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ABSTRACT

We report our discovery and early-time optical, near-infrared, and radio wavelength follow-up observations
of the afterglow of the gamma-ray burst GRB 021211. Our optical observations, beginning 21 minutes after the
burst trigger, demonstrate that the early afterglow of this burst is roughly 3 mag fainter than the afterglow of
GRB 990123 at similar epochs, and fainter than almost all known afterglows at an epoch of 1 day after the GRB.
Our near-infrared and optical observations indicate that this is not due to extinction. Combining our observations
with data reported by other groups, we identify the signature of a reverse shock. This reverse shock is not detected
to a 3o limit of 110 pJy in an 8.46 GHz Very Large Array (VLA) observationtat 0.10  days, implying either
that the Lorentz factor of the burgt< 200 or that synchrotron self-absorption effects dominate the radio emission
at this time. Our early optical observations, near the peak of the optical afterglow (forward shock), allow us to
characterize the afterglow in detail. Comparing our model to flux upper limits from the VLA at later times,

t = 1 week, we find that the late-time radio flux is suppressed by a factor of 2 relative 280@aJy peak flux
at optical wavelengths. This suppression is not likely to be due to synchrotron self-absorption or an early jet
break, and we suggest instead that the burst may have suffered substantial radiative corrections.

Subject headings. galaxies: high-redshift— gamma rays: bursts

1. INTRODUCTION (Fox & Price 2002). These discoveries were made possible by
the prompt alerts of thédigh Energy Transient Explorer 2
(HETE-2) satellite (Ricker et al. 2002) and the wide field and
high sensitivity of the 48 inch (1.2 m) Palomar Oschin telescope
’e(P48) equipped with the Near-Earth Asteroid Tracking (NEAT)
camera (Pravdo et al. 1999). The increase in the number of
robotic telescopes allowed intensive early-time follow-up of
both of these bursts. Here we report the discovery of early
optical emission and subsequent multiwavelength follow-up
observations of GRB 021211.

Gamma-ray burst (GRB) afterglow emission on timescales of
hours to days, the historical standard for follow-up observations
can provide a robust measure of the global parameters of th
GRB, such as its total explosive yield and the density of the
circumburst medium on length scales et 10  c¢m (Sari, Piran,
& Narayan 1998; Wijers & Galama 1999). Early emission, on
a timescale of tens of minutes and less, offers insight into the
details of the explosion, including the relativistic Lorentz factor
of the burst ejecta (Sari & Piran 1999b) and the distribution of
the circumburst medium on length scales 10" cm. This
regime should show a clear signature of any dense stellar wind GRB 021211 HETE trigger 2493) was detected at UT
from the GRB progenitor (Chevalier & Li 2000). 11:18:34 on 2002 December 11. With a duration of 6 s and a

These two unique diagnostics, among others, have motivatediuence of10° ergs cnf (8—40 keV), the event is a typical
searches for early optical emission from GRBs. The first suc- long-duration GRB (Crew et al. 2002). The initilETE-2
cess came with the detection of early optical (Akerlof et al. |ocalization, although large (3Gadius), was covered by the
1999) and radio (Kulkarni et al. 1999) emission from GRB 1°1 x 1°1 field of view of the NEAT camera. We identified a
990123 (Briggs et al. 1999). This emission has been interpretednew source that was not present in the Palomar Sky Survey
in terms of a reverse shock plowing back through the GRB (Fig. 1) and announced this as a possible optical counterpart
ejecta (Sari & Piran 1999a; Meaos & Rees 1999). of GRB 021211 (Fox & Price 2002). The bd$ETE-2 local-

After nearly 4 years, early emission was recently observed ization at the time of our discovery was 'l radius; a sub-
again from GRB 021004 (Fox et al. 2003) and GRB 021211 sequent soft X-ray camera (SXC) localization produced the 2

radius circle shown in Figure 1. The position of the optical

* Caltech Optical Observatories, MS 105-24, California Institute of Technol- transient (OT) with respect to the Guide Star Catalog Il is
ogy, Pasadena, CA 91125; derekfox@astro.caltech.edu, ams@astro.caltech.edy, — 08'08"59:858,5 = +06°43'37/52 (J2000), with a '@

ejb@astro.caltech.edu, srk@astro.caltech.edu, kym@caltech.edu. . . . . R
2 Space Radiation Laboratory, MS 220-47, California Institute of Technol- estimated uncertainty. We continued monitoring with P48, the

ogy, Pasadena, CA 91125; pap@srl.caltech.edu, fiona@srl.caltech.edu, yost@O inch telescope at Siding Sp_ring (SS0-40), and the Palomar
srl.caltech.edu. Hale 5 m (P200) telescope with JCAM (Bloom et al. 2003).

*Research School of Astronomy and Astrophysics, Mount Stromlo and Photometry has been performed using the secondary calibrators
Siding Spring Observatories, via Cotter Road, Weston Creek 2611, Australia; of Henden (2002); see Table 1.

a mso.anu.edu.au, peterson@mso.anu.edu.au. . . g .
Pap@ P @ Our optical source was subsequently identified in images

2. OBSERVATIONS

4 Theoretical Astrophysics, MS 130-33, California Institute of Technology,

Pasadena, CA 91125; sari@tapir.caltech.edu. obtained by several robotic telescopes and other ground-based
® National Radio Astronomy Observatory, P.O. Box O, 1003 Lopezville facilities. In particular, RAPTOR (Wozniak et al. 2002), KAIT
Road, Socorro, NM 87801; dfrail@nrao.edu. (Li et al. 2002), and S-LOTIS (Park, Williams, & Barthelmy

® National Astronomical Observatory of Japan, Mitaka, Tokyo 181-8588,
Japan; itanaka@optik mtk.nao.ac.jp. 2002) detected the source 90, 108, and 143 s after the burst,

" National Research Council of Canada, Joint Astronomy Centre, 660 North '€Spectively. In Figure 2, we present the light curve obtained
A’ohoku Place, Hilo, HI 96720; g.moriarty-schieven@jach.hawaii.edu. by combining data from these and other GCNs with our data.
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Fic. 1.—Discovery image of the optical afterglow of GRB 021211, as obtained with the NEAT camera on P48, 21 minutes after theftpurseR-band
(f-emulsion) Palomar Digital Sky Survey (DPOSS) image of the GRB localization region is shown for compegsn The afterglow is marked by two dashes.
The circle of 2 radius marks the subsequent SXC localization. The position of S1, one of our secondary standards for NIR photometry (§ 2), is indicated by a
carat on the NEAT image; S2 is not visible in either image. Coordinates of S& are08'09"00:0, 6 = +06°43'52' (J2000), and coordinates of S2 are=
08'09"00:3, 6 = +06°43'38’ (J2000).

Near-infrared —We observed the afterglow in the near- PKS 0734+100 for phase calibration and 3C 147 and 3C 286
infrared with the Cassegrain f/70 low-background secondary for flux calibration. No counterpart to the OT is detected in
and D-78 infrared camera (Soifer et al. 1991) on P200 on any single observation. Adding the data between 2002 Decem-
December 11.55 UTK, band) and with NIRC (Matthews & ber 20 and 2003 January 6, we measure an 8.46 GHz upper
Soifer 1994) on the Keck | 10 m telescope on December 18.5limit of 35 pJy at the position of the OT. Peak flux densities
UT (JHKJ). NIRC observations were photometered relative to at the position of the OT can be found in Table 2.

SJ 9116 and SJ 9134 (Persson et al. 1998), and the P200 zero Separately, on December 12.51 UT, we carried out an ob-
point was determined from the NIRC observations by reference
to two secondary calibrators, S1 and S2 (see Fig. 1). Our results

are given in Table 1. "
Radio.—We searched for radio emission with the Very Large Y
Array (VLA)?; our initial observation at = 2.44 hr represents 12 1

the earliest radio observation of any GRB to date. We used

8 The NRAO is a facility of the National Science Foundation operated under 14
cooperative agreement by Associated Universities, Inc.

TABLE 1
OPTICAL PHOTOMETRY FOR GRB 021211 El
E

Date AT =18

uT) (days) Telescope Filter ~Magnitude  Error
Dec 11.4854...... 00144 P48 R 18.293 0.024 20
Dec 11.4962..... 00252 P48 R 18.813 0.045
Dec 11.4997...... 00287 P48 R 19.093 0.059
Dec 11.5064...... 00354 P48 R 19.343 0.071 20
Dec 11.5120..... 00410 P48 R 19.286 0.068
Dec 11.5139..... 00429 P48 R 19.479 0.077
Dec 11.5218..... 00508 P48 R 19.529 0.082
Dec 11.5251..... 00541 P48 R 19.598  0.086 24
Dec 11.5270...... 00560 P48 R 19.755 0.102
Dec 11.5332..... 00622 P48 R 19.950 0.110 L : . L
Dec 11.5399...... 00689 P48 R 20.091  0.130 0001 000 0.1 1 10
Dec 11.5533 ... 00823 P200/IRcam K, 1801  0.150 Tedm o Bt (Daye)
Deciitoze . Qlolo SSOUOWH B LS 013 i, s iign crve of GRE 021211 and other GRES, chuding a o
Dec 12.518 ....... 1.037 P200/IJCAM g 23.398 0.047 component flare afterglow fit for the early optical emission fro_m GRB
Dec 12.518 ....... 1.037 P200/JCAM P 23.416 0.073 021211. The data for GRB 021211 are drawn from the GCN ||terau1rd¢§
Dec 1849 .. ... 7019 Keck IINIRC K 2212 0.18 see text as well as Levan et al. 2002 and McLeod et al. 2002) and this \_Nork
Dec 1852 ... ... .. 7.049 Keck I/NIRC JS 2277 011 (squares; Tal_)le 1). We fitted the_dataat O._l days only (see § 3.2 for_detalls);
Dec 1856 ... ... 7089 Keck I/NIRC H 2248 0.16 the dotted line at>0.1 days is merely illustrative. The last two points (

5 days) are derived frontubble Space Telescope observations (Fruchter et
2 P48 unfiltered observations have been photometered again&thad al. 2002) and should be largely free of host contamination. The data for other
calibration of Henden 2002. GRBs are drawn from the literature (see Berger et al. 2002).
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TABLE 2 wind-type circumburst mediunp < r=2 ) the reverse shock
RADIO OBSERVATIONS OF GRB 021211 1, is inevitably below the optical band, detection of long-lived
Date AT Frequency Flux Flux Error reverse-shock emission for GRB 021211 rules out wind models
(T (days) Telescope (GHz) (uwly)  (udy) for this burst (Chevalier & Li 2000).
2002 Dec 11.57....... 0.10 VLA 8.46 12 36
2002 Dec 12.39....... 0.92 VLA 8.46 —-36 22 31 The Ra/er%s-]ock Flare
2002 Dec 13.40....... 1.93 VLA 8.46 9 45
gggg ng 12‘3‘2 ------- é-gg x::ﬁ 25-26 2‘2 g’g The optical flux is already declining at the first epoch (Woz-
2002 Dec 16.29....... 482 VLA 846 -65 19 niak et al. 2002), when=t* = 90 sarigl = 14 mag, cor-
2002 Dec 20.32....... 8.85 VLA 846 60 28 responding tof = f* =7.7 mJy at a frequency af =
2002 Dec 22.26....... 10.79 VLA 8.46 0.3 27 4.7 x 10" Hz; here the asterisk identifies quantities taken at
2002 Dec 26.44....... 14.97 VLA 8.46  -7.3 23 t = 90s. Thisimplies that < » and constrains the time when
2002 Dec 28.55...... 17.08 VLA 8.46 33 28 the flare spectral peak, passes through the optical bandpass
an 04.39....... 2392 VLA 8.46 2.4 24 Co ; " ;
2003 Jan 06.28.. ... 2581 VLA 8.46 46 o4 to b.etm <t*. Since the observed declinet att IS not very
Dec 20-Jan 06 ...... VLA 8.46 15 10 rapid, a,, < 2, we also havel > »,

The constraint on the time of the optical peak flux can be

L _ - converted into a constraint on the Lorentz faciwf the GRB
servation in the 347 GHz band with the Submillimeter Com- ejecta. From Sari & Piran (1999b), we havg

mon-User Bolometer Array on the James Clark Maxwell Tele- BN, Y3y S0E U3 o
0 300 5

>S (thin-shell case), whetg,,, isthe time atwhich
scope’ We used CRL 618 as the secondary flux standard. At y,q reverse shock crosses the GRB ejatfa, s the circumburst
the position of the OT, we measure a 347 GHz flux density of

by particle density per cubic centimetet,, +£00 , did is
2.0+ 2.5mJy. the isotropic-equivalent burst energy in units of?é¥gs. Since
toear< tm o < t*, we find thaty > 100n;"*EZ} .
3. A TWO-COMPONENT LIGHT CURVE The prompt emission fluence 80°® ergs©m (8-40 keV),
Three bursts have had early-time optical detections: GRBtogether with the proposed redshift= 1.006 ~ (Vreeswiik et

990123 (Akerlof et al. 1999), GRB 021004 (Fox et al. 2003), & 2002), yields an isotropigray energyE,, = 3 x 10° ergs
and GRB 021211. At early e’pochs, GRB 021211 is more tha{n fpr GRB 021211, Slnce. th'.s fluence is measurpd over a rela-
3 mag fainter than GRB 990123, and at later epothks { day),gve.lly gagowgggf’ aﬁp“fdat'(.mgf a (iHBCO”eCt'OH (Bloom,
it is fainter than the great majority of afterglows (Fig. 2). As we rlildllowir?n Sari )&SPci)rL;n 9(“1\2;9323; in' the absence of self-
show below, this is not the result of extinction in the host galaxy, absor tiong the radio flux follows oc =177  for times
so this burst reminds us that many so-called dark bursts may; anF():IF o o for times > t vvrher is the time W<hen
simply b.e _faint _(Fynbo et al. 2001; Berger et al. 200_2). Vm-' assers throuah the radio t?a[mh— 5 5‘3"" GHz. The value of
Examining Figure 2, we see that the early behavior of GRB - pf I f q[h latior.. . — t,_ L7 which i
021211 bears a striking resemblance to the light curve of GRB /™" E (ivézdrom ﬁr?.a.'(.) mr m~°(1° ”;) B ‘;]V o glve;]s
990123 (see Chornock et al. 2002). The light curve can betmérak_flu;( willa%le:\r/]et deec'lri‘:]'gg%_;asﬁm - (tt it y)t74|7s/4g|me',\lt0t2
ggzﬁﬁﬁgegléshﬁ]? OTP[EJS evSitﬁLrtSW:fg :q]rcgﬁg\t;édagylglrtrl]?éssi;[)eneplyfhat we are temporarily ignorihg extinction effects, which are

Iy : discussed in § 3.2.
declining as a typical afterglovey, ~ 1 . " .

The optical flash is thought to result from a reverse shock b Fck)r_tmy o< ’\Q’:e eﬁr?E)olat? fhir?bs.?;vel(.j cr)]pncal flux fdicay
propagating into the GRB ejecta (Sari & Piran 1999a), while the ack in time ass, , = (t, o/t ). - The light curve of the
afterglow arises in the shocked ambient material swept up byrad|o flare is thus a direct function of, ,
the ejecta (Sari et al. 1998). A fixed fraction of the energy of B s
each shock is assumed to be partitioned into energetic electrons F(t<t, )= 89x 10" (tm_o) ors (L) O
(eo) and magnetic fieldsef{ ). The electrons follow a power-law oo ' * '
distribution in energydN/dy o< v~ ° for > «,, , wherg is the
electron Lorentz factor, so that their collective emission follows ,, i s imi
f, oc »~ P2 at frequencies above the synchrotron peak fre- \;\?tthihg'(i%cggyga:ﬁ& :stggpzen(ljr;ggeare 1%” a(?%pg%llln}f
guencyy, and, oc (v/y,)"* otherwise. Below the self-absorption spectively. Foe,.~ 1.6 (8§ 3.2), the radio fluxtat= 0.92 ’ days
frequencyy, , synchrotron self-absorption becomes important, andg predicted to be-15 uJy, more or less independent of,,

above the characteristic cooling frequemcy |, electrons lose their

energy rapidly, on the timescale of the shock evolution The radio flux att = 0.10 days is a strong function gf,
' : however, and equation (1) gives,>20 sdnd <135 mJy.
The forward and reverse shocks evolve differently. Once the g (1) gives, > < y

A A lower limit on t., , implies an upper limit on the Lorentz
reverse shock has passed through the ejecta shell, no new elegzior of the ejectay < 180 "*EX® . Following the treatment

trons are accelerated and the shocked electrons cool adiabatbf Sari & Piran (1999a), however, we find that synchrotron

cally: », o< t "% with the flux aty, (the “peak” flux) decaying  ge|f_absorption may be suppressing the radio flux below the

A X i ; T
asF, oc t*"* (Sari & Piran 1999b); for >, , the emission |eye| of equation (1), which would render this limit invalid.
decreases even more rapidly. In contrast, electrons are contin-

ually added to and accelerated at the forward shock; in the
case of a uniform circumburst mediuf, s constant, and 3.2. The Forward-Shock Afterglow
even above, , the flux declines only slowly. Since in a stellar

tm, r

A variety of afterglow light curves are possible (Kobayashi
° The James Clerk Maxwell Telescope is operated by the Joint Astronomy 2000), but the form of sharp rise, plateau, and power-law decay
Centre on behalf of the Particle Physics and Astronomy Research Council of is near universal. Given the bl’lght flare, we cannot constrain

the UK, the Netherlands Organization for Scientific Research, and the National the rising portion of the afterglow light curve. We fitted the
Research Council of Canada. flare as a power-law decay of index, and the afterglow as
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a constant flux,, , which undergoes a power-law decay with expected to peak at times t,(1/%)**"*< 25 days. In the stan-
index o, fort>t, (Fig. 2). dard model, the synchrotron peak fl&x  remains constant as
We first examine the constraints on the reverse-shock decaythe peak frequency decreases, so we expect a radio peak flux of

Published GCN data are sufficient to constrajp= 1.63 =
0.13 and sincex,, = 47/48+ 73/48 [(p — 1)/2] (Sari & Piran
1999a), this implies thgd = 1.85+ 0.17 .

roughly 85uJy. Prior to the peak time, < »,, , arél~t°% . At
the mean epoch of our summed image; 17.3  days, we expect
F. ~ 70 udy, and our 2o upper limit isF. < 35 pJy, a factor of

The gap between the GCN data and our P48 measurement8 below the predicted level.

creates fitting degeneracies in the full model, so wenfix  at

We can estimate the self-absorption frequency (eq. [4.1] of

three successive values, 1.50, 1.63, and 1.76, and make fits t®ari & Esin 2001) in terms of the peak fluxy =
the full data set. Incorporating the range in parameter uncer-0.7E.,"*°n3"?qF, /85 nJy)***GHz. Self-absorption will be ef-

tainties covered in these three fits, we find that =
0.80+ 0.13f, = 65 = 20 uJy, andt, = 1700+ 280 s. Note

fective in the case of a high circumburst density—unlikely on
the basis of oun, estimate—or K, is sufficiently large. In

that because the flare dominates the afterglow emission at earlyhe latter case, at fixed frequency, the effects of increasing self-

times, our fitted,, should be considered a lower limit, and our
t, an upper limit.

We can measure the power-law slope of the spectrum,

Bops = —0.98 using ouB andK, photometry near= 0.1 days
(correcting first for Galactic extinction of; = 0.07 mag;
Schlegel, Finkbeiner, & Davis 1998). i <»  at this time,
theno,, = 3(p— 1)+ %,p=1.7+0.2, and = —p/2 =
—0.85=+ 0.1, implying little extinction in the hostA; =
0.15+ 0.18 mag in the observer frame. On the other hand, if
. >, at this time, thenu,, = 3(p—1) p=2.1+0.2, and
B = —(p—1)/2 = —0.55= 0.1, corresponding to an intrinsic
reddening oA; = 0.48 = 0.18 mag (observer frame). In either
case, extinction within the host cannot explain ##mag gap
between thdR-band light curve and those of most afterglows.

Since we do not know the location gf relative to the optical
band, we adopt an average extinction correctionAgf =
0.3 mag. This corrects our limiting peak flux ff = 65 uJy
to an unextinguished flux df,, = 85 uJy.

From our model fits,a;; = 0.80% 0.13, so thaF, =
85(t,, o/t,) *® pJy. We can use this relation along with equa-
tions (4.3) and (4.5) of Sari & Esin (2001) to estimate the
circumburst density on length scalesrof 2y%t,c < 10®*  cm.
We find thatn, = 0.1e52%'%.*4"E;;*"°, where, = 0.1¢, , .
Since we hav&,, ~1 (8§ 3.1), this implies either a low-density
circumburst medium or abnormally low values@f er

absorption win out over the raw increase in flux. Suppressing
the radio flux by a factor of 2, however, requifes= 800 uJy
(t. o = 100s), which seems unlikely.

The discrepancy between the observed and expected fluxes
can be due to an early jet bredk,<t,,  (Rhoads 1999; Sari,
Piran, & Halpern 1999). The optical light curve, however,
shows no sharp steepening outtta 10 days (Fig. 2). More-
over, the measured fluence and proposed redzhift1.006
for GRB 021211 are consistent with minimal beaming for a
“standard candle” bursE(, ~ 5 x 10°° ergs; Frail et al. 2001),
so that an early jet break seems an unlikely scenario.

Alternatively, the afterglow radiative corrections (Sari 1997;
Cohen, Piran, & Sari 1998) may be significant. In the slow-
cooling regime#. > », ), radiative corrections can be substantial
if e.is large €. = 0.1),, is close to,, , op is close or equal
to 2. We have not derived an estimate éor , put 2 for our
models, so this scenario remains an attractive candidate for
future modeling.

We acknowledge the efforts of the NEAT team at JPL and
of Scott Barthelmy at Goddard for the GCN. Thanks are due
to Josh Bloom, who has built an excellent transient observing
system in JCAM. S. R. K. thanks S. Thorsett for maintaining
the “hyperlinked GCN” Web page. GRB research at Caltech

In the absence of self-absorption, the radio afterglow can beis supported by grants from NSF and NASA.
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