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Abstract. The interaction of an expanding Pairin|Damour & Ruffini (1975). The basic energetics of the pro-
Electromagnetic pulse (PEM pulse) with a shell of baryonitess, governed by the Christodoulou-Ruffini mass formula, for
matter surrounding a Black Hole with electromagnetic struen EMBH gives as shown |n Christodoulou & Ruffini (1971),
ture (EMBH) is analyzed for selected values of the baryonic

2\ 2 2 2

mass at selected distances well outside the dy_adospherqu)f: M2 = (Mir02 + ) + L; ’ (1)
an EMBH. The dyadosphere, the region in which a super 2p4 P+
critical field exists for the creation of*ec~ pairs, is here ) ) L2 G? )
considered in the special case of a Reissner-Nordstrom = 47/ = 4m(r + 02M2) = 167 o My, 2)
geometry. The interaction of the PEM pulse with the baryonic
matter is described using a simplified model of a slab ¥fith
constant thickness in the laboratory frame (constant-thickness [/ G2

N : - - - | = ) (@' +4L%¢%) <1 (3)
approximation) as well as performing the integration of thﬁi 8 =5

general relativistic hydrodynamical equations. Te validation of )

the constant-thickness approximation, already presented iWRereM, L andQ are respectively the mass energy, the angu-
previous paper Ruffini et al. (1999) for a PEM pulse in vacuurf@r momentum and the charge of the EMBH ang; is the

is here generalized to the presence of baryonic matter. Itifgducible massy. is the horizon radiusp. is the quasi-
found that for a baryonic shell of mass-energy less than 1®pheroidal F;ylmdncal coiordlnate 'of the horizon evaluated at
of the total energy of the dyadosphere, the constant-thickn&3 €quatorial plane anlis the horizon surface area. Extreme
approximation is in excellent agreement with full generdlack holes satisfy the equality in EQl (3). The vacuum polar-
relativistic computations. The approximation breaks down fé@tion process being “reversible” transformations in the sense
larger values of the baryonic shell mass, however such casesfehristodoulou & Ruffini (1971) can extract an energy up to
of less interest for observed Gamma Ray Bursts (GRBs). @3% of the mass-energy of an extremal rotating black hole and
the basis of numerical computations of the slab model for PEWR t0 50% of the mass-energy of an extremely magnetized and
pulses, we describe (i) the properties of relativistic evolutidiftarged black hole. _ _ _
of a PEM pulse colliding with a baryonic shell; (i) the details Although in general such a process is endowed with axial
of the expected emission energy and observed temperatur&$PMetry, in order to clarify the pure interplay of the gravita-

the associated GRBs for a given value of the EMBH mastg?nal and electrodynamical phenomena and also for simplic-
103 M., and for baryonic mass-energies in the range® to ity, we have examined (Ruffini 1998; Preparata et al. 1998a,b)

102 the total energy of the dyadosphere. the limiting cases of such a process in the field of_a Reis_sngr-
Nordstrom geometry whose spherically symmetric metric is

Key words: black hole physics — gamma rays: theory — gamn$iven by

rays: bursts — gamma rays: observations A5 = gy (r)d2t + gpr (r)d2r + r2d20 + 12 sin? 0d2¢ )
where gy (r) = —{1—% ?jg} = —a%(r) and

1. Introduction gr(r) = a2(r). The dyadosphere, (_:iefined (see Fig.1
of [Preparata et al. 1998a,b) as the region where the elec-

That vacuum polarization process la Heisenberg-Euler- tric field exceeds the critical valuef, = ™=

. = - . he
Schwinger |(Heisenberg & Euler 1931; Schwinger 1951) C§Heisenberg & Euler 1931; Schwinger 1951), whereand e

occur in the field of a Kerr Newmann EMBH and that theyre the mass and charge of the electron, extends between the
naturally lead to a model for gamma-ray bursts was pointed ®#rizon radius

Send offprint requests t&. Ruffini (ruffini@icra.it) ry = 1.47-10°u(1 + /1 — €2) cm. (5)
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where we have introduced the dimensionless mass and charigihe baryonic shells, the behaviour of the PEM pulse collid-
parameterg = M g = W < 1, and the outer radius  ing with a baryon shell as well as before and after the collision
are presented; in Selct. 4 the results of a numerical calculation
rqgs = 1.12- 108\/;7 cm. (6) solving the hydrodynamical equations of SEct. 2 are compared
to the results of the analytical model of slab approximation for

Consequently the local number density of electron and posit Ol ected parameters.

pairs created in the dyadosphere as a function of radius

Q r\? 2. General relativistic hydrodynamical equations
Nete- (1) = a2 (1) e [ B (m) 1 ’ () for PEM pulse in presence of baryonic matter
and their energy density is given by The evolution of the PEM pulse in vacuumwas treated in a previ-
. ous work|(Ruffini et al. 1999). We here generalize that treatment
e(r) = Q? <1 B <r> ) ®) to the case in which baryonic matter is present and we outline the
8mrd Tds ’ relevant relativistic hydrodynamic equations. As in the previous

(
(see Figs2 & 3 of [Preparata et al. 19984,b). The total energtérfatmem (Ruffini et al. 1999), we assume the plasma fluid of

of pairs converted from the static electric energy and deposi e PAIS: photons and baryonic matter to be described by the
stress-energy tensor
within the dyadosphere is then

2 ) T = pg" + (p+ p)UHU" (12)
1 Q Ty Ty
5 r —(1- Tas [1 - (Tdb) 1 ) 9) wherep andp are respectively the total proper energy density
and pressure in the comoving frame of the plasma fluid.Uthe
and the total number of electron and position pairs in the dyia-the four-velocity of the plasma fluid. We have

Edya =

dosphere is
P g (U + 9.2 (U7 = 1, (13)
O Q- Q° 1+ (ras ; r+) , (10) whereU” andU? are the radial and temporal contravariant com-
me ponents of the 4-velocity. The conservation law of baryon num-

ber can be expressed as a function of the proper baryon number

whereQ. = &2 (se€ Preparata et aI 199Ea b). In the ”mﬁensnyng

of 7= — 0, Eq.[9) leads taFay. — 5%, which coincides

with the energy extractable from EMBHSs by reversible pr&ﬁBU“);u = g 2(92nBU"),
2 .
cessesll;, = const.), namelyE — M;, = %%(see Fig. 4 of = (npU"), + %(TQHBUT),T —0. (14)
Preparata et al. 19984,b). . r .
Due to the very large pair density given by Hd. (7) and tbhe radial component of the energy-momentum conservation
the sizes of the cross-sections for the proegss™ «» v +~, law of the plasma fluid reduces to

the system is expected to thermalize to a plasma conflgurat;%l . 10 ,,
for which T & ((p+p)U'U,) + o (r*(p+p)U"U,)
_ N 1 0 OGrr .+
Nt = New v Ny o N W C+p) [0+ S| =0, (15)

whereN?, _ isthe number of * e~ -pairs created in the dyado-
sphere (sek Preparata et al. 1998a,b). These are the initial ddi component of the energy-momentum conservation law of
ditions for the evolution of the dyadosphere. In a previous pagBf Plasma fluid equation along a flow line is

(Ruffini et al. 1999) we presented the temporal evolution of tllge )., = —(pU")w — p(U") s
dyadosphere in vacuum giving origin to an extremely sharply’ i1 I
defined and extremely relativistic expanding pulse of pair and = =9 2(92pU"),v —pg 2(92U"),

electromagnetical radiation of a constant length in the labora-
tory frame: the PEM pulse. In this paper we present results of
the collision of the PEM pulse with a remnant of baryonic mat-

ter surrounding the just formed black hole. We assume the PEM
pulse to collide with a shell of baryonic matter of constant deE)—

1
(PU") 4 + ;Q(TZpUT),r

1 )
+p (U + T—Q(HU’)W =0. (16)

sity and at a radius of the order of 100 times the radius of t efining the total proper internal energy densignd the bary-

dyadosphere,. Eq. (8). The shells have this thickness of theﬁic mass densityg in the comoving frame of the plasma fluid,

order of 10 times-,. The ass-energies of the shells are taken= p — pp,  pp = npmc?, a7

tobel0™® — 1072 O.f the total energy of the d){adosphere. nd using the law of baryon-number conservatiod (14), from
The work contains the following sections: S&tt. 2 prese h

discussions of the hydrodynamical equations of a PEM pulse In A (18) we have

teracting with the baryonic shell; Selct. 3 defines the parameté&&").,, + p(U")., = 0. (18)
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Recalling thatfl—‘j = V(U"),,, whereV is the comoving vol- with a total proper energy density governed by the hydrody-
ume andr is the proper time for the plasma fluid, we have alongamical equation$ (14.1{5]16). We have
each flow line
d(Ve dv  dE dv
(d ) po—=——+p5—- =0, (19) . . 0

T dr dr dr wherep, is the photon energy densityp ~ mpcnp is the
whereE = Ve is total proper internal energy of the plasm&aryonic mass density which is considered to be non relativistic
fluid. We represent the equation of state by the introduction ibfthe range of temperatuf€ under consideration, angl- is

p = py+ Pet + pe- + po- + P, (28)

a thermal indexX(p, T') the proper energy density of elec trons and positrons pairs given
by,
r=1+ g (20) -
Pet = %pei (T)a (29)
We now turn to the analysis efe~ pairs initially created et

in the dyadosphere and ionized electrons contained in the ba{¥jeren, . is obtained by integration of EG_(25) apd- (7))
onic matter. Let,.- andn.+ be the proper number densities ofs the proper energy density of electrons(positrons) obtained
electrons and positrons associated to pairs createcianthe  from zero chemical potential Fermi integrals at the equilibrium

proper number densities of ionized electrons, we clearly haVl%mperaturé‘. WhereaSpZ, is the energy density of the ionized

M- = Tt = Npains n’;, — Ing, (21) electrons, obtained by the ionization of baryonic matter,
wheren,,.;,; is the number ok*e~ pairs andZ the average ;, _ nZ— b_(T) (30)
atomic numbeg < Z < 1(Z = 1 for hydrogen atom and = Pe- = n® (T) Pe=tt)
% for general baryonic matter). The rate equation for electrons
and positrons gives, wherenz_ is obtained by integration of EQ.(P6) apd- (T') is
1 the proper energy density of ionized electrons obtained from an
(ne+UM).p = (ne+ UM 4 + 7(T2ne+ U, appropriate Fermi integral of non-zero chemical potentizht
" the equilibrium temperaturg.
= ﬁ[(”e* (T) + n’;, (T))ne+(T) Having intrinsically defined the equilibrium temperat(re
— (Ne- + ng_ )ne+] , (22) inEq.(28), we can also, analogously, evaluate the total pressure
(ne- UMY = (ne-U')4 + T%(r%e_w),r P =Py +Per +Pe + b + 15, (31)
= 00 [N (T)ne+ (T) — ne-ne+t] (23)  wherep, is the photon pressurg,+ andp®_ given by,
b b t 1 2.b r
(ne_ Uu)i,ll - (ne_U ),t + ﬁ(T ne_U )7"“ Pt = neiT Pet (/1")7 (32)
= 50 [n2_ (T)ne+ (T) —nb_n.+], (24) ”eib( )
ovi hilat = el (1) (33)
whereov is the mean of the product of the annihilation crosd nz;_ (T)pe J

section and the thermal velocity of the electrons and positrons,
ne=(T) are the proper number densities of electrons am¢here the pressures«(7) are determined by zero chemical
positrons associated to the pairs, given by appropriate Fermigtential Fermi integrals, amg, (T) is the pressure of the ion-
tegrals with zero chemical potential, anfl (T') is the proper ized electrons, evaluated by an appropriate Fermi integral of
number density of ionized electrons, given by appropriate Ferntin-zero chemical potential. at the equilibrium temperature
integrals with non-zero chemical potential, at an appropriate T'. In Eq. (31), the ions pressugg; is negligible by compari-
equilibrium temperaturé’. These rate equations can be reducesbn with the pressurgs, .+ .- (), since baryons and ions are

to expected to be non-relativistic in the range of temperafuna-
1 der consideration. Finally, using Eds.|(28,31), we compute the
(nexU*)y = (ne2xU") 4 + ol “ne=U") thermal factor” of the equation of stat€ (20). The calculation
= 50[ne- (T)nes (T) = ne-ne+ (25) is continued as the plasma fluid expands, cools and the
1 pairs recombine, until it becomes optically thin:
(ng* U = (n'Z— Ut).,t + *2(712712* Un,=0, (26)
S / dr(ng: + Zng)or = O(1), (34)
Frac = c = - 27) R
N+ (T) nd_

wheresr = 0.665-10~2%4cm? isthe Thomson cross-section and
Eq. (28) is just the baryon-number conservation |BW (14) atite integration is over the radial interval of the PEM-pulse in the
(212) is a relationship obeyed.+ , n .+ (T') andn’_, n’_(T). comoving frame. At this point the energy is virtually entirely

The equilibrium temperaturg' is determined by the ther-in the form of free-streaming photons and the calculation is
malization processes occurring in the expanding plasma flgithpped.
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3. The quasi-analytical simplified model based whereB is a parameter in the rangé—* — 10~2 and wheren,,
on the constant-thickness approximation is the proton mass. The baryon number densftyis assumed

o . 0 be a constant,
The PEM pulse expansion in the absence of baryonic matter ﬁas

been discussed in a previous paper (Ruffini et al. 1999) Wh%m _ N
the quasi-analytical approach of an expanding shell of constaft ~ Vg’
thlcknegs in thg laboratory fr.ame. was adppted and validated byAS the PEM pulse reaches the regian < r < rou, it
comparison with the numerical integration of the general rel- . . A

L . . : interacts with the baryonic matter which is assumed to be atrest.
ativistic hydrodynamical equations. We here generalize th 2€ur simplified quasi-analvtic model we make the followin
results by examining the collision of the PEM pulse with bary- P q y 9

onic matter and adopting the constant-thickness approximatfr:(‘)snsumptIons to describe this interaction:

both for the description of the collision and the further expan-_ ihe pPEM pulse does not change its geometry during the
sion of the PEM pulse by a simplified approach to the system taraction:

of equations outlined in the previous paragraph. _ — the collision between the PEM pulse and the baryonic matter
We first recall the main results of the PEM pulse expanding s assumed to be inelastic

in vacuum: we indicate by/(r) = U, = const. the four-  _ yha naryonic matter reaches thermal equilibrium with the
velocity of the slab and b = r45 — r the constant width of photons and pairs of the PEM pulse.

the slab in the laboratory frame of the plasma fluid, the average

pp = mpng. (41)

bulk relativistic gamma-factoy is, These assumptions are valid if: (i) the total energy of the
PEM pulse is much larger than the total mass-energy of baryonic
5=\1+02, V.= ﬂ (35) matterMp, 1078 < Eay./Mp < 1072, and (i) the comoving
" gl number density ratia,+ .- /n% of pairs and baryons at the mo-

ment of collision is extremely high (.9.0° < n.+.- /n% <

The evolution of the slab is governed by the total energy afg12, and (jii) the PEM pulse has a large value of Lorentz factor
entropy conservations, which are cast into the following equgno < 5 < 4000).

expanding from, to V, baryonic matter at,,; > r > ri,, we impose the total energy
and momentum conservations. We consider the collision pro-
€ _ K r o Z r q r (36) cess between two radib, r1, satisfyingrous > ro > 11 > i
e\, o) andry, — r; < A. The amount of baryonic mass acquired by
\/m @7 the PEM pulse is
7 = " ) 7 Mp 4w
9 ?}av P , AM = 225 = 1), (42)
a(Nei) = 7Nei§a+gv¥(Nei(T)iNei)7 (38)

where Mg /Vg is the mean-density of baryonic matter at rest.
The conservation of total energy leads to the estimate of the

here th I f the pl fluid” = 74 d
where the proper volume of the plasma fluid” = 7V an corresponding quantities before (with"f and after such a col-

the thermal indexX” Eq. [20), a slowly-varying function of the .
state with values around 4/3, has been approximately assur“%ffn
to be constant. The coordinate number density“ofpairs in o2 e, - AM NP
equilibrium isN,x (T) = 4n.+ (T) and the coordinate number(F6° +Pp)Vo+ AM = (Tépp + v FAGYV,(43)

. Lo - .
density ofe™-pairsN,= = yn.=. These equations have already, e e A¢ is the corresponding increase of internal energy due

been numerlca!ly integrated (Ruffl_nl etal. 1999). .. tothe collision. Similarly the momentum-conservation gives
The baryonic matter remnant is assumed to be distributed

well outside the dyadosphere in a shell of thicknAdsetween .~ | o\_ 770y _ 1=, - AM N
an inner radius;,, and an outer radius,,; at a distance from the (D€ + pp)7eUr Vo = (T€ + pi + v +HTAYU,Y, (44)

EMBH at which the original PEM pulse expanding in vaCuufyhere radial component of the four-velocities of the PEM pulse

has not yet reached transparency, U? = /72 — 1 andI thermal index. We then find
Tin = 1007gs A = 10rgs Tout = Tin + A. (39) _ 1 o YUY, L AM
) ) Ae = = [(Te, r—- (T —)|, (45
€= 5 (Té + p%) =AY (F'e+pp + V) (45)
The total baryonic mass\(z = Npm,c?) is assumed to be a Yo AM
a fraction of the dyadosphere initial total enet@ay.). The 7 = 7=—7> 4= o © (Té + pR) VU Vo (46)

total baryon-numberX(g) is then given by
These equations determine the gamma-fagtmd the internal

Eaiya 0 energy densityf = ¢, + A€ in the capture process of bary-
mpc®’ (40) onic matter by the PEM pulse. After collision ¢ royt), the

Np =B
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Fig. 2. A detall of the last shell of the previous Hig. 1. In this figure the
Fig. 1. A sequence of snapshots of coordinate baryon energy densii:kness of the shell is resolved.

is shown from the one-dimensional (1-D) hydrodynamic calculations.

This run corresponds to thegsy = 103My, ¢ = 0.1 EMBHandB =

1.3 - 10~* baryonic shell. The spikes are actually narrow, unresolvgg(). We select the specific example of an EMBHI16f M,

shells (see Fig.l2). with a charge-to-mass ratip = 0.1. From the equations al-
ready published (Preparata et al. 1998a,b), the total energy in

further adiabatic expansion of PEM pulse is described by tHe dyadosphere 09 - 10>'ergs. The PEM pulse is assumed
total baryon number, energy and entropy conservations, i.e., &ollide with a baryonic shell of thickness = 1074 at rest
following hydrodynamical equations which generalize those gt @ radius ofl00rqs. We have considered five different cases:

rived in our previous paper (Ruffini et al. 1999) witl £ 0, (1) a shell of baryonic mass23 - 10~*Mj, (4 - 10°° ergs rest
energy), from corresponding to a paramdier 1.3-107%; (2)

ng _ V. _ Wy (47) 67107 M (1.2:10° ergs,B ~ 3.8:10~%); (3)2.2:10° Mo,
g Vo Voo (4-10°" ergs,B ~ 1.3-1073); (4)6.7-1073 M, (1.2-10°2 ergs,
e v\F AR B ~3.8:1073);(5)2.2-10"2 M, (4-10°2 ergs,B ~ 1.3-1073).
e (Vo> = (Vo> <%> ) (48) ' The collision between the expanding slab and the baryonic mat-
ter shell is treated as an inelastic collision in both calculations.
__ [T&+pE)Vo (49) We first proceed to a qualitative analysis of the evolu-
T (Fe+pB)V tion of the PEM pulse in Eqd._(14)-(116) from Fif$.]1,2 corre-
o 1oV 1, , sponding toB ~ 1.3 - 10f4 and Figg[R][]S corresponding to
g WNet) = —Nex 355 +7 ;(Nei(T) —NZ). (50) B~ 38-107%41.3-1073,3.8- 10~3, we see that the PEM

pulse after collision with the baryonic matter shell continues
In these equations (> r,4) the comoving baryonic mass-to expand as a one dimensional slab. We see, however, from
and number densities afgs = Mp/V andngp = Np/V, Figs[® corresponding t& ~ 1.3 - 1072 that the expansion
whereV is the comoving volume of the PEM pulse. The inteafter collision becomes much more complex and the constant-
gration is continued untill the transparency condition in Egl. (3#lickness approximation ceases to be valid. From this qualita-
is reached. tive analysis we now proceed to a quantitative analysis ifFFig. 7.
We compare and contrast the bulk gamma factor as computed
from the constant-thickness approximation and the one from
4. Validation of the constant-thickness approximation the full set of Eqs[(14):(16). The computation refers to the case
B ~ 1.3 - 10~* where an excellent qualitative agreement with
The numerical integration of the general relativistic equatiofge one-dimensional-slab approximation has been found. The
givenin SecL.2 have already been presented in a series of papgfiemely good agreement validates the constant-thickness ap-

(see Wilson 1975, 1977; Wilson et al. 1996). We can then prigroximation. This agreement has been found up to valués of
ceed to compare and contrast the results obtained by the nurigrtarger thari0—2.

ical integration of the Eqd.(14)-(1L6) and the simplified quasi-
analytical approach given by E.(36)38).1(4B3)1(44) (47)-
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Fig. 4. As in Figd with theMpy = 10°Mg, £ = 0.1 EMBH and Fig. 6. As in Fig.l with theMgs = 10°Mgp,£ = 0.1 EMBH and

B = 1.3- 1072 baryonic shell. B = 1.3 - 1072 baryonic shell. For this baryon shell mass we see a
significant departure from the behavior seen in ISl L] Bl 4, 5. The
baryon shell mass is significant enough to distort the PEM pulse shell.
Thus the PEM pulse can no longer be reliably modeled as a shell

) . ) of constant coordinate thickness and the comparison ofFig. 7 can no
5. Considerations on the GRB structures descending longer be made.

from a constant-thickness approximation

We now proceed to some specific prediction of GRB featurbkck hole mass and charge, as well as the mass of baryon rem-
computed by using the constant-thickness approximation amaht as a typical case:

the Eqs.[(36)E(38)[(43]-(44) and (4T)-[50) in the range of vali-, . 3 B I

dation of this approximation just defined in the previous parg\gBH =10°Me,  £=0.1, Mp =10""Faya, (51)
graph. As an example for clearly showing the evolution of PEMthere the total energy of dyadosphéig,.,, = 3.09 - 10°%ergs,
pulses colliding with baryonic matter, we take the followingo the total number of "¢~ -pairs created in the dyadosphere
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dimensional (1-D) hydrodynamic calculations and slab calculatioRbthe dyadosphere radius, for selected values of shell masses given by
(Mg = 10° M, € = 0.1 EMBH andB ~ 1.3- 10~ ). The calcula- B = (Mpc”)/Eay. for the typical caséMpi = 10°Mo,§ = 0.1.
tions show good agreement. The asymptotic valueSasym = Eaya/(Mpc®) = 10%,10°,10% are

also plotted.

100000 T T — T T T

(given by Eq.ID))N?, .- = 1.9 - 10°°, and baryonic mass
Mp = 1.73 - 1072M. This baryonic mass is close to the
limit of validation of the slab model shown in S€ct. 4. We have
assumed the baryonic matter at a distaneg,of 10074, very
close to the transparency condition of the PEM pulse in vacuum
(se€ Ruffini et al. 1999). 10000 |-

In Fig.[8 we represent the Lorentz Factor of the PEM pulse
as a function of the radius for collision with different amountg
of baryonic matter, corresponding respectivelyo= 102, S
B =103 and B = 10—%. The diagram extends to values oé
the radial coordinate at which the transparency condition givén
by Eq.[33) is reached. Also represented, for each diagram, is
the “asymptotic” Lorentz Factor:

_ _ Edya
’Vasym = MBCQ.

Ntz F:

1000

(52)

100 -

The closer the value approaches, at transparency, the “asymp-
totic” value [52), the smaller the intensity of the radiation emit- t t t t s t

. . . 1le-008 1e-007 1e-006 1e-005 0.0001 0.001 0.01 0.1
ted in the burst, and the larger the amount of kinetic energy left (Me)(Msoian

in the baryonic matter. This point is further clarified |n . 9Fig. 9.The final Lorentz-factor (the solid line) at the transparent point
where are plotted the-factor at transparency and the “asympyg piotted as function of baryonic masse&; in the unit of the solar

totic” one as functions of the baryonic matter. It is interestingass. The asymptotic value (the dashed lifig)./(Mpsc?) is also
that, for a given EMBH, there is a maximum value of the plotted.

factor at transparency. After that maximum value, the energy

available for the GRB is smaller in intensity, and at decreasing

values of the energy, for increasing values of the baryonic mass. We plot in Fig[TI1 the energy radiated in the burst and the
The temperature in the laboratory frarm@' at the trans- final kinetic energy of baryonic matter. We find that, for small

parency point is plotted as a function of the baryonic massvmalues ofB (around10~%), almost all total energy is radiated

Fig.[10: it strongly decreases as the baryonic mass increase. ah&RB (see also our previous paper Ruffini et al. 1999), and

AT is related to the observed energy-peak of the photon-numbery little energy is left as kinetic energy of baryonic matter as

spectrum (see e.q., Ruffini et al. 1999). afterglow. While forB ~ 102 roughly only10~2 of the total
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Fig. 10. The observed temperatufg, ~ 47 in the laboratory frame Fig. 12. The temperature in the comoving frarié(MeV) (the solid
is plotted as function of baryonic masses ¢? in the unit of the solar line) and in the laboratory framl” (the dashed line) are plotted as

mass. functions of the radius in the unit of the dyadosphere radiuor the
typical caseMpn = 10°My, & = 0.1 andB = 1072 (see SedLl5 in
the text).

of the validation of our computations based on the analytical
slab model, described in Sddt. 3. For values of baryonic matter
in between these two extreme casBs£ 108 andB = 1072)
the analytical slab model covers the whole range of the observed
properties of Gamma Ray Bursts.
We turn now to the thermodynamic parameters relevant in
] the evolution of the PEM pulse. In FIg.J12 the temperature of
] PEM pulse, both in the comoving and in the laboratory frame,
are given as a function of the radius for a typical caelgf =
103My, & = 0.1 andB = 1072).
In Fig.[13, we plot the total energy of the non baryonic com-
ponents of the PEM pulse, which includes both thermal and
{ kinetic energy, and the kinetic energy of the baryonic matter as
001 L ] functions of the radius, for the typical cabsy = 10° M, £ =
[ / ] 0.1 andB = 10~2. The total energy of the non baryonic com-
By S T T Ry v e Py e ponents of the PEM pulse is equal &R, before the collision
Ma/Msolar (see Ruffini et al. 1999) and drops after the collision. While the

Fig. 11. At the transparent point, the energy radiated in the burst (th&net'c energy of baryonic matter
solid line) and the final kinetic energy (the dashed line) of baryonjg, — oV (y—1) (53)
matter, in units of the total energy of the dyadosphere, are plotted_as . .
functions of baryonic mas&/sc? in units of solar mass. increases as function of radius for > ri,). The sum of both
them is equal to the total enerdss,. = 3.09 - 105*ergs during
the evolution of the PEM pulse. The value of the total energy
initial energy of the dyadosphere is radiated away as GRB, avftthe non baryonic components of the PEM pulse at the trans-
almost all energy is restored as the kinetic energy of the baryoparency point, the ending point of the curve in Eig. 13, is the
matter. Itis also clear thatfd > 10~2 the intensity ofthe Burst energy released in the burst. We have discussed this energy as
(see also Figl8) and the observed radiation frequency driftediaction of baryonic masses in Figl11.
smaller and smaller values and are of little astrophysical interest Before and after the collision, the condition of entropy con-
from the point of view of GRBs. For such values, the energervation applies, and we have:
of the dyadosphere is transferred practically totally to the bulk

L . : L 14
kinetic energy of the baryonic matté?.= 102 is also the limit  Sbefore = T (Py + pet + Dy + P(et)) (54)

0.1 -

(Energy)/(Total Energy)
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Fig. 13.The total energy of the non baryonic components of the PEMg. 14. The number densities, .- (") (the solid line) computed by

pulse (the solid line) and the total kinetic energy of baryonic mattére Fermi integral and.+.- (the dashed line) computed by the rate

(the dashed line) in the unit of the total energy are plotted as functiceguation[(3B) are plotted as functions of the raditfs< m.c?, two

of the radius in the unit of the dyadosphere radigsfor the typical curves strongly divergent due ¢d e~ -pairs frozen out of the thermal

caseMpy = 10°My, £ =0.1andB = 1072, equilibrium. The peak at = rqs is due to the temperature reheating
in the collision.

Safter = %(p7 4 pet +p0- +ep fore the collision is constant and equalfg,., while after the
collision
+py+pet +pB+00), (55)
Edya = EBaryons + Ee+e— + Ephotons (58)

whereeg is the thermal energy of baryonic matter, and we C"’\l/vnhereE is onlv the thermal enerav of the barvons
neglect, in Eq[(85), the pressure of the baryonic matter. A sud- Baryons y 9y yons.

) : - It is also interesting to monitor the change of temperature
den increase of the entropy occurs during the collision both for . L .
- ; .in the comoving frame before the collision and after the colli-

the addition of the baryonic matter, and for the thermal reheatin . o

. . . sion (see also Fif.15). Before the collision, due to the entropy

due to the inelastic collapse of the PEM pulse with the baryoniic . : N S

conservation, in the process ef e~ annihilation the factor

matter at rest. From the energy and momentum conservatiois, , o — -
we obtain for the values of the and the temperature duringzzv, (Where the subscript,” means “initial value”) increases

the collision: the proper internal energi.., of the plasma to a value near td} (see Weinberg 1972; Ruffini et al. 1999)

increases as since the collision occurs at= 100rg4s, near the condition of
transparency. The numberof e~ pairs has now been reduced
dEin = (v — 1)dMp (56) drastically. The further jump in the value of the rat%évlo is

principally due to the energy and momentum conservation dur-
ing the inelastic collision. After the collision, there is a small

A2 -1 reheating due to the annihilation of thge~ pairs created in
—mdMB’ (57)  the collision (see Fig_14), which cannot be seen on the scale of
our plot. Then, the ratio remains constant.

and the slab is decelerated, in terms of Lorentz fagt@s
dy =

as baryon masg,M g, is incrementally gained.

Beforg the collision the PEM pulse expand; kgepmg its terg.— Conclusions
perature in the laboratory frame constant, while its temperature
in the comoving frame falls (see_Ruffini et al. 1999). Durin®y the direct comparison with the numerical integration of
the collision, a heating of the plasma due to the energy and ntloe complete relativistic hydrodynamical equations, the use
mentum conservation occurs (see also[El§. 14, where reheatiighe constant-thickness approximation has been validated
process leads to an increment of the number densigftef  for values of the parameteB < 1072. For B > 1072
pairs). As the system expands further, both the comoving tethe amount of energy released at transparency in the burst
perature and the temperature in the laboratory frame decreadesreases, and its energy drifts toward low energy values,
since the total energy of the e~ pairs and the photons be-which are of little interest for the astrophysics of GRB. We
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left over in the baryonic matter after the decoupling of matter
T and radiation and the emission of the GRB. Additional results

or 1 corresponding to a larger range of masses and charges of the

EMBH and the correlations between the peak energy and the

7r 1 duration of GRBs to be expected in our model will be consid-
ered in a future paper, together with the results of analyzing the
6 § interaction of the kinetic energy left over in the baryonic matter,
_ after the decoupling of matter and radiation, with the interstellar
L | medium.
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