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Despite over 50 years ofGamma-RayBurst (GRB) observationsmany open questions remain about
their nature and the environments in which the emission takes place. Polarization measurements
of the GRB prompt emission have long been theorized to be able to answer most of these questions.
The POLAR detector was a dedicated GRB polarimeter developed by a Swiss, Chinese and Polish
collaboration. The instrument was launched, together with the second Chinese Space Lab, the
Tiangong-2, in September 2016 after which it took 6 months of scientific data. During this period
POLAR detected 55 GRBs as well as several pulsars. From the analysis of the GRB polarization
catalog we see that the prompt emission is lowly polarized or fully unpolarized. There is, however,
the caveat that within single pulses there are strong hints of an evolving polarization angle which
washes out the polarization degree in the time integrated analysis. Building on the success of the
POLAR mission, the POLAR-2 instrument is currently under development. POLAR-2 is a Swiss,
Chinese, Polish and German collaboration and was recently approved for launch in 2024. Thanks
to its large sensitivity POLAR-2 will produce polarization measurements of at least 50 GRBs
per year with a precision equal or higher than the best results published by POLAR. POLAR-2
thereby aims to make the prompt polarization a standard observable and produce catalogs of the
gamma-ray polarization of GRBs. Here we will present an overview of the POLAR mission and
all its scientific measurement results. Additionally, we will present an overview of the future
POLAR-2 mission, and how it will answer some of the questions raised by the POLAR results.
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1. Introduction

Gamma-ray bursts (GRBs) are the brightest electromagnetic transient phenomena in the Uni-
verse. Over 5 decades after their discovery, they remain one of the most studied phenomena in
astrophysics. Such studies performed on these transient events have spanned many wavelengths,
from radio wavelengths to TeV energies, and have revealed much about their origin. The initial
phase of a GRB, referred to as the prompt phase is mostly visible in W-rays and has a bimodal dura-
tion distribution, where the short GRBs have a typical duration of CGRB ∼ 10−1 s and the long GRBs
typically last for CGRB ∼ 30s [1]. The prompt emission is followed by a longer lasting afterglow
mostly visible at lower energies. Thanks to measurements of this afterglow, which allow for precise
localization of GRBs, it was possible to associate long GRBs with star forming regions in galaxies
as well as supernovae events, linking them to the death of massive stars [2]. Short GRBs were long
theorized to be the results of neutron star mergers, a theory which was proven by the joint detection
of gravitational waves and the short GRB 170817A [3].

The prompt emission we observe is thought to originate from 2 jets of highly relativistic
material emitted during the death of a massive star, in case of a long GRB, or during a neutron
star merger event in case of a short GRB. The afterglow is then produced as the material in the jets
interacts with the interstellar material around the progenitor. Although the general picture of these
transients are fairly clear, the exact radiation mechanism responsible for the prompt emission and
the morphology and composition of the jets remain poorly understood.

Whereas spectrometry measurements of the prompt emission have provided a deep insight into
the uncertainties raised above, it appears that spectrometry measurements alone will not be able to
fully resolve these. For this purpose W-ray polarization measurements of the prompt emission have
long been proposed as a solution.

Measurements of the polarization degree (PD) as well as the angle will allow to distinguish
between, for example, photospheric emission models and synchrotron emission models. Whereas
further detailed measurements of the distribution of the PD as well as the evolution of the PD and
polarization angle (PA) can answer further questions on for example the magnetic configuration of
the jets. As the type of questions which can be resolved which such measurements is vast as well
as complex, we refer the reader to [4] and [5] for a comprehensive overview of the model resolving
power of W-ray polarimetry.

2. GRB Polarization Measurements by POLAR

Due to thewealth of informationwhich can be gained through W-ray polarizationmeasurements,
a large number of attempts has been made to perform these over the last 2 decades. To date the
polarization of a total of 31 GRBs has been published. For several of these GRBs different groups
have either studied the same data and in one case the polarization was studied using data from 2
different instruments. Despite this effort no strong conclusions can be drawn based on these results
for several reasons. The first is the large statistical errors in all the measurements resulting from the
relatively low sensitivity of W-ray polarimeters which is typically an order of magnitude lower than
that of a W-ray spectrometer. A second issue with the majority of the existing measurements stems
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from systematic errors. For a detailed overview of the polarization measurement performed prior
to 2016 the reader is referred to [6].

In order to produce the first reliable and precise measurements, the last decade has seen the
rise of the first dedicated well calibrated W-ray polarimeters. The first of these was GAP, which led
to publications of polarization measurements of 3 bright GRBs, one indicating a relatively low PD
[7] while the other 2 favoured a PD of ≥ 50% [8]. These first 3 measurements indicated that GRB
polarimetry was possible, however, both the statistical errors and the small sample size still did not
allow to draw any strong conclusions.

The success of GAP was followed up with the launch of the POLAR detector [9]. A dedicated
GRB polarimeter developed by a Chinese, Swiss and Polish collaboration. This plastic scintillator
based instrument was launched as part of the Tiangong-2 spacelab in 2016 and took data for
approximately half a year. During this period a total of 55 GRBs were detected as well as several
pulsars (see [10] for details on the pulsar analysis).

2.1 Time Integrated POLAR results

Out of the 55 GRBs detected by POLAR, 5 were selected for an initial polarization study. The
selection criteria applied were based on the brightness of the GRB, its incoming angle with respect
to the zenith pointing direction of POLAR and the GRB should have been observed by another
instrument.

Figure 1: Posterior distributions of the 14 GRBs ana-
lyzed in [13]. The results appear to indicate a low or
fully unpolarized emission.

The initial criterion is placed to ensure a
signal to background ratio to allow for statis-
tically significant measurements. The second
and third criteria were placed to reduce sys-
tematic uncertainties which are induced by un-
certainties on the spectrum and location of the
GRB, while the last criterion additionally en-
sures that W-rays scattering off materials sur-
rounding POLAR do not influence the final re-
sult.

The 5 GRBs passing the criteria were all
found to be consistent with a low PD and an
unpolarized flux could not be excluded [11].
The analysis procedure was later improved in
order to relax the GRB selection criteria. For
this purpose an instrument independent analy-
sis tool, described in [12], was developed which
apart from polarimetry data allows to include
spectral data from other instruments, such as
Fermi-GBM and Swift-BAT. The spectrometry
data allowed to reduce the systematic errors in
the polarization results stemming from uncer-

tainties in the spectral parameters. Additionally, it allowed to study potential systematic errors in the
POLAR response from, for example, scattering of photons from objects in the vicinity of POLAR.
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This study showed no significant systematic effects in the POLAR instrument response for any of
the GRBs observed by both POLAR and Fermi-GBM or Swift-BAT and indicated a good cross
calibration of the three instruments [13].

Thanks to this new analysis, GRBs only observed by POLAR could be included in the analysis
as POLAR data could now be used to measure the spectrum directly. Additionally GRBs with larger
incoming angles could be analyzed after verification that no additional systematics were present
in the instrument response. Finally, thanks to further improvements in the analysis procedure the
fluence limit was lowered, resulting in a total GRB sample of 14. The posterior distribution of the
PD for all these GRBs is shown in figure 1 [13]. The data and instrument responses required for the
analysis were made public in 20191. Overall the results are fully compatible with an unpolarized
or lowly polarized flux whereas polarization degrees above ∼ 50% are disfavoured.

During the periodPOLARwas active theAstroSatCZTI instrument also performed polarization
measurements of GRBs [14]. Although not a dedicated polarimeter, the instrument was shown to
be capable of performing such measurements on ground using on-axis polarizated beams [15]. The
results presented by AstroSat for 11 GRBs in [14] all favour a polarization degree above ∼ 50%
and are thereby in contrast with the POLAR results. Future joint analysis, using for example the
tool presented in [12] are required to understand this discrepancy. Finally, the balloon-borne COSI
experiment performed a polarization measurement of a GRB [16]. The analysis resulted in an upper
limit of 46%.

2.2 Time resolved results

While most theoretical works on the polarization of the GRB prompt emission have focused on
the time integrated polarization, predictions do exist on the evolution of the PD and PA during the
GRB. Additionally, several measurements have been performed in the past (see [6] for an overview)
which show indications of a potential evolution in both the PD and the PA during the burst.

The POLAR data was used to perform time resolved analysis on all 14 GRBs shown in figure
1. While for 12 of these GRBs no PD was found as well in the time resolved analysis, for the
two Fast Rising Exponential Decay (FRED) like GRBs in the sample, hints of an evolution within
the pulse were found [13]. In both cases a PD of around 30% was found with an evolving PA. A
detailed analysis in [12] of one of these, 170114A, shows what appears to be a continuous evolution,
however, a single 90◦ change in PA cannot be excluded using the available statistics. Due to the
limited statistics more detailed time resolved studies, as well as energy resolved studies, are not
possible.

3. The POLAR-2 Instrument

The lack of conclusions which can be drawn from the time resolved as well as the time
integrated studies show the need for a significantly more sensitive detector. For this purpose the
POLAR-2 detector was proposed by Swiss (UniGe), Chinese (IHEP), Polish (NCBJ) and German
(MPE) collaboration to be placed on the China Space Station (CSS). The instrument proposal was
accepted in July 2019, resulting in a confirmed launch to take place in early 2024.

1https://www.astro.unige.ch/polar/grb-light-curves
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Figure 2: Illustration of the measurement principle
of a polarimeter using Compton scattering. The in-
coming W-ray Compton scatters in one of the detector
segments followed by a photo-absorption (or second
Compton scattering) interaction in a different seg-
ment. Using the relative position of the two detector
segments the Compton scattering angle can be calcu-
lated from which, in turn, the polarization angle can
be deduced.

Figure 3: A schematic overview of the POLAR-2 de-
sign. The 100 detector modules (in black) are shown
on top the aluminium grid which houses the front-
end electronics of the modules. The aluminium grid
is placed on top a larger structure which houses the
back-end electronics, low voltage power supply and
additionally serves as a radiator. In red a grabbing
system for a robotic arm used during installation of
the payload on the CSS is shown. The interface to
the CSS, both mechanically and electrically is seen
at the bottom in yellow. The height of the payload
is 700 mm while the cross section is 590 × 648 mm2.
The total mass is foreseen to be 150 kg an the power
consumption 300W.

The principle used to measure polarization in POLAR-2 is equal to that used in POLAR. The
azimuthal Compton scattering angle, q, which has a dependency on the polarization angle of the
incoming W-ray, is measured using a plastic scintillator array. This principle is illustrated in figure 2.
The first major improvement of POLAR-2 over POLAR regards the number of scintillators, which
is increased from 1600 to a total of 6400, thereby increasing the effective area of the instrument by
approximately a factor of 4. The 6400 bars are divided into groups of 64, each forming together
with a SiPM array and its own front-end electronics (FEE) an individual detector module which is
housed in a carbon fibre structure. The carbon fibre structure serves both for mechanical stability
as well as a shielding of low energy charged particles.

The 100 detectormodules are placed in an aluminiumgrid, as shown in figure 3. The aluminium
grid houses the FEE and the Peltier based cooling system of the SiPM arrays. The FEE of each
module handles its trigger logic, the temperature regulated high voltage of the SiPM, the power of
the Peltier element and sends trigger information and data to the back-end electronics. The back-end
electronics (BEE) along with the low voltage power supply is placed in the large structure below
the aluminium grid. Apart from housing these components the structure is designed to have a large
radiating surface allowing to have passive cooling of the instrument which is foreseen to consume
300 W. Additionally the structure holds a grabbing system (shown in red in figure 3) which will be
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used by a robotic arm during the installation of POLAR-2 on the payload platform of the CSS. The
BEE handles the powering of the full instrument, communication between the FEEs, combines the
data from the FEEs into data packages and handles the communication with the CSS. The CSS has
computing facilities allowing POLAR-2 data to be searched for transients and for quick alerts to be
sent to ground based instruments based on these transient searches.

Several design improvements were made to increase the sensitivity of POLAR-2. Firstly the
shape of the scintillator is optimized with respect to that used in POLAR. The scintillator bars are
made shorter (from 176 mm to 125 mm) to improve the signal to background ratio and increase the
sensitivity to polarization. Furthermore, the cross section of each bar increased from 5.8×5.8 mm2

to 5.9× 5.9 mm2. A second major technological improvement is the change from 8x8 Multi Anode
PMTs to arrays of SiPM which increases the light yield of each readout channel and reduces optical
cross talk. This final change warrants an additional change in the scintillator shape to increase
the scintillator readout surface which in POLAR was reduced due to optical cross talk. These
changes result in an increase in an average light yield of 1.6 photo − electrons/keV compared to
0.3 photo − electrons/keV in POLAR. This results in a significant increase in the effective area at
low energies. Overall, the effective area (for polarization events) is an order of magnitude larger
compared to POLAR. Details on the design changes and their effects on the scientific performance
are discussed in detail in [17].

3.1 Scientific Prospects

The scientific performance of POLAR-2 was simulated using the Geant4 framework [18]. The
simulations are based on the performance found during the calibration of the first detector modules
assembled during 2021. Details of these measurements are provided in [17]. The effective area was
calculated for 2 different types of triggers. The first, the results of which are shown in the left in
figure 4 for different incoming angles \ of the photons, contains only triggers where there are energy
depositions above the set lower energy threshold in at least 2 scintillator bars and have an energy
deposition below the overflow of the low gain readout of the ASIC reading out the SiPM. The events
which pass this criterion can be used for polarization studies. Apart from such events, POLAR-2
will also trigger when only a single energy deposition is recorded in the instrument. To limit dead
time and reduce the daily data size, the threshold for such events is set higher at 7 photo-electrons,
whereas for polarization events this is set at to around 4 photo-electrons. Although such single bar
events cannot be used for polarization studies they can be used for spectral measurements, GRB
localization and pulsar studies such as those described in [10]. The effective area for all triggers,
meaning both single bar and polarization events is shown on the right in figure 4.

Based on these results, as well as the sensitivity to polarization, described in [17], the mean
Minimal Detectable Polarization (MDP), meaning the MDP averaged over all polarization angles,
for both typical long and short GRBs can be calculated as a function of the GRB fluence. The results
are shown in figure 5 along with the performance of POLAR and GAP. The figure indicates that
POLAR was able to reject PD above ∼ 50% within half a year of data taking. POLAR-2 will not
only be able to easily detect GRBs as faint as GRB 170817A, but will be able to perform polarization
measurements of GRBs only slightly brighter than this one. Based on this performance, POLAR-2
will be able to probe the PD down to levels as low as 10% for 10 GRBs per year and perform 50
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measurements per year with a precision equal or better than the 5 most precise measurements by
POLAR. More details on this performance can be found in an upcoming publication [5].

Figure 4: Effective area for polarization events as a function of energy for 3 different incoming angles on
the left. On the right the effective area is shown for polarization + single bar trigger events.

Figure 5: The mean minimal detectable polarization for 99% confidence level (MDP averaged over PA)
as a function of the fluence in the 10-1000 keV energy band for GAP, POLAR and POLAR-2 for both 1
second (left) and 100 second long (right) GRBs. The MDP for 5f confidence is added using a dotted line
for POLAR-2 as well. The fluences of 2 well known GRBs, the weak and short 170817A and the long and
bright 190114C, are added as an indication.
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