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Follow-up observations of large numbers of gamma-ray bi@&B) afterglows, facilitated by
the Swift satellite, have produced a large sample of spemtiergy distributions and lightcurves,
from which the basic micro- and macrophysical parameteedtefglows may be derived. How-
ever, a number of phenomena have been observed that de§nakiph by simple versions of the
standard fireball model, leading to a variety of new modetdafimetry can be a powerful diag-
nosis of afterglow physics, probing the magnetic field props of the afterglow and geometrical
effects (e.g. jet breaks). Unfortunately, high qualityeedtow polarimetric curves are difficult to
acquire.

In this paper we present the first multi-night, high qualilticolour, polarimetric lightcurve of
a Swift GRB afterglow, using the Very Large Telescope. Weaintgd a linear polarimetric curve
of GRB 091018 ik band, from 0.13 to 2.3 days after burst. We probe the ordessghetic field
component through deep circular polarimetnyRivand, findingP;c < 0.15%, the deepest limit
yet for a GRB afterglow. We probe host galaxy dust induce@uisdtion using deefs band
polarimetry, combined with optical and near-infrared $pescopy. We add high quality optical
and near-infrared broadband lightcurves and spectrabgraistributions (hours to weeks after
burst), and thereby form one of the most complete datasedatoof a “normal” GRB. Using
this dataset we derive an overall view of the properties efj#t and the engine from which it
emerged; and probe the magnetic field and particle accielerattysics in the blast wave. Finally,
we demonstrate first observations of a campaign to probe GRBykow polarisation in near-
infrared bands using the William Herschel Telescope, infemmtéo sample polarisation redwards
of the wavelengtiA max, the wavelength of maximum dust scattering induced paldos.
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Figurel: Red: Swift XRT X-ray light curve of the afterglow of GRB 0918 blue: optical and near-infrared
light curve. Both light curves require a break at the same ti&23 x 10* s, likely the jet break.

1. Introduction

Linear and circular polarimetry form powerful probes of the physic&BB afterglowsal-
lowing us to determine parameters (e.g the jet structure, magnetic field ceifigiiietc) that can
not easily be measured from lightcurves alone (e.g. [1]). The obdeiskeness in afterglow light
curve morphology, in particular in X-rays, has resulted in several newetsadth various addi-
tional components to the standard fireball model, including for example thetefif high latitude
emission, variable microphysics, energy injection mechanisms, etc. Diréxiofethese models
require high quality spectral energy distributions (SEDs) for a large eumibsources, often not
available. Polarimetry can provide independent evidence. Unfortun&& afterglows show
only low values of linear polarisation, and fade very rapidly, requiringrgelaffort (and some
luck!) to obtain well sampled, high accuracy polarisation curves. In thigepae describe some
selected results from our large polarimetry campaign of GRB 091018: #tarfirlti-night, high
accuracy polarimetric study of a Swift GRB [2].

2. Afterglow light curves and spectral energy distributions

After the detection of GRB 091018 by Swift, we observed its afterglow usewgral tele-
scopes and instruments. Data from all filters were combined through affisst fit (i.e. we
assume data from all filters have the same temporal decay but relatigesafs fit). The resulting
light curve is shown in Figure 1. Both X-ray and optical data require akrat 32 x 10* seconds.
Fits on afterglow SEDs at 10, 30 and 100 kiloseconds show no sign cfrapevolution: the break
is consistent with being achromatic. We interpret this break as a likely jek biteaugh the post
break slopes are somewhat shallower than expected (see [2] for details

3. Linear polarisation curve

We acquired 20 sets of linear polarimetry dat®iband using the FORS2 instrument on VLT:
the largest polarimetry dataset for a GRB since GRB 030329. The firstasted at 0.13 days after
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Figure 2: All linear polarisation data, corrected for polarisatioriuced by Galactic dust, plotted as a
function of the time since burst divided by the time of thedkrén the optical light curve (i.etpreak=
3.23x 10* seconds). The red arrow points at the time at which the @rcpblarisation was acquired.
Overplotted in blue is the model [1] for a homogeneous jehwifet break aty, .ok that does not experience
sideways expansion, with viewing andlg,s = 0.28;. The model has been shifted slightly (by dividing the
modelt /tie; by 1.15). The lower panel shows the polarisation positiaggi@riThe dotted line for/tje; < 1.5
shows the average position angle (6 degrees). The dotetblin/tie > 1.5 is set at 96 degrees: the average
value before this time plus 90 degrees, to show the predéfietkgree position angle swing. The inset shows
the rapid polarisation rotation gttyeak~ 3.16 (vertical dotted line in inset), with the horizontal dttline

at a position angle of 96 degrees.

burst, the last at 2.4 days. Exposure times were chosen to provide sthfisten@sation errors
smaller than 0.3% throughout. We refer to [2] for details on calibration asdreing strategy. We
use field stars which have errors smaller than 0.3% to measure the polaiiisdtioad by scattering
of Galactic dust, selecting the stars withifidm the instrument optical axis to reduce the effects
of the (largely radial) instrumental polarisation. We fit the resulti@y1,U /1) distribution of
field stars with a 2 dimensional Gaussian distribution, and use the fitted ceritre @alactic dust
induced polarisation offset. The width of the fitted Gaussians is propagdtethe errors of the
GRB polarisation points. The resulting, Galactic polarisation correctedy jp@arisation curve is
shown in Figure 2, plotted in units of time since the burstormalised by the jet break tinbgeak
Overplotted in that Figure is an analytical model from [1] that describegxpected behaviour
of a homogeneous, non-sideways spreading jet seen at a small aagleredk models predict
two bumps in the polarisation curve, with a 90 degree angle difference &etilie two bumps.
This has not been observed before, becdi)daursts with long timescale polarisation monitoring
have been showing large bumps in their light curve [3]idrthe jet break was not covered by
the observations. Our data of GRB 091018 are arguably the first dasse & jet break is covered
by polarimetry, and indeed the data shows a two-bump structure, with a ®@edaggle change
between the first and second bump. However, the second polarisatigm $hows unpredicted
complexity: a short time-scale variability Pand 6 is seen. This can be well reproduced by the
presence of an additional polarisation component with a afglearly orthogonal to the jet break
associated polarisation component.
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Figure 3: A small selection of absorption lines detected in the X-s@ospectrum of the afterglow of
GRB091018. The stronger, saturated, lines show clear ee@for at least three discrete velocity compo-
nents, with different abundances.

4. Multicolour polarimetry and dust scattering

To verify that the polarisation we measure is due to the afterglow, we dk&ddand polarime-
try using the ISAAC instrument on the VLT, quasi-simultaneous withRaoand measurement.
The afterglow polarisation is likely wavelength independent over this ramigereas polarisation
caused by dust scattering in the host galaxy should be strongly watleléegendent, in a way
that depends on the dust grain size distribution. ComparindRamdKs polarimetry we see no
clear signs of polarisation from dust in the host. Kedatapoint is shown as a square in Figure 2.
We obtained high-quality spectroscopy of the afterglow using X-shootéh® VLT (Figure 3) -
the gas phase metal abundances can be combined with SEDs and polarirgetrfutther insight
into the dust properties in this sightline.

5. Circular polarimetry

As part of our polarimetric campaign we also acquired dedyand circular polarimetry us-
ing VLT FORS2. The circular polarisation exposures were obtainedttjirafter the first linear
polarisation set, to make use of the brightness of the afterglow at the time. té& de circular
polarisation, with a & limit Pjcq < 0.15%. This is the deepest limit to date, and strongly climates
the existence and the effects of any ordered magnetic field.

6. Futurework

6.1 Early tolate

Recently, dedicated instruments on robotic telescopes have been fuldceasquiring po-
larimetry of afterglows very rapidly after the burst, probing reversekfi@and other phenomena
that dominate early-time behaviour (e.g. [4]). In addition, the first promus&ony-ray po-
larisation values have been determined by a dedicated instrument [5]. A latgdila@mnetry
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Figure 4: Shown are the four datasets making up the deep circularipaty, with on the vertical axis
100x V/I. The dashed blue line and the orange lines show the combaiad\w/l = —0.0002+ 0.00075,
leading to a & limit of Pgjc < 0.15%.

campaign such as the one presented here for GRB 091018, for avithrptompt and/or early af-
terglow polarimetry would be particularly interesting, to track the transition fpoompt emission
to “classical” afterglow.

6.2 Redwards of Amax

To date, no convincing evidence for dust scattering induced polarishéisrbeen found in
GRB afterglows. However, GRBs form in star forming regions in whicht doisnation and de-
struction is taking place. Studies of SEDs of large samples of GRBs hawethat most after-
glows experience only mild host galaxy reddeniyg but a significant fraction of GRBs show
dust columns that should be detectable through wavelength dependigaimn, see Figure 5.
Detection of dust scattering induced polarisation can, in combination with btiias and spec-
troscopy, lead to a greater understanding of the dust properties in @R8lises, including the
destruction of dust by the GRB itself. To get more insight into this issue, wet@iatquire a
sample of linear polarimetric measurements in igeband: at redshiftgz < 3 this is red ward
of the wavelength\ax at which the dust polarisation is at maximum, see Figure 5. We use the
LIRIS instrument on the 4.2m William Herschel Telescope for this purpblelS utilises a dou-
ble Wollaston configuration to obtain simultaneous measurements of the poRuisatlangles 0,
90, 45 and 135 degrees, with axl4’ field of view. By rotating the instrument we can improve
calibration (a 90 degree rotation results in a half rotation in Stokes pararmpeie)sand increase
the number of available field stars to use as secondary calibrators. Usirapgiroach, we have
so far successfully observed two GRBs, one of which now identifiedtaabdisruption event,
GRB 110328 (Swift J164449.3+573451). The latter source showigghidicant detection of 7.4%
polarisation in ouKsdata [6] (Figure 6), which, in combination with deep polarisation limits at ra-
dio wavelengths [6], provides evidence for the presence of a relitijgs These data demonstrate
the feasibility of performing polarimetry with 4m class telescopes also in theréufra
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Figure 5: The Serkowski curve, which gives an empirical descriptibthe polarisation as a function of

wavelength in the case of dust scattering, drawmn-at0 in black. The curve is characterised by a typical

wavelengthAnax at which maximum polarisatioRyayx is present. The red and green (dotted and dashed)
curves show the same curvezat 1 andz = 3, respectively.
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Figure 6: Ksband polarisation measurement using LIRIS on the WHT: thos giiows Stokes parameters
g=Q/I andu=U/I of objects in our data of GRB 110328, where bright field stagesshown in green and
blue (their centre shifted t@, u) = (0,0)), and the GRB in red, clearly offset from the field stars.
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