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Abstract. We presentBV RI light curves of the afterglow of 970508, 980326, 980519, 990123, 990510) exhibit a variety
GRB000301C, one of the brightest ever detected at a day tibehaviors, indicating that the shape of the optical decay m
scale interval after GRB trigger. The monitoring started 1.5 dalge determined not only by the intrinsic physics, but also by tl
after the GRB and ended one month later. Inspection of the eature, structure and composition of the surrounding mediu
tremely well sampledr band light curve and comparison withTherefore, optical light curves of GRB counterparts need to
BV I data has revealed complex behavior, with a long terfrequently sampled for long time intervals, to follow the evolu
flux decrease and various short time scale features superiion of the afterglow and to allow mapping the characteristi
posed. These features are uncommon among other observedfafie medium.
terglows, and might trace either intrinsic variability within the GRBO000301C was detected by the IPN and by the RX
relativistic shock (re-acceleration and re-energization) or inhASM on 2000 March 1.4 UT with an error box of 50 arcrhin
mogeneities in the medium in which the shock propagates. (Smith etal. 2000). Its field was acquired startint).5 days later
by various optical, infrared and radio telescopes. The optical
Key words: gamma rays: bursts terglow was independently detected by Fynbo et al. (2000) a
by us (Bernabei et al. 2000a), and is among the brightest e
observed. Near-infrared detection and monitoring of the aft
1. Introduction glow are reported in Rhoads & Fruchter (2000). Observatio
of the counterpart at radio and millimetric wavelengths ha
Fundamental progress on the knowledge of Gamma-Ray BUigign reported by Berger & Frail (2000) and Bertoldi (2000
(GRBs) has been made possible by detection of their optiggkpectively. Ultraviolet spectroscopy with the STIS instrume
counterparts. Of nearly 40 GRBs accurately and rapidly locnpoard HST allowed the determination of the redshift (Sme
ized so far by BSAX, BATSE/RXTE, IPN, and promptly fol-et 51, 2000), then refined by optical ground-based spectrosc
lowed up in the optical, only about 50% exhibited optical afte(—z =2.03, Castro etal. 2000). The good sampling and the brig
_glowﬂ, suggestingthatthese_sources are rapidly fading, or heg¥ss of the GRB000301C afterglow have allowed a detail
ily obscured. The best monitored afterglows (GRBs 97022&,qy of its evolution up to 15 days after the explosion. In th
Send offprint requests tdlicola Masetti, masetti@tesre.bo.cnrit ~ Paperwe presentthe results of the optical monitoring conduc
* Based on observations collected at the Bologna Astronomical G¥-Loiano, Calar Alto, Sierra Nevada, Nainital and Canary |
servatory in Loiano, Italy and at the TNG, Canary Islands, Spain lands.
L http://www.aip.detjcg/grbgen.html
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Table 1. Journal of the optical observations of the GRB0O00301C afterglow

Exposure start  Telescope Filter Exp.time  Seeing Magnitude

(um (minutes)  (arcsecs)

2000 Mar 2.906 UPSO R 70 1.4 20.420.04
3.144 CAHA R 5 1.1 20.25 0.05
3.179 CAHA B 15 1.1 21.0Z 0.05
3.185 Loiano R 16.7 2 20.16 0.05
3.205 CAHA R 5 1.1 20.25 0.05
3.210 CAHA | 10 1.1 19.94- 0.07
3.219 CAHA \% 15 1.1 20.57% 0.05
3.232 CAHA B 15 1.1 21.1&¢0.12
3.913 UPSO R 50 1.2 20.51 0.04
4,038 CAHA R 15 1.6 20.53- 0.06
4.149  Loiano R 36.7 3 > 20.25
4.165 Loiano B 20 3 >21.0
5.135 SNO R 20 2 20.4F 0.07
5.152 SNO B 20 2 21.68-0.20
5.172 SNO \% 20 2 21.04-0.20
5.930 UPSO R 85 1.3 21.14 0.06
6.135 Loiano R 30 1.7 21.650.20
6.163 Loiano B 30 1.7 22.45% 0.15
6.185 Loiano | 16.7 1.7 20.82 0.15
6.968 UPSO R 35 1.6 > 21.6
7.125 Loiano R 30 1.7 21.68 0.15
7.149 Loiano B 35 1.7 22.43 0.10
7.177 Loiano | 20 1.7 21.26 0.15
7.894 UPSO R 105 1.6 22.000.15
8.146 Loiano R 30 1.6 21.68 0.10
8.170 Loiano | 30 1.6 21.6%0.10
8.924 UPSO R 75 1.3 22.040.20

Apr5.213 TNG B 20 0.5 > 25.5

Magnitudes of the GRB counterpart, not corrected for interstellar absorption
2Uncertainties of the magnitudes are atdonfidence level; lower limits at:3
3Note that this measurement is reported as a detection in Bernabei et al. (2000b)

2. Observations and data reduction 5 non-saturated bright stars in each image. For each filter, this

. . N o ( re yields frames magni ifferen mong the pho-
OptlcaIBVRImageswerecollectedsoonafterthenotmcatlo?n ocedure yields frames magnitude differences among the pho

. o
of the GRBO00301C detection, startind. 5 days after the high- ometric references of less than 1% in all frames. The errors

energy event. Observations were carried out with CCD came‘?‘sss ociated with the measurements reported in Table 1 repre-
9y ’ . e L%t statistical uncertainties (at)1 obtained with the standard
at the 1.52-meter “G.D. Cassini” telescope of the Bologna U

rB"SF—fitting procedure. Calibration was done using HiéR1I
versity in Loiano, Italy, at the 1.0-meter UPSO telescope |n_ . . . '
Nainital, India, at the 1.2-meter CAHA telescope in Calar Altor’,nagnnudes of field stars as measured by Henden (2000).
Spain, at the 1.5-meter telescope of the Sierra Nevada Observa-

tory (SNO) in Granada, Spain, and at ffedescopio Nazionale 3- Results

Galileo (TNG) in the Canary Islands, Spain. The complete 19g, o,r images we detect a point-like source within the 50 square
of these observations is reported in Table 1. arcmin error box of the GRB, at the position RA=1B)" 185,
Im_ages were debiased and fIa_t—fl_eIded with the standgid. - o9 2¢ 35" (J2000), consistent with that given by Fynbo
cleaning procedure. Due to the proximity (7 arcsec) of the targgty| (2000). The source variability (see magnitude levels in Ta-
toa bn_ght stari we chose to use standard PSF-fitting as our pgg- 1) suggests that this is the afterglow of GRBO00301C. The
tometric technique, and for this purpose we used the DAOPHQI o rves inBV RI bands are reported in Fig. 1, where our
Il image data analysis package PSF-fitting algorithm (Stetsgha are complemented with those published by other authors
1987) running within MIDAS. A two-dimensional gaussiangagar et al. 2000, Jensen et al. 2000, and the GCN circulars

with two free parameters (the half width at half maxima alon&rchiva). Note that some results presented in this paper su-
x andy coordinates of each frame) was modeled on at least

2 http://gcn.gsfc.nasa.gov/gen/geagchive. html
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24 |- O | Fig.1. BV RI light curves of GRB000301C
| + A afterglow, based on the data presented i
this paper and in the literature (see text)
- 4 A - Filled symbols represent data presented i
%& this work, while open symbols refer to mea-
B | surements published by other authors. Wi
26 |- —|  have consistently referred all magnitudes t
the calibration zero point of Henden (2000).
To the statistical uncertainties a 5% system
\ L A atic error has been added in quadrature (s
6 10 text). No Galactic extinction correction, nor
host galaxy flux subtraction has been ap

plied. The GRB start time, indicated with,
t— 1t (days) corresponds to 2000 March 1.410845 UT

Optical magnitude

persede preliminary values reported in GCNs. Our analysis of The B band light curve appears well correlated with th
UPSO R band data yielded results consistent with those r& band, though less well sampled. TBeband points at 3.5
ported by Sagar et al. (2000). No correction has been applatt 3.7 days after the GRB suggest a variation opposite to t
for Galactic extinction, which is anyway small in the directiombserved simultaneously in thié band. However, thé band
of the GRB (B — V') = 0.052, Schlegel et al. 1998); nor havariation is not significant and determines only a marginall
been subtracted any host galaxy continuum emission, this bimificant change in th& — R color (Fig. 2a). TheB band
ing negligible (Fruchter et al. 2000). A 5% systematic error wagpper limit determined on April 5 with the TNG is consisten
added in quadrature to the errors reported in Figs. 1 and 2with the power-law decline of the final portion of the light curve
take into account possible photometric discrepancies due to theThe fewerl” band points show a good correlation of the ligh
use of different telescopes and instruments. curve with that in theR band, with no measurable temporal la
The R band light curve, the best sampled, exhibits in itdhel” — R color is unchanged, Fig. 2b). In particular, idand
early portion a flaring activity with hour time scale (Fig. 1), wittdata around 3-4 days after the high-energy event also sugg
an initial increase (confirmed by S.G. Bhargavi, priv. comm.lpcal flattening of the light curve.
The flux then shows a slow decline, lasting about 1.5 days and The I band data confirm the general steepening observe
following approximately a power-law, with a slope ~ 0.7 the other bands, although the second plateau at 5-7 days afte
(f(t) o (t — to)~, wherety is the GRB trigger time). Subse-high-energy event is less clearly seen than inBrend R light
quently the light curve flattens, and an approximately constaatyrves. Also, a rapid flux increase is apparent at the beginni
or slightly increasing, behavior is seen till around 3.7 days aif the I band monitoring, delayed by7 hours with respect to
ter the GRB. The flux starts decreasing again thereafter. Tthat seen in thé& band light curve (see Figs. 1 and 2c).
decline, which can be fitted by a very steep power-law (index
a ~ 3.5), levels off around 5 days after the GRB trigger to a
“plateau” of two days duration. The flux resumes then the d&: Discussion

creasing trend, with a shallower power-lawnof- 3, till the end ical L ¢ the brigh fteral
of the monitoring. The lat& band epoch flux and upper limit re-Our optical monitoring of the bright GRBO00301C afterglo

ported by Fruchter et al. (2000) and Veillet (2000), respectivegf,"s_ proyided one of the best sampled aftt_arglow ‘?'atas?tsv
are consistent with this trend. ecially in theR filter. The long term behavior of this optical

afterglow is better described by a continuous steepening, rat
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1.5 - | | “ 1 Meésaros et al. 1998; Sari & Kszros 2000; Wang & Loeb
v LB + ¥ 3 2000; Dai & Lu 2000). In particular, a flattening of the afterglow
\ C % * ® ¥ * Jf % * + 7 light curve, similar to that exhibited by GRB000301C in tRe
- 05F 1 band on days 3.1-3.7 and 5-7 days after the GRB, is predicted
B | | v |+ .. (@ 3 pyKumar & Piran (2000) as a consequence of the collision
1 a | | I = of a slow shell ejected at a late time after the GRB with an
® 5L * Jf 1 outer shell decelerated by its propagation in the circumburst
>‘ = ® il + 7 medium (see their Fig. 5). We note that the temporal occurrence
0L — ofthe observed flattenings could be consistent with a “colliding
B ; ; I N (b) 1 shells” interpretation, while it is incompatible with the time
1 o | | - scale implied by an hypernova scenario (see Rhoads & Fruchter
T osE ¢ 4 4 Jf * - 2000).
o TE ° + . % ] The lack of a clear correlation between tReband light
- a’e - curve and thé andK band light curves (see Rhoads & Fruchter
a5 | | o () ~ 2000 for the latter) might be due to non strict simultaneity of the
s 7 data points. In fact, th& — I andR — K colors as a function
e 3 [ ¥ % 1 of time show only marginally significant deviations from con-
Q‘: E ¢ . Jf 4 stancy (Fig. 2c and 2d), and these are mainly exhibited by color
2.5 F —  values derived from pairs of measurements separated in time by
C \ O more than 0.5 hours, the shortest variability time scale observed

H
o

6 in this afterglow. Our findings underline the critical importance
of intensive multiwavelength observations of afterglow sources.
t — t, (days)

) _ AcknowledgementsiVe thank the staff of the Loiano, Calar Alto,
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larger than 0.5 hr, but smaller than 9 hr. As in Fig. 1, calibration by
Henden (2000) has been adopted and a 5% systematic error has l?fe Lrences
added in quadrature (see text). The GRB start time, indicatedtwyith
corresponds to 2000 March 1.410845 UT Berger E., Frail D.A., 2000, GCN 589
Bernabei S., Marinoni S., Bartolini C., et al. 2000a, GCN 571
Bernabei S., Bartolini C., Di Fabrizio L., et al. 2000b, GCN 599
than by a single power-law, as expected in afterglows develdggrtoldi F., 2000, GCN 580 _
ing in laterally spreading jets (Sari et al. 1999; Rhoads 1999)gfStro S:M., Diercks A., Djorgovski S.G.et al., 2000, GCN 605

. L - - astro-Tirado A.J. et al., 1999, Science 283, 2069
decelerating to non-relativistic regimes (Dai & Lu 1999), anf; 7.G., LuT., 1999, ApJ 519, L155

seen in few other cases. Dai Z.G., Lu T., 2000, ApJ submitted (astro-ph/0005417)
Among equally well monitored GRB afterglows,Fruchter A.S. etal., 2000, GCN 701
GR000301C appears peculiar in that several shorter tifngbo J.P.U. etal., 2000, GCN 570

- : rnieri A., Bartolini C., Masetti N. et al., 1997, A&A 328, L13
scale variations are superimposed on the long term decre K iden A.. 2000, GCN 583

The reality of two of these (3.1-3.7 days and 5-7 days aftgl,cen .1 et al., 2000, AGA, submitted (astro-ph/0005609)
the event) is supported by their appearance in more than @agnar P., Piran T., 2000, ApJ 532, 286
band. The first two points of th& and I band light curves Mésaros P., Rees M.J., Wijers, R.A.M.J., 1998, ApJ 499, 301
might suggest a rise and could be reminiscent of the eaﬂ?galteSClll_lA-j MSBFOSE-(,)RG(?S M-TJ-» t19|98ié°~gpé3 ioiyfglg 211
_ ; ; edersen H., Jaunsen A.O., Grav T. et al., , Ap ,
(1 5 g;yBsgs.fotgroéh%GRB tr_lggerl) gl-gggcgrvg of GRBgr(ﬁfgSoads J.E., Fruchter A.S., 2000, ApJ, submitted (astro-ph/0004057)
an . ( uarnieri et al. ; Pedersen et al. vads J.E., 1999, ApJ 525, 737
although in the latter the initial increase was more structureshgar R. et al., 2000, Bull. Astr. Soc. India, submitted (astro-
In the present case we cannot exclude that the flux is declining ph/0004223)
since the start of the monitoring, and hour time scale flargsri R., Piran T., Halpern J.P., 1999, ApJ 519, L17
modulate this decrease. Some isolated short term variabi hIIR" :Vgsf“;_s EB Z_OOO»D ABJ 3351 '-'\3/|3 1998, A0 500. 525
events are seen in GRB980703 (Vreeswijk et al. 1999) agd co¢ 2«2 MINKDENerH.t:, Lavis ., : AP 505,
. ette A., Fruchter A.S., Gull T. et al., 2000, GCN 603

GRB990123 (Castro-Tirado et al. 1999) and are almost totaly,ith p.A., Hurley K., Cline T., 2000, GCN 568
absent in GRB990510 (e.g., Stanek et al. 1999). Stanek K.Z., Garnavich P.M., Kaluzny J. et al., 1999, ApJ 522, L39

Recently, various scenarios have been developed in whigtitson P.B., 1987, PASP 99, 191
intrinsic re-energization of the blast wave, or irregularities ofeillet C--';’(io&o'g?N 52_3“ o A0 . 1099, AnJ 523, 171
the dense interstellar medium in which the blast is expandi&%es"’vIJ M., Galama T.J., Owens A.O., etal., 1999, ApJ 523,

. . ng, X., & Loeb, A. 2000, ApJ 535, 788
can account for the observed behavior (Panaitescu et al. 1998; g P
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