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ABSTRACT

A leading mechanism for producing cosmological gamma-ray bursts (GRBs) is via ultrarelativistic par-
ticles in an expanding fireball. The kinetic energy of the particles is converted into thermal energy in two
shocks, a forward shock and a reverse shock, when the outward flowing particles encounter the inter-
stellar medium. The thermal energy is then radiated via synchrotron emission and Comptonization. We
estimate the synchrotron cooling timescale of the shocked material in the forward and reverse shocks for
electrons of various Lorentz factors, focusing in particular on those electrons whose radiation falls within
the energy detection range of the BATSE detectors. We find that in order to produce the rapid variabil-
ity observed in most bursts, the energy density of the magnetic field in the shocked material must be
greater than about 1% of the thermal energy density. In addition, the electrons must be nearly in equi-
partition with the protons, since otherwise we do not have reasonable radiative efficiencies of GRBs.
Inverse Compton scattering can increase the cooling rate of the relevant electrons, but the Comptonized
emission itself is never within the BATSE range. These arguments allow us to pinpoint the conditions
within the radiating regions in GRBs and to determine the important radiation processes. In addition,
they provide a plausible explanation for several observations. The model predicts that the duty cycle of
intensity variations in GRB light curves should be nearly independent of burst duration and should scale
inversely as the square root of the observed photon energy. Both correlations are in agreement with
observations. The model also provides a plausible explanation for the bimodal distribution of burst
durations. There is no explanation, however, for the presence of a characteristic break energy in GRB

spectra.

Subject headings: gamma rays: bursts — hydrodynamics — radiation mechanisms: nonthermal —

relativity — shock waves

1. INTRODUCTION

A cosmological gamma-ray burst (GRB) occurs, most
likely in the deceleration of a shell of ultrarelativistic par-
ticles encountering a surrounding interstellar medium
(ISM) (Mészaros & Rees 1992). This process is believed to
be essential for the production of a GRB regardless of the
specific nature of the original source of relativistic particles
(see, e.g., Piran 1995 for a discussion). In a recent paper,
Sari, & Piran (1995, hereafter SP) estimated the hydrody-
namical timescales that arise in the interaction of an
ultrarelativistic shell with the ISM. They showed that the
observed durations of GRBs impose a direct limit on the
Lorentz factors of the relativistic particles, namely, y > 100
for most bursts and y even larger in a few cases. SP also
worked out the hydrodynamical conditions in the various
fluid zones of the expanding shell. They calculated the bulk
velocity, thermal energy, and particle density in the shocked
material behind the forward and reverse shocks, as well as
the velocities of the two shock fronts.

The radiation we observe in a GRB is produced when the
shock-heated gas loses its thermal energy through various
radiation processes. In this paper, we consider the cooling
of the shocked material via synchrotron and inverse
Compton emission.

In developing a radiation model for GRBs, we can con-
sider two distinct possibilities, depending on the relative

magnitudes of the cooling timescale of the thermal elec-
trons, t.,, and the hydrodynamical timescale of the
expanding shell, ¢, 4. The case we focus on in this paper is
similar to that assumed by SP, namely, thatt, 4 > t.,,. This
assumption finds strong support in the fact that most bursts
have complicated temporal structure with multiple peaks. A
natural explanation is that the total duration of a burst is
due to t,,4, the time needed to convert the bulk of the
kinetic energy of the expanding shell into thermal energy
via the two shocks, while the individual peaks within the
profile arise because of shotlike thermalization events in the
shocks. In this picture, the individual subpeaks within a
burst represent the cooling curves of episodically heated
electrons. The width of an individual subpeak then rep-
resents the cooling timescale ¢, and the “duty cycle” of
the burst, which we define to be the ratio of the observed
width of an individual peak to the total duration of the
burst, is given by the ratio D = £ ,,)/thya-

The second case, which we do not consider in this paper,
is when t,,.4 < t.001- Here the kinetic energy of the expanding
shell is turned rapidly into thermal energy, but it is then
released as radiation on a slower timescale. Clearly, this
regime can lead only to smooth single-hump bursts. Since
most bursts have multiple subpeaks, it is necessary to iden-
tify each peak with a single hump, which means that t, 4
must be smaller than the width of a subpeak. But such short
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thya Tequires extremely high Lorentz factors (SP). In addi-
tion, a new mechanism is needed to explain the overall
duration of the burst.

In addition to the assumption t,,4 > f..,, We make the
further assumption that the hydrodynamical conditions do
not change significantly during the cooling of the electrons.
In other words, we assume that the rapid cooling does not
modify drastically the adiabatic shock structure calculated
by SP. This is a reasonable approximation if the thermaliza-
tion in the shocks transfers half or more of the energy to the
protons and only the remainder to the electrons. While the
electrons cool rapidly, the proton energy remains locked up
in the gas, leaving the hydrodynamical conditions relatively
unaffected. The true conditions will thus differ from the
idealized adiabatic shocks considered by SP by only factors
of order unity, which we ignore.

In this paper, we use two pieces of information from
observations to constrain the parameters of our model of
the radiating regions of GRBs. First, we note that the vast
majority of GRBs have complex time profiles in which indi-
vidual subpeaks are significantly narrower than the overall
duration of a burst. Roughly, the observations give a mean
duty cycle of about 5%. As we show, this provides a signifi-
cant constraint on the model. Second, we demand efficient
conversion of thermal energy into radiation at the two
shocks, since we feel that low-efficiency burst models are
implausible. The observations show that the net energy
emitted by cosmological bursts just within the BATSE band
is ~10°! ergs (Cohen & Piran 1995; Fenimore et al. 1993).
In the most popular models of bursts, namely, merging
neutron star binaries (Narayan, Paczynski, & Piran 1992)
and failed supernovae (Woosley 1993), the total energy
budget is only ~10°3-3 ergs, and there are some difficulties
in converting even 1% of the initial explosion energy into
kinetic energy of the expanding shell. Any further ineffi-
ciency in the conversion of shock thermal energy into radi-
ation would be catastrophic.

We show in this paper that to produce the rapid variabil-
ity observed in many bursts, the magnetic energy density in
the shocked region must be at least 1% of the random
thermal energy density of the gas. In addition, we show that
in order to have a reasonable radiative efficiency, the elec-
trons must be nearly in equipartition with the protons.
Thus, the observational data on GRBs restrict directly the
conditions in the emitting region of these sources.

We ignore the time spreading due to the curvature of the
emitting region (Katz 1994) and therefore obtain only an
upper limit on the observed variability. In addition, we base
our calculations on the simple assumption of homogeneous
ISM. The time spreading due to the source curvature may
require to ease this assumption.

We begin the paper with a brief summary in § 2 of the
main results from SP, namely, the hydrodynamical time-
scale of the shell and the characteristics of the forward and
reverse shocks. We continue with an estimate of the syn-
chrotron cooling timescale in § 3, and we establish a lower
limit for the magnetic field strength in the shocked material.
In § 4 we examine the role of inverse Compton (IC) emis-
sion. We show that this process is irrelevant in the forward
shock, since the electrons there are too energetic and the
scattering cross section is reduced considerably according
to the Klein-Nishina formula. IC can be important in the
reverse shock and can increase the cooling rate there.
However, the IC photons themselves will in general be

outside the energy range of the BATSE detector and there-
fore are not relevant for understanding the BATSE data.

In § 5 we discuss the distribution of electron energy and
the effect this has on the “efficiency ” of a burst, namely, the
fraction of the initial kinetic energy in the shell that finally
appears as radiation in the BATSE energy window. We
show that the forward shock often produces nearly all its
radiation at energies above the BATSE range, especially for
short duration bursts. In contrast, the reverse shock is
always visible to BATSE. However, the efficiency of the
reverse shock is usually somewhat low, whereas the forward
shock, when it radiates within the BATSE window, always
has a high efficiency. We show in § 6 that these character-
istics of the two shocks provide a plausible explanation for
the bimodal distribution of GRB durations observed by
BATSE (Kouveliotou et al. 1993; Lamb, Graziani, & Smith
1993). We suggest that short bursts originate from the
reverse shocks of fireballs that expand with high Lorentz
factor y, while long bursts originate from the forward shock
of low y events. This simple model is also in agreement with
the relative luminosities of short and long bursts as esti-
mated by Mao, Narayan, & Piran (1994).

2. SHOCK CONDITIONS AND HYDRODYNAMIC
TIMESCALES

We begin with a brief summary of the hydrodynamic
conditions and energy conversion timescales of a rela-
tivistically expanding shell of particles, treated as a fluid (see
SP and Piran 1995 for further details). The interaction
between the outward moving shell and the ISM takes place
in the form of two shocks: a forward shock that propagates
into the ISM and a reverse shock that propagates into the
relativistic shell. This results in four distinct regions: the
ISM at rest (denoted by the subscript 1 when we consider
properties in this region), the shocked ISM material that
has passed through the forward shock (subscript 2 or f), the
shocked shell material that has passed through the reverse
shock (3 or r), and the unshocked material in the shell (4).
See Figure 1.

The hydrodynamic conditions are determined by four
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F1G. 1.—Schematic representation of the four zones that are present
when a relativistic fireball interacts with the ISM. The solid line indicates
the density as a function of radius. The undisturbed ISM is zone 1 at large
radius, and the unshocked shell material is zone 4 at small radii. The
shocked zones, 2 and 3, are the result of the forward and reverse shocks
and are separated by a contact discontinuity (based on Sari & Piran 1995).
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parameters: the Lorentz factor y associated with the rela-
tivistic radial expansion of the shell of particles, the width of
the shell in the observer frame A, the density of the external
ISM n,, and the Sedov scale I = (E/n;m,c?), where E rep-
resents the total energy of the shell before interaction with
the ISM. Typical values of these parameters are y ~ 10*-
104, A < 10" cm (from the fact that bursts are almost
always less than a few hundred seconds long; see SP), n, =
1 particle per cm~3, and [ = 10'® cm (corresponding to a
burst with energy E = 1.5 x 10! ergs).

The radial expansion speeds of the four zones are
described by the following Lorentz factors. The unshocked
ISM is of course at rest and has y, = 1, while the unshocked
shell material moves at the original coasting velocity of the
particles, y, = y. The velocity of the two intermediate zones
satisfies y; <y, =73 <74. The relative Lorentz factor
across the forward shock is obviously equal to y,. The rela-
tive Lorentz factor across the reverse shock, which we write
as ¥,, is given in the ultrarelativistic limit by

Y3 =773, 0y

where we have ignored, as in the rest of the paper, factors of
order unity.

SP showed that the structure of the shocks depends on
the value of 75, which in turn depends on the parameter ¢:

_<i 12 —-4/3 o)
E={x) »*"- ()]

If £ > 1, the reverse shock is nonrelativistic or Newtonian,
and y; ~ 1, while if £ < 1 the reverse shock is relativistic
and 75 > 1. If we include the possibility of shell spreading
(see SP for details), then A changes with time in such a
manner that at each moment the current A(t) ~ max [A(0),
R/y?]. This means that a shell that begins with a value of
¢ > 1 adjusts itself so as to satisfy £ = 1, and we have a
mildly relativistic or Newtonian reverse shock, whereas a
shell with ¢ < 1 does not have time to spread significantly
and maintains a relativistic reverse shock. In the rest of the
paper, we concentrate on the relativistic case and express all
results in terms of the parameter ¢ (rather than A). By
setting £ < 1 in the expressions, we obtain results corre-
sponding to a relativistic reverse shock, and by choosing
¢ = 1 in the same expressions we obtain the spreading New-
tonian limit. We will not discuss the case of extreme Newto-
nian reverse shock (¢ > 1), since spreading will always bring
these shells to the mildly relativistic limit (¢ ~ 1), which we
call “Newtonian” in the rest of the paper. Therefore, the
same formulae are valid in both the relativistic and Newto-
nian limits.

According to the arguments presented in the Intro-
duction, the observed duration t,4,, of a burst is given by the
hydrodynamic time t, 4 of the shell which has been calcu-
lated by SP to be

1\ —s/3,-2 12 W
taur = z Y 6 =(150 S) m 6 118 ’ (3)

where [,; = /108 cm. This timescale is equal to A/c in both
the relativistic and Newtonian cases, except that in the
former case the width is independent of the radius of the
shell, whereas in the latter the width expands self-
consistently so as to maintain & = 1.

The bulk of the kinetic energy of the shell is converted to
thermal energy via the two shocks at around the time the
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shell has expanded to the radius R, = Iy ~2/3¢~1/2, At this
radius, the conditions at the forward shock are as follows:

y2 = ')’63/4 ’
n,=4y,n,,
€ = 47% hym, c? > @

while at the reverse shock we have

Ta= &M,

73 =&,

ny = 4&%%y*n,

€3 =¢€;. (6]

We see from equation (3) that the observed duration of a
burst depends on y and ¢ only through the combination
y, = yE34 Therefore, many observed quantities that
depend on 7y, can be expressed in terms of t,,, via the rela-
tion (see egs. [3] and [4])

_ agof L ) s ©)
Y2 = 10 s 8 -

The efficiency of the cooling processes and the nature of
the emitted radiation depend on the conditions in the
shocked regions 2 and 3. Both regions have the same energy
density e. The particle densities n, and n; are, however,
different, and hence the effective “temperatures,” i.e., the
mean Lorentz factors of the random motions of the shocked
protons and electrons, are different. The parameters that
determine the radiative cooling are the magnetic field
strength, B, and the distribution of electron Lorentz factor
y.. Both of these are difficult to estimate from first prin-
ciples. Our approach is to use two parameters, €; and e,
defined below, to incorporate our uncertainties. Then we
explore the space of these parameters and try to constrain
the parameter values by requiring the model predictions to
resemble BATSE observations of GRBs.

The dimensionless parameter €; measures the ratio of the
magnetic field energy density to the total thermal energy e:

U B?
GBE_B=_a ()

e 8me

so that
t —-3/8
B = 4,/2mcely*y, mi/*n}’* = (110 G)e}g/z(ﬁ) Beny’? .

®)

If the magnetic field in region 2 behind the forward shock is
obtained purely by shock compression of the ISM field, the
field would be very weak, with €; < 1. Such low fields are
incompatible with observations of GRBs as we show in
later sections. Therefore, we consider the possibility that
there may be some kind of a turbulent instability that may
bring the magnetic field to approximate equipartition. In
the case of the reverse shock, magnetic fields of considerable
strength might be present in the preshock shell material if
the original exploding fireball was magnetic. The exact
nature of magnetic field evolution during fireball expansion
depends on several assumptions. Thompson (1994) found
that the magnetic field will remain in equipartition if it
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started off originally in equipartition. Mészaros, Laguna, &
Rees (1993), on the other hand, estimated that if the mag-
netic field was initially in equipartition, then it would be
below equipartition by a factor of 10~ ° by the time the shell
expands to R,. As in the forward shock, an instability could
boost the field back to equipartition. Thus, while both
shocks may have €5 < 1 with pure flux freezing, both could
achieve €; — 1 in the presence of instabilities. In principle,
€p could be different for the two shocks, but we limit our-
selves to the same €5 in both shocks.

Our second parameter €, measures the fraction of the
total thermal energy e that goes into random motions of the
electrons:

U,
=" &)

We assume that the thermal energy immediately behind the
shock is divided up in the ratio (1 — €,): €, between the
protons and the electrons. We assume that the division
happens on a timescale that is shorter than the electron
cooling time, and therefore much shorter than the hydrody-
namic time. We assume further that once the initial alloca-
tion of the energy has been accomplished, no further energy
flows to the electrons from the protons. (It is easily seen that
Coulomb coupling is completely negligible at the densities
of interest.)

Since the electrons receive their random motions through
shock heating, we make the standard assumption that they
develop a power-law distribution of Lorentz factors,

N(ye) ~ yE fOI' Ye > ye,min . (10)

We require f < —2 so that the energy does not diverge at
large y,. Since our shocks are relativistic, we assume that all
the electrons participate in the power law, not just a small
fraction in the tail of the distribution as in the Newtonian
case. The minimum Lorentz factor, y, ;,, of the distribution
is related to €, by

,B+1
B+2°

where y, is the relative Lorentz factor across the shock
front. Thus,

€ e_'))emmnm C e'\")’shnrnpc2 s (11)

B+ 2)
e;min = 1840 €. Vsh - 12
The average y, of the electrons is given by
B+ 1)
< €> 2 min * 13

Note that y,, = y, for the forward shock and y,, = ¥, for
the reverse shock.

The energy index f can be fixed by requiring that the
model should be able to explain the high-energy spectra of
GRBs. If we assume that most of the radiation observed in
the BATSE window is due to synchrotron cooling (as we
confirm later in the paper), then it is straightforward to
relate f§ to the power-law index of the observed spectra of
GRB:s. Band et al. (1993) measured the mean spectral index
of GRBs at high photon energies (above the break) to be
B ~ —2.25, which corresponds to f~ —2.5. We assume
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this value of f§ in what follows:
B+1)
B+2)

The electrons in zone 2 behind the forward shock than
satisfy

B=-25, =3. (14)

—3/8
Ye,mm - <Ye> 6106 72 - 17 X 105 <td‘“> l?/SS ’

10
a5)
while the electrons in zone 3 behind the reverse shock have
Veumin = 3> = 610, £ 7% (16)

We shall see later that the precise details of the distribution
of y, are not very important for most of the calculations
presented in this paper; only the value of y, .;, is relevant.

3. SYNCHROTRON COOLING

The typical energy of synchrotron photons as well as the
synchrotron cooling time depend on the Lorentz factor y, of
the relativistic electrons under condideration and on the
strength of the magnetic field. The characteristic photon
energy in the fluid frame is given by

hg,B
(hvsyn)fluid = mc ?3 . 17

e

Since the emitting material in both shocks moves with a
Lorentz factor y,, the photons are blueshifted in the ob-
server frame:

(hvsyn)obs = hqe 3 2 = (3 5 X 10 7 keV)
2 .1/2 tdur I 3/4.,1/2
X Ve €p 108 118 ny- . (18)

The power emitted by a single electron due to synchro-
tron radiation (see, e.g., Rybicki & Lightman 1979) is
P =30:cUgy2, (19

where o is the Thomson cross section. The cooling time of
the electron in the fluid frame is then y,m,c?/P. The
observed cooling time 7, is shorter by a factor of y,, giving

t, 9/8
(230s)— <10‘"> lnst

3y.m,c?
40rcUp 7’3 Y2

syn —

(20)

The above results depend on the choice of y,. One possi-
bility (following Mészaros et al. 1993) is to consider the
Lorentz factor of a “typical electron” in the emitting
region, ie., to set y, = (7., and to use this for estimating
the cooling timescale. However, it is not clear that the
photons emitted by such electrons will actually be within
BATSE’s range. Since BATSE detects photons with ener-
gies ~100 keV, we concentrate on electrons with Lorentz
factor §,, where §, is that Lorentz factor at which an elec-
tron emits synchrotron photons with energies around ~ 100
keV. Of course other electrons are also present in the
medium. But the electrons with lower energies emit softer
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photons, while the higher energy electrons emit harder
photons that fall outside the BATSE range (but may be
detected by other experiments which are more sensitive to
these photons). In view of our interest in understanding the
BATSE observations, we concentrate on the behavior of the
electrons with y, ~ §,.. We do retain a scaling factor in terms
of the observed photon energy hv,,, in the results so that the
cooling times of other electrons are also implicit in our
relations.
Using equation (18), we calculate 9, to be given by

A meChvobs 12 4_—1/4 hvobs 12
ye_(hqehB) = 1.7 x 10%¢5 100 keV

Laur 3 —3/8, —1/4
X m 118 n1 . (21)

First we need to check that electrons with y, = §, are avail-
able in the shocked material. This means that we require
Ye,min < 7e» Which corresponds to the condition

1af M 2 taur V' 3/41-3/8, —1/4
2 —_ obs ur _ —_— 22
€.r < 28¢, 100 keV 10s &Py M, (22)

in the reverse shock, and the condition

€. 5 <0.1ez /4 vons_ 1/2ﬁ3/4l_3/4n_1/4 (23)
el/ =B\ 100 keV 10s) ¥ "

in the forward shock. Since by definition €, < 1, we see that
the reverse shock always has electrons with the right
Lorentz factors to produce synchrotron photons within the
BATSE range. However, the situation is more doubtful in
the case of the forward shock. If the heating of the electrons
is efficient, i.e., if €, ; ~ 1, and if the burst has a short dura-
tion, then most of the electrons may be too energetic to
produce BATSE-visible photons. Of course, as an electron
cools, it radiates at progressively softer energies. Therefore,
even if y,,, is initially too large for the synchrotron radi-
ation to be visible to BATSE, the same electrons would be
at a later time have y, ~ 9, and become visible to BATSE.
However, the energy remaining in the electrons at the later
time will also be lower (by a factor /y,,;,), which means that
the burst will be inefficient. For simplicity, we ignore this
radiation.

Substituting the value of j, from equation (21) into the
cooling rate equation (20), we obtain the cooling timescale
as a function of the observed photon energy to be

Toyn = (1.4 x 1072 s)ez 3/ hve, \7H
n B \100 keV

tawr | —3/4,,—3/4
X m 118 nl . (24)

Equation (24) is valid for both the forward and reverse
shock and is moreover independent of whether the reverse
shock is relativistic or Newtonian. It is therefore quite a
robust result.

The cooling time calculated above sets a lower limit to
the variability timescale of a GRB, since the burst cannot
possibly contain spikes that are shorter than its cooling
time. Observations of GRBs typically show asymmetric
spikes in the intensity variation, where a peak generally has
a fast rise and a slower exponential decline (FRED). A
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plausible explanation of this observation is that the shock
heating of the electrons happens rapidly (though
episodically), and that the rise time of a spike is related to
the heating time. The decay time is then set by the cooling,
so that the widths of spikes directly measure the cooling
time.

We see from equation (24) that z,, is proportional to
(hv)~ Y2, This suggests that there should be an inverse corre-
lation between the width of a spike and the energy band in
which the observation is made. An inverse correlation has
indeed been observed (Fenimore et al. 1995). In fact, even
the predicted dependence as the inverse square root of the
photon energy is quite close to the observed index of —0.4.

Using equations (24) and (3), we can estimate the duty
cycle D of the variability as the ratio of the cooling timescale
to the total duration:

T hv —12
D=-9"=14 x 10 3¢z 34 —°bs__
X 1077 <100 kev>

dur

ty |14
x(gox) It 5)

We see that the duty cycle depends only weakly on the burst
duration. Observationally, it appears to be true that the
narrowest features in a burst are a constant fraction of the
total duration, independent of the actual duration of a burst
(e.g., Bhat et al. 1994), but this prediction of the model needs
to be checked in more detail against observations.

Most GRBs are seen to be highly variable with duty
cycles significantly smaller than unity, typically on the order
of 5% or less. Using this as a constraint, we obtain a lower
limit to the value of €5:

D \~43( hy -2/3
] i obs
€ =84 x 10 <0.05> <100 keV>

Laur AT
X (m) llglnl 1 . (26)

This suggests that the magnetic field energy density cannot
be far less than the equipartition value in the radiation-
emitting regions in GRBs. Clearly, the limit is valid only if
synchrotron radiation is the main cooling process. In par-
ticular, we have ignored so far the inverse Compton process,
which could increase the emission and thereby allow a
lower value of €. We turn now to the implications of
inverse Compton scattering.

4. INVERSE COMPTON SCATTERING

Inverse Compton (IC) scattering may modify our analysis
in three ways.

First, a significant fraction of the synchrotron emission
may be scattered so that the observed synchrotron flux is
lower than the calculated value. In fact, this is never the case
because we can show that the emitting regions are always
extremely optically thin.

Second, IC might scatter low-energy synchrotron
photons into the BATSE energy band, so that some of the
observed radiation may be due to IC rather than synchro-
tron emission. We show that this is again not the case. IC
photons from the forward shock are always much harder
than the BATSE range. Although IC photons from the
reverse shock can fall within the BATSE range, they do so
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only for bursts with large duty cycles, i.e., for smooth one-
hump bursts that form only a minority of the observed
bursts.

Finally, even if IC does not influence any of the observed
photons, it may speed up the cooling of the emitting regions
and therefore shorten the cooling time that we estimated
earlier under the assumption of pure synchrotron emission.
This effect is unimportant for the forward shock but could
be important for the reverse shock under certain conditions.

Let us begin with the optical depth. The radial thick-
nesses of zones 2 and 3 are each of order y, A in the co-
moving frame. Therefore, the Thomson optical depth across
the full radial extent of both zones is given by

£ \~18
T=(Mm372,A +nyy,A)or =4 x 10_6<ﬁ> £,

@7

where we have used the inequality n, < n,. In fact, this is an
overestimate of 7, since some electrons are very energetic
and have a reduced scattering cross section by the Klein-
Nishina effect. Even without allowing for this effect, we see
that the optical depth is extremely small for reasonable
parameters.

Considering the second point, synchrotron photons
emitted by electrons of Lorentz factor y,, and inverse
Compton scattered by electrons of y, , have an observed
energy of

hq.B
m,c

_ 350 Mov(Pet) (a2’
10°) \10°

¢ -3/4
x ef?(1dw ) Tppnta o (28)

(WY1 obs = 73, 1 }’3,2 Y2

10 s

For a photon to be detectable in BATSE, its observed
energy has to be in the range 25 keV to about 1 MeV. This
requires 7,1 7.,. < 200. Now, if we consider an efficient
burst with €, ~ 1, then the typical value of y, ., is > 1000
for the forward shock and is >1000 even for the reverse
shock if it is relativistic. Only for a Newtonian reverse shock
(where ¢ ~ 1) with somewhat low efficiency (e, < 0.3) is
Ye.min < 1000. Stating this differently, the condition y, ,;, <
200 yields, using equation (11), an extremely small €, for the
foward shock:

€, <76 x 10 %e;1/8 vy, Y
e B \100 keV

t, 9/16
X(m"é) e, (29)

while for the reverse shock we obtain

— 18 __MVobs VA tawe |2 3/47-3/16, —1/8
€, < 0.21€B m m ¢ llS ny .

(30)

IC photons from the forward shock are thus completely out
of the range of BATSE unless €, is extremely small, a possi-
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bility that we eliminate on the grounds of inefficiency (see
the discussion in the Introduction). With the reverse shock,
the best chance is with & equal to its largest value, namely,
¢ =1, and considering a long burst duration. We show
below that even this case results in a long cooling time and a
large duty cycle, and therefore it is ruled out by the
observed peaky nature of bursts.

We turn next to the question of whether IC losses can
alter significantly the cooling timescale of the electrons with
Lorentz factor %, that emit the synchrotron radiation
observed by BATSE. Because of the Klein-Nishina effect,
the cross section for Compton scattering decreases quite
rapidly when the energy of the synchrotron photons
becomes larger than m,c? in the electron rest frame. IC is
therefore most important when the synchrotron photons
are below this Klein-Nishina cutoff. We simplify matters by
assuming that IC switches off completely once the Klein-
Nishina regime is entered. This is, of course, a rather severe
simplification, but we consider it justified for the purposes
of the present argument. The lowest energy synchrotron
photons available are those photons emitted by the lowest
energy electrons, with y,; = 7, min (€q. [11]). The IC process
can be neglected if even these low-energy photons are in the
Klein-Nishina range for an electron of Lorentz factor §,, i.e.,
if

(hvmin)fluid ’J’)e = m, 02 . (31)

Using the formula for (hv)g,;q given in equation (17) and
setting y, = Y., min (€qs. [15] or [16]) and substituting the
values of e and n (eqs. [4] or [5]), we find that IC can be
neglected if

e > 29 x 10-%e; 8 o) T Lawe ) gjs
e 100kev) \10s ’

(32
for the forward shock, and if

—1/8 hvgs \ 1% 3/4, —1/8
€, > 8.0¢; 100 keV IS PN (33)

for the reverse shock.

Since on the grounds of efficiency we have argued that e,
must be close to unity, we see that the condition in the case
of the foward shock is almost always satisfied, and therefore
IC cooling is never important there. The reverse shock, on
the other hand, never satisfies the condition, and so IC
cooling might be important.

Since IC is unimportant for the forward shock, the rela-
tions (25) and (26) derived in § 3 are valid without any
change. However, for the reverse shock, we need to calcu-
late the true cooling time including the additional cooling
due to IC. To do this, we use the following model. The
energy density available for conversion to radiation is the
electron energy density, U,. Eventually all this energy is
radiated by synchrotron or by IC. We denote the former by
Uy, and the latter by Ujc:

Ue = Usyn + UIC . (34)

If the shock has already propagated for a period of time
longer than the cooling time, we expect a steady state radi-
ation density profile to be present in the vicinity of the
shock-heated electrons. In this steady state, we expect the
energy flux given by the shock to the electrons to be equal
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to the radiation flux. Further, since the shock front moves
with a velocity equal to a fraction of the speed of light, the
total radiation density must be comparable to U,, with the
synchrotron and IC densities given respectively by U,,,, and
Uc.

Because of the Klein-Nishina effect, we need consider
only one scattering of each photon, and further scatterings
are highly suppressed. In this limit, the Compton y param-
eter is directly equal to the ratio of the rate of IC energy loss
to the rate of synchrotron energy loss. At the same time, y is
also equal to the ratio of the energy density in soft radiation
(in our case synchrotron) to magnetic field energy density
(Rybicki & Lightman 1979). Therefore, we find

syn

Uc &
[ S— . 35
y U,. " Us (35

Recalling that U, = €,e and U = € e, we can solve equa-
tions (34) and (35) to obtain

UIC € .. €
=—=— if=<«1, 36
y Usyn €p €p < ( )
U € ..€
= = [ if=>1. 3
y Usyn €p €p > ( 7)

If €, < €5, we see that y < 1 and IC cooling is not impor-
tant. In this case, we can use equations (25) and (26) even for
the reverse shock. However, if €, > €5, then y ~ (¢ /€)' >
1 and most of the emitted radiation comes out as IC
photons. The cooling rate of the relevant electrons then
increases by the factor of y, and the lower limit to the mag-
netic energy density set by the observed duty cycle
decreases. Equations (25) and (26) are thus replaced by

-1/2
D="2"_14x 10-36;1/2651/4< a2 ) /

o 100 keV
¢ -1/4
X ﬁ) I73M4ny 34 (38)
D\ * hv "2t \ !
-7.-2( _~ obs dur -3.,-3
€>6x10"e, <o.05> (100 kev> <1o s> hgmi ™
(39

We emphasize that these estimates are relevant only for the
reverse shock and only if €, > €. For all other cases, we use
equations (25) and (26).

Although the duty cycle argument now appears to allow
a much lower magnetic energy density, €z as low as 1076,
we obtain another more stringent limit by demanding that
the burst be efficient. Since the IC photons are too hard to
be observed by BATSE, the observed efficiency decreases by
a factor 1/y = (ep/e,)'/2. Thus, even if we take the maximum
efficiency for the shock acceleration of electrons, €, = 0.5,
still we find that a value of e ~ 10~ results in a burst with
an efficiency <1073 just from this effect. In fact, the effi-
ciency is a little lower for reasons described in the next
section. As we explained in the Introduction, GRB sce-
narios become quite implausible at such low efficiencies, as
they would imply unreasonably large energies in the orig-
inal explosion.

We are now ready to show, as we have stated at the
beginning of this section, that we cannot have a highly vari-
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able burst of IC photons from the reverse shock. The
Lorentz factor of electrons emitting IC photons with energy
hv is given by equation (28) as

. ch 1/4
ye=<”‘”> : (40)

hqe Y2 B
The corresponding duty cycle for these electrons is

T t -1/16
== =(0.18| —= €z 38 112
taur 10s

hv T —15/16,,—7/8
X 100 keV Irg>ony 7% 41)

As we have already seen, electrons with a Lorentz factor
given by equation (40) are impossible in the forward shock
but are possible in a Newtonian reverse shock provided
€, < 0.2. However, now we see from the above equation
that even if these electrons are present, their radiation will
come out with a somewhat large duty cycle ~1. This is
ruled out by the observations.

We note that Mészaros et al. (1993) choose as the canon-
ical values for their models ez = 10~ > and €, ~ 1. The duty
cycle for this choice of parameters is ~ 10, which means that
the hydrodynamic time is an order of magnitude shorter
than the cooling time. This runs into problems on two
counts. First the model can only produce smooth single-
hump bursts and cannot explain the variability of observed
bursts without invoking substructure within the shell.
Second, the hydrodynamical conditions in the expanding
shell, in particular y,, change on the hydrodynamic time-
scale. This means that only during the first ¢, 4 of cooling
will the radiation be fully beamed with the Lorentz factor
y,. The later cooling will be less beamed and will therefore
be smeared out significantly in observer time. What this
means is that for the observer, the burst will effectively last
only for a duration t,,4; the remaining 90% of the energy
will come much later, will be weaker and softer, and will not
be counted as part of the burst. As a result, the observed
efficiency of the burst will be reduced by a factor of order 10.

5. EFFICIENCY

We consider now the efficiencies with which the two
shocks convert their thermal energy into observable radi-
ation. Two important factors influence the efficiency and
lower it from the ideal value of unity. First, only the elec-
trons cool, which means that only a fraction e, of the total
thermal energy is available to be radiated. Second, a signifi-
cant fraction of the radiated energy may lie outside the
BATSE energy range because (1) the synchrotron emission
is usually spread over a large energy range, and (2) much of
the cooling may happen via IC scattering whose radiation is
quite generally at energies above the BATSE range.

We have assumed a power-law distribution of electron
energy with a power-law index f = —2.5. This index has
been chosen such that the time-integrated synchrotron
emission corresponds to a power-law radiative spectrum
with index g = —2.25, in agreement with the observations
(Band et al. 1993). The fraction of the synchrotron power
that is radiated in the BATSE band (at around 100 keV) is
then given by

hvmin —k-2 hvmin 0.25
Com = (100 keV) = <100 keV) @)
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where hv,;, is the observed photon energy corresponding to

the synchrotron radiation from electrons with y, = 7y, nin-
For the forward shock, we can calculate hv,,;, using

equation (18) and setting y, = ¥, n;, from equation (15):

100 keV 10 s

Since IC scattering is unimportant for the forward shock,
the net efficiency is just the product of €,, the fraction of the
energy that goes into the electrons, and the synchrotron
efficiency factor €, given above. Thus, we find the total
efficiency of the forward shock to be

t, _
€iot,f = €e€syn = 3. 263/2 1/8<10 s) l3/8 1/8 (44)

The efficiency is of order unity whenever the foward shock
is visible in the BATSE range (which requires long dura-
tions as discussed in § 3).

For the reverse shock, we have

oin__ 100e2¢ 1/2<’dur)_3zl3§2ni/2. 43)

100 keV 10s

In the case of the reverse shock, IC scattering has the possi-
bility of affecting the cooling time and thereby the efficiency.
If €, < €5, we have seen that the y parameter is less than
unity and the overall efficiency is just given by

td —-3/16
— 3 2 1/8 ur
el‘.ot,r - 6e syn — 0 196 f / 10 s

—3/873/16.,,1/8
x &R,

BV min 3,2 _1/2 tdur 3 —3/213/4.,1/2
=13 x 1073€2 el E3REny? (45)

€, <E€g. 46)

However, if €, > €, then y = (¢,/e5)!/?> > 1 and the effi-

ciency is reduced further to

¢ PR
€0ty = — SeCom _ = 0.19¢, ;8 ==
y 10's

—-3/813/16,,1/8
x ETIBPBLOHLB e > €.

We can see from these expressions that efficient bursts are
possible only if €, is high. The value of € is important, as far
as efficiency is concerned, only if €, > €5, and that too only
for the reverse shock. We give some specific estimates of the
efficiency in different regions of the parameter space in the
following sections.

6. EXPLORATION OF THE PARAMETER SPACE

We have introduced several parameters in the previous
sections. Two of these are relatively well known, namely, the
ISM density n; ~1 cm™3 and the explosion energy E,
which determines the Sedov length scale [ ~ 10*® cm. Four
other parameters are essentially unknown.

Two “external parameters” depend on the properties of
the initial fireball and are likely to vary from one explosion
to the next:

1. The Lorentz factor of the shell .

2. The shell thickness A, which we prefer to replace by
the parameter ¢ defined in equation (2). As already
explained, ¢ < 1 for a relativistic reverse shock and ¢ =1
for a spreading Newtonian shell.

The above two parameters determine the Lorentz factor
7, = pE34 of the shocked material and the hydrodynamic
time (eq. [3]) on which the kinetic energy of the expanding

GRB COOLING TIMESCALES 211

shell is converted to thermal energy. In the case of the
foward shock, y, also determines the thermal energy density
and the particle density of the postshock gas. Therefore, all
observables from the forward shock are functions only of y,
rather than of y and ¢ individually. We prefer to express our
results in terms of the observed burst duration t4,, rather
than y,, using equation (6) to convert from one to the other.
The reverse shock is more complicated, as the results
depend in general on both y and £ We choose to express
our results as functions of ¢,,, and £, using equations (2) and
(3) to transform from y, &.

In addition to the above two “external parameters,”
there are two “internal parameters” that depend on the
unknown details of the microphysics in the shocked
regions:

3. The energy density in the magnetic field that we
describe by means of the field equipartition parameter, €.

4. The fraction of the thermal energy that goes into the
electrons, €,

Our current understanding of field amplification and parti-
cle acceleration in ultrarelativistic shocks is quite primitive,
and it is not possible to estimate either of these parameters
from first principles. Therefore, we treat them as free param-
eters and try to deduce their values from the constraints
imposed by the GRB observations. We do, however,
assume that the parameters are relatively constant from one
burst to another and between the forward and reverse
shock. This assumption may well be wrong, but we make it
in the interests of simplicity.

Overall, we have a three-dimensional parameter space,
tsur €5 €., for the forward shock, and a four-dimensional
parameter space tg,, e €., for the reverse shock. Figures 2
and 3 summarize all the ideas of the previous sections for
the forward shock and reverse shock, respectively.

Figure 2 shows the €z €, plane for the forward shock for
four choices of the observed burst duration t4,,. The
forward shock tends to be very energetic so that even the
electrons with the lowest Lorentz factor y, ,;, often radiate
their synchrotron emission above the BATSE energy range.
Such cases are not of interest here because they do not
contribute to the BATSE database. Taking a nominal cutoff
energy of 400 keV to represent the BATSE threshold (for
example, more than half the 54 bursts analyzed by Band et
al. have their break energy between 100 keV and 400 keV),
we show by the shaded regions in Figure 2 the parameter
space that is inaccessible to BATSE. If BATSE is to detect
radiation from the forward shock, the parameters must cor-
respond to the unshaded regions. In general, we see that the
forward shock is more likely to be visible to BATSE in a
long burst than in a short burst.

The panels in Figure 2 show two sets of contours: the
solid lines indicate contours of constant duty cycle, calcu-
lated with equation (25), while the dashed lines indicate
contours of constant efficiency, calculated with equation
(44). Recall that the forward shock cools almost exclusively
by synchrotron emission and has very little IC scattering.
For a given t,,,, the duty cycle depends only on €5 and is
independent of €,. If we use the typical observed duty cycle
of a few percent as a constraint, we see that the forward
shock needs €5 ~ 10~ 2. The efficiency of the forward shock
is primarily a function of €., with some weak dependence on
€p from the fact that a small fraction of the emitted radi-
ation may be below the BATSE range (eq. [42]). This is
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F1G. 2—Properties of the forward shock for four burst durations. Top left: ts,, = 0.1 s; top right: 1 s; bottom right: 10 s; bottom right: 100 s. Solid lines
show contours of the duty cycle, and dashed lines show contours of burst efficiency, as functions of the two parameters, €5 and €,. In the shaded regions, even
the lowest energy electrons in the postshock medium produce most of their synchrotron radiation above 400 keV in the observer frame. Such bursts are not

visible to BATSE.

usually a small factor, since the electrons in the forward
shock are usually very energetic. If we wish to have reason-
able efficiencies, then the forward shock requires €, close to
unity (certainly larger than about 0.1).

For the choice € ~ 1072, €, ~ 1, Figure 2 shows that the
forward shock radiation is visible to BATSE only for some-
what long bursts with t4,, greater than about 10 s. If we
increase €y also to be of order unity, then only very long
bursts of 100 s duration or longer would be visible to
BATSE.

Figure 3 shows the results corresponding to the reverse
shock. In this case, we need to specify both external param-
eters, t4,, and &, to describe the shock, and therefore we
display six panels covering three values of t4,, and two
values of £. Note that £ = 1 corresponds to a Newtonian
reverse shock and ¢ < 1 corresponds to a relativistic shock.

The reverse shock is always less energetic than the
forward shock, and its synchrotron photons are almost
always soft enough to be within the BATSE range. The gray
“undetectable ” regions are therefore limited to an extreme
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FIG. 3.—Similar to Fig. 2, but for the reverse shock. The six panels are as follows. Top left: ty,, = 0.001 s, £ = 0.1 (y = 5 x 10%); top right: ty,, = 0.001 s,
& = 1(y = 8000); middle left: ty,, = 0.1 s; & = 1 (y = 8000); middle right:t,,, = 0.1 s, £ = 1 (y = 1600); bottom left:t,,. = 10 s, & = 0.1 (y = 1600); bottom right:
o = 10's, & = 1 (y = 280); All unshaded regions are visible to BATSE. The thick lines correspond to €; = €,. IC scattering enhances the cooling below this

line, leading to loss of efficiency of bursts.

corner of the parameter space. In addition, the soft nature of
the synchrotron radiation means that the Klein-Nishina
effect is not important for IC scattering. Whether or not IC
is important is therefore determined solely by the relative
magnitude of €5 and €,. IC is important if €; < €,, and it is
not in the opposite case. The boundary between the two
regimes is indicated by the thick lines in Figure 3, with IC
being important below the line.

Above the thick lines, the dependences of duty cycle and
efficiency on €z and €, are similar to those shown for the
forward shock (Fig. 2). The only difference is that the effi-

ciency of the reverse shock is generally lower than that of
the forward shock because the bulk of the synchrotron
emission occurs below the BATSE range. In the regions
below the thick lines in Figure 3, where IC is important, the
duty cycle is modified relative to the pure synchrotron case.
Because of this, the solid lines are tilted and take on a
dependence on €,. The efficiency also is influenced by IC
scattering, since it scatters a considerable part of the energy
above the BATSE range.

As y decreases, the reverse shock becomes cooler, and it
emits less and less photons into the BATSE range. The
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Fig. 4—Contours of duty cycle (solid lines) and efficiency (dashed lines)
for the forward shock as a function of €5 and t,,,. The results correspond to
the choice €, = 0.5. BATSE can observe bursts only in the unshaded region
of the diagram.

reverse shock is, therefore, efficient only for short durations
(<0.1 s). As with the forward shock, the value of ez must be
relatively high in order to obtain bursts with short duty
cycles. The demand here is, however, a little weaker in the
IC zone (below the thick lines). Similarly, high values of €,
are needed in order to obtain high efficiency. Indeed, for
long duration bursts, even with €, ~ 1 the efficiency is only
about 10%.

Although Figures 2 and 3 include almost all the informa-
tion we need, it is instructive to look at simpler plots corre-
sponding to more restricted conditions. Specifically, we set
€, = 0.5, corresponding to half the thermal energy of the
shocks going into the electrons. This is the largest plausible
value for this parameter. We feel that it is necessary to select
such a high value because burst efficiency is quite a strong
constraint and in many source models the observed GRB
energies (within the cosmological scenario) are barely pos-
sible even with €, ~ 1.

In Figure 4, we show the results for the forward shock in
the t4,, €5 plane, while in Figure 5 we show four panels of
t4ur €5 fOr the reverse shock.

In general, we see that for a given choice of t;,, and eg,
only one of the two shocks is important. For long durations
(which correspond to relatively low values of ), the reverse
shock is too soft and is inefficient in the BATSE band, and
so the BATSE signal is dominated by the efficient forward
shock. On the other hand, for short durations (where y is
relatively high), the reverse shock is more efficient, while the
forward shock is too hard and radiates outside the BATSE
range. This systematic difference between the two shocks
leads to a possible scenario to explain the observed bimodal
distribution of burst durations. The scenario is described in
the next section.
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Figures 4 and 5 also confirm once again that we need a
fairly large ez (>1072). This requirement comes from two
directions. First, €5 > 10~ 2 is necessary in order to have a
duty cycle in the forward shock of a few percent. Second, it
is needed if we do not wish to reduce the efficiency of the
reverse shock too much. Although we could in principle
choose a value of €; anywhere between 1072 and 1, we
prefer to set €; ~ 10~ 2 because for this choice the forward
shock is visible to BATSE down to durations ~10 s,
whereas with ez ~ 1 the forward shock is detectable only for

taur > 30s.
7. BIMODALITY OF BURST DURATIONS

As an example of the implications of the analysis present-
ed in this paper, we describe here a scenario that provides a
possible explanation for the observed bimodality of GRB
durations.

We assume that all bursts have the same values of n,, 5,
¢, €5, and €, and that the only parameter that distinguishes
one burst from another is the Lorentz factor y of the expan-
sion of the relativistic shell. This is obviously much too
simple. Nevertheless, even this simple model provides a nice
separation of observed bursts into two classes: short bursts
in which BATSE detects radiation only from the reverse
shock, and long bursts in which most of the BATSE radi-
ation is from the forward shock. In addition, some of the
observed differences between short and long bursts are also
explained.

We make the following choices for the values of the fixed
parameters:

1. We take €z = 1072 in both the forward and reverse
shock. This value is high enough to yield the observed duty
cycles and low enough to allow the forward shock emission
to fall within the BATSE range for long duration bursts.

2. €, = 0.5 in both the forward and reverse shocks. This
is in order to make the bursts as efficient as possible.

3. £ =1, ie., all bursts correspond to the Newtonian
regime for the reverse shock. This assumption is merely for
simplicity, so that we do not need to worry about a second
parameter £, in addition to y. We expect £ = 1 to be satis-
fied if all bursts begin with sufficiently thin shells initially,
eg, A <107 cm, and spread out so as to be quasi-
relativistic.

4. 1=10'% cm, n; =1 cm ™3, i.e, all the bursts have the
same explosion energy and expand into a standard ISM.

In this model, the distributions of various burst proper-
ties are determined by the distribution of y over the burst
population. This distribution could in principle be a com-
plicated function, but we make the simple assumption that y
is distributed uniformly in logarithm from low values of y
up to some upper limit y,, ~ 10. We assume further
(again for simplicity) that the bursts originate in a Euclidean
space. This is almost certainly wrong, since there is evidence
for a considerable cosmological effect in the BATSE data.
Nevertheless, the assumption is appropriate for such a
crude model. The Euclidean assumption allows us to esti-
mate the number of bursts expected to be detected simply as
the detection efficiency to the power of 3/2.

Using the above assumptions, we can calculate the rela-
tive numbers of bursts expected to be detected by BATSE as
a function of burst duration t4,,. Each value of t,,, corre-
sponds to a fixed value of y (see eq. [3] with £ = 1 and fixed
l,). For this y, we calculate the synchrotron emission as a
function of the observed photon energy hv,,, separately for
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FiG. 5.—Similar to Fig. 4, but for the reverse shock, for €, = 0.5. The four panels are as follows. Top left: £ = 1; top right: £ = 0.1; bottom left: y = 103;
bottom right: y = 10*. IC cooling is present in all regions and has been included in calculating the durations and efficiencies. The dark region is not physical,

since there are no bursts of duration less than 0.3 s with y = 103,

the forward and reverse shock. Then we calculate the
photon count rate that BATSE would detect from this burst
and take the 3/2 power of this quantity to obtain the rela-
tive volume over which BATSE is sensitive to such bursts.
We say that the number of bursts expected to be detected is
proportional to the volume. Figure 6 shows the calculated
distribution of detected bursts as a function of burst dura-
tion. The sudden break at t,,, ~ 10 s arises because for
shorter bursts the radiation from the forward shock is too
hard to fall within the BATSE range.

Although the above calculation gives the main idea, some
further details related to BATSE’s detection criteria need to

be taken into consideration. BATSE detects a burst if the
photon count rate is higher than a limit set by the back-
ground. This limit varies depending on the particular
trigger used. BATSE’s triggers are set by the count rates in
three time resolutions: 64 ms, 256 ms, and 1024 ms. The
count rate threshold is lower in the 1024 ms channel by a
factor of 2 than in the 256 ms channel, and by a factor of 4
compared to the 64 ms channel. Thus, long bursts are
detected most sensitively by the 1024 ms channel. On the
other hand, short bursts are preferentially detected in the
shorter channels because their signals becomes smeared out
in the 1024 ms channel. It is straightforward to include this

© American Astronomical Society ¢ Provided by the NASA Astrophysics Data System


http://adsabs.harvard.edu/abs/1996ApJ...473..204S

216 SARI, NARAYAN, & PIRAN

-
o

-
o
o
—

-
o
H
T
I

N

No. of detected events (arbitrary units)
o

10° ” : '
10

1072 10° 10°

LOG1 0 [t dur (s)]

F1G. 6.—The number of bursts expected to be detected by BATSE as a
function of burst duration if the distribution of sources in homogeneous
and the detection criterion is set solely by luminosity. The calculations
correspond to €, = 0.5 and €; = 0.01. For the reverse shock, we have taken
¢ = 1 (Newtonian shock). The peak on the right corresponds to bursts for
which the forward shock is visible to BATSE, while the peak on the left is
due to bursts for which only the reverse shock is visible.

selection effect in the model (see Mao et al. 1994). Figure 7
shows the expected distribution of durations of detected
bursts with the correction included.

We see that Figure 7 qualitatively resembles the observed
distribution of burst durations except for a few differences
that are expected and explained below. The model predicts
the number of bursts to grow with decreasing duration even
below 10 ms, whereas the observed distribution seems to
roll over at short durations. This discrepancy is fixed easily
if we take the distribution of y not to be uniform in log y but
to have fewer bursts with high y (as is plausible). The model
also has an abrupt step at t,,, ~ 10 s caused by the fact that
the forward shock is not detected for shorter duration. The
step would be rounded off if we do not take the various
parameters other than y to be absolute constants but
allowed them some variation. The shape of the peak would
change also if we would allow electrons to cool below y, in
(see the comment below eq. [23]), but we ignore this effect
in the present simplified discussion.

One interesting result of the above exercise is that the
bursts in the second peak, the long bursts, have efficiencies
close to unity and therefore would correspond to a BATSE-
observed luminosity of order E ~ 105! ergs. However, the
short bursts in general have significantly lower efficiencies
of order a few percent. Therefore, this model predicts that
the short bursts should be less luminous, and therefore that
BATSE should detect them out to a shorter distance than
the long bursts. Mao et al. (1994) found exactly this effect in
the data when they carried out a detailed analysis of the
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F1G. 7—Similar to Fig. 6, but including the effect of BATSE’s three
time channels, 64 ms, 256 ms, and 1024 ms, in calculating the detectability
of bursts. Note the bimodal distribution of durations. In this model, short
bursts are due to radiation from the reverse shock in fireballs of high y,
while long bursts are due to the emission from the forward shock in low y
fireballs.

BATSE sample of bursts. Further, Mao et al. showed that
the long and short bursts have similar peak luminosities
even though they differ by a factor of 30 in their durations
and fluences. Our model does indeed produce similar peak
luminosities within the BATSE band for the two classes of
bursts. For example, a burst of duration 10 s has the same
luminosity as a short burst of 0.2 s, while a burst of duration
2 s, which is too short for the forward shock to be detected,
is less luminous by a factor of about 15.

8. DISCUSSION

Our basic picture follows the scenario proposed by
Mészaros & Rees (1992), namely, that a GRB is produced
when a relativistic outflow of particles from a central explo-
sion is slowed down by interaction with an external ISM.
The interaction takes place in the form of two shocks—a
forward shock that propagates into the ISM and a reverse
shock that propagates into the relativistic shell. We have
used the results of Sari & Piran (1995) to express the
density, velocity, and thermal energy of the gas in the
shocked regions in terms of physical parameters such as
the Lorentz factor y of the relativistic flow and the density of
the external medium. Some properties of the shocked
medium are, however, impossible to estimate from first
principles. One such property is the energy density of the
magnetic field, which we write as a fraction € of the total
energy. Another is the fraction of the thermal energy that
goes into electrons, which we write as €,. We consider g
and €, to be free parameters (though constrained to be less
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than unity) that we adjust by comparing the predictions of
the model with observations.

We calculate the radiation emitted by the shocked gas via
synchrotron emission and also consider modifications
introduced by inverse Compton (IC) scattering. In compar-
ing the predictions of the model to observations, we use two
important constraints. First, we know that most GRBs have
a complex time structure with a duty cycle (defined to be the
duration of the sharpest feature divided by the overall dura-
tion of the burst) of a few percent. Therefore, we require the
cooling time of the shock-heated electrons in our model to
be short enough to satisfy this constraint. Second, we
impose the requirement that a reasonably large fraction of
the shock-generated thermal energy should ultimately be
visible as radiation within the BATSE window, 25 keV to 1
MeV. Most proposed models of GRBs have a limited
overall energy budget ~10°3-10%# ergs and convert only a
percent or so of this energy into kinetic energy of the
expanding shell. If there were any further inefficiency in
converting the kinetic energy into BATSE-visible radiation,
then it would be very hard to match the observed fluences of
GRBs, which correspond to a y-ray energy output ~ 105!
ergs per burst.

One of the primary results of this paper is that we have
calculated the cooling time of the shock-heated electrons
via synchrotron emission and IC scattering. We reach
several interesting conclusions.

1. For photons detected by BATSE, say of energy 100
keV, there is a very well defined relation between the syn-
chrotron cooling time 7, of the electrons and the observed
duration of a GRB t4,,. The relation is given in equation
(24) and is the same for both the forward and reverse
shocks, and it is independent of whether the reverse shock is
Newtonian or relativistic. Equation (25) gives a formula for
the duty cycle of a burst and predicts that the duty cycle
should be nearly independent of burst duration. This pre-
diction appears to be supported by observations but needs
to be checked against the data in more detail.

2. If we require the duty cycle to be no more than a few
percent, as suggested by the observations, then we find that
the magnetic field parameter €; must be greater than about
10~2 (assuming €, ~ 1; see below). Such strong fields are
not expected merely from flux freezing, especially in the
forward shock in which the field in the external ISM is
likely to be very low. We conclude, therefore, that the
ultrarelativistic shocks in GRBs must have some mecha-
nism to build up the magnetic field to near-equipartition
strength in the postshock gas.

3. We find that the duty cycle should decrease with
increasing photon energy as (hv,,) ~ '/%. Such a variation in
widths of features in GRB light curves has been reported by
Fenimore et al. (1995). These authors find a variation of the
form (hv,,,) ~ %4, which is reassuringly close to our predicted
scaling,

4. IC scattering does not modify the results for the
forward shock because the scattering cross section is sup-
pressed strongly by the Klein-Nishina effect. For the reverse
shock, IC can be important in some cases. While the IC
radiation never falls within the BATSE window, the elec-
trons that produce the BATSE-visible synchrotron radi-
ation can be cooled significantly by ICif e < €,.

In addition to the cooling timescale, we also calculate the
efficiency of a burst. The efficiency depends on the param-
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eter €,, which determines how much energy is available in
the electrons, but also on exactly how much of the energy is
actually radiated within the BATSE range. Our analysis
leads to the following conclusions.

1. We find that the radiation from the forward shock is
visible to BATSE only for bursts with long durations,
tgur > 10 s. In shorter bursts, the radiation from the forward
shock is too hard and falls in the MeV range. This implies
that there is a population of MeV bursts to which BATSE is
insensitive and that may be worth searching for in future
missions (see Piran & Narayan 1995).

2. The radiation from the reverse shock falls within the
BATSE window for all bursts. However, the amount of
radiation received is maximum for very short duration
bursts and decreases with increasing burst duration.

3. Combining the above two results, and imposing the
requirement of reasonable burst efficiency, we conclude that
€, must be large. This means that ultrarelativistic shocks
must be able to accelerate electrons almost as effectively as
they accelerate ions. For quantitative estimates, we choose
€, = 0.5, which corresponds to the shock thermal energy
going into ions and electrons in equal amounts. Even with
this choice, we find that the reverse shock is fairly inefficient,
with efficiencies as low as 1% for ez = 10™2 and t,,, > 1 5. If
we give up burst efficiency as a criterion, then some of the
constraints stated earlier become looser. For instance, it
may be possible to accept values of €5 as low as 107> (as in
Mészaros et al. 1993).

4. For the particular choice of parameters we favor, €5 =
1072, €, = 0.5, the model provides a natural explanation for
the bimodal distribution of burst durations. Long bursts are
produced by the forward shock from fireball shells with
somewhat low values of y ~ 100. These bursts are efficient.
Short bursts, on the other hand, are produced by the reverse
shock from higher y events. These are in general much less
efficient. The model even explains the curious feature noted
by Mao et al. (1994) that the luminosities of short and long
bursts are similar even though their fluences differ by a large
factor. This results naturally in our model from the different
efficiencies of the two shocks.

We conclude with two caveats. First, our model in its
present form does not have an explanation for the break
seen by BATSE in many GRB spectra at around a few
hundred keV. In the present paper, we required merely that
the model should be able to produce photons visible to
BATSE, and we calculated the properties of these photons
and the electrons that produce them. An additional require-
ment we could have imposed, but did not, is a low-energy
cutoff so that the model does not produce an excess of
X-ray photons. The forward shock in our model does natu-
rally have a low-energy cutoff, and it is possibly consistent
with measured constraints in the X-ray band, but the
reverse shock in our model produces too much low-energy
radiation. It is possible that IC cooling suppresses the lower
energy radiation. To investigate this, the IC interactions will
need to be calculated in greater detail than we have done in
this paper.

The second point is that we have assumed that the overall
duration of a burst t,,, is given by the hydrodynamic time
thya» and that this time is greater than the cooling time ¢,
of the electrons. We associate the widths of individual fea-
tures in burst profiles with ¢,,;. We find this choice natural.
However, it is possible to consider the opposite case in
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which t, 4 < t..,. In such a scenario, individual spikes in
the burst profile would correspond to t,,4, and the overall
duration of the burst and its complicated time structure
would need to be generated by some other mechanism,
perhaps time-variable ejections in the original source (e.g.,
Narayan et al. 1992). One problem with such a model is that
the efficiency will be low. The expanding shell slows down
on the hydrodynamic time, and so any radiation produced
after a time t,,,4 is no longer Lorentz boosted and will there-
fore arrive over a very much longer time than ¢, 4 in the

observer frame. Therefore, only a fraction t,,4/t.,, Of the
emitted radiation will be counted as being part of the GRB,
leading to loss of efficiency. On the other hand, the model
might be able to explain the low-energy spectral indices of
GRBs and the paucity of X-ray photons (Katz 1994).
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