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ABSTRACT

Recent advances in early detection and detailed monitoring of gamma-ray burst (GRB) afterglows have revealed
variability in some afterglow light curves. One of the leading models for this behavior is the patchy-shell model.
This model attributes the variability to random angular fluctuations in the relativistic jet energy. These nonaxi-
symmetric fluctuations should also impose variations in the degree and angle of polarization that are correlated
to the light-curve variability. In this Letter we present a solution of the light curve and polarization resulting
from a given spectrum of energy fluctuations. We compare light curves produced using this solution with the
variable light curve of GRB 021004, and we show that the main features in both the light curve and the polarization
fluctuations are very well reproduced by this model. We use our results to draw constraints on the characteristics
of the energy fluctuations that might have been present in GRB 021004.

Subject heading: gamma rays: bursts
On-line material: color figures

1. INTRODUCTION tween light-curve variations in different spectral bands. Current
observations restrict the amplitude of energy fluctuations to be
Within the fireball model for gamma-ray bursts (GRBs) €SS than a factor of 10 (otherwise we would not expect the
(Piran 2000; Mezaos 2002), the emission process in the op- observed narrow distribution of-ray emission energ_y;_Frall
tical and X-ray bands during the afterglow (AG) is most likely et al. 2001). We show here that such energy variations are
an optically thin, slow cooling synchrotron. Under the simpli- Consistent with the observations, namely that they can produce
fying assumptions of spherical or scale-free axial symmetry, P0th variable and smooth light curves, depending on the ob-
this model predicts a smooth, broken power-law light curve. SErver location. Piran (2001) even argues that such fluctuations
Until recently, most all of the observed AGs exhibited a light May Solve the puzzle of why the energy emitteg-rays seems
curve conforming to the above predictions of the model. How- '&rg€r than the kinetic energy that remains in the blast wave,
ever, recently several observed AGs (mainly GRB 021004 andWhereas the opposite is expected. .
GRB 030329) showed variable light curves that can be inter- GRB 021004 has all the properties expected from a non-—
preted as fluctuations superposed on a power-law decay. ThesgPherically symmetric burst: Its AG displays steep decays on
two AGs were recorded with especially good resolution and timescales that cannot be obtalneq In a sphepcally symmetric
accuracy, and they were detected very shortly after the GRB.M0del (Nakar & Piran 2003), and its polarization shows rapid
Thus, it is not clear to what extent the compafibility of earlier fluctuations in the polarization angle and degree (Rol et al.
AG observations with a broken power-law indicates an intrinsic 2003). These quctua}pns cannot'be_ explamed by any'of' the
agreement (as opposed to sparse sampling). current _models, _prowdlng_ further |n_d|cat|on that the radiation
Fluctuating light curves were predicted by various models, SOUICe i nonaxisymmetric (Lazzati et al. 2003). These fluc-
The most plausible models suggest variations in the blasttuations in the polarization were even predicted by Granot &
wave’s energy or in the external density. These variations can/<®nigel (2003) (based on the variable light curve and the ex-
be (locally) spherically symmetric as in the energy fluctuated pected axisymmetry break) prior to the obse.rvatlonal report.
refreshed shocks model (Rees & $#aos 1998; Kumar & We demonstrate that the patchy-shell model is capable of ex-
Piran 2000a; Sari & Mezaos 2000), or they can be aspherical plaining the light curve and pola_lrlzanon (amph_tude and angle)
variations of the energy (as in the patchy-shell model; Kumar ©f GRB 021004, and we determine the properties of the angular
& Piran 2000b) or the external density (Wang & Loeb 2000; €N€rgy distribution that can account for the observed behavior.
Lazzati et al. 2002; Nakar et al. 2003a). Motivated by the clear " 8 2 we calculate the light curve and polarization from a
evidence for deviations from axisymmetry in at least one burst Patchy shell. in § 3 we find aenergy profile that reproduces
(GRB 021004) we focus our attention on the aspherical models.the observed I|gh§ curve and polarization of GRB 021004. We
In this Letter, we investigate the patchy-shell model. draw our conclusions in § 4.
In the patchy-shell model the energy per solid angle of the
blast wave displays angular variations. These energy variations 2. THE LIGHT-CURVE AND POLARIZATION CALCULATION
induce fluctuations in the AG light curve. Because of the non-
axisymmetric nature of the energy variations they also impose 5
variations in the degree and angle of polarization that are cor-
related to the light-curve variability (Granot & Kigel 2003).
We calculate the light curve and the polarization resulting from
a given spectrum of energy fluctuations. We show that generally
the variability timescaleAT behaves aaT ~T , and the am- * Throughout this Letter we use spherical coordinates with the origin at the

plitude envelope decays 3_-573/8 ) Whe—"—'_ds the time in the center of the blas] is the polar angle with respect to the line of sight, and
observer frame. We also find a correlation and time delay be-¢ is the azimuthal angle.

L97

We calculate the observed light curve, degree of polarization,
nd polarization angle, resulting from a synchrotron emission
of an adiabatic blast wave with angular fluctuations in the
energyE = E(R 9, ¢), whereE is the energy per solid angle.

We assume that the energy of both the electrons and the mag-
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Sari, Piran, & Narayan (1998) for the slow cooling regime, we
obtain
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where o, the spectral power-law index, is equal tel/3,

(p — 1)/2, andp/2 in each segment, respectively. We have used
here the definitiory = (v6)> anfl< 1 . We also use the adi-
bacity of the blast wavel oc R®*y? ), which yields (Sari 1998)
R o< [ET/(y + 1/8)]“* for any solid angle element. The angular
dependence is implicit it andy through the expression
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Fic. 1.—Function£() for the three spectral power-law segments. In this . )
figure p = 2.2, but¢ is almost insensitive t@ in the range2<p<3 . $ee Now, the total observed flux-(T) , is easily calculated by
the electronic edition of the Journal for a color version of this figure.] integration over the solid angle.

Having obtained the flux contribution per solid angle element
we are able to calculate the linear polarizatign£ 0 ) as well.
netic field are in constant equipartition with the total internal The total stokes parameters are simply the average of the local
energy of the shocked fluid, and we take the circumburst me-stokes parameters weighted by the flux
dium density as a constant (interstellar medium [ISM]). Based
on the thin shell nature of the Blandford & McKee (1976)
solution RIAR =~ 16y?, wherey is the Lorentz factor of the [ﬁ [ dF H(y{ cos (ZJD}
freshly shocked fluid), we approximate the radiating region to U ’ sin (&,
be only the instantaneous shock front. I TL,,,., = [dF ' ®)
In the ISM, an adiabatic blast wave propagates at a Lorentz e g

factpr I'ocR 3/.2 € = \2y). Sinceo, , the angular size of wherell,.., is the polarization of synchrotron emission in the
regions at radius® causally connected by sound waves that f,ig frame at the relevant power-law segment [Granot 2003, for
propagate af3, = 1/3 ,('” the fluid rest frame) grows as y<v<uyitis (p+ 1)/(p + 7/3), 6, is the polarization angle,
dé, = B,dR/(T'R), we obtain andIl is the observed local polarization relativellg,,,, Note
that the integration ovedF is actually an integration oveiQ}
The quantitiedI and@, at each element depend on two factors:
28,1 1 1 (1) The Lorentz boost of a photon emitted from that element
3T ~47' 1) and reaching the observer, which dependsyofmote thaty
depends oim andE, and thus ord and¢ (eq. [4]), and (2) the
magnetic field configuration—random or uniform. A rand8m
As long as the typical angular size of the energy fluctuations, 'S described by the level of anisotrofly= 2(Bf)/(Bf)  (Granot
1 larger thas, the energy prfic is “ozen’ n e & SS90, 00% Whet®, 1= 2 ancem compencrt s he e
[E = E(6, #)). Moreover, Kumar & Granot (2003) have shown " S S0 casdl( )/B sz b~ 1)/[(1f )E+g
that the actual transversal velocities of the fluid may be much 2y(b — 1)] (Gruzinov 1999- éari Si"gcgg_ éranot 2003) gﬁ})d is
smaller than the speed of sound. Consequently, the “frozen—radial [tangential] forb < 1’ b> 1] In’ uniformB. 11 = 1 is
shell” approximation may remain valid even whép= 6, ' '

. _ .~ constant and, is given in Granot & iKigel (2003).
Following these arguments, we carry out our calculation using — ajthough we are concerned with angular fluctuations, it is
the “frozen-shell” approximation, which facilitates our calcu-

; : : illuminating to consider first the spherically symmetric case. In
lation considerably, as we can treat each element of solid angleyjs case the contribution to the observed flux at a given observer
as part of a homogeneous sphere. o time is concentrated within a ring centered on the line of sight
Und_erthe above approximations, the contnbunon_to the flux (naturally, all observed quantities here are independemt) of
per unit of observer frequenayfrom an element of solid angle  The flux under these conditions is given by a self-similar function
d@ at radiusR is given by (Sari 1998) of 6, £6) = dF,/dd, when 6 is measured in units of
(T°nm,c%E)"®and its height is normalized. Figure 1 depigts
for the three different spectral power-law segments. The quantity
dF,(R 0, ¢) oc L', 0 scosn[y(1 — B cOSO)] °dQ,  (2) ¢ is localized with FWHM of 0.5 [1,.., for »>u, [v<wn,],
whereg,,, is the angle of maximurg. The value off depends

0s(R) =

Where_L/V'(R) is the |Umin05i.ty of the 30|_id angle element in 2y the AG the relevant polarization is instantaneous, thus it is weighted
the fluid rest frame. Calculating, following the procedure of by the flux, see Nakar et al. (2003b) and Granot (2003).
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— are simultaneous, while the fluctuations in the third segment
o —— are delayed relative to them by approximataly.
o]
20

mag

3. GRB 021004

The AG of GRB 021004 was observed on 2002 October 4
at a redshift of 2.32. The early optical detection (Fox et al.
2003), T ~ 0.005 days, enabled a detailed observation of this
afterglow from a very early stage. This unusual afterglow
shows clear deviations from a smooth temporal power-law de-
cay. A first bump is observed dt~ 0.05 days; this bump is
followed by a very steep decay. Another smaller bump is ob-
served afl ~ 0.8 days and a possible third on&@ at3 days.
A steepening that may be a jet break is observed at4 -
7 days. During the first 2 days the optical spectrum is rather
06 07 08 08 constant (Pandey et al. 2002). Later, during the third bump and
T (days) the start of the break, the AG shows color variations (Matheson

Fic. 2.—Light curve (ipper panel), polarization level fiddle panel), and et al'.2003; Bersier .et al. 2003). This pe_cuhar AG shows rapid
angle (ower panel) obtained from three different random energy distributions ~ Polarization fluctuations as well (both in degree and angle).
vs. the observations of GRB 021004 (light curve: Fox et al. 2003, Uemura et Between 0.3 and 0.8 days the polarization shows a fast drop
al. ?OO?’f}:ar}%?\% S;r?gcﬁgg%gg"gtngl e; 85-32%00?;":3062332 ezto?)léso\?\?ainzog- and rise combined with a rotation of BQRol et al. 2003;
ization [after . . y . , H . H
a_ll. 2003). The _straight linenfarked Wit_h d_iampnds) in the upper panel is_ a COVIr;Ote(tj ?I' chOOISaHtWang ,Etf'lal' t209[3) Thetsoe?fll(’jlcwag]onls. E;]I’te
light curve obtained from an energy distribution randomly generated using the corre a €d 10 the light curve's fluctua 'On_s' atU.s days ! elig
same parameters. The same AG may appear either as a smooth or fluctuatingurve is at the steep decay after the first bump, while after
power law to different observersSde the electronic edition of the Journal 0.6 days it is at the rise of the second bump. Another mea-
for a color version of this figure] surement after-4 days shows another drop in the polarization
level and a rotation of 30(Covino et al. 2003b). While the
last measurement is taken at the beginning of the jet break and
might be the result of a jet seen off-axis (Gruzinov 1999; Ghi-
Sellini & Lazzati 1999; Sari 1999; Rossi et al. 2002), the earlier
fneasurements are taken long before the jet break time and
cannot be attributed to any of these models. These models are
unable to explain the observed rotation (Lazzati et al. 2003).
The existence of rapidly varying polarization at such early
stages indicates that the axisymmetry of the flow is broken in
a nonregular manner on small angular scales. Here (Fig. 2) we
show that the patchy-shell model can produce a variable light
curve and polarization and especially the angle rotation.

Several different mechanisms were suggested to explain this
light curve (Lazzati et al. 2002; Nakar et al. 2003a; Holland
et al. 2003; Pandey et al. 2002; Bersier et al. 2003; Schaefer
et al. 2003; Heyl & Perna 2003; Li & Chevalier 2003; Ko-
bayashi & Zhang 2003). Nakar & Piran (2003) have shown
that as a result of angular effects none of the suggested spherical
symmetric mechanisms can produce the steep deeay?

03 0.4 05

weakly (asE® ) on the energy, so in the case of a nonspherical
energy distribution, as long as the energy variations are not large
the shape of the observed ring is only mildly distorted. This
analysis enables us to derive a constraint on the timescale o
fluctuations in the light curve. A significant fluctuation can occur
only after the ring is displaced such that it covers an essentially
new region. As the FWHM is of the order 6f., and with the
power-law dependence @f_, onT, this takes place on timescales
of the order ofT. Thus, the timescalaT for fluctuations in a
light curve produced by a patchy shell obeys the simple rule
AT = T. One can understand this result in terms of angular and
radial times. Although the angular time of a spot may be less
than T, its radial time, which is determined by the time over
which the ring crosses a spot, is of the ordefroNaturally, no
fluctuations are expected as long &s>6,.,, . Henk&~
max{T, 0.025 [0.05] &/10°*)**n *3(¢,,/0.03)** days} fow >

u, [v<w,]. Also, in cased, is much smaller thad, ., (at late

times, in case the frozen-shell approximation still holds), we observed after the first bump. This implied lack of spherical

would expect to see small timescale fluctuations, which “survive” mmetrv is stronaly suoported by the polarization observa-
the smoothing effect, superposed on the main features. However:Y A gly supp y the polanizat v
tions. Here we consider a symmetry break by a patchy shell.

these fluctuations turn out to be so weak as to be completely,,,..> ", = L : ;
hidden under the larger scale structures. Within this model the most natural magnetic field configuration

A few other properties that can be drawn from the behavior that produces correlated fluctuations in the light curve and the

: larization is the random field (see § 2).
of £ (see Fig. 1) are (1) The value of the Lorentz factof, PO ; ) . .
v ‘ (E v(6 gx) )vvhicrE éan be regarded as the charag:%éristic We have applied the solution presented in equations (3) and
an;?xentz fagtaor’ at timeT for » > u_[v < n.], is (4) in a search for a reasonable angular energy distribution that

simultaneously produces the observed opti¢&b#énd) light
LB 1838 curve and polarization. We expect such a distribution to have a
Ymax = 7.7 [S](E/10°° )P 5T =, (6) single characteristic angular scéle= =/k,., and a contraston
the order of a few, as was argued above. A random set of com-
(2) The relationy,,fmax= 0.9 [0.45] forv > u, [v<wm,] is ponents was selected in two-dimensional Fourier space, with a
constant, owing to the self-similarity ¢t (3) The overall am- cutoff atk. . and a power-law spectral enveloke . The loga-
plitude of the fluctuations decreases as the square root of theithmic contrasic was defined such that rfieg. (E/E,)] = 1 ,
number of observed spots andoisf,, /6,..,oc T-¥®  (Nakar et whereE, is the typical energy. We compare our results with the
al. 2003a). (4) The fluctuations at the three power-law segmentsobserved light curve during the first 2 days. We assume that
n<v<rw, v.<v, andv <y, are correlated, but the first two during this time the optical band is betwegn and . The color
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changes during the third bump and the following jet break pre- gular scale of energy fluctuations in the shell. There is also an
vent us from applying our solution to later times. amplitude decay, inherent in the smoothing effect, which is pro-
Our strategy in trying to find a match between the model portional toT *2. Another feature of this model is a variable
and the observed light curve was to scan the,{ c, s} pa- degree and direction of polarization resulting from the azimuthal
rameter space and try to find the most suitable set of parametersvariation of the energy. The degree of polarization can reach an
According to X- andy-ray observations we have used through- order of tens of percent in the case of very anisotropic magnetic
outp = 2.2 andE, = 6 x 10°?* ergs. For each such set we fields.
produced~100 synthetic light curves. Each point in this pa- As time progresses in the observer frame, radiation arrives
rameter space produces light curves with characteristic timefrom largerf-values. Changes in the flux and polarization occur
and amplitude scales. An agreement to the scales observed imvhen a group of fluctuations with a certain averaged orientation
GRB 021004 was apparent in a relatively small neighborhood is replaced by a new group with a different averaged orientation
of parameters, namel§, = 0.017 rad (the wavelength of the because of this change in the observed region. Therefore, the
fluctuations is~0.035 rad and,,,,~ 185 rad* ), sharp spec- transition from one peak to the next in the light curve will
trum, s> 2, and a contrast 02.5<c<5 . These results are characteristically be accompanied by a rotation of polarization,
similar to the one obtained by Nakar et al. (2003a) with a much with a drop in polarization degree when the two groups contribute
simpler model. We then visually selected from the light curves equally to the flux. This drop will be less pronounced the closer
in this neighborhood (covering1000 simulated light curves) the polarization angle before and after the transition is. Thus,
three of those best fitting the observed light curve, which are the polarization variations are correlated to the flux variations
displayed in Figure 2. Very reassuringly, those three energyand occur on similar timescales. Note, however, that a large

profiles produce also a good fit to the observed polarization rotation can take place on much shorter timescales.

(see Fig. B). In agreement with the observations, the polari-

zation angle rotates by 24530° between 0.3 and 0.7 days
(Fig. 2c). When fitting the polarizatiorb, the anisotropy pa-

The light curve and polarization of GRB 021004 are in agree-
ment with these general properties. Furthermore, we calculated
a number of light and polarization curves from a set of randomly

rameter, is a free parameter. We find that in order obtain thegenerated energy profiles and found recurring agreement be-

observed level of polarizatidn~ 0.5-0.8 (1.25-2) if the mag-
netic field is mainly planar (parallel). Thisdecreases the level

of polarization by a factor of 3—7 compared with the maximal might have been observedht 1

tween some of them and the observed data. This model, however,
fails to explain the very shortL hr) timescale variations that
day (Bersier et al. 2003), at

polarization obtained with = « , and this result is consistent least as long as the frozen-shell approximation holds, and there
with the low observed value of polarization usually seen near are no radial variations in the energy.

the time of the jet break<3%) compared with the expected

An important prediction arising from the self-similar flux pro-

value of 10%-20% (Sari 1999; Ghisellini & Lazzati 1999). The file is a logarithmic time lag between light-curve and polarization

obtained value ok, justifies our frozen-shell approximation.
After 2 observer dayB = 10 , henég = 6,~ 1/40 atalltimes
(T < 2 days).

4. CONCLUSION

Of the various models suggested to deal with fluctuations in
GRB AGs, we have dealt here with the “patchy-shell” model.

variations below and abowg . A more accurate analysis of this
problem, which we are currently carrying out, can be made by
taking into account the finite thickness and the hydrodynamic
profile of the radiating area and performing a three-dimensional
integration of the flux originating from different radii.
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