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From blast wave to observation
H.J. van Eerten and R.A.M.J. Wijers

Astronomical Institute 'Anton Pannekoek’, Kruislaan 40898SJ Amsterdam, the Netherlands

Abstract. Gamma-ray burst (GRB) afterglows are well described by lssatcon emission originating from the interaction
between a relativistic blast wave and the external mediumosnding the GRB progenitor. We introduce a code to recaost
spectra and light curves from arbitrary fluid configuratiomaking it especially suited to study the effects of fluid fow
beyond those that can be described using analytical appatiins. As a check and first application of our code we use it
to fit the scaling coefficients of theoretical models of aftew spectra. We extend earlier results of other authoretecl
circumburst density profiles. We rederive the physical petgrs of GRB 970508 and compare with other authors.

We also show the light curves resulting from a relativistisbwave encountering a wind termination shock. From high
resolution calculations we find that the observed transitiom a stellar wind type light curve to an interstellar meditype
light curve is smooth and without short-time transitorytiges.

Keywords: gamma rays: bursts - gamma rays: theory - plasmas - radiamhanisms: nonthermal - shock waves
PACS: 98.62.Nx; 98.70.Rz; 95.30.Lz; 95.30.Gv

INTRODUCTION

In the fireball model, Gamma-Ray Burst (GRB) afterglows dmeught to be the result of synchrotron radiation
generated by electrons during the interaction of a strorgliimated relativistic jet from a compact source with
its environment (for recent reviews, seel[22, 18]). Iniyiahe resulting spectra and light curves have been modelled
using only the shock front of a spherical explosion and a Erppwer law approximation for the synchrotron radiation
(e.g. [27]/ 17, 24]). One or more spectral and temporal breeke used to connect regimes with different power law
slopes. For the dynamics the self similar Blandford-McK@®I] approximation of a relativistic explosion was used
[1]. These models have been refined continuously. More Idadfithe shock structure were included (el.g..[6, 10]),
more accurate formulae for the synchrotron radiation weszle.g..[26]) and efforts have been made to implement
collimation using various analytical approximations te jbt structure and lateral spreading behavior (see [9]rior a
overview). On top of that, there have been studies focussingrrival time effects (e.g. [12]) and some numerical
simulations (e.g.[19, 7/ 2]).

In this paper we introduce a code to reconstruct spectra ightl durves from AMRVAC, a high performance
relativistic hydrodynamics code [[15]. We verify our methmg applying it to the analytically well understood BM
solution. Because different authors have recently starsed the circumstellar density structure as a fitting patam
when fitting the BM solution to afterglow data[25], we geriexisting scaling coefficient prescriptions from the
literature [6] from insterstellar medium (ISM, for whichetlinverse radial slope of the density distributiois zero)
and stellar wind K = 2) to generak. These scaling coefficients are tabulated in the appendixcamdbe directly
used when fitting to afterglow datd/e finish this part of the paper by comparing fit results to GRB508 using our
prescription to those of other authors.

Following this, we apply our radiation code to study the biisieffect of the blast wave encountering a wind
termination shock. Our simulations, done at high resofutiomake sure we accurately probe the timescales at which
the encounter is expected to take place, confirm the predicfi [19] of a smooth transition between two power law
regimes in the observerd light curve.

With the exception of the wind termination shock sectionstrad the work presented in this paper is also presented

in [3].

DESCRIPTION OF THE RADIATION CODE

The code takes as input a series of snapshots of relatikigdi@dynamics configurations on a grid. The grids represent
a spherically symmetric fluid configuration and all grid selte assumed to emit a fraction of their energy as radiation.
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This fraction of course has to be small enough not to affectijmamics, since the post-processing approach does not
allow for feedback. For the time being we restrict ourseteethe optically thin case. In this section and the next we
will use BM solution for adiabatic expansion of the blast wdw provide the content of the grid snapshots. The BM
solution takes two input parameteE,, the explosion energy in units of 3erg andny, the circumburst number
density at a characteristic distance ot 16m.

Four ignorance parameters are provided to the code at renpin€y, &g and g, denoting respectively the slope
of the relativistic particle distribution, the fraction pérticles accelerated to this relativistic distributidrany given
time, the fraction of thermal energy that is carried by tHathéstic electrons and the fraction of thermal energyt tha
resides in the (tangled-up) magnetic field.

In this work we consider synchrotron radiation only. All@jreells contain a macroscopic number of radiating
particles and the radiation from these particle distrifmsiis calculated following [24] and [23], but with two impant
differences: the transition to the lab frame is postponddrag as possible and no assumption about the dynamics of
the system is used anywhere as this should be provided byé#psisot files.

For the emitted power per unit frequency of a typical elettre have
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Here ge denotes the electron chargee the electron mass an® the local magnetic field strength. Comoving
guantities are primed. The functia#d contains thdocal shape of the spectrum, including the local effect of elactro
cooling, resulting in2 0 v1/3 for values belowe m, in 2 0 v(1~P)/2 betweenve,m andverm and an exponential drop
beyondve . It incorporates an integration over all pitch angles betelectron velocities and the local magnetic
field and an integration over the accelerated particleibigion. We use a power law particle distribution with a lowe
cut-off Lorentz factons, and an upper cut-off Lorentz factggy. Directly behind the shock front the lower cut-off
is determined by the downstream density, thermal energytl@ignorance parameters, while the upper cut-off is
initially set to infinity. The evolution of the acceleratedrficle distribution when a shocked fluid parcel moves ferth
downstream is determined by adiabatic cooling and synamaeadiation losses. The characteristic frequeneigg

andv;, , are related to the bounding Lorentz factgysandym via v’ 0 B- y2. More details on equatioh](1), the critical
frequencies and the full shape@fcan be found in |3].

We emphasize tha® describes théocal synchrotron spectrum for a location where all electronshawlergone
exactly the same amount of cooling. The observed spectrumtine entire blast wave is a superposition of many such
spectra. The result of this superposition is that the exptalelrop beyond the locally differing, v gets smoothened
into a steepening of the power law slope of the spectrum by®@ifa-1/2, and the differentc;m values together
determine the position of theoling break beyond which this steepening of the slope sets in.

Assuming isotropic radiation in the comoving frame, we\ariat
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per solid angle®’.
To get to theeceivedpower per unit volume in the lab frame, we have to apply thesmbbeaming factors, Doppler
shift the frequency and multiply the above result for a @rugrticle with the lab frame particle density:

R, énn sz)/<e>
with u now denoting the cosine of the angle between the fluid vel@eit the observer (unprimed, so measured in
the lab frame)f the fluid velocity in units ot andn the number density.
Finally, the flux the observer receives at a given obserues ts given by
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Herergps is the observer distarfeapproximately the same for all fluid cells (though the difeces in arrival times
are taken into account). The ar@adenotes thequidistant surfaceFor every emitting timé, a specific intersecting
(with the radiating volume) surface exists from which raéidiaarrives exactly at,s The integration over the emission
timeste (represented in the different snapshot files) requires &ra Beaming factor and a factor ofo transform the
total integral to a volume integral.

SCALING COEFFICIENTSAND APPLICATION TO GRB970508

Especially for high Lorentz factors, the shape of the spectis dominated by the radiation coming from a very thin
slab right behind the shock front. The observed emissiom ttds slab depends on the various model parameters via
power laws and a heuristic fit function can be constructetl e gradual transition between regimes being handled
by a free parameter, the sharpness fast®hile the proportionalities of this function can be detared via simple
scaling arguments, we have to set its scale using our radiatide. Also, in more detailed calculations like those done
here the gradual transitions are included automaticaltivesm can use this to provide the correct dependensmaof
p andk. This eliminates as a free parameter, simplifying the fit to the data and atigwtlie shape of the transition to
help determine whether a particular model fits the data arDepending on the order of the peak frequengyand
Vm We have two options for a fit function.

If the cooling break lies beyond the peak frequency (‘speutd’, for easy comparison tol[6]), the flux is best

approximated (i.e. valid up to a few percent) by
1
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HereFny,1 is the flux at the synchrotron peak frequency for an infiniterptbreak (i.e. the point where the two power
laws describing regio® andG would intersect when extrapolated), 1 the synchrotron peak frequency ang the
cooling frequency. The peak flux and critical frequencigsashel on the physical input for the BM solution (explosion
energy and circumburst density profile) and the ignorancarpaters. These dependencies are summarized in the
appendix. The sharpness functighg ands;; are given by

Snt
3

Sn1=22-052p,  S1=16-0.38p—0.16k+0.078pk (6)

When the order of the breaks is reversed (‘spectrum 5) theosimpower law for both breaks is given by

A
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whereF. 5 denotes the peak flux for infinite sharpnegsand the prescriptions for the sharpness are

e 1
=3 %5

S5=066—0.16K  Sps=3.7—0.94p+3.64k— 1.16pk 8)

Once again these are valid up to a few percent. Given theirracies, all sharpness prescriptions are consistent with
[81.

Various authors have used flux scaling equations to derltiysical properties of GRB 970508 from afterglow
data[5| 8, 28, 11]. This provides us with a context to illastrthe scaling laws presented in this paper. We will use the
fit parameters obtained from broadband modeling by [11]yTHave fit simultaneously in time and frequency while
keepingk as a fitting parameter. Because the only model dependeheitisdve been introduced by this approach are
the scalings of andv (and no scaling coefficients), their fit results are stillffldonsistent with our flux equations.
Using the cosmolog®y = 0.27, Qx = 0.73 and Hubble parametéiy = 71 km s Mpc~1, they have for the

1 For cosmological distances,s denotes the luminosity distance and redshift tetths z) need to be inserted in the appropiate places in the
equations.



comoving density (g/em a)

observer distance in units of 3cm Fobs2s = 1.635 and redshifz = 0.835 [16], leading, atypsq = 23.3 days, to
Vo1 =9.21-10 Hz, vy = 4.26- 109 Hz, Fy 1 = 0.756 mJy,p = 2.22 andk = 0.0307.

Both [11] and [5] take for the hydrogen mass fraction of thewinburst mediunX = 0.7, which in our flux
equations is mathematically equivalent (though concéiptdiferent) to settinggy = (14 X)/2=0.85. Unfortunately
this still leaves us with four variables to determimg, (€g, Es», Ng) and only three constraints (peak flux, cooling and
peak frequency). From a theoretical study of the microstmecof collisionless shocks [13] arrives &t -~ /€g and
we include this as an additional constraint to obtain a das of equations.

For the values quoted above we obtdig; = 0.155,ng = 1.28, &g = 0.1057,g = 0.325. For comparison we give
some of the values obtained by other authaors. [5] obtairhf@t$M caseEs, = 3.5, ng = 0.03,6g = 0.09,&e = 0.12.

[8] obtain for the ISM caseEsy = 0.12,ng = 22, &g = 0.012, &g = 0.57. Both usep = 2.2. Finally [11] obtain for
k =0.0307:Es2 = 0.435,ng = 0.0057,eg = 0.103, &g = 0.105. This comparison serves to emphasize the sensitivity
of the inferred blast waves physics on the scaling coeffisiefithe model.

WIND TERMINATION SHOCK ENCOUNTER
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FIGURE 1. Results for wind termination shock encounter. The left fgghows a comoving density snapshot of the shock
profile during the encounter at emission titae= 5.49- 107 s. The schematic description 6f [21] is shown for compariand a
clear difference between densities further downstrearisiBle. It should be noted that all different areas of thecktere resolved.
For example, the forward shock region (smallest, rightmegion) is resolved by~ 30 cells. The right figure shows the resulting
light curve at 510" Hz, with 100 data points devoted to 0.3 - 1 day and 100 datéptinthe following 19 days. A smooth
transition to the power law behaviour corresponding to a Bk wave expanding into a homogeneous environment iseisib

get complete coverage of all observer times, radiationutaed directly from the BM solution for the blast wave at &otz 200
down to 23 has been added to the observed flux.

Different predictions exist in the literature concernihg bbservable effect of a relativistic blast wave encoumger
a wind-termination shock. A short transitory feature isdicted by [21], whereas [19] predict a smooth transitiod] [2
present a detailed analysis of the reverse shock behavimingdthe encounter, whereas [19] combine an analysis in
a planar geometry with simulation results. We perform an RiitBulation using AMRVAC and the initial conditions
suggested by [21], with enough temporal and spatial reisolid resolve any short transity features occuring on the
time scales predicted by [21] (i.e. a few hours in observee}i The output of this simulation is then studied using the
radiation code presented in this paper and [3], for an olesérequency of 510'* Hz (optical).

The resulting light curve showso short transitory featurdut a smooth transition instead, confirming lower
resolution results from [19], as can be seen fronfdig. 1. Therdpancy between our results and [21] can be attributed
partly to the differences in the downstream fluid densityfifge between the two studies as illustrated inflg. 1. A more
detailed argument will be presented elsewhere [4].

Following is a short summary of the initial conditions of thiemulation. We start with a BM blastwave profile at
shock Lorentz factor 23, for a shock wits, = 10.0, np = 3, k = 2. We position the wind termination shock at a
radial distance of B- 10'® cm. At this point the density increase by a factor 4 and remfaed further outward. The
ignorance parameters used in the radiation calculatiop ar@.5, &y = 1.0, &g = 0.1 andeg = 0.01. We have ignored
electron cooling (i.e. kepty at infinity) and differ from|[211] in that we do not take the dligncrease in the magnetic



TABLE 1. Constants setting scale of flux

| | D | G | H | F | E
0] 512-1017 | 2.78.1031 | 568-10°1 | 1.16-10%0 | 2.95.10°16
k | 1.18-10% 4.54.10 6.94.-1071 | 1.36-10°8 | 2.04-10%
kk | 9.01-1001 | 895.10°1 | 9.27.10°1 | 1.01 9.41-1071
p 2.25-10%2 | 5.40.10%0
pk 7.27-10° | 1.65-10°8
pkk 9.41.10°1 | 1.06
pp 177 2.99
ppk 8.07-10°1 | 7.01.101
ppkk 1.03 101

field in the reverse shock region into account. This incr¢approximately a factor.2P) is not sufficient to explain

the reported transitory feature and its omission does tet alir conclusions.

The grid resolution is determined by the number of base ¢&#8) and the maximum refinement levels (i.e. the
number of times a cell can be split in two to increase resmhytl5 in our simulation). This grid represents a radial size
of 6- 108 cm, and therefore the pre-break shock widiR @t Lorentz factor 23) is resolved at an effective resolution
of 1200 cells. The temporal resolution i$56- 10° s (the encounter lasts 1.4- 10" s in emission time).
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APPENDI X: SCALING COEFFICIENTS
Below we provide the scaling coefficients and model fit fumtsi for generak values. The energis, has been

normalized to units of 1% erg, the luminosity distanogys2s to 10?8 cm and the observer timegypsq is expressed in
days. The leftmost peak fluxes for infinitely sharp transgiare:

2
3p_—I 1 2 8-3k —k
Fni = %(%) EN sBz-n(‘)tRE;(;*k) ob‘;dk) (1+2)2 4k> mJy, (9)
0b528
2
5 1 2 83k —k o
Fes = CE(%) 2EN g8 g T ESTY oy (1+Z)2 ¥ mJy. (10)
Mobs28
(11)
The critical frequencies for the different regimes are gilg:
Co\ /P /g2 -
Vni = (@) Ei &% Egy topea - (1+ 22 Hz, (12)
G 2 B _ 3k—4  —4+3k a4tk
Ver = <§H> '533/2' ﬂ.552§4*k>.02[<)§k>.(1+z) pipen Hz, (13)
G 6/5 B B B 3k—4 443k 4k
s = (c_F) g% eV LT G (1427200 He, (14)
E
Ch 2/(p71) e\ 1j2.1/2 . 32
Vms = (a) T &5/ PES) o2 (L+2)Y2 Hz (15)



The flux functions and critical frequencies still contaie ttpefficientsCp, etc. They are listed below, witipg etc.
denating purely numerical constants, whose values ardetigtolin tablé1l.

_ (p—1) /(4-k) 1 p—2 —2/3 1(%4‘I<k) 2k

C = 3p_1 ( DOCDkCDkk) 3k —p— 1 (17— 4k) 349 . (4 — k) 7k (16)

1/(4-k) 1
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/(4K 1

G = (CFOCFk Fkk) Ik (17— 4k)¥/4. (4— k)~ Y4 (18)
_ 2 k K2 p2K2 1/(4-k) 1 p—2 p-1

Co = (p=1) (CGoCEkCEkaEng $C2hCEriCEoniCE ppkk) 3-k \p-1
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rG+5p+1
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