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Abstract

We present the study of correlation between properties of prompt gamma-ray emission and
afterglows of gamma-ray bursts (GRBs).

Using 60 GRBs localized by the BeppoSAX satellite or the HETE-2 satellite, we analyze
the light curves of optical afterglows. The analysis of light curves of optical afterglows reveals
that more than three fourths of these afterglows become fainter than 20th magnitude within a
day.
We divide the light curves spanning 0.0003 – 1000 days after the burst into 23 time intervals
and estimate the magnitude of optical afterglows for these intervals.

Using the published fluences and the peak energies in the νFν spectrum (Epeak) of the prompt
emission, we study the correlation with magnitude of optical afterglow for 23 time intervals.
As a result, we find a probable correlation between the magnitude of the optical afterglow and
both the fluence and Epeak. We also use 24 GRBs with known redshift to study the correlations
of the redshift-corrected properties of GRBs. We find that the correlations of redshift corrected
values are better than the correlations between the observer-frame properties. In particular the
total radiated energy in prompt emission (under the assumption of isotropic emission) Eiso is
well-correlated with the source-frame optical afterglow luminosity Lot. We performed the same
correlation study using the total prompt energy — corrected for jet collimation — instead of
Eiso. We find that the collimation correction does not improve the correlation.

We evaluate the significance of correlations by three different statistical methods. The
results are suggestive of time evolution of correlation strength. However detailed analysis shows
that this apparent time evolution is due to the changing size of data samples, and that there is
no significant difference in the correlation corresponding to different time intervals. The poor
correlation of jet-corrected total energy may be also due to poor statistics.

We discuss the interpretation of this correlation in terms of the energy conversion efficiency
of bursts. On the basis of this standard model, we can estimate the initial kinetic energy of the
relativistic shells from the observation of afterglows. We found the efficiency of energy conver-
sion is typically above 10%, which may present constraints on the mechanism of relativistic jet
production.
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Chapter 1

Introduction

The Gamma-ray burst (GRB) phenomenon is among the most extraordinary known to astro-
physics. It was discovered as an extremely bright flash of gamma rays in 1960’s. GRBs occur
at random positions in the sky. Their durations span from a fraction of a second to hundreds
of seconds. There appears to be no standard value for their intensities. There is a huge variety
in their time profile: some are only short single spikes, some have long smooth light curves,
and some exhibit complex, sometimes intermittent, series of spikes. For thirty years after the
discovery, despite of various attempts, the origin of gamma-ray burst was elusive. Even their
typical distance from the earth or the solar system was uncertain by many orders of magnitude.

Their origin at cosmological distance was first suggested by the isotropic distribution in
the sky found in 1990’s, and was convincingly confirmed by various observations led by the
discovery of X-ray afterglows with the BeppoSAX satellite in 1997. The distance and energy
scale of GRBs are now firmly established by means of measurements of redshifts of the optical
afterglows or detection of host galaxies. BeppoSAX was capable of providing locations of GRBs
with sufficient accuracy (a few arcmin or better) and short time delay (several hours), to permit
observations of afterglows in X-ray, optical, near infrared, and radio bands. (see Chapter 2)

The afterglow of GRBs is well understood as a synchrotron emission of the external shock
in the framework of the relativistic fireball model. A simple model can explain most of the
characteristics of afterglows successfully. Observations of afterglows, in particular with multi-
wavelength coverage and well-sampled light curves, can provide important physical parameters,
such as the explosion energy, magnetic field, ambient density, and the Lorentz factor of the rel-
ativistic jets, which are supposed to be the driving engine of the shocks.

On the other hand, we do not have good description of the physical process of the “prompt
emission” — the initial intense burst emission of gamma rays and X rays. In the framework
of the relativistic fireball model, the prompt emission is often attributed to the collision of
relativistic shells with nonzero relative velocities (internal shocks). Complicated and diverse
properties of the prompt emission, however, create difficulties for this simple interpretation.
Naturally, observations of afterglows are expected to provide valuable information for under-
standing the nature of the prompt emission. However, the correlation between the properties
of afterglows and those of prompt GRB emission has not been studied well, partly due to
small number of GRB afterglow detections, and partly due to uncontrolled diverse observing
instruments and conditions.

Since the first detection, optical afterglows have been detected for more than 60 GRBs.
However, those are only 40% of well-localized GRBs. There are more bursts without optical
counterparts — the so-called “optically dark bursts”. In addition, optical afterglows of soft
bursts, the so-called “X-ray rich GRBs (XRRs)” or “X-ray flashes (XRFs)”, tend to be fainter
than those of hard GRBs.
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Amati et al. (2002) found that hard GRBs radiate more energy in prompt gamma-ray
emission than soft bursts (see section 2.1.1). If the radiated energy in the prompt emission is
related to the brightness of the optical afterglow, the dimness of soft bursts can be naturally
explained. However no such study has been performed until now, because no afterglows of
XRFs had been detected.

HETE-2 has changed the situation. Two thirds of the bursts localized by HETE-2 are
XRRs or XRFs, and an optical transient has been found for the extremely soft XRF 020903
(Sakamoto et al., 2004b), (Soderberg et al., 2004).

The first goal of this work, therefore, is to study the relation between the prompt emission
and the afterglow of gamma-ray bursts. We examine the existence or lack of correlations
between properties of the prompt emission (such as fluence, radiated energy or spectral peak
energy), and the properties of the optical afterglow (flux, isotropic luminosity, or jet-corrected
luminosity). For this purpose, we develop a procedure to analyze many optical afterglow
observations taken at various epochs. With this study, we hope to find the properties of the
prompt emission that control the darkness/brightness of optical afterglows.

The second goal of this work is to determine the efficiency of energy conversion in the
prompt emission. According to the standard “fireball” model of GRBs, the energy of GRB
source is initially in the form of the kinetic energy of relativistic shells. Some part of kinetic
energy is converted into radiation of prompt emission and the rest of the energy is converted
into afterglow emission slowly through the interaction with the surrounding medium. On the
basis of this standard model, we can estimate the initial kinetic energy of the relativistic shells
from the observation of afterglows. The energy conversion efficiency, which is the ratio of
radiated energy in the prompt emissions to the initial kinetic energy, will provide an insight
on the emission mechanism of the prompt emission, and is an excellent test for the internal
shock scenario. Furthermore, if the efficiency for GRBs, XRRs and XRFs are different from
each other, it may also give a hint on the nature of XRRs and XRFs.

In this thesis, we report the correlations between the properties of prompt emission and
brightness of optical afterglows. In order to study the correlations, we used the GRBs whose
prompt emission is detected and localized by BeppoSAX or HETE-2. We gathered data on
optical afterglows from circulars of the GRB Coordinates Network (GCN), as well as from
published papers. We plotted the light curves of optical afterglows for 60 bursts. We estimated
the afterglow magnitude or luminosity based on these data and compared the brightness of
optical afterglow with the fluence (time integrated flux), Epeak (characteristic energy of the
spectrum) and radiated energy of prompt emission.

In chapter 2, we review the observations and standard theories of GRBs related to this study.
Chapter 3 and Chapter 4 contain method of observation and data analysis of prompt emission
and afterglows respectively. The results of correlation studies are summarized in chapter 5.
Chapter 6 is a discussion in two parts: the first part comprises the evaluation of reliability and
interpretation of correlation, while the second part is the discussion of the efficiency of energy
conversion in prompt emission. The conclusions are given in chapter 7.

The statistical method used in our correlation study is described in appendix A. A study
of localization accuracy of HETE-2 is summarized in appendix B. Appendix C contains details
of definition of the burst durations. In Appendix D, we show all the scatter plots of properties
of prompt emissions vs. brightness or luminosity of optical afterglows.
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Chapter 2

Review of GRB

2.1 Observational properties of GRBs

History and overview

In 1960’s, the Vela satellites, which were launched for surveillance of nuclear tests in the space,
detected gamma-rays from outer space. The phenomenon lasted for several seconds. This
observation was reported in 1973 by Klebesadel et al. (1973) as a “Gamma-ray Burst (GRB)”.

Since then a large number of GRBs have been observed. The largest contribution to the
number of observed GRBs was made by the BATSE (Burst And Transient Source Experiment)
on the Compton Gamma-Ray Observatory (CGRO) satellite. BATSE consisted of eight scin-
tillation counters, placed at the eight corners of the Compton Gamma-ray Observatory. The
observations are compiled into a large catalog of GRBs Paciesas et al. (1999)1. The BATSE
catalog contains 2704 GRBs. Large number of events revealed a highly isotropic angular distri-
bution in the sky (fig.2.12). The log N - log P distribution (the cumulative distribution of GRBs
as a function of the peak flux) shows a deviation from the power-law with a index of −3/2, the
value expected for a uniform Euclidean space (fig.2.2) (Stern et al., 2002). The isotropic and
non-Euclidean space distribution favored their cosmological origin rather than an origin in the
Galactic plane or in the Galactic halo.

The direct evidence that GRB sources (or at least the long/soft class of GRBs, see section
2.1.1) are at cosmological distances was provided in 1997. The BeppoSAX satellite found an
X-ray counterpart to the GRB observed on February 28, 1997 (GRB970228) (Costa et al.,
1997). This X-ray source was also observed at optical wavelengths (van Paradijs et al., 1997;
Guarnieri et al., 1997; Fruchter et al., 1999). This was the first detection of X-ray and optical
afterglows. There is an extended emission under the optical afterglow, corresponding to the
host galaxy of GRB970228 (Bloom et al., 2001). The galaxy was later found to have a redshift
z=0.695.

The second detection of an optical transient (OT) associated with a GRB was made for
GRB970508. Intensive observations revealed the power-law decline of the optical flux from two
to 300 days after the burst (Garcia et al., 1998). For GRB970508 a radio afterglow was also
found (Frail and Kulkarni, 1997). The first redshift measurement of a GRB was made for this
GRB with z =0.835. It firmly established the cosmological origin of GRBs.

1http://www.batse.msfc.nasa.gov/batse/grb/catalog/current/
2http://www.batse.msfc.nasa.gov/batse/grb/skymap/
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Figure 2.1: This map shows the locations of a total of 2704 Gamma-Ray Bursts recorded
with the Burst and Transient Source Experiment on board NASA’s Compton Gamma-Ray
Observatory during the nine-year mission.

2.1.1 Prompt emissions

Bimodal distribution in duration/hardness

There are 2 sub-classes of GRBs. The first report of sub-classes is given by Kouveliotou et al.
(1993); one is the long/soft class and the other is the short/hard class. Long/soft GRBs
have duration T90 (see section C.1.1) longer than ∼ 2 seconds (Fig. 2.3). All the burst with
afterglow emissions belong to the long/soft class. No successful observation has been made of
the afterglow of a short/hard burst.

Spectra of GRBs and Distribution of Epeak

The spectra of GRBs are known to be well-fitted with an empirical model: a smoothly joined
broken power law function:

NE(E) =

{
AEα exp

(
− E

E0

)
(α− β)E0 ≥ E ,

A [(α− β)E0]
α−β exp (β − α) Eβ (α− β)E0 ≤ E .

(2.1)

The model is called Band function (Band et al., 1993) (hereafter BAND). The model parameters
of BAND are A (amplitude in the unit of [photons s−1 cm−2 keV−1]), α (low energy spectral
index), β (high energy spectral index) and E0 (break energy). Sometimes the observed energy
region is not sufficient to determine the high-energy power-law index β. In these cases, we fit
a power-law with a high-energy cut off (CPL):

NE(E) = AEα exp

(
− E

E0

)
, (2.2)

or a simple power-law function (PL):

NE(E) = AEα . (2.3)
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Figure 2.2: Peak count rate distribution of 3255 BATSE bursts. N(> P ) is the number of
bursts with peak flux larger than P . (Stern et al., 2002)

One of the important spectral parameters of GRBs is the “peak energy” Epeak, defined as
the energy of the peak of the νFν spectrum. For the case of BAND and CPL, Epeak is given by

Epeak = E0(2 + α) . (2.4)

Preece et al. (2000) studied the spectra of 156 bright BATSE bursts. The distribution of
Epeak is shown in figure 2.4. From this figure, we can see Epeak is clustered strongly around 250
keV.

XRRs and XRFs

There are categories of GRBs that are spectrally distinct from those sampled by BATSE. These
bursts have relatively soft spectra compared to the BATSE sample. These bursts are called
X-ray rich Gamma-ray bursts (XRRs) or X-ray flashes (XRFs).

Strohmayer et al. (1998) reported the results of the analysis of 22 XRRs or XRFs observed
by the Ginga satellite. Ginga (1987 – 1991) had a spectral bandpass of 2 – 400 keV. They
found that the distribution of E0 extends below 10 keV (fig. 2.5 left). They also noted that
there are some examples of equal energy in the X-rays (2 – 10 keV) and gamma-rays (50 – 300
keV) (fig. 2.5 right).

Another detailed investigation of XRRs and XRFs was carried out with the bursts observed
by the BeppoSAX satellite. The BeppoSAX satellite had two type of instruments which could
observe prompt emission from GRBs. One is the Gamma-Ray Burst Monitor (GRBM) which
covers the 40 – 700 keV energy range. The other is the Wide Field Camera (WFC) which
covers the 2 – 25 keV energy range. Heise et al. (2001) selected 17 events out of 39 X-ray
transient events detected by the WFC, which last less than 1000 sec and not were detected by
GRBM. They compared the properties of these events with properties of the X-ray counterparts
of GRBs observed with WFC. The results are shown in fig. 2.6.

The WXM and the FREGATE on-board HETE-2 also have a sufficiently wide energy range
to observe XRRs and XRFs. Sakamoto et al. (2004a) analyzed 45 Bursts observed by both the
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Figure 2.3: The distribution of duration T90. (Kouveliotou et al., 1993)

Figure 2.4: Break energy (Epeak) distribution for the entire sample (solid line). The subset of
bursts not fit with the GRB model is also shown (dotted line). (Preece et al., 2000)
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Figure 2.5: Left: Low energy index α and break energy E0 for Ginga and BATSE events. Open
squares are 54 BATSE events by Band et al. (1993), and the solid squares are the 22 Ginga
events reported in Strohmayer et al. (1998). Right: Distribution of the ratio of the energy
emitted in the X-rays (2 – 10 keV) to that emitted in gamma-rays (50 – 300 keV). (Strohmayer
et al., 1998)

Figure 2.6: Histogram of X-ray counterpart of GRBs (blue) and X-ray flashes (red). Left:
Histogram of T90 Right: Histogram of ratio of fluence in X-ray to gamma-ray (Heise et al.,
2001)
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FREGATE and the WXM and studied their global characteristics. They adopted the definition
of GRBs, XRRs and XRFs using ratio of fluence in X-rays SX (2 – 30 keV) to fluence in gamma-
rays Sγ (30 – 400 keV). They set the boundary between XRRs and GRBs to log(SX/Sγ) = −0.5
and the boundary between XRRs and XRFs to log(SX/Sγ) = 0 (fig. 2.7) They found that the

Figure 2.7: Distribution of the fluence ratio SX/Sγ. The dashed lines correspond to the borders
between hard GRBs and XRRs, and between XRRs and XRFs. (Sakamoto et al., 2004a)

distribution of the X-ray to gamma-ray fluence ratio is a continuum from hard GRBs to XRFs.

Amati’s relation on Esrc
peak and Eiso

Amati et al. (2002) studied the spectral properties of BeppoSAX bursts with known redshifts.
They investigated the spectral parameters of time-averaged spectra in the GRB source frame
(i.e. the redshift corrected spectra) and found a tight correlation between the source-frame
Epeak and the isotropic equivalent energy radiated in the 1 – 10000 keV range (fig. 2.8 left).
Sakamoto et al. (2004b) confirmed this relation using the samples detected with HETE-2 and
found the relation extends to extremely soft XRF (fig. 2.8 right).

2.1.2 Afterglows

Afterglows are the phenomena subsequent to the prompt emission of GRBs. They are observed
at X-ray, optical, infrared and radio frequencies. Once the counterparts are found, we can
determine sufficiently accurate positions of the bursts to point large telescopes, to carry out
spectroscopy or find underlying host galaxies. Afterglows are known to decay as power-law
functions of time. However, there are often breaks or bumps in the light curves of afterglows.
These structures provide information about the burst progenitors and their environments. In
this section, we introduce observational properties of afterglows.

Discovery

On 1997 February 28, a GRB was detected by the Gamma-Ray Burst Monitor (GRBM) on
BeppoSAX and was localized with the Wide Field Cameras (WFCs). At 8 hours after the
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Figure 2.8: The correlation between the isotropic equivalent energy and Epeak at the GRB
source frame. Left: Original (Amati et al., 2002) Right: Extended to XRF (Sakamoto et al.,
2004b)

burst, Target of Opportunity (TOO) observation of BeppoSAX narrow field instruments (NFIs)
started. There was only one source in the 3 arcmin WFC error circle (Costa et al., 1997). This
was the first detection of an X-ray afterglow. The source had a power law spectrum in the 0.1–
10 keV range, with photon index of -2.1 ± 0.3. The intensity decayed as a power-law function
of time, with time dependence t−1.32.

There was also an optical transient (OT) at a position consistent with that of the X-ray
source. The OT was detected in the B- and R-bands 16.5 hours after the burst, with magnitudes
of 22.3(B) and 21.1(R) (Guarnieri et al., 1997), and in the V- and I-bands 20.8 hours after the
burst, with magnitudes of 21.3(V) and 20.6(I) (van Paradijs et al., 1997).

Power-law behavior of afterglows

The optical afterglow of GRB 970228 decayed with time as a power-law (Sahu et al., 1997;
Galama et al., 1997; Masetti et al., 1998) The time dependence of the decline was t−1.1 (Fruchter
et al., 1999). A power-law decline was also observed for the next optical afterglow GRB 970508
(Garcia et al., 1998), although the OT behaved differently in the first 2 days after the burst
(Pedersen et al., 1998). The spectrum of X-ray and optical afterglow of GRB 970228 was
adequately fit by power law. This power-law behavior of light curves and spectra are consistent
with the prediction of fireball model (Wijers et al., 1997). The fireball model succeeds in
explaining afterglow phenomena. Panaitescu and Kumar (2001) fit X-ray, optical and radio light
curves of eight GRB afterglows with a fireball model and determined the physical parameters,
such as the explosion energy, magnetic field, ambient density, etc. (figure 2.9).

Redshift measurement

The first measurement of a GRB redshift was made for GRB 970508. Metzger et al. (1997)
found absorption lines of Fe II, Mg II and Mg I in the spectrum of OT. These lines were
identified with an absorption system at redshift z = 0.835. Bloom et al. (1998) observed the
host galaxy of GRB 970508 and found emission lines that were identified with [O II] and [Ne
III] at z = 0.835, consistent with the result of the absorbing system. So far, redshifts have been
measured for more than 40 GRBs.
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Figure 2.9: Radio optical and X-ray emission and model light curves for the GRB afterglows.
(Panaitescu and Kumar, 2001)

SN connection

There is evidence that supports the association of long/soft GRBs with core-collapse super-
novae.

Supernova Bump
A significant deviation from the pure power-low decay was found in the light curve of the

optical afterglow of GRB970228 (fig 2.10 top), about 1 – 2 weeks after the burst (Galama
et al., 2000). This was interpreted as evidence of a possible supernova component in the light
curve.

Since the first suggestion of a supernova bump in GRB afterglows by Bloom et al. (1999)
(fig 2.10 bottom), there have been several observations of afterglow light curves with possible
supernova bumps; for example, 990712 (Björnsson et al., 2001), 011121 (Bloom et al., 2002),
020405 (Price et al., 2003), etc.

SN1998bw/GRB980425
The most suggestive evidence for the supernova and GRB connection before the HETE-2

era was the SN1998bw/GRB980425 association. The WFC on-board BeppoSAX localized the
position of GRB 980425 to an error box containing an unusual supernova, SN1998bw. This
GRB is peculiar in several ways: the radiated total energy of prompt emission was unusually
small (1.6 ×1048 erg) compared to that of other bursts (typically above 1051 erg). The “usual”
afterglow was not observed. The redshift measured from the observation of SN is 0.0085 is in
contrast to more typical GRB redshifts around z = 1. These circumstances create some doubt
as to whether GRB 980425 is due to the same phenomenon as other GRBs.

SN2003dh/GRB030329
HETE-2 detected and localized GRB 030329, the brightest GRB HETE-2 had ever detected.

The optical observations started ∼ 1 hour after the burst proceeded and continuously for > 10
days. The redshift of GRB 030329 was determined to be 0.1685 (Greiner et al., 2003). Hjorth
et al. (2003) reported that the spectrum of the optical transient was well fitted with a power-law
at first, but started to deviate gradually from a power-law ∼ 10 days after the burst. By 33
days after the burst, the spectrum was dominated by the supernova component SN 2003dh.
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Figure 2.10: Top: V, Rc, Ic band light curves of GRB970228. The dotted curves indicate power-
law decays with -1.51 and redshifted SN 1998bw light curves (Galama et al., 2000) Bottom:
the R band right curve of GRB980326. Overlaid curves are the power-law afterglow decline
summed with the bright supernova light curve at different redshift Bloom et al. (1999).
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The spectrum of SN 2003dh 33 days after the burst was similar to the spectrum of SN 1998bw
after 33 days (figure 2.11). This is conclusive evidence that at least some of long/soft GRBs
are associated with energetic supernova.

Figure 2.11: Spectral evolution of GRB 030329/SN 2003dh. For comparison, the spectrum of
SN 1998bw after 33 days shifted to the GRB 030329 redshift is shown (dashed line). (Hjorth
et al., 2003)

Hosts

After optical afterglows decay, the host galaxies can be observed. We can measure redshift
from the observations of host galaxies even if the redshift has not been measured from the
observations of afterglows. The observations of host galaxies also provide us with the infor-
mation on the environments of GRB progenitors. From analyses of the broad-band spectral
energy distributions (SEDs) of host galaxies, we can estimate star-formation rates. For ex-
ample, Christensen et al. (2004) derived ultraviolet star-formation rate for 10 GRB hosts and
found that these host galaxies have large SFRs but they are not significantly younger than the
other starburst galaxies.

Optically dark GRBs

About 90% of GRBs well-localized by BeppoSAX had X-ray afterglows. On the other hand,
only about 40% of them had optical afterglows. The GRBs with no optical candidates or dim
optical transients are called “optically dark GRBs”.

Some of them may not be intrinsically dark but may only be the results of poor observations.
Actually, 13 of 14 GRBs well-localized by SXC (soft X-ray camera) on board HETE-2 had an
optical afterglow.
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Fynbo et al. (2001) plotted the limiting R-band magnitude of 41 GRBs and compared them
to the light curve of dim OT GRB 000630. They concluded that in the case of >∼ 75% of GRBs
without detected OTs, an OT as dim as or dimmer than the OT corresponding to GRB 000630
might have been present despite the lack of detection. They also investigated the distribution
of R-band magnitude 1 day after the burst, and remarked that an OT of R = 24 1 day after
the burst would almost certainly not be detected with current search strategies.

Figure 2.12: Left: the limiting magnitude in R-band vs. the time after the burst (∆t) in day.
The light curve of GRB 000630 is plotted with filled circles. The extrapolation to earlier times
than the first data is shown as a dashed line. Right: a histogram of R-band magnitude at 1
day after the burst for GRBs with detected OTs. (Fynbo et al., 2001)

De Pasquale et al. (2003) show the comparison of flux of X-ray afterglows with the magnitude
of optical afterglows (fig 2.13). They found that the X-ray flux of afterglows of optically dark
GRBs are typically about 5 times lower than that of other afterglows. This number is consistent
with the results of optical observations suggesting that optically dark GRBs have R-band
magnitudes 2 lower than typical GRBs, if the flux ratios of X-ray to optical are identical. The
result suggests that optically dark GRBs may be interpreted as GRBs at high (>5) redshift, or
as GRBs with afterglows subjected to high absorption. Convincing evidence of dust extinction
in an optical afterglow comes from GRB030115. The early follow-up observation at optical,
near-infrared (NIR) and radio wavelengths reveals that the optical afterglow is much fainter
than the NIR and radio afterglow. (fig 2.14) The SED in the optical and NIR bands can be
well fitted by a dust extinction model.

There are also some bursts featuring rapid decay in the early light curve (fig 2.15). These
bursts would be certainly classified as optically dark GRBs without early follow-up observations.

2.1.3 Relation between prompt emissions and afterglows

Recently, there are some interesting studies combining the properties of prompt emissions and
afterglows. These studies are important to our understanding of the nature of GRB jets.

15



Figure 2.13: Flux of optical afterglows and X-ray afterglows. Open circles are events with
both X-ray and optical afterglows. Upper limits of optical afterglows are shown with solid
(confirmed X-ray afterglow) and dashed (candidate X-ray afterglow) arrows. Upper limits in
both X-ray and optical band are shown with dotted arrows. Short-long dashed line is best fit
of open circles. (De Pasquale et al., 2003)
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Standard Energy Reserve

From the theory of GRB jet, we expect a simultaneous break in the light curves of the afterglow
at all wavelengths, when the bulk Lorentz factor of GRB jet (Γ) decreases to the inverse of the
geometrical opening angle of the jet (1/θj) (see section 2.2.3). Conversely, we can estimate jet
opening angle from the break time (tj) in the light curves of afterglows as

θj ∝
(

tj
1day

)3/8 (
1 + z

2

)−3/8 (
Eiso

1053ergs

)−1/8 ( ηγ

0.2

)1/8 ( n

0.1cm−3

)1/8

, (2.5)

where ηγ is the efficiency of the fireball in converting the energy in the ejecta into gamma rays
and n is the mean circumburst density.

Frail et al. (2001) used this relation to calculate the prompt energy emitted, corrected for
the jet opening angle (Ejet), for 17 GRBs with known redshift. They found that Ejet clustered
around 5× 1050 erg, despite the 3 order-of-magnitude variation in Eiso (the energy emitted at
the prompt emission under the assumption of isotropic emission) (figure 2.16). Bloom et al.
(2003b) revised this distribution for larger samples.

Jet opening angle correction in Amati’s relation

Ghirlanda et al. (2004) took into account the jet collimation and revised the Amati relation.
Figure 2.17 shows the revised correlation of Ejet and Esrc

peak. They found that the correlation
between Ejet and Esrc

peak is very tight, and that the scatter of each GRB from the correlation is
confined to a narrow region (fig 2.17 right).

Kinetic energy of fireball and energy conversion efficiency in prompt emissions

Freedman and Waxman (2001) derived the internal energy of a fireball per unit solid angle from
the observation of an X-ray afterglow. They compared the energy of the fireball with the energy
radiated in prompt emission and found that the ratio of observed prompt gamma-ray emission

17



Figure 2.16: Left: Distribution of the isotropic total energy (top panel) vs. the geometry-
corrected energy (bottom panel). Arrows indicate upper or lower limits to the geometry-
corrected energy. (Frail et al., 2001) Right: Revised distribution of the geometry-corrected
energy. (Bloom et al., 2003b)

to fireball energy per unit solid angle, εγ/ε, is of order unity, satisfying | log10(εγ/ε)| <∼ 0.5
(figure 2.18).

Lloyd-Ronning and Zhang (2004) studied the correlation between kinetic energy of GRB
ejecta (Ekinetic), which is estimated from the observations of X-ray afterglows, and properties
of GRBs such as radiated energy in prompt emission Eiso, total energy (Etot ≡ Eiso + Ekinetic),
jet opening angle θj, and Esrc

peak. They define the GRB efficiency ζ as

ζ ≡ Eiso/(Ekinetic + Eiso) (2.6)

and also studied the correlation between ζ and Eiso, Etot, θj and Esrc
peak. They found correlations

between these quantities. In addition, they argued that the softest burst XRF 020903 follows
the same trends.
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Figure 2.17: Top: The correlation between Esrc
peak and total energy of prompt emission assuming

isotropic emission (open circles) or jet (filled circles). The solid line represents the best fit to
filled circles. The dashed line represents the best fit to open circles and the dash-dotted line is
the correlation reported by Amati et al. (2002). Bottom: distribution of the distance of each
GRB from the correlation between Esrc

peak and total energy with jet correction. Insert: distri-
bution of the distance from the correlation with upper and lower limits indicated. (Ghirlanda
et al., 2004)
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2.2 Theory of GRB

In this section, we introduce standard scenario of the fireball model of GRBs. The fireball
model is introduced in order to avoid the compactness problem (see below). The basic idea
of the fireball model is that the radiating medium (so-called shells) is moving towards the ob-
servers with ultra-relativistic velocity and therefore we are observing blue-shifted and Lorentz
contracted emission. The fireball model substantially succeed in explaining the observed phe-
nomena, although several modifications are applied to fit individual observations.

2.2.1 Compactness problem and fireball model

Compactness problem

Until 1990s’, GRB sources were considered to be located in our galaxy. This is mainly due
to large amount of observed energy and short time variability of prompt emission. The time
scale of the variability of the prompt emission provides an estimate of (or at least an upper
limit to) the size of the emission region, r = c δt, where δt is the shortest time scale of the
variability. High energy photons confined within small region interact each other, creating
electron - positron pairs. The optical depth of pair creation τγγ is written as

τγγ =
fpσT FD2

r2mec2
∼ 1013fp

(
F

10−7erg/cm2

)(
D

1G ly

)2 (
δt

1ms

)−2

, (2.7)

where fp is a fraction of photon pairs which satisfy
√

E1E2 > mec
2 (E1, E2 are the energy of

photons), σT is the Thomson cross section, F is the observed fluence, d is the distance to the
source and mec

2 is the rest mass energy of electron. From equation (2.7), the optical depth
is much grater than 1. The expected spectrum emitted from such a region must be thermal,
which is inconsistent with the observed spectra of GRBs. This is the “compactness problem”.

Fireball model

In order to reduce the optical depth, we consider the relativistic motion of the emission region
toward observer. If an emission region moves with Lorentz factor Γ, the size of the region
becomes Γ2r and fp becomes fp/Γ

2. Therefore,

τγγ =
1013

Γ6
fp

(
F

10−7erg/cm2

)(
D

1G ly

)2 (
δt

1ms

)−2

, (2.8)

with Γ ≈ 1013/6 ≈ 100.
This is fundamental idea of “fireball model”. The fireball model assume a relativistic motion

of emission region with Γ ∼ 100. Initially, almost all the energy of the source is kinetic energy.
Then kinetic energy is converted into radiation through some process.

2.2.2 Energy conversion — Synchrotron emission from relativistic
shell

The fireball model usually considers shock acceleration of electrons through the interaction
between the “shell” moving toward observer and inter-stellar medium (ISM). The accelerated
electrons emit radiation by synchrotron emission.

Sari et al. (1998) calculated energy spectrum of synchrotron emission from the shocked
region.
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emission from one electron

The characteristic synchrotron frequency of an electron with Lorentz factor γe in a magnetic
field B is

ν(γe) = Γγ2
e

qeB

2πmec
. (2.9)

Assuming that the magnetic energy density behind the shock is a constant fraction (εB) of the
shock energy, we find the magnetic field strength in the comoving frame as

B = (32πmpεBn)1/2Γc , (2.10)

where n is a number density of particles in ISM. The form of the single-electron emission
spectrum depends on whether the electron Lorentz factor is above or below the critical Lorentz
factor, which is written as

γc =
6πmec

σT ΓB2t
=

3me

16εBσT mpc

1

tΓ3n
. (2.11)

Then we determine νc ≡ ν(γc). The high-energy electrons, that is those with Lorentz factors
larger than γc, lose a significant fraction of their energy to radiation and cool down quickly.

The case of high energy electrons: νc < νe

P (ν)dν ∝
{

ν1/3 (ν < νc)
ν−1/2 (νc < ν)

(2.12)

The case of low energy electrons: νe < νc

P (ν)dν ∝
{

ν1/3 (ν < νe)
exp [−ν/νc] (νe < ν)

(2.13)

The net energy spectrum

We assume that energy spectrum of electrons is

N(γe)dγe ∝ γ−p
e dγe (γe ≤ γm) , (2.14)

and that a constant fraction (εe) of the shock energy goes into the electrons. Then the minimum
Lorentz factor γm is written as

γm = εe

(
p− 2

p− 1

)
mp

me

Γ . (2.15)

The net spectrum of radiation from electrons is written as

Fν =





(ν/νc)
1/3Fν,max, (νc > ν) ,

(ν/νc)
−1/2Fν,max, (νm > ν > νc) ,

(νm/νc)
−1/2(ν/νm)−p/2Fν,max, (ν > νm) ,

(2.16)

for the case of fast cooling (νm > νc), and

Fν =





(ν/νm)1/3Fν,max, (νc > ν) ,
(ν/νm)−(p−1)/2Fν,max, (νc > ν > νm) ,
(νc/νm)−(p−1)/2(ν/νc)

−p/2Fν,max, (ν > νc) ,
(2.17)
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for the case of slow cooling (νc > νm), where νm ≡ ν(γm) and

Fν,max ≡ 4πR3

3
n× mec

2σT

3qe

ΓB × 1

4πD2
, (2.18)

which is the observed peak flux at distance D from the source.

Hydrodynamic evolution of shell

To find the time evolution of relativistic shell, we begin with the equation of conservation of
energy and momentum of the shell,

MΓ + dm = (M + dm + dE)(Γ + dΓ) (2.19)

and
MΓβ = (M + dm + dE)(Γ + dΓ)(β + dβ) , (2.20)

where M is the rest frame energy of the shell and m is the mass of ISM that has already collided
with the shell and dE is the internal energy of the shell produced by the shock heating. From
equation (2.19) and (2.20), we find

MβΓ = (MΓ + dm)(β + dβ)

−dm

M
= Γ

dβ

β
. (2.21)

Using
dβ

β
=

dΓ

Γ3

(
1− 1

Γ2

)−1

, (2.22)

equation (2.21) is written as

−dm

M
=

dΓ

Γ2 − 1
. (2.23)

From equation (2.19) and (2.23),

Γ(1− Γ)
dm

dΓ
+ dm =

(
(1− Γ2)

dm

dΓ
+ dm , +dE

)
(Γ + dΓ) (2.24)

and therefore
(Γ− 1)dm = dE . (2.25)

Assuming a part of the energy εdE is converted into radiation and escapes from the system,
the increment of the mass dM is written as

dM = (1− ε)dE + dm

= [(1− ε)Γ + ε]dm

(2.26)

and from (2.23)

−dM

M
=

(1− ε)Γ + ε

Γ2 − 1
dΓ . (2.27)

Integrating equation (2.27), we get

(
M

M0

)−2

=
Γ− 1

Γ0 − 1

(Γ + 1)1−2ε

(Γ0 + 1)1−2ε
. (2.28)
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From equation (2.28) and (2.23),

−m(R)

M0

= (Γ0 − 1)1/2(Γ0 + 1)1/2−ε

∫ Γ

Γ0

(Γ′ − 1)3/2(Γ′ + 1)3/2−εdΓ′ . (2.29)

In the limit Γ0 À Γ À 1,

m(R) =
M0

(2− ε)Γ0

(
Γ

Γ0

)−2+ε

. (2.30)

m(R) is also expressed as

m(R) =
4π

3
R3nmp (2.31)

and E0 = M0c
2Γ0,

R3Γ2−ε =
E0

4π
3

nmpc2
(2− ε)−1Γ−ε

0 . (2.32)

Kinetic energy of fireball

Now, in order to estimate the kinetic energy of the fireball from observations of afterglows, we
assume the following:

1. The fireball expands adiabatically and the internal energy of the relativistic shell is quickly
radiated away.

2. the time of the observation is late enough that slow cooling (νm < νc) dominates.

3. the frequency of the observation ν1 is high enough to satisfy ν1 > νc.

Under these assumptions, we can write the flux at frequency ν1 and time t1 as

F (ν1, t1) = ν
−p/2
1 ν(p−1)/2

m ν1/2
c Fν,max (2.33)

In the case of adiabatic expansion of the relativistic shell, that is ε = 0 in Eq. (2.32), we
can write the Lorentz factor of the shell and the radius of the shell R as functions of the kinetic
energy Ek and time t (which satisfies t = R/2cΓ), by

Γ(t) ∝ (Ek/t
3)1/8 , (2.34)

and
R(t) ∝ (Ekt)

1/4 . (2.35)

Using equation 2.9, 2.15, 2.10 and 2.34,

νm ∝ ε2
eε

1/2
B t−3/2E

1/2
k , (2.36)

from equation 2.9, 2.11, 2.10 and 2.34,

νc ∝ ε
−3/2
B n−1t−1/2E

−1/2
k , (2.37)

and from equation 2.18, 2.10 and 2.32,

Fν,max ∝ ε
−3/2
B n1/2EkD

−2 . (2.38)
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If the source is at redshift z, these values are corrected as follows:

νm ∝ ε2
eε

1/2
B t−3/2E

1/2
k (1 + z)1/2 , (2.39)

νc ∝ ε
−3/2
B n−1t−1/2E

−1/2
k (1 + z)−1/2 , (2.40)

Fν,max ∝ ε
−3/2
B n1/2Ek(1 + z)D−2 . (2.41)

Using (2.33), (2.39), (2.40) and (2.41), observed flux is written as

F (ν1, t1) ∝ ε
(p−2)/4
B ε(p−1)

e E
(p+2)/4
k (1 + z)(p+2)/4t

(−3p+2)/4
1 ν

−p/2
1 D−2 . (2.42)

The luminosity of the afterglow is defined by L(ν1, t1) ≡ 4πD2ν1F (ν1, t1), and is therefore

L(ν1, t1) ∝ ε
(p−2)/4
B ε(p−1)

e E
(p+2)/4
k (1 + z)(p+2)/4t

(−3p+2)/4
1 ν

(2−p)/2
1 ,

so we obtain the following expression for Ek:

Ek ∝ L(ν1, t1)
4/(2+p)ε

(2−p)/(2+p)
B ε4(1−p)/(2+p)

e (1 + z)−1t
(3p−2)/(p+2)
1 ν

2(p−2)/(p+2)
1 . (2.43)

Inserting constants, we get

Ek,3day = 4.17× 1052erg

(
LR,3d

1046erg/s

)4/(2+p)

× ε
(2−p)/(2+p)
B,−2 ε

4(1−p)/(2+p)
e,−1 (

1 + z

2
)−1t

(3p−2)/(p+2)
3day ν

2(p−2)/(p+2)
R , (2.44)

where εB,−2 = εB/0.01, εe,−1 = εe/0.1, t3day = t/3 day and νR = ν/(4.6 × 1014) Hz (effective
frequency of R band). In order to find the kinetic energy of the shell just after the prompt
emission (we take the time 50 sec), we consider the radiative loss, which is described by Sari
(1997) as

dE

dt
= −17

16
εe

E

t
. (2.45)

Therefore the kinetic energy just after the prompt emission Ekinetic is

Ekinetic = Ek,3day

[
t(3day)

t(50sec)

]17εe/16

. (2.46)

Light curves of GRB afterglow

Sari et al. (1998) also calculated the light curves of GRBs. Since the hydrodynamic evolution
of a relativistic shell varies with efficiency of energy conversion, there are two extreme limits:
the fully radiative case and the fully adiabatic case.

For a fixed frequency, there are three characteristic times: t0 (the time of transition from
fast cooling to slow cooling), tc (the time when νc crosses the frequency) and tm (the time
when νm crosses the frequency). There are two possible orderings of these times: t0 > tm > tc
expected at high frequency and tm > tc > t0 expected at low frequency. The light curves in
each case are shown in figure 2.20.
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Figure 2.20: The light curve of afterglows predicted by synchrotron model. The observed flux
varies as the power-low function of the time. The time dependence given in square brackets
are the case of radiative evolution of relativistic shell. The others are the case of adiabatic
evolution. (Sari et al., 1998)

2.2.3 Internal - external scenario

The above model succeeds in explaining the behavior of afterglows. However there is difficulty
in producing the short time variability observed in the prompt emission of GRBs.

If there are multiple shells with different Lorentz factors, the time variability can be ex-
plained. These shells collide with each other and produce the observed peaks (Sari and Piran,
1997). The shock produced by the collision between shells is called “internal shock”. On the
other hand the shock produced by the collision between the shell and external medium is called
“external shock” and this shock produce afterglow.

This “internal - external scenario” is shown in figure 2.21 schematically.

2.2.4 Jet break in the afterglow light curve

In order to estimate the total energy radiated by a GRB, it is necessary to know the geometry
of emission region. The emission from a jet cannot be distinguished from the emission from a
spherical shell due to relativistic beaming. However, when the Lorentz factor of jet drops below
the inverse of the jet opening angle, we expect a break in the light curve of the afterglow.

Assuming the evolution of jet Lorentz factor Γ, we can estimate the jet opening angle θj
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Figure 2.21: The schematic picture of internal-external scenario. The central engine of GRB
produce ultra-relativistic shells. These shells collide each other and cause internal shock. Then
shells collide with ISM and cause external shock. The prompt emission is emitted by the parti-
cles accelerated through the internal shock and afterglow is emitted by the particles accelerated
through the external shock.

from jet break time tj by

θj = 0.057

(
tj

1day

)3/8 (
1 + z

2

)−3/8 (
Eiso

1053erg

)−1/8 ( ηγ

0.2

)1/8 ( n

0.1cm−3

)1/8

, (2.47)

where ηγ is the efficiency of the fireball in converting the energy in the ejecta into gamma-rays
and n is the mean circumburst density (Frail et al., 2001).
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Chapter 3

The properties of prompt emissions

In this section, the observing instruments and the observational properties of the prompt emis-
sion of GRBs are described.

3.1 Instrumentation and operation

3.1.1 The BeppoSAX satellite

Overview of BeppoSAX

The Italian-Dutch X-ray satellite BeppoSAX, Satellite italiano per Astronomica X, is an X-ray
mission with wide spectral coverage from 0.1 to 300 keV (Boella et al., 1997). BeppoSAX was
launched on April 30 1996. BeppoSAX mission operations ended at the end of April 2002: 55
GRB locations were reported in the six-year mission.

Science instruments

The scientific payload of BeppoSAX consisted of four different types of Narrow Field Instru-
ments (NFI) and two Wide Field Cameras (WFC). The NFI consisted of three MECS (Medium
Energy Concentrator Spectrometers) (Boella et al., 1997), the LECS (the Low-Energy Concen-
trator Spectrometer) (Parmar et al., 1997), the HPGSPC (the High Pressure Gas Scintillation
Proportional Counter) (Manzo et al., 1997), and the PDS (Phoswich Detector System). In
addition, the GRBM (Gamma-Ray Burst Monitor) (Feroci et al., 1997) uses the four lateral
active shields of the PDS to detect the prompt emission from gamma-ray bursts together with
WFCs.

Figure 3.1 shows the composition and layout of the science instruments on-board BeppoSAX.
More detailed descriptions of the instruments are given below.

GRBM

The GRBM consists of the four anti-coincidence (AC) detectors of the PDS. Each AC
detector is 1 cm thick and has dimensions 27.5 x 41.3 cm, for a geometric area of about 1136
cm2. The GRBM has open field of view and is sensitive to photons in the 40-700 keV band.
The GRBM is able to detect GRBs with a peak flux of 10−8 ergs cm−2 s−1 and provides burst
triggers, spectra and light curves with a temporal resolution of ∼1 ms.

WFC

The WFCs monitor large fields of view and can be used to determine the direction of GRBs.
Each of the WFCs is a coded-mask proportional counter and has a field of view of 20◦ × 20◦
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Figure 3.1: The layout of science instruments of BeppoSAX. (Feroci et al., 1997)

(FWHM) with a resolution of 5′. Two WFCs are aligned anti-parallel to each other in the
direction of the Y and −Y axes of the satellite, which are orthogonal both to the normal vector
of the solar cell panels and to the optical axis of the NFIs. Therefore, a transient source found
in the WFC field of view generally lies within the sun-angle constraint of the NFIs and can be
followed-up by the NFIs.

MECS and LECS

BeppoSAX has four mirror units (MUs). Three of them provide focusing for MECS and the
other one for LECS. The detectors of MECS and LECS are position-sensitive Gas Scintillation
Proportional Counters. The performance of MECS and LECS are summarized in Table 3.1. The

MECS LECS
Energy range [keV] 1.3 – 10 0.1 – 10
FOV (diameter) [arcmin] 56 37
Angular Resolution [arcmin] 1.2@6 keV 3.5@0.25 keV
Energy Resolution FWHM [%] 8×(EkeV/6)−0.5 8×(EkeV/6)−0.5

Energy binning [channels] 256 1024
Image size [pixels] 256 × 256 256 × 255
Pixel size [arcsec] 14 × 14 20 × 20

Table 3.1: The performance of MECS and LECS.

MECS and LECS, thanks to their high sensitivity, have been used to observe X-ray afterglows
of GRBs, which are much fainter than the prompt emission. Their good angular resolution
provides precise positions (∼arcsecond) of GRBs, which are often useful for pointing large
ground-based telescopes.

Operation of the BeppoSAX satellite

BeppoSAX was launched into an equatorial low-earth orbit, which has the advantage of a low
charged particle background rate. It has also offers the benefit of having a contact with the
ground station (Malindi in Kenya) once every orbit, when the data from the previous orbit
is downlinked and inspected for triggers in the GRBM. If a trigger in GRBM is found, the

29



WFC data is examined for a transient source in the field of view. If a new source is found, its
coordinates are calculated, and are sent to the community by methods such as e-mails. This
process of observing, downlink, ground analysis, and notification took at least a few hours after
the burst trigger. In many cases, where various constraints allowed, the entire spacecraft was
reoriented to observe the X-ray afterglow of the GRB with the MECS and LECS. Since it
requires another contact at the ground station, this procedure took even more time. Follow-up
observations of GRBs detected by BeppoSAX were made six or more hours after the burst
trigger.

3.1.2 The HETE-2 satellite

Overview of HETE-2 satellite

The High Energy Transient Explorer 2 (HETE-2) (Ricker et al., 2003) is the first astronomical
satellite dedicated for observing GRBs. The HETE-2 satellite was launched into equatorial
orbit on 9 October 2000. HETE-2 has two unique features: 1) prompt localization of GRBs
(within a few tens of seconds of the trigger) with good precision (a few tens of arcminutes),
2) X-ray and gamma-ray spectroscopy of the prompt emission in a wide energy range (2-400
keV). The former feature is essential for early follow-up observations.

Science instruments

There are three scientific instruments on-board HETE-2: the French Gamma Telescope (FRE-
GATE) (Atteia et al., 2003), the Wide-field X-ray Monitor (WXM) (Kawai et al., 2003) and
the Soft X-ray Camera (SXC) (Villasenor et al., 2003).

Figure 3.2: The front end of HETE with the solar panels folded. The large rectangular in-
strument in the center covered by gold foil is the coded aperture of the WXM. Part of the
four circular detectors of FREGATE are seen below the S-band antennas at the ends of panels
above and below the WXM. The two SXCs (squares) and two optical cameras (small circles)
are located upper left and upper right corners of WXM.

FREGATE

The French gamma telescope (FREGATE) is a set of four detectors, each consisting of a
cleaved NaI crystal and a photomultiplier. FREGATE is sensitive to photons in the 6-400 keV
energy range. The performance of FREGATE is summarized in Table 3.2 The FREGATE
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Energy range 6–400 keV
Effective area (4 detectors, on axis) 600 cm2

Field of view 70◦

Energy resolution ∼ 12 % @122 keV

Table 3.2: FREGATE performance

Energy range 2–25 keV
Effective area (1 counter, without coded mask, on axis) ∼ 80 cm2 keV
Field of view ∼ 40◦ × 40◦

Energy resolution (FWHM) ∼ 20 % @8 keV
Angular Resolution sim 10′

Table 3.3: WXM performance

provides burst triggers and spectra in a wide energy band.

WXM

The WXM is the main instrument for the localization of GRBs. The WXM consists of
two units, each a one-dimensional position sensitive proportional counter covered with a coded
mask. The two units are called the X-camera and Y-camera. The orientation of the X-camera
is perpendicular to that of the Y-camera, and the X- and Y-locations of GRBs (one-dimensional
incidence angle projected to the satellite X- and Y-axes) are determined separately. The on-
board computer uses the WXM and FREGATE data for triggering, and uses WXM data to
obtain the “flight location” of GRBs (flight localization). The flight location is broadcasted to
the network of the Burst Alert Stations on the ground. The performance of WXM is summa-
rized in Table 3.3

SXC

The Soft X-ray Camera (SXC) was designed to provide fine localization and the spectroscopy
in the soft X-ray band. Similar to WXM, there are two SXC cameras for providing one-
dimensional localization in X and Y axes, each consisting of an X-ray CCD and fine one-
dimensional coded mask. SXC can provide the location of burst with an error of ∼ 1′.

Operation of the HETE-2 satellite

There are 17 Burst Alert Stations within 15 degrees latitude of the equator to provide nearly
permanent contact with HETE-2 (fig 3.3).

Each of these is a receive-only stations equipped with omnidirectional VHF antenna and an
amateur-class receiver connected to a personal computer for decoding the signal and relaying it
to the internet. When a burst trigger occurs, the coordinates of the GRBs are broadcasted to the
ground with other essential pieces of information such as trigger time, trigger criterion, trigger
significance, signal-to-noise ratios in the light curve, goodness of the localization. These onboard
processed data are transmitted from the BAS to the Mission Operations Center at MIT. The
raw GRB coordinates are converted to calibrated celestial coordinates and immediately relayed
to the GRB Coordinate Network (GCN) for distribution to registered follow-up observers. This
entire procedure, from the spacecraft to the observer, takes only a few seconds. The accuracy
of these flight locations is usually ∼ 30 arcmin (diameter).

The raw data in the form of time-tagged photons are downlinked at one of the three primary
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Figure 3.3: HETE-2’s Burst Alert Stations.

stations located at Singapore, Kwajalein, and Cayenne, and immediately transferred to the
Mission Operation Center at MIT, where the scientists on duty make detailed analysis. The
refined burst location obtained with the ground analysis are sent as HETE Gnd Analysis notice
manually. It usually takes 20–30 minutes for the data to come down to MIT, and the ground
analyses usually take a comparable time. Therefore, if flight localization fails for some reason,
it usually takes an hour or longer since the GRB trigger for the first localization notice to be
made available to the community.

3.2 The properties of prompt emissions

In this section, we introduce the properties of GRB prompt emission which we used for the study
of the correlation with afterglows. We chose the following five parameters for the correlation
study:

1. the observed spectral peak energy (Epeak)

2. the redshift corrected spectral peak energy (Esrc
peak)

3. the energy fluence in 2-30, 30-400 and 2-400 keV (SX, Sγ and Stotal)

4. the isotropic total energy emitted at prompt emission (Eiso)

5. the jet corrected total energy emitted at prompt emission (Ejet)

Among the above properties, we can estimate 2, 4 and 5 only for bursts with known redshift.
First, we describe the definition of these parameters in section 3.2.1 and then detail the

data of parameters for individual bursts in section 3.2.2.

3.2.1 The definitions of properties of prompt emissions

The observed spectral peak energy: Epeak

The spectral models of GRBs were introduced in section 2.1.1 (see equation 2.1 – 2.3). The
parameters for each spectral model are summarized in table 3.4. Epeak is peak energy of νFν

spectrum and related with E0 and α as

Epeak = E0(2 + α) .
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Model number of parameters parameters
BAND 4 A, α, β, E0

CPL 3 A, α, E0

PL 2 A, α

Table 3.4: The model parameters of fitting function for the spectrum of GRBs. A is amplitude
in the unit of [photons s−1 cm−2 keV−1], α is low energy spectral index, β is high energy spectral
index and E0 is break energy in [keV].

The redshift corrected spectral peak energy: Esrc
peak

For the bursts with known redshift z, we can calculate the peak energy at the source frame
Esrc

peak as
Esrc

peak = Epeak(1 + z) . (3.1)

The energy fluence: SX, Sγ and Stotal

The energy fluence is the energy flux integrated over the burst duration in a finite energy range
in the observer frame and expressed in units of [erg cm−2]. SX, Sγ and Stotal are the fluence
in the 2–30 keV, 30–400 keV and 2–400 keV respectively. Stotal is calculated as the sum of SX

and Sγ.

The isotropic total energy emitted in prompt emission: Eiso

It is easy to calculate the total energy directly from the observed fluence as E = Stotal× 4πD2
L,

where DL is luminosity distance to the source. However, the total energy derived from the
above equation corresponds to the total energy in different energy range for the bursts with
different redshift, because we use finite energy range in the observer frame for calculating
fluence. In order to avoid an influence of finite bandpass of observation, Amati et al. (2002)
propose the procedure for calculating the total energy to be 1) blue-shift the GRB spectra to
their cosmological rest frame and then 2) integrate the spectra in 1–10000 keV energy range.
The total energy is given by:

Eiso =

∫ 10000

1
EN(E,α,E0, β, A)dE × 4πD2

L

(1 + z)2
, (3.2)

where N is redshift-corrected photon spectrum of the best-fit model for the burst.

The jet corrected total energy emitted at prompt emission: Ejet

Geometry of GRBs are considered to be a jet of certain opening angle θj. Therefore total energy
should be corrected as

Ejet = fbEiso , (3.3)

where fb is given as

fb = (1− cos θj)

' θ2
j/2 , (3.4)

(Frail et al., 2001). θj can be measured by the observations of afterglows (see 2.2.4).
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3.2.2 The data of prompt emissions

Most of the data of the parameters of prompt emission we used were taken from published
papers. For the parameters of the bursts detected by BeppoSAX, we referred to Amati et al.
(2002); for the parameters of the bursts detected by HETE-2, we referred to Sakamoto et al.
(2004a). The properties of prompt emission from these GRBs is summarized in table 3.5 and
3.6.

GRB name SX Sγ Epeak

GRB010213 7.88+0.25
−0.54 0.69+0.58

−0.32 3.41
GRB010629B 25.41+1.67

−1.66 28.56+2.69
−2.47 45.57

GRB011019 3.03+0.58
−0.58 1.10+1.39

−0.74 18.71
GRB011130 5.85+0.98

−0.96 0.98+1.17
−0.62 4.9

GRB011212 4.24+0.64
−0.64 3.37+2.53

−1.68 —
GRB020127 6.73+0.51

−0.5 20.49+4.48
−3.65 104.00

GRB020331 16.07+1.04
−1.03 53.32+8.52

−7.39 91.57
GRB020625 2.37+0.55

−0.5 0.12+0.35
−0.11 8.52

GRB020801 25.66+2.83
−2.72 95.23+10.67

−10.54 53.35
GRB020812 7.91+1.09

−1.09 19.15+8.18
−5.86 87.62

GRB020819 25.20+1.1
−1.11 62.53+8.33

−9.27 49.90
GRB021104 10.32+2.06

−1.8 6.13+4.4
−2.67 28.21

GRB021112 1.31+0.25
−0.25 2.14+1.08

−0.9 57.15
GRB030115 7.89+0.61

−0.61 15.17+4.02
−3.2 82.79

GRB030324 5.49+0.44
−0.44 12.75+3.35

−3.01 146.80
GRB030418 17.11+1.09

−1.1 17.34+7.27
−5.22 46.10

GRB030528 62.54+2.8
−2.79 56.34+7.13

−7.32 31.84
GRB030723 2.43+0.33

−0.33 2.79+1.64
−1.18 —

GRB030725 94.12+2.27
−2.25 166.70+10.3

−10.1 102.80
GRB030823 23.05+1.56

−1.55 12.74+4.43
−3.53 26.57

GRB030824 8.90+1.07
−1.07 5.83+2.38

−1.89 8.7
GRB031026 4.73+0.81

−0.82 27.84+6.29
−6.06 148.3

GRB031111A 14.88+0.6
−0.67 178.57+4.83

−4.86 404.4
GRB031111B 5.73+0.87

−0.86 6.01+2.85
−2.34 —

GRB031220 5.53+0.56
−0.55 5.64+2.86

−1.96 46.98
GRB040228B 2.99+0.73

−0.73 0.13+1.9
−0.1 11.92

GRB040511 31.74+2.98
−2.86 96.57+9.57

−8.79 93.91
GRB040916B 3.80+1.14

−0.99 0.52+1.44
−0.43 —

Table 3.5: The summary of SX, Sγ and Epeak for the bursts without known redshifts. SX and
Sγ are in the unit of [10−7 erg cm−2]. Epeak is in the unit of [keV].
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GRB name SX Sγ Epeak Esrc
peak Eiso Ejet z

GRB970228 45.58 102.77 195.04 330.59 1.86 ± 0.14 — 0.695
GRB970508 15.30 23.84 145.58 267.14 0.71 ± 0.15 0.049 0.835
GRB971214 7.27 124.27 684.48 3025.40 24.5 ± 2.8 0.116 3.42
GRB980326 9.85 19.16 70.84 141.68 0.56 ± 0.11 0.003 1
GRB980329 29.57 732.81 934.32 — — — <3.9
GRB980613 7.69 20.99 194.94 408.59 0.68 ± 0.11 0.016 1.096
GRB990123 79.57 1253.56 2029.1 5275.66 278.3 ± 31.5 1.088 1.60
GRB990510 62.88 331.95 422.73 1107.13 20.6 ± 2.9 0.045 1.619
GRB990705 76.46 541.55 347.70 646.72 21.2 ± 2.7 0.094 0.86
GRB990712 70.40 77.89 93.48 134.05 0.78 ± 0.15 0.016 0.434
GRB010222 340.64 1040.37 94.90 235.07 154.2 ± 17 0.252 1.477
GRB010921 71.60+3.42

−3.2 112.60+8.6
−8.4 88.63 128.60 0.954 ± 0.3 0.156 0.451

GRB020124 19.74+1.4
−1.41 61.33+8.79

−7.63 86.93 365.11 36.85 ± 12 0.518 3.2
GRB020813 138.50+2.7

−2.3 839.60+12.3
−12.5 142.10 319.72 153.5 ± 10 0.245 1.25

GRB020903 0.83+0.28
−0.24 0.16+0.44

−0.14 5.0 6.25 1.4E-3 ±1.2E-3 — 0.25
GRB021004 7.65+0.69

−0.69 17.79+7.01
−5 79.79 265.54 4.395 ± 3.5 0.117 2.328

GRB021211 11.60+0.29
−0.29 23.71+2.03

−2.01 45.56 91.39 1.684 ± 0.3 0.020 1.006
GRB030226 13.20+1.18

−1.18 42.92+6.85
−6.02 97.12 290.00 6.766 ± 2.5 0.028 1.986

GRB030323 3.40+1.29
−1.21 8.91+3.84

−3.48 — — 7.239 0.036 3.37
GRB030328 81.86+1.31

−1.29 287.40+13.9
−14.1 126.30 318.28 33.1 ± 9 0.096 1.52

GRB030329 553.10+3.10
−3.20 1076.00+13.0

−14.0 67.86 79.26 1.795 ± 0.07 0.012 0.168
GRB030429 4.74+0.49

−0.49 3.80+1.4
−1.17 35.04 127.90 3.084 ± 0.7 0.032 2.65

GRB040924 1.96+0.04
−0.04 1.96+0.06

−0.12 40.63 75.53 — — 0.856
GRB041006 52.61+1.38

−0.93 83.86+9.06
−2.97 50.76 87.10 2.105 ± 0.071 — 0.716

Table 3.6: The summary of SX, Sγ, Epeak, Esrc
peak, Eiso, Ejet and z for the bursts with known

redshifts. SX and Sγ are in the unit of [10−7 erg cm−2]. Epeak and Esrc
peak are in the unit of [keV].

Eiso and Ejet are in the unit of [1052 erg].

35



Chapter 4

Data analysis of afterglows

In the first two sections of this chapter, the general properties and the methods used in the
analysis of the afterglow emission of GRBs were described. The rest of this chapter is the
summary of our analysis of optical afterglows for individual bursts.

4.1 Data of optical observations

4.1.1 Choice of color band

The most commonly used color band for studying light curves of GRB optical afterglows is
the red band of the Johnson-Morgan-Cousins system (the Rc band). We therefore selected the
photometric measurements in the Rc band in the present work. The effective wavelength of Rc

band is 0.66 µm and width is 0.14 µm (Fukugita et al., 1996).
In addition to these filtered observations, we also include the unfiltered observations in

our analysis. Small telescopes are preferred in observing the early phase of optical afterglows,
because of need to slew a telescope promptly to the direction of the bursts, or to cover a large
imaging field to accommodate the initial error circles which often have large uncertainties.
These small telescopes tend to be used with unfiltered CCD camera in order to collect as much
photons as possible. The measurements taken with such system are usually presented by the
magnitude in the Rc band, and we adopt these values. It can be justified because sensitivity
of CCD cameras usually peaks in the passband of the Rc filter, and the error in the conversion
of magnitude expected to be small.

4.1.2 flux density and magnitude

The radiation flux density of a source can be estimated from the measured magnitude if the
spectrum of the source and the band-pass function of the filter is completely known. In the
present work, we assume the standard “Vega”-like spectrum and and estimate the flux with
the procedure given as follows. Although neither of these conditions are likely to be met with
the collection of the GRB afterglow observations conducted with variety of telescopes, the error
in conversion is not likely to affect the validity of our analysis and discussion, given the large
dynamic range of the data values used.

The flux density is related to the magnitude m as

m = −2.5 log10(fν/fν0) . (4.1)

where fν0 is the flux density of Vega in the bandpass.
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Oke and Gunn (1983) defined the AB magnitude by

ABν = −2.5 log fν − 48.60 , (4.2)

where fν is in the unit of [erg s−1 cm−2 Hz−1]. Fukugita et al. (1996) reported that Rc magnitude
of Vega is related to the AB magnitude by

AB = R + 0.212 . (4.3)

Therefore Rc magnitude is calculated by

R + 0.212 = −2.5 log fν − 48.60 (4.4)

R = −2.5 log(fν/2.987× 10−20) . (4.5)

4.1.3 Data selection

BeppoSAX reported 55 GRBs locations and HETE-2 reported 61 (as of mid-October 2004).
We collected information on observations of the optical, infra-red and radio afterglows of these
GRBs from papers published in journals and GCN circulars. The collected data include both
positive detections and upper limits (U.L. hereafter). With the examination of these results,
we found only 1/3 of the well-localized GRBs have confirmed optical afterglows. Details are
shown in table 4.1 and figure 4.1.

Source of localization BeppoSAX HETE-2
Number of well-localized GRBs 55 61

Detected optical afterglows 16 22
Number of events used for this study 17 43

Table 4.1: Statistics of the detection of optical afterglows

The aim of this study is to investigate how the brightness of optical afterglows is related
to the properties of the prompt emission, such as fluence or Epeak. Each piece of the optical
afterglow data consists of the observed epoch and the observed magnitudes (or upper limits
in some cases). The sensitivities and epochs of follow-up (with respect to the burst time) of
observations in this data set vary over a very broad range. This inhomogeneity is a source of
biases, as is the wide range source distances. We therefore attempt to homogenize the data by
applying various corrections as described later in this section, and try to compare the afterglow
brightness at similar epochs.

We used 43 events of HETE-2 in this study. Almost all the events which have magnitude of
optical transient (OT) or U.L. of optical afterglows are included in those 43 events. Thirteen
of them have known redshifts. In order to the study correlations between properties of optical
afterglows and prompt emissions in the source frame, the samples of GRBs with known redshift
are essential. Therefore we also included 17 events localized by BeppoSAX for which redshifts
are known.

Figure 4.1 shows the fraction of GRB events associated with optical afterglows. It also
shows the selection for this study. The colors of the outer rings indicate the fraction of events
associated with optical transients (OTs). The fraction of the events used for this study is shown
by the colored region of the inner ring.
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Figure 4.1: Fraction of GRB events associated with optical transients (OT) is indicated by the
colors of the outer rings. The colors of the inner rings shows the fraction of the events used for
the present work.

4.1.4 Classification of optical afterglows

We classified these events into 4 classes according to the apparent magnitude of the optical
afterglow and observation sensitivity. Both of these quantities are compared to the magnitude
expected at the epoch of observations for the “standard” light curve, which is a power-law
decay curve (fν ∝ t−1) with the fiducial magnitude of R = 20 at the epoch of t = 1day. The
definitions of classes are shown in figure 4.2 schematically. An optical transient detected above
the standard light curve is classified as a “bright OT” (class B). If the detection is below the
this line, it is classified as a “dim OT” (class M). If no OT was detected and all upper limits are
above the boundary, the event is classified as an “insufficient observation” (class N). The events
with no OT detection and upper limits below the boundary are classified as “dark GRBs” (class
D). The events we analyzed are classified as the figure 4.3.

4.2 Homogenizing afterglow measurements

The next step is to determine the brightness of each afterglow sample. But “How should
we define the brightness of optical afterglow?” is not a trivial question. The situations and
observing conditions of optical afterglow may differ from one burst to another, and also from one
measurement to another for a single GRB. One event has an observed data point at a certain
epoch, but another event may not have data point at the same epoch. In order to compare the
measurements of afterglows from different sources at different epochs, we need to establish a
procedure to homogenizing the data by applying a few corrections based on reasonable physical
assumptions.

In this section, we introduce the procedure of obtaining a fair sample of homogeneous data
from various observations of optical afterglows.
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Figure 4.2: The definition of the OT classification is shown schematically with the “standard”
light curve of optical afterglow. The solid line is the “standard” afterglow light curve, which
follows a power-law decay (fν ∝ t−1) with the fiducial magnitude of R = 20 at the epoch of
t = 1day, and it defines the boundary between the classes. If an OT is detected above the
line, the event is classified as a bright GRB (red triangle). If an OT is detected and all the
measured points lie below the line, the event is classified as a dim OT (green triangle). Those
events that have upper limits below the boundary are classified as dark GRBs (blue arrow). If
no associated OT was detected and all the upper limits are above the boundary, the event is
classified as an insufficient observation (yellow).

4.2.1 Time-resolved magnitude of afterglow

In order to evaluate the measurements of the time-variable light curve, we estimated time-
resolved magnitude of each afterglow.

First, we subdivided time elapsed since the burst into logarithmic intervals one order of
magnitude or half an order of magnitude wide. Almost all of the afterglow observations are
covered by the time interval from 0.001 day to 1000 days after the burst. Therefore, we took
23 time intervals: 12 intervals logarithmically spaced by an order of magnitude (0.0003–0.003,
0.001–0.01, · · · , 30–300, 100–1000 days) and 11 intervals logarithmically spaced by a half order
of magnitude (0.001–0.003, 0.003–0.01, · · · , 30–100, 100–300 days). Then we determined the
representative magnitude of OT for each time interval with the following procedure (see figure
4.4).

Time interval with multiple upper limits: adopt the dimmest upper limit as the limit
for the time interval,

Time interval with a single upper limit: adopt the upper limit as the limit of the time
interval,

Time interval with upper limit(s) and a single detected point: adopt the detected point
as the brightness of the time interval and ignore limits,
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Figure 4.3: The classification of OTs according to their apparent brightness relative to the
standard decay light curve. Note that the results are affected by selection of the samples.

Time interval with single detected point: adopt the detected point as the brightness of
the time interval,

Time interval with upper limit(s) and detected points: fit the detected points to a
power-law function (with the power-law index fixed to −1 if data are not sufficient) and
estimate the brightness at the middle of the time interval where upper limits are ignored,

Time interval with multiple detected points: fit the detected points to a power-law func-
tion (with the power-law index fixed to −1 if data are not sufficient) and estimate the
brightness at the middle of the time interval.

4.2.2 Corrections of optical afterglows

In order to estimate the luminosity of optical afterglows in the GRB source frame, we apply
several corrections based on reasonable assumptions.

(i) Cosmological time dilation

We observe optical afterglows at arbitrary time. We usually measure the time of observation
in observer frame and the origin of the time is defined as the time of prompt emission.

First, we have to take into account the effect of cosmological time dilation. The time in the
GRB source frame (tsrc) is written as

tsrc = tobs/ (1 + z) , (4.6)

where z is the cosmological redshift of the GRB source.

(ii) Cosmological redshift of observing frequency

The frequency in the GRB source frame (νsrc) is find as follows:

νsrc = νobs/ (1 + z) . (4.7)
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Figure 4.4: The definition of the data in each time interval (see text).

(iii) Extrapolation of flux density in time and frequency

We estimate the spectral flux density at the fiducial epoch and frequency by extrapolating
the observed spectral flux density assuming a canonical relativistic synchrotron-shock spectrum.
Assuming the frequency of observation (i.e. R-band) is above the cooling frequency (νc) at the
epoch tsrc ≥ 1, we expect the light curve to have an decay index

αl =
2− 3p

4
, (4.8)

where p is the electron energy index (see equation 2.43).
Then, we can estimate flux density at the source frame in the energy band νsrc(1 + z) at

the source frame epoch tsrc by extrapolating from the nearest data point along the light curve
with αl = −1, where we assume p = 2.

To estimate the flux of certain energy band, we have to assume some spectral energy distri-
butions at the source frame. Since we assume the energy band we observed is above the critical
frequency νc and synchrotron peak frequency νm, an expected spectral index β above observing
frequency is −p/2 i.e. β = −1.

(iv) Conversion from magnitude to luminosity

The source-frame luminosity at a specified band is determined from the observed R mag-
nitude by the following procedure. Here, we denote the luminosity of the source which emits
radiation in frequency range [ν1, ν2] at time t is as Lsrc(ν1, ν2, t

src), and the apparent R-band
magnitude of the source at time t′ as m(R, t′). We can convert magnitude to observed flux
density f obs by definition as follows,

m(R, t′) = −2.5 log
{
f obs(R, t′)/fV(R)

}
. (4.9)

where fV(R) is the flux density of Vega in R-band and

fV(R) = 2.15× 10−5 [erg s−1 cm−2 µm−1]. (4.10)
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Therefore,

f obs(R, t) = 10−
m(R,t′)

2.5 × fV(R) (4.11)

We write observed flux in energy range [ν1, ν2] at time t′ as F obs(ν1, ν2, t
′). Now we consider

a source at a redshift z with a luminosity Lsrc(ν1, ν2, t
src). Using energy conservation, we can

derive

Lsrc(ν1, ν2, t
src) = F obs(ν1(1 + z), ν2(1 + z), tsrc(1 + z))× (1 + z)× 4πD2

L, (4.12)

where DL is the luminosity distance for redshift z.
Adopting the decay index αl = −1 and spectral index β = −1, we can write

f obs(R, t)× t = const (4.13)

and

F obs(ν1, ν2, t) =

∫ ν2

ν1

Cν−1dν

=

∫ ν2(1+z)

ν1(1+z)

C

(
ν

1 + z

)−1
dν

1 + z

=

∫ ν2(1+z)

ν1(1+z)

Cν−1dν

= F obs(ν1(1 + z), ν2(1 + z), t). (4.14)

Using f obs(R, t)× dνR ≈ F obs(νR1, νR2, t), finally we obtain

Lsrc(νR1, νR2, tsrc) = F obs(νR1(1 + z), νR2(1 + z), tsrc(1 + z))× (1 + z)× 4πD2
L

= F obs(νR1, νR2, t
src(1 + z))× (1 + z)× 4πD2

L

= f obs(R, tsrc(1 + z))× (1 + z)× 4πD2
L

= f obs(R, t′)
t′

tsrc(1 + z)
× (1 + z)× 4πD2

L

= 10−
m(R,t′)

2.5 × fV(R)
t′

tsrc
× 4πD2

L (4.15)

(vi) Correction for the collimation

For early afterglows before the jet break time, we view the the emission which is rela-
tivistically beamed. Lsrc defined above is derived for isotropic emission, and would be an
overestimation for collimated emission. We therefore define the luminosity with jet correction
Lsrc

jet as
Lsrc

jet = fbL
src , (4.16)

where fb is the same as equation 3.4.

4.3 Data

This section contains tables of the magnitudes of the optical afterglow for each burst at each
time interval. We adopted the fitting function m(t) = m0 + α log(t/1day), where m(t) is the
OT magnitude at time t. The best-fit parameters of α and m0 are listed in the table. The
data# in the tables corresponds to the data# in the table of each burst in the Appendix E.
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GRB970228

The prompt emission of this burst is XRR. This is the first event with afterglow, which is de-
tected in X-ray, optical and Radio wavelength. Optical afterglow of this event is dim. Measured
redshift of the burst is 0.695.

Time interval [day] Detect/U.L. α m0 m(t) data#
0.1:1 Detect -1.59 ± 2.06 21.1 ± 0.37 19.2 ± 2.23 1-2
0.3:1 Detect -1.59 ± 2.06 21.1 ± 0.37 20.1 ± 0.95 1-2
0.3:3 Detect -1.11 ± 0.15 21.1 ± 0.04 21.1 ± 0.04 1-3
1:3 Detect — — 22.3 ± 0.9 3
1:10 Detect -2.14 ± 0.74 19.9 ± 1.35 22.6 ± 0.54 3-5
3:10 Detect -1 (fixed) 22.6 ± 0.25 24.4 ± 0.25 4-5
3:30 Detect -0.58 ± 0.56 23.2 ± 1.99 24.7 ± 0.60 4-8
10:30 Detect -2.68 ± 2.38 15.7 ± 8.54 24.1 ± 1.10 6-8
10:100 Detect -2.68 ± 2.38 15.7 ± 8.54 25.8 ± 0.41 6-8
100:300 Detect — — 27.0 ± 0.35 9

Table 4.2: Time resolved magnitude of GRB970228.

GRB970508

The prompt emission of this burst is XRR. The optical afterglow of this GRB is bright. Mea-
sured redshift of the burst is 0.835.

Time interval [day] Detect/U.L. α m0 m(t) data#
0.03:0.3 Detect -0.13 ± 0.39 21.4 ± 0.54 21.1 ± 0.44 1-3
0.1:0.3 Detect -0.13 ± 0.39 21.4 ± 0.54 21.2 ± 0.20 1-3
0.1:1 Detect +0.28 ± 0.10 20.8 ± 0.12 21.2 ± 0.06 1-6
0.3:1 Detect +0.32 ± 0.13 20.8 ± 0.14 21.0 ± 0.08 3-6
0.3:3 Detect +0.43 ± 0.18 20.3 ± 0.12 20.3 ± 0.12 4-20
1:3 Detect +0.38 ± 0.20 20.2 ± 0.13 20.0 ± 0.07 7-20
1:10 Detect -0.15 ± 0.15 20.0 ± 0.14 20.2 ± 0.10 7-26
3:10 Detect -1.25 ± 0.22 18.6 ± 0.32 21.0 ± 0.12 21-26
3:30 Detect -1.30 ± 0.04 18.5 ± 0.09 21.8 ± 0.05 21-35
10:30 Detect -1.68 ± 0.09 17.3 ± 0.28 22.6 ± 0.04 27-35
10:100 Detect -1.17 ± 0.08 18.9 ± 0.30 23.3 ± 0.06 27-45
30:100 Detect -0.77 ± 0.09 20.5 ± 0.38 23.8 ± 0.04 36-45
30:300 Detect -0.71 ± 0.06 20.8 ± 0.29 24.4 ± 0.04 36-52
100:300 Detect -0.54 ± 0.18 21.8 ± 1.00 24.8 ± 0.07 46-52
100:1000 Detect -0.53 ± 0.15 21.8 ± 0.84 25.1 ± 0.13 46-53
300:1000 Detect — — 25.2 ± 0.25 53

Table 4.3: Time resolved magnitude of GRB970508.
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Figure 4.5: Optical afterglow of GRB970228.
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Figure 4.6: Optical afterglow of GRB970508.
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GRB971214

The prompt emission of this burst is GRB. Optical afterglow of this event is dim. Measured
redshift of the burst is 3.42.

Time interval [day] Detect/U.L. α m0 m(t) data#
0.1:1 Detect -1 (fixed) 22.6 ± 0.17 21.4 ± 0.17 1-2
0.3:1 Detect -1 (fixed) 22.6 ± 0.17 22.0 ± 0.17 1-2
0.3:3 Detect -1.26 ± 0.15 22.8 ± 0.11 22.8 ± 0.11 1-5
1:3 Detect -1.43 ± 0.23 22.7 ± 0.17 23.6 ± 0.06 3-5
1:10 Detect -1.41 ± 0.11 22.7 ± 0.10 24.4 ± 0.06 3-6
3:10 Detect — — 24.6 ± 0.22 6
3:30 Detect — — 24.6 ± 0.22 6

Table 4.4: Time resolved magnitude of GRB971214.

GRB980326

The prompt emission of this burst is XRR. Optical afterglow of this event is dim. The redshift
of the burst is measured to be 1.0 ± 0.1.

Time interval [day] Detect/U.L. α m0 m(t) data#
0.1:1 Detect -2.65 ± 0.22 23.5 ± 0.18 20.2 ± 0.10 1-3
0.3:1 Detect -2.65 ± 0.22 23.5 ± 0.18 21.8 ± 0.05 1-3
0.3:3 Detect -1.84 ± 0.07 22.9 ± 0.04 22.9 ± 0.04 1-9
1:3 Detect -1.67 ± 0.21 22.9 ± 0.10 24.0 ± 0.08 4-9
1:10 Detect -1.30 ± 0.13 23.0 ± 0.10 24.7 ± 0.11 4-11
3:10 Detect -1 (fixed) 23.3 ± 0.14 25.2 ± 0.14 10-11
3:30 Detect -0.13 ± 0.13 24.6 ± 0.29 25.0 ± 0.15 11-13
10:30 Detect -1 (fixed) 21.6 ± 0.35 24.8 ± 0.35 12-13
10:100 Detect -1 (fixed) 21.6 ± 0.35 25.4 ± 0.35 12-13
30:300 U.L. — — 27.3 14
100:300 U.L. — — 27.3 14
100:1000 U.L. — — 27.3 14

Table 4.5: Time resolved magnitude of GRB980326.
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Figure 4.7: Optical afterglow of GRB971214.
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Figure 4.8: Optical afterglow of GRB980326.
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GRB980329

The prompt emission of this burst is GRB. Optical afterglow of this event is dim. The redshift
of the burst is measured to be < 3.9.

Time interval [day] Detect/U.L. α m0 m(t) data#
0.1:1 Detect — — 23.5 ± 0.2 1
0.3:1 Detect — — 23.5 ± 0.2 1
0.3:3 Detect -1.05 ± 0.43 23.7 ± 0.19 23.7 ± 0.19 1-2
1:3 Detect — — 24.8 ± 0.5 2
1:10 Detect -2.16 ± 1.40 22.5 ± 1.91 25.2 ± 0.29 2-3
3:10 Detect — — 25.7 ± 0.3 3
3:30 Detect — — 25.7 ± 0.3 3

Table 4.6: Time resolved magnitude of GRB980329.

GRB980613

The prompt emission of this burst is XRR. Optical afterglow of this event is dim. The redshift
of the burst is measured to be 1.096.

Time interval [day] Detect/U.L. α m0 m(t) data#
0.1:1 Detect — — 22.9 ± 0.2 1
0.3:1 Detect — — 22.9 ± 0.2 1
0.3:3 Detect -0.13 ± 0.49 23.0 ± 0.08 23.0 ± 0.08 1-2
1:3 Detect -1.30 ± 0.43 22.9 ± 0.09 23.7 ± 0.25 2-3
1:10 Detect -0.10 ± 0.16 23.0 ± 0.26 23.1 ± 0.17 2-4
3:10 Detect +1.35 ± 0.52 26.2 ± 1.13 23.6 ± 0.18 3-4
3:30 Detect -1 (fixed) 21.0 ± 0.36 23.5 ± 0.36 3-4

Table 4.7: Time resolved magnitude of GRB980613.
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Figure 4.9: Optical afterglow of GRB980329.
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Figure 4.10: Optical afterglow of GRB980613.
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GRB990123

The prompt emission of this burst is GRB. The optical afterglow of this GRB is bright. The
redshift of the burst is measured to be 1.60.

Time interval [day] Detect/U.L. α m0 m(t) data#
0.0003:0.001 Detect +1.69 ± 2.13 -3.6 ± 17.62 10.0 ± 0.97 1-3
0.0003:0.003 Detect -2.07 ± 0.03 26.1 ± 0.26 10.5 ± 0.03 2-4
0.001:0.01 Detect -1.58 ± 0.03 23.0 ± 0.02 13.1 ± 0.002 4-6
0.003:0.01 Detect -1.58 ± 0.03 23.0 ± 0.02 14.1 ± 0.001 4-6
0.003:0.03 Detect -1.58 ± 0.03 23.0 ± 0.02 15.1 ± 0.002 4-6
0.03:0.3 Detect -0.79 ± 0.33 20.1 ± 0.61 18.2 ± 0.26 7-11
0.1 0.3 Detect -0.79 ± 0.33 20.1 ± 0.61 18.7 ± 0.11 7-11
0.1:1 Detect -0.79 ± 0.07 20.1 ± 0.10 19.2 ± 0.06 7-15
0.3:1 Detect -0.65 ± 0.27 20.1 ± 0.09 19.7 ± 0.09 11-15
0.3:3 Detect -1.19 ± 0.16 20.3 ± 0.10 20.3 ± 0.10 12-19
1:3 Detect -0.79 ± 0.67 20.6 ± 0.49 21.1 ± 0.17 16-19
1:10 Detect -1.09 ± 0.38 20.6 ± 0.49 21.7 ± 0.24 16-20
3:10 Detect — — 23.0 ± 0.24 20
3:30 Detect -0.57 ± 0.13 21.8 ± 0.39 23.3 ± 0.08 20-24
10:30 Detect -0.56 ± 0.29 21.8 ± 0.90 23.6 ± 0.07 21-24
10:100 Detect -0.56 ± 0.29 21.8 ± 0.90 23.9 ± 0.21 21-24

Table 4.8: Time resolved magnitude of GRB990123.

GRB990510

The prompt emission of this burst is GRB. The optical afterglow of this GRB is bright. The
redshift of the burst is measured to be 1.619.

Time interval [day] Detect/U.L. α m0 m(t) data#
0.03:0.3 Detect -0.59 ± 0.41 19.5 ± 0.83 18.0 ± 0.19 1-3
0.1:0.3 Detect -0.59 ± 0.41 19.5 ± 0.83 18.4 ± 0.06 1-3
0.1:1 Detect -0.70 ± 0.11 19.8 ± 0.13 18.9 ± 0.07 1-13
0.3:1 Detect -0.29 ± 0.31 19.5 ± 0.22 19.4 ± 0.08 4-13
0.3:3 Detect -0.31 ± 0.24 19.6 ± 0.17 19.6 ± 0.17 4-17
1:3 Detect -1.52 ± 0.12 19.5 ± 0.03 20.4 ± 0.05 14-17
1:10 Detect -1.92 ± 0.03 19.4 ± 0.04 21.8 ± 0.03 14-20
3:10 Detect -2.14 ± 0.10 18.9 ± 0.21 23.0 ± 0.02 18-20
3:30 Detect -2.14 ± 0.10 18.9 ± 0.21 24.3 ± 0.05 18-20

Table 4.9: Time resolved magnitude of GRB990510.
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Figure 4.11: Optical afterglow of GRB990123.
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Figure 4.12: Optical afterglow of GRB990510.
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GRB990705

The prompt emission of this burst is GRB. Optical afterglow for this burst is searched suf-
ficiently. However no detection has reported. The redshift of the burst is measured to be
0.86.

Time interval [day] Detect/U.L. α m0 m(t) data#
0.3:3 U.L. — — 22.3 2
1:3 U.L. — — 22.3 2
1:10 U.L. — — 22.3 2

Table 4.10: Time resolved magnitude of GRB990705.

GRB990712

The prompt emission of this burst is XRR. The optical afterglow of this GRB is bright. The
redshift of the burst is measured to be 0.434.

Time interval [day] Detect/U.L. α m0 m(t) data#
0.03:0.3 Detect — — 19.5 ± 0.02 1
0.1:0.3 Detect — — 19.5 ± 0.02 1
0.1:1 Detect -1.00 ± 0.03 21.4 ± 0.03 20.1 ± 0.02 1-7
0.3:1 Detect -1.03 ± 0.08 21.4 ± 0.06 20.8 ± 0.02 2-7
0.3:3 Detect -0.95 ± 0.04 21.3 ± 0.03 21.3 ± 0.03 2-12
1:3 Detect -0.85 ± 0.53 21.4 ± 0.23 21.9 ± 0.13 8-12
1:10 Detect -1.02 ± 0.08 21.3 ± 0.08 22.6 ± 0.06 8-14
3:10 Detect -0.75 ± 0.09 21.8 ± 0.17 23.2 ± 0.04 13-14
3:30 Detect -0.39 ± 0.14 22.4 ± 0.37 23.4 ± 0.11 13-15
10:30 Detect — — 23.7 ± 0.04 15
10:100 Detect -1.25 ± 0.40 19.6 ± 1.41 24.3 ± 0.11 15-17
30:100 Detect -0.10 ± 0.31 23.9 ± 1.16 24.4 ± 0.20 16-17

Table 4.11: Time resolved magnitude of GRB990712.
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Figure 4.13: Optical afterglow of GRB990705.
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Figure 4.14: Optical afterglow of GRB990712.
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GRB000210

The prompt emission of this burst is GRB (Piro et al., 2002). Optical afterglow for this burst is
searched sufficiently. However no detection has reported. The redshift of the burst is measured
to be 0.846.

Time interval [day] Detect/U.L. α m0 m(t) data#
0.03:0.3 U.L. — — 18.0 1
0.1:0.3 U.L. — — 18.0 1
0.1:1 U.L. — — 23.3 2
0.3:1 U.L. — — 23.3 2
0.3:3 U.L. — — 23.3 2

Table 4.12: Time resolved magnitude of GRB000210.

GRB000214

The prompt emission of this burst is XRR. Optical afterglow for this burst is not searched
sufficiently. The redshift of the burst is between 0.37 and 0.47.
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Figure 4.15: Optical afterglow of GRB000210. (upper limit)
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Figure 4.16: Optical afterglow of GRB000214. (upper limit)
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GRB010213

The prompt emission of this burst is bright XRF. Optical afterglow for this burst is searched
sufficiently. However no detection has reported.

Time interval [day] Detect/U.L. α m0 m(t) data#
0.3:3 U.L. — — 22 1
1:3 U.L. — — 22 1
1:10 U.L. — — 22 1

Table 4.13: Time resolved magnitude of GRB010213.

GRB010222

The prompt emission of this burst is XRR. The optical afterglow of this GRB is bright. The
redshift of the burst is measured to be 1.477.

Time interval [day] Detect/U.L. α m0 m(t) data#
0.03:0.3 Detect -0.89 ± 0.19 20.0 ± 0.35 17.7 ± 0.12 1-8
0.03:0.3 Detect -0.89 ± 0.19 20.0 ± 0.35 18.3 ± 0.03 1-8
0.1:1 Detect -0.95 ± 0.02 20.1 ± 0.02 18.9 ± 0.02 1-19
0.3:1 Detect -1.21 ± 0.18 20.1 ± 0.05 19.4 ± 0.07 9-19
0.3:3 Detect -1.25 ± 0.04 20.1 ± 0.02 20.1 ± 0.02 9-28
1:3 Detect -1.08 ± 0.17 20.3 ± 0.13 21.0 ± 0.04 20-28
1:10 Detect -1.25 ± 0.08 20.2 ± 0.07 21.7 ± 0.04 20-32
3:10 Detect -1.27 ± 0.04 20.2 ± 0.08 22.6 ± 0.01 29-32
3:30 Detect -1.25 ± 0.02 20.2 ± 0.05 23.4 ± 0.01 29-33
10:30 Detect — — 24.5 ± 0.25 33
10:100 Detect — — 24.5 ± 0.25 33

Table 4.14: Time resolved magnitude of GRB010222.
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Figure 4.17: Optical afterglow of GRB010213. (upper limit)
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Figure 4.18: Optical afterglow of GRB010222.
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GRB010629B

Optical afterglow for this burst is searched sufficiently. However no detection has reported.

Time interval [day] Detect/U.L. α m0 m(t) data#
0.1:1 U.L. — — 20 1
0.3:1 U.L. — — 20 1
0.3:3 U.L. — — 20 1

Table 4.15: Time resolved magnitude of GRB010629B.

GRB010921

The first event detected by HETE-2 which have observed optical afterglow. The optical after-
glow of this GRB is bright.

Time interval [day] Detect/U.L. α m0 m(t) data#
0.01:0.1 U.L. — — 15.3 1
0.03:0.1 U.L. — — 15.3 1
0.03:0.3 U.L. — — 15.3 1
0.1:1 Detect -1 (fixed) 19.6 ± 0.11 18.4 ± 0.11 2-3
0.3:1 Detect -1 (fixed) 19.6 ± 0.11 19.0 ± 0.11 2-3
0.3:3 Detect -2.24 ± 1.32 19.8 ± 0.13 19.8 ± 0.13 2-4
1:3 Detect — — 19.9 ± 0.2 4
1:10 Detect — — 19.9 ± 0.2 4

Table 4.16: Time resolved magnitude of GRB010921.
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Figure 4.19: Optical afterglow of GRB010629B. (upper limit)
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Figure 4.20: Optical afterglow of GRB010921.
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GRB011019

Optical afterglow for this burst is searched sufficiently. However no detection has reported.

Time interval [day] Detect/U.L. α m0 m(t) data#
0.1:1 U.L. — — 19 1
0.3:1 U.L. — — 19 1
0.3:3 U.L. — — 25 2
1:3 U.L. — — 25 2
1:10 U.L. — — 25 2

Table 4.17: Time resolved magnitude of GRB011019.

GRB011030

Optical afterglow for this burst is searched sufficiently. However no detection has reported.
The redshift of the burst is between 0.6 and 3 (Fruchter et al., 2002; Bloom et al., 2003a).

Time interval [day] Detect/U.L. α m0 m(t) data#
0.03:0.3 U.L. — — 21 1
0.1:0.3 U.L. — — 21 1
0.1:1 U.L. — — 21 1
0.3:3 U.L. — — 23.6 2
1:3 U.L. — — 23.6 2
1:10 U.L. — — 23.6 2
3:10 U.L. — — 23.3 3
3:30 U.L. — — 23.3 3

Table 4.18: Time resolved magnitude of GRB011030.
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Figure 4.21: Optical afterglow of GRB011019. (upper limit)
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Figure 4.22: Optical afterglow of GRB011030. (upper limit)
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GRB011121

The optical afterglow of this GRB is bright. The redshift of the burst is measured to be 0.36.

Time interval [day] Detect/U.L. α m0 m(t) data#
0.1:1 Detect -1.73 ± 0.14 20.6 ± 0.10 18.5 ± 0.07 1-4
0.3:1 Detect -1.73 ± 0.14 20.6 ± 0.10 19.6 ± 0.02 1-4
0.3:3 Detect -1.51 ± 0.04 20.5 ± 0.03 20.5 ± 0.03 1-7
1:3 Detect -1.38 ± 0.19 20.6 ± 0.14 21.4 ± 0.06 5-7
1:10 Detect -1.38 ± 0.19 20.6 ± 0.14 22.3 ± 0.13 5-7

Table 4.19: Time resolved magnitude of GRB011121.

GRB011130

Optical afterglow for this burst is not searched sufficiently.

Time interval [day] Detect/U.L. α m0 m(t) data#
0.1:1 U.L. — — 18.5 1
0.3:1 U.L. — — 18.5 1
0.3:3 U.L. — — 18.5 1

Table 4.20: Time resolved magnitude of GRB011130.
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Figure 4.23: Optical afterglow of GRB011121.
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Figure 4.24: Optical afterglow of GRB011130. (upper limit)
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GRB011211

The optical afterglow of this GRB is bright. The redshift of the burst is measured to be 2.14.

Time interval [day] Detect/U.L. α m0 m(t) data#
0.1:1 Detect -1.38 ± 0.27 21.5 ± 0.21 19.7 ± 0.13 1-9
0.3:1 Detect -1.38 ± 0.27 21.5 ± 0.21 20.6 ± 0.05 1-9
0.3:3 Detect -0.81 ± 0.06 21.0 ± 0.05 21.0 ± 0.05 1-16
1:3 Detect -1.77 ± 0.17 20.7 ± 0.06 21.8 ± 0.06 10-16
1:10 Detect -1.77 ± 0.06 20.7 ± 0.03 22.9 ± 0.06 10-21
3:10 Detect -2.28 ± 0.31 19.6 ± 0.70 23.8 ± 0.14 17-21
3:30 Detect -2.36 ± 0.25 19.5 ± 0.66 25.4 ± 0.15 17-23
10:30 Detect -1.11 ± 0.39 23.5 ± 1.23 27.0 ± 0.13 22-23
10:100 Detect -1.33 ± 0.44 22.9 ± 1.40 27.9 ± 0.30 22-24
30:100 Detect — — 28.4 ± 0.48 24

Table 4.21: Time resolved magnitude of GRB011211.

GRB011212

The prompt emission of this burst is XRF. Optical afterglow for this burst is searched suffi-
ciently. However no detection has reported.

Time interval [day] Detect/U.L. α m0 m(t) data#
0.1:1 U.L. — — 22.7 1
0.3:1 U.L. — — 22.7 1
0.3:3 U.L. — — 22.7 1
1:3 U.L. — — 20.5 2
1:10 U.L. — — 20.5 2

Table 4.22: Time resolved magnitude of GRB011212.
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Figure 4.25: Optical afterglow of GRB011211.

 12

 14

 16

 18

 20

 22

 24

 26

 28
 0.001  0.01  0.1  1  10  100

O
T

 m
ag

ni
tu

de

�

time since the burst [day]

GRB011212

limit(R)
limit(Ic)

Figure 4.26: Optical afterglow of GRB011212. (upper limit)
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GRB020124

The prompt emission of this burst is XRR. Optical afterglow of this event is dim. Measured
redshift of the burst is 3.2.

Time interval [day] Detect/U.L. α m0 m(t) data#
0.01:0.1 Detect -1.76 ± 1.08 23.1 ± 3.09 16.5 ± 0.96 1-6
0.03:0.1 Detect -1.76 ± 1.08 23.1 ± 3.09 17.6 ± 0.29 1-6
0.03:0.3 Detect -1.36 ± 0.12 22.0 ± 0.33 18.6 ± 0.04 1-10
0.1:0.3 Detect -1.66 ± 1.20 22.7 ± 2.79 19.6 ± 0.54 7-10
0.1:1 Detect -1.66 ± 1.20 22.7 ± 2.79 20.6 ± 1.29 7-10
0.3:1 U.L. — — 19.1 16
0.3:3 Detect -3.14 ± 1.60 22.2 ± 0.94 22.2 ± 0.94 11-12
1:3 Detect -3.14 ± 1.60 22.2 ± 0.94 24.2 ± 0.15 11-12
1:10 Detect -3.14 ± 1.60 22.2 ± 0.94 26.1 ± 1.08 11-12
3:30 Detect -1.80 ± 1.50 23.1 ± 4.80 27.6 ± 1.06 13-14
10:30 Detect -1.80 ± 1.50 23.1 ± 4.80 28.7 ± 0.24 13-14
10:100 Detect -1.47 ± 0.24 24.1 ± 0.81 29.6 ± 0.13 13-15
30:100 Detect — — 29.6 ± 0.6 15
30:300 Detect — — 29.6 ± 0.6 15

Table 4.23: Time resolved magnitude of GRB020124.

GRB020127

The prompt emission of this burst is XRR. Optical afterglow for this burst is searched suffi-
ciently. However no detection has reported.

Time interval [day] Detect/U.L. α m0 m(t) data#
0.03:0.3 U.L. — — 21.5 1
0.1:0.3 U.L. — — 21.5 1
0.1:1 U.L. — — 21.5 1

Table 4.24: Time resolved magnitude of GRB020127.
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Figure 4.27: Optical afterglow of GRB020124. (detection)
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Figure 4.28: Optical afterglow of GRB020127. (upper limit)
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GRB020305

The prompt emission of this event is detected just before the scheduled shutdown of the science
instruments. Thus little information of prompt emission can be obtained. Optical afterglow of
this event is bright.

Time interval [day] Detect/U.L. α m0 m(t) data#
0.1:1 Detect — — 20.1 ± 0.5 1
0.3:1 Detect — — 20.1 ± 0.5 1
0.3:3 Detect — — 20.1 ± 0.5 1
1:3 Detect — — 22.6 2
1:10 Detect — — 22.6 2
3:30 Detect — — 22.6 2

10:100 Detect — — 24.7 ± 0.01 3
30:100 Detect — — 24.7 ± 0.01 3
30:300 Detect -1.40 ± 0.03 19.1 ± 0.11 26.2 ± 0.03 3-4
100:300 Detect — — 26.2 ± 0.03 4
100:1000 Detect — — 26.2 ± 0.03 4

Table 4.25: Time resolved magnitude of GRB020305.

GRB020331

The prompt emission of this burst is GRB. Optical afterglow of this event is dim.

Time interval [day] Detect/U.L. α m0 m(t) data#
0.01:0.1 Detect — — 17.9 ± 0.6 1
0.03:0.1 Detect — — 17.9 ± 0.6 1
0.03:0.3 Detect — — 17.9 ± 0.6 1
0.1:0.3 U.L. — — 19.3 9
0.1:1 Detect -1 (fixed) 21.6 ± 0.18 20.3 ± 0.18 2-3
0.3:1 Detect -1 (fixed) 21.6 ± 0.18 20.9 ± 0.18 2-3
0.3:3 Detect -1 (fixed) 21.6 ± 0.18 21.6 ± 0.18 2-3
1:10 Detect — — 22.9 ± 0.14 4
3:10 Detect — — 22.9 ± 0.14 4
3:30 Detect -1.48 ± 0.14 19.5 ± 0.46 23.2 ± 0.12 4-5
10:30 Detect — — 24.5 ± 0.07 5
10:100 Detect -0.49 ± 0.23 22.9 ± 0.89 24.7 ± 0.08 5-8
30:100 Detect +0.24 ± 0.78 25.9 ± 3.15 24.8 ± 0.27 6-8
30:300 Detect +0.24 ± 0.78 25.9 ± 3.15 24.7 ± 0.75 6-8

Table 4.26: Time resolved magnitude of GRB020331.
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Figure 4.29: Optical afterglow of GRB020305. (detection)
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Figure 4.30: Optical afterglow of GRB020331. (detection)
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GRB020405
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Figure 4.31: Optical afterglow of GRB020405.

The optical afterglow of this GRB is bright. The redshift of the burst is measured to be
0.69.

Time interval [day] Detect/U.L. α m0 m(t) data#
0.1:1 Detect -0.84 ± 0.13 19.9 ± 0.04 18.8 ± 0.04 1-4
0.3:1 Detect -0.84 ± 0.13 19.9 ± 0.04 19.4 ± 0.04 1-4
0.3:3 Detect -1.28 ± 0.05 20.0 ± 0.01 20.0 ± 0.01 1-5
1:3 Detect — — 20.5 ± 0.08 5
1:10 Detect -1.37 ± 0.23 20.0 ± 0.13 21.7 ± 0.21 5-7
3:10 Detect -2.89 ± 1.68 17.2 ± 3.01 22.7 ± 0.40 6-7
3:30 Detect -2.89 ± 1.68 17.2 ± 3.01 24.5 ± 1.27 6-7

Table 4.27: Time resolved magnitude of GRB020405.

GRB020531

This event is the first short/hard burst that is localized. Despite the extended search of optical
and X-ray afterglow, the source is not identified. There are two candidate of the afterglows.
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GRB020625

The prompt emission of this burst is XRF. Optical afterglow for this burst is searched suffi-
ciently. However no detection has reported.

Time interval [day] Detect/U.L. α m0 m(t) data#
0.03:0.3 U.L. — — 19.5 1
0.1:0.3 U.L. — — 19.5 1
0.1:1 U.L. — — 19.5 1
0.3:1 U.L. — — 18.2 2
0.3:3 U.L. — — 18.2 2

Table 4.28: Time resolved magnitude of GRB020625.

GRB020801

The prompt emission of this burst is GRB. Optical afterglow for this burst is searched suffi-
ciently. However no detection has reported.

Time interval [day] Detect/U.L. α m0 m(t) data#
0.1:1 U.L. — — 20 1
0.3:1 U.L. — — 20 1
0.3:3 U.L. — — 20 1

Table 4.29: Time resolved magnitude of GRB020801.
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Figure 4.32: Optical afterglow of GRB020625. (upper limit)
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Figure 4.33: Optical afterglow of GRB020801. (upper limit)
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GRB020812

The prompt emission of this burst is XRR. Optical afterglow for this burst is searched suffi-
ciently. However no detection has reported.

Time interval [day] Detect/U.L. α m0 m(t) data#
0.03:0.3 U.L. — — 19.1 2
0.1:0.3 U.L. — — 19.1 2
0.1:1 U.L. — — 20 1
0.3:1 U.L. — — 20 1
0.3:3 U.L. — — 20 1
1:3 U.L. — — 19.1 3
1:10 U.L. — — 19.1 3

Table 4.30: Time resolved magnitude of GRB020812.

GRB020813

The prompt emission of this burst is GRB. Optical afterglow of this event is bright. Measured
redshift of the burst is 1.25.

Time interval [day] Detect/U.L. α m0 m(t) data#
0.003:0.03 U.L. — — 16.0 10
0.01:0.03 U.L. — — 16.0 10
0.01:0.1 Detect — — 18.4 ± 0.38 1
0.03:0.1 Detect — — 18.4 ± 0.38 1
0.03:0.3 Detect -0.53 ± 0.22 19.6 ± 0.40 18.2 ± 0.14 1-4
0.1:0.3 Detect -0.81 ± 0.06 20.1 ± 0.11 18.6 ± 0.01 2-4
0.1:1 Detect -1.03 ± 0.04 20.5 ± 0.06 19.2 ± 0.03 2-7
0.3:1 Detect -1.37 ± 0.06 20.5 ± 0.02 19.7 ± 0.03 5-7
0.3:3 Detect -1.39 ± 0.10 20.5 ± 0.03 20.5 ± 0.04 5-9
1:3 Detect -1 (fixed) 20.6 ± 0.21 21.3 ± 0.21 8-9
1:10 Detect -1 (fixed) 20.6 ± 0.21 21.9 ± 0.21 8-9

Table 4.31: Time resolved magnitude of GRB020813.
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Figure 4.34: Optical afterglow of GRB020812. (upper limit)
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Figure 4.35: Optical afterglow of GRB020813. (detection)
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GRB020819

The prompt emission of this burst is XRR. Optical afterglow for this burst is searched suffi-
ciently. However no detection has reported. Radio afterglow was detected. The host galaxy of
the burst is bright.

Time interval [day] Detect/U.L. α m0 m(t) data#
0.03:0.3 U.L. — — 20.6 1
0.1:0.3 U.L. — — 20.6 1
0.1:1 U.L. — — 22.3 2
0.3:1 U.L. — — 22.3 2
0.3:3 U.L. — — 22.3 2

Table 4.32: Time resolved magnitude of GRB020819.

GRB020903

The prompt emission of this burst is XRF. Optical afterglow of this event is bright. This is the
first detection of the afterglow of XRF. Measured redshift of the burst is 0.25.

Time interval [day] Detect/U.L. α m0 m(t) data#
0.03:0.3 U.L. — — 17.5 3
0.1:0.3 U.L. — — 17.5 3
0.1:1 Detect — — 19.5 1
0.3:1 Detect — — 19.5 1
0.3:3 Detect — — 19.5 1
1:10 Detect — — 22.5 2
3:10 Detect — — 22.5 2
3:30 Detect — — 22.5 2

Table 4.33: Time resolved magnitude of GRB020903.
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Figure 4.36: Optical and radio afterglow of GRB020819. (upper limit)
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Figure 4.37: Optical afterglow of GRB020903. (detection)
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GRB021004

The prompt emission of this burst is XRR. Optical afterglow of this event is bright. Measured
redshift of the burst is 2.328.

Time interval [day] Detect/U.L. α m0 m(t) data#
0.001:0.01 Detect -0.57 18.5 14.9 1-2
0.003:0.01 Detect -0.57 18.5 15.2 1-2
0.003:0.03 Detect -0.89 ± 0.15 20.1 ± 0.70 15.7 ± 0.10 1-5
0.01:0.03 Detect -1.03 ± 0.48 20.7 ± 2.06 16.2 ± 0.19 3-5
0.01:0.1 Detect -0.29 ± 0.10 17.4 ± 0.37 16.3 ± 0.07 3-10
0.03:0.1 Detect -0.01 ± 0.12 16.5 ± 0.40 16.5 ± 0.05 6-10
0.03:0.3 Detect -0.34 ± 0.08 17.6 ± 0.20 16.7 ± 0.05 6-16
0.1:0.3 Detect -0.76 ± 0.14 18.4 ± 0.29 17.0 ± 0.05 11-16
0.1:1 Detect -1.31 ± 0.05 19.6 ± 0.06 17.9 ± 0.04 11-31
0.3:1 Detect -1.40 ± 0.09 19.6 ± 0.07 18.7 ± 0.04 17-31
0.3:3 Detect -0.96 ± 0.06 19.3 ± 0.04 19.3 ± 0.04 17-41
1:3 Detect -0.83 ± 0.07 19.3 ± 0.07 19.8 ± 0.02 32-41
1:10 Detect -1.03 ± 0.04 19.1 ± 0.05 20.4 ± 0.02 32-49
3:10 Detect -1.41 ± 0.06 18.4 ± 0.12 21.1 ± 0.02 42-49
3:30 Detect -1.44 ± 0.04 18.4 ± 0.08 22.0 ± 0.03 42-55
10:30 Detect -1.42 ± 0.15 18.5 ± 0.45 22.9 ± 0.06 50-55
10:100 Detect -1.34 ± 0.12 18.7 ± 0.37 23.7 ± 0.10 50-56

Table 4.34: Time resolved magnitude of GRB021004.

GRB021104

The prompt emission of this burst is XRF. Optical afterglow for this burst is searched suffi-
ciently. However no detection has reported.

Time interval [day] Detect/U.L. α m0 m(t) data#
0.03:0.3 U.L. — — 21 1
0.1:0.3 U.L. — — 21 1
0.1 1 U.L. — — 21 1

Table 4.35: Time resolved magnitude of GRB021104.
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Figure 4.38: Optical afterglow of GRB021004. (detection)
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Figure 4.39: Optical afterglow of GRB021104. (upper limit)
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GRB021112

The prompt emission of this burst is XRR. Optical afterglow for this burst is searched suffi-
ciently. However no detection has reported.

Time interval [day] Detect/U.L. α m0 m(t) data#
0.0003:0.003 U.L. — — 11.4 1
0.001:0.003 U.L. — — 11.4 1
0.001:0.01 U.L. — — 11.7 2
0.003:0.01 U.L. — — 11.7 2
0.003:0.03 U.L. — — 11.7 2
0.01:0.1 U.L. — — 21.8 3
0.03:0.1 U.L. — — 21.8 3
0.03:0.3 U.L. — — 21.8 3
0.1:0.3 U.L. — — 20 4
0.1:1 U.L. — — 20 4

Table 4.36: Time resolved magnitude of GRB021112.

GRB021113

Little information of prompt emission can be obtained due to incomplete downlink data for
this burst. Optical afterglow for this burst is searched sufficiently. However no detection has
reported.

Time interval [day] Detect/U.L. α m0 m(t) data#
0.03:0.3 U.L. — — 22.1 1
0.1:0.3 U.L. — — 22.1 1
0.1:1 U.L. — — 22.1 1
0.3:1 U.L. — — 20.3 2
0.3:3 U.L. — — 20.3 2

Table 4.37: Time resolved magnitude of GRB021113.
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Figure 4.40: Optical afterglow of GRB021112. (upper limit)
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Figure 4.41: Optical afterglow of GRB021113. (upper limit)
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GRB021211

The prompt emission of this burst is XRR. Optical afterglow of this event is dim. The light
curve before 0.1 day has steep decay index.

Time interval [day] Detect/U.L. α m0 m(t) data#
0.0003:0.003 Detect -1.49 ± 0.07 25.2 ± 0.45 14.0 ± 0.05 1-3
0.001:0.003 Detect -1.49 ± 0.07 25.2 ± 0.45 14.9 ± 0.02 1-3
0.001:0.01 Detect -1.52 ± 0.02 25.4 ± 0.11 15.9 ± 0.01 1-20
0.003:0.01 Detect -1.42 ± 0.02 24.8 ± 0.13 16.8 ± 0.01 4-20
0.003:0.03 Detect -1.33 ± 0.02 24.3 ± 0.10 17.7 ± 0.02 4-27
0.01:0.03 Detect -1.16 ± 0.10 23.5 ± 0.46 18.4 ± 0.04 21-27
0.01:0.1 Detect -1.09 ± 0.04 23.2 ± 0.17 19.1 ± 0.03 21-37
0.03:0.1 Detect -0.94 ± 0.13 22.7 ± 0.44 19.7 ± 0.04 28-37
0.03:0.3 Detect -0.96 ± 0.07 22.7 ± 0.21 20.3 ± 0.06 28-41
0.1:0.3 Detect -1.27 ± 0.29 23.3 ± 0.57 20.9 ± 0.14 38-41
0.1:1 Detect -1.38 ± 0.09 23.5 ± 0.12 21.8 ± 0.05 38-49
0.3:1 Detect -1.24 ± 0.16 23.4 ± 0.16 22.6 ± 0.07 42-49
0.3:3 Detect -1.21 ± 0.07 23.4 ± 0.05 23.4 ± 0.05 42-50
1:3 Detect -1 (fixed) 22.9 ± 0.46 23.5 ± 0.46 50-51
1:10 Detect -1 (fixed) 22.9 ± 0.46 24.2 ± 0.46 50-51
3:30 Detect — — 24.5 ± 0.18 52
10:30 Detect — — 24.5 ± 0.18 52
10:100 Detect -0.42 ± 0.25 23.2 ± 1.09 24.8 ± 0.19 52-55
30:100 Detect -0.17 ± 0.19 24.4 ± 0.85 25.1 ± 0.08 53-55
30:300 Detect -0.17 ± 0.19 24.4 ± 0.85 25.2 ± 0.12 53-55

Table 4.38: Time resolved magnitude of GRB021211.

GRB030115

The prompt emission of this burst is XRR. Optical afterglow of this event is dim. Radio and
IR afterglow were detected.

Time interval [day] Detect/U.L. α m0 m(t) data#
0.0003:0.003 U.L. — — 10 1
0.001:0.003 U.L. — — 10 1
0.001:0.01 U.L. — — 10 1
0.01:0.1 U.L. — — 20 2
0.03:0.1 U.L. — — 20 2
0.03:0.3 U.L. — — 20 2
0.1:0.3 U.L. — — 20 3
0.1:1 U.L. — — 20 3

Table 4.39: Time resolved magnitude of GRB030115.
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Figure 4.42: Optical afterglow of GRB021211. (detection)
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Figure 4.43: Optical, IR and radio afterglow of GRB030115. (detection)
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GRB030226

The prompt emission of this burst is GRB. Optical afterglow of this event is bright.

Time interval [day] Detect/U.L. α m0 m(t) data#
0.0003:0.003 U.L. — — 11.5 1
0.001:0.003 U.L. — — 11.5 1
0.001:0.01 U.L. — — 11.5 1
0.003:0.01 U.L. — — 11.5 1
0.003:0.03 U.L. — — 11.5 1
0.03:0.3 Detect -2.18 ± 0.53 22.7 ± 1.10 17.3 ± 0.26 2-5
0.1:0.3 Detect -2.18 ± 0.53 22.7 ± 1.10 18.6 ± 0.13 2-5
0.1:1 Detect -1.13 ± 0.10 20.5 ± 0.12 19.1 ± 0.09 2-12
0.3:1 Detect -1.17 ± 0.11 20.7 ± 0.02 19.6 ± 0.05 6-12
0.3:3 Detect -1.59 ± 0.08 20.6 ± 0.01 20.6 ± 0.01 6-20
1:3 Detect -1.95 ± 0.02 20.6 ± 0.04 21.8 ± 0.12 13-20
1:10 Detect -2.31 ± 0.08 20.5 ± 0.03 23.4 ± 0.09 13-22
3:10 Detect -1.76 ± 0.29 21.5 ± 0.48 24.8 ± 0.09 21-22
3:30 Detect -1.76 ± 0.29 21.5 ± 0.48 25.9 ± 0.25 21-22

Table 4.40: Time resolved magnitude of GRB030226.

GRB030323

The prompt emission of this burst is XRR. Optical afterglow of this event is bright.

Time interval [day] Detect/U.L. α m0 m(t) data#
0.03:0.3 U.L. — — 16.6 16
0.1:0.3 U.L. — — 16.6 16
0.1:1 Detect -2.25 ± 0.24 21.1 ± 0.20 18.3 ± 0.14 1-7
0.3:1 Detect -2.25 ± 0.24 21.1 ± 0.20 19.7 ± 0.08 1-7
0.3:3 Detect -1.37 ± 0.13 20.3 ± 0.09 20.4 ± 0.09 1-12
1:3 Detect -1.15 ± 0.17 20.3 ± 0.07 21.1 ± 0.07 8-12
1:10 Detect -1.45 ± 0.16 20.2 ± 0.14 22.1 ± 0.12 8-15
3:10 Detect -2.26 ± 1.95 19.3 ± 2.52 23.6 ± 1.14 13-15
3:30 Detect -2.26 ± 1.95 19.3 ± 2.52 25.0 ± 2.36 13-15

Table 4.41: Time resolved magnitude of GRB030323.
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Figure 4.44: Optical afterglow of GRB030226. (detection)
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Figure 4.45: Optical afterglow of GRB030323. (detection)
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GRB030324

The prompt emission of this burst is XRR. Optical afterglow of this event is dim.

Time interval [day] Detect/U.L. α m0 m(t) data#
0.0001:0.001 U.L. — — 14.8 1
0.0003:0.001 U.L. — — 14.8 1
0.0003:0.003 U.L. — — 15.2 2
0.001:0.003 U.L. — — 15.2 2

0.01:0.1 U.L. — — 20 3
0.03:0.1 U.L. — — 20 3
0.03:0.3 U.L. — — 22.4 4
0.1:0.3 U.L. — — 22.4 4
0.1:1 U.L. — — 22.5 5
0.3:1 U.L. — — 22.5 5
0.3:3 U.L. — — 22.7 6
1:3 U.L. — — 22.7 6
1:10 U.L. — — 22.7 6

Table 4.42: Time resolved magnitude of GRB030324.

GRB030328

The prompt emission of this burst is GRB. Optical afterglow of this event is dim.

Time interval [day] Detect/U.L. α m0 m(t) data#
0.1:1 Detect -1.22 ± 0.16 21.5 ± 0.09 19.9 ± 0.12 1-10
0.3:1 Detect -1.22 ± 0.16 21.5 ± 0.09 20.7 ± 0.03 1-10
0.3:3 Detect -1.27 ± 0.10 21.5 ± 0.06 21.5 ± 0.06 1-12
1:3 Detect -1 (fixed) 21.6 ± 0.18 22.2 ± 0.18 11-12
1:10 Detect -1 (fixed) 21.6 ± 0.18 22.9 ± 0.18 11-12

Table 4.43: Time resolved magnitude of GRB030328.

84



 12

 14

 16

 18

 20

 22

 24

 26

 28
 1e-04  0.001  0.01  0.1  1  10  100

O
T

 m
ag

ni
tu

de

�

time since the burst [day]

GRB030324

limit (R)
OT(i*)

Figure 4.46: Optical afterglow of GRB030324. (detection in i*)
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Figure 4.47: Optical afterglow of GRB030328. (detection)
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GRB030329

The prompt emission of this burst is XRR. Optical afterglow of this event is bright. Measured
redshift of the burst is 0.168.

Time interval [day] Detect/U.L. α m0 m(t) data#
0.01:0.1 Detect — — 12.6 ± 0.02 1
0.03:0.1 Detect — — 12.6 ± 0.02 1
0.03:0.3 Detect -0.87 ± 0.02 15.2 ± 0.06 13.0 ± 0.02 1-5
0.1:0.3 Detect -0.93 ± 0.10 15.3 ± 0.18 13.5 ± 0.02 2-5
0.1:1 Detect -1.41 ± 0.05 16.0 ± 0.03 14.3 ± 0.03 2-11
0.3:1 Detect -1.41 ± 0.05 16.0 ± 0.03 15.1 ± 0.02 6-11
0.3:3 Detect -1.26 ± 0.09 16.0 ± 0.05 16.0 ± 0.05 6-16
1:3 Detect -0.66 ± 0.27 16.3 ± 0.14 16.7 ± 0.09 12-16
1:10 Detect -1.18 ± 0.14 16.0 ± 0.18 17.5 ± 0.11 12-20
3:10 Detect -2.31 ± 0.21 13.9 ± 0.34 18.3 ± 0.09 17-20
3:30 Detect -1.63 ± 0.22 15.0 ± 0.38 19.3 ± 0.21 17-23
10:30 Detect -1.30 ± 0.07 15.5 ± 0.25 19.6 ± 0.03 21-23
10:100 Detect -1.39 ± 0.08 15.2 ± 0.33 20.5 ± 0.05 21-30
30:100 Detect -1.37 ± 0.19 15.3 ± 0.84 21.3 ± 0.07 24-30

Table 4.44: Time resolved magnitude of GRB030329.

GRB030418

The prompt emission of this burst is XRR. Optical afterglow of this event is dim.

Time interval [day] Detect/U.L. α m0 m(t) data#
0.003:0.03 Detect — — 18.1 ± 0.4 1
0.01:0.03 Detect — — 18.1 ± 0.4 1
0.01:0.1 Detect -0.68 ± 0.39 21.0 ± 1.25 18.4 ± 0.21 1-2
0.03:0.1 Detect — — 18.8 2
0.03:0.3 Detect -0.86 21.6 19.4 2-3
0.1:0.3 Detect — — 19.8 3
0.1:1 Detect -0.66 ± 0.28 21.2 ± 0.58 20.3 ± 0.23 3-4
0.3:1 Detect — — 20.5 ± 0.3 4
0.3:3 Detect -1.38 ± 0.16 21.9 ± 0.16 21.9 ± 0.16 4-5
1:3 Detect — — 23.3 ± 0.1 5
1:10 Detect -1.59 ± 0.41 21.7 ± 0.46 23.6 ± 0.12 5-6
3:10 Detect — — 24.9 ± 0.4 6
3:10 Detect — — 24.9 ± 0.4 6

Table 4.45: Time resolved magnitude of GRB030418.
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Figure 4.48: Optical afterglow of GRB030329. (detection)
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Figure 4.49: Optical afterglow of GRB030418. (detection)
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GRB030429

The prompt emission of this burst is XRF. Optical afterglow of this event is dim.

Time interval [day] Detect/U.L. α m0 m(t) data#
0.01:0.1 U.L. — — 18.2 1
0.03:0.1 U.L. — — 18.2 1
0.03:0.3 Detect -0.11 ± 0.55 19.8 ± 1.08 19.5 ± 0.32 2-5
0.1:0.3 Detect -0.11 ± 0.55 19.8 ± 1.08 19.5 ± 0.09 2-5
0.1:1 Detect -0.96 ± 0.07 21.4 ± 0.07 20.2 ± 0.05 2-8
0.3:1 Detect -0.87 ± 0.26 21.4 ± 0.14 20.8 ± 0.07 6-8
0.3:3 Detect -0.98 ± 0.08 21.4 ± 0.05 21.4 ± 0.05 6-12
1:3 Detect -2.39 ± 0.54 20.0 ± 0.55 21.5 ± 0.22 9-12
1:10 Detect -2.76 ± 0.27 19.7 ± 0.29 23.1 ± 0.08 9-14
3:10 Detect -2.27 ± 0.49 20.5 ± 0.74 24.8 ± 0.22 13-14
3:30 Detect -2.27 ± 0.49 20.5 ± 0.74 26.2 ± 0.51 13-14

10:100 U.L. — — 26.3 15
30:100 U.L. — — 26.3 15
30:300 U.L. — — 26.3 15

Table 4.46: Time resolved magnitude of GRB030429.

GRB030528

The prompt emission of this burst is XRF. Optical afterglow for this burst is searched suffi-
ciently. However no detection has reported.

Time interval [day] Detect/U.L. α m0 m(t) data#
0.0003:0.003 U.L. — — 16.0 1
0.001:0.003 U.L. — — 16.0 1
0.001:0.01 U.L. — — 16.0 1
0.01:0.1 U.L. — — 18.7 2
0.03:0.1 U.L. — — 18.7 2
0.03:0.3 U.L. — — 18.7 2
0.1:1 U.L. — — 20.5 3
0.3:1 U.L. — — 20.5 3
0.3:3 U.L. — — 20.5 3

100:1000 Detect — — 22.0 ± 0.2 4

Table 4.47: Time resolved magnitude of GRB030528.
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Figure 4.50: Optical afterglow of GRB030429. (detection)
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Figure 4.51: Optical afterglow of GRB030528. (limit)
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GRB030723

The prompt emission of this burst is XRR. Optical afterglow of this event is dim.

Time interval [day] Detect/U.L. α m0 m(t) data#
0.0003:0.001 U.L. — — 19.0 1
0.0003:0.003 U.L. — — 19.7 2
0.001:0.003 U.L. — — 19.7 2
0.001:0.01 U.L. — — 19.7 2
0.003:0.01 U.L. — — 19.1 3
0.003:0.03 Detect +0.58 ± 1.64 17.1 ± 6.55 20.0 ± 1.69 4-5
0.01:0.03 Detect +0.58 ± 1.64 17.1 ± 6.55 19.6 ± 0.70 4-5
0.01:0.1 Detect +0.58 ± 1.64 17.1 ± 6.55 19.3 ± 0.48 4-5
0.1:1 Detect — — 21.0 6
0.3:1 Detect — — 21.0 6
0.3:3 Detect -1.58 ± 0.14 21.0 ± 0.07 21.0 ± 0.07 7-9
1:3 Detect -1.58 ± 0.14 21.0 ± 0.07 22.0 ± 0.06 7-9
1:10 Detect -1.80 ± 0.09 20.9 ± 0.09 23.2 ± 0.08 7-10
3:10 Detect — — 24.2 ± 0.3 10
3:30 Detect — — 24.2 ± 0.3 10

Table 4.48: Time resolved magnitude of GRB030723.

GRB030725

The prompt emission of this burst is XRR. Optical afterglow of this event is bright.

Time interval [day] Detect/U.L. α m0 m(t) data#
0.03:0.3 Detect — — 18.8 1
0.1:0.3 Detect — — 18.8 1
0.1:1 Detect -1.83 ± 0.42 21.1 ± 0.46 18.9 ± 0.10 1-3
0.3:1 Detect -1 (fixed) 20.3 ± 0.18 19.7 ± 0.18 2-3
0.3:3 Detect -1 (fixed) 20.3 ± 0.18 20.3 ± 0.18 2-3
1:10 Detect -1.91 ± 0.23 18.3 ± 0.49 20.7 ± 0.20 4-6
3:10 Detect -1.91 ± 0.23 18.3 ± 0.49 21.9 ± 0.07 4-6
3:30 Detect -1.91 ± 0.23 18.3 ± 0.49 23.1 ± 0.10 4-6

Table 4.49: Time resolved magnitude of GRB030725.

90



 12

 14

 16

 18

 20

 22

 24

 26

 28
 1e-04  0.001  0.01  0.1  1  10  100

O
T

 m
ag

ni
tu

de

�

time since the burst [day]

GRB030723

OT
limit (R)

limit (unfiltered)

Figure 4.52: Optical afterglow of GRB030723. (detection)
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Figure 4.53: Optical afterglow of GRB030725. (detection)
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GRB030823

The prompt emission of this burst is XRF. Optical afterglow for this burst is searched suffi-
ciently. However no detection has reported.

Time interval [day] Detect/U.L. α m0 m(t) data#
0.01:0.1 U.L. — — 16.5 1
0.03:0.1 U.L. — — 16.5 1
0.03:0.3 U.L. — — 19.5 2
0.1:0.3 U.L. — — 19.5 2
0.1:1 U.L. — — 20.5 3
0.3:1 U.L. — — 20.5 3
0.3:3 U.L. — — 20.5 3

Table 4.50: Time resolved magnitude of GRB030823.

GRB030824

The prompt emission of this burst is XRF. Optical afterglow for this burst is searched suffi-
ciently. However no detection has reported.

Time interval [day] Detect/U.L. α m0 m(t) data#
0.03:0.3 U.L. — — 17.5 1
0.1:0.3 U.L. — — 17.5 1
0.1:1 U.L. — — 22.5 2
0.3:1 U.L. — — 22.5 2
0.3:3 U.L. — — 22.5 2

Table 4.51: Time resolved magnitude of GRB030824.
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Figure 4.54: Optical afterglow of GRB030823. (limit)
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Figure 4.55: Optical afterglow of GRB030824. (limit)
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GRB031026

The prompt emission of this burst is GRB. Optical afterglow for this burst is searched suffi-
ciently. However no detection has reported.

Time interval [day] Detect/U.L. α m0 m(t) data#
0.03:0.3 U.L. — — 18 1
0.1:0.3 U.L. — — 18 1
0.1:1 U.L. — — 20.9 2
0.3:1 U.L. — — 20.9 2
0.3:3 U.L. — — 20.9 2

Table 4.52: Time resolved magnitude of GRB031026.

GRB031111

The prompt emission of this burst is GRB. Optical afterglow for this burst is not searched
sufficiently.

Time interval [day] Detect/U.L. α m0 m(t) data#
0.3:3 U.L. — — 18.5 1
1:3 U.L. — — 18.5 1
1:10 U.L. — — 18.5 1

Table 4.53: Time resolved magnitude of GRB031111.
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Figure 4.56: Optical afterglow of GRB031026. (limit)
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Figure 4.57: Optical afterglow of GRB031111. (limit)
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GRB031111B

The prompt emission of this burst is XRR. Optical afterglow for this burst is not searched
sufficiently.

Time interval [day] Detect/U.L. α m0 m(t) data#
0.1:1 U.L. — — 17.2 1
0.3:1 U.L. — — 17.2 1
0.3:3 U.L. — — 17.2 1

Table 4.54: Time resolved magnitude of GRB031111B.

GRB031220

The prompt emission of this burst is XRR. Optical afterglow of this event is dim.

Time interval [day] Detect/U.L. α m0 m(t) data#
0.01:0.1 U.L. — — 19.2 1
0.03:0.1 U.L. — — 19.2 1
0.03:0.3 U.L. — — 23 2
0.1:0.3 U.L. — — 23 2
0.1:1 U.L. — — 23 2
0.3:1 U.L. — — 20.9 3
0.3:3 Detect — — 24.4 ± 0.18 4
1:3 Detect — — 24.4 ± 0.18 4
1:10 Detect — — 24.4 ± 0.18 4
3:10 U.L. — — 24 5
3:30 U.L. — — 24 5

Table 4.55: Time resolved magnitude of GRB031220.

96



 12

 14

 16

 18

 20

 22

 24

 26

 28
 0.001  0.01  0.1  1  10  100

O
T

 m
ag

ni
tu

de

�

time since the burst [day]

GRB031111B

Figure 4.58: Optical afterglow of GRB031111B. (limit)
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Figure 4.59: Optical afterglow of GRB031220. (detection)
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GRB040228B

The prompt emission of this burst is XRF. Optical afterglow for this burst is searched suffi-
ciently. However no detection has reported.

Time interval [day] Detect/U.L. α m0 m(t) data#
0.01:0.1 U.L. — — 10.5 1
0.03:0.1 U.L. — — 10.5 1
0.03:0.3 U.L. — — 10.5 1
0.1:1 U.L. — — 19.5 2
0.3:1 U.L. — — 19.5 2
0.3:3 U.L. — — 19.5 2

Table 4.56: Time resolved magnitude of GRB040228B.

GRB040511

The prompt emission of this burst is XRR. Optical afterglow for this burst is searched suffi-
ciently. However no detection has reported.

Time interval [day] Detect/U.L. α m0 m(t) data#
0.01:0.1 U.L. — — 17.5 1
0.03:0.1 U.L. — — 17.5 1
0.03:0.3 U.L. — — 17.6 2
0.1:0.3 U.L. — — 17.6 2
0.1:1 U.L. — — 21 3
0.3:1 U.L. — — 21 3
0.3:3 U.L. — — 21 3

Table 4.57: Time resolved magnitude of GRB040511.
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Figure 4.60: Optical afterglow of GRB040228B. (limit)
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Figure 4.61: Optical afterglow of GRB040511. (detection)
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GRB040916B

Optical afterglow for this burst is dim.

Time interval [day] Detect/U.L. α m0 m(t) data#
0.01:0.1 U.L. — — 13.0 1
0.03:0.1 U.L. — — 13.0 5
0.03:0.3 Detect — — 22.3 ± 0.2 1
0.1:0.3 Detect — — 22.3 ± 0.2 1
0.1:1 Detect -0.81 ± 0.73 23.6 ± 1.06 22.6 ± 0.22 1-2
0.3:1 Detect — — 22.7 ± 0.3 2
0.3:3 Detect -1.01 ± 0.20 23.8 ± 0.21 23.8 ± 0.21 2-3
1:3 Detect — — 24.8 ± 0.3 3
1:10 Detect -0.32 ± 0.48 24.5 ± 0.78 24.9 ± 0.18 3-4
3:10 Detect — — 25 4
3:30 Detect — — 25 4

Table 4.58: Time resolved magnitude of GRB040916B.

GRB040924

Optical afterglow for this burst is dim.

Time interval [day] Detect/U.L. α m0 m(t) data#
0.003:0.03 Detect -0.51 20.5 18.0 1-2
0.003:0.03 Detect -0.51 20.5 18.3 1-2
0.01:0.1 Detect -0.78 ± 0.08 21.8 ± 0.35 18.8 ± 0.05 1-4
0.03:0.1 Detect -1.22 23.3 19.5 3-4
0.03:0.3 Detect -1.10 ± 0.01 22.9 ± 0.04 20.2 ± 0.01 3-5
0.1:0.3 Detect — — 21.4 5
0.1:1 Detect -0.56 ± 0.53 22.4 ± 0.54 21.7 ± 0.28 5-7
0.3:1 Detect 0.00 22.1 22.1 6-7
0.3:3 Detect -1.06 ± 0.55 23.0 ± 0.39 23.0 ± 0.39 6-8
1:3 Detect — — 23.7 ± 0.2 8
1:10 Detect — — 23.7 ± 0.2 8

Table 4.59: Time resolved magnitude of GRB040924.
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Figure 4.62: Optical afterglow of GRB040916B. (detection)
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Figure 4.63: Optical afterglow of GRB040924. (detection)
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GRB041006

Optical afterglow for this burst is dim.

Time interval [day] Detect/U.L. α m0 m(t) data#
0.0003:0.003 Detect — — 16.8 1
0.001:0.003 Detect — — 16.8 1
0.001:0.01 Detect — — 16.8 1
0.003:0.03 Detect — — 17.1 ± 0.4 2
0.01:0.03 Detect — — 17.1 ± 0.4 2
0.01:0.1 Detect -0.62 ± 0.36 19.9 ± 1.30 17.6 ± 0.29 2-5
0.03:0.1 Detect -1.99 ± 0.21 24.1 ± 0.65 17.9 ± 0.07 3-5
0.03:0.3 Detect -1.14 ± 0.17 21.3 ± 0.43 18.5 ± 0.12 3-8
0.1:0.3 Detect -1.77 ± 0.10 22.4 ± 0.16 19.0 ± 0.03 6-8
0.1:1 Detect -1.35 ± 0.07 21.7 ± 0.08 20.0 ± 0.02 6-14
0.3:1 Detect -1.25 ± 0.05 21.6 ± 0.05 20.8 ± 0.02 9-14
0.3:3 Detect -1.24 ± 0.02 21.6 ± 0.01 21.6 ± 0.01 9-16
1:3 Detect -1.93 ± 0.96 21.2 ± 0.55 22.4 ± 0.07 15-16
1:10 Detect -1.18 ± 0.10 21.6 ± 0.11 23.1 ± 0.07 15-18
3:10 Detect -0.32 ± 0.55 23.1 ± 0.66 23.7 ± 0.09 17-18
3:30 Detect -0.37 ± 0.03 23.0 ± 0.05 23.9 ± 0.02 17-19
10:30 Detect — — 24.0 ± 0.2 19
10:100 Detect — — 24.0 ± 0.2 19

Table 4.60: Time resolved magnitude of GRB041006.
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Figure 4.64: Optical afterglow of GRB041006. (detection)
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Chapter 5

Correlation between prompt emissions
and Afterglows

Using the bursts listed in tables 3.5 (28 bursts) and 3.6 (23 bursts), we examined the correlation
between properties of prompt emission and brightness of afterglows.

For the properties of prompt emissions, we used both the properties in the observer frame
(which are Epeak, fluence in 2-30 keV (Sx), fluence in 30-400 keV (Sγ) and fluence in 2-400 keV
(Sa)) and the properties in the source frame (which are Esrc

peak, Eiso are Ejet). For the optical
afterglow, we used both magnitude and luminosity for all 23 time intervals (which is defined
in section 4.2.1). We also used luminosity of optical afterglow with jet correction (see equation
4.16). The properties of prompt emission in the observer frame are compared with magnitudes
of OTs. The properties of prompt emission in the source frame are compared with luminosities
of OTs.

First, we plotted all the combinations of properties of prompt emission and brightness of
afterglows (see appendix D.1). An observer-frame example of such scatter plots is shown in
figure 5.1. Then we plotted all the combinations of properties in the source frame (appendix
D.2). figure 5.2 is an example of a scatter plot of source-frame properties.
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Figure 5.1: An example of scatter plot of the properties in the observer frame.
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Figure 5.2: An example of scatter plot of the properties in the source frame.

5.1 Evaluation method of the significance of correlations

5.1.1 Sample correlation coefficient: r

To evaluate the significance of correlation, we calculated the sample correlation coefficient r
(hereafter SCC). The SCC is defined by

r =

∑n
i=1(xi − x̄)(yi − ȳ)

nsxsy

, (5.1)

where x̄ and ȳ are sample mean values and sx and sy are the sample standard deviations of X
and Y .

The SCC must be a number between -1 and 1. The closer the absolute value of the SCC is
to 1, the better the correlation.

5.1.2 Cox’s method and BHK method

We also calculated significance levels for independence of properties (i.e. no correlation) of
prompt emissions and afterglows. We used Cox’s method (see appendix A.2) and the BHK
method (appendix A.3) to calculate null hypothesis probabilities; i.e. the probability of seeing
a correlation when there is no real correlation. These two methods have an advantage over the
SCC, because these methods can make use of upper limit data.

5.2 Results

In this section, we show the results of evaluating correlation significances. The significance of
correlations is sensitive to the number of samples. Therefore, we plotted both significance of
correlation and number of data in a figure.
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5.2.1 The properties in the observer frame

Figure 5.3 – 5.5 show the significance of correlation for the properties in the observer frame.
From figure 5.4 and 5.5, fluence of prompt emission is significantly correlated with OT

magnitude 0.01–0.1 days after the GRB. This feature is common to both Cox’s method and
BHK method. It is interesting to know the correlation in the earlier time interval. There
are, however, far fewer samples observed earlier than 0.01 day. We need more early-time
observations, especially earlier than 0.01 day after the burst.
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Figure 5.3: The summary of the significance of correlation in the observer frame. Top: The
significance evaluated with sample correlation coefficient r. Bottom: The number of data in
each time interval.

5.2.2 The properties in the source frame

Figure 5.6 – 5.8 show the significance of correlation for the properties in the source frame.
As shown in these figures, we found a tight correlation between Eiso and Lot in the time

intervals around 0.1–10 days. The significances of the correlations between Eiso in these time
intervals are greater than 99%. There is also a probable correlation between Esrc

peak or Eiso

and Lot in the same time intervals. The significance of the correlation for these time intervals
between Esrc

peak and Lot, and between Eiso and Lot, are greater than 95%. We will discuss these
relations in the next chapter.

5.2.3 The difference between Cox’s method and BHK method

From figure 5.8 (BHK method), Eiso and Lot are significantly correlated in the 0.3–3 day
time interval. In contrast, null hypothesis probability of Cox’s method (figure 5.7) for these
combinations is not small. The difference between these methods is that Cox’s method uses

106



 0.1

 1

 10

 100

N
ul

l h
yp

ot
he

si
s 

pr
ob

ab
ili

ty
 [%

]

�

Cox’s method

Epeak
2-400 keV fluence

30-400 keV fluence
2-30 keV fluence

 0
 5

 10
 15
 20
 25
 30
 35
 40
 45

-4 -3 -2 -1 0 1 2 3

nu
m

be
r 

of
 d

at
a

�

time since burst [log (t/1day)]

Epeak
fluence

Figure 5.4: The summary of the significance of correlation in the observer frame. Top: The
significance evaluated with Cox’s method. Bottom: The number of data in each time interval.
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Figure 5.5: The summary of the significance of correlation in the observer frame. Top: The
significance is evaluated with BHK method. Bottom: The number of data in each time interval.
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Figure 5.6: The summary of the significance of correlation in the source frame. Top: The
significance evaluated with sample correlation coefficient r. Bottom: The number of data in
each time interval.

the data value directly for the calculation. Therefore, the probability from Cox’s method is
strongly affected by points that lie outside of the cluster of other data points. On the other
hand, BHK method does not use data values, but rather counts only the rank order of values
of the data points. The scatter plot of OT luminosity vs. Eiso (top left panel of figure D.23)
contains such a point.
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significance evaluated with Cox’s method. Bottom: The number of data in each time interval.

 0.01

 0.1

 1

 10

 100

N
ul

l h
yp

ot
he

si
s 

pr
ob

ab
ili

ty
 [%

]

�

BHK method

Epsrc-Lot
Eiso-Lot
Ejet-Lot

 0

 5

 10

 15

 20

 25

-4 -3 -2 -1 0 1 2 3

nu
m

be
r 

of
 d

at
a

�

time since burst [log (t/1day)]

Epsrc
Eiso
Ejet

Figure 5.8: The summary of the significance of correlation in the source frame. Top: The
significance is evaluated with BHK method. Bottom: The number of data in each time interval.

109



Chapter 6

Discussions

We have shown in the previous chapter that there are significant correlations between some
properties of the prompt emission and the afterglow emission at certain epochs. In particular,
we found a tight correlation between the isotropic-equivalent radiated energy in the prompt
emission (Eiso) and the luminosity of the optical afterglow in the time interval around 0.1–10
days after the burst, where both quantities are determined in the GRB source frame. In this
chapter, we discuss the apparent dependence of the correlation significance on the elapsed time
from the burst, and show that the lack of significant correlation at early and late epochs can arise
from the small size of the measurement samples. Then, we present a physical interpretation
for the newly found correlation between the radiated energy in the prompt emission and the
luminosity of the optical afterglow. The kinetic energy of a relativistic shell is derived on the
basis of the external shock model, and the energy conversion efficiency of the prompt emission
is derived for the present sample of GRBs.

6.1 Influence of number of data upon the significance of

the correlations

We find in figures 5.7 and 5.8, that the time intervals in which we obtain significant correlations
correspond to the time intervals containing more copious data. In order to clarify the nature
of the evolution of correlation, we studied the dependence of null hypothesis probability on the
number of data samples. For this test, we took a real data set which shows a strong correlation,
and we examined how the significance decreases as we reduce the number of data samples by
randomly taking out samples.

We use the data of Eiso vs. luminosity of OTs. The number of data samples and null
hypothesis probabilities for all time intervals are summarized in table 6.1. As examples of
data sets with high significance and moderately high significance, we take the data in the time
interval of 0.1–1 days and 0.3–3 days as the original sets of data. These data sets contain 20
and 21 data samples, respectively. The null hypothesis probability for existence of a correlation
between Eiso and OT luminosity is 0.09% in the time interval of 0.1–1 days, and 1.41% in the
0.3–3 days.

Then we take away data points randomly from the original data set to form a reduced
data subset and calculate the null hypothesis probability for lack of correlation. We repeat this
calculation for all the subsets if the total number is smaller than 1000, and 1000 randomly picked
different subsets if the number is larger. The null hypothesis probabilities thus calculated are
plotted in figure 6.1 against the size of the subset (i.e. number of data samples in the subset).
Comparison of this plot with the null hypothesis probabilities for the data sets with intrinsically
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Eiso and Lot Ejet and Lot

Time interval Number Null hypothesis Number Null hypothesis
(days after the burst) of data probability (%) of data probability (%)
0.0003 0.003 4 5.14 3 13.45
0.001 0.003 3 23.19 2 NA
0.001 0.01 5 17.18 4 46.72
0.003 0.01 4 30.02 4 46.72
0.003 0.03 6 40.30 5 63.17
0.01 0.03 4 35.01 3 32.93
0.01 0.1 8 56.62 7 40.87
0.03 0.1 8 61.87 7 47.43
0.03 0.3 15 7.09 13 12.95
0.1 0.3 14 7.40 12 12.57
0.1 1 20 0.09 17 3.69
0.3 1 20 0.07 17 1.41
0.3 3 21 1.41 18 1.75
1 3 20 0.15 18 1.76
1 10 21 0.20 18 3.95
3 10 15 0.69 12 2.19
3 30 17 0.88 14 10.38
10 30 11 33.63 9 38.29
10 100 12 14.02 10 31.63
30 100 6 92.96 6 95.15
30 300 5 87.71 5 56.74
100 300 3 28.86 2 NA

Table 6.1: Number of data samples and null hypothesis probability for existence of correlation
between Eiso or Ejet and luminosity of OTs. Cox’s method is used for this calculation.

small sample size can help us understand the true “significance” for data sets with different
number of data. For example, the time interval 0.03–0.3 day contains 15 Eiso vs. Lot data
points and the null hypothesis probability for lack of correlation in this time interval is 7.09%.
None of the subsets with 15 samples taken from the data of 0.1–1 days produce such a large
probability. So, the correlation in the 0.03–0.3 day time interval is likely to be weaker than in
0.1–1 day interval. On the other hand, 10.6% of the 15-sample subsets of 0.3–3 day produce a
null hypothesis probability larger than 7.09%. therefore it is not certain whether the correlation
is weaker in 0.03–0.3 day than 0.3–3 day. By comparing figure 6.1 and table 6.1, we find that
the large null hypothesis probability of 10% or larger found for the time intervals with sample
numbers of 14 or less, is actually possible for the subset of the sample of the 0.3–3 day interval
if the size is reduced to the same number. This result shows that the lack of significance for
the Ejet-Lot correlation at early (< 0.1 days) and later (> 10 days) may be due to the small
sample size of the data.

6.2 Relation between Eiso or Ejet and Lot

As shown in the previous chapter, we found significant correlation between the isotropic radiated
energy Eiso and the afterglow luminosity Lot, evaluated in the GRB source frame. In the
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Figure 6.1: The null hypothesis probabilities of data set which was randomly picked up from the
data set of Eiso–Lot of 0.1–1 day (top) and 0.3–3 day (bottom). The boxes and thin lines in the
plots indicate the range of probability which contain 90% and 95% of the subsets, respectively.
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previous section, we also found that the correlation between Ejet and Lot ia as significant as the
Eiso–Lot correlation, and that apparent difference of significance may be due to the difference
of the number of samples.

We fit the data of Eiso and Lot to the following formula, which assumes a power-law relation
between the two quantities:

log(Lot) = a× log(Eiso) + b . (6.1)

Here, Eiso is measured in units of 1052ergs, and Lot is normalized by L0 = 1046ergs s−1. The
results for the data sets which have a small value (less than 5%) of the null hypothesis proba-
bilities of Cox’s method are listed in table 6.2. If the luminosities of OTs are proportional to

Time interval Number of data Null hypothesis a b
Detected U. L. probability (Cox)

0.1 1 20 0 0.09 0.50 ± 0.12 -1.19 ± 0.16
0.3 1 19 1 0.07 0.47 ± 0.12 -1.42 ± 0.16
0.3 3 20 1 1.41 0.43 ± 0.12 -1.63 ± 0.16
1 3 19 1 0.15 0.47 ± 0.18 -1.98 ± 0.21
1 10 20 1 0.20 0.41 ± 0.12 -2.23 ± 0.16
3 10 15 0 0.69 0.40 ± 0.14 -2.47 ± 0.18
3 30 17 0 0.88 0.31 ± 0.12 -2.71 ± 0.15

Table 6.2: Results of fitting for the relation between Eiso and Lot. For the meaning of the
parameters, see text.

Time interval Number of data Null hypothesis a b
Detected U. L. probability (Cox)

0.1 1 17 0 0.4 0.60 ± 0.28 -0.03 ± 0.39
0.3 1 16 1 0.3 0.67 ± 0.29 -0.18 ± 0.41
0.3 3 17 1 1.1 0.66 ± 0.25 -0.44 ± 0.35
1 3 17 1 1.9 0.60 ± 0.25 -0.79 ± 0.35
1 10 17 1 0.9 0.55 ± 0.23 -1.15 ± 0.32
3 10 12 0 1.4 0.71 ± 0.24 -1.10 ± 0.37

Table 6.3: Results of fitting for the relation between Ejet and Lot. For the meaning of the
parameters, see text.

the radiated energy of prompt emissions, the coefficient a should be unity. All the values of a
listed in table 6.2 are significantly smaller than unity (most of them are clustered around 0.4),
which seems to indicate a non-linear relation between Lot and Eiso.

However, the radiation of the optical afterglow at these time intervals may not be collimated
by relativistic beaming. Therefore, we should also compare the Lot with Ejet. We fit the Ejet

and Lot data with the same function. The results are listed in table 6.3. As we can see in 6.2
and 6.3, the coefficients a for the case of Ejet are larger than the case of Eiso. This result can
be naturally understood, because Ejet is clustered strongly around 1051 erg (Frail et al., 2001;
Bloom et al., 2003b). For the case of Ejet, the values of a are still smaller than unity. We note,
however, that the small coefficient may be due to selection effects. In fact, there is only one
data point at the low end of the Ejet distribution in figure 6.2 This same point is also the datum
with the lowest OT luminosity. Considering that the luminosities of OTs for events with high
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Figure 6.2: An example of scatter plot of Eiso and Lot and Ejet and Lot.

Ejet are distributed over two orders of magnitude, it is quite possible that there are events with
much dimmer OTs and low Eiso, which do not appear in this plot because their redshift cannot
be measured due to the faintness of their optical afterglows.

6.3 The efficiency of energy conversion

In this section, we further investigate the physical interpretation of the correlation between the
radiated energy in the prompt emission (Eiso or Ejet) and the luminosity of the optical afterglow
(Lot).

From the results of the previous chapter, the time interval which corresponds to the most
significant correlation is 0.1–1 day. However, we use the time interval of 1–10 days for this
study for the following reasons. First, most of events of our sample have a jet break in the
time interval of 1–10 days. Therefore we can compare Lot with Ejet without worrying about
relativistic beaming corrections for the data at late times. Second, in the following study, we
assume the observing band (R-band) is lower than cooling frequency of synchrotron emission
model. This assumption may not be applicable at < 1 day.

According to the fireball model with internal-external shock scenario, we can estimate kinetic
energy of the fireball immediately after the prompt emission from the luminosity of the afterglow
emission. The kinetic energy of fireball is given by equation (2.44) and (2.46).

The formula shows that the kinetic energy of a relativistic shell is related to the luminosity
of the afterglow by

Ekinetic ∝ L4/(p+2) . (6.2)

On the other hand, we found a correlation between the luminosity of the optical afterglow Lot

and the total energy of prompt emission Eiso or Ejet. Therefore there must be some correlation
between Ekinetic and Eiso or Ejet.

We use the luminosity at the time interval 1–10 days, which has the most significant corre-
lation, and calculate the kinetic energy of the shell. We take εB = 0.01, εe = 0.1 and p = 2.2,
as Lloyd-Ronning and Zhang (2004), ν = 4.6× 1014 (the center of R-band) and t = 3 day (the
center of the time interval). Then we compare the kinetic energy with Eiso and Ejet. Figure
6.3 shows the comparison of Ekinetic with Eiso. There is only one event (XRF 020903) that
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has Eiso < Ekinetic. However, most of the events have a jet break before 3 days. Therefore we
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Figure 6.3: Isotropic total energy of prompt emission Eiso and kinetic energy of relativistic shell
Ekinetic. The solid black line represents Eiso = Ekinetic.

observed entire jet at 3 days and the kinetic energy of entire jet should be compared with Ejet.
Figure 6.4 shows the comparison of Ekinetic with Ejet. From the figure, Ejet is comparable to
the Ekinetic or at least 10% of Ekinetic. We also plotted the Ejet and energy conversion efficiency
ζ, which is ζ ≡ Ejet/(Ekinetic + Ejet).

Figure 6.5 shows the comparison of ζ from X-ray afterglows and optical afterglows. We
summarize the values of Eiso, Ejet and ζ in table 6.4.

Events with low efficiency

In the right panel of figure 6.5, there are several events which have low efficiencies while Ejet is
moderately large (GRB990510, GRB021004, GRB030429, GRB970508 and GRB030329). We
fid that these event have re-brightening or flat part in the light curve of optical afterglow (figure
6.6).

GRB 021004, which has the lowest efficiency, is known to have temporal variation from
power-law decay of the light curve of its optical afterglow. There are plateaus around 0.5 day
and 1 day (figure 6.6, left middle). These variations from power-law decay are interpreted as
energy injection from the central engine at the afterglow phase (Fox et al., 2003b), which is
referred to as a “refreshed shock” (Rees and Meszaros, 1998).

GRB 990510 has a re-brightening at ∼ 0.7 day (figure 6.6, left top) and GRB 030429 is
almost flat from 0.7 day to 1.7 day (figure 6.6, right top). OT of GRB970508 was almost same
magnitude from 0.2 to 0.9 day and then brightened by 1.6 magnitude until 2 days (figure 6.6,
right middle). GRB 030329 was almost flat around 1 day and 10 days (figure 6.6, bottom).
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Figure 6.4: Jet corrected total energy of prompt emission Ejet and kinetic energy of relativistic
shell Ekinetic. The solid black line represents Ejet = Ekinetic. The red filled triangles are the
events which have jet break before 10 days. The red open triangles are the events which have
jet break after 10 days. The green and magenta open square represents the event which only
have lower limit or upper limit of jet break time. The lower limit and upper limit of jet break
time gives the lower limit and upper limit of Ejet. For the events without jet break information,
we plotted Eiso with magenta filled square, which also give the upper limit of total energy of
prompt emission.
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GRB name Eiso mOT Lot Ekinetic Ejet tjet ζ
[1052erg] [mag] [1046erg/s] [1052erg] [1052erg] [day]

complete (at or after jet break)
GRB990123 278.3 ± 31.5 21.8 0.048 0.441 1.088 2.04 0.712
GRB990510 20.6 ± 2.9 21.8 0.049 0.450 0.045 1.57 0.091
GRB990712 0.78 ± 0.15 22.6 0.001 0.019 0.016 1.60 0.458
GRB010222 154.2 ± 17 21.7 0.043 0.418 0.252 0.93 0.376
GRB020813 153.5 ± 10 21.9 0.024 0.261 0.245 0.43 0.484
GRB021004 4.395 ± 3.5 20.5 0.398 2.583 0.117 7.60 0.043
GRB021211 1.684 ± 0.3 24.2 0.002 0.023 0.020 1.4 0.462
GRB030226 6.766 ± 2.5 23.4 0.019 0.156 0.028 1.04 0.152
GRB030328 33.1 ± 9 22.9 0.015 0.154 0.096 0.80 0.385
GRB030329 1.795 ± 0.07 17.5 0.012 0.257 0.012 0.48 0.046
GRB030429 3.084 ± 0.7 23.1 0.050 0.325 0.032 2.00 0.090
complete (before jet break)
GRB970508 0.71 ± 0.15 20.3 0.038 0.503 0.049 25.0 0.089
GRB020124 36.85 ± 12 26.1 0.005 0.031 0.518 15.0 0.943
Ejet lower limit
GRB971214 24.5 ± 2.8 24.5 0.025 0.141 0.116 >2.50 >0.452
GRB980613 0.68 ± 0.11 23.6 0.004 0.046 0.016 >3.10 >0.257
GRB030323 7.239 — 22.1 0.223 0.456 0.036 >1.40 >0.073
Ejet upper limit
GRB980326 0.56 ± 0.11 24.7 0.001 0.015 0.003 <0.40 <0.168
GRB010921 0.954 ± 0.3 19.9 0.012 0.218 0.156 <33.0 <0.417
Ejet upper limit (no jet-break report)
GRB970228 1.86 ± 0.14 22.7 0.003 0.043 — — <0.977
GRB020903 1.4E-3 ±1.2E-3 22.5 0.0003 0.007 — — <0.167
GRB041006 2.105 ± 0.071 23 0.002 0.035 — — <0.984
Ekinetic upper limit
GRB990705 21.2 ± 2.7 >22.3 0.007 <0.092 0.094 1.00 >0.505

Table 6.4: The summary of Eiso, Ejet and ζ. OT magnitude and Lot are the value of the time
interval 1–10 days. tjet is the observed jet break time.
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Figure 6.5: Left: Isotropic total energy Eiso and energy conversion efficiency in prompt emission.
The result of X-ray afterglow (Lloyd-Ronning and Zhang, 2004). Right: Jet corrected total
energy of prompt emission Ejet and energy conversion efficiency in prompt emission. The result
of optical afterglow (this work).

If energy injection at late time occurs, the luminosity of the afterglow becomes higher and
the estimated kinetic energy becomes larger than the kinetic energy of the relativistic shell just
after the prompt emission. This may be the explanation for the low efficiency.

Efficiency and internal shock model

The efficiencies derived from both X-ray afterglows and optical afterglows are distributed around
10–100%. In the internal shock scenario, it is not straightforward to achieve such a high effi-
ciency. The efficiency of energy conversion ε is derived from energy and momentum conservation
for the inelastic collision of relativistic shells (Piran, 1999). For internal shocks, we assume that
the Lorentz factor of fast and slow shells (Γf and Γs) satisfy Γf >∼ Γs À 1. In this case the
maximum efficiency is given by

ε = 1− (mf + ms)Γm

mfΓf + msΓs

, (6.3)

where mf and ms are the mass of the fast and slow shells, respectively, and Γm is the Lorentz
factor of merged shell, which may be written as

Γm =

√
mfΓf + msΓs

mf/Γf + ms/Γs

. (6.4)

Figure 6.7 shows an example of the energy conversion efficiency as a function of the ratio of
Lorentz factor of fast and slow shells. The following conditions are needed for high efficiency:

1. the slow shell is ejected earlier than the fast shell,

2. the Lorentz factor of the fast shell is much larger than that of the slow shell (Γf À Γs),

3. the masses of two shells are similar.

These conditions present severe constraints on the mechanism of relativistic jet production.
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Figure 6.6: The indications of refreshed shock. The R-band light curves of afterglows which ex-
hibit re-brightening or plateau; GRB990510(left top), GRB030429(right top), GRB021004(left
middle), GRB970508(right middle) and GRB030329(bottom).
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Chapter 7

Conclusions

Based on the study of correlation between prompt emission and optical afterglows of 51 GRBs,
we obtained the following results.

• There is persuasive evidence for a correlation between prompt fluence and magnitude
of OTs especially at epochs earlier than 0.1 day after the burst. The null hypothesis
probability for lack of correlation is as small ∼ 1% for the most significant time interval.

• There is a good correlation between radiated total energy in prompt emission under
the assumption of isotropic emission Eiso and luminosity of optical transient Lot. The
probability for lack of correlation is as small as ∼ 0.1% for the most significant time
interval.

• For the correlation between properties in the source frame (Eiso vs. Lot, jet corrected
total energy Ejet vs. Lot, and spectral peaking energy in the source frame Esrc

peak vs. Lot),
the probability of null hypothesis is lowest at the time interval of 0.1 – 10 days. This is
partly because the number of samples is largest at this time interval.

The study of relation between Lot and Ejet reveals the possible existence of a non-linear
relation. However, this may due to the selection effects, and confirmation with a large sample
containing more faint OTs is required.

From the luminosity of the optical afterglow at the time interval of 1–10 days, we calculated
the kinetic energy of the relativistic shell Ekinetic based on the fireball model. We find that
Ekinetic and Ejet are comparable.

The efficiency of energy conversion ζ ≡ Ejet/(Ekinetic + Ejet) is typically above 10%. Such
high efficiencies require special conditions in the internal shock scenario.

The bursts with ζ < 10% exhibit re-brightening or a plateau in the light curves of their op-
tical afterglows. This result can be understood as a effect of refreshed shock, which rebrightens
the optical afterglow.
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Appendix A

Statistical analysis of data containing
upper limits

Our data of optical afterglow usually contain upper limits. In order to deal with these data,
we use statistical method.

From the statistical point of view, these problems are studied as “survival analysis” since
1980’s. Data which have only limits are called “censored data”.

In this chapter, we introduce statistical method used for our analysis. More detailed expla-
nations are provided by Isobe et al. (1986) or Schmitt (1985).

A.1 General notations for statistics and survival analysis

left censored and right censored

Data with upper limits are called right censored data, and data with lower limits are called
left censored data. Various procedure dealing with censored data are developed to handle right
censored data. On the other hand, the astronomical data generally contain upper limits due
to the detection limit. For these data, it is convenient to convert left censored data to right
censored data by subtraction. For example, using some constant M , the left censored data Y L

i

can be converted into right censored data Y R
i as

Y R
i = M − Y L

i . (A.1)

However, according to the definition of “magnitude” of optical data, they are already con-
verted into right censored form. Thus we can use the upper limit of the magnitude as it is.

probability density function, distribution function, survival function and hazard function

In our analysis, we expect more or less linear relation between two values; i.e. Yi = a+ bXi.
We define residual zi by

zi =
1

σ
[Yi − (a + bXi)] , (A.2)

where σ is an appropriately defined dispersion. If f(zi) is the probability density function of
zi, the distribution function is

F (zi) = Pr(Z ≤ zi) =

∫ zi

−∞
f(t) dt , (A.3)

where Pr means “probability of,” and we assume that measurements are continuous. This is
the probability that the object detected at or before zi.
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The survival function S(zi) is defined as

S(zi) = Pr(Z ≥ zi) = 1− F (zi) , (A.4)

and it means the probability that the object is not detected until zi.
Another important function is the hazard function λ(zi) defined as

λ(zi) = lim
∆z→0

1

∆z
[Pr(zi ≤ Z ≤ zi + ∆z|Z ≥ zi)] (A.5)

=
f(zi)

S(zi)
, (A.6)

and it is the instantaneous rate of detection at zi, given that the object is not detected before
zi.

risk set

The risk set R(zi) is the data set containing all data points which are have not been detected
before zi. The risk set of censored values are not used.

A.2 Cox’s proportional hazard model

Cox’s proportional hazard model is one of the nonparametric method (Cox, 1972). Cox assumes
that the hazard function can be expressed in the form,

λ(Y i; X i) = λ0(Y i)e
�·Xi (A.7)

where Y i is the dependent variable, X i is the independent variable (the vector permits many
covariants), and β is a vector of regression coefficients.

To derive a likelihood for the data set and and estimate of the regression coefficient β, let us
first order the Y ’s; Y 1 < Y 2 < · · · < Y n. For convenience, assume no ties. Since λ(Y i; X i)
is the instantaneous detection rate, integration in the range [Y i, Y i + ∆Y ], gives

Pr[ a detection in (Y i, Y i + ∆Y )|R(Y i)] =
∑

j∈R(Y i)

∫ Y i+∆Y

Y i

λ0(t)e
�·Xj dt (A.8)

≈
∑

j∈R(Y i)

λ0(Y i)e
�·Xj∆Y . (A.9)

Therefore the “conditional probability” that the i th data point is detected at Y i, under the
condition that a detection in R(Y i) occurs at Y i, is

Pi = λ0(Y i; X i)/
∑

j∈R(Y i)

λ0(Y i; Xj) (A.10)

or

Pi = λ0(Y i)e
�·Xi∆Y /

∑

j∈R(Y i)

λ0(Y i)e
�·Xj∆Y (A.11)

= e�·Xi/
∑

j∈R(Y i)

e�·Xj . (A.12)
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Note that this probability does not depend on the baseline hazard function, but depends on
the Y values only in determining the censored status. Taking a product of those conditional
probabilities, we get Cox’s so-called conditional likelihood

L =
∏
Di


e�·Xi/

∑

j∈R(Y i)

e�·Xj


 , (A.13)

where Di denote the detected points.
To test for the existence of a correlation, Cox suggests a Rao-type asymptotic form for

χ2
r = S′I−1S (A.14)

with

S =
∂

∂β
log L(β) , (A.15)

I = − ∂2

∂β2 log L(β) , (A.16)

where r denotes the degree of freedom given by the number of covariates and the prime denotes
transpose of the vector.

Specifically, we will use the formula under the condition r = 1 and β = b = 0

S(β = 0) =
m∑
Di



Xi


1/

∑

j∈R(Y i)

1


 ∑

j∈R(Y i)

Xj



 , (A.17)

I(β = 0) =
m∑
Di


−






 ∑

j∈R(Y i)

Xj




2

/


 ∑

j∈R(Y i)

1




2
 +





∑

j∈R(Y i)

X2
j /


 ∑

j∈R(Y i)

1









 ,(A.18)

where m is the number of detected points. The significance level of χ2 can be found from
standard tables.

A.3 BHK method

Brown et al. suggested another method that can consider the samples of upper limits. First
we have to determine the matrix of (m + n)× (m + n), where m is a number of detected data
and n is a number of limit data. For the X, we determine aij as the following:

aij =




−1 (Xi < Xj)
0 (Xi = Xj or unknown)
1 (Xi > Xj)

. (A.19)

In the case of Xi > Xj, if both are detected, aij = 1. If Xi is upper limit, aij should be 0. If Xj

is upper limit, aij is then 1. For the Y we determine bij in the same way. Then we calculate

S =
N∑
i

N∑
j

aijbij (A.20)

124



where N = m + n and

V ar(S) = C1

(
N∑
i

N∑
j

N∑

k

aijaik −
N∑
i

N∑
j

aijaij

)(
N∑
i

N∑
j

N∑

k

bijbik −
N∑
i

N∑
j

bijbij

)

+ C2

(
N∑
i

N∑
j

aijaij

)(
N∑
i

N∑
j

bijbij

)
, (A.21)

where C1 = 4
N(N−1)(N−2)

and C2 = 2
N(N−1)

. A standard normal score z is given by S/[V ar(S)]1/2.
Then null hypothesis probability is found from a table of the integrated Gaussian distribution.
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Appendix B

The study of Localization accuracy
using XRBs in 2002

B.1 Introduction

The Wide-field X-ray Monitor (WXM) on board HETE-2 is the primary instrument for deter-
mining the position of celestial events and has ∼ 60 deg × 60 deg field of view (Shirasaki et al.,
2000).

The HETE-2 satellite generally points toward anti-solar direction. Therefore X-ray sources
which lie in the Galactic center region come into the WXM field of view in May and go out in
September Sakamoto et al. (2003). During the Summer of 2002 WXM has detected more than
300 X-ray events and localized 208 of them. Because the positions of XRB sources are well
known, these events could be used for verifying the localization accuracy of WXM.

B.2 Results

Among all the candidate of XRB events, 208 were localized to known X-ray burst sources. The
summary of these events is shown in table 1.

Using these events, we studied localization accuracy of WXM. To evaluate localization
accuracy, we define ∆θ as angular distance from localized position to the position in a catalog.

Figure 1 show the localization accuracy for events with large (> 20 deg) and small (< 20 deg)
distances (r) from the center of the field of view of WXM.

Because WXM adopts the coded mask cross correlation method for localization, we usually
use “image SN”, which is the signal to noise ratio of cross correlation maximum, for evaluating
goodness of localization. The other parameter for evaluating goodness of localization is “light
curve SN”, which is signal to noise ratio of the integrated counts in the burst light curve.

WXM is composed of two sets of one-dimensional position-sensitive detector in X-direction
and Y-direction, therefore, image SN or light curve SN are calculated for X and Y individually.
Here, we use RMS of X and Y values. Image SN and light curve SN are reported in GCN notice
as WXM IMAGE SN and WXM LC SN, because these values can be important indicator of
localization reliability.

Figure 2, 3, 4 show the relation between image SN or light curve SN and localization
accuracy. (See figure captions.)

We can conclude that the WXM can localize blight event within about 0.2deg accuracy.
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Table B.1: The summary of the number of the XRB events.
XRB sources Number of events

GS1826-238 109
NGC6712 28
NGC6624 18
X1728-34 16
X1916-053 8
TERZAN5 7
NGC6652 6
X1812-121 6
X1730-333 3
X1724-307 2
X1755-338 2
X1608-522 1
X1702-429 1
NGC6441 1
Total 202
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Figure B.1: The localization accuracy for events with large (> 20 deg) and small (< 20 deg)
distances (r) from the center of the field of view of WXM are plotted. The horizontal axis is
the difference from the position in the catalog (∆θ). The vertical axis is the number of events.
The upper panel is the case of r > 20 deg and the lower is r < 20 deg .
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Figure B.4: Distribution of ∆θ is shown using 90 percentile and 68 percentile value against
image SN (left) and light curve SN (right). 90% (68%) of the events with the given SN lie
below the solid (dashed) line. This figure shows the events with image SN > 10 or light
curve SN > 25 can be well localized. From this figure, we can conclude 90% of these events
are localized with difference within 0.35deg. We note that all of these events are localized to
known XRB sources. There are a large number (∼ 30%) of events with small SN which could
not be localized. These dim events are localized to random position in the field of view. Taking
account of these events, δθ in low SN should be raised.
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Appendix C

How to calculate durations

C.1 temporal analysis

The main purpose of temporal analysis is to examine how long the burst activities last. There
are at least two way to express the length of burst activity. One is called “duration” and
the other is “emission time”. The definition of duration T50 and emission time τ50 are shown
schematically in Figure C.1.

Figure C.1: Schematic picture of definitions of duration T50 (left) and emission time τ50 (right).

C.1.1 duration T50 and T90

definition

Duration T50 (T90) is the time during which the burst integrated counts increases from 25%
(5%) to 75% (95%) of total counts Ctot (Kouveliotou et al., 1993; Fishman et al., 1994).

To calculate T50 or T90, we adopt the following procedure.

1. fit background region

2. subtract background counts

3. sum background subtracted counts
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4. select base region before and after the burst

5. calculate base levels (l1 and l2)

6. calculate total counts of the burst Ctot ≡ l2 − l1

7. calculate duration and its errors

We define the time of the r% of the total count as

tr = t
(
l1 +

r

100
× Ctot

)
. (C.1)

how to define background region

We select background region by eye. Then fit background region and produce background
subtracted data. Next, we produce time sequence of integrated counts and plot it. At last, we
examine the plot whether the plot have the part of stable counts before and after the burst
(base region) or not. If we cannot see such a stable part, we re-define background region and
repeat the same procedure to find base regions.

statistical errors of T50 and T90

There are two kind of errors to consider. One comes from an error of 50% (or 90%) region and
the other comes from background fluctuation.

The former is defined with the total count of the burst Ctot as

σc50 =
√

Ctot × 0.25× 0.75 (C.2)

for T50 and

σc90 =
√

Ctot × 0.05× 0.95 (C.3)

for T90.
The latter is defined with the standard deviation of the count sum si in base region [t1, t2]

and [t3, t4], i.e.

σB =

√∑I+p
i=I+1(si − l0)2 +

∑F+q
i=F+1(si − l100)2

p + q
. (C.4)

The total error of counts is

σc50,B
=

√
σ2

c50
+ σ2

B (C.5)

for T50 and

σc90,B
=

√
σ2

c90
+ σ2

B (C.6)

for T90.
Then we calculate error region [trl, tru] as

trl = t
(
l1 +

r

100
× Ctot − σcd,B

)
(C.7)

tru = t
(
l1 +

r

100
× Ctot + σcd,B

)
(C.8)
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Figure C.2: Schematic picture of the background fitting (left) and integrated counts of back-
ground subtracted data (right).
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where the suffix d is replaced with 50 or 90. Finally, we define the error of duration as

σd =

√∑
r

∆t2r (C.9)

∆t2r = (tr − trl)
2 + (tr − tru)

2 (C.10)

where r will be 25 and 75 for T50 and 5 and 95 for T90.
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Appendix D

Scatter plots

This chapter includes the scatter plots of the combination of properties of prompt emissions
and properties of afterglows for which we investigate the significance of correlation in chapter
5.

D.1 Properties of observer frame

The first section contains the scatter plots of the properties in the observer frame, that is the
following combination:

• OT magnitude vs. Epeak ,

• OT magnitude vs. Stotal ,

• OT magnitude vs. SX ,

• OT magnitude vs. Sγ .

Each combination has 23 plots (4 pages) which correspond to 23 time intervals of OT
observation. The plots are aligned in order of earliness of the time interval from the top left to
the bottom right. Open triangles in the plots are data of detected OTs and open circles with
arrows are U.L. of OT.
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Figure D.1: Magnitude of OT vs. Epeak (0.0003:0.003 – 0.01:0.03 day)
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Figure D.2: Magnitude of OT vs. Epeak (0.01:0.1 – 0.3:1 day)
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Figure D.3: Magnitude of OT vs. Epeak (0.3:3 – 10:30 day)
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Figure D.4: Magnitude of OT vs. Epeak (10:100 – 100:1000 day)
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Figure D.5: Magnitude of OT vs. Stotal (0.0003:0.003 – 0.01:0.03 day)
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Figure D.6: Magnitude of OT vs. Stotal (0.01:0.1 – 0.3:1 day)
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Figure D.7: Magnitude of OT vs. Stotal (0.3:3 – 10:30 day)
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Figure D.8: Magnitude of OT vs. Stotal (10:100 – 100:1000 day)
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Figure D.9: Magnitude of OT vs. SX (0.0003:0.003 – 0.01:0.03 day)
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Figure D.10: Magnitude of OT vs. SX (0.01:0.1 – 0.3:1 day)
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Figure D.11: Magnitude of OT vs. SX (0.3:3 – 10:30 day)
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Figure D.12: Magnitude of OT vs. SX (10:100 – 100:1000 day)
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Figure D.13: Magnitude of OT vs. Sγ (0.0003:0.003 – 0.01:0.03 day)
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Figure D.14: Magnitude of OT vs. Sγ (0.01:0.1 – 0.3:1 day)
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Figure D.15: Magnitude of OT vs. Sγ (0.3:3 – 10:30 day)
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Figure D.16: Magnitude of OT vs. Sγ (10:100 – 100:1000 day)
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D.2 Properties of source frame

This section contains the scatter plots of the properties in the source frame, that is the following
combination:

• Lot vs. Esrc
peak ,

• Lot vs. Eiso ,

• Lot vs. Ejet ,

• Lot,jet vs. Ejet .

The order of plots and symbols are the same as the previous section.
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Figure D.17: Lot vs. Esrc
peak (0.0003:0.003 – 0.01:0.03 day)
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Figure D.18: Lot vs. Esrc
peak (0.01:0.1 – 0.3:1 day)
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Figure D.19: Lot vs. Esrc
peak (0.3:3 – 10:30 day)
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Figure D.20: Lot vs. Esrc
peak (10:100 – 100:1000 day)
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Figure D.21: Lot vs. Eiso (0.0003:0.003 – 0.01:0.03 day)
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Figure D.22: Lot vs. Eiso (0.01:0.1 – 0.3:1 day)
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Figure D.23: Lot vs. Eiso (0.3:3 – 10:30 day)
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Figure D.24: Lot vs. Eiso (10:100 – 100:1000 day)
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Figure D.25: Lot vs. Ejet (0.0003:0.003 – 0.01:0.03 day)
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Figure D.26: Lot vs. Ejet (0.01:0.1 – 0.3:1 day)
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Figure D.27: Lot vs. Ejet (0.3:3 – 10:30 day)
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Figure D.28: Lot vs. Ejet (10:100 – 100:1000 day)
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Figure D.29: Lot,jet vs. Ejet (0.0003:0.003 – 0.01:0.03 day)
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Figure D.30: Lot,jet vs. Ejet (0.01:0.1 – 0.3:1 day)

165



10-6

10-4

10-2

100

102

104

10-410-310-210-1 100 101 102 103

O
T

 lu
m

in
os

ity
 L

ot
 [1

046
 e

rg
 s

-1
]

Ejet [1052 erg]

Ejet and jet corrected OT luminosity(0.3:3 day)

10-6

10-4

10-2

100

102

104

10-410-310-210-1 100 101 102 103

O
T

 lu
m

in
os

ity
 L

ot
 [1

046
 e

rg
 s

-1
]

Ejet [1052 erg]

Ejet and jet corrected OT luminosity(1:3 day)

10-6

10-4

10-2

100

102

104

10-410-310-210-1 100 101 102 103

O
T

 lu
m

in
os

ity
 L

ot
 [1

046
 e

rg
 s

-1
]

Ejet [1052 erg]

Ejet and jet corrected OT luminosity(1:10 day)

10-6

10-4

10-2

100

102

104

10-410-310-210-1 100 101 102 103

O
T

 lu
m

in
os

ity
 L

ot
 [1

046
 e

rg
 s

-1
]

Ejet [1052 erg]

Ejet and jet corrected OT luminosity(3:10 day)

10-6

10-4

10-2

100

102

104

10-410-310-210-1 100 101 102 103

O
T

 lu
m

in
os

ity
 L

ot
 [1

046
 e

rg
 s

-1
]

Ejet [1052 erg]

Ejet and jet corrected OT luminosity(3:30 day)

10-6

10-4

10-2

100

102

104

10-410-310-210-1 100 101 102 103

O
T

 lu
m

in
os

ity
 L

ot
 [1

046
 e

rg
 s

-1
]

Ejet [1052 erg]

Ejet and jet corrected OT luminosity(10:30 day)

Figure D.31: Lot,jet vs. Ejet (0.3:3 – 10:30 day)
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Figure D.32: Lot,jet vs. Ejet (10:100 – 100:1000 day)
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Appendix E

Data and references of optical
afterglow

This chapter contains all the data we plotted in the section 4.3 and their references.

GRB970228

data# time (start:end) band mag/flux density reference
1 0.69 R 20.5 ± 0.5 [mag] B
2 0.87 R 20.9 ± 0.14 [mag] B
3 2.98 R 22.3 ± 0.9 [mag] B
4 6.20 R 24.8 ± 1.2 [mag] B
5 9.78 R 24.8 ± 1.2 [mag] B
6 12.88 R 25.6 ± 2.6 [mag] B
7 26.30 R 25.17 ± 0.13 [mag] B
8 28.11 R 25.50 ± 0.13 [mag] B
9 188.58 R 27.00 ± 0.35 [mag] C

0.876 V <19 [mag] E
0.854(0.829:0.879) 5GHz <0.7 [mJy] A
1.2(1.0:1.5) 5GHz <0.7 [mJy] A
2.2(2.0:2.5) 5GHz <0.7 [mJy] A
6.876 86.4GHz <1.2 [mJy] D

Table E.1: Data of GRB970228

ID reference
A Galama et al. (1997) IAUC 6574
B Galama et al. (1997) Nature, 387, 479
C Garcia et al. (1998) ApJL, 500, 105, Fruchter et al. (1997) IAUC 6747
D Smith et al. (1997) IAUC 6577
E Groot et al. (1997) IAUC 6574

Table E.2: References of GRB970228
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GRB970508

data# time (start:end) band mag/flux density reference
1 0.224 R 21.20 ± 0.1 [mag] A
2 0.291 R 21.08 ± 0.15 [mag] A
3 0.296 R 21.25 ± 0.05 [mag] A
4 0.846 R 21.19 ± 0.25 [mag] A
5 0.946 R 21.13 ± 0.18 [mag] A
6 0.995 R 20.7 ± 0.1 [mag] A
7 1.026 R 20.88 ± 0.05 [mag] A
8 1.126 R 20.46 ± 0.05 [mag] A
9 1.238 R 20.09 ± 0.02 [mag] A
10 1.274 R 19.93 ± 0.09 [mag] A
11 1.866 R 19.70 ± 0.03 [mag] A
12 1.946 R 19.6 ± 0.1 [mag] A
13 1.968 R 19.6 ± 0.2 [mag] A
14 2.026 R 19.80 ± 0.03 [mag] A
15 2.076 R 19.92 ± 0.05 [mag] A
16 2.106 R 19.77 ± 0.07 [mag] A
17 2.240 R 19.9 ± 0.1 [mag] A
18 2.294 R 19.87 ± 0.10 [mag] A
19 2.856 R 20.10 ± 0.03 [mag] A
20 2.964 R 20.2 ± 0.1 [mag] A
21 3.235 R 20.3 ± 0.1 [mag] A
22 3.299 R 20.25 ± 0.02 [mag] A
23 4.946 R 20.3 ± 0.1 [mag] A
24 5.263 R 21.05 ± 0.07 [mag] A
25 5.496 R 20.9 ± 0.2 [mag] A
26 7.980 R 21.51 ± 0.10 [mag] A
27 10.147 R 21.88 ± 0.25 [mag] A
28 11.971 R 21.81 ± 0.10 [mag] A
29 12.988 R 22.09 ± 0.07 [mag] A
30 14.066 R 22.04 ± 0.07 [mag] A
31 24.008 R 23.10 ± 0.07 [mag] A
32 24.686 R 23.1 ± 0.15 [mag] A
33 27.356 R 23.2 ± 0.20 [mag] A
34 29.975 R 23.52 ± 0.10 [mag] A

Table E.3: Data of GRB970508

169



data# time (start:end) band mag/flux density reference
35 30.013 R 23.66 ± 0.10 [mag] A
36 31.087 R 23.54 ± 0.20 [mag] A
37 33.024 R 23.34 ± 0.20 [mag] A
38 36.062 R 23.42 ± 0.14 [mag] A
39 37.022 R 23.50 ± 0.25 [mag] A
40 49.989 R 23.88 ± 0.16 [mag] A
41 56.286 R 23.95 ± 0.20 [mag] A
42 60.042 R 24.08 ± 0.20 [mag] A
43 82.939 R 24.54 ± 0.25 [mag] A
44 85.903 R 24.28 ± 0.35 [mag] A
45 97.276 R 24.28 ± 0.10 [mag] A
46 109.996 R 24.57 ± 0.07 [mag] A
47 154.036 R 24.30 ± 0.20 [mag] A
48 185.136 R 24.70 ± 0.15 [mag] A
49 201.066 R 24.70 ± 0.14 [mag] A
50 204.096 R 25.09 ± 0.14 [mag] A
51 260.966 R 24.96 ± 0.17 [mag] A
52 289.496 R 25.29 ± 0.16 [mag] A
53 376.596 R 25.20 ± 0.25 [mag] A

Table E.4: Data of GRB970508 (continued)

ID reference
A Garcia et al. (1998) ApJL, 500, 105

Table E.5: References of GRB970508
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GRB971214

data# time (start:end) band mag/flux density reference
1 0.533(0.481:0.586) R 21.67 ± 0.10 [mag] F
2 0.537 R 22.06 ± 0.06 [mag] H
3 1.557 R 23.36 ± 0.13 [mag] H
4 2.527 R 24.08 ± 0.16 [mag] H
5 2.537 R 24.4 ± 0.5 [mag] G
6 3.527 R 24.61 ± 0.22 [mag] H

0.827 R >21 [mag] A
0.497 I 21.2 ± 0.3 [mag] B
1.497 I 22.6 [mag] B
2.485(2.397:2.577) I 22.9 ± 0.4 [mag] C
0.467 J 20.47 +0.21

−0.19 [mag] I
1.477 J 21.46 +0.34

−0.26 [mag] I
0.697 8.46GHz <50 [µJy] D
1.367 8.46GHz <17 [µJy] D
1.027 850 micron <5 [mJy] E
2.027 850 micron <1.4 [mJy] E
4.027 850 micron <1.9 [mJy] E
7.027 850 micron <1.3 [mJy] E

Table E.6: Data of GRB971214

ID reference
A Itoh et al. (1997) IAUC 6788
B Halpern et al. (1997) IAUC 6788
C Rhoads et al. (1997) IAUC 6793
D Frail et al. (1997) GCN3 message
E Smith et al. (1997) GCN3 message
F Henden et al. (1997) GCN3 massage
G Castander et al. (1997) GCN3 message
H Diercks et al. (1998) ApJL, 503, 105

Table E.7: References of GRB971214
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GRB980326

data# time (start:end) band mag/flux density reference
1 0.422 R 21.04 [mag] A
2 0.462 R 21.25 ± 0.03 [mag] B
3 0.532 R 21.7 [mag] C
4 1.122 R 22.9 [mag] D
5 1.152 R 23.3 [mag] D
6 1.282 R 23.4 [mag] C
7 1.362 R 23.54 [mag] A
8 1.362 R 23.58 ± 0.07 [mag] B
9 2.382 R 24.45 ± 0.3 [mag] B
10 3.312 R 24.5 [mag] E
11 3.352 R 24.80 ± 0.15 [mag] B
12 21.362 R 25.34 ± 0.33 [mag] B
13 27.362 R 24.9 ± 0.3 [mag] B
14 266.612 R > 27.3 [mag] B

11.262 R > 24.3 [mag] F

Table E.8: Data of GRB980326

ID reference
A Eichelberger et al. (1998) GCN3 notice 33
B Bloom et al. (1999) Nature, 401, 453
C Groot et al. (1998) IAUC 6852
D Groot et al. (1998) GCN3 notice 32
E Grossan et al. (1998) GCN3 notice 34
F Valdes et al. (1998) GCN3 notice 56

Table E.9: References of GRB980326
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GRB980329

data# time (start:end) band mag/flux density reference
1 0.834 R 23.5 ± 0.2 [mag] A
2 2.617(1.768:3.875) R 24.8 ± 0.5 [mag] B
3 3.844 R 25.7 ± 0.3 [mag] C

0.634 R >22 [mag] D
0.654 R >21 [mag] E
0.674 R >20 [mag] F
0.744 R >22 [mag] D
0.834 R >21 [mag] E
1.384 R >24 [mag] A
1.654 R >22 [mag] D
1.754 R >22 [mag] D
2.794 R >22 [mag] D
2.854 R >24 [mag] A
3.014 R >24.2 [mag] G
4.944 R >23.9 [mag] G
0.834 V >23 [mag] A
1.834 V >23 [mag] A
2.854 V >23 [mag] A
0.737(0.644:0.844) I 20.8 ± 0.3 [mag] H
0.694(0.684:0.704) J 19.27 +0.8

−0.5 [mag] I
3.066(3.011:3.121) J >20.9 [mag] J
4 K 20.7 ± 0.2 [mag] K
5 K 20.9 ± 0.2 [mag] K
8.114 K 21.4 ± 0.2 [mag] L
10.124 K 21.9 ± 0.4 [mag] L
7.044 850 micron 5 ± 1.5 [mJy] M
8.044 850 micron 4 ± 1.2 [mJy] M
9.044 850 micron 2 ± 0.8 [mJy] M
1.044 8.4GHz 166 ± 50 [µJy] N
2.944 8.4GHz 248 ± 16 [µJy] N
3.944 8.4GHz 65 ± 25 [µJy] N
— host R 28.2 ± 0.3 [mag] O

Table E.10: Data of GRB980329
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ID reference
A Palazzi et al. (1998) GCN notice #48
B Pedersen et al. (1998) GCN notice #52
C Djorgovski et al. (1998) GCN notice #41
D Guarnieri et al. (1998) IAUC 6855
E Cappellaro et al. (1998) GCN notice #48
F Brocato et al. (1998) GCN notice #48
G Bradley (1998) GCN notice #45
H Rhoads et al. (1998) GCN notice #157
K Mannucci et al. (1998) GCN notice #46
J Cole et al. (1998) GCN notice #47
K Larkin et al. (1998) GCN notice #51
L Metzger (1998) GCN notice #55
M Smith et al. (1998) IAUC 6868
N Taylor et al. (1998) GCN3 notice #40
O Holland et al. (2000) GCN notice #778

Table E.11: References of GRB980329

GRB980613

data# time (start:end) band mag/flux density reference
1 0.6875 R 22.9 ± 0.2 [mag] A
2 1.038 R 23.0 ± 0.1 [mag] B
3 3.098 R 24.5 ± 0.5 [mag] C
4 7.656 R 23.2 ± 0.1 [mag] D

0.736(0.678:0.798) R >20.5 [mag] E
2 R >21 [mag] F
3 R >21 [mag] F
4.7066 R >24 [mag] A
0.998 I 22.5 ± 0.1 [mag] B
1.998 I 22.8 ± 0.2 [mag] B
0.688 I >21.5 [mag] G
0.968 I >22.3 [mag] H
1.968 I >22.3 [mag] H

Table E.12: Data of GRB980613
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ID reference
A Hjorth et al. (1998) GCN notice #109
B Halpern and Fesen (1998) GCN notice #134
C Djorgovski et al. (1998) GCN notice #117
D Sokolov et al. (1998) GCN notice #118
E Castro-Tirado et al. (1998) GCN notice #102
F Odewahn et al. (1998) GCN notice #105
G Castro-Tirado et al. (1998) GCN notice #103
H Halpern et al. (1998) GCN notice #106

Table E.13: References of GRB980613

GRB990123

data# time (start:end) band mag/flux density reference
1 0.0003 unfiltered 11.8 [mag] A
2 0.0005 unfiltered 9.0 [mag] A
3 0.0008 unfiltered 10.1 [mag] A
4 0.0033 unfiltered 13.2 [mag] A
5 0.0052 unfiltered 14.0 [mag] A
6 0.0071 unfiltered 14.5 [mag] A
7 0.157 R 18.2 [mag] B
8 0.1600 R 18.7 ± 0.04 [mag] C
9 0.1695 R 18.8 ± 0.04 [mag] C
10 0.1778 R 18.8 ± 0.06 [mag] C
11 0.348 R 19.2 ± 0.5 [mag] D
12 0.668 R 19.9 ± 0.2 [mag] E
13 0.681(0.654:0.709) R 19.87 ± 0.2 [mag] F
14 0.734 R 19.79 ± 0.1 [mag] G
15 0.808 R 19.92 ± 0.1 [mag] G
16 1.492 R 21.25 ± 0.1 [mag] H
17 1.730 R 20.91 ± 0.1 [mag] G
18 1.751 R 20.77 ± 0.1 [mag] G
19 2.746 R 21.56 ± 0.1 [mag] G

Table E.14: Data of GRB990123
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data# time (start:end) band mag/flux density reference
20 7.112 R 23.01 ± 0.24 [mag] I
21 11.132 R 23.55 ± 0.24 [mag] J
22 14.192 R 23.44 ± 0.1 [mag] K
23 16.192 R 23.41 ± 0.1 [mag] L
24 22.092 R 23.77 ± 0.1 [mag] J

0.170 B 18.93 ± 0.03 [mag] M
0.550 B 20.16 ± 0.15 [mag] N
0.786 B 20.64 ± 0.07 [mag] G
1.492 B 21.25 ± 0.1 [mag] H
17.192 B 24.46 ± 0.15 [mag] L
0.756 V 19.97 ± 0.16 [mag] G
1.773 V 21.01 ± 0.20 [mag] G
1.795 V 20.93 ± 0.20 [mag] G
2.746 V 21.77 ± 0.16 [mag] G
16.192 V 24.05 ± 0.1 [mag] L
16 V 25.4 ± 0.1 [mag] O
59 V 27.7 ± 0.15 [mag] O
0.714 I 19.36 ± 0.2 [mag] G
1.410 i 21.0 ± 0.3 [mag] P
2.493 i 21.3 ± 0.3 [mag] Q
1.228 K 18.3 ± 0.03 [mag] R
1.752 K >17.9 [mag] S
16 K 22 ± 0.7 [mag] T
1.812 J >19.5 [mag] U
2.712 J >19.3 [mag] U
1.242 8.46GHz 260 ± 32 [µJy] V
0.222 8.46GHz <170 [µJy] W
3 8.46GHz <78 [µJy] X
4 8.46GHz <50 [µJy] X
5 8.46GHz <50 [µJy] X
0.872 4.88GHz <130 [µJy] Y

Table E.15: Data of GRB990123 (continued)

176



ID reference
A Akerlof and McKay (1999) GCN notice #205
B Odewahn et al. (1999) GCN notice #201
C Gal et al. (1999) GCN notice #207
D Zhu and Zhang (1999) GCN notice #204
E Sokolov et al. (1999) GCN notice #209
F Ofek and Leibowitz (1999) GCN notice #210
G Masetti et al. (1999) GCN notice #233
H Sagar et al. (1999) GCN notice #227
I Yadigaroglu et al. (1999) GCN notice #242
J Halpern et al. (1999) GCN notice #257
K Veillet (1999) GCN notice #253
L Veillet (1999) GCN notice #260
M Bloom et al. (1999) GCN notice #206
N Bloom et al. (1999) GCN notice #218
O Fruchter et al. (2000) GCN notice #712
P Zhu et al. (1999) GCN notice #217
Q Zhu et al. (1999) GCN notice #226
R Bloom et al. (1999) GCN notice #240
S Antonelli et al. (1999) GCN notice #229
T Djorgovski et al. (1999) GCN notice #256
U Antonelli et al. (1999) GCN notice #232
V Frail and Kulkarni (1999) GCN notice #211
W Frail and Kulkarni (1999) GCN notice #200
X Kulkarni and Frail (1999) GCN notice #239
Y Galama et al. (1999) GCN notice #212

Table E.16: References of GRB990123
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GRB990510

data# time (start:end) band mag/flux density reference
1 0.147 R 18.24 ± 0.02 [mag] A
2 0.155 R 18.31 ± 0.02 [mag] A
3 0.162 R 18.30 ± 0.02 [mag] A
4 0.353 R 19.2 ± 0.3 [mag] B
5 0.363 R 19.11 ± 0.02 [mag] C
6 0.393 R 19.17 ± 0.02 [mag] C
7 0.408 R 19.23 ± 0.07 [mag] A
8 0.416 R 19.31 ± 0.07 [mag] A
9 0.423 R 19.25 ± 0.02 [mag] C
10 0.424 R 19.25 ± 0.04 [mag] A
11 0.623 R 19.61 ± 0.01 [mag] C
12 0.680 R 18.96 ± 0.02 [mag] D
13 0.768 R 19.19 ± 0.02 [mag] E
14 1.141 R 19.67 ± 0.07 [mag] F
15 1.145 R 19.71 ± 0.06 [mag] F
16 1.149 R 19.76 ± 0.09 [mag] F
17 1.633 R 20.3 [mag] G
18 5.743 R 23.0 ± 0.1 [mag] H
19 6.740 R 23.4 ± 0.1 [mag] I
20 7.764 R 23.7 ± 0.1 [mag] I

Table E.17: Data of GRB990510
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data# time (start:end) band mag/flux density reference
0.994 B 20.47 ± 0.05 [mag] J
1.141 V 20.11 ± 0.09 [mag] F
1.145 V 20.01 ± 0.08 [mag] F
1.149 V 20.06 ± 0.07 [mag] F
2.033 V 21.2 [mag] J
3.001 V 21.86 ± 0.08 [mag] K
3.660 V 22.41 ± 0.06 [mag] K
3.862 V 22.46 ± 0.05 [mag] K
7.993 V 24.5 [mag] L
28.733 V 27.0 ± 0.2 [mag] M
38.533 V 27.8 ± 0.3 [mag] M
2.033 I 20.3 [mag] J
2.975 I 21.05 ± 0.13 [mag] K
3.631 I 21.17 ± 0.13 [mag] K
3.818 I 21.35 ± 0.07 [mag] K

Table E.18: Data of GRB990510 (continued)

ID reference
A Axelrod et al. (1999) GCN notice #315
B Vreeswijk et al. (1999) GCN notice #310
C Galama et al. (1999) GCN notice #313
D Covino et al. (1999) GCN notice #321
E Lazzati et al. (1999) GCN notice #325
F Bloom et al. (1999) GCN notice #323
G Stanek et al. (1999) GCN notice #318
H Marconi et al. (1999) GCN notice #329
I Marconi et al. (1999) GCN notice #332
J Pietrzynski et al. (1999) GCN notice #319
K Pietrzynski et al. (1999) GCN notice #328
L Beuermann et al. (1999) GCN notice #331
M Fruchter et al. (1999) GCN notice #386

Table E.19: References of GRB990510
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GRB990705

data# time (start:end) band mag/flux density reference
1 1.772 R >22.0 [mag] A
2 2.752 R >22.3 [mag] A

0.227 H 16.57 ± 0.05 [mag] B
0.748 H 18.38 ± 0.05 [mag] B
1.287 H >19.9 [mag] B
— host V 22.8 ± 0.2 [mag] C

Table E.20: Data of GRB990705

ID reference
A Halpern et al. (1999) GCN notice #381
B Masetti et al. (2000) A&A, 354, 473
C Holland et al. (2000) GCN notice #753

Table E.21: References of GRB990705

GRB990712
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data# time (start:end) band mag/flux density reference
0.176 R 19.35 ± 0.02 [mag] A

1 0.176 R–host 19.5 ± 0.02 [mag] A
0.432 R 20.18 ± 0.01 [mag] A

2 0.432 R–host 20.5 ± 0.01 [mag] A
0.454 R 20.18 ± 0.01 [mag] A

3 0.454 R–host 20.5 ± 0.01 [mag] A
0.477 R 20.25 ± 0.09 [mag] A

4 0.477 R–host 20.6 ± 0.09 [mag] A
0.631 R 20.47 ± 0.10 [mag] A

5 0.631 R–host 20.9 ± 0.10 [mag] A
0.686 R 20.53 ± 0.02 [mag] A

6 0.686 R–host 21.0 ± 0.02 [mag] A
0.698 R 20.46 ± 0.06 [mag] A

7 0.698 R–host 20.9 ± 0.06 [mag] A
1.053 R 20.86 ± 0.09 [mag] A

8 1.053 R–host 21.5 ± 0.09 [mag] A
1.430 R 20.97 ± 0.03 [mag] A

9 1.430 R–host 21.7 ± 0.03 [mag] A
1.590 R 20.99 ± 0.04 [mag] A

10 1.590 R–host 21.7 ± 0.04 [mag] A
1.986 R 21.49 ± 0.27 [mag] A

11 1.986 R–host 23.2 ± 0.27 [mag] A
2.063 R 21.20 ± 0.12 [mag] A

12 2.063 R–host 22.2 ± 0.12 [mag] A
3.706 R 21.42 ± 0.05 [mag] A

13 3.706 R–host 21.42 ± 0.05 [mag] A
7.724 R 21.55 ± 0.05 [mag] A

14 7.724 R–host 23.5 ± 0.05 [mag] A

Table E.22: Data of GRB990712
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data# time (start:end) band mag/flux density reference
20.836 R 21.58 ± 0.04 [mag] A

15 20.836 R–host 23.7 ± 0.04 [mag] A
30.535 R 21.65 ± 0.03 [mag] A

16 30.535 R–host 24.3 ± 0.03 [mag] A
34.623 R 21.75 ± 0.06 [mag] A
34.748 R 21.78 ± 0.04 [mag] A

17 48 R–host 24.35 ± 0.15 [mag] B
0.459 V 20.52 ± 0.01 [mag] C
0.459 V–host 20.7 ± 0.01 [mag] C
0.461 V 20.50 ± 0.01 [mag] C
0.461 V–host 20.7 ± 0.01 [mag] C
0.708 V 20.83 ± 0.03 [mag] C
0.708 V–host 21.2 ± 0.03 [mag] C
0.709 V 20.83 ± 0.03 [mag] C
0.709 V–host 21.2 ± 0.03 [mag] C
1.460 V 21.24 ± 0.04 [mag] C
1.460 V–host 21.8 ± 0.04 [mag] C
1.595 V 21.34 ± 0.08 [mag] C
1.595 V–host 21.9 ± 0.08 [mag] C
1.601 V 21.32 ± 0.08 [mag] C
1.601 V–host 21.9 ± 0.08 [mag] C
2.090 V 21.80 ± 0.09 [mag] C
2.090 V–host 22.9 ± 0.09 [mag] C
7.736 V 22.07 ± 0.10 [mag] C
7.736 V–host 23.8 ± 0.10 [mag] C
20.814 V 22.14 ± 0.04 [mag] C
20.814 V–host 24.3 ± 0.04 [mag] C
34.774 V 22.30 ± 0.05 [mag] C
47.706 V–host 25.3 ± 0.2 [mag] C
1.077 I 20.27 ± 0.08 [mag] A
1.077 I–host 20.8 ± 0.08 [mag] A
1.574 I 20.60 ± 0.08 [mag] A
1.574 I–host 21.4 ± 0.08 [mag] A
2.113 I 20.99 ± 0.26 [mag] A
2.113 I–host 22.2 ± 0.26 [mag] A
7.742 I 20.95 ± 0.10 [mag] A
7.742 I–host 22.2 ± 0.10 [mag] A
20.857 I 21.16 ± 0.17 [mag] A
20.857 I–host 23.1 ± 0.17 [mag] A
34.717 I 21.42 ± 0.10 [mag] A
— host R 21.95 ± 0.15 [mag] B
— host V 22.3 ± 0.05 [mag] A
— host I 21.35 ± 0.05 [mag] A

Table E.23: Data of GRB990712 (continued)
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ID reference
A Sahu et al. (2000) ApJ, 540, 74
B Fruchter et al. (2000) GCN notice #752
C Björnsson et al. (2001) ApJ, 522, L121

Table E.24: References of GRB990712

GRB000210

data# time (start:end) band mag/flux density reference
1 0.250(0.234:0.268) R >18.0 [mag] A
2 0.686 R >23.3 [mag] B

0.616 radio <0.26 [mJy] C
4.601(4.536:4.666) 8.46GHz <55 [µJy] D
— host R 23.5 ± 0.2 [mag] E

Table E.25: Data of GRB000210

ID reference
A Bhargavi et al. (2000) GCN notice #554
B Gorosabel et al. (2000) GCN notice #547
C Berger and Frail (2000) GCN notice #546
C McConnell et al. (2000) GCN notice #560
E Gorosabel et al. (2000) GCN notice #783

Table E.26: References of GRB000210
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GRB000214

data# time (start:end) band mag/flux density reference
1.350 K’ >18.15 [mag] A
3.368 K’ >19.1 [mag] A
3.878 4.8GHz,8.6GHz <235 [µJy] B

Table E.27: Data of GRB000214

ID reference
A Rhoads et al. (2000) GCN notice #564
B Subrahmanyan et al. (2000) GCN notice #562

Table E.28: References of GRB000214

GRB010213

data# time (start:end) band mag/flux density reference
1.554 R >17 [mag] A
1.565 R >20.5 [mag] B

1 1.975 R >22 [mag] C

Table E.29: Data of GRB010213
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ID reference
A Boer et al. (2001) GCN notice #936
B Hudec et al. (2001) GCN notice #941
C Zhu (2001) GCN notice #946

Table E.30: References of GRB010213

GRB010222
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data# time (start:end) band mag/flux density reference
1 0.157 R 18.18 ± 0.02 [mag] A
2 0.166 R 18.21 ± 0.02 [mag] A
3 0.178 R 18.36 ± 0.06 [mag] B
4 0.2000 R 18.4 ± 0.1 [mag] C
5 0.207 R 18.36 ± 0.02 [mag] A
6 0.2156 R 18.67 ± 0.06 [mag] D
7 0.225 R 18.67 ± 0.06 [mag] B
8 0.2305 R 18.66 ± 0.06 [mag] D
9 0.3340 R 18.9 ± 0.1 [mag] C
10 0.642 R 19.62 ± 0.12 [mag] E
11 0.702(0.700:0.704) R 19.56 ± 0.03 [mag] F
12 0.7091 R 19.71 ± 0.01 [mag] D
13 0.713(0.712:0.715) R 19.56 ± 0.03 [mag] F
14 0.7548 R 19.92 ± 0.17 [mag] G
15 0.7764 R 19.83 ± 0.01 [mag] D
16 0.838(0.837:0.840) R 19.76 ± 0.03 [mag] F
17 0.858(0.857:0.859) R 19.79 ± 0.05 [mag] F
18 0.953 R 19.95 ± 0.06 [mag] H
19 0.9778 R 20.13 ± 0.02 [mag] D
20 1.7621 R 20.95 ± 0.02 [mag] D
21 1.833 R 21.05 ± 0.03 [mag] D
22 1.867 R 21.04 ± 0.03 [mag] D
23 1.9280 R 20.88 ± 0.03 [mag] I
24 2.1552 R 21.23 ± 0.06 [mag] D
25 2.6844 R 21.41 ± 0.17 [mag] J
26 2.7499 R 21.43 ± 0.06 [mag] D
27 2.9455 R 21.64 ± 0.04 [mag] D
28 3.1305 R 21.48 ± 0.08 [mag] K
29 3.6875 R 21.99 ± 0.13 [mag] J
30 6.345 R 22.73 ± 0.10 [mag] L
31 7.320 R 22.96 ± 0.10 [mag] L
32 8.3330 R 23.10 ± 0.10 [mag] M
33 24 R 24.53 ± 0.25 [mag] N

1.821(1.777:1.866) R >21 [mag] f
6.5934 R >22.1 [mag] J
6.6177 R >22.1 [mag] J
7.6239 R >22.9 [mag] J
0.1823 B 18.46 ± 0.02 [mag] e
0.5147 B 19.84 ± 0.31 [mag] G
0.866 B 19.64 ± 0.07 [mag] d
1.0135 B 20.25 ± 0.10 [mag] e

Table E.31: Data of GRB010222
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data# time (start:end) band mag/flux density reference
0.6107 V 19.70 ± 0.13 [mag] G
0.7054 V 19.92 ± 0.14 [mag] G
0.8359 V 20.29 ± 0.21 [mag] G
2.6690 I 20.8 ± 0.2 [mag] J
3.6736 I 21.42 ± 0.18 [mag] J
0.712(0.700:0.725) J 18.7 ± 0.1 [mag] c
0.775(0.760:0.791) K 17.4 ± 0.3 [mag] c
0.2358 350GHz 4.2 ± 1.2 [mJy] g
1.15 350GHz 3.6 ± 0.9 [mJy] g
2.37 350GHz 4.2 ± 1.3 [mJy] g
0.312 22GHz 0.70 ± 0.15 [mJy] a
0.327(0.236:0.453) 850micron 4.2 ± 1.2 [mJy] b
8.379(8.313:8.445) 850micron 0.7 ± 1.1 [mJy] h

Table E.32: Data of GRB010222 (continued)

ID reference
A Stanek et al. (2001) GCN notice #970
B Henden and Vrba (2001) GCN notice #967
C Watanabe et al. (2001) GCN notice #993
D Holland et al. (2001) GCN notice #1002
E Price et al. (2001) GCN notice #973
F Fynbo et al. (2001) GCN notice #975
G Oksanen et al. (2001) GCN notice #990
H Orosz (2001) GCN notice #976
I Masetti et al. (2001) GCN notice #985
J Cowsik and Bhargavi (2001) GCN notice #1051
K Stanek and Falco (2001) GCN notice #991
L Veillet (2001) GCN notice #1000
M Veillet (2001) GCN notice #1003
N Garnavich et al. (2001) GCN notice #1009
a Berger and Frail (2001) GCN notice #968
b Fich et al. (2001) GCN notice #971
c Paola et al. (2001) GCN notice #977
d Bartolini et al. (2001) GCN notice #982
e Stanek et al. (2001) GCN notice #983
f Valentini et al. (2001) GCN notice #986
g Kulkarni et al. (2001) GCN notice #996
h Ivison et al. (2001) GCN notice #1004

Table E.33: References of GRB010222
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GRB010629B

data# time (start:end) band mag/flux density reference
1 0.720 R >20 [mag] A

1.018 I >20.5 [mag] B
1.124 I >20.5 [mag] B
1.32 I >19 [mag] C

Table E.34: Data of GRB010629B

ID reference
A Halpern Mirabal (2001) GCN notice #1079
B Andersen et al. (2001) GCN notice #1080
C Henden (2001) GCN notice #1077

Table E.35: References of GRB010629B

GRB010921

data# time (start:end) band mag/flux density reference
1 0.037 clear >15.3 [mag] A
2 0.889 r’ 19.6 ± 0.3 [mag] B
3 0.909 R 19.4 ± 0.2 [mag] C
4 1.048 R 19.9 ± 0.2 [mag] C

1.909 R >21.2 [mag] C
2.050 R >21.2 [mag] C
0.037 V >14.2 [mag] A
1.652 I 18.93 ± 0.03 [mag] D

Table E.36: Data of GRB010921
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ID reference
A Park et al. (2001) GCN notice #1114
B Lamb et al. (2001) GCN notice #1125
C Park et al. (2001) GCN notice #1131
D Klose and Stecklum (2001) GCN notice #1113

Table E.37: References of GRB010921

GRB011019

data# time (start:end) band mag/flux density reference
0.554 R >15.5 [mag] A

1 0.734 R >19 [mag] B
1.027 R >19.5 [mag] C

2 1.057 R >25 [mag] D
2.21 R >19.5 [mag] E

Table E.38: Data of GRB011019

ID reference
A Bondar et al. (2001) GCN notice #1130
B Akerlof et al. (2001) GCN notice #1115
C Price et al. (2001) GCN notice #1112
D Komiyama et al. (2001) GCN notice #1128
E Fox et al. (2001) GCN notice #1116

Table E.39: References of GRB011019
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GRB011030

data# time (start:end) band mag/flux density reference
1 0.2999 R > 21 [mag] A
2 2 R > 23.61 [mag] B
3 4 R > 23.28 [mag] B

10 R > 22.9 [mag] C
1.461(1.456:1.466) unfiltered > 19.5 [mag] D
9.960 I 22.5 [mag] E
0.940 I > 20.5 [mag] F
1.951 I > 20.5 [mag] F
0.552(0.491:0.621) J > 19.8 [mag] G
1.829(1.810:1.849) z > 22.5 [mag] H
0.524(0.503:0.545) K’ > 19.5 [mag] I
0.552(0.491:0.621) K > 18.0 [mag] G
0.841 K > 18 [mag] J
1.931 K > 18 [mag] J
11.63(11.58:11.68) K > 20.1 [mag] K
0.6159 15GHz <0.4 [mJy] L
9.530 8.47GHz 181 ± 18 [µJy] M

Table E.40: Data of GRB011030
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ID reference
A Mohan et al. (2001) GCN notice #1120
B Rhoads et al. (2001) GCN notice #1140
C Bloom et al. (2001) GCN notice #1137
D Hudec et al. (2001) GCN notice #1144
E Halpern et al. (2001) GCN notice #1139
F Halpern et al. (2001) GCN notice #1127
G Mannucci et al. (2001) GCN notice #1145
H Brown et al. (2001) GCN notice #1141
I Klose et al. (2001) GCN notice #1142
J Hammell et al. (2001) GCN notice #1126
K Antonelli et al. (2001) GCN notice #1146
L Pooley (2001) GCN notice #1121
M Taylor et al. (2001) GCN notice #1136

Table E.41: References of GRB011030

GRB011121

191



data# time (start:end) band mag/flux density reference
1 0.4387 R 19.11 ± 0.03 [mag] A
2 0.4915 R 19.25 ± 0.05 [mag] B
3 0.5228 R 19.44 ± 0.03 [mag] A
4 0.5714 R 19.60 ± 0.03 [mag] A
5 1.4297 R 21.15 ± 0.07 [mag] A
6 1.5311 R 21.1 ± 0.1 [mag] C
7 2.5415 R 21.97 ± 0.07 [mag] A

0.5637 U 20.7 ± 0.2 [mag] B
1.5498 U 22.4 ± 0.1 [mag] C
0.5082 B 20.86 ± 0.05 [mag] B
1.5401 B 22.6 ± 0.1 [mag] C
0.5158 V 20.00 ± 0.05 [mag] B
0.5005 I 18.66 ± 0.05 [mag] B
0.5616 I 20.3 ± 0.1 [mag] C
0.5732 J 17.85 ± 0.05 [mag] D
0.5772 J 17.80 ± 0.04 [mag] D
0.5813 J 17.79 ± 0.04 [mag] D
0.9349 J 18.35 ± 0.10 [mag] D
1.5365 J 19.46 ± 0.07 [mag] D
6.7172 J 21.29 ± 0.28 [mag] D
7.517 J >21.9 [mag] E
0.5350 K 15.96 ± 0.05 [mag] D
0.5416 K 15.96 ± 0.04 [mag] D
0.5501 K 16.05 ± 0.04 [mag] D
0.5626 K 16.03 ± 0.04 [mag] D
0.6943 K 16.42 ± 0.04 [mag] D
0.7126 K 16.54 ± 0.04 [mag] D
0.7298 K 16.50 ± 0.04 [mag] D
0.8238 K 16.61 ± 0.06 [mag] D
0.8569 K 16.78 ± 0.04 [mag] D
0.8994 K 17.04 ± 0.08 [mag] D
0.9444 K 17.01 ± 0.05 [mag] D
1.5508 K 17.92 ± 0.05 [mag] D
6.9264 K 19.35 ± 0.23 [mag] D
0.8839 3cm 0.2 [mJy] F

Table E.42: Data of GRB011121

ID reference
A Stanek and Wyrzykowski (2001) GCN notice #1160
B Olsen et al. (2001) GCN notice #1157
C Brown et al. (2001) GCN notice #1158
D Price et al. (2002) ApJ, 572, L51
E Phillips et al. (2001) GCN notice #1164
F Subrahmanyan et al. (2001) GCN notice #1156

Table E.43: References of GRB011121
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GRB011130

data# time (start:end) band mag/flux density reference
1 0.684 R > 18.5 [mag] A

0.976 R > 18.5 [mag] B

Table E.44: Data of GRB011130

ID reference
A Greiner et al. (2001) GCN notice #1171
B Fox et al. (2001) GCN notice #1170

Table E.45: References of GRB011130

GRB011211
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data# time (start:end) band mag/flux density reference
0.402 R 19 [mag] A

1 0.422 R 20.07 ± 0.15 [mag] B
2 0.4488 R 20.10 ± 0.08 [mag] C
3 0.452 R 20.28 ± 0.02 [mag] D
4 0.4548 R 20.41 ± 0.04 [mag] C
5 0.4758 R 20.43 ± 0.05 [mag] C
6 0.482 R 20.12 ± 0.15 [mag] B
7 0.4928 R 20.35 ± 0.03 [mag] C
8 0.5208 R 20.40 ± 0.04 [mag] C
9 0.542 R 20.58 ± 0.02 [mag] D
10 1.0740 R 20.91 ± 0.13 [mag] E
11 1.102 R 20.77 ± 0.06 [mag] F
12 1.1620 R 21.04 ± 0.07 [mag] E
13 1.200 R 21.12 ± 0.08 [mag] F
14 1.4398 R 21.48 ± 0.11 [mag] C
15 1.512 R 21.46 ± 0.04 [mag] D
16 1.5418 R 21.52 ± 0.07 [mag] C
17 4.5089 R 23.32 ± 0.25 [mag] E
18 5.5049 R 23.69 ± 0.25 [mag] E
19 6.5062 R 24.22 ± 0.40 [mag] E
20 9.5098 R 25.27 ± 0.16 [mag] E
21 9.992 R 24.8 ± 0.3 [mag] G
22 14.0208 R 26.71 ± 0.16 [mag] E
23 25.9738 R 26.45 ± 0.21 [mag] E
24 31.9138 R 28.40 ± 0.48 [mag] E

2.702 R >22.4 [mag] H
1.4485 U 21.5 ± 0.3 [mag] E
0.482 B 21.41 ± 0.15 [mag] B
1.1837 B 21.91 ± 0.11 [mag] E
1.184 B 22.07 ± 0.09 [mag] F
1.4298 B 22.24 ± 0.08 [mag] E
1.5400 B 22.29 ± 0.07 [mag] E
2.1568 B 23.06 ± 0.27 [mag] E
0.492 V 21.14 ± 0.15 [mag] B
0.5048 V 20.79 ± 0.05 [mag] C
0.562 V 21.21 ± 0.15 [mag] B
1.142 V 21.59 ± 0.06 [mag] F
1.4658 V 21.71 ± 0.09 [mag] C
1.472 V 21.7 [mag] I
1.492 V 21.81 ± 0.06 [mag] J
1.5062 V 21.76 ± 0.09 [mag] E
2.1198 V 21.82 ± 0.22 [mag] E
8.5105 V 25.00 ± 0.22 [mag] E
2.702 V >22.3 [mag] H

Table E.46: Data of GRB011211
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data# time (start:end) band mag/flux density reference
0.4648 I 19.95 ± 0.06 [mag] C
0.4848 I 19.92 ± 0.07 [mag] C
0.5128 I 19.96 ± 0.05 [mag] C
0.5288 I 20.10 ± 0.06 [mag] C
1.1897 I 20.92 ± 0.21 [mag] E
1.4161 I 20.99 ± 0.23 [mag] E
1.4548 I 20.80 ± 0.11 [mag] C
1.5255 I 20.86 ± 0.15 [mag] E
1.5518 I 20.94 ± 0.12 [mag] C
3.5087 I 22.75 ± 0.25 [mag] E
2.702 I >21.0 [mag] H
9.2350 I >23.2 [mag] E
0.5634 J 19.34 ± 0.05 [mag] E
2.5488 J 21.04 ± 0.05 [mag] E
0.5754 K 18.02 ± 0.07 [mag] E

Table E.47: Data of GRB011211 (continued)

ID reference
A Grav et al. (2001) GCN notice #1191
B Jensen et al. (2001) GCN notice #1195
C Soszynski et al. (2001) GCN notice #1199
D Gladders et al. (2001) GCN notice #1209
E Jakobsson et al. (2003) A&A, 408, 941
F Bhargavi and Cowsik (2001) GCN notice #1202
G Burud et al. (2001) GCN notice #1213
H Holland et al. (2001) GCN notice #1204
I Fiore et al. (2001) GCN notice #1203
J Covino et al. (2001) GCN notice #1214

Table E.48: References of GRB011211
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GRB011212

data# time (start:end) band mag/flux density reference
0.681 R >19.5 [mag] A
0.697(0.644:0.755) R >18.5 [mag] B
0.981 r >21.0 [mag] C

1 0.981 R >22.7 [mag] D
2 1.376 R >20.5 [mag] E

1.153(1.125:1.182) I >21.6 [mag] F
2.075(2.038:2.112) I >21.6 [mag] F

Table E.49: Data of GRB011212

ID reference
A Sergeev et al. (2001) GCN notice #1206
B Henden (2001) GCN notice #1198
C Fox et al. (2001) GCN notice #1196
D Saracco et al. (2001) GCN notice #1210
E Kinugasa et al. (2001) GCN notice #1205
F Vrba et al. (2001) GCN notice #1216

Table E.50: References of GRB011212
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GRB020124

data# time (start:end) band mag/flux density reference
1 0.067 RM 17.92 ± 0.04 [mag] A
2 0.0702 R 18.22 ± 0.05 [mag] A
3 0.072 RM 17.98 ± 0.04 [mag] A
4 0.0744 R 18.37 ± 0.09 [mag] A
5 0.076 RM 18.11 ± 0.05 [mag] A
6 0.0787 R 18.38 ± 0.08 [mag] A

0.085 R 18.5 [mag] B
7 0.107 R 18.5 +0.4

−0.3 [mag] C
8 0.113 RM 18.68 ± 0.05 [mag] A
9 0.117 RM 18.87 ± 0.04 [mag] A
10 0.122 RM 18.84 ± 0.04 [mag] A
11 1.610(1.590:1.631) R 23.84 ± 0.17 [mag] D
12 1.8960 R 24.40 ± 0.23 [mag] A
13 17.645 Clear 28.68 +0.25

−0.20 [mag] A
14 24.855 Clear 29.35 +0.60

−0.39 [mag] A
15 32.265 Clear 29.56 +0.76

−0.44 [mag] A
0.072(0.055:0.095) unfiltered >17.8 [mag] E
0.249(0.235:0.363) unfiltered >18.6 [mag] E
0.283(0.263:0.305) unfiltered >18.8 [mag] E

16 0.325(0.305:0.346) unfiltered >19.1 [mag] E
0.475 R >18.5 [mag] F
0.495 R >16.3 [mag] G
0.510(0.469:0.554) unfiltered >15.0 [mag] H
0.067 BM 18.63 ± 0.06 [mag] A
0.072 BM 18.73 ± 0.06 [mag] A
0.076 BM 18.84 ± 0.07 [mag] A
0.113 BM 19.66 ± 0.09 [mag] A
0.117 BM 19.58 ± 0.05 [mag] A
0.122 BM 19.71 ± 0.05 [mag] A

Table E.51: Data of GRB020124
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ID reference
A Berger et al. (2002) ApJ, 581, 981
B Price et al. (2002) GCN notice #1221
C Torii et al. (2002) GCN notice #1378
D Gorosabel et al. (2002) GCN notice #1224
E Kawai et al. (2002) GCN notice #1343
F Pavlenko et al. (2002) GCN notice #1226
G Bondar’ et al. (2002) GCN notice #1228
H Jelinek et al. (2002) GCN notice #1236

Table E.52: References of GRB020124

GRB020127

data# time (start:end) band mag/flux density reference
0.113 R >14.1 [mag] A
0.131 R >21.5 [mag] B
0.165 R >13.7 [mag] A

1 0.195 R >19.5 [mag] C
0.235 R >13.5 [mag] A
0.847 2.3GHz <0.62 [mJy] D

Table E.53: Data of GRB020127

ID reference
A Bondar’ et al. (2002) GCN notice #1235
B Castro Cerón et al. (2002) GCN notice #1234
C Lamb et al. (2002) GCN notice #1230
D Rol et al. (2002) GCN notice #1246

Table E.54: References of GRB020127
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GRB020305

data# time (start:end) band mag/flux density reference
1 0.833 r* 20.1 ± 0.5 [mag] A
2 7.103 R 22.6 [mag] B
3 38.3(38.2:38.4) Clear 24.69 ± 0.01 [mag] C
4 103.0(102.9:103.0) Clear 26.20 ± 0.03 [mag] C

0.436 R >14.5 [mag] D
0.521 R >14.5 [mag] D
0.617 R >14.5 [mag] D
0.667 R >18 [mag] E
3.843 R >21.5 [mag] F
0.667 V >17 [mag] E
7.103 I 22.1 [mag] B
7.933 K’ 19.7 [mag] G
8.893 K’ 19.8 [mag] G

Table E.55: Data of GRB020305

ID reference
A Lee et al. (2002) GCN notice #1275
B Ohyama et al. (2002) GCN notice #1271
C Gorosabel et al. (2002) GCN notice #1542
D Jelinek et al. (2002) GCN notice #1265
E Moran et al. (2002) GCN notice #1264
F Price et al. (2002) GCN notice #1267
G Burud et al. (2002) GCN notice #1283

Table E.56: References of GRB020305
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GRB020331

data# time (start:end) band mag/flux density reference
1 0.031 R 17.9 +0.8

−0.4 [mag] A
2 0.531 R 21 ± 0.11 [mag] B
3 0.711 R 21 [mag] C
4 8.371 R 22.9 ± 0.14 [mag] D
5 23.211 Clear 24.54 ± 0.07 [mag] E
6 35.911 Clear 24.86 ± 0.10 [mag] E
7 42.011 Clear 25.01 ± 0.09 [mag] E
8 48.611 Clear 24.76 ± 0.11 [mag] E

0.085(0.071:0.101) unfiltered >14.9 [mag] F
9 0.101 R >19.3 [mag] G

0.340(0.311:0.371) K’ 17.1 ± 1 [mag] H

Table E.57: Data of GRB020331

ID reference
A Kato et al. (2002) GCN notice #1363
B Monnelly et al. (2002) GCN notice #1339
C Fox et al. (2002) GCN notice #1334
D Dullighan et al. (2002) GCN notice #1364
E Soderberg et al. (2002) GCN notice #1459
F Kawai et al. (2002) GCN notice #1344
G Price et al. (2002) GCN notice #1316
H Klose et al. (2002) GCN notice #1317

Table E.58: References of GRB020331
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GRB020405

data# time (start:end) band mag/flux density reference
1 0.723 RM 19.6 ± 0.10 [mag] A
2 0.732 RM 19.6 ± 0.11 [mag] A
3 0.748 RM 19.6 ± 0.09 [mag] A
4 0.907 R 19.8 ± 0.17 [mag] A
5 1.401 RM 20.5 ± 0.08 [mag] A
6 4.405 RM 21.9 ± 0.46 [mag] A
7 6.665 R 23.2 ± 0.46 [mag] A

0.713 B 20.1 ± 0.72 [mag] A
0.723 BM 20.3 ± 0.13 [mag] A
0.732 BM 20.3 ± 0.09 [mag] A
0.748 BM 20.3 ± 0.09 [mag] A
0.752 BM 20.4 ± 0.09 [mag] A
1.401 BM 21.3 ± 0.19 [mag] A
1.506 B 21.7 ± 0.13 [mag] A
1.713 B 22.1 ± 0.14 [mag] A
2.338 B 22.4 ± 0.25 [mag] A
2.605 B 22.7 ± 0.41 [mag] A
4.405 BM 22.8 ± 0.53 [mag] A
1.036 V 20.2 ± 0.3 [mag] B
2.111 V 21.45 ± 0.1 [mag] C
3.135 V 22.0 ± 0.1 [mag] C
1.541 I 20.3 ± 0.04 [mag] A
1.721 I 20.5 ± 0.04 [mag] A
2.349 I 21.1 ± 0.06 [mag] A
2.610 I 21.7 ± 0.81 [mag] A
1.191 8.46GHz 490 [µJy] D

Table E.59: Data of GRB020405
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ID reference
A Price et al. (2003) ApJ, 589, 838
B Palazzi et al. (2002) GCN notice #1328
C Covino et al. (2002) GCN notice #1337
D Berger et al. (2002) GCN notice #1331

Table E.60: References of GRB020405

GRB020625

data# time (start:end) band mag/flux density reference
1 0.170 R >19.5 [mag] A
2 0.472(0.438:0.510) R >18.2 [mag] B

0.692(0.678:0.706) R >20.5 [mag] C
1.679(1.676:0.683) R >21.0 [mag] C
3.523(3.515:3.531) R >21.0 [mag] C

Table E.61: Data of GRB020625

ID reference
A Price et al. (2002) GCN notice #1441
B Burnashev et al. (2002) GCN notice #1444
C Castro-Tirado et al. (2002) GCN notice #1445

Table E.62: References of GRB020625
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GRB020801

data# time (start:end) band mag/flux density reference
1 0.8422 unfiltered >20 [mag] A

Table E.63: Data of GRB020801

ID reference
A Kilmartin and Gilmore (2002) GCN notice #1462

Table E.64: References of GRB020801

GRB020812

data# time (start:end) band mag/flux density reference
0.119(0.019:0.117) R >18 [mag] A
0.1850 R >17 [mag] B

1 0.503(0.401:0.631) R >20 [mag] C
0.119(0.019:0.117) unfiltered >16.5 [mag] D

2 0.147(0.138:0.157) unfiltered >19.1 [mag] E
0.167(0.159:0.176) unfiltered >19.1 [mag] E

3 1.200(0.192:0.207) unfiltered >19.1 [mag] E

Table E.65: Data of GRB020812
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ID reference
A Ohashi et al. (2002) GCN notice #1469
B Kawabata et al. (2002) GCN notice #1489
C Piccioni et al. (2002) GCN notice #1486
D Pozanenko et al. (2002) GCN notice #1479
E Kawabata et al. (2002) GCN notice #1493

Table E.66: References of GRB020812

GRB020813

data# time (start:end) band mag/flux density reference
1 0.074 R 18.38 ± 0.38 [mag] A
2 0.165 R 18.49 ± 0.05 [mag] B
3 0.185 R 18.58 ± 0.05 [mag] B
4 0.199 R 18.65 ± 0.05 [mag] B
5 0.393(0.374:0.414) R 19.14 ± 0.13 [mag] C
6 0.747 R 20.2 ± 0.2 [mag] D
7 0.938 R 20.42 ± 0.05 [mag] B

0.072 unfiltered 17.75 [mag] E
0.074 unfiltered 17.77 [mag] E
0.084 unfiltered 17.82 [mag] E
0.134 unfiltered 18.10 [mag] E
0.201 unfiltered 18.42 [mag] E
0.234 unfiltered 18.55 ± 0.05 [mag] F

8 1.077 unfiltered 20.55 ± 0.25 [mag] F
9 1.175 unfiltered 21.08 ± 0.30 [mag] F
10 0.013 unfiltered >16.0 [mag] G

Table E.67: Data of GRB020813
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ID reference
A Williams et al. (2002) GCN notice #1492
B Gladders and Hall (2002) GCN notice #1513
C Kawabata et al. (2002) GCN notice #1501
D Kiziloglu et al. (2002) GCN notice #1488
E Li et al. (2002) GCN notice #1473
F Li et al. (2002) GCN notice #1491
G Rykoff et al. (2002) GCN notice #1480

Table E.68: References of GRB020813

GRB020819

data# time (start:end) band mag/flux density reference
0.1237 R >19 [mag] A
0.131 R >20.5 [mag] B

1 0.1409 R >20.6 [mag] C
0.3047 R >20 [mag] D
0.3576 R >22.15 [mag] E

2 0.4597 R >22.30 [mag] E
0.471(0.369:0.600) R >22 [mag] F
0.5879 R >21.75 [mag] E
0.7167 R >21.5 [mag] G
0.370(0.343:0.400) K’ >20.0 [mag] H
1.380(1.343:0.418) K’ >20.5 [mag] I
1.7467 8.46GHz 315 [µJy] J
— host R 19.8 [mag] K

Table E.69: Data of GRB020819
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ID reference
A Urata et al. (2002) GCN notice #1516
B Price and McNaught (2002) GCN notice #1506
C Kawabata and Urata (2002) GCN notice #1523
D Piccioni et al. (2002) GCN notice #1509
E Levan et al. (2002) GCN notice #1517
F Rol et al. (2002) GCN notice #1512
G Price et al. (2002) GCN notice #1511
H Henden et al. (2002) GCN notice #1510
I Klose et al. (2002) GCN notice #1520
J Frail et al. (2003) GCN notice #1842
K Levan et al. (2003) GCN notice #1844

Table E.70: References of GRB020819

GRB020903

data# time (start:end) band mag/flux density reference
1 0.9 R 19.5 [mag] A
2 6.9 R 22.5 [mag] A
3 0.174 R >17.5 [mag] B

0.500 R >17.4 [mag] C
0.999 R >19.8 [mag] D

Table E.71: Data of GRB020903

ID reference
A Soderberg et al. (2004) ApJ, 606, 994
B Umemura et al. (2002) GCN notice #1537
C Pavlenko et al. (2002) GCN notice #1535
D Price et al. (2002) GCN notice #1533

Table E.72: References of GRB020903

GRB021004
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data# time (start:end) band mag/flux density reference
1 0.0066 unfiltered 15.34 [mag] A
2 0.0084 unfiltered 15.49 [mag] A
3 0.0119 unfiltered 15.78 [mag] A
4 0.0242 unfiltered 16.3 [mag] B
5 0.0266 unfiltered 16.86 ± 0.53 [mag] C
6 0.0314 unfiltered 16.45 ± 0.35 [mag] C
7 0.0372 unfiltered 16.36 ± 0.38 [mag] C
8 0.0440 unfiltered 16.60 ± 0.38 [mag] C
9 0.0728 unfiltered 16.37 ± 0.19 [mag] C
10 0.0862 unfiltered 16.50 ± 0.07 [mag] C
11 0.1019 unfiltered 16.69 ± 0.06 [mag] C
12 0.1206 unfiltered 16.56 ± 0.10 [mag] C
13 0.1427 unfiltered 16.76 ± 0.07 [mag] C
14 0.1688 unfiltered 16.91 ± 0.08 [mag] C
15 0.1997 unfiltered 17.17 ± 0.13 [mag] C
16 0.2362 unfiltered 17.26 ± 0.23 [mag] C
17 0.3211 R 17.82 ± 0.03 [mag] D
18 0.3245 R 17.90 [mag] E
19 0.3877 R 17.96 [mag] E
20 0.4043 R 18.22 [mag] E
21 0.4300 R 18.37 [mag] E
22 0.4724 R 18.41 [mag] E
23 0.5404 R 18.83 [mag] E
24 0.6221 R 19.06 ± 0.06 [mag] F
25 0.6978 R 19.30 ± 0.04 [mag] F
26 0.7520 R 19.33 ± 0.03 [mag] F
27 0.8006 R 19.42 ± 0.03 [mag] F
28 0.8485 R 19.31 ± 0.03 [mag] F
29 0.8992 R 19.34 ± 0.03 [mag] F
30 0.9568 R 19.39 ± 0.03 [mag] F
31 0.9888 R 19.39 ± 0.04 [mag] F
32 1.0036 R 19.29 ± 0.05 [mag] G
33 1.3467 R 19.54 ± 0.04 [mag] H
34 1.5034 R 19.66 ± 0.04 [mag] H
35 1.6002 R 19.92 ± 0.10 [mag] G
36 1.9717 R 20.08 ± 0.05 [mag] I
37 2.3273 R 20.12 ± 0.10 [mag] J
38 2.3553 R 20.08 ± 0.01 [mag] J
39 2.4103 R 20.16 ± 0.03 [mag] J
40 2.4183 R 20.15 ± 0.03 [mag] J
41 2.9606 R 20.09 ± 0.06 [mag] I
42 3.2772 R 20.4 ± 0.1 [mag] K

Table E.73: Data of GRB021004
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data# time (start:end) band mag/flux density reference
43 3.7911 R 20.48 ± 0.03 [mag] L
44 4.6772 R 20.72 ± 0.04 [mag] L
45 5.6010 R 21.05 ± 0.05 [mag] M
46 6.22895 R 21.22 ± 0.03 [mag] N
47 7.21822 R 21.55 ± 0.11 [mag] N
48 7.34267 R 21.43 ± 0.03 [mag] N
49 9.17161 R 21.91 ± 0.05 [mag] N
50 10.1557 R 21.87 ± 0.11 [mag] N
51 11.3436 R 22.22 ± 0.07 [mag] N
52 12.1847 R 22.46 ± 0.15 [mag] N
53 14.5582 R 22.70 ± 0.16 [mag] O
54 21.746 R 23.39 ± 0.12 [mag] P
55 23.493 R 23.22 ± 0.08 [mag] O
56 30.5118 R 23.54 ± 0.11 [mag] O

Table E.74: Data of GRB021004 (continued)

ID reference
A Fox (2002) GCN notice #1564
B Uemura et al. (2002) GCN notice #1566
C Uemura et al. (2003) PASJ, 55, L31
D Balman et al. (2002) GCN notice #1580
E Oksanen et al. (2002) GCN notice #1591
F Halpern et al. (2002) GCN notice #1578
G Bersier et al. (2002) GCN notice #1586
H Holland et al. (2002) GCN notice #1585
I Stanek et al. (2002) GCN notice #1598
J Holland et al. (2002) GCN notice #1597
K Masetti et al. (2002) GCN notice #1603
L Mirabal et al. (2002) GCN notice #1618
M Stefanon et al. (2002) GCN notice #1623
N Pandey et al. (2003b) Bull. Astr. Soc. India, 31, 19
O Holland et al. (2003) AJ, 125, 2291
P Garnavich and Quinn (2002) GCN notice #1661

Table E.75: References of GRB021004
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GRB021104

data# time (start:end) band mag/flux density reference
1 0.1236 unfiltered >21 [mag] A

0.1636 R >20 [mag] B

Table E.76: Data of GRB021104

ID reference
A Fox and Price (2002) GCN notice #1671
B Bradshaw et al. (2002) GCN notice #1677

Table E.77: References of GRB021104

GRB021112

data# time (start:end) band mag/flux density reference
1 0.0012 unfiltered >11.4 [mag] A
2 0.0032 unfiltered >11.7 [mag] A

0.0565 unfiltered >14.6 [mag] A
3 0.075 R >21.8 [mag] B
4 0.229(0.183:0.286) r’ >20 [mag] C

Table E.78: Data of GRB021112

209



ID reference
A Wren et al. (2002) GCN notice #1689
B Schaefer et al. (2002) GCN notice #1776
C Newman et al. (2002) GCN notice #1695

Table E.79: References of GRB021112

GRB021113

data# time (start:end) band mag/flux density reference
1 0.1083 R >22.1 [mag] A

0.1730 R >20 [mag] B
0.218(0.190:0.250) R >17.6 [mag] C
0.3098 R >19.8 [mag] C
0.3304 R >19.8 [mag] D

2 0.3914 R >20.3 [mag] D
0.3827 V >18.0 [mag] E

Table E.80: Data of GRB021113

ID reference
A Nysewander et al. (2002) GCN notice #1699
B Levan et al. (2002) GCN notice #1688
C Kawabata et al. (2002) GCN notice #1700
D Ishiguro et al. (2002) GCN notice #1694
E Rumyantsev et al. (2002) GCN notice #1690

Table E.81: References of GRB021113

GRB021211
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data# time (start:end) band mag/flux density reference
1 0.0015 R 14.67 ± 0.01 [mag] A
2 0.0020 R 15.14 ± 0.01 [mag] A
3 0.0026 R 15.54 ± 0.01 [mag] A
4 0.0031 R 15.94 ± 0.02 [mag] A
5 0.0034 R 16.04 ± 0.02 [mag] A
6 0.0036 R 16.12 ± 0.02 [mag] A
7 0.0040 R 16.35 ± 0.03 [mag] A
8 0.0043 R 16.45 ± 0.02 [mag] A
9 0.0045 R 16.55 ± 0.05 [mag] A
10 0.0050 R 16.71 ± 0.03 [mag] A
11 0.0052 R 16.79 ± 0.03 [mag] A
12 0.0055 R 16.93 ± 0.04 [mag] A
13 0.0059 R 16.95 ± 0.03 [mag] A
14 0.0062 R 16.99 ± 0.03 [mag] A
15 0.0064 R 17.07 ± 0.05 [mag] A
16 0.0069 R 17.15 ± 0.05 [mag] A
17 0.0071 R 17.23 ± 0.04 [mag] A
18 0.0073 R 17.25 ± 0.04 [mag] A
19 0.0081 R 17.35 ± 0.02 [mag] A
20 0.0090 R 17.56 ± 0.02 [mag] A
21 0.0106 R 17.76 ± 0.02 [mag] A
22 0.0138 R 18.08 ± 0.02 [mag] A
23 0.0144 R 18.29 ± 0.02 [mag] B
24 0.0187 R 18.46 ± 0.03 [mag] A
25 0.0251 R 18.83 ± 0.18 [mag] A
26 0.0252 R 18.81 ± 0.05 [mag] B
27 0.0287 R 19.09 ± 0.06 [mag] B
28 0.0354 R 19.34 ± 0.07 [mag] B
29 0.0410 R 19.29 ± 0.07 [mag] B
30 0.0429 R 19.48 ± 0.08 [mag] B
31 0.0508 R 19.53 ± 0.08 [mag] B
32 0.0541 R 19.60 ± 0.09 [mag] B
33 0.0560 R 19.76 ± 0.10 [mag] B
34 0.0622 R 19.95 ± 0.11 [mag] B
35 0.0689 R 20.09 ± 0.13 [mag] B
36 0.0921 R 20.19 ± 0.32 [mag] A
37 0.0985 R 20.20 ± 0.20 [mag] A
38 0.1004 R 20.09 ± 0.25 [mag] A
39 0.1037 R 20.18 ± 0.17 [mag] A
40 0.2370 R 21.10 ± 0.13 [mag] B

Table E.82: Data of GRB021211
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data# time (start:end) band mag/flux density reference
41 0.2839 R 21.90 ± 0.21 [mag] C
42 0.3082 R 21.90 ± 0.16 [mag] C
43 0.3930 R 22.10 ± 0.18 [mag] C
44 0.4020 R 22.10 ± 0.18 [mag] C
45 0.4112 R 22.10 ± 0.14 [mag] C
46 0.4204 R 22.40 ± 0.24 [mag] C
47 0.4283 R 22.50 ± 0.21 [mag] C
48 0.4608 R 22.20 ± 0.18 [mag] C
49 0.8288 R 23.20 ± 0.18 [mag] D
50 1.0370 r’ 23.42 ± 0.07 [mag] B
51 1.803(1.786:1.820) R 23.1 [mag] E
52 29.229 R 24.48 ± 0.18 [mag] F
53 34.859 R 25.07 ± 0.15 [mag] F
54 78.549 R 25.13 ± 0.12 [mag] F
55 87.539 R 25.35 ± 0.17 [mag] F

0.501(0.487:0.515) R >22.7 [mag] G
0.798(0.789:0.806) I 22.5 [mag] E
0.3318 I >21.4 [mag] C
0.501(0.487:0.515) I >20.7 [mag] G
0.9170 i* >23 [mag] H
0.7088 J 21.76 ± 0.11 [mag] I
1.034(1.019:1.049) 347GHz <7.5 [mJy] J
0.8988 8.46GHz <70 [µJy] K
1 4.9GHz <0.17 [mJy] L
6 4.9GHz <0.12 [mJy] L

Table E.83: Data of GRB021211 (continued)

ID reference
A Li et al. (2003) ApJ, 586, L9
B Fox et al. (2003a) ApJ, 586, L5
C Pandey et al. (2003a) A&A, 408, L21
D McLeod et al. (2002) GCN notice #1750
E Levan et al. (2002) GCN notice #1758
F Della Valle et al. (2003) A&A, 408, L21
G Klose et al. (2002) GCN notice #1739
H Lamb et al. (2002) GCN notice #1744
I Bersier et al. (2002) GCN notice #1751
J Hoge et al. (2002) GCN notice #1742
K Berger and Frail (2002) GCN notice #1745
L Rol and Strom (2002) GCN notice #1777

Table E.84: References of GRB021211
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GRB030115

data# time (start:end) band mag/flux density reference
1 0.0001(0.00001:0.0016) unfiltered >10 [mag] A
2 0.0793 R >20 [mag] B

0.0850 R >20 [mag] C
0.1336 R >19.8 [mag] D

3 0.1517 r’ >20 [mag] E
0.0503 B >19.1 [mag] F
0.0892 V >19 [mag] G
0.8593 J 20.2 ± 0.3 [mag] H
1.9593 J 21.5 ± 0.5 [mag] I
0.8593 H 19.9 ± 0.3 [mag] H
1.9593 H 20.4 ± 0.4 [mag] I
0.8593 Ks 18.4 ± 0.3 [mag] H
1.9593 Ks 19.1 ± 0.2 [mag] I
3.314(3.269:3.359) 347GHz 6 [mJy] J
0.939 250GHz <3 [mJy] K
3.169 250GHz <5 [mJy] K
2.279 8.46GHz 94 ± 22 [µJy] L
1.977(1.740:1.246) 4.9GHz 24 ± 21 [µJy] M
5.973(5.729:6.228) 4.9GHz 89 ± 24 [µJy] M
11.96(11.71:12.21) 4.9GHz 72 ± 26 [µJy] M

Table E.85: Data of GRB030115
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ID reference
A Castro-Tirado et al. (2003) GCN notice #1826
B Castro-Tirado et al. (2003) GCN notice #1807
C Masetti et al. (2003) GCN notice #1811
D Flaccomio et al. (2003) GCN notice #1806
E Blake et al. (2003) GCN notice #1808
F Atteia et al. (2003) GCN notice #1810
G Bourban et al. (2003) GCN notice #1820
H Kato et al. (2003) GCN notice #1825
I Kato et al. (2003) GCN notice #1830
J Hoge et al. (2003) GCN notice #1832
K Bertoldi et al. (2003) GCN notice #1835
L Frail et al. (2003) GCN notice #1827
M Rol and Wijers (2003) GCN notice #1867

Table E.86: References of GRB030115

GRB030226
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data# time (start:end) band mag/flux density reference
1 — ( :0.0069) unfiltered >11.5 [mag] A
2 0.13 R 17.8 [mag] B
3 0.14 R 18.0 [mag] C
4 0.148 R 18.44 ± 0.05 [mag] E
5 0.2007 R 18.87 ± 0.03 [mag] D
6 0.493 R 19.0 ± 0.2 [mag] F
7 0.6444 R 19.90 ± 0.05 [mag] D
8 0.7795 R 20.22 ± 0.03 [mag] D
9 0.8726 R 20.44 ± 0.03 [mag] D
10 0.898 R 19.0 ± 0.2 [mag] G
11 0.9274 R 20.57 ± 0.03 [mag] D
12 0.9837 R 20.63 ± 0.04 [mag] D
13 1.0541 R 20.64 ± 0.05 [mag] D
14 1.0545 R 20.76 ± 0.05 [mag] D
15 1.0701 R 20.70 ± 0.03 [mag] D
16 1.0729 R 20.68 ± 0.03 [mag] D
17 1.0750 R 20.84 ± 0.04 [mag] D
18 1.1026 R 20.79 ± 0.05 [mag] D
19 1.1989 R 20.99 ± 0.02 [mag] D
20 1.9851 R 21.89 ± 0.13 [mag] D
21 4.0937 R 24.22 ± 0.08 [mag] D
22 7.0500 R 25.26 ± 0.15 [mag] D

0.8104 U 20.81 ± 0.03 [mag] D
0.8795 U 20.84 ± 0.02 [mag] D
0.9587 U 21.04 ± 0.04 [mag] D
1.0621 U 21.25 ± 0.05 [mag] D
1.1156 U 21.33 ± 0.06 [mag] D
1.8434 U 22.43 ± 0.14 [mag] D
2.0246 U 23.02 ± 0.08 [mag] D
0.2139 B 19.76 ± 0.03 [mag] D
0.6746 B 20.56 ± 0.07 [mag] D
0.8035 B 21.04 ± 0.03 [mag] D
1.0153 B 21.33 ± 0.11 [mag] D
1.0580 B 21.36 ± 0.03 [mag] D
1.0618 B 21.37 ± 0.03 [mag] D
1.0653 B 21.48 ± 0.04 [mag] D
1.1885 B 21.73 ± 0.03 [mag] D
4.0607 B 24.88 ± 0.06 [mag] D

Table E.87: Data of GRB030226
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data# time (start:end) band mag/flux density reference
0.1882 V 19.09 ± 0.03 [mag] D
0.2062 V 19.27 ± 0.05 [mag] D
0.6604 V 20.19 ± 0.06 [mag] D
0.8076 V 20.67 ± 0.02 [mag] D
0.8298 V 20.73 ± 0.02 [mag] D
0.9521 V 20.88 ± 0.02 [mag] D
0.9993 V 21.03 ± 0.06 [mag] D
1.0555 V 21.11 ± 0.02 [mag] D
1.8368 V 22.50 ± 0.07 [mag] D
4.0798 V 24.66 ± 0.09 [mag] D
5.0753 V 24.64 ± 0.10 [mag] D
0.6194 I 19.37 ± 0.07 [mag] D
0.8437 I 20.01 ± 0.08 [mag] D
0.9153 I 19.92 ± 0.08 [mag] D
0.9201 I 20.21 ± 0.03 [mag] D
0.9677 I 20.30 ± 0.14 [mag] D
0.9785 I 20.46 ± 0.24 [mag] D
1.1997 I 20.52 ± 0.10 [mag] D
4.1083 I 23.95 ± 0.12 [mag] D
0.2024 Js 17.56 ± 0.10 [mag] D
0.2666 J 17.91 ± 0.10 [mag] D
0.3621 J 18.16 ± 0.10 [mag] D
0.2180 H 17.02 ± 0.10 [mag] D
0.2746 H 17.29 ± 0.10 [mag] D
0.3698 H 17.42 ± 0.10 [mag] D
0.1868 Ks 15.95 ± 0.05 [mag] D
0.2569 K 16.39 ± 0.05 [mag] D
0.3545 K 16.69 ± 0.05 [mag] D
1.2597 K 18.40 ± 0.05 [mag] D
1.3962 K 18.69 ± 0.05 [mag] D
2.3559 K 19.95 ± 0.08 [mag] D
4.1472 K 21.32 ± 0.21 [mag] D

Table E.88: Data of GRB030226 (continued)

ID reference
A Castro-Tirado et al. (2003) GCN notice #1887
B Ando et al. (2003) GCN notice #1882
C von Braun et al. (2003) GCN notice #1881
D Klose et al. (2004) AJ, 128, 1942
E Garnavich et al. (2003) GCN notice #1885
F Ando et al. (2003) GCN notice #1884
G Guarnieri et al. (2003) GCN notice #1892

Table E.89: References of GRB030226
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GRB030323

data# time (start:end) band mag/flux density reference
1 0.335 unfiltered 18.4 ± 0.1 [mag] A
2 0.355 unfiltered 18.8 +0.09

−0.08 [mag] B
3 0.413 R 18.69 ± 0.06 [mag] C
4 0.521 unfiltered 19.56 ± 0.4 [mag] C
5 0.594 unfiltered 19.72 ± 0.4 [mag] C
6 0.654 unfiltered 19.96 ± 0.4 [mag] C
7 0.699 unfiltered 20.42 ± 0.4 [mag] C
8 1.085 R 20.38 [mag] D
9 1.125 R 20.62 [mag] D
10 1.215 R 20.59 [mag] D
11 1.331(1.271:1.392) R 20.6 ± 0.1 [mag] E
12 2.123 R 21.3 ± 0.2 [mag] F
13 3.120 R 21.6 ± 0.2 [mag] F
14 3.261(3.251:3.271) R 22.27 ± 0.04 [mag] G
15 4.242 R 22.8 ± 0.2 [mag] F
16 0.275 unfiltered >16.6 [mag] B

0.315 unfiltered >16.3 [mag] B

Table E.90: Data of GRB030323

ID reference
A Smith et al. (2003) GCN notice #1952
B Wood-Vasey et al. (2003) GCN notice #1968
C Gilmore et al. (2003) GCN notice #1949
D Masi et al. (2003) GCN notice #1960
E Lindsay et al. (2003) GCN notice #1966
F Masi et al. (2003) GCN notice #1973
G Castro Cern et al. (2003) GCN notice #2006

Table E.91: References of GRB030323
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GRB030324

data# time (start:end) band mag/flux density reference
1 0.0005(0.0003:0.0007) R >14.8 [mag] A
2 0.0009(0.0003:0.0029) R >15.2 [mag] A

0.0494 R >19.6 [mag] B
3 0.0616 R >20 [mag] C
4 0.1334 R >22.4 [mag] D
5 0.308 R >22.5 [mag] D

0.389 R >21.4 [mag] E
0.593 R >21.0 [mag] E
0.713 R >20.0 [mag] F
0.850 R >21.9 [mag] G
1.540 R >21.4 [mag] E
1.851 R >21.4 [mag] G

6 2.194 R >22.7 [mag] D
0.259 i* 23.48 ± 0.21 [mag] H
12 i* >19.5 [mag] I

Table E.92: Data of GRB030324

ID reference
A Klotz et al. (2003) GCN notice #1961
B Rykoff and Smith (2003) GCN notice #1958
C Guzyi et al. (2003) GCN notice #1945
D Luhman et al. (2003) GCN notice #2032
E Price and McNaught (2003) GCN notice #1959
F Rumyantsev et al. (2003) GCN notice #1964
G Piccioni et al. (2003) GCN notice #1963
H Lamb et al. (2003) GCN notice #2239
I Lamb et al. (2003) GCN notice #2139

Table E.93: References of GRB030324
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GRB030328

data# time (start:end) band mag/flux density reference
1 0.4351 R 20.5 [mag] A
2 0.4660 R 20.45 [mag] B
3 0.479 R 20.35 [mag] C
4 0.5341 R 20.59 ± 0.07 [mag] D
5 0.6341 R 20.79 ± 0.08 [mag] D
6 0.6511 R 20.91 ± 0.09 [mag] E
7 0.6761 R 21.00 ± 0.09 [mag] E
8 0.7041 R 21.00 ± 0.07 [mag] E
9 0.7081 R 20.8 [mag] F
10 0.8511 R 21.36 ± 0.11 [mag] E
11 1.3104 R 22.10 ± 0.28 [mag] G
12 1.57 R 21.93 ± 0.06 [mag] H

0.389(0.308:0.490) unfiltered 20.9 ± 0.2 [mag] I
1.2771 B 22.77 ± 0.43 [mag] G

Table E.94: Data of GRB030328

ID reference
A Gal-Yam et al. (2003) GCN notice #1984
B Bartolini et al. (2003) GCN notice #2008
C Burenin et al. (2003) GCN notice #1990
D Fugazza et al. (2003) GCN notice #1982
E Andersen et al. (2003) GCN notice #1993
F Martini et al. (2003) GCN notice #1979
G Ibrahimov et al. (2003) GCN notice #2192
H Garnavich et al. (2003) GCN notice #2192
I Rumyantsev et al. (2003) GCN notice #1991

Table E.95: References of GRB030328
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GRB030329

data# time (start:end) band mag/flux density reference
1 0.0620 unfiltered 12.55 ± 0.02 [mag] A
2 0.1484 unfiltered 13.37 ± 0.03 [mag] A
3 0.1943 unfiltered 13.60 ± 0.03 [mag] A
4 0.2373 unfiltered 13.80 ± 0.04 [mag] A
5 0.2970 unfiltered 14.15 ± 0.07 [mag] A
6 0.365 R 14.52 [mag] B
7 0.435 R 14.75 [mag] B
8 0.542 R 15.06 [mag] B
9 0.679 R 15.38 ± 0.02 [mag] C
10 0.762 R 15.61 ± 0.02 [mag] C
11 0.9457 unfiltered 15.99 ± 0.13 [mag] A
12 1.0936 unfiltered 16.50 ± 0.13 [mag] A
13 1.2172 unfiltered 16.32 ± 0.14 [mag] A
14 1.477 R 16.5 [mag] D
15 1.589 R 16.39 [mag] D
16 2.38 R 16.99 [mag] E
17 3.393 R 17.01 ± 0.02 [mag] F
18 5.165 R 17.80 ± 0.05 [mag] G
19 6.246 R 18.6 ± 0.03 [mag] H
20 9.875 R 19.24 ± 0.29 [mag] I
21 14.36 R 19.30 ± 0.18 [mag] J
22 23.45 R 19.9 ± 0.4 [mag] J
23 25.45 R 20.11 ± 0.07 [mag] K
24 32.40 R 20.30 ± 0.17 [mag] K
25 39.2 R 20.72 ± 0.09 [mag] L
26 47.2 R 21.26 ± 0.21 [mag] L
27 51.2 R 21.53 ± 0.19 [mag] L
28 65.3 R 21.65 ± 0.07 [mag] M
29 86.3 R 21.80 ± 0.10 [mag] M
30 96.8 R 21.91 ± 0.28 [mag] M

Table E.96: Data of GRB030329
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ID reference
A Sato et al. (2003) GCN notice #2080
B Burenin et al. (2003) GCN notice #2024
C Zharikov et al. (2003) GCN notice #2022
D Burenin et al. (2003) GCN notice #2046
E Burenin et al. (2003) GCN notice #2054
F Ibrahimov et al. (2003) GCN notice #2077
G Ibrahimov et al. (2003) GCN notice #2084
H Khamitov et al. (2003) GCN notice #2094
I Kindt et al. (2003) GCN notice #2193
J Klotz et al. (2003) GCN notice #2247
K Klotz et al. (2003) GCN notice #2246
L Ibrahimov et al. (2003) GCN notice #2288
M Khamitov et al. (2003) GCN notice #2299

Table E.97: References of GRB030329

GRB030418

data# time (start:end) band mag/flux density reference
1 0.020(0.004:0.096) R 17.4 – 18.7 [mag] A
2 0.0517 R 18.8 [mag] B
3 0.1517 R 19.8 [mag] C
4 0.401(0.397:0.406) R 20.5 ± 0.30 [mag] D
5 2.60 R 23.3 ± 0.1 [mag] E

6.58 R 24.9 ± 0.4 [mag] E
6.60 V 25.1 ± 0.5 [mag] E
2.61 I 23.0 ± 0.1 [mag] E
6.59 I >24 [mag] E
0.0479 J 13 [mag] F

Table E.98: Data of GRB030418
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ID reference
A Smith et al. (2003) GCN notice #2153
B Price et al. (2003) GCN notice #2148
C Price et al. (2003) GCN notice #2149
D Ferrero et al. (2003) GCN notice #2284
E Dullighan et al. (2003) GCN notice #2236
F Mito et al. (2003) GCN notice #215

Table E.99: References of GRB030418

GRB030429
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data# time (start:end) band mag/flux density reference
1 0.078 unfiltered >18.2 [mag] A
2 0.145 unfiltered 19.67 ± 0.11 [mag] B
3 0.154 unfiltered 19.39 ± 0.08 [mag] B
4 0.170 unfiltered 19.62 ± 0.09 [mag] B
5 0.214 unfiltered 19.56 ± 0.11 [mag] B
6 0.374 unfiltered 20.20 ± 0.15 [mag] C
7 0.548 R 20.86 ± 0.04 [mag] B
8 0.777 R 21.13 ± 0.04 [mag] B
9 1.761 R 21.42 ± 0.27 [mag] B
10 1.884 R 21.58 ± 0.15 [mag] B
11 2.553 R 22.54 ± 0.06 [mag] B
12 2.793 R 22.55 ± 0.09 [mag] B
13 3.632 R 23.71 ± 0.12 [mag] B
14 6.644 R 25.20 ± 0.30 [mag] B
15 67.641 R >26.3 [mag] B

1.747 B 22.24 ± 0.30 [mag] B
0.535 V 21.45 ± 0.03 [mag] B
0.764 V 21.79 ± 0.03 [mag] B
1.755 V 21.89 ± 0.32 [mag] B
2.541 V 23.18 ± 0.11 [mag] B
0.561 I 20.29 ± 0.05 [mag] B
0.790 I 20.63 ± 0.05 [mag] B
1.766 I 20.51 ± 0.37 [mag] B
2.566 I 21.72 ± 0.37 [mag] B
6.658 I 24.70 ± 0.30 [mag] B
0.281 J 18.8 ± 0.2 [mag] D
0.427 J 19.2 ± 0.2 [mag] D
0.538 J 19.25 ± 0.04 [mag] B
0.783 J 19.51 ± 0.04 [mag] B
1.322 J 19.0 ± 0.2 [mag] D
0.281 H 17.8 ± 0.2 [mag] D
0.427 H 18.3 ± 0.2 [mag] D
0.559 H 18.1 ± 0.2 [mag] D
1.322 H 18.4 ± 0.2 [mag] D
0.281 Ks 17.0 ± 0.2 [mag] D
0.427 Ks 17.5 ± 0.2 [mag] D
0.568 Ks 17.70 ± 0.06 [mag] B
0.783 Ks 18.01 ± 0.06 [mag] B
1.322 Ks 17.8 ± 0.2 [mag] D

Table E.100: Data of GRB030429
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ID reference
A Smith (2003) GCN notice #2178
B Jakobsson et al. (2004) A&A, 427, 785
C Rumyantsev et al. (2003) GCN notice #2218
D Nishiyama et al. (2003) GCN notice #2195

Table E.101: References of GRB030429

GRB030528

data# time (start:end) band mag/flux density reference
0.0017 unfiltered >15.8 [mag] A

1 0.0029 unfiltered >16.0 [mag] B
2 0.0985(0.0965:0.1006) R >18.7 [mag] C
3 0.496 R >20.5 [mag] D
4 383.04 R 22.0 ± 0.2 [mag] E

6.5604 I 21.4 ± 0.3 [mag] E
32.595 I 21.2 ± 0.3 [mag] E
0.6684 J 20.6 ± 0.3 [mag] E
111.48 Js 21.0 ± 0.2 [mag] E
125.48 Js 20.7 ± 0.2 [mag] E
0.6809 H 20.3 ± 0.4 [mag] E
0.6920 Ks 18.6 ± 0.2 [mag] E
1.6993 Ks 18.9 ± 0.3 [mag] E
3.6486 Ks 19.6 ± 0.5 [mag] E
14.868 K 19.6 ± 0.1 [mag] E

Table E.102: Data of GRB030528

ID reference
A Torii (2003) GCN notice #2253
B Uemura et al. (2003) GCN notice #2252
C Ayani and Yamaoka (2003) GCN notice #2257
D Valentini et al. (2003) GCN notice #2258
E Rau et al. (2004) A&A, 427, 815

Table E.103: References of GRB030528
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GRB030723

data# time (start:end) band mag/flux density reference
1 0.0005 unfiltered >19.0 [mag] A
2 0.0022 unfiltered >19.7 [mag] A
3 0.0056 unfiltered >19.1 [mag] A

0.0137 unfiltered >19.5 [mag] A
4 0.0217 unfiltered 19.5 ± 0.4 [mag] A
5 0.0298 unfiltered 19.3 ± 0.4 [mag] A

0.320 R >20 [mag] C
0.536 unfiltered >20.0 [mag] B

6 0.903 R 21.0 [mag] D
7 1.040 R 21.13 ± 0.05 [mag] E
8 1.230 R 21.3 [mag] F
9 2.230 R 22.4 [mag] F
10 5.115 R 24.2 ± 0.3 [mag] G

Table E.104: Data of GRB030723

ID reference
A Smith et al. (2003) GCN notice #2338
B Monard (2003) GCN notice #2312
C de Ugarte et al. (2003) GCN notice #2314
D Bond (2003) GCN notice #2339
E Dullighan et al. (2003) GCN notice #2326
F Fox et al. (2003) GCN notice #2323
E Dullighan et al. (2003) GCN notice #2336

Table E.105: References of GRB030723
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GRB030725

data# time (start:end) band mag/flux density reference
1 0.297 unfiltered 18.8 [mag] A
2 0.357 unfiltered 19.0 [mag] A
3 0.447 unfiltered 19.6 [mag] A
4 3.889 R 21.2 ± 0.2 [mag] B
5 6.814 r 22.25 ± 0.05 [mag] C
6 7.675 r 22.55 ± 0.05 [mag] C

3.233 unfiltered >21 [mag] D

Table E.106: Data of GRB030725

ID reference
A Monard (2003) GCN notice #2322
B Vinter et al. (2003) GCN notice #2335
C Dullighan et al. (2003) GCN notice #2384
D Monard (2003) GCN notice #2334

Table E.107: References of GRB030725

GRB030823

data# time (start:end) band mag/flux density reference
1 0.0768 unfiltered >16.5 [mag] A

0.0957 unfiltered >16.0 [mag] B
0.1470 R >18.8 [mag] C

2 0.2952 R >19.5 [mag] D
3 0.4106 R >20.5 [mag] D

0.4432 R >19.0 [mag] D

Table E.108: Data of GRB030823
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ID reference
A Suzuki et al. (2003) GCN notice #2362
B Wren and Vestrand (2003) GCN notice #2361
C Huang et al. (2003) GCN notice #2360
D Ibrahimov et al. (2003) GCN notice #2366

Table E.109: References of GRB030823

GRB030824

data# time (start:end) band mag/flux density reference
1 0.1983(0.1684:0.2336) R >17.5 [mag] A
2 0.5503 R >22.5 [mag] B

Table E.110: Data of GRB030824

ID reference
A Oksanen (2003) GCN notice #2379
B Fox et al. (2003) GCN notice #2369

Table E.111: References of GRB030824
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GRB031026

data# time (start:end) band mag/flux density reference
1 0.2448 R >18 [mag] A
2 0.3480(0.2482:0.4878) R >20.9 [mag] B

0.1629 I >20.4 [mag] C

Table E.112: Data of GRB031026

ID reference
A Budi et al. (2003) GCN notice #2427
B Chen et al. (2003) GCN notice #2436
C Nysewander et al. (2003) GCN notice #2433

Table E.113: References of GRB031026

GRB031111A

data# time (start:end) band mag/flux density reference
1 1.502 R >18.5 [mag] A

0.156(0.139:0.176) I >13 [mag] B
2.822 4.9GHz <77 [µJy] C

Table E.114: Data of GRB031111A
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ID reference
A Silvey et al. (2003) GCN notice #2447
B Jelinek et al. (2003) GCN notice #2456
C Soderberg and Frail (2003) GCN notice #2450

Table E.115: References of GRB031111A

GRB031111B

data# time (start:end) band mag/flux density reference
1 0.623 unfiltered >17.2 [mag] A

Table E.116: Data of GRB031111B

ID reference
A Uemura et al. (2003) GCN notice #2453

Table E.117: References of GRB031111B

229



GRB031220

data# time (start:end) band mag/flux density reference
1 0.079 unfiltered >19.2 [mag] A
2 0.2223 r’ >23 [mag] B

0.2618 r’ >22.5 [mag] B
3 0.3466 R >20.9 [mag] C
4 1.0417 R 24.40 ± 0.18 [mag] D
5 7.9125 R >24 [mag] D

0.3264 I >20 [mag] E

Table E.118: Data of GRB031220

ID reference
A Rykoff et al. (2003) GCN notice #2495
B Fox et al. (2003) GCN notice #2499
C Yang et al. (2003) GCN notice #2494
D Gorosabel et al. (2004) GCN notice #2513
E Kosugi et al. (2003) GCN notice #2497

Table E.119: References of GRB031220

GRB040228B

data# time (start:end) band mag/flux density reference
1 0.060(0.052:0.069) unfiltered >10.5 [mag] A
2 0.4983 R >19.5 [mag] B

Table E.120: Data of GRB040228B
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ID reference
A Pedersen et al. (2004) GCN notice #2539
B Sarugaku et al. (2004) GCN notice #2537

Table E.121: References of GRB040228B

GRB040511

data# time (start:end) band mag/flux density reference
1 0.0933 unfiltered >17.5 [mag] A
2 0.1150 unfiltered >17.6 [mag] A

0.3022 R >19.5 [mag] B
0.4140 R >19.4 [mag] C

3 0.463(0.448:0.479) R >21 [mag] D
0.5071 J 19.0 [mag] E
1.8071 J 20.9 [mag] E
0.5 J >18.6 [mag] F
0.5 H >18.2 [mag] F
0.5 Ks >16.6 [mag] F

Table E.122: Data of GRB040511

ID reference
A Smith et al. (2004) GCN notice #2595
B Kumar et al. (2004) GCN notice #2590
C Bourban et al. (2004) GCN notice #2589
D Gorosabel et al. (2004) GCN notice #2592
E Fox et al. (2004) GCN notice #2597
F Testa et al. (2004) GCN notice #2600

Table E.123: References of GRB040511
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GRB040916B

data# time (start:end) band mag/flux density reference
1 0.2309 R 22.3 ± 0.2 [mag] A
2 0.3643 R 22.7 ± 0.3 [mag] A
3 2.4893 R 24.8 ± 0.3 [mag] A
4 4.4276 R 25 [mag] B

0.140(0.116:0.169) R >21 [mag] C
5 0.0675(0.0121:0.3761) unfiltered >13.0 [mag] D

0.1098(0.0997:0.1209) unfiltered >19.4 [mag] E
0.3511 unfiltered >20.5 [mag] F
0.1854 I 21.51 ± 0.23 [mag] G
0.203 V 22.12 ± 0.06 [mag] H
1.49 V >21.5 [mag] H
23.22 8.46GHz <99 [µJy] I

Table E.124: Data of GRB040916B

ID reference
A Kosugi et al. (2004) GCN notice #2726
B Kosugi et al. (2004) GCN notice #2730
C de Ugarte Postigo et al. (2004) GCN notice #2717
D Cwiok et al. (2004) GCN notice #2725
E Klotz et al. (2004) GCN notice #2729
F Kilmartin and Gilmore (2004) GCN notice #2715
G Henden (2004) GCN notice #2727
H Lamanna et al. (2004) GCN notice #2796
H Frail and Soderberb (2004) GCN notice #2732

Table E.125: References of GRB040916B
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GRB040924

data# time (start:end) band mag/flux density reference
1 0.0109 R 18.0 [mag] A
2 0.0188 unfiltered 18.3 [mag] B
3 0.0347 R 18.87 [mag] A
4 0.0445 unfiltered 19.2 [mag] B
5 0.2833 R 21.4 [mag] C
6 0.3735 R 22.1 [mag] D
7 0.7242 R 22.1 [mag] E
8 1.556(1.495:1.620) R 23.7 ± 0.2 [mag] F

0.0839 R >19 [mag] G
0.2083 R >19 [mag] G
0.482(0.469:0.496) R >21.0 [mag] H
0.101(0.097:0.105) K 17.5 ± 0.1 [mag] I
1.147(1.135:1.159) K 20.4 ± 0.2 [mag] J
0.651(0.523:0.812) 4.8GHz <0.12 [mJy] K
5.785 8.46GHz <147 [µJy] L

Table E.126: Data of GRB040924

ID reference
A Fox (2004) GCN notice #2741
B Li et al. (2004) GCN notice #2748
C Hu et al. (2004) GCN notice #2743
D Khamitov et al. (2004) GCN notice #2740
E Fynbo et al. (2004) GCN notice #2747
F Khamitov et al. (2004) GCN notice #2752
G Perez-Ramirez et al. (2004) GCN notice #2739
H Pavlenko et al. (2004) GCN notice #2753
I Terada et al. (2004) GCN notice #2742
J Terada et al. (2004) GCN notice #2750
K van der Horst et al. (2004) GCN notice #2746
L Frail and Soderberb (2004) GCN notice #2758

Table E.127: References of GRB040924
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GRB041006

data# time (start:end) band mag/flux density reference
1 0.0027 unfiltered 16.8 [mag] A
2 0.0113 unfiltered 17.1 ± 0.4 [mag] B
3 0.0382 R 17 [mag] C
4 0.0600 unfiltered 18.1 ± 0.4 [mag] B
5 0.0774 R 18.5 [mag] D
6 0.1464 R 18.7 ± 0.09 [mag] E
7 0.1881 R 19.1 ± 0.10 [mag] E
8 0.2637 R 19.81 ± 0.05 [mag] F
9 0.3179 R 20.00 ± 0.05 [mag] F
11 0.3646 R 20.18 ± 0.06 [mag] F
12 0.4074 R 20.4 ± 0.1 [mag] G
13 0.4674 R 20.6 ± 0.1 [mag] G
14 0.557 R 20.76 ± 0.04 [mag] H
15 1.5874 R 22.12 ± 0.08 [mag] I
16 1.7384 R 22.31 ± 0.05 [mag] J
17 4.6084 R 23.59 ± 0.06 [mag] K
18 8.468(8.385:8.552) R 23.8 ± 0.25 [mag] L
19 12.41(12.31:12.51) R 24.0 ± 0.2 [mag] M

0.3187 B 20.1 [mag] N
1.7384 B 23.09 ± 0.06 [mag] J
1.1507(1.1090:1.1939) V 20.9 ± 0.2 [mag] O
0.3625 I 19.35 ± 0.3 [mag] P
0.7029 I >19.1 [mag] Q
0.0985 J 16.5 [mag] R
0.0985 H 16.0 [mag] R
0.0985 Ks 14.0 [mag] R
0.0915 850 micron 2.93 ± 5.76 [mJy] S
1.0291 850 micron <1.1 [mJy] T
0.7374 8.46GHz <82 [µJy] U
0.7374 4.96GHz <118 [µJy] U

Table E.128: Data of GRB041006
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ID reference
A Maeno et al. (2004) GCN notice #2772
B Yost et al. (2004) GCN notice #2776
C Fukushi et al. (2004) GCN notice #2767
D Price et al. (2004) GCN notice #2771
E Kahharov et al. (2004) GCN notice #2775
F Misra and Pandey (2004) GCN notice #2794
G Monfardini et al. (2004) GCN notice #2790
H Fugazza et al. (2004) GCN notice #2782
I D’Avanzo et al. (2004) GCN notice #2788
J Garnavich et al. (2004) GCN notice #2792
K Covino et al. (2004) GCN notice #2803
L Balman et al. (2004) GCN notice #2821
M Bikmaev et al. (2004) GCN notice #2826
N Kinoshita et al. (2004) GCN notice #2784
O Shaw et al. (2004) GCN notice #2799
P Ferrero et al. (2004) GCN notice #2777
Q Hoversten et al. (2004) GCN notice #2778
R Kinugasa and Nishihara (2004) GCN notice #2814
S Barnard et al. (2004) GCN notice #2774
T Barnard et al. (2004) GCN notice #2786
U Soderberg et al. (2004) GCN notice #2787

Table E.129: References of GRB041006
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