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Early Stages of the GRB Explosion

A. M. Beloborodov
Physics Department, Columbia University, 538 West 120th Street New York, NY 10027

Abstract. Physics of GRB blast waves is discussed with a focus on twaxtsif (1) pair creation
in the external medium by the gamma-ray front and (2) decaeafrons ahead of the decelerating
blast wave. Both effects impact the afterglow mechanisradit up to 167 cm.

INTRODUCTION

GRB afterglow is well explained as emission from a deceilegatelativistic blast wave.
Most of the afterglow data collected to date are obtaineatixgly late, hours or days
after the prompt GRB, when the blast wave is already at firejest of deceleration.
Swift satellite will provide the missing data on the early stageemwkhe afterglow is
most luminous.

The blast wave deceleration begins at a ra@s ~ 10> — 10 cm, which depends
on the ambient densityy and the initial Lorentz factadr o of the blast wavé.Ryec does
not exceed 1V cm, the estimated fireball size during the late afterglovd ean be
one or two orders smaller than ¥0cm, especially if the circumburst medium Has?
density profile. Three effects are predicted to occtR at 10 cm:

« The reverse shock crosses the ejecta and can produce aabifgetash of soft
emission (if the ejecta are not dominated by the Poynting fily2].

» The external medium ahead of the forward shock is loaded avilrge number
of et pairs by the prompy-ray front [3, 4, 5]. The leptonic component of the
preshock medium is enriched &, which leads to a dramatic softening of the
early afterglow.

« The neutron component of the GRB ejecta overtakes the datakp blast wave
and deposits energy and momentum into the external mediyBidscay [6]. The
leading neutron front leaves behind a relativistic trail -roh mixture of the decay
products and ambient particles. The forward shock of thstllave propagates in
this trail instead of the customary ambient medium. The ichp& neutrons lasts
about 10 e-foldings of th@-decay, and a4 ~ 10'’cm the trail becomes static
and cold, i.e. indistinguishable from a normal ambient ragdi

The paradox of relativistic explosions is that even a snralttfon of their energy
deposited by a precursor into the external medium impaetetisuing blast wave and

1o can be smaller than the ejecta Lorentz fa€tgif the reverse shock in the ejecta is relativistic, which
is the case for a dense external medium.
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the afterglow radiation. The importance of bgtinay and neutron precursors is entirely
due to the high Lorentz factor of the explosion. The studyashlprecursors together is
a complicated physical problem and we discuss them sepahate.

ELECTRON-POSITRON LOADING

A medium overtaken by a front of collimatedrays is inevitablye™-loaded [3, 4, 5].
This happens because sopeys Compton scatter off the medium and get absorbed by
the primary collimated radiation via reactign- y — e™ +e~. The medium is optically
thin, so only atiny fraction of the prompt GRB scatters, hegrethe number of scattered
y-rays and createe™ per ambient electron is huge,n. /np>> 1.

The pair loading factoZ = 1+ n. /ng does not depend on the ambient density and
can be calculated starting with just one ambient electrbe.Aumber of-rays scattered
by the electron at a radilR is proportional to the column density of tlyeray front at
this radius E,/4nR? 0 R~2, and therefor& is high at smalR. Z(R) is determined by
the isotropic equivalent of the prompt GRB eneEgy(and slightly depends on the exact
spectral shape of the prompt GRB). For the brightest b&gsts 10°* erg, and a typical
E, ~ 10> erg.

The createct™ also scatter radiation, which can lead to an exponentiaway of
pair creation. This runway takes place at radii

R < Rpad~ 2 X 1016(EV/1053) 1/2 cm, (1)

leading toZ > 1 [5]. The calculation shows also thatRt< Racc = Ripag/2.3 thee®-
loaded medium is pushed to relativistic velocit@@g> 1 by they-ray front. The scat-
tered fractiodE, of the GRB radiation is proportional to the optical depthrhef swept-
up ambient mass, which is proportional tag. However, the medium acceleration
y= 6Ey/m(:2 does not depend am (m cancels out), so onli¢, determinefRace

The pair-loading factoZ(R) and the Lorentz factoy(R) of a medium overtaken
by the GRB radiation front are shown in Fig. 1. These pararseteere calculated
numerically and approximated by analytical formulae in. [B]varies exponentially
betweenR;cc and Rpad = 2.3Racc and Z(Race) =~ 74. At R < Raec both y and Z vary
as power-laws with radius. An interesting phenomenon tpkase at small radiR <
Rgap~ Racc/3: here the external shock may not exist at all because theumeghins so
high y that it runs away from the ejecta and a gap is opened.

The main observational effect @*-loading is a strong softening of synchrotron
emission from the forward shock. Indeed, the shock energpr;m&eon,rmpcz, can now
be shared by leptons, and the energy per lepton is reduced by the factbes 1. Then
the frequency of synchrotron radiationis reduced aZ 2. Accurate calculation shows
that the preacceleratignalso softens the emission because it reduces the presshee in
blast wave; as a result 0 Z~2y~5/2, This has a strong effect on the early afterglow: it
starts as a very soft signal and later evolves to the nornralyemission.

The energy dissipated in the forward shockRat Rag depends ofiRyec/Rioag @and
can vary. For example, in a medium with ~ 1— 10 cn1 2 (standard ISM) it can be
estimated a€qof ~ E(Road/Rded)® = (102 — 1071)E whereE is the ejecta energy
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FIGURE 1. Pair-loading factoZ = 1+ ny/ng and acceleratioy of the external medium by theray
front. As the front propagates to larger raBjithe e* loading and acceleration effects are reduced and
become negligible aR ~ 107 cm. The figure shows the results for GRBs with isotropic endig=

10°* erg. The corresponding curves for differ@jtare obtained by re-scaling radiRs— R(E,/10°4)%/2.
Example ejecta Lorentz factdgj = 200 is indicatedy = I'¢j defines the gap radidyap

[5, 7]. The initial soft flash rises sharply at the observaretiops ~ Race/ I'gjc, which

is before 10 s in most cases, so the rise may be difficult tohcafth the current
instruments. However, the emission can last much longer #ie rise, more than one
minute, and then would be easily observed3ayft. Estimates of the expected emission
have been done in [5, 8, 9], however, the problem requiresra mxcurate calculation
that keeps track of the evolution of each shell in the blagensd.

Blast waves in wind-type mediad 0 R~2) have smallRgec [10, 11, 12], and the
neglect ofe™ loading and preacceleration lpyrays is inconsistent in this situation. The
inclusion of these effects leads to a very powerful promfitfsmsh because most of the
blast wave energy dissipatesRik Rpaq [5]. Its detection would be a clear signature of
a massive progenitor. On the other hand, the existing upmésion the early optical
emission in several GRBs exclude high-density winds indlmssts.

Optical flashes are also expected from the reverse shodks BRB ejecta [1, 2]. The
reverse shock with magnetic fieBlcomparable to that in the forward shock produces
an optical flash like the one observed in GRB 990123 [13]. This be used to probe
the composition of the GRB ejecta as the reverse shock emissisensitive tdB. A
magnetic field near or above equipartition with the fluid ptes is likely to suppress
the reverse shock component of the afterglow, and then dwyet emission from
the forward shock contributes to the optical flash. The foedaghock component does
not depend on the nature of the ejecta and can help to detetimnambient density,



magnetic field, and Lorentz factor of the blast wave.

NEUTRON DECAY

A significant fraction of baryons in the GRB ejecta are nendrfi4, 15, 16]. They are
collisionally coupled to the ions when the fireball is accaied by radiation pressure and
develop a high, = 10° — 10°. Then the neutrons decouple and coast Witk= const.

The B-decay depletes exponentially the neutron componentdaitee mean-decay
radiusRp ~ 10%¢(I"/300) cm, which is comparable to the expected radius of the early
afterglow. However, the neutrons impact the blast wavedit sggnificantly larger than
Rg, even though their number is exponentially reduced at leage.

The front of survived neutrons overtakes the deceleratiagtlivave at some radius
R, where the blast-wave Lorentz factbrdecreases below,. Using the Blandford-
McKee solution™?(R) = (17— 4k)E /8mpoc?R2 for adiabatic blast waves in a medium
with densitypy 0 R~ we have

_ (17-4K)E
R = 8mpec?ra 2)

At R> R, the 3-decay takes place in the external mediaimead of the forward shock.
The impact of this decay can be understood by comparing teeggrof neutrons,
En = XnEexp(—R/Rg) (Xn is the initial neutron fraction of the explosion) with the

ambient massnc? = 37 R3pgc? = 17j4k") (E/I?) they interact with,

2(3
En  2B-K, > ( R
me2 17—4kX”r exp Rg /)’ )

Just afterR, this ratio can be as large 88 depending ofR./Rg. The decaying neutron

front with E, > mc? deposits huge momentum and energy into the ambient medium,
leaving behind a relativistic trail. The exact parametefrshes trail are found from
energy and momentum conservation applied to the collisioB-decay products with

the ambient medium [6].

The ratioE,/mc? becomes smaller than unity only after10 e-foldings of3-decay.
Therefore, the impact of neutrons lasts uRl ~ 10Rg ~ 107 cm, and one expects
an observational effect R, < Ryaji. For a homogeneous mediutka=£ 0) this requires
N > 0.1E55(I",/300)~° cm™3. For a wind mediumK = 2) R, < Ry for all plausible
parameters of the wind if,, ~ 107 or higher. Besides, the forward shock in a dense
wind is likely to be slow from the very beginning (the reves®ck in the ejecta is
relativistic). Then the neutrons can overtake the forw&ack immediately, before the
self-similar deceleration sets in.

TheB-decay ahead of the shock transforms the cold static exteredium into a hot,
dense, relativistically moving, and possibly magnetizadierial. The ion ejecta follow
the neutron front and drive a shock wave in the trail matebDghamics and dissipation
in the shock are discussed in [6]. Like the neutron-free khidtis difficult to calculate



the expected synchrotron emission from first principleshbee the electron acceleration
and magnetic field evolution are poorly understood. One patya phenomenological
shock model with the customary parameteysind eg and fit the data with the model.
This may enable an observational test for fladecay.

Any neutron signature revealed in a GRB afterglow emissiauld/ confirm that
the ejected baryonic material has gone through a hot higkiyephase in the central
engine. Neutrons thus provide a unique link between theiphiyd the central engine
and the observed afterglow. Numerical simulations of ruted blast waves may help
to identify such signatures. One possibility, for instgrisean exponentially decaying
emission component. Another possible signature is a speéiansition or a bump in the
afterglow light curve aR ~ Ry4;j [6].

Absence of neutron signatures would indicate that the GRBt&jare dominated by
magnetic fields. In such a low-density fireball, the neutnansid decouple early with
a modest Lorentz factor and decay quickly. Two-componezttajwith less collimated
and less energetic neutrons is possible in the MHD accedaratenario [17].
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