein Atoll in the Republic of the Marshall Islands, and at Cayenne, French Guinea. The
commanding and the data downloads are performed with these three PGSs. These stations
operate at S-band frequencies, with data rates of 31.25 kbps for uplink and 250 kbps for

downlink.

62
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Table 4.1: HETE satellite

Mass 124 kg
Envelope 89 cm X 66 cm
Orbit 625 km circular, 0-2 degree inclination
Mission Life > 2 years
Attitude Instruments are pointing at the anti-solar direction
Data Processing 4 T805 transputers, 8 DSP56001
Downlink S-band (2.272 GHz) 250 kbps
VHF (137.96 MHz) 300 bps
Uplink S-band (2.092 GHz) 31 kbps

1

= g i e
L A

Figure 4.1: Left: HETE-2 spacecraft under a ground testing. Right: The Pegasus rocket on
the bottom of the airplane.

The burst alert network (BAN) consists of fourteen burst alert stations ([14]; [108]; figure
4.4). Information about GRBs detected by HETE is transmitted to the BAN in real time at a
frequency of 137.96 MHz 300 bps, immediately relayed to the HETE Mission Control Center
at MIT, and then sent to the GRB Coordinates Distribution Network (GCN). The GCN then
sends the information in the various forms (email, pager and/or internet socket messages) to

the observers around the world (figure 4.3).
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Figure 4.2: Schematic drawing of the HETE-2 spacecraft.

4.2 FREGATE

The french gamma telescope (FREGATE) plays an essential role by initiating HETE activity
for each GRB triggered event.

Thanks to its wide energy coverage, FREGATE is also a key instrument for the spectroscopic
study of GRB prompt emission. Due to its larger solid angle coverage, bursts outside the WXM
field of view can be studied by FREGATE, and their positions can be determined the ITPN

collaboration.

The FREGATE detector consists of a cleaved Nal crystal (a cylinder 10 mm thick and 71
mm in diameter) read by a photomultiplier (Hamamatsu 1848, figure 4.5). The cleaved crystals
have no dead layer, and are used to extend the spectral coverage in the low energy band (~
6 keV), together with the beryllium window in front of the crystal. The geometric area of the
sum of four detectors is ~ 160 cm?. To monitor the gain of the detector, the two radioactive
sources of 133 Ba are placed outside of the detector. The effective area curve at several incident

angles is shown in figure 4.6

The detectors are guarded by a graded shield made of lead, tantalum, tin, copper, and alu-

minum which block photons originating from outside the nominal field of view of the instrument
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Table 4.2: FREGATE performance

Energy range 6-400 keV
Effective area (4 detectors, on axis) 160 cm?
Field of view 70°
Energy Resolution ~ 12 % @122 keV

Table 4.3: FREGATE data type

Data type time resolution description

HK - The house keeping data.
Available for all time.
TH 0.16 s / 0.32's  The time history data in 4 energy bands

(approximately 640 keV, 6-80 keV, 32-400 keV,
and > 400 keV) for each detectors.

SP 5s/10s 128 channel energy spectral data for each
detectors.
PH 6.4 ps The photon data available when triggered the event.

The time and 256 channel energy spectrum information
is available for every photons.

(e.g. the diffuse X-ray background).

The data product of FREGATE is summarized in table 4.3. There are two types of data,
similar to the WXM. One is the survey data (TH and SP) which is always available when the
high voltage is on, and the other is the burst photon data (PH) which is only produced when
the trigger occurred.

The energy response matrix of FREGATE was calculated using the GEANT Monte Carlo
package [57]. More than 50 parts of the detector components are included in the simulation.
This simulation code is examined before launch with the ground calibrations using a large set of
radioactive sources and various incident angles. In-orbit calibration of the FREGATE response
matrix is performed using the Crab data occulted by the earth. It successfully represents the
Crab nebula spectrum with the photon index of (2.16 £ 0.03) (x? = 1.19 / 84 D.O.F.). Details
about the cross calibration of WXM and FREGATE response matrix is in Appendix A.

4.3 WXM

The wide-field camera (WXM) is located in the center of the spacecraft and the key instrument
for localizing the GRBs. The WXM consists of the one-dimensional position sensitive propor-

tional counters (PSPC) and the coded mask aperture. The one-dimensional coded mask is
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located 187 mm above the PSPCs (figure 4.8). There are two units of counters called X-camera
and Y-camera. Each camera has two PSPCs; the PSPCs in the X-camera are referred to as
XA and XB, while those in the Y-camera are referred to as YA and YB. The orientation of the
X-camera is perpendicular to the Y-camera, and the X and Y locations of GRBs are determined
separately (see figure 4.7).

The area of each coded mask is twice that of the total detector area, to ensure a wide field
of view. The masks are supported by an aluminum support structure. The mask is composed
of a plate of aluminum (0.5 mm thickness) plated with gold (50.8 pm). The width of the slits
are randomly varying integer multiples of 2 mm (figure 4.7). The open fraction of the mask
is 0.33. A 7.6 pm thickness aluminum-coated kapton foil is placed in front of the mask, as
a thermal shield. The location of the GRB is calculated from the shift distance of the mask
shadow on the X and Y camera independently.

The cross-section view of PSPC is shown in figure 4.9. The PSPC has three anode wires
which are composed of carbon fibers 10 pym in diameter and 120 mm in length. The counter
is divided into an upper layer with three anode cells and a lower veto layer. The veto layer
is to distinguish the charged particles from the X-ray photons. The counters are filled with
xenon (97%) and carbon dioxide (3%) at 1.4 atm pressure at room temperature. The beryllium
windows of 100 pm thickness is placed at the front of the detector. The detector body is
made of titanium. The geometrical area of the entrance window is 88 cm?. The effective
area curve of WXM is shown in figure 4.10 in the case of the boresight incident angle. The
%Fe radioisotopes are attached at the top of the support structure of the coded mask. The
radioisotope is contained in a slit case and both sides of each counter at 40 mm distance from
the center of the counter are irradiated.

One of the key features of WXM is on-board triggering and localization of GRBs. There
are 68 trigger criteria with time scales from 80 ms to 27 s, and the threshold levels from 4.7
to 8.0 sigma depending on their time scales. There are also “bracket-type” triggers which have
two background regions taken before and after the foreground region. This trigger reduces the
number of false triggers due to increase of the background. As of November 2003, 32 on-board
triggers are working. When a GRB triggers WXM or FREGATE, the position histograms of the
X and Y cameras for the optimized foreground and background regions are extracted from the
memory, and the histogram is cross-correlated with the templates for all the incidence angles.
As each localization is completed, the trigger process continues to search for better time intervals
based on the signal-to-noise ratio, and localization is performed for each updated foreground

and background regions. The cross-correlation scores between the position histogram data
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Table 4.4: WXM performance

Energy range

2-25 keV

Effective area (1 PSPC, without coded mask, on axis) ~ 80 cm?

Position Resolution

~ 1 mm @ 8 keV

Energy Resolution (FWHM) ~ 20 % Q 8 keV

Angular Resolution

~ 10

Table 4.5: Data products of WXM

Data type Time resolution Description

HK 4s
RAW Lus
TH 1.2s
POS 6.6 s
PHA 4.9 s
TAG 256 us

House Keeping data. Power status, HV setting
temperatures of an electronic board and the wall of

the support structure.

The unprocessed photon data. This data is used as the
health check of the instrument and the calibration of the
energy response.

The time history data for 4 energy bands (approximately
2-5 keV, 5-10 keV, 10-17 keV and 17-25 keV) and

for 4 counters.

The position histogram data in two energy bands
(approximately 27 keV and 7-25 keV).

4.9 s time-binned energy spectrum. Available for each
anode wires. The position information is not available.
This data is generated when the trigger is occurred. The
photon data with the information of time, position, energy
and wire ID are available.

and the Monte Carlo simulated templates of various incident angles are calculated to find

the template which matches best with the data. The GRB location in the WXM detector

coordinate is converted to the celestial coordinate using the aspect information of the spacecraft.

A conservative error (90% confidence radius) is 30 in flight. More sophisticated ground analysis

gives ~ 10" accuracy.

Details about the WXM characteristics and the energy response matrix are in Appendix A.

The data products of WXM are summarized in table 4.5. The data using for the scientific
study are TAG, POS, TH and PHA.
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(a) The WXM detector. The left side is the X (b) The coded aperture of WXM.

camera, while the right side is the Y camera.

Figure 4.7: The photograph of the WXM detector part (figure a) and the coded aperture of

one direction (figure b).
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Table 4.6: SXC performance

Energy range 2-14 keV
Effective area 7.4 cm? per SXC
Field of view 0.91 sr

Energy Resolution 46 eV @ 525 eV, 129 eV @ 5.9 keV

4.4 SXC

The soft X-ray camera (SXC) is designed to provide a few arcsecond location of the GRB. SXC
consists of X-ray CCDs and a fine coded mask. The coded mask is located 95 mm above the
CCD chips with the mask element size of 45 pm. This corresponds to the characteristic angular
resolution of 96”.

The size of the SXC coded mask is 10 cm x 10 cm. The deviations of the slit edges of
the mask is less than 5 ym rms and this is an ideal performance to achieve the SXC angular
resolution. The pattern consisted of 2100 coded elements. The open fraction of the mask is ~
0.2.

The X-ray CCDs are front-side CCID-20 2048 x 4096 arrays (15 x 15 pm pixels; 6.1 cm x
3.1 cm size) fabricated at MIT Lincoln Labs. The device operates as a collection of 2048 long
and narrow detectors. The integration time is 1.2 s. To minimize the power consumption, the
CCDs are passively cooled to —50°C in flight using a radiator plate attached to the baseplate.

Two optical blocking filters (OBF) were mounted on the SXC. The OBFs were intended to
prevent non X-ray photons like moonlight from reaching the CCDs. The outer OBF is made
of a 0.05 pm aluminized polyimide film, covering the whole aperture. The inner OBF is made
of a 25 pum Be foil, covering one half of the CCD area. Unfortunately, due to the increase of
the density of atomic oxygen by the intense solar flares in the period of the late year 2000 to
the early year 2001, the outer OBF's were lost. The polyimide was eroded by unexpected high
flux of atomic oxygen. Since then, the SXC is not operated at the bright moon phases.

To monitor the gain variation in orbit, *Fe radioactive source is attached to the mask frame.

The localization procedure of SXC is restricted for the search region to £ 1° of the best WXM
location to avoid the false localization. With this restriction, there is only a 1% chance that
the location is a false detection. Empirical measurements show a 20” radius RMS localization
accuracy in the X and Y directions. This corresponds to a 90% confidence, two-dimensional

error circle of 43" radius [55].
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Chapter 5

Analysis

5.1 Data reduction of the WXM data

In the spectral analysis of WXM, we used the photons within the wire range of + 50 mm (full
wire range is £ 60 mm) when the WXM photon data (TAG data) are available in order to
avoid the gain variations of the both ends of the wires (see Appendix A, “~* curve). Since the
position information is not available in the spectral survey data (PHA data), this reduction is
only applied to the TAG data.

The WXM spectrum is constructed by the summing the photons of the wires illuminated
by the source using a FTOOLS command mathpha.

5.2 Spectral models

Three spectral models are used in fitting the GRB spectrum. The first model is the power-law

model:
farp(E) = A(E/15)%, (5.1)

where the normalization A in photons cm™2 s7! keV~!, and the photon index a. The nor-
malization is selected to be at 15 keV, because both the WXM and FREGATE spectra are
overlapped at this energy.

The second model is the cutoff power-law model:
ferp(E) = A(E/15)% exp(—E(2 + )/ Epeax), (5.2)

where the normalization A, the photon index «, and the peak energy in vF), spectrum E e,k -
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The third model is the Band function [63]:

ferp(E) = A(E/15)%xp(—E(2 + a)/Epeak)

if E < (a— B)Epear/ (2 + ) = Erear,
and F(B) = Ao — 6) Byeat/[15(2 + @) Pexp(6 — a) (E/15)°
if E > (a—B)Epeax/(2+ ), (5.3)

where the four parameters are the normalization A, a low-energy spectral index «, a high-energy
spectral index 3, and a peak energy Ee.x in vF), spectrum.

All the spectral analyses are performed in XSPEC v11.2.0 software package.

5.3 Selected TAG data

Due to the coded aperture, the signal to noise ratio (SNR) of the WXM data are usually low
(the open fraction of the mask is ~ 30% at the boresight incident angle). However, it is possible
to increase the SNR of the WXM data using its imaging capability. We apply the following
steps to maximize the SNR of the WXM data:

1. Simulate positional distribution of the burst photons due to the mask shadows.
2. Sort the position bins according to the simulated counts in decreasing order.

3. Find the foreground/background time regions which maximize the SNR (They usually

agree with the foreground /background time regions used in the localization of the burst).
4. Cumulate the foreground/background counts and compute the SNR for the position bins.
5. Choose N which shows the highest SNR.

6. Select the wire-position pairs from 1 to N.

The new data set created in this method called “selected TAG data.” The resulting im-
provement of SNR is demonstrated in figure 5.1. All the bursts which the TAG data are
available, are creating the selected TAG data. The selected TAG data are using in both the
temporal and the spectral analysis. Note that since the selected TAG data are “artificially”
selecting the illuminated position bins from the burst, we have to correct the effective area
for the spectral analysis. We are multipling the fraction to the response matrix of each wires

defined as (simulated counts of selected bins)/(total simulated counts).
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Figure 5.1: Left: Example of the light curves (GRB021112) using the normal TAG data (above)
and the selected TAG data (bottom). Right: The wire-position pairs vs. the cumulated signal

to noise ratio. The dashed line corresponds to the maximum SNR.

5.4 Definition of X-ray flash, X-ray-rich GRB, and hard
GRB

Our definitions of X-ray-flash, X-ray-rich GRB, and hard GRB ! are:

log(Sx/Sy) >0 X-ray flash
—0.5 < log(Sx/S,) <0 X-ray-rich GRB
log(Sx/S,) < —0.5 hard GRB

where Sx and S, are the fluence of 2-30 keV and 30-400 keV in the best fit spectral model

respectively.

5.5 “Constrained” Band function

In some XRFs, we confronted by the difficulty of determining the four spectral parameters in
the Band function due to the low statistics. Moreover, since XRFs are intrinsically weak and
the break energy is close to the lower boundary of the observable energy band of HETE, the
simple power-law will be the acceptable model for many cases. If we assume that XRF has the
similar spectrum as hard GRB, the power-law index < —2 is the high energy photon index (3
of the Band function. The break energy Fieax = (o — 3)Ep which separates the low and high

energy part of the Band function is near or below the lower boundary of the energy range of a

I'We call the BATSE-like GRBs as “hard GRBs” for the clarification.
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detector.

When we try to fit this kind of XRF spectrum with the Band function, a problem arises.
Since the Band function is a combination of the two power-law spectrum, both the low energy
index v and the high energy index 3 can make the pure power-law spectrum.

To handle this situation, we develop the new spectral model called a constrained Band
function. The constrained Band function has three spectral parameters (3, Epeax, and A) and
one fixed parameter Epivot. The constrained Band function is perfectly able to make both pure
power-law spectra and the cutoff power-law spectra of the required curvature in the detector
range. And only the high-energy part of the Band function is allowed to produce a pure
power-law spectrum. We described this model in detail at Appendix D.



Chapter 6

HETE X-ray Flashes and X-ray-rich
GRBs

In this chapter, we provide the detailed spectral and temporal analysis of 18 X-ray flashes
(XRF) and X-ray rich GRBs (XRR). The selection criterion for these events is that their X-
ray to y-ray fluence ratios are larger than 0.75!. Each section consists of a brief summary of
the event, afterglow status, temporal characteristics, and spectral characteristics. From these
detailed studies of the individual properties of XRFs and XRRs, we found 1) the durations
of the XRFs and XRRs are similar to those of hard GRBs, 2) most XRFs and XRRs show
complex time-structures similar to those of hard GRBs, 3) spectral softening is seen during the
burst for most XRFs and XRRs, 4) the E,c.x energies of XRFs and XRRs are generally lower
than those of hard GRBs, 5) six events in the sample had E,c. energies as low as a few keV,
and 6) afterglows were found only for a few XRF, which may imply that the afterglows of XRFs

are generally very faint.

6.1 GRBO010213

The bright X-ray flash was detected on 13 February 2001 at 12:35:35 UTC [69]. Since HETFE
was in the performance verification phase at that period, the localization was performed by the
ground analysis. The celestial coordinate of this source is (R.A., Dec.) = (10"31™36°, 5°30'30")
(J2000) with a 95% error radius of 30’. This large uncertainty is due to the unstable attitude

LGRB020625, which has an X-ray to v-ray fluence ratio of 20.5, is not included in this study, because this
fluence ratio value is derived from the possible second peak of the burst and might not be the “actual” fluence

ratio for this event.
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of the spacecraft.

The status of the afterglow search of this X-ray flash is summarized in table 6.1. No afterglow

candidate has been found for GRB010213.

Table 6.1: The afterglow search for GRB010213

‘ Time® ‘ Telescope & Instruments ‘ oT ‘ Lim. Mag.’ ‘ GCN
1.48 days | HETE GCN notice #934
38 hours | Automatic 25 cm telescope N | 17 mag. (USNO A2.0) | Boer et al.
TAROT (Nice, France) (#936)
1.57 days | 0.57m f/5.2 Telescope (unfiltered) N | ~ 20.5 mag. (DSS2) Hudec et al.
Klet Observatory (Czech Republic) (#941)
1.89 days | ASTROCAM IR camera N | POSS-IIF limit Henden et al.
USNOFS® 1.55 m (#940)
1.90 days | VLA? (1.43 GHz) Ne Berger et al.
(#945)
2 days | BAO/ 0.6 m Schmit Telescope N | ~ 22 mag. Zhu et al.
(BATC-i filter) (#946)

¢ Time after the trigger

b Limiting magnitude

¢ U.S. Naval Observatory Flagstaff Station (Arizona, USA)

4 Very Large Array (New Mexico, USA)

€ Berger et al. reported the afterglow candidate in GCN #945, however, they rejected in GCN #947.

f Beijing Astronomical Observatory

6.1.1 Light curve

As seen in Figure 6.1, two peaks are observed in the WXM energy range. The first peak is
visible for all four WXM energy bands. On the other hand, the second peak is only existed
in the energy range below 10 keV. The double peak structure is also seen in the FREGATE
6-40 keV light curve. There is no significant excess in the FREGATE 32-400 keV band. The

duration in 2-25 keV is ~ 40 seconds.

6.1.2 Spectrum

The spectral analysis is performed for the four time intervals including the whole burst region

(Fig. 6.1). The fluxes and fluences derived from the Band function are summarized in table 6.2.
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Figure 6.1: The energy resolved light curves of GRB010213 in 1.23 seconds time resolution.
The three spectral regions are shown in the dotted lines. There is a data gap in the FREGATE

light curves from 40 to 80 seconds from the onset.
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Figure 6.2: The WXM and FREGATE spectra of GRB010213. The spectra of region 1, region
2, region 3 and the whole time region are shown. The model spectrum is the Band function for

region 2, region 3, and the whole time region, whereas region 1 is the power-law model.

The energy fluence ratio of 2-30 keV to 30-400 keV is 11.4, qualifying this event as an X-ray
flash in our definition. The spectra for the second, the third, and the whole region apparently
require a break within the observed energy range. For the first region, however, a simple power-
law model provides an acceptable fit. The outstanding characteristics of the prompt emission
of GRB010213 is the low E,c. energy (a few keV) for the second and the third time intervals.

Softening of Ejeax is observed between these two time intervals.

We investigate the spectral evolution during the burst with the hardness ratio between 5-10
keV and 2-5 keV energy band. As seen in figure 6.3, the spectral softening started just after
the first peak at t = 5 sec.
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Figure 6.3: The hardness ratio between the 5-10 keV and 2-5 keV bands. The upper panel is
the hardness ratio plot, and the middle and the bottom panels are the light curves in the 2-5
keV and 5-10 keV bands respectively.

Table 6.2: The fluxes and fluence of GRB010213 in the Band function.

energy range keV] region 1  region 2 region 3 all
Duration [sec.] 10.5 10.5 10.5 31.5
Photon flux 210 1.841.6 30.1£2.0 59.843.0 30.4+1.5
(10~ ph cm =2 s71] 2 - 30 2.741.9 33.442.2 61.043.0 32.3+1.5
30 — 400 14412 0.775%  (31.7£17.9) x 1073 0.240.1
2 — 400 41422 341423 61.043.0 32.54+1.6
Energy flux 210 14411 19.6+1.3 33.5+1.7 18.4+0.8
[1079 erg cm ™2 s7] 2 - 30 4.042.3 27.942.3 35.842.3 22,9191
30 — 400 14.7584 6.77%1 (1.3720) x 107! 2.0457
2 — 400 32.3%392  34.675% 35.942.6 24.942.8
Photon fluence 2-10 1.971%  31.74+28 62.8+3.1 95.9+4.5
[ph cm~?] 2 - 30 2.942.0 35.142.2 64.043.1 101.844.7
30 — 400 L5 07108 (3.341.9) x 1072 0.7195
2 — 400 4.342.3 35.842.4 64.143.1 102.5+4.8
Energy fluecne 2 - 10 15717 20.6+1.3 35.24+1.7 58.042.6
[1078 erg cm™2] 2 - 30 42424  29.342.4 37.6+2.4 72.212%8
30 — 400 1541153 71788 1.3721 x 107! 6.375%

2 — 400 33.97512  36.47%2 37.742.7 785192
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Table 6.3: The spectral parameters of GRB010213 for the power-law model (PL), the cutoff
power-law model (Cutoff PL), and the Band function (Band).

Model parameters region 1 region 2 region 3 all
PL o —1.237021 —2.197019 —2.89 —2.4770708
K5 5.6512% %1073 2.64753% x 1072 1.85 x1072  1.75703% x1072
x2/DOF 0.964/19 1.293/41 2.363/36 1.561/45
Cutoff PL a —1.00 (fixed)  —1.00 (fixed)  —1.00 (fixed)
Epeax [keV] 5.451082 2.571022 3.607031
Kis 0.2970:04 1.26191% 0.4270:08
x2/DOF 1.057/41 1.114/36 1.144/45
Band a —1.00 (fixed)  —1.00 (fixed) —1.00 (fixed)
J&; —2.551) 22 < —3.61 —2.9670 2
Epeak [keV] 4.81159% 2.561022 3.411048
Kis 0.3275:9 1.261021 0.45750¢
x2/DOF 0.949/40 1.120/35 0.940/44

@ Normalization at 15 keV in the unit of photon cm~2 s~1 keV~1!
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6.2 GRB010225

The trigger for this event came from the FREGATE instrument, on 25 February 2001 at
16:52:11.2 UTC. The trigger occurred in the 5-120 keV band, on the 1.3-second time scale.
Since the attitude control camera was not operational, the celestial coordinates of this burst
were not distributed to the GRB community.

The WXM photon (i.e. TAG) data are not available due to data corruption. The TH (time
resolution of 1.2 s) and PHA (time resolution of 5.6 s) survey data are used in the temporal

and the spectral analysis instead.

6.2.1 Light curve

A burst consisting of a single peak is visible below 85 keV. The duration of the burst is ~
10 seconds. A fast rise and exponential decay (FRED) -like temporal structure is seen in the
FREGATE lower energy bands. The peak width decreases with increasing energy. The same
trend has been noted in many long bright GRBs detected by BATSE [19].

6.2.2 Spectrum

The spectrum is investigated using data from the entire burst duration. The spectral parame-
ters, fluxes and fluence are summarized in table 6.4 and in table 6.5. The X-ray to ~-ray fluence
ratio of this burst is 1.4. We therefore classify as an X-ray flash.

When fitting a simple power-law model to the spectrum, we obtained a best-fit y? of 43.9
for 40 d.o.f.; which is formally acceptable. However, with the addition of one parameter, a
cutoff power-law model fit yielded a x? of 36.1 for 39 d.o.f.. The F-test probability for this
improvement is 6.06 x 1073. The Band function fit also provides a significant improvement
over the simple power-law model fit, but it is no better than the cutoff power-law model, and
the addition of two parameters is not justified. For this reason, we decided that the cutoff
power-law model is the best representative model for this burst. The Ejc.x energy is around 30
keV. This value lies in the low-energy tail of the BATSE E..x distribution [63] (see also figure
2.1).
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regions used as the foreground to construct the spectrum.
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Figure 6.5: The WXM and FREGATE spectra of GRB010225. The spectra with the power-law

model (top) and Band function (bottom) are shown.
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Table 6.4: The fluxes and fluence of GRB010225 in the cutoff power-law model.

energy range [keV]

Duration [sec.] 9.8
Photon flux 2-10 2.240.4
[ph cm™2 s71] 2-30 2.940.4
30 — 400 0.3£0.1
2 - 400 3.2+0.4
Energy flux 2-10 1.64+0.2
[107% erg cm™2 s71] 2 -30 3.64+0.4
30 — 400 2.5017%
2 — 400 6.051
Photon fluence 2-10 21.14+3.7
[ph cm ™2 2-30 28.3+3.8
30 — 400 2.75:3
2 — 400 31.04+3.9
Energy fluecne 2-10 15.442.2
[107® erg cm™?] 2-30 34.8+3.6
30 — 400 24.0157%2
2 — 400 58.81716-9

Table 6.5: The spectral parameters of GRB010225 in the power-law, the cutoff power-law, and

the Band function.

Model parameters
PL a —1.71£0.1
K5 (4.05 £0.45) x 1073
x2/DOF 1.098/40
Cutoff PL? a —1.3198%;
Epeax [keV] 31.5713520
Kis 6757293 x 1072
x2/DOF 0.925/39
Band ! —1.31%530
s —9.21742
Epeax [keV] 31.557355°
Kis 6.7273%% x 1072
x2/DOF 0.950/38

@ Normalization at 15 keV in the unit of photon cm™2 s~1 keV—1!
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6.3 GRB010326B

The trigger for this event came from the FREGATE instrument in the 6-120 keV band on the
timescale of 160 ms on 26 March 2001 at 08:33:12 UTC [70]. The celestial coordinates of the
burst are R.A. = 11"24m23.36°, Dec. = —11°09’57” (J2000) with the 90% error radius of 21’
which includes statistical and systematic errors.

Although the optical observation of this error field was performed at 6 hours after the
trigger with the robotic 50-inch telescope at Mount Stromlo Observatory, no optical transient

was found in the comparison with the DSS-2 plates [65].

6.3.1 Light curve

The burst signal is visible in the all energy bands. The spiky structures are clearly seen at the
FREGATE light curve. There are at least three peaks. The middle peak is the hardest, and
the first and the third peaks are softer. The duration of the burst is > 3 seconds and it is a
long burst.

6.3.2 Spectrum

The results of the spectral analysis of the time average spectrum are summarized in table
6.6 and 6.7. For some unknown reason, we have to multiply the normalization to the model
function for WXM by a constant factor 0.47 to fit simultaneously with the WXM and the
FREGATE spectrum. When fitting the spectrum in a simple power-law model, we obtained
a x2 of 120.3 for d.o.f. of 112, which is fairly acceptable. However, with the one additional
parameter, the cutoff power-law model yielded a x? of 95.0 for d.o.f. 111. The F-test probability
for this improvement is 3.5 x 10~7. Although the Band function also provides a significant
improvement over the simple power-law model, it is not better than the cutoff power-law model.
We decided the cutoff power-law model is the best representative model for this burst. The
X-ray to y-ray fluence ratio is 0.75 which qualifies this event as an X-ray rich GRB.

To investigate the spectral evolution during the burst, the hardness ratio between the FRE-
GATE band C (32-400 keV) and band A (6-40 keV) are plotted in figure 6.8. The gradual
softening is seen after the sharp peak of the band C. The highest peak at band A is very soft.
The photons at the one second before the trigger are the relatively soft. The hard to soft
spectral evolution is observed at the prompt emission of GRB010326B.
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Table 6.6: The fluxes and fluence of GRB010326B in the cutoff power-law model.

energy range [keV]

Duration [sec.] 3.5

Photon flux 2-10 3.240.7
[ph cm™2 s71] 2-30 4.8+0.8
30 — 400 0.940.2

2 - 400 5.7+0.8

Energy flux 2-10 2.5£0.5
(1078 erg ecm™2 57| 2-30 6.9+0.8

30 — 400 9.2+29

2 — 400 16.1737
Photon fluence 2-10 11.3+2.6
[ph cm™?] 2-30 16.842.8
30 — 400 3.240.5
2 — 400 20.0+2.8

Energy fluecne 2-10 8.7+1.7
(1078 erg cm 2] 2-30 24.042.7
30 — 400 32.2722

2 — 400 56.2799

Table 6.7: The spectral parameters of GRB010326B in the power-law model (PL), the cutoff
power-law model (Cutoff PL), and Band function (Band).

Model parameters
PL Q —1.62+0.07
Ki5® (8.2340.84) x 1072
Cb (WXM) 0.47 (fixed)

x2/DOF 1.073/112
Cutoff PL o —1.087035
Epeak [keV] 5181—%613623513
K5 1.3270:32 x 107!
C (WXM) 0.47 (fixed)
x2/DOF 0.856/111
Band o —1.08%575
G —9.33%057
Epeat [keV] 517071238
Kis (1.3240.18)x 107"
C (WXM) 0.47 (fixed)
x2/DOF 0.864/110

@ Normalization at 15 keV in the unit of photon cm~2 s—1 keV—1

b Constant parameter of WXM. The constant parameter of FREGATE is fixed to 1.
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6.4 GRB010629B

The WXM and FREGATE instruments detected this event on 29 June 2001 at 12:21:08 UTC
[71]. The position of the burst is R.A. = 16"32™38.3%, Dec. = —18°43'24” (J2000) with the
90% error radius of 15’. This event was also observed by Ulysses and the BeppoSAX GRBM
(38].

The status of the afterglow search is summarized in table 6.8. No afterglow was found for

GRB010629B.

Table 6.8: The afterglow search for GRB010629B

‘ Time® ‘ Telescope & Instruments ‘ oT ‘ Lim. Mag.’ ‘ GCN

8.95 hours | HETE GCN notice #1075

11.68 hours | DFOSC® 1.54 m Telescope N | 20.5 mag. (I band) | Andersen et al.
La Silla Observatory (Chile) (#1080)

15.2 hours | 1.3 m Telescope (R band) N | deeper than DSS Halpern et al.
MDM Observatory (Arizona, USA) (#1079)

19 hours | USNOFS? 1.0 m Telescope N | 19 mag. (I band) | Henden et al.

(Arizona, USA) (#1077)

¢ Time after the trigger
b Limiting magnitude
¢ Danish Faint Object Spectrograph and Camera

d U.S. Naval Observatory Flagstaff Station

6.4.1 Light curve

The two peaks are visible in all the energy bands (figure 6.9). The both peaks are the fast-rise
and the exponential decay (FRED) - like temporal structures in the FREGATE band B and
C. The duration of the burst is shorter in the high energy band. The second peak seems to be
much softer than the first peak.

6.4.2 Spectrum

The prompt emission of GRB010629 is studied with the spectra of individual peaks and that
of the whole burst region. Due to the corruption of the burst data in WXM, PHA data are

used for the analysis.
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Figure 6.9: The energy resolved light curves of GRB010629B at 1.23 s time bin. The dotted

lines correspond to the two foreground intervals used for creating the spectra.
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The time-averaged fluxes and fluences in the various energy bands are summarized in table
6.9. The fluence ratio of 2-30 keV to 30-400 keV is 0.9 which qualifies this event as an X-ray
rich GRB. The fluence in the 30-400 keV band decreases from region 1 to region 2, while that
in the 2-30 keV band increases, indicating the spectral softening during the burst.

The spectral parameters are shown in table 6.10. The power-law model is rejected for
the region 1 and for the whole burst region with the null hypothesis probability of 1.2 x
1071% and 1.7 x 1078 respectively. For the region 2, the F test probability is 1.9 x 107
from the improvement of the cutoff power-law model over the power-law model. There was
no improvement in x? to justify the Band function over the cutoff power-law model. Thus,
the spectra of all spectral regions require the break in the power-law spectrum. Since the high
energy photon index [ is not well determined for all spectral regions, we decided that the cutoff
power-law model is the best representative model for GRB010629B.

The hard to soft spectral evolution is observed from region 1 to region 2. The low energy
power-law slope becomes steeper, and Epe.x becomes softer between these two intervals. The

Epeax energy of the time-averaged spectrum is ~ 45 keV.

Table 6.9: The fluxes and fluences of GRB010629B. The spectral model is the cutoff power-law

model.

energy range [keV] region 1  region 2 all

Duration [sec.] 9.8 14.7 24.5
Photon flux 2-10 25708 75414  5.1+0.8
[ph cm™2 57! 2-30 46102 9.9+1.4 74408
30-400 1.640.1  0.9+0.1  1.240.1
2-400 6.270%  10.9£1.4 8.7+0.9
Energy flux 2-10 21759 56700  3.940.5
(1078 erg cm ™2 s71] 2-30 8.0+£0.9 12.141.0 10.3£0.7
30-400 16.379 821,  11.6+1.0
2-400 24.3+2.1 20377  22.0£1.3
Photon fluence 2-10 24.9737 11057797 126.277%%
[ph cm~2] 2-30 44.8%3%  146.5720%  182.97213
30-400 16.371%  13.841.4 30.0£1.7
2-400 60.8t32  160.4720F 212,913
Energy fluecne 2-10 21798 82717 9.6+1.3
[10~7 erg cm 2] 2-30 7.840.9 178414 254417
30-400 16.1718  12.1*22 286727

2-400 23.942.1 29.972% 540133
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Figure 6.10: The WXM and FREGATE spectra of GRB010629B. The spectra of region 1,
region 2, and all region are shown from top to bottom. The left and right plots are fitting with

the power-law model and cutoff power-law model, respectively.
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Table 6.10: The spectral parameters of GRB010629B in the power-law (PL), the cutoff power-

law (Cutoff PL), and the Band function (Band).

Model Parameters Region 1 Region 2 All

PL o —1.63  —1.874£0.05 —1.7940.03
Ki5° 0.13 0.1440.01  0.14+0.01

Y2/DOF  2481/69  1.112/82  1.924/111

Cutoff PL o —0.6670% —1.357921 —1.137012
Epeax [keV] 60477081 31207522 4557735

Kis 0.1840.02  0.227393  0.20+0.02

x2/DOF  1.006/68  0.719/81  0.817/110

Band o —0.52798%  —1.35703  —1.1300%
5 —2.807952 —9.35750  —4.847%%

Epeak [keV] 554711188 31.3975853  45.567530

K5 0.19739%  0.227005  0.2040.02

x2/DOF  1.008/67  0.730/80  0.825/109

@ Normalization at 15 keV in the unit of photon cm~2 s~1 keV~1!
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6.5 GRBO011019

The faint GRB was observed on 19 October 2001 at 8:42:50 UT [72]. The burst position was
R.A.= 00"42™m50.23%, Dec. = —12°26'58” (J2000) . One sigma uncertainty radius for this

location was 21" (7.5" statistical error combined in quadrature with 19.8" systematic error).

This relatively large systematic error is due to the uncertainty of the spacecraft aspect because

of the irradiation of ACS camera by the bright earth at the burst time. This burst was an

untriggered event.

The status of the afterglow search is summarized in table 6.11. No afterglow was found for

this burst.
Table 6.11: The afterglow search for GRB011019
‘ Time® ‘ Telescope & Instruments ‘ oT ‘ Lim. Mag.b ‘ GCN
12.12 hours | HETE GCN circular #1109
13.3 hours | automated 600 mm telescope N | 15.5 mag. (R) Bondar et al.
Kosmoten Observatory (Russia) (#1130)
17.6 hours | ROTSE-III (0.45 m) N | 19.5 mag. (R) Akerlof et al.
(New Mexico, USA) (#1115)
20.9 hours | NOFS¢ 1.0 m telescope N | deeper than DSS | Henden et al.
(Arizona, USA) V band (#1110)
1.03 days | 50 inch robotic telescope N | 19.5 mag. (R) Price et al.
Mount Stromlo Observatory? (#1112)
1.06 days | Subaru 8.2 m telescope N | 22.5° mag. (R) Komiyama et al.
SuprimeCam 25.0/ mag. (R) | (#1128)
1.85 days | 48 inch NEAT automated telescope | N | 19.5 mag. (R) Fox et al.
Mt. Palomar Observatory? (#1116)

¢ Time after the trigger

b Limiting magnitude

¢ U.S. Naval Observatory Flagstaff Station

4 Australia ¢ limiting magnitude of the first exposure

f limiting magnitude of the second exposure

9 California, USA

6.5.1 Light curve

The energy resolved light curves of WXM and FREGATE are shown in figure 6.11. The burst
signal is observed in only below 10 keV in WXM. There is no signal in the FREGATE 32-400
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Table 6.12: The fluences of GRB011019 in the cutoff power-law.

Energy range [keV] All
Duration [sec.] 26.2
Photon flux 2-10 0.9£0.2
[ph cm™2 s71] 2-30 1.1£0.2
30-400 57759 x1072
2-400 1.240.26
Energy flux 2-10 0.6£0.1
(1078 erg em ™2 s7!] 2-30 1.24:0.2
30-400 0.47095
2-400 1.7498
Photon fluence 2-10 21.9M52
[ph cm 2] 2-30 27.5127
30-400 1.4%53
2-400 29.0£5.6
Energy fluecne 2-10 1.5%+0.3
[1077 erg cm™?] 2-30 3.0+0.6
30-400 11453
2-400 41113

keV band which is the typical energy band for hard GRBs.

6.5.2 Spectrum

The time-averaged spectrum is investigated for this burst. Although a simple power-law model
provides an acceptable fit, a y? improves by Ay? = 4.6 with 1 additional parameter in the
cutoff power-law model . The F test probability of this improvement is 2.3 x1072. From this
statistical test, we decided the cutoff power-law model is the best representative model for this
burst. The fluxes and fluences in the cutoff power-law model are summarized in table 6.12.
The fluence ratio of 2-30 keV and 30-400 keV of 2.7 qualifies this event as an X-ray flash. The
Epeax energy is ~ 20 keV.
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Table 6.13: The spectral parameters of GRB011019 in the power-law (PL) and the cutoff
power-law model (Cutoff PL).

Model Parameters

PL o —1.9379 5
K5 1.2375:35

x2/DOF 0.909/68

Cutoff PL a —1.43 (fixed)

Epear [keV]  18.7111%33

Kys 246082

x2/DOF 0.854/68

@ Normalization at 15 keV in the unit of 10~2 photon cm~2 s~1 keV—1
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Figure 6.12: The WXM and FREGATE spectra of GRB011019. The spectral model is the

power-law (top) and the cutoff power-law (bottom).



102 CHAPTER 6. HETE X-RAY FLASHES AND X-RAY-RICH GRBS

6.6 GRBO011130

The WXM observed the GRB at 6:19:35 on 30 November 2001. This event occurred just
before the orbital dusk, and the uncertainty of spacecraft aspect is larger than usual. The
celestial coordinates of this burst were R.A. = 02158™09.1°5, Dec. = 07°24’40” (J2000) with
90% error radius of 60’ including the statistical and the systematic error [73]. The revised
WXM localization is R.A. = 03"05™36.45°, Dec. = 3°48' 37" (J2000) with 90% error radius of
8.0" [74].

The status of the afterglow search is summarized in table 6.14. Although there was the
afterglow candidate which was found by VLA, this source might be an AGN. The Chandra
observed the HETE error circle and found 43 X-ray sources. The Chandra observation of the
2nd epoch (about two months after the trigger) found that two X-ray sources faded to the
background level. Further investigation of these X-ray sources has not been reported in GCN

and their nature is still unknown.

6.6.1 Light curve

The light curve shows the double peak structure with no signal above 10 keV. The duration of
the burst is ~ 50 seconds in the 2-5 keV band.

6.6.2 Spectrum

The prompt emission of GRB011130 is investigated for the three time intervals; the first peak,
the second peak and the whole burst. The fluxes and fluences at the several energy bands are
shown in table 6.15. Since the fluence ratio of 2-30 keV to 30—400 keV is 5.8, this event is
classified as an X-ray flash.

The spectral parameters are summarized in table 6.16. A simple power-law model gives an
acceptable fit for all intervals. The photon index becomes steeper from region 1 to region 2,
however, this trend is not statistically significant.

If there is a spectral break (peak energy at vF, spectrum) within or below the WXM energy
band, the photon index of power-law model must be < —2. The data suggest that the photon
index of the power-law model is < —2 for all regions. This is the solid evidence that WXM
and FREGATE are observing the high-energy photon index (8 of the Band function. Following
this argument, we tried to constrain the time-average Ec.i energy using the constrained Band

function (see appendix D). The posterior probability density distribution as a function of Epeax
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is shown in figure 6.15. The 68% confidence range is 0.6 < Epeax < 3.5 keV. The 95% and
99.7% upper limit is 4.1 keV and 4.9 keV respectively.
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Table 6.14: The afterglow search for GRB011130
‘ Time® ‘ Telescope & Instruments ‘ oT ‘ Lim. Mag.? ‘ GCN
5.71 hours | HETE GCN circular #1165
16.5 hours | 1.23 telescope (R&I band) N 18.5-19 mag. | Greiner et al.
Calar Alto Observatory (Spain) (R&I) (#1171)
18.78 hours | HETE GCN circular (2nd) #1169
23.45 hours | 48 inch NEAT automated telescope N 18.5 mag. (R) | Fox et al.
Mt. Palomar Observatory® (#1170)
3.47 days | VLAY (4.86 GHz) Y(N)® Berger et al.
(#1173)
1.13 days | Wide-Field Infrared Camera N 18.5 (K') Fox et al.
Palomar Hale Telescope (#1174)
1.94 days | SDSS’/ 0.5 m VLA sre. | 20.54£0.5 (i*) | Lee et al.
Photometric Telescope at APOY (#1175)
2.04 days | 1.3 m Telescope VLA src. | note’ Mirabal et al.
MDM Observatiory” (#1177)
4.97 days | Magellan 6.5 m Baade Telescope VLA src. | 22.8 (R) Jha et al.
Las Campanas Observatory’ (#1179)
5.11 days | 3.0 m telescope VLA sre. | 18.1 (K) Rhods et al.
NASA IRTF* + NSFCAM (#1180)
5.73 days | HETE GCN circular (3rd) #1178
5.89 days | Magellan 6.5 m Baade Telescope VLA src. | 23.0 (R) Garnavitch et al.
Las Campanas Observatory (#1181)
6.89 days | Magellan 6.5 m Baade Telescope VLA src. | z=0.5' Jha et al.
Las Campanas Observatory (#1183)
9.76 days | Chandra ACIS-T (1st) 20 sre. Ricker et al.
(#1185)
5.92 days | 1.3 m telescope note™ Mirabal et al.
6.98 days | MDM Observatory (#1186)
9.01 days
Feb. 20 | Chandra (2nd) two src. Butler et al.
(#1227)
Milagro GeV /TeV Telescope note” McEnery et al.
(#1212)

@ Time after the trigger

b Limiting magnitude

¢ California, USA

4 Very Large Array (New Mexico, USA)

¢ They reported the unknown source at R.A. = 03705™24.71°%, Dec. = 03°46/13.1"". However, this source might be an AGN with

a flat spectrum (#1207). Here after this source called “VLA src.”.

f Sloan Digital Sky Survey

9 Apache Point Observatory (New Mexico, USA)

k' Arizona, USA

© OT reported on #1175 has the offset of 4.5” from the VLA source.

J Carro Las Campanas, Chile

k NASA Infrared Telescope Facility (Hawai, USA)

! Strong calcium break (600 nm). No significant [OII].
™ No optical counter part for CXOU J0306458+-034702.
™ The upper limit: J(E > 2 TeV) < 6 x 1077 erg cm™2, J(100-150 GeV) < 5 x 1074 erg cm ™2
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Table 6.15: The fluxes and fluences of GRB011130. The spectral model is the power-law model.

energy range [keV] region 1 region 2 all
Duration [sec.] 25.0 25.0 50.0
Photon flux 2-10 1.8+0.3 1.5+0.3 1.6+0.3
[ph cm=2 s71] 2-30 1.940.3 1.6£0.3 1.740.3
30-400 21721 %1072 647141 x107%  2.0719 x1072
2-400 1.940.3 1.620.3 1.740.26
Energy flux 2-10 1.0£0.2 0.84£0.1 0.9+0.1
[1078 erg cm™2 s71] 2-30 1.340.2 0.940.2 1.2:40.2
30-400 21726 %1071 577157 x1072 0.219%
2-400 1.5+04 10703 1.4+04
Photon fluence 2-10 44.5+7.2 376715 80.9+12.8
[ph cm 2] 2-30 47.3+7.2 38.91743 86.0+12.8
30-400 53752 107! 1.6735 x107! 1.0792
2-400 A7.847.2 39.0173 86.9412.8
Energy fluecne 2-10 2.5+0.4 2.0+0.4 4.6+0.6
[1077 erg cm™2] 2-30 3.240.6 2.3+0.5 5.8+1.0
30-400 53784 x1071  1.4719 x107! 1.0%52
2-400 3.775% 2.5708 6.8712

Table 6.16: The spectral parameters of GRB011130 in the power-law model (PL).

Model Parameters Region 1 Region 2 All
PL o —2.667027 —3.0170H —2.657028
Ki5® 748732 x 1073 3.64731 x 107 6.867%9% x 1073
x2/DOF 1.000/55 0.779/40 1.016/40

@ Normalization at 15 keV in the unit of photon cm=2 s~1 keV~1!
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6.7 GRBO011212
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The WXM and FREGATE instruments observed the burst on 12 December 2001 at 04:04:02
UT [75]. The position of the burst was reported to be R.A. = 05200™05°, Dec. = 32°07'39"
(J2000) with a 90% total error radius of 11’. This event is also detected by RXTE ASM. The

error box corners combining the RXTE ASM and HETE WXM is (R.A., Dec.) =

(05200™00,

31°55'48"), (05100™05°, 32°08'24"), (04h59™43%, 32°22'48"), and (04759™22°, 32°13'12") (J2000).

This event was an untriggerd event.

The status of the afterglow search of GRB011212 is summarized on table 6.17. The Magellan

6.5 m telescope and the 2.2 m telescope on Maunakea observed the four fading sources, however,

the further observations have not been reported.

Table 6.17: The afterglow

search for GRB011212

‘ Time® ‘ Telescope & Instruments ‘ oT ‘ Lim. Mag.’ ‘ GCN
8.3 hours | HETE GCN Position Notice
9.1 hours | 1.5 m Telescope (R) N |20.5 mag. (R) Kinugasa et al.
1.4 days | Gunma Astronomical Observatory (#1210)
14.7 hours | RXTE ASM Position Notice
0.7 days | 0.25 m F/4.2 Telescope N | 18.5 mag. (R) Trondal et al.
(#1201)
0.7 days | 2 m Telescope N | 21.5 mag. (R) Sergeev et al.
Peak Terskal Observatory (Russia) (#1206)
1.0 days | Mt. Ekar 1.8 m Telescope N | 22.7 mag. (R) Saracco et al.
Asiago Observatory®© (#1205)
1.2 days | 1.3 m Telescope (Ic) N | 20.0-20.1 mag. (R) ¢ | Vrab et al.
USNO Flagstaff Station (#1216)
2.0 days | Magellan 6.5 m Baade Telescope Y | 4 sources® Dullighan et al.
3.0 days | Las Campanas Observatory’ (#1324))
4.2 days | 2.2 m on Maunakea (VR)
5.2 days | U. of Hawai

¢ Time after the trigger

b Limiting magnitude

¢ Cima Ekar-Asiago, Italy

d extinction-corrected magnitude

€ 4 fading sources

RA Dec
4:59:58.1 +32:02:57
4:59:59.4 +32:03:43
4:59:59.0 +32:09:04
4:59:39.5 +32:08:34

Epoch 1 m(R)
23.14 +/- 0.12
23.80 +/- 0.18
23.75 +/- 0.18
23.38 +/- 0.12

Epoch 2 m(R)
23.89 +/- 0.22
24.65 +/- 0.39
24.80 +/- 0.48
24.41 +/- 0.38

Epoch 3 m(VR)
24.08 +/-0.24
> 24.5
> 24.5
> 24.5
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6.7.1 Light curve

The duration of this burst is > 60 seconds in 2-5 keV band. Some structures in the light curve
might be visible in the WXM 2-5 keV energy band. The burst signal is not seen above 17 keV.

6.7.2 Spectrum

The fluence ratio of 2-30 keV to 30-400 keV is 1.2 qualifying this burst as an X-ray flash.
The prompt emission is well fitted in a simple power-law model with the photon index of ~
—2. However, it is not possible to reject that the photon index is flatter than —2 in a high
significance (i.e. the peak energy Ej e, cannot determined reliably). Thus, it is not possible to

fit the spectrum with the constrained Band function to calculate the Fpe.x energy.

Table 6.18: The fluxes and fluences of GRB011212. The spectral model is the power-law model.

energy range [keV]

Duration [sec.] 57.6
Photon flux 2-10 7.1+1.2
[10~! ph cm™2] 2-30 8.241.2
30-400 0.4%53
2-400 8.7+1.2
Energy flux 2-10 4.5+0.7
(1079 erg cm™?] 2-30 7.3+1.1
30-400 5.8757%
2-400 13.2757
Photon fluence 2-10 41.1+6.8
[ph cm ™2 2-30 47.3£7.0
30-400 26717
2-400 49.9+£7.0
Energy fluecne 2-10 2.6+0.4
(1077 erg cm™?] 2-30 4.240.6
30-400 3.47%3

2-400 7.6759
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Figure 6.16: The energy resolved light curves of GRB011212 at 1.23 s time bin. The dotted

lines represent the foreground region of the spectrum.
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Figure 6.17: The WXM and FREGATE spectrum of XRF011212. The spectral model is the

power-law.

Table 6.19: The spectral parameters of GRB011212 in the power-law model (PL).

Model Parameters

PL o —2.077039
Ki5® 7.18+HTE » 1073
x2/DOF 0.795/54

@ Normalization at 15 keV in the unit of photon cm—2 s—1 keV—1
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6.8 GRBO020317

The GRB was observed by WXM and FREGATE on 17 March 2002 at 18:15:31.4 UT [76].
According to the ground analysis, the position of the source is R.A. = 10"23™m21%, Dec. =
12°44'38” (J2000) with a 90% total error radius of 18'.

The afterglow search for GRB020317 is summarized in table 6.20. The first two reports
(GCN #1277 and #1278) about the suspicious object could be just minor planets which are
not in the DSS-2 image (GCN #1282). The nature of four suspicious sources reported by the

KISO observatory are still unknown.

Table 6.20: The afterglow search for GRB020317

‘ Time® ‘ Telescope & Instruments ‘ oT ‘ Lim. Mag.’? ‘ GCN ‘
52 minutes | HETE GCN Position Notice

57.8 minutes | BART robotic telescope Y(?7)¢ | 15.5 mag. (R) Jelinek et al.

(#1278)
2 hours 0.38 m Cassegrain telescope | Y(?)? | 18.240.3 Pavlenko et al.

(#1277)

0.77 days | 1.05 m telescope (R) 4 src.® | 20.8 mag. (R) Tomita et al.
0.96 days | KISO observatory 18.1 mag. (R) (#1282)

1.15 days | 1.52 m telescope (R) N 18.7/17.0 mag. (R) | Guarnierie al.
(#1287)

1.93 days | 1.2 m telescope (IR) N not reported Baliyan et al.
Mt. Abu IR Observatory’ (#1297)

@ Time after the trigger

b Limiting magnitude

¢ Position is RA.(J2000) = 10723m25%, Dec. (J2000) = 12°51/36”. Could be a minor planet reported by GCN #1282.

@ Position is RA.(J2000) = 10724™27.99%, Dec. (J2000) = 12°365.6". Could be a minor planet reported by GCN #1282.

€ 6 suspicious sources are reported including the two minor planets.

RA Dec Mag. (R)
10:24:25 +12:51:55 18.0 (minor planet)
10:24:09 +12:48:33 17.3 (minor planet)
10:23:10 +12:33:17 19.6
10:22:40 +12:32:02 18.5
10:22:39 +12:44:02 19.0
10:22:20 +12:36:55 19.1

D O W N

f MIRO, operated by the Physical Reaserch Laboratory, Ahmedabad, India



114 CHAPTER 6. HETE X-RAY FLASHES AND X-RAY-RICH GRBS

6.8.1 Light curve

The energy resolved light curves are shown in figure 6.18. The duration of the burst is around

~ 10 seconds.

6.8.2 Spectrum

The fluence ratio of 2-30 keV to 30-400 keV in the cutoff power-law model is 1.8. This burst
is classified as an X-ray flash. The cutoff power-law model with the Ejc. energy ~ 30 keV is
the acceptable model for the time-average spectrum.

The spectral evolution of the burst is investigated by the hardness ratio between 10-25 keV
and 2-10 keV. As seen in the figure 6.20, there is a global trend of the softening during the

burst. And also it is possible to see the hard-to-soft spectral evolution for the individual pulses.

Table 6.21: The fluxes and fluences of GRB020317. The spectral model is the cutoff power-law

model.

energy range [keV]

Duration [sec.] 7.3
Photon flux 2-10 1.1+0.3
[ph cm™2 s71] 2-30 1.840.3
30-400 0.240.1
2-400 2.04+0.4
Energy flux 2-10 0.9£0.2
(1078 erg cm™2 57| 2-30 2.8+0.4
30-400 1.6%53
2-400 44112
Photon fluence 2-10 8.2£2.2
[ph cm™?] 2-30 13.24+24
30-400 1.6+0.8
2-400 14.842.6
Energy fluecne 2-10 0.71+0.2
(1077 erg cm™2] 2-30 2.1+0.3
30-400 1.2153

2-400 3.270%
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Figure 6.18: The energy resolved light curves of GRB020317 at 0.3 s time bin. The dotted lines

represent the foreground region of the spectrum.
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Figure 6.19: The WXM and FREGATE spectra of GRB020317. The spectra of the whole
burst region with a spectral model of the power-law (top) and the cutoff power-law (bottom)

are shown.
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Figure 6.20: The hardness ratio between WXM 10-25 keV and 2-10 keV is in the top panel. The
second and the third panels are the WXM light curves of 2-10 keV and 10-25 keV respectively.

Table 6.22: The spectral parameters of GRB020317 in the power-law model (PL) and the cutoff
power-law model (Cutoff PL).

Model Parameters all
PL o —1.60+0.11
Ki5® (2.8640.44) x 1072
x2/DOF 1.420/40
Cutoff PL o —0.567030
Epeax [keV] 27.311%0
Kis 10.221338 x 1072
x2/DOF 0.944/39

@ Normalization at 15 keV in the unit of photon cm—2 s~1 keV—1
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6.9 GRBO020903

This event was detected by WXM and SXC at 10:05:37.96 UT on 2002 September 3 [77].
Although the WXM flight location was correct, it was not sent to the GCN, because HETFE
was pointed to the Galactic Bulge region at this time and the automatic transmission of the
flight location was turned off at that time. The WXM location, which was sent to GCN 3.8
hours after the trigger, based on the ground analysis can be express as a 90% confidence circle
that is 16.6° in radius and is centered at (R.A., Dec.) = (22"49m25° —20°53'59”) (J2000). The
one-dimensional localization was possible using the SXC data. The combined the SXC and the
WXM localization, which was sent to GCN 6.9 hours after the trigger, can be described as a
90% confidence quadrilateral that is 4’ in width and ~31" in length. It is centered at R.A. =
22149m015, Dec. = —20°55'47" (J2000), and its four corners lie at (R.A., Dec.) = (22"48™48.00°,
—20°39'36.0"), (22M48™33.60°, —20°42'36.0"), (22849™10.80°, —21°10'12.0"), and (22249™30.00°,
—21°10'48.0") (J2000).

Detection of the optical and radio afterglow, and the host galaxy have been reported by
several authors (table 6.23). Soderberg et al. [95] discovered an optical transient within the
HETE-2 SXC + WXM localization region at R.A. = 22148m42.34% Dec = —20°46'09.3" (J2000),
using the Palomar 200-inch telescope. They report that the optical transient brightened by
~ 0.3 — 0.4 magnitudes between about 7 and 24 days after the XRF, and suggest that the re-
brightening might be due to an associated supernova. However, the optical transient apparently
faded by over a magnitude only three days later. Spectroscopic observations of the optical
transient, using the Magellan 6.5 m Baade and Clay telescopes, detected narrow emission lines
from an underlying galaxy at a redshift z = 0.25 4 0.01, suggesting that the host galaxy of the
optical transient is a star-forming galaxy. A fading bright radio source at the position of optical
transient was detected using the Very Large Array. Hubble Space telescope observations of the
GRB 020903 field reveal the optical transient and show that its host galaxy is an irregular
galaxy, possibly with four interacting components. These detections likely represent the first

discoveries of the optical and radio afterglows, together with the host galaxy, of an XRF.

6.9.1 Light curve

The energy resolved light curves are shown in figure 6.22. There is no signal above 10 keV. The

double peak structure is visible in the light curve.
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Figure 6.21: The Palomar and HST images of the transient (label OT) discovered within the
error-box of GRB020903. The HST image reveals a complicated galaxy morphology for G1,

suggesting a system of at least four interacting galaxies [95].
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6.9.2 Spectrum

The X-ray to the y-ray fluence ratio of 5.6 qualifies this burst as an X-ray flash. Although the
power-law model is the acceptable model for the prompt emission, the photon index is < —2 in
a high significance (99% confidence level). If we assume that this XRF has the same spectral
shape as ordinary GRBs, WXM and FREGATE observed the high energy portion of the Band
function (photon index ). We applied the constrained Band function to calculate the upper
limit of the Epc.x energy. The posterior probability density distribution is shown in the figure
6.24. We find a best-fit value E e = 2.7 keV, and the confidence limits of 1.1 keV < Ejcax
< 3.6 keV with 68% probability, and that Epen < 4.1 keV with 95% and 5.0 keV with 99.7%
probabilities.

There is evidence of spectral softening between the first and second time intervals. To
investigate the spectral evolution, we perform the spectral analysis for the first and the second
peaks which are seen in the WXM 2-5 keV band (see figure 6.22). We treat each individual
WXM wires separately in order to extract the strongest possible constraints on the spectral
parameters. A power-law fit to the sum of the first time interval gives o, = —2.4702 and animl =
75.1, while a power-law fit to the second time interval gives ap = —4.2%37 and X2, , = 7TL.1.
In contrast, a power-law fit to the first and second time intervals, gives a = —2.867545 and
X2 = 152.2. The first (more complicated) model includes the second model as a special case.
Comparing x2. for the two models, we find that Ay? = 6.0 for one additional parameter.

Thus, there is evidence of spectral softening at the 98.6% confidence level.
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Table 6.23: The afterglow search for GRB020903
‘ Time® ‘ Telescope & Instruments ‘ oT ‘ Lim. Mag.? ‘ GCN
3.84 hours | HETE GCN position notice (WXM)
6.91 hours | HETE GCN position notice (SXC)
4.15 hours | 0.6 m (wide B and wide R) N | DSS-2 lim. #1531
Mt. John Obs.* Tristram et al.
1 day 50-inch Telescope (R-MACHO) N | R~19.8 #1533
Mount Stromlo Obs.? Price et al.
12.46 hours | 0.38 m Cassegrain Telescope N | R~174 #1535
Crimean Astrophysical Obs.¢ Pavlenko et al.
4.18 hours | 25 cm Telescope N R~17.5 #1537
Kyoto University Uemura et al.
0.88 days | 5 m Telescope + LFC/ (R) Y9 #1554
6.88 days | Palomar Obs." Soderberg et al.
24.9 days | MDM’ 1.3 m Telescope (R) host
24.7 days | Magellan/ 6.5 m (spectroscopy) z=0.2540.02
23.8 days | VLA (8.46 GHz) Y |11mly #1555
25.7 days 0.7 mJy Berger et al.
16.3 hours | CTIO* 4 m Telescope (BRI) Y #1557
5.68 days | (R only) \, 0.2 mag. Fruchter et al.
26.5 days | 182 cm Telescope (VRI) Y |18.6+0.2 #1561
Cima Ekar Observatory™ Stefanon et al.
5.45 hours | 0.25 cm Telescope N | unresolved obj. #1562
RIKEN Torii et al.
28.5 days | 3.5 m TNG" Telescope (BVRI) Y |\, 0.2mag. (VRI) | #1563
ORM° Covino et al.
34.6 days | Keck I 10 m Telescope host? #1609
Chornock et al.
36.8 days | 1.54 m Danish Telescope (BVR) Y | note? #1631
La Silla Obs.” Gorosabel et al.
3 months | HST/ACS F606W host #1761
Levan et al.

®Time after the trigger
dWeston, Australia

9 The position of OT is (R.A., Dec.) = (22"48™42.34%  —20°46/09.3"") (J2000)

bLimiting magnitude

¢Ukraine

hSan Diego, CA *MDM Observatory, Tucson, AZ

JLas Campanas Observatory, Cerro Las Campanas, Chile

kCerro Tololo Inter-American Observatory, La Serena, Chile

!re-brightening

m Cima Ekar-Asiago, Italy

"Telescopio Nazionale Galileo

°Observatorio del Roque de los Muchachos, Palma, Italy

Plow metallicity, high excitation starburst galaxy

9same magnitude as #1563

r La Silla, Chile

f Large Format Camera

¢Lake Tekapo, New Zealand
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Table 6.24: The fluxes and fluences of GRB020903. The spectral model is the power-law model.

energy range [keV]

Duration [sec.] 13.0
Photon flux 2-10 9.3+1.9
[ 107! ph em™2 s7!] 2-30 9.9+2.0
30-400 1.2730 x1071
2-400 10.0£2.1
Energy flux 2-10 5.3+1.5
(107 erg em™2 s71] 2-30 6.8+£2.0
30-400 1.3+32
2-400 8153
Photon fluence 2-10 12.1£2.5
[ph cm™?] 2-30 12.9+£2.7
30-400 1.6733 x107!
2-400 13.0+2.7
Energy fluecne 2-10 6.9£+1.5
(1078 erg cm™2] 2-30 8.9+2.7
30-400 1.6%14
2-400 105757

Table 6.25: The time-average spectral parameters of GRB020903.

Model Parameters all (WXM+FREGATE)

PL o —2.6270757
K5 4.14%349 % 1073
x2/DOF 0.845/26

@ Normalization at 15 keV in the unit of photon cm~2 s~1 keV—1
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6.10 GRBO021021

WXM and FREGATE detected a faint burst on 21 Oct 2002 at 18:43:00.00 UTC [81]. This
burst was an untriggered event. The ground localization result was distributed 16 hours after
the event. The WXM location can be expressed as a 90% confidence circle that is 20’ in radius
and is centered at (R.A., Dec.) = (00"17™23%, —01°37/00”) (J2000). There is no report about

the afterglow search for this burst.

6.10.1 Light curve

As seen in the figure 6.25, there is no obvious signal in the typical GRB energy band 32-400
keV. Although the signal to noise ratio is quite low, the burst seems to be lasting for ~ 50

seconds.

6.10.2 Spectrum

The calculated fluxes, fluences and the spectral parameters are shown in table 6.26 and 6.27.
The X-ray to ~-ray fluence ratio is 4.0, so this event is classified as an X-ray flash. The
cutoff power-law model provides a better fit to the spectrum than a simple power-law model.
The F-test probability for the improvement at the cutoff power-law model against the simple
power-law model is 4.46 x 1072

To constrain the Fje,k energy in the cutoff power-law model, the photon index « is fixed to

the best fit value —1.33. The Elc.x energy is 15.4 keV.
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Figure 6.26: The time-average spectra of GRB021021 in the power-law model (upper) and the

cutoff power-law model (bottom).
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Table 6.26: The fluxes and fluences of GRB021021. The spectral model is the cutoff-law power-

law model.

energy range [keV]

Duration [sec.] 49.2
Photon flux 2-10 3.84+1.0
(107! ph cm™2 57} 2-30 A7+1.1
30-400 1.8723 %1071
2-400 4.9.0+1.2
Energy flux 2-10 2.7£0.7
[107° erg cm 2-30 5.141.3
30-400 1.3722
2-400 6.475%5
Photon fluence 2-10 18.6+4.9
2-30 23.1£5.6
30-400 8.8tk x107?
2-400 24.045.7
Energy fluecne 2-10 13.04£3.3
[10-8 erg cm™2] 2-30 25.1+6.3
30-400 6.2171%0
2-400 31.31350

Table 6.27: The time-average spectral parameters of GRB020903.

Model Parameters

PL ! —2.047037
K5 4307783 x 1073
x2/DOF 0.974/41
Cutoff PL a —1.33 (fixed)
Epeak [keV] 15387757
Ki5® 1.247959 x 1072
x2/DOF 0.879/41

2Normalization at 15 keV in the unit of photon cm™2 s~ ! keV—1
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6.11 GRB021104

At 07:01:02.9 UTC on 4 Nov 2002, FREGATE and WXM detected the burst [98]. The sig-
nal to noise ratio in WXM was ~ 5. The position of the burst can be expressed as a 90%
confidence rectangle that is approximately 24’ in width and 42" in length. The four corners of
the rectangle are (R.A., Dec.) = (3"52m40.3%, 38°19'26"), (3"54™44.6°, 38°17'10"), (3154™56.25,
37°34'59"), and (3"52m52.6°%, 37°3712") (J2000). Although the afterglow was searched by sev-

eral observers within 4 hours after the trigger (see table 6.28), no optical transient has been

found for GRB021104.

Table 6.28: The afterglow search for GRB021104

‘ Time® ‘ Telescope & Instruments ‘ oT ‘ Lim. Mag.b ‘ GCN

2.76 hours | HETE GCN position notice

2.78 hours | Automatic 0.76 m telescope | N¢ Li et al.
KAIT® (#1668)

2.78 hours | 1.2 m Telescope (unfiltered) | N | ~ 21 mag. | Fox et al.
Oschin NEAT camera® (#1671)

3.93 hours | Automatic 0.6 m telescope N | DSS limit | Bradshaw et al.
Super-LOTIS/ (#1677)
Milagro GeV/TeV Telescope | N | conf.9 McEnery et al.

(#1724)

?Time after the trigger

bLimiting magnitude

¢Katzman Automatic Imaging Telescope, Lick Observatory, San Jose, CA

dThey reported the candidate of OT, however, this source is seen in DSS2 plate (#1669, #1670).

€Mt. Palomar, San Diego, CA

fLivermore Optical Transient Imaging System, located on Kitt Peak National Observatory (Tucson, AZ)

9J(0.2-20 TeV) < 3.4 x 1076 erg cm—2

6.11.1 Light curve

The energy resolved light curves are shown in figure 6.27. The duration is ~ 30 seconds. In
2-10 keV band, the burst might have a longer duration. Due to the low signal to noise ratio,

it is hard to say about the structure of the time profile.
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Figure 6.27: The energy resolved light curves of GRB021104 at 1.23 s time bin. The dotted

lines represent the foreground region of the spectrum.
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6.11.2 Spectrum

The X-ray to y-ray fluence ratio of 1.7 qualifies this burst as an X-ray flash. Although the
simple power-law model shows an acceptable fit to the time-average spectrum, the y? value
improves in the cutoff power-law model fit. Ax? is 6.62 for one extra degree of freedom (F test
probability of 5.78 x 1073) in the cutoff power-law model against the simple power-law model.
Hence, the model with a spectral break is requested from the data. We decided that the cutoff
power-law model is the best representative model for the prompt emission. FEeax lies around

30 keV.

Table 6.29: The fluxes and fluences of GRB021104. The spectral model is the cutoff power-law

model.

energy range [keV]

Duration [sec.] 31.4
photon flux 2-10 1.8%0%
[ph cm™2 s71] 2-30 2.5109
30-400 2.441.0 x10~*
2-400 27759
Energy flux 2-10 1.4+0.5
[107® erg cm ™2 s7!] 2-30 3.3£0.7
30-400 2.07%9
2-400 52776
Photon fluence 2-10 56.5 0%
[ph cm ™2 2-30 78.71555
30-400 7.5752
2-400 86.37593
Energy fluecne 2-10 4.37%
(1077 erg cm™2] 2-30 10.37%4
30-400 6.175%

2-400 16.4739
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Figure 6.28: The WXM and FREGATE spectra of GRB021104. The top and bottom figures

are fitting with the power-law model and the cutoff power-law model, respectively.
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Table 6.30: The spectral parameters of GRB021104.

Model Parameters

PL a —1.8240.18
K5 (4.1940.66) x 1072
CP (WXM) 0.347019
x2/DOF 0.924/39
Cutoff PL ! —1.1179%6
Epear [keV] 28.211%¢
Kis 7.59153L % 1072
C (WXM) 0.481529
x2/DOF 0.774/38

aNormalization at 15 keV in the unit of photon cm=2 s~ ! keV—1

bConstant parameter of WXM. The constant parameter of FREGATE is fixed to 1.
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6.12

At 11:03:59.00 UTC on 16 Apr 2003, FREGATE and WXM observed the untriggered burst
[40]. Since the trigger process of WXM and the FREGATE 6-80 keV band had been turned
off in order to avoid false triggers by Sco X-1, HETFE did not trigger this event. The position
of the burst by the ground analysis is centered at (R.A., Dec.) = (11"06™51%, —02°52" 58”)

CHAPTER 6. HETE X-RAY FLASHES AND X-RAY-RICH GRBS

GRB030416

(J2000) with a 90% radius of 7.

There are two reports about the afterglow search for this event (table 6.31). However, no

afterglow has been found.

Table 6.31: The afterglow search for GRB030416

‘ Time® ‘ Telescope & Instruments ] oT ] Lim. Mag.? ‘ GCN
15.74 hours | HETE GCN position notice
15.4 hours | USNO N | BVRelc® Henden et al.
(#2250)
1.38 days | 0.23 m Telescope N | ~ 15.0 mag. (R) | Lipunov et al.
MASTER system? (#2154)

?Time after the trigger

bLimiting magnitude

¢Limiting magnitude:

Start
Date

Apr 17.
Apr 17.
Apr 17.
Apr 17.
Apr 17.
Apr 20.

Start Time Filter Integration Limiting Telescope Calibration

Since GRB

(hours)
103 15.391
143 16.361
149 16.502
155 16.643
160 16.784
143 88.454

Time (sec) Magnitude Catalog

x Pointings (3 sigma)

6000 x 1 19.8 0.6-m RBO* USNO A2.0
300 x 1 20.1 1.3-m USNO USNO A2.0
300 x 1 20.9 1.3-m USNO ACT

300 x 1 20.4 1.3-m USNO USNO A2.0
300 x 1 19.9 1.3-m USNO USNO B1.0
2160 x 1 22.3 1.3-m USNO USNO A2.0

* RBO = Red Buttes Observatory

4 Alexander Kryolov Observatory, Moscow, Russia

6.12.1 Light curve

The duration is ~ 80 seconds in the WXM 2-5 keV energy band. The gradual excess of the

signal is lasting about 30 seconds. The high flux part continues about 20 seconds, and then the
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signal decreases in 30 seconds. The burst signal is very weak in the WXM 17-25 keV band.

6.12.2 Spectrum

The time-average fluxes and the fluences are summarized in table 6.32. Since the X-ray to

~-ray fluence ratio is 2.4, this burst is classified as X-ray flash.

Table 6.32: The time-average fluxes and fluences of GRB030416. The spectral model is the

power-law model.

energy range [keV]

Duration [sec.] 78.6
Photon flux 2-10 1.3+0.1
[ph cm™2 s71] 2-30 1.440.1
30-400 41118 <1072
2-400 1.5£0.1
Energy flux 2-10 7.9£0.7
(1079 erg ecm™2 s71] 2-30 11.4+1.1
30-400 47132
2-400 16.1754
Photon fluence 2-10 102.9+9.8
[ph cm™?] 2-30 113.7£10.0
30-400 3.24+1.3
2-400 116.94+10.1
Energy fluecne 2-10 6.24+0.5
(1077 erg cm™?] 2-30 9.0£0.9
30-400 3.7
2-400 12,7155

The simple power-law model is acceptable for the time-averaged spectrum of GRB030416.
Since the photon index is well steeper than < —2, the constrained Band function is applied to
constrain the Epeqy of this event. The probability density distribution as a function of Epeax is
shown in figure 6.31. The 68%, 95% and 99.7% upper limit of E,e. are 3.1, 3.3 and 3.8 keV
respectively.

To investigate the spectral evolution, the hardness ratio between 5-25 keV and 2-5 keV is
plotted in figure 6.32. It is possible to see two hard-to-soft evolutions during the burst. The
first part is from Ty + 10 s to Ty + 20 s, and the second part is from Ty 4+ 20 s to Ty + 35 s
(T is the trigger time). The soft tail is lasting for Ty + 60s.
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Figure 6.29: The energy resolved light curves of GRB030416 at 1.23 s time bin. The dotted

lines represent the foreground region of the spectrum.
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Figure 6.30: The time-average spectrum of GRB030416.
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Figure 6.31: The posterior probability density distribution for Epe.x. The solid, the dashed,
and the dot-dashed lines show the 68%, 95%, and 99% probability upper limits on Eyeax. Epivot
energy is 1.4 keV.
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Figure 6.32: The hardness ratio between 5-25 keV and 2-5 keV band. The middle and the
bottom panels are the light curves of the WXM 2-5 keV and 5-25 keV band.

Table 6.33: The spectral parameters of GRB030416.

Model Parameters

PL o —2.32%018
K5 (9.23+£1.72) x107°
x2/DOF 0.870/54

aNormalization at 15 keV in the unit of photon cm=2 s~ ! keV—1
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6.13 GRB030418

139

FREGATE detected this event in the 32-400 keV band on 18 April 2003 at at 09:59:18.85 UTC
[93]. The correct WXM flight localization was reported in a GCN Notice at 215 seconds after

the trigger. The WXM localization in the ground analysis can be expressed as a 90% confidence
circle that is 9’ in radius and is centered at: R.A. = 10254™53°%, Dec. = —06°59'22" (J2000).

The status of the afterglow search is summarized in table 6.34. The candidate of the optical
transient (OT) was reported by Price et al. (GCN 2148) at 2.26 hours after the trigger. The
decline of the optical flux of this OT candidate was observed by the same authors (GCN 2150).

The Magellan 6.5 m telescope also observed this OT and confirmed the decrease in the flux at

the power-law decay of t~1-?%0-1 (Dullighan et al.; GCN 2168 and GCN 2236).

Table 6.34: The afterglow search for GRB030418

‘ Time® ‘ Telescope & Instruments ‘ oT ‘ Lim. Mag.? ‘ GCN
215 seconds | HETE flight location
1.73 hours | HETE ground location
2.26 hours | 40-inch Telescope Y | 18.8 mag. (R) Price et al.
Siding Spring Observatory (Chile) (#2148)
4.66 hours | 40-inch Telescope (2nd epoch) Y | 19.8 mag. (R) Price et al.
(#2150)
69 minutes | 1.05 m Telescope (J) N | 13 mag.? (J) Mito et al.
Kiso Observatory (#2151)
238 seconds | ROTSE-IIIa Y | 18.7 - 17.4 mag. Smith et al.
(360 s. - 2.3 h) (#2153)
11-12.5 hours | MASTER system N | 16.5 mag. (R) Lipunov et al.
(#2158)
2.59 days | Magellan 6.5 m (R, I) Y | 23.3£0.1 (R) Dullighan et al.
23.0+0.1 (I) (#2168)
6.58 days | Magellan 6.5 m (R, I, V) Y |[24.9£0.4 (R) Dullighan et al.
(2nd epoch) >24 (1) (#2236)
25.14£0.5 (V)
9.53 hours | 152 cm Telescope (R) Y |20.50£0.30 (9.53h) | Ferrero et al.
20.6540.29 (10.18h) | (#2284)

¢ Time after the trigger

b Limiting magnitude
¢ (R.A., Dec.) = (10"54™33.69%, —7°01/40.8")

4 3 sigma upper limit
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6.13.1 Light curve

The double peak structure was observed in the FREGATE energy bands, whereas, this time
profile was closer to the single peak in the WXM 2-10 keV band (figure 6.33). The significant
decreasing trend of the background started around t=100 is due to the particle events (this event
occurred about 10 minutes before the SAA). The duration is ~ 130 seconds in the FREGATE
energy bands and could be much longer in the WXM 2-10 keV band.

6.13.2 Spectrum

Due to the incomplete downlink of the data, we used the SP data for the spectral analysis of
FREGATE. The photon data (TAG data) were available for WXM.

The spectral analysis is performed for the three time intervals including the whole burst
region (figure 6.33). Since this event occurred 10 minutes before the SAA and the decreasing
trend of the background was observed just after the burst, we choose t ~ 100 s as the end
of the foreground time region for creating the spectra. The cutoff power-law model is the
best representative model for all time regions. The F-test probabilities of the cutoff power-law
model over the simple power-law model at the first, the second and the whole burst regions
are 1.73 x 10711, 2.22 x 1072, and 3.78 x 10~* respectively. The X-ray to y-ray fluence ratio is
0.99 qualifies this burst as an X-ray rich GRB. The spectrum in the first region has a harder
photon index and also a higher E,c.x energy than that of the second region. The time-average

Epeax energy is 46 keV.
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Figure 6.33: The energy resolved light curves of GRB030418 at 1.23 s time bin. The dotted

lines correspond to the two foreground intervals used for creating the spectra.
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Figure 6.34: The WXM and FREGATE spectra of GRB030418. The spectra of region 1, region
2, and all region are shown from top to bottom. The left and right plots are fitting with the

power-law model and cutoff power-law model, respectively.
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Table 6.35: The fluences of GRB030418. The spectral model is the cutoff power-law model.

energy range [keV] region 1 region 2 all
Duration [sec.] 52.4 57.7 110.1
Photon flux 2-10 3.51+0.8 15.7£1.0 9.940.8
(107! ph ecm™2 s71] 2-30 6.94+0.9 18.7+1.0 13.0+0.8
30-400 2.3+04 0.840.4 1.5+0.4
2-400 9.24+1.0 19.54+1.2 14.6+0.9
Energy flux 2-10 (3.140.6) x 1071 (10.5+0.6) x 1071 (7.14+0.5) x 10~}
[1078 erg cm ™2 s71] 2-30 1.3£0.1 1.8£0.1 1.6£0.1
30-400 2.0+0.5 0.775% 1.6197
2-400 3.3£0.5 25107 3.1+07
Photon fluence 2-10 18.6+4.1 90.5+5.8 109.048.8
[ph cm™2] 2-30 36.0+4.7 107.846.1 143.148.8
30-400 12.0£2.1 4.6+2.2 16.5+3.9
2-400 60.8+5.2 112.446.7 160.7+9.4
Energy fluecne 2-10 1.6+0.3 6.0+0.3 7.84£0.6
(1077 erg cm™?] 2-30 6.7+0.7 10.6+0.7 17.141.1
30-400 10.742.6 3.9739 173173
2-400 17.442.7 14.5739 34.5172

Table 6.36: The spectral parameters of GRB030418 in the power-law (PL) and the cutoff

power-law (Cutoff PL).

Model Parameters Region 2 All
PL o —1.41+0.07 —1.95+0.08 —1.70+0.06
Ky5° (1.36£0.14) x 1072 (1.9040.18) x 10°2 (1.7640.13) x 1072
x2/DOF 1.720/69 1.133/54 1.104/69
Cutoff PL o —0.437532 —1.75501% —1.467013
Epeak [keV] 48.6213427 13.7413%%7 46.10731-98
Kis (3.357589) x 1072 (2.6970%3) x 1072 (2.437037) x 1072
x2/DOF 0.893/68 1.045/53 0.929/68

@ Normalization at 15 keV in the unit of photon cm~2 s—1 keV—1
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6.14 GRB030429

At 10:42:22.68 UTC on 29 April 2003, FREGATE, WXM, and SXC observed the y-ray burst
[18]. The burst triggered in the 32-400 keV energy band. The flight position was not sent out
to GCN due to the low signal to noise ratio in the WXM data. The WXM ground localization
can be expressed as 90% confidence rectangle, whose center is at (R.A., Dec.) = (12" 13™ 185,
—20° 51’ 09”) (J2000), and whose corners lie at (R.A., Dec.) = (12" 13™ 325, —21° 01’ 55"),
(120 12™ 50%, —20° 59’ 56”), (12" 13™ 03, —20° 40’ 26”), (12" 13™ 46°, —20° 42 22") (J2000).
The SXC position is centered at (R.A., Dec.) = (12" 13™ 06%, —20° 56’ 00”) (J2000) with the
90% confidence circle of 2’ radius.

The afterglow of GRB030429 was discovered in the optical band at 3.5 hours after the trigger.
Several authors reported the confirmations of the optical transient and also the redshift of 2.56

is measured by VLT for this burst (see table 6.37).

6.14.1 Light curve

The duration of the burst is ~ 20 seconds. Although it is hard to see the structure of the light
curve in the WXM energy band, the two peaks are clearly visible in the FREGATE light curve.

6.14.2 Spectrum

Since there is a problem in photon data, the survey data are used in the analysis.

The time-averaged flux and fluence are in table 6.38. Since the fluence ratio of 2-30 keV to
30-400 keV is 1.23, this burst is classified as an X-ray flash.

The spectral parameters are summarized in table 6.39. The time-resolved spectral analysis
is performed for the first peak, the second peak, and the whole burst region (see figure 6.35).
The cutoff power-law model is the best representative model for all spectral regions. Even at
the second time region, the F-test probability in the cutoff power-law model against the simple
power-law model is 5.41 x 1073, Thus, the improvement of the y? is significant. It is possible

to see the decrease of the Epe.x energy from the first to the second peak.
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Figure 6.35: The energy resolved light curves of GRB030429 at 1.23 s time bin. The dotted

lines correspond to the foreground spectral regions.
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Figure 6.36: The WXM and FREGATE spectrum of GRB030429. The spectrum of the first
peak, the second peak and the whole burst region are shown from top to bottom. The model

spectrum is the power-law and the cutoff power-law model from left to right.
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Table 6.37: The afterglow search for GRB030429
‘ Time® ‘ Telescope & Instruments ‘ oT ‘ Lim. Mag.b ‘ GCN

1.87 hours | HETE GCN position notice

1.87 hours | ROTSE-IIIa N | 18~19 (R) Smith et al.
Siding Spring Ovservatory® (#2178)

3.5 hours | 0.6 m (unfil.)and 1.55 m (Rc) Tel. | Y Gilmore et al.
Mt. John Obs.® and USNOFS (#2184)

8.98 hours | AT-64 Telescope Y | 20.20+0.15 (R) Rumyantsev et al.
CrAOf (#2190, #2218)

12.6 hours | VLT (ISAAC and FORS2) Y | Am ~ 0.43 (V) in 5.5 h | Fynbo et al.
Paranal Obervatory? (#2185)

6.74 hours | SIRIUS" Y! Nishiyama et al.
1.4 m Telescope (J H Ks) (#2195)

2.75 days | VLT (FORSI;spectrum) Y | z2=2.65 Weidinger et al.
3800-8000 A (#2195, #2215)

2.65 days | VLA (8.46 GHz) N | J(30)=0.18 mJy Berger et al.

(#2197)
3.43 days | 1.5 m RTTY Y | 23.54+0.5(R) Khamitov et al.
(#2208)

®Time after the trigger

bLimiting magnitude
¢New South Wales, Australia

40T position: 12:13:07.50 -

UTmid

CRmag CRerr

Apr 29.591 19.34 0.11
Apr 29.600 19.43 0.13
Apr 29.616 19.71 0.16
Apr 29.660 19.87 0.19

¢Lake Tekapo, New Zealand
fCrimean Astrophysical Observatory, Nauchny, Ukraine

9Cerro Paranal, Chile

20:54:49.7 J2000 (err: +/- 0.3arcsec)

hSimultaneous three-color InfraRed Imager for Unbiased Survey

South Africa Astronomical Obsevatory(SAAQO), Sutherland, South Africa

tOT info:

UTmid J H Ks
Apr 29.727 18.8 17.8 17.0
Apr 29.873 19.2 18.3 17.5
Apr 30.005 18.9 18.1 17.4

Apr 30.768 19.0 18.4 17.8

JRussian-Turkish Telescope (Bakyrlytepe, Turkey)
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Table 6.38: The time-average fluxes and fluences of GRB030429. The spectral model is the

cutoff power-law model.

energy range [keV] reg.1 reg.2 all

Duration [sec.] 14.8 9.8 24.6
Photon flux 2-10 1.0£0.2 1.0£0.3 1.0£0.2
[ph cm =2 57 2-30 1.540.2 1.340.3 1.440.2

30-400 (2.440.6) x107' 53753 x1072 (1.84£0.4) x107*

2-400 1.840.2 1.4+0.3 1.6+0.2
Energy flux 2-10 0.8£0.1 0.71+0.2 0.8£0.1
[10® erg cm™2 571 2-30 2.240.3 1.540.3 1.940.2
30-400 2.140.7 3.715% x107! 1.540.6
2-400 4.340.7 1.940.7 3.5+0.6
Photon fluence 2-10 15.143.2 10.043.0 24.9+4.4
[ph cm™2] 2-30 22.6+3.3 12.843.0 35.244.5
30-400 3.640.8 52168 x107! 4.441.1
2-400 26.2+3.4 13.343.3 39.644.7
Energy fluecne 2-10 1.2+0.2 0.7£0.2 1.9£0.3
[10~7 erg cm 2] 2-30 3.340.4 1.540.3 4.740.5
30-400 3.140.1 3.671% x107! 3.841.3
2-400 6.441.1 1.840.7 8.541.4

Table 6.39: The spectral parameters of GRB030429.

Model Parameters  region 1 region 2 all
PL Y —1.6840.09 —1.95703% —1.7240.08
Ky5° 2.3040.28  1.41+0.36  2.02+0.22
x2/DOF 1.270/70  0.787/69  1.108/69
Cutoff PL o —0.99703%  —1.197557 —1.134£0.24
Epear [keV] 3917346 16.553%%  35.071%°
Kis 4917108 41873538 4.05732

x2/DOF  0.804/69  0.712/68  0.720/68

2Normalization at 15 keV in the unit of 10~2 photon cm~—2 s~! keV~1!
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6.15 GRB030528

The trigger for this event came from the FREGATE instruments in 32-400 keV energy band,
on 28 May 2003 at 13:03:02.83 UT [110]. The WXM flight location was distributed to the GCN
at 37 seconds after the trigger. The ground localization by SXC was reported to the GCN at
107 minutes after the trigger. The SXC position was expressed as a 90% confidence circle in a
radius of 2 with a center of (R.A., Dec.) = (17"04™02%, —22°38'59") (J2000).

The afterglow was detected in X-ray and infrared, but not in optical band. The status of the
afterglow search is summarized in table 6.40. The earliest optical observation was reported in
2.5 minutes after the trigger by Torii at RIKEN (GCN 2252). The Chandra X-ray observation
was performed at 5 days after the trigger. Four X-ray afterglow candidates were reported within
the SXC error circle (GCN 2269). Greiner et al. (GCN 2271) searched in the near infrared
bands of these X-ray sources, and found that only the Chandra source #1 showed the decay in
the magnitude. The second epoch of the Chandra X-ray observation confirmed the source #1

was indeed the afterglow of GRB030528 (GCN 2279).

6.15.1 Light curve

As seen in figure 6.37, the light curves show the strong hard-to-soft evolution during the burst.
The duration of the burst is ~ 100 seconds in the lower energy bands. On the other hand, in
the y-ray energy band (32-400 keV), the duration is ~ 20 seconds.

The additional peak is seen around 250 seconds after the trigger. Since this peak was not
possible to be localized by WXM, we can not confirm whether this peak is originated to this

burst or not.

6.15.2 Spectrum

Due to the problem of the primary ground station, the several data were not properly down-
linked. There were gaps in various data. For the WXM, the photon data (TAG data) is not
possible to use in the analysis. The PHA data is only available every 10 seconds (a half of the
data was missing). We use PHA data and multiply the constant factor in the spectral model.
Because of this incomplete data downlink problem, it is difficult to perform the time-resolved
spectral analysis.

The X-ray to ~-ray fluence ratio of 1.1 qualifies this event as an X-ray flash. However,

it is fair to classify this event as the border of an X-ray flash and an X-ray-rich GRB. The
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Figure 6.37: The energy resolved light curve of GRB030528 at 1.23 s time bin. The dotted
lines correspond to the foreground spectral region. There were data gaps due to the uncomplete

downlink in several places.
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Epeax energy ~ 30 keV is the good evidence that this event is in the border of these two GRB

classifications. The time-averaged spectrum is well fitted in the Band function (see table 6.42).
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Figure 6.38: The WXM and FREGATE spectra of GRB030528. The model spectrum is the

power-law model, the cutoff power-law model and the Band function from top to bottom.
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Table 6.40: The afterglow search for GRB030528
‘ Time® ‘ Telescope & Instruments ‘ oT ‘ Lim. Mag. ‘ GCN
37 seconds | HETE flight location
1.78 hours | HETE SXC ground loc.
105 seconds | 0.2 m telescope N (#2253)
148 seconds | 0.25 m telescope (RIKEN) ~ 15.8 mag. Torii
252 seconds | 25 cm telescope N ~ 16 mag. (#2252)
Kyoto U. Uemura et al.
2.3 hours | 1.01 m telescope (R) N ~ 18.7 (#2257)
Bisei Observatory Ayani et al.
0.5 days | unfil. 0.72 m TNT telescope N ~ 20.5 (#2258)
Astro. Obs. of Collurania® Valentini et al.
4.97 days | Chandra X-ray Obs. Y (#2269)
-5.30 days Butler et al.
4.78 days | VLA (8.46 GHz) N ~350udy (#2270)
Frail et al.
0.66 days | near-IR NTT® SOFI camera | Y (Ks) | Chandra src.#1 | (#2271)
1.66 days | La Silla Obs./ Greiner et al.
2.63 days
6.74 days | MDMY 1.3 m telescope (I) N” (#2273)
Mirabal et al.
4.81 days | near-IR (Ks) WIRC camera N (#2275)
Palomar 5 m telescope Bogosavljevic et al.
10.8 days | Chandra X-ray Obs. (2nd) Y Chandra src.#1 | (#2279)
Butler et al.

®Time after the trigger
bLimiting magnitude
¢Teramo, Italy

dChandra src. within the SXC error region:

# Chandra Name RA DEC dR(s) dD(") Cts
1 CX0U J170400.3-223710 17 4 0.31 -22 37 9.99 0.053 0.91 39
4 CXO0U J170348.4-223826 17 3 48.39 -22 38 25.93 0.054 0.92 30
9 CX0U J170400.1-223548 17 4 0.11 -22 35 48.10 0.053 0.92 11

10 CX0U J170354.0-223654 17 3 53.95 -22 36 53.67 0.054 0.93 9

¢The ESO New Technology Telescope, 3.58 m
fLa Silla, Chile

9Tucson, AZ

hNo Chandra src.#1 in I band image

“No Chandra src.#1 in Ks band image
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Table 6.41: The fluxes and fluences of GRB030528. The spectral model is the Band function.

energy range [keV] all

Duration [sec.] 83.6
Photon flux 2-10 4.6+0.5
[ph cm™2 s71] 2-30 6.1£0.5

30-400 (6.440.4) x107!

2-400 6.840.5
Energy flux 2-10 3.3+0.3
[1078 erg cm™2 s7] 2-30 7.5+0.3
30-400 6.74+0.9
2-400 14.240.9
Photon fluence 2-10 38.4+3.9
[ 10 ph cm™2 2-30 51.244.0
30-400 5.440.3
2-400 56.71+4.0
Energy fluecne 2-10 2.84+0.2
[107% erg cm 2] 2-30 6.3£0.3
30-400 5.6+0.7
2-400 11.940.8

Table 6.42: The spectral parameters of GRB030528.

Model Parameters
PL o —1.87+0.03
Ki5® 8.6240.30 x 1072
C (WXM) 0.5 (fixed)
x2/DOF 1.946/111
Cutoff PL Q —1.39+0.10
Epear [koV] 34954368
Kis 1.30+0.10 x 1071
C (WXM) 0.5 (fixed)
x2/DOF 0.835/110
Band o —1.337015
3 —2.657 033
Epeai [keV] 31847487
Kis 1.391032 x107!
C (WXM) 0.5 (fixed)
x2/DOF 0.809/109

2Normalization at 15 keV in the unit of photon cm~=2 s~! keV—1!

bConstant parameter of WXM. The constant parameter of FREGATE is fixed to 1.
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6.16 GRB030723

FREGATE, WXM and SXC observed the ~-ray burst on 23 July 2003 at 06:28:17.45 UTC
[66]. The burst triggered on the WXM 2-25 keV band. The correct flight location was send 42
seconds after the trigger. The 90% confidence circle of the WXM position based on the ground
analysis was centered at (R.A., Dec.) = (21"48™52°, —27°41'16") (J2000) with 9.4' radius.
The SXC localization was expressed as the center of (R.A., Dec.) = (21849™m27.45 —27°42/01")
(J2000) with 2’ radius in the 90% confidence circle.

The optical and infrared afterglow was found in 21.3 and 18.7 magnitude respectively at
1.1 days after the trigger. The temporal behavior of the optical afterglow showed the different
decay slope from —1 to —2 around 30-50 hours after the burst (GCN 2336). The spectroscopic
observation was performed by VLT. There were no absorption lines and a Lyman-«a Forest in

the spectrum. This result suggests a redshift of this burst was less than 2.1.

6.16.1 Light curve

The duration of the burst is ~ 20 seconds. The burst signal is not visible in the WXM 17-25
keV band. The duration of the burst could be much longer at the lower energy band (e.g. 2-5
keV). Because of the low signal to noise ratio, it is hard to see the temporal structure of the

burst.

6.16.2 Spectrum

The X-ray to y-ray fluence ratio of 0.9 qualifies this event as an X-ray-rich GRB. However,
it is possible to classify this event as the border of an X-ray flash and an X-ray-rich GRB.
The power-law is the acceptable model. If we tried the cutoff power-law model, Ax? = 1.43
in one additional degree of freedom and this is not a significant improvement in a yx2. The
photon index is ~ —2 and it is difficult to show that the photon index is steeper than —2 in a
high significance. Unfortunately, it is not possible to constrain the Elc.x energy of this burst

applying the constrained Band function.
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Table 6.43: The afterglow search for GRB030723
Time® ‘ Telescope & Instruments ‘ oT ‘ Lim. Mag.? ‘ GCN
41.6 s S/C position
2.90 hours HETE GCN position notice (WXM)
7.49 hours HETE GCN position notice (SXC)
47 s ROTSE-IIIb N | 18~19 (R) Smith et al.
McDonald Ovservatory® (#2318, #2338)
1.2 hours KAIT? N | 1920 (R) Chornock et al.
3.3 hours (#2315)
7.6 hours 0.6 m Telescope (MOA) N | DSS lim. de Ugarte et al.
Mt. John Obs.¢ (#2314)
12.9 hours 0.3 m Telescope (unfil.) N | CR=20 Monard et al.
Bronberg observatory/ (#2312)
19.7/21.8 hours | SMARTS Consortium 1.3 m Tel. (R) | N | DSS lim. Bond et al.
1.02 days Cerro Tololo inter-American Obs.Y (#2316)
1.04 days 1.5 m Telescope N |24 (R) Jensen et al.
2.04 days La Silla Observatory” (#2321)
1.14 days 1.5 m (R)& 5 m (Ks) Telescope Y7 | 21.3/ 22.4 (R) Fox et al.
2.14 days Palomar Observatory’ 18.65 / no detection (Ks) | (#2323)
1.03 days LDSS2 6.5 m Magellan Tel. Y | R=21.13£0.05 Dullighan et al.
1.05 days Las Campanas Obs.* (#2326)
2.99 days VLT FORS1/UT1, spectrum Y | z<21 Fynbo et al.
36507500 A (#2327)
2.14 days Chandra X-ray Obs. Y! Butler et al.
~2.46 days (#2328)
2.15 days SMARTS 1.3 m Tel. Y | R=21.0 (1.91 days) Bond et al.
(re-analysis) R=20.9 (1.02 days) (#2329)
3.16 days VLA (8.46 GHz) N | 180 mJy (30) Soderberg et al.
(#2330)
5.13 days LDSS2 6.5 m Magellan Tel. Y |24.2£0.3 (R) Dullighan et al.
Las Campanas Obs. (#2336)
10.9 days VLT Y | re-brightening 1 mag. Fynbo et al.
14.0 days (#2345)
12.66 days Chandra X-ray Obs. Y™ Butler et al.
— 13.67 days (#2347)

®Time after the trigger

¢Davis Mountains, Austin, TX

9Katzman Automatic Imaging Telescope (Lick Observatory, San Jose, CA)

€Lake Tekapo, New Zealand
9La Serena, Chile
JOT pos: R.A. 21:49:24.40, Dec. -27:42:47.4 (J2000)

h La Silla, Chile

3 X-ray sources:

# Chandra Name RA
1 CX0U J214924.4-274248
3 CX0U J214926.9-274146
4 CX0U J214928.7-274211

DEC
21 49 24.421 -27 42 48.00 78
21 49 26.891 -27 41 45.92 19
21 49 28.724 -27 42 11.47 16

Cts

bLimiting magnitude

f Pretoria, South Africa

i San Diego, CA

k Carro Las Campanas, Chile

™0.5-8.0 keV flux in the power-law model with the index of 1.9 is (2.2 £ 0.3) x 107 erg cm™2 s~! and

(3.5 £ 0.5) x 10715 erg cm™2 s~ ! for the 1st epoch and the 2nd epoch respectively.
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Table 6.44: The fluxes and fluences of GRB030723. The spectral model is the power-law model.

energy range [keV]

Duration [sec.] 18.7
Photon flux 2-10 1.1+0.2
[ph cm™2 s71] 2-30 1.3+0.2
30-400 (1.140.5) x107!
2-400 1.5+0.2
Energy flux 2-10 0.7+0.1
[107® erg cm ™2 s71] 2-30 1.3+0.2
30-400 1.5+0.8
2-400 2.8£0.9
Photon fluence 2-10 21.2+2.9
[ph cm™?] 2-30 25.2£3.1
30-400 2.0£0.8
2-400 27.243.2
Energy fluecne 2-10 1.440.2
(1077 erg cm™?] 2-30 2.440.3
30-400 2.8 .6£14
2-400 5.2£1.7

Table 6.45: The spectral parameters of GRB030723.

Model Parameters

PL ! —1.9357912
Ky5° (1.3940.28) x 1072
x2/DOF 1.117/40

2Normalization at 15 keV in the unit of photon cm™2 s~ ! keV—1
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6.17 GRB030823

The trigger for this event came from the FREGATE instrument in the 6-80 keV energy
band, on 23 August 2003 at 08:52:40.64 UTC [94]. Since the WXM Y-location was extreme
edge of the FOV, the flight localization was not send to the ground. The WXM localiza-
tion could be expressed as a 90% confidence rectangle, whose center was at (R.A., Dec.) =
(21730™46°, 21°55'43") (J2000), and whose corners lay at (R.A., Dec.) =(21"31™02.6°,21°37'55"),
(21030m21.1%,21°37'23"), (21"30™29.0%,22°13'30”) and (21231™10.6°%,22°14'02”) (J2000). The
SXC Y-camera detected the burst, but the X-camera did not. The joint WXM and SXC
location of the burst could be expressed at a 90% confidence rectangle, whose center was
at (R.A., Dec.) = (21230™47%,21°59'46"”) (J2000), and whose corners lay at (R.A., Dec.) =
(21030m26.9%,22°01744"), (21130™25.9%, 21°57'14"), (21831™m07.4%,22°02'17"), (21231™06.5°, 21°57'50")
(J2000).

Although there were several deep optical investigations for the transient source, no afterglow

has been found for this burst (table 6.46).

6.17.1 Light curve

The signal is clearly visible in the FREGATE 6-40 keV band, but not in the 32-400 keV band.
The rising background counts were due to the high energy particles (this event occurred ~ 20
minutes before the SAA). The burst might be started ~ 25 seconds before the trigger time,
however, the particle background was also starting to increase around that period, and difficult
to say about the starting time of the burst. The burst signal is seen in all WXM energy bands.
The low signal to noise ratio in the WXM data was due to the large incident angle of the event
(~ 35°). The temporal structure of this burst is characterized in a large single pulse with the

duration of ~ 50 seconds.

6.17.2 Spectrum

The X-ray to v-ray fluence ratio of 1.8 qualifies this burst as an X-ray flash. Since there is
a large improvement of x? in the cutoff power-law model against the simple power-law model
(Ax? = 35.23 with 1 degree of freedom), the cutoff power-law model is the best representative

model for the time-average spectrum. The E.x energy is 26.6 keV.
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Figure 6.41: The energy resolved light curves of GRB030823 at 1.23 s time bin. The dotted

lines represent the foreground region of the spectrum.
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Figure 6.42: The WXM and FREGATE spectrum of GRB030823. The spectral model is the
power-law (top) and the cutoff power-law (bottom).
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Table 6.46: The afterglow search for GRB030823

‘ Time® ‘ Telescope & Instruments ‘ oT ‘ Lim. Mag.b ‘ GCN

2.28 hours | WXM ground analysis
3.19 hours | SXC ground analysis

1.82 hours | 30cm Telescope (un fil.) N | ~16.5 (#2362)

Titech Suzuki et al.
2.28 hours | RAPTOR N | ~16.0 (#2361)

Wren et al.

3.50 hours | 1.0m Telescope (P11300) N | 188 (R) (#2360)

Lulin Obs. Huang et al.
6.86 hours | 1.5m Telescope N | note® (#2366)

Mavidanak high-altitude Obs.(UBAI) Ibrahimov et al.

AT-64 and K-380 telescopes
Crimean Astrophysical Obs.(CrAO)

0.78 days | 5Hm Hale Telescope N | R>22.5 (#2365)

1.86 days | Mt. Palomar Obs. Fox et al.

1.24 days | 0.60 m Telescope (Rc) N | 20.5 (Re) (#2370)
Ouda Obs. Imada et al.

®Time after the trigger
bLimiting magnitude

¢Limiting magnitude of various observations are following;:

# Mid. Time Telescope Exposure Limiting
(uT) magnitude
(R)
1 23.6651 1.5m (UBAI)  300s 19.5
2 23.7805 1.5m (UBAI)  300s 20.5
3 23.7826 AT-64 (CrAD) 7x180s 20.5
4 23.8131 K-380 (CrAD) 6x300s 19.0
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Table 6.47: The fluxes and fluences of GRB030823. The spectral model is the cutoff power-law

model.
energy range [keV]
Duration [sec.] 55.6
Photon flux 2-10 2.64+0.3
[ph cm™2 s71] 2-30 3.4+0.3
30-400 (2.840.6) x10~!
2-400 3.7+0.3
Energy flux 2-10 1.94+0.2
[1078 erg cm ™2 s7!] 2-30 4.140.3
30-400 2.3+0.7
2-400 6.41+0.8
Photon fluence 2-10 14.5+1.8
[10 ph em™2] 2-30 19.1+1.8
30-400 1.540.3
2-400 20.7£1.8
Energy fluecne 2-10 1.1£0.1
[107% erg cm™2] 2-30 2.3+0.2
30-400 1.3+0.4
2-400 3.6£0.5

Table 6.48: The spectral parameters of GRB030823.

Model Parameters

PL a —1.8240.06
Ki5® (4.4140.31) x1072
x2/DOF 1.019/111
Cutoff PL o —1.31793%
Epeai [keV] 26.577543
Kis 8.267333 x1072
x2/DOF 0.708/110

2Normalization at 15 keV in the unit of photon cm=2 s—! keV—1
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6.18 GRB030824

The FREGATE instrument detected the GRB in the 6-40 keV band, on 24 August 2003 at
16:47:35.10 UTC [26]. The WXM flight location was correct, however, it was not distributed
to the GCN due to the low signal-to-noise ratio and the burst location at the edge of the
FOV. The WXM location based on the ground analysis could be expressed as a 90% confidence
circle, whose radius was 11.2" and whose center was at: (R.A., Dec.) = (0005025, +19°55'37")
(J2000).

The afterglow search is summarized at table 6.49. Although there was the optical observa-
tion starting 76 minutes after the burst, no afterglow has been found. There was an observation
~ 1 month after the burst in searching for the supernova signal of this burst. Two transients
sources were reported in GCN, however, the nature of these sources are still unclear (very red

objects, very faint in R band but clearly visible in i’ band, GCN 2418).

6.18.1 Light curve

The burst signal is seen in the soft energy bands of both WXM and FREGATE (figure 6.43).
The several spikes are observed in the FREGATE 6-40 keV band, whereas they are hard to
see in the WXM 2-10 keV band due to the low signal to noise ratio. This low signal to noise
ratio in the WXM data is mainly due to the large incident angle of the burst (~ 40°). Almost
no detection of the photons in the WXM 10-25 keV indicate that this burst is very soft. The

duration of the burst is ~ 15 seconds.

6.18.2 Spectrum

The time-average spectrum is well reprensented in the simple power-law model with the photon
index of —2.1. The X-ray to v-ray fluence ratio of 1.5 qualifies this event as an X-ray flash.
The the photon index steeper than —2 is rejected in a high significance if we use the
FREGATE data only (> 99.9% confidence level). Thus, this burst is also a good event to apply
the constrained Band function to calculate the upper limit of Ejc.. The posterior probability
density distribution as a function of Epc. is shown in figure 6.45. The highest probability
is in 6.1 keV and the 99.7% upper limit is 8.1 keV. The Epe. energy ~ 10 keV is a typical

characteristics of X-ray flashes.
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Table 6.49: The afterglow search for GRB030824

167

‘ Time® ‘ Telescope & Instruments ‘ oT ‘ Lim. Mag.’ ‘ GCN
1.0 hours | WXM ground analysis
2.43 hours | WXM ground analysis (2nd)
- 0.6m Telescope Y—Ne¢ (#2363)
Morehead Obs.4 Moran et al.
76-153 min. | 1.05m Schumidt Telescope N ~ 17 (R) (#2407)
Kiso Obs. Urata et al.
3.87 hours | 0.4m Telescope (Rc) N 17.5-19.0 (Re) | (#2379)
Nyrola Obs.© Oksanen et al.
4.52 hours | 1.5m Telescope N ~ 19.5 (R) (#2368)
Maidanak Obs.” Ibrahimov et al.
0.55 days | bm Hale Telescope N 22.5 (R) (#2364, #2369)
1.72 days | Palomar Obs. Fox et al.
27.63 days | 3.6m CFHT Megaprime? (i') | 2 src.” (#2406, #2418)
Mt. Mauna Kea, Hawaii Klotz et al.

®Time after the trigger

bLimiting magnitude

°The suspicios object was reported in R~17, however, this transient was an instrumental noise (GCN Circ.#2373).

4Chapel Hill, NC
¢Jyvaskyla, Finlnad

FM¢t. Maidanak, the Republic of Uzbekistan (altitude, 2000m)

9Canada-France-Hawaii Telescope, 1° x 1° FOV with 0.7" seeing.

k9 new sources are reported;

Object 1: Oh05m12.30s, +20d06’29.4" +-0.2", i’=22.7+-0.2;

(no host galaxy detected)
Object 2: 00hO5m06.82s +20d05m00.4s +-0.4", i’=22.6+-0.4;

(offset from apparent host anonymous galaxy 0.56"W and 0.55"N,

host magnitude i’ = 21.5+-0.2)
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Table 6.50: The fluxes and fluences of GRB030824. The spectral model is the power-law model.

energy range [keV]

Duration [sec.] 15.7

Photon flux 2-10 5.84+0.9

[ph cm™2 s71] 2-30 6.6+£1.0
30-400 (3.040.9) x107!

2-400 6.94+1.0

Energy flux 2-10 3.6+0.5

[107® erg cm ™2 s71] 2-30 5.7+0.7

30-400 3.7t14

2-400 9.4+1.6

Photon fluence 2-10 9.1£1.4

[10 ph cm™2] 2-30 10.3£1.5

30-400 4.6+1.4

2-400 10.8+1.5

Energy fluecne 2-10 5.7£0.8

(1077 erg cm™?] 2-30 8.9+1.1

30-400 5.842.1

2-400 14.7+2.6

Table 6.51: The spectral parameters of GRB030824.

Model Parameters

PL o —2.1470 13
Ki5® (5.2540.77) x1072
x2/DOF 0.813/53

2Normalization at 15 keV in the unit of photon cm™2 s~ ! keV—1
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Figure 6.44: The WXM and FREGATE spectrum of GRB030824. The spectrum model is the

power-law.

GRB030824

Porb. Density (bin™')

68%: 4.1 keV < Ep < 7.4 keV
95%: 0.9 keV < Ep < 8.1 keV

99.7%: Ep < 8.7 keV

Figure 6.45: The posterior probability density distribution as a function of Epcak.
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8.1 keV. The 68% confidence range (solid line) of Epeax is 4.1 keV < ELea < 7.4 keV. The
95% confidence range (dashed line) is 0.9 keV < Ej e < 8.1 keV. The 99.7% upper limit

(dash-dotted line) of Epca is 8.7 keV.



Chapter 7

Global characteristics of X-ray Flashes
and X-ray-rich GRBs

We investigated the time-average spectral characteristics of the HETE GRB sample. The HETE
GRB sample is selected to satisfy the following criteria: 1) the burst signal is seen in both WXM
and FREGATE, and 2) both WXM and FREGATE data have good enough statistics to carry
out the spectral analysis. 45 GRBs satisfy this criteria from January 2001 to September 2003.
The summary status of the bursts, the best fit spectral parameters, the photon and energy
flux/fluence, and 1-second peak flux in 50-300 keV are summarized in Appendix B. The light
curves and the spectra of the bursts which are not shown in chapter 6 are shown in Appendix

C.

7.1 The X-ray and ~v-ray flux and fluence

The fluence ratio distribution between 2-30 keV (Sx) and 30-400 keV () is shown in figure
7.1. The definitions of X-ray flashes (XRFs), X-ray rich GRBs (XRRs), and hard GRBs are
log(Sx/Sy) > 0, —0.5 < log(Sx/S,) <0, and log(Sx/S,) < —0.5 respectively. The boundaries
between hard GRBs and XRRs, and XRRs and XRF's are in the dashed lines. The figure clearly
shows that XRFs, XRRs, and hard GRBs form a single broad distribution. The number of
bursts are 15, 20, and 10 for XRF, XRR, and hard GRB respectively. The small fraction of
hard GRBs could be due to the selection effect that a very hard GRB does not produce signal
in the WXM.

The scatter plot of 2-30 keV and 30-400 keV energy fluence is shown in figure 7.2. Each
color corresponds to a GRB class (XRF: black, XRR: red, and hard GRB: blue). The different

170
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Figure 7.1: Distribution of the fluence ratio of 2-30 keV to 30-400 keV in the logarithmic scale.
The dashed lines are the borders of hard GRB vs. XRR, and XRR vs. XRF.

markers represent the best fit spectral models (triangle: power-law model, circle: cutoff power-
law model, star: Band function). The dotted line represents the border between hard GRBs
and XRRs, and the dashed line is the border between XRRs and XRFs. As we can see in the
figure 7.1, these three GRB classes seem to be a single phenomenon. There is a good positive
correlation between 2-30 keV and 30-400 keV fluence. This implies that there is no GRB with
a high X-ray fluence and a low ~-ray fluence, and vice versa.

The time-average flux of 2-30 keV and 30-400 keV are plotted in figure 7.3. These two
values also have a good positive correlation. The 2-30 keV flux (Fy_30) and the 30-400 keV

1.1
flux (F30_400) can be expressed as Fso_400 X Fy 5.
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Figure 7.2: The scatter plot of the 2-30 keV and the 30-400 keV energy fluences.
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7.2 The distribution of the Band parameters

Figure 7.4 shows the distribution of the low-energy photon index a. The bursts for which the
Band function or the cutoff power-law model are required to represent their energy spectra are
in this figure, but not included are the bursts whose spectra can be well represented by simple
power-law models. This is due to the fact that the photon index of the simple power-law model
could be fitting the high-energy photon index 3 in the Band function.

The low-energy photon index « is concentrated around —1 and similar to the BATSE «
distribution (see figure 2.2). The small number of &« > —0.5 in the HETFE sample, as compared
with BATSE, could be due to two reasons: the first is the selection effect that our HETFE sample
might be lacking very hard GRBs, and second is that the BATSE « distribution is not the time-
average but the time-resolved spectral fit result. Since GRB spectra show time evolution and
have a harder spectrum around the peak of the light curve, the harder « distribution of BATSE
sample might be due to the contribution of the spectra at the peak.

There is no difference in the a between GRB classes (figure 7.4 bottom). From this «
distribution, we conclude that XRFs and XRRs have similar « values as hard GRBs.

Figure 7.5 shows the Epe. distribution. The events shown as left arrows are 99.7% upper
limits for the E,e,x derived by using the constrained Band function. As seen in this figure,
Epeax shows a broader distribution than the BATSE sample, especially for the extension to the
lower energy range. If we investigate with the GRB classes (figure 7.5 bottom), there is a clear
separation between XRFs and XRRs around 30 keV. This is simply because of the fact that
we are classifying the GRBs with 30 keV as a boundary. The ek distributions of the XRRs
and the hard GRBs are quite similar.

The distribution of 3 is shown in figure 7.6. Because of the small number of GRBs with
significantly constrained (3, only the distribution for all the GRB classes are plotted. The
distribution of 3 is similar to the BATSE GRBs (see figure 2.3).



17ACHAPTER 7. GLOBAL CHARACTERISTICS OF X-RAY FLASHES AND X-RAY-RICH GRBS

Number of Events

Alpha

T T T T T T T T T T T T T T T T

0 ———t —tt—f——— |
X—ray—rich GRB

Number of Events

3 Hard GRB

1

0 ‘ ‘ ‘ ‘ \ ‘ ‘ R R \ . ‘
-2 -1.5 =1 —-0.5 0

Alpha

Figure 7.4: Distribution of the low-energy photon index « for all GRB classes (top) and for

each of the three different classes (bottom).
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7.3 Correlation between L.,x and other properties

7.3.1 Elek vs. fluence ratio

The Epeax energy and the fluence ratio of 2-30 keV to 30-400 keV are plotted in figure 7.7 (left).
Since the fluence ratio is independent of the normalization parameter of the model spectrum, it
is possible to calculate the relationship between the fluence ratio and Epeax . The right of figure
7.7 is the calculated relation assuming the Band function with o = —1. The curves correspond
to the different values of 5 (§ = —2.5 (black), —3.0 (red), and —10.0 (blue)). The fluence ratio
dependence on 3 is small in the case of E,cac > 30 keV. However, this dependence increases
when the Epc, is less than 30 keV. It implies that the choice of the proper spectral model is

needed, especially for XRF's, in our criteria of GRB classes.

7.3.2 o« and 8 vs. Epeax

The scatter plots of a and 3 with Ejc.x are shown in figure 7.8. Neither o nor 3 show a good
correlation with E,e. or with the GRB classes. Kippen et al. [42] do not find any correlation
between o and E,eqx either in an XRF/GRB sample from WFC/BATSE (see figure 2.7).
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Figure 7.7: Left: The observed Epcac vs. X-ray to vy-ray fluence ratio.

Epeax vs. X-ray to y-ray fluence ratio assuming the Band function with o = —1.
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Figure 7.9: The time-average flux in 2-30 keV vs. Elcak.

7.3.3 The time-average flux vs. Ejc.x

The correlation between the time-average flux in 2-30 keV, 2-400 keV, and 30-400 keV and
Epeax are shown in figure 7.9, 7.10, and 7.11 respectively. Each color corresponds to a GRB
class (XRF: black, XRR: red, and hard GRB: blue) and markers correspond to the best fit
spectral models (circle: cutoff power-law model, star: Band function). The E,c. energies of
the four XRFs (green) are calculated using the constrained Band function, while their fluxes
are computed using the power-law model. The sample correlation coefficients are 0.193, 0.590,
and 0.772 between the flux in 2-30 keV, 2-400 keV, and 30-400 keV and FE,e.x respectively.
Thus, the time-average fluxes in 2-400 keV and 30-400 keV have a good correlation with Epecax
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7.3.4 Fluence vs. Ejqx

The correlation between the fluence in 2-30 keV, 2-400 keV, and 30-400 keV and Elc. are
shown in figure 7.12, 7.13, and 7.14 respectively. The marks and colors correspond to the best
fit spectral models and the GRB classes respectively (as same manner as figure 7.9). The tight
correlation with Epcai is seen at the fluence in 30-400 keV. There is a fairly good correlation
between Epc.x and the fluence in 2-400 keV. These figures also suggest that XRF's, XRRs, and

hard GRBs form a continuum.
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7.3.5 50-300 keV peak flux vs. Epeax

As was studied for the WFC/BATSE sample by Kippen et al. [42], we investigate the correlation
between the 1s peak photon flux and Epeax. To calculate the peak photon flux in the HETE
burst sample, we performed the following steps. 1) find the time of the peak counts (T,) in the
light curve, 2) create the 53 WXM and FREGATE spectrum from T, — 2.5 to T}, + 2.5, 3)
perform the spectral fitting for this 5s spectrum and calculate the flux in the best fit spectral
model, 4) calculate the counts from T, — 2.5 to T;, + 2.5, and from T, — 0.5 to T, + 0.5
using the background subtracted light curve, 5) calculate the ratio of 1s counts to 5s counts,
and 6) multiply this ratio by the flux value calculated in 3) to get the 1s peak photon flux.
This procedure is performed for the both the WXM and the FREGATE light curves and we
selected the most reliable value for the bursts (in most of the cases, the peak flux of an XRF is
the value found using the WXM light curve and the peak flux of an XRR or hard GRB is the
value found using the FREGATE light curve).

The result of the 1s peak flux in 50-300 keV (BATSE’s trigger band) versus Epeax is shown
in figure 7.15. Each color corresponds to a GRB class (XRF: black, XRR: red, and hard
GRB: blue), and markers correspond to the best fit spectral models (triangle: power-law,
circle: cutoff power-law model, star: Band function). The summary table of peak fluxes is
in Appendix B. There is a good correlation between these two quantities (sample correlation
coefficients, r=0.811). This is a similar trend to that seen for the WFC/BATSE sample, and

we will investigate this correlation in detail in the next section.

7.4 Comparison with WFC/BATSE XRF sample

Figure 7.16 shows the 1-second peak flux in 50-300 keV and the E,ex of the 523 triggered
BATSE bursts, the 20 WFC/BATSE bursts (20 GRBs and 9 XRFs; [42]), and the 41 HETE
bursts. Figure 7.17 shows the 1s peak flux in 50-300 keV vs Epe.x for the WFC/BATSE and
the HETE bursts only. It can be seen that HETE is more sensitive to XRF's with much lower
peak flux than in the WFC/BATSE sample (figure 7.17). The E,c.x distributions are compared
in figure 7.18. The Epc. distributions are generally consistent with a possible deficit of high

Epeax events and possible excess of low Eeq events in the HETE sample.
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7.5 Confirmation and extension of Amati’s relation

Redshifts have been measured for 10 HETE GRBs/XRFs with known FE,e. energies. These
events are tested for the relation proposed by [1] (see section 2.1.3). Figure 7.19 is a plot of
Epeak at the GRB source frame (E5;) ) and the isotropic-equivalent energy Ei, between 1-10000
keV. The HETE GRBs (red marks) are overlaid with the BeppoSAX sample (black marks) from
Amati et al. [1]. Asseen in this figure, HETE GRBs and XRF's follows this relation remarkably
well.

Furthermore. we find that one data point around FEi, ~ 10 erg falls on the extension
of this relation, despite the fact that its isotropic-equivalent energy is smaller by a factor of
300 than the smallest value in the BeppoSAX sample. This data point is the softest XRF,
XRF020903. The discovery of the extension of Amati’s relation to the XRF region has a great

impact on the interpretation of XRF phenomenon as forming a uniform physical picture with

GRBs. We will discuss this issue in the next chapter.
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Table 7.1: EJS,, and Ei, of the HETE GRBs with known redshift.

GRB redshift B¢ [keV] Eiso [10°% erg] Model®
GRB010921  0.45  150.0%%5:35 0.95475-556 Band
GRB020124 3.2 3422713586 36.85113:5 Band
GRB020813  1.25  319.473304 153.5710% Band
GRB020903  0.25 < 6.25 147080 %1073 Power-law
GRB021004 2.3 234.7722321 4.39575922 Band
CRB021211  1.01 91074430 168470347 Band
GRB030226  1.98  290.472%54 6.76615-955 Band
GRB030323  3.37 - 19.2016570 Power-law
gRBO30328 1.52 276.4{%22‘1’51 33.10%?8;* Band

RB030329 0.168  78.917%% 1.7957097, Band
GRB030429  2.65  119.0%3%% 3.08475:892 Band
GRB030723 ~ 0.5 - 6.0773%0 x1072 (z=0.5) Power-law

a Eiso at z = 0.5

b The spectral model used for the calculation of Eig,



Chapter 8

Discussion

In chapter 6, we investigated the individual characteristics of the prompt emission of the HETE
XRFs! and XRRs?. We found the several similarities between XRFs/XRRs and hard GRBs
in their spectral and temporal characteristics. We will discuss the properties of XRFs/XRRs
based on these individual characteristics and the global characteristics of XRFs/XRRs which

are studied in chapter 7.

8.1 The sky distribution and event rate of X-ray flashes

Figure 8.1 shows the sky distribution of HETE XRFs, XRRs, and hard GRBs. The GRBs are
populated uniformly in the sky. There is no difference between the GRB classes. This result
provides a strong support for XRF's as the same origin of the ordinary GRBs.

As we summarized in chapter 7, HETE saw 15 XRFs, 20 XRRs and 10 GRBs. The total
observation time when the WXM high voltage was on from February 2001 to September 2003
was 1.1 years®. When we take into account the WXM field of view of 60° x 60°, the event rates
of each GRBs are estimated to be 160, 220, and 110 events year~! for XRFs, XRRs, and hard
GRBs respectively. BeppoSAX reports the number of XRFs of ~ 100 year~! [36]. Since both
WXM and FREGATE have a good sensitivity for detecting XRFs compared to the BeppoSAX

instruments, the XRF event rates of ~ 100 year—! could be underestimated. According to the

1X-ray flashes

2X-ray rich GRBs
3There are two main reasons for not operating WXM. The first reason is that the high voltage must be off

during orbit day (while HETE is pointing the earth). The second reason is due to the automatic high voltage
turn-off mechanism which switches the WXM off when the count rates go high (e.g. SAA, Ecuador anomaly
99])
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A u gl } ------- ,,,,, : /\ X-ray flash
' : ‘ [l X-ray rich GRB
+ Hard GRB

Figure 8.1: The sky distribution of the HETE XRFs (triangle), X-ray rich GRBs (square), and
hard GRBs (cross) in the galactic coordinate. The light blue circles represent the field of view
of WXM (60° x 60°) for each months assuming the anti-solar pointing.

HETE sample, XRFs occupy one third of the whole GRB population. Note that the number
of the XRF's is almost the same as that of the hard GRBs.

8.2 The spectrum of X-ray flashes

The low E,e.x energy is the most noticeable spectral characteristic of XRF's (section 7.2). The
correlation between Eje. and the energy flux becomes tighter when we measure the flux in the
~-ray range (section 7.3). Almost no correlation has been found between Eje. and the 2-30
keV energy flux (figure 7.9). The left panel of figure 8.2 shows the best-fit spectral models
in vF, spectrum. Although there are variations for each GRB, the flux at the lower energy
range is almost consistent with all GRB classes. However, the flux in the y-ray range is smaller
for XRFs. This trend becomes much clearer when we investigate the correlation between the
normalization of the spectrum and FE,e. energy. The figure 8.2 (right) shows the correlation
between the normalization at 15 keV and Ee.x energy. The normalization energy, 15 keV, is

close to the ek energy for XRE's, but below the Fpe.x energies of XRRs and hard GRBs. The
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Figure 8.2: Left: the best fit vF, spectra of XRF's (black), XRRs (red), and hard GRBs (blue).

Right: the scatter plot of Epc. and the normalization at 15 keV (XRF: black, XRR: red, hard
GRB: blue).

values of the normalization are clustered near an Fpe.x energy of around 30-100 keV.

From these properties, the spectral shape from XRFs to GRBs can be expressed as in figure
8.3. When the Fe.x energy goes lower, the flux at the Ej,c.x energy becomes lower. In this
picture, it is possible to explain the good correlation between FEyex and the energy flux in
~-ray, and the less correlation between Ee.x and the energy flux in the X-ray range. XRF's are

intrinsically fainter than XRRs/hard GRBs.

1000
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vF,

XRF

Energy

Figure 8.3: The schematic figure of vF, spectra of XRFs, XRRs, and hard GRBs.
8.3 The correlation between £, and ~-ray peak flux

The HETE GRB sample confirmed the correlation between Epeax and 7-ray peak flux from hard
GRBs to XRFs suggested by Kippen et al. [42] (figure 8.4). Even more, HETE is observing
much weaker XRFs than the WFC/BATSE XRF sample. The relationship between Epeqy and
y-ray peak flux P is Epea o< PO37.

We will extend the discussion done by Schaefer [89] to XRFs. Two kinematic effects will
change the characteristic energy, E, to the observed energy, Epeax - They are relativistic
beaming effect and the cosmological expansion of the universe. The relativistic beaming effect

will blueshift the F.. energy by the factor of the bulk Lorentz factor I'. The cosmological
effect will redshift the energy by a factor of (1 4+ z)™'. Epe.k can be expressed as,

Epeak = ErestF(l + Z)il- (81)

The value of Ecax can vary from pulse to pulse and burst to burst. In general, E,es; might

have a power-law dependence on I'.
Erest = EOFMa (82)

where M is the power-law index.
In the general internal shock model, the burst isotropic luminosity, L, varies as some power

of I'. The index of I" is model dependent. We can express this with a general formula:

L= LoI'Y, (8.3)



8.3. THE CORRELATION BETWEEN Epgax AND v-RAY PEAK FLUX 191

where N is the power-law index.

Using (8.1)-(8.3), Epeax can be expressed as

L o
Bpewrt = Bo ()% (1+2)7" (8.4)
Lo
50, Epeak 18
Epeax 5 L' (14 2)7". (8.5)

If we assume z ~ 1, the peak luminosity L corresponds to the peak flux P. Equation (8.5) can

be expressed as,

Epearc < P~ (8.6)

From the HETE and WFC/BATSE samples, (M + 1)/N is 0.379. In the same manner as
[89], the variability /luminosity relation (section 2.1.4) is used to constrain the value of N. Since
the variability (V) is the “spikiness” of the GRB light curve, V varies as the inverse of the rise
times in the light curve. The rise time will be limited by the geometric delays that scale as I'~2
(see [80] problem 4.1), so V o< I'2. According to the variability /luminosity relation [88], L oc
VISTEOIT  Thys, L oc 3145034 and N = 3.14.

Now it is possible to calculate the value of M using N = 3.14. This gives M = 0.19 ~ 0. This
implies that the variation of Epcuc from a few keV to MeV is only dependent on two effects;
the cosmological redshift and the relativistic beaming effect.

Thanks to the redshift measurement of GRB020903, we have the redshift-corrected Eeax
relation (extended Amati’s relation; figure 7.19). This extended Amati’s relation indicates that
Epeax still has a variation from a few keV to MeV even if the redshifts of Epe. are corrected.
So, we may conclude that the variation of E.x energy is mainly due to the relativistic beaming

effect. Finally, E,ex can be written as,
(14 2) Epeax = Eol. (8.7)

Epeax can be interpreted as the synchrotron critical frequency vy, with a minimum Lorentz

factor for electrons (section 3.1). vy, can be expressed as

_ 3eB2

Vm =

8.8
drme’ (8:8)

where 7y, is the minimum Lorentz factor for electrons, m is the mass of electron, e is the

elementary electric charge, ¢ is the speed of light, and B is the magnetic field. If we use the
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relation Ey = huy,, where h is Plank constant, the magnetic field B can be written as,

4drmceEy
3ev2h
= 5.76 x 10'°92E}. (8.9)

B =

On the other hand, the cooling time of electrons can be written as

YmMmc?

te=—"—"—5
4,2 B2
3 TmITCqy

(8.10)

where o7 is the Thomson cross section. Then ~,, is

B 61 mc
Yo = tc O'T32
= T7.75x 10°B 2t " (8.11)

In the internal shock model, the cooling time corresponds to the individual spikes in the light
curve. The duration of each spike is < ms. If we assume t. < ms and substitute equation (8.11)

into equation (8.9), the magnetic field will be

W=

( fe >§ [G]. (8.12)

1ms

Ey
B> 218 x 10* ( )
> 8 x 10 TheV

Although we assume Ey = 1 keV from the extended Amati’s relation, this minimum energy
could be much smaller.

In the unifying picture of XRFs with GRBs, the magnetic field at the shock region is
estimated to be > 10* gauss. It is very important to constrain Ej energy from the observation

of XRFs to estimate the magnetic field at the shock region in much higher precision.
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Figure 8.4: The 1-second peak photon flux in 50-300 keV and E,e.x relation including the
HETE and BeppoSAX/BATSE samples. The dashed line is Epea = (48.51 & 0.46) PO-379£0.003,

8.4 Distance scale of X-Ray flashes

To discuss the distance scale of XRF's, we investigate the logN-logP for HETFE GRBs. Figure
8.5 shows the logN-logP plot for each of the GRB classes. The cumulative numbers of each class
are normalized to the total numbers of events. Note that this logN-logP plot is not corrected

for the trigger efficiency.

From the BATSE/PVO GRBs, we already know that the slope of logN-logP of hard GRBs
changes from —3/2 to —0.8 ([35], [50]). The slope of —3/2 may be derived assuming a homo-
geneous distribution of sources in Fuclidean space. Based on this result, we tried to compare
the logN-logP distribution of XRFs and hard GRBs. We select the HETE GRBs with Ejcax
greater than 50 keV as a hard GRB sample (total 22 bursts). Figure 8.6 shows the overlaid
logN-logP distribution of XRF (black) and hard GRBs (red). The peak flux is calculated in
2-30 keV. The logN-logP distribution of hard GRBs (red line) is normalized to adjust for that

2 1

of XRF's around the peak flux of 3 photons cm™ s™". The vertical dot-dot-dashed lines are
the sensitivity limits as a function of Eje.c (10 keV, 30 keV, and 100 keV from right to left)
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Figure 8.5: logN-logP for XRF's (black), XRRs(red), and hard GRBs(blue). The vertical axis
is the cumulative number of the bursts. The horizontal exis is 1s peak flux in 2-30 keV. See

text for the details.

calculated by Band [7] assuming the Band function of a = —1, § = —3. Since at a peak flux of

2 571 we might suffer from a threshold effect, we will discuss the region

less than 3 photons cm™
larger than this peak flux. The dashed lines are the slope of —3/2.

The logN-logP distribution of hard GRBs shows a clear offset from the —3/2 slope around
peak flux of 10 photons cm ™2 s~!. However, it is important to note that the logN-logP distribu-
tion of XRFs follows on the slope of —3/2. This might indicate that the distace scale of XRFs
are different from that of hard GRBs. The distance of XRFs are consistent with Euclidean

geometory, which means z < 0.2.
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8.5 Theoretical models for X-ray flashes

We will discuss in details for three promising theoretical models of XRF's: the off-axis jet model
([112]; [113]; see also section 3.2.1), the structure jet model ([79]; see also section 3.2.4), the
unified jet model ([47]) and the jet beaming model which is based on the result on this paper.

8.5.1 Off-axis jet model

In this model, XRF is a collimated GRB jet with a large viewing angle (see figure 3.4). Their
original model [112] can explain the low E,e.k energy, the peak flux and flunece of XRF based
on BeppoSAX observation. This model also predicted that the distance scale of XRF is z <
0.2, which matches with the observed event rate of XRFs.

The redshift-corrected Epeax energy of GRB020903 is ~ 5 keV (see section 6.9). If we
estimate the viewing angle, 6, with and E,e.x energy of 5 keV and assuming that the Epcax
energy in the on-axis jet is 300 keV and also that the bulk Lorentz factor of 100, then 6, is 8
degrees with the jet half opening angle, A8, of 1 degree. Yamazaki et al. [112] discuss the event
rate of XRF in a formula of Rxrr = rareng(4mDiyrp/3)(fxrr/ fars), where rgrp and n, are
the event rate of the GRBs and the number density of galaxies, resectively. The Dxrp(Dgrp)
is the distance of XRF (GRB). The fxrr(forp) is the fraction of the solid angle observed as
XRF (GRB). Since 6, ~ 8A0 in the case of GRB020903, fxrr/fars ~ (8% —1%)/1% = 63.

From HETE observations, the event rate of XRF's and hard GRBs are about the same. If
the event rates of XRFs and GRBs are the same, as observed by HETE, the distance of XRF

(DXRF)3 _ <fXRF>_1:1
D¢rp farB 63
Dxrr ~ 0.25 Dang. (8.13)

will be calculated as

Thus, if GRBs are z ~ 1, then the XRF population lies around 1.8 Gpc. This is consistent
with our discussion of the distance scale of XRFs based on the logN-logP distribution.

On the other hand, the authors also proposed the cosmological off-axis jet model for XRFs
[113]. Tt is possible to produce XRFs in a viewing angle of 2.9 degrees with the jet half opening
angle of 1.7 degrees at the redshift of 1.5. In this case, Fpeax Will be around 30 keV. Because
the viewing angle is much closer to the jet opening angle, the distance scale of XRFs will then
be similar to that of GRBs.

The most plausible way of explaining the all observations of XRFs, XRRs, and hard GRBs

in the off-axis model will be to consider a combination of the above two models. Ee.x above
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~ 30 keV will be a cosmological off-axis GRB jet and a few keV events will be a off-axis jet

Src

ok - Piso relation (extended

with z < 0.2. This off-axis jet model has a unique prediction to
Amati’s relation). When the viewing angle is larger than the jet opening angle, Ei, o< 6° and
B3¢ o< 0, where § is the Doppler factor 6=1 = I'[1 —  cos(6y, — Af)]. Thus, ESe, o Eilsé?’. The
FEi, dependence of § will be Ei, o< 6% when the viewing angle is within the jet opening angle
([115], [49]). In this case, ESS, o Bl

Another interesting prediction of the off-axis jet model is the different behavior of the
afterglow light curve. According to [103], when the viewing angle of the collimated jet is larger
than several tens of degrees, the afterglow light curve shows a sharp rise at t > t; 4, and
continues to rise till t = t, when I' = 6, (6, is the viewing angle) is achieved. At t > t,, the
afterglow light curve becomes similar to that of the on-axis jet, hence starts to fall. Since the

viewing angle of the jet will be few tens of degrees in XRFs with e, of a few keV at the

off-axis jet model, this rise-and-fall afterglow light curve should be observed.

8.5.2 Structure jet model

In the structure jet model, the bulk Lorentz factor and also the energy per unit solid angle
changes with the viewing angle of the jet. An XRF can be interpreted as a GRB structured jet

with a large viewing angle.

The bulk Lorentz factor dependence of the viewing angle (6,) can be described as I' = ;%
([79], [114]). We consider the case of k = 2 in the same manner as Rossi et al. [79]. In the
structure jet model, the jet opening angle which is interpreted in the Frail relation ([22], see also
section 2.2.3) corresponds to the viewing angle 6,. According to Zhang and Mészéaros [114], k
has to be 2 in order to not violate the Frail relation. Thus, Fis, o< 0 2. Since the Epeax energy at
the source frame is proportional to I', Eis-Epeax relation should be E;re;k x FEi,. This relation

is inconsistent with the extended Amati’s relation found by HETE (figure 7.19).

Another difficulty is the event rate of XRFs. Since the Ej,, has a variation of five orders
of magnitude, the viewing angle 6, has a variation through a factor of 100 (Ei, o< 6;2). So,
the event rate of the large viewing angle (e.g. XRF) must exceed the on-axis event (e.g. hard
GRBs) by the factor of ~ 50 if we assume the 6, ~ 2 degrees for the on-axis event. This is also

inconsistent with the observation of HETE.

4tj is the “jet-break time,” the time when I' = Hj;tl and the observer “sees” the entire jet surface and a break

in the light curve.
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8.5.3 Unified jet model

Lamb et al. [47] proposed a GRB jet model which could explain the observational characteristics
from XRFs through hard GRBs in the unified picture. Their model is based on two important
observational results: 1) jet opening angle corrected radiation energy is concentrated in 1.3 x
10°" ergs [22], and 2) the Ei, — E3, relation [1] seems to be valid from XRFs through hard
GRBs [82]. Assuming these two results, it is possible to construct a uniform jet model having
the various jet opening angles from XRFs to hard GRBs.

When we defined the isotropic-equivalent energy Eis,, the jet opening angle corrected energy

E, = 1.3 x 10°! ergs, and the jet opening angle 6, the relation discovered by Frail et al. [22]

1S

E, x B 03, (8.14)
If we substitute eq. (8.14) into ESe, ~ E2,
B o E%5 ES'S Qj;tl x Hj;tl. (8.15)

XRFs (low Epeqx energy) are then interpreted as those jets which have a large opening angle,
whereas hard GRBs are those with a fine collimated jet. Because of Eiy, o ngg, if the number

of the bursts has a dependence of o Hj;f, this model predicts the same number of XRF's as hard
GRB:s.

There is a potential difficulty with this model. If the “standard energy” in y-ray, E, ~ 10°!
ergs, is valid, Eis, should not go below this standard energy. However, Eis, of GRB020903 is ~
10% ergs. Although Lamb et al. [47] claimed that E, inferred by Frail et al. [22] might be too
large by the factor of 100, the observed results of £, by Bloom et al. [9] seem to be quite solid.

8.5.4 Jet beaming model

Since the unified jet model has some difficulty in explaning the low isotropic-equivalent energy
in the case of the extremely large jet opening angle, we propose the jet model in which the
GRB jet itself is collimated; however, the relativistic beaming angles of y-rays are different due
to the difference of the bulk Lorentz factors. We interpret the relativistic beaming angle 6eam

instead of the jet opening angle i, in the unified jet model. So,

B3, o 6

pea

(8.16)

~1
beam*
From our study in section 8.3 (see equation 8.7), E¢, is proportional to the bulk Lorentz
factor I'. And we have

Opeam < I'7L. (8.17)
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This relation is exactly same as the relativistic beaming effect. The produced ~-rays are highly
(less) collimated at the shock region in the case of high (low) Lorentz factor due to the relativistic
beaming effect. We assume the similarly collimated jet in the case of both high and low Lorentz
factor.

In the fully adiabatic fireball, the equation of motion for the relativistic ejecta can be written
as

(v — 1)Myc® + (v* — 1)me* = Exq, (8.18)

where 7 is the Lorentz factor of the materials which are swept up by the shell and has a relation
with the bulk Lorentz factor I' in v = I'v/2, M is the rest mass of baryons, m is the rest mass
of the swept-up materials, and FExg is the total kinetic energy of the explosion and is a constant
[106]. In the ultrarelativistic limit (m > M,/ and v >1), ¥?*m = const. Substituting this
relation to the equation (8.17), we have the relation between the beaming angle and the mass

of the swept-up materials in the form of

Qbeam X m (819)

So, the low I' GRBs (e.g. XRF) have a less of a beaming effect because of a larger mass of
swept-up materials (figure 8.7).

8.5.5 Summary of XRF theoretical models

-Fi, relations for three XRF models. The power-law

eak

Figure 8.8 summarized the predicted Epg;
dependence in the off-axis jet model will change when the viewing angle becomes larger than
the jet opening angle. The structure jet model has a relation of E5%, o< Eig, in the case of index
k = 2, and it is inconsistent with the data. The unified jet model is assuming the extended
Amati’s relation. As seen in this figure, the key observations will be the £S5, energies from a
few keV to a few tens of keV.

From the overall characteristics of XRF's, the off-axis jet model might be the most promising
model for explaining the observed properties of XRFs. This model has several observational
predictions, and could be investigated by further observations.

When we try to interpret from the variation of bursts from XRF's to hard GRBs in the unified
physical picture, it is possible to study: 1) the kinematics of the relativistic shells (variation
of the bulk Lorentz factor), 2) the jet structure of GRBs (whether the jet is the structure jet,

the uniform jet, or the off-axis jet), and 3) the magnetic field of the shock region when we

have observed the minimum Fe,k energy in the source frame. To accomplish these studies, we
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Figure 8.7: The schematic figure of the jet beaming model. The left (right) panel is in the case
of the low (high) bulk Lorentz factor I'.

definitely need a larger sample of XRFs with an Epc.x energy of a few keV and also with the
redshift measurements from the afterglow. The afterglow behavior of XRF's is also important
to investigate. The simultaneous operation of HETFE and Swift will progress the observation of

XRFs which directly reflect the understanding of the prompt emission of GRBs.
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Chapter 9

Conclusion

Based on the detailed study of 17 HETE-observed X-ray flashes (XRFs) and X-ray rich GRBs
(XRRs) !, we found the following characteristics:

e Typical durations of XRFs/XRRs are similar to those of hard GRBs (a few tens of

seconds).
e Most XRFs/XRRs exhibit complex time-structures similar to those of hard GRBs.
e Most XRFs/XRRs exhibit spectral softening during the burst.
o The E,c.x energies of XRFs/XRRs are generally lower than those of hard GRBs.
e Six events from our sample of XRFs/XRRs had the Epc. energies as low as a few keV.

o Afterglows were found for only three XRFs — GRB020903, GRB030528, and GRB030723.
This may imply that the afterglows of XRFs are generally very faint.

In the systematic study of 45 HETFE-localized GRBs including 17 XRFs and XRRs, we

found,

e The distribution of the X-ray to y-ray fluence ratio has a single profile.

e The numbers of XRFs, XRR, and hard GRBs are roughly comparable: 15, 20, and 10

respectively in our sample.

LOur definitions of X-ray flashes (XRFs), X-ray rich GRBs (XRRs), and hard GRBs are the X-ray (2-30
keV; Sx) to the v-ray (30400 keV; S,) fluence ratio Sx/S, of log(Sx/S,)> 0, —0.5 < log(Sx/S,) < 0, and
log(Sx/Sy) < —0.5 respectively.
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e HETE XRFs/XRRs/hard GRBs are uniformly distributed in the sky.

e In spectral fits of XRFs/XRRs, low-energy photon indices are similar to those of hard
GRBs, whereas, Ep,c. energies are systematically lower than those of hard GRBs. In
particular, the Epe. energy distribution of our XRF/XRR sample is shifted to lower
energy with respect to the BATSE Ec, distribution.

e The correlation between Epeax energy and time-averaged flux becomes tighter when the
flux in higher energy range (i.e. ~v-ray) is used. This may imply that the XRFs are

intrinsically fainter than ordinary GRBs.

e The logN-logP distribution of XRF's is consistent with that expected from a uniform
distribution in a Euclidean spatial geometry. This may imply that the characteristic

distance scale to XRF's is shorter than that to weak hard GRBs.

There is a strong correlation between FEpe.x and the -ray peak photon flux. Using this
correlation and the extended Amati relation, we found evidence that the variation of the Epeax
energy from a few keV to a few MeV is only due to the relativistic beaming effect. We also
estimated the magnetic field at the shock region to be > 10? gauss, by interpreting the Fp e
energy as the synchrotron critical frequency of the minimum energy of electrons.

For 10 HETE GRBs with known-redshifts, including one XRF (GRB020903), we confirm
and extend the correlation between e,k energy in the source frame and the isotropic-equivalent
energy (the extended Amati relation) to the XRF region. The Amati relation is now known
to extend over five orders of magnitude in FEi,. This relation gives a crucial constraint on
theoretical models. For example, 1) The relativistic jets that produce GRBs must be capable
of exhibiting bulk Lorentz factors ranging over three orders of magnitude, in order to produce
variations in source-frame Epe.x from a few keV to a few MeV | 2) the Amati relation’s power-law
index of 0.5 (Epeax o< E2?) must be valid from XRFs to hard GRBs, and 3) GRB models must
be capable of producing isotropic-equivalent energies ranging over five orders of magnitude.

Finally, the observation of XRFs suggests that XRFs, XRRs, and hard GRBs form a con-
tinuum and are different aspects of a single phenomenon. Theoretical models must explain all
these phenomena in a uniform physical picture. Further progress in observational aspects of
XRFs will be achieved with a larger sample of XRFs with afterglows and redshifts. HETE
and Swift should produce the required observations of XRFs, and should make possible further

progress in understanding the prompt emission of GRBs.



Appendix A

WXM energy response matrix

A.1 The WXM Detector Response Matrix (DRM) Cal-

culation

A.1.1 The WXM instrumental effects

Our DRM is calculated for each GRB event using the formula based on the calibration data
taken before launch. The main formulae which we need for creating the WXM DRM are

following:

1. The signal pulse height as a function of the three-dimensional location inside the detector

where an X-ray photon is absorbed.
2. The empirical formula of the energy resolution for the mono-chromatic X-rays
3. The empirical formula for the energy and pulse height conversion

4. The X-ray absorption coefficients of PSPC gas (Xe, 1.36 atm, 293 K, 25.5 mm thickness),
PSPC window (Be, 100 pgm thickness), and thermal shield (Kapton, 7.62 pm thickness)

5. The mask shadow pattern on the detector surface (specific incident angles 6, and 6,)

Our code is using the various functions created for the ground localization code [92]. We
summarized the major internal characteristics of the WXM PSPC.
The gain variation at both end of the anode wires (“~” curve)

Due to the internal mechanical structure of the WXM PSPC, there is a gain variation at both

end of the anode wires. As seen in figure A.1, the gas gain rises steeply at the left side, whereas

204
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Figure A.1: The gain measurement of the XA detector at Cu K energy (~ 8 keV). Left top:
a contour plot of the gas gain, bottom: the gain distribution along the A—A’ and B-B’, and
right: the gain distribution along the C-C’ [92].

it drops sharply at the right side. Since the shape of the curve looks like the character “~”, we

called “~” (tilda) curve.

The high gain region surrounding the anode wires (M curve)

Although the physical reason is still unclear, there is the region having the maximum gas gain
around 3 mm away from the anode wires. The gain also has a dip near the on-wires position.
The pulse height distribution for the depth direction resembles to the character “M”, so we call
this effect as “M” curve. According to Sakurai et al. [83], the M curve gain structure traces

the electrical field very well. Thus, the electrical fields may be playing a crucial role for this
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Figure A.2: The gas gain profile inside PSPC at bias voltage of 1700 V. The right contour
plot shows the pulse height distribution around the wire. The left plot is the pulse height
distribution as a function of the depth of PSPC [91].

anomalous gas gain.

The energy resolution

The energy resolutions as a function of incident energies at the various bias voltages are plotted
in figure A.3. At the low bias voltage 1400 V, the energy resolution follows the ~ E~%° law,
however, it no longer follows the same law at higher voltages due to the space charge effect (see
details [44]). Shirasaki et al. [91] found the empirical relation which can express the energy
resolution at various operational bias voltages. This empirical relation is used in the WXM

DRM calculations.

The energy and pulse height relation

The relation between the pulse height and the X-ray incident energy at various bias voltages

(1300 ~ 1700 V) is shown in figure A.4. As seen in this figure, the linearity between the the
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Figure A.3: The energy resolution at energies from 6 to 24 keV for bias voltage form 1400 to
1700 V. The WXM bias voltage of the normal operation is 1650 V [92].
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Figure A.4: Energy and pulse height relation for several bias voltages. The bias voltages are

1299, 1361, 1599, 1618, 1649, 1699 from left to right respectively [91].

pulse height and the photon energy is lost above 1600 V. Since WXM is operated with high
voltage ~ 1650 V, we need a non-linear formula to convert the pulse height to the photon

energy. The experimental result is well represented by the following formula:
E=a-(PH/c)+b-sinh(PH/c)+d- (PH/c)? (A1)

where PH is the pulse height, a, b, ¢, and d are the coefficients which are a function of “effective”

bias voltage!.

A.1.2 The flow chart of the DRM code

The coordinate system used in the code is shown in figure A.5. We assume that the spectrum
of the monochromatic X-ray can be expressed as a gaussian. The code calculates a gaussian for
each point at (x, y, z) and sums the individual gaussian for all detector points. This summed
gaussian is the spectrum including the instrumental effects such as an energy resolution, M

curve, and “~” curve.

The flow chart of the main part of the code is following (see figure A.6):

L“effective” means that it is not the actual operating bias voltage. This “effective” bias voltage is a function of

position inside the detector and also reproduces the internal gain variation of WXM (because the gain variation

of WXM can be expressed as the difference of the electrical fields (“effective” bias voltage))
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Figure A.5: The coordinate system using in the DRM code.

1. Input O, 0y, energy, and wire ID. Since the DRM code calculates the input energy from
1.5 keV to 30.0 keV in 0.1 keV step, this routine is executed 286 times.

2. Set the gain parameter (“gc” parameter). This parameter corrects for the gain difference
according to the specific observing period. The gain variation of each wires at the spe-
cific observing period is corrected referring the results of 5°Fe gain monitoring which are

automatically processed every week.

3. Calculate the absorption probability of the thermal shield (aluminum coated kapton foil,
7.6 pm), Be window (100 pm), and Xe gas (Xe 97 %/COy 3 %, 25.5 mm) taking into

account the incidence angle of the source.

4. Start the loop for the x-direction in 1 mm step. The minimum and maximum range of

the x-direction can be adjusted by the user.

5. Call the function for calculating the mask pattern at the specific 8, and 6,. And judge
whether the x position is in the shadow of the mask or not. If the position is not illu-
minated by the source, the position is skipped and calculation is moved the the next x

position.

6. Calculate the “effective” bias voltage, v parameter with function cal v(). cal.v() is a

function of wire ID and x position.

7. Start the loop for the y-direction in 1 mm step. The y range depends on the wires (top,

middle, or bottom wire).
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11.

12.

13.

14.
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Start the loop for the z-direction in 1 mm step. The z range is from 0 to 25 mm.

Call the function for checking the shadow due to the support structure. If this position
is in the shadow of this structure, the calculation of this position is skipped and is moved

to the next position.

Calculate the pulse height and the energy resolution at that position. Two function,
ene2adc_3d() and adc_flc() are used for this purpose. The ene2adc_3d() and adc_flc() re-
turn the pulse heigh and the 1 sigma energy resolution in ADC channels. The ene2adc_3d()
is the function of wire ID, energy, and 3-dimensional position. adc_flc() is the function of

the v parameter and the pulse height.

Start the loop for the ADC channels. The dynamic range of ADC channels depends on
the data type.

Calculate the pulse height distribution in the gaussian with the centroid and sigma as the
value of step 10. Then multiply the normalization by the Xe gas absorption probability.

The pulse height distributions of all the positions are summed.

When all the x, y, z loop calculations are finished, multiply the normalization by the
absorption probability of the thermal shield and Be window and scales by the calculation

steps.

The effective area per energy bin will be the multiplication of the geometrical area at one

wire cell and the open fraction of the mask to the result of step 13.

After this DRM calculations, the FITS conversion function is called and generates the FITS

response files.
Figure A.7 shows the 2-dimensional image of the WXM DRMs. The extra tail in the high
ADC channels is seen in the most of the spectra. This is due to the M-curve effect. The width

of the spectrum is almost constant from 2 to 10 keV. The spectrum becomes very broad above

20 keV.

Two major effects, “M” and “~” curves are also successfully reproduced in our DRMs

(figure A.8).

A.1.3 Comparison with GRMC-flight

GRMC-flight is the Monte Carlo simulation code developed by Edward E. Fenimore (LANL).

This code is used for creating the templates of the mask pattern for the on-board localization.
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1. input thx, thy, energy, wireID
V)
2. set gain parameter (gc parameter)

1

3. calculate absorption efficiency:
thermal_shield, Be_window, Xe_gas(z)

N
! 4. x loop (1 mm step) H

L

5. mask shadow?

\l/No

6. calculate v parameter:
cal v (wirelD, x)

)
7.y loop (1 mm step)

)
8. z loop (1 mm step)

)

9. shadow of support structure?

\I/No

10. calculate ph and ¢ (energy resolution):
ph; ene2adc_3d (wirelD, energy, X, y, z)
o; adc_flc (v, ph)
]

11. from ADC_min to ADC_max

Yes

Yes

12. calculate ph distribution
prob[ADC] += gaussian (ph, o) * Xe_gas (z)

L

13. calculate ph distribution with absorbers:
resp_output = prob[ADC] * thermal_shield * Be_window / calc_point

L

14. calculate effective area
eff_area = resp_output * geometrical_area * mask_open_fraction

Figure A.6: The flow chart of the main part of the DRM calculation code.
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Figure A.7: The WXM DRM of XAQ wire. The horizontal axis is the input energy and the
vertical axis is the output ADC channels.
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Figure A.9: The effective areas with the calculation by GRMC flight and our method are
overlaied. Left: the conditions are 6, = 0°, 6, = 0°, and XAO wire. Right: the conditions are

0x = 0°, 0, = 30°, and XAQ wire.

GRMC-flight also has been used for the DRM of Ginga GRBM and various simulations for the
Swift BAT instrument.

We compare the effective area curves of our DRM and GRMC flight DRMs calculation. In
figure A.9, the effective area curves by these two different calculations at the same conditions are
plotted. The overall shape and normalization agree quite well. The GRMC flight calculation
seems to have a larger effective area above 15 keV, however, the difference between these two

calculation is less than 5%.

A.2 Crab calibration

The RAW data of the Crab nebula were collected for the purpose of calibration from December
2001 to January 2002. Since we need to check the DRMs with various incident angles, the Crab

data with the different incident angles were recorded.

The Crab spectral parameters in the current DRMs (version 6.1) are shown in figure A.11.
The overall spectral parameters of the Crab are mostly consistent with the known values.
However, there are several problems. The Ny values show relatively small value at the large
incident angle. The normalization among the wires are not completely consistent; there are

10-20% uncertainties in the normalization for individual anode wires in the current DRM.
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Figure A.10: The WXM Crab spectrum at the incident angle of 1.6° (Left) and 27.3° (Right).
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Figure A.11: The Crab spectral parameters in the various incident angles. Top left: photon
index vs. incident angles, Top right: Ny vs. incident angles, Bottom: 2-10 keV energy flux vs.
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Figure A.12: The Crab spectrum of WXM (black) and FREGATE (red). Left: boresight angle,
right: incident angle of 21-22°.

A.3 Cross calibration of WXM and FREGATE DRMs

The cross calibration of WXM and FREGATE DRM is performed using the Crab nebula.
The WXM and FREGATE data of the Crab nebula were corrected on December 2001, and
December 2002 respectively. The data with the Crab at incident angles of the boresight and
20-21° are available. The occultations of the Crab are used to accumulate the FREGATE data.
We linked the value of Ny and photon index for both the WXM and FREGATE data. The
normalizations of each data are kept as free parameters.

The joint fit spectral parameters of the Crab nebula are summarized in table A.1. The
WXM and FREGATE DRMs can successfully represent the known spectral parameters of the

Crab nebula. There is no systematic difference in the normalization between two instruments.

Table A.1: The joint fit results of the WXM and FREGATE Crab data. The quoted error is

90% confidence region.

Spectral parameters Incident angle
~(° 21-22°
Ng [10?! cm™?] 23113 3.0 (fixed)
Photon index 2.09 £+ 0.03 2.17 £ 0.02
K¢, (WXM) (3.44 £ 0.09) x 1072 | (3.10 & 0.10) x 1072
Ki5 (FREGATE) (3.40 &£ 0.14) x 1072 | (2.91 4 0.19) x 1072
x> (D.O.F.) 136.07 (156) 108.36 (117)

a normalization at 15 keV in the unit of photons cm=2 s=! keV !
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Table B.1: The HETE GRBs summary table

GRB BID Ox 0y  TT* TSP EB°¢ R.A. Dec. error?  OT®
GRB010213 10805 -2.41  13.60 — —  10h31m36s +05d30m39s 30.2/ N
GRB010225 1491 -23.10 0.97 1.3s 5-120 — — — N
GRB010326B 1496  7.97 -15.02 160ms  5-120 11h24m24s -11d09m57s 36 N
GRB010612 1546 13.81  1.17 160ms  30-400 18h03ml18s -32d08m0ls 36 N
GRB010613 1547 -30.50 25.17 1.3 30-400 17h00m40s +14d16m05s 36 N
GRB010629B 1573 -26.60  8.29 1.3s 5-120 16h32m38s  -18d43m 15 N
GRB010921 1761 -23.95 39.45 1.3s 5-120  22h55m35s  +40d56m 20d*15 Y
GRB010928 1770 -2.99  35.00 1.3s  30-400 23h25m52s +32d47m46s 16.4'x11° N
GRB011019 10823 -18.29 -17.63 — —  00h42mb50s  -12d27m 35 N
GRBO011103 1829 -0.32 -10.94 5.12s —  03h20m37s  17d40m01s
GRB011130 1864 -13.03 22.83 5.12s —  03h05m36s +03d48m36s 10/
GRBO011212 10827 -1.60 9.71 — — 05h00m05s +32d07m39s 1
GRB020124 1896 14.65 -31.57 1.3s  30-400 09h32m49s -11d27m35s 12/
GRB020127 1902 -7.51  20.76 5.12s  30-400 08h15m06s +36d44m31s 8
GRB020317 1959 -17.14 15.15 1.3s 5-120 10h23m21s +12d44m38s 18
GRB020331 1963  6.91 -14.33 160ms  30-400 13h16m34s -17d52m29s 10/
GRB020531 2042 22.94 11.33 20ms  30-400 15h14m45s -19d21m35s 38

GRB020625 2081 5.64  10.12
GRB020801 2177  4.73  35.44
GRB020812 2257 -15.30 -12.13
GRB020813 2262 0.04 -3.81

5.28 30-400 20h44ml4s +07d10m12s 13.8
1.3s 30-400 21h02ml4s -53d46m13s 13.9
1.3s 30-400 20h38m48s -05d23m34s 13.8
1.3s 30-400 19h46m38s -19d35m16s 1'(S)

GRB020819 2275 17.70 -22.45 160ms  30-400 23h27m07s +06d21mb0s 7
GRB020903 2314 420 12.64 5.12s — 22h49m25s  -20d53m59s 16.7
GRB021004 2380 3.92 -12.39 5.2s 30-400 00h26mb57s +18d55m44s 2'(S)
GRB021021 10623 15.24 11.92 — — 00h17m23s -01d37m00s 20/

GRB021104 2434 2256 22.38
GRB021112 2448 1224 27.06
GRB021211 2493 -12.55 -0.01
GRB030115 2533 13.01 -3.11
GRB030226 10893 -13.00 -16.27
GRB030323 2640 4.05  35.06
GRB030324 2641 -26.35 0.57
GRB030328 2650 5.05 7.14
GRB030329 2652 26.68 -29.00

1.3s  5-120 03h53md8s +37d57m12s 26/
1.3s 5120 02h36m52s  +48d50m56s 20/
160ms  30-400 08h09m00s +06d44m20s  2/(S)
1.3s  30-400 11h18m30s +15d02ml7s  2/(S)
— —  11h33m0ls +25d53m56s  2'(S)
320ms -  11h06mb4s  -21d51m00s 18’
1.3s  30-400 13h37mlls -00d19m22s 7
1.3s 5120 12h10m5ls  -09d21m05s  1/(S)
1.3s 5120 10h44md9s +21d28mdds  2/(S)

GRB030416 10897 -1.98 -11.32 — — 11h06mb1s  -02d52mb8s 7
GRB030418 2686 745  -9.66 13.280s — 10h54mb3s  -06d59m?22s 9
GRB030429 2695 8.88  11.83 6.72s — 12h13m06s  -20d56m00s 1'(S)
GRB030519 2716 -41.00 16.18 160ms  30-400 14h58ml18s -32d56mb57s 30/

GRB030528 2724  20.66 6.14

GRBO030723 2777 1.55  10.93
GRBO030725 2779 18.41 33.10
GRB030821 2814 12.13  32.47
GRB030823 2818 11.67 -32.65

1.3s 30-400 17h04m02s -22d38mb59s 2'(S)
6.72s  WXM 21h49m30s -27d42m06s 2'(S)
160ms  5-120 20h33m47s -50d45m49s 14.4

1.3s 30-400 21h42m33s -45d12m12s  120'x10’

5.2s 5-120  21h30m47s +421d59m46s 5.4/
GRB030824 2821 -29.79 -31.43 1.3s 5-120  00h05m02s 419d55m37s 11.2
GRB030913 2849  -2.05 4.62 1.3s 30-400 20hH8m02s -02d12m32s 30/

coaooXaalXl |l caoX |l caool aXocnoooonean | R o000 |
o oo o o oo

ZZZZ AR 2 Z K 22 2 RS K 22 2 2 K2 < <22

a Triggered type; G: FREGATE triggered, XG: FREGATE triggered by XDSP
b Triggered time-scale

¢ Triggered energy band in keV

d Location error radius in (90% confidence)

e Whether optical transient was discovered (Y) or not (N)
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Table B.2: The HETE GRBs spectral parameters
GRB Class® Model? a 3 Epeak [keV] K5 x> D.OF.
GRB010213  XRF  Band  —1.00(fixed) —2.9670% 3417979  44.63710 0940 44
GRB010225 XRF CPL  —1.3170% — 315772650 6757293 0.925 39
GRB010326BT XRR  CPL  —1.080% — 5L77HI86L 13191307 856 111
GRB010612 GRB  CPL  —1.07%91 — 244.50135507  2.93T050  0.884 65
GRB010613 ~ XRR  Band  —0.95T03:  —2.017092  46.25717%8  15.24733%  0.785 134
CRB010629B XRR ~ CPL  —1.12%913 — 4557135 20,0510 0.817 110
GRB0109211  XRR  CPL  —1.55750° — 88.6313510 41797112 0.939 140
GRB010928! CGRB  CPL  —0.66709 — 409.501)%:°  6.301020  0.825 125
GRB011019  XRF  CPL  —1.43 (fixed) — 187173553 2467083 0.854 68
GRB011103 XRR  PL 1731032 — — 2.727088 1266 38
GRB011130  XRF  PL ~2.6570:39 — < 4.9 0.6970%  1.016 40
GRB011212 XRF  PL ~2.077055 — — 0.727910 0795 54
GRB020124 XRR CPL  —0.79+013 — 86.037181L  gogt098 710 g5
GRB020127 XRR  CPL  —1.03*012 — 104.0053790 4501528 0.746 110
GRB020317 XRF CPL  —0.6170% — 284171488 7 o7tTIS 0923 53
GRB020331 GRB  CPL  —0.797013 — 0157209 403%046 o732 1n1
GRB020531 GRB  CPL  —0.83*)12 — 230.601 53510 20.991331  0.831 141
GRB020625 XRF  CPL  —1.14 (fixed) — 8.5215a1 2.84730%  0.781 55
GRB020801T  GRB  Band  —0.327031  —2.017037 533571197 5667102 0.638 140
GRB020812 XRR  CPL  —1.09703 — 87.627306:0% 2271081 0664 68
GRB020813f  GRB  Band  —0.94%08%  —1.57700% 1421077597  20.747031  1.160 140
GRB020819  XRR  Band  —0.90%01  —1.997018  49.907178% 10714380 0.945 108
GRB020903 XRF  PL ~2.6270:32 — < 5.04 0417033 0.845 26
GRB021004 XRR  CPL  —1.01707" — 79.79T5305 277090 0.949 68
GRB021021  XRF  CPL  —1.33 (fixed) — 153870024 1.2470%0 0879 41
GRB021104F  XRF  CPL  —1.117)%2 — 282173780 759752 0744 38
GRB021112 XRR  CPL  —0.94%033 — 571575590 6.57T34r 1126 61
GRB021211  XRR  Band  —0.8610%5  —21870M 45567054 3258+2118 1149 140
GRB030115 XRR ~ CPL  —1.287013 — 827915282 3501032 0.812 67
GRB030226 GRB  CPL  —0.89701! — 97.1272008 3477032 0.894 139
GRB030323 XRR  PL ~1.627022 — — 219708 0835 33
GRB030324 XRR CPL  -1457013 — 146.80182757 4947072 0882 76
CRB030328 GRB  Band  —1.147003  —2.097019 126.30773%)  6.647032 0982 140
GRB030329 XRR  Band  —1.26705) —2.28%05%  67.8673%F  146.207[%0 1.537 139
GRB030416 XRF  PL 2311043 — < 3.84 0927017 0.870 54
GRB030418 XRR  CPL  —1467)7; — 461073295 2437038 0.929 68
GRB030429 XRF  CPL  -1.120% — 35.041L0  405t05 0720 68
GRB030519"  GRB  Band  —0.757007  —1.72700°  137.6071058  73.217205  0.742 124
GRB030528'  XRF  Band  —1.33%515  —2.657023  31.847157  13.947291  0.809 109
GRB030723 XRR  PL ~1.937012 — — 1.397028 1117 40
GRB030725 XRR ~ CPL  —1.51709] — 102.8071995 15717025 1.069 141
GRB030821 ~XRR  CPL  —0.887013 — 842611312 g7at0T 0971 98
GRB030823 XRF  CPL  —1.3170% — 26.57710 8267735 0.708 110
GRB030824 XRF  PL —2.1410 15 - < 8.7 5257078 0.813 53
GRB030913 GRB  CPL  —0.827)2% — 119.7075%2° 353705 0740 53

a GRB classification; XRF: X-ray-flash, XRR: X-ray-rich GRB, GRB: Hard GRB
b Spectral model; PL: Power-law, CPL: Cutoff power-law, Band: Band function
¢ Normalization at 15 keV in the unit of 10~2 photon cm—2 s~ ! keV—1

d 99.7% upper limit derived by the constrain Band function

1 The constant factor is multiplied to the spectral model.
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GRB Duration Photon flux® Photon fluence®

[sec] | 230 keV 30-400 keV 2400 keV | 2-30 keV  30-400 keV 2400 keV

+0.15 +0.02 +0.16 +0.52 +0.07 +0.55

o | oo | sl oadl Sed| Gudh ook Lul
—0.39 —0.09 —0.40 —0.38 —0.09 —0.39

GRB010326B | 3.50 479055 093101 5 7T1t0S | 168t0ss 0337002 2.00105%
GRB010612 47.19 1.2015-28 0.627007  1.82%522 | 5.6611%2 2.937028 8597137
GRB010613 | 141.56 | 4.7570-% 1197008 504702 | 672470518 16.851020  84.091IL1S
GRB010629B | 24.58 7.4470%87 1.227057  8.66708, | 18.297303 3.007017  21.297343
GRB010921 | 23.85 | 25587303 3717012 20307202 | 61.017153 8857030 69.8871 52
GRBO010928 | 34.55 | 2047025  3.037009  5.06703 | 7.057000 1047755 17.48%008
GRBO011019 | 24.57 | 1127923 006100  118%)23 | 2758020 0155012 2.907027
GRB011103 | 14.75 2007051 0.28%0% 237048 | 3.08T020 0417030 3.50708%
GRBO011130 | 50.00 1.721028 0.0275:07  1.7470% | 8.607 %0 0.107082  8.70713
GRBO11212 | 57.68 | 0.82%013  0.047007  0.86%015 | 473708 0237050  4.9670 %
GRB020124 | 40.63 2.8310:39 1.267099  4.087032 | 11507113 5124047 16.587159
GRB020127 | 25.63 L707048  0.617000 2317008 | 4367091 156707 5.927098
GRB020317 | 10.00 138105 017700 1s5tgal | 1381035 0700 1557050
GRB020331 75.00 1.2415-49 0.58T002  1.82%541 | 9.3015:52 4.35T03%  13.6570%
GRB020531 1.04 7.25T105 5941098 13197118 | 0.75Tpd] 0627002 1.377013
GRB020625 | 41.94 | 059700  0.007000  0.60%00 | 247032 0.02700 252705
GRB020801 | 117.97 | 1.1173% 0.5975:01  1.70732 | 13.097%%2 6.967097  20.0572%2
GRB020812 | 60.16 | 0.887010 0267588  1.147015 | 5201092 1567035 6.861108
GRB020813 | 113.00 | 7.4870%5 4257001 11.737030 | 84.52722% 48027045 132.507259
GRB020819 | 50.16 | 3.25701L  0.91700F 416701 | 16307050 4577050  20.871090
GRB020903 | 13.00 | 099102 001700 098703 | 1.26705F  0.02700;  1.277520
GRB021004 | 49.70 1L00To80 031700 131F00 | 4977052 1547030 6.51702
GRB021021 | 49.15 | 047011  0.027007 049701 | 2317020 0.09T00r 2417028
GRB021104 | 31.41 2517080 0247000 275708 | 788t 075105 8.64750)
GRB021112 4.00 2121098 0.531098  2.651025 | 0.85703) 0217008 1.067037
CGRB021211 8.00 9 32$§;§§ 2 36£§:§1 11 68:{%;‘1’2 7 46%;% 1 89$§;§§ 9 34$§;§:
GRB030115 |  36.00 1630 035700 1087010 | 58700 126701 7137028
GRB030226 | 68.81 1.161512 0497099 1.66%512 |  7.98% 03 3.371058  11.4271%
—0.15 —0.04 —0.16 —1.03 —0.28 —1.10

GRB030323 | 19.61 1491082 0287008 177ty | 2.92+k8L 05500 347tLD0
GRB030324 | 1573 | 2781037 0577008 3.35%059 | 4377045 0907013 5.2770%¢
GRB030328 | 199.23 | 2.79700° 0971083 3771000 | 55597900 19337050 75.117130
GRB030329 | 62.94 | 6547708 13407009 78.86708 | 412.107720  84.34703T  496.307 5
GRB030416 | 78.64 | 145%T00% 0047007 1497018 | 1140790, 0317008 11727003
GRB030418 | 110.10 | 1307305 0157005 1467005 | 14.3170%5  1.657033  16.0705
GRB030429 | 24.58 1437549 0a8t00 161101 | 3527040 044101 3.96704C
GRB030519 | 20.97 |23.167117  17.05703  40.21715 | 48577235 35757023 84.327233
GRB030528 | 83.56 6.1370-45 0.647501  6.777049 | 51.22735) 5357038 56.57750
GRB030723 18.70 1.341047 011750 1457010 | 2511032 0217009 2.717032
GRB030725 | 83.88 9.360 33 1517095 10.877033 | 78517570 12.677042 9118755
GRB030821 | 21.21 2.86705 1097000 3.95T05 | 6.0710%2 2317012 8.3870%)
GRB030823 | 55.56 | 3.44%03% 0287005  3.72f053 | 1917188 1567055 2067115
GRB030824 | 15.73 6.57 00 0.3075:09  6.86705% | 10.337135 047015 10.79715%
GRB030913 9.12 115493 064700 1793 | 105101 0587008 1.637020

2 —1

a The time-average photon flux in the unit of photon cm™° s

b The photon fluence in the unit of 10 photons cm™

2
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Table B.4: The HETE GRBs time-average energy flux and fluence

GRB Energy flux® Energy fluence® X/~ ratio
2-30 keV  30-400 keV 2400 keV | 2-30keV 30400 keV ~ 2-400 keV
0.07 0.17 0.29 0.25 0.58 1.01
GRB010213 2'2918'%,9 0.20%)_% 2.49%)_%g 7.88}8_%1 0.6919_% 8.581_:9_%6 11.38
GRB010225 3'5718?? 2.46;8:31 6.03;%:% 3.48;8:%9 2'4018:8‘2‘ 5.89;6;8g 1.45
GRBO010326B | 6.8670 77 9.207392  16.061357 | 2.407037 3.22702% 5.6270 30 0.75

GRBO010613 | 7.1700:38  16.0870%9  23.277097 | 101.5075:2)  227.6071350  329.407{300 | 0.45
GRB010629B | 10.347088  11.62710Y  21.96773% | 254177 28.56 59 53.9773%2 0.89
GRB010921 | 30.02173;  47.2073%5  77.257300 | 71.60753;  112.6075%0  184.207970 | 0.64
GRB010928 | 3.971040 6531735  69.267750 | 1371735 225707910  239.307%30 | 0.06

GRB010612 | 1.87703%  10.647151 12517733 |  8.84%73% 50.237 753 59.0578-3% 0.18

GRBO11019 | 1.24%527 0.4570:36 1.68109% | 3.03%5:28 1.107 539 4.13721 2.77
GRB011103 2.24$§;§§ 4.22$§;§é 6.46$§;§§ 3.31}%%2 6.221??% 9.53?11%% 0.53
GRBO011130 | 1.1715% 0.2019-%3 1377035 | 5.851058 0.98" 547 6.83719% | 5.96
GRBO11212 | 0.737511 0.58705 1327059 | 4.2470% 3.377%08 7617570 | 1.26

GRBO20124 | 486%030 15007310 19.957%05 | 10747140 613375 81047350 | 0.32
GRB020127 | 2.63%5:30 7.997105  10.6271 | 6.73703 20.4975¢3 27.227 563 0.33
GRB020317 | 2.16703% 1.297088 3457095 | 2167038 1.2970:80 3451028 | 1.68
0.14 1.14 1.13 1.04 8.52 8.45
GRB020331 | 2.14701; 7115599 9.25% g0 | 16.071 703 53.3212:22 69.4015-2 0.30
GRB020531 | 12.81773% 105.4077599  118.20713:00 | 1.33%51] 10.967157 12.307732 0.12
GRB020625 | 0.567013 0.0310 05 0.59704% | 237752 0.1270% 2.4970%5% | 20.49
GRB020801 | 2.18%5:2 8.07T0%  10.26700s | 25.6673%  95.2371087  121.00%105 | 0.27
0.18 1.36 1.35 1.09 8.18 8.11
GRB020812 1.32}852 3.18}:?.85 4.50%1)?g 7.91%98 19'15;13'38’ 27.06}13% 0.41
CRB020813 | 12.267921  74.3071%  86.617{15 | 138.507270  839.6071230  978.70"1210 0.16

CGRB020819 | 5.027032 1247118 17507188 | 25.20771¢ 62.531553 87.801542 0.40

0.20 0.34 0.48 0.28 0.44 0.62
GRB020903 | 0.68%550 0.1315:35 0.73%055 | 0.83703% 0.161511 0.9515°53 7.31
GRB021004 | 1547015 3587101 5120100 | 7657000 17.79710,  25.45%000 | 0.43
GRB021021 | 0.517013 0.1370%% 0.647035 | 2517083 0.62+5% 3.137153 4.03
GRB021104 | 3.2970 1.9573:30 5211109 1 10.32F2:86 6.13752 16.3872%9 | 1.69

0.62 2.71 2.73 0.25 1.08 1.09
GRB021112 | 3.28%¢3 5.341572 8.6215 1 1.3170 32 2.141590 3.451 503 0.61
GRBO021211 | 14.507938  29.647231  44.18%23% | 11.60753) 23.7175:03 35347300 | 0.49
GRBO030115 | 2.197547 4.2175 42 6.405e0 | 7.89708 15177592 23.0575-95 0.52
GRB030226 | 1.927017 6.2475% 8.1675% | 13.207718 4292155 56.12139% 0.31
GRB030323 | 1.73%5:8 4.547198 6.277150 | 3.40713) 8.91734% 12.3013-68 0.38

GRB030324 | 3.49703% 811218 11597212 | 5 49104 12,7555 18.237351 | 0.43
CRB030328 | 4117907 14437080 18557070 | 81.867{3)  287.40713%0  369.50711%0 0.28
GRB030329 | 87.88102  171.007230  259.007330 | 553.101320 1076.0071700 1630.0077500 |  0.51

GRB030416 | 1.147(11 0.477021 1617050 | 8.9810%! 3.7211 52 12.707500 | 2.42
GRB030418 | 1.55%910 1.5870% 3.1319:%6 | 17117199 17341727 34.45752 | 0.99
GRB030429 | 1.93%5:20 1.5410-47 3.47080 | 474t 3.80711% 8.547135 1.25

CGRB030519 | 41.5171%  290.607750  332.207350 | 87.057243  609.307570  696.707550 0.14
GRB030528 | 7.487033 6.747082  14.241593 | 62.547350 56.34771%  119.007-89 1.11
GRB030723 | 1.30701% 1497588 2.791020 | 2437533 2.79714% 5200180 1 0.87
CRB030725 | 11.22792T  19.8771%  31.09712% | 94.12722T  166.7071530  260.80710-%0 0.56
GRBO030821 | 4.697530 129501450 17.64715 | 9.96758 27.4715:3 37437341 | 0.36
CRB030823 | 4.1570% 2.2970-80 6.447083 | 23.0571:38 12.747533 35.8071353 1.81
*+Y—0.28 =Y —0.64 CFE—0.72 VY —1.55 c1F-3.53 OY_-3.97 :
GRB030824 | 5.66708 3.71H15¢ 9.37T1 | 8.901 0" 5.831%35 14.737375 | 1.53

GRB030913 | 1.99703% 8.8275 % 10.811195 | 1.817033 8.047%-59 9.86173:58 0.23

a The time-average energy flux in the unit of 1078 erg cm=2 5!

b The energy fluence in the unit of 10~7 erg cm—2
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GRB Class® Model? 5s Photon flux® Count ratio? 1s Peak flux®
GRB010213 XRF Band (W) (8.50+3.54) x 1073 1.325+0.097 (1.13+0.48) x 1072
GRB010225 XRF CPL (F) (6.58+6.34) x 1072 1.454+0.149 (9.57 +9.33) x 107!

GRB010326B  XRR  CPL (F) (2.8540.89) x 107! 2.576+0.188 (7.33 +2.33) x 107!
GRB010612 GRB CPL (F) (1.33 £ 0.10) 2.31440.171 (3.07 £ 0.33)
GRB010613 XRR Band (W) (3.77£0.62) x 107" 3.249 4 0.597 (1.23 +0.30)

GRB010629B XRR  CPL (F) (1.04 £0.13) 1.792 + 0.084 (1.87 £0.24)
GRB010921 XRR CPL (F) (2.78 £ 0.20) 1.147 £ 0.056 (3.19 £0.27)
GRB010928 GRB CPL (F) (3.84 +0.20) 1.905 +0.132 (7.31 +0.64)
GRB011019 XRF  PL (W) (3.7343.65) x 1072 1.98440.196 (7.40 +7.35) x 1072
GRB011103 XRR  PL (F)  (4.71£2.95)x 1072 1.3924+0.229 (6.56 & 4.24) x 1072
GRBO011130 XRF  PL (W) (2.5242.23) x 1072 1.41940.208 (3.58 +0.52) x 1072
GRBO011212 XRF  PL (W) < 2.79 x1072 1.754 +0.281 < 4.89 x1072
GRB020124 XRR CPL (F) (9.16+£1.55) x 107! 1.562+0.129 (1.4340.27) x 107!
GRB020127 XRR CPL (W) (7.36+0.98) x 107" 1.726 +0.215 (1.27 +0.23)
GRB020317 XRF CPL (F) (9.67+6.52) x 1072 2.093+0.198 (2.02+1.38) x 107!
GRB020331 GRB CPL (F) (9.64+1.06) x 107" 1.236 4 0.092 (1.19 £ 0.16)
GRB020531 GRB CPL (F) (9.90+0.10) x 107" 3.620 & 0.229 (3.58 + 0.44)
GRB020625 XRF  PL (W) (8.70+4.42)x 1072 2.015+0.363 (1.7540.94) x 107!
GRB020801 GRB Band (F) (5.69+1.12) x 107! 1.381+0.139 (7.8641.73) x 107!
GRB020812 XRR  CPL (F) (3.45+0.94) x 107! 24154+0.264 (8.3442.46) x 107!
GRB020813 GRB Band (W) (7.74 4 0.19) 1.074 +0.054 (8.31 +0.47)
GRB020819 XRR  Band (F) (2.38 £0.14) 1.436 + 0.071 (3.42 £0.27)
GRB020903 XRF PL (W) (1.36+1.23) x 1072 1.82240.299 (2.48 +2.28) x 1072
GRB021004 XRR CPL (F) (2.92+0.92) x 107! 1.458+0.150 (4.26 +1.41) x 107!
GRB021021 XRF PL (W) (7.86+£6.07) x 1072 2.368+0.490 (1.86 4+ 1.49) x 107"
GRB021104 XRF CPL (F) (1.70+£0.89) x 107! 1.469+0.163 (2.4941.33) x 107!
GRB021112 XRR  CPL (F) (247+1.19) x 107! 2220+0.252 (548 +2.72) x 107!
GRB021211 XRR  Band (F) (2.03 £0.13) 2.021 £ 0.069 (4.10 £ 0.30)
GRB030115 XRR  CPL (F) (9.82+1.01) x 107! 1.183+0.094 (1.16 £ 0.15)
GRB030226 GRB CPL (F) (4.81+£0.95) x 107! 1.305+0.132 (6.28 +1.40) x 107!
GRB030323 XRR  PL(F) (1.89+£0.91) x 107! 1.538£0.226 (2.91 +1.47) x 107!
GRB030324 XRR CPL (F) (5.98+1.29) x 107" 1.600+0.120 (9.57 +2.18) x 1072
GRB030328 GRB Band (F) (2.90 +0.10) 1.145 + 0.059 (3.32 £ 0.20)
GRB030329 XRR Band (W) (28.90 £ 0.42) 1.317 £ 0.051 (38.06 & 1.58)
GRB030416 XRF  PL (W) (1.1240.46) x 107! 1.247+0.167 (1.394+0.60) x 107"
GRB030418 XRR CPL (W) (9.04+6.62) x 1072 1.481+0.216 (1.3441.00) x 107!
GRB030429 XRF CPL (F) (1.83+£0.68) x 107! 1.570+0.157 (2.87+1.10) x 107!
GRB030519 GRB  Band (F) (5.3840.25) x 107" 2.101 + 0.040 (11.31 4+ 0.57)
GRB030528 XRF Band (F) (1.38+£0.50) x 107! 1.082+0.073 (1.49 +0.55) x 107"
GRB030723 XRR  PL (W) (1.34£0.65) x 107! 1.22440.208 (1.6540.84) x 107"
GRB030725 XRR CPL (F) (5.46 +0.22) 1.043 +0.043 (5.69 £ 0.33)
GRB030821 XRR  CPL (F) (9.75+1.17) x 107! 1.22240.106 (1.19 £ 0.18)
GRB030823 XRF CPL (F) (1.13£0.93) x 107! 1.490+0.150 (1.69 #+1.39) x 107"
GRB030824 XRF  PL (W) (8.90+4.66) x 1072 1.457+0.276 (1.3040.72) x 107!
GRB030913 GRB CPL (F) (6.01+£0.92) x 107! 1.485+0.144 (8.92+1.61) x 107!

a GRB classification; XRF: X-ray-flash, XRR: X-ray-rich GRB, GRB: Hard GRB
b Spectral model; PL: Power-law, CPL: Cutoff power-law, Band: Band function,
W: peak counts using WXM data, F: peak counts using FREGATE data
¢ The photon flux in 50-300 keV using 5s WXM/FREGATE spectrum

d Count ratio between 1s and 5s time interval including the highest peak
e The 1s peak flux in 50-300 keV
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Table B.6: The HETE GRB 1s peak flux (continue)

GRB 2-30 keV 30-400 keV 2-400 keV

GRB010213  (6.33+£0.71) (228+7.73) x 103 (6.34 +0.75)
GRB010225  (5.124+2.31)  (3.33+1.69) x 1071 (5.45 £ 2.34)

GRB010326B  (10.52 + 3.18) (1.51 +0.33) (12.04 + 3.19)
GRB010612  (4.32 4+ 1.15) (4.35 4 0.44) (8.67 + 1.33)
GRBO010613  (24.58 & 10.35) (2.67 + 0.67) (27.25 + 9.59)

GRB010629B  (39.08 + 7.01) (4.17 4 0.35) (43.26 & 7.04)
GRB010921  (34.20 + 3.84) (5.74 4 0.41) (39.94 + 3.93)
GRB010928  (5.58 = 0.39) (10.06 + 0.70) (15.63 + 1.08)
GRB011019  (3.61+1.27) (147+127)x 1071  (3.76 £ 1.29)
GRB011103  (4.444+1.04)  (1.36+0.77) x 1071 (4.57 £ 1.05)
GRB011130 (528 +£1.22)  (8.22+6.27) x 1072 (5.36 = 1.22)
GRB011212  (1.134+0.99)  (1.13+4.40) x 1072 (1.14 £ 0.99)
GRB020124  (6.90 & 1.57) (2.49 + 0.36) (9.38 + 1.67)
GRB020127  (5.95+0.98) (2.17 + 0.35) (8.13 £ 1.21)
GRB020317  (4.634+0.93)  (6.354+2.38) x 1071 (5.27 +1.00)
GRB020331  (1.93+0.35) (1.72 +0.21) (3.65 =+ 0.46)
GRB020531  (17.42 + 4.29) (5.56 + 0.63) (22.98 + 4.41)
GRB020625  (2.86+0.73)  (3.054+1.50) x 1071 (3.16 4 0.80)
GRB020801  (6.37 & 1.02) (1.38 +0.22) (7.74 £ 2.04)
GRB020812  (4.46 & 1.18) (1.50 + 0.35) (5.96 + 1.28)
GRB020813  (19.54 & 1.09) (12.89 + 0.70) (32.33 £ 1.72)
GRB020819  (12.09 & 0.95) (5.60 % 0.38) (17.69 + 1.17)
GRB020903  (2.43+0.71)  (3.16+4.39) x 1072 (2.46 4+ 0.72)
GRB021004  (1.80+0.35)  (8.864+1.92) x 1071 (2.69 4 0.45)
GRB021021  (2.144+0.92)  (3.13+227) x 1071 (2.46 =+ 1.00)
GRB021104  (4.234+1.76)  (6.67+2.08) x 1071 (4.89 +1.78)
GRB021112  (3.45+ 1.06) (1.03 £ 0.35) (4.48 £ 1.16)
GRB021211  (21.61 + 1.04) (8.36 £ 0.46) (29.97 + 1.32)
GRBO030115  (6.97 & 1.25) (1.16 £ 0.15) (8.14 £ 1.29)
GRB030226  (1.714£0.17)  (9.864+1.00) x 1071 (2.69 4+ 0.27)
GRB030323  (3.394£2.08)  (4.8842.19)x 1071  (3.87 +2.08)
GRB030324  (6.64 & 0.89) (1.64 + 0.27) (8.28 £ 1.01)
GRB030328  (6.72 +0.45) (4.92 + 0.27) (11.65 £ 0.74)

GRB030329  (378.64 + 16.82) (72.21 + 2.86) (450.94 + 19.31)
GRB030416  (4.50+0.83)  (2.624+1.01) x 1071 (4.76 4+ 0.85)
GRB030418  (3.714£0.73)  (2.984+1.47) x 1071 (4.01 £0.78)
GRB030429  (3.0840.68)  (7.084+1.78) x 1071 (3.79 +0.73)
GRB030519  (10.17 & 2.02) (16.09 4 0.71) (26.26 + 2.15)
GRB030528  (17.294+1.26)  (6.15+1.21) x 1071 (17.91 + 1.31)
GRB030723  (1.734+0.47)  (2.734+1.28) x 1071 (2.00 +0.52)
GRB030725  (24.83 & 1.64) (9.12 4 0.48) (33.96 + 1.91)
GRB030821  (3.84+0.68) (1.92 + 0.24) (5.77 + 0.80)
GRB030823  (7.03+1.48)  (5.67+252)x 1071  (7.59 4 1.55)
GRB030824  (12.42+3.43) (2.80+1.37) x 1071 (12.70 + 3.47)
GRB030913  (2.20 & 0.44) (1.36 + 0.22) (3.56 + 0.55)
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Light curve and Spectrum
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Appendix D
The “constrained” Band function

In the spectral analysis of GRBs, one occasionally encounters events (such as XRF 020903) that
are so soft that they present themselves as pure power-laws with power-law index 3 < —2 in
the energy range of the detector. The natural interpretation of such spectra is that the break
energy Fieac Separating the two functional parts of the Band function is near or below the
lower boundary of the detector energy range.

This situation creates a problem for fits of the Band function, in that the Band function

has two distinct ways of conforming to a power-law in the detector energy range:

1. Eyreax — 0, so that only the high-energy, pure power-law part of the Band function is

visible in the energy range of the detector.

2. Fyreax — 00, Ey — oo, where Ej is the “cutoff energy” of the cutoff power-law that
constitutes the low-energy part of the Band function. In this limit, the limiting power-
law is actually the cutoff power-law, but the cutoff energy is so large that the curvature

of the model is imperceptible in the detector energy range.

Therefore, despite the fact that the numerical value of the power-law index is such that we
are certain that we should be dealing with the high-energy part of the Band function (i.e., the
index is < —2, the low-energy part of the function can “horn in” on the fit, altering the physical
inferences drawn from the spectrum.

This situation is particularly a problem for the estimation of Epe.k. Since we know that we
are in case 1, we also know that we ought to have at least a firm upper limit on Eje.k, since
Epeax is always necessarily less than Fyyeak, which is at the low end of the detector energy range.

On the other hand, the case 2 limit implies E,e,c — 00. Unfortunately, the data doesn’t care
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which side of the Band function makes the power-law, so no discrimination is possible between
the two cases. Consequently, we can’t constrain E..x at all using a normal Band function fit.

The approach we have chosen to deal with this situation in the case of XRF 020903 is to
fit a constrained Band function to the data. That is, we consider a three-dimensional subspace
of the full four-dimensional Band function parameter space, choosing the subspace with a view

to satisfying the following criteria:

1. It is perfectly possible to make both pure power-laws and cutoff power-laws of the any

desired curvature in the detector energy range.

2. Only the high-energy part of the Band function is allowed to produce a pure power-law.

We define the three-dimensional subspace in the following way: consider a Band function
parametrized by low- and high-energy indices v and 3, and by a cutoff energy E,. The well-
known relation between Ey and Ejpeax 18 Epreax = (— ) Ey. We impose the constraint condition

on our family of fitting functions
Ebreak - Epivot X (EO/Epivot)_la (Dl)

where Eivo is some suitably chosen energy, in the general neighborhood where the GRB has
appreciable emission. FEye.c and Ey are then inversely related, and are equal to each other
when both are equal to Epivot.

When Ey < Epivet, then Fireak > Epivot, and the function is essentially a cutoff power-law
in the energy range of interest.

On the other hand, when Ey > Elivor, then Eyreak < Epivot, and as Ey — 00, Epreax — 0.
In other words, when the low-energy part of the Band function is trying to imitate a power
law, the break energy becomes small enough to force the low-energy part of the function below
the energy range of interest, where it cannot be seen and therefore can do no harm. Any pure
power-law work must thus be done by the high-energy part of the Band function.

The resulting spectral function has three parameters (including the scale), rather than four.
The two input shape parameters can be chosen arbitrarily from the set {a, 3, Eo, Ebreak; Fpeak }-
The remaining parameters may then be determined by algebraic relationships.

We have found it most convenient to adopt Epe.x and [ as our parameters. The choice
of Epeax is dictated by the necessity of estimating its value, or at least an upper bound on
its value. The choice of 3 is convenient because one may then impose the parameter bound

8 < —2, which guarantees that the formal expression for F,..x may be meaningfully interpreted
p
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as the energy of the peak of the v F, distribution. This bound on § is an important part of the
specification of the fitting family of models. Were it not imposed, it would be possible for the
formal expression for Epeax to exceed Epreax, so that at large values of Epeqx the fit could always
produce a § 2 — 2 power-law in the detector energy range. The result would be an extended
tail of constant x? for arbitrarily large values of E,cax.

Figure D.1 shows the constrained Band function, with 8 = —2.5 and Eiye = 4 keV,
for different values of Elea. This figure shows that Epeax increases, Epreax also necessarily
increases, so that Fj is forced to smaller and smaller values by the constraint, which increases
the curvature (and the value of «).

Figure D.2 shows the constrained Band function, with Epe. = 4 keV and Epivor = 4 keV,
for different values of 5. The progression from some curvature at low energy (5 = —2.0) to
almost none ( = —4.0) is evident, as is the fact that as the curvature disappears, the resulting
power-law is produced by the high-energy part of the Band function.

Figures D.1 and D.2 show that the constrained Band function is perfectly able to make
both pure power-laws, and cutoff power-laws with any desired curvature in the detector energy
range. Figure D.2 demonstrates that, in the constrained Band function, a power-law spectrum
is always produced by the high-energy part of the Band function.

The choice of ;o is dictated by the following considerations:

1. Epivor must be low enough to prevent the low-energy part of the Band function from
making a power-law in the energy range of interest. If Ei ot were 1 GeV (say), then the
Band function would have no difficulty making Ej large and o S — 2, which is what
we are trying to prevent by introducing the constraint. So Epivor should be “as low as

possible.”

2. Epivet must not be so low that we cannot adequately fit any curvature that may exist in
the spectrum. If Ei;ot were 1 eV (say), then whenever E .. was in or above the energy
range where the spectrum is appreciable, Fy would be so tiny that the curvature of the

model would be huge, much too large to fit the data well.

One way of choosing Elvo is to calculate it’s value using the best-fit parameters from a fit
of a free Band function, using Epiyor = (EOEbreak)l/ 2. This choice, which effectively chooses the
unique constrained subspace of the full parameter space that contains the best-fit free Band
function, allows the constrained family of functions to optimally fit whatever curvature the

data may seem to hint is required.
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We must require that the inferences that we draw from the spectral fit should be robust, in
the sense that they should not depend strongly on the specific choice of Epyo. So the proper
use of this constrained Band model involves not only choosing a representative value of Epivot,
but also varying Eivt in some reasonable range, to make sure that the conclusions about
parameter estimates and bounds are unaffected by the choice of Ep;yor.

Figure D.3 shows the constrained Band function, with E,ex = 4 keV and 8 = 2.0, for
different values of Eyiyt. Once again, as the low-energy curvature disappears, the resulting
power-law is produced by the high-energy part of the Band function. Figure D.3 also shows
that the shape of the spectrum in the detector energy range is insensitive to the specific choice of
FEpivot, within a reasonable range. Thus the conclusions about parameter estimates and bounds
are unaffected by the choice of Epyor.

Figure D.4 shows the constrained Band functions with parameters that best fit the 13 s
spectrum of XRF 020903, for different fixed values of Ey;yo. This figure illustrates the fact that
the shape of the best-fit model is essentially unchanged in the energy range of the WXM for
choices of E;yo within a reasonable range.’

Finally, we give the algebraic relationships necessary to recover the remaining Band function

parameters assuming that Fpe. and § are given. Let @ = Epeax/ Epivot- Then,

1 1
a = —2+ 591:2 + \/Zx‘* —22(8+2), (D.2)
Ey = (2+ a)Epeak- (D.3)

In Equation (D.2), we have resolved the ambiguity in the choice of root of a quadratic equation
by requiring that when 3+ 2 < 0, then a4+ 2 > 0, so that Epcx is in fact the peak energy of
the v F,, distribution.
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Figure D.1: Constrained Band functions, with 8 = —2.5 and El, = 4 keV, for different
values of Fea. All functions have been normalized to 1 keV~! at 10 keV. The two vertical
lines at 2 keV and at 25 keV show the WXM bandpass. The spectra shown are (decreasing
monotonically from the top at low energy), Epeax =1 keV, 2 keV, 4 keV, 6 keV, and 8 keV,
respectively. As Epeqx increases, Ehreqx also necessarily increases, so that Ej is forced to smaller

and smaller values by the constraint, increasing the curvature and the value of a.
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Figure D.2: Constrained Band functions, with Fyex = 4 keV and Epivor = 4 keV, for different
values of 3. All functions have been normalized to 1 keV~! at 10 keV. The two vertical lines
at 2 keV and at 25 keV show the WXM bandpass. The spectra shown are for § = -2.0, -2.5,
-3.0, -3.5, and -4.0, which can be distinguished by the increasing steepness of their slopes at
high energy. The progression from some curvature at low energy (6 = —2.0) to almost none
(6 = —4.0) is evident, as is the fact that as the curvature disappears, the resulting power-law

is produced by the high-energy part of the Band function.
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Figure D.3: Constrained Band functions, with Eyex = 4 keV and 8 = 2.0, for different values of
Epivor. All functions have been normalized to 1 keV~! at 10 keV. The two vertical lines at 2 keV
and at 25 keV show the WXM bandpass. The spectra shown are (increasing monotonically
at low energy) for Eivot = 2 keV, 4 keV, 6 keV, and 8 keV, respectively. Once again, as the
low-energy curvature disappears, the resulting power-law is produced by the high-energy part
of the Band function. Note also that the shape of the constrained Band function is insensitive

to the specific choice of El;,o within a reasonable range.
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Figure D.4: Constrained Band functions with parameters that best fit the 13 s spectrum of
XRF020903, for different fixed values of Epivor. The two vertical lines at 2 keV and at 25 keV
show the WXM bandpass. All functions have been normalized so that the integral from 2 keV
to 25 keV is one photon. The five spectra shown in the plot corresponding to Epiyor = 4 keV,
5 keV, 6 keV, 7 keV, and 8 keV (the 7 keV and 8 keV largely overlap each other). This
figure illustrates a robust aspect of the constraint procedure: the best-fit model is essentially

unchanged in the WXM spectral band despite a factor-of-two change in the value of Ep;yor.



Appendix E

The selection effect of 45 GRB sample

We investigated the possible selection effect in our 45 GRB sample which is studied in chapter
7. Figure E.1 shows 2-400 keV fluence divided by the square root of the duration as a function
of the incident angle. This vertical axis corresponds to the signal to noise ratio of each GRB.
As seen in this plot, the selection effect becomes apparent at the incident angle of larger than
20 degrees, but not at less than 20 degrees. The scatter plots of 2-400 keV fluence and the
incident angle, and 2-400 keV peak flux and the incident angle are shown in figure E.2 and E.3
respectively. These figures also show the selection effect of our sample at the incident angle of
larger than 20 degrees. As seen in the plots, the minimum fluence and peak flux of our GRB

sample are ~ 1 x 1077 ergs cm~2 and ~ 2 photons cm~2 s~ at the boresight angle respectively.

There are three main instrumental effects on WXM which might cause the selection effect
in our sample. First is the shadow due to the frames on top of the proportional counters. Since
the frame is made of titanium with the thickness of 3.52 mm, this effect causes the shadow in
the case of the event at large incident angle. However, this effect must be apparent when the
incident angle starts to increase. The second effect is the decrease of the source flux at the
large incident angle. This effect should occur as a function of the incident angle, and it is also
difficult to explain the trend of figure E.1. The last effect is the shadow due to the support
structure. There are “walls” (support structure) around the coded mask and the counters, and
between X and Y counters (figure 4.8). Since the area of the coded mask is twice as large as the
detectors and they are separated in 187.37 mm, the shadow of the support structure appears
at the incident angle of larger than 20 degrees. Thus, this effect is the most possible selection

effect in our GRB sample.

In summary, the threshold level of our 45 GRB sample is ~ 1 x 1077 erg cm ™2 in 2-400 keV
fluence and ~ 2 photons cm™2 s7! in 2-400 keV peak flux at the boresight. The most plausible
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Figure E.1: 2-400 keV fluence divided by square root of duration as a function of the incident

angle.

selection effect in our sample is the shadow due to the support structure of WXM.
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Figure E.3: 2-400 keV peak flux as a function of the incident angle.
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