Proceedings of the 30th International Cosmic Ray Conference ID 1134
Rogelio Caballero, Juan Carlos D’Olivo, Gustavo Medina-Tanco,

Lukas Nellen, Federico A. Sanchez, José F. Valdés-Galicia (eds.)

Universidad Nacional Auténoma de México,

Mexico City, Mexico, 2008

Vol. 3 (OG part 2), pages 1175-1178

30TH INTERNATIONAL CosMIC RAY CONFERENCE

Mérida, México

Compton dragged supercritical piles: The prompt and afterglow scenario

A. MASTICHIADIS!, D. KAZANAS?

I Department of Physics, University of Athens, Panepistimiopolis, GR 15783, Zografos, Greece
2Laboratory for High Energy Astrophysics, NASA/GS-C, Code 661. Greenbelt, MD 20771, USA
amastich@phys.uoa.gr

Abstract: We examine the prompt and afterglow emission within the context of ther&itpeal Pile
model for GRBs. For this we have performed self-consistent calcnkbig solving three time-dependent
kinetic equations for protons, electrons and photons in addition to the msss and energy conserva-
tion equations. We follow the evolution of the RBW as it sweeps up circumstalidier and assume
that the swept-up electrons and protons have energies equal to thed faetor of the flow. While the
electrons radiate their energies through synchrotron and inverset@omgaliation on short timescales,
the protons, at least initially, start accumulating without any dissipation. dat¢bumulated mass of rel-
ativistic protons increases, however, they can become supercritide tproton-photon pair-production
- synchrotron radiation’ network, and, as a consequence, theydranglosively their stored energy to
secondary electron-positron pairs and radiation. This results in ahict has many features similar to
the ones observed in GRB prompt emission. We have included in outatidais the radiation drag force
exerted on the flow from the scattered radiation of the prompt emissiorearirtumstellar material. We
find that this can decelerate the flow on timescales which are much fastethén@nes related to the
usual adiabatic/radiative ones. As a result the emission exhibits a stgejust after the prompt phase,
in agreement with the Swift afterglow observations.

Introduction Blast Wave Dynamics and Radiation

Despite the great progress in the GRB field made We consider a Relativistic Blast Wave (RBV

with CGROand BeppoSAX([1]), there are major  moving with speedy = Orc¢, wherefr = (1 —

issues concerning the dynamics and radiative pro- I'~2)~!/2 andI" the bulk Lorentz factor of the flow

cesses of these events that still remain open. Somelt has a radiusk(¢) as measured from the origin ¢

of these have been with us since the inception of our coordinate system (assumed to be the cente

the cosmological GRB models, while others are the original explosion) and it is sweeping mass

rather new, the outcome of the wealth of new ob- densityp..;. As the RBW sweeps up mass fro

servations made bgwift and HETE Chiefamong  the circumstellar matter (CSM), it starts slowit

them are the conversion of the RBW kinetic en- down. Following [2] we write two equations fo

ergy into radiation, the fact that the photon energy the evolution of the RBW. One for the mass

at which the GRB luminosity peaks is narrowly dM 1

distributed around a value intriguingly close to the —— = AT R T pext — TE 1)

electron rest mass energy and the transition from dRr )

the prompt to the afterglow emission. The purpose and one for the Lorentz factdr, which reflects the

of the present note is to describe a process that pro-energy-momentum conservation

vides a “natural” account of these generic, puzzling

GRB features. dU _ 4nR’peil®  Frad @
dR M Mc?’

Here F is the radiation rate as measured in the |
moving frame and,. ., is the radiation drag force
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which is exerted on the RBW from any radiation photons can take place either with photons p
field exterior to the flow. In the standard case (for duced directly or with the photons which have be
a review see [3]) the above equations specify com- reflected by the CSM in front of the advancir
pletely the dynamics of the RBW once the initial shock. The above equations are solved in the fl
conditions of the flow have been specified. The frame inside a spherical blob of radi& = R/T.
profile of the external density.,; has also to be  This can be justified from the fact that due to re
specified — in most cases either a constant densitytivistic beaming an observer receives the radiat
or a wind profile is assumed. The radiation rate coming mainly from a small section of the RB\
E is usually sets — priori varying between two  of lateral widthR/T" and longitudinal widthr /"2
extremes: When there is no radiation, the flow is in the lab frame buR/T" on the comoving frame.
considered as adiabatic, while when the hot mass ispespite the fact hat the general frame adopted t
immediately radiated away the flow is considered s similar to [5], the present approach differs in tv
as radiative. Either choice has a profound influence jmportant aspects:

on the evolution of the RBW: In the adiabatic case
the solution of Eqns (1) and (2) givésoc R—3/2
while in the radiative case one gdtsx R~3. On
the other hand, the role @, ., has not so far been
investigated. Assuming that this force is exerted
on the flow by the RBW photons scattered on the
CSM, we can write (Mastichiadis & Kazanas, in

(1) Hot protons accumulate continuously on t
RBW. For this we introduce injection terms fc
protons and electrons, assuming that at each ra
R the RBW picks up an equal amount of electrc
and protons from the CSM which have, upon i
jection, energiess, = I'm,c? andE, = I'm.c?

respectively. Consequently, the protenergyin-

preparation) jection rate is given by [6]
64 :
Fraa = o—mnd*MorRIYE - (3) dE
d 9¢ ? T (E)ZHJ = 47TR2pext (F2 - F)Cg )

wherer, is the Thomson optical depth of the RBW,
nSSM is the electron density of the CSM ang:

is the Thomson cross section. (2) The scattering of the RBW photons takes ple
In order to calculate self-consistently ti¢ and ~ ©n the CSM matter in front of the advancing fror
F,.4terms, we implement a numerical code for the thus the column density is also uniquely det
radiation transfer in the RBW. Details have been Mined from the initial conditions. In this way w

while a fractionm,. /m,, of it goes to electrons.

given in [4] and [5] but for the sake of complete-
ness we repeat here the basic points about it.

The equations to be solved can be written in the
general form
87%‘
4
5 4
The unknown functionsn; are the differential

number densities of protons, electrons and pho-
tons while the index can be any one of the sub-

+L;+Q; =0.

relax the assumption of [5] about the optical dej
of the mirror.

Egns (1), (2) and (4), with the addition of Eqt
(3) and (5) form a set of equations which ci
now be solved simultaneously to give us the e
lution of the RBW dynamics and radiated pow:
We should emphasize that this approach is s
consistent as the 'hot’ mass injected through E
(5) corresponds to the RHS of Eqn (1) while tl
radiated Iuminosit)E and the radiative forcé’. .4

scripts ‘p’, ‘e’ or ‘4’ referring to each species. are calculated from Eqns (4). Therefore, once
The operatord.; denote losses and escape from initial conditions which are (i) the energy of th
the system while)); denote injection and source explosioné&, (ii) the initial radius at which the
terms. The important physical processes to be in- RBW starts sweeping up matt&, (iii) the value
cluded in the kinetic equations are proton-photon T'y = T'(Rp) and (iv) the external density of th
(Bethe-Heitler) pair production, photopion produc- CSM are specified, one can solve the above se
tion, lepton synchrotron radiation, synchrotron self equations forward in time. However, the radiati
absorption, inverse Compton scattering (in both the code needs one more parameter, which is the vi
Thomson and Klein-Nishina regimes) and photon- of the magnetic field at positioRy and an assump
photon pair production. The processes involving tion on its profile withR. Without loss of gener-
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ality we can assume that the magnetic field drops synchrotron photons produced by thee~ pairs
like 1/R as assumed in [7]. produces another pair before escaping the volt
of the plasma in a reaction with a sufficiently e
ergetic proton (i.e. one that fulfills the kinemat
threshold). This results in a condition for the cc
umn density of the plasma which is identical to tf
As emphasized in [8] and [9] relativistic protons of g critical nuclear chain reaction and can be «
can become supercritical in a network involving - amined numerically with the code described in t
proton-photon (Bethe-Heitler) pair production and previous section. Running various cases we
electron synchrotron radiation. This supercritical- find those initial conditions which can make tt
ity is a radiative-type instability which can convert fow unstable.

the free energy of the relativistic proton plasma

) AR . , : ]
::Ejo Lﬂﬁ:\élz;“ccrc}teerior?e:rrz,s?rrT]]Clﬁt:nkégirsT}atls:ilsafir:a% frame of a solution that becomes supercritical. T
y y " initial values of the run ar®, = 10'°cm, ney =

For the kinematical criterion to be fulfilled all one 10° par/crﬁg (Va|ues consistent with those of tt
needs is that the synchrotron photons produced ywind of a WR-star)£ = 1054 erg,Ty = 200, and
from the Bethe-Heitler pairs to be energetic enough B, — 10 G. Thus at the beginning of the swer
as to produce more pairs on the relativistic protons up phase the produdtI'} ~ 7 and the kinematic
(see [8]). As it was shown in [9], if the proton criterion (6) is satisfied. The swept-up protons t
plasma itself is in relativistic bulk motion this cri- come qu|ck|y Supercritica| and the photons gre
terion is satisfied if exponentially. This eventually leads to fast pr
ton cooling and photon saturation leading to t

Proton Supercriticality

Figure 1 shows the photon evolution in the |

5
b 22 ©6) peak in the photon flux of Fig.1. Consequently
whereb = B/B,.; With Beie = m2 ¢ /he = abrupt decrease il due to theF;..q term in Eqn
4.410'3 G, the critical magnéfic ﬁe|d_e (2) leads to a steep decay of photons for the n

hundreds of seconds. As the photon density
creases, lower energy protons continue cooling
more controlled manner. This gives a characteri
flattening to the photon lightcurve for the next fe
thousands seconds. At even longer timescales (
to hundred thousand of seconds) first the strer

increases. Therefore this corresponds to the triv- of the magnetic field3 and late” start decreasing
i P due to the RBW expansion. These effects caus

ial case: The protons are accumulated at the ratefinal drop in the observed photon luminosity. Tht

given by eqn (1) and they remain inert no mat- this model can, in principle, connect the prompt
ter how much mass has been accumulated on the, NP Pie, P P

RBW. The electrons, on the other hand, can ra- the.afterglow ermssmn. ) .

diate their energies fast as their radiative lifetimes AS itwas stated in [9] and shown numerically in [
to synchrotron and/or ICS can be short compared the observed photon spectrum consists of two cc
to the light crossing timescale on the RBW frame. Ponents: one that is observed directly and one |
However, the produced’ is rather low and can- is produced from the bulk Comptonization of tt
not affect significantly the global egns (1) and (2). aforementioned direct component scattered firsi
Thus the RBW obeys, for all practical purposes, the CSM electrons and then on the cool pairs of

the non-radiative case, while its luminosity stays at RBW. For loops operating close to threshold, tl
a relatively low level. has a peak at* 1 MeV independent of the initia

Far more interesting is the case where the kine- value ofl.

matical criterion is satisfied initially. Then whether Figure 2 shows snapshots of the bulk Comptoni:
the flow becomes radiatively unstable will depend SPectrum for the first thousand seconds after
on the second criterion. Qualitatively one can say Photon burst for the run described above. This |
that this criterion is satisfied @t least onef the @ Ppeak in the MeV region at maximum luminosit

In our case, if the choice of the values of these pa-
rameters are such that the above criterion is not
fulfilled initially, then it will not be fulfilled any-
where, provided thdf is in its coasting stage — as
implied by eqn.(2). This happens because,Bas
andI drop outwardspI'® can only decrease d3
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Figure 1: Photon luminosity as a result of a pro-
ton supercriticality which is developed as the RBW
sweeps up mass from the CSM. For the initial val-
ues of the run see text.

Consequent proton cooling addreduction have

as effects (i) the fast decrease of the luminosity, as [7

already shown in Fig.1 and (ii) a softening of the
spectrum from the MeV to sub-MeV / keV regime.
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Figure 2: Evolution of the bulk Comptonized spec-
trum during the outburst shown in Fig.1.

1178

References

(1]

(2]

(3]

(4]

(5]

(6]

(8]

E. Costa et al., Discovery of an X-ray afte
glow associated with the-ray burst of 28
February 1997, Nature 387 (1997) 783-785
J. Chiang, C. D. Dermer, Synchrotron ai
Synchrotron Self-Compton Emission and t
Blast-Wave Model of Gamma-Ray Bursts, Tl
Astrophysical Journal 512 (1999) 699-710.
T. Piran, The physics of gamma-ray burs
Reviews of Modern Physics 76 (2005) 114
1210.

A. Mastichiadis, J. G. Kirk, Self-consister
particle acceleration in active galactic nucle
Astronomy & Astrophysics 295 (1995) 613
627.

A. Mastichiadis, D. Kazanas, The Supe
critical Pile Model for Gamma-Ray Burst:
Spectro-Temporal Properties, The Astroph
ical Journal 645 (2006) 416—430.

R. D. Blandford, C. F. McKee, Fluid dynamic
of relativistic blast waves, Physics of Fluids :
(1976) 1130-1138.

] N. Vlahakis, A. Konigl, Relativistic Magneto-

hydrodynamics with Application to Gamme
Ray Burst Outflows. |. Theory and Semia
alytic Trans-Alf\enic Solutions, The Astro
physical Journal 596 (2003) 1080-1103.

J. G. Kirk, A. Mastichiadis, X-ray flares fron
runaway pair production in active galactic n
clei, Nature 360 (1992) 135-137.

D. Kazanas, M. Georganopoulos, A. Ma
tichiadis, The “Supercritical Pile” Model fo
Gamma-Ray Bursts: Getting thd,, Peak at
1 MeV, The Astrophysical Journal 578 (200
L15-L18.



