BHBUM

2003411 H HIGH ENERGY PHYSICS

BEEVESEYHA

AND

Vol .27, No.11

NUCLEAR PHYSICS Nov., 2003

Very High Energy Gamma Rays from Gamma Ray Bursts”

MA Xin-Hua""

ZHOU Xun-Xiu®

WU Mei' ZHU Qing-Qi’

[ (Inatitute of High Energy Physics, CAS, Beijing 100039, China)
2(Science College of Southwest Jiaotong University, Chengdu 610031, China)

Abstract Very high energy gamma rays from gamma ray bursts are explained by the expanding fireball model. The high energy

gamma ray generation efficiency, the relativistic effect, and the absorption in cosmic background radiation are taken into account.

I is shown that the ejection of gamma rays with the energies higher than 10GeV may happen at the very beginning of the fireball

expansion ~ 10™*s with a fluence up to 10"*—10 % cm ™ arriving at the earth.
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1 Introduction

Gamma ray bursts ( GRBs), firstly detected by
VELA satellite on July 2, 1967""", has been a highlight
in astrophysics for thirty years. On CGRO, BATSE™
identified GRB’ s isotropic distribution and, in conse-

quence, supported GRB’s origin of cosmological distanc-

GeV range. BeppoSAX'‘' in 1997 observed X-ray after-
glow so as to positon GRBs even in a few arcminutes, fur-
ther confirming some cosmological countparts. Gamma
rays of energies higher than a few 10GeV from GRBs,
however, has not been observed, for which several exper-
iments, e.g., L3+ C" and Tibet ASY'®, are searching
at present, and some other experiments, e.g., ARGO-
YBJ”* will search soon. To explain the origin of GRBs,
the expanding fireball model was raised. A fireball is a
huge energy lepton ball and expands relativistically**’

In the fireball the prolific creation of ¢’ e pairs will in-
hibit the escape of photons until their energies have been
degraded below the pair production threshold "’ . Accord-
ing to this model, after 10’s from the beginning of the

fireball expansion, intemal shocks may generate gamma
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rays of energies 10keV—10GeV, and after months or
weeks external shocks generate afterglow in X, radio and

"= It was even figured out that during

optical bands'
the expansion there exists backflow where electrons can be
accelerated with very high efficiency'"*’ . In brief, during
expansion, the fireball cools down and photon energy de-
creases. It hints that higher energy gamma rays might be
generated at the much earlier stage of the fireball expan-
sion. In this paper, we will deduce the generation time
and the fluence of gamma rays with the energies higher
than 10GeV from GRBs and estimate results of some on-

going experiments on high energy gamma rays from GRBs.

2 Very high energy ( = 10GeV) gamma ray
fluence

2.1 Fireball: black-body radiation

During very early expansion, the fireball radiation is
thermal and optically thick, so it can be considered as a
black-body radiation. The fireball temperature T can be
calculated by'm :

\T - (E . (hc)")”‘

2.75+ R’ (1)
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where k is Boltzmann constant, h is the reduced Planck
constant, c¢ is light speed, E is fireball energy and R is
fireball radius. The photon number density between E,
and E, is then
EZ
n(E, < E, < E,,kT) = L ndx, (2)
)

where E, is photon energy,
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Supposing that the fireball is compact to be its initial
radius R, ~ 10°cm. At the beginning, in a very short
time, the expansion is relativistic and the efficiency factor
to emit photons might be supposed to be C, ~107* . After
that about 10°s, observed GRB photons are mostly gener-
ated by synchrotron radiation during internal shocks, of
which the efficiency factor is C, ~ 10", and GRB energy
E ¢z is calculated up to 10°—10™ erg assuming an iso-
tropic emission. In consequence the initial fireball energy
E, is
Ey = Egg » €'+ C5'. (5)
If Egy = 10 erg, the initial temperature kT, =
0.0058erg, and photons with higher energies have lower
density ( Fig.1) . Supposing that the expansion is adiabat-
ic, which means RT = constant, R increases and T, E

and n decreases as a function of time .
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Fig.1. Relation hetween photon energy and

density when kT, = 0.0058erg.

In the lepton fireball, only photons in a thin shell of
thickness A, total mean free path, on the fireball sur-

face can escape from the fireball:

Aw = ! , (6)

where o,, is the total interaction cross-section and n is
the photon number density. There are four types of inter-
actions among photons and electrons: double photon anni-
hilation, inverse Compton scattering, e” e scattering and
e’ e annihilation. Double photon annihilation and ¢” e~
scattering have so low interaction cross-sections and can
be ignored. The cross-section of inverse Compton scatter-
ing is closed to, but a little larger than that of ¢" e~ anni-
hilation. High energy photons are generated mainly in

A.., mean-freepath of ¢’ e annihilation, and

A - , (7

an no
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where o, is the interaction cross-section of e e~ annihi-
lation .
Consequently, the high energy photon generation ef-

ficiency

-
g

~ 0.4, (8)

>

2.2 Expanding spheroid

The fireball expansion is calculated with the numer-

cial method in Ref.[14] to obtain the fireball expansion
velocity 8 = v/c and Lorentz factor ¥ = 1// 1 - 8 (Fig.

2). Due to the aberration, a distant observer sees an ex-
panding radiation spheroid from the fireball''® . The
spheroid has a focus at the centre of the fireball, the
semimajor axis a = vty directing the observer, the semil-
atus rectum p = ¢ and the eccentricity ¢ = 3 (Fig.3).
Relativistically, the observer can only see photons within
a polar angle 6 of 1/ in the observing direction, and the

corresponding solid angle is 2 = 2x(1/7)*. During a du-
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factor ¥ and fireball radius R .
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Fig.3. A fireball expands from R, to 6R, . A distant ob-
server can only see an expanding radiation spheroid from the
fireball within an polar angle § of 1/7. The spheroid has a
focus at the centre of the fireball, semimajor axis a = Yy’
directing observer, semi-latus rectum p = 11 and eccentrici-

ty e = 3. The shaded areas are volume sending gamma rays

which can be seen by ohservers in expanding periods.

ration (t,,¢,), the volume of the fireball expansion in all

direction is:

. 4n (7 2np’sing 5
= — — 1-2 0deo.
v QJ,«] dpJO (1 = Beosf) B+ Beos
(9)
When §—1,
1
v %“72 (8 ( L)‘ o)
cos 3

2.3 Absorption in cosmic background radiation

High energy gamma rays emitted from GRBs might
be absorbed partly in the intergalactic space due to Dou-
ble-photon-annihilation with the cosmic background radi-
ation. From Ref.[17], at optical depth 7., = 1, between
10"eV and 10” eV, the relation between photon energy
E, and redshift z of a gamma source can be taken approx-
imately as

2= 100°%E,"7, (1)
where the unit of £, is TeV. According to the relativistic
Doppler effect equation,

v, (z+1) -1
¢ (z+ 1P+ 1

is the universe expansion velocity, and Hubble

(12)

where 1,
law,

v,
o

(13)
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where [ is the distance which photons can pass when r,
=1, and H, is Hubble constant ~ 7Skm-s "' +Mpc™' . So
if z and E, are given, the remaining rate of photons with
different energies after passing distance L can be obtained
(Fig.4):
p=e". (14)
Observed high energy GRBs, 10" —10™ erg, have
redshift from 0.43 to 4.5 "

redshifts are taken into account as shown in Fig.4.
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Fig.4. The remaining rate of photons with
different energies in different cosmological
1.5Gpe, z =
0.48; square, L =2.5Gpc, z=1.08; tri-
angle, L=3.8Gpe, z=5.24.

distances L: cirele, L =

2.4 Gamma ray fluence

The gamma ray fluence can be obtained now:

Ven-c-
F = 7777[’ ;_y T "'? . ( 15)
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Fig.5. The fluence of photons with different
energies changes with fireball expansion time:
solid circle E, = 10GeV; square E, = 25GeV;
triangle F,

75GeV; white circle £, = 100GeV.

= 50GeV; inverse triangle E, =
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Fig.5 shows the fluence of photons with different en-
ergies at different fireball expansion time. At the very be-
ginning of expansion, about 10 *s, the fluence of 10GeV
gamma rays on the earth is up to 10 *em™?, i.e., 107°
ergcm”’. Very quickly, the number of gamma rays re-
duces many orders. Fig.6 is the spectrum of gamma rays
in different cosmological distances. The spectrum is hard-

er at the part of higher energies than lower ones.
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Fig.6. The spectra of gamma rays in differ-

ent cosmological distnaces: circle, [ =
1.5Gpc; square, L =2.5Gpc; triangle, L =
3.8Gpe.

3 Discussion

At the beginning of expansion, in a very short dura-
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