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Gamma-Ray Bursts are among the most powerful events in the Universe. Despite half a century
of observations of these transient sources, many open questions remain about their nature. Polar-
ization measurements of the GRB prompt emission have long been theorized to be able to answer
most of these questions.

With the aim of characterizing the polarization of these prompt emissions, a compact Compton
polarimeter, called POLAR, has been launched to space in September 2016. Time integrated
polarization analysis of the POLAR GRB catalog have shown that the prompt emission is lowly
polarized or fully unpolarized. However, time resolved analysis depicted strong hints of an evolving
polarization angle within single pulses, washing out the polarization degree in time integrated
analyses.

Here we will for the first time present energy resolved polarization measurements with the POLAR
data. The novel analysis, performed on several GRBs, will provide new insights and alter our
understanding of GRB polarization. The analysis was performed using the 3ML framework to fit
polarization parameters versus energy in parallel to the spectral parameters. Although limited by
statistics, the results could provide a very relevant input to disentangle between existing theoretical
models.

In order to gather more statistics per GRB and perform joint time and energy resolved analysis, a
successor instrument, called POLAR-2, is under development with a launch window early 2025
to the CSS. After presenting the first energy resolved polarization results of the POLAR mission,

we will present the prospects for such measurements with the upcoming POLAR-2 mission.
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1. The POLAR instrument’s past results and the need for energy resolved
polarization measurement of GRBs’ prompt emission

After several decade of spectral and temporal measurements, the emission mechanisms at play
in Gamma-Ray Bursts (GRBs) as well as the magnetic field and jet structure still remain poorly
understood. Polarization measurements have been theorized to be able to bring crucial information
to disentangle between the existing models. As the first GRB dedicated y-ray polarimeter, POLAR
brought a new insight into the field of GRB polarization by measuring the polarization degree and
angle for 14 sources. The instrument, divided into 25 modules each made of 64 channels [1], made
use of Compton scattering to measure the polarization of the prompt emission of GRBs. Using the
fact that a photon would preferentially scatter 90° with respect to its polarization vector, this array
of 40x40 plastic scintillator bars read out by multi-anode photomultiplier tubes is able to collect
the scattering direction of the incoming y-rays. By analyzing the scattering angle distribution the
polarization degree (PD) and angle (PA) can be retrieved, respectively as the relative amplitude and
the phase of the obtained sinusoidal modulation following the Klein-Nishina cross section.

Launched in low Earth orbit in September 2016 as a payload on the Tiangong-2 Chinese space
laboratory, POLAR detected 55 GRBs as well as several solar flares all along its 6 months operation
time. Polarization being a statistically demanding measurement, only 14 of these bursts were bright
enough to deliver enough photons for a polarization analysis. The energy integrated analysis of
these 14 GRBs have shown a tendency for low polarization fractions, even compatible with no
polarization at all [2]. By analyzing the time dependence of polarization for the brightest GRBs
detected!, a quickly evolving polarization angle with a higher polarization degree has been hinted
[3]. This result is compatible with the previously obtained low polarization degree on the integrated
analysis, since the quick evolution of the PA would wash out the PD.

In addition to time resolved analysis of the polarization, another interesting measurement in
order to gather more information on GRBs is the energy dependence of the polarization degree
and angle [4]. We therefore present here an analysis performed on the POLAR GRB catalog [2] to
study the energy dependence of the polarization degree using a Heaviside function. Several other
energy dependent functions are currently being investigated to fit the PD and PA as a function of
energy, but this will be discussed in a later work [5]. One of the main outcome from the POLAR
experiment except for its science results is the need for a next generation of more sensitive y-ray
polarimeters in order to precisely measure time and energy resolved polarization. A bigger and
more sensitive version of POLAR, called POLAR-2 [6-8], is therefore under development. A quick
overview of this instrument will be given, while its sensitivity to energy dependence of polarization
will be studied in a future paper [5].

1Since performing a time resolved analysis requires to split the prompt emission into several time bins, this analysis
was only possible on the few brightest detected sources.
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2. Energy resolved polarization analysis with the POLAR data

POLAR is based on plastic scintillators in order to maximise the probability for Compton
scattering, especially on the low energy side (few tens of keV). A drawback of using plastic based
scintillating materials is the poor energy resolution, as shown in Figure 1a where one can see a quite
dramatic energy dispersion in the spectral response of the instrument. This will lead into bigger
systematic errors in the resulting posterior distributions, but does not prevent us in any manner to
perform energy dependent analysis since this energy spread is accounted for in the analysis using
forward folding. The polarization and spectral components are fitted in parallel using the 3ML
analysis framework [9], which also allow to perform joint fitting with other instruments’ data. The
spectral part is therefore fitted jointly with Fermi-GBM or Swift-BAT data when available. More
details on the analysis can be found in [2].
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Figure 1: a) POLAR energy response matrix for GRB170114A. b) Spectral fit for POLAR and Fermi-GBM
detectors based on the Band function.

The brightest GRB observed by POLAR is GRB170114A, for which we present here the energy

integrated result already published in [2]. The spectral component is fitted using the following Band
function [10]:
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The resulting parameters for the Band ﬁt for the POLAR data of GRB170114A shown in
Figure 1b are: K = 4. 56+%2295 1072keV s lem™2, 0 = (=7.9+£0.5) - 107!, g = 2. 31*% 1131, and
Xp =2. 63"% 1186 102 keV. Figure 1b also shows the spectral fit for the joint Nal and BGO detectors
from Fermi-GBM. Note that although most of the spectral fits for the GRBs in the POLAR catalog
are performed using the Band function, a few of them are fitted with a cutoff powerlaw (CPL), as
described in [2]. The fitted scattering angle distribution as well as the resulting PD and PA are

shown in figure 2, while the obtained values for the polarization parameters are shown in the first
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column of Table 1. Figure 2 also shows the light curves of all the detectors used for the analysis of
GRB170114A as well as the time selections for the source and background.
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Figure 2: Light curves as seen by POLAR and the relevant GBM detectors for GRB170114A with background
and source time intervals (left), resulting PD and PA values from the energy integrated analysis (middle),
and corresponding fitted scattering angle distribution (right)

ebreak
P IRCNE NR-2
D %" ~0 % %

Q
,\,b
9 D
2
o L)
D‘Q

""" Soa o '\,0’19’5009 '\f”bgbf"bQ b‘g‘bg,\/’\,g

degree ebreak deghigh angle degree deghigh angle

angle deghigh
B B0 %Yy
' 3

(a) (b)

Figure 3: Posterior distributions of polarization parameters for different energy resolved models: a) Heav-
iside fit on the polarization degree. The 3 polarization parameters are the PD at low and high energies and
the energy break separating the two regions. This latter parameter is unconstrained while the polarization
degrees at low and high energy are compatible to each other. b) Heaviside fit on the polarization degree
with a fixed energy break at 150 keV. The 2 polarization parameters are the PD at low and high energies. No
significant variation of the PD with energy is observed.

The polarization degree has been fitted for GRB170114A using a Heaviside function, while
keeping the PA constant with energy. Two trials have been made, one with a free energy break
(position of the "step") and one by fixing the energy break to 150 keV. In the former case, the 4
polarization parameters are the PD at low and high energy, the PA, and the energy break position,
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while in the latter case only 3 polarization parameters are used since the energy break is fixed. The
resulting "corner plots" for both cases, showing the posterior distributions of each parameter against
each other, are shown in Figure 3.
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Table 1: Mean and standard deviation of the polarization parameters for different fits (energy integrated,
Heaviside polarization degree with a free or fixed energy break) extracted from the posterior distributions
shown in Figures 2 and 3.
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Figure 4: Resulting polarization parameters’ posterior distributions for the PD Heaviside fit on the POLAR
GRB catalog compared to what was obtained in the energy integrated case [2]. a) Polarization degree for the
integrated case and at low and high energy for the Heaviside fit. The three PD values are compatible with
each other for all the GRBs, the PD posterior distribution for the energy integrated case being slightly more
constrained due to higher statistics, since the events in the case of the PD Heaviside fit are split into 2 energy
bins. b) Energy break for the Heaviside fit on the PD. For most of the GRBs it is poorly constrained except
at very low energies below 100 keV ¢) Polarization angle in the case of an Heaviside PD fit and in the energy
integrated case. The PA for both cases are compatible for all GRBs of the catalog.
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The obtained values for the polarization parameters for both energy dependent fits are compared
to those obtained in the energy integrated fit in Table 1. The polarization angle is very similar in
the three cases. In the case where the energy break is free, we can see that the position of the break
is poorly constrained, so as the PD at high energy, while the PD at low energy is compatible with
a low polarization level. When the break is fixed to 150 keV, both PDs at low and high energy
are compatible with each other and with the energy integrated result. By looking at the posterior
distributions of both PDs, the PD at low energy seems a bit more constrained to low values while
the PD at high energy is spanning higher values.

These two fitting functions have been used to analyse the entire POLAR catalog. Figure 4a
shows the posterior distributions for the PD in the energy integrated compared to the PDs at low
and high energy in the case where the energy break is free. For all the GRBs the three PD values are
compatible with each other, while PDj,y and PDy,;gh are a bit less constrained due to lower statistics,
since fitting the data with a Heaviside function is equivalent two dividing the events into 2 energy
bins. The energy break, shown in Figure 4b, is only constrained at low energy as we can see that
values below 100 keV are highly suppressed. The PA for the energy integrated and resolved cases,
as for GRB170114A, are compatible, as depicted in Figure 4c.
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Figure 5: Result of the PD Heaviside fit for a fixed 150 keV energy break on the POLAR GRB catalog
compared to the energy integrated results [2]. Left: Polarization degree for the integrated case and at
low and high energy for the Heaviside fit. The three PD values are compatible with each other for all the
GRBs, although there seems to be a difference between the PD at low and high energy in the posterior
distributions. The limited statistics is preventing a more precise resolution between these two PD values.
Right: Comparison of the obtained PA for the energy integrated and resolved cases. The PA for both cases
are compatible for all GRBs of the catalog.
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By fixing the energy break, we still obtain a very similar results than in the energy integrated
case for the PA. By checking the values of the PD, no significant energy dependence is observed.
By looking at the posterior distributions of the PD (see Figure 5), the PD at low energy seems again
more constrained towards low values than the PD at high energy, which is spanning towards higher
polarization fraction values.

By using a Heaviside fit, no significant energy dependence of the PD is observed on the
POLAR catalog and the fitting parameters are not well constrained due to limited statistics and
energy resolution. The next step to this work is to check for energy dependence of the polarization
angle using a Heaviside function, and to try a linear fit of the PD and PA as a function of energy.

3. Future prospects: the POLAR-2 instrument

The statistics being one of the main limiting factor for precisely measuring the polarization
of GRBs, a bigger Compton polarimeter based on the legacy of POLAR is under development
to be launched to the China Space Station in 2025 [6-8]. Called POLAR-2, this instrument will
contain 4 times more channels, as depicted in the CAD model in Figure 6a. Since the instrument is
background dominated due to its wide field of view, needed to gather as many GRBs as possible,
the scintillator bars have been shortened in order to optimize the signal-to-noise ratio without re-
ducing too much the effective area. Silicon photomulipliers (SiPMs), much more sensitive than the
MA-PMTs used in POLAR, are being used to read out the plastic scintillators, which allows a better
sensitivity especially at low energy. This is shown in Figure 6b, where the POLAR-2 effective area
as a function of energy is compared to the effective area of 4 times POLAR, that is keeping the
same design as POLAR without any technological improvements and just quadrupling the number
of modules.

In addition to trying different energy dependent polarization functions for fitting the POLAR
data as mentioned in the previous section, the next steps of this work is to compare the sensitivity to
polarization’s energy dependence between POLAR and POLAR-2 using both instruments’ response.
A higher sensitivity could allow to perform energy and time resolved analysis at the same time, or
at least look for a correlation between temporal evolution of the spectrum and polarization with the
energy dependence of polarization.
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Figure 6: a) Exploded view of the POLAR-2 instrument design. The instrument is composed of three main
mechanical grid: the one at the top, facing the deep space, contains the sensitive detector modules and their
front-end electronics; the middle one is responsible for signal collection and power distribution to the 100
individual modules; and the bottom grid is responsible for power conversion from the space station to the
polarimeter, communication with the space station, and is hosting the central computer of the payload. b)
Effective area comparison between POLAR and POLAR-2. Thanks to technological upgrades improving
the light yield of the polarimeter (amount of detected light per incoming energy), we see a considerable
sensitivity improvement at low energies compared to the scaled up old POLAR design.
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