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ABSTRACT

We present a numerical investigation of the contributiorth&f presupernova ejecta of Wolf-Rayet stars to
the environment surrounding gamma-ray bursts (GRBs), &sdribe how this external matter can affect the
observable afterglow characteristics. An implicit hydyndmic calculation for massive stellar evolution is used
here to provide the inner boundary conditions for an exigdrodynamical code to model the circumstellar gas
dynamics. The resulting properties of the circumstelladione are then used to calculate the deceleration of a
relativistic, gas-dynamic jet and the corresponding gftav light curve produced as the shock wave propagates
through the shocked-wind medium. We find that variationtédtellar wind drive instabilities that may produce
radial filaments in the shocked-wind region. These conketitils of clumps could give rise to strong temporal
variations in the early afterglow lightcurve. Afterglowsagnbe expected to differ widely among themselves,
depending on the angular anisotropy of the jet and the ptiegesf the stellar progenitor; a wide diversity of
behaviors may be the rule, rather than the exception.

Subject headings: gamma-rays: bursts — ISM: jets and outflows — radiation meigmas: non thermal —
polarization — relativity — shock waves

1. INTRODUCTION

Over the past six years evidence has mounted that longioiiat 2 s) gamma-ray bursts (GRBs) signal the collapse of massive
stars in our Universe. This evidence was originally basetherprobable association of the unusual GRB 980425 with @ liyfc
supernova (SN; Galama et al. 1998) but now includes the mdigtof GRBs with regions of massive star formation in aligt
galaxies (Pac#yski 1998; Wijers et al. 1998; Fruchter et al. 1999; Djordaet al. 2001; Trentham et al. 2002), the appearance
of supernova-likdoumps in the optical afterglow light curves of several bursts @toet al. 1999; Zeh, Klose & Hartmann 2004
and references therein), lines of freshly synthesized efgsnn the spectra of a few X-ray afterglows (Piro et al. 2@4llantyne
& Ramirez-Ruiz 2001; Reeves et al. 2002), and the first caivinspectroscopic evidence that a very energetic supar(ev
hypernova) was temporally and spatially coincident withRB3Hjorth et al. 2003; Stanek et al. 2003). These obsemasopport
the idea that long-duration GRBs are associated with ththded massive stars, presumably arising from core coll@psmsley
1993, Zhang et al. 2003).

An implication of a massive star progenitor is that the aintuirst environment is determined by the mass-loss wind fiteam
star. Much of our effort in this paper will therefore be deded to determining the state of the circumburst materiaaiious
types of progenitor scenarios, and describing how thisreatenatter can affect GRB jets propagating through it. thdtl be noted
here that the afterglows sample a regiori0'’ cm in size. Because massive stars are expected to haveltrsairin surroundings
modified by the progenitor winds, we consider both free wiadd shocked winds as possible surrounding media for theghdte
stage. Detailed hydrodynamic simulations of this intacactre presented in 84. Our computations allow us, for tis¢ tiime, to
study the behaviour of circumstellar gas very close to tlog@nitor star. An understanding of the evolution of a gasadhyic jet can
come only through a knowledge of the properties of the meditnich it propagates. Calculations of the evolution of atreistic,
gas-dynamic jet and expected emission properties arestisdun 85. For completeness, the interactions with eitfrereawind or a
constant density medium, as well as the termination shoelewadnich marks the transition between these two media, arissed
in 82 and 83. The role of binarity is briefly addressed in 8¥Vé.then in 86 discuss the possible variety of afterglow \lits that
is expected from GRB jets expanding in a medium that may benmdgeneous because of clumping in the Wolf-Rayet (WR) star
wind. Discussion and conclusions are presented in 8§7.

2. THE CIRCUMBURST MEDIUM

If the progenitors are massive stars then there is an anatothe explosions of core collapse supernovae, for whichetie
abundant evidence that they interact with the winds fromptegenitor stars. In most supernova cases, the radial rdnages
observed is only out to a few pc, such that the mass loss deasdics have not changed significantly during the time thass
is supplied to the wind (Chevalier & Li 2000). The density iretwind depends on the type of progenitor. Red supergiarg, sta
which are thought to be the progenitors of Type Il supernpkiaee slow dense winds. Wolf-Rayet stars, which are bali¢wde
the progenitors of Type Ib/c supernovae and possibly of GRRBs MacFadyen & Woosley 1999), have faster, lower-dgngitds.
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The winds from typical red supergiants are slow-moving agisét, with velocities,, ~ 10— 20 km s* and mass loss rates between
10°® and 10* M, yr™ (e.g. Fransson et al. 1996). The winds from WRs, on the othed hare characterized by mass-loss rates
M~ 107°-10"% Mg yr? and velocitiess, ~ 1000- 2500 kms! (e.g. Chiosi & Maeder 1986). In a steady, spherically syrimet
wind, the electron density is

M

pr I 3x 10°cm 3r2M_gV et (1)
wl < lelMp

Mw(r) =
where s is the molecular weight per electron apd ~ 2 in a helium gas. Herg, = 1Pv,zkms?, r = 10'%5 cm, andM =
104M_4 M yr 2,

For this discussion we shall assume the blast wave is adiabat its energy is constant with time, and effectiveljqepcal. This
means thée here is the isotropic equivalent energy as, for examplayegfrom the gamma-ray output. Deceleration due to the
stellar wind starts in earnest when about half the initiargg is transferred to the shocked matter, i.e. when it hapswpy™
times its own rest mass. The typical mass where this happens i

E _ -
Mgec= o ~ 5x 10 °Es3715,°Mg. (2)

The relativistic expansion is then gradually slowed downrd the blast wave evolves in a self-similar manner with a pdew
lightcurve. This phase ends when so much mass shares thgyehat the Lorentz factory, drops to 1. Obviously, this happens
when a masg /c? has been swept up. This sets a non-relativistic mass scale

E
Mg = 2~ 6 x 10 %Es3Me. (3)

Beyond this point, the event slowly changes into a clasSealov-Taylor supernova remnant evolution, leading to epgiedecline
in the lightcurve (Waxman et al. 1998). '

In the unshocked wind, the mass within radius Mr /v, which combined with equation (2) gives the blast wave deredibn
radius in a stellar wind:

Evy i g
rW=_ ~ 2 x 10'EsavysM2952cm, 4
d Mc2,2 53Vw3Vl_672 (4)
whereEsz = (E/10°%) ergs. By contrast, the well-known expression for the umifanedium deceleration radius is
ro ~ 10%(Ess/Mismo) ¥37;* *cm, (5)

and so a blast wave in a wind decelerates at a much smallerstatine deceleration time is given ty=rq/(2v%c) in both cases,
and thus is correspondingly smaller for the wind case. Hewesecause the Lorentz factor decreasedldé? (with M being the
swept-up mass) beyond this point, the mass-starved wirstlwkve decelerates much more slowly, and therefore begoatth up.
There is therefore not much difference in size between wittiumiform CM blast waves in the most commonly observed vater
from 0.3 to 10 days after the burst (Fig. 1). Usually in thedgtof afterglows, one considers either the uniform ambieatinnm
case or the Ar? wind case on its owh However, since the wind of a star meets the interstellarinmedISM) at some point, the
density structure is more complex, and it is to this probleat tve now turn our attention.

3. WIND-ISM INTERACTION

During the evolution of a wind-driven circumstellar shéietsystem has a four-zone structure (analogous to that qfearsova
shell; Woltjer 1972). From the inside to the outside theseezare: (a) a supersonic stellar wind with densfty = M /47r?vy; (b) a
hot, almost isobaric region consisting of shocked steliadvwnixed with a small fraction of the swept-up interstetias; (c) a thin,
dense, cold shell containing most of the swept-up intdestghs; (d) ambient interstellar gas of number density (Fig. 2).

The wind initially expands unopposed into the ISM with a witlp of aboutv,, ~ v, the escape velocity at the sonic point. The
free expansion phase is considered to be terminated at & fimehen the swept-up mass of the interstellar medium is coafybar

to the mass in the wind. The mass lost by the staftisg and the swept-up massf’§(vW twd)3NismMpte. These two masses are equal

whentyg = [3M/(47V3nismMpee)] /2, which is about 100 years for a typical WR wind expanding iatohomogeneous ISM. The
free-expansion phase takes place at the early stages ofdhgien of the hot star and occupies a minimal fraction sflitetime.
During this time botiM andw, are approximately constant, and the wind bubble has reachetius of- 9 x 1017M_5ni/,ﬁ.lvgv?ézcm,
whereM is the mass loss rate in units of solar masses per yeanania the density of the surrounding medium in units of ém
When the free-expansion phase (a) has ended, the wind emrceam inward facing shock. Kinetic energy is depositechan t
shocked wind region in the form of heat,
3m e AVW
Tohook= — —22(Avy)? = 1.4 x 10°0(——2—)?K, 6
shock 16 Kk ( W) (100 Km S_l) ( )
6 Although the interstellar and wind models are the two majresyof environments considered for afterglows, there iferdt scenario involving a massive star in
which the supernova explosion occurs before the GRB (MeBtella 1998). The supernova would expand into the progemitnd, creating a complex circumburst

region in the inner part of the wind. Konigl & Granot (2002)veaecently shown, for the case of a pulsar-wind bubble,ttf@shocked wind has a roughly uniform
density, similar to that found in the normal interstellardiuen.
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whereAy,, is the relative speed of the material approaching the shdbks, a jump in velocity by 800 knts which is still well
below typical terminal wind speeds, produces & KQyas in the shocked wind region. During phase (b), the naltisriso hot that

it causes the contact surface to expand outward more sldwaly it would in a freely expanding wind. The ISM that enters th
outward facing shock is heated to a temperature beldi 1@mission of line radiation becomes the dominant cooliragpss and
the swept-up gas cools quickly to temperatures of abotK 1i@at can be maintained by the radiation field of the star. din@tion

of the adiabatic expansion phase can thus be estimated hyditite time it takes the expanding gas to cool friggy«~ 10’K to
10°K. Using equation (6), we find that a change in temperatuna ft6'K to 10°K corresponds to a change in jump velocity by a
factor ofv/10. This change in jump velocity corresponds to a phasea(ldde ratio of about 6 (Castor et al. 1975). Thus, the age of
the adiabatic phase is less than about 1000 years.

The mass of the swept-up material is much larger than th&eimot wind and, because it is cool, it lies in a compresseidmeg
Phase (c) persists for as long as the star is able to sustawerful wind. The dominant energy loss of region (b) is wogaiast
the compressed region (c). The compressed region (c) egfmaraduse its gas pressure is higher than that of the surnguisM.
Therefore, the expansion is described by the momentumiequat

%[Ms(t)V(t)] =47 (t)P, Q)

whereR is the internal pressure of the compressed region, assutmngnost of the swept-up interstellar mass remains in time th
shell. Ms(t) is the mass of the shell of swept-up material, giverMyt) = (4/3)xr3(t)pi. P is determined by the gas pressure of the
high temperature gas in region (b). The wind material th&nsrthe backward-facing shock is hot, but the materialéh#trs the
forward-facing shock is cool. The cooled swept-up matésidriven outward by the high gas pressure of the hot bublfie.stellar
wind adds energy to region (b) at a rate

L) = MOX) ®)

The internal energy in the bubble is given by the product efehergy per unit mass of the material/ Z}KT /pi = (3/2)R/pi, and
the total mass of the bubble, /@xrr3p;. Since the total internal energy of the bubble comes frometiergy of the wind, we find
B = L()/[27r3()].

The expansion of the bubble during the adiabatic phase cdaupel numerically by using this expression in the momentum
equation. If the wind powet is roughly constant for a period of timg,one can write® = L t/(27r%). The resulting solution of
equation (7) gives(t) o< t¥>. This shows that the shell expands more slowly than woul@eljrexpanding wind. Since the gas
in the cavity moves subsonically its pressure keeps it apprately at uniform density. The bubble could continue tpaxd until
stalled by the pressure of the ISM (Garcia-Segura & Fran@6)L9

The radius of the wind termination shock at the inner edgéefiind bubble can be found by balancing the wind ram pressure
with the post-shock cavity pressure. For a star that losessrana rate T6M_gMoyr* with a wind velocity 16v,3 km s in
interstellar gas with density iﬂsmﬂgcm we have a inner termination shock radius

3/10, 1/10_-3/10,2/5
r(®) = 0.4M% 3 g 5t e 9)
where 16tg is the lifetime of the star in Myr. The density in the uniforivogked wind regiomsy, at late times is given by
M 2/5 3/5 ~6/5,-4/5
Nsw ~ _47Tl't2Vme OO6M / |s/m3Vw?{ / Cm (10)

which shows that even if the progenitor star is embedded iarese& molecular cloud the observed blast wave can propagate i
low-density, uniform medium (Wijers 2001). The mass wittiie 1/r2 wind, My, is

M, = '\\/'/—: 3% 107Mg¥ N5 on e M. (11)
Comparison with estimates given in Soderberg & RamirezRR002) show that if the wind is particularly weak (i.eM <
10°Mqyr™) or the surrounding density is higiid, > 10° cn™3), r, falls within the range of the relativistic expansion. Maslel
and observations of Galactic Wolf-Rayet stars, howevensiat the swept-up shell of a red supergiant material abther radius
is at a distance> 3 pc from the star (Garcia-Segura et al. 1996a). This radissfficiently large that the interaction with the free
1/r? wind is expected over the typical period of observation téraflows.

Among the afterglows that can be interpreted as interaetitina undisturbed stellar wind, the highest density olsjece com-
patible with expectations for the wind from a typical Wol&yRet star (Panaitescu & Kumar 2002), but the lower denditigdy a
wind densities that are lower by a factor of-400%. As proposed by Wijers (2001), the low-density requirenmeay be alleviated
by appealing to a shocked wind, but the observable aftergfemsitions due to the blast wave traversing the wind teationm shock
wave (Fig. 2) have not been seen in any afterglow.

Depending upon the wind history of a massive star duringigsfiew centuries, however, the density structure in thisimegion
(i.e. relevant to the afterglow phase) could be quite corapdid as the star enters advanced burning stages unlileithasy Wolf-
Rayet star observed so far. The non-steady nature of thesviinehassive stars therefore leaves open the possibilitytefaction
with denser material at early times (Chevalier et al. 2004)is encourages us to present a detailed account of thedadyemall
scale features that may be present in the circumstellarigagdtion. These features, as we argue, can result igtuhen one
takes into account the complete mass-loss history of a weastr.



4. WIND-WIND INTERACTION

The detailed dynamical evolution of the circumstellar miatd CSM) around massive stars is complex. Some stagedofrit
involve major hydrodynamical instabilities and can thusshadied analytically by means of self-similar solutionse@er et al.
1977; Ostriker & McKee 1988; Chevalier & Liang 1989 ; GarSegura & Mac Low 1995a). However, the frequent occurrence
of instabilities requires two — or three — dimensional hylyreamic calculations in order to follow the non-linear extan of the
resulting structures (Franco et al. 1991; Blondin & Lund@B93; Garcia-Segura & Mac Low 1995b).

In an effort to achieve full consistency between stellar@nzlimstellar evolution, we have performed several comuputs where
the time-dependent input for the calculation of the circtatter gas dynamics is derived from the output of a stellad@ion code
developed at the University of Gottingen (Langer et al. 19&hger 1991). Here we carry out computational simulatisitls the
hydrocode ZEUS-3D (version 3.4) developed by M. L. Normaa #e Laboratory for Computational Astrophysics. ZEUS-3D i
a finite-difference, fully explicit, Eulerian code (Clark®96) descended from the code described by Stone & Norm&2)19Vve
used spherical coordinates for our simulations, with a sgtryraxis at the pole, and reflecting boundary conditionbatetguator
and the polar axis. The reader is referred to Garcia-Seguala €1996a,b) for a review of the applied computationalhmes and
techniques.

The preburst stellar wind depends on the evolutionary stager to (and during) the Wolf-Rayet stage. For Galactirsta
standard evolutionary track is to start as an O star, evbir@igh a red supergiant (RSG) phase or luminous blue var{aiV)
phase with considerable mass loss, and ending as a WolftR&yg(Garcia-Segura et al. 1996a,b). At low metallicing RSG
phase may be absent; this may also be the case for some hiaaryAs a first example, we follow the dynamics of the circtather
medium around a 2%, star at the ZAMS, which evolves (at solar metallicity) thgbua long-lived RSG stage with prominent
consequences for the evolution of the circumstellar maffee 29M, stellar model has steady winds during the main-sequence
(MS) and RSG stages. For that reason, the CSM evolution glthiese stages is computed in one dimension for a homogeneous
ISM. For the calculation of the post-RSG evolution the Jalga such as the temperatures and density are extrapolaizd dwo
dimensional grid. Note, however, that the calculationg stafore the RSG phase has ended in order to be sure that (hesiRd is
dynamically stable. The total amount of mass lost by the R8d wind isM;sg= 10M,, with a mass loss ratd,sy = 6 x 10°Myr?
and wind velocitysq ~ 15 km s

When the fast WR windg, ~ 3500 km s starts blowing, it sweeps up the RSG wind material into alsigiich we will refer to
as theWR shell. The properties of this shell turn out to be very sensitivéhtocharacteristics of the RSG wind. Since the density
of the RSG wind depends on its velocity a) = Mrsq/(471%Visg), @ low RSG wind velocity implies a much higher density. The
expansion of the WR shell is faster for lower RSG wind deesitind also for higher wind velocities. The termination &afahe
WR wind is located at a much smaller radius than that of the®bubble described in the previous section, so we simplyrass
free outflow as the outer boundary condition in order to dateuts dynamical behaviour (Garcia-Segura et al. 1996a).

During the early stages, the swept-up WR shell is dense énimube fully radiative. This ceases to be true, howeverr dlfie
shell has extended to a radius of more than 0.1 pc, sinceritsitgelecreases so much that its evolution becomes almiiatit.
Correspondingly, the shell is initially thin and therefagbject to Vishniac instabilities (Vishniac 1983); but iherease of shell
thickness soon suppresses the growth of the instabiliti ilibtability operates in dense winds where the coolindfes@ve enough
to produce radiative terminal shocks. The RSG wind shelkkeekerated by the (less dense) shocked WR wind and is theralfeo
subject to Rayleigh-Taylor (RT) and Vishniac instabilitidn this case we have a radiatively-cooled, thin, acctddrahell and the
two instabilities must be coupled. The resulting structfter 8,000 yr of evolution since the onset of the WR phasansmsarized
in Fig. 3.

Itis also possible for a fast WR wind to collide with early@pebefore itis decelerated by the RSG shell (or a LBV shgleteling
on the evolutionary pathway of the massive progenitor).llistrate this, we study the last (unsteady) WR stage of Mg(star.
Mass loss lowers the stellar mass from\d@ all the way down to~ 4 M, at the time of the final supernova (or GRB). The total mass
loss includes- 32 Mg, lost in the MS and pre-LBV stages, 8 Mg, lost in the LBV stage, and- 16 M, in the WR stage. The MS
and LBV-WR stages have been modeled in a self-consistemibfady Garcia-Segura et al. (1996b). These stages havetampo
implications for the circumstellar gas at> 0.4 pc. Here, we study the interaction between the fast-mowRgwind (v, ~ 4000
km s) just before the final supernova and the early, slower moigg~ 1500 km §1), ejectd.

The resultant shell will be pushed outward by the centralwtad and retarded by the early ejected wind, quickly reaghd
constant velocity, but increasing in mass. The resultingaasion law for the shell follows from the momentum balanetvieen
the two components. The analytical theory of Kwok et al. @9%n give some insight into the problem.Mg; is the mass of the
resulting shell when it is at a radial distanggt), then

rij(t) M ritvit M
M;j(t) = —'dr+/ —dr, (12)
ritvjt Vj rij(t) Vi
wherev; < vi. If vj(t) is the velocity of the shell, then, assuming a completedastic collision, the equation of motion may be
written )
d Vij _ M
at \"
Numerical integration of equation (13), with a substitatior M;;(t) from equation (12) gives the resulting expansion law fer th
shell. The thickness of the shéllr;; may be found by requiring its internal pressure to balanegtiessure from the wind.

7 The reader is refer to Fig. 2 of Garcia-Segura et al. (199@tihe stellar mass-loss rates and wind velocities as aifumof time for the 60M, model.

[vi ‘Vii]z_%[vi ~wij]?. (13)
]
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Such large expansion velocitiéss, produce high temperatures (see equation 6) in the poskskgion behind the outer shock
of the merged shell. This high post-shock temperature amtbth density (i.e. lowM,, and highwv,,) of the WR wind result in an
almost adiabatic, hot, low-density WR shell.

Figure 4 shows the morphology of the smooth WR ring under $isermption that the central star experiences non-sphenzss
loss close to critical rotation: in other words, a scenaniavhich a slower and denser wind is confined to the equatoléalep
To compute the latitudinal dependence of the wind propedfea star close to critical rotation ideally requires mditnensional
models of the star and its outflowing atmosphere, which ateveilable. Langer (1998), however, argued that the stilla and
the radius might still vary only weakly from pole to the equahn very luminous stars. We therefore applied equatiomslai to
those found by Bjorkman & Cassinelli (1993) for winds of tirtg stars in the limit of large distance from the star:

Voo (#) = (Vesc(1 -2 sind)? | (14)
where we set the parameters defined in Bjorkman & Cassined®3) to¢ = 1 » = 0.35, Q = Viot/Verit, and Vit = vesJ\/E =
[GM..(1- x)R,]¥2, with M, andR, being mass and radius of the star, andtanding for the ratid_/Lgqq Of stellar to Edding-
ton luminosity (Langer et al. 1998). Under the above coodgi the wind expands more quickly and easily into the lovesisity
wind at the poles, while stellar rotation concentratesiitzial the equatorial plane, producing a double-lobed siractn section 85
we aim to examine the interaction of the relativistic blaatre with these moreealistic density wind profiles.

4.1. The Role of Binarity

One of the most important questions relating to WR stars isthdr they are all members of binary systems or rather do some
truly single objects exist. Possibly a large fraction ofstare members of binary or multiple systems but most arecgarifly far
from their companions that their evolution proceeds egsignas if they were single stars. However there is an imgrarinority
of stars which are close enough that their evolution is dtemaldy changed by the presence of a companion. It is exthemdikely
that the progenitors of GRBs are just very massive, singledféRs. Special circumstances are almost certainly nedidezdimost
promising of these is rotation: a rapidly rotating core is #ssential ingredient in the "collapsar" model for GRBs ¢g¥ey 1993;
MacFadyen & Woosley 1999). Massive stars are generallydregiators on the main sequence. However, there are many well
established mechanisms by which they can lose their anqudarentum during their evolution. Thus, it is not at all cledrether
the cores of massive single stars will ever be rotating tg@itthe time of explosion (e.g. Heger et al. 2005). The sesplvay to
generate the required angular momentum is for the core iber@sa tight binary and be in corotation with the binary.det et al.
(2004), using detailed binary population calculationsiatoded that there are enough binaries where tidal lockinddcaccount for
the observed GRB rates. Most companions, being low-masstMS, $iave small mass-loss rates and are thus unlikely t@aneeh
significantly the density around the GRB progenitor. Thesitgrstructure seen around WR 147 (Contreras & Rodrigue2)1&suld
be a hint of what exists in some GRB progenitors. Overall, waat expect binarity to significant alter the circumstefjas density
profiles along the rotation axis of the collapsing stellaiecd here is, however, a small, interesting subclass ofrigigé@n which the
companion star may be massive (see e.g. Izzard et al. 200disIcase, the WR star mass loss may also be influenced byiride w
of the close binary companion. Detailed computations aesleé to show the magnitude of the effect.

The requirement that the total core angular momentum exteaadaximum angular momentum of a Kerr black hole places-inte
esting limits on the binary period (Izzard et al. 2004; Padkiwski et al. 2004). We make the reasonable assumptivththhinary
is circular, and model the core asran 3 polytrope. then the binary period must be smaller P~ 4(Mcore/ 2M5 ) L (Reore/ 101 cm)y?

h. This orbit could be tight enough that the core may in fasehaeen stripped of its helium in a common envelope to form a CO
core. Alternatively, it may sometimes happen that the cbeeveery massive star retains the required angular momendita auter
hydrogen layers are blown off in a stellar wind. Indeed, Bid&Bethe (1994) have noted that the cores of stars more neaswn

~ 20Mg, will undergo a delayed collapse to form a black hole if theleacequation of state is soft. Prompt formation of a bladke ho
introduces a mechanism for failure of a core collapse superrif success of the shock depends on delayed neutrinmbedhe
corresponding rate of Kerr hole formation depends, of aaura the physics of angular momentum transport inside thggmitor
star. The required spin could also be generated when thexengers with a binary companion during common envelopegae
perhaps one important distinction between a GRB and ananmglsupernovae is whether a black hole or a neutron starnseoin

the aftermath. However, not all black hole formation eveaislead to a GRB: if the minimum mass of a single star thatléathe
formation of a black hole is as low as#%,, this would overproduce GRB by a large factor (see Izzardl &094).

5. THE AFTERGLOW APPEARANCE

The interaction of a relativistic blast wave with the sumding medium is described by the adiabatic Blandford & McKE®/6;
hereafter BM) self-similar solution. The scaling laws tlaa¢ appropriate for the burst interaction with a medium vpisinticle
densityn o< rs have been described by Mészaros et al. (1998), Chevalier 200D, Panaitescu & Kumar (2000), Wang et al.
(2000), Ramirez-Ruiz et al. (2001), Dai & Lu (2002), and DaW& (2003).

For an adiabatic ultra-relativistic blast wave, the (isptc equivalent) total energy is

2¢3-s
_ 87T/:\1;_I’4S C27 (15)
whereT is the bulk Lorentz factor of the shock front ands the observed radius near the line of sight (BM). We assuradtirst
to be collimated with an initial half-anglelarger than 20, and that lateral expansion is negligible during the reistic phase. A
distant observer receives a photon emitted along the lisegbf towards the fireball center at a time (Chevalier & Li @D0

t= m, (16)



and so N
(= {(4—5)(17—4S)Et] <4*S>. 17)

2mAC

Before the collision with the high-density shell, the shérdnt is expected to propagate throughrgn) = Ar~2 wind, where
A=3x 10*°Myr V1 3 €M (18)

for a spherically symmetric wind ejected at a constant spé&ée relativistic expansion is gradually slowed down utité shock
front encounters the wind density discontinuity at a radiysA transition in the afterglow is then observed

tsh~ E5aT5na7Ass days (19)
after the burst. This of course only true fiap < ryr (See equation 3). This encounter produces two new shocksvaviorward

shock that moves into the wind thin shell discontinuity arréd\aerse shock that propagates into the relativistic ejdéntthe section
that follows we examine the state of these shocks underusaessumptions regarding the density discontinuity.

5.1. Shock Conditions

Consider a relativistic shell with a Lorentz factpmoving into the cold circumburst medium (CM). The interantis described
by two shocks: a forward shock propagating into the CM andvaree shock propagating into the ejecta. There are fouomsgi
separated by the two shocks: the CM (1), the shocked CM (@xtibcked ejecta (3) and the unshocked ejecta (4). The CMastat
relative to the observer (Fig. 5). Velociti6s and their corresponding Lorentz factefsdistances and time are measured relative to
this frame. Thermodynamic quantities p; ande (particle number density, pressure, and internal energgitle are measured in
the fluids’ rest frames. The ISM and the unshocked shell drbartd, thereforeg; = e, = 0. The shocked material is extremely hot
and, thereforep, = e,/3 andps = e3/3 (Sari & Piran 1995).

Forn = ~4 > 1 the equations governing the shocks are (BM)

17)
Sy —1la oy — =4y, +3 x4 20
romyc? V2 Vo T A V2 (20)
€3 — e

The approximations in equation (20) use only the fact{hat 1 and therefore, > 1. No assumption is made abaut the Lorentz
factor of the motion of the shocked material in region (3atigk to the unshocked shell in region (4).
Equality of pressures and velocities along the contacbdiscuity yields

&= e3; %%%(E+E)- (22)
Y2 74
The solution fory, depends only on two parametensandiy = ns/n;. The energy, pressure, and density also depend linearly on a
third parameter, the external dengity(Sari & Piran 1995).
There are two simple limits of equations (20)-(22) in whibk teverse shock is either Newtonian or ultra relativigtie forward
shock is always ultra relativistic if > 1 andy > 172). If n? > 1, the reverse shock is ultra relativistigy,(> 1):

_ 7 ot
V3 = \/_i72:73:\/_ .
2y V2

In this case almost all of the initial kinetic energy is corted by the shocks into internal energy$ ~3). The process therefore is
over after a single passage of the reverse shock througljettia €¢Sari & Piran 1995).

If 1) >> n? the reverse shock is Newtoniam,(— 1 < 1) and

4 2,,-1
Fa—1 & 7771# =2 <1, v2=v3=n(1-+e). (24)
The reverse shock converts only a fractigh/+ < 1 of the kinetic energy into internal energy. It is too weakitaw down the ejecta
effectively, and most of the initial energy is still kinegnergy when this shock reaches the inner edge of the ejetthisfstage a
rarefraction wave begins to propagate toward the contacbdtinuity. This wave propagates at the speed of squafs/(3nsmy)

and it reaches the contact discontinuitytat (3v/7/4)An+/4)/c, which is of the same order of magnitude as the shock crossing
time. HereA is the width (in the observer’s frame) of the relativistieBhThe rarefraction wave is then reflected from the contact
discontinuity and a second, weaker, shock wave forms. Aiegiaady state slowing down solution forms after a few drastike
this (Sari & Piran 1995). Using momentum conservation, ttial slowing down time can be estimated dyyAnsmyc/p.. During
this time the forward shock collects a fractignt of the shell’s rest mass. In contrary to the relativisticegakere are two relevant
timescales now: the rarefraction or shock crossing timeth@dotal slowing down timescale.

In any realistic situation the CM is probably inhomogeneassn the stellar models described in the previous secGomsider
a density jump by a factax over a distance.. The forward shock propagates into the CM with a densijtps before, and when
it reaches the position where the CM densityvisy a new shock wave is reflected. This shock is reflected agaitheféhell. As
discussed above, the reflections time is aligut \/(4ca’/?), and after these reflections, the Lorentz factor and hygdrachical
properties of the system are as if the CM were homogeneotusavdensityxn;. If the reverse shock converts only a small fraction

(23)
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of the kinetic energy into thermal energy, then the forwdrdck expands almost at the velocity of the previous blastewaw the
relativistic case, however, considerable deceleration @caur before,, unlessa ~ 7y A/c > t,.

The peak of synchrotron emission occurs at frequency gey2B/(mec) and the frequency integrated emissivity is given by
€~ chcneyng/&r; wherege, me, and-e are electron charge, mass, and thermal Lorentz factorecéisply, B?/8m = cgneyeMe is
the magnetic field in the fluid rest frame (assumed to be aragliip to a fractiorzg by the processes in the shocked region and
not determined directly by the field in the WR stam,is the electron number density, aag is the Thomson cross-section. The
emission at low frequencies & vm) scales ag'/? and at high frequencies > vy) it scales as(PV/2 wherep ~ 2.5 is the
power-law index for the energy distribution of electronkeTatio of the peak synchrotron frequencies, before ared tife forward
shock has traversed a density jump of a fact@ver a distance, is

5/2 2
Via _ (ez_) / {&} o (25)

Vm € N2 o

Therefore, we expect this emission to be a significant doution to the long-wavelength flix The ratio of the observed flux after
the forward shock has transversed through the densitymliseity, and the flux in the absence of the collision at a fiexacy much
greater than the peak of the emission is given by

p-1
fg [ € 12 Um z -1(p-
o _ o e ~ 1(p-1) 26
Be o, <—e2 ) e ) sa (26)

wherew; =v2./72 is a factor by which the Lorentz factor of the outer shell éeses as a result of the collision. The dependence

of the observed flux ory; can be more rapid than the linear function considered ali®@ending on the temporal profile of the
deceleration of the ejecta (see e.g. 85.2). The decreake mbserved emission from the forward shock due to the dgnsitp at

a frequency much greater than the peak of the emission isftirergiven byx‘%(p‘l) ~a, neglecting the enhanced energy losses
from the shocks that may arise during the collision. Thidésdy not the case at frequencies either belgwor for which there is
significant emission from the reverse shock (typically adaof n lower in frequency). At these frequencies, the observediflux
expected to increase.

5.2. Afterglow Lightcurves

We now generalize the above results to a spatially varyitgreal density. The afterglow modeling used here is sintdahat
described in Salmonson (2003). The jet deceleration isutsiled from the mass and energy conservation equations latéral
spreading of the jet is neglected. The calculation of radidbsses includes synchrotron emission, and the synmmapectrum
is taken to be a piecewise power law with the usual self-gltgor, cooling, and injection break frequencies, caladdrom the
cooled electron distribution and magnetic field. The obséflux is obtained by integrating the jet emission over theatqrrival
time surface.

Strong temporal variations compared to the canonical péaveidecay can be produced by changes in the circumbursitdens
or by energy variations (e.g. Meszaros et al. 1998). For @@nas shown in Ramirez-Ruiz, Merloni & Rees (2001), a shock
wave that has been slowed by the surrounding medium couldumht up by subsequent shocks, increasing the shock waxgyene
Alternatively, the shock wave’s energy may have varied asésult of encountering an external medium of variable iten&/hile
here we concentrate on the case where the dominant vasgatierin density, the two alternatives can be distinguislyezkploiting
the fact that the flux at > v is insensitive to variations in the ambient density, whetsglow the cooling frequendy, (v < v¢) oc n/?
(Nakar et al. 2003; Heyl & Perna 2003). As the blast wave edpamto the ambient matter, its kinetic energy is used to slaocl
heat the matter. Deceleration due to this starts in earreshwbout half the initial energy is transferred to the skdakatter. The
characteristic madd¥l4ec Where this takes place is given by equation (2). This phade @hen so much mass shares the energy that
the Lorentz factor drops to 1. This occurs at a mass $dale(see equation 3).

In the case depicted in Fig. 3, for example, the stellar winalat dense enough to slow down the ejecta to non-relathapteds
before reachings, so that we expect part of the blast wave evolution as we sedake place outside the/d? density distribution.

In a rarefied wind such as that illustrated in Fig. 4, the shHooht will expand within the stellar wind until it reachesetidensity
discontinuity at about 0.2 pc without significant decelerat Over the typical time of observation of a GRB afterglthe impact
of the relativistic ejecta with the density enhancementmribduce a clear feature in the observed emission. Fig. Gtam@ption
summarize the predicted R-band afterglow lightcurve framark until about a few years after the burst. One can see sinagk
in the flux decay curve that coincides with a precipitous droporentz factor when the afterglow shock meets the shellthis
model, the isotropic energy of the ejecta is 30°3 erg. The characteristic synchrotron frequency is lowen that in the absence
of the collision. This effect is responsible for the deceeimsflux (at a fixed frequency) seen at abeut0 days. Further observable
transitions are produced as the blast-wave plows deepethiet shocked-wind discontinuity. Jet effects are expetddaecome
important at a time

t; =~ 5(0;/0.08)(E/10°%erg)(d/10*°cm ™) days (27)
just before the impact takes place. This makes the jet-tineeknot easily identifiable.

The evolution of the apparent source size is shown in Fig. e dfterglow image is limited to a circle on the sky, whose siz
grows ag®9/2¢4-9) (Granot & Loeb 2001). The assumption of a spherical flow mag abrve as an adequate description of a jetted

8 The above estimate assumes that the reverse shock igyniiktivistic, which is likely to be the case when the dénsbntrast of the density discontinuity is high
(Dai & Lu 2002).
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flow, at sufficiently early times before the jet break tirye,when the Lorentz factor of the flow drops below the inversthefjet
opening angle (Rhoads 1997). In the case of a jet, the imag &t is expected to be different than in the spherical case (Oren,
Nakar & Piran 2004; Granot, Ramirez-Ruiz & Loeb 2004) and mal longer be circular for observers who are situated awamfr
the jet axis (Fig. 7). The image size depends decisively erd#nsity profile of the ambient medium into which the GRB fileb
propagates. The effects of the density discontinuity orsthe of the afterglow image can be seen by comparing the antidlashed
curves in Fig. 7. This is not altogether surprising: the igdenaterial is decelerated by the external medium at a enralflius than

it would be in the absence of the density discontinuity. Thlewations above demonstrate how the measurable pregeftsuch
afterglows depend on the nature of the progenitor star amchdium around it.

6. CLUMP FORMATION AND AFTERGLOW VARIABILITY

The smoothness or clumpiness of the swept-up shell may pemsible for small-scale variability observed in many gaarnay
burst afterglows. As illustrated in Fig. 4, the required megof clumping in the Wolf-Rayet star wind itself does narseplausible.
On the other hand, as shown in Fig. 3, there is the possiltfipilump development from the swept up RSG wind. As stated
above, the shocked RSG wind is accelerated by the (less)damseked WR wind and is therefore subject to RT instabditi€he
shell is initially thin and is therefore also subject to \igc instabilities. The two instabilities must then be dedp The coupling
mechanism appears to be a displacement of gas towards ¢hieirdf the bubble at the contact surface by the RT instgbilihich
induces the formation of a valley in the outer shock, drivimigat is fundamentally a Vishniac instability. Garcia-Seget al.
(1996b) found that clump formation is not efficient for theeaf pure RT instabilities in thick shells and concluded éhaecessary
condition for clump formation to occur is that a shell be thimough to allow Vishniac-like instabilities to drive trarsse motions
to form the clumps. Many RT fingers will then warp and breaknfing knots.

Once formed, the knots tend to dissipate. Several procedsdadestroy the inhomogeneities embedded in a wind-blavable,
namely thermal evaporation (Cowie & McKee 1977), ablatidarquist et al. 1986) and photo-evaporation (McKee 19&8&)ot
inhibited by the presence of a magnetic field, heat conduatiay deplete the clumps. The thermal evaporation time is

N TewAr
tey X n , (28)
whereTs, is the temperature of the hot shocked WR wird, anévrv1C are, respectively, the radii and densities of the clumpd, an
Nsw iS the shocked wind density. Fag > 10ng,, Tew ~ 4 x 10’ K and Ar < 0.01 pc one has, < 10* yr, so that, if conduction
is unimpeded, the lifetime of the clumps may be shorter themebula lifetime. Erosion via ablation is far less effestiand the
clumps survive if, as expected (see e.g. Hartquist et al6}l 9®at conduction is inefficient. The ablation time for akis
ncAr

NswVrsg
We estimate,, > 10%te,. The characteristic photo evaporation time of a clump astadce from a star emittingsionizing photons
per second is

(29)

tab X

3/2
telr) o nCASrITr. (30)
For the clump parameters considered above3md 0*° s one hagpe ~ 10° ryc yr. Small neutral condensations are thus likely to
be photo-evaporated while larger ones survive.
The jet will then encounter clumps — if they are not efficigmtkstroyed — with large variations in density. Presumdixydump
is symmetric such that
ATH = AI’L = Ardump. (31)
Whether or not the ambient object collapses onto the shellksy distinction that must be made in order to understand thew
clump determines the time structure. We assume here thetaseollapsible" object (such as a wind clump). The comniiiin to
the peak duration from the time the jet takes to move throbghctumpArciump/(272c), is negligible compared with the time the
shell takes to engage the perpendicular size of the objédt.éhgagement time is caused by the curvature of the jetciihvature
of the expanding jet prevents it from engaging the cloudainistneously. Rather, the portion of the jefat ! requires a time
r(1-cosf)/vlonger to reach the cloud. At an angléom the line of sight, the time to engage the objedids jymp/2C. At a typical
angle off ~ 71,
_ 2Arcump

Cy
The alternative is that the ambient source does not colldpgegroduces photons on a scalefyump (unlikely). The timescale
in this case is determined from the light travel time acrbssdverlap of the shell thickness and the ambient sourcknesgs. If
the clumps where distributed as a power-law of clump sizee,might expect a power law distribution of observable pegihs.
The cumulative effect of many small-scale density perttiona will tend to average out during the expansion histdrthe jet,
and, therefore, the resultant afterglow profile should letikely smooth. An upper limit om\rgump is set by observed afterglow
variability timescales (i.eAtgps), Where

At (32)

CAt
CAI:obs < AI'clump < 20b57 . (33)

Short time scale of afterglow oscillations provide int¢irggupper limits ofAr¢ump < 10(y/10) AU on the size of the clumps around
GRB 011211 (Jakobsson et al. 2004) and GRB 030329 (Lipkih &084). These limits are lower than the fluctuation amplitsi
seen on similar scales in the local interstellar medium @& oeb 1999), though they may reflect the length scale of ddike
clumps produced in ring nebulae surrounding massive stars.




7. DISCUSSION

Itis evident from the above discussion that the environroéatmassive star at the time of its death is a very rich onenlivéhe
simplest case of a wind whose properties do not vary overifénefl the star, complex behaviour with multiple possiblentitions
in the observable part of the afterglow lifetime may be séére eventual resulting afterglow lightcurve dependsyaittongly on
the properties of the system, especially the mass-losofdhe star and the ambient density. This has a good and a thad Gn
the negative side, it implies that one can not be too spedifiziathe times at which we expect to see transitions in theroks
emission. On the positive side, if and when we do see thegsiti@ns, they can be fairly constraining on the propenighe stellar
progenitor.

Considering the radial range relevant to GRBs, the absefitbe expected Ar? density structure in many bursts is not surprising.
On the other hand, the reason for low densities remains anckewind termination shock may resolve this matter altHougry
special conditions are necessary to bring this about. Bectiie density in a shocked wind is higher than that in a freel\at the
same radial distance, the low-density requirement is i@tiated by appealing to a shocked WR wind. A low stellar nveissl loss,

a faster wind velocity or a low metallicity may help, althduig is not clear whether realistic assumptions can provigeréquired
low densities (Wijers 2001; Chevalier et al. 2004). Thedwing point should be emphasized here. The fireball model tesanfer

the circumburst density is highly simplified. For examples wind density is assumed to follow a purg3law and to be free of
inhomogeneities, the expanding jet surface is assumedmmifvith no internal (density, velocity) gradients and thecfion of the
explosion energy in the post shock magnetic field is assumbd tonstant (Panaitescu & Kumar 2002). We do not know whethe
a description of the afterglow data is possible with a wideeig of underlying assumptions and whether that would &riglly
change the parameters inferred. Still, the low densitiéeriiad by afterglow observations are thus problematic tier ¢ollapsar
model.

The task of finding useful progenitor diagnostics is simgdifif the pre-burst evolution leads to a significantly enteghgas
density in the immediate neighborhood of the burst. Thedfiete of spectral signatures associated with the GRB enwient
would provide important clues about the triggering mectanand the progenitor. A special case is that of GRB 021004&yevh
lines of highly ionized species, blueshifted relative te tost galaxy, have been attributed to a Wolf-Rayet steliad @lirabal et al.
2003; Schaefer et al. 2003). Stars interact with the sudimgrinterstellar medium, both through their ionizing i@tn and through
mass, momentum and energy transfer in their winds. Masddass to recycling of matter into the interstellar mediuffiteio with
chemical enrichment. Mass loss is a significant effect inetitdution of massive stars; in particular, for stars thaeeW/R stages
(e.g. Ramirez-Ruiz et al. 2001). WR stars follow all or pdrth® sequence WNL, WNE, WC and WO, which corresponds to a
progression in the exposure of nuclear products (CNO daiuilin with H present, CNO equilibrium without H, early vidity of
the products of the@reaction and then a growing (C+O)/He ratio respectivelyasblloss drastically influences stellar yields. At
low Z there is a high production ef-nuclei, while at higheZ most of the He and C produced is ejected in stellar winds acapes
further nuclear processing.This characteristic offerg@ctiobservational test of which stars are likely to praelacGRB.

Finally, The total energy observedinrays from GRBs whose redshift has been determined is @i\erg. Soderberg etal. 2004).
One appealing aspect of a massive star progenitor is thafréee variety of stellar parameters can probably explasdiversity.
Given the need for a large helium core mass in progenitoesbtinst formation may be favored not only by rapid rotatiohddso
by low metallicity. Larger mass helium cores might have memergetic jets, but it is unclear whether they can be expdotbe
accelerated to large Lorentz factors (MacFadyen, Woosleleger 2001; Ramirez-Ruiz, Celotti & Rees 2002). Many massiars
may produce supernovae by forming neutron stars in splilgrssenmetric explosions, but some may fail neutrino enatggosition,
forming a black hole in the center of the star and possibly 83Bne expects various outcomes ranging from GRBs with large
energies and durations, to asymmetric, energetic supaeneith weak GRBs (Totani 2003; Granot & Ramirez-Ruiz 200/)e
medium surrounding a GRB would provide a natural test tardjsish between different stellar explosions.
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FiG. 1.— Constraints on the swept-up maéss a function of radius. The blue line is the swept-up windsaasumingi = 10%Mgyr ! andwy, ~ 10%km s,

The red line, on the other hand, assumes a uniform mediumivath 3.



12

shock shock
contact surface

hot swept-up

hot ISM
compressed

wind ISM

- b d
FIG. 2.— The formation of shocks by a stellar driven wind intéirag with the surrounding interstellar medium. The intéi@t leads to a driven wave composed
of shock compressed wind, a contact surface, and the swel8M. Fast stellar wind matter (zone [a]) enters the shockrelit is compressed by a factor of
~ 4, and heated; the accumulated shock wind material is in @gonéhe entire region between the two shocks is nearly isobso if material cools, it becomes

compressed and resides in the contact surface, which fobosraary between the shocked wind and the shocked, swdtMifzone [c]). The undisturbed ISM
is in zone (d).

free
wind




13

-23 -22 -21 -20 i
log density (g/cm?®) 10l

)
&
T

Densitly / g cm—3

10

10~ NR

1074 3

0.0 0.1 0.2 0.3 0.4 0.5
-04 -0.2 0.0 0.2 0.4 R/ pe
R (pc)
FIG. 3.— The state of the circumstellar medium around &R9massive star after 8,000 yr of evolution since the onset®¥tR phase. The grid has 860180

zones, with a radial extent of 0.5pc and an angular exten2 &2 The inner-most radial zone lies at 0.0125 peft panel: Logarithm of the circumstellar density
in units of g cm®. Right Panel: Density and cumulative mass as a function of radius aloagthar axis.
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FIG. 4.— The state of the nearby circumstellar medium around &l §0rotating massive star. During the last stages within its \f&Riine, the wind velocity
increases. The fast wind collides with early ejecta befeaehing the LBV shell. The reader is refer to Fig. 2 of GaRégura et al. (1996b) for the stellar
mass-loss rates and wind velocities as a function of time. grid has 800« 180 zones, with a radial extent of 0.5pc and an angular erfed@°. The inner-most
radial zone lies at 0.0125 pteft pandl: Logarithm of the circumstellar density in units of g mRight Panel: Density and cumulative mass as a function of radius
along the polar axis.
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FiG. 5.— Diagram illustrating a relativistic shock system. Baystem consisting of a shocked fluid encountering mattezsé. Quantities for the system are the
unshocked ejecta, the reverse and forward shocks, andtéma&xmatter at rest. The dashed line schematically shosvproperties of the relativistic ejecta in the
absence of an external medium.
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FiG. 6.— The effect of the impact of a relativistic jet with thendli density discontinuity on the R-band afterglow. The shivckt expands within the=2
stellar wind until it reaches the high-density shell at datisersy =~ 0.2 pc (see Fig. 3). The shock transit of the massive shell saasapid decline in Lorentz
factor and a corresponding decline in flux (at a fixed frequenEhe remaining evolution of the shock is non-relativistt the time of the collision the relativistic
shell Lorentz factor igy ~ 4 for E = 5x 10°° ergs. In this simulation the jet opening angléjs= 5° and it is viewed abops= 3° from the jet axis. The afterglow
emission is calculated in the adiabatic regime. The colishodel takes into account the fireball geometrical cureatthen calculating the photon arrival time and
relativistic boosting.
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Fic. 7.— Evolution of the afterglow source size as a functioniwiet for a sharp-edged, homogeneous jet seehyat= 0.60; = 3°. This one dimensional,
hydrodynamic model takes on the density profile of the steliad in the polar direction. The jet deceleration is cadtet from the mass and energy conservation
equations. The lateral spreading of the jet is neglecteck éfftect of the impact of a relativistic jet with the wind d@psliscontinuity (Fig. 3) can be seen by
comparing the solid and dashed curves. For simplicity, #resitly profile seen in Fig. 3 has been extrapolated to lardje rdubstantial deviations in the density
profile are, however, expected to occur with the inclusiothefwind termination shock region (see e.g. Fig. 2 in GaBggura et al. 1996a). The inset panel shows
the afterglow source diameter. The x- and y-axes are shotreintrue scale and measured in light-days.



