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Abstract
n

Thediscoveryof counterpartsin X-rayandopticaltoradiowavelengths
hasrevolutionized the study of o -ray bursts, until recently the most enigmaticof
astrophysicalp phenomena.Wenow know thatq -rayburstsarethebiggestexplosionsin
nature,causedby theejectionof ultrarelativistic matterfrom apowerful energy source
and its subsequentcollision with its environment. We have just begun to uncover
a connectionbetweensupernovae and r -ray bursts,andarefinally constrainingthe
propertiess of theultimatesourceof t -rayburstenergy. Wereview heretheobservations
that
u

haveledtothisbreakthroughin thefield;wedescribethebasictheoryof thefireball
modelanddiscussthetheoreticalunderstandingthathasbeengainedfrom interpreting
the
u

new wealthof dataon v -raybursts.
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The
�

very first modelof � -ray burstswas proposedby Colgate(1968,1974)even
before
� �

-ray burstshadbeendiscovered;the model invoked � -ray emissionby
accelerated� particlesat the breakout of a shockfrom a supernova progenitor’s
photosphere.�
�
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�
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Cosmic
� �

-ray bursts(GRBs)werefirst reportedin 1973by Klebesadelet al
(l973),
�

who in their discovery paperpointedout the lack of evidencefor a con-
nectionbetweenGRBsandsupernovae as proposedby Colgate. It is an inter-
esting� twist of historythata quarter-centurylater, observationsof thelow-energy
after� glows of GRBshave provided evidencethat at leastsomeGRBsoriginate
from
�

a probablyraretype of supernova. The returnto a discardedGRB model
that
�

precededthe discovery of GRBs is part of the flood of resultsthat have
become
�

availablesincetheinitial discoveriesof X-ray (Costaetal 1997b),optical
(v
�

anParadijset al 1997),andradio (Frail et al l997c)afterglows of GRBs. The
re� view of theseresultsis thesubjectof thispaper.

Ca
�

vallo & Rees(1978)andSchmidt(1978)realizedthat thevery small sizes
(implied
�

by a short variability time, � t� )� and high fluxes of GRBs (F
� ��¡

10¢ 4
er� g/cm2
£

s)¤ impliedahighphotondensityat thesource.This, in turn, implied that
photon-photon� scatteringwould preventemissionof theobservedMeV photons
for
�

any GRBpopulationmoredistantthan¥ 1 kpc(unlessthesourcewereexpand-
ing ultrarelativistically). Cavallo & Rees(1978) formalizedthe salientsource
properties� into asinglecompactness¦ parametergi§ ven by

¨b©«ª L ¬ T
m p® c¦ 3¯ R °

F± d² 2 ³ T
m p® c¦ 4 ´ t��µ 1F¶¸· 4d

² 2
kpc¹»ºa¼ t�J½ ms ¾ 1012F¿¸À 4d

² 2
Gpc
ÁÃÂÅÄ0Æ t�ÈÇ ms É (1)

�
whereÊ F
� Ë¸Ì

4 Í F
� Î;Ï

10Ð 4 er� g cmÑ 2 s¤ÓÒ 1,ÔÖÕ T is
×

the Thompsonelectronscattering
crossØ section,m p® is the proton mass;L, d are� the luminosity and distanceof
the
�

GRB source,respectively; andR Ù c¦ÛÚ t� is the radiusof theemitting region.
Barring
Ü

relativistic expansion,Ý ∗ Þ 1 impliesthatthesourceis optically thick forßàß interactions,andcannotbe a copiousemitterof high-energy photons. The
preceding� numericalvaluesthereforesuggestthat nonrelativistic GRB sources
wÊ ould have to be in theGalaxy, andconversely, extragalacticGRBswould have
to
�

comefrom very relativistic sources.
Early indicationsagainsta Euclideanspacedistribution of GRBswas theap-

parent� lack of very weak GRBs (Fishmanet al 1978). This result anticipated
by
�

abouta decadethe discussionon the GRB distancescalein the early and
mid-1990s.A detaileddiscussionof this issue,in particulartheextent to which
this
�

resultreflectedinstrumentaleffects,was givenby Hurley (1986).
In spiteof this uncertainty, by the mid-1980stherewas a generalbelief that

GRBs
á

originatefrom galacticneutronstars—abelief that was supportedby the
cØ yclotronlinesin thespectraof someGRBsreportedbytheGingateam(Murakami
et� al 1988,Fenimoreet al 1988),andby line featuresnear500keV reportedby
the
�

Konusteam(Mazetsetal 1981).
A
â

galacticdiscpopulationof neutronstarswas firmly excludedasthesource
ofã GRBs,basedontheresultsof thefirst 6 monthsof BATSEobservations,which
sho¤ wed that theGRB sky distribution is isotropicandthat thereis a stronglack
ofã very faint GRBs(Meeganet al 1992). With the increasingnumberof GRBs
detected
ä

with BATSE,theisotropy hasbecomestronglyestablished(Briggset al
1996). The lack of very faint GRBsshows up asa turnover in the cumulative
log N
å

(
�~æ

P)
�

distribution (hereP is the GRB peakflux); for the brightestbursts,
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the
�

slope of the distribution follows the Euclideanvalue of é 3ê4ë 2,
ì

but below
P í 5
î

ph/cm2
£

s (¤ðï 10ñ 6ò er� gs/cm2
£

s)¤ the slopedecreasesand becomesas low
as�)óõô 0.6
ö

at thefaintendof thedistribution (seePaciesasetal 1999for a review;
also� Figure19).

Thestatisticalpropertiesof GRBsarenaturallyexplainedif their typical dis-
tances
�

aremeasuredin Gpc (the cosmologicaldistancescale;Paczýnski÷ 1986,
Uso
ø

v & Chibisov 1975),acrosswhich inhomogeneityin thedistribution of lumi-
nous÷ matteris averagedout(seeCondon1999for asky mapof extragalacticradio
sources¤ nicely illustratingthis point). Theturnover in thelog N

å
(
�~ù

P)
�

is thedirect
consequenceØ of the effect of cosmologicalredshift on the observed GRB rú ates
(do
�

wnwardshift of thelow P end� of thecurve)andtheGRBpeakû fluxes(leftw
�

ard
shift¤ of thelow P

ü
end� of thecurve).

Ho
ý

wever, therewas a countervailing view thatGRBsarisefrom neutronstars
in a largegalacticcorona(Shklovskii & Mitrofanov 1985,Brainerd1992,Podsi-
adlo� wski et al 1995,Lamb1995,Bulik et al 1998),whosesizehadto beseveral
100 kpc to maskthe offset of the Earth from the galacticcenter(Shklovskii &
Mitrof
þ

anov 1985),but not muchlarger to avoid seeingexcessGRBsfrom M31
(Hakkila
�

etal 1994).
F
ÿ
or several years, the GRB distancewas the subject of a lively debate

(see
�

e.g.Lamb1995,Paczýnski1995),but thisdebatedid not leadto aconsensus.
It
�

wasgenerallyfelt thatsettingthedistancescalewouldrequiretheidentification
ofã possiblylong-lived GRBcounterpartsin otherwavebands(Fishman& Meegan
1995).

Independent
�

of which of thetwo contendingdistancescaleswerecorrect,the
compactnessØ problemwas severe, and by analogyto e.g. BL Lac objectsand
otherã superluminalAGN sources,appearedto requirerelativistic outflow of the
GRB
á

source(Cavallo & Rees1978). Reviving the idea alreadyhinted at by
Ca
�

vallo & Rees,Rees& Mész� áros� (1992) suggestedthat � -ray burstscan be
produced� if part of a relativistic bulk flow is convertedback into high-energy
photons� throughparticleaccelerationin a relativistic shockbetweentheoutflow
and� thecircumsourcemedium.Thisbasicmechanismhasbeendevelopedinto the
fireballmodel,whichprovidesthebackgroundof currentdiscussionsonGRBs.

Early
�

attemptsto find GRB counterpartsemployedseveralapproaches,some
ofã whichareasfollows:

1. Archival platesearchesfor opticaltransientsin smallGRB errorboxes
obtainedã from theIPN network of satellitesthroughtriangulation(Hurley
et� al 2000a,b).Schaeferetal (1981,1984)reportedthediscoveryof such
transients
�

in theerrorboxesof severalGRBsafterextensivesearchesin the
Harv
ý

ardplatearchives.However, Żytk
�

ow (1990)andGreineretal (1990)
haveargued,on thebasisof ananalysisof the3-D distributionof theimage
in
×

theplateemulsions,thattheseeventsarelikely platedefects(but see
Schaefer
�

1990).

2.
ì

Deepimagingobservations(optical,X-ray, andradio)of smallerrorboxes.
Theaimof theseobservationswas to find out if particularobjectsappearin
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these
�

errorboxeswith astatisticallysignificantexcess,whichmight
qualify� themaspossibleGRB counterparts.Thesesearcheswerenot
successful,¤ i.e. they did not leadto aconvincingdetectionof asource
population� connectedto GRBs.For example,someerrorboxeswere
conspicuouslyØ devoid of hostgalaxies(Schaefer1992,Bandetal 1999),
whichÊ was takenasevidenceagainstextragalacticorigin of GRBsor asa
problem� with specificextragalacticmodels(Schaefer1992,Bandetal
1999)—thoughcorrelationswith extragalacticobjectswerealsoclaimed
(e.g.
�

Larsonetal 1996,Kolatt& Piran1996)but disputed(Schaefer1998,
Hurle
ý

y et al 1997).

3.
ê

Simultaneoussky coverageusingwide-fieldopticalmeteorsearchcameras
(see
�

e.g.Hudecetal 1999,Greineretal 1993,Krimm etal 1996). In none
ofã thesimultaneousphotographicimageswasan opticaleventdetected;the
correspondingØ magnitudelimit (for opticalflasheslastingaslongasthe
GRB)
á

is � 5th
î

magnitude(McNamaraetal 1995).

Extensi
�

vesummariesof theearlyattemptsto find GRBcounterpartshavebeen
gi§ ven by McNamaraet al (1995)andFrail & Kulkarni (1995). In hindsight,the
lack
�

of successof theseearly attemptsis now understoodas a result of these
observã ationsbeingeithertoo lateor not sensitiveenough.

A
â

breakthroughin thesearchfor GRB counterpartsoccurredin early1997,as
the
�

resultof thefirst rapidlyavailable(typicallywithin afew hours)accurate(of or-
der
ä

severalarcminutes)GRBerrorboxesproducedby thetwoWideFieldCameras
(WFCs;
�

Jageret al 1995)on the Italian-DutchsatelliteBeppoSAX(Boellaet al
1997).TheseWFCsarecoded-maskcameraswith afull fieldof view of 40	�
 40�
and� a resolutionof severalarcminutes.GRBsaredetectedastransienteventsin
the
�

WFC ratemeter(2–20keV). Triggerinformationthata GRB occurredis usu-
ally� providedby theGammaRayBurstMonitor (GRBM) on BeppoSAX(Feroci
et� al1997),andoccassionallybyotherinstruments(e.g.BATSE).In severalcases,
scans¤ of a BATSEGRB errorbox with theProportionalCounterArray (PCA) of
the
�

RossiX-ray Timing Explorer(RXTE) haveproducedrelatively accurateGRB
error� boxes(Takeshimaetal 1998;seealsoSection5).

This
�

review of therapidincreasein ourunderstandingof GRBsduringthelast
tw
�

oandahalfyearsthusdescribestoalargeextentthesuccessstoryof BeppoSAX.
T
�
o many, theimpactof BeppoSAXcameasasurprise;however, thedirectuseof

the
�

WFCsfor accurateGRBlocationswasan integralpartof thescientificgoalsof
this
�

instrumentfrom thevery beginning(seee.g. Hurley 1986).Rapidfollow-up
observã ationsof theseerror boxeshave unambiguouslyshown that  -ray bursts
originateã from thehigh-redshiftuniverse.

Thereview isstructuredasfollows. In Section2 weprovideabrief description
ofã thedevelopmentsin our understandingof thepure � -ray aspectsof GRBs. In
Section
�

3 wegiveaverybrief descriptionof asimpleversionof thefireballmodel,
because
�

thisprovidesthecurrentframework of virtually all discussionsof GRBs.
This
�

is donein thehopethat it will guidethedescriptionof theobservations,al-
though
�

werealizethatin asenseweareprejudicial.Yet wefeeltheoverallevidence
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for
�

thebaselinemodelis strongenoughto proceedthis way. In Section4 we de-
scribe¤ themainresultsof low-energy afterglow studiesin theform of highlights.
Numerical
�

informationandaveryshortnarrativeonindividualGRBafterglow ob-
serv¤ ationsarecollectedin Section5, in tabular form. In Section6 wecontrastthe
resultsof theafterglow observationswith thoseexpectedfrom thesimplestfireball
models,� anddiscussthecomplexitiesof theGRBemitterthatmayexplainthevar-
iousdiscrepanciesbetweenthetwo. In Section7webrieflydiscusstheconnection
ofã GRBto hostgalaxiesandcosmologicalaspectsof � -rayburstfollow-upobser-
v� ations,amongthema possibleconnectionwith the star formationratehistory.
W
�

e briefly mentionsomeimplicationsof theGRB associationwith galaxiesand
superno¤ vaefor thecentralengine.In Section8wecloseourreview with somecom-
ments� regardingtheimpactof GRBfollow-upobservationsonourunderstanding
ofã theorigin of � -raybursts,andlikely developmentsin thenearfuture.

��� ���������� "!$#&%('�)+*-,�.0/1/2.03�4

A comprehensive review on 5 -ray burstswas written by Fishman& Meegan
in
×

1995.In the five yearsthat have elapsed,BATSE hasrecordedan additional
1000GRBs,with agrandtotalof over 2704events.Theisotropy andinhomogene-
ity of their distribution is now firmly established,aswell asthe GRB hardness-
duration
ä

correlationandbimodaldurationdistribution (Paciesasetal 1999). The
line detectionpaucityis still a hardfact(Briggs1999),asis thenon-detectionof
an� y GRB repeater(Paciesasetal 1999).

W
�

ith almost3000 eventsat hand,the next stepin the pure 6 -ray field was
obtainingã elaboratestatistics,i.e.statisticsonGRBpropertiesthatrequiredtheuse
ofã advanced(sometimescopious)analysesand/ormodelsimulationsandfits. This
section¤ describessomeof thenew resultsthathaveappearedin thelastthreeyears
in
×

the literature. Selectioncriteriaappliedwerethebroaderimpactof the result
and� its significancein improving our understandingof thephysicalmechanisms
responsible� for theproductionof theprompt 7 -rayemission.

8�9;:=<?>A@&B�CEDGFHB�CJIK@&LMLONPIQNPRES?TVU(WEX

K
Y

ommerset al (2000a,b)recentlycompleteda searchof six yearsof archival
BATSEdatafor GRBsthatweretoo faint to activatethereal-timeon-boardburst
trigger
�

system(untriggeredbursts). They found 873 untriggeredevents,551 of
whichÊ werefaint—i.e.below theBATSEdetectionthreshold(theirdetectioneffi-
ciencØ y fallsbelow 50%atpeakfluxesof 0.16ph/cm2

£
s).¤ Theeventsthuscollected

havepeakfluxesafactorof Z 2 lowerthanthosedetectedwith thenominalBATSE
trigger
�

criteria.
The
�

latestBATSElog N
å\[

log
�

P
ü

flattens
]

below P
ü_^

0.6
ö

ph/cm2
£

s¤ (Paciesasetal
1999;seeFigure19). Theefficiency calculationsof Pendletonet al (1998)show
that
�

this is a real effect andnot an instrumentalartifact. The combinedfaint `
BATSE GRB cumulative log N

åba
log P distrib
ä

ution also exhibits a dramatic
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flattening
]

consistentwith the triggeredburst results,an indicationthat few faint
b
�
urstshaveremainedundetectedwith BATSEin thetriggeredoruntriggeredmode.

However, Sternet al (1999)find no indicationof a turnover in a similar study;
the
�

discrepancy appearsto lie in thetriggerefficiency calculation.Kommersetal
(2000a)
�

extendedtheGRBpeakflux distribution(logN
åfe

logP) t
�

o g 0.18
ö

ph/cm2 s¤
and� fitted it with severalcosmologicalmodelswith power-law luminositydistri-
b
�
utions. Their resultsfavor modelsin which theredshiftdistribution of theGRB

rate� approximatelytracesthestarformationrateof theUniverse.

h�i h jlknmpoqoqrts$uvsPrxwzy|{x}q~p����{&���G}��E�Vu(�E�Q�

Norris
�

etal (2000)analyzedtwo samplesof GRBs: (1) seven events(six of which
haveknownredshifts)observedwith BATSEandBeppoSAXthatalsohaveoptical
orã radiocounterparts,and(2) the174brightestlongduration(over 2s) GRBs. In
particular� , they computedcross-correlationlags betweenlow (25–50keV) and
high(100–300keV and � 300

ê
keV) energy bandsandexaminedtheirdependence

onã burst � /X
�

peakflux ratio andpeakluminosity. They find thatthespectrallags
and� theburst peakintensitiesareanticorr� elatedin bothsamples.For thebursts
withÊ known redshifts,theconnectionis well fitted by a power-law, L

�
53
��� 1.3 �

(
���M�

0.01
ö

s� )��� 1.15 (Figure
�

1).
A
â

similarclaimis madeby Ramirez-Ruiz& Fenimore(1999),whohavefound
a� relationshipbetweenburstvariability andabsoluteburstluminosity. If thesere-
sults¤ standthetestof time,they mayprovideauniqueway of determiningburster
distances
ä

usingtheprompt � -ray data,thussignificantlyexpandingthedistance

Figure 1 Spectral
�

lagversusluminosityfor GRBswith known redshifts.Theright panelhasan
expandedluminosityrangeto includeGRB 980425(Norrisetal 2000).



P1:
�

FUI

September
�

18,2000 20:27 AnnualReviews AR108-10

GAMMA-RA
ç

Y BURSTAFTERGLOWS 385
è

sample¤ andenablingdeepcosmologicalprobing. However, the interpretationof
the
�

durationdifferencesbetweenbright anddim burstspreviously attributed to
cosmologicalØ timedilation (Norrisetal 1994)hasnow becomeveryunclear.

��� � � �Q¡�¢¤£�¥�¦V§A¢¤¢¤§�¨x�©§zª¬«0$®¯¥±°P��²´³x¡¶µ¸·º¹A»

Costa
�

et al (1997b)have shown that the BeppoSAXNFI X-ray afterglow light
curvØ e of GRB 970228smoothly joins with the WFC prompt emission,indi-
catingØ a gradualevolution betweenprompt and afterglow emission. Similarly,
Connors
�

& Hueter(1998) report distinct X-ray afterglow emissionfrom GRB
780506,
¼

starting½ 2
ì

minafterthemaineventandlastingfor about30min.Burenin
et� al (1999)foundapower-law decayin oneGRANAT/SIGMA burst,albeitwith
a� considerablyflatterdecayindex (¾À¿ÂÁ 0.7)

ö
thana normal(ÃÀÄÂÅ 1.0) after-

glo§ w.
Giblin
á

et al (1999)have foundevidencein theBATSEdatafor a prompthigh-
ener� gy (25–300keV) afterglow componentfrom GRB980923.After 40sof vari-
able� emission,theÆ -raylight-curvedecayswith apower-law index, ÇÉÈËÊ 1.81(2),
in
×

asmoothtail lastingÌ 400
Í

s. An abruptchangein spectralshapeis foundwhen
the
�

tail becomesnoticeable(Figure2). Moreimportant,Giblin etal (1999)showed
that
�

thespectralevolutionin thetail mimicsthatof acoolingsynchrotronspectrum,
similar¤ to thespectralevolutionof thelow-energy afterglowsof GRBs.Currently,
Connaughton
�

(2000)is workingonastatisticalanalysisof GRBtail emission;her
resultsindicatethathigh-energy tailsareprevalentin longGRBs,albeitat low in-
tensity
�

levels. If confirmed,theseresultswill provideevidencefor acontinuation
ofã theemissionduringtheGRB,andwill constraintheemissionmodels.

Î�Ï Ð Ñ�ÒPÓÕÔ-Ö�×?Ø+ÙqÚpÛ-Ø¤Ü&ÝQÝ�Ü&×�Þpß

Atkins
â

et al (2000)detectedphotonswith energiesgreaterthana few hundred
GeV
á

in one out of 54 BATSE searchedevents with the Milagrito detector,
GRB
á

970417a.The excesshasa chanceprobability of 2.8 à 10á 5
�

ofã beinga
background
�

fluctuation,and1.5 â 10ã 3
¯

ofã beinga chancecoincidence.If this
result� stands,this would be the highestenergy emissionever associatedwith a
GRB—a
á

resultthatcouldprovideatheoreticalchallengefor someGRBsbecause
the
�

fluenceof GRB 970417aabove 50 GeV is anorderof magnitudehigherthan
its
×

sub-MeVfluence.

ä�å æèç_é1ê0ë\ìvíÀî-ï�ðEñ+ï�òóò�ê0ð(î-æèç_ô�ô�éõç_ön÷øæEô�ç_é2ì+ùúç�û�î�é

Herewe give a brief overview, startingfrom first principles,of the evolution of
spherical¤ blastwaves,to setthecontext for thesubsequentdiscussionof theobser-
v� ations.Morecomplex effectsarediscussedlater(Section6) in broadterms.Much
moreabouttheoreticaldevelopments,includingmany of thetechnicaldetails,can
be
�

foundin thereview by Piran(1999).
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Figure 2 Timehistoryof GRB980923(25–300keV) plottedlogarithmicallyto indicatethefirst
partof the400s long tail (upperpanel).

þ
Thehigh-energy photonspectralindex as a functionof

time is shown in the bottom
ÿ

panel. Note the abruptchangeof the spectralindex whenthe tail
begins(Giblin etal 1999).

���������
	���������
As
â

the simplestpossiblemodelof gamma-rayburst dynamics,we considerthe
release� of a largeamountof energy into a smallvolume,andfollow theresulting
e� xplosion. This gives a scenariomuchlike a normalsupernova, exceptthat we
chooseØ parameterssothattheexplodingfireball is ultrarelativistic; consequently,
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Lorentz
�

contractionsplayanimportantrolein settingthetypicalsize,duration,and
characteristicØ photonenergy to valuesverydifferentfrom thoseof asupernova.

Let us considerthe releaseof an energy E � 1052
�

E
�

52
� er� g into a spherewith

radius� rú in� . A restmassM
�

0
� ofã baryonsis entrainedin thevolume,andtheenergy-

to-mass
�

ratio in the initial fireball is thus ��� E � M0
� c¦ 2£ . The evolution from

these
�

initial conditionsin the context of gamma-raybursts was pioneeredby
Ca
�

vallo & Rees(1978). It dependson oneotherparameter, the optical depth,� ,Ô of thefireball. For energy primarily in MeV photons,thiswill bedominatedby
photon-photon� scatteringandpairproduction,sothat � � E ! T " r 2

inm p® c¦ 2 (
�$#

T
% is the

Thompson
�

crosssection;seeCavallo & Rees1978). Given energiesappropriate
for cosmologicalGRBs,the optical depthis very high. This meansthe internal
ener� gy canonly beconvertedinto kinetic energy, andanadiabaticallyexpanding
e� xplosionis initiated.1 A

â
phaseof accelerationnow begins, andwe canderive

the
�

rest-frametemperatureT & and� bulk Lorentz factor ' ofã the exploding fire-
ball
�

from thermodynamicsandenergy conservation. Adiabaticexpansiondictates
that
�

T ( V ) a * 1 + co¦ nst ,.- so¤ that the temperaturedecreaseswith fireball radiusas
T
/1032

R
465 1 (
�
V is
×

thesourcevolumeand 7 a8 the
�

adiabaticindex of thegas;9 a8;: 4
Í�<

3
ê

for anultrarelativistic gas).Thetotal internalpluskinetic energy in theframeof
an� externalobserver equalsE

=?>A@
M
�

0
� (
�
kT
BDCFE

m p®HG c¦ 2£ ).� For relativistic temper-
atures,� the first term dominates,so that E IKJ T LNM const.Ø Combinedwith the
thermodynamic
�

relation,we thenfind that OQP R
4SR

The
�

bulk Lorentzfactorof the
gas§ thusincreaseslinearly with radius,until it saturatesat a value T 0

�1UWV , aÔ t a
radiusrc�3XZY r in. Beyond rc� ,Ô the now cold shell coastsalongat constantLorentz
f
�
actor. Becauseall thematterin it hasmoved with []\ c¦ since¤ thebeginning,it is

all� piled up in a thin shellwith thicknessR̂`_ 2
£

neartheleadingedge(Mész� áros�
&
a

Rees1993).
As with supernovae, the coasting(or ballistic) phaseendswhen the energy

containedØ in materialsweptup by theshellbecomesa significantfractionof the
total
�

energy. Theshelldrivesablastwaveinto theambientmedium,with Lorentz
f
�
actor bdcAegf 2

ì
(Blandford& McKee1976); the qualitative evolution of this

system¤ is easilyunderstoodin thecasewheretheshockedambientgasdoesnot
radiate.� While thefirst materialis sweptup, theshockmoveswith Lorentzfactorhjilk

0
��m 1. Theshockjump conditions(Blandford& McKee1976)imply that

the
�

rest-framethermalenergy of themass,m ,Ô sweptthroughtheshockis n mc 2. In
ourã frame,this energy is blueshifted,sothatE

=
s oqp 2
£
mc 2
£
. This meansthatabout

half theinitial explosionenergy, E rls 0
� M0
� c¦ 2 t residesin theswept-upmasswhen

mvu m dec
wyx M

�
0
�{z}|

0
��~ at� which point the kinetic energy lossof the shell begins

to
�

besignificantandtheshelldecelerationstartsin earnest.This is muchsooner
than
�

in thenon-relativistic case,wherem dec
w�� M

�
0
� . Well beyond this point, the

shock¤ ed gasdominatesthe massandenergy of the expandingsystem,andthus

1Ironically, Cavallo & Reesalreadyrecognizedanddiscussedtheevolution in this opaque
limit. At thetime,however, GRBswerebelieved to beverynearby, andconsequentlythey
emphasized� thebehavior of far lower-energy Galacticversionsof themodel.
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E � Es �l� 2m�� co¦ nst �.� so¤�� slo¤ wly decreasesas ��� m�� 1� 2. For thesimplest
caseØ of a uniform ambientmedium,we thenhave the standardresult for a self-
similar¤ relativistic blastwave: �Z� r � 3

¯��
2.

T
�
o get thecorrespondingobserver times,we needto introducethekinematic

relationbetweenradiusandobserver time for a relativistically approachingshell
(Rees
�

1964):

d
ä
t��� d
ä
rú�� 2ì3� 2c¦�� (2)

�
Beforeseriousdeceleration,we mayset  �¡?¢ 0

��£
2 and� omit thedifferentials.For

a� purehydrogenmediumwith numberdensityn¤¦¥?§©¨ m p® weÊ thenget theradius
and� observer timeof theonsetof deceleration(Rees& Mész� áros� 1992):

rú dec
w«ª 3
ê

E
=

0
�{¬ 4Í�¯® 2
£
0
� nm¤ p® c¦ 2£ 1° 3¯²±

3
ê´³

8
µ·¶

1016 ¸ E= 52
��¹ n¤�º 1» 3¯½¼�¾ 2¿ 3¯

0
��À

2 cmØ (3)

t� dec
wÂÁ rdec

wlÃ 2Ä 2
0
� c¦ÆÅ 63

ÇÉÈ
E52
�ËÊ n¤�Ì 1Í 3¯½Î�Ï 8Ð 3¯

0
��Ñ

2
£ s¤ÓÒ (4)

�
Compared
�

with thesupernovacase,decelerationtakesplaceatsomewhatsmaller
radii,� but moststarklywithin secondsratherthancenturies;this is causedby the
higherspeedof theejecta,but even moreby thetwo Lorentzfactorsin Equation
2.
ì

Therelativistic phaseendsandturnsinto theusualsupernovabehavior (Sedov
1969Ch. IV, Taylor1950)whentheenergy perparticleapproachesm p® c¦ 2. At that
time
�

theLorentzfactorcorrectionsdisappear, andwemayestimatethesizesimply
as� ct¦ ,Ô hence

t� NR
Ô«Õ 3
ê

E0
�{Ö 4× nm¤ p® c¦ 5� 1Ø 3¯HÙ

1 Ú 2 Û E52
��Ü n¤�Ý 1Þ 3¯ yrßáà (5)

�
As weseefrom theprecedingqualitativediscussion,therelativistic self-similar

phase� canspanmany ordersof magnitudein time. We now derive theevolution
for the blast wave more preciselyand generally, following Huanget al (1999;
see¤ alsoKatz & Piran1997).We assumethatmaterialpassingthroughtheshock
quickly� radiatesa fraction â ofã thepost-shockthermalenergy, andretainstherest
as� thermalenergy. The total (kinetic plus thermal)energy of the burst is then
E ãåä�æqç 1èêé M0

�ìë m�í c¦ 2 îðï 1 ñóòõô÷ö U ø and� the radiatedenergy is dErad ùúõû²ü�û]ý 1þ c¦ 2£ dä m (P
�

anaitescu& Mész� áros� 1998a,Blandford& McKee1976).From
the
�

shockjumpconditions,onefindsU ÿ������ 1� mc 2 � whichÊ in combinationwith
d
ä
E
=	�

d
ä
E
=

rad gi§ ves

d
ä�

d
ä
m���

� 2 � 1

M0
����� m�� 2 � 1 ������� m � (6)

�
F
ÿ
or fully radiative ( !#" 1) and fully adiabatic($#% 0)

ö
blast waves, one can

writeÊ analyticsolutionsfor theexpansion.Equation6 differssomewhatfrom the
sometimes¤ quoted

d
ä�&
d
ä
m'�(

) 2 * 1

M
� + (7)

�
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in
×

which M
�

is
×

the total rest-framemass(inclusive of massequivalentof internal
ener� gy; Chiang& Dermer1999,Katz1994b).For ,.- 1,theformsareequivalent,
b
�
ut theadiabaticform of Equation7 is only valid in theultrarelativistic case:its

solution¤ near/10 1 shouldyield theclassicalSedov-Taylorsolutionbut doesnot.
Equation6 doesyield theSedov-Taylor solutionin thenon-relativistic limit.

3.1.1
2

Fully Radiative Case, 354 1 Theequationof motionis easilyintegrated
to
�

give (Blandford& McKee1976,Huangetal 1999,Katz& Piran1997)

687 19;: 1

<
0
��= 1>
0
�@? 1

A M
�

0
��B m 0

�
M0
��C m

2 D (8)
�

whereÊ E
0
�GFIHKJ 2, m 0

�ML M0
�ONQP are� the initial conditionsof the deceleration.The

ultrarelatiR vistic limit is obtainedfor M
�

0
�TS m ,Ô since the decelerationstartsin

that
�

limit, and the large radiative lossesmeanthat the shockcomesto a halt
after� having sweptup only a few timesm 0

� . ExpandingEquation8, we obtainU mWV M0
� ,Ô i.e. XZY m\[ 1. For a uniform ambientmedium,this gives the well-

kno
]

wn ^`_ rúba 3
¯
. Insertingthis into the kinematicrelation betweenradiusand

observã er time(Equation2), wefind that ced t�gf 3
¯Oh

7
i

and� r j t� 1k 7i : theLorentzfactor
decreases
ä

substantiallyat very slowly changingradius. In the non-relativistic
limit, thesolutionbecomeslTm mon 1,Ô whichfor auniformmediumis thesnowplow
(radiati
�

ve) phaseof supernova remnantexpansion.

3.1.2
2

Adiabatic Case, prq 0
s

The equationof motion for this caseis easily
inte
×

gratedto give t M
�

0
�vu (
�xw 2 y 1)m{z const¦ . To interpretthis result,wesubtract

M0
� and� multiply by c¦ 2£ ,Ô andnote that the result is the sumof thermalandbulk

kinetic
]

energiesof theblastwave, hence

|g}8~
1� M0

� c¦ 2 ���g� 2 � 1� mc 2 � EK0 � (9)
�

whereÊ EK0
� is a constant.In theultrarelativistic limit (m�� M0

���Q� and� �	� 1),
this
�

implies � 2m� const¦ . For a uniform ambientmedium,this thengives ���
rú�� 3
¯O�

2 as� derived qualitatively above. With thekinematic rúQ� t� relation,� this then
gi§ ves ��� t��� 3

¯O�
8 and� r � t� 1� 4  . This demonstratesthat althoughthe self-similar

relati� vistic casecancover 6–7 ordersof magnitudein time, the rangein radii it
coØ versis not nearlyaslarge. In thenon-relativistic limit (¡	¢ 1 £ m¥¤ M0

� ) w
�

e
get§§¦©¨ rú�ª 3

¯O«
2
£¬

whichÊ is theproperSedov-Taylor solution.
Theaboverelationsdefine(thelimiting casesof ) thedynamicalbehavior of the

blast
�

wave. Unfortunately, the greatdistancesmake the blastwaves unresolved
onã the sky, so we cannotdirectly testthe relationsbetweenr, t, and� ® ,Ô°¯ . [The
scintillation¤ size determinationof GRB 970508(Frail et al 1997c) is the one
e� xceptionto this.] Therefore,we will have to describetheflux andspectrumof
radiationfrom theexpandingshockbeforewe canfind direct testsof our model
from
�

data.
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Thematerialbehindtheshockhasrelativistic temperatures;becauseenergy trans-
fer
�

betweenparticlesin two-bodycollisionsbecomeslessefficientwith increasing
temperature,
�

many commonemissionmechanismsfarepoorlyin theshock-heated
gas.§ Theonemechanismthatdoeswell with relativistic particlesis synchrotron
radiation—pro� videdasignificantmagneticfield is present.Theseefficiency con-
siderations¤ madesynchrotronemissiona favored model early on. By now, its
dominant
ä

importancehasbeenconfirmedfor theafterglow phaseof theburst,and
weÊ will develop thetheoryfor this case.Theorigin of theburstemissionis less
clear;Ø althoughit couldbesynchrotronemission,its natureis still thesubjectof
lively debate(Section6.4).

Á�Â Á Ã@Ä»ÅrÆrÇ�È�Å�ÉËÊÍÌÏÎÑÐÓÒÕÔZÖ¼×Ë×ØÖ¼ÎvÙ
In theafterglow, restframedensitiesof particlesandphotonsarequitesmall,and
the
Ú

electronscatteringoptical depthwill typically be 10Û 5
Ü

orã less. This means
that
Ú

opticaldeptheffectscanbeneglectedfor now, andthattwo-bodyencounters
areÝ not efficient in producingradiation. Let us thereforeconsidersynchrotron
emission,Þ which,aswewill see,providesverygoodfitstotheafterglow spectraand
light curves. Thefirst precisepredictionof this emissionwas madeby MészÞ árosÝ
&
a

Rees(1997). The relationsbetweenthe observablesynchrotronspectraand
shockß parametershave beenderived in a numberof papers(Rees& MészÞ árosÝ
1992,Paczýnskià andRhoads1993,Waxman1997c,Granotetal 1999b,Wijers&
Galama
á

1999). Herewe omit details,andfollow thenotationandcoefficientsof
W
�

ijers& Galama(1999).
The
�

formationof magneticfieldsandaccelerationof particlesatandin thewake
ofã a relativistic shockfront arenot yet well understood.For now, we summarize
ourã ignoranceof the post-shockparametersin as few parametersas possible.
The post-shockconditionsarerelatedto the pre-shockonesby jump conditions
(Blandford
�

& Mckee1976),which in the ultrarelativistic limit ( áÓâ 1) canbe
approximatedÝ as

n¤äãå 4æ n¤èç U éê 4ë 2nm¤ pì c¦ 2 í (10)
�

whereî primedquantitiesarein therestframeof theshock,n¤ is
ï

thenumberdensity,
andÝ U is theenergydensity. (Strictlyspeaking,if themediumisnotpurehydrogen,
n¤ denotes
ä

the nucleondensity.) We assumethat the energy densityin magnetic
field andrelativistic electronsarea fixed fraction, ð B

ñ andÝ ò
eó ,ô respectively, of the

post-shockõ total energy density. For themagneticfield, thismeans

B ö÷ 8
ø�ùGú

BU û�ü�ý c¦ 32
ê�þGÿ

Bnm¤ pì�� (11)
�

F
ÿ
or the electrons,we have to specifya shapeof the energy distribution aswell

asÝ a total energy. In many accelerationmechanisms,theelectronLorentzfactor
distrib
ä

ution becomesa power law above someminimum Lorentzfactor � m� andÝ
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eÞ xtendsto muchhigherenergies. For a power-law index pû weî canintegratethis
simpleß distributionandrelatetheLorentzfactordistribution to thetotal energy in
relativistic electrons.We canthenrelatetheminimumelectronLorentzfactorto
the
Ú

energy fractionin theseelectrons:

�
m � 2

1 � X

m pì
m eó

pû
	 2

pû
� 1
�

e���� (12)
�

whereî X
�

is
ï

thehydrogenfractionby massandthefirst termis (to goodapproxi-
mation)theelectron-to-nucleonnumberratio in theambientgas.

The
�

calculationof thesynchrotronradiationspectrumgiven theelectronenergy
andÝ magneticfield is lengthy, but standard[seeRybicki & Lightman(1979),Ch. 7
for
�

ageneraltreatment,andWijers& Galama(1999)for anexampleof application
to
Ú

GRBs]. Figure3 illustratestheschematicshapeof thespectrumfrom radioto
X
�

raysfor thetypical adiabaticcasefrom hoursto weeksinto theafterglow. The
spectrumß at late timesis divided up into four regions. At very low frequencies
the
Ú

spectrumis self-absorbedand follows a blackbodyshape,F
����� 2

�
. This

region endsat the self-absorptionfrequency, � a� ,ô characteristicallya few GHz,
aboÝ ve which we find thestandardlow-frequency synchrotronslopeF

����� 1� 3 , uô p
to
Ú

the peakfrequency ! m� . This frequency correspondsto the minimum-energy
electrons;Þ theflux at this point, from which thespectrumis usuallyanchored,is
denoted
ä

asF
�

m. Above this, the slopeof the spectrumdependson the electron
enerÞ gy index pû in theusualway: F "�#%$ (

&
p')( 1)
*,+

2. Finally, at very high energy, the
injected
ï

electronscoolmorerapidly thanthecharacteristictimeof thesource(the
eÞ xpansiontime),andthusthespectrumbecomessteeperby apower1- 2 at a third
characteristicØ frequency . c/ ,ô thecooling frequency. Schematically, for a uniform
ambientÝ medium,wefind:

0
a�21 f

3
a�5476 eó58:9 B ; n¤=< E > pû@? zyBA Hz

C
m D f

E
m FHG eó5I:J B K nLNM E O pû@P zQBR tSUT 3

 WV
2 Hz

(13)
�

X
c/2Y f

E
c/5Z7[ eó5\:] B

ñN^ nL=_ E`ba pû@c zQBd tSWe 1f 2 Hz
ý

F
�

m�hg f
E

F
ikjHl

eó5m�n B
ñNo nL=p E`rq pû2s zQut Hz

ý
The
v

detailedforms of the coefficientscanbe derived (Wijers & Galama1999b,
Granot
w

et al 1999b)but aresomewhat uncertain. The main reasonsarethat the
deri
x

vationsusuallyassumeauniformmediumbehindtheshock,asopposedto the
true
Ú

self-similarshockstructure(Blandford& McKee1976).Also,emissionfrom
the
Ú

shell is stronglyforward-beamedwithin anangle1y)z of{ theradialdirection,
whichî meanswe needto averagethespectrumproperlyover theshellratherthan
just
|

take thepoint on our line of sightasrepresentative. All theseeffects,along
withî properradiationtransport,canbeaccountedfor with enoughpatience,and
someß numericalwork hasbeendoneonpartsof theproblem.Generally, they lead
to
Ú

muchsmootherchangesbetweenregimes,andto changesof orderunity in the
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coef� ficientsof Equation13. Therearealsosometruephysicaluncertainties—e.g.
someß assumptionmust be madeaboutthe pitch angledistribution of electrons
relative to the field (herewe take them to be isotropic, and to remainso even
during
x

cooling). Thesedependonthemechanismsof field formationandelectron
accelerationÝ in theshock,aboutwhich little is yet known (but seelatersections).
The
v

time dependenceof thefrequenciesmeansthatat very earlytimes,typically
minutesafter the burst,we canhave � c/���� m� ,ô in which casethe shapeandevo-
lution
�

of the spectrumaredifferent (Cohenet al 1998). Likewise, at very late
times
Ú

we may have � m����� a� ,ô which changesthe evolution andshapeof the ra-
dio
x

spectrum. This may be so late that othereffects, suchas the blast turning
non-relativistic, alsoplayarole,preventingaclear-cutobservationof eithereffect
by
�

itself. The bulk of currentafterglow dataarehoursto weeksafter the burst,
ho
�

wever, wherethe spectrumand time evolution of Figure 3 and Equation13
applyÝ .

Despite
�

someuncertaintiesin thecoefficients,a numberof very importantin-
ferencesandtestsof themodelcanbeobtainedfromtheserelations.First,wenote
that
Ú

for a burst with known redshiftEquation13 hasfour measurablequantities
andÝ four unknowns( p� alsoÝ follows from themeasuredspectrum).Therefore,the
blast
�

wavepropertiescanbederived from acompletespectrum,andthishasbeen
accomplishedÝ in a few cases(Section4). Also, becausethespectrumevolvesto

Figure 3 Thepiecewisepower-law schematicshapeof blastwave synchrotronspectrafor later
afterglow evolution(Sarietal 1998).Thecharacteristicbreakfrequenciesandtheirtimeevolution
are indicated,as is the spectralslopein eachregime. This canbe directly comparedwith the
observedspectrumof GRB 970508(Figure12).
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lo
�

wer frequencieswith time, onecansamplein a given wavebandandseethe
spectralß breakspassby. In this way, Frail et al (2000)have beenableto measure
the
Ú

physicalparametersof GRB 980703.
Second,
�

if � eó and/orÝ �
B
ñ wereî not constant,thenthe time dependenciesof the

measurablevariableswould change.Hencetheobservationthatmany afterglows
follo
�

w thesimplemodelpredictionsseemsto justify thea priori uncertainansatz
that
Ú

the electronand field energy densitiesscalelike equipartitionvalues—i.e.
the
Ú

y areconstantfractionsof thetotalshockenergy density. Giventhatsometimes�
B � 1 (e.g. in GRB 980703:Vreeswijket al 1999,Bloom et al 1998b;andin

GRB
w

990123: Galamaet al 1999),the apparentgoodvalidity of this scalingis
someß whatremarkable.

Third,
v

now that we have the shapeof the spectrumandthe evolution of the
breaks,
�

we cancomputethe time evolution in any fixed observed wavebandas
wellî (MészÞ árosÝ et al 1994,Wijers et al 1997,Sari et al 1998,MészÞ árosÝ & Rees
1997,MészÞ árosÝ et al 1998). Below � m,ô thespectralshapeis independentof the
electronÞ spectrum,andits evolution hasno freeparameters;flux shouldincrease
asÝ tS 1/2 atÝ all thesefrequencies.Above � m,ô thea priori unknown p� enters.Þ Recent
theoretical
Ú

calculationsof particleaccelerationin relativistic shocks(Gallant&
Achterber
�

g 1999,Gallantetal 1999)givep�r� 2.3–2.4,
�

in goodagreementwith the
observ{ edrangeof 2–2.5.But observationalprecisionis oftenmuchbetter, so the
theoretical
Ú

predictionis notyetaccurateenough.Becauseobservationsoftengive
both
�

the spectralindex andthe time decayrateover a rangeof frequenciesand
times,
Ú

however, this is only oneparameterfor two measuredpower-law indices.
Therefore,
v

thisstill leavesonetestof themodel. In practice,whatonedoesis fit a
modelof theform F(

� �
,ô tS )¡£¢�¤%¥§¦ tSH¨ª© toÚ thedata,anddetermine« andÝ ¬ . Since�®¯

(
�
p� )
¡

and °²±´³ (� p� ),
¡

wethenhavea theoreticalrelation µ·¶¹¸ (
� º

),
¡

whichwemay
test
Ú

with thefit to thedata.A goodsummaryof thescalingrelationsin thevarious
spectralß regimesfor sphericalfireballsisgivenby Sari,Piran,andNarayan(1998).

It mustbenotedfirst, though,that therelationis differentfor eachdynamical
eÞ volution model of the blast wave, and also dependson whetherour observed
frequency isaboveor below » c/ . Therefore,unlesswehaveotherdatafrom which
to
Ú

decideon the appropriateregime, our predictionwill in fact consistof a few
possibleõ relations.In practice,thevariouspossiblepredictionsof ¼ for

�
a given ½

dif
x

fer only by 0.1–0.3;henceit is necessaryto measurethespectralandtemporal
slopesß of the afterglow to a few percentaccuracy in order to obtaina stringent
test
Ú

of the model. Let us take the caseof the adiabaticsphericalfireball asan
eÞ xample,andimaginewe have measuredan optical temporaldecayindex ¾À¿
1.0 Á 0.1.

Â
We have alsomeasureda B – Rcolor� , andfrom this deducedthatthe

optical{ spectralindex is ÃÅÄ 0.70
Â Æ

0.03.
Â

Is the optical bandabove or belowÇ
c/ ? Well, if È c/ wereî below theoptical,wewouldexpect É·Ê (2

�ÌËÎÍ
1)Ï 3ÐÒÑ 1.00Ó

0.07,
Â

whereasif it wereabovetheoptical,wewouldexpect Ô�Õ 2
��Ö)×

3
ÐÙØ

0.67
Â

Ú
0.07.
Â

Thusweseethatthecolormeasurementestablishesthatthelatteris true
withî fair certainty, but for the somewhat larger errorsin Û andÝ Ü that

Ú
areoften

obtained{ in practicethequestionis not resolvable.
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In late 1996the BeppoSAXTeam,following the derivation of an accurate(but
notà rapidlyavailable)WFCerrorbox for GRB960720(In’t Zandetal 1997,Piro
etÞ al 1998b),was readyto quickly producearcminute-sizedWFC errorboxesfor
subsequentß follow-up observations.Thefirst opportunityto applythis capability
occurred{ onJanuary11,1997.

The
v

initial 10ù radiusú WFC error box (Costaet al 1997a),partly cut by the
BeppoSAX-UlyssesIPN annulus,containedseveral faint X-ray sourcesdetected
withî the BeppoSAXNarrow Field Instruments(NFI), someof which are also
presentõ in the ROSAT Sky survey (Butler et al 1997, Vogeset al 1997, Fron-
tera
Ú

et al 1997,Ferociet al 1998). Oneof thesesourcescoincidedwith a vari-
ableÝ radio source(Frail et al 1997b,Frail et al 1997a). However, an improved
(3
�Ìû

radius)WFC error box (In’t Zand et al 1997) obtainedsomethreeweeks
afterÝ the event containednoneof theseobjects. Likewise, optical observations
that
Ú

startedlessthana dayafter theburstgave no evidencefor a candidateGRB
counterpart� (Gorosabeletal 1998).

üáýHþ ÿ ���������
	�����������������������
The
v

next opportunity, whichwould leadto abreakthrough,aroseonFebruary28,
1997. After the hardX raysfrom the burst werediscoveredwith a Wide Field
Camera
�

on BeppoSAX,pointedBeppoSAXNFI X-ray observationsweremade� 8
ø

hourslater, andrevealedthepresenceof anunknown soft X-ray point source
withî a2–10keV flux of several10� 12 erÞ g/cm2 sß in theWFC errorbox. Fourdays
later
�

, theflux of this X-ray sourcehaddecreasedby a factor � 20;
�

thefirst X-ray
afterÝ glow of a GRB hadbeendetected(Costaet al 1997b;Figure4, seecolor
insert).
ï

In themeantime,GRB970228hadalsobecomethefirst  -rayburstfor which
anÝ optical counterpartwas found, independentlyfrom the soft X-ray afterglow
detection.
x

Froma comparisonof (V andI band)imagesmadewith theWilliam
HerschelandIsaacNewtonTelescopes21hoursandaweekaftertheburst,Groot
etÞ al (1997b)discoveredadecaying21stmagnitudeobjectatapositionconsistent
withî all positional information on the ! -ray burst (Van Paradijs et al 1997;
Figure
"

5). Subsequentdeepimagesmadewith the ESONew TechnologyTele-
scopeß (Grootetal1997a)andtheKeckTelescope(Metzgeretal1997c)showedan# 1$ $ eÞ xtendedobjectat thelocationof theopticaltransient,likely thehostgalaxy
of{ the % -rayburst(implying thattheburstcamefrom adistanceof orderGpc).

HST
&

observationsweremadein late March andearly April 1997(Sahuet al
1997)andin September1997(Fruchteret al 1999). Theseobservationsshowed
the
Ú

presenceof a point sourcewhosebrightnessdecayedaccordingto a power
la
�

w locatedneartheedgeof anextendedobject(diameter' 0.8
Â)( (

; Figure6, see
color� insert).Laterobservationsestablishedits redshiftas0.695(Djorgovski etal
1999),confirmingthatthehostof GRB 970228is adistantgalaxy.
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Figure 5 Discovery imagesof theopticalafterglow of GRB 970228at La Palma(VanParadijs
etal 1997).

Theoptical light curve of theafterglow of GRB 970228showeda significant
de
x

viation from a purepower law (Galamaet al 1997)about1–2weeksafter the
b
�
urst. Recentlythis hasbeeninterpretedaspossibleevidencefor the presence

of{ a supernova componentin the light curve (Reichart1999,Galamaet al 2000;
Figure
"

7), following anoriginalsuggestionfor asimilardeviationin GRB980326
(Bloom
�

et al 1999a). (SeeSection4.3 for further discussionon the connection
between
� +

-rayburstsandsupernovae.)
Theexponentsof thepower-law decayX-ray (Figure8)andopticallight curves

wereî ,
X -/. 1.330 0.12

12 0.11
1 andÝ 3

opt46587 1.46 9 0.16.
Â

Theexponentsof the(assumed
poõ wer law) spectrumof theafterglow were : X

;=<?> 1.06 @ 0.24
Â

and A X-opt
; B

C 0.78
Â D

0.02
Â

for the X-ray wavebandand for the X-ray to R bandinterval,
respectively. TherelationbetweenE andÝ F is consistentwith thatexpectedfrom a
vG erysimpleversionof thefireballmodel(seeSection3),andgaveinitial supportto
this
Ú

model(Wijersetal 1997).However, aftersubtractionof theSNcontribution,
the
Ú

temporalslopesteepensandthe light curve maybebetterfit by a blastwave
propagatingõ in astellarwind (Chevalier& Li 1999).

Thenext big stepforwardwas madewith GRB 970508,whoseopticalcoun-
terpart
Ú

(Bond1997)initially increasedin brightnessfrom thefirst to thesecond
nightafterthe H -rayburstandreachedamaximummagnitudeR I 19.8two days
afterÝ theburst(Pedersenetal 1998). It thenstartedapower-law declinethatcould
be
�

followedfor severalhundreddays(Galamaetal 1998a,Djorgovski etal 1997,
Sok
�

olov et al 1998,Garciaet al 1998),andeventuallyflattenedoff, revealingthe
presenceõ of ahost(Zharikov etal 1998,Bloometal 1998a,Fruchteretal 2000).

Optical
J

spectroscopy obtainedwith theKecktelescoperevealedthepresenceof
absorptionÝ linesof Mg II, FeII, andMg I (Metzgeretal1997b;Figure9)whichare
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Figure 7 The VRI light curves of the afterglow of GRB 970228,showing the evidenceof a
supernovacomponentsuperposedon thepower-law declineat latetimes(Galamaetal 2000).

often{ foundin quasarspectra(Steidel& Sargent1992),redshiftedby z M 0.835
Â

(Metzger
�

1997).Thesubsequentdiscoveryof [O II] and[Ne III] emissionlinesin
the
Ú

spectrumatthesamez N 0.835
Â

(Metzgeretal1997a)establishedthepresence
of{ anunderlyinghostgalaxy. HST observationsrevealedthat theOT was at the
center� of ablue,actively star-formingdwarf galaxy(Pianetal 1998,Fruchteretal
2000,Natarajanetal1997;Figure10,seecolorinsert)of LB O 0.12

Â
L∗ andÝ with a

starß formationrateof P 1 MQSR yrT (Bloometal 1998a).This resultunambiguously
establishedÞ that GRBs originateat cosmologicaldistances,and terminatedthe
discussion
x

on the GRB distancescale: it establishedU -ray burstsas the most
luminous
�

photonemittersin theentireuniverse,with peakluminositiesof order
L VXW 1052

Ü
erÞ g/sec. The optical afterglow of GRB 970508reachedan absolute

magnitudeY M
Z

V []\ 24,
�

i.e. in opticalemissionit becametwo ordersof magnitude
brighter
�

thana typeIa supernova.
GRB
w

970508alsohasthe distinctionof beingthe first ^ -ray burst for which
radio afterglow was detected(Frail & Kulkarni 1997). During the first month
the
Ú

radio flux underwentstrongirregular variations,aroundan averagevalueof
0.6
Â

mJy (8.5 GHz), which dampedout after abouta month(Figure11). These
vG ariationsarecausedby interstellarscintillation in our Galaxy. Thedampingof
the
Ú

fluctuationsreflectstheincreasein thesizeof theradioemitter(analogousto
the
Ú

absenceof twinkling of planets). From the known sourcedistanceandthe
propertiesõ of the interstellarmediumalongthe line of sight, Frail et al (1997c,
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Figure 8 TheX-ray afterglow light curve of GRB 970228.Notethesmoothconnectionof the
afterglow with thepromptX-ray flux from theGRB (Costaetal 1997b).

1997)inferredavaluefor thesourcesizeat thetime thefluctuationsdisappeared.
The
v

y concludedthat the radio emitterexpandedwith a velocity consistentwith
that
Ú

of light, whichgivesstrongsupportto therelativistic fireballmodelfor GRBs
andÝ their afterglows.

GRB
w

970508was the first _ -ray burst for which the afterglow wasobserved
allÝ the way from X-rays, via optical/nearIR, to mm and low-frequency radio
wî aves (seeSection5). This allowedGalamaet al (1998d)to reconstructtheX-
ray to radio spectralenergy distribution of the afterglow, as observed 12 days
afterÝ the ` -ray burst(Figure12). This spectrumconsistsof piecewiseconnected
poõ wer-law distributions, with threeclearly recognizablespectralbreaksat the
frequencies
�

atwhichthedifferentpowerlawsareconnected.At thelow-frequency
sideß we recognizethe a 1b 3 synchrotronß low-frequency limit, which at evenlower
frequencies
�

turnsover becauseof self-absorption.Thehigh-frequency endof thec 1d 3 partõ of thespectrumconnects,at thepeakof thespectrum,to a power- law
partõ whoseslopedependson thepower, p� ,ô of thepower-law electronenergy (or
Lorentz
e

factor)distribution andon particularsof thefireball synchrotronemitter
(see
�

Section3). In thenearinfraredathirdbreakisseen;thiscanbeunambiguously
identified
ï

with the cooling break,whosefrequency correspondsto an electron
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Figure 9 Thespectrumof theOT of GRB970508,showing FeandMg absorptionlinesatz h
0.835andz i 0.77(Metzgeretal 1997b).

enerÞ gy above which thesynchrotronlosstime is smallerthantheflow timescale
of{ thesystem.Theidentificationis basedontwo observedfacts:(1) thechangein
spectralß slopeequals0.5(Galamaetal1998d;Figure12),and(2) thefrequency, j c/ ,ô
of{ thecoolingbreakchangedwith timesincetheburstask c/ml t

Úon 1p 2,ô aswasevident
from
�

theprogressionof thespectralslopechange(by 0.5) from theopticalto the
near-infraredpassbands(Galamaetal 1998a;Figure13). Theseresultsshow that
relatiú vely simpleversionsof thefireballmodelprovideareasonabledescriptionof
the
Ú

observedafterglow spectrum,andprovide a strongargumentfor theideathat
GRB
w

afterglowsarepoweredby thesynchrotronemissionof electronsaccelerated
in
ï

a relativistic shock.
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Figure 11 The8.46GHZVLA light curveof theafterglow of GRB970508(Kulkarnietal2000).
Note the largescintillationfluctuationsin thefirst monthandtheir laterabsence,indicatingthat
thesourceexpanded(Frail et al 1997c).

q
r s tvuxwzy|{�}�~��
The
v

relative optical responsein the afterglow of a � -ray burst can vary enor-
mouslyfrom oneburstto another(for theX-ray afterglowsthevariationsaremore
moderate;Y seeSection5). A very goodexampleis providedby GRB 970828,a
fairly strong � -ray event for which optical observationsweremadewithin four
hours
�

after the burst andcontinuedfor eight consecutive nightsafter the burst.
No
�

potentialopticalcounterpartwas foundto varyby morethan0.2magdown to
R
���

23.8
�

(Grootetal 1998a).Comparedto GRB970508thepeakopticalflux in
the
Ú

afterglow of GRB 970828,normalizedto thefluenceof the � -ray burst,was
atÝ leastafactorof 103

 
smallerß . Absorptionin theGRBhostgalaxy, by at leastfive

magnitudesY in theR
�

band,
�

mayexplaintheir largedifferencein opticalafterglows.
Note
�

thatfor moderateredshifts(zQ�� 1) theabsorbedphotonshavewavelengthsof� 3000
Ð

Å,
�

atwhich theinterstellarextinction is a factorof � 2.5
�

largerthanin the
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Figure 12 Theradioto X-ray spectrumof theafterglow of GRB970508,12.1daysaftertrigger,
showing all thecharacteristicsof synchrotronemission(Galamaetal 1998d).

R
�

band.
�

Therefore,with a normaldust-to-gasratio in thehost,a modestcolumn
density
x

of N
�

H
��� 1021 cm�/� 2 wî ould be sufficient to provide the large extinction.

Recent
�

resultssupportthis suggestion:at thepositionof GRB 970828thereis a
galaxy� with zQ�� 0.96

Â
(Djorgovski etal 2000)andN

�
H � 4.1� 2.1

�� 1.6 � 1021
�

cm�/� 2
�

(as
�

measuredY in our restframeby Yoshidaetal 1999).

�
� �  ¢¡�£�¤S¥
¦�£¨§ª©
«¬¯®±°�²�³�´Xµ�«©
©
£¨¶¸·º¹�«�©
The
v

total energy budgetsof » -ray burstscorrespondingto their cosmological
distances
x

areroughlyof thesameorderof magnitudeasthoseof supernovae;in ¼ -
rayú bursts,however, theenergy is emittedmuchmorerapidly thanin supernovae.
Thereasonis thatin supernovaetheenergy(exceptthatin neutrinos)is thermalized
by
�

a large amountof mass(several solar masses)and convertedinto heatand
eÞ xpansionat a speedof typically 104

½
km/s. In a ¾ -ray burst the energy cannot

be
�

sharedwith morethan ¿ 10À 3
 

M
ÁÃÂ

in
ï

baryons,in ordernot to losetherequired
high
�

Lorentzfactors( ÄÆÅ 102
�
).
¡

The similar amountof total energy (1053
Ü

erÞ gs)
involvedin bothphenomenakeptthepossibilityof theirconnectionopen,despite
the
Ú

very largedifferencein theway theenergy is emitted.For instance,in oneof
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Figure 13 The evolution of the optical spectralindex (top: V – R
Ç

andbottom: R – K) o
È

ft he
afterÉ glow of GRB970508,showingthepassageof abreakconsistentwith acoolingbreak(Galama
etÊ al 1998a).

the
Ú

main Ë -ray burst models,the collapsaror failed supernova model(Woosley
1993,Paczýnski1998),a Ì -rayburstis theresultof amassivecorecollapse,with
eÞ xtremeparameters(e.g. extrememassor rotationof theprogenitor).However,
untilÍ April 1998,directevidencefor arelationbetweenÎ -rayburstsandsupernovae
wî as totally lacking.

It
Ï

thereforecameassomethingof asurprisewhenGalamaetal (1998c,1998b)
foundthattheWFCerrorboxof GRB980425containedthesupernovaSN1998bw
(Figure
�

14). This supernova is locatedin a spiralarmof thenearbygalaxyESO
184–G82,at a redshiftof 2550km/s,correspondingto a distanceof 40 Mpc. On
the
Ú

basisof very conservative assumptionsregardingthe error box andthe time
windoî w in which thesupernova occurred,Galamaet al (1998c)determinedthat
the
Ú

probability that any supernova with peakoptical flux a factor of 10 below
that
Ú

of SN 1998bwwould be found in the error box by chancecoincidenceis
10Ð 4; this provides strongevidencefor a physical relation betweenthe Ñ -ray
b
�
urst and the supernova. The WFC error box also containstwo weak X-ray

sources,ß oneof which,1SAX J1935.0-5248,coincideswith SN1998bwandGRB
980425
Ò

(Piro et al 1998a,Pian et al 1999); the secondsourceinitially faded
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Figure 14 Imageof thegalaxyESO184-G82with (left)
È
andwithout(right)

È
SN 1998bw(Galama

etal 1998c).

b
�
ut was subsequentlyredetectedat a flux similar to the first observation (Pian

etÞ al 1999),which excludesit asa viableGRB afterglow. Thecasefor a physical
relationbetweenthesupernovaandtheGRB is thereforeastrongone.

W
Õ

ith respectto its apparentproperties(peakflux, duration,burstprofile)GRB
980425
Ò

was not remarkable.Of course,at its distanceof 40Mpc, its total energy
(8
�×Ö

1047 erÞ g/s) is somefive ordersof magnitudesmallerthan that of normalØ -raybursts(Galamaetal 1998c).Thetotalenergy in GRB980425is remarkably
close� to thevalueenvisagedin Colgate’s (1974)model.

Independent
Ï

of its connectionwith a Ù -ray burstSN 1998bwis extraordinary
for its very high radio luminosity nearthe peakof the SN light curve (Kulkarni
etÞ al 1998b). Accordingto theanalysisof Kulkarni et al (1998b)the radio light
curv� e requiresthepresenceof a mildly relativistic ( Ú�Û 2) outflow, which may
accountÝ for theÜ -rayburstemission.An analysisof theopticallight curve(Galama
etÞ al 1998c;Figure15) andits earlyspectra(Iwamotoet al 1998,Woosley et al
1999,Branch1999)showed that SN 1998bwwas an extremelyenergetic event
[total explosiveenergy in therange(2 – 6) Ý 1052

Ü
erÞ g, i.e.afactorof Þ 30

Ð
higher

than
Ú

is typical for anIb/c supernova], in whichanextraordinarilylargeamountof
56
Ü

Ni
�

(0.5–0.7M ß )
¡
wasejected.Theearlyexpansionspeedwasashighasà 60,000

á
km/s. According to Iwamotoet al (1998; seealso Iwamoto1999a,Iwamoto
1999b),theremnantmassof thecorecollapseexceeded3 M â ,ô anda blackhole
wî as likely formedin SN 1998bw. [Note that by allowing for asymmetryin the
supernoß vaexplosion,Höflich{ etal (1999)derivesomewhatmoremoderatebut still
vG ery largevaluesfor theenergeticsof this supernova.] GRB 980425is theonlyã -rayburst(outof morethan2000)for whichtheevidenceof aconnectionwith a
supernoß vaappearsconvincing. Attemptstosearchfor furtherassociationshavenot
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Figure 15 Theopticallight curveof SN 1998bw(Galamaetal 1998c).

ledto otherstrongcandidates(Wang& Wheeler1998,Woosley et al 1999,Bloom
etÞ al 1998c,Kippenet al 1998). [We considertheproposedconnectionsbetween
SN1997c
�

y andGRB 970514(Germany et al 1999)andbetweenSN1999eband
GRB
w

991002(Terlevich etal 1999)not convincing.]
Because
ä

thesamplingvolumefor low-luminosityeventssuchasGRB 980425
is smallerthan that of the normal å -ray burstsby a factor æ 106

ç
,ô the rate (per

galaxy)� of theformereventsmaywell exceedthoseof thelatterby a largefactor.
Becauseof theirsmalldistancesthey areexpectedtocontributeaPè 3

 ºé
2 component�

to
Ú

the log N
�

(
�ëê

P
ì

)
¡

distribution. From the absenceof a turn-upat the flux limit
(P
�/í

0.2),
î

Kommerset al (2000a)inferredthatsucha Euclideancomponentcan
contrib� ute at most10% to the observed BATSE burst sample(99% confidence
limit). With anormalGRBrateof ï 10ð 8 perñ galaxyperyear(Wijersetal 1998),
the
ò

correspondinglimit on eventslike SN 1998bwis thusa few 10ó 4 perñ galaxy
perñ year. With anobservedratefor typeIb/c supernovae of a few times10ô 3

õ
perñ

galaxy� peryear(vandenBergh & Tammann1991),this ratherweaklimit serves
to
ò

show thatatmosta fractionof theSNIb/c produceö -raybursts.
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The
v

observationalbasisfor aconnectionbetweenû -rayburstsandsupernovae
wü asgreatlyenrichedwith thediscoverybyBloometal (1999a)of alatecomponent
superposedý onthepowerlaw opticallight curveof GRB980326,whichthey argue
reflectsþ an underlyingsupernova (Figure16). A similar interpretationhasbeen
proposedñ byReichart(1999)andGalamaetal (2000)for thelong-knowndeviation
from
�

a purepower-law decayof the optical afterglow of GRB 970228(Galama
etÿ al 1997).

The
v

optical light curve of GRB 980326showedaninitial rapiddecay( � opt4��� 2.0; Groot et al 1998b);the light curve flattenedafter � 10 daysto a constant
v� alueR

���
25.5
� 	

0.5.
î

Suchflatteninghasbeenseenin thelight curvesof other
after
 glows as well, and hasbeeninterpretedas the signatureof an underlying
host
�

galaxy. Observationsby Bloom et al (1999a)made� 3
Ð

weeksaftertheburst
reþ vealeda surprisingbrighteningof theafterglow, to a flux level 60 timesabove
that
ò

expectedfrom an extrapolationof the power-law decay. At the sametime,
the
ò

spectralenergy distribution becamevery red. Observationsmade� 9
Ò

months
after
 theburst showed thatany hostgalaxyis fainterthanR  27.3. Using the
multicolor� light curve of SN 1998bw(Galamaet al 1998c)asa template,Bloom
etÿ al (1999a)found that they canreproducethe observed optical afterglow light
curv� e of GRB 980326by a combinationof a power-law (exponent � 2.0)

�
anda

bright
�

supernovaata redshiftz � 1.
Reichart
�

(1999)andGalamaet al (2000)madethesamedecompositionof the
optical{ light curve of GRB 970228andfoundthat this providesa goodfit to the
data.
x

Theseresultssupportthe idea that at leasta fraction of the � -ray bursts
originate{ from thecollapseof a massive star. This confirmsthemodelsproposed
by
�

Woosley (1993)andPaczýnski (1998),undervariousnames,suchasthefailed
supernoý va model or collapsarmodel, in which it is assumedthat a black hole
surroundedý by a fairly massive torusis formed. It is still unclearwhatparticular
circumstances� give riseto theGRB (e.g. a very high mass,rapidrotation,a par-
ticular
ò

evolutionaryhistory),but it seemsvirtually certainthatstrongcollimation
of{ theoutflow is requiredto accommodateboththeextremelyhighLorentzfactor
flo
�

w requiredfor the � -ray burstandthemoresluggishflow connectedwith the
supernoý vaphotosphericemission.

��� � �������! #"#$% #"'&)(+*-,/.0�!&)1�12&3��4
Basedon the fireball model,promptoptical emissionsimultaneouswith the 5 -
rayþ burst is expected,with apparentV magnitudes� rangingbetween9 and18 for
typical
ò

GRB distances(Mészÿ áros
 & Rees1993,Mészÿ áros
 & Rees1997,Sari&
Piran
6

1999,Katz 1994a).After many yearsof unsuccessfulattemptsto catchthe
optical{ signalof a 7 -rayburstin progress(seee.g.McNamaraetal 1995,Krimm
etÿ al 1996, Hudec& Soldan1995, Lee et al 1997, Park et al 1997), the first
suchý simultaneousdetectionwas madeof GRB 990123by Akerlof et al (1999).
The robotic cameraROTSE, triggeredby BATSE,starteda sequenceof optical
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Figure 16 The R light curve of GRB 980326,with modelcurvesrepresentingthe power-law
decayof a relativistic afterglow superposedwith thelight curveof SN 1998bw, shiftedto various
redshifts(Bloometal 1999a).



P1:
÷

FUI

September
ø

18,2000 20:27 AnnualReviews AR108-10

406
�

VAN PARADIJS 8 KOUVELIOTOU 9 WIJERS
�

Figure 17 The ROTSE discovery imagesof the promptoptical emissionfrom GRB 990123,
from 22 to 800s aftertrigger(Akerlof etal 1999).

imagesof theBATSEerrorbox22secondsafterthestartof theburst(Figure17).
An
:

optical transientwas detected;; 50
<

secondsafter the startof the burst, the
transient
ò

reachedmagnitude8.9 andafterwarddecayedto = 15th
>

magin ? 103
õ

s.ý
The
v

slopeof thepromptlight curve changedafter @ 300
Ð

s,andmergedsmoothly
withü thelaterafterglow light curve(Figure18;Kulkarnietal 1999a,Galamaetal
1999,Castro-Tiradoetal 1999a).During thepeakof thepromptopticalemission
the
ò A

-ray burst reachedan absolutemagnitudeM
Z

vBDCFE 36.5,
Ð

i.e. the event was
then
ò

for a brief time interval 10 million times brighter than a Type Ia super-
noG va.

Thepromptopticalemissionis not proportionalto the H -ray flux; neithercan
it
I

be understoodas the low-energy extrapolationof the (variable) J -ray burst
spectrumý (Galamaet al 1999,Briggs et al 1999; seealso insertof Figure18).
This
v

indicatesthat the prompt optical emissionand the K raysþ originatefrom
dif
x

ferentregionsin thefireball. It hasbeenpopularpracticeto ascribetheorigin
of{ the L raysto internalshocks(Rees& Mészÿ áros
 1994,Kobayashiet al 1997)
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Figure 18 TheR light curveof GRB990123,showing theearlyemissionrisingabovetheback-
extrapolatedafterglow andthenmerging smoothlywith the later afterglow light curve (Akerlof
et al 1999). The M -ray light curve of ARB 990123;the threepoints indicatethe timesduring
whichpromptopticalemissionwas detectedwith ROTSE(in anarbitraryintensityscale).

and
 the long-termafterglow to theexternalshock2. It hasthereforebeennatural
to
ò

ascribethe promptoptical emissionto the reverseshock(Sari & Piran1999,
Mészÿ áros
 & Rees1999),which is observedonly duringa time interval of order
of{ the burst duration(i.e. comparableto the time it takes for the reverseshock
to
ò

travel throughtheejecta).Theradioafterglow propertiesof GRB 990123are
peculiarñ in that radioemissionwas only seenduringa N 1-dayinterval, abouta
day
x

after the burst (Kulkarni et al 1999b,Galamaetal 1999). This brief radio
eÿ vent hasbeeninterpretedby Kulkarni et al (1999b)asreverse-shockemission.
Galama
w

et al (1999)ascribeit to emissionfrom the forwardshockandinterpret
the
ò

peculiarnatureof the radioemissionasthe resultof a very low valueof the

2Recenttheoreticalcalculations,however, have reopenedthe issue: Dermer& Mitman
(1999)
O

havepresentedaplausibleexternal-shockmodelfor highlyvariablepromptgamma-
rayP emission,andFenimore& Ramirez-Ruiz(1999)have shown thatpreviousobjections
to
Q

external-shockmodelsfor thepromptemissioncanbecircumvented.
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synchrotroný peakfrequency onedayaftertheburst. They suggestthatdifferences
in theafterglow properties(peakfrequency, coolingfrequency) reflectdifferences
in themagneticfield strengthin theafterglow-emittingregions.

T�U V WYX[Z!\#]�^`_-acb)d!egf'a+h
Synchrotron
ø

radiationis highly polarized,with typical degreesof (linear)polar-
ization
I

for orderedmagneticfields of i 60%
á

(Hughes& Miller 1991);onemay
therefore
ò

expectmeasurableamountsof polarizationin afterglow emission. By
analogy
 to AGNs,onemightexpectup to 10–20%polarizationif theshockemis-
sioný takesplacein acollimatedoutflow. Thestrongintrinsicpolarizationislowered
by
�

averagingover the unresolved source(Gruzinov 1999,Gruzinov & Waxman
1999,Medvede& Loeb1999,Loeb& Perna1998).

For GRB 990123,(Hjonth et al 1999)reportedanupperlimit to R bandafter-
glo� w polarizationof 2.3%(95%confidencelevel). Thefirst positive detectionof
polarization,ñ however, wasmadefor GRB990510(Covino etal 1999,Wijersetal
1999),with polarizationj�k 1.7 l 0.2

î
% and1.6 m 0.2%,

î
0.77and0.86days

after
 theburst, respectively. An uncertainmeasurementmade1.8 daysafter the
b
�
urstis consistentwith thesevalues(Wijersetal 1999).Theangleof polarization

remainedconstantduringtheseobservations.Therathersmallobservedvaluesof
the
ò

polarization(comparedto thehighintrinsicvaluesin thesynchrotronprocess)
may� be the resultof a highly tangledstructureof the magneticfield, or of very
symmetricý field geometries.

n�o p#qsrDt#uwvyx%zY{[r}|�~�vy����p�u0{[�/qs{Dp�|�qs������vy��p
��{�vy��u0{}p���u0�

W
Õ

e have assembledherea mastertable of all GRBs (Table 1) that have been
rapidly followedupsincethelaunchof BeppoSAXuntil August1999(including,
for
�

completeness,GRB 960720).Thereasonfor this selectionbecameapparent
upon� collectingthe relevant literature: In the last year, mostof the literatureis
in theform of IAU andGCN circulars,makingfor a cumbersomeandconfusing
literature
�

display. For thesamereason,whenever all availabledatawerediligently
collected� into oneor morepublications,thesewerepreferentiallyreferencedas
the
ò

mainsourcesof literature.However, wehavealwaysreferencedthediscovery
announcements
 in eachwavelength.

W
Õ

e have usedthe valuesof the BATSE durations,fluxes, and fluencesfor
the
ò

prompt � -ray emissionthroughoutthe table for consistency. Thesewere
substitutedý bytheBeppoSAX/GRBMwhenever theGRBwasoccultedfor BATSE.
ThepromptX-ray valuesweresuppliedpredominantlyby theBeppoSAXWFC,
and
 occasionallyby theRXTE/ASM; theX-rayafterglow valueswereconsistently
suppliedý by theBeppoSAXNFI.

Detectionin awavelengthwaspostedwhengenerallyacceptedby thecommu-
nityG . In casesthatwerearguable,we preferrederringon theconservative side,as
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pointedñ out in therelevantGRBnarrative. Narrativesarecollectionsof thesalient
pointsñ of eachevent,aswell asdepositoriesof counterpartpeculiaritieswithouta
placeñ in thetabular form.

W
Õ

ehaveattemptedto collectall availableliteratureoneachGRB,from trigger
to
ò

manifoldpublication.Nevertheless,given thewealthof communicationmedia
and
 journalsit is inevitable that we have missedsome—whichis unintentional,
b
�
ut all the sameirritating for the colleaguesat the otherend. It would improve

future
�

versionsof this tableif suchomissionswerebroughtto ourattention,sowe
wü ouldbethankfulfor any gentleremindersof omissions.

��� ���y�����#�����0�����y y¡Y�s y¢¤£0¥���£0 y¡/���% �¡¦�y§%���%¢�£0�¨¡

Althoughthebasicprinciplesof relativistic blastwaves arenow well established
and
 haveagoodgroundingin thebodyof afterglow datacollectedthusfar, it isclear
from theprevioussectionthatwe canalreadyseebeyondthebasicsphericaladi-
abatic
 model.Many afterglowsdeviatesosignificantlyfrom thebasicpredictions
that
ò

we know extensionsor modificationsof thebasicmodelarerequired.How-
eÿ ver, weseldomhaveenoughinformationonagivenafterglow to pin down which
of{ themany possiblemodificationsappliesto theafterglow at hand(if thereis ever
only{ one).Therefore,differentmodelsareoftenfoundfor agivenafterglow by dif-
ferent
�

groups,andsoberevaluationof theevidenceshowsthatthedifferencecannot
be
�

resolvedobservationally. Wethusomitheremostof thetechnicaldetailsbehind
the
ò

morecomplex models.Instead,we focusonqualitativeaspectsof eachof the
models,payingparticularattentionto therelevanceof morecomplex modelsto the
broader
�

issuesin thefield, suchaswhatcausesGRBsandwhattheir truerateis.

©�ª¬«®s¯�°3°`±)²!³-´'±)¯�µ�¯�¶¸·º¹g´¼»
Theimportanceof collimationgoesbeyondinfluencingthedetailedshapeof the
after
 glow light curve: It revealssomethingaboutthe centralengineandaffects
our{ estimatesof how many GRB progenitorsthereneedto be.

Consider
�

thesimplestpossiblejetmodel: twocones,of openingangle½ c¾ around

the
ò

z¿ -axis,haveoutflowing materialin them.TheoutflowshavethesameLorentz
f
�
actor, À ,Á everywherewithin thecone,andnooutflow existsoutsideit. Theshock

front
�

formedis just the part of the previous sphericalshockthat lies within the
cones;� theoutflow is collimated. As long astheflow is relativistic, theemission
from
�

eachpartof theshockfront isstronglyconcentrated(beamed)within anangleÂ
b
ÃDÄ 1ÅcÆ . Thismeansthatanobserveronly seesemissionfrom thematerialthat

flo
�

ws within an angle Ç b
Ã of{ her line of sight. This effect is purely relativistic,

unlik� e collimation, which canaffect any flow.3
È

Beamingalsoaffectsspherical
gamma-ray� bursts,so in thosewe also seeno more than a small part of the

3
õ
Oneoftenfindstheword ‘beaming’usedbothfor truebeamingandfor collimationin the

currentÉ GRB literature,whichoccasionallycausesconfusion.
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outflo{ w. Thismeansthatweexpectat leastonetransitionto occurin acollimated
outflo{ w; aslong as Ì b

ÃDÍ 1ÎcÏ is lessthan Ð c¾ ,Á theobserver seesa smallerpartof
the
ò

outflow thanthe cone,andthereforecannotdistinguishbetweena spherical
and
 a collimatedflow. When Ñ b

Ã�Ò Ó
c¾ ,Á which happenswhentheLorentzfactor

becomes
�

low enough(ÔÖÕØ× b
ÃyÙ 1ÚcÛ b

Ã ),¡ the observer begins to seethe edgeof
the
ò

coneandthusbecomesawareof thecollimatednatureof theflow. Whenthis
happens,thefalloff of thelight curvebecomessteeper;atearlytimes,thedecline
ofÜ theafterglow isabalancebetweenaverysteepdropof thesurfacebrightnessof
the
ò

shockandanincreasein theobservedemittingareaproportionalto1ÝcÞ 2 ß t
ò 3õ¼à 4.

When
Õ áãâ

1äæ å b
Ã ,Á theemittingarea,limited by thesizeof thecone,staysconstant;

hence,adropin theexponentof thepower law declineby t ç 3
õ'è

4 is expected.
Because
ä

thepressureisveryhighbehindtheshock,thisdecreasesthelikeliness
ofÜ a pressureon the edgeableto confineit, so onemay well askhow long the
flow canstaycollimated. Here,relativity comesto the rescue:The jet expands
sideý waysno fasterthanits internalspeedof sound(cécêcë 3

Ð
in the ultrarelativistic

limit). Becauseto anexternalobserver theapparentsidewaysexpansionof thejet
is
I

superluminalwith speedì cé ,Á theangularsizeof aregionof thejet thatiscausally
connectedí is only of order1îæï ,Á andtheangleby which thejet expandssideways
is
I

similar. Therefore,sidewaysexpansionof thejet is unimportantaslong asthe
total
ò

jet openingangleis largerthanð b
Ã0ñ 1òcó . Whenthesidewaysexpansiondoes

become
�

important,simplescalingsuggeststhattheradiusof theshockfront stops
eÿ xpanding,andtheenergy is lost in oneplace.Moredetailedconsiderationsshow
that
ò

in facttheshockLorentzfactordecreasesexponentiallywith radius(Rhoads
1999).However, changesin theareaandrelativistic kinematicsalsotakeplaceat
the
ò

sametime,andthenetresultis thatanexternalobserverstill seesapower-law
decline
ô

of thebrightness,albeitmuchsteeper.
Since
ø

thecritical anglesfor theendof collimationandthe fanning-outof the
emissionÿ areof thesameorder, it isunclearwhetherthecollimationbreakof tõ÷ö 3/4

õ
(M
ø

észÿ áros
 & Rees1999)wouldeverbeseen.Thedetailedcalculationsby Rhoads
(1999)
ø

onlyshow averybroadtransitionbetweentheinitial sphericalevolutionand
the
ò

steep(tõ÷ù pú )¡ late-timebehavior, inwhichthebeamingbreakispresumablyhidden
(see
ø

alsoPanaitescu& Mészÿ áros
 1999). More recentdetailedcalculationseven
suggestý thatcomplicatingeffectscausethecollimationbreakto bemuchweaker
(K
ø

umar& Panaitescu2000)or evenabsent(Huanget al 2000),thougha jet may
manifest� itself via a steepbreakin thetransitionto non-relativistic evolution. An
importantaspectof thebreakresultingfrom a jet collimation transitionis that it
is
I

expectedto beachromatic,i.e. of thesamestrengthandoccurringat thesame
time
ò

in all wavelengths.
The
û

first claim for apossiblecollimatedburstcamefor GRB980519(Halpern
etÿ al 1999),which hada very sharplydecliningafterglow. In this burst,however,
the
ò

breakwas not seen(it would have occurredbeforethefirst observation),and
the
ò

dataarealsoconsistentwith asphericalafterglow expandinginto a1ü rý 2
þ

stellarý
windü (Halpernetal1999).Whenabreakwasseenin theafterglow of GRB990123,
startingý aboutadayaftertheburst,thiswasagainattributedto ajet (Kulkarnietal
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1999a,b).However, closerinvestigationshows thatthebreakis not nearlystrong
enoughÿ tobecausedbyajet,evenif onlythebeamingbreakoccursandisnotseenin
K band,
�

which is contraryto expectation.Also, theopticaldataof Castro-Tirado
etÿ al (1999) indicatean achromaticdeclinepossiblyconsistentwith a cooling
break
�

moving throughopticalfrequenciesbetweendays1 and3. Theshortradio
after
 glow of this sourcehasalsobeenadvancedassupportfor a jet (Kulkarni et
al
 1999b),but canbeinterpretedwithout usinga jet aswell (Galamaet al 1999).
The
û

afterglow of GRB 990510appearsto be the first in which the evidencefor
beaming
�

isstrongandhasnotbeenthesubjectof controversy:All opticaldatafrom
U to
ò

K
ÿ

caní befit with asingletransitiontimeandthesameasymptoticpower-law
indices,perhapswith someevidenceof deviationsin B. Thevaluesof thepre-and
post-breakñ power-law agreewith thecalculationsof Rhoads(1999). In addition,
polarizationñ hasbeendetectedin this source(Wijers et al 1999;seeSection6.2),
whichü mayberelatedto its jet-likecharacter.

In
Ï

summary, someclearpredictionsfromcollimatedoutflowsarestrongenough
to
ò

rule out certainsourcesasbeingbeamed,andmake at leastonesourcea good
candidate.í Also, in somewell-studiedcasessignificantcollimation is ruled out
(e.g.
ø

GRB 970228andGRB 970508).Theimplicationsfor thephysicsof GRB
are
 considerable:If a bursthasa collimationangleof even10� (v

ø
ery wide by the

standardý of AGN jets),thenonly 1.5%of thesky is illuminatedby theburst. This
means� thatwhenmakingtheusualassumptionof isotropy, wewouldoverestimate
the
ò

energy requirementsof thecentralengineby a factorof 100,andat thesame
time
ò

underestimatetheformationrateof GRB progenitorsby thatsamefactorof
100. This establishesthe investigationof thereality of collimation in GRB, and
an
 y correlationsbetweencollimationandbrightness,asoneof themorepressing
challengesí in afterglow research.

��� � ���	��
������������������	������	���
The
û

beamingof theGRB emissionhasfurtherconsequencesfor theappearance
ofÜ theafterglow. BecausetheLorentzfactorof theburst is continuallydeclining,
the
ò

surfacewe seeat a given observer time is not perfectly elliptical as in the
constant-í � caseí (Rees1964),nor is it uniformin surfacebrightness.Thepointon
the
ò

line of sight is closestto us,which meansthatamongall thepointswe seeat
an
 y given time, the light from that particularpoint left the surfacethe latest,so
that
ò

point is oldestin theframeof theafterglow. Therefore,it hasthelowest� and

lo
�

westsurfacebrightness.Consequently, thepoint approachingus is lessbright
than
ò

thoseimmediatelyaroundit. Furthermore,theedgeof theafterglow in our
observÜ er frameis only of order1 "! a
 way in anglefrom thecenter. Thenetresult
is thattheobservedsurfacebrightnesshasamaximumawayfrom theline of sight
(by
ø

aboutanangleof 1#�$ ),
%

i.e. it appearsasaring (Panaitescu& Mészÿ áros
 1998b,
Sari
ø

1998,Waxman1997a).At very low frequencies,the lesssteepdependence
ofÜ thesurfacebrightnesson theLorentzfactormakesthis effect nearlygo away
(Granot
ø

etal 1999a).
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Because
)

the angularsizeof the ring is usuallytoo small to resolve anddoes
not changeany majorscalings,theobservableeffectsaresmallat best.However,
it doesoffer thechanceof anasymmetrythatbringsaboutnetpolarizationof the
after
 glow.

Since
ø

the afterglow is synchrotronradiation,its intrinsic polarizationwill be
60–70%;
*

therefore,ratherthanaskingwhy it is polarized,we shouldaskwhy it
is not. Two reasonshave beenadvanced:First, the magneticfield is generated
by
�

someinstability, andthusshouldbehighly tangledin nature.If thecoherence
lengthof thefield is muchlessthanthesizeof theobservableafterglow surface,
then
ò

we expectgreatly reducedpolarization,to a valueof about60+", N
�

%
-

for
N
�

independentpatches(Gruzinov & Waxman1999). Second,therecouldbenet
direction
ô

to themagneticfieldevenif it isgeneratedby instability, especiallyif one
accounts
 for aberrationeffectsin thering of emission(Medvedev & Loeb1999,
Gruzino
.

v 1999,Ghisellini & Lazzati1999). If the ring is perfect,thesymmetry
ensuresÿ zeronetpolarization,but any imperfectionswouldgiveanetpolarization.

In the latter case,beamingandcollimation may combineto give a net polar-
ization
I

thatvarieswith time. Initially, whena collimatedoutflow still hasa very
high Lorentzfactor, we seea completering, andthesymmetryprecludesany net
polarization.ñ At very latetimes,weseetheentireoutflow, of whichthesymmetry
onceÜ againprecludesnetpolarization.At intermediatetimes,whenthebeaming
coneí is similar to thecollimationangleandtheafterglow light curve is breaking
to
ò

asteeperdecline,wecanseepartof a ring if our line of sightis offsetfrom the
centerí of theoutflow. During thisphasethepolarizationdoesnotaverageto zero,
sinceý wedonotgetemissionfrom thecompletering.

After afirst attemptby Hjorth etal (1999)onGRB990123,whichsetanupper
limit
�

of 2.3%on polarization,an actualdetectionwas madewith the ESOVLT
for GRB 990510(Wijers et al 1999,Covino et al 1999). The polarizationwas
measured� as1.7%aroundthetime of the jet break. Thedataareconsistentboth
withü a symmetry-breakingorigin of the polarizationandwith the random-patch
model.� Muchearlierandlaterdata,duringthepower-law partsof thelight curve,
wü ould beneededto distinguishbetweenthetwo (Wijers et al 1999). Sari (1999)
hascalculateda toy modelof the polarizationin the jet case. He showed that
the
ò

periodof maximumpolarizationnearthejet breakcontainsconsiderablefine
structure,ý with afew minimapossibleasaresultof polarizationsignchanges.The
otherÜ burst with measuredpolarizationto dateis GRB 990712(Rol et al 2000).
Curiously
/

, this burstdoesnot show any signsof a beamingbreak,andthemiddle
ofÜ threepolarizationmeasurementshasthelowestvalue,whereasthepolarization
angle
 is constant.It is possiblethata beamingbreakis hiddenby theeffectsof
a
 bright hostin this burst,but even so,a minimumin thepolarizationis not easy
to
ò

obtainwithout changesin thepolarizationangle. Likewise,therandom-patch
modelwouldpredictlargeanglechangesin thepolarizationasthevaluechanges,so
neitherG modelprovidesaconvincinginterpretationof thisevent. Theobservational
dif
ô

ficultiesof improving thesituationareclear:To detectpolarizationof 1%,one
needsG theobjectto be5 or 6 magnitudesabove thedetectionlimit, andtherefore
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measurements� of polarizationcanonly be madewithin the first few daysafter
trigger
ò

.

2�3 4 576�8:9�;�<�=�>@?A9�<CBED�8GFIHJ;LK�MC>�9NBO=�<CP�QC=R8:9S5�T�K�>�UC8�D	K�<
Depending
V

on the typeof progenitor, a burstmayoccurin moreor lessaverage
interstellarmedium,or it maybesurroundedby a largeamountof circumstellar
medium.� Consequently, it is not trivial that the ambientmediumshouldhave
a
 uniform density. Specifically, the stellar-wind caseof a 1W rþ 2þ density

ô
falloff

hasreceived someattentionsincethediscovery of a GRB-supernova association
(Section
ø

s 4 & 7ý ).
Asidefrom providing smoothchanges,circumstellarmediaalsooffer thepos-

sibilityý of stronginhomogeneities.For example,a wind hasa terminationshock
whereü it encountersthe older wind pressedup againstthe interstellarmedium,
and
 a forward shockdriven into the ISM by the wind pressure.Whenthe blast
wü avemeetsthese,suddendensitychangeswill leadto jumpsandnon–self-similar
beha
�

vior in theafterglows. Themaximumin thelight curveof GRB970508after
1.5 dayscouldrepresentsucha situation. At a shockinterface,instabilitiesmay
also
 leadto fingerformationandothersmall-scaleirregularity. Dermer& Mitman
(1999)
ø

andDermeret al (1999)have suggestedthat the irregular light curvesof
gamma-rayX burstsmaybecausedby anencounterof theforwardshockwith these
irre
I

gularities.Most recentwork hasattributedthegamma-rayburstproperto in-
ternal
ò

shocksin therelativistic outflow (Rees& Mészÿ áros
 1994,Kobayashiet al
1997);however, objectionsto theexternalshockmodelseemto becircumvented
by
�

this new model,so this hasagainbecomean openquestion(Fenimoreet al
1999,Fenimore& Ramirez-Ruiz1999).

What
Y

densitystructuresanobservableafterglow will meetdependson its en-
erÿ gy; not long after it turns non-relativistic, it declinesfast enoughto become
unobserv� able,soin broadtermswecandefinetheafterglow phaseaslastingfrom
tõ dec
Z to
ò

tõ NR
[ (Section
ø

3). Thenon-relativistic phasestartswhenamassequalto E\ cí 2

has
]

beensweptup,sinceat thatpoint theenergy perparticleis comparableto the
restmassenergy, i.e. MNR

[_^ 0.05
î

E52
` M a . Thisissmallcomparedto thetotalwind

mass� ejectedby amassivestar, so indeedmassivestarsmayproduceGRBwhose
after
 glows areentirely within their old wind (Chevalier & Li 1999). However,
most� of that wind is in a shocked, nearlyuniform bubble,so it doesnot follow
that
ò

all massive-starGRBshave rapidly fadingafterglows characteristicof a 1b r2
þ

density
ô

profile. This is evenmoretrue if thestarmoves with evena few tensof
km
ced

s,ý becausethenmostof theejectedmassduringits life is left far behindand
playsñ no rolewhenthestar’s life ends.

f�g h i�j	k�j	lnmSo�pql�j	rNsRtvuAm�p�l�wqxEy{zJ|L}�~�pqlq�7~�j	xExLj	}�k�y{s�kC���qj	kCm�x
Except
�

atradiowavelengths,theopticaldepthof theafterglow to its own emission
is negligible. Nonetheless,a varietyof observationsor otherconsiderationshave
inspired
I

observersto look for effectsof finite opticaldepth. Theoldestconcern
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is
I

thatthepeakfrequency in a synchrotronmodelshouldbeverystronglydepen-
dent
ô

on the Lorentzfactorof the blastwave. Combinedwith the narrow range
ofÜ observed peakfrequenciesin GRBs, this raisesconcernsaboutthe required
narroG wnessof theLorentzfactordistribution. Brainerdet al (1998)hasproposed
his Comptonattenuationmodelspecificallyfor this: Comptonscatteringby the
eÿ xternal,non-moving mediumimposesa signatureat a fixed source-framepho-
ton
ò

energy of 0.5 MeV. A problemwith this model is the large requiredoptical
depth,
ô

which impliesevenlargerenergiesfor GRB thanmoreconventionalmod-
els,ÿ but alsomakesit difficult to understandwhy wegenerallyseelittle or modest
reddeningþ in the optical afterglow. More recentsuggestionsachieve a signature
ofÜ a non-moving mediumin the spectrumby interactionof the GRB flux with
preñ viously emittedandscatteredGRB photons,or with externalsourcesof soft
radiationþ (Madau& Thompson2000,Madauetal 2000,Dermeretal 1999).

Theopticaldepthto MeV photonsduring thebursthasalsobeenrediscussed
recentlyþ , afterthelong-heldbelief thatit mustbesmall lestthespectrumbecome
thermalized
ò

(thecompactnessproblem;Section1). It appearsthattheeffectsmust
be
�

mostlysmall (Lazzatiet al 2000,Mészÿ áros
 & Rees2000;but seeLiang et al
1999),but someunexpectedeffectsdid turnup: Granotetal (2000)discoveredthat
the
ò

opticaldepthattheearliesttimesin aburstcouldbelargeenoughto causeself-
absorption
 in X-rays. This may answera long-standingissuethat a significant
fraction
�

of burst spectra,especiallyearly in the burst, risesmore steeplythan
opticallyÜ thin synchrotronspectracanaccountfor (Preeceet al 1998,Tavani et al
2000). It is importantto notethatlow opticaldepthsdonotnecessarilyimply that
an
 y otheremissionprocessis energetically unimportant. For example,inverse
Compton
/

scatteringmay have a luminosity as large as � 2
e��� times
ò

the primary
luminosity
�

, whereasthe randomelectronLorentzfactor, � e� ,Á canbe hundredsof
times
ò

the alreadylarge shockLorentz factor. Therefore,even at ��� 10� 6
ç

this
ò

couldí still producean importantfraction of the energy output(Waxman1997b,
Mészÿ áros
 etal 1994).

Another
:

effectof finite opticaldepth(or rather, finite emissionmeasure)is the
possibilityñ of emissionandabsorptionlines in thespectraof GRB. An iron line
wü as reportedin BeppoSAXNFI X-ray spectraof GRB 970508(Piro et al 1999).
Since
ø

this line is not highly blueshifted,it mustcomefrom materialthatdoesnot
participateñ in therelativistic outflow. It maythereforesignalthepresenceof high-
density
ô

coldermaterialthatisbeingilluminatedby theenergeticradiationfromthe
GRB,
.

suchastheremainsof anexplodingstar(BöttcherÜ 1999,Lazzatietal 1999).

��� �����v���v�{���A�����A� ��¡£¢¤��¥§¦�¨©��ª�¦A��«�¥§��ª7¦�¡£¬¦�ª

It
®

hasbecomeclearthatGRBslie in star-forminggalaxiesandareassociatedwith
supernoý vae,andthattheir greatbrightnessallows usin principleto observe them
at
 highredshifts,perhapsuptoz¿°¯ 20(Wijersetal1998,Lamb& Reichart2000).
This
û

hasgreatlyincreasedtheinterestin gamma-rayburstsastoolsfor cosmology
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and
 laboratoriesof high-energy astrophysics,sowewill briefly touchuponthese
subjectsý here.

±�²´³¶µ¸·q¹SºS»L»E¼�½¿¾	À�Á�¾	¼�Â�¼�Ã�Ä£Å�Æ�ÇÈ¾	Á:·�ÉvÁ�ÀRÊÌË ¼�Ê�ÍÎÀRÁG¾�¼�Â�À�Â�Ï�ÐA¼�»EÁ
Ä£ÀRÑ�À�Ò�¾	¹�»

Priorto1997thereappearedtobeasystematicdearthof sufficientlybrightgalaxies
in
I

thebestdeterminederrorboxesof Ó -ray bursts.This becameknown astheno
hostproblem(e.g.Bandetal 1999).However, asthefirst afterglowswerefound,
it
I

rapidly becameclearthatalmostall detectedcounterpartslie in a hostgalaxy.
Furthermore,thelargeenergiesrequiredalsopointedto sourcemodelsinvolving
stellarý collapsesandmergers.Thispromptedanumberof attemptsto associatethe
GRB
.

ratein the universewith the starformationrate(Totani 1997,Wijers et al
1998). It wasshown thattheobservedpeakflux distributionof gamma-raybursts
(Figure
ø

19) is consistentwith theassumptionthattheGRB ratein theuniverseis
directly
ô

proportionalto thestarformationrate.Recentdiscoveriesof supernovae
associated
 with GRBs(Section4) have lent furthersupportto this conclusion.

Figure 19 The
Ô

cumulativepeakflux distributionof gamma-rayburstsdetectedwith BATSE.The
dottedline (a Õ 3

ÖE×
2
Ø

power-law) indicatestheexpecteddistributionfor auniformdensityof GRBs
in aEuclideanspace(M Briggs,privatecommunication).
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In
®

starformation-relatedmodels,theGRBrateis only 10Û 8 perñ galaxyperyear
in the universeat presentbut wasmuchhigherat z Ü 1, andthe characteristic
peakñ luminosity is 1052

`
erÿ g/s (Wijers et al 1998). Typical GRBsat the BATSE

threshold
ò

wouldbeatz Ý 4.
Þ

Theseresultsarequitedifferentfrom thoseof earlier
fits to thepeakflux distribution,whichassumedstandardcandlesandnoevolution
ofÜ theGRB rate;they typically placedthedimmestBATSEburstsat z ß 1 (e.g.
Fenimoreetal 1993,Paczýnski 1992;but seeFenimore& Bloom1995).

W
Y

ith asmalldozenredshiftsandasomewhatgreaternumberof hostsknown, it
hasbecomeclearthatGRBluminositiesin all wavelengthsrangewidely (Section
5),
à

sotheresultsof standard-candlefits to theflux distributionshouldbetakenwith
a
 grainof salt(seee.g.Kommersetal2000a,Krumholzetal1998,Schmidt1999).
However, theburstswith known OTs area muchbrightergroupthantheBATSE
b
�
urstsasa whole,andtheir medianredshift is about1, makingit likely that the

dimmest
ô

GRBsareveryfar away indeed.Thisopenstheprospectof usingGRBsto
studyý theearlyuniverse,e.g.by investigatingabsorptionline forestsin theirspec-
tra,
ò

asisdonewith quasarsuptoz¿°á 5
à

(Wijersetal1998,Lamb& Reichart2000).
In
®

Figure20 we have assembledimagesof the known GRB hosts;measured
propertiesñ of thehostsareassembledin thesummarytable(Section5). They are
ratherþ diversein nature,but sharesomeimportantcharacteristics:all areblue,in-
dicating
ô

thepresenceof anabundantnumberof youngstars.In virtually all cases,
the
ò

OT doesnot coincidewith the centerof the galaxy, but doeslie within its
detectable
ô

light distribution (e.g. Bloom et al 1999b).Many of thehostsaresub-
luminous,but thewiderangeof valuesincludesL∗ galaxiesX (e.g.Hogg& Fruchter
1999). Star formation ratesin several hostshave beenestimated(Section5).
While
Y

they arenot particularlyhigh in many cases,the star formation rateper
unit� luminosityin someis quitesubstantial(e.g.in thesmallhostof GRB970508;
Natarajan
â

etal1997).TheseaveragepropertiessupportthenotionthatGRBsoccur
whereü massivestarsarebornanddie in theUniverse.

ã�ä å æ7çEè�é{ê�ëCì	í:è�çEîOïRë�ð�ñ�êNë�í�ç"ïRòvó7ë�é�ì	ë�ê�î
Theassociationof GRBswith supernovae andbluehostgalaxies,aswell asthe
supernoý va-like energies,clearlysuggestanorigin of GRBsin sometypeof stel-
lar
�

death. The most popularamongthesehave beenmergersof neutronstars
(P
ø

aczýnski 1986, Goodmanet al 1987, Eichler et al 1989, Mochkovitch et al
1993)andmassive-starcollapses(Woosley 1993,PaczýnskiG 1998). Thelocation
ofÜ GRBcounterpartswithin thebluepartsof galaxiesarguesagainsthigh-velocity
progenitors,ñ suchasmerging neutronstars(Bloom et al 1999c,Bulik et al 1999).

ôLô�ô�ô{ô�ô{ô�ô�ô{ô�ô{ô�ô�ô{ô�ô{ô�ô�ô{ô�ô{ô�ô�ô{ô�ô{ô�ô�ô{ô�ô{ô�ô{ô�ô�ô{ô�ô{ô�ô�ô{ô�ô{ô�ô�ô{ô�ô{ô�ô�ô{ô�ô{ô�ô�ô{ô�ô{ô�ô�ô�õ
Figure 20 Theknownhostgalaxiesof GRBs,imagedwith HST(0228,0508,1214,0123,0510),
Keck (0828,0326,0329,0519,0613,0703,1226,0506;courtesyCaltechGRB collaboration),
andNTT (0425). Imagesare14ö÷ö onasideexcept0828,0123,and1214,whichare7ø ø ,ù and0425
(2
ú°û

onaside).
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While
Y

this is truefor theburststhusfar locatedaccurately, it shouldbenotedthat
those
ò

areall long-durationbursts.Theshortbursts(Kouveliotouet al 1993)have
not yet beenfollowed up, so it is possiblethat theserepresentanothertype of
centralí engine(e.g.Fryeretal 1999).

Theenergiesprovidedby many possiblecentralenginesarequitesimilar, since
all
 eventually leadto the formationof a rotatingcompactobjectsurroundedby
debris
ô

(Mészÿ áros
 et al 1999). For somebursts,suchasGRB 971214andGRB
990123,
þ

the implied isotropicenergy is large ÿ 1054
`

erÿ g (Kulkarni et al 1998a,
Ramaprakashet al 1998,Halpernet al 1998,Kulkarni et al 1999a,Galamaet al
2000).
�

While still within therealmof thepossiblefor thestellar-deathmodels,the
efÿ ficiency of convertingtheoriginalenergy to gammarayscouldbelow, sosome
collimationí andbeamingof theoutflows maybenecessary(Kumar1999,Kumar
&
�

Piran1999).
Two mechanismshave beensuggestedfor the extractionof energy from the

centralí engine.Both usea disk-like configurationarounda compactobject,and
therefore
ò

naturallyleadtosomeamountof collimation.First,neutrinoannihilation
caní provide a largeenergy input while thecentralobjectis still hot andaccreting
rapidly. Becauseit dependssteeplyontheneutrinoluminosity, it isnotexpectedto
last
�

for morethanafew totenseconds(seee.g.Ruffert& Janka1999).Thissuffices
to
ò

pusha jet througha helium-starenvelopein a collapsarmodel(MacFadyen&
W
Y

oosley 1999),but not to powerburstsat thelongendof thedurationdistribution
(100–1000
ø

s). Second,electromagneticextractionof rotationenergyfromacentral
black
�

hole (Blandford& Znajek1977)hasbeenproposed.This mechanismhas
the
ò

potentialof lastingmuchlongerandextractingsomewhathigherenergies. Its
efÿ ficacy isnotyetuniversallyaccepted(Li 1999,Livio etal 1999),but hasrecently
been
�

discussedin detail by Lee et al (2000a,b),who concludethat it is a viable
central-engineí model.

��� ���	�	��
���	�������������������

In
®

thelastthreeyearswehavewitnessedatremendousobservationalbreakthrough
in
�

our understandingof GRBs. This, in turn, has led to a new generationof
GRB
.

models,ironically bothbasedonveryold initial concepts:the1978fireball
model (Cavallo & Rees1978)andthe1968and1974supernova model(Colgate
1968,Colgate1974). Over 30 GRBshave provided believableafterglows, and
in
�

at leasta dozenof thesea galaxy hosthasbeenclearly identified: The GRB
cosmologicalí distancescaleis establishedbeyondreasonabledoubt.Also among
the
!

hardGRB afterglow facts,oneshouldcount the following (seeSection5):
(1)
ø

temporalandspectralpower-law decaysfor all wavelengths,varyingbetween
" 1.1and # 2.1,

�
andbetween$ 0.8

%
and & 2.0,

�
respectively; (2) initial sourcesizes

ofÜ the orderof ' arcsecs( (definedby VLA radio scintillation observations); (3)
the
!

existenceof dark afterglows, i.e. caseswherewe observe the X-ray but not
the
!

opticalcounterpart;they arethoughtto lie in densemolecularcloudsor have
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much steeperdecayrates;(4) in somecases,anassociationbetweena GRB and
a( peculiartypeof supernova hasbeenestablished;(5) in almostall caseswherea
hosthasbeenidentified,it is a ratherblueandactively star-forming galaxy;and
(6)
ø

given their peakluminositiesand their distancescales,GRBs are the most
po+ werful photonemittersin theUniverse.

W
Y

earestill seekingtheanswersto somemajorquestionsongamma-raybursts.
What
Y

is themeaningof dark,afterglow-lessbursts?Whatis thetrueenergy output
ofÜ GRBs,andhow doesthe centralenginedeliver it? How high a redshiftcan
we, go to in chasingthesecosmicexplosions?In addition,themysteryof how the
prompt+ gamma-rayemissionis preciselyproducedis still with us.

As theGRB afterglow stampcollectiongrows,new evidencewill emergeand
fill
-

in the puzzle. As we pointedout in the introductionto this article, noneof
this
!

would have beenachieved without the dedicationof the scientific teamof
BeppoSAX;they deserveamajorpartof thecredit. Anothergenerouspartof the
credití shouldgo to the GRB hunters,the tirelessobserverswho scanenormous
amounts( of datafor theelusivecounterpartdetection,quiteoftenwithout reward.

The
û

situationwill dramaticallychangewith theadventof thenew GRB satel-
lites,HETE-2andSWIFT. Throughthem,fastandaccurateGRBpositionswill be
deli
ô

veredautomaticallyto thegroundfor subsequentfollow-ups.Althoughthena-
ture
!

of thehuntmaychange,followingupalreadyidentifiedcounterpartsinsteadof
searching. for them,theexistingshortageof observingfacilitieswill becomemore
se. vere.A goodground-basedobservatoryinfrastructurethereforeneedstobebuilt
and( maintainedto copewith the(predicted)futuredelugeof GRB observations.
Monitoring,
/

however, shouldbedonein all wavelengthsandwith high-resolution
capabilityí , to furtheradvancethefield. GRBshaveby now broughttogethermul-
tiple
!

astrophysicaldisciplines,includingearlystarformationandcosmology. It is
a( veryhealthysignin afield whentheexcitementof discoveryalternatesbetween
theorists
!

andobservers.
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Mésźarosl P, ReesMJ. 1997.Ap. J. 476:232–

37
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Figure 6 The
Ô

hostgalaxyof GRB970228(center� ),
�

imagedwith HST. Thesix-month-oldafter-
glow is still visible (bright

�
pixel) at thetop right edgeof thehost(Fruchteretal 1999).
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Figure 10 HST/STISimageof theOT of GRB 970508(Pianet al 1998). The faint hostonly
becamevisibleaftertheOT hadfaded.


