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ABSTRACT

Thediscovery of anopticalcounterparto GRB010222detectedy BeppoSAX;Piro 2001)wasannounced.4
hrsaftertheburstby Henden(2001a).The SloanDigital Sky Survey’s0.5mphotometridelescop€PT) and2.5m
suney telescopavere usedto obsene the afteiglow of GRB010222starting4.8 hoursafterthe GRB. The 0.5m
PT obseredtheafterglow in five, 300secg* bandexposure®verthecourseof half anhour, measuringatemporal
decayratein this shortperiodof F, oc t™9+05 The 2.5m cameramagedthe counterparhearly simultaneously
in five filters (u*g*r*i*z*), with r* = 18.74+0.02 at 12:10UT. Thesemulticolor obsenations,correctedfor
reddeningandthe afterglow’stemporaldecay arewell fit by the powerlaw F,, oc »~0-9%+0.03 with the exceptionof
theu* bandUV flux which is 20% below this slope. We examinepossibleinterpretationf this spectralshape,

including sourceextinctionin a starforming region.
Subject headings: gammarays: bursts(GRB010222)

1. INTRODUCTION

GammaRay Bursts (GRBs) were first detectedover three
decadesago by the Vela satellites(Klebesadelet al. 1973),
andthe first searchfor optical counterpartstartednearlyim-
mediatelywith W. A. Wheaton$ use of the Prairie Network
(Grindlay & Wright 1974). Thesesearchesvere fruitlessun-
til very recently; positionsaccurateto a few arcminuteswvere
not available for days, after the bursts had decayedsubstan-
tially, placingafterglows beyondthereachof thefew largetele-
scopesearchindor them.BATSE's nearreal-timecoordinates
had several degreepositionalerrors(Paciesaset al. 1999) al-
lowing only specializedwide field instrumentsto respondto
its triggers(Krimm et al. 1995;Lee et al. 1997; Akerlof etal.
1999). The BeppoSAXsatellite(Scarsi1993)wasthe first to
provide arcminuteaccurag within afew hoursof a GRB. With
theearlyannouncementsf thoseaccuratepositions beginning
in 1997, large telescopegouldjoin the searchanddiscovered
GRB aftemglows startingwith GRB970228(Groot et al. 1997;
vanParadijsetal. 1997).

The following work describesobsenationsof GRB010222
with the SloanDigital Sky Suney’s (SDSS;York et al. 2000)

telescopesThe SDSSis a projectto image10,000deg? of the
NorthernGalacticCapin five differentfilters (u*, g*,r*,i*,z*)
to adepthof r* ~ 23 andto performfollowup spectroscop of
the 10° brightestgalaxiesand10° quasargoundin thephotom-
etry. The SDSSis designedo be on the u'g'r’i’Z photomet-
ric systemdescribedn Fukugitaet al. (1996)whichis anAB,
systemwhereflat spectrumobjects(F, « ©°) have zerocolors
(Fukugitaetal. 1996). Themagnitudesn this paperarequoted
onthepreliminaryu*,g*,r*,i*,z* systemwhich may differ by
atmostafew percenfrom the systemof Fukugitaetal. (1996).
Thededicatedsuney instrumentsa 2.5msuney telescopeand
a0.5mphotometridelescopgPT), arelocatedat ApachePoint
Obsenatory (APO) in SunspotNew Mexico.

2. OBSERVATIONS

GRB010222was detectedby BeppoSAXon 2001 Febru-
ary 22 at 07:23:30U.T. in both the GammaRay Burst Mon-
itor (GRBM; 40-700keV) andthe Wide Field CameraUnit 1
(WFC1;2-28keV) instrumentsandwas“possiblythebrightest
(GRB) everobsenedby BeppoSAX”(Piro 2001). The coordi-
natesof the BeppoSAXdetectionweredistributedvia the GRB
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CoordinatedNetwork (GCN; Barthelmyet al. 1998) at 10:36
UT (Piro 2001),andHenden(2001a)reportecthe discovery of
an optical counterpariat 11:48UT, 4.4 hoursafter thetrigger.
(Seefinding chart, Figure 1.) At this time conditionsat APO
were not ideal for SDSSsurwy imaging as cloudswere ap-
proaching,andthe time remainingin the night did not allow
for a switch to spectroscop, thus SDSSobsenersdecidedto
follow up the counterpartvith boththe 0.5mPT andthe 2.5m
sunwy telescope Fortunatelyfor theseobsenationsthe cloud
passedefore GRB imaging beganand conditionswere more
photometricafterthe cloudthanbefore.

2.1. 0.5m Photometric Telescope Observations

The photometric telescopeis an /8.8, 0.5m telescope
equippedwith u*g*r*i*z* filters. The singleSITe 2048x 2048
CCD camerahasa 41.5' x 41.5' field of view. The PT took
a seriesof five, 300 secondobsenationsin g* bandcentered
on the reportedGRB010222ocation, following the afterglow
for approximately30 minutes before ending operationsfor
the night (seeTable 1). Normally, the photometrictelescope
andthe associatedeductionsoftwareare usedon objectswith
g* < 180. Sincethe GRB exposuresvereunusuallylong and
the counterpartwas relatively dim (the Poissonerror limit is
=~ 3%) photometrywas performedwithin a smallerthanstan-
dard apertureto improve the relative photometryof faint ob-
jects. The counterpartmagnitudeswvere then correctedusing
a sigmaclipped meanof the magnitudeoffsetsin eachframe
from the meanmagnitudeacrossthe five framesof well mea-
suredstars(g* < 17.0); correctionsvereat most0.005mag,in-
dicatingconditionswerephotometricoverthe 30 minutetimes-
pan.

2.2. 2.5m Survey Telescope Observations

The 2.5m sunwey telescopeas anf/5, 3° field of view tele-
scopedesignedand constructedor the SDSS.The telescope
hastwo interchangeablastrumentsanimagingcameraanda
fiber-fed spectrographTheimagingcamergGunnetal. 1998)
includesan array of 30 2048x 2048 CCDsin six columnsof
five CCDseach,0neCCD for eachof the5 filters. Thecamera
operatesn adrift scanmode,scanninghesky in greatcircles
at siderealrate. Astronomicalobjectsareimagedfor 53.9sec-
ondsin eachCCDin theorderr*i*u*z*g*. Becaus®f thegaps
betweercolumnsthetelescopenustobsere a secondsuchin-
terleaved strip to make a completestripe.

For GRB010222the 2.5mtelescopeobsenedtwo shortin-
terleaved strips covering a roughly 2.5° squareregion. The
GRB010222counterpartwas found in the secondstrip, field
22 of cameracolumn 3, run 2143. The imageswere pro-
cessedhroughthe normalSDSSdataprocessingipelinesand
calibratedagainsttwo 0.5m PT secondaryfields (hereafter
patches)f the GRB field obsened March 14 and17. These
patchesin turn were calibratedagainsta systemof standard
stars(Smithetal., in preparationwhichthe 0.5mPT obsenes
severaltimesthroughouthenightto measurextinctionandde-
terminephotometriczeropoints.Our diagnostictestsof the lo-
cationof thestellarlocusandnumbercountsof variousclasses
of objects,as comparedwith the approximatelyl 000 deg? of
sky obsenedalreadyin the sunwey, indicatetherelative calibra-
tions are no worsethan 2% in ary filter. The zeropointsalso
agreeto within 1% with a secondndirectcalibrationbasedon
other2.5mdatafrom thesamenightandfour secondaryatches
from two previous nights. Thuswe are confidentthe relative

(absolute)errorsare no greaterthan the standardSDSSval-
uesof 3%(5%)for u*, g*, andz*, and 2%(3%)for r* andi*
(wheretheabsoluteerrorsincludepossibledifferencedetween
the SDSSpreliminary photometricsystemand the systemof
Fukugitaet al. 1996). The calibrated2.5m magnitudesare
shavn in Tablel alongwith 0.5mPT obsenations.Table2 in-
cludesu*g*r*i*z* magnitudedor elevenreferencestarsin field
22, including the referencestar“A” listed in McDowell et al.
(2001).All starshave beenselectedrom unsaturate@ndnon-
interpolated(for cosmicray correction)starswith r* < 19.0
with the exceptionof thereferencestar“A” from McDowell et
al. (2001). Thisstarwasinterpolatedn r* band,but thecorrec-
tion waswithin thequotederrorsandvisualinspectiorrevealed
no problems.

3. RESULTS

The fading of GRB optical aftemglows is oftenwell fit by a
power-law decayof F, oc t* with a ~ -1 althoughdecayrates
from slightly lessthanthisto a = -2.1 (Grootetal. 1998)and
breakgo steepepower-laws have beenobsenedin someafter
glows. GRB010222appeardo bebestfit by brokenpower-law
models(Hollandetal. 2001;Masettietal. 2001)with earlyde-
cayratesof a ~ —0.6 to —0.7 andsteepeltlatertime decaysof
a ~ —1.3 with the breakoccurringaround0.5 daysafter the
GRB. Consideringthe shorttime spanandthe limiting errors,
measurementsf the decayratewith the 0.5mPT obsenations
weredifficult. Theerrorweightedeastsquaredit to thefive g*
pointsgivesa = -1.0+ 0.5 (seeFigure 2), which is consistent
with other early decayratesmeasuredor this burst (Price et
al. 2001;Fynboetal. 2001;Staneket al. 2001b;Holland et al.
2001;Masettietal. 2001).

The spectralshapeof GRB afteglows is alsowell fit by a
power-law, F, o v? with typical valuesof 3 ~ -1. In or-
derto derive a power-law fit for our 2.5mu*g*r*i*z* obsena-
tions we first correctedfor the local Galacticextinction with
the dustmap of Schigyel, Finkbeiner & Davis (1998) which
gives extinction valuesof A, = 0.118, Ag- = 0.087, A« =
0.063,A- = 0.048,and A = 0.034 at the reportedlocation
a = 14"'52M12555, § = +43°01'06!'2 (J2000; Henden& Vrba
2001b).We next wishedto correctfor the smalleffectof fading
overthefew minutesbetweerexposuresn theindividualbands
at 4.8 hoursafterthe burst. Becauseof the large errorsin our
own decayratemeasurementye insteaduseda leastsquaresit
to asinglepower-law for all reportedR banddatapointswithin
8 hoursaftertheburst(andbeforethe = 0.5 daybreak;seeMc-
Dowell etal. 2001;Staneket al. 2001a;Watanabestal. 2001;
Holland et al. 2001) with magnitudesadjustedto the calibra-
tion of Henden(2001c)wherenecessary The resultingfit to
the publishedR banddatais « = —0.71+ 0.10, consistentvith
valuesreportedby Hollandetal. (2001).We applieddecaycor-
rectionsrelative to r* of [-0.0035,-0.0066,-0.010,-0.013]to
i*7 u* b Zk Y g* *

Oncethesecorrectionswere applied,the leastsquaredit to
all five filtersis § =-1.10+ 0.10. However, a muchbetterfit
canbe obtainedby excludingthe u* filter; the remainingnon-
UV filters have aleastsquaredit of 3 =-0.90+ 0.03 (seeFig-
ure3). This secondvalueagreexloselywith thespectraklope
of 8 =-0.89+0.03 obsened by Jhaet al. (2001b)in a spec-
trum obsened4.92hoursafterthe burst, shortly afterthe 2.5m
obsenations. Our u* magnitude at an effective wavelengthof
3565A, is approximately20% lower thanthe power-law fit to
the otherbands. A similar deficit wasseenin theU bandob-



SDSSObsenationsof GRB010222 3

senationsof Masettiet al. (2001) one andtwo daysafter the

burst,andJhaetal. (2001b)mayseethebeginningof this steep-
eningin their lastbinnedspectrgpoint near4000A. (After this

work was submittedsimilar U bandresultswere reportedby

Staneket al. (2001c)for obsenationsfrom 0.2 to 2 daysafter
the burst.) Theseindependenbbsenationsindicatethis spec-
tral featureremainedconstanfor atleasttwo days.

We proposethat the breakin the spectrumat u* may be an
indicationof oneof two possibilities: eitherthe Ly forestor
extinction at the source. The first possibleexplanationfor the
u* deficitis thatthecounterparis ataredshiftnear2 ratherthan
at the redshift1.477absorptionsystemreportedby Garnaich
etal. (2001);Jhaet al. (2001a);Bloom et al. (2001); Castroet
al. (2001);Jhaet al. (2001b)andMasettiet al. (2001). For an
objectwithout detectedemissionines suchasGRB010222an
absorptionline systemcanonly provide a lower z limit to the
sourceredshift. The spectrunof Jhaet al. (2001b)doesnot ex-
tendfarpast4000A, thusno upperimit isimposeduntil z=2.3.
For obsenedQSOstheLya forestentersu* atredshiftsslightly
above z=1.477, but the 20% depressiorobsened herewould
notoccurunlesstheredshiftwere > 2.0 (Cristianietal. 1993).
However Jhaet al. (2001b)corvincingly arguethat given the
strengthof the z = 1.477 absorberthe GRB sourceis almost
certainly at that redshift. Thusa true GRB sourceredshift of
~ 2 would seemto beanunlikely explanation.

A secondmoreprobable gxplanationis thatthe counterpart
may residein a starforming region at z= 1.477 similar to the
Large Magellanic Cloud (LMC) or Small Magellanic Cloud
(SMC) and be extincted at the source. Dust in front of the
GRB could causethe extinction of the afterglow andthe gas
would explain the large equivalentwidths in thez=1.477 ab-
sorptionsystem(York etal. 1986). To examinethis possibility
we have fit the full extinction curve modelof Reichart(2001)
to the SDSSdata.Acceptablédits canbefoundfor awide range
of intrinsic power-law spectrawith index 3'). We presentwo
possibilities,3' =—0.75and-0.5. Thesechoicedor 3’ aremo-
tivatedasfollows: underthe modelsof Sari, Piran,& Narayan
(1998)and Sari, Piran,& Halpern(1999)the afteglow is de-
scribedin termsof synchrotronemissionfrom a decelerating
relativistic shellor jet colliding with the surroundingdSM. The
resulting spectrumcan be expressedas four power-laws bro-
ken at threetime-dependentrequenciesthe synchrotronself-
absorptiorfrequeng v,, the coolingfrequeng v, andthefre-
queng correspondindgo the minimum Lorentzfactorof accel-
eratecelectrong/p,. If theshockevolvesadiabaticallyin acon-
stantdensitymedium thebreakin thelight curveat =~ 0.5 days
(Hollandetal. 2001;Masettietal. 2001)might be explainedby
ajetif theobseredvoy > vc andvm, andg’ ~ —0.75. If the
shockinsteadevolvesradiatively, the breakin the light curve
might be explainedby v, passinghroughthe opticalat ~ 0.5
daysif v¢ < vopr < vm, andp’ = —0.5. For ' = -0.75(-0.5),
we find that the bestfits in the Reichart(2001) modelarethe
sourceextinction Ay = 0.032(0.13) mag, the slopeof the UV
linearcomponent; =~ 1.35(1.34),thestrengthof the UV bump
c3 ~ 8.1 (2.7),andthe strengthof the FUV non-linearcompo-
nentcy = 30 (6.9). Thesecurvesareshavn in Figure4 which
includesatypical SMC-like extinction curve for a sourcespec-
trumwith 8’ = -0.75 andsourceextinction Ay = 0.10. For the
B' = -0.75 casethereis a strongdegenerag betweenA, and
the parametergs andc, suchthatonly Ay - c; andAy - ¢4 can
be constrainedgz andc, canbeincreasedo ary valueby de-
creasingy, thusstatisticallywe canonly setlowerbounds.For

B'=-0.75,Ay < 0.057mag(1c) andAy > 0 atthe4.80 confi-
dencelevel; ¢, = 1.35733%; c; > 0 atthe 1. 10 confidencdevel;
andcy, > 11(10), ¢4 > 0 atthe 2.5¢0 confidencdevel. Further
¢4 > 1 (higherthanary obsenedvalue)atthe 2.1¢ confidence
level. For g’ = -0.5 thedegenerag is notasstong,andwe can
placethefollowing limits: A, =0.13'3:38 magandAy > O atthe
4.80 confidencdevel; ¢, = 1.34'51% c¢; > 0 atthe 1.35 confi-
dencelevel andc; < 5.6 (10); ¢4 > 0 atthe 2.10 confidence
level, ¢4 > 1 atthe 1.60 confidencdevel, andc, > 3.4 (10).
The Reichart(2001)fits to the two GRB modelsare approxi-
mately equally likely (with the 8’ = =0.75 modelfit only 1.4
timesmoreprobablethanthe 8’ = —0.5 modelfit).
TheReichart(2001)bestfit valuesof ¢, andthesecondsalue
of c; aretypical of thatobsenedin theLMC. Giventheerrors,
thefirst valueof ¢z is not inconsistentwith this interpretation.
However, for both afteiglow modelsthe valuesof ¢4, required
to extinguishu* relative to the otherbands,areaboutanorder
of magnitudegreaterthan thosefound in the LMC or SMC.
Waxman& Draine (2000) and Galama& Wijers (2001) pro-
posethat the optical flash (e.g., Akerlof et al. 1999) and the
burstmay sublimateandfragmentdustin the circumburstenvi-
ronment. If small (radius< 300) graphitegrains,which may
be responsiblefor the FUV non-linearcomponentDraine &
Lee1984),survivein greatemumberdn this ervironment,this
valueof ¢4 is notunreasonableAlternatively, thelargec, value
and u* banddeficit could be due to absorptionby molecular
hydrogen(Draine 2000) which would spanthe entireu* band
atz=1.477; however the expectedfeatureat A < 1650A red-
shiftedto X ~ 4000A is not obviousin the publishedspectra.

4. CONCLUSIONS

The serendipitous2.5m suney telescopeobsenations of
GRB010222ccurredn this casebecaus®f thevery fortunate
timing of a counterpartdiscovery announcementowardsthe
endof anightwhenconditionsdid notfavor normalsurey op-
erations.The 2.5mcameras anunwieldyinstrumentfor rapid
followup obsenations;nonethelesthis obserationhasshovn
the value of early five filter obsenations. In additionto the
measuremerdf theg*r*i*z* spectralslope(F o v 090+003)
the breakto a steepeslopein u* (alsoseenin theU bandob-
senationsof Masettiet al. 2001 and Staneket al. 2001c)was
not predictedor seenin spectraandmay indicatean alternate
sourceredshift,sourceextinctionin a starforming region mod-
ified by the GRB or its progenitor or somethingelseentirely.

The0.5mPT is anautomatedelescopendin generaimuch
bettersuitedfor GRB followup obsenationsthanthe 2.5msur
vey telescopeln this casehesameiming thatwassofortunate
for the 2.5mwasdisadwantageougor the PT, which wasonly
ableto obsene the burst nearits limit andfor a shortperiod
beforeshuttingdown for the night. Dueto anafterglow’srapid
decay typical BeppoSAXdelaysof several hoursplaceafter
glows nearthe detectionlimit of smallertelescopesHETE-2,
launchedn Octoberof 2000,will soonprovide ~ 10arcminute
positionsfor GRBswithin minutesof thetrigger, potentiallyal-
lowing telescopesuchasthe PT to measureboth the spectral
andtemporalbehaior of aburstin thefirst few hours.
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TABLE 1
SDSS OBSERVATIONS OF THE GRB010222 AFTERGLOW.

UTC®  telescope band exposure(sec) magnitud®

12:09:35 2.5m re 54 1874+ 0.02
12:10:47 2.5m i* 54 18.53+0.02
12:11:59 2.5m u* 54 19.56+0.03
12:13:10 2.5m z 54 18.34+0.03
12:14:22 2.5m g 54 19.02+0.02
12:13:15 0.5m g 300 19.04+0.04
12:19:36 0.5m g 300 19.05+0.04
12:25:58 0.5m g 300 19.03+0.04
12:32:19 0.5m g 300 1910+ 0.04
12:38:41 0.5m g 300 1914+ 0.04

38Exposurestarttime, 2001Feb22.

bStatisticalerrors;absolutephotometryerrorsfor the 2.5mmay
beaslargeas5% for u*, g*, andz*, 3% for r* andi*.

TABLE 2
REFERENCE STARS IN THE GRB010222 FIELD.?

ab 6b u* g* r* i* 7*
GRB  14'52"12%51  +43°0106/'2 1956+0.03 19024002 18744002 18534002 1834-+0.03
A 14'52"0751  +42°58'48'6 19394002 17.964£002 17404002 17184001 17.08+0.01
B 14'52M12%57  +42°55'59'3 18294002 17024002 16484002 16264001 1610+0.01
C 14'52716506  +43°0238'5 20024003 1903+£0.02 18724002 18614001 1856-+0.03
D 14'52"21586  +42°56'29'0  1978+0.03 18424002 17.874+002 17674001 17.53+0.02
E 14'52"28%65  +43°0232'6 2037+0.04 18504002 17.754002 1745+001 17.29+0.02
F 14'52"31509  +43°03142  17.06+0.01 15894002 15484001 15304001 1526-+0.01
G 14'52"41508  +43°0316/'8  1937+0.02 18154002 17694002 17524001 17.42-+0.02
H 1452745500 +42°5709'2 20074004 17.80+£002 16814002 16464001 1624-+0.01
| 14'52"50513  +42°55'22'7  17.84+0.01 1651+£0.02 15994001 15834001 1573+0.01
J 14'52"51532  +42°54'56'3  1853+0.02 1649+002 15634001 15374001 1518+0.01
K 14'52"51585  +43°0305'7  1859+0.02 16914002 16284001 16014001 1589-+0.01

2Selectedrom starsin field 22 with magnituder* < 19.0 which werewell measuredynsaturatedandnon-interpolatedcosmic
ray corrected)n all five filters, with the exceptionof thefirst star(A) in thelist which is thereferencestar“A” listedin McDowell et
al. (2001). This starwasinterpolatedn r* bandbut manualinspectionrevealedno problemsthe correctionwassmallandwithin the
quotederrors.Listederrorsarestatisticalonly, absolutephotometryerrorsfor the 2.5mmaybeaslargeas5% for u*, g*, andz*, 3%
for r* andi*.

”"Becausmf the non-standararientationand shortlengthof this stripethe astrometricerrorsare unusuallylarge, approximately
0:'3.
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FIG. 1.— GRB0102222.5mtelescope* image.Theimageis 8 arcminsquarewith 1 arcmintick marks.Northis approximately3°® clockwisefrom up, eastis to
theleft. Starsfrom Table1 within this subsectiorof field 22 areindicated includingthereferencestar“A” of McDowell etal. (2001).
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FiGc. 2.— Relatve photometryfor five 0.5mPT g* bandobsenations,alongwith the single2.5mg* bandobseration. The bestfit decaycurve of the form
F, ot to thefive PT g* bandobserationsis a = -1.04+0.5.
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FiG. 3.— The2.5mmultibandobsenationsat a singleepoch. The bestfit to F,, oc ©# with all five bandsis 8 = =1.10+ 0.10, shavn asa dottedline. Excluding
u* bandproducesfit of 8 = -0.90+ 0.03, shavn abore asa dashedine.
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FiG. 4.— Extinction modelfits to the 2.5mmultibandobsenations. The two bestfit extinction modelsfrom Reichart(2001)for 8’ = —0.75and0.5 asdiscussed
in section3, aswell asan SMC curwe for an unetinguishedspectrumwith 3’ = -0.75, are presentechere. The greenand blue curves throughthe datapoints
correspondo the Reichart(2001)extinction modelfit for z= 1.477 anda sourcespectrumof 3’ = —0.75 (greensolid curve) andg’ = -0.5 (bluedashecture). The
upperlinesof the samecolorsrepresenthe correspondinginextinguishedsourcespectra.The bestfit Reichart(2001)parameteror 3’ = -0.75(-0.5) area source
extinction Ay = 0.032(Q13), ¢, = 1.35(134), ¢z = 8.1(27) andc, = 30(69). Thedip in the curves,betweerr* andg*, is the ¢ redshfited2200Abump. The steep
dropthroughthe u* obserationis thec, farUV extinction (u* sampleghe non-redshiftedsRB spectrurfrom 1200Ato 1600A). The upperandlower dottedred
linescorrespondo anunextinguisheds’ = -0.75 spectrumandthe samespectrumextinguishedby typical SMC-like extinction with A, = 0.10.



