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Abstract

In spite of extensive observational and theoretical efforts, the nature of gamma-ray burst (GRB)
jets and their central engines remain poorly understood. Some of the questions concerning them are
very difficult or even impossible to answer with the light-curve and spectral information currently
collected from the radio to TeV gamma-rays. On the other hand, polarimetric information can help
providing unambiguous answers to them. We overview recent development of gamma-ray and early
optical polarimetric observations as well as the first detection of radio polarization and their theoretical
implications. Polarimetric observations of prompt emissions and early optical and radio afterglows can
address the emission mechanism, magnetic composition, and geometric structure of GRB jets. The
afterglow polarizations can also address magnetic field structure and electron energy distribution of the
forward shock regions, which are linked to collisionless shock physics and estimate of total jet energies.
We also briefly provide prospects in some key points.
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1. Introduction

Gamma-ray bursts (GRBs) are the most luminous ob-
jects in the universe, and their origins have been an
active research target, related with multi-messenger
astronomy (Murase et al. 2006; Abbott et al. 2017;
Kawaguchi et al. 2018) and observational cosmology
(Toma et al. 2016, for a review). The current obser-
vational data indicate a promising scenario that core
collapse of a massive star or coalescence of a compact
star binary results in the system of a highly spinning
black hole (BH) surrounded by an accretion disk and
produces a relativistic jet, from which the gamma-rays
are emitted. After the prompt gamma-ray emission, the
interaction of the jet with the circumburst medium gen-
erates the reverse shock which propagates within the jet
and the forward shock which propagates outward in the
circumburst medium, both of which emit the long-lived
afterglows in the wavebands from radio to gamma-rays
(Mészáros 2002; Piran 2004; Kumar & Zhang 2015, for
reviews).

One of the major problems is whether GRB jets
are driven by the thermal neutrino energy released
from the accretion disk (Eichler et al. 1989; Zalamea
& Beloborodov 2011) or by the electromagnetic energy
tapped from the rotating central BH (Blandford & Zna-
jek 1977; Komissarov 2004; Toma & Takahara 2016).

Prompt gamma-ray emission mechanism is still also a
mystery, which may provide essential information on the
driving mechanism of jets. The afterglows are known as
synchrotron emission of non-thermal electrons acceler-
ated by the collisionless shocks, while the origin of strong
magnetic field and the electron acceleration mechanism
are not clear yet.
Magnetic fields may play essential roles for all these

problems, and then polarimetric observations are pow-
erful for addressing them (Lazzati 2006; Toma 2013;
Covino & Götz 2016, for reviews). The polarimetric
study is now a frontier of GRB study, i.e., a number of
discoveries have been performed recently in the gamma-
ray, optical, and radio wavebands, as reviewed in the
following sections. We review the current progress of
observations and related theories of the forward shock
afterglows in Section 2., those of the reverse shock after-
glows in Section 3., and those of the prompt gamma-ray
emission in Section 4., and briefly provide prospects in
some key points in Section 5..

2. Forward shock afterglows

2.1. Theories

Late-phase afterglows (say, later than ∼ 104 s after the
prompt emission) are usually explained by synchrotron
emission of electrons accelerated by relativistic collision-



less shock, where strong magnetic field is generated. For
ordered magnetic field, electrons with isotropic momen-
tum distribution emit synchrotron emission with linear
polarization degree ∼ 70% and with polarization direc-
tion perpendicular to both the magnetic field and the
line of sight (Rybicki & Lightman 1979). The circular
polarization is suppressed to the order of ∼ 1/γe, where
γe is Lorentz factor of electrons (Melrose 1980a; Melrose
1980b). An important point is that the magnetic field of
the emitting region (i.e., the shocked fluid) should not be
perfectly ordered, and then the net polarization degrees
reflect magnetic field configuration.

If the magnetic field is generated by plasma insta-
bilities such as Weibel instability, magnetic field direc-
tion should be random on plasma skin depth scales
(Medvedev & Loeb 1999; Sironi & Spitkovsky 2011;
Tomita et al. 2019). If the strong magnetic field is gener-
ated by magnetohydrodynamic (MHD) instabilities such
as Richtmyer-Meshkov instability, the field scale should
be many orders of magnitude larger than the plasma
scales (Sironi & Goodman 2007; Inoue et al. 2013). Then
for isotropic turbulence, the net linear polarization ΠL is
∼ 70%/

√
N , where N is the number of coherent patches

in the visible region (Jones & O’Dell 1977; Gruzinov &
Waxman 99). Therefore it vanishes for the plasma-scale
isotropic turbulent magnetic field.

However, the turbulence of the downstreams of shocks
can be anisotropic with respect to the shock normal, and
then the net linear polarization can be sizable even in
the plasma-scale turbulent field (Sari 1999; Ghisellini &
Lazzati 1999; Lazzati 2006). In such models, if the an-
gular distribution of the jet energy is uniform, the net
polarization is zero in the early phase, but it may be-
come non-zero after the visible region includes the jet
edge. Its position angle (PA) flips by 90 degree when
1/Γ ∼ θj , where Γ and θj are the bulk Lorentz factor
and the opening half-angle of the shocked fluid, respec-
tively. The PA flips do not necessarily occur for the
structured jets (Rossi et al. 2004) and for the shocked
fluids which consist of turbulent field and ordered field
(Granot & Königl 2003).

2.2. Optical and radio polarimetric observations

The late-phase afterglows in the optical band typically
show ΠL ∼ 1−3% (Covino et al. 2003). This simply indi-
cates that the magnetic field in the emitting region is not
highly ordered. The PA flips by 90 degrees were observed
in some GRBs such as GRB 121024A and GRB 091018
(Wiersema et al. 2014) while not observed in some other
GRBs such as GRB 020813 (Lazzati et al. 2004).

Kanata telescope performed the early-phase polarime-
try of GRB 091208B, which appears to be forward shock
emission and has ΠL = 10.4± 2.5%. This does not favor
the plasma-scale random field model. The ordered field
component or the random field on hydrodynamic scales

is required (Uehara et al. 2012).
The degeneracy of magnetic field structure, angular

structure of jet, and viewing angle in the model does
not allow us to obtain a firm conclusion. Very recently,
thanks to the detection of gravitational wave of the
progenitor system, the afterglow of GRB 170817A was
densely observed, and the angular structure and viewing
angle of the jet is highly constrained. For such a case the
anisotropy of the magnetic field can be studied in detail
(Gill & Granot 2020).
Circular polarimetry has also been performed for the

late-phase optical afterglows. A mysterious result was
reported that one of the two GRBs with deep circu-
lar polarimetric observations with Very Large Telescope
showed ΠC = 0.61±0.13% (Wiersema et al. 2014). This
value is several orders of magnitude higher than pre-
diction by the standard models explained above (Mat-
sumiya & Ioka 2003; Sagiv et al. 2004; Toma et al.
2008). Dust scattering effects during the propagation is
thought to be weak because the linear polarization ap-
pears typical (i.e., does not seem to be affected by dust).
Therefore, this high circular polarization may be intrin-
sic, and suggests that extremely anisotropic momentum
distribution of electrons is required in the shocked fluid
(Wiersema et al. 2014; Nava et al. 2016).
Late-phase polarimetric observations in the radio

wavebands were tried for several GRBs, but no detec-
tion had been reported until recently. This is probably
because the observational frequency 9 GHz of the previ-
ous polarimetries with VLA was below the synchrotron
self-absorption frequency, for which the emission was op-
tically thick and unpolarized (Granot & Taylor 2005).
Recently, the first detection of radio linear polarization
has been reported by using ALMA Band 3 (97.5 GHz)
for GRB 171205A (Urata et al. 2019). The linear polar-
ization degree was ΠL = 0.27 ± 0.04%, which is rather
low compared to typical late-phase optical polarization
degrees. The ALMA Band 3 was above the synchrotron
self-absorption frequency, and then this low ΠL may sug-
gest Faraday depolarization effect within the emitting
region (although there was no simultaneous optical po-
larimetric data for this GRB). The Faraday depolariza-
tion can be strong if a fraction f of electrons swept by
the forward shock are just isotropized and remain non-
accelerated (Toma et al. 2008; Eichler & Waxman 2005).
If this is the case, the total GRB outflow energy is 1/f
times larger than the usual estimate with f = 1.

3. Reverse shock afterglows

The reverse shock (RS) emission is theoretically expected
to have steeper optical flux decay than the forward shock
emission in typical cases (Zhang et al. 2003). Then the
RS emission flux can overwhelm the forward shock flux
in the early phase (say t < 103 s), rapid observations are



crucial for detecting the RS component.
The RINGO2 imaging polarimeter on the Liverpool

Telescope successfully detected linear polarization of
many early-phase afterglows, which include seemingly
RS components. They show a tendency that the RS
components have higher ΠL than the forward shock ones
(Steele et al. 2017). This suggests that the jets have or-
dered magnetic field component. A remarkable result is
the observation of GRB 120308A, which shows high ΠL

with the maximum value 28±4% with almost temporally
constant PA (Mundell et al. 2013). A very recent radio
polarimetry of the RS component of GRB 190114C with
ALMA, however, indicates ΠL = 0.87 ± 0.13%, which
seems at odds with the early optical polarimetric results
(Laskar et al. 2019).

4. Prompt gamma-ray emission

4.1. Theories

As introduced in Section 1., GRB jets near the cen-
tral BHs can be dominated by thermal energy flux or
by Poynting flux. Prompt gamma-ray emission of GRBs
with large temporal variability is probably created within
jets. From the gamma-ray spectra and radiative effi-
ciency argument, promising gamma-ray emission mech-
anisms are photospheric quasi-thermal emission and syn-
chrotron emission (Kumar & Zhang 2015). Thus a sim-
ple scenario may be that photospheric emission is at-
tributed to thermally dominated jets, while the syn-
chrotron emission to Poynting flux dominated jets. How-
ever, a problem is not so simple, because the electro-
magnetic energy can be dissipated into thermal energy
during the jet propagation as demonstrated by recent
MHD simulations (Porth & Komissarov 2015; Bromberg
& Tchekhovskoy 2016). The thermal energy may be-
come dominant before the jet becomes Thomson thin,
and then emit bright photospheric emission.

Polarization predicted in the synchrotron models is
similar to that of the forward shock afterglows (see Sec-
tion 2. and Toma 2013). If the magnetic field is amplified
by MHD instabilities, the net ΠL is ∼ 70%/

√
N (Gruzi-

nov & Waxman 99). If the magnetic field directions are
random on the plasma scale and anisotropic with respect
to the shock normal, for the jets with uniform angular
energy distribution, the net ΠL is sizable only for the off-
axis viewing angles θv ∼ θj+1/Γ (Granot 2003; Nakar et
al. 2003). Another possibility is that the ordered (proba-
bly helical) magnetic field is advected to the gamma-ray
emission zone from the central engine, for which the net
ΠL is ∼ 40% for on-axis viewing angles θv < θj (Lyu-
tikov et al. 2003; Granot 2003).

The photospheric emission from a local region of the
jet can also have linear polarization as high as ∼ 40%
(Beloborodov 2011; Ito et al. 2014; Lundman et al. 2014).
The photon intensity distribution in the fluid rest frame

can be anisotropic, and the last Thomson scattering of
the photons makes them polarized. However, the PAs of
the local emissions around the sight line are symmetric,
the high net ΠL is obtained only for the off-axis viewing
angles, similar to the synchrotron model with plasma-
scale random field.

As expected from the above theories, Monte Carlo
simulations of the observed linear polarization from uni-
form jets with random viewing angles show that ΠL is
clustered at ΠL ∼ 40% for the synchrotron model with
ordered field, while at ΠL < 10% for the synchrotron
model with plasma-scale random field and the photo-
spheric emission models (Toma et al. 2009; Gill et al.
2020). Similar results are obtained for the structured
jets (Gill et al. 2020).

4.2. Gamma-ray and optical observations

The first gamma-ray polarimetric detector designed for
GRBs is GAP onboard IKAROS solar power sail demon-
strator. It measured the linear polarizations of three very
bright bursts in the 70− 300 keV range (Yonetoku et al.
2011; Yonetoku et al. 2012; Toma 2013). The polariza-
tion detection significance is ∼ 3−4σ, and ΠL > 30% at
2σ confidence level for GRB 110301A and GRB 110721A,
whose gamma-ray durations are relatively short. GRB
100826A with long duration ∼ 150 s shows temporal
change of PA. The observed high ΠL for bright bursts
suggests that the synchrotron emission model with or-
dered field is favored, while the synchrotron model with
plasma-scale random field and the photospheric model
require fine tunings. For the synchrotron model with
hydrodynamic-scale random field, MHD simulations in-
dicate N ∼ 103, so that ΠL ∼ 70%/

√
N is not sufficient

for the measured values (Inoue et al. 2011), although this
theoretical estimate does not take account of anisotropy
of the field directions (Inoue et al. 2013), and the obser-
vational errors are still large.

The IBIS detector on the INTEGRAL satellite ob-
tained the data similar to the GAP results (Götz et al.
2009; Götz et al. 2013). More recently, the POLAR de-
tector on Chinese Tiangong 2 Space Lab performed lin-
ear gamma-ray polarimetry of several GRBs (Zhang et
al. 2019; Kole et al. 2019). The detailed time-resolved
analysis of intensity and polarization of GRB 170114A
shows the spectra consistent with synchrotron emission,
ΠL ∼ 30%, and PA change within a pulse (Burgess et al.
2019a).

In the optical band, the upper limits on prompt emis-
sion linear polarization of GRB 140430A were obtained
as < 30% at 3σ (Kopač et al. 2015). For GRB 160625B,
a hint of optical polarization detection ΠL > 8% was
reported (Troja et al. 2017).



5. Brief summary and key points

We have reviewed the theories of GRB polarization and
various new discoveries in gamma-ray, optical, and ra-
dio polarimetric observations of GRBs. Magnetic field
structure in the external forward shocks are still unclear.
That in the reverse shocks of several GRBs appears more
ordered. More theoretical simulations and more observa-
tional data of the early optical and ALMA band emission
are required for understanding them.

For prompt emission, the high ΠL in the three bright
GRBs measured with GAP favors the synchrotron emis-
sion model with ordered field. More statistical argument
will be possible after the detector POLAR2, a version of
POLAR with 4 times larger effective area, is launched
(planned in 2024), which will perform detailed polar-
ization measurements of 50 GRBs per year (Kole et al.
2019). Recent detailed analyses show that many GRB
spectra can be fitted by synchrotron emission model
(Burgess et al. 2019b; Ravasio et al. 2018), while few
spectra, e.g., GRB 090902B, can be fitted only by quasi-
thermal model (Abdo et al. 2009). It would be interest-
ing if the bursts with synchrotron-like spectra show high
ΠL while those with thermal-like spectra show low ΠL.
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