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A B S T R A C T 

Polarization measurements of gamma-ray burst afterglows provide a powerful tool for probing the structure of relativistic jets. In 

this study, we revisit polarization signals observed in gamma-ray burst afterglows, focusing on the effects of non-axisymmetric 
jet structures. To characterize these non-axisymmetric jets, we adopt a simple elliptical jet head model and investigate how 

deviations from axisymmetry influence the temporal evolution of polarization properties, particularly around the jet break. Our 
results show that the polarization degree curve typically exhibits two peaks for top-hat jets or a single peak for structured 

jets, even in the presence of an elliptical jet head. In non-axisymmetric jets, a complete drop in polarization between peaks is 
generally absent, and the position angle rotation between the peaks can deviate significantly from 90 deg. In single-peak cases, 
the polarization position angle evolves gradually, contrasting with the constant position angle expected in axisymmetric jets. 
We also explore the implications of these findings for recent gamma-ray burst (GRB) events, including GRB 121024A, GRB 

091018, GRB 020813, and GRB 210610B. 

Key words: magnetic fields – polarization – radiation mechanisms: non-thermal – relativistic processes – gamma-ray bursts.. 
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 I N T RO D U C T I O N  

he afterglow of a gamma-ray burst (GRB) emerges as the relativistic 
et decelerates due to its interaction with the surrounding circumburst 

aterial. This interaction generates a forward shock that propagates 
s a collimated blast wave. Electrons accelerated within these shocks 
roduce the observed non-thermal emission via synchrotron radiation 
Sari, Piran & Narayan 1998 ). 

The simple top-hat jet model has been remarkably successful in 
xplaining many GRB afterglow observations. This success stems 
rom the fact that, for an on-axis observer, the emission from the
et core dominates, resulting in an afterglow light curve that shows
o distinct features indicative of the jet’s structure. However, the 
roundbreaking gravitational-wave-triggered detection of a binary 
eutron star merger, linked to GRB 170817A (Abbott et al. 2017 ),
emonstrated that the afterglows of off-axis events are highly 
ensitive to the structure of the jet (e.g. Lamb & Kobayashi 2017 ).
bservations have shown that the late-time afterglow light curve 
f GRB 170817A is consistent with Gaussian jet models (Lazzati 
t al. 2018 ; Margutti et al. 2018 ; Ghirlanda et al. 2019 ; Lamb et al.
019 ; Troja et al. 2019 ). Meanwhile, a shallow angular profile in
elativistic jet models (e.g. power-law jets) has been proposed for 
RB 221009A, the brightest burst ever observed (Burns et al. 2023 ;
esage et al. 2023 ). The observed monochromatic steepening of the 
-ray and optical light curves strongly suggests a geometrical effect, 

uch as a jet break, although the post-break decay rates are shallower
han expected. This discrepancy can be resolved if the afterglow 
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mission originates from a structured jet with a shallow angular 
nergy profile (O’Connor et al. 2023 ; Birenbaum et al. 2024 ). 

Numerical simulations suggest such jet structures can arise from 

he interaction between the jet and the confining medium (Gottlieb, 
akar & Bromberg 2021 ). Specifically, this occurs as the jet breaks
ut through the stellar envelope in the collapsar model (e.g. Zhang,
oosley & MacFadyen 2003 ; Lazzati & Begelman 2005 ; Gottlieb

t al. 2021 ); or interacts with merger ejecta (e.g. Perego et al.
014 ; Nativi et al. 2022 ). While most afterglow studies to date have
ocused on axisymmetric jets (either top-hat or structured), some 
ave investigated azimuthal asymmetries in the energy and velocity 
istributions. An early example is Nakar & Oren ( 2004 ), who ex-
mined polarization signals in the patchy-shell model, demonstrating 
hat angular inhomogeneities in an expanding shock can lead to light-
urve variability, accompanied by continuous, correlated changes in 
oth the polarization degree and position angle. More recently, Li 
t al. ( 2023 , 2024 ), discuss azimuthal energy and velocity inho-
ogeneities produced by internal non-uniform magnetic dissipation 

rocesses or the precession of the central engine (Huang et al. 2019 ).
ecent 3D hydrodynamic simulations of jets in the aftermath of 
eutron star mergers (Gottlieb et al. 2022 ; Lamb et al. 2022 ) further
ighlight these complexities. These studies show that when a jet 
reaks out of the ejecta, the resulting outflow exhibits a power-law-
ike polar energy distribution with rotational inhomogeneity. Notably, 
he jet head is not perfectly circular, as often assumed in conventional
heoretical models, instead, it tends to exhibit a more elliptical shape.

Non-axisymmetric or inhomogeneous structures have been pri- 
arily discussed in the context of prompt gamma-ray emission (e.g. 
azar, Nakar & Piran 2009 ; Gill & Granot 2024 ). This emission
riginates from the original ejecta from the central engine, which 
is is an Open Access article distributed under the terms of the Creative
h permits unrestricted reuse, distribution, and reproduction in any medium,
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arries large-scale magnetic fields generated at the central source.
n contrast, the magnetic fields in the afterglow-emitting blast wave
re thought to originate from shock-driven instabilities, resulting in
 highly tangled structure whose properties are largely governed by
he anisotropy of the post-shock field. Detailed afterglow light-curve

odelling can break degeneracies between jet structure, viewing
eometry, and magnetic field anisotropy (Gill & Granot 2020 ). 
Although the mechanisms behind the acceleration and collimation

f GRB jets remain uncertain, understanding their structures can
rovide valuable insights into these processes. This paper explores
ow jet asymmetries can be constrained through polarization ob-
ervations of afterglows. Our study is partly motivated by recent
olarization measurements of GRB 210610B (Agüı́ Fernández et al.
024 ), which revealed a polarization position angle (PPA) rotation
f �φ = 54◦ ± 9◦ around a possible jet break (see Section 5.4
or details). This rotation deviates significantly from �φ = 90◦

redicted for axisymmetric jets (Ghisellini & Lazzati 1999 ; Sari
999 ). 
We aim to investigate how jet axial asymmetry leaves an imprint

n the temporal evolution of afterglow polarization. To break ax-
symmetry, we model the global jet structure with an elliptical head.
ets emerging from a collapsing star are unlikely to naturally form
n elliptical head, as this would require a non-axisymmetric stellar
tructure; in reality, stars are typically axisymmetric around their
otational axis. In double neutron-star mergers, however, the ejecta
long the rotational axis originates from the neutron star collision
nd may display non-axisymmetric features. Nevertheless, it is worth
xploring deviations from axisymmetry, since a perfectly circular jet
ead is itself an idealised case. 

We do not claim that GRB jets generally have elliptical heads.
ather, we adopt this geometry as a toy model to explore departures

rom the standard top-hat jet. While there is no strong physical
otivation for explicitly elliptical heads, the eccentricity provides
 simple parameter to control the degree of asymmetry in the global
et structure. This serves as a straightforward starting point for
nvestigating non-axisymmetric jets in this context. 

We present our model for evaluating polarization signals around
 jet break in Section 2 , where we illustrate the primary polarization
ignature of a non-axisymmetric jet. We describe the distributions of
olarization signals when the line of sight of an observer intersects
he jet head (or shock surface) at random locations in Section 3 . In
ection 4 , we discuss the structured model in the context of non-
xisymmetric jets. In Section 5 , we present case studies. Finally, in
ection 6 , we give our conclusions and discussion. 

 POLA R IZATION  B E H AV I O U R  AT  A  J E T  

R E A K  

n the afterglow phase, magnetic fields in the blast wave are believed
o be produced by shock instabilities, though the precise mechanisms
esponsible for their production in relativistic collisionless shocks
emain poorly understood. Since the shock normal (aligned with
he radial direction) represents a distinct orientation, the magnetic
eld components parallel and perpendicular to the shock normal
ould exhibit significantly different average strengths (Ghisellini &
azzati 1999 ; Medvedev & Loeb 1999 ; Sari 1999 ). While many
odels assume that the post-shock field lies entirely within the shock

lane, some observations indicate a more isotropic geometry (Gill &
ranot 2020 ; Stringer & Lazzati 2020 ). 
Due to relativistic beaming, an observer at early times can only

ee a small portion of the jet head’s surface. This visible region is
onfined to a small area with an angular size of 1 / �, centred around
NRAS 543, 1039–1047 (2025)
he point where the line of sight intersects the jet head. Especially, at
igh frequencies (above the peak synchrotron frequency), most of the
mission arises from a ring-like structure, caused by the relativistic
imb-brightening effect (Granot, Piran & Sari 1999 ). Each small
egment of the ring might produce highly polarized radiation due to
he local anisotropy in the magnetic field, as discussed. However, the
verall symmetry of the ring results in a net polarization of zero. 

As noted independently by Sari 1999 and Ghisellini & Lazzati
999 , net polarization signals are expected to emerge around the
ime of a jet break, when the expanding visible region (i.e. the ring)
egins to extend beyond the edge of the jet. We here revisit the
olarization signals for a non-axisymmetric homogeneous (top-hat)
et. 

Following Sari 1999 , we adopt a toy model to approximate the
volution of the polarization signal. In this model, (1) the jet head
s represented by an ellipse with eccentricity e, and the half-opening
ngle of the jet, particularly along the semimajor axis, is denoted
y θj . (2) Recent numerical hydrodynamic simulations suggest that
ateral jet expansion occurs much more slowly than previously
stimated (e.g. Granot & Piran 2012 ). Thus, we assume the lateral
xpansion is negligible, meaning both the jet opening angle and
ccentricity remain constant. The Lorentz factor of the fluid is related
o the observer time t by t/tj = ( θj �)−8 / 3 , where tj is the characteristic
ime for a jet break. (3) The (main) visible region is modelled as a
hin ring with a radius of �−1 , centred on the point where the line of
ight intersects the jet head. The ring’s width is set to 30 per cent
f its radius. (4) The emission from each fluid element within the
ing is polarized in the local radial direction (i.e. perpendicular to
he ring) with a polarization degree of P0 . This polarization direction
ssumes that the magnetic field component parallel to the shock
ormal dominates over the perpendicular component. If the parallel
omponent were weaker, the Stokes parameters Q and U would
hange sign in the subsequent discussion. However, the discussion
s basically identical. (5) The inner region of the ring, corresponding
o a circular area with a radius of 0.7 �−1 , emits much dimmer
adiation – 10 per cent of the ring’s brightness – and is assumed to
e unpolarized. (6) Only the portion of the visible region (the ring
nd the inner circular area) that overlaps with the jet emits photons,
niformly distributed within each area. The region outside the jet does
ot contribute any emission. Under these assumptions, the evolution
f polarization over time depends on the location of the observer’s
ine of sight within the jet head, characterized by two parameters: the
zimuthal angle from the semimajor, χ , and the offset between the
bserver’s line of sight and the centre of the jet, measured in units of
he jet opening angle, ξ = θview /θj . 

To estimate the Stokes parameters: Q and U , we divide the visible
egion (the ring and the inner circle) into many segments. Since we
onsider synchrotron emission from an optically thin blast wave, the
ircular polarization is zero V = 0. Each segment contributes to Q
nd U as 

 Q = Pe d L cos ( 2 φe ) , (1) 

 U = Pe d L sin ( 2 φe ) , (2) 

here the local polarization degree Pe = P0 when the segment lies
ithin the ring, and Pe = 0 when the segment is inside the inner

ircle. The local luminosity, d L , is proportional to the area of
he segment while also incorporating the constraints imposed by
onditions (3), (5), and (6) in the previous paragraph. The angle φe 

enotes the angle between the positive x -axis (the semimajor axis)
nd the segment’s position vector, measured relative to the line of
ight (Point A in Fig. 1 ). Considering condition (6), 	 d Q , 	 d U ,



Probing GRB jet symmetry via afterglow polarimetry 1041

Figure 1. The shaded area represents the physical extent of the jet head, with 
the line of sight intersecting it at Point A. The location of Point A is specified 
by two angles: viewing angle θview , measured from the jet axis (or equivalently 
expressed as ξ = ( θview /θj ), and the azimuthal angle χ , measured from the 
semimajor axis of the jet head. The ring surrounding Point A marks the visible 
region. Red double-headed arrows indicate the polarization directions of fluid 
element emission. The point symmetric to Point A with respect to the jet axis 
(the origin) is Point B, while the point symmetric to Point A with respect to 
the x -axis is labelled Point C. 

Figure 2. Top panel: polarization as a function of time, with both quantities 
normalized to the the local polarization degree P0 and the characteristic jet- 
break time tj , for e = 0 (blue dashed) and 0.6 (red solid). The first peaks, 
the troughs, and second peaks in the polarization light curves are marked by 
circles, crosses, and squares, respectively. The line of sight is characterized 
by χ = 1 and ξ = 0 . 3. Bottom panel: same as the top panel, but showing the 
the temporal evolution of the polarization position angle (PPA). 
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nd 	d L are evaluated to estimate the net values of the parameters:
 = 	 d Q/	 d L and u = 	 d U/	 d L . The net polarization degree
 and position angle φ are given by 

 = 

√ 

q2 + u2 , (3) 

= 

1 

2 
arctan ( u/q) . (4) 

Fig. 2 illustrates the differences in polarization signals between 
xisymmetric jets and non-axisymmetric jets (in this paper, non- 
xisymmetric jets refer to those with elliptical-shaped heads). For 
xisymmetric jets, the polarization degree curve (shown as the blue 
ashed line in the top panel) exhibits two peaks, with the polarization
ropping to zero between the peaks around the jet break time. As
een in the bottom panel, the PPA φ rotates precisely by π/ 2 before
nd after the point where polarization vanishes (Ghisellini & Lazzati 
999 ; Sari 1999 ). In contrast, jets with elliptical heads generally
o not exhibit a complete polarization drop between the two peaks
 P �= 0 at the trough). The PPA rotates more smoothly, though it
till undergoes rapid changes near the trough (approximately at the 
et break time). The change in PPA between the two peaks can
ignificantly deviate from π/ 2; in this example, it is approximately
φ = 0 . 28 π ∼ 50 . 4 degrees (it is more convenient to express angles

n radians for theoretical discussion, while degrees are preferred in 
he context of observations. Unless otherwise specified, angles are 
iven in radians). 

 T H E  C H A R AC T E R I Z AT I O N  O F  

OLARI ZATI ON  S I G NA L S  

onsider an observer whose line of sight intersects a jet head,
hich is characterized by an eccentricity e, at the point ( χ, ξ ). This

ntersection point is labelled as Point A in Fig. 1 . To characterize
he time evolution of the PPA, we examine the PPA rotation �φ

etween two polarization peaks and the ratio Rpd = P1st /Ptr , which 
uantifies the polarization degrees at the first peak relative to the
rough. In Fig. 2 , circles and squares denote these polarization peaks
round a jet break. In particular, we analyse | �φ − π/ 2 | , which
easures deviations from the expected π/ 2 rotation in axisymmetric 

ets. As discussed in Section 2 , non-axisymmetric jets generally do
ot exhibit a complete polarization drop between the two peaks, 
esulting in lower values of Rpd . 

We investigate the distribution of polarization signals under the 
ssumption that the intersection points of an observer’s line of sight
ith the jet head are uniformly distributed. Due to the symmetry of

he system, it is unnecessary to sample the entire ellipse ( −π < χ <

); instead, it is sufficient to consider a single quadrant (0 < χ <

/ 2). 
To illustrate this, we first introduce Point B, which is symmetric

o Point A with respect to the origin. The distribution of fluid
lements around Point B (or the relative position of the jet edge)
s identical to that around Point A when rotated by π around Point B.
onsequently, given the angular dependences in equations (1) and 
 2 ), the polarization signals at any given time are therefore identical
or Points A and B. 

Similarly, consider Point C, which is symmetric to Point A with
espect to the x -axis. The fluid element distribution around Point C
irrors that of Point A but with a reflection of φ ↔ −φ (flipping

ertically with respect to the line passing through Point A and parallel
o the x -axis). While the absolute values of the Stokes parameters at
oint C match those at Point A, one of them flips sign, specifically
 q, −u ). Nevertheless, the position angle rotation | �φ − π/ 2 | and
he ratio Rpd remain the same as at Point A. 

To investigate intrinsically non-axisymmetric outflows, we model 
he asymmetric emitting surface with an elliptical cross-section, 
ecovering a conical jet when the eccentricity of the jet head is zero,
hile assuming that the surface dynamics (i.e. the radial motion of

ach fluid element) still follow the relativistic expansion described 
y the Blandford–McKee solution. As a result, the emitting surface 
ossesses curvature. The ellipse represented in Fig. 2 represents the 
rojection of the jet head on to the sky. The opening angle of GRB
ets or their core size is typically only several degrees. For such
mall angles, uniform sampling over projected area is approximately 
MNRAS 543, 1039–1047 (2025)
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M

Figure 3. Distribution functions of deviations from π/ 2 in the PPA rotation 
between polarization peaks for uniformly sampled jets with eccentricities of 
e = 0 . 3 (blue lines), e = 0 . 45 (orange lines), and e = 0 . 6 (green lines). Solid 
lines represent probability density distributions, while dashed lines show their 
corresponding cumulative distributions. 

Figure 4. The PPA deviations from π/ 2 are shown in 16 bins of equal 
angular width χ for jets with eccentricities e = 0 . 3 (blue), e = 0 . 45 (orange), 
and e = 0 . 6 (green). The dot represent the averaged values, and the bars 
indicate the 1 σ spreads for each bin. 
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quivalent to uniform sampling over the solid angle of the emitting
urface. 

Fig. 3 shows the distributions of | �φ − π/ 2 | , derived from 5000
niform sampled line-of-sight realizations across a quadrant of
he elliptic jet head for eccentricity e = 0 . 3, 0.45, and 0.6. For
xisymmetric jets ( e = 0), the probability distribution is given by
 delta function at 0, meaning the PPA rotation �φ is always π/ 2.
s eccentricity increases, the probability distribution (solid lines)
eaks at larger deviation angles, with the distribution’s spread also
ncreasing. The probability density distributions peak at | �φ − π/ 2 |
 4.3, 9.5, and 19 deg, while their cumulative distributions reach

0 per cent at 3.8, 8.9, 18 deg, and 90 per cent at 7.3, 17, 31 deg
or e = 0 . 3 , 0 . 45, and 0.6, respectively. Since the semiminor axis is
maller than the semimajor axis by a factor of

√ 

1 − e2 , it is reduced
y approximately 5 per cent–20 per cent (or equivalently by a factor
f ∼ 0 . 8 − 0 . 95) across this range of eccentricities. Our results show
hat even a mild deformation of the jet head leads to PPA rotations
hat deviate significantly from π/ 2. 

When the line of sight intersects the jet head near its semimajor or
emiminor axis, the geometry exhibits greater symmetry, leading to
 position angle rotation close to π/ 2. As expected, Fig. 4 shows that
he deviation from π/ 2 increases with higher eccentricity, particu-
NRAS 543, 1039–1047 (2025)
arly for intermediate angles ( χ ∼ π/ 4). The spread in the probability
istributions shown in Fig. 3 can be partly attributed to variations in
PA rotation between the more symmetric configurations ( χ ∼ 0 or
/ 2) and the asymmetric configuration ( χ ∼ π/ 4). In Fig. 4 , for
 = 0 . 6, the azimuthal bin nearest the semiminor axis ( χ ∼ 90 deg )
esults in negative values for 1 σ error. This is due to the significant
ositive skewness of the distribution. 
Additionally, the offset ξ = θview /θj also influences the rotation

f the position angle. Fig. 5 shows | �φ − π/ 2 | and Rpd for the
ame random uniform samples with e = 0 . 45, where the colour map
epresents the offset ξ for each sample. For a smaller offset (and
ntermediate χ ), the deviation | �φ − π/ 2 | becomes larger (if the
ine of sight passes regions near the semimajor or semiminor axis,
he rotation is close to π/ 2 regardless of the offset values). The
igh-deviation tails in the probability density distributions (the solid
ines), seen above their peaks in Fig. 3 , correspond to low- ξ cases
 ξ < ∼ 0 . 4) where the line of sight is relatively close to the central
et axis. At small offsets ξ , the first peak of the polarization curve
ecomes less pronounced, leading to a lower Rpd . For eccentricity
 = 0 . 3, 0.45, and 0.6, the top 10 per cent of cases with the largest
φ deviation from π/ 2 have Rpd values below approximately 86,

8, and 22. Although these extreme cases show lower Rpd for higher
ccentricities, a jet head with a larger eccentricity e has a higher
robability of producing a significant �φ deviation from π/ 2. As
iscussed in Section 5.4 , observational measurements of Rpd and
φ can provide valuable constraints on the eccentricity e. 
For even smaller offsets, one of the peaks, typically the first,

ecomes less pronounced. To determine whether a polarization curve
xhibits two peaks and to locate them, we have implemented a peak-
nding algorithm similar to the one discussed in Li & Fenimore 1996
see Appendix A for more details). For approximately, 4 per cent, 7
er cent, and 11 per cent of uniform random realizations for the
 = 0 . 3, 0.45, and 0.6, respectively, the polarization curves exhibit
nly a single peak. These single-peak cases have been excluded from
he statistical analysis of PPA rotation presented in Figs 3 –5 . 

Single-peak behaviour can be understood from the simple config-
ration where the line of sight passes through the jet centre (i.e.
he origin; see Fig. 1 for the following discussion). The visible
egion forms a ring centred at this point, with each fluid element
mitting polarized light in the local radial direction. For a circular jet
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degree. Bottom panel: temporal evolution of polarization position angle. The 
model assumes e = 0 . 3, χ = π/ 4, and θc /θj = 0 . 13. 
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ead ( e = 0), the system’s symmetry leads to complete cancellation
f the polarization signal. In contrast, for an eccentric jet head 
 e �= 0), the initial net polarization is zero, but as the jet decelerates,
he top and bottom parts of the ring, emitting vertically polarized 
ight, extend beyond the jet edge, breaking the symmetry. The net 
olarization then becomes dominated by the left and right parts of
he ring, whose emission is polarized in the horizontal direction. 
s deceleration proceeds, these segments continue to dominate, 

esulting in a constant PPA and a single peak in the polarization
urve. Although the probability of the line of sight passing exactly 
hrough the jet centre is zero, we find that the polarization curve
till exhibits a single peak, accompanied by a rotation of the PPA,
hen the line of sight lies close to the centre. As the viewing angle

ncreases, a minor bump typically emerges during the rising phase 
nd gradually evolves into a two-peak structure. 

 NON - A X ISY M METRIC  STRUCTURED  J E T  

bservations of GRB 170817A demonstrate that some GRB jets 
eviate from a simple top-hat structure, instead exhibiting a struc- 
ured profile. To capture this complexity, we extend our model to 
ncorporate a structured luminosity distribution. In this framework, a 
niform central core is encircled by a fainter outer region, where the
urface luminosity density gradually declines following a power-law 

rofile, extending out to the jet’s maximum opening angle. 
We assume that the core, the jet edge and brightness contours all

ave a common elliptical shape with a common eccentricity e, where 
he jet core θc and the jet outer edge angles θj are defined along
he semimajor axis. Considering the relativistic limb-brightening 
ffect, we adopt the same ring-shaped visible region as in the 
op-hat jet case. The procedure for estimating polarization signals 
emains unchanged, but the local luminosity d L of a segment is
ow determined by a position-dependent surface luminosity density, 
hich is highest in the core and decreases as a power law with index
in the outer region. 
The luminosity reduction factor for a segment in the outer region, 

ocated at ( x , y ) on the jet head is given by 
(

x2 

a2 
c 

+ y2 

b2 
c 

)−α/ 2 
, (5) 

here ac = θc and bc = θc 

√ 

1 − e2 are the semimajor and semiminor 
xes of the elliptical jet core. 

In a structured jet, the jet break time for an off-axis observer is
etermined by the viewing angle θview , rather than by the jet opening
ngle as in the top-hat jet model ( Rossi, Lazzati & Rees 2002 ; Zhang
 Mészáros 2002 ). We estimate the characteristic jet-break time tj 

sing a simple relation �( tj ) ∼ 1 /θeff , where θeff = θview if the line
f sight is in the outer region, and θeff = θc if it is within the core. 
Fig. 6 shows the polarization signals when the line of sight falls

n the outer region. As demonstrated by Rossi et al. ( 2004 ) and
irenbaum et al. ( 2024 ), the polarization curves differ significantly 

rom those of a top-hat jet, regardless of axial symmetry. This
iscrepancy arises from the non-uniform luminosity distribution in 
he visible region surrounding the line of sight (i.e. the ring), with the
ntense emission concentrated towards the jet axis. Consequently, the 
bserved polarization signal is primarily influenced by these bright 
egments, resulting in a single peak in the polarization curve. 

The position angle evolution also differs from those of a top-hat 
et. It consistently aligns with the direction towards the central jet 
xis (see assumption 4 in Section 2 ). When the line of sight falls on
he jet head near its semimajor or semiminor axis ( χ ∼ 0 or π/ 2),
he geometry becomes more symmetric, the position angle remains 
onstant over time, consistent with the results for axisymmetric 
tructured jets (Rossi et al. 2004 ). However, for a general azimuthal
ngle χ , the eccentricity of the brightness contour lines leads to
 slight evolution of the position angle around the peak of the
olarization degree. This effect is illustrated for χ = π/ 4 in the
ottom panel of Fig. 6 . 
The PPA rotation over the full width at half-maximum of the

olarization peak is evaluated for χ = π/ 4 (the rotation is maximized
or χ = π/ 4). We obtain rotation values of �φ = 3.5, 2.9, 2.6 deg
or e = 0 . 3, �φ = 16, 13, 12 deg for e = 0 . 6, corresponding to
/
〈
θc /θj 

〉 = 2 , 3 , 4, respectively. While these values are evaluated
or α = 3, the rotation remains insensitive to α. 

As discussed in Section 3 , the polarization degree curve can exhibit
 single peak even for top-hat, non-axisymmetric jets when the line
f sight is close to the jet axis. In such cases, the PPA typically
otates between a minor bump and the main peak, reaching a local
aximum or minimum at the peak of the polarization curve. The

otation rate of the PPA often differs markedly between the rising
nd decaying phases. In contrast, for structured jets, the PPA evolves
ore smoothly and continuously across the peak. 
Fig. 7 illustrates polarization signals when the line of sight passes

hrough the jet core, corresponding to ξ = 0 . 5( θc /θj ) and χ = π/ 4.
he polarization curves resemble those of top-hat, non-axisymmetric 

ets (represented by the red solid line in the top panel of Fig. 2 ),
xhibiting two peaks without a complete polarization dip in between. 
he temporal evolution of the PPA (shown in the bottom panel) is

argely insensitive to the value of α. When α = 2 and 3, we obtain
he PPA rotation between the two peaks is �φ ∼ 79 and 80 deg,
espectively. In the limit α � 1 (i.e. the top-hat model), the rotation
ngle increases slightly to �φ ∼ 83 deg. Overall, the top-hat model 
erve as a reasonable approximation of the polarization signals when 
he line of sight intersects the jet core. 

 CASE  STUDIES  

ptical linear polarization measurements have been conducted for 
any GRB afterglows, typically several hours to a few days after the

rompt gamma-ray emission (Covino & Gotz 2016 , and references 
MNRAS 543, 1039–1047 (2025)
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M

Figure 7. Polarization signals for a line of sight intersecting the jet core at 
ξ = 0 . 5 θc /θj . All jet properties are identical to those in Fig. 6 , except where 
specified. Top panel: polarization degree curves. Bottom panel: evolution of 
the polarization position angle. Curves are shown for α = 2 (red) and α = 3 
(blue). The first peaks, the troughs and second peaks in the polarization light 
curves are marked by circles, crosses, and squares, respectively. 
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respectively. The time axis is normalized to the break tj = 0 . 56 ± 0 . 21 d 
detected in the V -band light curve, with the break-time uncertainty indicated 
by the shaded region. 
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herein). This time frame corresponds to when a jet break is expected
o occur. The observed linear polarization degree or its upper limits
re generally low ( < ∼ several percent). Such low polarization levels
uggest that in shock-generated random magnetic fields, neither the
omponent parallel nor perpendicular to the shock normal dominates
ntirely (e.g. Gill & Granot 2020 ), though the fields are not fully
sotropic. In our model, the local polarization degree P0 is treated as a
ree parameter that sets the overall normalization of the polarization
urve but it does not affect its shape or the absolute values and
volution of PPA. Adopting a low value, P0 � 0 . 7 (much smaller
han the maximum value for ordered fields), makes the model well
uited for interpreting afterglow polarization measurements. 

.1 GRB 020813 

 bright long-duration burst ( > 125 s) detected by HETE-2, located
t a redshift of z = 1 . 255 (Barth et al. 2003 ), was studied. Polarimetry
ata obtained with Keck and VLT (Gorosabel et al. 2004 ) was
ollected around a jet break, occurring at ∼ 13 h post-burst (Covino
t al. 2003 ). As shown in Fig. 8 , the data is most consistently
escribed by an almost constant degree of linear polarization at
he ∼ 1 per cent level, along with a stable position angle. While
 slow evolution of the position angle �φ ∼ a few tens of degrees
annot be ruled out, the observations do not support a sudden 90 deg
otation of the position angle at the jet break, which is a signature
f top-hat axisymmetric jets. Given the sparsity of polarization data
oints, a single-peaked polarization curve remains consistent with
he observations. The evolution of both the polarization degree
nd position angle can be explained by structured jets, whether
xisymmetric or not. If a gradual rotation of the position angle were
onfirmed, it would indicate a structured, non-axisymmetric jet. 

.2 GRB 091018 

his long burst ( T90 = 4 . 4 s and redshift z = 0 . 971) was detected by
wift (Wiersema et al. 2012 ). Its optical light curve is well described
y a broken power law, with a break at ∼ 9 h, coinciding with a
teepening in the X-ray light curve. While the post-break decay
ndices (1.54 in the X-ray and 1.33 in the optical) are shallower than
NRAS 543, 1039–1047 (2025)
redicted from the standard fireball model, similar trends have been
bserved in other Swift XRT afterglows, where potential jet breaks
ften exhibit relatively shallow decay indices (Racusin et al. 2009 ). 
Linear polarization monitoring with VLT (Wiersema et al. 2012 )

evealed a polarization curve inconsistent with a single-peaked
rofile, and instead favouring a two-peak structure. In top-hat jet
odels, both axisymmetric and non-axisymmetric, the second peak

ends to have a higher amplitude than the first. Although some data
oints support this trend, significant scatter suggests the presence of
 deep, short dip within the second peak. The PPA remains stable
nd nearly constant during the first peak, but shifts to a higher overall
alue in the second peak, with significant scatter around the 90-deg
otation. These variations in both the polarization degree and position
ngle during the second peak are not fully explained even by non-
xisymmetric jets (i.e. elliptical jet heads). As noted by Wiersema
t al. 2012 , if the scatter in the second peak is caused by an additional
omponent such as a bright patch within the jet or microlensing
ffects that partially cancel the polarization signals, the presence
f a two-peak profile, combined with a nearly constant PPA in the
rst peak, suggests either a top-hat jet or a view of the core of a
tructured jet. In this scenario, the jet head (or core) must have a
mall eccentricity or be observed from a line of sight located near its
emimajor or semiminor axis. Additionally, the shallow post-break
ecay indices may imply that the jet core is encased by an outer
egion with a shallow angular profile. 

.3 GRB 121024A 

 long burst with T90 = 69 s was detected by Swift , with a redshift
f z = 2 . 298 determined shortly afterwards. The X-ray light curve
ollows a three-segment power-law evolution, with the final break at
 ∼ 10 h coinciding with a break in the optical light curve (Wiersema
t al. 2014 ). The monochromatic nature of this break suggests a jet
reak origin. However, the post-break decay indices remain relatively
hallow, at 1.67 in the X-rays and 1.25 in the optical. VLT polarimetry
easurements taken 3–6 h after the burst show linear polarization

egrees ranging from 3 per cent to 5 per cent, with a stable position
ngle (see Fig. 10 ). However, observations from the following
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Figure 9. Sample fit for GRB091018 (red solid line). Top-hat jet model 
parameters: e = 0 . 15, ξ = 0 . 25, χ = −1 . 48, and P0 = 0 . 15. Optical po- 
larimetry data from (Wiersema et al. 2012 ). 

Figure 10. Sample fit of GRB121024A (red solid line). Top-hat jet model pa- 
rameters: e = 0 . 65, ξ = 0 . 35, χ = π/ 2, and P0 = 0 . 22. Optical polarimetry 
data from (Wiersema et al. 2014 ). 
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ight (after the jet break) reveal a significant shift in the position
ngle, consistent with a 90 deg rotation (Wiersema et al. 2014 ).
hese polarization properties also support the similar jet structure 

nterpretations as for GRB 091018, although the polarization degree 
hows significant scatter (with larger uncertainties) after the break 
the top panel), and our model curve does not reproduce these data
ell in this case either. 

.4 GRB 210610B 

 long-duration burst at z = 1 . 134 was detected by Fermi ( T90 =
9 s) and Swift ( T90 = 55 s). The optical and X-ray light curves
re modelled using a broken power law. The optical light curve 
emains initially flat until the break at ∼ 7 . 8 h, after which it
teepens to a decay index of 1.85. The X-ray light curve appears to
ndergo a simultaneous break and shares the same post-break decay 
ndex, though its pre-break decay is faster than that of the optical
ounterpart (Agüı́ Fernández et al. 2024 ). Polarimetric observations 
ere conducted with the Calar Alto Telescope and the VLT. The 
rst measurements, taken at around 2.9 h, revealed a relatively high 
olarization degree of ∼ 4 . 5 per cent as shown in Fig. 11 . During
he second observation period (5.8–6.7 h), which is close to the break
ime, the polarization level dropped significantly to 0.18–0.6 per cent. 
owever, after the break, the polarization degree increased again to 
2 per cent (30.4–30.6 h). Interestingly, the PPA rotates by 54 deg 

etween the pre- and post-break measurements (the bottom panel), 
uggesting a significant shift that deviates notably from the 90 deg
otation expected for axisymmetric jets. 

This event is a strong candidate for modelling with a non-
xisymmetric jet. Here, we assume top-hat, non-axisymmetric jets 
or our analysis. While a structured, non-axisymmetric jet could 
lso explain the event if the line of sight intersects the jet core,
he constraint on the jet head’s eccentricity remain similar. Given 
he large deviation of | �φ − π/ 2 | = 36 deg, and the distinct trough
tructure Rpd ≥ 10, we performed 5000 random samplings. For a 
ower eccentricity ( e = 0 . 3), most cases (87 per cent) yield Rpd > 10.
owever, virtually none satisfy | �φ − π/ 2 | > 36 deg. For e = 0 . 75,

he fraction of cases meeting the first, second, and both conditions
re 64 per cent, 35 per cent, and 21 per cent, respectively. The lines of
ight that satisfy both conditions are characterized by intermediate 
zimuthal angles: 0 . 4 < χ < 1 . 5 and a relatively central region:
< 0 . 7. These findings suggest this event could be explained within
 non-axisymmetric jet framework. However, there are caveats in 
he jet-break modelling. (1) The flat optical light curve before the
reak suggests significant energy injection into the forward shock at 
arly times. Since ejecta from the central engine can carry large-scale
agnetic fields (Mundell et al. 2013 ) unlike forward shocks, which

enerates highly tangled magnetic fields, the polarization signals 
efore the break may be significantly influenced by emission from 

efreshed shocks (energy injection). (2) The post-break decay index 
f the optical afterglow (1 . 85 ± 0 . 04) is close to, but still shallower
han, the expected value ( ∼ 2) for the standard fireball model (Agüı́
ernández et al. 2024 ). 

 C O N C L U S I O N S  

e have investigated the afterglow polarization signals around a jet 
reak for non-axisymmetric jets. For jets with top-hat luminosity 
ensity distributions, the polarization degree curves exhibit two 
eaks in general, even when the jet head is elliptical. However, a
omplete polarization drop between the peaks is generally absent. 
nlike axisymmetric jets, where the PPA undergoes a sudden jump 
MNRAS 543, 1039–1047 (2025)



1046 T. Baxter and S. Kobayashi

M

a  

A  

s  

5  

1
 

p  

W  

t  

n  

a  

t  

a  

c
 

c  

p  

T  

a  

i  

h  

i  

t  

s  

j  

f  

t  

a  

a
 

w  

p  

k  

d  

f  

h  

c  

v  

f  

r  

t  

c  

T  

f
 

F
f  

s  

�  

p
s

 

b  

a  

fl  

a  

t  

i  

A  

t  

d  

a  

t

t

F  

j  

i  

a  

h  

r  

(  

b  

w

e

A  

e  

i
 

o  

r  

T  

i  

2  

(  

s  

s  

e  

e  

s
 

a  

i  

s  

m  

a  

c  

w  

P  

b  

&  

fi  

a  

N  

e  

p  

f  

i

A

W  

s  

a  

w  

(

D

T  

t

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/543/2/1039/8254136 by Sarah D
akin user on 06 N

ovem
ber 2025
t the trough, the PPA in non-axisymmetric jets evolves smoothly.
dditionally, the change in PPA between the two peaks can deviate

ignificantly from 90 deg. In our random line of sight sampling,
0 per cent of the cases show deviations of more than 18 deg, and
0 per cent exceed 31 deg for e = 0 . 6. 
If the jet’s luminosity density gradually declines following a

ower-law profile, the polarization curves exhibit a single peak.
e find the shapes of the curves are similar for α = 2 and 3. In

his structured jet case, the PPA can show a slight evolution for
on-axisymmetric jets, in contrast to a constant PPA expected in
xisymmetric jet models. Over the full width at half-maximum of
he polarization peak, the PPA rotates by 16 deg for e = 0 . 6 with
 line of sight at χ = π/ 4 and ξ = 2( θc /θj ). The results remain
onsistent for α = 2 and 3. 

For structured, non-axisymmetric jets, in which a uniform central
ore is surrounded by an outer region with a power-law luminosity
rofile, the polarization signals depends on the line of sight location.
his model can account for a wide range of polarization behaviours,
s discussed in the case study section. When the line of sight
ntersects the uniform jet core, the signals resemble those of top-
at jets. If the line of sight passes through the jet head – whether
n the core or outer region – near its semimajor or semiminor axis,
he geometry becomes more symmetrical, making the polarization
ignals of non-axisymmetric jets similar to those of axisymmetric
ets. Significant deviations in the PPA rotation from 90 deg (or
rom a constant PPA in the case of a structured jet) arise when
he line of sight has an intermediate azimuthal angle ( χ ∼ π/ 4) and
 relatively small offset angle ( ξ < ∼ 0 . 4), i.e. when it is close to the jet
xis. 

As a simple toy model for a structured jet, we considered a case
here the luminosity density in the jet’s outer region follows a
ower-law profile. While this simplified model should captures the
ey features of polarization signals in structured jets, the angular
ependence of luminosity density in a more realistic scenario arises
rom the lateral energy distribution – where the jet core has a
igher energy per solid angle, and the outer regions gradually
ontain less energy per solid angle. This also induces the angular
ariations in the Lorentz factor, with the core having a higher Lorentz
actor and progressively decreasing toward the outer regions. As a
esult, the visible region is no longer circularly symmetric, towards
he jet centre, the relativistic beaming is stronger and luminosity
ontribution is larger (e.g. fig. 2 in Beniamini, Gill & Granot 2022 ).
he impact of this deformed visible region will be explored in a

uture paper. 
When constructing the polarization degree light curves shown in

igs 2 , 6 –11 , we assumed the forward shock dynamics � ∝ t−3 / 8 

or the interstellar medium (ISM). In the wind medium, the curve
hapes are slightly modified due to different forward shock dynamics
 ∝ t−1 / 4 . However, the overall morphology (e.g. the presence of two
eaks or a single peak) remains unchanged and the discussion on �φ

hould be similar. 
If the jet head has a highly eccentric shape, it can be characterized

y two angular scales: θj (the opening angle along the semimajor
xis) and θj2 (along the semiminor axis). As long as � > 1 /θj2 , the
ux follows the typical blast wave emission evolution, decaying
pproximately as t−1 . When � ∝ t−3 / 8 drops below this first critical
hreshold, photons begin to be emitted over a larger solid angle,
ncreasing from θj θj2 to �−1 θj , causing the flux to decay as t−11 / 8 .
s � continues to decrease and falls below the 2nd threshold 1 /θj ,

he emission solid angle expands further to �−2 , leading to a steeper
ecay of t−7 / 4 . Since these breaks arise from geometrical effects, they
re expected to be monochromatic, similar to the usual jet break. The
NRAS 543, 1039–1047 (2025)
wo jet break times tj and tj2 , with tj2 < tj , satisfy the relation 

j2 /tj ∼
(
1 − e2 

)4 / 3 
. (6) 

or axisymmetric jets ( e = 0), it simplifies to the standard single
et break. For a mildly deformed jet head with e = 0 . 6, the ratio
s approximately tj2 /tj = 0 . 55. As a result, the breaks will appear
s a smooth transition rather than two distinct ones. While we
ave assumed a top hat-jet in the ISM to estimate the break time
atio, a wind-like medium would further smooth out each break
Panaitescu & Kumar 2000 ), making them appear as single gradual
reak. Detecting these breaks in a light curve (requiring tj2 /tj � 1)
ould allow for an estimate of the jet’s eccentricity as 

 ∼
√ 

1 − ( tj2 /tj )3 / 4 . (7) 

 more detailed discussion of jet breaks in light curves, including
stimates for non-axisymmetric structured jets, will be investigated
n a future study. 

Although our case study section focused on optical afterglow
bservations, the jet break is a geometrical effect, meaning our
esults are applicable across different wavelengths (e.g. X-ray, radio).
he number of events with measured radio polarization has recently

ncreased (Corsi et al. 2018 ; Laskar et al. 2019 ; Urata et al. 2019 ,
023 ). Significant advancement in X-ray polarimetry in recent years
e.g. Astrosat, IXPE, POLAR, XPoSat) suggest that future X-ray
atellites may be capable of detecting and analysing polarization
ignals days after GRBs. Since both X-ray and optical bands are
xpected to lie above the typical frequency of the forwards shock
mission around jet breaks, the relativistic limb-brightening effect
hould be pronounced in both bands (Granot et al. 1999 ). 

We adopted a conventional scenario in which magnetic fields
re amplified by plasma kinetic instabilities at the shock, resulting
n a coherence length scale comparable to the plasma skin depth
cale (Medvedev & Loeb 1999 ). Recently, large-scale turbulent
agnetic fields driven by magnetohydrodynamic instabilities have

lso been proposed (e.g. Kuwata et al. 2023 ). In this scenario, the
oherence length-scale is comparable to the thickness of the blast
ave. In the isotropic field case, both the polarization degree and the
PA change randomly and continuously over time, resembling the
ehaviour described in the classical patch shell model (e.g. Gruzinov
 Waxman 1999 ; Nakar & Oren 2004 ). By incorporating magnetic
eld anisotropy and the observer’s viewing angle, this model can
lso account for a variety of polarization behaviour in afterglows.
otably, in this framework, the degree of radio polarization can

xceed that in the optical band (Kuwata et al. 2024 ). Simultaneous
olarimetric observations across multiple wavelengths will be crucial
or constraining the magnetic field amplification mechanism and
mproving our understanding of polarization signals in afterglows. 
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PPENDI X:  PEAK  FI NDI NG  A L G O R I T H M  

o identify peaks and their locations in numerical polarization curves, 
e use a peak-finding algorithm similar to the one discussion in Li &
enimore 1996 . Originally developed for identifying peaks in prompt 
amma-ray light curves, this method is well suited for our analysis.
he detailed procedure is as follows: (1) A numerical polarization 
urve consists of discrete data points, representing the polarization 
egree (percent) as a function of time. A data point is considered
 candidate peak if its value is higher than that of its neighbouring
oints on both sides. The candidate peak has a polarization degree Pp 

percent) at time tp . (2) For each candidate peak, we search both sides
o identify data points with polarization degree P1 at t = t1 < tp and

2 at t = t2 > tp that satisfy the conditions 

p − Pi ≥ Nv 

√ 

Pp , (A1) 

here i = 1, 2 and Nv = 5. (3) The search stops when either: both
1 and P2 are found, confirming Pp as a true peak, or a polarization
egree higher than Pp is encountered before finding a data point 
atisfying equation ( A1 ) on either side of tp , in which case Pp is
iscarded as a false peak. 
After this step, all the peaks (one or two peaks in our case) should

ave been identified. If two peaks are found, the minimum point
etween them is designated as a trough. This method effectively 
dentifies peaks in polarization curves while mitigating the effects of 
mall fluctuations due to numerical errors, including the segmenta- 
ion of the jet head. 
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