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Abstract. The internal shock model for gamma-ray bursts in- The source of cosmic GRBs must therefore be able to re-
volves shocks taking place in a relativistic wind with a very inease a huge energy in a very short time. Possible candidates in-
homogeneous initial distribution of the Lorentz factor. We haw@ude the coalescence of two neutron stars (Eichler et :al.l 1989;
developed a 1D lagrangian hydrocode to follow the evolution Bczyiski[1991), the disruption of the neutron star in a neu-
such a wind and the results we have obtained are comparettén star — black hole binary (Narayan et.al. 1992; Mochkovitch
those of a simpler model presented in a recent paper (Daigne®al.[1993) or the collapse of a massive star (Woosley (1993,
Mochkovitch 1998) where all pressure waves are suppresse@atzyskil1998). In all these cases the resulting configuration
the wind so that shells with different velocities only interact bis expected to be a stellar mass black hole surrounded by a thick
direct collisions. The detailed hydrodynamical calculation edisc. Since the power emitted by GRBs is orders of magnitude
sentially confirms the conclusion of the simple model: the malarger than the Eddington limit it cannot be radiated by a static
temporal and spectral properties of gamma-ray bursts canpgb®tosphere. The released energy generates a fireball which
reproduced by internal shocks in a relativistic wind. then leads to the formation of a wind. Moreover, this wind has
to become highly relativistic in order to avoid the compactness
Key words: gamma rays: bursts — hydrodynamics — shogkoblem and produce gamma-—rays (Bafing 1995; Sari & Piran
waves — relativity — radiation mechanisms: non-thermal 1997). Values of the Lorentz factor as higHas: 100-1000 are
required, which limits the allowed amount of baryonic pollution
to a remarkably low level. Only a few mechanisms have been
1. Introduction proposed to produce a wind under such severe constraints. (

) ] ) magnetically driven outflow originating from the disc or pow-
Since the discovery of the optical counterpart of GRB 9702284 by the Blandford—Znajek (1977) process (Thomsoni1994:;
(van Paradijs et al. 1997) the accurate localizations providgthsAros & Rees 1997: Daigné & Mochkovitch 1999: Lee et
by theBeppo-SAXatellite have led to the detection of the opy| 1999); (i) reconnection of magnetic field lines in the disc
tical afterglow for more than ten gamma-ray bursts (hereaftgfiona (Narayan et a1 1992jji | neutrino—antineutrino annihi-
GRBs). The most spectacular result of these observations i$4@n in a funnel along the rotation axis of the systeng@ros
have provided adirect proof of the cosmological origin of GRBg, Rees 199P: Mochkovitch et al. 1993, 1995). Mechanisifs (
The detection of absorption lines at= 0.835 in the spectrum a4 i) require that the magnetic field in the disc reaches very
of GRB 970508 (Metzger et al. 1997) followed by otherredshiﬁigh valuesB > 10'® G. Our preliminary study (Daigne &
determinations (between= 0.43 andz = 3.41) confirmedthe \jochkovitch[1999) of the wind emitted from the disc shows
indications which were already available from BATSEdata that it can avoid baryonic pollution only if some very severe
showing a GRB distribution perfectly isotropic but non homQsgnstraints on the dissipation in the disc and the field geometry
geneous in distance (Fishman & Meegan 1995 and referenggs satisfied. Some recent works (Ruffert et al. 1997) have also
therein). _ . shown that mechanisnii() is probably not efficient enough to

The energy release of GRBs with known redshifts extenggyyer a gamma-ray burst, except may be for the shortest events.
from £, = 210 {1 to E, = 210> {1 erg. The solid anglé When the wind has reached its terminal Lorentz factor, the
in which the emission is beamed is quite uncertain. A sfall energy is mainly stored in kinetic form and has to be converted
should reveal itself b.y a break after a fevy days in the afterglqyck into gamma-—rays. Two main ideas have been proposed to
light curve. A break is indeed observed in a few cases suchiggjize this conversion. The first one is the so-called external
GRB 990510 (Harrison et al. 1999) Wheﬁra could be as small ghock model (Rees & KsAros 1992; sAros & Rees 1993).
as 0.01. However, most afterglows do not show any break whigRe \ind is decelerated by the external medium, leading to a
means thaf2 is usually not very small . ~ 0.1?). shock. Gamma-rays are emitted by the accelerated electrons

* Present addressMax-Planck-Institut for Astrophysics, Karl- In the shocked ma_terial thrpugh the synchrotron and/or inverse
Schwarzschild-Strasse 1, 85740 Garching banbhen, Germany ~ Compton mechanisms. This model has been studied in details
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(Fenimore et all_1997; Panaitescu et[al. 1997; Panaitesclbéing the specific internal energy density). The lagrangian mass
Mészaros 1998) and seems unable to reproduce some impmwerdinaten is defined by

tant features of GRBs such as their strong temporal variability )
(see however Dermer & Mitman 1999). Conversely, the external _ / B dR, @)
shock model reproduces very well the delayed emission atlower Jr

energy from the afterglows (86zros & Ree§ 1997; Wijers et

min m

Ruin being the radius of the back edge of the wind. The system

al.[1997).
The second proposal is the internal shock model (Rees éEqs (1)-(8) is completed by the equation of state
Mészros 1994) where the wind is supposed to be formed im> = (y — 1) pe , (8)

tially with a very inhomogeneous distribution of the Lorentz

factor. Rapid parts of the wind then catch up with slower onée adiabatic index being a constant.

leading to internal shocks where gamma-rays are again pro-In the non-relativistic limit ¢ — 0 andh — 1), the quanti-
duced by synchrotron or inverse Compton radiation. We hal}@s Vi, Sm andEy, become equal to their newtonian counter-
started a study of this model in a previous paper (Daigne @rts, vandE =1+e+ % * and Eqs[{1)£(3) then reduce to
Mochkovitch 1998, hereafter DM98) where the wind was sinthe classmal equations of Iagranglan hydrodynamics in spheri-
ply made of a collection of “solid” shells interacting by directal symmetry. The great similarity between the relativistic and
collisions only (all pressure waves were suppressed). The velgssical equations will allow us to use the powerful numerical
encouraging results we obtained had to be confirmed by a marethods which have been developed in classical hydrodynamics
detailed study. We have therefore developed a relativistic Hg-follow the evolution of a fluid with shocks.

drocode to follow the evolution of the wind. We present the

code aqd the mai'n results in this paper. We writ.e in Se.ct.. 2 theNumerical method

lagrangian equations of hydrodynamics in special relativity. In

Sect. 3 we describe the numerical method we use to solve thesh. Extension of the PPM to 1D lagrangian relativistic

and we present the tests we performed to validate the method. hydrodynamics in spherical symmetry

We display our results in Sect. 4 and Sect. 5 is the conclusmﬁ\.n extension of the Piecewise Parabolic Method of Colella &

Woodward|[(1984) to 1D eulerian relativistic hydrodynamics in
2. Lagrangian equations of hydrodynamics planar symmetry has been already presented byiMatiiller
in special relativity (1996). We follow exactly the same procedure to extend the
PPM to the lagrangian case in spherical symmetry.
We write in a fixed frame the equations of mass, momentum We adoptW’ = (V. S, En) s the set of variables. If

and energy conservation in spherical symmetry. the mass-averaged valugg! of W at time¢™ in each cell
J

WV 0 (R*v) -0, 1) [mj_%,mﬁ%} extending fromR?_l toR? , are known, the
ot om v.':lluesVV;“rl at timet™*! = t* + At are computed in four
0Sm 5 OP steps:
- 2
ot r om 0, )
0F., N 0 (R*Pv) 0 3) a) Reconstruction step. The variablesd/ = (%,P, v) are
ot aom - obtained froni¥ in each cell by solving the following equation

where R andt are respectively the spatial and temporal cooirn h.

dinates in the fixed frame. The following quantities appear e +(y—1)h—~E /752 T2+ _ 9

Egs. [AEB):P is the pressure in the fluid local rest frameis o 7 7m ®)

the fluid velocity in the fixed frame ant,,, S,, and £, are Onceh is known, the other quantities are easily computed since
the specific volume, momentum density and energy density (in= W and L — I'V,,. These mass-averaged values are

cluding mass energy) in the fixed frame. These three quantitgs,, mtgrpolated by polynomials in the way described in the
are related to quantities in the fluid local rest frame.

original paper by Colella & Woodwar@d (1984). We use the same

1 modifications of the coefficients of the interpolation polynomi-
m = pT“ ’ ) als, leading to a steeper representation of discontinuities and a
monotone representation of smoother parts.
Sm = hI'v, (5)
B — T — lf ©6) b) Effective states. At each interfacej + 1, two effective
" Lp’ statesU/; 1, andU, 1 p (L and R denote the left and right

) sides of the mterface) are constructed by mass-averaging these
wherel’ = —=— is the Lorentz factorp is the rest-mass guantities in the region of cells and j + 1 connected to the
density anch = 1 + ¢ + is the specific enthalpy density ( interfacej + = by a characteristic line during the time step.
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¢) Riemann solver. At each interfacej + % the two effec- 1
tives stated/; .1 ; andU, 1  define a Riemann problem (two

27 ’ . . . . .
constant states separateé by a discontinuity surface), whlc@so_5
known to give rise, like in newtonian hydrodynamics, to two
new_sta_ltes(]j+%,L* and UJ»JF%@f _separated by a contact dis-
continuity and related to the initial staté§, 1 ; andU; 1 g
either by a shock or a rarefaction wave. The common values of 1
the pressure and the velocity of the two new intermediate statgs

LA L L

J

v v bl b b bl b b g by

T

LA L L

(whereS either refersto thé or R state) has been worked out by
Marti & M Ulller (1994). Eq. (11) is solved using Brent's method [ T

to obtain the pressugg and the velocity, of the intermediate 0 0.2 0.4 0.6
states at each interface.

are given by the implicit equation S 05
~
Vs = Vs (Dx) = VR« (D) - (1) = .
An analytic expression (for a polytropic gas) of ) ;1 LA e T B s o
_ J Rs(p) if p < ps (rarefaction wave) C
vs«(p) = { Ss(p) if p > ps (shock wave) (1) > 0.5 }

o
o)
—_

Fig. 1. Relativistic shock tube problem witty, = 1, p, = 1000 and
pr = 1,pr = 0.1. Exact (solid line) and numerical profiles of density,

d) Time advancement.The quantitiedV* are calculated with pressure and velocity at= 0.303

numerical fluxes at each interface obtained fropandwv, in
the same way than Colella & Woodward (1984). 1.5x100

3.2. Numerical tests N 10¢

3.2.1. Relativistic shock tube 5000

We have sucessfully checked our code against two usual tests g
in relativistic hydrodynamics. The first one is the shock tube
problem which is simply a Riemann problem in which the initial

states are at rest. We present in Elg. 1 the resultp foe 1, N
pr, = 1000, vy, = 0 andpR =1,pr = 0.1, vg = 0. The 5x10%
adiabaticindex iy = § and the discontinuity is initially located

atxz = 0.5. The figure is plotted at a time= 0.303 for a grid 0
of 1000 zones initially equally spaced. The agreement between !
the exact and numerical profiles is satisfactory. The positions 0.8
of the contact discontinuity and the shock are very accurate. o6 L .
The density, pressure and velocity of the post-shock state areo.4 - E
also exact. However, the value of the density in the immediate ,, f
vicinity of the contact discontinuity shows a small non-physical g I———

increase, which is more pronounced when the shock is stronger 0 02 0.4 06 08
and disappears when the shock is weak (as in the shock tube *

problem withp;, = 10, p, = 13.3 andpgr = 1, pg = 0, Fig. 2. Spherical shock heating. Exact (solid line) and numerical pro-
which has been considered by several authors). In the contégs of density, pressure and velocitytat 1.90

ofthe internal shock model for GRBSs, the shocks are only mildly

relativistic and we do not observe any unexpected increase of

108

the density in the results presented below. 1000 zones initially equally spaced. In the considered case of a
cold homogeneous fluid, an analytical solution is known. The
3
; ; P To+1
3.2.2. Spherical shock heating shocked state is at rest with a densify = Fig (7731 ) P0

and a pressurg, = (v — 1)(To — 1)p;. At time ¢ the un-

This test consists in a cold fluid, which is i_nitially homogeneo%snockf_ld cold fluid of velocityy, has a distribution of density
(p(R,0) = po) and enters a sphere of radius 1 at constant veloc-

2
ity vo. The fluid bounces @& = 0 and is heated up. We presenp(%2;t) = po (1 + %) . The numerical profiles appear ac-
in Fig.[2 the results fop, = 1, py = 1076 andvy = —0.99999 curate except in the vicinity of the origin. The shock propagates
att = 1.90. The adiabatic index is = % and we used a grid of with the correct velocity and the post-shock values of density
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More precisely, we define our initial state as follows. We
consider that fromt = 0 to ¢ = ty,, a wind with a distribution
of the Lorentz factor defined by

300

Lovo b b b |

= 200 »
3 - i) it <
100 Py = § 250~ 150 cos (Rt ) i 6 < 04 tw 12)
N N R B B R R 400 ift>04tw
0 2 4 6 8 10 .
R/c has been produced by the source and that its back edge has

reached?,,in, = 400 Ry = 1.210* km (we adopi?y = 30km).

We suppose that energy is injected at a constant Fafeve

adoptE = % erg.s~! /st in the following), so that the total

energy injected into the wind simply equals = F ¢ and

the injected mass flux i3/ () = mf?@ The density profile in

N | this initigl state can be calculated if we assume that the in.tern'al

0 02 04 0.6 0.8 1 energy is very small compared to the kinetic energy, which is

m/M indeed the case when the wind has reached its terminal Lorentz

Fig. 3. Initial state att = 10 s for tw = 10 s. An energyl = factor (p% < 1). The eulerian and lagrangian profileslofn

2 10°2 /47 erg/st has been injected into the wind, whose mass [§€ wind att = ¢y, are shown in Fid.B fory = 10 s and

— 52
7.76 10%® g (which corresponds to an average Lorentz faEter 290). £ = % erg/sr. We have adoptee!% = 1072 and have
The masses of the fadf (= 400) and “slow” parts ' = 100 — 400) checked that the results do not depend on this small value.
are equallUpper panel.eulerian distribution of the Lorentz factor in

the wind.Lower panelcorresponding lagrangian distribution

400
300

= 200

100

Lovoa b b b |

4.2. Dynamical evolution

and pressure are well reproduced. We therefore conclude t-ﬁla? fa;t part of the wind catches up with .th.e slowgr one. The
the treatment of the geometrical terms in EgQk. (1)—(3) is corre@ater 1s s_trongly compressed is the collision reg|03n, the ve-
We have not tried to improve the computation near the centlé’r?'tyr?ras'em becc?mefs verydstiepkandtgrt]_w 3th10f tWt' d

which is not of major importance in the context of the interndf/0 SNOCKS appear: a forward shock reaching the front edge

3 X
shock model for GRBs where most of the emission takes pla%tetF ~ 4 104tW and a reverse shock reaching t_he back edge
far from the origin. attrg ~ 9 10*ty . The hot and dense matter behind these two

internal shocks radiates and produces the observed burst. The ra-

diation losses are not taken into account in the dynamics, which
4. Results and discussion is probably not a too severe approximation since the dissipated
We have used our code to follow the evolution of a relativi€€T9Y represents about 10% of the total kinetic energy of the
tic wind with a very inhomogeneous initial distribution of theVnd- .
Lorentz factor. The first results have been already presen edWhen the two shocks have reached the edges, the evolution

for small values of the Lorentz factdf ~ 40 (Daigne & ecomes unimportant regarding the emission of gamma-rays:

Mochkovitch[1997). Here we describe our results for the Iar@ﬁ{o rarefaction waves develop at each edge and the wind con-

Lorentz factorsT > 100) which are relevant for the study of Inues to expand and cool. In fact, at this stage, the interstellar

GRBs. We first consider the case of a simple single-pulse bu@ﬁdium should absolutely 'be included in Fhe calculation. An
external shock propagates into the ISM which produces the af-

- terglow and areverse shock crosses the wind which can also lead
4.1. Initial state to an observable emission. All these effects are not included in

Whatever the initial event leading to a GRB may be (NS-NS g}e present simulation, whigh is stopped when the two internal
NS—BH merger, “hypernova’, etc), the system at the end of tfi80Cks have reached the wind edges. ,

preliminary stage is probably made of a stellar mass black hole W& prg;ent in Fig.l4 (left panel) the paths in a ¢, plot
surrounded by a thick disc (the “debris” torus). We consider thge = ¢ — ¢ IS the arrival time of photons emitted at time= ¢

E, a substantial fraction of the available energy of the systefif! the liné of sight at a distandé from the source) of the two

is injected at a typical radiug, into a wind emitted during a SNOcks and of the two edges of the wind. In the right panel the
durationty, with a mass flow). We do not discuss here thec_orrespondmg distributions df and p are plotted at different
physical processes controllingf, #; and E but we assume UMeS-

that the baryonic Ioae}] = MtTWcZ is very small. The wind

converts its internal energy into kinetic energy during its fre&3. Gamma-ray emission and properties of the observed burst
gxpangign in the vacuum (the effect of the interstellgr. medqurb'l. Method of calculation

is negligible at this early stage) and accelerates until it reaches

a Lorentz factol ~ 7 at a typical radiu§' R, (Mésaros et al. Consider an internal shock located at a distalice R, from
1993). This is where our simulation starts. the source at a timé = t. in the fixed frame. The density
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Fig. 4. Left panel Paths of the back and front edges and of the forward and reverse shocks-in.tiane. The two shocks appeartat the

forward shock reaches the front edge very soamw-a@nd the reverse shock reaches the back edge ldterRight panelDistribution of density

p and Lorentz factof at different times: (aj = 2.5 10" s, just before the formation of the two shocks; ¢b¥ 3.0 10" s: the two shocks are

clearly visible; (c)t = 3.1 10 s. the forward shock has just reached the front edge. The reverse shock has still more than one half of the mass
to sweep; (d} = 5.6 10° s: just before the reverse shock reaches the back edge

p«.s, the Lorentz factol, g and the specific internal energywith ap = % The Lorentz factor of the accelerated electrons
€.,s of the shocked«) and unshocked<) material are known is calculated using the expression given by Bykov &sros
from our hydrodynamical simulation. This shock will produc¢1996) who consider the scattering of electrons by turbulent
a contribution to the GRB which will be observed at an arrivahagnetic field fluctuations.

time 1/(3—p)
e I — | QM My Ediss 17
and which will last whereay,; = 0.1 — 1 is the fraction of the dissipated energy
R, which goes into the magnetic fluctuatiogss the fraction of the
At, = 512 (14) electrons which are accelerated an(d.5 < p < 2)isthe index

. o ) _of the fluctuation spectrum. FQr~ 1 andp = 2, Eq. (17) cor-
wherel',. is the Lorentz factor of the emitting material for whichesponds to the usual equipartition assumption, leadiig tf
we adopfl’, = I',.. The luminosity of the shock is estimated by, few hundreds. In this case, the emission of gamma-rays could

Lg, = My, T, (6« — €5) (15) result from inverse Compton scattering on synchotron photons.

. Bykov and Mesaros however suggests that only a small frac-
wherel;, is the mass flux across the shock ands = . —¢s  {ion ¢ ~ 10~ of the electrons may be accelerated, leading to

is the dissipated energy per unitmass in the frame of the shocked 5 yes of several thousands. In this last case, synchrotron

material. _ _ radiation can directly produce gamma-rays of typical energy
Our code detects all the internal shocks present in the wind )

at a given time and saves their parameters in order to sum allgue . I Begy L. KoV (18)

contributions to the emission and produce a synthetic gamma?¥™ ~— “~~ 300 1000 G \ 104 '

rayburst. Inarecent paper (DM98) we presented a simple mode| We now present a detailed comparison of the results of our
where the wind was idealized by a collection of “solid” shellﬁ

. . . - . drodynamical code with those previously obtained with the
interacting by direct collision only (i.e. all pressure waves wer :

O . - simple model (DM98) for a single pulse burst. We have plotted
neglected). We detailed in this previous paper our assumpti

T :
L . in Fig.[3 the values of,, T, €4;s andp as function ot for the
to treat the emission of a given shock. We adopt here the Sa0&vard and reverse shocks. We observe an overall similarity

azzzgfg'?gjé; Ze Eagrqii?;f\gﬂ |ensthe shocked material is SHRtween the two calculations, despite the crude approximations
P quip of the simple model. Not surprisingly, the worst estimated quan-
Beg = v/ ap 8Tpegiss - (16) tities are the post-shock density and the dissipated energy per
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t, (s) t_ (s) Fig. 6. Single pulse burstlQ s). Magnetic field B.,, Lorentz factor

of the accelerated electrois, synchrotron energys,,» and fraction
Fig. 5. Single pulse burstl( s). Emission timet., Lorentz factor of of the energy which is radiated by the synchrotron proggsgs as
the emitting material’,., dissipated energy per protep;s; and den- a function of arrival timef,. Both contributions of the forward and
sity of the shocked materiagl as a function of arrival time,. Both reverse shocks are represented (the contribution of the forward shock
contributions of the forward and reverse shocks are represented {gheardly visible)
contribution of the forward shock is hardly visible)

14V]
o
o
o

A L
. F (a)
proton, which are underestimated by a factor.df. Conversely, i B "
the emission time and the Lorentz factor of the emitting materiat [
are correctly reproduced. The emission starts earlier in the sirﬁ— E
ple model where there is no preliminary phase of compressi@n C
before the formation of shocks (this leads to a larger undere$- |
timate of the density at the very beginning of the simulation%iO -
and ends later. The total efficiency of the dissipation processis [
also smaller 5% instead ofi 2% for the detailed model.

The other quantities.,, I'. ande,,,, are not directly given _
by the hydrodynamical simulation but are parametrized gy 7
ayr, ¢ and i, whose values are unknown. To make a usef§
comparison between the two series of results, we take the sathe
ap andy in the two cases but adjusty; /¢ so that the typical =
synchrotron energy is the same. The corresponding vaIues@f
Beq, I'e ande,,,, are represented in F[g. 6 withg = 1/3, 2
p = 1.75 anda;, /¢ = 100 for the hydrocode antlD00 for the ™ ‘ .
simple model. As expected because of the differencesindensity £ .l 10w 1N
and dissipated energy, the magnetic field is underestimated bya 0
factor of5 in the simple model. This is corrected by our choice

of par"."m.ete.rs for' and the resulting SYnChmtron energles arl—eg. 7a—d.Burst profiles for the initial distribution of the Lorentz factor
very similar in the two ca;es. Also r'10t|ce that the efficiency Thown in Figls8. The photon flux (normalized to the maximum count
the sync_hrotron process is smaller in the simple model due t%?e) is given in the interval 50-300 keV, corresponding to BATSE
poor estimate of the mass flux accross the shock. bands 2+3a Profile obtained with the expression bf. given by
The agreement between the two calculations is satisfagy. (I7);b same as in logarithmic scale, which illustrates the ex-
tory and allows to be quite confident in the results of the simenential decay after maximumprofile obtained with a constaft ;
ple model. Compared to the hydrodynamical code, the simpleame as in logarithmic scale. In the four panels, the full line rep-
model has very short computing times and enables a detaitegents the profile obtained with the hydrocode while the dashed line
exploration of the temporal and spectral properties of synthe¢iresponds to the simple model
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Fig. 8. Ratio of the decay to rise times as a function of burst duratioRig. 9. Evolution of the profiles with duration. The initial distribution
The initial distribution of the Lorentz factor is given by Hg.112) anaf the Lorentz factor is given by Ed.{L2) and the total injected energy

the total energy injected into the wind is proportionaltip. £ = s E = 2 411252 (fgvs) erg/sr. The different profiles correspond to

2 }&52 (fu2) erg/sr. The full line corresponds to the results of thga) tw = 10s; (b) tw = 55; (C) tw = 2s; (d) tw = 1 5; (€) tw =

hydrocode while the dashed line shows the same relation obtailesls; (f) tw = 0.2s; () tw = 0.1s
with the simple model

Ve = tmar — U5 aNd Ty = tgs — tmaee @S the rise and the de-
%y times, we get a ratia;/7,. = 2.08. DM98 found that a
arger value ofr, /7, and a corresponding profile closer to the
characteristic “fast rise — exponential decay” (FRED) shape is
obtained by assuming that the fractigrof accelerated elec-
4.3.2. Temporal properties trons increases with the dissipated energy per preign. As

The contributions of the forward and the reverse shocks %?QDMQS we adopt o qiss, SO thall'e is independent ofy;ss.

added to construct the synthetic burst. We assume that the il 'g:‘:’r[?g ag@?ddshovvﬂthiriggggn? p;ﬁf"e? \M]TIQ: 5%0? f_?_L
tons emitted fromt to ¢ + dt by an internal shock of current € hydrodocode anfle = or the simpie model. The

luminosity Ly, are distributed according to a simple power-la\BrOf”e then better reproduces a typical FRED shape. .
spectrum The observed tendency of short bursts to become symmetric

(Norris et al| 1996) has been tested in DM98 with the simple
d(En(E)) Lg,dt [ E \ " model. The basic behaviour was reproduced but the effect was
dE X Eugn (Esyn) ) (19) even _exagerated _since, By < 1s, 74/7r was smaller than

unity i.e. the decline was faster than the rise. As can be seen

where we adopt = 2/3 or x = 3/2 (the two extreme low in Figs[8 and®, the situation is improved with the hydrocode
energy index that are expected for a synchrotron spectrum) §imce nowry /7. ~ 1 for Tog ~ 0.4 s. However, the shortest
E < Egypand2 < x < 3for E > E,y, (x = 2.5inthefollow- bursts are still asymmetric with; /7. ~ 0.6 for Ty < 0.2 s.
ing). We take into account cosmological effects (time dilation Fig.[8 also shows thatthe ratig/ . is limited to a maximum
and redshift) assuming that the burst is located at0.5. value of~ 2.5 for the longest bursts which appears to be in

We have plotted in Fiff]7a the photon flux observed itontradiction with the short rise times observed in some cases.
BATSE bands 2+3 for the initial distribution of Lorentz facAs discussed in DM98, an initial distribution of the Lorentz
tor shown in Fig. 3, calculated either with the hydrocode (wittactor with a steeper gradient than the one used here (Eq. (12))
<L = 100) or the simple model (wit22 = 1000). The two can indeed increase;/7, but extreme values (such ag/7,
profiles look similar but the hydrodynamical code leads togossibly larger tha0 in GRB 970208) might still be difficult
slower decay. Witlt; (resp.tos) being the time when 5% (respto reproduce.
95%) of the total fluence has been received, we obtain a dura-
tion Tyg = tgs — t5 = 10.4 s instead 0f6.67 s with the simple .
model. Fig[¥b illustrates that the exponential decay of the bu‘rls',?'& Spectral properties
is also nicely reproduced with the detailed calculation. Hown DM98 we presented a complete study of the global and instan-
ever, if we defing,,,., as the time of maximum count rate andaneous spectral properties of synthetic bursts calculated with

bursts which was presented in our previous paper (DM98).
show in the next section the detailed results obtained with t
hydrocode in the case of a single pulse burst.
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hardness ratio relation which appears as a natural consequence
of the internal shock model. These important spectral features
are confirmed in our detailed hydrodynamical calculation.

4.4. Case of more complex bursts

Animportant property of the internal shock model is its ability to
produce a great variety of temporal profiles. Norris et al. (1996)
have shown that complex bursts can generally be analysed in
terms of a series of (possibly overlapping) simple pulses. This
result is readily interpreted in the context of the internal shock
model. A wind made of a succession of fast and slow shells
will produce a succession of pulses which will add to form a
complex burst.

We present such examples of complex bursts in Figs. 11 and
12. The first one (Fig11) is produced by an initial distribution
of the Lorentz factor made of five consecutive identical patterns.

E (keV) Each pattern made of a slow and a rapid part produces its own

Fig. 10. Spectrum of the burst presented in Eig. 9g (= 2 s). The ininiQuaI pulse _and the resulting burst has a complex. shape
number of photons per energy intervellZ) and the produck? n(£)  With five, very similar, pulses. Our second example (Fig. 12)
are shown in arbitrary unit. This product is maximum at peak energp€s the same type of initial distribution of the Lorentz factor
E, = 403 keV in case (a)4 = —2/3) andE, = 193 keV in case but the slow parts now have non eqlialalues. The resulting
(b) (x = —3/2). The dashed lines show a fit of each spectrum withurst is more realistic with four pulses of different intensities.
Band's formula in the interval 10 keV — 10 MeV (parameters are given We did not treat with the hydrocode a large number of cases
in the text) as we did with the simple model. Nevertheless we confirmed
the essential result that the variability introduced in the initial
the simple model. Since these spectral properties are hardly digtribution of the Lorentz factor is present in the burst profile
ferent when calculated with the hydrocode, we do not pres#¥ith the same time scale. The profile therefore appears as a
them in detail again. We just show in Fig]10 the shape of te&ect indicator of the activity of the central engine.
global spectrum calculated for the single pulse burst. Despite
the very simple form adopted for the instantaneous spectrum
(Eq.[19), the sum of all the elementary contributions producgs
an overall spectrum with a more complex shape, which is well
reproduced with Band’s formula (Band etlal. 1993) This paper is the continuation of our study of the internal shock

> o > model started in DM98. We developed a 1D lagrangian relativis-
= A () exp <> for E < (o — B)Ey tic hydrocode (in spherical symmetry) to validate our previous
100 keV Eo simpler approach where all pressure waves were neglected in the
B A (o — B)Ey a=f E s wind. Our code is an extension of the classieBIM method of
n(E) = [ 100 keV ] eXp(a_ﬂ)(lOOkeV)
for E > (a— B)Ey .

Conclusions

=8
&
|

Colella & Woodwards[(1984) in the spirit of the work by Miart
(20) & M ller (1996) for the eulerian case in planar symmetry.
A detailed comparison has been made between the hy-

We find values of the parameters comparable to those obsergieatode and the simple model in the case of a single pulse
in real bursts. The best fits in F[g.]10 correspond te —0.935, burst. It appears that the dynamical evolution of the wind is
8 = —242 and E, = 239 keV in case (&) £ = —2/3) wellreproduced by the simple model, which is not too surpris-
anda = —1.60, 8 = —2.47 and Ey, = 609 keV in case (b) ing because the wind energy is largely dominated by the kinetic
(x = —3/2). As z is limited to the rang®/3 < = < 3/2, we part so that the effect of pressure waves is small. Only one phys-
cannot get spectra with low energy slopes flatter than3 as ical quantity — the density of the shocked material — is strongly
they are observed in several bursts (Preece et al] 2000). A maneerestimated in the simple model. In order to make valuable
detailed description of the radiative processes is then neededdmparisons between the two calculations we have therefore
reproduce these extreme slopes (an attemptto solve this probéefjusted the equipartition parameters so that the mean value of
is proposed by Meszaros & Rees 2000). the synchrotron energy is the same in the two cases. The syn-

However, even with the crude modelization of the instantthetic bursts which are then obtained are very similar which
neous spectra which is used here, it has been shown in DM#8ves that our first approach was essentially correct and con-
that several spectral properties of GRBs are reproduced. In dam our previous results. A similar conclusion was reached by
ticular, the hard to soft evolution during a pulse and the chanBanaitescu & Nsaros [(1999) who performed a comparable
of pulse shape as a function of energy as well as the duratiostudy.
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Fig. 11.Example of a complex burst. Left panel: initial distribution of the Lorentz factor with five identical patterns. Right panel: corresponding
profile obtained with the hydrocode (normalized photon flux in the intéi®al300 keV). The wind is produced with a duratiagn, = 10 s
and the injected energy B = 10°2 /47 erg/sr
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Fig. 12. Another complex burst. Left panel: initial distribution of the Lorentz factor with now four non identical patterns (Lorentz factors in the
slow parts are different). Right panel: corresponding profile obtained with the hydrocode (hormalized photon flux in thes(rt8dddake V).
The wind is produced with a duratigrn, = 10 s and the injected energy B = 10°2 /4~ erg/sr

The internal shock model can easily explain the great tethetic spectra which can be nicely fitted with Band’s function
poral variability observed in GRBs. The main characteristigith parameters comparable to those observed in real GRBs.
features of individual pulses are well reproduced: (1) pulsg@be spectral hardness and the count rate are correlated during
have typical asymmetric “FRED” profiles; (2) the pulse widtlthe evolution of a burst with the hardness usually preceeding
decreases with energy following a power-I8#(E) « E~P the countrate. As also pointed in DM98, the duration—hardness
with p ~ 0.4; (3) short pulses show a tendency to beconrelation is a natural consequence of the internal shock model.
more symmetric. Our model still gives very short pulses whicthese results are very encouraging and the main difficulty which
decay faster than they rise but the hydrodynamical simulaticemains is the low efficiency (aboi®%) of the internal shock
improves the situation compared to the simple model. Spectnabdel. As long as the energetics of GRBs and the mechanism
properties of GRBs are also well reproduced. We obtain syinitially operating in the central engine are not precisely iden-
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tified, we cannot say if this is a critical problem or not. W®aigne F., Mochkovitch R., 1999, A&ASS 138, 523
still believe that the internal shock model is at present the mdstrmer C.D., Mitman K.E., 1999, ApJ 513, L5
convicing candidate to explain the gamma-ray emission frda¢hler D., Livio M., Piran T., Schramm D., 1989, Nat 340, 126
GRBs. Fenimore E., Madras C., Nayakshin S., 1997, ApJ 473, 998
Next steps in this work will address the following questionéz.i;R'iTs‘gQ SA] gllggr%a? gAFr ;??AAZA;‘A f:églipj 523 L21
e e LGS R Wi RAILL S .., 1635, ASTRO-PH 905z
. . arti J.M., Muller E., 1994, J. Fluid Mech. 258, 317
dynamlcal calculation. We have already d.eveloped an |sqthﬂém J.M., Miller E., 1996, J. Comput. Phys. 123, 1
mal Rieman Solver” for that purpose (Daigne & Mochkovitchasaros p., Laguna P., Rees M.J., 1993, ApJ 415, 181
1997). We would also like to study the effects of the extefresaros P., Rees M.J., 1997, ApJ 482, L29
nal medium, with a special attention to the reverse shock whigfésaros P., Rees M.J., 1992, MNRAS 257, 29
propagates into the wind and possibly interacts with the intermaészros P., Rees M.J., 1993, ApJ 405, 278
shocks. Preliminary results with the simple method using “solMés#ros P., Rees M.J., 1997, ApJ 476, 232
layers” have already been obtained (Daigne & Mochkovitdfiésaros P., Rees M.J., 2000, ApJ 530, 292
1999) but they have to be confirmed by a hydrodynamical cMetzger M.R., Djorgovski S.G., Kulkarni S.R., et al., 1997, Nat 387,
culation. Finally, we would like to investigate the details of the 878 . .
emission process during internal shocks to solve some of m8chkowtch R., Hernanz M., Isern J., Martin X., 1993, Nat 361, 236

roblems encountered by the svnchrotron model ochkovitch R., Hernanz M., Isern J., Loiseau S., 1995, A&A 293,
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