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Abstract. Results of the study of the color indices and luminosities of 17 optical afterglows (OAs) of GRBs are
presented. We show that the color variations during the decline of OAs (except for GRB000131) are relatively
small during t — Ty < 10 days and allow a comparison among them, even for the less densely sampled OAs.
The colors in the observer frame, corrected for the Galactic reddening, concentrate at (V — R)o = 0.40 £ 0.13,
(R—1I)o = 0.46 £0.18, (B — V) = 0.47 £ 0.17. The color evolution of the OAs is negligible although their
brightness declines by several magnitudes during the considered time interval. Such a strong concentration of
the color indices also suggests that the intrinsic reddening (inside their host galaxies) must be quite similar and
relatively small for all these events. The absolute brightness of OAs in the observer frame, corrected for the host
galaxy, lies within Mg, = —26.5 to —22.2 for (¢t — T0)rest = 0.25 days. This spread of Mg, is not significantly
influenced by the shifts of X, caused by the different redshift z of the respective OAs. The general decline rate of
the OA sample considered here seems to be independent of the absolute optical brightness of the OA, measured
at some t — Tp identical for all OAs, and the light curves of all events are almost parallel, when corrected for the
redshift-induced time dilation.
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1. Introduction

The color indices of the optical afterglows (OAs) of the
~-ray bursts (GRB) are a powerful tool to use in the search
for the common properties of these events. The OAs in the
fireball model represent the stadium when the matter from
the central engine, moving at the relativistic speed, inter-
acts with the surrounding interstellar medium by means
of external shocks (see Piran 1999 for review). The color
indices of the OAs can be used as an important param-
eter reflecting the related physical processes. Besides the
astrophysical analysis, the specific color indices of OAs
give hope to resolving whether an optical transient event
is related to a GRB even without available y-ray detection
(see also e.g. Hudec 2000; Rhoads 2001). The redshift z,
known for some OAs, can help assess the role of the shifts
of optical passbands with respect to the rest frame. The
distance of OAs can be determined from their redshift
z enabling their absolute brightnesses to be calculated.
The interrelations among the colors, luminosities and the
decay rates of the OAs can thus be searched for. Moreover,
we will show that the colors of the OAs enable us to put

Send offprint requests to: V. Simon, e-mail: simon®@asu. cas.cz

stringent constraints on the properties of the local inter-
stellar medium of the GRBs considered here.

The preliminary versions of this analysis were pre-
sented by Simon et al. (2000a,b,c).

2. Collection and analysis of the data

This comprehensive analysis has made use of the data
published in the journals, the GCN circulars’ and
in J. Greiner’s web page?. The summary of the litera-
ture of the suitable optical data for the OAs is shown
in Table 1. At present, suitable multicolor photometry is
available only for 17 OAs. Moreover, the published pho-
tometry often comprises unorganized observations. This
fact seriously complicates the reconstruction of the light
curves in the various passbands and the analysis of the
color variations over the whole event.

In order to determine meaningful color indices from
the light curves of the OAs which often suffer from the
shortcomings mentioned above, the light curves of the

! Available at the URL:
http://gecn.gsfc.nasa.gov/gen/gen3_archive. html
2 http://www.aip.de/People/JGreiner/grbgen.html
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Fig. 1. Temporal evolution of the color indices of the respective afterglows. ¢ — Ty is the time interval in the observer frame
elapsed from the corresponding GRB. Colors of all OAs correspond to their final decline branch with the exception of the first
point of GRB970508. Only observations within ¢ — Ty < 10 days were plotted. The error bars denote the standard deviation.
The color indices of a given OA are connected by lines for convenience. The fit to the whole ensemble of the OAs, except for
the largely outlying GRB000131, is also shown (thick solid line) along with its standard deviation (thin solid line). The OA of
GRB990308 (t —Tp = 0.14 days) falls out of scale in Figs. bc but is included in the fits. The colors of SN1998bw are shown just

for comparison and are not included in the fits.

individual OAs in all available passbands were plotted in
linear time scale and critically examined. It emerged that
in most cases the light curves are free of complicated sig-
nificant rapid changes on the time scale of hours to a few
days. The mean course of the light curve could therefore be
determined. If several measurements in a given filter were
obtained within a few hours and had comparable stan-
dard deviations of brightness (quoted in the literature)
then a centroid was calculated. If the standard deviations
were largely discordant then just the most accurate mea-
surements were selected for further analysis. It emerged
that the color indices could be determined directly from
the measurements (centroids) if the observations in the re-
spective passbands were secured within about an hour in

early phase of the OA (t — Ty < 3 days) and even within a
single night in later phases. In some cases an interpolation
between the measurements, obtained in the neighbouring
nights, was used, particularly when the coverage of the
light curve in some passbands was denser than in the oth-
ers. The standard deviation of each color index was cal-
culated from the errors of the observations quoted in the
literature. This procedure enabled us to obtain at least one
color index for each of the 17 afterglows. Examination of
the light curves of the OAs in the respective filters re-
vealed that the available data allow reliable curves to be
constructed in a given passband for ¢t — Ty < 10 days
in most cases (except for the R-band which enabled to
trace the evolution of the OAs to fainter brightness and
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Table 1. Summary of literature used for the construction of the light curves of the optical afterglows. Only those GRBs, for
whose OAs at least one color index for t — Ty < 10 days could be determined, are listed.

GRB970228 Guarnieri et al. (1997), IAU Circ.6618, van Paradijs et al. (1997), Castander & Lamb (1999), Pedichini
et al. (1997), IAU Circ.6588, TAU Circ.6631, IAU Circ.6619, Fruchter et al. (1999), Masetti et al. (1998)

GRB970508 Galama et al. (1998a), Zharikov et al. (1998), Sokolov et al. (1998)

GRB971214 Halpern et al. (1998), Diercks et al. (1998), Kulkarni et al. (1998), GCN 61, IAU Circ. 6793, Gorosabel
et al. (1998), Ramaprakash et al. (1998)

GRBY80519  Halpern et al. (1999), Vrba et al. (2000)

GRB980613 GCN 109, 117, 118, 134, 189

GRB980703 Bloom et al. (1998)

GRB990123  Galama et al. (1999)

GRB990308  Schaefer et al. (1999)

GRB990510 GOCN 316, 318, 319, 321, 323, 324, 325, 328, 329, 330, 331, 332, 386

GRB990712 GCN 389, 391, 402, 403, IAU Circ. 7225

GRB991208 Castro-Tirado et al. (2001), GCN 475, 481

GRB991216 Halpern et al. (2000), GCN 496

GRBO000131  Andersen et al. (2000)

GRBO000301C Masetti et al. (2000a), Jensen et al. (2000)

GRB000911 Palazzi et al. in preparation

GRB000926  Price et al. (2001), GCN 807

GRB010222 Masetti et al. (2001), GCN 1000, 1003, 1009

hence to longer t — Tp). We therefore decided to limit our
analysis of the color indices to the points obtained within
t — Ty < 10 days. The color indices were corrected for
the Galactic reddening according to the maps by Schlegel
et al. (1998). These color indices of the OAs along with
their standard deviations are listed in Table 2.

The color indices of the OAs were not corrected for the
contribution of the host galaxies. This can be justified by
the following reasons: we limit our analysis of the colors to
the points obtained within t—Ty < 10 days where the OAs
were brighter than their hosts by several magnitudes, that
means that the light contribution of the host galaxies is
quite small and can be neglected.

Also, we did not take into account any redshift cor-
rection, which would be possible only if we had a correct
a priori knowledge of the emerging spectrum of the OAs.
Nevertheless, we will show that, despite the lack of a red-
shift correction, the colors of most OAs cluster around well
determined values.

2.1. The color diagrams of the afterglows

Figures la,b,c,d show the available color indices (R — I)o,
(V — R)o, (B—V)g and (U — B)g of the 17 afterglows,
plotted versus the time interval ¢ — T in the observer
frame, elapsed since the corresponding GRB event at Tj.
Ty refers to the moment of the onset of the GRB. Only
indices of the OAs within 10 days from the GRB trigger
are plotted along with their standard deviations. ¢t — Ty is
measured in the observer frame here in order to include

also the color indices of those OAs for which no redshift z
is available. The colors of all OAs correspond to their typ-
ical power-law decline branch, with the exception of the
first point of GRB970508. The color indices of the whole
ensemble of OAs, displayed in a given panel, were also
merged into a common file and fitted with a linear func-
tion to see if any evolution occurs in the first 10 days
after the GRB. This fit is also shown in Figs. la,b,c as
the thick solid line along with its standard deviation (thin
solid lines). The data in Fig. 1d were not fitted because
the available (U — B)y indices of the OAs are not numerous
enough to enable meaningful fitting. Because the proper-
ties of SN1998bw, the possible counterpart of GRB980425,
are markedly different from the remaining OAs, its colors
are shown just for comparison and were not included in
the fits. The colors of SN1998bw were determined from
the light curves presented by Galama et al. (1998b). The
color indices of all OAs, except GRB000131, occupy a nar-
row belt in Figs. 1a,b,c and the fits clearly demonstrate
that the evolution of (R — I)o, (V — R)o and (B — V)
of these OAs is negligible over the considered time inter-
val. The slight non-zero slope of the fits is of the order of
0.2 mag per 10 days and stays within their standard devia-
tion. Although the color indices display some scatter, they
mostly lie within the observational errors. We are there-
fore very cautious in drawing strong conclusions about the
“fine structure” of the color evolution of the OAs from the
available data. Instead, we will concentrate on analysis of
the comprehensive properties of the whole ensemble of the
color indices. The fact that the color indices of the OAs
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Table 2. The color indices of the optical afterglows of the GRBs, determined from the available data. Julian Date of the color
index in the form JD—2400000 is given along with the time interval ¢ — 7o in the observer frame, elapsed from the corresponding
GRB trigger. Only the color indices for ¢t — Ty < 10 days are listed. The standard deviation of a given color index is given in
the line below. The color indices are corrected for the Galactic reddening. The last two columns bring the redshift z and the
value of the interstellar Galactic reddening Ep_v .

GRB JD t—Ty, (U-=B)o (B=V)o (V—R)o (R—I)o I-J) (J—K)o z  Ep_v
970228 505085 0.876 0.88 0.26 0.14 0.695 0.2167
+041 4018  +0.18
970508 50578.42 1.018 0.15 0.35 0.835 0.0494
+0.07  40.19
50579.27 1.868 0.39 0.33 0.48
+0.04  £0.04  +0.05
50579.47 2.068 —0.94  0.40 0.34 0.48
+0.26  +0.09  +0.07  +0.06
50580.25 2.848 0.46 0.39 0.49
+£0.05  4+0.04  +0.05
50580.52 3.118 —1.28  0.45 0.38 0.55
+0.26  4+0.09  +0.09  +0.19
50581.35 3.948 0.33 0.44 0.41
+0.07  +0.06  +0.08
50582.40 4.998 0.40 0.35 0.48
+£0.09  £0.09  +0.11
971214 50798.50 1.025 0.59 056  0.95 145 3.418 0.016
+0.13  £0.07 +0.20  +£0.28
50799.50 2.025 0.45
+0.35
50800.50 3.025 0.68
+0.30
980519 50953.93 0.93 0.48 0.51 0.56 0.2667
+0.24  £0.17  +0.12
980613 50978.70 1.000 0.37 1.096 0.087
+0.13
980703 51005.0 7.315 0.09 0.47 0.78 1.64  0.966 0.058
+0.14  +£0.14  +0.14 +0.18
990123 51203.00 1.092 —0.87  0.32 0.31 0.44 1.60 0.016
+0.11  40.07  40.07  +0.09
51203.54 1.632 0.66 0.29
+£0.26  40.22
990308 51245.85 0.140 0.33 0.18 0.023
+£0.24  40.09
990510 51309.86 0.990 0.32 0.31 0.26 1.619 0.227
+£0.06 4010  +0.10
51310.50 1.630 0.29 0.36
+£0.10  40.10
990712 513745  2.300 0.68 0.37 0.430 0.0327
+0.25 4010
991208 51523.75 3.060 0.44 0.707 0.016
+0.11
51524.77 4.080 0.59 0.44 0.36
+0.07  +0.07  +0.06
51525.78 5.090 0.66 0.51 0.56
+£0.09  40.08  +0.07
51526.77 6.080 0.63 0.27 0.50
+£0.09  £0.08  +0.07
51527.77 7.080 0.51
+0.18
991216 51529.72 0.55 146 1.02 052
+0.10
51529.90 0.73 1.50

+0.08
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GRB JD t—Ty (U—=B)o (B—V)o (V—R)o (R—1)o (I—J)o (J—K)o 2 Ep_v
991216 51530.75 1.58 1.29
+0.10
51530.87 1.70 1.46
+0.11
51530.90 1.73 0.42 027  0.92
+£0.08 4011  +0.12
51531.80 2.63 1.45
+0.27
000131 51578.64 3.525 >1.13 1.36 1.19 45 0.056
4011 +0.08
000301C 51606.70 1.788 —0.56  0.42 0.34 0.21 2.0404 0.053
+0.09  +0.06  +0.06  +0.08
51606.75 1.838 0.52
+0.08
51607.90 2.988 —0.57  0.25 0.43 0.50
+0.12  +0.09  +0.08  =+0.11
51608.67 3.758 0.51 0.51 0.22
+028  +0.21  +0.14
51609.66 4.748 0.79
+0.25
51610.68 5.768 —0.55 0.40
+0.12 +0.21
51611.67 6.758 —0.47 0.22
+0.14 +0.10
51612.70 7.788  —0.36 0.37
+0.23 +0.21
000911 51806.78 7.968 0.46 0.48 0.12
+0.09  +0.09
000926 51815.69 1.191 0.51 2.066
+0.05
51816.24 1.741 0.73
+0.15
51816.70 2.201 0.62 0.40 0.86
+0.09  +0.07  +0.07
51817.70 3.201 0.70 0.51 0.83
+034 4034 40.10
010222 51963.69 0.890 —0.22 0.3 0.37 048  0.79 1.00  1.475 0.02
+0.09  +0.13  +0.10  +£0.08 +£0.26  +0.39
51964.74 1.940 —0.32 0.1 0.40 059  1.26 1.72
+£0.05  +0.04  +0.04 £0.05 4035 +£0.43
51965.76 2.960 0.51 0.30 0.49
+0.05  +0.05  +0.07
51967.76 4.960 0.48 0.42
+0.10  +0.08

occupy a narrow belt in Figs. 1a,b,c suggests that common
color-color diagrams can be built and that these diagrams
are meaningful even if the observations of the various OAs
come from different epochs after the GRB, albeit within
10 days from it.

Various color-color diagrams for the OAs, made with
the data from Table 2, are shown in Figs. 2, 3 and 4. These
diagrams have identical scales of the axes (and Figs. 2
and 3 also the zero points) to allow a direct comparison
of the scatter among the plots. Usually both color indices
which form a pair in the color-color diagrams come from

measurements separated by at most one day. The mean
colors (centroid) of the whole ensemble of OAs displayed
in each diagram, including the standard deviations, are
marked by crosses in Figs. 2 and 3. The error bars of the in-
dividual color indices, which are plotted in Figs. 1a,b,c,d,
are not repeated in Figs. 2, 3 and 4 to avoid overcrowding
of the plots.

Figures 2, 3 and 4 also show the representative red-
dening paths for Eg_y = 0.5. The values of z differ for
the respective OAs such that observations in a given filter
can therefore comprise radiation within a large range of
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Fig.2. V — R vs. R — I diagram of the afterglows. The color
indices were corrected for the Galactic reddening. Only obser-
vations within ¢ — Ty < 10 days were plotted. Multiple indices
of the same OA are connected by lines for convenience. The
mean colors (centroid) of the whole ensemble of OAs (except
for the largely outlying GRB000131), displayed in this dia-
gram, including the standard deviations, are marked by the
large cross. The colors of SN1998bw are shown just for com-
parison and were not included in calculation of the centroid.
The representative reddening paths for Fg_y = 0.5 are also
shown. Positions of the main-sequence stars are included for
comparison. See text for details.

wavelengths in the rest frame (see Sect. 2.1). Because the
observer in a given passband will detect radiation at pro-
gressively shorter wavelengths with increasing redshift z,
we decided to include the reddening paths, appropriate for
U—B,B-—V,V—Rand R—1I, in all color-color diagrams.
It can clearly be seen that both the lengths and directions
of the vectors are similar for all reddening paths.

V —Rvs. R—1I diagram (Fig. 2): the color indices of all
OAs, except for GRB000131, occupy a well localized re-
gion of the diagram and display no apparent scatter along
the reddening path. Colors of some main-sequence stars
which are also included can be used for the observational
differentiation of the OAs from other objects.

B—V vs. V—R diagram (Fig. 3): all afterglows, except
for GRB000131, occupy just a small region of the diagram
again, without any scatter along the reddening path.

Fig.3. B —V vs. V — R diagram of the afterglows. The ar-
rangement is the same as in Fig. 2. The colors of GRB000131
and SN1998bw are shown just for comparison and were not
included in calculation of the centroid.
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¥ 000301C
o |V 991208
" o10222 ||
j o  SN1998bw
. j
_— | |
o A
5 |
V‘\'\'“V
7 \\\D
d N
0.0 | é‘ T~ Y \\\
-0.4 0.0 04 1 08 1.2
(B-V)o

Fig.4. U — B vs. B—V diagram of the afterglows. Positions of
the main sequence stars, giants and the locus of black bodies
are plotted — they can be used for the observational differenti-
ation of OAs from other kinds of objects. The arrangement is
similar to Fig. 2. See Sect. 2.1 for details.
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Fig.5. The color indices of all OAs with known redshift z
plotted as a function of z. Only the OAs with z < 3.5 are
considered here. The fits and their 1 o errors are marked by the
thick and thin solid lines, respectively. The weight of each OA,
used for each fit, was proportional to the number of available
color indices. See Sect. 2.2 for details.

U - B vs. B—V diagram (Fig. 4): only four
afterglows (GRB970508, GRB990123, GRB991208 and
GRB000301C) allow determining the U — B index or at
least its limit. Notice the much larger scatter of the events
in the U — B direction than in B — V. Positions of the
main sequence stars, giants and the locus of black bodies
are plotted — they are useful for the observational differ-
entiation of OAs from other objects.

I — J and J — K indices: they are available only for
three and four OAs, respectively (Table 2). It can be seen

V. Simon et al.: Optical afterglows of GRBs

from Table 2 that there is good agreement in I — J and
J — K indices among all events for which these indices
were measured.

Figures 2 and 3 then indicate a similar distribution for
the optical colors of this OA sample (B—V = 0.47+0.17,
V—-R=040+0.13 and R—1I = 0.46 £0.18). These aver-
age colors are consistent with a power-law shaped optical
spectral distribution, in the form F, oc v=?, with 3 ~ 1.
This spectral shape naturally follows from the theoretical
treatment of the GRB afterglow emission suggested by
Sari et al. (1998) in the framework of the “fireball” model
(see Sect. 3 for details).

2.2. Dependence of the color index on the redshift z

The observed passbands of OAs will be different from
those in the rest frame because of the effects introduced
by the redshift z. The values of z of the OAs considered
here lie in the range 0.43-4.5, typical z being around 1.
In the case of a complicated spectrum shape the color in-
dices would be a function of z. The color indices of all OAs
with known z are plotted versus z in Fig. 5. Only the OAs
with z < 3.5 are considered here; the case of GRB000131
(z = 4.5) is discussed in more detail in Sect. 3. The fits
show that any dependence of the color on z is weak and
within the 1o errors for (R—1I)o, (V — R)o and (B—V),.
The only exception may be (U — B)j.

The relation between the wavelength observed in a
given passband and the rest-frame wavelength, radiated
by the OA with known redshift z can be seen in Fig. 6.
This diagram shows that the (R—1I)o, (V —R)o, (B—V)o
and (U — B)o indices represent the radiation between
about 800 A and 5600 A in the rest frame.

The relation in Fig. 6, when compared with the strong
clustering of the color indices in Figs. 2 and 3, clearly
shows that the (R — I)g, (V — R)o and (B — V') indices
represent the radiation between about 1500 and 5500 A in
the rest frame. On the other hand, the large scatter, ob-
served in (U — B)o, originates below 1500 A in the rest
frame.

2.3. Absolute brightness of the OAs

Absolute brightness in the R-band (Mg, ) for each OA was
calculated in two steps: first, by determining the luminos-
ity distance Dy, from the redshift z, using Eq. (15.3.25)
of Weinberg (1972) and Hy = 60 km s~! Mpc~!; then,
by applying the distance modulus formula using Dy, and
the observed R-band magnitude corrected for the Galactic
reddening according to the maps by Schlegel et al. (1998).
The time intervals t — T in the observer frame were trans-
formed into the rest frame times (t — Tp)rest- The resultant
light curves for OAs with known z are displayed in Fig. 7a.
Here the brightness of OAs in Fig. 7a was also corrected
for the light contribution of the host galaxy because these
R-band light curves extend far behind ¢t — Ty < 10 days,
used as a limit for the color indices, and the brightness
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for details.

of the OA decreased so much that the light of the host
could not be neglected. We note, however, that in most
cases the host galaxy noticeably affects the brightness of
OA only in its very late phase (t — Tp of the order of tens
of days).

It is desirable to examine whether the spread of the ab-
solute brightnesses Mp, of the respective OAs in Fig. 7a
is real or if it is caused mainly by the shifts of the ef-
fective wavelength A due to the different redshifts z. The
observer in the R band will detect radiation originated at
progressively shorter wavelengths in the GRB rest frame
with increasing redshift z. As it will be argued below,
the spectra of the OAs are very smooth and very simi-
lar each to other. Because generally the intensity may be
somewhat different at various A due to the slope of the
spectrum, the shift of the effective A will introduce some
change of brightness. K-correction is possible only if the
shape of the spectrum is known a priori. First, we de-
cided to make a model-independent test which does not
impose any assumptions on the shape and the slope of the
spectrum of OAs. A correlation between the redshift z

and Mg, (measured for some (t — Tp)yrest, identical for all
OAs) is expected if the spread of brightness were caused
purely by the shift of A\. Mp, was measured at the same
(t—Tb)rest = 1.5 days. All OAs, plotted in Fig. 7a, already
achieved the decay branch of their light curve. The light
curves of the decays of all OAs in Fig. 7a were fitted by the
straight line because only the mean slope, averaged over
the “fine” structure seen in some events, was investigated.
Mp, was then read out from the fit. An extrapolation of
the decay had to be used for the OA of GRB971214. The
result is shown in Fig. 7b. It can readily be seen that there
is no apparent correlation between z and Mg, .

A further correction of the Mg, of the OAs in this sam-
ple has been performed by assuming that the OA spectra
can be modeled using a power law with index g ~ 1, as
suggested by the results reported in Sect. 2.1, and keep-
ing into account which rest-frame band is corresponding
to the R band as seen in the observer frame. In par-
ticular, as the observer frame R bands of the OAs in
this sample mainly lie within the B optical band and
around 2000 A in the UV region (e.g. the UVW?2 filter
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of the Optical Monitor onboard the XMM-Newton satel-
lite; Dahlem 2000), we first computed the color indices
UVW2—R,U—R, B—R assuming 3 ~ 1. In this hypothe-
sis, they are ~—0.3 (the rest-frame wavelength of the OAs
Arest = 1400—2800 A), ~0.2 (Aress = 2800—3750 A) and
~0.9 (Arest = 3750—4800 A), respectively. Next, we cor-
rected the observed absolute R magnitude by subtracting
the appropriate color index value from Mg, as determined
by using the luminosity distance and the distance modu-
lus formulae. This is some sort of zeroth order k-correction
introduced to make an attempt at taking into account the
shift on the OA optical spectra produced by the cosmolog-
ical redshift. In this way we can better compare the “real”
R-band absolute magnitudes of this set of OAs (Fig. 7c).

3. Discussion

We have shown that the color indices of most OAs occupy
the well defined belts, when plotted as a function of time,
especially for t — T < 10 days, and that the time evolu-
tion of these indices is negligible during this interval. Most
afterglows appear to concentrate in the well localized re-
gionsof V.-~ Rvs. R—1I and B—V vs. V — R diagrams.
Colors of all OAs analyzed here correspond to their fi-
nal decline branch with the exception of the first point
of GRB970508. The color indices (R — I)p = 0.46 + 0.18,
(V—R)p=0.404+0.13, (B—V)o = 0.47 £ 0.17 appear to
be typical. OAs therefore appear quite red in the spectral
region between the I and B-filter (colors similar to mid-G
or early K stars). On the other hand, the (U — B)( index of
the OAs is negative with a large scatter and the position
of the afterglows in U — B vs. B—V diagram is often quite
different from other sources. These specific colors can be
used to distinguish genuine OAs related to GRBs from
another types of objects in optical GRB searches.

The results reported here are thus extremely signif-
icant from the point of view of optical searches for ~-
ray bursters. First, the well defined color of OAs allows,
together with the power law decline, to distinguish the
real OAs of GRBs from the other types of astrophysi-
cal objects. So far, only the rapid fading behavior has
served to distinguish the genuine afterglows. So we have
another tool now, enabling one to analyze images taken
in various optical passbands quickly for possible optical
counterparts of GRBs, without waiting for the following
night to confirm the rapid object fading. Secondly, the well
focused position of OAs in color-color diagrams represents
a very important tool to consider independent (on satel-
lite projects) optical searches for OAs of GRBs. Although
there are suitable databases available for this kind of anal-
yses such as the deep UKSTU archival plates, the search
for real OAs was difficult because of high background level
of other types of variable phenomena not related to GRBs.
The combination of fading profile with the color infor-
mation may be used as a very powerful tool to search
for real OAs in suitable databases with color information
such as the UKSTU archive. It should be noted that the
actual rate of OAs may exceeds those of GRBs due to
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Fig.7. a) Absolute brightness of the OAs in the observed
R-band, corrected for the Galactic reddening and the light
contribution of the host galaxy. The time intervals ¢t — Tp
in the observer frame were transformed into the rest frame
(t —T0)rest- b) Absolute brightness Mg, of the OAs, measured
at (t — To)rest = 1.5 days, plotted versus redshift z. A corre-
lation between z and Mg, would be expected if the spread of
brightness of the respective light curves in Fig. 7a were caused
purely by the shift of A. ¢) The same as in Fig. 7a but zeroth
order k-correction was applied to the observed R magnitudes
of the respective OAs. See Sect. 2.3 for details.
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different beaming in y-rays and in optical (Hudec 2000).
Moreover, the OAs detected by optical searches may pro-
vide very precise localizations of GRBs, and hence allow
detailed studies of their host galaxies. On the other hand,
the OAs rates and/or limits provided by these analyses
could provide constraints on the time and/or wavelength
dependent beaming in GRBs, and hence contribute to the
understanding of the physical model of the events.

The results presented here also confirm the importance
of color information in the strategy of the optical after-
glow searches and analyses. Not only the fading profile,
but also the color information may yield a valuable phys-
ical conclusion regarding the model, the origin, and the
position of GRBs. We hence stress that it is important to
provide further optical observations of OAs in a well orga-
nized way. If possible, the observations should be carried
out with standard filters, and various passbands should be
taken immediately i.e. during the same night.

The fact that most OAs concentrate in the well defined
regions of the color-color diagrams with the standard devi-
ations just about 0.13-0.18 mag (except for (U — B)g), de-
spite the smearing introduced by the different redshifts z
and the corresponding shifts of the passbands, implies that
the spectral shape of OAs is very smooth, with no bumps
or strong lines, within the observed I to B passbands. The
relation between the wavelength of radiation observed in
a given passband and the rest-frame wavelength, radiated
by the OA (Fig. 6), shows that the (R — I)o, (V — R)o,
(B — V)p indices which display very small scatter, repre-
sent the radiation within about 2000 and 5600 A in the
rest frame. Also the slope of the spectrum can be sup-
posed to be almost constant and may have a powerlaw
shape F,, o« v=7 in this spectral region. If 3 is similar for
practically all OAs, then the redshift effect on the ratio
between luminosities in different wavebands (i.e. color in-
dices) is very small, as observed. Indeed, the average colors
in Figs. 2 and 3 are consistent with a power-law shaped
optical spectral distribution with 3 ~ 1. This spectral
shape naturally follows from the theoretical treatment of
the GRB afterglow emission suggested by Sari et al. (1998)
in the framework of the “fireball” model. In this model the
luminosity comes from a relativistic expanding and decel-
erating shell which radiates via synchrotron emission. The
value found for (8 is fully compatible, within this model,
with an electron power-law energy distribution with index
p ~ 2.5, as observationally found by e.g. Frontera et al.
(2000) from the spectral analysis of GRB prompt high-
energy emission.

The available color indices of the OAs represent rel-
atively late stage of the event because they come from
t — Ty > 0.14 days. They are thus expected to represent
the blast wave already moving rather spherically, with just
a little beaming (Piran 1999). In the framework of the fire-
ball model, these color indices represent the processes in
which only the forward external shocks play a role. The
similarity of the color indices of most OAs considered here
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suggests that the properties of these shocks remain quite
similar for the respective events.

It is remarkable that the color indices (R — I)o,
(V= R)g and (B — V)g do not evolve within ¢t — Ty <
10 days (Fig. 1) although the brightness of all OAs de-
clines by several magnitudes during this time interval
(Figs. 7a,c). It implies that the shape of the spectrum
does not change significantly while the luminosity of the
OAs decreases by a large amount.

The absence of correlation between z and Mg, to-
gether with the very small scatter of the color indices
of the respective OAs allows one to conclude that the
smearing of Mp,, introduced by the different values of z,
does not significantly alter the scatter of Mg, of the var-
ious events. The range of Mp, of the OAs in Fig. 7c
for (t — To)rest = 0.25 days where most OAs already
reached their final decline branch is about 4.3 mag, from
Mp, = —26.5 to —22.2. It implies the range of luminosi-
ties about 1:50.

The fact that the spectra are similar although the lu-
minosity of OAs appears to be different is most likely due
to the total initial energy of the afterglow. As a matter of
fact, the spectral shape of the fireball model, as modeled
by Sari et al. (1998), does not depend on the input en-
ergy while the luminosity of the afterglow at a particular
epoch does depend on it. So, the higher the GRB input
energy is, the brighter the OA is; this would also suggest
one more time that GRBs and their afterglows are not
standard candles.

In any case, although it is apparent also from Figs. 7a,c
that the OAs are not standard candles, it is interest-
ing to note that five OAs have very similar Mp, for
1< (t—To)rest < 3 days (GRBI70508, 990123, 990510,
991208, 000301C).

The general slope of the decay branches of OAs is
largely independent of Mg, and the light curves of all OAs
considered here are almost parallel. This means that the
difference in the luminosities of the respective OAs per-
sists through the decline, at least for 0.2 < (¢ — Tp)rest <
20 days. The OA of GRB990712 might have a slower de-
cay than the others but its host galaxy was exceptionally
bright — the brightness of an OA is then largely depen-
dent on the exact value of the brightness of the host. The
different observed mean decay slopes therefore can be at-
tributed mostly to the relativistic effects — most these dif-
ferences disappear when transformation to the rest frame
is made.

The strong concentration of the color indices in the
color-color diagrams (Figs. 2 and 3) suggests that the
intrinsic reddening (i.e. in their host galaxies) must be
quite similar for all OAs and, moreover, that this red-
dening is likely to be rather small. The reason is that in
the case of a large reddening it would be quite unlikely
to obtain such similar values of absorption in all cases.
Notice that there is no apparent scatter of the color in-
dices of the OAs (except for GRB000131) along the red-
dening path, depicted in Figs. 2 and 3. The scatter in the
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U — B vs. B—V diagram (Fig. 4) is large but only in the
U — B direction which is inconsistent with the interstel-
lar reddening. All these lines of evidence therefore imply
that most GRBs whose afterglows are analyzed here are
unlikely to come directly from the inner (densest) parts
of the star-forming regions. However, that does not ex-
clude the possibility that these GRBs originate on “our
side” of a structured star-forming region. Alternatively,
the density and the dust abundance of the local interstel-
lar medium might be substantially reduced by the intense
high-energy radiation of the GRB trigger, as modeled by
Waxman & Draine (2000).

We are however aware that in some cases the OAs
appear to have steeper optical spectra (and thus red-
der colors), as, for example, GRB980329 (Palazzi et al.
1998), GRB990705 (Masetti et al. 2000b), GRB000131
(Andersen et al. 2000), GRB000418 (Klose et al. 2000),
GRB000630 (Fynbo et al. 2000). These GRBs show 3 ~ 2,
or higher. This is most likely due to strong local ab-
sorption in the burst environment (as in the cases of
GRB990705 and GRB000418) or very high redshift (as for
GRBO000131), or possibly both (the case of GRB980329;
Fruchter 1999). Thus, our results suggest that the sam-
ple of OAs considered here is very little affected by red-
dening effects induced by both strong local absorption or
high redshift, i.e. here we are dealing with GRB afterglows
which are at z < 4 and not deep inside dense dust clouds
in their host galaxies. At present, the available data en-
able the determination of the color indices of the redder
OAs according to the criteria from Sect. 2 only for the OA
of GRB000131. Nevertheless, the strong concentration of
the color indices of the OAs in Figs. 2 and 3 allows one
to infer that there may not be smooth transition between
the events considered in our analysis and these OAs with
steep optical spectra.

The supernova SN1998bw, which is a possible optical
counterpart of GRB980425, is markedly different from the
remaining OAs in several respects. While the OAs from
Table 1 lie at the cosmological distances (z > 0.43), the
much smaller redshift of SN1998bw (z = 0.0085) suggests
a considerably smaller distance and hence much lower
absolute brightness. Also the light curve of SN1998bw
largely differs from the remaining OAs because the bright-
ness of SN1998bw was still steadily increasing within
t — Ty < 10 days while all other OAs already achieved
their decline branch and faded by several magnitudes.
Generally, the color indices of SN1998bw in Figs. 1, 2, 3
and 4 suggest the shape of spectrum which is different
from the other OAs and cannot be explained purely by
the different values of z.

Comparison of the colors of OAs and their evolution
with the behaviour of supernovae in general may be fruit-
ful because both cases presumably represent explosive pro-
cesses. At this stage, comparison of the general trends in
the color evolution of the kinds of objects seems to be more
suitable than a detailed comparison of what happens on
the absolute time scale. Let us confine to t — T < 10 days
for OAs (brightness of SNe typically falls by about the
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same amount after more than 100 days). The small spread
of colors of OAs is a feature similar to the type Ia SNe
where after a rapid rise (up to approx. 30 days after Tiax)
B —V of the individual SNIa agrees within about 0.2 mag
and slowly decreases linearly with time during a large part
of the decline (30 < t — Thax < 90 days) (Phillips et al.
1999). On the contrary, SNII display a large spread in
B —V and this index generally increases by almost 1 mag
during the first 100 days (Patat et al. 1994).
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