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Abstract

Gamma-ray bursts and their afterglows are
thought to be produced by an ultra-relativistic
jet. One of the most important open questions is
the outflow composition: the energy may be car-
ried out from the central source either as kinetic
energy (of baryons and/or pairs), or in electro-
magnetic form (Poynting flux). While the total
observable flux may be indistinguishable in both
cases, its polarization properties are expected to
differ markedly. The prompt emission and af-
terglow polarization are also a powerful diagnos-
tic of the jet geometry. Again, with subtle and
hardly detectable differences in the output flux,
we have distinct polarization predictions. In this
review we briefly describe the theoretical scenar-
ios that have been developed following the obser-
vations, and the now large observational datasets
that for the prompt and the afterglow phases are
available. Possible implications of polarimetric
measurements for quantum gravity theory test-
ing are discussed, and future perspectives for the
field briefly mentioned.

Keywords. Polarization - Gamma-ray burst:
general

1 Introduction

Polarimetric measurements can provide useful
complementary information about the physi-
cal processes at work in Gamma-Ray Bursts
(GRBs). Indeed several different possible sce-
narios have been invoked to interpret the large
amount of observational data now available for
the GRBs. Most of the theoretical efforts have
been applied to the so-called “standard model”

(Rees & Meszaros 1992; [Meszaros & Rees |1993;
Piran| 2004) that, although a fully satisfactory
picture is still missing, offers the best (while not
unique) interpretative scenario for the polarimet-
ric observations.

In this review we have separated the GRB
phenomenology in the two traditional phases:
prompt and afterglow, mainly due to the differ-
ent observational techniques. Further subdivi-
sions (plateau phase, steep decay, etc.) are men-
tioned when required. In Sections and
we summarize the current status of theoretical
modeling of polarization in prompt and after-
glow observations, in Sections and we
present the current status of the observations,
and in Section [ we provide some insights into
the implication of these measurements for fun-
damental physics. Some general conclusions are
finally drawn in Section[5]

2 Polarization in the prompt
phase

2.1 Theory

The expected level of polarization of the prompt
~-ray emission in GRBs has been estimated by
several authors for different models, or variations
within them. In most cases, the observed v-ray
emission is due to the synchrotron radiation
from relativistic electrons. To have a high ra-
diative efficiency and to allow for the short time
scale variability in the GRB light curves, these
electrons have to be in the fast cooling regime.
Their time-averaged distribution is a broken
power law, n(y) o< v ¥ with p’ = p + 1 above
I'm and p’ = 2 below, where I'y, is the minimum



Lorentz factor of the injected distribution of
electrons, and p ~ 2 — 2.5 its slope (Sari et al.
1998)). The intrinsic polarization level of the
synchrotron radiation, g = (p'+1)/(p" +7/3)
(Rybicki & Lightman 1979)) is then of the order
of gyn = (p + 2)/(p + 10/3) ~ 75% above vy,
and gy = 9/12 ~ 70% below, where vy, the
peak of the spectrum in vF), is the synchrotron
frequency of electrons at I'y,. High polarization
levels can also be reached if inverse Compton
scatterings are the dominant radiative process.

Actually different scenarios in terms of radia-
tion processes and observer’s viewing angle can
be envisaged to explain the presence of polar-
ized emission during the prompt phase of GRB
emission. They can be roughly divided in two
families: intrinsic models and geometric models,
for which peculiar observing conditions are re-
quired.

1. Synchrotron emission  from shock-
accelerated electrons in a  relativistic
jet with an ordered magnetic field contained
in the plane perpendicular to the jet expan-
ston. This scenario is compatible with the
magnetic field being carried by the outflow
from the central source, as the poloidal
component decreases much faster with ra-
dius than the toroidal one. The polarization
level at the peak of a given pulse can be as
high as IT/TIgyn ~ 0.8, i.e. I ~ 60%, leading
to a maximum time-averaged polarization
in long intervals of II/Il,ax ~ 0.6, i.e.
IT ~ 45% in this case (Granot|2003; Granot
& Konigl 2003; Nakar et al|2003). The
main requirement for this model to apply is
to have a uniform magnetic field in space,
i.e. with a coherence spatial scale RO with
Op = 1/T. In this scenario the polarization
level and angle can vary during the burst
only if the magnetic field is not uniform in
time, while the opposite needs to be true
(i.e. a magnetic field constant in time) to
explain a high level of the time-integrated
polarization (Nakar et al|[2003). But a
magnetic field anchored in the central
engine and carried by the outflow to large
distance (see e.g. Spruit et al| [2001) is
not the only possibility. A magnetic field
generated at the shock could also work in

principle, and even favour variability, but
this requires a process capable of locally
increasing the field coherence scale (the
field is most probably initially generated
on small, skin-depth, scales). The existence
of such a process is not yet settled in our
present knowledge of the micro-physics in
mildly relativistic shocks. Note that the
condition #p =2 1/I' is really necessary
only in the pulses with the highest level
of polarization. If fp is smaller, so that a
number N ~ (I'dg)~2 of mutually incoher-
ent patches are present in the visible region,
the level of polarization will decrease, but
the variability (both of the polarization
level and angle) will increase (Granot
2003). Indeed if the radiating electrons
are accelerated in internal shocks (Rees
& Meszaros| 1994} [Kobayashi et al.| [1997;
Daigne & Mochkovitch| [1998)), the Lorentz
factor associated with the individual shells
is necessarily varying in the outflow, which
can be an additional source of variability
for the polarization. If g and 1/T are
close, the number of coherent patches in the
visible region could vary from one pulse to
another. This scenario could hence produce
time variable polarization, as long as the
coherence scale g of the field is larger than
1/T in most of the emitting regions. A
potential difficulty remains: an additional
random component of the magnetic field
is probably necessary to allow for particle
acceleration in shocks. This component
would reduce the coherence of the field
and hence the level of polarization by
some factor, which is however difficult to
estimate, as the intensity of this additional
component is not well constrained (Granot
2003; Nakar et al.[2003);

. Synchrotron emission from a purely elec-

tromagnetic outflow. In this scenario the
GRB is powered by the rotational energy
of a magnetar-like progenitor (e.g. Metzger
et al| 2011). It is first converted into
magnetic energy by the dynamo action of
the unipolar inductor, propagated in the
form of Poynting-flux-dominated flow, and
then dissipated at large distances from the



source. The estimated level of polarization
in this case is comparable with the previous
scenario (up to ~50%) (Lyutikov et al.
2003). In addition, a magnetic field with a
large coherence scale is naturally expected
in such a purely electromagnetic outflow.
One potential difficulty is, however, related
to the mechanism responsible for the energy
dissipation. In this scenario, the energy
has to be extracted from the magnetic field
before being radiated. Therefore magnetic
dissipation must occur in the emitting
region, changing the field geometry, which
becomes probably much less ordered,
reducing the final level of polarization by
a large factor (Lyutikov et al.|[2003} Nakar
et al.[2003)). This effect is however difficult
to estimate, as the details of the physical
processes that could lead to magnetic
dissipation in such an outflow are still far
from being understood. In addition in
this scenario there would not be a natural
explanation of polarization level or angle
variability.

. Synchrotron emission  from shock-
accelerated electrons in a relativistic jet with
a random field generated at the shock and
contained in the plane perpendicular to the
jet velocity. A high level of polarization can
be obtained even with a random magnetic
field of the jet is observed from just outside
its edge (Ghisellini & Lazzati 1999; Wax-
man| [2003). The polarization at the peak
of a given pulse can reach II/Tlg, ~ 0.8,
i.e. II ~ 60% resulting in a time-integrated
value of the order of II/Ilgy, ~ 0.5 — 0.6,
ie. II ~ 40 — 45% (Granot, 2003; |Granot &
Konigl| 2003; |[Nakar et al. 2003). However
these high values are obtained if the jet is
seen with Ogps ~ 65 + 1/, where 6; is the
opening angle of the jet and 6,5 the angle
between the line-of-sight and the jet axis.
Such viewing conditions are rare, except if
g; ~ 1/I'. Variability of the polarization
level is expected if the Lorentz factor is
varying in the outflow, as for instance in
the internal shock model. Observations are
made at Oops = 6; + k/I' with k being larger
for emitting regions with a larger Lorentz

. Synchrotron

factor. The maximum level of polarization
is obtained for £ ~ 1 whereas the flux
decreases with k for £k > 0. On average,
the highest polarization should therefore
not be found in the brightest pulses. This
is however difficult to test, as the intrinsic
luminosity of each pulse is not necessarily
the same. In addition, as the emission
from several pulses can be superposed, the
measured polarization level, which is flux-
weighted, could be reduced by a sizeable
factor (Granot & Konigl|2003). Finally, the
observed polarization can also be reduced if
the jet edges are not sharp enough (Nakar
et al.[2003). As shown by |Granot & Konigl
(2003), similar conditions as for scenario
(3) would be required for a scenario where
the field is ordered but parallel to the jet,
leading to the same conclusions.

emission  from shock-
accelerated  electrons in  a  relativistic
jet with an ordered magnetic field parallel
to the jet wvelocity. 'This case has been
studied by |Granot & Konigl (2003) and
gives very similar results to model (3). The
viewing conditions have to be the same and
it suffers from the same difficulties as listed
above.

. Inverse Compton emission from relativistic

electrons in a jet propagating within a pho-
ton field (”Compton drag” model). Inverse
Compton scattering of external light by
the electrons in highly relativistic narrowly
collimated jets as the origin of GRBs has
been suggested for the first time by [Shaviv
& Dar| (1995). The level of polarization
in this scenario can be even higher than
for the synchrotron radiation and reach
60 — 100%, but only under the condition
that the jet is narrow with I'0; < 5 (Shaviv
& Dar| [1995; Lazzati et al. 2004b). The
maximum level of polarization is again
obtained for Oys ~ 6 +1/I'. These viewing
conditions are very similar to those of
model (3). This scenario predicts a lower
level of polarization for the afterglow phase
(see later, Dado et al.|2004)). Again, the



polarization is reduced if the edges of the
jet are not sharp enough. Variability of the
Lorentz factor will again result in a varying
polarization, with the same difficulties
regarding the final level of polarization as
in model (3). However, variations of the
Lorentz factor could possibly be less large
in this scenario as part of the variability
of the light curve can be related to the
inhomogeneity of the ambient photon field.

6. Independently from the emission process
(synchrotron or inverse Compton), frag-
mented fireballs (shotguns, cannonballs,
sub-jets) can produce highly polarized emis-
sion, with a variable polarization amplitude.
The fragments are responsible for the single
pulses and have different intrinsic proper-
ties (such as Lorentz factors), opening an-
gles, orientations with respect to the ob-
servers and magnetic domains. (e.g. Lazzati
& Begelman| 2009). In this case the most
polarized pulses are those which have about
one tenth of the flux of the main pulse, i.e.
an anti-correlation between the polarization
level an the GRB pulse flux is expected.

2.2 Observations

The measurement of polarization during the
prompt phase of GRBs has always been challeng-
ing. This is mainly due to the fact that no wide
field gamma-ray polarimeter with a large effec-
tive area has yet been flown, and that many of
the measurements attempted to date have been
performed with instruments which have some
polarimetric capabilities, but do not have an
explicit polarimetric oriented design. In addi-
tion at odds to the afterglow emission, the GRB
prompt emission is very limited in time, mostly
less than ~100 s, and hence in spite of the high
average flux of GRBs, the total number of col-
lected photons is often too limited to derive sta-
tistically stringent limits for polarization.

2.2.1 Early Results

The first attempt to measure linear polariza-
tion in the prompt emission of GRBs was re-
ported by (Coburn & Boggs (2003). They used

the Reuven Ramaty High Energy Solar Spectro-
scopic Imager (RHESSI) observations of GRB
021206. RHESSI has an array of nine large-
volume (300 cm?) coaxial germanium (Ge) detec-
tors with high spectral resolution, and has been
designed to study solar flares in the 3 keV-17
MeV energy range. In the soft gamma-ray en-
ergy range (0.15-2.0 MeV) the dominant photon
interaction in RHESSI is Compton scattering.
Polarization at high energies can be measured,
thanks to the polarization dependency of the dif-
ferential cross section for Compton scattering

— = | = — + —, — 2sin” 0
0" 2 <E0> (Eo + jo0 sin“ 0 cos” ¢
(1)

where 732 is the classical electron radius, Fy the
energy of the incident photon, E’ the energy of
the scattered photon, 0 the scattering angle, and
¢ the azimuthal angle relative to the polariza-
tion direction. Linearly polarized photons scat-
ter preferentially perpendicularly to the incident
polarization vector. Hence by examining the an-
gles of scattering of the photons among the Ge
detectors, one can in principle derive the degree
and angle of linear polarization of the incident
photons.

Coburn & Boggs (2003) reported a high level
of linear polarization of II=80+20% (close to and
beyond the theoretical value, see Section
at a high level of confidence (> 5.70) for GRB
021206. In the RHESSI detector a small fraction
of the incident photons undergoes a Compton
scattering in a given detector before being photo-
electrically absorbed in a second detector (or un-
dergo other scatterings). The accurate analysis
of the photon scattering angles can be exploited
to measure the degree of polarization of the inci-
dent photons. In addition RHESSI is a rotating
instrument (4 s period), which presents the ad-
vantage of averaging out the effects of asymme-
tries in the detector and the passive materials.
GRB 021206 was a quite bright GRB with a flu-
ence of 1.6x10™* erg cm™2 in the 25-100 keV
energy band, and a peak flux of 2.9x107° erg
em~2 s7!. Scattered photons represent about
10% of the total events. (Coburn & Boggs| (2003))
interpreted the angular modulation measured in
the data as a high-level polarization signal.

However subsequent re-analyses of the same
data set could not confirm this result reporting



a polarization level compatible with zero (Rut-
ledge & Fox|[2004; Wigger et al.[2004). These au-
thors show that the number of suitable events for
polarization analysis has been over-estimated by
a factor 10 (830+£150 versus 9840+96), since spu-
rious coincidences had been counted as Compton
scattering events, implying in the end statistics
too small to be able to measure any polarization
signal, even for a 100% polarized source. Despite
the non-confirmation of the RHESSI result, the
former work had the merit of triggering some
theoretical work about the possibility of polar-
ized emission associated with the prompt phase
of GRBs (see Section [2.1]).

Another early attempt to measure the polar-
ization level of the prompt emission of GRBs has
been performed by Willis et al.| (2005)), who used
the data from the Burst and Transient Sources
Experiment (BATSE) on board the Compton
Gamma-Ray Observatory (CGRO). They stud-
ied two GRBs, 930131 and 960924, and, by mod-
elling the scattering of the gamma-ray photons
by the Earth atmosphere, they reported evi-
dence of high level of polarization in both bursts,
IT >35% and II >50%, respectively. But unfor-
tunately this method did not allow the authors
to statistically constrain these results, but called
for further independent confirmations to ascer-
tain whether the prompt emission of GRBs is
highly polarized or not.

2.2.2 IBIS and SPI on board INTE-
GRAL

At the time of its discovery by the INTEGRAL
Burst Alert System (IBAS) (Mereghetti et al.
2003)), GRB 041219A (McBreen et al.|2006; GOtz
et al. |2011) was among the top 1% in terms
of GRB fluence. This prompted different at-
tempts to measure its polarization with the in-
struments that observed it. The first attempt
was performed using the SPI spectrometer on
board INTEGRAL. SPI (Vedrenne et al. [2003))
is made by individual hexagonal Ge detector and
the measuring technique used is similar to the
one used for RHESSI. Kalemci et al.| (2007)) re-
ported a high level of polarization for this GRB
(IT = 98+ 33%), but could not constrain the sys-
tematics of their measurements. Using the same
dataset but a more sophisticated analysis tech-
nique, where the multiple event scatterings in

the SPI spectrometer have been compared to a
GEANT4 Monte Carlo simulation predicted re-
sponse to a polarized source flux, McGlynn et al.
(2007) were able to measure the degree of linear
polarization over the brightest pulse of the GRB
(lasting 66 s) to I = 6375,% and the polariza-
tion angle to P.A. = 70?114 degrees. However,
they could not completely exclude the presence
of a systematic effect mimicking the observed po-
larization degree.

GRB041219A was also observed by the Im-
ager on Board the INTEGRAL Satellite (IBIS;
Ubertini et al.|[2003)). Thanks to its two super-
posed pixellated detection planes — ISGRI (Le-
brun et al.[2003), made of CdTe crystals (4x4x2
mm) and operating in the 15 keV-1 MeV energy
range, and PICsIT, made of CsI bars (9x9x30
mm) and operating in the 200 keV-10 MeV en-
ergy range(Di Cocco et al.|2003), IBIS can be
used as a Compton Polarimeter. By examin-
ing the scatter angle distribution of the detected
photons in the two planes

N(¢) = S[1 + agcos2(¢ — ¢o)], (2)

one can derive the polarization angle, PA =
¢o — m/2 + nmw, and the polarization fraction
IT = ag/aio0, where ajgp is the amplitude ex-
pected for a 100% polarized source derived by
Monte Carlo simulations (see [Forot et al.|2008)).
IBIS has been used to measure the polarization
from bright gamma-ray sources such as the Crab
nebula |Forot et al.| (2008), and the black hole bi-
nary Cyg X—1 Laurent et al.| (2011b).

Indeed to perform the polarization analysis,
the source flux as a function of ¢ is derived,
and the scattered photons are then divided in
6 bins of 30°. To improve the signal-to-noise ra-
tio in each bin, one can take advantage of the
m-symmetry of the differential cross section, i.e.
the first bin contains the photons with 0° < ¢ <
30° and 180° < ¢ < 210°, etc. The chance coin-
cidences (i.e. photons interacting in both detec-
tors within a time window of 3.8 us but not re-
lated to a Compton event), have been estimated
using the data before the GRB and subtracted
from each detector image following the procedure
described in Forot et al.| (2008]). The derived de-
tector images are then deconvolved to obtain sky
images, where the flux of the source in each bin
is measured by fitting the instrumental PSF to



the source peak, building a so-called polarigram
of the source, see Fig.

The polarigrams can then be fitted with Eq.
using a least squares technique to derive ag and
¢o. Confidence intervals on ag and ¢y cannot, on
the other hand, be derived from the fit, since the
two variables are not independent. They were
derived from the probability density distribution
of measuring a and ¢ from N independent data
points over a 7 period, based on Gaussian dis-
tributions for the orthogonal Stokes components
(see Eq. 2 in |[Forot et al.|[2008)).

Using the same method polarization could
be measured for two other GRBs (06112?E] and
140206 A, see Fig. [2)) with IBIS (Gotz et al.[2013,
2014), see Tab. [2, but no time-resolved analysis
could be performed due to the limited statistics,
making GRB041219A the only GRB for which a
time variable polarization signal could be mea-
sured to date with IBIS.

2.2.3 GAP

High levels of linear polarization could be mea-
sured also for three GRBs (100826A, 110301A
and 110721) by the Gamma-Ray Burst Polarime-
ter (GAP; |Yonetoku et al.|2011al) experiment on
board the IKAROS spacecraft (Yonetoku et al.
2011b}, [2012)). GAP is designed to measure the
degree of linear polarization in the prompt emis-
sion of GRBs in the energy range 70-300 keV.
Also in the GAP case the detection principle is
the anisotropy of the differential Klein-Nishina
cross section for Compton scattering. The GAP
consists of a dodecagon (twelve-sided polygon)
plastic scintillator with a single non-position sen-
sitive photomultiplier tube of 17 cm in diameter
and 6 cm in thickness surrounded by 12 CsI(T1)
scintillators with 5 mm in thickness. The central
plastic scintillator serves as a Compton photon
scatterer and the angular distribution of scat-
tered photons coinciding in time with the plas-
tic scintillator is measured by the surrounding
Csl scintillators each with an angular resolution
of 30°. In fact, by examining the coincidences
within a time window of 5 us, one can measure
an asymmetry in the detector number counts for
the Csl detectors.

LA consistent polarization measurement has been ob-
tained with SPI by McGlynn et al.| (2009).

As shown in Table 2l the GAP succeeded to
measure the linear polarization for three GRBs.
In particular for GRB 100826A (see Fig. ,
which had a similarly high fluence as 041219A,
Yonetoku et al.| (2011b) were able to measure a
change in the polarization angle by dividing the
GRB in two ~50 s long time intervals: the an-
gle changed from 1594+18° to 75+20° (1 o c.L
for two parameters of interest) with a signifi-
cance of 3.5 o for the change. For this burst
the averaged background coincidence rate is 5.6
counts s~! CsI™!, and the total coincidence 7-
rays suitable for polarization analysis are 4281
and 2733 for the first and second intervals re-
spectively. The detector response to a polar-
ized source has been calculated with GEANT4
Monte Carlo simulations and the predicted mod-
ulation curves have been computed for different
geometrical and spectral input parameters. The
observed modulation curves have then been fit-
ted using a least-squares method to the modelled
curves.

3 Polarization in the afterglow

Attempts to review the whole subject or some
selected topic have been carried out by several
authors (Bjornsson| 2003; |Lazzati [2004; Covino
et al.[2004; [Malesani et al. [2005} [Lazzati [2006),
2010; |Covino| [2010; Kobayashi| 2012). We now
discuss at first some of the main theoretical sce-
narios that have been developed in the context of
the “standard model”, and later follow in some
detail the observations so far carried out and how
they have been modeled in this context. We de-
vote our attention to afterglow phase although
mention of phenomena possibly more related to
the prompt emission, e.g. X-ray flares or opti-
cal emission during the prompt phase itself, are
possible. On the contrary, phenomena definitely
of high interest but not directly related to the
GRB emissions, e.g. polarization of supernovae
(SN) associated with GRBs, are not discussed
here (see Wang & Wheeler|2008)).

3.1 Theory

The concept of an afterglow, following the main,
high-energy, GRB emission was probably first
explicitly introduced in [Paczynski & Rhoads
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Figure 1: Polarigrams of the different time intervals that have been analysed for GRB041291A (see
Table . For comparison purposes, the curves have been normalized to their average flux level.
The crosses represent the data points (replicated once for clarity) and the continuous line the fit
done using Eq. For each polarigram the probability, P, is shown that the polarigram measured
corresponds to an un-polarized (IT <1%) source. From |Gotz et al.| (2009)
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Figure 2: Left: The 68, 90, 95 and 99% confidence contours for the IT and PA parameters. Right:
Polarigram of GRB 140206A in the 200-400 keV energy band. The crosses represent the data
points (replicated once for clarity) and the continuous line the fit done on the first six points using
equation The chance probability P of a non-polarized (<1 %) signal is also reported. The
normalized flux corresponds to N(¢)/S.. From |Gotz et al.| (2013))




Table 1: Polarization results for the different time intervals. From Gotz et al.| (2009)

Name Tstart Tstop 1I PA Image
U.T. U.T. % degrees  SNR

First Peak  01:46:22 01:47:40 <4 - 32.0
Second Peak 01:48:12 01:48:52 43425 38+16 20.0
P6 01:46:47 01:46:57 22+ 13 121+17 21.5

P8 01:46:57 01:27:07 65+£26  88+12 15.9

P9 01:47:02 01:47:12 61£25 105£18 18.2

P28 01:48:37 01:48:47 42442 106+37 9.9
P30 01:48:47 01:48:57 90+£36  54+11 11.8

Errors are given at 1 o c.l. for one parameter of interest.

Table 2: Summary of recent GRB polarization measurement by IBIS/SPI and GAP.

GRB II Peak energy Fluence Energy Range Redshift Instrument
(68% c.l.) (keV) (erg cm—2) z
041291A  65+26% 201757 2.5x10~4 20-200 keV 0.31705;  IBIS, SPI
06122 >60% 18817 2.0x107° 20-200 keV 1.3370T0  IBIS, SPI
100826A  27+11% 6067134 3.0x107* 20 keV-10 MeV  0.71-6.84! GAP
110301A  70+22% 10742 3.6x107° 10 keV-1 MeV  0.21-1.09! GAP
110721 84718% 3937199 35 x107* 10 keV-1 MeV  0.45-3.12! GAP
140206A  >48% 98+17 2.0x107° 15-350 keV  2.739+0.001 IBIS

! redshift based on empirical prompt emission correlations, not on afterglow observations.

(1993)). As for all phenomena involving parti-
cle acceleration, polarimetry (Tinbergen|1996) is
naturally considered a powerful diagnostic tool.

The first attempt to derive predictions to be
compared with observations came probably by
Loeb & Perna (1998). The original idea is in-
deed still of some interest, and it is based on the
observation that a cosmological GRB should ap-
pear on the sky as a narrow expanding emission
ring (e.g., |Waxman, 1997)). After about a day,
the ring radius, ~ 3 x 106 cm (t/day)>/®, should
be comparable to the Einstein radius of a solar
mass lens at cosmological distance. Microlens-
ing by an intervening star can therefore signif-
icantly affect both the light curve and the po-
larization signal (loka & Nakamura, 2001)). The
predictions are clearly dependent on the specific
afterglow model and outflow energy structure,
and on the mechanisms producing the polarized
flux. The idea of observing microlensing events
for GRBs was originally introduced well before
the detection of the first afterglow (Gould|/1992;
Mao 1993)), and the probability for a stellar mi-
crolensing of a source at a cosmological redshift is

estimated to be ~ 0.1Q,.b% (Press & Gunn||1973;
Gould| [1995)), where €, is the mean density of
stellar-mass objects in the universe, in units of
the critical density, and b is the impact param-
eters in units of the Einstein radius. Adopting
typical parameters as in|Loeb & Pernal(1998]) the
probability turns out to be close to unity and the
lensing duration is about one day, driven by the
emitting area expansion rate.

The afterglow polarization in [Loeb & Perna
(1998)) is generated locally at the afterglow emis-
sion region, which is modeled as a finite set of
discrete patches, each having a coherent and in-
dependent magnetic field. The synchrotron ra-
diation emitted by each patch, if the electron en-
ergy distribution follows a power-law with index
p, is polarized at a level (Rybicki & Lightman
1979)): .

p+
Cp+T7/3 3)

which for p ~ 2 turns out to be Il ~ 0.7. Clearly,
a microlensing phenomenon able to magnify part
of the emitting region might allow us to study in
detail its magnetic and energy structure. The
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Figure 3: Left:Ax? map of confidence contours in the II, ¢p) plane for GRB 100826A, obtained
by the combined fit of the Interval-1 and -2 data. Here ¢, is the phase angle for Interval-1. The
white dot is the best-fit result, and we calculate Ax? values relative to this point. A color scale bar
along the right side of the contour shows the levels of the Ax? values. The null hypothesis (zero
polarization degree) can be ruled out with 99.4% (2.90) confidence level. Right: Number of coinci-
dence y-ray photons (polarization signals) against the scattering angle of GRB 100826A measured
by the GAP in 70-300 keV band. Black filled and open squares are the angular distributions of
Compton scattered ~-rays of Interval-1 and -2, respectively. The gray solid lines are the best-fit
models calculated with our GEANT4 Monte Carlo simulations. From (Yonetoku et al.2011b)

total polarization observable from the whole af-
terglow emission depends on the sum of the po-
larized flux from each patch, which can have
random orientation. In this case the total av-
erage polarized flux, < P >x 1/N, and tends to
zero for a large number of independent patches.
Given the statistical nature of the sum involved
in the derivation of the total polarization, one
can expect random variations of both the total
polarized flux and position angle in time, during
the afterglow evolution. However, in case a lens
can magnify a part of the emitting region this
is going to dominate the sum and substantially
modify the expected observable polarization and
offer a powerful diagnostic tool for the magnetic
field and energy structure of the afterglow out-
flow.

The scenario with polarization generated by a
large number of independent magnetic domains
was further developed by [Gruzinov & Waxman|
. The authors observed that the magnetic
fields must be generated in the blast wave be-
cause to match the afterglow observations mag-

netic fields much larger than those typically ex-
istent in shock-compressed interstellar medium
[ISM, B ~ T'Bigy ~ 107%('/10%) G, where T
is the shock Lorentz factor] are required. How-
ever, the resulting polarization for an unresolved
source depends also on the coherence length of
the generated field. If their length grows at
about the speed of light, and it is therefore com-
parable to the thickness of the blast wave, a
maximum polarization at about 10% is expected.
The emitting region will be covered by a hun-
dred mutually incoherent patches. The degree
and direction of polarization should depend on
time. The polarization coherence time is ~ etg
with a polarization degree II ~ 10€3/2%, where
to is the observing time and e(< 1) is rate of
growth of the coherence length in units of the
speed of light. Polarization at a much lower level
would imply that the magnetic fields generated
at the shock are highly tangled and confined to
the shock front.

How magnetic fields can be generated in ul-
tra relativistic shocks is still far from being fully



understood (Bykov et al.[[2012). Beyond shock-
compression of the ISM magnetic field, it is pos-
sible that a magnetic field already existent in any
GRB progenitor is carried by the outflow plasma
or by a precursor wind. Because of the flux freez-
ing, the field amplitude would decrease as the
wind expands and even in the case of a progeni-
tor with very strong magnetic field (B ~ 106 G)
at R ~ 10'%cm the field amplitude would be a
few orders of magnitude too low to match the
observations. Several authors (e.g., Medvedev
& Loeb| [1999; Inoue et al.|[2011) proposed that
relativistic two-stream instabilities can generate
magnetic fields with 107 — 10! of the equipar-
tition energy density (Up/87) in collisionless
shocks (see however (Gruzinov||1999)). The gen-
erated fields are parallel to the shock front and
fluctuate on the very short scale of the plasma
skin depth. Since the afterglow synchrotron ra-
diation is beamed toward the observer within a
very small opening angle, © ~ I'"! <« 1, which
is considerably smaller than the beaming angle
of the jet associated with the GRB, the region
of the blast wave actually accessible to a dis-
tant observer is then very small. The emission
along the line-of-sight axis to the source center
suffers from the shortest geometric time delay,
and hence originates at a larger radius (lower
Lorentz factor) and is dimmer than slightly off-
axis emission. The source therefore appears as
a narrow limb-brightened ring (Granot et al.
1999). The outer cutoff of the ring is set by the
sharp decline of the relativistic beaming and due
to the relativistic aberration the shock surface
for a distance observer appears almost aligned
with the line of sight at the edge of the ring.
The small scale randomly generated magnetic
field at the limb of the ring does not average
out and some net polarization directed radially
is possible. Since the source for a distant ob-
server is symmetric the net polarization from
such a source is expected to vanish unless the
symmetry is broken, for instance due to polar-
ization scintillation in the radio band or, as al-
ready mentioned, by gravitational microlensing
(Loeb & Pernal|1998). A late-time decline in
the amplitude of intensity scintillations for ra-
dio afterglows has been detected and allowed us
to derive direct constraints on the physical size
of the emitting region (Frail et al.|[1997; Taylor
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Relativistic Fireball

Figure 4: Geometry of the beamed fireball. Note
that photons emitted in the comoving frame at
an angle /2 from the velocity vector are those
making an angle § ~ 1/T" with the line of sight
in the observer frame. From |[Ghisellini & Lazzati

(1999).

et al. |1998). A rather detailed analysis of the
expected polarization due to scintillation on ra-
dio observations of GRB afterglows was carried
out by |[Medvedev & Loeb) (1999)). At early times
the source size is small compared to the charac-
teristic angular scale of the scintillation and the
expected polarization is low, however it grows
monotonically with the source angular size and
should saturate to the intrinsic polarization level
emitted at the source (possibly that predicted by
Eq. in several weeks.

A different, and in principle complementary,
approach was developed almost simultaneously
by Ghisellini & Lazzati (1999) and Sari (1999).
The idea is based on the assumption that we are
seeing a collimated fireball, i.e. a jet, slightly
off-axis. Even in case the locally generated mag-



netic field at the shock is completely tangled,
the anisotropy introduced by the interplay be-
tween the physically collimated emitting region
and the aberration due to the ultra relativistic
motion of the shock front can introduce some lin-
ear polarization. The magnetic field is assumed
to be completely tangled if the shock is observed
face-on, but with some degree of alignment if
observed edge-on. This might happen for the
magnetic configuration discussed in Medvedev &
Loeb) (1999)) and |Gruzinov| (1999) but also due to
the effect of compression along one direction of
the shocked region as proposed by |[Laing] (1980)).
Photons emitted at right angle in the shock co-
moving frame can be polarized at a level, Py,
depending on the degree of order of the mag-
netic field in the plane perpendicular to the shock
front. Since the emitting region is supposed to
move with I' > 1 these photons can then reach
the observer (Fig.[4]). If 6. is the outflow open-
ing angle and 6, is the angle between the line
of sight and the jet axis (6y < 6.), we can iden-
tify three regimes for the polarization depending
on the time evolution of the outflow Lorentz fac-
tor. At early times I is sufficiently high to allow
the observation of a small area of the emitting
region and the situation is perfectly symmetric,
no or very small polarization should be observ-
able. This is also true at late-time when the
area accessible to the observer is large enough to
include the whole outflow cone. At intermedi-
ate times, apart from the null probability case of
line of sight perfectly aligned with the jet axis,
1/T becomes comparable to 6. — 0y, and the ob-
server begins to see the physical edge of the col-
limated outflow. The global symmetry is broken
and some polarization is observed. This geomet-
ric model allows one to derive the polarization
time-evolution since depending on the percent-
age of the outflow border visible for the observer
the horizontal and vertical polarization compo-
nent mix in a different way. Two polarization
maxima are then expected (the first is due to the
horizontal component, and the latter to the ver-
tical one) with a period of null polarization in be-
tween. Between the two maxima a sharp rotation
of the position angle by 90° is predicted. The
second maximum is always larger than the first
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and, according to Ghisellini & Lazzati| (1999):

9 2
Prax ~ 0.19 Py <"> : (4)

Oc

The above relation is true within a few percent
if 1/20 < (6,/6.) < 1 and 1° < 6, < 15°
Bjornsson & Lindfors (2000) explored the effect
of a possible lateral expansion of the jet, which
effectively translates into a change of the 6,/6.
ratio. The authors argued that decreasing the
ratio shifts the maxima toward later times and
decreases their magnitude.

The specific polarization predictions depend
on the detail of the deceleration of the fireball
and on the values of 6. and 6y (and Fy). How-
ever the general picture is independent of the
model parameters and a strong link between the
total flux from the afterglow and polarization
can be singled out. The epoch corresponding
to the position angle rotation should roughly co-
incide with the jet-break occurrence, i.e. when
a distant observer realizes that the source is not
spherical symmetric and records a deficit in emit-
ting area that translates to a steeper decline of
the light-curve. Therefore, the total and polar-
ized flux time evolution should be closely linked
to each other offering a powerful observational
test for the model and the fireball parameters.

The possible effect of an ordered field in the
ambient medium for the observed polarization
from GRB afterglows was investigated by |Gra-
not & Konigl (2003). The rationale was to pos-
sibly explain observations showing a constant or
slowly variable polarization level during the af-
terglow evolution with almost constant position
angle. We have already mentioned that for typ-
ical ISM the post-shock field would be too weak
to produce the observed synchrotron emission.
However, it could be stronger if the shock prop-
agates into a magnetized wind of a progenitor
star or into a pulsar-wind bubble (the magnetic
energy fraction, eg, would increase from about
10719 t0 107*—=1071). An ordered magnetic field
would affect the observed polarization depending
on ratio of the ordered-to-random field. The to-
tal polarization from an afterglow with a locally
generated random magnetic field, B4, and an



ordered component, B,.q, turns out to be:

P = (npord>
1+n
1/2
Prnd >2 ( Prnd >
1+ ———] —2| —— ] cos26| (5
(npord 77Pord ( )
1 sin 20
0 = —arct
2 arctan (COS 20 — nPord/Pmd> (6)
where ) = Iopa/Ima ~ (B2 4)/(B2%4) is the ratio

of the observed intensities in the two components
and ¢ is the angle between the ordered field and
the jet axis. Assuming that P,.q is close to the
maximum theoretical polarization (Eq. typi-
cally we have P,.q >> P4, and the low values
of the observed polarization degrees (Tables[3]
and [§) imply that n << 1. The time evo-
lution of the polarization essentially depends on
the time evolution of 7, which in turn depends
on the ambient medium, making possible a large
variety of different behaviors. In general, until
NPyrq > Prnd, the changes in the position angle
would be moderate, whereas the variation in P
could be significant.

In addition, the magnetic field in the GRB
ejecta is potentially much more ordered than in
the shocked ambient medium behind the after-
glow shock, reflecting the likely presence of a dy-
namically important, predominantly transverse,
large-scale field advected from the source. This
could generate a large polarization value during
the very early afterglow if the emission is dom-
inated by the reverse-shock (Piran|2004; Japel;
et al.|2014).

A potentially important diagnostic of the ex-
istence of ordered magnetic fields is provided
by the observation of circular polarimetry (Mat-
sumiya & Ioka2003). Circular polarization could
be intrinsic, i.e. due to the synchrotron emission
of the afterglow or can be generated by plasma
effects as Faraday conversion. The Faraday con-
version can convert some of the linear polariza-
tion from a source to circular polarization and is
effective for synchrotron sources close to the self-
absorption frequency typically for the afterglows
in the radio bands. The detailed analysis carried
out by Matsumiya & loka; (2003) showed that if
the magnetic fields are tangled the circular polar-
ization vanishes, while if the ordered component
of the magnetic field is at least comparable to the
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tangled one, circular polarization at about 1% in
the radio bands, and 0.01% in the optical is ex-
pected. During the early reverse shock it is also
possible to have circular polarization one order
of magnitude larger even if the ordered magnetic
field component is very weak. A deeper analysis
of the plasma effects on the observed polarization
was carried out by Sagiv et al.| (2004), deriving
results qualitatively analogous to [Matsumiya &
loka| (2003)), although based also on a more accu-
rate treatment of the effects of synchrotron losses
that give a higher degree of circular polarization
close to the frequencies where Faraday conver-
sion from linear to circular polarization is more
effective. A detailed study of the circular to lin-
ear polarization ratio in typical GRB afterglow
configurations was also recently carried out by
Nava et al. (2016)). Their main results show that
it is possible to assume “ad-hoc” configurations
allowing a large local circular polarization. How-
ever, once transformations from the local to the
observer frame and integration across the whole
visible region are performed, the circular to lin-
ear polarization ratio always vanishes in any real-
istic optical thin synchrotron emission afterglow
model.

Observations in the radio band can be very ef-
fective not only for accessing the early afterglow
on a more relaxed time-scale, but also by means
of relatively later-time observations able to pro-
vide information about the electron-proton cou-
pling in the relativistic collisionless shocks sup-
posed to originate the GRB afterglows (Toma
et al.|[2008]). The fraction of electrons that are
coupled to protons and accelerated, f, is usu-
ally hidden in the fraction of the total energy
that goes in accelerating the electrons during
synchrotron emission, €.. This has important
possible consequences in the evaluation of the
energetic of the events that would be larger by
a factor f~! compared to the case with perfect
coupling, f = 1. In case the coupling is inef-
fective, f < 1, there could be thermal electrons
available and the effect of Faraday rotation on
these thermal electrons (Toma et al. 2008) may
suppress the linear polarization of the afterglow
at frequencies higher than the absorption fre-
quency and below a characteristic frequency that
depends on the electron-proton coupling frac-
tion. This effect would therefore be measur-



able by means of radio polarization observations
at different frequencies. This mechanism could
however work only if the magnetic fields are glob-
ally ordered to some extent (Sagiv et al.|2004]),
while if the field is random with short coherence
length the Faraday depolarization does not occur
(Matsumiya & Ioka/2003)).

The geometric models were originally devel-
oped assuming a homogeneous jet structure, i.e.
at any given angle from the apex of the jet the lu-
minosity emitted per unit solid angle along the
jet axis and along the jet borders is the same.
It is however of great interest to explore the
possibility that the jet structure is more elab-
orated. Typical ideas can assume that the radi-
ated power per unit solid angle is larger along the
jet axis than along the wings, the so-called struc-
tured jets, or even that the jet luminosity follows
a Gaussian distribution, the so-called Gaussian
jets, with a core with almost constant luminos-
ity that decreases exponentially outside of it (see
Fig.p)). [Rossi et al|(2002) and [Salmonson| (2003)
showed that the light-curves of the total flux
from these configurations are very similar to each
other. Things are, on the contrary, very different
as far as linear polarization is concerned, sug-
gesting the possibility that polarimetry could be
a powerful diagnostic of the afterglow jet struc-
ture (Rossi et al.[[2004). In general, for any off-
axis observer, polarization is produced because
different parts of the emitting jet surfaces do not
contribute equally to the observed flux. In the
homogeneous jet model this starts to occur when
the emitting surface available to the observer in-
cludes the near border of the jet. In structured
jet models the required asymmetry is intrinsic in
the assumption that the emission depends on the
angular distance from the jet axis. As it is shown
in Fig.[f] based on the comprehensive analysis
discussed in Rossi et al. (2004), the predictions
for different jet structures are markedly different.
Structured jets show some (weak) polarization
from the beginning, but the most important dif-
ference is for the 90° rotation of the position an-
gle predicted for homogeneous jets. Structured
and Gaussian jets, since their emission is always
dominated by the central core at the same angle
with respect to the line of sight, do not show a
position angle rotation with one only maximum
for the polarization, typically close or after the

jet-break time, depending on the specific jet pa-
rameters and structure.

In general, all the considerations discussed
about the jet structure are based on single com-
ponent jets. 'Wu et al.| (2005)) also considered the
possibility of a two-component jet, with the in-
ner component narrow and more energetic, and
outer one wide and less energetic. The resulting
light curves and polarization evolution depend
strongly on the ratio of the intrinsic parameters
of the two components, allowing a considerable
freedom in modeling the observations.

The scenario depicted by the standard after-
glow model can also be modified in case the ax-
ial symmetry is broken for instance if the energy
per solid angle of the blast-wave display angu-
lar variations, the so-called “patchy-shell” model
(Nakar & Oren |2004). This idea was mainly de-
veloped to deal with the observations of GRB
afterglows with fluctuations in their light-curves
superposed to the general behavior predicted by
the standard afterglow model. The variations
in the degree and angle of polarization are here
correlated to the light-curve variability.

Although observationally very demanding, the
early afterglow has always attracted a consider-
able attention for its relevant diagnostic power.
Fan et al.| (2004)) analyzed the reverse shock emis-
sion powered by a magnetized outflow, possibly
generated if the progenitor is magnetized and
the field is dissipated. The reverse shock can
produce a considerably bright optical flash de-
pending on the magnetization parameter, o (the
ratio of the electromagnetic energy to the par-
ticle energy) and the circumburst matter den-
sity profile. As a general rule, relatively low
values for o ~ 0.05 — 0.1 give the brightest op-
tical flashes. In the so-called ICMART model
(Zhang & Yan 2011) o is indeed predicted to
be after the magnetic dissipation close to unity
based on energy equipartition arguments. As it
was already pointed out (e.g., |Granot & Konigl
2003)), the net linear polarization, II, resulting
from these bright optical flashes depend on the
ratio between the ordered and random magnetic
fields, b, and during the reverse shock [Fan et al.
(2004) computed II =~ 0.6&—12. For low o the
corresponding toroidal magnetic field is stronger
than that generated at the shock and b >> 1,
giving a very high local polarization. In case of
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Figure 5: (left) Three possible jet configurations.
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of the jets logarithmically scaled. (right) Light-curves (upper panel) and polarization curves (lower

panel) comparison between a structured jet (SJ),
with given parameters. From Rossi et al.| (2004)).

an ultra-relativistic ejecta, due to beaming ef-
fects, only a small portion of the of the emitting
region is visible. However, if the line of sight
is even slightly off-axis the symmetric axis of
the ordered magnetic field high polarization is
still expected since the average of regions with
different magnetic field directions is not effec-
tive. A very detailed study of the polarization
in the early afterglow was also produced by
. Reverse- and forward-shock con-
tributions are considered, and the hydrodynam-
ics of the ejecta are computed in the case of thick
and thin shells. The authors assumed that for
the forward-shock the generated magnetic field
is mainly random, while in the reverse-shock re-
gion the magnetic field can be large-scale or-
dered. This field is carried out from the central
engine but later magnetic dissipations during the
prompt GRB phase may reduce the magnetiza-
tion degree to a lower level so that the ejecta is
dominated by baryons and leptons in the after-
glow phase but the large-scale structure of the
magnetic field remains. The polarization evo-
lutions of the early afterglows are mainly de-
termined by the detailed magnetic field config-

a homogeneous jet (HJ) and a Gaussian jet (GJ)

urations and two field configurations were con-
sidered: toroidal and aligned with the jet axis.
The magnetic field configurations can be asso-
ciated to different progenitors, i.e. an aligned
configuration would point to a magnetar, while
a toroidal field is possibly indicating a black-hole.
As a general conclusion, if the emission is dom-
inated by the forward-shock, the polarization is
expected to be very low in particular at early
times. If the reverse-shock dominates, the po-
larization can reach ~ 30 — 50%. It is always
possible, however, to have configurations with a
high level of symmetry not yielding detectable
polarization. If the line of sight is outside the jet
cone, a peak in the polarization degree is pre-
dicted with also an evolution of the position an-
gle. An abrupt rotation of the position angle by
90° is expected for some configurations around
the reverse-shock shell crossing time.

Finally, a complementary way to derive infor-
mation about GRB emission ejecta magnetiza-
tion would be the polarimetric study of X-ray
flares (Chincarini et al.[2007) as discussed in [Fan)
et al. (2005, [2008) and Fan| (2010). In general, X-
ray polarimetry of the afterglow would open ex-
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citing diagnostic possibilities (see also Lan et al.
2016b). The different temporal behavior of the
optical and X-ray afterglows observed in many
events suggested the possibility that X-ray emis-
sion traces also a prolonged activity of the cen-
tral engine while the optical afterglow is more
related to the real forward-shock emission (Ghis-
ellini et al.|2007). This would make the polariza-
tion behavior of the optical and X-ray afterglows
at least partially independent and with the ca-
pability to explore different emission regions of
the GRB phenomenon. As discussed earlier, the
early optical afterglow is expected to be weakly
polarized unless a large scale ordered magnetic
field is present. X-ray flares and plateau, as ar-
gued by [Fan et al. (2004), might be driven by
Poynting-flux dominated emission, so possibly
showing a high level of linear polarization.

3.2 Observations

The first identification of a GRB afterglow was
obtained for GRB 970228 (Costa et al.|1997; [van
Paradijs et al. [1997), although for GRB 940217
a long-lasting high-energy emission possibly to
be associated to the afterglow phase was already
detected (Hurley et al.[1994]).

The first linear polarimetric observations (see
Tables and [8)) were carried out in the
radio band with the VLAP about three weeks af-
ter GRB 980329 (Taylor et al. |1998), yielding a
rather shallow 21% upper limit and about a week
after the event for GRB 980703 with 8% upper
limit (Frail et al.|/1998). These limits are sub-
stantially lower than the theoretical synchrotron
emission value (Eq.. However, the interpre-
tation of the result is not direct since it de-
pends on the location of the observing frequency
compared to the synchrotron self-absorption fre-
quency. At frequencies lower than the absorption
frequency any intrinsic polarization is expected
to be smeared out. The idea that the GRB af-
terglow emission is due to synchrotron emission
was consistent with the broad-band spectral en-
ergy distribution observed for this event (Palazzi
et al.[1998]), but the debate was still open at that
time.

Much more stringent was the 2.3% upper limit
for linear polarization obtained by [Hjorth et al.

2http://www.vla.nrao.edu

(1999) for the bright GRB990123 in the opti-
cal with the NOTﬂ The observations were per-
formed about 18 hours after the event. Such a
low value was interpreted as possibly due to a
jetted geometry with the GRB observed close to
the beam axis. In a spherical geometry, again un-
der the hypothesis that the emission was due to
synchrotron radiation, such a low level requires
highly tangled magnetic fields confined to the
shock front (Hjorth et al[/1999). Milder upper
limits for circular (see Table[) and linear po-
larization were also obtained in the radio with
the VLA (Kulkarni et al.[1999; |Granot & Taylor
2005|).

Polarimetry at a few percent level can be de-
manding for rapidly fading sources as GRB af-
terglows, and therefore it is not a surprise that
the first positive detections in the optical band
came a few months after the first unit of the
VLT, with its collecting area and flexibility, be-
came operational. GRB990510 was observed
two times by two independent teams (Covino
et al.|1999; Wijers et al[|1999) at 18-21hours
after the burst with the ESO-VLTE] providing
a small but highly significant polarization level
at P = 1.7+ 0.2% (Fig.[6). A later measure-
ment one day after gave a result consistent with
a non-variability of the observed polarization.

Polarization at this level is not common for
extragalactic sources, however it is possible that
it is due to polarization induced by dust grains
interposed along the line of sight, which may be
preferentially aligned due to the galactic mag-
netic fields. The effect is well known in our
Galaxy (Serkowski et al.|[1975) where it is ob-
served that dust-induced polarization typically
is in the range Ppax < 9.0Ep_v and follows an
empirically relation known as “Serkowki law”:

(7)

where K ~ —1.15 and Apax in in the range 0.45-
0.8 um (Serkowski et al.||1975)).

Large variations are anyway expected, and ob-
served, for specific lines of sights. On the other
hand, the effect due to dust in the Galaxy can
be in principle easily checked and removed if a
sufficiently large number of stars are observed in
the same field of view. Since stars are typically

P(\)/Panax = ¢ 10" Omax/%),

3http://www.not.iac.es
“http:/ /www.eso.org/public/teles-instr /vlt/
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Figure 6: Polarization measurement for

GRB 990510 obtained at the ESO-VLT. This is
the first positive detection of polarization from
a GRB afterglow. From |Covino et al| (1999).
The function S(¢) gives the degree and position

angle of the observed polarization (di Serego
Alighieri |1997)).

intrinsically unpolarized (at least at this level of
accuracy) any dust induced (as well as instru-
mental) polarization can be singled out. Dust-
induced polarization in other galaxies has been
studied only in a limited number of nearby cases
(e.g., Clayton et al.[|2004)) with results partly dif-
ferent compared to the Milky Way. For the case
of GRB 9905010, a sizable effect of dust induced
polarization in the host galaxy could be ruled
out since multi-band observations of the after-
glow showed it could be effectively modeled as a
power-law, according to the requirements of syn-
chrotron shock model (Mészaros & Rees [1997),
with essentially no rest-frame extinction (Covino
et al.[[1999).

Electron scattering can also lead to some po-
larization, as observed in supernovae and usually
attributed to asymmetries in their photospheres
(Wang & Wheeler [2008). However, the degree
of induced polarization is of the order of the
electron optical depth that cannot be more than
~ 1076 a day after the event (Wijers et al.[1999).
We mention in passing that electron scattering as
source of some polarized flux in GRB afterglows

was also proposed by |Gnedin et al.| (2006) study-
ing the polarization effects of radiation scattered
in conical thin plasma envelopes. With different
assumptions about the magnetic field geometry
and the inclination of the cone axis with respect
to the line of sight, it was possible to obtain the
polarization at a few per cent level observed in
GRB afterglows as due to Thomson scattering
in the plasma of the conical jet. In this sce-
nario synchrotron radiation does not contribute
to the observed flux, and the observed polariza-
tion position angle should be essentially constant
in time.

GRB 990510 was also the first GRB with an
achromatic (at least in the optical band) steep-
ening, a jet-break, of the afterglow light-curve
clearly observed (Israel et al. 1999; Harrison
et al.||1999; Stanek et al[[1999). The observa-
tions with solid polarization detections were per-
formed before the jet-break. Due to the large
Lorentz factor of the outflow, I', only a fraction
~ 1/T of the emitting region is accessible to the
observer. Photons produced in regions at an an-
gle 1/T" with respect to the line of sight are emit-
ted, in the comoving frame, at ~ 90° from the ve-
locity vector. A comoving observer at this angle
can then see a compressed emitting region (Ghis-
ellini & Lazzati|1999)) and a projected magnetic
field structure with a preferred orientation. If
the gradual steepening of the light curve is a jet-
break, we would observe only regions at a view-
ing angle 1/T" at variance with an axis-symmetric
situation, and this asymmetry can be the cause
of the observed linear polarization that therefore
becomes the “smoking gun” of synchrotron emis-
sion for GRB afterglows.

A few months later, for GRB990712, fur-
ther evidence for the intrinsic origin of the ob-
served afterglow polarization was obtained by
Rol et al. (2000). Three epochs of linear polari-
metric observations from about 10 to 35 hr from
the high energy event were obtained. The polar-
ization was always in the 1-3% range, but showed
some variability with the minimum at the sec-
ond epoch, while the position angle remained
constant. The evidence for variability was only
slightly better than 3o, yet no color variation
of the afterglow was identified during the time
period covered by the observations, making the
possibility that the observed variation was due
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to dust in the host galaxy even less likely. The
constancy of the position angle on such a long,
compared to the afterglow evolution, monitor-
ing is in disagreement with the hypothesis that
the observed polarization could be due to a ran-
dom mix of highly polarized emissions from in-
dependent magnetic domains (Gruzinov & Wax-
man, 1999; (Gruzinov| |1999). While it is possi-
ble to have a low polarization assuming a large
number of magnetic domains, the position an-
gle should typically vary with the polarization
during the afterglow evolution. And basically
the same objection holds for polarization due to
micro-lensing. The observations for GRB 990712
were carried out during a phase of regular decay
of the afterglow, i.e. no break was detected. The
quality of the last observation of this dataset,
which is consistent with both the first or the
second observations due to the larger error bars,
does not allow us to draw any further specific test
based on the idea that the afterglow polarization
is described by a geometric model (Ghisellini &
Lazzati 1999; Sari 1999) and these observations
are generally consistent with that scenario, as
also discussed in Bjornsson & Lindfors| (2000).
Only upper limits were instead obtained for
GRB 991216, observed in the optical with the
VLT (Covino et al.[[2004)) and in the radio with
the VLA (Granot & Taylor 2005). Being the
most stringent limit at 2.7%, it is possible that
for this event the entire polarization evolution
was characterized by lower values. It became in-
deed immediately clear that the best (largest)
available facilities were required to derive ef-
fective polarimetry at 1% level for GRB after-
glows. Nevertheless, attempts were carried out
with smaller size facilities or in the NIR, where
the observing conditions are more difficult for
polarimetry. GRB 000301C was observed in the
K band with the Calar Alto 3.5m telescopd?]
and only a mild upper limit at 30% was obtained
(Stecklum et al.2001). GRB 010222 was instead
observed with the NOT about 23 hours from the
GRB in the V band yielding a low significance
detection at 1.36+0.64% (Bjornsson et al.|2002).
However, the low average polarization level typ-
ically detected in late-time GRB afterglows of-
ten resulted in upper limits with the largest fa-
cilities too, in particular when the observations

Shttp://www.caha.es

could not be carried out before about one day
from the high-energy event. GRB011211 was
observed about 35 hours after the GRB with the
VLT and an upper limit at 30 of 2.7% was de-
rived (Covino et al|2002). These limits were
poorly constraining yet generally consistent with
the predictions of the geometric models (Ghis-
ellini & Lazzati|[1999; Sari [1999).

The attempt to identify a time-evolution of the
polarization degree and position angle generated
a richer dataset for several events. GRB 020405
was observed with the VLA (Granot & Taylor
2005), the VLT (Masetti et al.| 2003} |Covino
et al.[2003) and the Multiple Mirror Telescope
(MMTE], Bersier et al.|2003)) between one and
three days from the burst. The polarization level
was observed at about 1.2-2% for the VLT ob-
servations but at the MMT a much higher polar-
ization at about 10% was detected. Only mild
upper limits were obtained at the radio frequen-
cies. The position angle possibly showed a slow
change (~ 10°) from the first to the last obser-
vations. GRB 020405 is characterized by a large
galaxy superposed to the afterglow position, but
during the polarimetric campaign the afterglow
was much brighter than the host galaxy and
therefore able to only slightly affect the measure-
ments (Covino et al.|2003)). During the observa-
tions the afterglow light-curve showed a regular
and smooth decay (Masetti et al.[[2003]). The ob-
servations derived with the VLT before and after
the MMT observations are substantially consis-
tent with a constant afterglow polarization, pos-
sibly also with an important contribution of dust
in the host galaxy. The rapid variation required
to move from the ~ 1% to ~ 10% in a timescale
of about one hour is essentially inconsistent with
basically all the geometric models and also with
the patchy-shell idea (Ghisellini & Lazzati||1999;
Sari||1999; |Gruzinov & Waxman(1999)). In princi-
ple a micro-lensing phenomenon (Loeb & Perna:
1998)) could be responsible for the polarization
"flare”, although the rapid time scale, the almost
constant position angle and the lack of an anal-
ogous brightening in the total flux curve make
even this interpretation unlikely. The high po-
larization observed by Bersier et al. (2003) only
about one hour after the observation carried out
by [Masetti et al. (2003)) is therefore still of diffi-

Shttp://www.mmto.org
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Table 3: Linear polarization measurements carried out for several GRB afterglows. Partial collec-
tions of data are also reported in Bjornsson| (2003) and Covino et al. (2004). Data are corrected for
Galactic induced polarization when available in the original references. More data are reported in

Table[d] and data for the large datasets of GRB 030329, GRB 091018 and GRB 121024A are reported

in Tables[p] [7] and
Event t—to Piin (C] v Instrument =z Ref
(hour) (%) (deg) (Hz)
GRB 980329 500 <21 (20) 8.3 x 10° VLA 3.5 Taylor et al.[1998)
GRB 980703 100 < 8 (30) 4.86 x 10° VLA 0.97 (Frail et al.|[1998
100 <8 (30) 8.46 x 10° VLA Frail et al.|[1998
GRB 990123 1825 < 2.3 (20) 4.55 x 10** NOT 1.6 Hjorth et al.[[1999)
30.0 < 23 (30) 8.46 x 10° VLA Kulkarni et al[[1999)
Granot & Taylor|[2005)
GRB 990510 18.5 1.7+0.2 101 £+ 3 4.55 x 10** VLT 1.62  (Covino et al.[[1999)
20.6 1.6 +£0.2 96 + 4 4.55 x 10 VLT Wijers et al.|[1999
43.4 22708 112447 4.55 x 10™* VLT Wijers et al.||[1999
GRB 990712 10.56 29+04 121.1+£3.5 4.55 x 10 VLT 0.43  (Rol et al.[2000
16.8 1.2+04 116.2+10.1 4.55 x 104 VLT Rol et al.|[2000
34.8 22407 139.1+10.4 4.55 x 10** VLT Rol et al.|[2000
GRB 991216 35.0 < 2.7 (20) 5.45 x 10" VLT 1.02  (Covino et al[[2004
35.8 < 11 (30) 8.46 x 10° VLA Granot & Taylor|[2005)
60.0 <5 (20) 5.45 x 10 VLT Covino et al.[[2004)
64.3 <9 (30) 8.46 x 10° VLA Granot & Taylor|[2005)
GRB 000301C 43 < 30 4.55 x 104 VLT 2.03  (Stecklum et al.[2001)
GRB 010222 22.65 1.36+0.64 5.45 x 104 NOT 1.48  (Bjornsson et al.[2002)
GRBO011211 35 < 2.7 (30) 4.55 x 10™* VLT 2.14  (Covino et al.[2002)
GRB 020405 28.6 <11 (30) 8.46 x 10° VLA 0.69  (Granot & Taylor|2005)
29.5 1.50 + 0.40 172+ 8 4.55 x 10'* VLT Masetti et al.[2003)
31.7 9.89+1.3 179.9+3.8 5.45 x 1014 MMT Bersier et al.[2003
52.0  1.96 +0.33 154 +5 5.45 x 104 VLT Covino et al.|2003
76.2  1.47+£0.43 168+ 9 5.45 x 1014 VLT Covino et al.|[2003
GRB 020813 4.7-79 1.8-24 148 — 162  3.26 —9.37 x 10** Keck 1.25  (Barth et al.[[2003)
21.55 1.07+0.22 154.3+5.9 5.45 x 101 VLT Gorosabel et al.|[[2004
225 14240.25 137.0+4.4 5.45 x 1014 VLT Gorosabel et al.|[2004
23.41 1114022 150.5+5.5 5.45 x 104 VLT Gorosabel et al.|2004
2439  1.05+0.23 146.4+6.2 5.45 x 104 VLT Gorosabel et al.|[2004
26.80 1.434+0.44 155.8+8.5 5.45 x 1014 VLT Gorosabel et al|[2004
27.34  1.07+0.53 163.0+14.6 5.45 x 104 VLT Gorosabel et al.|2004
27.78 1.37+0.49 142.1+8.9 5.45 x 1014 VLT Gorosabel et al.|[2004
4751 1264034 164.7+74 5.45 x 1014 VLT Gorosabel et al.|2004
97.29 0.58 +1.08 13.7+24.4 5.45 x 104 VLT Gorosabel et al.||2004




Table 4: Linear polarization measurements carried out for several GRB afterglows. Continued from

Table[3l
Event t—to Piin (C] v Instrument A Ref
(hour) (%) (deg) (Hz)
GRB 021004 888  1.88+0.46  189+7 4.55 x 10™ NOT 2.33  (Rol et al[[2003
912 2244051 175+6 4.55 x 10 NOT Rol et al.|2003
9.60 < 0.60 4.55 x 10 NOT Rol et al.[2003
10.76 < 5.0 (20) 2.43 x 10™ TNG Lazzati et al.|[2003
14.62  0.51+£0.10 126+5 5.45 x 10 VLT Lazzati et al.|2003
16.08 0.71+£0.13 140+5 5.45 x 10 VLT Rol et al.[2003)
1883  0.8—1.7 100—147 3.49 —8.57 x 10™ VLT Lazzati et al.[2003)
Wang et al.||2003)
90.7 0434020 45412 5.45 x 10 VLT Lazzati et al.[2003)
GRB 030226 25.39 < 1.1 (20) 4.55 x 10 VLT 1.99  (Klose et al.[20044)
GRB 030328 18.5 2.4+0.6 170+ 7 5.45 x 10 VLT 1.52  (Maiorano et al.[2006
GRB 060418 0.057 < 8 (20) 5.08 x 10 LT 1.49  (Mundell et al.[2007
GRBO71010A  21.51 < 1.3 (30) 4.55 x 10 VLT 0.99  (Covino et al[2008)
GRB 080310 2421 < 2.5 (20) 5.45 x 10 VLT 2.43  (Littlejohns et al.[2012
47.08 < 2.5 (20) 5.45 x 10 VLT Littlejohns et al./[2012
70.48 < 2.6 (20) 5.45 x 10 VLT Littlejohns et al.|[2012
GRB 080928 15.2 2.5+0.5 27+3  4.25—6.00 x 10** VLT 1.69  (this paper)
GRB 090102 0.045 10.1+£1.3 5.08 x 10 LT 1.55  (Steele et al|[2009)
GRBO091208B  0.10 10.4 +2.5 92+ 6 4.55 x 10 Kanata 1.06  (Uehara et al.[[2012)
GRB100906A ~0.5 <10 (60%) ~5x 10" MASTER 1.73  (Gorbovskoy et al.[2012)
GRB110205A 0.0675 < 16 (30) 5.08 x 10 LT 2.21  (Cucchiara et al[2011
0.93 <62 (20) 5.08 x 10™ LT Cucchiara et al.[2011
3.53 1.4 4.55 x 10** CAHA Gorosabel et al.[[2011
GRB 120308A  0.0292 28 +4 34+4 5.08 x 10 LT Mundell et al[2013
0.0594 23+4 44+6 5.08 x 10 LT Mundell et al|2013
0.0892 1775 51+£9 5.08 x 10 LT Mundell et al|[2013
0.1189 1677 40410 5.08 x 10 LT Mundell et al|2013
0.1792 1615 5549 5.08 x 10 LT Mundell et al|2013
GRB121011A ~0.5 < 15 (60%) ~5x10™ MASTER Pruzhinskaya et al|[2014
GRB 130427 36 < 3.9 (30) 4.8 x 10° EVN 0.34  (van der Horst et al.|[2014
60 < 7.5 (30) 4.8 x 10° EVN van der Horst et al.|[2014
110 < 21 (30) 4.8 x 10° EVN van der Horst et al.[[2014
GRB131030A 0.9 21+1.6 27 4+ 22 4.55 x 10 Skinakas 1.3m  1.29  (King et al.[2014)
GRB140430A  0.051 <22 (30) 5.08 x 10 LT 1.60  (Kopag et al|2015
GRB150301B  0.023 > 7.6 5x 10" MASTER 152 (Gorbovskoy et al.|[2016)
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cult interpretation.

The reverse-shock emission in the radio band,
as a potential probe of emission from the GRB
ejecta, has attracted a considerable attention
also because in the radio band the time evo-
lution is slower than in the optical. Obser-
vations of radio flares are indeed often inter-
preted as due to the reverse-shock, and rather
mild limits for linear and circular polarimetry
in this scenario for three events, GRB 990123,
GRB 991216, GRB 020405, were presented and
discussed by |Granot & Taylor| (2005).

One of the most interesting datasets was in-
stead obtained for GRB 020813 (Gorosabel et al.
2004; Lazzati et al. 2004a). For this event it
was possible to secure observations before and
after the jet-break time with the ESO-VLT.
Spectro-polarimetric observations were also ob-
tained (Barth et al.2003) with the Keck tele-
scopdﬂ The linear polarization was slightly
higher than 2% at about 5-8hours after the
GRB, and later was detected at ~ 1% level with
an almost constant (or weakly changing) position
angle. In particular, no large rotation of the po-
sition angle was observed before and after the
jet-break time (0.4-0.9 days). GRB 020813 was
also characterized by a very smooth light-curve
(Gorosabel et al.|2004), ensuring that inhomo-
geneities in the fireball or in the surrounding cir-
cumstellar medium are not important and there-
fore unable to significantly affect the polarization
In Lazzati et al.| (2004a)) sev-
eral possibilities were discussed, including sce-
narios with magnetized jets. An important re-
sult was that models based on homogeneous jets,
implying a 90° rotation, are ruled out by the
data. On the contrary, models described by
structured jets, predicting a polarization peak
close to the jet-break time (Rossi et al. [2002;
Lazzati et al.|2004a; |[Rossi et al.|2004), are more
consistent with the data. However, as suggested
by the relatively high polarization value found at
early times, models assuming a magnetized jet,
i.e. a jet with a non-negligible toroidal compo-
nent, are also able to satisfactorily fit the data
both for homogeneous and structured jets. [Wu
et al.| (2005) showed that GRB 020813 polarimet-
ric and photometric data could also be success-
fully modeled by a two-component jet with the

measurements.

"http://www.keckobservatory.org

line of sight within the wide component to en-
sure the constancy of the polarization position
angle. Attempts to model the polarization evolu-
tion of GRB 080203 were also proposed by [Dado
et al. (2004)), in the context of their “cannonball”
model. Since the intrinsic afterglow emission
from the fireballs, plasmoids ejected by the cen-
tral engine of the GRB at very high Lorentz fac-
tor (see Dado et al.2004] and references therein)
should be unpolarized, the observed polarization
is attributed to the effect of dust along the line
of sight in the GRB host galaxies. The lack of
sizable reddening in the total multicolor light-
curve modeling is however difficult to reconcile
with this scenario.

Multiple observations covering the afterglow
evolution from about 0.3 to 3 days after the high-
energy event were obtained also for GRB 021004.
In this case the light-curve was characterized
by several re-brightenings making the modeling
more complex (Bjornsson et al.|2004) and not
allowing in particular to single out unambigu-
ously the jet-break time. Polarimetry was car-
ried out with the NOT (Rol et al.|2003)) at about
9 hours after the GRB and with the ESO-VLT a
few hours later. The polarization degree was ap-
proximately constant at 1—1.5% but the position
angle changed by ~ 45° between the NOT and
VLT observations. More polarimetric observa-
tions were presented by |Lazzati et al.| (2003) ob-
tained with the TNGEin the J band ~ 10 hours
after the GRB and with the ESO-VLT in the
optical between ~ 14 and ~ 90 hours after the
high-energy event. The TNG observation gave
a 5% upper limit while with the VLT the mea-
sured polarization decreased from ~ 1.3% down
to ~ 0.7%, showing also a rotation of the position
angle consistent with a gradual 90° rotation with
respect to the earliest measurements. Spectro-
polarimetry, obtained with the ESO-VLT about
18 hours after the GRB, showing a polarization
~ 1.8% and position angle ~ 118°, were pre-
sented and discussed by |Wang et al.| (2003) and
Lazzati et al. (2003)).

The typically low observed polarization and
the relatively high redshift of the GRBs imply
that any possible contribution due to dust in the
host galaxy must be carefully considered. The
possibility that the observed linear polarization
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from GRB afterglows could be just an artifact
due to dust in the host galaxies was already dis-
cussed for other events and typically ruled out
by the low level of observed reddening in multi-
colour photometry. The contributions to the
observed polarization due to dust in the Milky
Way and in the host galaxy can be modeled, as-
suming a dichroic medium inducing a polariza-
tion paust = ¢° + u? to background unpolarized
sources, by a Mueller matrix (Tinbergen|1996; di
Serego Alighieri|1997) of the form:

1 q U 0
| a q2p+Au2 un(21—A) 0
M = e qu(ciLfEA) UQi‘thqQ (8)
U 5 5 0
Pust Plust
0 0 0 A

where A = /1 —pﬁust, and e~ 7 is the opacity

of the medium to non-polarized radiation. For a
deeper discussion about the range of validity of
Eq.[8] see [Landstreet & Angel (1972).
Simulations carried out for the case of
GRB 021004 (Lazzati et al.|2003) showed that
for low polarization levels a change of the posi-
tion angle by a large amount due to the superpo-
sition of a varying, in intensity and polarization,
source (the afterglow) and the effect of dust in
the host galaxy is possible. However, a detailed
fit based on the geometric model (Ghisellini &
Lazzati||1999; Sari|1999) was difficult to achieve.
The irregularities of the light-curve could pos-
sibly be due to inhomogeneities in the external
medium or in the fireball itself. In both cases the
break of the symmetry of the system can gen-
erate some polarization superposed to the gen-
eral trend, making a reliable modeling depen-
dent on too many free parameters considering
the limited observational data. As a matter of
fact, Bjornsson et al. (2004) showed that with
the addition of a few episodes of energy injec-
tions the light-curve and the polarization evolu-
tion can satisfactorily be modeled assuming an
homogenous jet structure. The effect of energy
injection on polarization is due to the tempo-
rary increase of the fireball Lorentz factor I'. In-
creasing I' the flux also increases, the relativis-
tic aberration becomes more important and the
emitting surface area decreases with a net re-
sult of a smaller polarization degree compared to
an unperturbed situation. Rather interestingly,

21

adopting a blast wave energy distribution lacking
of axial symmetry allows one to obtain correlated
light-curve and polarization degree and position
angle variations, also able to satisfactorily model
the GRB 021004 data (Nakar & Oren |2004)).

For two more events only a few polarimet-
ric measurements could be carried out. A
stringent upper limit at 1.1% was obtained for
GRB 030226 about one day after the GRB (Klose
et al|2004a). For GRB 030328 polarization at
P ~ 2.4% was instead observed about 18hours
after the GRB (Maiorano et al.|2006]), probably
intrinsic to the event due to the low local extinc-
tion as inferred by multi-color photometry and
spectroscopy of the afterglow.

A fundamental breakthrough in the obser-
vational activities of GRB afterglows occurred
with GRB 030329 (Greiner et al. 2003; Magal-
haes et al.|2003; Klose et al.[|2004bj Taylor et al.
2004} 2005). GRB 030329 was discovered by the
HETEII satellitd’] and was one of the few cases
of low redshift GRBs (¢ ~ 0.17). Being in ad-
dition a regular cosmological GRB, i.e. not part
of the category of low-luminosity low-redshift
events (Pescalli et al|2015)), it showed an op-
tical brightness sufficiently high to allow about
one month of uninterrupted polarimetric obser-
vations in the optical (Table[f) with the ESO-
VLT, the CAHA, the NOT, the IAG-USP[7 and
much longer in the radio with the VLBAE]. The
afterglow polarization showed a strong variabil-
ity in polarization degree and position angle.
The polarization was typically in the 0.3-2.5%
range, and spectropolarimetry or multi-band ob-
servations showed that the position angle was
constant in the optical and NIR bands. The
light-curve of GRB 030329 was characterized by
numerous bumps and wiggles, and after about
10 days a supernova component also affected the
observations. The modeling of these polarization
data is beyond the capabilities of any scenario
discussed so far, lacking for instance of any clear
correlation between polarization and light-curve
behavior. Possibly, the observed emission and
polarization is therefore due to the superposition
of different phenomena that make a proper mod-
eling difficult to achieve (Greiner et al. 2003).

“http://space.mit.edu/HETE/
Yhttp://www.iag.usp.br/astronomia/
"https://public.nrac.edu/telescopes/vlba



The vanishing radio polarization at late-times
might be due to much less ordered than expected
magnetic fields and/or Faraday rotation depo-
larizing the emission at the radio bands (Taylor
et al.[2005).

The observations of GRB 030329 signaled,
symbolically, the end of the “golden age” of GRB
afterglow polarimetry. In fact, it became clear
that the phenomenology offered by the GRBs
even during the afterglow was much richer than
expected, that models required a large set of pos-
sible and weakly constrained additions, and that
in any case a full coverage of the polarimetric
time-evolution of a typical afterglow was a very
demanding task even for a 8 m class telescope.

While activities for the late afterglow contin-
ued, the attention of the community was more
and more devoted to the early afterglow and the
reverse shock phases that were becoming obser-
vationally accessible thanks to a new generation
of intermediate size robotic telescopes and detec-
tors. The first result came for GRB 060418, an
event that was covered by robotic telescopes in
the optical starting from a minute by the high-
energy alert (Molinari et al.|[2007) and in po-
larimetry by the Liverpool Telescope{T_Q] (LT) af-
ter about three minutes, in a large band roughly
centered on the V' and Rc filters (Mundell et al.
2007)). The observations yielded only a mild up-
per limit, P < 8%, that however was of con-
siderable importance since it was obtained in a
previously unexplored region of the GRB after-
glow emission. Depending on the energy content
of the outflow, e.g. a hot fireball or a Poynt-
ing flux dominated scenario (Covino| 2007), it
is possible to observe a rather large linear po-
larization at early time in particular if the op-
tical emission comes from the reverse-shock or
there is large scale ordered magnetic field (Gra-
not & Konigll 2003; |[Rossi et al.| [2004; |Lazzati
et al. 2004a; Sagiv et al.| 2004). A detailed
analysis of the early-time light curve observed
by the REMEI telescope (Molinari et al.[|2007)
shows that very likely the initial optical peak of
GRB 060418 is due to the forward-shock onset,
and that reverse-shock emission for this event
was at most comparable to the one from the
forward-shock (Mundell et al.2007; |Jin & Fan

2http://telescope.livim.ac.uk
Bhttp: //www.rem.inaf.it
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2007)), thus diluting the total polarization below
the derived limit. Therefore large-scale ordered
magnetic fields are not dominant in the afterglow
emission of GRB 060418 at early times.

VLT observations close to an achromatic
break, likely a jet break, in the afterglow light-
curve were obtained for GRB071010A (Covino
et al.|2008), yielding a strong upper limit at
P < 1.3%. Single epoch measurements do not in-
trinsically allow an unambiguous interpretation,
yet such a low value might argue against a struc-
tured jet since close to the jet-break time it is
expected to record the maximum linear polariza-
tion for a given event. Spectropolarimetry with
the VLT was obtained for GRB 080928, showing
a mild polarization level at about 2.5%. VLT
observations of the GRB 080330 afterglow (Lit-
tlejohns et al.2012)) resulted in upper limits at
the 2-3% level, and therefore not able to put spe-
cific constraints on the afterglow modeling and
the jet structure.

A breakthrough occurred with the early-time
observations of GRB 090102 (Steele et al.|[2009)
with the LT telescope. A high linear polarization
at ~ 10% level was measured about 3 minutes
after the high energy event. The analysis of
the optical light-curve of GRB 090102 (Gendre
et al.2010) suggested that the early-time emis-
sion could be interpreted as the decaying part
of a reverse-shock. The simplest interpretation
for the high polarization is that a large-scale or-
dered magnetic field is driving the relativistic
outflow, and this would be the first direct evi-
dence of such magnetic fields in these sources. A
high (and declining with time) polarization dur-
ing the reverse-shock phase is a common feature
of magnetic models of GRBs (e.g., [Zhang & Yan
2011]).

Another large dataset was obtained with the
ESO-VLT for GRB091018 (Wiersema et al.
2012)), comprising optical linear polarimetry,
covering the evolution of the afterglow within
0.13 - 2.3days after the burst, and deep opti-
cal circular polarimetry. Near-infrared linear po-
larimetry was also obtained. The afterglow evo-
lution was also very well sampled allowing the
authors a very reliable analysis of the polariza-
tion evolution. The linear polarization degree
shows variability from 0 up to 3% both on short
and long time-scales. For the circular polariza-



Table 5: Linear polarization measurements carried out for the afterglow of GRB 030329.
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Event t—to Piin (C] 1% Instrument =z Ref
(hour) (%) (deg) (Hz)
GRB030329 1277 092+0.10 86.13 +2.43 4.55 x 10T VLT 0.17  (Greiner et al[2003
13.18  0.86+0.09 86.74 & 2.40 4.55 x 10 VLT Greiner et al|2003
13.61 0.87+0.09 88.60 + 2.64 4.55 x 10** VLT Greiner et al.[2003
14.04 0.80+0.09 91.124+2.88 3.53 —4.55 x 10** VLT Greiner et al.|[2003
16.61  0.66 +£0.07 78.52+2.94 4.55 x 10 VLT Greiner et al.|[2003
17.11  0.66 £0.07 76.69 + 2.89 4.55 x 10** VLT Greiner et al.[2003
17.62  0.56 +0.05 74.37 +3.11 4.55 x 10'* VLT Greiner et al.|[2003
3519 2.104£1.20 54.1410.4 1.39 x 10" CAHA Klose et al.[2004b)
36.49  1.9740.48 83.2 4.55 x 10* TAG-USP Magalhaes et al.[[2003)
36.72 1.10 +0.40 70+ 11 4.55 x 10** CAHA Greiner et al.[2003)
Klose et al.[[2004b))
37.20 1.37+0.11 61.65+2.38 4.55 x 10** VLT Greiner et al.[2003
37.92 150+0.12 62.29+244 4.55 x 10** VLT Greiner et al.|[2003
40.08 1.07+0.09 59.414+2.51 3.53 —4.55 x 10** VLT Greiner et al.|[2003
40.80 1.0940.08 66.07 +2.45 4.55 x 10** VLT Greiner et al.[2003
Klose et al.|[2004b)
4128  1.024+0.08 67.05 £ 2.60 4.55 x 10 VLT Greiner et al[[2003
4176 1.134+0.08 70.56 + 2.51 4.55 x 104 VLT Greiner et al.|[2003
64.32  0.52+0.06 30.76+5.04 3.53—4.55x 10%* VLT Greiner et al|2003
64.80 0.52+0.12 12.55+4.63 4.55 x 10 VLT Greiner et al|2003
65.28  0.31+0.07 24.50+6.94 4.55 x 10** VLT Greiner et al.[2003
84.96 0.57+0.09 53.85+4.08 4.55 x 10** VLT Greiner et al|2003
85.44 0.53+0.08 57.08 % 4.06 4.55 x 10 VLT Greiner et al.|2003
85.92  0.42+0.10 62.21 £6.10 4.55 x 10** VLT Greiner et al.[2003
135.84 1.68+0.18 66.32 +3.38 4.55 x 10 NOT Greiner et al.|2003
183.36 2.22+0.28 75.16 + 3.32 4.55 x 1014 VLT Greiner et al.|2003
185.04 <1 (30) 8.4 x 10° VLBA Taylor et al.[[2004)
230.16 1.33+0.14 70.91 +3.31 4.55 x 10 VLT Greiner et al.[2003
326.40 2.04+0.57 1.16+7.64 4.55 x 104 VLT Greiner et al.|2003
540.00 0.58+0.10 42.704+9.26 4.55 x 10** VLT Greiner et al.[2003
696.00 1.49+0.56 99.71 £ 6.60 4.55 x 10 VLT Greiner et al.|2003
900.00 1.48 £0.48 25.42+4+9.41 4.55 x 104 VLT Greiner et al.|[2003
1992 < 1.8 (30) 8.4 x 10° VLBA Taylor et al.[2005
5208 < 4.7 (30) 8.4 x 10° VLBA Taylor et al.|[2005
Table 6: Circular polarization measurements carried out for several GRB afterglows.
Event t—to Peire v Instrument =z Ref
(hour) (%) (Hz)
GRB 990123 30.0 <32 (30) 846 x 10° VLA 1.6 Kulkarni et al.|1999)
Granot & Taylor|[2005
GRB 991216 35.8 <17 (30)  8.46 x 10° VLA 1.02 (Granot & Taylor|[2005
64.3 <15 (30)  8.46 x 10° VLA Granot & Taylor|[2005
GRB 020405 28.6 <19 (30)  8.46 x 10° VLA 0.69 (Granot & Taylor| 2005
GRB 091018 3.74 < 0.15 (20) 4.55x 10* VLT 0.97 (Wiersema et al[[2012
GRB121024A 3,59  0.61+0.13 4.55 x 10** VLT 2.30 (Wiersema et al.|[2014
GRB 130427 36 < 2.7 (30) 4.8 x 10° EVN 0.34  (van der Horst et al.|[2014
60 < 5.7 (30) 48 x 10° EVN van der Horst et al.[[2014
110 < 15 (30) 48 x 10° EVN van der Horst et al.|[2014




tion an upper limit of P, < 0.15% was derived.
Linear polarization data are reported in Tablel[T]
while circular polarization data are reported in
Table[6] The analyses of the light-curve allowed
the identification of an achromatic break, the so-
called jet-break, and the polarimetric observa-
tions well cover the earlier and later evolution of
the afterglow. The initial part shows a smooth
increase up to P, ~ 2% rather well described by
a model assuming a homogenous jet (Rossi et al.
2004). After the jet-break the polarimetric be-
havior is more chaotic, possibly due to the pres-
ence of low-intensity bumps in the total light-
curve. Nevertheless, the position angle seems to
show a rotation by ~ 90°, as predicted by the ge-
ometric models (Ghisellini & Lazzati|1999; Sari
1999)). This is the first possible identification of
the position angle swing in a GRB afterglow po-
larization curve (Fig.[7])). The low level of circular
polarization detected during the first hours of af-
terglow evolution is also in agreement with the
expectations for an afterglow not characterized
by a strong ordered magnetic field (Toma et al.
2008]).

One more measurement of high polarization
at early times was carried out for GRB 091208B
with the Kanata 1.5m telescopﬁ obtaining P ~
10% several minutes after the events (Uehara
et al.[2012). The early-time afterglow light-curve
is consistent with a standard forward-shock emis-
sion. The high symmetry of the early afterglow
evolution phase should be characterized by a low
polarization level, if any, unless some other com-
ponent is present, i.e. a reverse shock, or the
symmetry is broken as due to a large scale mag-
netic field. If the emission is indeed due to the
forward-shock the magnetic field is not likely ad-
vected from the central source by the expanding
outflow and should be generated locally. |Uehara
et al.| (2012)) suggest that if the shock sweeps in-
homogeneous external medium instabilities can
grow producing strong random magnetic fields
on large scales (Sironi & Goodman 2007; [Inoue
et al.[2011) that could decay slow enough to sur-
vive in the entire emission region. Applying the
same idea developed for the “patchy-model” by
Gruzinov & Waxman| (1999), the length scale of
these fluctuations must be I, ~ 4 x 10 cm and

“http://hasc.hiroshima-u.ac.jp/telescope/kanatatel-
e.html

the polarization angle should change randomly
with time.

The interest in the early-time GRB optical po-
larization is also shown by the development of
instruments able to measure linear polarimetry
of very bright GRB optical counterparts as the
MASTER Global Robotic Net®l Some of these
measurements could possibly be more related to
the prompt emission rather than the afterglows.
Yet we report them here for completeness.
Gorbovskoy et al.| (2010) polarization at several
percent for GRB 091127 was reported but a re-
analysis of the data showed that it was likely an
artifact due to adverse atmospheric conditions
(Gorbovskoy et al.|2013). Upper limits at about
10% and 15% are also reported for GRB 100906 A
and GRB 121011A during the first hour of after-
glow evolution (Gorbovskoy et al.[2012; |Pruzhin-
skaya et al.|2014)). Sparse data indicating a pos-
sible polarization at a few per cent level dur-
ing early afterglow evolution of GRB 110205A
were also reported by |Cucchiara et al. (2011)
and (Gorosabel et al.| (2011) with the LT and the
CAHA.

An amazing discovery, made again with the
LT, was the observation of a decaying polar-
ization, with an essentially constant position
angle, with a maximum polarization at about
30% several minutes after the high-energy event
of GRB120308A (Mundell et al.|2013). The
constancy of the position angle basically rules
out plasma or magnetohydrodynamical insta-
bilities that are not supposed to show coher-
ent properties during the early afterglow evolu-
tion. Modeling in addition the early-time light-
curve with contributions both from the reverse-
and forward-shock, these observations imply a
magnetized baryonic jet with a large-scale uni-
form field (Mundell et al.|2013} Lyutikovi|2013).
GRB 120308A polarimetry was also analyzed in
detail by Zhang et al.|(2015]) using all the avail-
able afterglow data. They derived that the
strength of the magnetic field in the reverse-
shock region should have been an order of magni-
tude stronger than in the forward-shock region.
As a consequence, the outflow turned out to be
mildly magnetized, at a level o of a few per-
cent. The polarimetric observations therefore
definitely show that for at least some GRBs a

In

Shttp://observ.pereplet.ru
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Table 7: Linear polarization measurements carried out for the afterglows of GRB 091018.

Event t—to Piin (C] v Instrument =z Ref
(hour) (%) (deg) (Hz)

GRB091018  3.17 < 0.32 (1lo) 4.55 x 10 VLT 0.97 (Wiersema et al.[2012
4.33 0.21+0.31 177.0+47.5 4.55x 10* VLT Wiersema et al|2012
473  056+0.27 37.7+247 455 x 10** VLT Wiersema et al|2012
5.11 0.26 + 0.31 9.2+43.7 455 x 10* VLT Wiersema et al.|[2012
5.53 < 0.32 4.55 x 10 VLT Wiersema et al|2012
5.91 1.07+0.30 179.24+16.1 4.55 x 10** VLT Wiersema et al|2012
6.33 0.78 £ 0.31 3.9+21.2 455 x 10* VLT Wiersema et al.|[2012
6.70 0.84+0.30 171.14+19.9 4.55x 10™ VLT Wiersema et al|2012
10.34 2.0+0.8 10.9+20.9 1.39 x 10** VLT Wiersema et al.|[2012
1092 1.44+0.32 22+12.6  4.55 x 10*4 VLT Wiersema et al|2012
11.30  0.94 +0.32 8.0+18.6  4.55x 10" VLT Wiersema et al|2012
27.35  1.734+0.36 69.8+11.7 4.55x 10** VLT Wiersema et al|2012
27.73  3.254+0.35 57.6+6.1  4.55 x 10* VLT Wiersema et al.|[2012
28.16 1.994+0.35 27.6+10.0 4.55x 10 VLT Wiersema et al|2012
2854 1.424+0.36 114.6+14.0 4.55 x 10** VLT Wiersema et al.|[2012
28.97 0.274+0.38 101.6+47.1 4.55 x 10%* VLT Wiersema et al.|[2012
29.35 1.00+0.38 102.2+20.2 4.55x 10*4 VLT Wiersema et al.|[2012
32.64 0.41+0.34 168.8+36.6 4.55x 10** VLT Wiersema et al.|[2012
33.40 0.97+0.32 328+17.8 4.55x 104 VLT Wiersema et al.|[2012
34.78 1.084+0.35 88.7+17.9 4.55x 10 VLT Wiersema et al|2012
57.37 1.4540.37 169.0+14.3 4.55 x 10** VLT Wiersema et al|2012
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Figure 7: Linear polarization (top) and polarization angle (bottom) as a function of the time since
burst in terms of the break time in the optical light-curves of GRB 091018 (green) and GRB 121014A
(red). The dotted lines show the average position angle before and after the jet-break to show the
predicted 90° position angle swing. From [Wiersema et al.| (2014)).
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relevant fraction of the energy is released in the
form of Poynting flux. Lan et al.| (2016a) ana-
lyzed the total and polarized early-time curves
for this event deriving that both a toroidal and
aligned with the jet axis configurations for the
magnetic field are possible.

Relatively later time observations cannot fol-
low the diagnostically important early afterglow
but can carry out observations with bigger tele-
scopes allowing us to test unexplored regimes.
This was the case of GRB121024A that was
intensively observed with the VLT (Wiersema
et al. 2014) starting from a few hours after the
GRB and obtaining a positive and highly unex-
pected detection of circular polarization, P =
0.61 =+ 0.13%, together with an extensive lin-
ear polarimetric monitoring (Table[§). The first
observations showed a rather high polarization
level, P, ~ 5%, with a global decreasing trend
with time and a constant position angle. Ob-
servations carried out the night after, showed
a lower polarization level with a clear 90° ro-
tation of the position angle. Analysis of the
light-curve allowed us to identify a jet-break be-
tween the two sets of observations and this is a
very clear identification of the polarization angle
swing predicted to occur around the jet-break
time of a homogeneous jet that is not spread-
ing sideways (Rossi et al.[2004). During the cir-
cular polarimetry measurement the linear polar-
ization was about 4%, and therefore the circu-
lar to linear polarimetry ratio turned out to be
Peirc/Pin ~ 0.15, a very high value, orders of
magnitudes greater than the theoretical expecta-
tions (Matsumiya & Iokal[2003; Sagiv et al.|[2004;
Toma et al. 2008). If the emission process is
synchrotron the expected polarization is indeed
Peire ~ 74 L where v is the random Lorentz fac-
tor of the accelerated electrons emitting the ob-
served radiation. This relation holds under the
assumption of isotropic pitch-angle distribution
and ordered magnetic fields (Toma et al.[[2008)),
and the high value of measured circular polariza-
tion poses a challenge to this assumption. Fur-
thermore, a detailed analysis carried out by |[Nava
et al| (2016]) suggests that under the hypothe-
sis of optically thin synchrotron emission such a
high value of circular to linear polarization ra-
tio is not possible even with extremely isotropic
pitch-angle distribution. A satisfactory interpre-

tation of this striking result is still missing.

Radio observations at 4.8 GHz with the EVNLY
reporting upper limits at a few per cent lev-
els both for linear and circular polarimetry of
GRB 13042A7 were obtained by [van der Horst
et al. (2014), while a low-significance polariza-
tion measurement obtained with the Skinakas
Observatory 1.3m telescope{T_'?]7 during the first
two hours after GRB 131003A, are reported by
King et al| (2014). The LT obtained a lower
limit at about 22% for GRB 140430A when the
prompt phase was still active, a few minutes af-
ter the high-energy event (Kopac et al.[[2015]).
How to interpret the limits depends on how many
components were contributing to the measured
optical photons, i.e. reverse- and forward-shock
and in which proportion. The analysis of the
early-time observations for this event unfortu-
nately did not allow us to derive a firm conclu-
sion. Finally, the MASTER network was able
to obtain a rather interesting lower limit, at
about 8%, 1-2 minutes after GRB 150301B (Gor-
bovskoy et al.[2016)).

4 Polarimetry and Lorentz in-
variance violation

An interesting aspect related to measurements of
linear polarization of GRBs and in general of cos-
mological sources is the possibility to constrain
Lorentz invariance violations (LIV), i.e. the in-
variance of the laws of physics under rotation
and boosts.

In general, it is possible to describe light as
composed of two independently propagating con-
stituent waves, each possessing a polarization
and a velocity. Certain forms of relativity vi-
olations cause light to experience birefringence,
a change in polarization as it propagates. The
changes grow linearly with distance travelled,
so birefringence over cosmological scales offers a
sensitive probe for relativity violations. Searches
for this vacuum birefringence using polarized
light emitted from sources at cosmological dis-
tances yield some of the sharpest existing tests of
relativity (Kostelecky & Mewes 2006). In addi-
tion, polarimetry of a large number of cosmologi-

Yhttp://www.evlbi.org
"http:/ /skinakas.physics.uoc.gr /en/

26



Table 8: Linear polarization measurements carried out for the afterglows of GRB 121024A.

Event t—to Piin (C] v Instrument =z Ref
(hour) (%) (deg) (Hz)
GRB121024A  2.69 4.094+020 163.7+£28 4.55x 10™% VLT 2.30 (Wiersema et al[2014)
296  4.83+£020 160.3£2.3 4.55x 10 VLT (Wiersema et al.|[2014)
411  3.8240.20 182.74+3.0 4.55 x 10™* VLT (Wiersema, et al.|[2014)
4.46  3.1240.19 175.34+3.5  4.55 x 10** VLT (Wiersema et al.|[2014)
4.84 3.394+0.18 178.0£29  4.55x 10 VLT (Wiersema et al.|[2014)
5.23  3.4940.18 180.34+3.0 4.55 x 10™* VLT (Wiersema, et al.|[2014)
562 320+£0.18 174.5+3.3  4.55x 10 VLT (Wiersema et al.|[2014)
2545 0.344+1.09 51.9+67.5 4.55 x 10* VLT (Wiersema et al.|[2014)
26.62 1.494+0.78 93.1+26.6 4.55 x 10" VLT (Wiersema, et al.|[2014)
28.62 2.66+0.60 83.0+126 4.55x 10 VLT (Wiersema et al.|[2014)
29.39  0.864+0.72 101.3+£36.4 4.55 x 10 VLT (Wiersema et al.|2014)

cal sources can also allow interesting tests for the
existence and physical properties of very light
axion-like particles (Bassan et al. [2010; Mena
et al. |2011)).

The possible unification at the Planck energy
scale of the theory of General Relativity and the
quantum theory in the form of the Standard
Model requires to quantize gravity, which can
lead to fundamental difficulties: one of these is
to admit the Lorentz Invariance Violation (LIV)
(e.g. Jacobson et al.|2006} [Liberati & Maccione
2009; Mattingly|2005])

A possible experimental test for such viola-
tion is to measure the helicity dependence of the
propagation velocity of photons (see e.g. Laurent
et al.2011al and references therein). The light
dispersion relation is given in this case by

3
= (9)
where ¥ = hw, p = hk, Mp; is the Planck
Mass, and the sign of the cubic term is deter-
mined by the chirality (or circular polarization)
of the photons, which leads to a rotation of the
polarization during the propagation of linearly
polarized photons. This effect is known as vac-
uum birefringence.
Equation [9] can be approximated as follows

Ww=k+

14 2K ke SR

w+ = k
i Mpy Mp;

(10)

where £ gives the order of magnitude of the ef-
fect. In practice some quantum-gravity theories

(e.g. Myers & Pospelov|[2003) predict that the
polarization plane of the electromagnetic waves
emitted by a distant source rotates by a quantity
Af while the latter propagates through space,
and this as a function of the energy of the pho-
tons, see Eq. where d is the distance of the
source:

k) —w_(k k2d
Ae(p):er( )2(") ( ) d%€2Mpl

(11)

As a consequence the signal produced by a lin-
early polarized source, observed in a given en-
ergy band could vanish, if the distance is large
enough, since the differential rotation acting on
the polarization angle as a function of energy
would in the end add opposite oriented polar-
ization vectors, and hence in a net un-polarized
signal. But this effect is very tiny, since it
is inversely proportional to the Planck Mass
(Mp; ~2.4x10'® GeV), the observed source
needs to be at cosmological distances. The sim-
ple fact to detect the polarization signal from a
distant source, can put a limit to such a pos-
sible violation. This experiment has been per-
formed recently by [Laurent et al.|(2011a), Toma
et al| (2012), and Gotz et al| (2013) making
use of the prompt emission of GRBs. Indeed,
since GRBs are at the same time at cosmologi-
cal distances, and emitting at high energies, their
polarization measurements are highly suited to
measure and improve upon these limits. [Laurent
et al. (2011a)), taking advantage of the polariza-
tion measurements obtained with IBIS on GRB
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041219A in different energy bands (200-250 keV,
250-325 keV), and from the measure of distance
of the source (z>0.02 at 90% c.l., equivalent to a
luminosity distance 85 Mpc) were able to set the
most stringent limit to date to a possible LIV
effect: ¢ <1.1x107'*. We note that, although
Toma et al. (2012) claim to have derived a more
stringent limit (¢ <8x10716), their measure does
not rely on a real measure of the distance of the
GRBs they analyse, but they use a distance esti-
mate based on an empirical spectral-luminosity
relation (Yonetoku et al.|2010), whose selection
effects, physical interpretation, and absolute cal-
ibration are not yet completely understood. By
using the distance measured from the afterglow
absorption spectrum of GRB140206A (23 Gpc)
Gotz et al.| (2014)) obtained

2MpiAO(k) _16
§<(k%_k%)d~1><10 , (12)
improving the previous limit obtained by the
same authors on GRB 061122 (Gotz et al.[2013)
by a factor of three.

Another powerful LIV test was carried out by
Fan et al.| (2007) by means of the spectopolari-
metric observations of the optical afterglows of
GRB 020813 and GRB021004. Since linear po-
larization is a superposition of two monochro-
matic waves with opposite circular polarizations
(see Eq. , the plane of linear polarization is
subject to a rotation along the photons’ path be-
cause of the difference between the two circu-
lar components. For a photon of frequency v
emitted at redshift z and with intrinsic polariza-
tion ®g we havd S}

n+1

D,y = Bo + 7.8 X 106%5;“(%%]05)"“1?’(4 n),

(13)
where I, = \/hG/c3 = hc/Ep is the Planck’s
length-scale, ¢ the speed of light, G the gravita-
tional constant, and F(z,n) a function that de-
pends on the adopted cosmology. For the concor-
dance cosmology, F'(z,n) ~ 1 at redshift z ~ 1,
and increases only slowly at higher redshift. On
the other hand, the dependence on the photon
energy is stronger, v"*! immediately showing
the importance of obtaining polarimetry of cos-

!8The original Eq. 3 in (Fan et al|2007) contained a
typographical error here corrected.

mological sources at the highest possible ener-
gies.

Fan et al. (2007) analyzed the case with n =1
and, by the lack of any rotation of the polar-
ization plane of the spectra of GRB 020813 and
GRB 021004, they could constrain |¢| < 2x 1077
at 3o.

We mention in passing that other limits
on cosmological birefringence were obtained by
means of polarization studies of different classes
of cosmological sources, e.g. radio-galaxies (di
Serego Alighieri et al. 2010).

5 Conclusions

In this paper we have separated the prompt and
afterglow GRB phases mainly for making the
presentation easier to follow and because the ob-
servational techniques and, to some extent, the
theoretical scenarios are different. Nevertheless,
some of the general conclusions hold for both
phases and the available observational material
definitely provides one of the most relevant set of
constraints to the large family of models and pa-
rameters describing the GRB phenomenologies.

The large set of observations available for the
afterglows, mainly but not only in the optical
(Section[3.2)), allows us to derive a few impor-
tant conclusions. First of all, the simple ob-
servations of variable polarization implies that
the afterglow radiation is intrinsically polarized,
thus offering strong observational evidence for
the synchrotron origin of the afterglow emission,
although different scenarios cannot yet be com-
pletely ruled out. The observations of specific
patterns (i.e. the position angle swing) during
the evolution of the afterglows in polarimetry
that have been predicted in advance give also
confidence to the general interpretative scenario,
although exceptions are present. And the de-
tection of circular polarimetry at a level much
higher than expected instead poses a formidable
challenge to our present GRB afterglow emission
interpretation. The solid observations of high
polarization during the early-afterglow strongly
implies that at least some of the GRBs have an
important magnetic energy content. A striking
discovery in itself.

The success of recent observational campaigns
clearly show that a massive approach, trying to
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follow the afterglow evolution from the early-
time, with intermediate-size robotic telescope, to
the late phases, with the biggest available fa-
cilities, is required. And the parameter space
for discoveries is still huge. Radio observations
are promising, in particular with future high-
sensitivity facilities, and mm observations with
ALMA can help to dramatically extend the en-
ergy range of the observations and the testing
capabilities of the various interpretative scenar-
ios.

For the prompt phase the situation is less
clear, but also offering perspective for exciting
discoveries in the near future. A final answer
to distinguish between intrinsic and geometric
models could be obtained by accumulating more
observations. Indeed, models (1-2, 6) — as de-
fined in Section — predict a polarized emis-
sion for all bursts, whereas models (3-5) would
predict that only a small fraction of GRBs are
highly polarized. This shows the importance of
accumulating polarimetric measurements for the
understanding of intrinsic properties of GRBs,
but the current instrumentation is statistically
limited and can provide measurements just for
the brightest events.

Nevertheless, although all currently available
measures (see Table , taken individually, have
not a very high significance (23 o), they indicate
that GRBs are indeed good candidates for highly
~-ray polarized sources, and that they are prime
targets for future polarimetry experiments. On
the other hand, as can be seen from Table [2| the
currently available GRB sample does not show
extreme spectral characteristics, e.g. in terms of
peak energy, but they are on the upper end of
the GRB fluence distribution. This means that,
on one hand, this sample may be well representa-
tive of the whole GRB population. On the other
hand the fluence bias is clearly an instrumen-
tal selection effect due to the high photon statis-
tics needed to perform the polarization measure-
ments in IBIS and GAP.

As discussed above, prompt polarization fea-
tures can be explained by synchrotron radiation
in an ordered magnetic field (Granot|2003; |Gra-
not & Konigl|2003; Nakar et al.2003)), by the jet
structure (Lazzati & Begelman [2009), or , inde-
pendently from the magnetic field structure or
the emission processes, by the observer’s view-

ing angle with respect to the jet (Lazzati et al.
2004b)), even in the case of thermal radiation
from the jet photosphere (Lundman et al.|2014).
In addition the level of magnetization of the jet
can also play a role (Spruit et al.[|2001} Lyutikov
2006). For instance the ICMART model (Zhang
& Yan 2011), which implies a magnetically dom-
inated wind launched by the central engine, pre-
dicts a decrease of the polarization level during
GRB individual pulses, but this hypothesis can-
not be tested with the current data. Indeed, as
pointed out by Toma et al. (2009), the differ-
ent models are hardly distinguishable relaying
only on y-ray data, and a result can be achieved
only on statistical grounds, i.e. having a sam-
ple of several tens of measures at high energies.
This will hardly be achieved before the advent
of dedicated GRB polarimetry experiments, e.g.
POLAR (Bao et al.|2012) or POET (McConnell
et al.|[2009).

Recently, a few polarization measurements of
the very early optical afterglow have been re-
ported sometime while the prompt high-energy
phase was still on going (see also Section .
While Kopac et al.| (2015) and |Gorbovskoy et al.
(2016)) do not report significant detections for
GRB140430A and GRB150413A respectively, for
GRB 150301B a lower limit of 8% has been
reported (Gorbovskoy et al. 2016) (the earli-
est measurement in the co-moving time frame
to date) and for GRB 120308A a high level,
11=28+4%, of linear optical polarization in the
early afterglow has been reported by Mundell
et al. (2013). The latter measure allowed us to
point out the presence of a magnetized reverse
shock with an ordered magnetic field, confirming
the presence of high magnetic fields in the GRB
ejecta, and indicating that the multi-wavelength
approach could be fruitful, even if there is cur-
rently no consensus on the common origin of the
~v-ray and optical emission in the prompt phase
of GRBs (e.g.|Vestrand et al.2005; Stratta et al.
2009; (Gotz et al.|[2011; \Guidorzi et al.[2011]).
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