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Abstract

Linear and circular polarimetry has long been seen as a promising way to study the aspects of jet
physics that are difficult to study with lightcurves and spectral energy distributions alone, such as the
jet structure and collimation, the composition of the ejecta, and the role that magnetic fields play in
relativistic jet physics. Polarimetric measurements are challenging because of the high signal-to-noise that
is required, but a range of new instruments, as well as efficient follow-up strategies, have now resulted in
a small but robust sample of polarimetric measurements of GRB afterglows, at a range of wavelengths.
This sample answers some important questions, but, not unexpectedly, raises new questions as well. Here
we will broadly review the current state of the observational sample, and highlight some future datasets
that would be highly desirable.

Key words: workshop: proceedings — LaTeX2e: style file — instructions

1. The power of polarimetry

Despite the wide increase in wavelength coverage and the
detection of non-electromagnetic emission (gravitational
waves), there are many astrophysical questions relating
to gamma-ray bursts (GRBs) that can not be answered
by simply increasing the volume of lightcurve- or spec-
tral data sets. The importance of polarisation as a key
additional diagnostic of the physics of the afterglows of
GRBs was realised early in the afterglow era: the emis-
sion mechanism(s) giving rise to the afterglow emission
could be probed directly using polarimetry. First mea-
surements showed low levels of polarisation (around the
∼ 1% level) at hours to days after burst, consistent with
expectations from synchrotron emission from a relativis-
tic jet with a low degree of order in the magnetic field
confined to the shock (see Covino & Götz 2016, for
an extensive review). As explained in Covino & Götz
(2016), both the available polarimetric datasets and the
complexity of modelling efforts have grown, allowing us
to use polarisation as a sensitive tool.

2. Observations

Generally speaking, the observational requirements for
polarimetry of afterglows are a function of the time since
trigger (or, more accurately, the flux of the afterglow,
which decays as a powerlaw with time). We can broadly
summarize these regimes as follows:

• At very early times (seconds to perhaps an hour af-
ter burst), the reverse shock may be visible, which
gives a unique view of the nature of the ejecta. At
these times, afterglows can be bright, and polarime-
try may be obtained also with small robotic tele-
scopes (e.g. Steele et al. (2017)). Reverse shock
emission is not always visible in optical afterglows,
so, to be succesful, a large sample size is required.
Given the relatively low number of afterglows that
are accessible within minutes after trigger from a
given site, these are challenging samples to build.
At longer wavelengths (e.g. in radio and submm
wavelengths), reverse shock emission can be seen
for a longer time period, which is helpful, but for
succesful polarimetry highly sensitive telescopes are
needed (e.g. van der Horst et al. 2014; Laskar et
al. 2019). Generally speaking, in this regime the
linear polarisation can be quite substiantial at opti-
cal wavelengths, though this is not always the case
(Steele et al. 2017).

• After the reverse shock emission fades, the forward
shock afterglow becomes visible (in rare cases the
transition from reverse to forward shock regimes can
be polarimetrically detected, Mundell et al. 2013).
In this regime, the polarisation gives us information
on the viewing angle towards the jet, the collima-
tion of the jet, the presence of any ordered regions



(“patches”) and the geometry of the magnetic field
in the blastwave. At this stage, most afterglows are
fairly faint and require ∼ 4m telescopes and larger.

• A little later, a jet break may become visible in
the lightcurve, at times ranging from hours to many
days after burst. This is accompanied by a strong
polarimetric signature, whose nature is dependent
on the (radial) structure of the jet and the viewing
angle (Rossi et al. 2004). Detecting this signature
requires measurements well after the jet break to un-
ambiguously establish a polarisation angle change.
Afterglow lightcurves decay steeply post jet-break,
so detecting these effects requires large telescopes
(8m class).

• When the afterglow has faded sufficiently, a super-
nova (for long bursts) or a kilonova (for short bursts)
may become apparent in the optical lightcurve. Po-
larisation is caused by electron scattering processes,
combined with asymmetry in the emitting area (e.g.
Bulla et al. 2019). Multiwavelength (spectro-
)polarimetry, is particularly diagnostic for both of
these thermal transient types, giving the ability to
observe the polarisation of the continuum and over
the line profiles. Even the lowest redshift GRBs
have supernovae that are fairly faint, and kilonovae
are even fainter, so this generally requires 8m class
telescopes.

2.1. Jet collimation and structure

The internal structure of the jet, the collimation angle
and the viewing angle, reflect in the polarisation be-
haviour (Rossi et al. 2004). A testable prediction is that
a homogeneous jet, with the magnetic field confined to
the shock and without large scale order, and observed
at an angle within the jet opening angle, will show a 90
degree polarisation angle change at a time close to the
jet break time. This can be observed through imaging
polarimetry, but it does require a large scale campaign,
with a relatively large number of datapoints straddling
the jet break. In addition, one has to be lucky that the
jet break occurs somewhere in the polarimetrically sam-
pled part of the lightcurve. So far, there have been two
Swift GRB afterglows where evidence of such a polar-
isation angle change was observed, at times very close
to a lightcurve break consistent with a jet break, and
(by luck) in the middle of a two night linear polarimetry
observing campaign (Wiersema et al. 2014).

2.2. Multi-wavelength polarimetry

In the above and following, the emphasis is on single-
wavelength imaging polarimetry. It is clear that obser-
vations on a wider wavelength range may show more in-
teresting phenomena. Optical spectropolarimetry can
show wavelength dependent linear polarisation induced

by scattering off dust, both in the host galaxy of the GRB
and in our Milky Way. Over a wider wavelength range,
e.g. optical + radio, or optical + sub-mm, there is the
possibility to measure the wavelength dependence of po-
larisation that comes from the propagation of emission in
the blastwave (e.g. Toma, Ioka & Nakamura 2008). This
has been attempted at centimeter wavelengths with some
tentative results (van der Horst et al. 2014, Wiersema et
al. in prep), but has lately become a far more succesful
technique thanks to the excellent polarimetric sensitivity
of ALMA, both for forward and reverse shocks (Urata et
al. 2019; Laskar et al. 2019).

2.3. Circular polarisation

In the above, we mainly discussed linear optical polar-
isation, but for these models we can also predict the
expected circular polarisation. At longer wavelengths
(closer to νa and νm) we expect plasma propagation ef-
fects to be visible on the polarisation, in particularly
the Faraday conversion effect. At shorter, optical, wave-
lengths these effects do not play a significant role, and
we expect the level of circular polarisation to be low, un-
less unusually high levels of dust scattering at unusual
geometry is present (Toma, Ioka & Nakamura 2008;
Wiersema et al. 2014). These optical predictions have
been tested observationally for a handful of GRB after-
glows, which have been selected on brightness, as we
require uncertainties of order 0.1% for limits to be use-
ful. In measurements obtained with the VLT, evidence
for an unexpectedly high level of circular polarisation
was seen for one afterglow (Wiersema et al. 2014). In
subsequent observations of a larger sample of afterglows
with the same instrument, only upper limits were ob-
tained. Interestingly, the one afterglow with a detection
also showed a high level of linear polarisation. At radio
wavelengths, circular polarimetry has been obtained by
VLA and WSRT (e.g. van der Horst et al. 2014), but
limits have not been constraining as of yet.

2.4. Flares, bumps

Many afterglows, particularly the brightest for which
well-sampled lightcurves can be obtained, show bumps,
flares and wriggles in their lightcurves. Flares are par-
ticularly prominent in X-ray wavelengths (e.g. Curran et
al. 2008), but are also seen in some optical lightcurves
(e.g. (Nardini et al. 2014; Malesani et al. 2007) for
examples in long and short burst optical afterglows).
The extensive polarimetry of GRBs 021004 and 030329
(Greiner et al. 2003) has shown that (optical) lightcurve
bumps are generally accompanied by a polarimetric re-
sponse, including a change in angle. This is not unex-
pected, as flares may come from internal shocks - their
properties are similar to GRB prompt pulses. Optical
polarimetry at high signal to noise a few hours to days
after burst may therefore show polarimetric signatures



associated with low level lightcurve bumps in some cases,
see e.g. Wiersema et al. (2012b). Time resolved opti-
cal polarimetry over a large bump/flare will provide a
key diagnostic to separate possible models (e.g. Mao et
al. 2012; Nardini et al. 2014).

3. Supernovae and kilonovae

While the supernovae accompanying (most) long GRBs
are very luminous, most GRB-SNe are not easily studied
in polarimetry because the number of low-redshift GRBs
is very low. Arguably, the most useful technique to study
GRB-SNe is optical spectro-polarimetry, where the po-
larisation over the line profiles can be studied, and com-
pared to the much larger sample of spectro-polarimetry
of nearby regular type Ib/c SNe. The required flux
limit means that only a small sample of GRB-SNe has
spectro-polarimetry observations, notable examples be-
ing GRB 060218/SN 2006aj (Maund et al. 2007) and
GRB 980425/SN 1998bw (Patat et al. 2001). A simi-
lar argument can be made for kilonovae, where there are
currently only polarimetric observations for one source,
GW 170817, the famous NS-NS merger detected by grav-
itational wave interferometers (Covino et al. 2017).
As demonstrated in detailed simulations by Bulla et
al. (2019), the polarimetric signal of kilonovae lasts a
short time, and is dependent on the relative geometry
of the lanthanide rich and poor components. As such,
a simple polarimetric observation can provide the view-
ing angle towards the merger independent of lightcurves,
spectra and GW signal shape (Bulla et al. 2019).

4. Wishlist

In the following we make a crude “wishlist” of polarimet-
ric observations that are currently not available or rare,
and which we believe will give important new insights.

4.1. Short GRBs

Polarimetry of short GRB afterglows is so far limited
to just one example, GW 170817. This enigmatic source
showed an afterglow observed off-axis, i.e. the viewing
angle was larger than the opening angle of the (part of
the) jet that was responsible for the afterglow. In addi-
tion, the data are better fit with a jet that is structured
rather than homogeneous. As such, it was surprising
that the only polarimetric observations of the (faint) af-
terglow were non-detections (Corsi et al. (2018)). These
observations, done in the radio regime, would have been
able to detect the large values of polarisation expected
for structured jets seen off-axis (Rossi et al. 2004; Toma,
Ioka & Nakamura 2008). One of the ways out of this
problem is to assume a more complex magnetic field
geometry, including a component normal to the shock
front (Gill & Granot 2020). The unusual features
of GW 170818 (structured jets, off-axis viewing angle)

make it important to compare to polarimetry of ordinary
sGRB afterglows, presumably mostly seen on-axis. How-
ever, such a sample does not yet exist, mainly because
short GRB afterglows are, on average, fainter than long
GRB ones (which may reflect a lower density environ-
ment compared to long GRBs, e.g. Fong et al. (2015).
Simple single-band imaging polarimetry of short GRB
afterglows is therefore a key priority.

4.2. Selection biases

Since the average polarisation degree of afterglows is low,
particularly in the forward shock regime, it is no surprise
that brightness is the key factor in the selection of after-
glows to study with polarimetry. This may translate in
an undesirable selection bias for physical parameters too.
Doing snapshot observations over the full range of GRBs
(i.e. not pre-selecting for optical brightness) may help
in reducing these biases, and retrieving a true parame-
ter distribution function, but this is somewhat costly in
terms of observing time. This approach will allows us to
place GRB afterglows more reliably in the polarimetric
parameter space of (jet-powered) transients in general
(Higgins et al. 2019).

4.3. Off-axis and orphan sources

Occasionally, some sources may be found that behave
like GRB afterglows but without an associated GRB de-
tection. These may be off-axis, some may be “dirty fire-
balls”, some may have occurred during times when a
gamma-ray detector was simply not observing the rel-
evant part of the sky. In any case, polarimetric obser-
vations of such afterglows would be very helpful in dis-
tinguishing these possibilities. The expected detection
rates in the ZTF era (e.g. Ghirlanda et al. 2015; Lamb,
Tanaka & Kobayashi 2018) will allow this interesting
subset of afterglows to be probed over the coming years.

4.4. Polarisation at other wavelengths

Most of the polarimetric studies of GRB afterglow phe-
nomena took place in optical wavelengths. In recent
years, sensitive radio observatories are opening up the
possibilities for radio and sub-mm polarimetry. As
stated above, the comparison of polarisation at differ-
ent wavelengths can measure properties out of reach of
lightcurves and spectra, such as the amount of cool,
not-accelerated electrons in the shock (Toma, Ioka &
Nakamura 2008; Urata et al. 2019). This requires
quasi-simultaneous optical and radio/sub-mm polarime-
try, which can be achieved in bright cases. In the near
future, X-ray polarimetry of afterglows will become a
possibility, which holds great diagnostic power, particu-
larly for phenomena that are most obvious in the X-ray
regime and much less so at other wavelengths, such as
bright flares and plateaus. Models indicate that satel-
lites like eXTP can achieve the required detection limits
(Geng et al. 2018).



4.5. Jet breaks and structure

The use of polarisation to measure jet opening angles and
viewing angles is so far limited to a handful of sources,
with only two sources that can be considered well moni-
tored and “normal” GRBs (Wiersema et al. 2014). An
increase in that number would allow us to understand to
what extent these two afterglows are representative to
the population as a whole (see e.g. Varela et al. 2016)
and how these results compare to other (statistical) in-
ferences of viewing angle (e.g. Ryan et al. 2015). An
understanding of opening angles, viewing angles and jet
structures is needed to properly infer volumetric rates,
which has direct consequences for models of formation
channels (e.g. Chrimes, Stanway & Eldridge 2020).

4.6. Dusty and dark

Some GRB afterglows are fainter at optical wavelengths
than expected from extrapolation from the simultaneous
X-ray spectrum. This can be caused by high redshift, un-
fortunate afterglow physical parameters, or dust extinc-
tion. The latter is the most common case, some after-
glows are obscured by several magnitudes of extinction
in their host (e.g. Rol et al. 2007). Afterglows with high
levels of dust extinction have provided a wealth of infor-
mation on the molecular and dust environment of these
bursts (e.g. Prochaska et al. 2009; Zafar et al. 2018).
Multiwavelength polarimetry of these sources can help to
understand the properties of the dust via the wavelength
dependent polarisation induced by dust scattering.

4.7. Connecting with prompt

Prompt emission polarisation is still a hotly debated
topic, with different teams, using different instruments
and analysis techniques, finding conclusions that are not
always in agreement. There is clear merit in coupling
prompt emission polarimetry of a GRB to the polari-
sation behaviour of its reverse shock, and to some ex-
tent to the forward shock too. To date, the sample of
GRBs with both a prompt emission polarisation detec-
tion and an afterglow polarisation detection is limited
to one or two cases (e.g GRB 160131A, AstroSAT and
WHT; Wiersema et al. in prep). Increasing this sam-
ple relies partly on luck: the number of GRBs that have
both a sufficiently bright prompt emission and afterglow
and are immediately observable with a polarimeter from
the ground, is small.

4.8. Rare subclasses

There are still some sub-classes of GRBs that are poorly
studied, particularly so in polarisation, for example the
X-ray flashes (e.g. Heise 2003) and the ultra-long GRBs
(e.g. Levan et al. 2014). Both of these show some un-
expected behaviour in their prompt emission and after-
glows. The polarisation of their afterglows may help us
understand why these sources stand out from the general
GRB population (e.g. Urata et al. 2015).
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