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Abstract: Opacity effects in relativistic high-energyγ-ray sources, such asγ-ray bursts (GRBs) or
Blazars, can probe the Lorentz factor of the outflow and the distance of the emission site from the source,
and thus help constrain the composition of the outflow (protons, pairs, magnetic field) and the emission
mechanism. While most previous works consider the opacity in steady state, we study the effects of the
time dependence of the opacity to pair production (γγ → e+e−) in an impulsive relativistic source. This
may be relevant for the promptγ-ray emission in GRBs or flares in Blazars. We present a simple, yet rich,
semi-analytic model for the time and energy dependence of the optical depth,τγγ , in which a thin spher-
ical shell expands ultra-relativistically and emits isotropically in its own rest frame over a finite range of
radii, R0 ≤ R ≤ R0 + ∆R. This is particularly relevant for GRB internal shocks. We find that in an
impulsive source (∆R <

∼ R0), while the instantaneous spectrum (which is typically hard to measure due
to poor photon statistics) has an exponential cutoff above the photon energyε1(t) whereτγγ(ε1) = 1, the
time integrated spectrum (which is easier to measure) has a power-law high-energy tail above the photon
energyε1∗ ∼ ε1(∆t) where∆t is the duration of the emission episode. Furthermore, photons with en-
ergiesε > ε1∗ are expected to arrive mainly near the onset of the spike in the light curve or flare, which
corresponds to the short emission episode. This arises since in such impulsive sources it takes time to
build-up the (target) photon field, and thus the optical depth τγγ(ε) initially increases with time andε1(t)
correspondingly decreases with time, so that photons of energy ε > ε1∗ are able to escape the source
mainly very early on whileε1(t) > ε. As the source approaches a quasi-steady state (∆R ≫ R0), the
time integrated spectrum develops an exponential cutoff, while the power-law tail becomes increasingly
suppressed.

Introduction, Motivation, and Rele-
vance for GLAST

Opacity effects intrinsic to the source, especially in
the GRB prompt emission, are expected to be most
relevant in the GLAST LAT energy range (20 MeV
to > 300 GeV), and are thus a powerful tool for
probing the physics of the source. The optical
depth to pair production,τγγ , is usually an increas-
ing function of the photon energy,Eph = εmec

2,
and therefore a large optical depth would prevent
the escape of high-energy photons from the source,
causing a high-energy cutoff in the observed spec-
trum. The lack of detection of such a high-energy
cutoff in the prompt GRB emission has been used
to place lower limits on the Lorentz factor of the
outflow [3, 2, 9, 1, 5], typicallyΓ0

>
∼ 100.

We note, however, thatτγγ generally depends both
on R0 and onΓ0 : τγγ(ε) ∝ Γ−2α

0 R−1
0 L0ε

α−1,

whereLε = L0ε
1−α is the isotropic equivalent lu-

minosity at high photon energies (α being the pho-
ton index). Therefore, one needs to assume a rela-
tion betweenR0 andΓ0 in order to obtain a lower
limit on Γ0. Most works assumeR0 ∼ Γ2

0c∆t,
which gives τγγ(ε) ∝ Γ−2α−2(∆t)−1L0ε

α−1,
while the lack of a high-energy cutoff up to some
photon energyε impliesτγγ(ε) < 1. This, in turn,
provides a lower limit onΓ0 since both the vari-
ability time ∆t, the photon indexα, andL0 can
be measured directly. The latter is given byL0 =
4πd2

L(1+ z)α−2εα−1Fε, whereFε is the observed
flux, while z anddL are the redshift and luminos-
ity distance. However, the relationR0 ∼ Γ2

0c∆t
does not hold for all models of the prompt GRB
emission. Therefore, we shall adopt a more model-
independent approach and not make this assump-
tion.
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GLAST is likely to detect the high-energy cutoff
due to pair opacity, which would actually deter-
mineΓ2α

0 R0, rather than just provide a lower limit
for it. Furthermore, in GRBs the outflow Lorentz
factorΓ0 may be constrained by the time of the af-
terglow onset [7, 4, 6] so that if GLAST detects the
high-energy pair opacity cutoff, the radius of emis-
sionR0 could be directly constrained, thus helping
to test the different GRB models. This, however,
requires a reliable way of identifying the observed
signatures of pair opacity, which is one of the main
motivations for this work.

The leading model for the prompt emission in
GRBs features internal shocks [8] due to collisions
between shells that are ejected from the source at
ultra-relativistic speeds (Γ0

>
∼ 100). The shells are

typically quasi-spherical, i.e. their properties do
not vary a lot over angles<∼ a few Γ−1

0 around our
line of sight. Under the typical physical conditions
that are expected in the shocked shells, all electrons
cool on a time scale much shorter than the dynam-
ical time (the shell shock crossing time), and most
of the radiation is emitted within a very thin cool-
ing layer just behind the shock front. Thus, our
model of an emitting spherical relativistic thin shell
is appropriate for the internal shocks model.

The Model: an emitting spherical rela-
tivistic thin shell

The emission is assumed to turn on at some fi-
nite radiusR0, and turn off atR0 + ∆R, where
∆R ∼ R0 is expected for internal shocks. This
corresponds to a single pulse in the observed light
curve. The emission is assumed to be isotropic
in the co-moving frame of the emitting shell, and
uniform over the spherical shell. The co-moving
spectral emissivity is assumed to have a power law
dependence on radius and photon energy,L′

ε′ ∝

(ε′)1−αRb. The Lorentz factor of the shell is
assumed to be a power law with radius,Γ2

∝

R−m. We perform a detailed semi-analytic calcu-
lation of the optical depth to pair production, which
improves on previous works by first calculating
the photon field at each point in space and time,
and then integrating the contribution to the optical
depth along the trajectory of each test photon. Fi-
nally, we calculate the unattenuated flux seen by a

distant observer as a function of time and photon
energy.

The flux seen by an observer at infinity, i.e. at a
distanceD ≫ R0 + ∆R, is calculated by integrat-
ing over the equal arrival time surface (EATS-I) –
the locus of emission points from which photons
reach the observer at the same timeT . For a coast-
ing shell (m = 0), EATS-I is an ellipsoid. Follow-
ing [10], the observed (unattenuated) flux is given
by:

Fε(T ) =
1

4πD2

∫
δ3e−τγγdL′

ε′

=
1

8πD2

∫ ymax

ymin

dy
d cos θt,0

dy
δ3(y) ×

× L′

ε′(y)e−τγγ(y) , (1)

where δ ≡ ε/ε′ is the Doppler factor,θt,0 is
the angle of emission (measured from the line of
sight), andy ≡ Rt,0/RL is the normalized radius,
whereRL(T ) is the largest radius on the EATS-
I (which is along the line of sight). The inte-
gration is done along EATS-I, whereymin(T ) =
min[1, R0/RL(T )] andymax(T ) = min[1, (R0 +
∆R)/RL(T )]. The exponential factor represents
the simple assumption that photons which pair pro-
duce do not reach the observer (the generated pairs
and their further interactions are ignored in this
simple treatment).

Next, we compute the optical depthτγγ by inte-
grating the contributions to the opacity along the
trajectory of each test photon, that is emitted at
some lab frame timet0, angle θt,0, and radius
Rt,0. This requires calculating the photon field at
each point along the test photon trajectory, which
is done by integrating along the equal arrival time
surface of photons to that particular place and time
(EATS-II). This naturally divides into three cases,
as is illustrated in Figure 1. The full derivations are
much too long to fit here, and can be found in [11].

Preliminary Results and Conclusions

This work is in progress and we show here only
preliminary results. Figure 2 shows results for
model parameter values that are relevant for GRB
internal shocks:m = 0 (coasting shells)b = 0
(total comoving luminosity independent of radius),
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Figure 1: The three possible cases for the equal arrival timesurface of photons to a point along the trajectory
of a test photon (EATS-II). If the test photon is emitted atΓ(Rt,0)θt,0 > 1, then it initially lags behind the
emitting shell (case 1), and only later catches-up with it (case 2) and overtakes it (case 3). ForΓ(Rt,0)θt,0 <
1 the test photon is immediately ahead of the shell (case 3).

∆R/R0 = 1 (reasonably impulsive), andα = 2
(equal energy per decade inε = Eph/mec

2). At
high photon energies,ε > ε1∗, the time integrated
spectrum steepens but asymptotically approaches a
power-law. Furthermore, photons above this spec-
tral break (ε > ε1∗) arrive mainly at early times,
near the onset of the spike in the light curve.

More generally, we find that in impulsive
(∆R/R0

<
∼ 1) relativistic sources, pair production

within the source results in a steeper power law
at high photon energies in the time integrated
(over a spike or pulse in the light curve) spec-
trum. This power law high-energy tail becomes
increasingly suppressed in the quasi-steady state
limit (∆R/R0 ≫ 1), and is replaced by an expo-
nential cutoff. The instantaneous spectrum (which
is usually very hard to measure) also has a sharper

high-energy cutoff than the time integrated spec-
trum. Furthermore, in impulsive sources, photons
above the spectral break due to pair production
should arrive mainly near the onset of a pulse or
spike in the light curve. These spectral and tem-
poral features should provide a clear observational
signature of pair opacity in impulsive relativistic
sources, which if detected by GLAST would en-
able very interesting constraints to be put on the
Lorentz factor of the outflow and on the radius of
the emission site, which would in turn help con-
strain the composition of the outflow.
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Figure 2:Left panel: Lightcurves for different normalized photon energies,ε = Eph/mec
2, using model

parameters relevant for GRB internal shocks;T0 is the observer time at which the first photon reaches the
observer (it is emitted along the line of sight, and no other photon can catch-up with it). The vertical dashed
lines show the times at which the instantaneous spectra are shown in theright panel, using the same colors.
Right panel: instantaneous spectra (thin lines) and time integrated spectrum (thick line).
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