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ABSTRACT

We describe and discuss the global properties of 45 gamma-ray bursts (GRBs)
observed by HETE-2 during the first three years of its mission, focusing on the
properties of X-Ray Flashes (XRFs) and X-ray-rich GRBs (XRRs). We find
that the numbers of XRFs, XRRs, and GRBs are comparable. We find that the
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durations and the sky distributions of XRFs and XRRs are similar to those of
GRBs. We also find that the spectral properties of XRFs and XRRs are similar
to those of GRBs, except that the values of the peak energy E%% of the burst
spectrum in vF),, the peak energy flux Fje.x, and the energy fluence Sg of XRF's
are much smaller — and those of XRRs are smaller — than those of GRBs. Finally,
we find that the distributions of all three kinds of bursts form a continuum in
the [Sg(2-30 keV),SE(30-400) keV]-plane, the [Sg(2-400 keV), Epeax]-plane, and
the [Foeak(50-300 keV), Epeax]|-plane. These results provide strong evidence that
all three kinds of bursts arise from the same phenomenon.

Subject headings: Gamma rays: bursts

1. Introduction

Gamma-ray bursts (GRBs) whose energy fluence Sy in the X-ray energy band (2-30
keV) is larger than their energy fluence S, in the gamma-ray energy band (30-400 keV) have
received increasing attention over the last few years. In particular, the Wide Field Camera
(WFC) on BeppoSAX detected events that were not detected by the Gamma-Ray Burst
Monitor (GRBM) on the same satellite. These events have been termed “X-ray flashes”
(XRFs) (Heise et al. 2000). Events for which the ratio of the fluence in the X-ray energy
band is intermediate between those for XRFs and GRBs have been termed “X-ray-rich
GRBs” (XRRs).! Understanding the relationship between XRFs, XRRs, and GRBs may
provide a deeper understanding of the prompt emission of GRBs.

2. Observations

In this paper, we investigate the global properties of a sample of HETE-2 bursts. We
require the bursts in this sample to satisfy the following criteria: (1) the burst is detected in
the WXM, (2) the burst is localizable by the WXM, and (3) the signal-to-noise of the WXM
data is sufficient to carry out a spectral analysis of the burst. Generally, a joint spectral
analysis is carried out for the WXM and the FREGATE data.

Forty-five bursts observed by HETE-2 between the beginning of the HETE-2 mission
and 2003 September 13 met these criteria, and this is the sample of bursts that we study.

!Throughout this paper, we define “X-ray-rich” GRBs (XRRs) and “X-ray flashes” (XRFs) as those
events for which log[Sx (2 — 30 kev)/S,(30 — 400 kev)] > —0.5 and 0.0, respectively.
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In this study, we consider three spectral models: (1) a power law (PL) model whose two
parameters are the power-law index o and the normalization constant K5 of the spectrum
at 15 keV; (2) a power law times exponential (PLE) model whose three parameters are the
power-law index «, the cutoff energy Ej, and Kis; and (3) the Band function (Band et
al. 1993) whose four parameters are the low-energy power-law index «, the cutoff energy
Ey, the high-energy power-law index (3, and K;5. We determine whether the data requests
a more complicated model (e.g., the PLE model instead of the PL model, or the Band
function instead of the PLE model) using the maximum likelihood ratio test, and require a
significance ) < 1072 in order to adopt the more complicated model.

Table 1 gives some information about the localization and the WXM time histories of
the 45 bursts in the sample. Table 2 gives the details of the fits made to the time-averaged
spectral data for each of the bursts, including the class of the burst (e.g., XRF, XRR, GRB)
and the spectral parameters of the best-fit spectral model. Table 3 gives the photon number
and energy fluence of each burst in the 2-30, 30-400, and 2-400 keV energy bands, and also
energy fluence ratio between 2-30 keV and 30-400 keV. Table 4 gives the photon number peak
flux (1 second) of each burst in 2-30 keV, 30-400 keV, 2-400 keV and 50-300 keV (BATSE
Channels 3 and 4; Paciesas et al. (1999)) bands.

When the WXM photon time- and energy-tagged data (TAG data) are available, we
apply a “cut” to the WXM data using only the photons from the pixels on wires in the X
and Y detectors that were illuminated by the burst and that maximize the signal-to-noise
ratio (S/N), in the same manner as we did for GRB 020531 (Lamb et al. 2004a). We used
the spectral survey data (PHA data for WXM, and SP data for FREGATE), when TAG
data are not available. The WXM and FREGATE detector response matrix has been well-
calibrated using observations of the Crab nebula (WXM; Shirasaki et al. (2003), FREGATE;
Olive et al. (2003)). We use the XSPEC version 11.2.0 software package to do the spectral
fits. Details of instruments are given in Kawai et al. (2003) and Shirasaki et al. (2003) for
the WXM, and in Atteia et al. (2003) for the FREGATE.

The time histories of the bursts, details of the spectral fitting procedure, and time-
resolved spectroscopy of some of the bursts are given in a companion paper (Sakamoto et al
2004b; see also Lamb et al. 2004b). Other information about the bursts, including skymaps
of the HETE-2 WXM and SXC localizations; the FREGATE Ty and T4y durations of the
bursts; whether an X-ray, optical, or radio afterglow was detected; whether a host galaxy
has been identified; and the redshift of the burst can be found in the First HETE-2 Burst
Catalog (Vanderspek et al. 2004).
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3. X-ray and 7-ray Fluences
3.1. Distribution of Ratio of X-ray and v-ray Fluences

The distribution of the fluence ratio Sx (2-30 kev)/S, (30-400 keV) for the 45 bursts in
this study is shown in Figure 1. The boundaries between GRBs and XRRs, and XRRs and
XRFs are shown as dashed lines. The Figure clearly shows that XRFs, XRRs, and GRBs
form a single broad distribution. The numbers of XRF's, XRRs, and GRBs, are 16, 19, and
10, respectively. The numbers of all three kinds of bursts are roughly equal, modulo the
relatively small sample size.

3.2. Sx versus S,

Figure 2 shows the distributions of XRFs, XRRs, and GRBs in the [Sg(2-30 keV),
SE(30-400 keV)]-plane. As was evident in Figure 1, the three GRB classes seem to form a
single distribution. There is a strong, tight positive correlation between Sg(2-30 keV) and
SE(30-400 keV): Sg(30-400 keV) = (0.72240.161) x Sp(2-30 keV)!-282£0.082 " The tightness
of the correlation implies that there are no bursts in the HETE-2 sample with a high X-ray
fluence and a low -ray fluence, or vice versa.

4. Durations

Figure 3 shows the distribution of T5 (top panel) and Ty, (bottom panel) in the WXM
energy band (2-25 keV) for each kind of GRB. For comparison, we also show the distribution
of Tso and Ty for the BATSE bursts (Paciesas et al. 1999). Although the energy bands in
which Ty and Ty, are calculated are different for HETE-2 and BATSE, the distribution of
the durations of the HETE-2 GRBs are consistent with the distribution of the durations of
the BATSE long GRBs. There is also no evidence for any difference in the distribution of
durations between the three kinds of GRBs. This result is consistent with the BeppoSAX
WFC/CGRO BATSE sample of XRFs (Kippen et al. 2002).
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5. Sky Distributions

Figure 4 shows the sky distribution in ecliptic coordinates of HETE-2 XRFs, XRRs,
and GRBs (upper three panels), and of all of the 44 HETE-2 bursts 2 in this study (bottom
panel). The HETE-2 sky coverage is not uniform, and as a result, it is difficult to make
a meaningful statement about the sky distributions of these three kinds of GRBs. Modulo
this and the relatively small sample size of each of the three kinds of bursts, there is no
statistically significant evidence that the sky distributions of the three kinds of bursts are
different.

6. Distribution of Spectral Parameters

We find that a simple PL model provides an adequate fit to the spectral data for eight
of the 45 bursts in this study. Six of these bursts are XRF's and two are XRRs. In the case of
the five XRFs, the slope of the power-law index is < —2. We inteprete that the spectral data
for these bursts do not constrain ESP but the fact that 5 < —2 means that ES% is about
2 keV. This energy is near or below the lower limit of the WXM energy band. Therefore,
we are observing the high-energy power-law portion of their Band spectrum and they are
XRFs. In the case of the four XRRs, the normalization constants K5 of the spectra are
the lowest among all of the XRRs and GRBs. We therefore interprete the lack of evidence
for % in these bursts as due to the low signal-to-noise of their spectra. In this case, it is
difficult to constrain the break energy, Fy, of the spectra and the best representable spectral
model will be a simple power-law.

We find that the PLE model provides an adequate fit to the spectral data for 28 of the
45 bursts in this study. FEight of these bursts are XRFs, thirteen are XRRs, and six are
GRBs. The remaining ten bursts in this study are adequately fit by the Band model but
not by any simpler model.

We do not include two GRBs (GRB020813 and GRB030519) with # > —2 in this study,
because they do not represent actual “peak” energy in vF, spectrum.

2Since the attitude control camera was not operational, the celestial coordinates of GRB010225 is not
available.
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6.1. Distribution of «-Values

Figure 5 shows the distribution of the low-energy photon index a. We include in this
figure bursts which require the PLE model or the Band model in order to adequately represent
their energy spectra. We do not include bursts whose spectra are adequately represented
by a simple PL model, since in this case the photon index of the PL model is most likely
the high-energy photon index 3 of the Band model. There is a well-known systematic effect
when fitting the PLE model to a spectrum whose shape is that of the Band model but for
which the energy range or the signal-to-noise of the observations is insufficent to require the
Band model: the low-energy power-law index « is smaller (more negative) than it would
otherwise be, and the peak energy Eg'é’;k of the spectrum in vF, is larger than it would
otherwise be. This systematic effect must be kept in mind when comparing bursts for which
the PLE model adequately represents the data and bursts for which the Band model is
required to adequately represent the data. We therefore show as hatched the a-values for
burst spectra requiring the Band model and as non-hatched the a-values for burst spectra
that are adequately fit by the PLE model. However, there is no clear evidence in Figure 5
of the above systematic effect.

The distribution of the low-energy photon index « clusters around —1, and is similar
to the BATSE distribution of « values (Preece et al. 2000). The relatively small number of
bursts with & > —0.5 in the HETE-2 burst sample compared to the BATSE sample of bright
bursts (Preece et al. 2000) could be due to three reasons: (1) the HETE-2 burst sample might
be lacking very hard GRBs because such bursts are relatively more difficult for the WXM to
detect and to localize, (2) the HETE-2 values are for time-averaged burst spectra whereas
the o values reported for the BATSE sample of bright bursts by (Preece et al. 2000) are
for time-resolved spectra; and (3) the PLE model provides an adequate fit to the spectra
of most of the HETE-2 bursts, and therefore the value of « is systematically more negative
than it would otherwise be, as mentioned above. The first reason is unlikely because very
hard GRBs are also very intense (i.e., they have large peak fluxes and fluences). The second
reason may play a role, since it is well known that the spectra of most bursts are hardest at
or near the peak of the burst time history and softer afterward. We regard the third reason
as the most likely, since the vast majority of the 5000 time-resolved burst spectra in the
BATSE sample required the Band model in order to adequately fit the spectrum.

There are no statistically significant differences between the distributions of o values for
XRFs, XRRs, and GRBs (see the top three panels of Figure 5), although comparison of the
three distributions suffers from small number statistics and from the presence of the above
systematic effect. Nevertheless, we conclude that there is no evidence that the distribution
of a-values for XRFs, XRRs, and GRBs are different.
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6.2. Distribution of E° -Values

peak

Figure 6 shows the distribution of the observed peak energy Egle’;k of the burst spectra

in vF,. The events labeled with left-pointing arrows are the 99.7% upper limits for Egg;k

derived using the constrained Band function (Sakamoto et al. 2004a). The distribution of

E2bs, is clearly distorted by the systematic effect mentioned above; i.e., bursts for which the

PLE model provides an adequate representation of the data have values of Eg'é’;k that are

larger than they would otherwise be. Despite this systematic effect, the distribution of Egg;k
values for the sample of HETE-2 GRBs is much broader than that for the BATSE sample
of time-resolved spectra of bright bursts (Preece et al. 2000). In particular, the distribution
of Eobs, values in the HETE-2 burst sample extends to much lower energies. There are
clear differences between the E2% distributions for XRFs, XRRs, and GRBs, but this is
simply because of the strong correlation that must exist between Egg;k and the fluence ratio

SE(2-30 keV)/SE(30-400 keV). This is the fact that we are classifying the GRBs for 30 keV
as a boundary. The e, distributions of the XRRs and the hard GRBs are quite similar.

The distribution of 3 is shown in Figure 7. 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 (Preece et al. 2000).

7. Correlations Between Egle’;k and Other Burst Properties
7.1. E2Y, vs. Fluence Ratio

Figure 8 shows the distribution of observed peak energy E9% versus the fluence ratio

SE(2-30 keV)/SE(30-400 keV). 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 Egg;k. The overlaid curves in Figure 8 are the calculated relationships,

assuming the Band function, for « = —1 and f = —2.5 (red), —3.0 (blue), and —20.0
(green). The dependence of the fluence ratio on (3 is weak when ESP, is greater than 30

keV, and understandably, becomes strong when Eggjk is less than 30 keV. This implies that
the choice of the proper spectral model is important for determining the fluence ratio, and for
determining which bursts are XRFs and XRRs. Fortunately, the importance of choosing the
correct spectral model for the latter is modest because a range in 3 of (—2)-(—20) produces a
range in the fluence ratio of only 40% at E°", = 30 keV, which corresponds to the boundary

pea
between XRFs and XRRs.
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7.2. «and B vs. E°™

peak

Figure 9 shows the distribution of a-values (left panel) and (-values (right panel) versus

ESs . a and 3 show no statistically significant correlation with E%% . and therefore none

with the kind of burst. Kippen et al. (2002) also found no statistically significant correlation
between o and E%% in the BeppoSAX WFC/CGRO BATSE sample of XRFs and GRBs.

7.3. 2-400 keV Fluence vs. E°

peak

The correlation between the fluence in 2-400 keV and Egle’;k are shown in Figure 10.

This figure shows the correlation between Sp(2-400 keV) and ES%, . The best-fit power-law
slope between E°% and Sg(2-400 keV) is 0.279 4 0.053. Thus, while the scatter in the

pea
correlation is large (the correlation coefficient is 0.511), the significance of the correlation is

also large.

7.4. Peak Photon Number Flux vs. E°P

peak

Figures 11 and 12 show the distribution of HETE-2 bursts in the [F}(2-400 keV), £, ]-

eak
plane and the [F}(50-300 keV),E2b5, |-plane, respectively. There is no evidence for a cofrela—
tion between Eo%% and the peak photon flux F}(2-400 keV), while a strong correlation exists
between E2r% and the peak photon flux Fi(50-300 keV) (the latter has a correlation coef-
ficient of 0.802). Kippen et al. (2002) suggested a similar correlation for the WFC/BATSE

sample of XRFs and GRBs.

However, the correlation between £ and Fy(50-300 keV) is an artifact of the choice

of 50-300 keV for the energy band in which the peak flux is measured. The reason is that
for GRBs F}(50-300 keV) is roughly the bolometric peak photon number flux, whereas for
XRRs, and especially for XRFs, F}(50-300 keV) it is clearly not. This is because E2%, lies
near or below the lower limit of this energy band for XRRs, and far below the lower limit
of the energy band for XRFs. The result is that the peak photon number fluxes for these
bursts are greatly reduced from their bolometric values, as can be clearly seen by comparing

Figures 11 and 12.
Figures 13 and 14 compare the distribution of HETE-2 bursts in the [F} (50-300 keV),E°", ]-

peak
plane with the distribution of BATSE bursts and the distribution of WFC/BATSE bursts,
respectively, in the same plane. The distribution of HETE-2 bursts is consistent with the

distribution of BATSE bursts for E2PS > 50 keV but extends farther down in E9% (and

peak
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therefore in Fj(50-300 keV)). This is expected because of the BATSE trigger threshhold,
which is 50 keV. The distribution of HETE-2 bursts is consistent with the distribution of
WFC/BATSE bursts but also extends down to fainter peak photon number fluxes for a
similar reason.

8. Discussion
8.1. Comparison of XRF, XRR, and GRB Properties

We have studied the global properties of 45 GRBs localized by the HETE-2 WXM
during the first three years of its mission, focusing on the properties of XRFs and XRRs.
We find that the numbers of XRFs, XRRs, and GRBs are comparable for bursts localized
by the HETE-2 WXM. We find that there is no statistically significant evidence for any
difference in the duration distributions or the sky distributions of the three kinds of bursts.
We also find that the spectral properties of XRFs and XRRs are similar to those of GRBs,
except that the values of the peak energy Eg'e’;k of the burst spectrum in vF,, the peak
flux Fyeax ,and the fluence Sg of XRFs are much smaller — and those of XRRs are smaller
— than those of GRBs. Our results are consistent with Barraud et al. (2003) who studied
the spectral properties of the HETE-2 GRBs using the FREGATE data. Figure 15, which
shows the best-fit vF,, spectra of two XRFs, two XRRs, and two GRBs, illustrates this.
Finally, we find that the distributions of all three kinds of bursts form a continuum in the
[S(2-30 keV), S(30-400 keV)]-plane, the [S(2-400 keV), Epeax)-plan, and the [Feu(50-300
keV), E°> ]-plane. These results provide strong evidence that all three kinds of bursts arise

peak
from the same phenomenon.

8.2. Theoretical Models of XRF's

Several theoretical models of XRFs have been proposed. GRBs at very high redshifts
might be observed as XRF's (Heise et al. 2000). However, the fact that the duration distribu-
tion for XRF's is similar to that for GRBs argues against this hypothesis as the explanation
of most XRFs, as does the low redshifts (Soderberg et al. 2004; Fynbo et al. 2004) and the
redshift constraints (Bloom et al. 2003) that exist for several XRFs.

According to Mészaros, Ramirez-Ruiz, Rees, & Zhang (2002) and Woosley, Zhang,
& Heger (2003), X-ray (20-100 keV) photons are produced effectively by the hot cocoon
surrounding the GRB jet as it breaks out, and could produce XRF-like events if viewed well
off the axis of the jet. However, it is not clear that such a model would produce roughly
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equal numbers of XRFs, XRRs, and GRBs, or the nonthermal spectra exhibited by XRFs.

Yamazaki et al. (2002, 2003) have proposed that XRFs are the result of a highly col-
limated GRB jet viewed well off the axis of the jet. In this model, the low values of Epeax
and Ei, (and therefore for Egle’;k and Sg) seen in XRFs is the result of relativistic beaming.
However, it is not clear that such a model can produce roughly equal numbers of XRFs,
XRRs, and GRBs, and still satisfy the observed relation between Ei, and Epe. (Amati et
al. 2002; Lamb et al. 2004b).

The “dirty fireball” model of XRFs posits that baryonic material is entrained in the
GRB jet, resulting in a bulk Lorentz factor I' < 300 (Dermer et al. 1999; Huang et al. 2002;
Dermer and Mitman 2003). At the opposite extreme, GRB jets in which the bulk Lorentz
factor I' > 300 and the contrast between the bulk Lorentz factors of the colliding relativistic
shells in the internal shock model are small can also produce XRF-like events (Mochkovitch
et al. 2003).

It has been proposed that XRFs are due to universal GRB jets in which the luminosity
falls off like a power law from the jet axis (Zhang & Mészéaros 2002; Rossi et al. 2002) and
are viewed well off the jet axis (Zhang et al. 2004). However, Lamb, Donaghy & Graziani
(2004) have shown that such a model predicts far more XRFs than GRBs, in conflict with the
HETE-2 results described in this paper. A universal GRB jet model in which the luminosity
falls off like a Gaussian may do better (Zhang et al. 2004).

Lamb, Donaghy & Graziani (2004) have shown that a unified description of XRFs,
XRRs, and GRBs is possible in a model in which the GRB jet opening angle varies over a
wide range. In this model, XRF's are due to jets with wide opening angles while GRBs are
due to jets with narrow opening angles.

As this discussion suggests, understanding the properties of XRFs and XRRs, and
clarifying the relationship between these two kinds of events and GRBs, could provide a
deeper understanding of the prompt emission of GRBs. And as Lamb, Donaghy & Graziani
(2004) have emphasized, XRFs may provide unique insights into the nature of GRB jets, the
rate of GRBs, and the relationship between GRBs and Type Ic supernovae.

9. Conclusions

We have studied the global properties of 45 GRBs observed by HETE-2 during the first
three years of its mission, focusing on the properties of XRFs and XRRs. We find that
the numbers of XRFs, XRRs, and GRBs are comparable. We find that the durations and
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the sky distributions of XRFs and XRRs are similar to those of GRBs. We also find that
the spectral properties of XRFs and XRRs are similar to those of GRBs, except that the
values of the peak energy E"bsk of the burst spectrum in vF),, the peak flux Flea ;and the

pea

fluence Sg of XRF's are much smaller — and those of XRRs are smaller — than those of GRBs.
Finally, we find that the distributions of all three kinds of bursts form a continuum in the
[S(2-30 keV), S(30-400 keV)]-plane, the [S(2-400 keV), Epeax)-plan, and the [Feax(50-300

keV), EP |-plane. These results provide strong evidence that all three kinds of bursts arise

from the same phenomenon. They also provide constraints on theoretical models of XRFs.
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Table 1. Some Properties of 45 HETE-2 GRBs

GRB BID  0x 0y  TT® TS®  EB° RA. Dec. 1 b errord tso (WXM)  too (WXM)
GRBO010213 10805 -2.41  13.60  — — —  10h31m36s  +05d30m39s  239.6  50.3 30.2/ 86+£12 245412
GRB010225¢ 1491  -23.10  0.97 G 1.3s 5120 — — - = — 62+13 159 +3.9
GRBO010326B 1496  7.97 -1502 G 160ms 5120 11h24m24s  -11d09m57s  271.2  46.3 36/ 1.7 40.2 52402
GRB010612 1546  13.81  1.17 G 160ms 30-400 18h03ml18s  -32d0SmOls  359.2  -4.9 36/ 174 £0.8 285+ 0.2
GRBO010613 1547  -30.50 25.17 G 135 30-400 17h00m40s  +14d16m05s  33.9  30.9 36/ 238412 518407
GRBO10629B 1573  -26.60  8.29 G 1.3s 5120 16h32m38s  -18d43m24s  358.6  19.5 15/ 93+03 162 +0.2
GRB010921 1761  -23.95 3945 G 1.3s 5120 23h0Im53s  +44d16ml2s 103.1 -14.3  20°x15/ - -
GRB010928 1770  -2.99 3500 G 1.3s  30-400 23h28m55s  +30d39mlls 102.9 -26.7 164’ x 11° 295 +35  59.0 + 1.8
GRBO11019 10823 -18.29 -17.63  — — —  00h42m50s  -12d26m58s 1147 -75.2 35 1224+ 1.3 316+ 1.2
GRBO11103 1829  -0.32 -10.94 XG 5125  —  03h20m37s  17d40mOls  166.1 -32.4 — 86+17 197 +1.2
GRBO11130 1864 -13.03 2283 XG 5125  —  03h05m36s ~+03d48m36s 174.4 -45.2 10/ 238+ 0.6  39.5+ 04
GRBO11212 10827 -1.60 971  — — —  05h00mO05s  +32d07Tm39s 171.8  -6.3 11/ 3324+ 12 725+ 28
GRB020124 1896  14.65 -31.57 G 1.3s  30-400 09h32m49s  -11d27m35s 2449  28.3 12/ 18.6 £1.1 502+ 23
GRB020127 1902  -7.51 2076 G 512  30-400 08h15m06s +36d44m3ls 184.7 318 8 60+03 176+ 1.9
GRB020317 1959 -17.14 1515 G 1.3s 5120 10h23m2ls +12d44m38s 228.1  52.5 18/ 24404 147405
GRB020331 1963  6.91  -1433 G 160ms 30-400 13h16m34s -17d52m29s  311.3 446 10’ 357+ 18  T87+18
GRB020531 2042 2294 11.33 G 20ms  30-400 15h14md5s  -19d21m35s  343.6  32.0 38 11402 2.5+ 0.3
GRB020625 2081 564 1012 G 52s  30-400 20h4dmlds +07d10m12s 533  -21.1 13.8' 135 +£1.2  119.2 + 24
GRB020801 2177 473 3544 G 1.3s  30-400 21h02ml4s  -53d46ml13s  343.9 -40.7 13.9/ 262.9 £ 4.2  348.9 + 4.4
GRB020812 2257 -15.30 -1213 G 1.3s  30-400 20h38m48s  -05d23m34s  40.7  -26.3 13.8/ 141406  420+1.0
GRB020813 2262 004 -381 G 1.3s  30-400 19h46m38s  -19d35ml16s  20.8  -20.7 1(8) >30.0 >89.0
GRB020819 2275  17.70 -2245 G 160ms 30-400 23h27m07s +06d21m50s 885  -50.8 7 115403  46.9 + 2.0
GRB020903 2314 420 1264 XG 512  —  22h49m25s  -20d53m59s 389  -61.5 16.7 48+04 100 £ 0.7
GRB021004 2380  3.92 -1239 G 525 30-400 00h26m57s +18d55mdds  114.9 -43.6 2(S) 2.6+ 1.0  77.1+26
GRB021021 10623 1524  11.92  — — —  00h17m23s  -01d37m00s  103.8 -63.2 20/ 2214+ 12 565+ 1.2
GRB021104 2434 2256 2238 G 1.3s 5120 03h53m48s  +37d57m12s 158.1 -12.2 26/ 102 £05 181 4 0.2
GRB021112 2448 1224 2706 G 1.3s 5120 02h36m52s  +48d50m56s 1402  -10.5 20/ 68+12 147411
GRBO21211 2493  -12.55 -0.01 G 160ms 30-400 08h09mO00s +06d44m20s 215.7  20.3 2/(S) 31401 133403
GRBO030115 2533  13.01 -3.11 G 135 30-400 11h18m30s +15d02m17s 237.4  65.2 2/(S) 92405  49.6 +4.3
GRB030226 10893 -13.00 -16.27  — — —  11h33m0ls  +25d53m56s 212.5  72.4 2/(S) 66.4 +39  137.7+ 4.9
GRB030323 2640  4.05 3506 XG  320ms  —  11h06m54s  -21d51m00s  273.0  34.9 18’ 13.9£1.6 326 +27
GRB030324 2641  -26.35  0.57 G 1.3s  30-400 13h37mlls  -00d19m22s  326.6  60.4 7 89403 258408
GRB030328 2650 505  7.14 G 1.3s 5120 12h10m5ls  -09d21mO5s  286.4  52.2 1(S) 106.9 + 1.2 315.8 + 3.0
GRBO030329 2652  26.68 -20.00 G 1.3s 5120  10h44m49s  +21d28mdds 217.1  60.7 2/(S) 121 £02 331405
GRB030416 10897 -1.98 -11.32  — — —  11h06m5ls  -02d52m58s  258.8  50.8 7 197 £1.7 615+ 1.2
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GRB

BID

0x

Oy

TT®

TSb

EB® R.A. Dec.

l

b

error

tso (WXM)

too (WXM)

GRB030418

2686

7.45

-9.66

XG

13.280s

— 10h54mb3s  -06d59m22s

259.1

45.7

9/

38.7 £ 0.9

117.6 £ 0.7




Table 1—Continued

GRB BID 0x Oy TT* TS? EB¢ R.A. Dec. l b error® tso (WXM)  tgo (WXM)
GRB030429 2695 888  11.83 XG  6.72s — 12h13m06s  -20d56m00s  291.0  41.1 1/(S) 384+ 1.5 774 £ 1.2
GRB030519 2716 -41.00 16.18 G 160ms  30-400 14h58m18s  -32d56m57s  331.5  22.8 30/ 6.1 + 0.6 13.8 + 0.7
GRB030528 2724  20.66  6.14 G 1.3s  30-400 17h04m02s  -22d38m59s 0.0 113 2/(S) 20.8 &+ 1.2 492 + 1.2
GRB030723 2777  1.55 1093 XG  6.72s WXM  21h49m30s  -27d42m06s  21.2  -49.9 2/(S) 9.9+0.3 20.2 + 0.5
GRB030725 2779 1841  33.10 G 160ms  5-120  20h33m47s  -50d45m49s  348.2 -36.6 14.4/ 68.3 +£3.4  200.0 + 2.5
GRB030821 2814  12.13  32.47 G 1.3s  30-400 21h42m33s  -45d12ml12s  354.3 -48.5 120'x10’ 11.7 £ 1.5 22.9 + 0.5
GRB030823 2818  11.67 -32.65 G 5.2s 5-120  21h30m47s  +21d59md6s  73.2  -21.0 5.4/ 30.2 + 1.4 66.4 + 1.9
GRB030824 2821 -29.79 -31.43 G 1.3s 5-120  00h05m02s  +19d55m37s  108.3 -41.6 11.2/ 131+ 1.8 36.4 + 0.4
GRB030913 2849  -2.05  4.62 G 1.3s  30-400 20h58m02s  -02d12m32s  46.5  -29.0 30/ 2.9+ 0.3 6.7+ 0.3

aTriggered type; G: FREGATE triggered, XG: FREGATE triggered by XDSP.

bTrigger time-scale.

“Trigger energy band in keV.

d

¢Since the attitude control camera was not operational, the celestial coordinates is not available.

ocation error radius (90% confidence). “S” indicates localization by the SXC.
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Table 2: Spectral Parameters of 45 HETE-2 GRBs

GRB Class® Model? «a Jé] Epeak [keV] K¢, X2 D.O.F.
GRB010213 XRF  Band  —1.00(fixed) —2.967027 3.4170% 44637795 0.940 44
GRB010225 ~ XRF  PLE ~1.3179:38 — 31.571352° 6.757795  0.925 39

GRB010326Bf ~ XRR  PLE —-1.087525 — 51.771155 13.197597 0856 111
GRB010612 ~ GRB  PLE —-1.07T5 10 — 244507 33%07 2.937050 0884 65
GRB010613 ~ XRR  Band  —095%03%  —2.0170:9 46.251177% 15247537 0785 134
GRB010629B  XRR  PLE -1.127013 — 45.5713C 20.057150 0817 110
GRB010921T  XRR  PLE —1.557068 — 88.6313L-78 417971 0939 140
GRB010928  GRB  PLE —0.6675°59 — 409.507135:3 6.307522 0825 125
GRB011019 ~ XRF  PLE  —1.43 (fixed) — 187113558 2467085 0854 68
GRB011103  XRR PL ~1.7310:32 — — 2727085 1266 38
GRB011130  XRF PL — ~2.6510:2% < 3.9 0.697052  1.016 40
GRBO011212  XRF PL — —2.0710:5) — 0727018 0.795 54
GRB020124  XRR  PLE —-0.79791% — 86.93115 11 9.2470-9% 0710 95
GRB020127  XRR  PLE ~1.0370:13 — 104.00757°95 4507930 0746 110
GRB020317  XRF  PLE —0.6170:5) — 28.41772,98 7277575 0.923 53
GRB020331 ~ GRB  PLE —-0.7970:13 — 91.57179 50 4037530 0732 1n
GRB020531 ~ GRB  PLE —0.837013 — 230.60733%1°  20.997351  0.831 141
GRB020625 ~ XRF  PLE  —1.14 (fixed) — 8.527 501 2.847005 0781 55
GRB020801T  GRB  Band  —0.327037  —2.017037 53.3511137 5667195  0.638 140
CGRB020812  XRR  PLE —-1.09%5-29 — 87.6271396%:93 2.277051  0.664 68
GRB020813"  GRB  Band  —0.94%005  —1.57700% 1421071507 20747050 1160 140
GRB020819  XRR  Band  —090701:  —1.9975 1% 49.9011%-38 10717387 0.945 108
GRB020903  XRF PL — 2621032 <50 (26108 0417030 0.845 26
GRB021004 ~ XRR  PLE ~1.017017 — 79.79753-52 277705 0949 68
GRB021021 XRF  PLE  —1.33 (fixed) — 153871424 1241050 0.879 41
GRB021104"  XRF  PLE 111795 — 28.211 1721 7597530 0744 38
GRB021112  XRR  PLE —0.947033 — 57.15755°20 6.57775r 1126 61
GRB021211  XRR  Band  —0861000  —2.187012 45.56 1752 32.58731% 1149 140
GRB030115  XRR  PLE ~1.287013 — 82.7915552 3.50709%  0.812 67
GRB030226 ~ GRB  PLE ~0.897011 — 97.121+75-5% 3477055 0.894 139
GRB030323  XRR PL —1.62152% — — 2197557 0.835 33
GRB030324  XRR  PLE ~1.457075 — 146.80527,57 4.947072 0.882 76
GRB030328 ~ GRB  Band  —114%00%  —2.09701°  126.30713% 6.64703% 0982 140
GRB030329  XRR  Band  -1.2670%5,  —2.287p0° 67.867251 146.207170  1.537 139
GRB030416  XRF PL — —2317018 <381 (2679%) 0927917 0.870 54
GRB030418  XRR  PLE ~1.467073 — 46.10131-90 2437038 0929 68
GRB030429 ~ XRF  PLE ~1.127925 — 35.041 11500 4.057 558 0720 68
GRB030519"  GRB  Band 0757007 1727005 137.60758 73217900 0742 124
GRB0305287  XRF  Band  -1.337015  —2.65705% 31.847357 13.947292 0.809 109
GRB030723  XRF PL — ~1.907030 < 8.94 10003, 0952 142
GRB030725 ~ XRR  PLE ~1.517004 — 102.80715:93 15717020 1069 141
CGRB030821  XRR  PLE -0.8810 15 — 84.26115:12 8.7415 70 0.971 98
CGRB030823  XRF  PLE —-1.31%5% — 26.571705 8.267235 0708 110
GRB030824  XRF PL — —214701% <874 (6.17)9) 5257078 0.813 53
GRB030913  GRB  PLE —0.82702% — 119.707255%,2 3.537070  0.740 53

a GRB classification; XRF: X-ray-flash, XRR: X-ray-rich GRB, GRB: GRB

b Spectral model; PL: Power-law; PLE: Power-law times exponential cutoff; Band: Band function

¢ Normalization at 15 keV in units of 10~2 photons cm—2 s~ ! keV~1!

d 99.7% upper limit and 90% confidence interval (in parenthesis) derived by the constrained Band function
1 The constant factor is multiplied to the spectral model.



- 19 —

Table 3: Photon Number and Photon Energy Fluences of 45 HETE-2 GRBs

GRB Duration Photon fluence® Energy fluence X/~ ratio
[sec] 230 keV 30400 keV 2400 keV | 230 keV 30 400 keV 2200 keV
+5.20 +0.69 +5.50 +0.25 +0.58 +1.0T
crpowszs | ere | assorddl  operidt O | e fhem o Bdaw ) U5
GRB010326B 3.50 L6.775:53 3057058 10.08+5:81 9.407057 3097002 5627085 0.75
. o7 29_0 56 90 _o 76 Y 22_0.76 02 o1 .
GRB010612 47.19 56.6371355  29.2677 50 85.89715-5° 8.84113° 50.237% 3% 59.0515-37 0.18
GRB010613 141.56 672.40;{1?516;2 168.50%1% 840.90%%1652 101.501%;%% 227.60%%:%(8) 329.402}%%% 0.45
Crpotoont | ones | 60107 B snastE  consoHB | ngord¥ eoskll ool | 0
GRB010928 34.55 70487368 104707500 1748071000 | 1371738 5o5 pgFO0  oygsn+ES0 0.06
GRB011019 2457 o7 52565 La7is 28.09+5-05 3037058 110+ 138 L13+E8 977
GRB011103 14.75 3083001 4137588 34061015 3317070 6027512 9537513 0.53
GRB011130 50.00 8600+ 1300 100+ 100 87.00+ 1550 5.857008 0.08+ 117 6.83+ 100 5.96
GRBO11212 57.68 47.30+6:58 9317003 49604730 4047008 3374553 7617298 1.26
GRB020124 10.63 115001088 51 g 888 guen+IS00 | g, idd 61.33F570 8104556 0.32
GRB020127 25.63 P o SR 59.01+ 101 6737001 20,49+ 445 o799+ 448 0.33
GRB020317 10.00 13.80+5:30 170088 15.50+5:10 9167057 129+ 058 345001 1.68
GRB020331 75.00 03.007750 43507015 136507530 | 1607+ 108 53327552 69.40+5:45 0.30
: : —6.75 . —3.75 : —8.30 : —1.03 . —7.39 : —7.45 :
GRB020531 1.04 7.5471 L2 6.1870 %% 13.7217132 1.3370-1% 10.9671355 12,307 152 0.12
+4.20 +0.51 +3.78 +0.55 +0.35 +0.83
Crpomser | 11707 | 1309058 a0a0rtH  aons0 B8 | pmegi B gnnarBH oy o0nit | o
. U 53750 OU_4 79 -9U_ 53750 06 _5 79 49_10.54 WU 90,90 .
GRB020812 60.16 52.9413%2%  15.64755] 68.58 855" 7917100 19.157528 27.0675 54 0.41
iy | | ity el el d weld o)
GRB020903 13.00 12.617573 0.16+0-54 19747513 0.83+0:28 0.16+0-44 0.05+0.62 731
GRB021004 19.70 40707497 54758 65117546 7657060 1779+ 201 25.45+0-55 0.43
GRB021021 19.15 93107541 0.88 7113 94087541 9517063 0.62+ 107 3137190 103
GRB021104 31.41 78.84+25:86 7547504 86.35+20.08 | 10397008 6.13+ 340 16.38+3.08 1.69
GRB021112 4,00 848208 9101001 10.60+2:30 1317085 014+ 108 345+ 109 0.61
GRB021211 8.00 74567340 1gggross 03.447201 | 17 607028 23717503 35341507 0.49
GRB030115 36.00 58.687540  19gp il 71987516 7807000 1507+ 102 23,05+ 358 0.52
GRB030226 68.81 70821038 g3 orsll gy o0+iBd8 | 0ies 42.0276:85 56.12+6:08 0.31
GRB030323 19.61 29,92+ 16.08 5407157 3471 +15:49 3407120 8017384 19.30+5:68 0.38
. 42_19.55 49 1076 (1955 405707 3748 ©U_3743 .
GRB030324 15.73 43.737558 8.971122 52.7075 %2 5.497047 12,7555 18.237557 0.43
—+11.90 +5.90 -+12.00 +1.31 +13.90 +14.00
Crposoms | ol | 41100 8 sna0ri®  soes00r B | sean0r B om0t oo coriia | 02
GRB030416 78.64 1140079800 3 sFLat | jro+led0 | g gordiE? 372t 18 12704547 9.42
GRB030418 | 110.10 143107580 g5 el 160707580 | 17717100 17347757 345+58 0.99
GRB030429 24.58 35157167 4427088 3057+ 1607 4747048 380+ 140 854715 1.25
: : —4.43 . —1.23 : —4.67 : —0.49 . —1.17 . —1.32 :
GRB030519 20.97 4857072350 357.501230  843.2072330 | 87.057358 609.3079 7 696.709 50 0.14
ooms | 8 | awil wel endf) ml Cend o medd) o
GRB030725 83.88 7851012010 196707920 0118072550 | 94197330 166707100 og0.g0tL060 0.56
: . —27.70 : —4.20 . —27.70 : —2.25 . —10.10 : —10.40 :
GRB030821 21.21 60.6675 33 23127190 83.7875-3 9.96705 27.4775:50 37437521 0.36
+18.40 +3.33 +18.30 +1.56 +4.43 +4.63
o | m | oS wed | amdl el weld)
. U 15005 (29 49 DU 14078 U107 -09_7 89 (3 _5 49 .
GRB030913 9.12 10.497 152 5.847052 16.3275°0% 1.8170-53 8.0412-59 9.867259 0.23

a Photon number fluences are in units of photon cm™
b Photon energy fluences are in units of 10~7

2

erg cm 2
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Table 4: Peak (1 s) Photon Number Flux of 45 HETE-2 GRBs

GRB Class®  Model” F;J)\rcak(2730 KkeV)© F]{Ycak(307400 keV) Fgcak(zfz;oo keV) Fgcak(so%oo keV)
GRB010213  XRF  Band 6.33 + 0.77 (2.97 £ 0.55) x 1073 6.33 + 0.81 (1.08 + 0.15) x 1072
GRB010225  XRF  PLE 5.11 + 2.36 0.33 + 0.17 5.45 + 2.39 (9.56 + 9.37) x 1072

GRB010326B  XRR  PLE 10.52 + 3.29 1.51 £ 0.35 12.03 + 3.33 0.73 + 0.24
GRB010612 GRB  PLE 4.32 + 1.16 4.35 + 0.48 8.67 + 1.38 3.07 + 0.35
GRB010613 ~ XRR  Band 24.66 + 11.60 2.68 + 0.87 27.34 + 11.19 1.23 £ 0.40

GRB010629B  XRR  PLE 39.08 + 7.30 4.17 + 0.42 43.25 + 7.40 1.86 + 0.26
GRB010921  XRR  PLE 34.20 + 4.05 5.74 + 0.46 39.93 + 4.21 3.19 + 0.30
GRB010928  GRB  PLE 3.83 + 0.76 6.91 + 0.45 10.74 + 0.94 5.02 + 0.46
GRB011019  XRF PL 3.62 + 1.41 0.15 + 0.13 3.76 + 1.44 (7.41 + 7.33) x 1072
GRB011103  XRR PL 4.42 + 1.12 0.14 + 0.08 4.55 + 1.14 (6.53 + 4.27) x 1072
GRB011130  XRF PL 5.27 + 1.27 (8.20 + 6.28) x 1072 5.35 + 1.28 (3.57 + 3.21) x 1072
GRBO11212  XRF PL 1.13 £ 0.97 < 7.66 x 1072 1.14 £ 0.96 <4.43 x 1072
GRB020124 XRR  PLE 6.90 + 1.63 2.49 + 0.40 9.38 + 1.77 1.43 £ 0.28
GRB020127 XRR  PLE 5.95 + 1.17 2.17 + 0.42 8.12 + 1.50 1.27 £ 0.27
GRB020317  XRF  PLE 4.63 + 1.04 0.64 + 0.25 5.26 + 1.13 0.20 + 0.14
GRB020331  GRB  PLE 1.93 £ 0.37 1.72 £ 0.23 3.65 + 0.51 1.19 £ 0.17
GRB020531  GRB  PLE 17.41 + 4.46 5.56 + 0.74 22.97 + 4.69 3.58 + 0.51
GRB020625  XRF PL 2.86 + 0.97 0.31 + 0.17 3.17 + 1.07 0.18 + 0.10
GRB020801 ~ GRB  Band 6.36 + 1.13 1.38 £ 0.25 7.73 + 2.11 0.79 + 0.18
GRB020812  XRR  PLE 2.48 + 0.84 0.84 + 0.26 3.32 + 1.00 0.47 + 0.17
GRB020813 ~ GRB  Band 19.53 £ 1.29 12.79 £ 0.83 32.31 + 2.07 8.31 + 0.55
GRB020819  XRR  Band 12.09 £ 1.05 5.60 + 0.44 17.68 + 1.34 3.42 + 0.29
GRB020903  XRF PL 2.75 + 0.66 3.23%5 73 x 1072 2.78 + 0.67 1.3773-88 « 10—2
GRB021004 XRR  PLE 1.80 £ 0.38 0.89 + 0.20 2.69 + 0.50 0.43 + 0.15
GRB021021  XRF PL 2.14 + 1.06 0.31 + 0.24 2.45 + 1.17 0.19 + 0.16
GRB021104  XRF  PLE 4.23 + 1.79 0.67 + 0.22 4.89 + 1.83 0.25 + 0.13
GRB021112  XRR  PLE 3.45 + 1.15 1.03 £ 0.37 4.47 £1.29 0.55 + 0.28
GRB021211  XRR  Band 21.60 + 1.33 8.36 + 0.56 29.97 + 1.74 4.10 + 0.34
GRB030115 XRR  PLE 6.97 + 1.32 1.16 £ 0.17 8.13 + 1.38 1.16 £ 0.17
GRB030226 GRB  PLE 1.71 £ 0.51 0.99 + 0.17 2.69 + 0.57 0.63 + 0.14
GRB030323  XRR PL 3.37 + 2.10 0.49 + 0.22 3.86 + 2.11 0.29 + 0.15
GRB030324 XRR  PLE 6.63 + 1.04 1.63 £ 0.30 8.27 + 1.20 0.96 + 0.23
GRB030328 GRB  Band 6.72 + 0.51 4.92 + 0.33 11.64 £ 0.85 3.32 + 0.24
GRB030329 XRR  Band  378.59 £ 21.20 72.20 + 3.77 450.88 + 24.68 38.06 + 2.04
GRB030416  XRF PL 4.50 + 0.91 0.26 + 0.10 4.77 £ 0.94 (1.39 £ 0.62) x 102
GRB030418  XRR  PLE 3.69 + 0.85 0.30 + 0.15 3.99 + 0.91 0.13 + 0.10
GRB030429 ~ XRF  PLE 3.08 + 0.72 0.71 + 0.19 3.79 + 0.79 0.29 + 0.11
GRB030519 GRB  Band 7.52 + 3.37 11.89 + 4.81 19.41 + 7.96 8.36 + 3.38
GRB030528  XRF  Band 17.28 + 1.52 0.61 + 0.12 17.89 £ 1.57  (1.50 % 0.55) x 107!
GRB030723  XRF  PLE 1.98 + 0.38 0.12%049 2.10 £ 0.41 3.061537 x 1072
GRB030725 ~XRR  PLE 24.83 + 1.79 9.12 + 0.55 33.96 + 2.15 5.69 + 0.37
GRB030821  XRR  PLE 3.84 + 0.72 1.93 + 0.27 5.77 + 0.86 1.19 £ 0.19
GRB030823 ~ XRF  PLE 7.03 £ 1.62 0.57 + 0.26 7.60 + 1.70 0.17 + 0.14
GRB030824  XRF PL 12.37 £ 3.77 0.28 + 0.14 12.65 £ 3.82  (1.29 £ 0.74) x 107!
GRB030913 GRB  PLE 2.20 + 0.48 1.36 & 0.25 3.55 + 0.63 0.89 + 0.18

a GRB classification; XRF': X-ray-flash, XRR: X-ray-rich GRB, GRB: GRB

b Spectral model; PL: power-law, PL
¢ Photon number peak fluxes are in units of photons cm™2s

E: power-law times exponential cutoff, Band: Band function
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Fig. 2.— Distribution of the bursts in this study in the [Sg(2-30 keV,Sg(30-400 keV]-plane.
The dashed line corresponds to the boundary between XRFs and XRRs. The dash-dotted
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fit to the burst distribution, and is given by Sg(30-400 keV) = (0.72240.161) x Sg(2-30
keV)!1-282£0.082 " The correlation coefficient of the burst distribution is 0.851.
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