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Abstract: We consider the internal shock formation in magnetized outflows and amiag the plastic
collision between such relativistic shells taking into account a possible dissipe# magnetic energy.
We find that after the collision a large percentage of energy is releaseermahform and consequently
we assume that this is transferred into protons which obtain a relativistisvban distribution. The rel-
ativistic thermal proton plasma is dense enough to suffer substantiglydneses through proton-proton
interactions and thus to transfer its initial energy into photons, electratrgropairs and neutrinos. We
estimate the radiated photon and neutrino spectra by following the evolutiprotis, electrons and
photons as they interact with each other and with the magnetic field as well.

I ntroduction ' Fast Blob " Slow Blob ———1

Internal shocks that are formed when different
shells of an outflow moving with different veloci-

ties collide with each other, are one of the plausible . .
explanations of the GRB prompt emission [1, 2, 3], | v,.p..¢.E. B, sz; ’ szz P VepsenEyB,
based on the outflow energy being partly thermal- 2 v
ized and subsequently radiated. However, several
aspects of the scenario remain unclear. One of the

Region 1 Region 2 Region 3 Region 4

problems is the low shock efﬁmenlcy (in thermaliz- nhosked N shocked Shocked P
ing the outflow energy); another is the transfer of fast blob fast blob / slow blob slow blob
the thermalized energy into radiation and the for- ~ Reverse Shock™ . ¢ Discontinuity Forward Shock

mation of the prompt emission spectrum.

The present paper gives possible answers to these .

two problems. First we examine how the electro- F19ure 1: The geometry of the collision and t
magnetic field of a magnetized flow could increase '€9ions that are formeg(e, £, B are the density,
the amount of thermalized energy — through dissi- energy density, ele_ctrlc, and magnetic field, resp
pation — making the shock efficiency higher than tively, for each region).

in a purely hydrodynamic flow. Second we in-

vestigate the hadronic cascade that ensues whenyq|is moving with different Lorentz factors, so
the thermalized protons start interacting with each ¢4qter portions of ejecta can catch up slower o
other and convert their energy into radiation and 5,4 collide. We use the semi-analytical mag
neutrinos within a very short time interval. tohydrodynamical model of [4, 5] to describe
motion of each shell before the collision, and \
find that a large part of the total energy of tl
shell, that initially resides mainly in the elecr
magnetic field, is transfered to bulk kinetic ener
yielding highly relativistic speeds. At large di¢
tances from the central engine, the magnetic fiel

I nternal shock formation

In a rather simple formulation we consider the in-
homogeneous outflow as a collection of discrete
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Pressures

found to be mainly azimuthal, still carrying a non-
negligible part of the total energy. If the relative
speed between two adjacent shells is higher than ...
the fast magnetosonic speed in both fluids, the col-
lision propagates through two shock waves, which
in the center of mass system move in opposite di-
rections — see Fig. 1. A contact discontinuity is

also formed.

In order to describe the shocked regions (2, 3) we
assume that the plasmas are iddal-€ —3 x B), ° O et st 08 :
and — since the magnetic field is mainly azimuthal

—the shocks are perpendicular. We use a parameter

k = (25 Bas/(B1sB1,) which is related to the ratio ~ Figure 2: The total pressure of each shocked
of the magnetic energy in the shocked to the one gion (solid for region 2 and dashed for region 3)
in the unshocked region [6, 7] to allow for possible a function of the magnetic dissipation parame
dissipation when the plasma crosses the disconti- The curves intersect, meaning that a unique ve
nuity through some unknown microscopic process. of k is consistent with the collision.

Using the above assumptions we set the equations
that describe the collision, which, besides the dissi- the thermal energy released after the plastic cc
pation parameter for the forward(,) and the re-  sion of the two shells is transferred mainly into ra
verse shockK;..), consist of the jump conditions  dom kinetic energy of the protons, which obtair
for mass, momentum and energy in the two shocks, relativistic Maxwellian distribution. In the shocke
the total pressure-balance at the central discontinu-region of the fast shell the initial proton energ
ity, the plastic collision requirement = 3, and  density is high enough to trigger sufficient ener
a polytropic equation between pressure and energylosses through proton-proton interactions. Th
density,P = (I' — 1)e. In this paper we further as-  energy is carried into photons, electron-positr
sume that,, = kv = k (although the values of  pairs and neutrinos through the decay of neu
k in the two shocks are different, in general). The and charged pions and, consequently, numet
manipulation of the shock jump conditions leads to other physical processes between them start
a simple polynomial equation for the compression ing place. In order to derive the spectrum, we f
ratio that can be solved numerically for different low the work of [8] and solve three coupled k
values of the dissipation parameter. Using finally netic equations which describe the time evoluti
the continuity of the total pressur@ (- B2/8x) at of high energy protons, electrons and photons
the contact discontinuity we determine the value the system. The physical processes we includ:
of k — see Fig. 2. Note that there are cases in the kinetic equations are:
which the equation of pressures cannot be satisfied 1. proton-proton interactions
for any value oft. The requirement for a common 2
value off is rather restrictive; the reason lies on the 3
assumption that the magnetic energy is forced to be )
dissipated by the same percentage in the two shells 4- Synchrotron self-absorptign

5

6

7

8.5x 10"

7.5x 10"

Pressure in dyfen?

x 101

<

6.5x 10

. proton-photon interactions
. synchrotron radiation

and this is not always consistent with the conserva- . inverse Compton scattering

tion of momenturt. . photon downscattering on cooled pairs
. photon-photon pair productign

Prompt Emission Spectrum 8. electron-positron annihilation

The hadronic cascade that ensues can be desc

Having specified the values of all physical quan- pyiefly as follows: At the first stages protons inte
tities in the shocked region we can obtain self- -~

consistently the radiated spectrum. We assume that 1. We investigate cases Wikl 7 kr.v in Sapountzis
et al, in preparation.
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act with each other and start producing pions which Region 4 (Unshocked slow blob)
decay into high energy photons, electron-positron proton density, = 2.85 x 1010 g/cn?
pairs and neutrinos. While neutrinos escape, the
pairs will lose their energy through synchrotron
radiation and ther®-producedy-rays will be ab-  Lorentz factor of the flow, = 383
sorbed by the synchrotron photons producing more magnetic field By = 1.2 x 10¢ G

pairs which will radiate further synchrotron pho- e note that the proton energy densitig directly
tons. As aresult, the photon density grows rapidly related to the temperatufg of each flow region
(i.e. within one source crossing time), therefore through the relatior = 3nkzT, wheren is the
photon-dominated processes like inverse Compton proton number density. Based on the set of val
scattering and proton-photon interactions become given above, we find that among the two shock
important adding to the electron and proton losses regions, only in the region (2) of the fast sh
respectively. Finally photon down-scattering on protons have acquired a Maxwell distribution wi
cooled electrons and electron-positron pair annihi- enough average energy, = 3kzT/m,c* ~ 6.3
lation have a contribution to the spectrum. to spark off all the physical processes that can I
As the above processes take place, the source exio the prompt emission spectrum. Thus, in the
pands adiabatically. Due to the fact that all rates gion (2), which has a radiu® = 5.5 x 101° cm,
which enter the equations depend critically on the we solve the system of the kinetic equations &
densities of particles and photons we find that the we evaluate the photon and neutrino spectra.
maximum of the emission will be at timescales of

comparable to the light crossing time of the source.

In the next paragraph we show some characteristic 55
results of our model calculations.

proton energy density, = 2.68 x 10% erg/cn?

54 R

Results

) (ergls)

534 —

As an example, we present a case of a collision of
two shells where a value of magnetic dissipation

exists. The parameter values in the regions (1, 2, 3, 521 1
4) of Fig. 1, in their co-moving frame, are:

Region 1 (Unshocked fast blob) 514 . -
proton densityp; = 3.7 x 1071° g/cm? loglE], (MeV)

proton energy density; = 3.78 x 10 erg/cn?

Lorentz factor of the flow; = 525

magnetic field3; = 1.35 x 10° G Figure 3: Differential photon luminosity at peak «
Region 2 (Shocked fast blob) emission, in the laboratory frame.

proton density, = 3.77 x 10~1° g/cm?
proton energy density, = 2.14 x 10'2 erg/cn?

log [E F(E

In Fig. 3 we show the photon spectrum, as ¢
tained in the laboratory system at the peak of en

Lorentz factor of the flow, = 450 sion which occurs at about one crossing time
magnetic field B, = 4.4 x 10 G ter the thermalization of the energy (for the pres
Region 3 (Shocked slow blob) caset,, = R/c = 1.84 s in the comoving frame)

The spectrum shows a peak energygtai. ~ 2.3

. B 10 .
proton density; = 4.15 x 10 glen MeV. The part of the spectrum beloW,.k is

proton energy density; = 2 x 10'? erg/cn? mainly formed through synchrotron radiation
Lorentz factor of the flows; = 450 electron-positron pairs produced either from t
magnetic field B; = 1.57 x 10° G decay of charged pions pp collisions or directly
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Figure 4: Differential luminosity of neutrinos as a
function of their energyv, at the peak of photon
emission as measured in the laboratory system.

through~~ interactions. A (blueshifted) annihila-
tion line can also be seen.

In Fig. 4 we show the neutrino spectrum which

corresponds to the peak of the photon emission de-
picted in Fig. 3. As neutrinos escape without any

absorption from the system, their spectrum peaks
at much higher energies than that of the photons

which undergo severe reprocessing.

In this typical example the luminosities afe, ~
3.7 x 10°*ergs s! for the photons and., ~

10°*ergs s'! for the neutrinos — as we have already [4]
mentioned these values are estimated at one cross-
ing time after the proton thermalization. We also
find that within this timescale the proton energy

has decreased froi, , ~ 1.5 x 10% ergs that
was initially to £, ~ 1.2 x 10% ergs. In other
words, protons have lost almost 21 % of their
energy in this short period of time.

Conclusions

In this paper, we have considered a simple model
in order to investigate the internal shock forma-

tion in GRB outflows and the prompt emission

spectrum. First, we followed the acceleration of
each outflow-shell using magnetohydrodynamics,
and the plastic collision between two magnetized
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shells, taking into account possible dissipation
magnetic energy. We modeled this process us
a parametek, whose value is found with the us
of the jump conditions in the shocks and the cc
tact discontinuity. Within this procedure we fir
that a substantial amount of energy is releasel
thermal form and is transferred into the shock
plasma. Then, we formed and solved a higl
non-linear system of kinetic equations describi
the interactions between protons, electron-posit
pairs, photons, and the strong magnetic field, :
we derived the radiated photon and neutrino sg
tra self-consistently.
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