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ABSTRACT 

Major advances and discoveries in the field of gamma-ray bursts have 
been made at an increasingly fast pace over the last two years. The 
successful discovery of X-ray, optical and radio afterglows, which were 
predicted by theory, has made possible the identification of host galax- 
ies at cosmological distances. The energy release inferred in these out- 
bursts rivals that of supernovae, while its photon energy output may 
considerably exceed it. Current models envisage this to be the outcome 
of a cataclysmic stellar event leading to a relativistically expanding 
fireball, in which particles are accelerated at shocks and produce non- 
thermal radiation. The substantial agreement between observations 
and the theoretical predictions of the fireball shock model provide 
confirmation of the basic aspects of this scenario. The continued ob- 
servations show a diversity of behavior, providing valuable constraints 
for more detailed models. Crucial questions now being addressed are 
the degree of beaming and its implications for the energetics, the time 
structure of the afterglow, its dependence on the central engine or 
progenitor system behavior, and the role of the environment on the 
evolution of the afterglow. 

*Supported by NASA NAG5-2857. 

@ 1998 by P. MQszkos. 

-539- 



-OPS- 

‘h+!souynI aql ~03 pal!nbal slaqurnu Iw!ddl aq& ‘s!~J aanpold 03 alq’t? aq Lets 
$aql sa3Jnos 30 ad.41 aq$ uo s~u!sl$suo~ ~us~@?!s sasod ‘as1no3 30 ‘s!q~, .pamseaux 
LIpanp 9rcPr‘uaq~ aauy ‘uaaq aAEq s)smq amos JO sacwels!p ~~3!So~ourso3 aq& 
rs-sz’aE4e I~3@oIourso~ 30 uoyun3 v se apl uoywu~o3 re$s aql 03 papIa1 aq h.zuI 
uogn[oAa aql ‘rzIn3yled UI ,;~ur+~oduI! aq pIno la)+y aq$ l’lzql paw!pu! waga 
uognIoAa puv ‘uog2un3 L~!sou!urnI ‘a~n~wun3 Bu!pnly sluno3 Is3@oIowso3 07 
slid ,;slslnq aql u! uoy21!p aury ~03 aauap!aa Lq pm sz~se‘(~Ov-ww~p s=w@!~q 
aql) xnu Fad JO aDuanp l!un lad slslnq 30 laqmnu ay$ JO s)unoa aql30 saIpw+s 
Lq papXpu! OSIE SE?M s!q~, .+uv$lodur! aq paapu! .&?uI spaga .hzuoynIoAa pu’e 
neapg3n3-uou pql yens aq pInoM aDuvls!p J!aql qeql papypu! sapcep8 Lqnzau 
~%!.4i pap!~osse alnpnl+s 30 y3e1 aql pue pz ‘Lxe@ uM0 Ino apyno alah SC883 
~891 uo dpva bpvalp palsaSks ag JO uo!$nqpwrp re@uv aq$ JO Ldollos! aq& 

-In3 aqq 30 qanm ‘aAOqe pauoyuauI o!lsuaX yaoys 11vqanj 3!lauaB aql 03 peaI 03 
palaadxa aq pInoM Ip Laql l’t?ql luauraa& Izlaua8 so alaql ‘8~3 JO sassyaqns 
Iualag!p +uasaldaJ sJo)!uaSoJd Iualag!p sdvqlad laq$aqM JO ‘8~3 ~03 aIq!suodsal 
SF slo$!uaSold asaql 30 ‘he 3! ‘qc)!q~ realaun luasald ye s! q! alyM .uo!uvdmoa 
psduroa 1? I~!M JaPlaux s$! JO 1~3s aa!sseux 8 30 asdeIIo2 aql SU!AIOAU! pz,EzkIapow 
,;eAoulad~q,, 30 aA!$sa%%s aq keur SuoyXIasqo la$$aI aq~ ,;MoI%a$3v Lw-x aq$ 
30 uoyod Ghana MOI 0% sly pwads puv ‘6zg086 8x3 30 ,,MoI%aya (pa$aa)ap 
-o!pw) aq$ u! MoIBIal3e Iw+do uv 30 y3’eI aqq $3~80~6 8x3 u! 0,6,,uo!$d~osqa LVJ-x 
$30~ %OJ$S 30 aauasald puv Mo@a$3e pzydo us 30 a3uasqE aq$ $309()&5 8~3 u! 
srlsnp ‘03 aauap!aa dq ‘9a ‘pa*sa%ns se ‘syauxuo+wa snoas-eP asuap LIaAgeIal 
B ~03 aauapiaa s! alarI ‘stko@a~3e parPa?ap aql JO amos UI ~oyz!pw paalasqo 
aql u! BugInsal IItzqag ~ys!ayvIal ‘F! JaMod ue3 tpy~ ‘sla%aur ( SN-H~) cz~s 
uollnau-aIoq TwzIq 10 ( SN-SN) IV$S uol$nau-lels uoJ?nau se qans ‘sla%latu lrzd 
-wo3 30 lxaluoa aql u! ,,passnwp alaM sa@Jaua q3ns ‘paureaq an2 sLw-wuur~~ 
ayl q3yM o$u! aI%v p!Ios aql SF $ alaqm %a (~p/~~)~~~o~ 30 L%aua IEw-A, v 
03 spuodsallo3 awang asoqhi ‘P’E = z y!qspal B ye ~1~1~6 8~13 $slnq aq$ ~03 
MoI%age w 30 ,,$lodal aq$ Lq pasnolv EM $sala$u! $u’e~@!s ‘bI$uaaal alon 
?%!aXw+s!p 1e3@o[ouwo3 l’t! ala,% asarI $aq$ s!saq$odLq aq$30 uoyunguo~ pap!aoJd 
‘809oL6 8x3 u! Pr13!ypal ‘I? 30 wauxalnseauI wg aqA pr-rr’asaq9 qp~ +uauIaal%v 
Iegus~sqns u! ‘In0 pawn) y se pue ,,c,‘sa!pn)s Ivuoywhlasqo aql 30 azwenpv u! 
,.,‘sMo~%a~3v 30 Sam~d?‘;s aq$ JO alnpu aAye~yIvnb aql JO uoga!pald aql 03 paI 
Iapow ~~91 ‘z1nznyed UI ‘(L-Z .s3a@ u13 910~-ET~~ JO upw le sas!lv uo!ss!ura 
.h-,L aql q3!yi u! ‘883 30 Iapotu y3oqs IIvqaIg +aua% aql uo y~o~ la!pea aq? 
30 qXuu 103 uoyeur~yuo3 pap!AoJd seq sMoI8lagv 30 dpn’$s aqA .(aurnIo~ sg u! 
S!UON Lq .k%a!aal aq$ aas) aIq!ssod sa!x%@ lsoq pue s)rzdlaluno3 30 uoyzcyyxap! 
aql Suyeur ‘sqyour 1Euwu 30 saIvas am!+ Ja%uoI q9nuI Jarlo sa3Jnos asaql30 awes 
~01103 0% aIq!ssod I! apvur seq ‘IlaM se sq@.xalaAzM aAwolyur pw o!psl 03 sase3 
amos u! Su!pua+xa ‘sMo@a$3s laqlo 30 laquxnu B 30 uo!$aa$ap aA!ssaBDns p!dw 
ay& ‘sa3mos snopa@u asayl 30 uoyzP!lsaAu! aql u! pala+ua uaaq mq aseqd 
Lreuoyn~o~a~ pw &au 8 ‘~661 drenlqad u! 8~~0~6 ~3 u! sq@uaIaAw Iwgdo pua 
ha-x qv (af)) lslna LQ-vcums3 e 30 hoISJal3v aql30 ,dlaAowp lsnj aql qq!M 



If a small fraction of this emerges as electromagnetic energy, some of which is 
deposited in a region with sufficiently low-baryon density, a relativistic fireball 
would form, whose radiation spectrum in the observer frame will peak in the 
MeV range. 32,33137 One possible channel for converting some of this energy into 
electromagnetic form is given by the VP + e+e- process.3g A low-baryon load 
condition (as required to make the fireball highly relativistic) can occur naturally 
in a binary merger since a centrifugal barrier develops along the orbital symmetry 
axis, which is relatively free of baryons and provides an escape route for the 
e*, y fireball.40 This would also imply a collimation of the relativistic fireball, 
which would enhance the apparent flux (relative to what it would be if it were 
isotropic) by factors which conservatively might be of the order of 10-100. The 
same processes were estimated to be able to produce a collimated relativistic 
fireball in the failed SN Ib model. 36 Another suggestion for powering a fireball 
was that this might result from magnetic flaring activity41 in the disrupted torus 
produced around the merged binary. 

Irrespective of the details of the progenitor, the resulting fireball is expected 
to be initially highly optically thick. From causality considerations, the initial di- 
mensions must be of order of d,,, 2 10’ cm, where t,,, is the variability timescale, 
and the luminosities must be much higher than a solar Eddington limit. Since 
most of the spectral energy is observed above 0.5 MeV, the optical depth against 
yy -+ e+e- is large, and an e*, y fireball is expected. Due to the highly super- 
Eddington luminosity, this fireball must expand. Since in many bursts one ob- 
serves a large fraction of the total energy at photon energies e7 2 1 GeV, somehow 
the flow must be able to avoid degrading these photons [-yy + e+e- would lead, in 
a stationary or slowly expanding flow, to photons just below 0.511 MeV (Ref. 43 
)]. In order to avoid this, it seems inescapable that the flow must be expanding 
with a very high Lorentz factor, since in this case the relative angle at which 
the photons collide is less than I-l and the threshold for the pair production is 
effectively diminished. Thus, photons with energy 

are able to escape, where Iz is the bulk Lorentz factor in units of lo’, and et is 
the energy of the target photons. 44 Thus, simply from observations and general 
physical considerations, a relativistically expanding fireball is expected. However, 
the observed r-ray spectrum is generally a broken power law, i.e., highly nonther- 

mal. The optically thick e*-y fireball cannot, by itself, produce such a spectrum (it 
would tend rather to produce a modified blackbody). In addition, the expansion 
would lead to a conversion of internal energy into kinetic energy of expansion, so 
even after the fireball becomes optically thin, it would be highly inefficient, most 
of the energy being in the kinetic energy of the associated protons, rather than in 
photons. 

The most likely way to achieve a nonthermal spectrum in an energetically effi- 
cient manner is if the kinetic energy of the flow is reconverted into random energy 
via shocks, after the flow has become optically thin. This is a plausible scenario, 
in which two cases can be distinguished. In the first case (a) the expanding fireball 
runs into an external medium (the ISM, or a pm-ejected stellar wind.2*3@x7 The 
second possibility (b) is that (even before such external shocks occur) internal 
shocks develop in the relativistic wind itself, faster portions of the flow catch- 
ing up with the slower portions. 4,5 This is a completely generic model, which 
is independent of the specific nature of the progenitor, as long as it delivers the 
appropriate amount of energy (2. 10s2 erg) in a small enough region (5 lo7 cm). 
This model has been successful in explaining the major observational properties 
of the gamma-ray emission, and is the main paradigm used for interpreting the 
GRB observations. 

External shocks will occur in an impulsive outflow of total energy E, in an 
external medium of average particle density n, at a radius 

rdec - 10 
17 1/3~:,3~;2/3 cm, 

no 

where the lab-frame energy of the swept-up external matter (12mPc? per proton) 
equals the initial energy E, = E~s.10~~ ergs of the fireball, and n = r = 102$ is the 
final bulk Lorentz factor of the ejecta. The typical observer-frame dynamic time 
of the shock (assuming the cooling time is shorter than this) is t&c N Td&r2 N 
seconds, for typical parameters, and tb N t&c would be the burst duration (the 
impulsive assumption requires that the initial energy input occur in a time shorter 
than t&). Variability on timescales shorter than t ,& may occur on the cooling 
timescale or on the dynamic timescale for inhomogeneities in the external medium, 
but generally this is not ideal for reproducing highly variable profiles.45 However, 
it can reproduce bursts with several peaks,46 and may therefore, be applicable to 
the class of long, smooth bursts. 
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and for a NS-BH, He-BH, WD-BH merger, or binary W R  collapse, it may be 
estimated at23,4g Md N l&f,. In the HeWD-BH merger and W R  collapse the 
mass of the disk is uncertain due to lack of calculations on continued accretion 
from the envelope, so lM, is just a rough estimate. The largest energy reser- 
voir is therefore prima facie, associated with NS-BH, HeWD-BH, or binary W R  
collapse, which have larger disks and fast rotation, the maximum energy being 
N 8 x 1053e(Md/&) ergs; for the failed SNe Ib (which is a slow rotator) it 
is N 1.2 x 10s3e(i&/&) ergs, and for the (fast rotating) NS-NS merger it is 
N 0.8 x 1053e(&/0.1&) ergs, where c is the efficiency in converting gravita- 
tional into MHD jet energy. Conditions for the efficient escape of a high-l? jet 
may, however, be less propitious if the “engine” is surrounded by an extensive 
envelope. 

If the magnetic fields in the torus thread the BH, the rotational energy of 
the BH can be extracted via the Blandford and Znajek58 (B-Z) mechanism.17 
The extractable energy is ef(a)&&?, where E is the MHD efficiency factor and 
a = Jc/GM2 is the rotation parameter, which equals one for a maximally rotating 
black hole. f(a) = 1 - dm . a IS small unless a is close to one, where 
it sharply rises to its maximum value f(1) = 0.29, so the main requirement is 
a rapidly rotating BH, a 2 0.5. For a maximally rotating BH, the extractable 
energy is therefore 0.29eiV&? N 5 x 1053e(i&,/M,) ergs. Rapid rotation is 
essentially guaranteed in a NS-NS merger, since the radius (especially for a soft 
equation of state) is close to that of a black hole and the final orbital spin period 
is close to the required maximal spin rotation period. Since the central BH will 
have a ma.r# of about 2.5M,, the NS-NS system can thus power a jet of up to 
N 1.3 x 1054c(Mbh/2.5Mo) ergs. The scenarios less likely to produce a fast rotating 
BH are the NS-BH merger (where the rotation parameter could be limited to 
a 5 IL&/Mb*, unless the BH is already fast rotating) and the failed SNe Ib (where 
the last material to fall in would have maximum angular momentum, but the 
material that was initially close to the hole would have less angular momentum). 
A maximal rotation rate may also be possible in a He-BH merger, depending on 
what fraction of the He core gets accreted along the rotation axis as opposed to 
along the equator,4g and the same should apply to the binary fast-rotating W R  
scenario, which probably does not differ much in its final details from the He- 
BH merger. For a fast rotating BH of 3Mo threaded by the magnetic field, the 
maximal energy carried out by the jet is then N 1.6 x lO”E(Mbh/3&) ergs. 

Thus, in the accretion powered jet case, the total energetics between the var- 
ious models differs at most by a factor of 20, whereas in the rotationally (B-Z) 
powered cases they differ by at most a factor of a few, depending on the rotation 
parameter. For instance, even allowing for low total efficiency (say 30%), a NS- 
NS merger whose jet is powered by the torus binding energy would only require 
a modest beaming of the -y-rays by a factor (4r/Rj) N  20, or no beaming if the 
jet is powered by the B-Z mechanism, to produce the equivalent of an isotropic 
energy of 1053.5 ergs. The beaming requirements of BH-NS and some of the other 
progenitor scenarios are even less constraining. 

There is also the apparent coincidence of GRB 980425 with the SN Ib/Ic 
1998bw.51 A simple but radical interpretation52 is that all GRB may be associated 
with SNe Ib/Ic and differences arise only from different viewing angles relative to 
a very narrow jet. The difficulties with this are that it would require extreme 
collimations by factors of 10-3-10-4, and that the statistical association of any 
subgroup of GRB with SNe Ib/Ic (or any other class of objects, for that matter) 
is so far not significant. 53 If however, the GRB 980425/1998bw association is , 
rea1,54 then we may be in the presence of a new subclass of GRB with lower 
energy E-, N  104s(Rj/47r) erg, which is only rarely observable even though its 
comoving volume density could be substantial. In this, more likely interpretation, 
the great majority of the observed GRB would have the energies E7 - 1054(Rj/47r) 
ergs as inferred from high redshift observations. 

4 The Afterglows of Gamma-Ray Bursts 

Just as one can interpret supernova remnants without fully understanding the 
initiating explosion, one can also understand the dynamics of the afterglows of 
gamma-ray bursts, despite the uncertainties recounted in the previous section. 
The simplest hypothesis is that the afterglow is due to a relativistic expanding 
blast wave. The complex time structure of some bursts suggests that the central 
trigger may continue for up to 100 seconds. However, at much later times all 
memory of the initial time structure would be lost: essentially all that matters is 
how much energy and momentum has been injected; the injection can be regarded 
as instantaneous in the context of the much longer afterglow. Detailed calculations 
and predictions from such a models preceded the observations of the first afterglow 
detected, GRB970228.l  
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model fits67 to the X-ray, optical and radio light curves of GRB 970228 and GRB 
970508 show that the shock physics may be a function of the shock strength, and 
also indicate that dust absorption may be needed to simultaneously fit the X-ray 
and optical fluxes (the latter being affected more severely). The effects of beaming 
(outflow within a limited range of solid angles) can be significant,65 but are coupled 
with other effects, and a careful analysis is needed to disentangle them. Finally, 
both the outflowing ejecta‘js and the external medium6g,70 are expected to provide 
discernible atomic edge and line features in the X-ray and optical spectrum of 
afterglows. These may be used as diagnostics for the outflow Lorentz factor, or 
as alternative measures of the GRB redshift. 

The location of the afterglow relative to the host galaxy center can provide 
clues both for the nature of the progenitor and for the external density encountered 
by the fireball. A hypernova model would be expected to occur inside a galaxy, 
in fact inside a high density (n, > lo3 - lo5 cmm3). Some bursts are definitely 
inside the projected image of the host galaxy, and some also show evidence for 
a dense medium at least in front of the afterglow.*’ On the other hand, for 
a number of bursts there are strong constraints from the lack of a detectable, 
even faint, host galaxy. 71 In NS-NS mergers one would expect a BH plus debris 
torus system and roughly the same total energy as in a hypernova model, but the 
mean distance traveled from birth is of order several Kpc (Bloom, Sigurdsson, and 
POISON), leading to a burst presumably in a less dense environment. The fits of 
Wijers and Galama6’ to the observational data on GRB 970508 and GRB 971214 
in fact suggest external densities in the range of n, = 0.04-0.4 cmm3, which would 
be more typical of a tenuous interstellar medium. These could arise within the 
volume of the galaxy, but on average one would expect as many GRB inside as 
outside. This is baaed on an estimate mean NS-NS merger time of 10s years; other 
estimated merger times (e.g., lo7 years72) would give a burst much closer to the 
birth site. BH-NS mergers would also occur in timescales d lo7 years, and would 
be expected to give bursts well inside the host galaxy.73 

5 Conclusions 

The simple blast wave model seems able to accommodate the present data on 
afterglows remarkably well. However, the constraints on the angle-integrated y- 
ray energy are not strong, and beaming effects remain uncertain. A relatively 

brief (l-100 s), probably modulated energy input appears likely, although in some 
progenitor scenarios there may be delayed effects. We need to be open minded 
about the possibility of there being more subclasses of classical GRB than just 
short ones and long ones. For instance, GRB with no high-energy pulses (NHE) 
appear to have a different (but still isotropic) spatial distribution than those with 
high-energy (HE) pulses. 74 Some caution is needed in interpreting this, since 
selection effects could lead to a bias against detecting HE emission in dim bursts.” 

Much progress has been made in understanding how gamma rays can arise in 
fireballs produced by brief events depositing a large amount of energy in a small 
volume, and in deriving the generic properties of the long wavelength afterglows 
that follow from this. There still remain a number of mysteries, especially con- 
cerning the identity of their progenitors, the nature of the triggering mechanism, 
the transport of the energy, and the timescales involved. Nevertheless, even if we 
do not yet understand the intrinsic gamma-ray burst central engine, they may be 
the most powerful beacons for probing the high redshift (Z > 5) universe. Even 
if their total energy is reduced by beaming to a “modest” N 105* - 1052.5 ergs 
in photons, they are the most extreme phenomena that we know about in high 
energy astrophysics. The modeling of the burst mechanism itself will continue to 
be a formidable challenge to theorists and to computational techniques. However, 
they do not appear insurmountable, and the prospects for significant progress in 
the near future are realistic. 
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