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Abstract. Polarization measurements for the optical counterpart to GRB 021004 are presented and discussed. Our observations
were performed with the TNG and the VLT-UT3 (Melipal) during the first and fourth night after the gamma-ray burst discovery.
We find robust evidence for temporal evolution of the polarization, which is therefore, at least partially, intrinsic to the optical
transient. We do not find convincing evidence of wavelength dependence for the intrinsic polarization of the transient, in
agreement with current polarization models for optical afterglows. We discuss the role of dust, both in our galaxy and in the
host, in modifying the transmitted polarization vector, showing how a sizable fraction of the observed polarized flux is due to
Galactic selective extinction, while it is not possible to single out any clear contribution from dust in the host galaxy. We discuss
how our data compare to those obtained Wyedent groups showing that a two-component model is required to describe the
complete dataset. This is not surprising given the complex lightcurve of GRB 021004.
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1. Introduction polarization was inducédy dust along the line of sight in our
own Galaxy (e.g. Covino et al. 1999, 2003c). More recently, it

It is now well established that gamma-ray burst (GRB) optivas also possible to exclude, at least for some cases, a major
cal afterg|ows (OA) can show some degree of linear p0|é}0ntributi0n to the observed pOlarization level due to the inter-
ization. To date, in five cases a positive detection was d@psition of dust in the host galaxy. In fact, interstellar polar-
tained: GRB 990510 (Covino et al. 1999; Wijers et al. 1999igation is necessarily associated with reddening, and by mod-
GRB 990712 (Rol et al. 2000), GRB 020405 (Bersier et #lling the spectral shape of the OA, the total amount of dust
2003a; Covino et al. 2003a; Masetti et al. 2003), GRB 02081gerposed on the line of sight can be constrained, allowing us
(Barth et al. 2003; Covino et al. 2002a), and GRB 030329 put limits on the dust-induced polarization.
(Covino et al. 2003; Efimov et al. 2003; Maga#s et al. This method is however model dependent, and relies also
2003). Usually, the polarized flux is not large, < 3%, but on the knowledge of the dust properties in the GRB environ-
in most cases it has been possible to rule out that the obserht (see e.g. Lazzati et al. 2002a). Given the present un-
certainties, the possibility that for at least some OA a sizable
fraction of the observed polarization is induced by dust in the
GRB environment or in the host galaxy cannot be excluded
Send gprint requests toD. Lazzati, yet. In principle, there are at least two safe ways to unam-
e-mail: lazzati@ast . cam.ac.uk biguously detect intrinsic polarization: the first is to perform
* Based on observations made with ESO telescopes at the Paranal
Observatory under programme Id 70.D-0111, on data from thé Here and in the following the only dust induced polarization that
ESQST-ECF Science Archive Facility and on observations made withe consider is the one due to the dichroism of the aligned grains and
the TNG under programme TAC@L(47). not the polarization induced by scattering.
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multiple observations, looking for temporal variation of the L

polarization degree ayat position angle. Such a polarization
variability would also provide a direct link between the dynam-
ics of the fireball evolution and the geometry of the emitting "
region (Ghisellini & Lazzati 1999, hereafter GL99; Sari 1999;  '°[ -
Granot et al. 2002). The second is to study the wavelength de- ] .
pendence of the polarization, possibly extending it to the inp i ¥
frared, in an attempt to exclude that it follows the “Serkowskg | y
curve” typical of Milky Way (MW) interstellar dust polariza- E 1 '-\‘
tion (Serkowski et al. 1975), bearing in mind, however, that thg’ I ‘\._

OA emission could be intrinsically polarized in a wavelengtte  *° [ - ]

dependent way. e | \‘

Recently, some steps in this direction were performed.
First, for GRB 020813 secure polarization variability was de- A -
tected, the degree of polarization decreasing on a day time
scale fromP ~ 2% (Barth et al. 2003) to® ~ 0.8% 2 |- 4 ]
(Covino et al. 2002a), at a fixed polarization angle. Moreover, I |
again for GRB 020813 (Barth et al. 2003), and very recently T R R B B E
for GRB 030329 (Covino et al. 2003), spectropolarimetry could oot 01 ! 10 100
be performed; in both cases, small but significant wavelength

dependence was found.
GRB 021004 was localized on 2002 October 4 itlg. 1. R-band lightcurve of GRB 021004 with the position of the po-

. . : arimetric observations marked. Data are from Bersier et al. (2003a);
12:06:14 UT by the HETE-I saFelllte (Shirasaki et al. 2002 ox et al. (2003); Holland et al. (2003); Pandey et al. (2002); EJemur;
In the FREGATE 8-40keV and in the WXM 2-25keV bandg; 4. (2003).
the burst had a duration of about 100 s. It thus belonged to
the class of long-duration GRBs. The optical counterpart was
identified less than 10 min after the burst (Fox 2002) as an1 TNG observation
R ~ 15.3 fading object at the coordinatesyy = 00"26™5469,
82000 = +185541/3. The early detection of the OA and itsThe TNG observation (hereafter run 1) started on
brightness allowed a dense sampling of the light curve (see &gtober 4.915 (9.86 h after the GRB trigger) and lasted
Lazzati et al. 2002b and references therein), the identificatits ~1.8 h. The optical transient (OT) magnitude was derived
of several absorption systems, and of a prominent emission fé#-the acquisition frames a3 = 17.00 + 0.05 (hereafter
ture in the optical spectra identified as ailgmission line from 1-o errors are reported). The observations were performed
the host galaxy at a redshift= 2.328 (Mirabal et al. 2002, under mediocre seeing conditions.?1) in the large field
2003; Matheson et al. 2002; Mgller et al. 2002; Schaefer et &l0de with a scale of.25"/pixel.
2003).

In the following we will discuss our three polarimetric ob2.2. VLT observations

servations of GRB 021004: one performed in the near infrared ) _ )

(NIR) with the Italian Telescopio Nazionale Galileo (TNG) af/e _analyzed three sets of polarimetric observations of

the Canary Islands, and two in the visible band at the VLPRB 021004 carried out by the ESO VLT-UT3 (Melipal).

Furthermore, we analyzed a publicly available spectropolari-

metric dataset retrieved from the ESO VLT Science Archiveirst VLT observation

We will then compare these measurements, including the po-

larimetric observations performed by Rol et al. (2003), witQur first VLT observation (here called run 2) started on

theoretical models. October 5.080 (13.82 h after the GRB trigger) and lasted
for ~1.6 h (see Fig. 1). The OT was clearly detected in the ac-
quisition image with a magnitudé = 19.34+0.02 with respect
to the USNO-A2.0 star reported by Fox (2002), as calibrated

2. Observations and analysis by Henden (2002a,b).

Rol et al. (2003)

Time since GRB (days)

Qbservations of GRB OZlOOA_f made use of two telescopg%cond VLT observation

First, the TNG, equipped with the Near Infrared Camera

Spectrometer (NICS) and &filter, in the imaging polarime- From the ESO archive we retrieved a public spectropolarimet-
try mode; second, the ESO VLT-UT3 (Melipal), equipped withic observation (run 3). It started on October 5.247 (17.83 h
the Focal Reduc@ow dispersion Spectrometer (FORS 1) wittafter the GRB trigger) and lasted fe.0 h. The spectrum cov-

a BesseV filter in the imaging polarimetry mode, and with theers the range from 350 nm to 860 nm and the observations were
grism 300V in the spectropolarimetry mode. performed with the 300V grism.
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Rest frame wavelength (A cases a good Serkowski curve completely consistent with the
1200 1400 1600 1800 2000 2200 2400 .
: . . : . : . available dat&

gl 5
_g 2 ++ ++‘{’ + + + '*{*{ } % ! %» +_+__. 2.3. Data reduction and analysis
- ++ + + + 1 The data reduction was carried out with fixel ipse package
° 15_ + + 1 (version 4.3.1; Devillard 1997). After bias subtraction, non-
= F 1 uniformities were corrected using flat-fields obtained without
< f 1 the Wollaston prism. For the IR data sky flat-fields were ap-
b , , , , 1 plied. The flux of each point source in the field of view was
140 E 3 derived by means of aperture photometry by the Graphical
o i Astronomy and Image Analysi§IA) tools® (version 2.6-6).
E“) 130 F E The general procedure followed for the analysis of imag-
2 ++ ing polarimetry observations is indeed extensively discussed
S 120F + + % + + ++ + + 3 in Covino et al. (1999, 2002b, 2003a) and di Serego Alighieri
G + +{’ + ++ *‘{’* 3 (1997), while details about the NICS polarimetric capabilities
= 110f + + 1 are discussed by Oliva (1997).
100 . . . . The VLT Spectra were extracted with thgall tool in-
E 1o ' ' ' ' ' 1 cluded in the IRAF package (version 2.11), which extracts the
g 1 spectrum in a fixed-width window, allowing for a polynomial
5 10 evolution of the centroid with wavelength. Suitable IDL rou-
& 0.8 tines were also developed to perform an independent extraction
T 06 and check for any possible bias. In this case the extraction of
% o4 the 1D spectrum from the 2D frame was performed by fitting a
g bell-shaped function to all the vertical stripes of the 2D spec-
2 02 trum, allowing for a first order variation of the background and
0.0

for a 4th degree polynomial variation of the flux centroid and
width of the fitting function. The result of this “fitted” extrac-
tion were not entirely consistent with those of a more standard
Fig. 2. Polarization degree, position angle and normalized spectrghiding window, as discussed below.

of the public ESO-VLT spectropolarimetric observation (run 3). The The results of the spectropolarimetric observations are
polarization degree is roughly constant throughout the optical bagdown in Fig. 2. To all our data we have applied a correction
atP ~ 1.9% and the position angle is also constan¥at 118. {5y the wavelength dependence of the half-wave plate axis as
Observations were performed with the VLT-UT3 (Melipal) equ'ppeg'\easured by the FORS te&nThe plot is based on the fit-

with FORS 1 in the spectropolarimetry mode with grism 300 V. Filleg, , o4 otion (hereinafter F) which, as anticipated, is not fully
symbols correspond to the “clean” part of the spectrum, while emp

symbols are relative to absorbed portions of the spectrum, or the o_ﬁ sttent with the more_ standard yvmdovy extrac_:tlon (here-
contaminated by strong sky emission lines. inafter W). The F extraction shown in the figure yields a po-

larization which is consistent with being wavelength indepen-
dent. A simultaneous constant fit to the polarization degree and
angle return = (1.88 + 0.05)% andd = (118+ 1)° with
x?/d.of. = 45.8/44 (null probability~ 60%). The bin size has
been made large enough to make the polarization bias (Wardle

Eventually, a last VLT observation (run 4) was performed stafKronberg 1974) unimportant. Completely consistent results
ing on October 8.225 (89.3 h after the GRB trigger), and lastif{® obtained with the W extraction if a small window (6 pixels

for ~2.8 h. The OT magnitude wag = 20.89 + 0.03 with re- width) is adopted, while a wider window (20 pixels) yields dif-
spect to the same USNO-A2.0 star. ferent results. The polarization obtained using the wide W ex-

. traction is wavelength dependent, the polarization decreasing
All VLT observations were performed under, . :

. " N from ~2% at 600 nm te-1% at 800 nm. The resulting polariza-
goodexcellent seeing conditions .§-09") in standard tion also presents a significant dipRat- 1% around 550 nm. In
resolution mode with a scale of2/pixel. nasop 9 =70 S L

) ) principle, both methods are prone to inadequacies in extracting
_Polarimetric standard stars were also observed. One ggs gata, and itis not possible to decide a priori which is the best
larized, BD-125133, in order to fix theffset between the one The fit and small W extraction are in fact sensitive to non
polarization and the instrumental angles, and three nQQs,irally symmetric 2D spectra. The large window, instead, can

polarized, WD 0310-688, WD 1615-154, and BIBA211, ;a4 an unbiased extraction of non-symmetric 2D spectra, but
to estimate the degree of spurious polarization possibly in-

troduced by the instruments. In addition, we have also anz http://www.eso.org/instruments/forsl/pola.html
alyzed the ESO archive spectropolarimentric data for thé http://star-www.dur.ac.uk/~pdraper/gaia/gaia.html
NGC 2024 NIR1 polarization standard star, obtaining in all* http://www.eso.org/instruments/fors1/

4000 5000 6000 7000 8000
Observed wavelength (A)

Third VLT observation
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Table 1. The normalized polarization Stokes parameters not corrected for the interstellar polarization. Observations were performed with
TNG (run 1) and with the VLT-UT3 (runs 2 and 4). VLT-UT3 spectropolarimetry (run 3) was performed with grism 300 V. The reported resul
for the spectropolarimetric observation of run 3 were obtained by integrating the spectrum ovebahd. Uncertainties are atd-and the
upper limit is a 95% confidence level.

Run  Tel. Filter UT (102)  Magnitude Q U P (%) 9 (°)
1 TNG J 4.953 1700+ 0.05 -0.0160+0.0130 -0.0222+ 0.0130 <5 -

2 VLT \Y, 5.172 1934+ 0.02 -0.0083+0.0009 -0.0094+0.0010 126+0.10 114+2
3 VLT \% 5.247 - —-0.0075+ 0.001 —-0.016+ 0.001 174+ 020 122+2
4 VLT \Y, 8.225 2089+ 0.03 -0.0067+0.002 +0.0002+0.002 067+0.23 89+10

is subject to a varying background and to contribution fro@. Results and modelling

nearby sources. In an “Ockham’s razor” approach, we decided

to show the result which requires less parameters to be &xi. Imaging polarimetry

plained, namely the constant one, warning however the reader

that according to the large window extraction, the polarizatidthe IR polarimetric observation (run 1) provide®

may be wavelength dependent, being smaller in the red partotl U Stokes parameters compatible with those derived for
the spectrum. run 2 (see below and Table 1), even though the larger errors

. . only allowed us to derive ® < 5% upper limit (95% confi-
From an independent analysis of the same data, Wang e Ihce level). This limit is not particularly stringent compared

(2003) report a marginal evidence of increasing polarlzauont% those derived in the optical for other afterglows (e.g. Hjorth

A4 = 400 nm, across the rest-framedabsorption features. ., » 1 999: Covin et al. 2002b, 2003dpRjisson et al. 2002).

ghﬁ y m_ter_pre':jthls asba E_O r;]seqlue_r:celof absofr [::O': of the ftl owever, itis the first IR polarimetric observation that provides
a (?/mrlisr;slop ty';'e?:] 3(' rlgth Vﬁ Og' {C urrr?ps;obl ta Omrﬁi W useful constraint, since the previous upper limits were rather
a covering factor smafler than, but comparable 1o, unity. %, qq ¢30%; Klose et al. 2001).

can be seen in the upper panel of Fig. 2, our binned data do
not support this claim, and the same result is obtained with a The results of VLTV-band imaging polarimetry, as well as
binning of ~2 nm, comparable to the one adopted by WarysyntheticV-band measurement derived from the spectropo-
et al. (2003). However we find that using smaller wavelenglgrimetric measurement, are plotted in Fig. 3 as a function of
bins (e.g. 0.52 nm) the polarization, not corrected for the bitie time elapsed since the GRB trigger. We also report the
(Wardle & Kronberg 1974), steadily increases from 400 nik#lue of polarization induced by the MW selective extinction,
down to the shortest available wavelength as expected forsaderived by averaging th@ andU parameters for several
low sensitivity region at the blue edge of the spectral randefight stars in the field. We obtaiRyw = (0.81 + 0.03)%
Therefore this UV rise of the polarization looks consistent witanddww = (107+1)°. Such a polarization is slightly larger than
a bias dect, although the possibility that some of it might bée maximum interstellar (ISM) polarization according to the
real cannot be completely excluded. empirical lawPisy < 0.09Eg_y (Serkowski et al. 1975), given
_ ) the reddeningeg_y ~ 0.06 estimated for the GRB 021004 field
We stress that the fierence between the various spectrufischiegel et al. 1998). We note however that deviations from
extraction methods discussed here are at-tth level. While  the apove law are observed especially along low-reddening
being small, if not negl|g|ble_, fo.r. a standard spectral a”.alys.lﬁaes of sight (see Fig. 9 of Serkowski et al. 1975). An impor-
these diferences become significant when weak polarizatigfnt conclusion that can be drawn from Fig. 3 is that neither the
levels are investigated. polarized fraction nor the position angle of the OT were con-
stant during the evolution of the afterglow (Rol et al. 2003). We
conclude that the relative contribution of the polarizing compo-
2.4. Other observations nents, namely the MW ISM, the GRB host ISM, and the OT it-
self, did vary on short time scales. Since the ISM polarization
Rol et al. (2003) obtained three independent measurementsafinot vary on short (day) time scales, we conclude that the
the optical polarization of the afterglow of GRB 021004, thre®T was intrinsically polarized. The rotation of the polarization
with the Nordic Optical Telescope, in tiieband, and one with angle between the first measurements of Rol et al. (2003) and
the VLT, in theV-band. They obtairP = (1.17 + 0.46)% our late-time datum is consistent with9@ quantity predicted
with position angle} = (1842 + 11.4)° at At = 0.366 d af- in the more commonly accepted models for the polarizations
ter the GRB,P = (1.73 + 0.51)% with position angle} = of GRB jets (GL99; Sari 1999). However, in contrast with the
(1664 + 8.1)° at At = 0.376 d,P < 1% atAt = 0.396 d and prediction, the transition between the two angles is not sharp,
P = (1.29 + 0.13)% with position angle? = (1218 + 2.8)° but rather smooth. This suggest the presence of an additional
atAt = 0.666 d. polarizing component, as we will discuss below.
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® C Table 2. Results of the simple modelling of the spectropolarimetric
= 20F 4  result.
9 C e
8 15F +# 3 Model | Poa(®) ()  Ama(um)  x2/d.of.
g C
2 1of ] oT 188005 118:1 - 458/44
§ ; I { ] MWISM | 195+01 118+1 052+0.05 505/43
g 05 E HostISM | 21+015 118+1 034 57.2/43
2 C
0.0f

- . 1 T The constant polarization value is given for the OT model.
18oF ﬁ 31 * The valuedma = 0.34 um has been set as a lower limit to the

E parameter (see text).
160
Hop 1 the host rest frante As reported in Table 2, the quality of the
120 F Hig 1 data allows us to exclude a dominant role of the host ISM in
; 3 producing the observed polarization, but it is not possible to
1 identify a dominant component between MW-ISM and intrin-
. sic. The first two fits are both acceptabj(d.o.f. < 1.2),

o 1 GRE b (days) 10 with a slight preference for the OT model, while the host-ISM

1me siee rigger idays fit yields a significantly worsj2. Performing the fit only on
Fig. 3. V-band time-resolved polarimetry of GRB 021004. Filled cirthe high quality dataset (filled symbols in Fig. 2) yields statis-
cles show the polarization degree (upper panel) and position anfitally indistinguishable results. However, since the field stars
(lower panel) for our VLT runs (run 2 and run 4) vs. the time elapsefb show a moderate degree of polarization, we know that the
since the GRB trigger. The diamonds refer to the Rol et al. (2008hserved polarization cannot be entirely due to the OT itself.
measurements, while the asterisk is obtained by filtering with a Besﬁ'—‘ﬂrthermore, at all frequencies the polarization position angle

V transmission profile the spectropolarimetric observation (run 3). T very similar to that of the field stars in the imaging polarime-
shaded bands show the MW interstellar polarization for field staﬁy (see above)

Their vertical width corresponds to theoiuncertainty.

Position angle (degrees)

100 F {

3.2. Spectropolarimetry 3.3. Combined modelling

We have shown in Fig. 2 the result of our reduction 0§ince the polarization levels are small andfatient d€fects

the spectropolarimetric observation publicly available at Esefem to contribute at comparable degree, it is mandatory to

Spectropolarimetric observations of OTs are important smBSTfOfm a comtljo_m_ed n:]oc:glmg Off t::e |(r)nTag|r:g gnd_spect:jal '?O'
they allow us, in principle, to single out which component i&"Metry, combining theigects of the OT polarization and o

contributing more to the observed polarization: the OT itse € MW ISM selectlvg extinction. The need of at !east “’V.O bo-
the host ISM, or the MW ISM. This is possible since the thr grizing components |s_du¢ to the presence a) of time Var'a.‘b'“.ty
components have fierent wavelength dependencies. of the measured polarization (OT component) and b) of signif-

The OT polarization is supposed to be wavelength indi(?-am polarization in the field stars (MW ISM component).
pendent, at least in the limited spectral range investigated here.

ISM polarization is instead wavelength dependent. It follows®3.1. Transmission of variably polarized light
“Serkowski law”: in a polarizing ISM

P(1) = Pmax exp[—K W(m‘)], (1) In order to combine theftects of ISM selective extinction

A with the evolving intrinsic polarization of the OT, we adopt
where Phax is the maximum induced polarization, obtained Mueller calculus approach (see e.g. di Serego Alighieri
at Amax. Experimentally, B4 um < Amax < 0.9um, and this 1997 and references therein). In this formalism, the transmit-
parameter is considered to be a measure of the size of thetpd- Stokes vecto§ = (I’,Q’,U’,V’) is computed from the
larizing grains: the largeimax the larger the grains. For theincident oneS = (I, Q, U, V) through a matrix, called “Mueller
numerical value of the cdiécientK, we follow the more recent matrix”, which incorporates all the properties of the transmit-

study of Martin et al. (1999): ting medium:S" = M - S. Since developing a complete treat-
. ment of the polarizing properties of the ISM is far beyond the
K = 1.66 Amax A 2 Amax; (2) scope of this paper, here and in the following we adopt a sim-
—0.59+ 2.56 Amax A < Amax-

del th larizati Its sh N h 5 The application of the Serkowski law to high-redshift systems is
To model the polarization results shown in Fig. 2, we have ARt directly supported by observations, given the intrinsfdilty in

sumed first that the entire polarization is due to only one of thgrtorming spectropolarimetric studies of distant objects. It is how-
three possible components (i.e. OT, MW, host), taking into agyer at least partly justified by the observation of interstellar polar-
count the wavelength dependence of the ISM polarizationiggtion following a Serkowski curve in SN 1986G in Centaurus A, at
detailed above, and calculating thffeet of the host-ISM in z=0.00183 (Hough et al. 1987).
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Fig. 4. Effect of a polarizing ISM on the theoretical polarization of afterglows
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;

Py = 0.5 Pmax, or

100
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0.01

0.10

1.00
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10.00

. The theoretical curves (top: polarization level; bottom: positic

angle) from GL99 fow,/¥; = 0.5 are shown, in both panels, as solid linpgg = 0). Lines with diferent styles show thefect of the selective
extinction for ISM with small, intermediate and comparable polarization with respect to the OT maximum polarization. The position angles
the ISM are reported relative to the initial angle of the OT. The left panel showdtdw ef an ISM that induces polarization with a position
angledsy = —19°, while the right panel shows an ISM withsy = 60°.

plified version of the Mueller matrix which is correct for a nonthe equality holding for a perfect polarizing medium, i.e. one
birefringent dichroic medium. With this simplification we asthat does not absorb any radiation completely polarized with
sume that the ISM is not able to induce circular polarizatiate same angle. It can also be easily shown thaidf < 1
to any incident light, either polarized or not. In fact, the ISMindQ, U, V <« 1 the matrix computation is equivalent to a sim-
does induce a small degree of circular polarization even in ysle sum of the incident and ISM normalized Stokes parame-
polarized sources (Martin & Angel 1976), which indicates thagrs: Q" ~ g + Q, U’ ~ u + U. Formally, the Mueller matrix
a non-coaxial birefringent and dichroic medium should be com Eq. (3) is not valid in the case of a birefringent medium.
sidered. However, the optical properties of such a medium drecan however be shown that it is a good approximation
described by five parameters (extinction, orientation of the ofgleviations< 10%) if the incoming light is moderately polar-
tical axes of birefringence and of dichroism and the two rézed (P < 10%), the linear and circular interstellar polariza-
spective refraction indexes) while we can constrain only fotions are small sy < 10% andusw/pism < 1072; Martin
parameters observationally (extinction, induced linear pola§-Angel 1976) and the circular polarization induced on polar-
ization, position angle and induced circular polarization). It iged sources is smalM{P < 107! for active galactic nuclei;
therefore not feasible to derive a complete Mueller matrix with-andstreet & Angel 1972).
out going into a detailed modelling of the structure and geom- In order to exemplify the fect of a polarizing ISM on
etry of dust grain and their alignment. the intrinsic OT polarization, we adopt the polarization model
Consider a dichroic ISM that induces a polarizatpy = by GL99. This model predicts a polarization curve charac-
(9% + u?)Y? on unpolarized stars. Its Mueller matrix has theterised by two distinct peaks, whose absolute intensity depend

the form: on the angle between the line of sight and the axis of the fireball
1 q u 0 (assumed to be collimated in a jet). The polarization position

AR quiA) angle is rotated by 90 degrges at thg ti_me of null polarizatiqn

M=e"™ Pov  Plow 3) between the two peaks. This model is illustrated by the solid

u -4 ”p;_qu 0 lines in Fig. 4 (i.e. no ISM polarization). With fierent line-

0 p'BM 0 A styles, this figure also shows how the predicted polarization

degree and polarization angle change in time once modified by
_ [ 2 o . . some intervening polarizing ISM. All angles are reported rel-
whereA = 1~ iy, and e7 is the opacity of the medium ative to the initial OT polarization angle. In the left panel the

to non-polarized radiation. In order to conserve energy (.. NQlse relative to this burstis showh —18°; see below), while
to have an increased transmitted intensity), this parameter mysf, right panel a larger misalignment between the OT and

satisfy. ISM angles is shown. The figure shows that the presence of
1 the ISM modifies quite substantially the observed polarization,
< 1+g +u’ especially at times wheRor ~ Pisy. Note also that the

T
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presence of the polarizing ISM makes the position angle to vary ° ' é .

smoothly, instead of sharply. - 4F Py —
3 E 3
g

3.3.2. Modelling of the polarization curve E
5

To model the time-resolved polarization measurements in the&

framework of available models (GL99) with a polarizing ISM

we perform a fit to the polarization curve propagating the in-
trinsic OT polarization through the MW ISM with the use oﬂ?
the Mueller matrix derived in Eq. (3). The model has 6 de»
grees of freedom: the initial position angle of the OT intrinv
sic polarization, the f-axis angle of the line of sight, the de-=: :
gree of alignment of the magnetic field, the jet break time artd N - N\
the ISM q andu parameters. The last three parameters can Ee C {
constrained with the observations, but we let them free to vaEy i N
here to check a posteriori the agreement of the derived values°
with the observations. In addition, we adopt models with and

without sideways expansion of the jet (GL99; Sari 1999; Rossi

et al. 2003, in prep.). A particularly important issue is to chedkg. 5. Time resolved modelling of the polarization and position angle
whether the pred|ct|on of the models are consistent with tﬁéGRB 021004. The first three and the fifth datum are taken from Rol
position angle rotation detected by Rol et al. (2003). The fit gt al. (2003). Our NIR upper limit is not included. The solid line show

performed on the andu parameters rather than gnand« the best fit obtained from the whole dataset, with a free break time and
due to their better statistical properties free properties of the ISM polarization. Even with this extra freedom

a good fit cannot be obtained due to the rapidity of the evolution of the
The result of the fit is that it is not possible to model thgolarization (see text for more details). The dashed line shows instead
~9(r rotation of the position angle in the framework of the prathe best fit model obtained by modelling only the last four data. In this
posed models, not even with the addition of a polarizing ISkhse the model yields acceptapfgd.o.f. = 6.3/4 and a best-fit break
with free properties. In fact, the smallegt that can be ob- time comparable to the one derived from the lightcurve fitting (see
tained isy? = 43 for 8 degrees of freedom (for a non sideway§xt for more details). The vertical dotted line shows the break time
expanding jet). In addition, the fit formally yields a best bredk = 4.74 d derived from lightcurve modelling (Holland et al. 2003).
timet; = 0.25 d, in disagreement with the valte= 4.74"524
inferred from the lightcurve modelling (Holland et al. 2003)

Also, the best fit excludes the presence of a sizably polarjgcation of the inhomogeneity with respect to the line of sight.
ing ISM, in disagreement with the observation of polarization similar effect is predicted in the case of micro-lensing events
of the stars in the field of GRB 021004. This could be explaing¢Hdoeb & Perna 1998). If we look more closely at Fig. 1, we
with a polarizing ISM in the host galaxy with properties opnote that the first three measurement of Rol et al. (2003) lie on
posite to those of our ISM. Such a possibility would howevesp of a major rebrightening, while the remaining four obser-
require an unacceptable fine tuning and is ruled out by the megtions were performed in relatively ufiected time intervals.
elling of the spectropolarimetric observation (see Sect. 3.2)nly the last four measurements should therefore closely fol-
The formal best fit model, re-converted in polarization and pfw the theoretical model.
sition angle, is shown in Fig. 5 with a solid line. To check this idea, we have performed the same mod-
There is one important issue, however, that makes this e#ling described above only on the final four points, fixing the
sult non conclusive. The models for polarization that we ha¥®M polarizing properties to that of the stars in the field of
used in the fit above are derived under the assumption that @B 021004 in order to limit the number of free parameters.
fireball and the ISM are homogeneous. In this case, the totadleed, the last four points can be successfully described by the
lightcurve should be characterised by a smooth broken poweredel, with a break timg = 3+1 days, in good agreement with
law decay. This is not the case for GRB 021004. Its lightcurviie tj = 4.74*52% d obtained by Holland et al. (2003) from the
as shown in Fig. 1 (see also Lazzati et al. 2002b), shows protmieak in the Ilghtcurve The best fit model, which hds= 6.3
nent bumps overlaid on this power-law. There are several po$ei-4 degrees of freedom, is shown with a dashed line in Fig. 5.
ble explanations for these bumps: inhomogeneities in the ISMe fit requires a large degree of alignment of the magnetic
(Lazzati et al. 2002b), inhomogeneities in the fireball (Nak&ield of 75% and a moderatdfeaxis line of sightd, /¥ = 0.45.
et al. 2003) or delayed injection of energy from the central ehe best fit model is obtained for a non sideways expand-
gine (Fox et al. 2003). While in the latter hypothesis the pdng jet. A sideways expanding jet cannot however be rejected,
larization curve should not befacted, inhomogeneities, eithemwith y?/d.o.f. = 7.2/4. This ambiguity is due to the fact that,
in the fireball or in the ISM, can produce a polarization sigaccording to the best fit model, the measured points lie in the
nal by breaking the symmetry of the fireball emission at earliyst peak of the polarization curve, where the sideways expan-
times (Granot & Kohigl 2003). Such polarization would have aion has only a marginalfiect. The best fit model requires a
randomly oriented position angle, depending on the azimuttmaisalignment of £19 + 1)° between the OT initial position

Time since GRB trigger (days)
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angle and the ISM polarization. Th&ect of such a misalign- polarization data within the framework of GL99 models was
ment is shown in the left panel of Fig. 4. however a failure, given the short timescale of the evolution
and the lack of an appreciable break in the lightcurve at the
time of the position angle evolution. Since the angle rotation is
associated to one of the rebrightening events in the lightcurve,
Additional complications can be envisaged in locally reddendéuis burst is not suited for a comparison with models, which
afterglows. If in fact a strong polarization is induced by dustre computed for homogeneous fireballs producing featureless
in the close vicinity of the burst explosion site, twffeets lightcurves. A possible explanation within exsisting models is
can take place. First, dust destruction by the burst prompat the early time polarization is dominated by a local en-
and afterglow emission (Waxman & Draine 2000; Perna Bancement of the fireball emission, which breaks the symme-
Lazzati 2002) can imprint a strong temporal evolution in thgy of the fireball producing a polarized signal. Indeed, the late
host ISM polarization. This is however unlikely to be relevaritme polarization data can be successfully and consistently de-
for our observations, since the typical time scale for this preeribed by the models. We therefore suggest that the lightcurve
cess is of the order of minutes, rather than days. Secondyumps are due to local events on the fireball surface, such as
patchy absorber may obscure in d&elient way diferent por- inhomogeneities in the ISM (Lazzati et al. 2002b) or within the
tions of the fireball (e.g. Wang et al. 2003), altering one of tHigeball itself (Nakar et al. 2003). Refreshed shocks (Fox et al.
key assumptions of the models. None of theffeats should 2003) are instead unable to account for the combined lightcurve
alter dramatically the lightcurve, but a random noise could laed polarization evolution and can be rejected.
overlaid on the smooth theoretical evolution of the polarization The quality of the data, and in particular the lack of late
predicted by the models. time measurements) does not allow us to pin down the ge-
In addition, a preferential direction for the polarization, difometry and dynamic of the outflow, but we have shown that,
ferent from the one defined by the plane containing the jet axith good quality spectropolarimetry and multi-timeulti-
and the line of sight, can be defined by the presence of anfilter imaging polarimetry, it is in principle possible to disen-
terstellar magnetic field of $licient magnitude. Such a pos-tangle the threeffects and get a hold on the intrinsic polariza-
sibility has been recently studied by Granot &gl (2003). tion and on the structure and dynamics of GRB outflows. The
Qualitatively, the &ect of such a pre-existing field is not dif-added value of such a measurement would be the study of the
ferent from that of a polarizing ISM. Due to the presence @larizing properties of dust in high redshift galaxies, a poorly
a second asymmetry, the evolution of the polarization anglesisidied property of such an important component of high red-
smooth rather than sharp, and the external component doshiift objects.
nates the observed polarization properties when the intrinsic
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3.4. Complications

4. Summary and conclusions

We have presented multi-time and multi-filter observations Beferences
the polarization of the afterglow of GRB 021004 performegarth’ A.J.. Sari, R., Cohen, M. H., et al. 2003, ApJ, 584, L47

with ESO-VLT and TNG as well as our analysis of the pulse ier b McLeod, B., Garnavich, P., et al. 2003a, ApJ, 583, L63
licly available ESO-VLT spectropolarimetric observation. Th@ersier, D., Stanek, K. Z., Winn, J., et al. 2003b, ApJ, 584, L43

interpretation of the observations is complex since none of thgynsson, G., Hjorth, J., Pedersen, K., & Fynbo, J. P. U. 2002, ApJ,
polarizing mechanisms that contribute to the observed polar- 579, 59

ization seems to clearly dominate over the others. We therefa@ino, S., Lazzati, D., Ghisellini, G., et al. 1999, A&A, 348, L1
adopt this afterglow as a case study to investigate and descfilbgino, S., Malesani, D., Ghisellini, G., et al. 2002a, GCN 1498
these three mainfects: intrinsic (and time varying) OT polar-Covino, S., Lazzati, D., Malesani, D., et al. 2002b, A&A, 392, 865
ization, host ISM polarization, and MW ISM polarization. Bycovino, S., Malesani, D., Ghisellini, G., et al. 2003a, A&A, 400, L9
modelling the spectropolarimetric and time-resolved imagigVino. S., Ghisellini, G., Malesani, D., et al. 2003b, GCN 2167
polarimetry we were able to get rid of the contribution of th&©vino. S., Ghisellini, G., Lazzati, D., & Malesani, D. 2003c, in
host ISM, while OT and MW ISM polarizations seem to play Gamma-Ray Bursts in the Afterglow Era, Roma (Sep. 16-20), in

. . S . press istro-ph/0301608]
fi‘rrr']'er:ertw'”ed role, one dominating over the other edent . <™ cpicelini G.. Malesani, D., et al. 2003d, GCN 1909

f detailed i . Devillard, N. 1997, The Messenger, 87, 19
_To_per orma ?_ta' ed time depe_ndent mo_delllng of the p8|'Sereg0 Alighieri, S. 1997, in Instrumentation for Large Telescopes,
larization and position angle evolutions, we implemented our ¢4 "3 M. Rodriguez Espinosa, A. Herrero, & F. Sanchez
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complete dataset is particularly interesting since a sizable Eimov, Y., Antoniuk, K., Rumyantsev, V., & Pozanenko, A. 2003,
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