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B Abstract Thediscoveryof counterpartén X-ray andopticaltoradiowavelengths
has revolutionized the study of y-ray bursts, until recently the most enigmaticof
astrophysicgbhenomenaWenow know thaty -rayburstsarethebiggesexplosionsn
nature causedy theejectionof ultrarelatvistic matterfrom a powerful enegy source
and its subsequentollision with its ervironment. We have just begun to uncover
a connectionbetweensuperneae and y -ray bursts,andarefinally constrainingthe
propertieof theultimatesourceof y -rayburstenegy. Wereview heretheobsenations
thathaveledto thisbreakthrougln thefield; wedescribeéhebasictheoryof thefireball
modelanddiscusghetheoreticalinderstandinthathasbeengainedfrominterpreting
thenew wealthof dataon y -ray bursts.

Ik zieeenster | seea star
enondermij andbeneathme
zaktdeaardelangzaamwveg. the Earth slowlyfalls away

1. INTRODUCTION

The very first modelof y -ray burstswas proposedy Colgate(1968,1974)even
beforey-ray burstshad beendiscovered;the modelinvoked y -ray emissionby
accelerategarticlesat the brealout of a shockfrom a supern@a progenitors
photosphere.
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Cosmicy-ray bursts(GRBs)werefirst reportedin 1973by Klebesadekt al
(1973), who in their discorery paperpointedout the lack of evidencefor a con-
nectionbetweenGRBs and superneae as proposedoy Colgate. It is aninter
estingtwist of historythata quartercenturylater, obsenationsof thelow-enegy
afteiglows of GRBs have provided evidencethat at leastsomeGRBs originate
from a probablyraretype of supernea. Thereturnto a discardedGRB model
that precededhe discovery of GRBsiis part of the flood of resultsthat have
becomevailablesincetheinitial discoveriesof X-ray (Costaetal 1997b),0ptical
(van Paradijset al 1997),andradio (Frail et al 1997c¢) afteglows of GRBs. The
review of theseresultsis the subjectof this paper

Cavallo & Rees(1978)and Schmidt(1978)realizedthatthe very small sizes
(implied by a short variability time, §t) and high fluxes of GRBs (F,, < 104
erg/cn? s)implied a high photondensityat the source.This, in turn,implied that
photon-photorscatteringwould preventemissionof the obserned MeV photons
for ary GRB populationmoredistantthan~1 kpc (unlesghesourcenereexpand-
ing ultrarelatvistically). Cavallo & Rees(1978)formalizedthe salientsource
propertiesnto a singleeompactnesparametergiven by

LO’T ~ Fy dZO'T

0, = ~
" mpe3R T mpctst

~ 1F, 405,/ (81)ms ~ 10°°F, 485,/ (8Dms, (1)

whereF, , = F,/10%erycm2s, o1 is the Thompsonelectronscattering
crosssection,m, is the proton mass;L, d are the luminosity and distanceof
the GRB source respectiely; andR = ¢ét is the radiusof the emitting region.
Barringrelatiistic expansiong > 1impliesthatthesources optically thick for
yy interactions,and cannotbe a copiousemitter of high-enegy photons. The
precedingnumericalvaluesthereforesuggesthat nonrelatvistic GRB sources
would have to bein the Galaxy andcorversely extragalacticGRBswould have
to comefrom very relatwistic sources.

Early indicationsagainsta Euclideanspacedistribution of GRBswas the ap-
parentlack of very weak GRBs (Fishmanet al 1978). This resultanticipated
by abouta decadethe discussionon the GRB distancescalein the early and
mid-1990s.A detaileddiscussiorof this issue,in particularthe extentto which
thisresultreflectednstrumentakffects,was givenby Hurley (1986).

In spite of this uncertainty by the mid-1980stherewas a generalbelief that
GRBsoriginatefrom galacticneutronstars—abelief that was supportecby the
cyclotronlinesin thespectraf someGRBsreportedy theGingateam(Murakami
etal 1988, Fenimoreet al 1988),andby line featuresnear500keV reportedby
theKonusteam(Mazetsetal 1981).

A galacticdisc populationof neutronstarswas firmly excludedasthe source
of GRBs,basedntheresultsof thefirst 6 monthsof BATSE obsenations,which
shavedthatthe GRB sky distribution is isotropicandthatthereis a stronglack
of very faint GRBs(Meeganet al 1992). With the increasingnumberof GRBs
detectedvith BATSE,theisotrop/ hasbecomestronglyestablishedBriggset al
1996). The lack of very faint GRBs showvs up asa turnover in the cumulatve
log N(>P) distribution (hereP is the GRB peakflux); for the brightestbursts,
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the slope of the distribution follows the Euclideanvalue of —3/2, but below
P ~ 5 ph/cn? s (~10°% ems/cn? s) the slope decreasesind becomesas low
as~—0.6atthefaintendof thedistribution (seePaciesa®tal 1999for areview;
alsoFigure19).

The statisticalpropertiesof GRBsarenaturallyexplainedif their typical dis-
tancesare measuredn Gpc (the cosmologicaldistancescale;Paczyaski 1986,
Usov & Chibisor 1975),acrosswhichinhomogeneityn thedistribution of lumi-
nousmatteris averagedut (seeCondon1999for a sky mapof extragalactiaadio
sourcesnicelyillustratingthis point). Theturnover in thelog N(>P) isthedirect
consequencef the effect of cosmologicalredshifton the obsered GRB rates
(downwardshift of thelow P endof the curve) andthe GRB peakfluxes(leftward
shift of thelow P endof thecurwe).

However, therewas a countenailing view that GRBsarisefrom neutronstars
in alarge galacticcorona(Shklovskii & Mitrofanos 1985,Brainerd1992,Podsi-
adlowski etal 1995,Lamb 1995,Bulik etal 1998),whosesizehadto be several
100 kpc to maskthe offset of the Earthfrom the galacticcenter(Shklovskii &
Mitrofanor 1985), but not muchlarger to avoid seeingexcessGRBsfrom M31
(Hakkilaetal 1994).

For several years, the GRB distancewas the subjectof a lively debate
(seee.g. Lamb1995,Paczyhski1995),but this debatedid notleadto aconsensus.
It was generallyfelt thatsettingthe distancescalewould requiretheidentification
of possiblylong-lived GRB counterpartin otherwavebandgFishman& Meegan
1995).

Independenbf which of the two contendingdistancescaleswerecorrect,the
compactnesproblemwas severe, and by analogyto e.g. BL Lac objectsand
othersuperluminalAGN sourcesappearedo requirerelativistic outflow of the
GRB source(Cavallo & Rees1978). Reviving the idea alreadyhinted at by
Cavallo & Rees,Rees& Mésaros (1992) suggestedhat y-ray burstscan be
producedif part of a relatwvistic bulk flow is corvertedbackinto high-enegy
photonsthroughparticleaccelerationn a relatvistic shockbetweerthe outflow
andthecircumsourcenedium. Thisbasicmechanisnihasbeendevelopednto the
fireball model,which providesthe backgroundf currentdiscussion®n GRBs.

Early attemptdo find GRB counterpartemplo/ed severalapproachessome
of which areasfollows:

1. Archival platesearche$or opticaltransientsn smallGRB errorboxes
obtainedfrom the IPN network of satelliteshroughtriangulation(Hurley
etal 2000a,b).Schaefeetal (1981,1984)reportecthediscovery of such
transientsn theerrorboxesof several GRBsafterextensie searches the
Harvardplatearchives. However, Zytkow (1990)andGreineretal (1990)
have amued,onthebasisof ananalysisof the 3-D distribution of theimage
in the plateemulsionsthattheseeventsarelik ely platedefectybut see
Schaefe990).

2. Deepimagingobsenations(optical, X-ray, andradio) of smallerrorboxes.
Theaim of theseobsenationswas to find outif particularobjectsappeatn
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theseerrorboxeswith a statisticallysignificantexcesswhich might
qualify themaspossibleGRB counterpartsThesesearchesverenot
successfuli.e. they did notleadto a corvincing detectionof a source
populationconnectedo GRBs. For example,someerrorboxeswere
conspicuouslhdevoid of hostgalaxiegSchaefel992,Bandetal 1999),
which was takenasevidenceagainstextragalacticorigin of GRBsor asa
problemwith specificextragalactiomodels(Schaefed 992,Bandet al
1999)—thougtrorrelationswith extragalacticobjectswerealsoclaimed
(e.g.Larsonetal 1996,Kolatt & Piran1996)but disputedSchaefel 998,
Hurley et al 1997).

3. Simultaneousky coverageusingwide-field optical meteorsearctcameras
(seee.g.Hudecetal 1999,Greineretal 1993,Krimm etal 1996). In none
of thesimultaneouphotographiédmageswas an opticaleventdetectedthe
correspondingnagnituddimit (for opticalflashedastingaslong asthe
GRB)is ~5th magnitudgMcNamaraetal 1995).

Extensve summarie®f theearlyattemptdo find GRB counterparthiave been
given by McNamaraet al (1995)andFrail & Kulkarni (1995). In hindsight,the
lack of succesof theseearly attemptsis now understoodas a result of these
obsenationsbeingeithertoo late or not sensitve enough.

A breakthroughn the searchfor GRB counterpart®ccurredn early1997,as
theresultof thefirstrapidlyavailable(typically within afew hours)accuratéof or-
derseveralarcminutesisRBerrorboxesproducedy thetwo Wide Field Cameras
(WFCs; Jageret al 1995)on the Italian-DutchsatelliteBeppoSAX(Boellaet al
1997). ThesaNFCsarecoded-maskamerasvith afull field of view of 40° x 40°
anda resolutionof severalarcminutes.GRBsaredetectedastransienteventsin
the WFC ratemete2—20keV). Triggerinformationthata GRB occurreds usu-
ally provided by the GammaRay BurstMonitor (GRBM) on BeppoSAX(Feroci
etal 1997),andoccassionallypy otherinstrumentge.g. BATSE).In severalcases,
scanf a BATSE GRB errorbox with the ProportionalCounterArray (PCA) of
theRossiX-ray Timing Explorer(RXTE) have producedelatively accuratesRB
errorboxes(Takeshimaetal 1998;seealsoSection5).

This review of therapidincreasen our understandingf GRBsduringthelast
twoandahalfyearghusdescribeso alargeextentthesuccesstoryof BeppoSAX.
To mary, theimpactof BeppoSAXcameasa surprise however, the directuseof
theWFCsfor accuraté&SRB locationswas an integral partof thescientificgoalsof
thisinstrumentrom the very beginning (seee.g. Hurley 1986). Rapidfollow-up
obsenrationsof theseerror boxes have unambiguouslyshownn that y-ray bursts
originatefrom the high-redshiftuniverse.

Thereview isstructuredasfollows. In Section2 we provide a brief description
of thedevelopmentsn our understandingf the purey-ray aspectof GRBs. In
Section3 we give avery brief descriptiorof asimpleversionof thefireballmodel,
because¢his pravidesthe currentframeawork of virtually all discussion®f GRBs.
Thisis donein the hopethatit will guidethe descriptionof the obsenations,al-
thoughwerealizethatin asenseveareprejudicial. Yet wefeeltheoverallevidence
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2.1

for thebaselinemodelis strongenoughto proceedhisway. In Section4 we de-
scribethe mainresultsof low-enepgy afteiglow studiesin the form of highlights.
Numericalinformationandaveryshortnarratve onindividual GRB afterglow ob-
senationsarecollectedin Section5, in takularform. In Section6 we contrasthe
resultsof theafteglow obsenrationswith thoseexpectedrom thesimplestireball
modelsanddiscusghecompleities of the GRB emitterthatmayexplainthevar-
iousdiscrepanciebetweerthetwo. In Section7 we briefly discusgheconnection
of GRBto hostgalaxiesandcosmologicahspect®f y -ray burstfollow-up obser
vations,amongthema possibleconnectiorwith the starformationrate history.
We briefly mentionsomeimplicationsof the GRB associatiorwith galaxiesand
superneaefor thecentralengine.ln SectiorBwe closeourreview with somecom-
mentsregardingtheimpactof GRB follow-up obsenationson our understanding
of theorigin of y-ray bursts,andlik ely developmentsn the nearfuture.

PROMPT y-RAY EMISSION

A comprehensie review on y-ray burstswas written by Fishman& Meegan
in 1995.1n the five yearsthat have elapsed BATSE hasrecordedan additional
1000GRBs,with agrandtotal of over 2704events. Theisotropy andinhomogene-
ity of their distribution is now firmly establishedaswell asthe GRB hardness-
durationcorrelationandbimodaldurationdistribution (Paciesastal 1999). The
line detectionpaucityis still a hardfact(Briggs 1999),asis the non-detectiorof
arny GRB repeatefPaciesagtal 1999).

With almost3000 eventsat hand, the next stepin the pure y-ray field was
obtainingelaboratestatisticsj.e. statisticoon GRB propertieghatrequiredtheuse
of advanced sometimegopious)nalysesand/omodelsimulationsandfits. This
sectiondescribesomeof thenew resultsthathave appearedh thelastthreeyears
in theliterature. Selectioncriteria appliedwerethe broaderimpactof the result
andits significancein improving our understandin@f the physicalmechanisms
responsibldor the productionof the prompty-ray emission.

Faint (Untriggered) GRBs

Kommerset al (2000a,b)recently completeda searchof six yearsof archial

BATSE datafor GRBsthatweretoo faintto activatethe real-timeon-boardourst
trigger system(untriggeredbursts). They found 873 untriggeredevents,551 of

which werefaint—i.e.below the BATSE detectiorthreshold(their detectioneffi-

cieng fallsbelov 50%at peakfluxesof 0.16ph/cn? s). Theeventsthuscollected
have peakfluxesafactorof ~2 lowerthanthosedetectedvith thenominalBATSE
triggercriteria.

ThelatestBATSElog N — log P flattensbelov P = 0.6 ph/cn? s (Paciesa®tal
1999;seeFigure19). Theefficiengy calculationsof Pendletoret al (1998)shav
thatthis is a real effect and not an instrumentalartifact. The combinedfaint +
BATSE GRB cumulatve log N — log P distribution also exhibits a dramatic
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flatteningconsistentwith the triggeredburst results,an indicationthat few faint
burstshaveremainedindetecteavith BATSEin thetriggeredor untriggerednode.
However, Sternet al (1999)find no indicationof a turnover in a similar study;
thediscrepang appearso lie in thetriggerefficiency calculation.Kommersetal
(2000a)extendedhe GRB peakflux distribution (log N — log P) to ~0.18ph/cn?' s
andfitted it with several cosmologicalmodelswith power-law luminosity distri-
butions. Their resultsfavor modelsin which the redshiftdistribution of the GRB
rateapproximatelytracesthe starformationrateof the Universe.

2.2 A Hubble Relationship for GRBs?

Norrisetal (2000)analyzedwo sampleof GRBs: (1) seven events(six of which
have knownredshiftsobsenedwith BATSEandBeppoSAXthatalsohave optical
or radiocounterpartsand(2) the 174 brightestiong duration(over 2s) GRBs. In
particular they computedcross-correlatiodags betweenlow (25-50keV) and
high (100-30keV and>300keV) enegy bandsandexaminedtheirdependence
onbursty/X peakflux ratio andpeakluminosity They find thatthe spectralags
andthe burst peakintensitiesareanticorrelatedin both samples.For the bursts
with known redshifts the connectioris well fitted by a power-law, Ls; = 1.3 x
(z/0.018)*15 (Figurel).

A similar claimis madeby Ramirez-Ruiz: Fenimorg(1999),who have found
arelationshipbetweerburstvariability andabsoluteburstluminosity. If thesere-
sultsstandthetestof time, they may provide auniqueway of determiningburster
distanceausingthe prompty -ray data,thussignificantly expandingthe distance
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Figurel Spectralagversuduminosityfor GRBswith known redshifts. Theright panelhasan
expandeduminosityrangeto include GRB 980425(Norris etal 2000).
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2.3

2.4

sampleandenablingdeepcosmologicabrobing. However, the interpretationof
the durationdifferencesbetweenbright and dim burstspreviously attributed to
cosmologicatime dilation (Norris etal 1994)hasnow becomevery unclear

Prompt Gamma-ray “Afterglows”?

Costaet al (1997b)have shavn that the BeppoSAXNFI X-ray afterglow light
cunve of GRB 970228 smoothly joins with the WFC prompt emission,indi-
cating a gradualevolution betweenprompt and afteglow emission. Similarly,
Connors& Hueter(1998) reportdistinct X-ray afteiglow emissionfrom GRB
780506 starting~2 min afterthemaineventandlastingfor about30 min. Burenin
etal (1999)founda power-law decayin one GRANAT/SIGMA burst,albeitwith
a considerablyflatterdecayindex (§ = — 0.7)thananormal(§ = —1.0) after
glow.

Giblin etal (1999)have found evidencein the BATSE datafor a prompthigh-
enegy (25-30keV) afteiglow componenfrom GRB 980923 After 40s of vari-
ableemissionthey -raylight-curve decayswith apower-lawindex, § = —1.81(2),
in asmoothtail lasting~400s. An abruptchangen spectrakhapeas foundwhen
thetail becomesoticeabldgFigure2). Moreimportant,Giblin etal (1999)shoved
thatthespectrakvolutionin thetail mimicsthatof acoolingsynchrotrorspectrum,
similarto thespectrakvolution of thelow-enegy afteiglows of GRBs. Currently
Connaughto1t2000)is working on a statisticalanalysisof GRB tail emissionher
resultsindicatethathigh-enegy tails areprevalentin long GRBs,albeitatlow in-
tensitylevels. If confirmed theseresultswill provide evidencefor a continuation
of theemissionduringthe GRB, andwill constrairtheemissionmodels.

TeV Prompt Emission?

Atkins et al (2000) detectedohotonswith enegies greaterthan a few hundred
GeV in one out of 54 BATSE searchedevents with the Milagrito detector
GRB 970417a. The excesshasa chanceprobability of 2.8 x 107> of beinga
backgroundluctuation,and1.5 x 103 of beinga chancecoincidence.If this
resultstands this would be the highestenegy emissionever associatedvith a
GRB—aresultthatcouldprovide atheoreticachallengegfor someGRBsbecause
thefluenceof GRB 970417aabove 50 GeV is anorderof magnitudehigherthan
its sub-MeVfluence.

BASIC THEORY OF FIREBALLS AND BLAST WAVES

Herewe give a brief overview, startingfrom first principles,of the evolution of
sphericablastwaves,to setthecontet for thesubsequerdiscussiorof theobser
vations.Morecomple effectsarediscussethter(Sectiong)in broadierms.Much
moreabouttheoreticadevelopmentsincludingmary of thetechnicaldetails,can
befoundin thereview by Piran(1999).
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Figure2 Timehistoryof GRB980923(25-300keV) plottedlogarithmicallyto indicatethefirst
partof the 400s long tail (upperpane). The high-enegy photonspectraindex as a function of
time is shovn in the bottompanel Note the abruptchangeof the spectralindex whenthe tail
begins (Giblin etal 1999).

3.1 Dynamics

As the simplestpossiblemodel of gamma-rayburst dynamics,we considerthe
releaseof alarge amountof enegy into a smallvolume,andfollow theresulting
explosion. This gives a scenariomuchlike a normalsupernoa, exceptthatwe
choosgrarametersothatthe explodingfireball is ultrarelatvistic; consequently
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Lorentzcontractionplayanimportantrolein settingthetypicalsize,duration,and
characteristiphotonenengy to valuesvery differentfrom thoseof a supernea.

Let us considerthe releaseof an enegy E= 10°? Es;, erg into a spherewith
radiusry,. A restmassM, of baryonss entrainedn the volume,andthe enegy-
to-massratio in the initial fireball is thusny = E/Mpe?. The evolution from
theseinitial conditionsin the contet of gamma-raybursts was pioneeredby
Cavallo & Rees(1978). It dependson one other parameterthe optical depth,
7, of thefireball. For enegy primarily in MeV photonsthiswill bedominatedy
photon-photorscatteringandpair production sothatr ~ Eor/rZmpc? (o7 isthe
Thompsorcrosssection;seeCavallo & Rees1978). Given enegiesappropriate
for cosmologicalGRBs, the optical depthis very high. This meanstheinternal
enepgy canonly be corvertedinto kinetic enegy, andan adiabaticallyexpanding
explosionis initiated A phaseof acceleratiomow begins, andwe canderive
the rest-frametemperaturel” and bulk LorentzfactorI" of the exploding fire-
ballfrom thermodynamicandenegy conseration. Adiabaticexpansiordictates
that T’V?2~1 = eonst., sothatthe temperaturelecreasewith fireball radiusas
T’ « R~! (Visthesourcevolumeandy, theadiabatidndex of thegas;y, = 4/3
for anultrarelatvistic gas). Thetotal internalpluskinetic enegy in the frameof
an externalobserer equalsé = I'M, (kT’/m, + ¢®). For relatistic temper
atures.the first term dominatessothat E o« I'T’ = const.Combinedwith the
thermodynamicelation,we thenfind thatI" o« R. Thebulk Lorentzfactorof the
gasthusincreasedinearly with radius,until it saturatesatavaluel'y ~ n, & a
radiusr,~ nr;,. Beyondr,., the now cold shell coastsalongat constant_orentz
factor Becausall the matterin it hasmoved with v ~ ¢ sincethebeginning,it is
all piled up in a thin shellwith thicknessR/ I'? nearthe leadingedge(Mésaros
& Reesl993).

As with supernoae, the coasting(or ballistic) phaseendswhenthe enegy
containedn materialsweptup by the shellbecomes significantfraction of the
totalenegy. Theshelldrives ablastwave into theambientmedium with Lorentz
factory = I'v/2 (Blandford& McKee1976);the qualitative evolution of this
systemis easilyunderstoodn the casewherethe shocled ambientgasdoesnot
radiate.While thefirst materialis sweptup, the shockmoves with Lorentzfactor
y ~ yo > 1. Theshockjump conditions(Blandford& McKee1976)imply that
therest-framehermalenegy of themassm, sweptthroughtheshockis ymc. In
our frame, this enegy is blueshifted sothatE; ~ y2mc. This meanshatabout
half theinitial explosionenegy, E ~ y,Mo€?, residesn theswept-upmasswvhen
m ~ mgec = Mp/yp, at which point the kinetic enegy loss of the shell begins
to be significantandthe shell deceleratiorstartsin earnest.This is muchsooner
thanin the non-relatvistic case wheremge. ~ Mo. Well beyond this point, the
shocled gasdominateshe massand enegy of the expandingsystem,andthus

Lironically, Cavallo & Reesalreadyrecognizedanddiscussedhe evolution in this opaque
limit. At thetime, however, GRBswerebelieved to be very nearbyandconsequentlyhey
emphasizethe behaior of far lowerenegy Galacticversionsof themodel.
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E ~ Es « y°m = eonst., soy slowly decreaseasy o m~*/2. For thesimplest
caseof a uniform ambientmedium,we thenhave the standardesultfor a self-
similar relativistic blastwave: y o r—3/2,

To getthe correspondingbserer times,we needto introducethe kinematic
relationbetweerradiusandobsenrer time for a relatwvistically approachinghell
(Reesl964):

dt = dr/2y%c. 2)

Beforeseriousdecelerationywe maysety = yp 2 andomit the differentials. For
a purehydrogenmediumwith numberdensityn = p/mj, we thengettheradius
andobsener time of the onsetof deceleratiofRees& Mé&saros1992):

1/3 _
Faeo = (3Eo/Amyinmye?) > = 3.8 x 101° (Esp/m)y5 72 em  (3)
taec = Fdec/215C = 63(Eso/m) 1, s. (4)

Comparedvith thesupernwa case deceleratiortakesplaceat somavhatsmaller
radii, but moststarkly within secondsatherthancenturiesthis is causedy the
higherspeedof the ejecta,but even moreby thetwo Lorentzfactorsin Equation
2. Therelativistic phaseendsandturnsinto the usualsupernea behaior (Sedw
1969Ch. IV, Taylor 1950)whentheenegy perparticleapproachempcz. At that
timetheLorentzfactorcorrectionglisappegrandwe mayestimatehesizesimply
asct, hence

tnr = (3Eo/4Tnmye’) P =12 (Esa/m)*3yr. ®)

Asweseefrom theprecedingjualitatve discussiontherelativistic self-similar
phasecanspanmary ordersof magnitudein time. We now derive the evolution
for the blastwave more preciselyand generally following Huanget al (1999;
seealsoKatz & Piran1997). We assumehatmaterialpassinghroughthe shock
quickly radiatesa fractione of the post-shockhermalenepgy, andretainstherest
asthermalenegy. The total (kinetic plus thermal)enegy of the burstis then
E = (y — 1)(Mg + m)e? + (1 — €)yU, andthe radiatedenegy is dE;ag =
ey (y —1)c? dm (Panaitesc& Mésaros1998aBlandford& McKeel976). From
theshockjump conditionspnefindsU = (y —1)mc, whichin combinatiorwith
dE = dE,4gives

dy y2—1

— = . 6
dm Mo +em+ 2(1 — €)ym ©)

For fully radiatve (¢ = 1) andfully adiabatic(e = 0) blastwaves, one can
write analyticsolutionsfor the expansion.Equation6 differs somevhatfrom the
sometimeguoted

dy y2—1

dm M

)
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in which M is thetotal rest-framemass(inclusive of massequialentof internal
enegy; Chiang& Dermerl999,Katz1994b).Fore = 1,theformsareequialent,
but the adiabaticform of Equation? is only valid in the ultrarelatvistic case:its
solutionneary = 1 shouldyield theclassicaSedw-Taylor solutionbut doesnot.
Equation6 doesyield the Seda-Taylor solutionin the non-relatvistic limit.

3.1.1 Fully Radiative Case, e =1 Theequationof motionis easilyintegrated
to give (Blandford& McKeel1976,Huangetal 1999,Katz & Piran1997)

(y—w(m+1)_(mﬁmﬂ2 @©
y+1)\w—-1) \Mg+m )’

wherey, ~ n/2, my ~ My/n aretheinitial conditionsof the deceleration.The
ultrarelatvistic limit is obtainedfor My > m, sincethe deceleratiornstartsin
that limit, and the large radiative lossesmeanthat the shock comesto a halt
after having sweptup only a few timesm,. ExpandingEquation8, we obtain
ym = M, i.e. y o m™L. For a uniform ambientmedium,this gives the well-
known y o F73. Insertingthis into the kinematic relation betweenradiusand
obserertime (Equation2), wefind thaty oc t—3/7 andr o t/7: theLorentzfactor
decreasesubstantiallyat very slowly changingradius. In the non-relatvistic
limit, thesolutionbecomeg o m—2, whichfor auniform mediumis thesnavplow
(radiatve) phaseof superngaremnantexpansion.

3.1.2 Adiabatic Case, e = 0 The equationof motion for this caseis easily
integratedto give yM, + (¥ — 1)m = const To interpretthis result,we subtract
M, and multiply by €2, and note that the resultis the sumof thermaland bulk
kinetic enepiesof the blastwave, hence

(¥ — DMo€? + (y? — hm¢ = Exqo, )

whereEg, is a constant.In the ultrarelatvistic limit (m > Mo/y andy > 1),
this implies y?m = eonst For a uniform ambientmedium,this thengives y o
r—3/2 asderived qualitatively above. With the kinematic r—t relation,this then
gives y o t38 andr o tY/4. This demonstratethat althoughthe self-similar
relativistic casecancover 6—7 ordersof magnitudein time, the rangein radii it
coversis not nearlyaslarge. In the non-relatvistic limit (y ~ 1, m > M) we
getp oc =32 whichis the properSedw-Taylor solution.

Theaboverelationsdefine(thelimiting case®f) thedynamicabehaior of the
blastwave. Unfortunately the greatdistancesnake the blastwaves unresoled
on the sky, sowe cannotdirectly testthe relationsbetweerr, t, and g, y. [The
scintillation size determinationof GRB 970508 (Frail et al 1997c¢)is the one
exceptionto this.] Therefore we will have to describethe flux andspectrumof
radiationfrom the expandingshockbeforewe canfind directtestsof our model
from data.
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3.2

3.3

Radiation

Thematerialbehindtheshockhasrelatvistic temperature)ecausenegy trans-
fer betweerparticlesin two-bodycollisionsbecomesessefficientwith increasing
temperaturemary commoremissiormechanismgarepoorlyin theshock-heated
gas. Theonemechanisnthatdoeswell with relatiistic particlesis synchrotron
radiation—preideda significantmagnetidield is present.Theseefficiency con-
siderationsmadesynchrotronemissiona favored model early on. By now, its
dominanimportancehasbeenconfirmedfor theaftelglow phaseof theburst,and
we will developthetheoryfor this case.The origin of the burstemissionis less
clear;althoughit could be synchrotrornemission,its natureis still the subjectof
lively debatgSection6.4).

The Afterglow Emission

In the afteglow, restframedensitief particlesandphotonsarequite small,and
the electronscatteringoptical depthwill typically be 1072 or less. This means
thatoptical deptheffectscanbe negglectedfor now, andthattwo-bodyencounters
are not efficient in producingradiation. Let us thereforeconsidersynchrotron
emissionwhich,aswewill see providesverygoodfitstotheafteiglow spectrand
light curves. Thefirst precisepredictionof this emissiorwas madeby Mé&szAros
& Rees(1997). The relationsbetweenthe obsenable synchrotronspectraand
shockparameterdiave beenderived in a numberof papers(Rees& Mésaros
1992, PaczyaskiandRhoadsl 993,Waxmanl997c,Granotetal 1999b,Wijers &
Galamal999). Herewe omit details,andfollow the notationandcoeficientsof
Wijers & Galama(1999).

Theformationof magnetidieldsandacceleratiomf particlesatandin thewake
of arelatvistic shockfront arenot yetwell understood For now, we summarize
our ignoranceof the post-shockparametersn asfew parametersas possible.
The post-shoclconditionsarerelatedto the pre-shockonesby jump conditions
(Blandford& Mckee 1976),which in the ultrarelatvistic limit (y > 1) canbe
approximateds

n = 4yn; U’ = 4y’nmyc?, (10)

whereprimedquantitiesarein therestframeof theshock n is thenumberdensity
andU istheenegy density (Strictly speakingif themediumis notpurehydrogen,
n denoteghe nucleondensity) We assumehatthe enegy densityin magnetic
field andrelativistic electronsarea fixed fraction, eg ande,, respectrely, of the
post-shockotal enegy density For the magnetidield, this means

B’ = \/8regU’ = yc./32regnm,. (11)

For the electronswe have to specifya shapeof the enepgy distribution aswell
asatotal enegy. In mary acceleratiormechanismsthe electronLorentzfactor
distribution becomesa power law above someminimum Lorentzfactor yy, and
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extendsto muchhigherenegies. For a powerlaw index p we canintegratethis
simpledistribution andrelatethe Lorentzfactordistribution to thetotal enegy in
relativistic electrons.We canthenrelatethe minimumelectronLorentzfactorto
theenepy fractionin theseelectrons:

2 myp-—2
=g €eV,
1+ Xmep—-1

whereX is the hydrogenfraction by massandthefirst termis (to goodapproxi-
mation)the electron-to-nucleonumberratio in theambientgas.

Thecalculationof thesynchrotromradiationspectrungiven theelectronenegy
andmagnetidieldis lengthy but standardseeRybicki & Lightman(1979),Ch. 7
for ageneratreatmentandWijers & Galamg1999)for anexampleof application
to GRBs]. Figure3illustratesthe schematicshapeof the spectrunfrom radioto
X raysfor thetypical adiabaticcasefrom hoursto weeksinto the afterglow. The
spectrumat late timesis divided up into four regions. At very low frequencies
the spectrumis self-absorbedand follows a blackbodyshape,F o v2. This
region endsat the self-absorptiorfrequeng, v, characteristicallya few GHz,
above which we find the standardow-frequeng synchrotrorslopeF o v/3, up
to the peakfrequeny v, This frequeny correspond$o the minimum-enegy
electronsitheflux at this point, from which the spectrumis usuallyanchoredjs
denotedasF,,. Above this, the slopeof the spectrumdependwn the electron
enegy index p in theusualway: F oc v=(P=1/2, Finally, at very high enegy, the
injectedelectronscool morerapidly thanthe characteristitime of thesource(the
expansiontime), andthusthe spectrunmbecomesteepeby apower 1/2 at athird
characteristidrequeny v, the coolingfrequeny. Schematicallyfor a uniform
ambientmedium,we find:

Ym (12)

Uﬂ = fﬂ(657 EB’ nv Ev pa z) HZ

Vm = fm(ée, €g, N, E, p’ Z) t73/2 Hz
(13)
Ve = fc(ée, eg, N, E, p.2 t—l/z Hz

F.l‘l"l = fF(Ee, GBv n’ Ev p’ z) HZ

The detailedforms of the coeficientscanbe derived (Wijers & Galamal999b,
Granotet al 1999b)but are somavhat uncertain. The main reasonsarethatthe
derivationsusuallyassume uniformmediumbehindtheshock,asopposedo the
trueself-similarshockstructurgBlandford& McKeel976). Also, emissiorfrom
theshellis stronglyforward-beameadvithin ananglel/y of theradial direction,
which meansave needto averagethe spectrurmproperlyover the shellratherthan
just take the point on our line of sightasrepresentatie. All theseeffects,along
with properradiationtransport,canbe accountedor with enoughpatience and
somenumericalwork hasbeendoneon partsof theproblem.Generallythey lead
to muchsmootheichangedbetweerregimes,andto change®f orderunity in the
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coeficientsof Equationl3. Therearealsosometrue physicaluncertainties—e.g.
someassumptiormust be madeaboutthe pitch angledistribution of electrons
relative to the field (herewe take themto be isotropic, andto remainso even
duringcooling). Thesedependnthe mechanismsf field formationandelectron
accelerationn the shock,aboutwhich little is yet known (but seelater sections).
Thetime dependencef thefrequenciesneanghatat very early times, typically
minutesafter the burst, we canhave v, < vy, in which casethe shapeandevo-
lution of the spectrumare different (Cohenet al 1998). Likewise, at very late
timeswe may have v, < v, which changeghe evolution and shapeof the ra-
dio spectrum. This may be so late that other effects, suchasthe blastturning
non-relatvistic, alsoplay arole, preventinga clearcutobsenationof eithereffect
by itself. The bulk of currentafterglow dataare hoursto weeksafter the burst,
however, wherethe spectrumand time evolution of Figure 3 and Equation13
apply

Despitesomeuncertaintiesn the coeficients,a numberof very importantin-
ferencesandtestsof themodelcanbeobtainedrom theserelations.First,we note
thatfor a burstwith known redshiftEquation13 hasfour measurableuantities
andfour unknavns ( p alsofollows from the measuredpectrum).Therefore the
blastwave propertiescanbederived from acompletespectrumandthis hasbeen
accomplishedn afew caseqSection4). Also, becausehe spectrumevolvesto
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Figure3 Thepiecavise powerlaw schematicshapeof blastwave synchrotrorspectrdor later
aftelglow evolution (Sarietal 1998). Thecharacteristibreakfrequenciesndtheirtime evolution
areindicated,asis the spectralslopein eachregime. This canbe directly comparedwith the
obsenredspectrunof GRB 970508(Figure12).
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lower frequencieswith time, one can samplein a given wavebandand seethe
spectrabreakspassby. In thisway, Frail etal (2000)have beenableto measure
the physicalparametersf GRB 980703.

Secondjf ¢, and/oreg werenot constantthenthe time dependenciesf the
measurable@ariableswould change.Hencethe obsenationthatmary afteiglows
follow the simplemodelpredictionsseemdo justify the a priori uncertainansatz
that the electronandfield enegy densitiesscalelike equipartitionvalues—i.e.
they areconstanfractionsof thetotal shockenepgy density Giventhatsometimes
€g < 1 (e.g. in GRB 980703: Vreeswijket al 1999,Bloom etal 1998b;andin
GRB 990123: Galamaet al 1999),the apparengood validity of this scalingis
someavhatremarkable.

Third, now that we have the shapeof the spectrumandthe evolution of the
breaks,we cancomputethe time evolution in ary fixed obsened wavebandas
well (Mésaroset al 1994, Wijers etal 1997,Sariet al 1998, Mé&sAros& Rees
1997,Mésaroset al 1998). Below v, the spectralshapes independenof the
electronspectrumandits evolution hasno free parametersflux shouldincrease
ast'? atall thesefrequencies Above v,,, thea priori unknavn p enters.Recent
theoreticalcalculationsof particle acceleratiorin relatvistic shocks(Gallant&
Achterbeg 1999,Gallantetal 1999)give p ~ 2.3—-2.4jn goodagreementvith the
obsenedrangeof 2—-2.5. But obsenationalprecisionis often muchbetter so the
theoreticapredictionis notyetaccurateenough.Becaus@bsenationsoftengive
both the spectralindex andthe time decayrate over a rangeof frequenciesand
times,however, this is only oneparametefor two measuregowerlaw indices.
Thereforethis still leaves onetestof themodel. In practice whatonedoesis fit a
modelof theform F(v, 1) o« v=t~% tothedata,anddetermings ands. Sincep =
B(p) andé = §(p), wethenhave atheoreticarelationg = B(§), whichwe may
testwith thefit to thedata. A goodsummaryof thescalingrelationsin thevarious
spectralegimesfor sphericafireballsis given by Sari,Piran,andNarayan(1998).

It mustbe notedfirst, though,thatthe relationis differentfor eachdynamical
evolution model of the blastwave, and also dependson whetherour obsered
frequeng isabove or below v,. Thereforeunlessve have otherdatafrom which
to decideon the appropriateregime, our predictionwill in fact consistof a few
possiblerelations.In practice the variouspossiblepredictionsof g for agivens
differ only by 0.1-0.3;hencseit is necessaryo measurahe spectralandtemporal
slopesof the afteiglow to a few percentaccuray in orderto obtaina stringent
testof the model. Let ustake the caseof the adiabaticsphericalfireball asan
example,andimaginewe have measuredn optical temporaldecayindex § =
1.0 £ 0.1. We have alsomeasure@ B — Rcolor, andfrom this deducedhatthe
optical spectralindex is 8 = 0.70 + 0.03. Is the optical bandabove or below
v.? Well, if v, werebelow theoptical,we would expectg = (26 + 1)/3 = 1.00
+ 0.07,whereasf it wereabove theoptical,wewould expectg = 2§/3 = 0.67
+ 0.07. Thuswe seethatthe color measuremerdgstablisheshatthelatteris true
with fair certainty but for the somavhat larger errorsin g andg that are often
obtainedn practicethe questionis notresohable.
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4.1

HIGHLIGHTS OF AFTERGLOW OBSERVATIONS

In late 1996 the BeppoSAXTeam,following the derivation of an accurate(but
notrapidly available)WFC errorbox for GRB960720(In’t Zandetal 1997,Piro
etal 1998b),was readyto quickly producearcminute-size®VFC error boxesfor
subsequenfollow-up obsenations. Thefirst opportunityto apply this capability
occurredonJanuaryll,1997.

The initial 10 radiusWFC error box (Costaet al 1997a),partly cut by the
BeppoSAX-Ulysse$PN annulus containedseveralfaint X-ray sourcesletected
with the BeppoSAXNarrav Field Instruments(NFI), someof which are also
presentin the ROSAT Sky suney (Butler et al 1997, Vogeset al 1997, Fron-
teraetal 1997,Ferociet al 1998). One of thesesourcescoincidedwith a vari-
ableradio source(Frail et al 1997b,Frail et al 1997a). However, animproved
(3 radius) WFC error box (In’t Zand et al 1997) obtainedsomethree weeks
after the event containednoneof theseobjects. Likewise, optical obsenations
thatstartedessthana day afterthe burstgave no evidencefor a candidateGRB
counterpar{Gorosabektal 1998).

Solving the GRB Riddle

The next opportunity which would leadto a breakthrougharoseon February?28,
1997. After the hard X raysfrom the burstwere discoreredwith a Wide Field
Cameraon BeppoSAX,pointedBeppoSAXNFI X-ray obsenationswere made
~8 hourslater, andrevealedthe presencef anunknovn soft X-ray point source
with a2—10keV flux of several 1012 erg/cn? sin the WFC errorbox. Four days
later, theflux of this X-ray sourcehaddecreasethy a factor~20; thefirst X-ray
afteiglow of a GRB hadbeendetectedCostaet al 1997b; Figure 4, seecolor
insert).

In themeantime GRB 970228hadalsobecomehefirst y -ray burstfor which
an optical counterpartwas found, independentlyfrom the soft X-ray afteiglow
detection. From a comparisorof (V andl band)imagesmadewith the William
HerschehndlsaacNewton Telescope&1 hoursandaweekafterthe burst,Groot
etal (1997b)discoreredadecaying21stmagnitudeobjectata positionconsistent
with all positional information on the y-ray burst (Van Paradijs et al 1997;
Figure5). Subsequenteepimagesmadewith the ESONew TechnologyTele-
scopgGrootetal 1997ajandtheKeckTelescopgMetzgeretal 1997c)shovedan
~1" extendedobjectat thelocationof the opticaltransientjik ely the hostgalaxy
of the y-ray burst(implying thatthe burstcamefrom a distanceof orderGpc).

HST obsenationswere madein late March andearly April 1997 (Sahuet al
1997)andin Septembed 997 (Fruchteretal 1999). Theseobserationsshaved
the presencenf a point sourcewhosebrightnessdecayedaccordingto a power
law locatednearthe edgeof an extendedobject(diameter~ 0.8’; Figure6, see
colorinsert). Laterobsenationsestablishedts redshiftas0.695(Djorgovski etal
1999),confirmingthatthe hostof GRB 970228is a distantgalaxy
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Figure5 Discoveryimagesof the opticalafteiglow of GRB 970228at La Palma(Van Paradijs
etal 1997).

The opticallight curve of the aftelglow of GRB 970228shaved a significant
deviation from a pure power law (Galamaet al 1997)about1-2 weeksafterthe
burst. Recentlythis hasbeeninterpretedas possibleevidencefor the presence
of a supernea componenin thelight curve (Reichart1999,Galamaet al 2000;
Figure7), following anoriginal suggestiorfor asimilar deviationin GRB 980326
(Bloom et al 1999a). (SeeSection4.3 for further discussioron the connection
betweeny -ray burstsandsupernwae.)

Theexponentof thepower-law decayX-ray (Figure8) andopticallight curves
weredy = —1.33i(‘)’_-ﬁand80pt = —1.46 &+ 0.16. Theexponentf the(assumed
power law) spectrumof the afteiglow were 8y = —1.06 + 0.24and Bx.qp =
—0.78 £ 0.02for the X-ray wavebandand for the X-ray to R bandinterval,
respectiely. Therelationbetweers andg is consistentvith thatexpectedrom a
verysimpleversionof thefireballmodel(seeSection3), andgaveinitial supporto
thismodel(Wijers etal 1997). However, aftersubtractiorof the SN contritution,
thetemporalslopesteepensndthelight curve may be betterfit by a blastwave
propagatingn astellarwind (Chevalier & Li 1999).

Thenext big stepforward was madewith GRB 970508, ,whoseoptical coun-
terpart(Bond 1997)initially increasedn brightnesdrom the first to the second
nightafterthey-ray burstandreachecamaximummagnituder ~ 19.8two days
aftertheburst(Pedersertal 1998). It thenstarteda powerlaw declinethatcould
befollowedfor severalhundreddays(Galamaetal 1998a,Djorgovski etal 1997,
Sokolov et a 1998,Garciaet al 1998),andeventuallyflattenedoff, revealingthe
presencef ahost(Zharikov etal 1998,Bloom etal 1998a Fruchteretal 2000).

Opticalspectroscopobtainedwith theKecktelescopeevealedthepresencef
absorptiorinesof Mg I, Fell, andMg | (Metzgeretal 1997b;Figure9) whichare
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light curves of GRB 970228
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Figure 7 The VRI light curves of the afteiglow of GRB 970228,shaving the evidenceof a
supernwa componensuperposedn the power-law declineatlatetimes(Galamaetal 2000).

oftenfoundin quasaspectraSteidel& Sagent1992),redshiftedby z = 0.835
(Metzger1997). Thesubsequerdiscovery of [O 1l] and[Ne Ill] emissiorlinesin
thespectrunatthesamez = 0.835(Metzgeretal 1997a)establishethepresence
of anunderlyinghostgalaxy HST obsenationsrevealedthatthe OT was at the
centerof ablue,actively starforming dwarf galaxy(Pianetal 1998,Fruchteretal
2000,Natarajaretal 1997;Figurel0,seecolorinsert)of Ly = 0.12 jandwith a
starformationrateof <1 M, /yr (Bloom etal 1998a).This resultunambiguously
establishedhat GRBs originate at cosmologicaldistances and terminatedthe
discussionon the GRB distancescale: it established/-ray burstsasthe most
luminousphotonemittersin the entire universe,with peakluminositiesof order
Ly ~ 10°2 ery/sec. The optical aftelglow of GRB 970508reachedan absolute
magnitudeM,, >~ —24i.e. in opticalemissiorit becamewo ordersof magnitude
brighterthanatypela supernea

GRB 970508also hasthe distinction of beingthefirst y-ray burstfor which
radio afteglow was detected(Frail & Kulkarni 1997). During the first month
theradio flux underwentstrongirregular variations,aroundan averagevalue of
0.6 mJy (8.5 GHz), which dampedout after abouta month (Figure11). These
variationsare causedy interstellarscintillationin our Galaxy The dampingof
thefluctuationsreflectstheincreasdn the sizeof the radio emitter(analogougo
the absenceof twinkling of planets). From the known sourcedistanceandthe
propertiesof the interstellarmediumalongthe line of sight, Frail etal (1997c,
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Figure8 The X-ray afterglow light curve of GRB 970228. Note the smoothconnectiorof the
aftelglow with the promptX-ray flux from the GRB (Costaetal 1997b).

1997)inferredavaluefor thesourcesizeatthetime thefluctuationsdisappeared.
They concludedthat the radio emitterexpandedwith a velocity consistentwith
thatof light, which gives strongsupporto therelatiistic fireball modelfor GRBs
andtheir afteiglows.

GRB 970508was thefirst y-ray burstfor which the afteglow wasobsered
all the way from X-rays, via optical/nearlR, to mm and low-frequeng radio
waves (seeSection5). This allowed Galamaet al (1998d)to reconstructhe X-
ray to radio spectralenegy distribution of the afteiglow, as obsened 12 days
afterthe y-ray burst(Figure12). This spectrunmconsistsof piecavise connected
powerlaw distributions, with three clearly recognizablespectralbreaksat the
frequenciesttwhichthedifferentpowerlawsareconnectedAt thelow-frequeny
sidewe recognizethe v/3 synchrotroriow-frequeng limit, which at evenlower
frequenciesurnsover becausef self-absorptionThe high-frequeng endof the
/3 part of the spectrumconnectsat the peakof the spectrumjo a power- law
partwhoseslopedependsn the power, p, of the powerlaw electronenegy (or
Lorentzfactor)distribution andon particularsof the fireball synchrotroremitter
(seeSectior). Inthenearinfraredathird breakis seenthiscanbeunambiguously
identified with the cooling break, whosefrequeng correspondgo an electron
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Figure9 ThespectrunoftheOT of GRB 970508 shaving FeandMg absorptiorlinesatz =
0.835andz = 0.77(Metzgeretal 1997b).

enegy above which the synchrotroniosstime is smallerthanthe flow timescale
of thesystem.Theidentificationis basedntwo obsenedfacts: (1) thechangen
spectraklopeequal®.5(Galamaetal 1998d;Figurel2),and(2) thefrequeny, v,
of thecoolingbreakchangeadvith timesincetheburstasv,, oc t~1/2, aswasevident
from the progressiorof the spectraklopechanggby 0.5) from the opticalto the
nearinfraredpasshandéGalamaetal 1998a;Figurel3). Theseresultsshav that
relatively simpleversion=of thefireballmodelprovide areasonabldescriptiorof
the obsenedafteiglow spectrumandprovide a strongargumentfor theideathat
GRB afterglows arepowveredby thesynchrotroremissiorof electronsaccelerated
in arelativistic shock.
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Figurell The8.46GHZVLA light curveof theafteglow of GRB970508Kulkarnietal 2000).
Notethe large scintillation fluctuationsin the first monthandtheir later absenceindicatingthat
thesourceexpandedFrail etal 1997c).

4,2 Dark GRBs

The relative optical responsen the afteiglow of a y-ray burst canvary enor
mouslyfrom oneburstto anothel(for the X-ray aftelglowsthevariationsaremore
moderateseeSection5). A very goodexampleis provided by GRB 970828,a
fairly strongy-ray eventfor which optical obsenationswere madewithin four
hoursafter the burst and continuedfor eight consecutie nights after the burst.
No potentialopticalcounterpartvas foundto vary by morethan0.2 magdown to
R = 23.8(Grootetal 1998a).Comparedo GRB 970508the peakopticalflux in
the afteiglow of GRB 970828,normalizedto the fluenceof the y -ray burst, was
atleastafactorof 10° smaller Absorptionin the GRB hostgalaxy by at leastfive
magnitudesn theRband,mayexplaintheirlargedifferencen opticalafteiglows.
Notethatfor moderateedshifts(z ~ 1) theabsorbeghotonshave wavelengthof
~30004, atwhichtheinterstellarextinctionis afactorof ~2.5 largerthanin the
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Figurel2 Theradioto X-ray spectrunof theaftelglow of GRB970508,12.1daysaftertrigger,
shawing all the characteristicef synchrotroremission(Galamaetal 1998d).

4.3

R band. Thereforewith a normaldust-to-gasatio in the host,a modestcolumn
densityof Ng ~ 10?* em~2 would be sufiicient to provide the large extinction.
Recentresultssupportthis suggestion:at the positionof GRB 970828thereis a
galaxywith z = 0.96(Djorgovski etal 2000)andN, = 4.173% x 10%tem2(as
measuredn our restframeby Yoshidaetal 1999).

The Supernova—GRB Connection

The total enegy budgetsof y-ray bursts correspondingo their cosmological
distancesreroughlyof thesameorderof magnitudeasthoseof superneae;in y -

ray bursts,however, theenegy is emittedmuchmorerapidly thanin superngae.
Thereasonsthatin superngaetheenepgy (exceptthatin neutrinosjsthermalized
by a large amountof mass(several solar massesjynd convertedinto heatand
expansionat a speedof typically 10* km/s. In a y-ray burstthe enegy cannot
besharedwith morethan~10-3 M, in baryonsjn ordernotto losetherequired
high Lorentzfactors(I" > 10%). The similar amountof total enegy (10°° ergs)

involvedin bothphenomeneptthe possibility of their connectioropen,despite
thevery large differencein theway the enegy is emitted. For instancejn oneof
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Figure 13 The evolution of the optical spectralindex (top: V — Randbottom: R — K) oft he
afteiglow of GRB970508 shaving thepassagef abreakconsistentwvith acoolingbreak(Galama
etal 1998a).

the main y-ray burst models,the collapsaror failed supernea model (Woosle/
1993,Paczyhski1998),a y -ray burstis theresultof amassie corecollapsewith
extremeparameterge.g. extrememassor rotationof the progenitor). However,
until April 1998 directevidencefor arelationbetweery -rayburstsandsupernoae
was totally lacking.

It thereforecameassomethingpf asurprisewhenGalamaetal (1998c¢,1998b)
foundthattheWFCerrorboxof GRB980425containedhesuperngaSN 1998bw
(Figure14). This superneais locatedin a spiralarmof the nearbygalaxyESO
184-G82 at aredshiftof 2550km/s, correspondingo a distanceof 40 Mpc. On
the basisof very conserative assumptionsegardingthe error box andthe time
window in which the supernea occurred,Galamaet al (1998c)determinedhat
the probability that any supernea with peakoptical flux a factorof 10 below
that of SN 1998bwwould be found in the error box by chancecoincidenceis
104 this provides strongevidencefor a physical relation betweenthe y-ray
burst and the supernwa. The WFC error box also containstwo weak X-ray
sourcespneof which, 1SAX J1935.0-5248;oincideswvith SN 1998bwandGRB
980425 (Piro et al 1998a, Pian et al 1999); the secondsourceinitially faded
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Figurel4 ImageofthegalaxyESO184-G82with (left) andwithout(right) SN 1998bw(Galama
etal 1998c).

but was subsequentlyedetectecht a flux similar to the first obsenation (Pian
etal 1999),which excludesit asaviable GRB afterglow. The casefor a physical
relationbetweernthe superneaandthe GRBis thereforea strongone.

With respecto its apparenpropertieqpeakflux, duration,burstprofile) GRB
980425was notremarkable Of courseatits distanceof 40 Mpc, its total enegy
(8 x 10 emy/s)is somefive ordersof magnitudesmallerthan that of normal
y-raybursts(Galamaetal 1998c). Thetotalenegy in GRB 980425 remarkably
closeto thevalueervisagedn Colgates (1974)model.

Independenof its connectionwith a y-ray burst SN 1998bwis extraordinary
for its very high radio luminosity nearthe peakof the SN light curve (Kulkarni
etal 1998b). Accordingto the analysisof Kulkarni et al (1998b)the radiolight
cune requiresthe presenceof a mildly relatiistic (I' ~ 2) outflow, which may
accounfor they -rayburstemission.An analysiof theopticallight curve (Galama
etal 1998c;Figure15) andits early spectra(lwamotoet al 1998, Woosley et a
1999, Branch1999) shaved that SN 1998bwwas an extremely enegetic event
[total explosive enegy in therange(2-6) x 10°%ery,i.e.afactorof ~30higher
thanis typical for anlIb/c supernea], in which anextraordinarilylarge amountof
58Ni (0.5-0.7M ) wasejected.Theearlyexpansiorspeedvas as highas~60,000
km/s. Accordingto lwamotoet al (1998; seealso Iwamoto 1999a, lwamoto
1999b),the remnantmassof the corecollapseexceeded M, anda black hole
was likely formedin SN 1998bw [Note that by allowing for asymmetryin the
superneaexplosion,Hoflich etal (1999)derive somavhatmoremoderateout still
very large valuesfor the enegeticsof this supernwa.] GRB 980425is the only
y-ray burst(outof morethan2000)for which theevidenceof aconnectiorwith a
supernvaappearsornvincing. Attemptsto searchor furtherassociationeave not
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Figure15 Theopticallight curve of SN 1998bw(Galamaetal 1998c).

ledto otherstrongcandidategWang& Wheelerl 998 Woosley et al 1999,Bloom

etal 1998c,Kippenetal 1998). [We considerthe proposectonnectiondetween
SN1997y and GRB 970514(Germaty et a 1999)andbetweenSN1999ekand

GRB991002(Terlevich etal 1999)not corvincing.]

Becausahe samplingvolumefor low-luminosity eventssuchasGRB 980425
is smallerthan that of the normal y-ray burstsby a factor ~10F, the rate (per
galaxy)of theformereventsmaywell exceedthoseof the latterby alarge factor
Becausef theirsmalldistanceshey areexpectedo contrituteaP~3/? component
to the log N (>P) distribution. From the absenceof a turn-up at the flux limit
(P ~ 0.2), Kommerset al (2000a)inferredthatsucha Euclideancomponentan
contritute at most 10% to the obsered BATSE burst sample(99% confidence
limit). With anormalGRB rateof ~10-8 pergalaxyperyear(Wijers etal 1998),
the correspondingdimit on eventslike SN 1998bwis thusa few 10~ per galaxy
peryear With anobsenedratefor typeIb/c superneae of afew times10~3 per
galaxyperyear(vandenBergh & Tammannl991),this ratherweaklimit senes
to show thatat mosta fractionof the SN Ib/c producey -ray bursts.
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4.4

Theobsenationalbasisfor aconnectiorbetweeny-ray burstsandsupernvae
wasgreatlyenrichedwith thediscoveryby Bloometal (1999a)f alatecomponent
superposednthepowerlaw opticallight curve of GRB 980326 whichthey argue
reflectsan underlyingsupernea (Figure 16). A similar interpretationhasbeen
proposedy Reichart{1999)andGalamaetal (2000)for thelong-knovn deviation
from a pure power-law decayof the optical afterglow of GRB 970228(Galama
etal 1997).

Theopticallight curve of GRB 980326shaved aninitial rapiddecay(8qy; =
—2.0; Grootet al 1998b);the light curve flattenedafter ~10 daysto a constant
valueR = 25.5 + 0.5. Suchflatteninghasbeenseenin thelight curvesof other
afteiglows aswell, and hasbeeninterpretedas the signatureof an underlying
hostgalaxy Obsenationsby Bloom etal (1999a)made~3 weeksaftertheburst
revealeda surprisingbrighteningof the afterglow, to a flux level 60 timesabove
that expectedfrom an extrapolationof the powerlaw decay At the sametime,
the spectralenepy distribution becamevery red. Obsenationsmade~9 months
afterthe burst shavedthatary hostgalaxyis fainterthanR = 27.3. Usingthe
multicolor light curve of SN 1998bw(Galamaet al 1998c)asatemplate Bloom
etal (1999a)foundthatthey canreproducehe obsered optical afterglow light
cune of GRB 980326by a combinationof a powerlaw (exponent—2.0) anda
bright superngaataredshiftz ~ 1.

Reichart(1999)andGalamaet al (2000)madethe samedecompositiorof the
opticallight curve of GRB 970228andfoundthatthis providesa goodfit to the
data. Theseresultssupportthe ideathat at leasta fraction of the y-ray bursts
originatefrom the collapseof a massie star This confirmsthe modelsproposed
by Woosley (1993)andPaczyhski (1998),undervariousnamessuchasthefailed
supernea model or collapsarmodel, in which it is assumedhat a black hole
surroundedy a fairly massie torusis formed. It is still unclearwhatparticular
circumstancegive riseto the GRB (e.g. a very high massrapidrotation,a par
ticular evolutionaryhistory), but it seemsvirtually certainthatstrongcollimation
of the outflow isrequiredto accommodateoththeextremelyhigh Lorentzfactor
flow requiredfor the y-ray burstandthe moresluggishflow connectedvith the
superneaphotospheri@mission.

Prompt Optical Emission

Basedon the fireball model, prompt optical emissionsimultaneouswith the y-
ray burstis expected,with apparen¥ magnitudesangingbetweer9 and 18 for
typical GRB distancegMésaros& Reesl1993,Mésaros& Reesl997,Sari &
Piran1999,Katz 1994a).After mary yearsof unsuccessfuittemptso catchthe
opticalsignalof ay -ray burstin progresgseee.g.McNamaraetal 1995,Krimm
et al 1996, Hudec& Soldan1995, Lee et al 1997, Park et al 1997), the first
suchsimultaneousletectionwas madeof GRB 990123by Akerlof et al (1999).
The robotic cameraROTSE, triggeredby BATSE, starteda sequencef optical
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Figure 17 The ROTSE discovery imagesof the promptoptical emissionfrom GRB 990123,
from 22to 800s aftertrigger (Akerlof etal 1999).

imagesof the BATSE errorbox 22 secondsfterthe startof the burst(Figurel17).

An optical transientwas detected;~50 secondsafter the startof the burst, the
transientreachedmnagnitudes.9 andafternard decayedo ~15" magin ~10® s.

The slopeof the promptlight curve changedafter ~300s, andmergedsmoothly
with thelaterafteglow light curve (Figure18; Kulkarnietal 1999a,Galamaetal

1999,Castro-Tradoetal 1999a).During the peakof the promptopticalemission
the y-ray burstreachedan absolutemagnitudeM, ~ —36.5,i.e. the eventwas

then for a brief time interval 10 million times brighter than a Type la super

nova.

The promptoptical emissionis not proportionalto the y-ray flux; neithercan
it be understoodas the low-enepgy extrapolationof the (variable) y-ray burst
spectrum(Galamaet al 1999, Briggs et al 1999; seealsoinsertof Figure 18).
This indicatesthat the prompt optical emissionand the y rays originate from
differentregionsin thefireball. It hasbeenpopularpracticeto ascribethe origin
of the y raysto internalshocks(Rees& Mésaros1994,Kobayashiet al 1997)
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etal 1999). The y-ray light curve of ARB 990123;the threepointsindicatethe times during
which promptopticalemissiorwas detectedvith ROTSE (in anarbitraryintensityscale).

andthelong-termafteiglow to the externalshock. It hasthereforebeennatural
to ascribethe promptoptical emissionto the reverseshock(Sari & Piran1999,
Mesaros& Reesl1999),which is obsered only during a time internval of order
of the burst duration(i.e. comparableo the time it takesfor the reverseshock
to travel throughthe ejecta). The radio aftelglow propertiesof GRB 990123are
peculiarin thatradio emissionwas only seenduringa ~ 1-dayinterval, abouta
day after the burst (Kulkarni et al 1999b,Galamaetal 1999). This brief radio
eventhasbeeninterpretedby Kulkarni et al (1999b)asreverse-shoclemission.
Galamaet al (1999)ascribeit to emissionfrom the forward shockandinterpret
the peculiarnatureof the radio emissionasthe resultof a very low valueof the

2Recenttheoreticalcalculations however, have reopenedhe issue: Dermer& Mitman
(1999)have presentea plausibleexternal-shocknodelfor highly variablepromptgamma-
ray emission,andFenimore& Ramirez-Ruiz1999)have shavn that previous objections
to external-shockmodelsfor the promptemissioncanbe circumvented.



408

VAN PARADIJS m KOUVELIOTOU = WIJERS

4.5

5.
PRO

synchrotrompeakfrequeny onedayaftertheburst. They suggesthatdifferences
in theafteiglow propertiegpeakfrequeng, coolingfrequeng) reflectdifferences
in the magnetidfield strengthin the afteglow-emittingregions.

GRB Polarimetry

Synchrotrorradiationis highly polarized,with typical degreesof (linear) polar
izationfor orderedmagneticfields of ~60% (Hughes& Miller 1991); one may
thereforeexpectmeasurabl@mountsof polarizationin afteiglow emission. By
analogyto AGNs,onemightexpectupto 10—20%polarizationif theshockemis-
siontakesplacein acollimatedoutflon. Thestrongntrinsicpolarizatiorislowered
by averagingover the unresohed source(Gruzinos 1999, Gruzinos & Waxman
1999,Medvede& Loeb1999,Loeb& Pernal998).

For GRB 990123,(Hjonth etal 1999)reportedanupperlimit to R bandafter
glow polarizationof 2.3% (95% confidencdevel). Thefirst positive detectionof
polarization however, was madefor GRB990510(Covino etal 1999,Wijersetal
1999),with polarizationp = 1.7 + 0.2% and1.6 + 0.2%,0.77and0.86days
afterthe burst, respectiely. An uncertainmeasuremennadel.8 daysafterthe
burstis consistentvith thesevalues(Wijers etal 1999). Theangleof polarization
remainecconstanturingtheseobsenrations. Therathersmallobseredvaluesof
thepolarization(comparedo the highintrinsic valuesin thesynchrotrorprocess)
may be the resultof a highly tangledstructureof the magneticfield, or of very
symmetricfield geometries.

TABLE OF GRB, COUNTERPART, AND HOST
PERTIES

We have assembledere a mastertable of all GRBs (Table 1) that have been
rapidly followedup sincethelaunchof BeppoSAXuntil August1999(including,
for completenessGRB 960720). Thereasorfor this selectionbecameapparent
uponcollectingthe relevant literature: In the last year mostof the literatureis
in the form of IAU andGCN circulars,makingfor a cumbersomeandconfusing
literaturedisplay Forthesamereasonwhenerer all availabledatawerediligently
collectedinto one or more publications thesewere preferentiallyreferencedas
themainsourcef literature. However, we have alwaysreferencedhediscovery
announcemenis eachwavelength.

We have usedthe valuesof the BATSE durations,fluxes, and fluencesfor
the prompt y-ray emissionthroughoutthe table for consisteng. Thesewere
substitutedy theBeppoSAX/GRBMwheneer theGRBwasoccultedor BATSE.
The promptX-ray valuesweresuppliedpredominantlyby the BeppoSAXWFC,
andoccasionallypy theRXTE/ASM; the X-ray afteglow valueswereconsistently
suppliedby the BeppoSAXNFI.

Detectionin awavelengthwas postedvhengenerallyacceptedby thecommu-
nity. In caseghatwerearguable we preferrederringon the conserative side,as
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6.1

pointedoutin therelevantGRB narrative. Narratives arecollectionsof thesalient
pointsof eachevent,aswell asdepositorie®f counterparpeculiaritieswithouta
placein thetabkular form.

We have attemptedo collectall availableliteratureon eachGRB, from trigger
to manifold publication. Neverthelessgiven thewealthof communicatiormedia
andjournalsit is inevitable that we have missedsome—whichis unintentional,
but all the sameirritating for the colleaguesat the otherend. It would improve
futureversionsof thistableif suchomissionsverebroughtto ourattention,sowe
would bethankfulfor ary gentleremindersof omissions.

COMPLICATIONS AND EXTENSIONS OF MODELS

Althoughthe basicprinciplesof relativistic blastwaves arenow well established
andhaveagoodgroundingn thebodyof afteiglow datacollectedhusfar, it isclear
from the previous sectionthatwe canalreadyseebeyondthe basicsphericaladi-
abaticmodel. Many afteilglows deviate sosignificantlyfrom the basicpredictions
thatwe know extensionsor modificationsof the basicmodelarerequired. How-
ever, we seldomhave enoughinformationon a givenafteiglow to pin down which
of themary possiblemodificationsappliesto theafteiglow at hand(if thereis ever
only one). Thereforedifferentmodelsareoftenfoundfor agivenafteiglow by dif-
ferentgroupsandsoberevaluationof theevidenceshavsthatthedifferencecannot
beresohedobsenrationally Wethusomitheremostof thetechnicabletailsbehind
themorecomplex models.Insteadwe focuson qualitatve aspect®f eachof the
models payingparticularattentionto therelevanceof morecomplex modelso the
broadeiissuesn thefield, suchaswhatcausessRBsandwhattheir truerateis.

Collimation or jets

Theimportanceof collimation goesbeyondinfluencingthe detailedshapeof the
aftelglow light curve: It revealssomethingaboutthe centralengineand affects
our estimate®f how mary GRB progenitorghereneedto be.
Considethesimplespossiblgetmodel: two conespf openingangled . around
thez-axis, have outflowing materialin them. Theoutflovs have thesamelLorentz
factor y, everywherewithin the cone,andno outflow existsoutsideit. Theshock
front formedis just the part of the previous sphericalshockthat lies within the
conesithe outflow is collimated. As long astheflow is relatiistic, the emission
from eachpartof theshockfrontis stronglyconcentrate¢beamedyvithin anangle
0y = 1/y. Thismeanghatanobserer only seeseemissionfrom the materialthat
flows within an angleéy, of herline of sight. This effect is purely relatwvistic,
unlike collimation, which canaffect ary flow.3 Beamingalso affects spherical
gamma-raybursts, so in thosewe also seeno more than a small part of the

30neoftenfindstheword ‘beaming’ usedbothfor true beamingandfor collimationin the
currentGRB literature, which occasionallycausegonfusion.



TABLE 1: GRB, counterpart, and host properties

Name UT trig [C 6)2000 (Z, b) detected AX
other names of the transient

pr: duration errbox F.‘;e&k Sy F)‘zeak Sx prompt-refs
X: AUTx F§ F2ludy] Bx ox Ny X-refs

O: AUTo mag Fy Bo o Ay O-refs

IR: AUT]R mag F‘IR ﬂIR ‘SIR IR-refs
mm: AUTmm Vmm F2.. Bum Smm mim-refs
ra: AUTra  vra FZ, Bra Ora ra-refs

ho: 2 host photometry (up to 3 bands) OT offset host-refs

Telegram-style narrative

960720 0.48395° 17h30™36° +49°57497 (3/)2%6.3% (75.8,+33.4) ¥,X
pr:12.5(2.5)% ~ 28 0.63(6) 0.29(5)%°  0.025 0.008(2)1% 326
X: 45.2 <0.04 <0.002320. 277 27, 148
O: —

IR: —

mm: —
ra: 49.5 1.43 <2%
ho: —

First burst with WFC signal detected during an off-line analysis 45 days after it was recorded3®. Final
(p = 3') error box contains!4® 249. 206.149. 326 radjs-loud QSO 4C 49.29. Relation with GRB very uncertain;
quoted!*® 3% probability (2x10~4) does not include number of trials. No optical, mm, IR observations.

970111 0.406%° 15P28M]115 +19°35754" (1.8')180. 84,125 (29.6,+53.4) ~,X
pr 3152 ~3 14(2) 58(3)®  0041(7)  0.16(D)% 1w
X: 0.6875 <«0.16 <0.008% 206
O: 0.7917 R>22.6 <2.8146 125
IR: —

mm: 30.0 86.4 <10%7
ra: 1.2 1.43 <0.5% 125
ho: —

First attempts (unsuccessful) to find low-energy afterglows in rapid follow-up observations of BeppoSAX
WTFC error box. Initial 10/ radius®® error box contained candidate X-ray3 4% 110 radio®” 125, and optical®®
counterparts, but none of these was included in the improved (p = 3)*® WFC error box® 1. Deep
BeppoSAX NFI observations of the further improved WFC error box (p = 1.87)!1% 8 led to upper limit
to X-ray flux only® (weak NFI source not included in the combined IPN/NFI error box). No variable
optical afterglow detected within 19 hours of the GRB™® with AR < 0.5 mag at R > 22.6 (see also {153,
125}). No mm-wave detection®”.

970228 0.123620% 05°01746.66° +11°46'53.9” (2)*° (188.9,-17.9) 7,X,X*,0
RX J050146+1146.9'2, 1SAX JO501.7-+1146%

pr:  80*® 42% 3.7(1) L1112 0.14(1) 0.22172 209

X: 03445  2.8(4) 0.15(2)12  1.06(24)" 1.33+01312 353802 o5 4
O: 0.8679 I=20.6(1) 13.7%° 0.78(2)  1.73+0991%  0.78(12)%7 150, 312,167
IR: 18.7 J>21.5(2) <4.11% 230, 373
mm: 7.9 86.4 <1.2%7 358

ra: 3.9 4.63 <0.07%0 124

ho: 0.695(2)™ V=25.8(2)1% R=25.2(2)1% K=22.9(3)}% 0.3713% 158, 269, 120



First GRB for which X-ray*® % and optical'® 3* afterglow was detected, in BeppoSAX NFI images taken
0.3 and 4 days, and in (V, I) images taken at La Palma ~1 day and ~1 week after the GRB, respectively.
X-ray flux decays as a power-law%® 4% 112 Backward extrapolation of X-ray afterglow smoothly joins the
late X-ray emission in the GRB tail®2. Optical afterglow located at the edge of an extended (0.8") optical
source®? 26% 348 which is a host galaxy at redshift 0.6957'. Host galaxy among bluest in its magnitude
range'?’ suggestive of ongoing star formation with SFR~ 0.4 Mg /yr and Lg ~ 0.05 — 0.1L, ™. Optical
light curve® 12213 deviates in detail from a power-law decay; interpreted as a relatively weak supernova
component superposed on the GRB afterglow!® 3%¥. No optical counterpart in plate archives'2. No
radio, IR or mm detection!® 338 124. 367,

970402 0.9303% 14h50m65 —69°20°0" (50"7)3% (313.1,—-8.8) v, X, X*
1SAX J1450.1—-6920%%

pr: 15072 ~ 285 0.24(7) 0.82(9)°® 0.007(2)  0.040(4)® 1m0
X: 035 0.22(6) 0.014(3)2%¢  0.7284 LET(3) <202 125, 108
O: 0.77 R>21.0 <12.02%6 303
IR: —
mm: —

ra: —

ho: —

BeppoSAX WFC (p = 3')® and NFI afterglow®® detection. Afterglow decays as a power-law®*; spectral
slope consistent with simple fireball model®*. No variable optical counterpart within 18.5 hours of the
GRB®*® with AR < 0.3 mag at R = 21 (see also [303]). No radio (AUT = 0.703d, v =1.43 GHz)
detection®*; observations with ISO (AUT = 2.3d) result in upper limits of 140 and 350 pJy in 12 and
174 pm, respectively®.

970508 0.904% 6P53m49.45131° +79°16'19.51312" (15)°° (135.0,+26.7) ~,X,X*,0,IR,mm,ra
1SAX J0653.8+7916%3, VLA J065349.4+791619%

o 2P~ 3.10 0.61(17)  037(4)%  0.059(6)  0.033(5)%% 1%

X: 02335  0.70(7) 0.036(4)% 1.1(6)1®  L1(1)*  ~ 02 3

O: 0.236 V=21.49(21) 9.1%.3¢7 1.11(6)1%  1.141(14)1* <0.01'% 81, 140, 309, 39, 315, 377,
426

IR: 4.3 K=18.2(1) 33(4)% 0.6(2)% 1.2(1)% 271, 134, 114, 315

mm: 10.1 86.24 2.38(51)* 366, 370, 359, 358, 165

ra: 5.056 8.46 0.43(3)% % 387, 388, 333, 133, 134

ho: 0.835(1)%7  B=26.77(35)%, R=25.7(2)1%, V=25.40(15)1" < 001" 6 268 114, 140, 315,

283, 40, 98, 378
Optical counterpart® 3* became brighter during the first two days following the GRB. Afterglow spec-
trum shows redshifted interstellar absorption lines (z =0.835), unambiguously settling the GRB cosmo-
logical distance scale?® %7; [OII|\ 3727 detected at same redshift?®® !¢ shows the absorption comes from
the host galaxy. Optical afterglow coincides to within ~ 0.01” with the center of the host galaxy'” (expo-
nential scale length 0.046"). Host is active star-forming dwarf galaxy, of Mg = —18.55, Lg = 0.12L, and
star formation rate < 1 Mg yr—! (see [16, 378]). Two-day bump in the optical light curve®!: 126. 309. 377. 426
is reflected in the X-ray afterglow's. Strong Fe K, line emission in X-ray afterglow spectrum3®?, First
radio counterpart detected® 3%.32 134 ghows interstellar scintillation variability, which confirms the rela-
tivistically expanding fireball model; first measured linear size of the fireball (R< 1017 c¢m)®. Detected
in IR (2.16um)% and mm3 wavelengths. No sub-mm detection®™.

970616 0.7568%  1P18™54° —5°307007 (21’ X 36')% (141.0,—674) ~,X

pr: 66.2(5) ~80% 5.78(49)  4.15(19)%
X: 0.1667 11.0 0.572% 275, 151
O: —
IR: —
mm: —
ra: —
ho: —



Search of BATSE 2° error box*® with the RXTE/PCA 4 hours after the GRB finds an X-ray source®*.
Combined RXTE/PCA and IPN error box? contains four ASCA X-ray sources? and 11 ROSAT
sources'®. None of the X-ray sources is a convincing GRB counterpart. Optical, radio and near-
IR follow-up observations focus on the four ASCA sources and do not lead to detection of transient

counterpart® 294.413.134 9/ ayay from RXTE/IPN error box is a massive cluster of galaxies, probably
unrelated to the GRB.
970815 0.5040°"  16°8m43° +81°30'36" () (1153,4325) X
pr: 150(4)3 ~165% 2.0(3) 2232 005 %4
X: 3.2 <0.1 <0.005%7® 147
O: 06 V>21.5 <9.0%%8 180, 381, 1, 238, 41
IR: 1.5 K>18 <42.5% 180
mm: —
ra: 1.14 4.6 <0.35%3%8
ho: —

First RXTE/ASM detection®*. Error box does not contain ASCA sources®®; steady ASCA source is
found slightly outside the RXTE/ASM error box?®. ROSAT/HRI field of view contains 10 sources'’, one
of which lies just at the border of the error box; maybe related to the GRB. No opticall®> 180. 381, 238, 1, 41
IR 4 or radio®® detection. No mm observations.

970828 0.73031%0 18P8M31.7° 150°18'50" (107 ) (88.2,128.5) _ 4,.X,X°,1a
RX J1808.5+-5918'%0
pr:  160*3% ~g360 5.5(5) 9.4(2)%! 0.02 0.16134 196
X: 015 11.5 0.6%2 1424 1.44(7y% 41F2192% 200 519, 150,29
O: 0.168 R>23.8 <0.91%%7 150, 292, 43, 422, 379, 166
IR: 12.1 K>20 <6.73%8
mm:  —
ra: 3.5 8.46 0.15'% 6
ho: 0.96%° R =24.2%

RXTE/PCA scan of RXTE/ASM error box*?® 3% within 3.6 hours®?, leading to detection of X-ray
afterglow. ROSAT/HRI field contains 15 X-ray sources'®®, one of which is inside the RXTE/IPN error
box and coincides with an ASCA variable source?®® 4%, In the week following the GRB no variable optical
counterpart detected in the ROSAT error box down to R = 23.8'57 (see also [291]). Very short-lived
radio source detected within the 10" ROSAT error box'%® 9. Host galaxy detected at z = 0.96 with SFR
~ 1 Mg/yr®. Most dusty host so far (Ay = 2.2). No IR detection?®. No mm observations.

971024 0.4816™°  18P24™58° +49°28/565" ()0 (77.8,4244) 1,X

pr: 132(8)2F  ~13.4%% 0.15(7) 6.5(1.5)%"  0.001 135
X: —
O: 0.583 R>19 <7677 406
IR: —
mm: —
ra: —
ho: —
RXTE/ASM detection™®? of a very weak BATSE burst. Error box is large (~13.4 arcmin?); no X-ray
follow-up and the optical follow-up is very scanty and does not lead to a counterpart detection*® 2’4, No
IR, radio and mm observations.




971214 0.97272%% 11P56™26.4° +65°12/0.5” (0.75)° (132.0,+50.9) +,X,X*,0,IR
1SAX J1156.4+6513°

pr: 31(1)® ~ 3.2 0.8(1) 1.1(1)% 0.02184 0.019(2)1%® 222

X: 02778 04 0.028 1.03¥5:5028 1.20(2)®8 43151

O: 04973 I=21.30(4) 7.2175. 178 2.13(4)%"  1.20(2)%® 234, 67, 341, 36

IR: 04673 J=2047%073  10.7% 141, 385, 337, 145
mm: = —

ra: 0.6973  8.46 <0.05% 337

ho: 3.418(10)2¢ R=25.60(17)%** B>>26.8% K>22.5%7 0.14(7)""20 232,239,200

So far the highest redshift measured (z = 3.418) for a host galaxy?*. Host spectrum shows Ly emission
line; it is consistent with a star forming galaxy with SFR>5Mg yr—!, Mg ~ —20.9 (see [234]), L~ 0.2L,,
radius= 0.16(2)"" and e-folding scale length 0.15” — 0.19” (see [290]). The burst flux®? combined with
the redshift implies an energy release of 3 x 1053 erg in ~ rays, comparable to the entire energy available
in a coalescing neutron star merger. Estimates?®®* ?® of chance coincidence between the host and the
OT are of the order of 1073. GRB detected also with the RXTE/ASM at the 470(140) mCrab level??,
EUVE observations?® 20 hours after the GRB provide a flux upper limit of 1.7 x 1013 erg/cmzs in
10nm; no sub-mm detection®® 3%, No mm observations.

971227 0.34038° 12°5717.2° +50°24°0.2" (1.5/)2 9 (1216,457.7) 7, %X

1SAX J1257.3+5924%%7

pr:  7(2)1 ~ 73 0.83(4) 1.14(15)3!  0.04 0.01° 55

X: 0.5833 03 0.016% 1.12F5:08e

O: 0.89 R>22.8 <2.312 42, 123, 30, 205, 264, 336,
300, 417, 168

IR: 12.75 227

mm: —

ra: —

ho: —

BATSE/BeppoSAX-WFC and NFI detections*® %327 " but error box includes two BeppoSAX-NFI
sources, one of which is a possible variable X-ray afterglow’??. The error box of the non-variable
X-ray source contains 3 radio sources. List of optical afterglow limits and a debatable afterglow
identification*® 1% is given in**". For clarifications on the confusion about the optical counterparts see
{30, 337, 77). LOTIS observations starting 14 s after the GRB trigger show no simultaneous optical
emission of R > 13.2(2) (10 s integration time)**® 7. No IR. detection®’. No mm, radio observations.

980109 0.050242% (h25™m56°5 —63°1726" (107)™® (307.8,-53.9) ~v,X
pr: 31(4)* ~314%%8 0.74(14) 0.5(1)® 0.02 208

X: -

O: 299 I>20 <23.8%9 307
IR: —
mm: —

ra: —

ho: —

No BeppoSAX/NFI follow-up of WFC p ~ 10’ error box?®. No variable optical source (>0.4 mag) seen
one day %7 and three days®® after the GRB, down to I = 21 and 20 mags, respectively. No IR, mm,
radio observations.



980326 0.888125°° 8P36™34.28° —18°51'23.9” (0.47)% (242.4,13.0) v, X,0

pr: 5% ~T76202 0.52(4) 0.22(4)® 0.1 0.05% 160
X: 034 <1.6 <0.08%3
O: 05319 R=21.2(1) 10.0161160 (. 8(4)% 2.0(1)% 163, 164, 83, 398, 38
IR: —
mm: —
ra: —
ho: ~ 1% R>27.3% 160, 73, 22

Optical transient found ~ 0.5d after the GRB trigger’® . Light curve shows fast decline!®® 73 22 38,
Saturation of optical light curve initially interpreted as host galaxy at R = 25.5(5)% % but later
observations show that Ryost > 27.3°22. Light curve contains a bump, about 3—4 weeks after the
GRB, which is consistent with the presence of a z =2 1 type Ic supernova component?. The SN+PL
interpretation naturally fits the collapsar model. No sub-mm detection (< 2.7mJy @ 850um, < 30mJy
@ 450pm)*™; no IR, radio observations.

980329 0.1559™7  702™38.0217° +38°50744.0177 (0.057)°®  (178.1,+18.7) ,X,X*,0,IR,mm,ra
1SAX J0702.6+3850%7 VLA JO702+3850°

or: 189(3)%  ~3.1F 5.9(2) 5.02(8)2" 0.14 0.07(M™® 1w

X: 02931 04 0.0227 1.4(4)*° 1.35(3)%° 10(4)%® 203, 152

O: 384  R=25.7(3) 0.16 1217513 g.04%% 169, 206, 298, 144, 351,
80, 220, 304

IR: 3.84 K=20.7(2) 3.5%43 335, 242, 265, 298, 339,
54, 208

mm: 7.0 350 5(1.5)%° 3.0%7 304

ra: 2.04 8.4 0.248(16)%° 40.9%*

ho: < 3.9% R=26.3(2)% 351,54

Variable radio afterglow 3% led the way to a decaying R to K band counterpart?® 29 298, 229. 54, 243,265
Optical/near IR light curve analysis®® 3% 14 and host galaxy properties restrict the redshift z < 3.9%
and indicate host maybe in a molecular cloud®!; alternative models available®? 42,

980425 0.90915°7 19P3573.316° —52°50'44.75” (0.077)™°  (345.0,—27.7) 7,X,X*,0,IR,mm,ra
SN1998bw,1SAX J1935.0—5248°°, J195303.3 52504573

pr: 23(1)21 ~201°72 0.30(3) 0.44(4)%  0.026 0.18(3)™® a7 114
X: 0.425 0.30(4) 0.01633 0.4383 315, 318, 282
O: 249 R=15.7(1) 1585128 1.18%2 0.20'% 128, 262, 302, 216, 301, 31
IR: 10.49 J=11.5 4144624

mm: 11.8 150 39(11)26
ra:  2.82 4.8 gH4 0.75%6 236, 415, 213, 212, 245
ho: 0.00841(5)3 219 128,236

BeppoSAX initial (p = 8’) error box*? contains a bright supernova SN1998bw'? of a peculiar Type Ib/c,
located in an HII region in a spiral arm of the face-on barred spiral galaxy ESO 184—G82'%2. Probability
of chance coincidence < 10~%(see ['?}). Redshift of the host is z = 0.00841(5)* 2'°; linear polarization of
0.53(8)%, @ = 49(3)° detected in the spectrum of the SN***. SN 1998bw spectra are very unusual3/ 301,
BeppoSAX/NFI observations reveal two X-ray sources®™ 314313 one of which (1SAX J1935.0—5248) is
found later to be consistent with the SN, after final corrections of the NFI position®®. Very strong radio
emission, indicating mildly relativistic afterglow (I' ~ 2)?; IR detection?¢. Modeling of the optical light
curves!?: 262 indicates SN 1998bw is extremely energetic?* 42 3! and may have left behind a black hole?4.
Upper limit on gravitational wave detection®.



980515 0.708495°° 21P17M25° —67°15'18" (4/)°2 (326.5,—38.7) v, X

pr:  15%3% ~5033 0.035 343
X:
O: —
IR:
mm: —

ra: _—

ho: —
BeppoSAX GRBM and WEFC trigger’®. NFI follow-up observations®” find a new X-ray source
(1SAX J2116.8—6712) of Fx = 1.6(4) x 10713 ergs/cm?s. The source is offset by 4.9’ from the cen-

troid of the refined®® WFC position and does not show variability®’; it is likely not associated with the
GRB. No optical, IR, mm, radio observations.

980519 0.51410%° 23F22M21.50° +77°15'43.25" (0.17)1 (118.0,+15.3) +,XX*,O,R
1SAX J2322.3+7716%°, VLA J232221.5+7715431%
pr: 30(2)% ~2.22% 2.4(1.4) 0.01(1)®  0.01 0.1821 3
X: 0.4059  0.38(6) 0.02%¢ 181082 1 .8(3)% 5.6720,292 10
O: 0.3559 I=18.5(1) 95.0° L2(3)Y 2054 048170 e
IR: —
mim: _—
ra:  2.79 8.3 0.102(19)106 103, 100
ho: R = 26.05(22)%* 2

BATSE/BeppoSAX-WFC GRB with one of the fastest (~ 2) temporal power-law decays
recorded?®® 293.402.1%  For a complete photometry of the optical light curve see [176, 402]. Radio source
detected 2.8 days after trigger with large light curve variations due to ISS'®. The fast decline and the
radio data (radio source very compact of size < luarcsec) indicate that the afterglow emission may
originate either from a jet'’® '® or from a blast wave propagating into the dense wind of the progenitor
star'®. No constraining mm observations®”’; no IR observations. Deep optical observations two months
after the GRB detected a faint object at the OT position, presumably the host galaxy3™ 24,

980611 0.034° 180 20™7.2° +54°4'58.8" (7° X 3.5 )1 (82.6,+26.1) 7

pr: 9.3(5)% ~1500%* 111"
X: —
O: e
IR: —
mm: —
ra: —
ho: —
BATSE GRB (# 6816). RXTE/PCA follow-up scan finds two X-ray sources; both are shown to be
substantially outside the BATSE/Ulysses IPN annulus!® and are very likely unrelated to the GRB.

DB0613 0.20216% 10P17m57.82° 171°2725.5" (0.67)" (138.0.+408) ~,X,X°,0
1SAX J1017.9+7127%

pr: 50%7 ~ 2.2 0.17(3)"®  0.014 el

X: 03597  0.11(3) 0.006 2

O: 0.6979 R=22.9(2) 2.1188 1.3 0.277° 49, 50, 288, 172, 66

IR: — 263, 49, 50
mm: —

ra: — 108

ho: 1.0964(3)° B=24.4(2)"° V=24.1(2) R=23.9(2)" 74,75,7



BeppoSAX GRBM and WFC triggered GRB*; BATSE did not trigger because of prior trigger due to
intense solar flare*®. NFI follow-up detected 2 X-ray sources, one of which is variable’”. Optical coun-
terpart detected 0.69 days after trigger'®®. Host galaxy was found at the OT position with z = 1.09647;
spectrum shows strong emission line interpreted as [OII] 3727 and very blue featureless continuum indi-
cating star-forming galaxy (SFR=~ 3.9 Mg /yr)™. No IR %.50 radio!%® detections; no mm observations.

980703 0.18247%" 23P59™6.6661° +8°35'7.0939" (0.0005”)%° (101.6,—52.1) ,X,X* O,IR,R
1SAX J2359.1+0835%

pr: 370(10)% ~30.5%5 1.9(1) 5(2)% 0.04 1244

X: 09135 0.75 0.04%° 151(32)%0 <0917  0.34%7

O: 1.3 R=21.2 10.0%° 1.01(1)%7 1.61%7 0.18878 425, 18, 47

IR: 54 K=18.8(1) 20.318 1.43(11)% 167, 407
mm: 7.34 220 <5.2%® 370

ra: 1.2 4.86 0.135(26)*° 389

ho: 0.9662(2) R=22.58T05047 1/=23.04(8)*" K=19.6277 1240 0.21(12)/"18 74, 375, 389, 376
RXTE/ASM?* and BATSE GRB; X-ray source detected with the BeppoSAX NFE?- 13, Optical coun-
terpart detected® *® following detection of a radio source®®. Host galaxy spectrum contains emission
and absorption lines allowing redshift determination at z = 0.9662(2)". Host is the brightest so far'® 407
with Mg = —21.2%%; star-forming galaxy with SFR2 10 Mg /yr’® 3%, VLBI detects source unresolved at
< 0.3 mas®. IR detection®” !¥; no mm detection?® 370.

980706 0.6665°  11F0™33° +57°236” (36’ x 1.56')% (148.2,454.0) 7

pr: 26(2)8 ~5625 5.12(5)1

X: _ 255

O:

IR: —
mm: —

ra: —

ho: —
RXTE/PCA scan 2.7 hours after trigger of BATSE GRB finds a 2mCrab X-ray source that is not
detected at the next scan 1.5 hours later®®. It is unclear whether the source has faded below the PCA
detection limit (implying a decay index of >3) or it is not located at IPN/PCA ‘best position’. Most
likely, PCA source is not related to the GRB. No BeppoSAX/NFI follow-up, no optical, IR, mm, radio
observations.

081220 001135 3P42733.8° +17°00" (2.4 x 4.5)° (171.0,-293) 7,X
pr:  15%% ~1119 2.4(4) 1.0(2)1® 0.012(1)%!
X: —
0: 212 V>22 <5.7332 401, 173, 270, 410, 12
IR: — )
mm: _— 370
ra: 2.1 1.43 <0.21 93, 95, 301
ho: —
RXTE/ASM, BeppoSAX, Ulysses and KONUS GRB3% 8. 19,109, No optical counterpart
found39% 401 410.270. 12,171 ' [Jnygual radio variable source!® % associated with a faint, slowly variable opti-

cal source!® was later found to lie outside the refined IPN error box®* and has a core-jet morphology

in VLBA observations, strongly suggestive of a highly variable background intra-day variable (IDV)
source®!. No X-ray follow-up observations; no IR,mm observations.



081226 0.40793% 23h20m37.01° —23°65/'53.8" (0.47)" (382, 713) 7, X.X°.R
1SAX J2329.6-235613 VLA 232937.2—235553102
pr:  20*% ~3.2113 0.006 65
X: 04701  0.30(7)  0.016"3
O: 0412 R>23 <1.9%7 95, 132, 421
IR: — 4
mm: 3.74 350 <0.6(3.8)370
ra: 8.54 8.46 0.169(28)% 2.0(4)% 132
ho: R=24.85(6)%

BeppoSAX/WEFC error box contains decaying NFI X-ray source'’s. Several suggestions for optical and
IR counterpart made!® 4 42122 Lyt none acceptable®? 1% 36247 Radio counterpart found 8.5 days after
trigger®® leads to potential host galaxy®. No mm detection®?.

990123 040750 15R05™30.31° +44°45'50.24" (0.16/)  (73.L,4546)  7,XX*,0,IR,R
1SAX J1525.5+4446% VLA J152530.3+444559%%
pr: 63.3(3)  ~2.2 23.7(23) 27152 0.08 % »
X: 0.245 11.0 0.57%% 1.44(7)% 1.2 276, 46
O: 0.169 R=18.65(4) 94.0%° 0.75(23)1%  1.52(15)1¢  0.053'% 3,2, 46, 189, 346, 292, 260
R 123 K=18.29(4) 32,5 0.8(1)%  1.12(11)%® ®
mm: 1.27 222.0 <2.41%% 334
ra: 1.24 8.46 0.260(32)% +1.4(T)%  <0.8%%
ho: 1.6004(8)° V=24.20(15)"%, R=23.63(5)""%, K=21.65(30)% 0.6(1)"% 189, 233, 119, 72, 116,

376, 193, 7
First detection of prompt optical emission: BATSE trigger activates the robotic telescope ROTSE,
which detects the OT in 6 images between 22 s and 10 min after the burst, with V' between 8.9 and
14.3 mag?3. Prompt 7y emission among top 0.4% in fluence®; gamma-ray and optical signals do not
track one another'® 3. Later follow-up optical observations detected the OT at R ~18.6 and smoothly
declining (see [233, 135, 46, 7, 120] and references therein). Optical afterglow light-curve composed
of smoothly joined power-laws; break in the light curve at ¢t ~ 1d first interpreted as beaming, but
is not achromatic®* 1. The combined 7/optical/radio light curve® 1 23 2%.% jndicates importance of
internal and external (both outward and reverse) shocks. Optical polarization not detected (<2.3%)%.
Redshifted metal absorption and lack of the Ly« forest limit the host redshift to 1.6 < z < 2.05%20. 233,189
Irregular host morphology may indicate merging galaxies'?’; spectrum indicates relatively blue, star-
forming galaxy of Mp = —20.4, L ~ 0.7L, and SFR>6.0 Mg /yr®. Three active star forming regions
identified®®. Initial detection of nearby galaxies spawned suggestions of gravitational lensing that were
later refuted (see GCN Circs 219,221,234-6,238,241,242-3). First detection of radio flare 1.24d after the
trigger® 2, IR detection®® %% %%; no mm detection®S.

900217 0.024618° 3b2mb50% _53°5'36” (31)% (268.0,-545) ~,X

pr:  25%6 ~28386 0.11(3) 0.13(2)*¢  0.016 6 386
X 0.27 <0.1 <0.005%7 >1.6%17

O: 0.28 R>235 <1.8%7 353, 311
IR: —
mm: —

ra: 1.09 4.8 <0.2841

ho: —

BeppoSAX GRBM/WFC detection with p = 3’ error box3®;NFI follow-up®’ provides only upper limit
for an X-ray afterglow of 10~13 erg/cm? s. No variable optical?®” 3% 31 or radio*™* counterpart. No IR,
mm, observations.



990308 0.21883°2 12P23™11.44° +6°445.17 (0.17")™ (2835,+685) 7,X,0

pr: 106(12)35 ~317%2 0.63(14) 0.6(1)%! 0.009 362
X: —
O: 0.1367 R=18.14(6) 24635 0.38(25)%% 1.2(1)%° a7
IR: —_
mm: —
ra:102.0 8.5 <0.2583%5
ho: R>25.7%° K>23.3%%

Near-simultaneous LOTIS and Super-LOTIS observations of BATSE error box do not reveal afterglow
coincident with GRB, with V' > 12.0 (10s integration, starting 132s after trigger), V > 13.4 (10 min)
for LOTIS, and V > 15.3 for Super-LOTIS*?. Comparison of images taken 3.28 hours and 82 days
after burst show likely optical counterpart®®, which decays by 0.08 & 0.08 mag in 7.7 min. No radio
counterpart®3. No IR, mm observations. No evidence for a host galaxy in images taken 103 days after
the burst (R > 25.7, K > 23.3)%5,

990506 0.474652 11°54™50.14° —26°40'35.2" (0.87)%* (287.6,.+34.5) ~.X*.R
VLA J115450.1—-2640.6%%
pr131.3(2)%  ~30™8 7.6(6) 17.6(4)%
X: 0126  0.35 1.8%1 1.9(6)%
O: 0.616 R>23 <1.9%7 403, 354, 427, 404, 310,
350
IR: —_
mm: —
ra: 1.73 8.4 0.54393. 392
ho: R=24.8(2)V 307

RXTE/PCA scanning of BATSE trigger #7549?% detects a previously unknown X-ray source of 1.5
mCrab, which decayed by a factor of 2.4 in subsequent observations®! 3. The source is within the refined
(30 arcminsq) IPN error box®*. No evidence for optical afterglow to R = 23 mag?57 310. 403 404, 354, 427. 350,
Radio observations detect 4 sources within the PCA/IPN error box*?, one of which fades below the VLA
detection limit (0.035 mJy) sometime beween 2—16 days after the burst trigger’®. Optical observations*’
of the radio source ~36 days after the GRB reveal a faint, extended galaxy with irregular and possibly
interacting morphology, potentially the host of the GRB. No IR, mm observations.

900510 0.36743°® 13P33™7.11° —80°20'48.2" (0.447 )% (3049,-178) 1,%X°,0,R
1SAX J1338.1—8030%
pr: 68(2)% ~241%5 4.37(13) 2.53(9)%  0.14 4 64
X: 0.333 331 240
O: 035 R=19.2(3) 92.8408 0.61(12)¥0 2.41(2)%  0.67"" 179, 211, 14, 190
IR: —
mm: —
ra: 3.3 8.7 0.227(30)™
ho: 1.619(2)%  R>27.6%, V>281° o

X-ray and optical counterparts are found®* 2% %% in the combined WFC/IPN error box32 64195 Later
recalibration of R band measurement®® indicates that the OT had been detected 3.5 hours after trigger'®
at R = 17.75 mag. Optical light curve shows clear achromatic break after ~1.5 d, that may signify
beaming; first index is —0.8 and second is —2.4'"% 3%, Radio counterpart detected in 8.7 GHz'"?. Metal
absorption lines in the spectrum?® limit the redshift above z >1.619(2); absence of Ly« forest places an
upper limit z <2.0'. First burst with detection (0.86 d after trigger) of optical linear polarization®® 416
of 1.6(2)% and polarization angle 96(4)°, that remains constant over about three days. No host galaxy
detection; no IR, mm observations.



DO0520 0.085300 8R35M56° 151918367 (3) (167.5,1369) 1,X
1SAX J0835.94-511813
o 8% ~28%7 0.08(3)2% 0023 w7
X: —
O: 0.735 R>215 <11.2%8 256, 306, 305, 37, 177
IR: —
mm: —
ra: 0.605 4.8 <0.1251%3 104, 105
ho: R=20.75(7)""" V=21.08(5)%% B=21.58(8)""" %

Brief WFC transient (~ 10 s) barely seen in GRBM data'. WFC error box (p = 3') contains VLA
source!®™ 1% coincident with a non-variable optical object, which may be a galaxy?, but could also be a
point source® 28, The BATSE team reports on May 24.7 UT a faint untriggered event coincident with
the BeppoSAX transient, that was recorded while the onboard trigger was disabled®®. It is uncertain
whether the BeppoSAX transient and the VLA source/optical galaxy are related, but it is likely that
the BeppoSAX transient is associated with a GRB. No IR, mm observations.

990527 0.58182"7 22R50m27° —20°53726" (6')"7 (39.1,—61.7) v
pr: 20* 197 ~100197 (.8a197

X: —

O: 1.75 R>22.0 <7.0%%

IR: —
mm: —_

ra: —_—

ho: —

GRB detected with Ulysses/Konus/NEAR™. Optical imaging of 100 arcmin? error box ~1.75 d after
the burst trigger does not reveal a counterpart®® (R > 22.0). No X-ray follow-up, radio, IR, mm
observations.

990627 0.2089472 1748m275 —77°47367 (17)72 (298.8,—-39.6) v, X, X*
1SAX J0148.5—7704%7
pr: 50*272 N28272 0.007 272
X: 0.331 0.35 0.022¢7
O: 0929 R>21.0 <17.73%44
IR: —
mm: —
ra: 1.46 4.8 <0.125%%2 103
ho: —

BeppoSAX WFC error box?? contains 4 radio sources®®, one of which coincides with a fading NFI
source®’, which is a likely GRB counterpart. No variable optical counterpart is found at the R > 21.0
limit**“. No IR, mm observations.

990704 0.7294°2  12°10™27.3° —3°50'22" (1)® (287.7,458.1) 7, X, X
1SAX J1219.5—03508%

pr: 40%*182 ~154139 0.14 182

X: 0.335 0.44 0.0286 281

O: 0439 R>21.2 <14.7405 48, 261, 250, 217
IR: —
mm: —

ra: 1.021 4.88 <0.065%

ho: —

BeppoSAX/WEFC error box (p = 77)%% 139182 contains new fading X-ray source, which is the likely
counterpart® *!'. Two radio sources in the WFC error box®® unlikely related to GRB. Initial optical
counterpart?®! later retracted®®. No IR, mm observations.



990705 0.667657 5P09™54.52° —72°7'53.1” (0.3" )0 (2835,—334) 7,X,X*,0,IR

pr:  45*3 ~3.51%8 0.09 52
X: 0.4744 52,8 0.72%58
O: 0.7324 V=22.0(4) 5.7%5 >1%8 0.40%%8 174
IR: 0272 H=16.57(5) 252.0%% 1.68(10)
mm: —
ra:  0.662 4.8 <0.13%2 103
ho: V=23.80(15)%5°

BeppoSAX/WFC detection; radio observations®? revealed 3 sources in the WFC (p = 3’) error box®,
which are not, however, in the BeppoSAX/Ulysses/NEAR IPN/WFC intersection!®®. NFI follow-up
detects a new X-ray source'®; detection contaminated by radiation from LMC X-2, which lies 52 off the
NFI center®. First detection of an afterglow in NIR 2% 2¢ (H = 16.57), which decays with a power-law
of index —1.68%%. Elongated irregular, fuzzy object of V' = 23.8 (size 2.4"" x 0.8"") partially superposed
to the OT is suggested as the GRB host?*. No neutrino detection %48 hours from the GRB trigger'?.
No mm observations.

000712 0.69655™° 22P31™53.1° —73°24'20" (1)1 (315.3,-40.2) 7,X,0
pr 90*185 N12.6135

X: —

O: 0.1235 R=194 52.51 1.05%% 395, 191
IR. —_—

mm: —

ra: —

ho: 0.430(5)'*  R=21.79'% 221,191

BeppoSAX WFC error box {(p = 2’)** contains optical counterpart'; its spectrum shows pronounced
emission lines and absorption lines both consistent with a redshift of z = 0.430(5)'*. Evidence for a
host galaxy at R = 21.76 from the saturation of the optical light curve!®* 19221  No BeppoSAX NFI
follow-up; no IR, radio or mm observations.



TABLE NOTES

General notation

NNN reference for the value just to the left of it

(MM) error in the last digits of the number just to the left of it

* the value is not determined in the standard way adopted for this entry; see reference for
details

N the value is not determined in the standard way, but in a frequent deviation explained below
in these notes

Comments on specific columns

Name GRB name in YYMMDD format

UT trig  time of trigger, in fractional days since start of the UT day of the burst

duration duration, defaults to the BATSE T90, unless marked by star*.

errbox area of prompt emission or NFI error box, in square arcmin

F};eak prompt gamma-ray peak flux in units of 10~% ergecm~2s~1. Defaults to BATSE flux above
20keV

Sy Fluence of prompt gamma-ray emission in units of 10~ erg cm—2. Defaults to BATSE fluence
above 20 keV. Reference and note are for both flux and fluence. Notes for frequent deviations:
(a) SAX GRBM 40-700keV.

F)P(’e"’Lk prompt 2-10keV X-ray peak flux in units of 10~ %ergem—2s1.

Sx Fluence of prompt 2-10keV X-ray emission in units of 1075 ergcm™2. Reference and note
are for both flux and fluence

AUTx time since trigger, in days, of X-ray afterglow discovery or limit; ditto other wavelengths

Fg 2-10keV X-ray afterglow discovery flux or limit, first in units of 10~12 ergcm=2s~1 and then
in pJy

Fo,...ra  afterglow discovery fluxes or limits, in pJy for O and IR and in mJy for mm and radio.

Bx X-ray afterglow flux spectral slope; ditto other wavelengths

ox X-ray afterglow flux temporal slope; ditto other wavelengths

Ny H column density, from X rays, in 10?1 cm—2

mag optical (UBV RI) and near-IR (JHK) discovery magnitude, with band; all else being equal,
R and K were preferred

Ay visual absorption in mags. Foreground, or total, depending on reference and method.

Vmm millimeter frequency in GHz. All else being equal, 90 GHz was the preferred mm frequency

Vra, radio frequency in GHz; All else being equal, 5 GHz was the preferred radio frequency

z redshift; in order of preference (i) an emission-line redshift, or (ii) the redshift of the presumed

host, or (iii) the highest absorption redshift in the OT spectrum. Limits sometimes from
(absence of) Ly break.
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outflow. Thismeanghatwe expectatleastonetransitionto occurin a collimated
outflow; aslong asf, ~ 1/y is lessthand,, the obserer seesa smallerpart of

the outflow thanthe cone,andthereforecannotdistinguishbetweena spherical
anda collimatedflow. Whené, = 6., which happensvhenthe Lorentzfactor
becomedow enough(y < v, = 1/6,), the obserer begins to seethe edgeof

the coneandthusbecomeswareof the collimatednatureof theflow. Whenthis

happensthefalloff of thelight curve becomesteeperat earlytimes,thedecline
of theafteiglow isabalancebetweeravery steepdropof thesurfacebrightnesof

theshockandanincreasén theobseredemittingareaproportionako 1/y2 oc t¥/4,

Wheny < 1/6,, theemittingarea/imited by the sizeof the cone,staysconstant;
henceadropin the exponentof the power law declineby t~%/ is expected.

Because¢hepressurés veryhighbehindtheshock thisdecreasethelik eliness
of a pressureon the edgeableto confineit, so onemay well askhow long the
flow canstaycollimated. Here, relativity comesto the rescue: The jet expands
sidavaysno fasterthanits internal speedof sound(e/+/3 in the ultrarelatiistic
limit). Becauseo anexternalobsenrertheapparensidevaysexpansiorof thejet
is superluminalith speed e, theangularsizeof aregion of thejet thatis causally
connecteds only of orderl/y, andthe angleby which the jet expandssidevays
is similar. Therefore sidevaysexpansionof the jet is unimportantaslong asthe
totaljet openingangleis largerthand, > 1/y. Whenthesidevaysexpansiordoes
becomamportant,simplescalingsuggestshattheradiusof the shockfront stops
expandingandtheenengy is lostin oneplace.More detailedconsiderationshav
thatin factthe shockLorentzfactordecreaseexponentiallywith radius(Rhoads
1999). However, changesn theareaandrelatiistic kinematicsalsotake placeat
thesametime, andthenetresultis thatanexternalobserer still seesa power-law
declineof the brightnessalbeitmuchsteeper

Sincethe critical anglesfor the end of collimation andthe fanning-outof the
emissionareof thesameorder it is unclearwhetherthe collimationbreakof t—3/4
(Mésaros& Reesl999)wouldeverbeseen.Thedetailedcalculationsy Rhoads
(1999)only shav averybroadtransitionbetweertheinitial sphericakvolutionand
thesteep(t™P) late-timebehaior, inwhichthebeamingoreakis presumablyidden
(seealsoPanaitescl& Mésaros1999). More recentdetailedcalculationsaven
suggesthatcomplicatingeffectscausethe collimation breakto be muchwealer
(Kumaré& Panaitesci2000)or evenabseni{Huanget al 2000),thougha jet may
manifestitself via a steepbreakin thetransitionto non-relatvistic evolution. An
importantaspecbf the breakresultingfrom a jet collimation transitionis thatit
is expectedto be achromaticj.e. of the samestrengthandoccurringat the same
timein all wavelengths.

Thefirst claim for apossiblecollimatedburstcamefor GRB 980519(Halpern
etal 1999),which hada very sharplydecliningafteiglow. In this burst,however,
the breakwas not seen(it would have occurredbeforethefirst obsenation),and
thedataarealsoconsistentvith asphericahfteiglow expandinginto al/r? stellar
wind (Halpernetal 1999). Whenabreakwasseerin theafterglow of GRB990123,
startingabouta dayaftertheburst,this was againattributedto ajet (Kulkarnietal
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1999a,b).However, closerinvestigationshavs thatthe breakis not nearlystrong
enoughobecausedby ajet, evenif onlythebeamingoreakoccursandisnotseerin
K band,whichis contraryto expectation.Also, the optical dataof Castro-Tirado
et al (1999) indicate an achromaticdecline possibly consistentwith a cooling
breakmoving throughopticalfrequenciedbetweerdaysl and3. Theshortradio
afteilglow of this sourcehasalsobeenadwancedassupportfor ajet (Kulkarni et
al 1999b),but canbe interpretedwvithout usinga jet aswell (Galamaet al 1999).
The afteiglow of GRB 990510appeargo be the first in which the evidencefor
beamings strongandhasnotbeerthesubjecbf controversy: All opticaldatafrom
U to K canbefit with a singletransitiontime andthe sameasymptotigpowver-law
indices perhapsvith someevidenceof deviationsin B. Thevaluesof thepre-and
post-breakpower-law agreewith the calculationsof Rhoadg1999). In addition,
polarizationhasbeendetectedn this source(Wijers et al 1999;seeSection6.2),
which mayberelatedto its jet-like character

In summarysomeclearpredictiongrom collimatedoutflonsarestrongenough
to rule out certainsourcesasbeingbeamedandmale at leastonesourcea good
candidate.Also, in somewell-studiedcasessignificantcollimation s ruled out
(e.g. GRB 970228and GRB 970508). Theimplicationsfor the physicsof GRB
areconsiderableif abursthasa collimationangleof even10 (very wide by the
standardf AGN jets),thenonly 1.5%of thesky isilluminatedby theburst. This
meanghatwhenmakingtheusualassumptiorf isotropy, we would overestimate
the enegy requirement®f the centralengineby a factorof 100,andatthe same
time underestimat¢he formationrate of GRB progenitorshy thatsamefactorof
100. This establisheshe investigationof the reality of collimationin GRB, and
ary correlationsetweercollimationandbrightnessasoneof themorepressing
challengesn afterglow research.

Rings and Polarization

The beamingof the GRB emissionhasfurther consequencef®r the appearance
of theafteglow. Becausehe Lorentzfactorof the burstis continuallydeclining,
the surfacewe seeat a given obsenrer time is not perfectly elliptical asin the
constanty casg(Reesl964),noris it uniformin surfacebrightnessThepointon
theline of sightis closesto us,which meanghatamongall the pointswe seeat
ary giventime, the light from that particularpoint left the surfacethe latest,so
thatpointis oldestin theframeof theaftelglow. Thereforejt hasthelowesty and
lowestsurfacebrightness.Consequentlythe point approachingus is lessbright
thanthoseimmediatelyaroundit. Furthermorethe edgeof the afteiglow in our
obsenerframeis only of orderl/y awayin anglefrom thecenter Thenetresult
is thattheobsenedsurfacebrightnes$iasa maximumaway from theline of sight
(by aboutanangleof 1/y), i.e. it appeargasaring (Panaitesc& MészAros1998b,
Sari1998,Waxman1997a). At very low frequenciesthe lesssteepdependence
of the surfacebrightnessn the Lorentzfactormakesthis effect nearlygo away
(Granotetal 1999a).
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Becausedhe angularsize of the ring is usuallytoo smallto resole anddoes
not changeary majorscalingstheobsenableeffectsaresmallatbest. However,
it doesoffer the chanceof anasymmetrythatbringsaboutnetpolarizationof the
afterglow.

Sincethe afteiglow is synchrotronradiation,its intrinsic polarizationwill be
60-70%;therefore ratherthanaskingwhy it is polarized,we shouldaskwhy it
is not. Two reasonshave beenadwanced: First, the magneticfield is generated
by someinstability, andthusshouldbe highly tangledin nature.If thecoherence
lengthof the field is muchlessthanthe sizeof the obserableafterglow surface,
thenwe expectgreatly reducedpolarization,to a value of about60/+/N% for
N independenpatcheqGruzinos & Waxman1999). Secondtherecould be net
directionto themagnetidield evenif it is generatedtby instability, especiallyif one
accountdor aberratioreffectsin thering of emission(Medveder & Loeb 1999,
Gruzinor 1999, Ghisellini & Lazzati1999). If thering is perfect,the symmetry
ensurezeronetpolarization but any imperfectionsvould give anetpolarization.

In the latter case beamingand collimation may combineto give a net polar
izationthatvarieswith time. Initially, whena collimatedoutflow still hasa very
high Lorentzfactor we seea completering, andthe symmetryprecludesary net
polarization.At very latetimes,we seetheentireoutflow, of whichthe symmetry
onceagainprecludemetpolarization. At intermediateimes,whenthe beaming
coneis similar to the collimation angleandthe afteglow light curve is breaking
to asteeperdecline,we canseepartof aring if ourline of sightis offsetfrom the
centerof theoutflow. During this phasethe polarizationdoesnot averageto zero,
sincewe do notgetemissionfrom the completering.

After afirst attemptby Hjorth etal (1999)on GRB 990123 which setanupper
limit of 2.3% on polarization,an actualdetectionwas madewith the ESOVLT
for GRB 990510(Wijers et al 1999, Covino et al 1999). The polarizationwas
measuredsl.7%aroundthe time of the jet break. The dataare consistenboth
with a symmetry-breakingrigin of the polarizationandwith the random-patch
model. Much earlierandlaterdata,duringthe power-law partsof thelight curve,
would be neededo distinguishbetweerthetwo (Wijers etal 1999). Sari(1999)
hascalculateda toy model of the polarizationin the jet case. He shaved that
the periodof maximumpolarizationnearthe jet breakcontainsconsiderabldine
structurewith afew minimapossibleasaresultof polarizationsignchangesThe
otherburstwith measuredolarizationto dateis GRB 990712(Rol et al 2000).
Curiously this burstdoesnot shav any signsof abeamingbreak,andthe middle
of threepolarizationmeasurementsasthelowestvalue , whereaghepolarization
angleis constant.lt is possiblethat a beamingbreakis hiddenby the effects of
a bright hostin this burst, but even so,a minimumin the polarizationis not easy
to obtainwithout changesn the polarizationangle. Lik ewise, the random-patch
modelwouldpredictiargeanglechange thepolarizatiorasthevaluechangesso
neithemrmodelprovidesacorvincinginterpretatiorof thisevent. Theobserational
difficulties of improving the situationareclear: To detectpolarizationof 1%, one
needghe objectto be5 or 6 magnitudesabove the detectionlimit, andtherefore
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measurementsf polarizationcanonly be madewithin the first few daysafter
trigger.

External Density Profiles and Late Evolution

Dependingon the type of progenitor a burstmay occurin moreor lessaverage
interstellarmedium,or it may be surroundedy a large amountof circumstellar
medium. Consequentlyit is not trivial that the ambientmediumshould have
a uniform density Specifically the stellarwind caseof a 1/1? densityfalloff
hasreceved someattentionsincethe discovery of a GRB-supernga association
(Sectios 4 & 7).

Asidefrom providing smoothchangescgircumstellamediaalsooffer the pos-
sibility of stronginhomogeneitiesFor example,awind hasa terminationshock
whereit encounterghe older wind pressedip againstthe interstellarmedium,
anda forward shockdriven into the ISM by the wind pressure.Whenthe blast
wave meetghese sudderdensitychangevill leadto jumpsandnon—self-similar
behaior in theafteglows. Themaximumin thelight curve of GRB 970508after
1.5dayscould represensucha situation. At a shockinterface,instabilitiesmay
alsoleadto fingerformationandothersmall-scal@rregularity. Dermer& Mitman
(1999)andDermeret al (1999) have suggestedhatthe irregularlight curvesof
gamma-rayourstsmaybecausedy anencounteof theforwardshockwith these
irregularities. Most recentwork hasattributedthe gamma-rayburst properto in-
ternalshocksin therelatiistic outflov (Rees& Mésaros1994,Kobayashetal
1997);however, objectionsto the externalshockmodelseemto be circumwented
by this new model, so this hasagainbecomean openquestion(Fenimoreet al
1999,Fenimore& Ramirez-Ruiz1999).

Whatdensitystructuresan obserableafteglow will meetdependsn its en-
ergy; not long afterit turns non-relatvistic, it declinesfastenoughto become
unobserable,soin broadtermswe candefinetheafteiglow phaseaslastingfrom
t4ect0 tyr (Sectiond). Thenon-relatvistic phasestartswhenamassequalto E/c?
hasbeensweptup, sinceatthatpointtheenegy perparticleis comparabldo the
restmassenegy, i.e. Myr = 0.0%5,M . Thisis smallcomparedo thetotalwind
massejectedby amassve star so indeedmassie starsmay produceGRB whose
afteiglows are entirely within their old wind (Chevalier & Li 1999). However,
mostof thatwind is in a shocled, nearly uniform bubble,so it doesnot follow
thatall massie-starGRBshave rapidly fadingafteiglows characteristiof a 1/r2
densityprofile. Thisis evenmoretrueif the starmoves with evena few tensof
km/s, becausehenmostof the ejectedmassduringits life is left far behindand
playsnorole whenthestars life ends.

Finite Optical Depths, Prompt Emission, and Lines

Exceptatradiowavelengthstheopticaldepthof theafteiglow to its own emission
is negligible. Nonethelessa variety of obsenationsor otherconsiderationsiave
inspiredobsenersto look for effectsof finite optical depth. The oldestconcern
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is thatthe peakfrequeng in a synchrotrormodelshouldbe very stronglydepen-
denton the Lorentzfactorof the blastwave. Combinedwith the narrov range
of obsered peakfrequenciesn GRBs,this raisesconcernsaboutthe required
narravnessof the Lorentzfactordistribution. Brainerdetal (1998)hasproposed
his Comptonattenuatiormodelspecificallyfor this: Comptonscatteringby the
external,non-mwing mediumimposesa signatureat a fixed source-frameho-
ton enegy of 0.5 MeV. A problemwith this modelis the large requiredoptical
depth,whichimpliesevenlargerenegiesfor GRB thanmorecorventionalmod-
els,but alsomalkesit difficult to understanavhy we generallyseelittle or modest
reddeningn the optical afteiglow. More recentsuggestiongchie/e a signature
of a non-mwing mediumin the spectrumby interactionof the GRB flux with
previously emittedand scatteredSRB photons,or with external sourcesof soft
radiation(Madau& Thompsor2000,Madauetal 2000,Dermeretal 1999).

The optical depthto MeV photonsduring the bursthasalsobeenrediscussed
recently afterthelong-heldbelief thatit mustbe smalllestthe spectrunbecome
thermalizedqthecompactnesgroblem;Sectionl). It appearshattheeffectsmust
be mostly small (Lazzatiet al 2000, Mé&saros& Rees2000;but seelLiang et al
1999),but someunexpectedceffectsdid turnup: Granotetal (2000)discoveredthat
theopticaldepthattheearliestimesin aburstcouldbelargeenougtto causeself-
absorptionin X-rays. This may answera long-standingssuethat a significant
fraction of burst spectra,especiallyearly in the burst, risesmore steeplythan
optically thin synchrotrorspectrecanaccounfor (Preecestal 1998, Tavanietal
2000). It is importantto notethatlow opticaldepthsdo not necessarilymply that
ary otheremissionprocessis enegetically unimportant. For example,inverse
Comptonscatteringmay have a luminosity as large as y2r times the primary
luminosity, whereaghe randomelectronLorentzfactor y,, canbe hundredsof
timesthe alreadylarge shockLorentzfactor Therefore,evenat r ~ 1076 this
could still producean importantfraction of the enegy output (Waxman1997b,
Mesarosetal 1994).

Anothereffect of finite opticaldepth(or rather finite emissionmeasure)s the
possibility of emissionandabsorptioninesin the spectraof GRB. An iron line
was reportedin BeppoSAXNFI X-ray spectraof GRB 970508(Piro etal 1999).
Sincethisline is not highly blueshiftedjt mustcomefrom materialthatdoesnot
participatein therelatiistic outflow. It maythereforesignalthepresencef high-
densitycoldermaterialthatis beingilluminatedby theenepgeticradiationfrom the
GRB, suchastheremainsof anexplodingstar(Bottcherl999,Lazzatietal 1999).

HOSTS, COSMOLOGY, AND CENTRAL ENGINE

It hasbecomeclearthat GRBslie in starforming galaxiesandareassociatedvith

superneae,andthattheir greatbrightnessallows usin principleto obsene them
athighredshiftsperhapaiptoz = 20(Wijersetal 1998,Lamb& Reichar2000).
Thishasgreatlyincreasedheinterestin gamma-rayurstsastoolsfor cosmology
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andlaboratorieof high- enegy astrophysicssowe will briefly touchuponthese
subjectshere.

7.1 The Association of GRB with Star Formation and Host
Galaxies

>

Priorto 1997thereappearetb beasystematiclearthof sufiiciently brightgalaxies
in thebestdeterminederrorboxesof y -ray bursts. This becamenown astheno

hostproblem(e.g. Bandetal 1999). However, asthefirst afteiglows werefound,

it rapidly becameclearthatalmostall detecteccounterpartdie in a hostgalaxy

Furthermorethelarge enegiesrequiredalsopointedto sourcemodelsinvolving

stellarcollapsesandmeigers.This promptedanumberof attemptdo associat¢he
GRB ratein the universewith the starformationrate (Totani 1997, Wijers et al

1998). It was shawvn thatthe obseredpeakflux distribution of gamma-rayursts
(Figure19)is consistentwith theassumptiorthatthe GRB ratein the universeis

directly proportionalto the starformationrate. Recentdiscoseriesof supernvae

associateavith GRBs(Section4) have lent further supportto this conclusion.

2062 BATSE Gamma—Ray Bursts
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Figure19 Thecumulatvepeakflux distributionof gamma-rayurstsdetectedvith BATSE.The
dottedline (a —3/2 power-law) indicateshe expecteddistribution for a uniform densityof GRBs
in aEuclideanspacgM Briggs, privatecommunication).
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In starformation-relatednodels the GRB rateis only 108 pergalaxyperyear
in the universeat presentbut was much higherat z ~ 1, andthe characteristic
peakluminosity is 10°? erg/s (Wijers et al 1998). Typical GRBsat the BATSE
thresholdvouldbeatz ~ 4. Theseresultsarequitedifferentfrom thoseof earlier
fits to the peakflux distribution, whichassumedtandaraandlesandnoevolution
of the GRB rate;they typically placedthe dimmestBATSE burstsatz ~ 1 (e.g.
Fenimoreetal 1993,Paczynski 1992;but seeFenimore& Bloom 1995).

With asmalldozernredshiftsandasomevhatgreatemumberof hostsknown, it
hasbecomeclearthat GRB luminositiesin all wavelengthgangewidely (Section
5), sotheresultsof standard-candliits to theflux distributionshouldbetakenwith
agrainof salt(seee.g. Kommersetal 2000aKrumholzetal 1998,Schmidt1999).
However, the burstswith known OTs area muchbrightergroupthanthe BATSE
burstsasa whole, andtheir medianredshiftis about1, makingit likely thatthe
dimmesiGRBsareveryfar away indeed.Thisopengheprospecof usingGRBsto
studytheearlyuniverseg.g. by investigatingabsorptiorine forestsin their spec-
tra,asis donewith quasarsiptoz = 5 (Wijersetal 1998, Lamb& Reichar2000).

In Figure 20 we have assembledmagesof the known GRB hosts;measured
propertiesof the hostsareassembledh the summarytable(Section5). They are
ratherdiversein nature but sharesomeimportantcharacteristicsall areblue,in-
dicatingthepresencef anabundantumberof youngstars.In virtually all cases,
the OT doesnot coincidewith the centerof the galaxy but doeslie within its
detectabldight distribution (e.g. Bloom etal 1999b).Many of the hostsaresub-
luminous but thewide rangeof valuesincludes.jgalaxieqe.g.Hogg& Fruchter
1999). Starformation ratesin several hostshave beenestimated(Sectionb).
While they arenot particularly high in mary casesthe starformationrate per
unitluminosityin someis quitesubstantia(e.g.in thesmallhostof GRB970508;
Natarajaretal 1997).TheseaveragepropertiesupporthenotionthatGRBsoccur
wheremassie starsarebornanddie in the Universe.

Progenitors and Central Engines

The associatiorof GRBswith superneae andblue hostgalaxies,aswell asthe
supernoa-like enegies,clearly suggestn origin of GRBsin sometype of stel-
lar death. The most popularamongthesehave beenmergersof neutronstars
(Paczyhski 1986, Goodmanet al 1987, Eichler et al 1989, Mochkovitch et al

1993)andmassve-starcollapsegWoosley 1993,Paczyaski 1998). Thelocation
of GRB counterpartsvithin thebluepartsof galaxiesarguesagainsthigh-velocity
progenitorssuchasmeiging neutronstars(Bloom etal 1999c¢,Bulik etal 1999).

Figure20 Theknownhostgalaxiesof GRBs,imagedwvith HST(0228,0508,1214,0123,0510),
Keck (0828,0326,0329,0519,0613,0703,1226,0506; courtesyCaltechGRB collaboration),
andNTT (0425).Imagesare14’ onasideexcept0828,0123,and1214,whichare?7”’, and0425
(2 onaside).
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While thisis truefor the burststhusfar locatedaccuratelyit shouldbe notedthat
thoseareall long-durationbursts. The shortbursts(Kouweliotouetal 1993)have
not yet beenfollowed up, so it is possiblethat theserepresentinothertype of
centralengine(e.g. Fryeretal 1999).

Theenegiesprovidedby mary possiblecentralenginesarequitesimilar, since
all eventuallyleadto the formationof a rotatingcompactobjectsurroundedyy
debris(Mésaroset al 1999). For somebursts,suchasGRB 971214and GRB
990123, the implied isotropic enegy is large ~10°* erg (Kulkarni et al 1998a,
Ramaprakaskt al 1998,Halpernet al 1998,Kulkarni et al 1999a,Galamaet al
2000). While still within therealmof the possiblefor thestellardeathmodelsthe
efficiengy of corvertingtheoriginal enegy to gammarayscouldbelow, sosome
collimationandbeamingof the outflons maybenecessaryKumar1999,Kumar
& Piran1999).

Two mechanism$ave beensuggestedor the extraction of enegy from the
centralengine. Both usea disk-like configurationarounda compactobject,and
thereforenaturallyleadto someamounbf collimation. First,neutrinoannihilation
canprovide alarge enegy input while the centralobjectis still hotandaccreting
rapidly. Becausét dependsteeplyontheneutrinoluminosity, itisnotexpectedo
lastfor morethanafew totensecondg¢seee.g. Ruffert& Jankal999). Thissuffices
to pusha jet througha helium-starervelopein a collapsamodel(MacFadyen&
Woosley 1999),but notto power burstsatthelong endof thedurationdistribution
(100-100®). Secondelectromagnetiextractionof rotationenegy fromacentral
blackhole (Blandford& Znajek1977)hasbeenproposed.This mechanisnhas
the potentialof lastingmuchlongerandextractingsomevhathighereneugies. Its
efficacy isnotyetuniversallyacceptedLi 1999,Livio etal 1999),but hasrecently
beendiscussedn detail by Lee et al (2000a,b)who concludethatit is a viable
central-enginenodel.

CONCLUDING REMARKS

In thelastthreeyearswe have withesseatremendousbsenationalbreakthrough
in our understandinggf GRBs. This, in turn, hasled to a new generationof
GRB models,ronically bothbasedn very old initial conceptsthe 1978fireball
model(Cavallo & Reesl978)andthe 1968and1974supernga model(Colgate
1968, Colgate1974). Over 30 GRBshave provided believable afteiglows, and
in at leasta dozenof thesea galaxy hosthasbeenclearly identified: The GRB
cosmologicabistancescaleis establishedeyondreasonableloubt. Also among
the hard GRB aftelglow facts,one shouldcountthe following (seeSection5):
(1) temporalandspectrapower-law decaydor all wavelengthsyaryingbetween
—1.1and—2.1,andbetween-0.8and—2.0,respectiely; (2) initial sourcesizes
of the order of narcsecqdefinedby VLA radio scintillation obsenations); (3)
the existenceof dark aftelglows, i.e. caseswherewe obsene the X-ray but not
the optical counterpartthey arethoughtto lie in densemolecularcloudsor have
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muchsteepedecayrates;(4) in somecasesan associatiorbetweerna GRB and
apeculiartype of supernea hasbeenestablished(5) in almostall casesvherea
hosthasbeenidentified,it is a ratherblue andactiely starforming galaxy;and
(6) given their peakluminositiesand their distancescales,GRBs are the most
powerful photonemittersin the Universe.

We arestill seekingheanswerdo somemajorquestionngamma-rayursts.
Whatis themeaningof dark,afteiglow-lessbursts?Whatis thetrueenegy output
of GRBs,andhow doesthe centralenginedeliver it? How high a redshiftcan
we gotoin chasinghesecosmicexplosions?in addition,the mysteryof how the
promptgamma-rayemissionis preciselyproduceds still with us.

As the GRB aftelglow stampcollectiongrows, new evidencewill emege and
fill in the puzzle. As we pointedout in the introductionto this article, noneof
this would have beenachieved without the dedicationof the scientific team of
BeppoSAX;they desere a majorpartof thecredit. Anothergenerougpartof the
credit shouldgo to the GRB hunters,the tirelessobsenerswho scanenormous
amountf datafor the elusive counterpartietection quite oftenwithout reward.

Thesituationwill dramaticallychangewith the adwentof the new GRB satel-
lites,HETE-2andSWIFT. Throughthem fastandaccuratésRB positionswill be
deliveredautomaticallyto thegroundfor subsequerfollow-ups.Althoughthena-
tureof thehuntmaychangefollowing upalreadyidentifiedcounterpartisteadf
searchindor them,theexisting shortageof observingacilitieswill becomemore
severe. A goodground-basedbsenatoryinfrastructurghereforeneedso bebuilt
andmaintainedo copewith the (predicted)future delugeof GRB obsenrations.
Monitoring, however, shouldbedonein all wavelengthsandwith high-resolution
capability to furtheradwancethefield. GRBshave by now broughttogethemul-
tiple astrophysicatlisciplines,ncludingearlystarformationandcosmology It is
avery healthysignin afield whenthe excitementof discosery alternatedbetween
theoristsandobserers.
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Figure6 Thehostgalaxyof GRB970228(cente), imagedwith HST. Thesix-month-oldafter
glow isstill visible (bright pixel) at thetop right edgeof the host(Fruchteretal 1999).



Figure 10 HST/STISimageof the OT of GRB 970508(Pianet al 1998). The faint hostonly
becamaevisible afterthe OT hadfaded.



