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LOTIS, SUPER-LOTIS, SLOAN DIGITAL SKY SURVEY, AND TAUTENBURG OBSERVATIONS OF GRB 010921
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ABSTRACT

We present multi-instrument optical observations of iigh Energy Transient Explorer (HETE-2) and In-
terplanetary Network error box of GRB 010921. This event was the first gamma-ray burst (GRB) partly localized
by HETE-2 that has resulted in the detection of an optical afterglow. In this Letter, we report the earliest known
observations of the GRB 010921 field, taken with the 0.11 m Livermore Optical Transient Imaging System
(LOTIS) telescope, and the earliest known detection of the GRB 010921 optical afterglow, using the 0.5 m Sloan
Digital Sky Survey Photometric Telescope (SDSS PT). Observations with the LOTIS telescope began during a
routine sky patrol 52 minutes after the burst. Observations were made with the SDSS PT, the 0.6 m Super-LOTIS
telescope, and the 1.34 m Tautenburg Schmidt telescope 21.3, 21.8, and 37.5 hr, respectively, after the GRB. In
addition, the host galaxy was observed with the US Naval Observatory Flagstaff Station 1.0 m telescope 56 days
after the burst. We find that at later timés-(1 ~ day after the burst), the optical afterglow exhibited a power-law
decline with a slope o& = 1.75=+ 0.28 . However, our earliest observations show that this power-law decline
cannot have extended to early timés<(0.035  days).

Subject heading: gamma rays: bursts
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The High Energy Transient Explorer (HETE-2)?* is currently
the only gamma-ray burst (GRB) detector capable of localizing
and disseminating GRB coordinates in near real time. Low-
energy emission during and shortly after a GRB:=(1 hr) po-
tentially holds the key to understanding the central engine of
GRBs and could provide clues to their progenitors ¢kaos
2001).

The HETE-2 detection of GRB 010921 together with data

” Thiringer Landessternwarte Tautenburg, Karl-Schwarzschild-Observaorium, from the Interplanetary Network (IPN) provided the localization
Sternwarte 5, 07778 Tautenburg, Germany. that resulted in the detection of an optical afterglow. Although
Universities Space Research Association/US Naval Observatory, Flagstaffthe afterglow was relatively bright early observations of the error

Station, P.O. Box 1149, Flagstaff, AZ 86002-1149. : .
° NASA Goddard Space Flight Center, Greenbelt, MD 20771. box failed to reveal any candidate afterglows because of source

1o Yerkes Observatory, University of Chicago, 373 West Geneva Street, confusion with its bright host galaxR(~ 21.7 ; Price etal. 2001).
Williams Bay, W1 53191. Spectroscopy of the host galaxy performed with the Palomar

11 H . . . .
., Apache Point Observatory, P.O. Box 59, Sunspot, NM 88349-0059. 500 inch telescope 4 weeks after the burst indicates a redshift
Department of Physics and Astronomy, Johns Hopkins University, 3701 f7 = 0450+ 0.005(Di Ki L 2001
San Martin Drive, Baltimore, MD 21218. orz=7~. - Y (Djorgovski et al. )

3 XMM Science Operation Center, European Space Agency-Vilspa, Villa-
franca del Castillo, Apartado 50727-28080 Madrid, Spain.

 Department of Physics of Complex Systemstude University, Pamany .
Peer Seéany 1, H-1518 Budapest, Hungary. 2.1. GRB Observations by HETE-2 and IPN

5 US Naval Observatory, 3450 Massachusetts Avenue, NW, Washington,
DC 20392_\5/420. vatory . venu ing On 2001 September 21 at 05:15:50.56 UT (September

% Space Sciences Laboratory, University of California at Berkeley, 601 21-2.1934 uT), the_ French Gamma Telescope instrument qeteCted
Campbell Hall, Berkeley, CA 94720. a bright GRB (Trigger 1761). GRB 010921 had a duration of

*7 Princeton University Observatory, Peyton Hall, Princeton, NJ 08544-1001. .12 s in the 8-85 keV band. a peak fluxl%;)f> 3x 107 ergs
8 Mount Suhora Observatory, Cracow Pedagogical University, ul. Pod- o 1 ’ 6 - .
chorazych 2, 30-084 Cracow, Poland. cm?s? and a fluence 08~ 1 x 10° ergs crh(Ricker et

9 Department of Physics, Michigan Technological University, 1400 Town-

send Drive, Houghton, MI 49931. 2 Department of Astronomy and Astrophysics, Pennsylvania State Univer-
2 Department of Physics, Rensselaer Polytechnic Institute, SC1C25, Troy, sity, 525 Davey Laboratory, University Park, PA 16802.

NY 12180. 2 See http://space.mit.edu/HETE.
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al. 2001). For a spatially flat FRW cosmolog (= 0.3
Q, = 0.7, andH, = 65 km s* Mpc™?), the measured redshift
implies an equivalent isotropic energy releasé of 10°° ergs.
We compare this energy with the standard energy reservoir,
E,~5 x 10° ergs, suggested by Frail et al. (2001) in the
20-2000 keV range by multiplying by the flux ratio
Fro_2000 ke F 520 kevOf 3—10, estimated utilizing average values
ofa = —1,8 = —2.2,andE,,, = 220 keV for the Band func-
tion (Preece et al. 2000). Thus, the inferred energy of (3—
10) x 6 x 10* ergs is consistent with a standard gamma-ray
jet with modest opening angle (Ricker et al. 2001, 2002; Price
et al. 2002b).

The burst was also detected in the Wide-field X-ray Monitor
(WXM) X-detector but was outside the field of view (FOV) of
the WXM Y-detector. Because the GRB was not well localized
in the Y-direction, a location was not distributed with the real-
time trigger. Approximately 5 hr after the GRB, ground analysis
gave a long narrow error box~{®® x ~20) centered at
a,6 = 23"2"14.6 4416'4'8 (J2000.0; Ricker et al. 2001).
Ulysses and BeppoSAX also detected GRB 010921. These de-
tections resulted~15 hr after the burst) in an IPN annulus
centered atr, 5 = 15"29"1%.8, 686'18.0 (J2000.0), with ra-
dius of602003 + 02156 (3¢; Hurley et al. 2001). The combined
HETE-2/IPN data resulted in an error box with area10 arc-
min® with corners ato,, 6, = 22"54™ 2F.87, 41B6'25.84,

a,, 6, = 22"54" 52.09 40°54'33!20, o, 6, = 22"56™ 7516
40°4522/04, and «,, 6, = 22"56"37.60, 413'29/06
(J2000.0).

2.2. LOTIS Observations

Although coordinates were not distributed with the real-time
HETE-2 trigger, the /1.8, 0.11 m Livermore Optical Transient
Imaging System (LOTIS) telescope (Park et al. 1998) observed
the position of the error box during routine sky patrol on Sep-
tember 21 UT at 21.255 and 21.417 UT, only 52 minutes and
4.75 hr after the GRB. LOTIS consists of four lens/camera
systems directed toward a comm8i8 x 8°8 FOV. Two of
the LOTIS cameras are equipped with clear filters, one with a
CousinsR filter and one with the Johnsavfilter. During sky
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2.4. Super-LOTIS Observations

The center of the IPN error box for GRB 010921 was added
to the Super-LOTIS sky patrol table, and observations of the
location began shortly after nightfall on September 22.128 UT.
Super-LOTIS is an /3.5, 0.6 m Boller & Chivens telescope
located at Kitt Peak (near Tucson, Arizona). Its focal plane
array is a Loral2048 x 2048 CCD camera covering5l x
51 FOV. The system is fully automated and capable of re-
sponding to a real-time GRB trigger withir30 s. A total of
20 50 s exposures were obtained during the first epoch. Super-
LOTIS reobserved the field on September 22 and 23 UT be-
ginning at 22.267, 23.128, and 23.269 UT. Each of these (no
filter) observations also consisted of 20 50 s exposures.

2.5. Tautenburg Observations

On September 22.781, the Tautenburg Schmidt telescope be-
gan observations of the error box in theband. This telescope,
located at Tautenburg, Germany, is an /2, 1.34 m aperture tele-
scope equipped with a SIT2048 x 2048 CCD as the focal
plane array. Its FOV i86' x 36" . Thirty-eight 120 s exposures
were acquired. The same field was reobserved on October 25
with eight 120 s exposures.

2.6. USNOFS Host Galaxy Observations

On November 17 UT (56 days after the burst), the US Naval
Observatory Flagstaff Station (USNOFS) 1.0 m telescope at
Flagstaff, Arizona, observed the GRB 010921 area to determine
the brightness of the host galaxy in tRe and I, bands. The
USNOFS 1.0 m is an /7.3 telescope equipped WiBVRI
filters; its focal plane array is a SITe/Tektronix 20482048
CCD with a 23 x 23 FOV. For these observations, eight
600 s exposures per filter were acquired and co-added.

3. RESULTS

Early observations of the error box of GRB 010921 with
large-aperture telescopes found no evidence of an optical af-
terglow to the limit of the Digital Palomar Observatory Sky
Survey platesR ~ 20.5 (Fox et al. 2001; Henden et al. 2001b).

patrol observations, LOTIS obtained 50 s exposures at eachHowever, follow-up observations by Price et al. (2001) resulted

position on the sky.

2.3. 9DSS PT Observations

GRB 010921 was also observed with the Sloan Digital Sky
Survey (SDSS; York et al. 2000) Photometric Telescope (PT),
located at Apache Point Observatory (Sunspot, New Mexico).
The PT is an /8.8, 0.5 m telescope equipped witly'r *i *z*
filters. The SDSS is designed to be on thgr i’z photometric
system described in Fukugita et al. (1996), which is an, AB
system where flat spectrum objed&s ¢ »° ) have zero colors.
The current photometric calibration of the PT may differ from
this system by at most a few percent (Stoughton et al. 2002),

and we therefore denote the PT photometric magnitudes byobject intensity to be the sum ov2rx 2

u'gr*i*z*. The single SITe2048 x 2048 CCD camera
has a41'5 x 41'5 FOV. On September 22 UT beginning at
22.108 UT (21.33 hr after the GRB), 200 s exposures were
taken in each of therg'r*i*z* filters, and on September 23
UT, beginning at 23.224 UT, 200 and 400 s exposures were
taken in each of the same filters (Lamb et al. 2001). Obser-
vations on both nights covered the entire GRB 010921 error
box.

in the report of a fading source. The coordinates of this can-
didate afterglow arewa, 6 = 22"55"53.929 ,+40°55'52/83
(J2000.0).

Following the reported detection of an afterglow candidate,
we searched our images at its estimated position. In the LOTIS
clear andv-band images taken 52 minutes after the burst, we
found no optical transient (OT) brighter tham,,,, > 15.4 +
0.15andV > 15.9 + 0.15. The shutter for thB-band camera
failed to open. In the second epoch of LOTIS clear ®rgand
images taken on September 21.417 UT (4.75 hr after the burst),
we found no OT to the same limiting magnitude. This instru-
ment undersamples the point-spread function (PSF), with most
of the flux from a source falling withi@ x 2 pixels. We define
pixels above the sky
background. The statistical error for individual pixels is de-
termined from a larger background ardd x 11 ) where we
calculate the sky level and the standard deviations of pixel
intensities. The systematic error is determined by fitting many
reference stars and calculating residuals between the catalog
and the calibrated magnitude values. The limits reported here
represent the ¥ level, calculated by propagating individual
pixel and sky background errors.
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Fic. 1.—Top panels; SDSS PT images of the afterglow of GRB 010921 fioih ato €) u*, g*, r*,i*, andz’ , taken on September 22.108 Middle panels: Super-
LOTIS co-added images in unfiltered light taken di $eptember 22.128 UT and)(22.267 UT.Bottom panels: Tautenburg images ihtaken on () September 22
UT and {) October 25 UT. In all images, north is toward the top, and east is to the left. The F@\kig' . The location of the optical afterglow is indicated by
circles in the SDSS PT images, and by arrows in the Super-LOTIS and Tautenburg images.

Analysis of the SDSS PT images obtained on September 2213, and 15 pixels; the reported magnitude is the median of these
UT reveals the optical afterglow@gt = 20.8+ 0.6 (Z&bove apertures. The statistical errors were estimated based on the local
the sky background),” = 19.5+ 0.3 (5.2 above sky), and  sky level and fluctuations. We compared these against both fluc-
i* = 18.8+ 0.7 (3.3 ¢ above sky) and gives 8 upper limits tuations in magnitudes across the various apertures and the errors
of u”>20.5and z* > 15.0. Analysis of the SDSS PT images for stars of similar magnitudes as determined by the automated
obtained on September 23 UT reveals the optical afterglow pipeline reductions of the repeatedly observed field. Systematic
atg- =224+ 1.0 (1.2 ¢ above sky) and* = 21.5+ 1.0 errors were estimated from the known systematic shifts between
(1.5 ¢ above sky), with 3¢ upper limits ofu*>19.5,i" > SDSS PT and SDSS 2.5 m survey data and from measures of
18.5 and z* > 18.0. Because of clouds and astigmatism, the the position of the stellar locus in color space (Stoughton et al.
SDSS PT PSF is not easy to characterize, and aperture magni2002). Figures &-1e show the SDSS PT images inig'r *i*z*
tudes were used. The local sky level was sampled in a 51 pixelobtained on September 22 UT of the GRB 010921 afterglow
square box, and aperture magnitudes (counts above the locahrea (marked by a circle).
median sky level) were measured in square apertures of 9, 11, We searched for the OT in the Super-LOTIS data by co-
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TABLE 1
OBSERVATIONS OF GRB 010921
Date AT Exposure Time R Equivalent
uT) (days) Telescope Filter (s) Magnitude Magnitude

Sep 21.219 ...... 0.000 HETE-2 GRB 010921

Sep 21.255 ...... 0.036 LOTIS Clear 1x 50 >15.5+ 0.15 >15.3

Sep 21.255 ...... 0.036 LOTIS Y, 1 x 50 >159 + 0.15 >15.4

Sep 21.417 ...... 0.198 LOTIS Clear 1x 50 >15.5+ 0.15 >15.3

Sep 21.255 ...... 0.198 LOTIS Y, 1 x 50 >15.9 + 0.15 >15.4

Sep 22.108 ...... 0.889 SDSS PT u* 500 >20.5+ 0.5 >19.82
Sep 22.112 ...... 0.893 SDSS PT g* 200 20.8 + 0.6 19.85
Sep 22.115 ...... 0.896 SDSS PT r* 200 195+ 0.3 19.44
Sep 22.118 ...... 0.899 SDSS PT i* 200 188+ 0.7 19.49
Sep 22.121 ...... 0.902 SDSS PT z 200 >15.0+ 0.5 >15.39
Sep 22.128 ...... 0.909 Super-LOTIS Clear 20x 50 19.4+ 0.2 19.24
Sep 22.267 ...... 1.048 Super-LOTIS Clear 20x 50 199+ 0.2 19.54
Sep 22.781 ...... 1.562 Tautburg I 38 x 120 19.32+ 0.08 20.05
Sep 23.128 ...... 1.909 Super-LOTIS Clear 20x 50 >21.1+ 0.3 >20.94
Sep 23.244 ...... 2.025 SDSS PT u* 500 >19.5+ 0.5 >18.82
Sep 23.249 ...... 2.030 SDSS PT g* 400 224+ 1.0 21.45
Sep 23.255 ...... 2.036 SDSS PT r* 400 215+ 1.0 21.44
Sep 23.260 ...... 2.041 SDSSPT i* 400 >185+ 0.5 >19.19
Sep 23.266 ...... 2.047 SDSS PT z 400 >18.0+ 0.5 >19.18
Sep 23.269 ...... 2.050 Super-LOTIS Clear 20x 50 >21.2+ 0.3 >20.94
Oct 25.770 ...... 34.551 Taeriburg le 8 x 120 20.94+ 0.26 21.67
Nov 17.7 ........ 56.700 USNOFS R. 8 x 600 21.93+ 0.09 21.93
Nov 17.7 ........ 56.700 USNOFS le 8 x 600 21.05+ 0.08 21.78

adding 20 images obtained during each epoch, two epochs per The Tautenburg data taken on September 22 UT and October
night. In the first co-added image, taken on September 22 UT25 UT were co-added to search for the afterglow of GRB

beginning at 22.128 UT, we detect the afterglownat.,,

010921. Figure K shows the location of the detected afterglow

19.4 + 0.2at 150 above noise level. The same analysis applied (arrow). Calibrating the afterglow against secondary standards
to the second-epoch data (September 22.267 UT) detects théHenden et al. 2001a), the brightness is estimated.as

afterglow atm,,.,, = 19.9+ 0.2 at 12 above the noise level.
We applied DAOPHOT PSF fitting photometry to determine
brightness values and associated error levels. Figuremd

19.32+ 0.08 The host galaxy is detected at ther3evel in
the second-epoch image (October 25 UT at 25.77Q). at
20.94=+ 0.26 (Fig. 1i). The errors are calculated by IRAF

1g show co-added images with the afterglow indicated by an DAOPHOT, used to analyze these images.
arrow. We also searched the data set obtained on September The USNOFS deep-imaging data were analyzed to measure

23 UT and find no afterglow to the & noise limit of
Mgyear = 21.1+ 0.3 This 3 ¢ limit is determined after esti-
mating the errors over the aperture used for reference stars.
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Fic. 2.—Normalized flux density in thB-band light curve of the afterglow

of GRB 010921, as constrained by the upper limits from the LOTIS telescope, with an unchanging decay index from-t. = 52
and the measurements from the SDSS PT, the Super-LOTIS, the Tautenburq 0
Schmidt, and the USNOFS telescopes. The fluxes in the different filters have

been transformed to thB band assuming a power-law spectrum of index
B = —2.3(Price et al. 2001).

the brightness of the host galaxy, which was clearly visible in
the co-added image 56 days after the burst. We determine its
brightness to b&k. = 21.93+ 0.09 ant. = 21.05+ 0.08

4. IMPLICATIONS AND CONCLUSIONS

Table 1 summarizes the magnitudes and upper limits in the
various filters from all the above observations. We transformed
fluxes measured in various filters to tRdilter by normalizing
a B = —2.3 power-law spectrum (Price et al. 2001, 2002a).
The calculated values are listed in the last column of Table 1.
Figure 2 shows the resulting light curve, together with a fit
using a power-law decay plus a constant host galaxy flux,
F=FR(t—-t)*+ F,.,. We obtain a best-fit decay index of
a = 1.75+ 0.28for a host galaxy magnitude & = 21.93
(from the USNO measurements 56 days after the burst). This
is a typical value for an optical afterglow prior to the jet break,
which was predicted to take plaeel30 days after the GRB
based on the observed energetics (Djorgovski et al. 2001) and
was observed at35 days with theHubble Space Telescope
(Price et al. 2002b).

We attempt to constrain the early-time power-law decay by
extrapolating the best-fit power-law decay model back to the
LOTIS upper limit ofR> 15.0 on September 21.256. Figure 2
shows that the early-time LOTIS upper limits are inconsistent
minutes to
—t,>20 hr. We calculate the flux density and its error at
—t, = 52 minutes from the fit function and find the LOTIS
limit 2.2 ¢ below the predicted value. This mild inconsistency
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may suggest that the optical emission peaked at a magnituddime emission in response to a near real-time localization of the
fainter than the LOTIS limiting magnitude (perhaps similar to GRB by HETE-2.

the afterglow of GRB 970508) or that the slope changed between

the observations, as suggested in the case of GRB 991208 Support for LOTIS and Super-LOTIS is provided by NASA
(Castro-Tirado et al. 2001). Complex light-curve shapes at very (S-03975G and S-57797F) under the auspices of the US De-
early times have been observed (e.g., GRB 970508) and can b@artment of Energy by University of California Lawrence Liv-
explained in terms of a distribution of Lorentz factors produced &rmore National Laboratory (W-7405-Eng-48). The SDSS is a
by the central engine (Rees & #&x0s 1998) and the complex joint project of The University of Chicago, Fermilab, the In-

; : eainn i . Stitute for Advanced Study, the Japan Participation Group, The
ﬁ;/é)gl;“o(r;(;)gar;:sltrlﬁc;rggg;ent shock emission in a relativistic Johns Hopkins University, the Max-Planck-Institute for As-

Our early-time observations suggest that afterglow behavior FONoMY, the Max-Planck-Institute for Astrophysics, New Mex-

h ioklv within h ftor the b ith i ico State University, Princeton University, USNO, and the Uni-
may change quickly within hours after the burst. With rapid o rgjty of Washington. Apache Point Observatory, site of the

localizations, we can probe the transition from the prompt emis- spsS telescopes, is operated by the Astrophysical Research
sion phase to the subsequent unfolding of the canonical afterglowconsortium. Funding has been provided by the Alfred P. Sloan
phase. GRB 010921 only provided an upper limit 52 minutes Foundation, the SDSS member institutions, NASA, the NSF,
after outburst, buHETE-2 triggers should eventually allow us  the US Department of Energy, Monbukogabusho, and the Max
to obtain simultaneous flux measurements. Robotic telescopelanck Society. K. Hurley is grateful faslysses support (JPL

like LOTIS and Super-LOTIS are well suited to finding this early- 958059) and foHETE support (MIT-SC-R-293291).
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