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Abstract

During the prompt phase, the polarization proper‐
ties of gamma‐ray bursts (GRBs) offer key insights
into their emission mechanisms and magnetic field
configurations. Accounting for the time evolution
of the Stokes parameters can modify the inferred
time‐integrated polarization degree (PD) relative to
estimates constructed from time‐integrated spectra.
For POLAR‐2, the model predicts time‐integrated
PDs of approximately 40–50% for the High‐energy
Polarimetry Detector (HPD) and 30–40% for the
Low‐energy Polarimetry Detector (LPD), assuming
large‐scale ordered magnetic fields. Modeling with
ordered magnetic fields (toroidal or aligned) high‐
lights the importance of time‐evolving polarization.

A multi‐window fitting approach analyzing light
curves, PD, and polarization angle (PA) for 23 GRBs
demonstrates that synchrotron radiation in ordered
fields explains most observed PDs, averaging ∼44%
for aligned fields and∼49% for toroidal fields. GRBs
with strong (∼ 90◦) PA rotations favor aligned mag‐
netic fields, while those without strong rotations
show comparable predictions for both configura‐
tions. Within this sample, models based on syn‐
chrotron radiation in ordered magnetic fields are
consistent with most of the available polarization
observations under the reported observational con‐
straints.

Background

Gamma‐ray bursts (GRBs) are powerful cosmic ex‐
plosions whose prompt emissions provide insights
into emission mechanisms and magnetic fields. Po‐
larization studies reveal a wide range of polariza‐
tion degrees (PDs), typically from ∼10% (e.g., PO‐
LAR observations) to ∼40% (e.g., AstroSat obser‐
vations), depending on the instrument and spectral
properties. The synchrotron emission model with
ordered magnetic fields explains most observations
but struggles with outliers like GRB 110721A and
GRB 180427A (Guan & Lan, 2023). Time‐resolved
and multi‐window analyses are essential to address
these challenges.

Physical Picture

The emission model, proposed by Uhm & Zhang (2015, 2016);
Uhm et al. (2018), consists of a thin, radially expanding rela‐
tivistic jet shell emitting photons continuously from Ron to Roff.4288 L.-Q. Sui and M.-X. Lan 
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A rotating PA during the burst, which was already observed in 
four GRBs (Yonetoku et al. 2011 ; Sharma et al. 2019 ; Zhang et al. 
2019 ; Kole et al. 2020 ; Chattopadhyay et al. 2022 ), can reduce 
the final time-integrated polarization degree (PD), as in the case 
of GRB 170114A (Burgess et al. 2019 ; Zhang et al. 2019 ; Kole et al. 
2020 ). The order degree of the magnetic field also decays during 
the main radiation episode, which would be the case for the MR 

process. In addition, the energy spectrum would evolve during GRB 

prompt phase, which could affect the time-integrated PD of the jet 
emission (Guan & Lan 2023 ). Therefore, time-resolved polarization 
information will be important for the final time-integrated ones and 
should be considered. 

Here, we consider the time- and energy-resolved polarization using 
the polarization model proposed in Lan & Dai ( 2020 ) with a top-hat 
jet structure to investigate the time- and energy-integrated PD of 
GRB prompt phase. POLAR-2 is a forthcoming mission dedicated 
to detect the GRB polarizations in both X-ray and gamma-ray band 
(de Angelis & Polar-2 Collaboration 2022 ). The detection energy 
band of the two polarization detectors onboard POLAR-2, the High- 
energy Polarimetry Detector (HPD) and Low-energy Polarimetry 
Detector (LPD), are 30–800 and 2–30 keV, respectively. We apply our 
model to predict the detection results of the HPD and LPD onboard 
POLAR-2. The dependence of the results on the parameters is also 
investigated. This paper is arranged as follows. In Section 2 , the 
polarization model is re vie wed. The time-integrated PDs at energy 
band of LPD (2–30 keV) and HPD (30–800 keV) are presented 
in Section 3 . Finally, we present our conclusion and discussion in 
Section 4 . 

2  T H E  M O D E L  

The emission model used here was proposed by Uhm & Zhang 
( 2015 , 2016 ) and Uhm et al. ( 2018 ). A thin, radially expanding 
relativistic jet shell continually emits photons from all positions in 
the shell. It begins to radiate at radius r on and stops at radius r off . 
In the comoving frame of the shell, it is assumed that the radiation 
power has an isotropic angular distribution. The jet is assumed to 
have a top-hat structure with a half-opening angle of θ j . Under the 
framework of the MR model, as the highly magnetized jet shell 
mo v es radially outward, because of the instabilities, the field with 
modulations would reconnect and release free magnetic energy to 
accelerate the jet and the electrons in it. There are two kinds of 
ordered magnetic field discussed in the literature of MR: aligned 
and toroidal (Spruit, Daigne & Drenkhahn 2001 ). The field lines of 
the aligned field are the latitude circles on the jet surface (Spruit 
et al. 2001 ; Lan et al. 2019 ), while they are concentric circles around 
the jet axis for the toroidal field (Spruit et al. 2001 ). The schematic 
diagrams of the two field configurations, the EATS, and the rele v ant 
angles are shown in Fig. 1 . 

The Blandford–Znajek (BZ) mechanism would work for a black 
hole central engine and the field configuration in the jet at large radii 
would be toroidal (Blandford & Znajek 1977 ), while for a magnetar 
a striped wind is ejected via magnetic dipole radiation and MFC is 
aligned in the ejecta (Spruit et al. 2001 ). An aligned field is unstable 
to the tearing instability, while a toroidal field is highly unstable to 
the Kink instability. The turbulence would develop and the fields with 
different orientations will reconnect. Then the jet will be accelerated 
by the released free magnetic energy of the MR process. The bulk 
Lorentz factor would vary in the form of power laws with respect to 
the radius (Drenkhahn 2002 ). 

�( r) = � 0 ( r/r 0 ) 
s . (1) 

Figure 1. (a) Schematic diagrams for the two kinds of the ordered magnetic 
field in the jet surface. The blue arrows show the field directions. The cross 
represents the jet axis. (b) Schematic cross-sections of the EATSs at different 
times for on-axis (top) and off-axis (bottom) observations. The radiation starts 
from t on and ceases at t off . 

It was predicted that bulk acceleration patterns will vary with s = 

0 for the toroidal field and with s = 1/3 for the aligned field under 
the MR model (Drenkhahn 2002 ). The magnetic field strength in the 
comoving frame of the radiating region will decrease with radius due 
to the adiabatic expansion of the jet shell and the MR process. 

B 

′ ( r) = B 

′ 
0 ( r/r 0 ) 

−b . (2) 

The emission model discussed abo v e is not only suitable to the 
MR process, but also can mimic the emission of the IS model. 
In the scenario of the IS, the electrons are accelerated by the ISs 
and injected into the shell continuously until the shock crossed the 
shell. The magnetization would be lower than 10 −3 in order for 
the shocks to accelerate particles and the magnetic field would be 
dominated by the shock-generated small-scale random field (Sironi 
& Spitko vsk y 2011 ). The decay of the ordered magnetic field for the 
MR process should be faster than b = 1 because besides the adiabatic 
expansion of the field with the jet shell it will also reconnect to 
deplete the free magnetic energy. So the field would be mixed with 
both ordered component and random component in the MR region. 
Another difference between the MR model and the IS model is that 
the bulk velocity of the shell will be constant for the IS (i.e. s = 0), 
while it can increase with radius for the MR model. 

The polarization of the abo v e emission model was predicted by 
Lan & Dai ( 2020 ), which was used here for the time-resolved 
polarization calculation. The expressions of the time- and energy- 
resolved Stokes parameters are slightly different from that in Lan & 

Dai ( 2020 ), we type these formula in the Appendix for reference. 
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Figure 1. Taken from Sui & Lan (2024). (a) Schematic of two types of
ordered magnetic fields on the jet surface, with blue arrows showing field
directions and the cross marking the jet axis. (b) Cross‐sections of Equal
Arrival Time Surfaces (EATSs) for on‐axis (top) and off‐axis (bottom)
observations, with radiation spanning from ton to toff.

As the jet shell expands, adiabatic expansion and magnetic re‐
connection reduce the magnetic field strength, while the bulk
Lorentz factor is parametrized as a power law of radius (Spruit
et al., 2001; Drenkhahn, 2002).

B′(r) = B′
0

(
r

r0

)−b

(1)

Γ(r) = Γ0

(
r

r0

)s

(2)

The model assumes single‐energy electrons with Lorentz factor γch in
the comoving frame. Two prescriptions for the radial evolution of γch are
adopted to describe the commonly observed hard‐to‐soft (”i” model)
and intensity‐tracking (”m” model) patterns of Ep evolution (Uhm et al.,
2018). For the ”i” model, γch follows a single power law:

γch(r) = γ0
ch

(
r

r0

)g

(3)

For the ”m” model, γch follows a broken power law:

γch(r) = γm
ch

{
(r/rm)g , r ≤ rm,

(r/rm)−g , r ≥ rm

(4)

Model Description

The polarization model follows Lan & Dai (2020) and Sui & Lan (2024).
The time‐ and energy‐resolved Stokes parameters are given by:

Fν = 1 + z

4πD2
L

∫
D3 sin θdθ

∫
NP ′

0Hen(x) sin θ′
B

4π
dϕ, (5)

Qν = 1 + z

4πD2
L

∫
D3 sin θdθ

∫
Πp,b cos 2χp

NP ′
0Hen(x) sin θ′

B

4π
dϕ, (6)

Uν = 1 + z

4πD2
L

∫
D3 sin θdθ

∫
Πp,b sin 2χp

NP ′
0Hen(x) sin θ′

B

4π
dϕ. (7)

To obtain the time‐ and energy‐integrated polarization degree Π (PD) and
polarization angle χ (PA), we do the following integration:

Ō =
∫ T95

T5

∫ ν2
ν1

Oνdνdtobs∫ T95
T5

dtobs
,where O can be F, Q, or U. (8)

Thus,

Π =

√(
Q̄2 + Ū 2

)
F̄

, (9)

χ = 1
2

arctan

(
Ū

Q̄

)
. (10)
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Figure 2. PD ( � ) variations with q ≡ θV / θ j . The left and right panels correspond to the results of the HPD (30–800 keV) and LPD (2–30 keV), respectively. 
The upper and lower panels are for the aligned and toroidal field in the emission re gion, respectiv ely. In each upper panel, the red squares, green circles, blue 
diamonds, and pink stars represent the models of SOAi with s = 0, SOAi with s = 0.35, SOAm with s = 0, and SOAm with s = 0.35. In each lower panel, the 
red squares, green circles, blue diamonds, and pink stars represent the models of SOTi with s = 0, SOTi with s = 0.35, SOTm with s = 0, and SOTm with s = 

0.35. 

P A ( θ, φ) = 

1 

2 
arctan ( 

u ν( θ, φ) 

q ν( θ, φ) 
) , (13) 

where f ν( θ , φ), q ν( θ , φ), and u ν( θ , φ) are the Stokes parameters 
of the point-like region. While for a toroidal field, one of the Stokes 
parameters ( u ν( θ , φ)) is zero, then the local PD for a point-like region 
is 

P D( θ, φ) = 

q ν( θ, φ) 

f ν( θ, φ) 
. (14) 

Its local PA will rotate abruptly by 90 ◦ when the local PD changes 
its sign. 

For the aligned field, its local PD ( PD ( θ , φ)) is a constant and 
equals to ( βs + 1)/( βs + 5/3) = 0.77 for the observational energy 
of 400 keV. Since the syntropy of the local PA ( PA ( θ , φ)) is good at 
the regions where the local flux ( f ν( θ , φ)) remains a relatively high 
value, the PD of the jet radiation ( � ) with an aligned field would be 
as large as 60 per cent at q = 3 for HPD. While for the toroidal field, 
the local flux also decrease with θ and the polarized flux are almost 
been cancelled. So the PD of the jet radiation with a toroidal field 
would be small. 

There are only small differences in concrete � value in each 
panel, and the influences of the bulk Lorentz factor pattern ( s ) and 
the E p evolution mode on the time- and energy-integrated PD are 
very limited. Therefore, in the following we will focus on the ‘i’ 
model with s = 0 to discuss the influences of other parameters on 
� . It should be noted that � will be larger for HPD than LPD at the
plateau of the q –� curve when q < 1. Since in statistics the value
of � at the plateau stage of the q –� curve with typical parameters
when q < 1 would be equal to the observed mean value of the time- 

integrated PD (Lan et al. 2021a ), the detected mean value of HPD 

will be larger than that of LPD. This result is consistent with that in 
Guan & Lan ( 2023 ). 

Then the influences of the magnetic field strength on the time- 
and energy-integrated PD are investigated. The results are shown in 
Fig. 4 . Three parameter sets of ( B 

′ 
0 , b ) are considered (Uhm & Zhang

2014 ), i.e. (30 G, 1), (30 G, 1.5), (100 G, 1). Again, there are two 
q –� profiles corresponding to two MFCs. Different values of both 
B 

′ 
0 and decay index b will not affect the q –� profile and have limited

influences on the � value. We note that, for example for the HPD, 
there are ≤ 10 per cent difference for the time-integrated PDs at the 
plateau phase when q < 1 for the different combinations of ( B 

′ 
0 , b ).

Because the time-integrated flux and polarized flux are mainly from 

the peak time of the light curve and the PA is roughly a constant for 
on-axis observations, time-integrated PD of the single-pulse burst is 
roughly equal to the time-resolved PD at the time of the light-curve 
peak. So we use the PD at peak time to investigate. We found that 
the influence of different combinations of ( B 

′ 
0 , b ) on the distribution

of the local flux density on the EATS will be larger than that for the 
local polarized flux, 2 which will result in a different time-resolved 
PD at the peak time for different combinations of ( B 

′ 
0 , b ), so does

the time-integrated one. We will simply take B 

′ 
0 = 30 G and b = 1

in our following analysis. 
In Fig. 5 , the influences of different sets of ( � 0 , θ j ) with a constant 

� 0 θ j value are studied. Since the estimated values of θ j and � 0 are 
around 0.1 rad and 100 (Ghirlanda et al. 2018 ; Lloyd-Ronning et al. 

2 The local flux density and the local polarized flux are defined as the flux 
density and the polarized flux from one θ -circle at the EATS here. 
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Figure 2. Taken from Sui & Lan (2024). Time‐integrated PD (Π) versus
q ≡ θV /θj for the POLAR‐2 HPD (30–800 keV), for aligned (top) and
toroidal (bottom) ordered magnetic fields. “SO” denotes synchrotron
emission in an ordered field; A/T and i/m denote the field configuration
and Ep‐evolution prescription, respectively.
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Fig. 10. Same as Figure. 1, but for GRB 170305A.

Fig. 11. Same as Figure. 1, but for GRB 160325A.

Fig. 12. Same as Figure. 1, but for GRB 160802A.

with the corresponding observations. There is no time-resolved
PA observations or the time-resolved PA is indicated to be a con-
stant for 19 bursts among these 22 bursts. Both the aligned-fields
case and the toroidal-fields case could interpret the observational
data of these 19 bursts equally well. However, the calculated up-
per limits for the time-integrated PD of one burst in our sample
are lower than the corresponding observed lower limit of 1σ con-
fidence level. Since the observational errors of the polarizations
are large and the confidence level is relatively low, whether or
not the models of the synchrotron emission in ordered magnetic
fields are rejected for the this burst is not sure. Finally, the syn-

chrotron radiation in ordered magnetic field(s) could interpret
the multi-window observations of most bursts in our sample. Fu-
ture accurate polarization measurements will put strict constrains
on the MFC in the radiation region and the origin of the GRBs.
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Figure 3. Taken from Wang et al. (2024). Multi‐window fitting results for
GRB 160325A. The upper panels show the aligned‐field case (light
curve, Ep, PD, and PA), and the lower panels the toroidal‐field case (light
curve, Ep, and PD). Symbols show observations and colored curves show
the corresponding model fits; horizontal lines indicate the observed and
predicted time‐integrated PDs.

Summary

For the 23‐GRB multi‐window sample, the predicted mean
time‐integrated PDs are approximately 44% for aligned
magnetic fields and 49% for toroidal magnetic fields, with
predictions for 22 of the 23 bursts consistent with the
corresponding observational constraints.
For GRB 170206A, the comparatively low observed
time‐resolved and time‐integrated PDs suggest that a
random magnetic‐field component may coexist with the
ordered component.
Within this sample, synchrotron radiation models with
ordered magnetic fields can reproduce most of the available
polarization observations, providing constraints on the
radiation mechanism and magnetic‐field configuration.
Time‐resolved multi‐window fitting provides more
physically informed PD predictions by simultaneously
incorporating light curves, spectral evolution, and
polarization evolution.
If the reported strong (∼ 90◦) PA rotations are reliable, they
favor a large‐scale ordered aligned‐field component, which,
within this magnetic‐reconnection framework, may in turn
favor a magnetar central‐engine scenario.
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