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A B S T R A C T 

Fast radio bursts (FRBs) can exhibit a wide variety of polarization properties, not only between sources but also from burst to 

burst for a same one. In this work, we revisit the polarization characters of coherent curvature radiation from a bulk of charged 

bunches in the magnetosphere of a highly magnetized neutron star. FRBs have been observed to have a variety of polarization 

features, such as high levels of circular polarization (CP) or a sign change of CP. High linear polarization (LP) would appear 
when the line of sight is inside the emission beam (the on-beam geometry), whereas high CP would be present when it is outside 
(the off-beam geometry). By considering two scenarios of the ‘bulk shapes’ (thick versus thin), we apply the model to explain 

the polarization features of four repeating FRBs (FRB 20121102A, FRB 180916B, FRB 20190520B and FRB 20201124A). 
Most bursts are dominated by LP and negligible events have sign changes in CP, suggesting that such FRBs are most likely 

to be emitted by the ‘thin’ bulks with large opening angles. The higher probability of ‘thin’ bulks could be meaningful for 
understanding repeating FRB central engine, i.e. the sparking dynamics to produce different bulks of energetic bunches on a 
neutron star surface. 

Key words: radiation mechanisms: non-thermal – radio continuum: transients – stars: magnetars. 
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 I N T RO D U C T I O N  

ast radio bursts (FRBs) are millisecond-duration radio flashes with
xtremely high bright temperatures (Lorimer et al. 2007 ; Thornton
t al. 2013 , also see Cordes & Chatterjee 2019 ; Petroff, Hessels &
orimer 2019 for re vie ws). At present, hundreds of FRB sources have
een disco v ered, 1 and a small proportion of them are repeaters. Ev en
hough the observed sample is growing and many mechanisms been
roposed to explain the diverse observed properties (see Platts et al.
019 ; Zhang 2020 for re vie ws), the underlying physical origin(s) of
hese bursts still remains an open question. 

Polarization measurements are tools to shed light on the possible
adiation mechanisms of FRBs. Most FRBs have linear polarization
LP) fractions from dozens of per cent up to 100 per cent (Masui
t al. 2015 ; Michilli et al. 2018 ; Luo et al. 2020 ), but significant
ircular polarization (CP) has also been disco v ered in some bursts
Masui et al. 2015 ; Day et al. 2020 ; Xu et al. 2021 ; Jiang et al.
022 ; Kumar et al. 2022b ). For some FRBs, the polarization position
ngle (PA) for the LP remains constant across each burst (Michilli
t al. 2018 ; Nimmo et al. 2021 ). Ho we ver, in some other FRBs,
 E-mail: wywang astroph@pku.edu.cn (W-YW); r.x.xu@pku.edu.cn (RX) 
 Sources are catalogued on the Transient Name Server, https://www.wis-tns. 
rg/. 
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ariable PAs across each b urst ha ve been observed, and the swing
atterns are quite diverse among bursts (Cho et al. 2020 ; Luo
t al. 2020 ; Jiang et al. 2022 ). These properties are reminiscent
f the polarization properties seen from magnetars (both transient
adio bursts and normal pulsations, e.g. Camilo et al. 2016 ; Kirsten
t al. 2021 ), which are a group of highly magnetized neutron
tars. Notably, a me ga-Jansk y FRB-like burst was disco v ered from
 known Galactic magnetar SGR J1935 + 2154 (Bochenek et al.
020 ; CHIME/FRB Collaboration et al. 2020 ). Moti v ated by these
bservations, magnetars have emerged as the most likely origin for
t least some repeating FRBs (Beloborodov 2020 ; Ioka 2020 ; Lu,
umar & Zhang 2020 ; Wadiasingh & Chirenti 2020 ; Yang & Zhang
021 ; Yuan et al. 2022 ). 
There have been several mechanisms proposed to interpret these

olarization properties, of particular interest here is the CP character-
stics. Within the framework of magnetospheric curvature radiation
odel, we proposed that emission would have significant CP frac-

ions if the line of sight (LOS) is not inside the emission beam
Wang et al. 2022a , b ). Other intrinsic mechanisms, for example,
nverse Compton scattering (Zhang 2022a ), may also create circularly
olarized emission by adding many scattered linearly polarized
aves (Xu et al. 2000 ), ho we ver, it is dif ficult for this model to

eproduce observed CP fractions of tens of per cent. Models invoking
ropagation effects, for example, multipath processes (Beniamini,
umar & Narayan 2022 ) or the polarization dependent radiative
© 2022 The Author(s) 
lished by Oxford University Press on behalf of Royal Astronomical Society 
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ransfer mechanisms (e.g. Faraday conversion, see Gruzinov & 

evin 2019 ; Vedantham & Ravi 2019 ; Kumar et al. 2022c ) could
lso produce CP. Observationally, polarization profile oscillation 
ith wavelengths is expected for the latter models. In any case, 

he outcoming wave through the plasma medium requires a highly 
ircularly polarized incoming wave to interpret an FRB with high 
P fractions. 
In this paper, we mainly consider the intrinsic CP model, which 

nvokes coherent curvature radiation by charged bunches. Curvature 
adiation from charged bunches has been proposed to account for 
oherent radio emission of both pulsars (e.g. Ruderman & Sutherland 
975 ; Sturrock, Petrosian & Turk 1975 ; Elsaesser & Kirk 1976 ;
heng & Ruderman 1977 ; Melikidze, Gil & Pataraya 2000 ; Gil,
yubarsky & Melikidze 2004 ; Gangadhara, Han & Wang 2021 ) and
RBs (e.g. Katz 2014 ; Kumar, Lu & Bhattacharya 2017 ; Ghisellini &
ocatelli 2018 ; Katz 2018 ; Lu & Kumar 2018 ; Yang & Zhang 2018 ;
ang, Xu & Chen 2020 ; Cooper & Wijers 2021 ; Wang et al. 2022b ).

he model is developed from a work (Wang et al. 2022b ) by deriving
ifferent geometric conditions of the emitting bulk. We attempt to 
emonstrate the variety of polarization properties of repeating FRBs 
hat can be reproduced from this model. Other intrinsic models 
nvoking synchrotron maser coherent mechanism in a magnetar- 
ind-driv en e xternal shock can interpret ∼ 100 per cent LP but it

s unclear how CP may be created in these models (e.g. Metzger,
argalit & Sironi 2019 ). The paper is organized as follows. We

iscuss polarization and temporal properties in Section 2 . A com- 
arison with observations and some implications are demonstrated 
n Section 3 . The results are discussed and summarized in Section 4 .
he convention Q x = Q /10 x in cgs units is used throughout the paper.

 POLARIZATION  PROPERTIES  

.1 Coherent cur v ature radiation by bunches 

ithin the coherent curvature radiation model of FRBs, FRBs are 
riggered by a sudden and violent ‘sparking’ process in contrast to 
 continuous process required to power a normal pulsar (Ruder- 
an & Sutherland 1975 ). These sparking particles can form charged 

unches, such that the total observed radiation is coherently enhanced 
ignificantly when the size of the charged bunch is smaller than 
he half-wavelength in the observer frame. The bunch formation 

echanisms have been explored extensively in the pulsar context 
ithin the neutron star magnetosphere, which generally invoke a 

wo-stream instability (e.g. Usov 1987 ; Asseo & Melikidze 1998 ; 
elikidze et al. 2000 ; Ben ́a ̌cek, Mu ̃ noz & B ̈uchner 2021 ; Kumar,
ill & Lu 2022 ). The mechanism for FRBs may be similar but the
unch needs to have a much larger number of net charges so that
RB emissions are much brighter. 
Since particle momentum perpendicular to the field line drops 

o zero rapidly, the particle trajectories essentially track with the 
agnetic field lines. Charged particles, which may be produced by 
 sudden trigger in the inner gap, stream outwards along curved 
agnetic field lines and emit curvature photons. An electric field E ‖ 

arallel to the magnetic field line may exist in the charge starvation
egion to continuously inject energy to the bunches to maintain the 
bserved luminosity for the typical FRB duration (Kumar et al. 
017 ). The balance between the radiation power and E ‖ can be
stablished quickly (Wang et al. 2019 ), therefore, a constant Lorenz 
actor distributed in a charged bunch is considered in our following 
alculation. 

The observed emission intensity cannot be simply demonstrated 
y the summation of the curvature radiation amplitude of individual 
articles, because FRB emissions are significantly coherent. Basi- 
ally, curvature radiation from a single charge can be described by
wo orthogonal polarized components, i.e. A ‖ and A ⊥ 

, in which A ‖ 
s earlier than A ⊥ 

by π/2 in phase. The unit vector ε‖ is pointing to
he direction of the instantaneous curvature radius of the field line,
nd ε⊥ 

= n × ε‖ is defined, where n denotes the unit vector of the
OS. For a single charge with identifiers i , j , k , we define 

= 

ωρ

3 c 

(
1 

γ 2 
+ ϕ 2 k + χ2 

ij 

)3 / 2 

, (1) 

here ω is the angular frequency, γ is the Lorentz factor, ρ is the
urvature radius, χ ij is the angle between the considered trajectory 
nd the trajectory at t = 0, ϕ k is the angle between the LOS and the
rajectory plane. The critical angular frequency of curvature radiation 
s defined as ω c = 3 c γ 3 /(2 ρ). The amplitudes for one charged particle
re given by 

A ‖ ,ijk � 

i2 √ 

3 

ρ

c 

(
1 

γ 2 
+ ϕ 2 k + χ2 

ij 

)
K 2 / 3 ( ξ ) 

+ 

2 √ 

3 

ρ

c 
χij 

(
1 

γ 2 
+ ϕ 2 k + χ2 

ij 

)1 / 2 

K 1 / 3 ( ξ ) , 

 ⊥ ,ijk � 

2 √ 

3 

ρ

c 
ϕ k 

(
1 

γ 2 
+ ϕ 2 k + χ2 

ij 

)1 / 2 

K 1 / 3 ( ξ ) , (2) 

here K ν( ξ ) is the modified Bessel function (Jackson 1998 ). 
We introduce the concept of ‘bulk of bunches’ to closely discuss

heir dynamical and radiation properties, as shown in Fig. 1 . A
arallel electric field may form and propagate outward like a 
ra velling wa ve along the unperturbed magnetic field, so that the
harged particles are accelerated to mo v e in the same direction
Kumar et al. 2022b ). Charges in a bunch are suggested to mo v e
long nearly identical orbits, therefore they act like a single macro
harge. The emission from a charge is coherently added within one
unch, i.e. a power is proportional to N 

2 
e , where N e is the number of

et charges in one bunch. Within a bulk, on the other hand, there could
e N lb bunches contributing to the observed instantaneous radiation, 
ith the emissions from them added incoherently. The total energy 

adiated per unit solid angle per unit frequency interval can be written
s 

d 2 W 

d ωd 

= N lb 

e 2 ω 

2 

4 π2 c 

∣∣∣∣∣∣
N l ∑ 

i 

N θ∑ 

j 

N φ∑ 

k 

−ε‖ A ‖ ,ijk + ε⊥ 

A ⊥ ,ijk 

∣∣∣∣∣∣
2 

, (3) 

here ( i, j, k) are three subscripts to identify a particle, and the
umber of net charges in one bunch is N e = N l N θN ϕ (Wang et al.
022b ). 
The spectra can evolve as bunches mo v e and the line-of-sight

weeps, which are generally characterized by multisegmented broken 
ower laws (Wang et al. 2022b ). Drifting pattern is a natural
onsequence of magnetospheric curvature radiation (Wang et al. 
019 , 2020 ). The amplitude of A ⊥ 

has been investigated by invoking
ff-beam LOS, which may lead to CP (Wang et al. 2022b ). In this
aper, we focus on polarization features of curvature radiation by 
eri ving dif ferent ‘shapes’ of the emitting bulk. 

.2 Burst duration 

et us consider that the LOS is inside the emission beam of the
unches. The intrinsic duration, t int , of an FRB observed in the
o-rotation frame is determined by the number of bunches that 
ontinuously sweep across the LOS. Thus, the total number of 
ersistent b unches tra veling through the emitting region during the
MNRAS 517, 5080–5089 (2022) 
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Figure 1. The upper two diagrams denote schematic diagrams of a bulk of 
bunches: panel (a) a ‘thick’ bulk for θ rad / 
� t int ; panel (b) a ‘thin’ bulk for 
θ rad / 
 � t int . Dashed–dotted lines denote conal radiation regions. The half 
opening angle of the bulk is ϕ t . The light solid red lines show the slice (bunch) 
in which charges emit at roughly the same phase. Bunches are assumed to 
carry net positive charges. The lower two diagrams denote the schematic 
diagram of the emission beam observed in frame of a moving bulk: panel 
(c) a ‘thick’ bulk; panel (d) a ‘thin’ bulk. Different colors denote the degree 
of LCP (cyan) and RCP (magenta). The black solid lines are LOSs. For the 
‘thin’ bulk case, bunched particles have traveled through the emission region 
faster than the LOS sweeping the conal radiation region, so that the LOS 
sweeps from the left bottom to the right top along the solid line, rather than 
the grey line in panel (d). The grey dashed lines is the bulk central axis where 
V = 0. 

F  

2
 

v  

p  

e

θ

T  

d  

i  

W

 

T

w

w  

o  

a  

c  

(  

c  

w

θ

w

i  

L
 

A  

b  

‘  

t  

‘  

n  

θ  

s  

s

2

P  

t  

o  

i  

p  

c

Q

w  

f  

s  

T

ψ

W  

χ  

c  

i  

e  

2  

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/517/4/5080/6775105 by Peking U
niversity H

ealth Science C
enter user on 23 N

ovem
ber 2022
RB emission can be estimated as N B � 2 × 10 6 ν9 t int, -3 (Wang et al.
022b ), where t int is the burst width and ν = ω/(2 π). 
Even if the radial size is limited by the half-wavelength, the trans-

erse size can be much larger. Emission from such ultrarelativistic
articles is mainly confined in a conal region. The angle of the
mission cone for a bunch is defined as θb = ϕ t + θ c , where 

c ( ω) � 

⎧ ⎨ 

⎩ 

1 
γ

(
2 ω c 
ω 

)1 / 3 = 

(
3 c 
ωρ

)1 / 3 
, ω � ω c 

1 
γ

(
2 ω c 
3 ω 

)1 / 2 
, ω � ω c 

. (4) 

he angle can be estimated as θb � ϕ t + 1/ γ at ω = ω c . Note that we
efine ϕ < θb as on-beam and ϕ > θb as off-beam. This definition
s more general than treating θ c as the angle of the emission cone in

ang et al. ( 2022b ), by considering the transverse bunch size. 
NRAS 517, 5080–5089 (2022) 
Emitting bunches essentially corotate with the magnetosphere.
he observed duration of an FRB in an observer frame reads 

 � (1 + z) min ( t int , θrad /
) , (5) 

here θ rad is the radiation-beaming angle shown as panel (c)
f Fig. 1 , 
 is the angular frequency of the neutron star,
nd z is the redshift (Yang, Zhang & Wei 2019 ). Spherical
oordinates ( r, θ, ϕ) with respect to the magnetic axis and
 r, , � ) with respect to the spin axis are used. If the LOS
an sweep the beam centre, the radiation-beaming angle can be
ritten as 

rad = 2( � t + θc ) , (6) 

here 

sin � t = 

sin ϕ t sin θ

sin ζ
, (7) 

n which ϕ t is the half-opening angle, and ζ is the angle between the
OS and the spin axis. 
We consider two possible scenarios of the bulk of bunches.

ccording to equation ( 5 ), one can define θ rad / 
 � t int as a ‘thick’
ulk and t int � θ rad / 
 as a ‘thin’ bulk, as shown in Fig. 1 . The
thickness’ here is determined by radial and transverse observing
ime rather than the true spatial size for the two dimensions. So the
thick’ and ‘thin’ cases here are of the visual effects from an observer,
ot representing the intrinsic geometry of the bulk itself. If the angle
rad is almost constant, a ‘thick’ bulk would be observed for a rapidly
pinning object, while a ‘thin’ bulk would be observed for a slowly
pinning one. 

.3 Polarization profile 

olarization properties can reveal the information about the particle
rajectories and the magnetic configuration. The evolution patterns
f the Stokes parameters as the LOS sweeps the emission beam,
.e. the polarization profiles, are derived to study the polarization
roperties of bunched curvature radiation. The Stokes parameters
an be calculated as 

I = μ
(
A ‖ A 

∗
‖ + A ⊥ 

A 

∗
⊥ 

)
 = μ

(
A ‖ A 

∗
‖ − A ⊥ 

A 

∗
⊥ 

)
U = μ

(
A ‖ A 

∗
⊥ 

+ A ⊥ 

A 

∗
‖ 
)

V = −iμ (
A ‖ A 

∗
⊥ 

− A ⊥ 

A 

∗
‖ 
)

(8) 

here μ = ω 

2 e 2 / 
(
4 π2 R 

2 cT 
)

is the proportionality factor. The
actor is such chosen that I is the flux density averaged over a time-
cale T , and R is the distance from the emitting source to the observer.
he corresponding linearly polarized component and the PA read 

L = 

√ 

Q 

2 + U 

2 , 

 = 

1 

2 
tan −1 

(
U 

Q 

)
. (9) 

e assume that the curvature radius is a constant in the bulk and
′ = 0.001. In the emitting bulk, There are N b bunches that can
ontribute to instantaneous radiation, whose electric fields are added
ncoherently. Therefore, the dimensionless parameter denoting the
nhancement factor due to coherence is F ω � N 

2 
e N b (Yang & Zhang

018 ; Wang et al. 2022b ). Assuming that charges are normally

art/stac3070_f1.eps
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Figure 2. Simulated polarization profiles for ‘thick’ bulks: (a) ϕ t = 0.1/ γ ; (b) ϕ t = 1/ γ ; (c) ϕ t = 10/ γ . Top panels: the PA envelope across the burst in black 
solid line. Bottom panels: The stokes parameters I and V are plotted in black solid and blue dotted–dashed curv es. The y are normalized to the value of I at 
ϕ = 0. The linearly polarized component L is plotted in red dashed curves. The parameters are adopted as γ = 100 and ω = ω c . The gre y re gions show six 
observ ational windo ws as examples. The width of each observ ational windo w is 2 σw . 
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istributed in χ ′ and ϕ ′ , the total amplitudes of the bulk are given by 

A ‖ � 

1 √ 

3 

ρ

c 

N e N 

1 / 2 
b 

ϕ t 

∫ ϕ u 
ϕ d 

[
iχ ′ 2 K 2 / 3 ( ξ ) + χ ′ ∣∣χ ′ ∣∣K 1 / 3 ( ξ ) 

]
× cos ϕ ′ d ϕ ′ , 

 ⊥ 

� 

1 √ 

3 

ρ

c 

N e N 

1 / 2 
b 

ϕ t 

∫ ϕ u 
ϕ d 

∣∣χ ′ ∣∣K 1 / 3 ( ξ ) ϕ ′ cos ϕ ′ d ϕ ′ , (10) 

here ϕ u = ϕ t + ϕ and ϕ d = −ϕ t + ϕ. 
In general, curvature radiation by bunches is 100 per cent polar- 

zed. If charges are uniformly distributed in bunches, the emission 
ould be 100 per cent linearly polarized when the LOS is parallel

o the central axis. We define V < 0 as the left circular polarization
LCP) and V > 0 as the right circular polarization (RCP), as shown
n Fig. 1 . The sign of A ⊥ 

would change when the LOS sweeps the
entral axis of the bulk, leading to sign change of V . Significant
P can generate in the off-beam cases due to the nonaxisymmetric 

ummation of A ⊥ 

(Wang et al. 2022a , b ). 
Highly circularly polarized waves can appear at off-beam cases, 

hich tend to have lower fluxes than the on-beam cases under the
ame condition. Ho we ver, from equation ( 10 ), one can see that
he emission amplitudes sensitively depend on N e , N b , and ϕ t . The
parking process can create charged particles with random numbers 
nd bulk sizes, leading to large fluctuations of N e , N b , and ϕ t .
herefore, for the burst waves with a certain CP, the value of the
bserved flux may have a scattered distribution. 

.3.1 Polarization profile for a ‘thick’ bulk 

or a ‘thick’ bulk, the time for persistent bunches to travel through
he emitting region is much longer than that for the LOS to sweep the
hole θ rad due to rotation, thus one can observe emission from the 
ntire radiation-beaming region, as shown in panel (c) of Fig. 1 . We
imulate the polarization profile for a ‘thick’ bulk in three opening
ngle cases ( ϕ t = 0.1/ γ , 1/ γ , 10/ γ ) at ω = ω c . Since the flux drops
o a small number rapidly when χ � 1/ γ and ϕ � 1/ γ , it is required
hat either χ � 1/ γ or ϕ � 1/ γ . For simplicity, we assume χ =
.001 here. The Stokes parameters are considered in the spherical 
oordinates with respect to magnetic axis for a general discussion. 

The simulated polarization profiles are shown in Fig. 2 . Emissions
or all three cases retain high levels of LP as the LOS is inside the
eam within an angle of θb (on-beam), and the CP fraction becomes
ignificant when the LOS is off-beam. The case with ϕ < 1/ γ shares
imilar polarization properties with that for ϕ ∼ 1/ γ (e.g. Tong &
 ang 2022 ). W aves are LCP at ϕ < 0 but change to RCP when ϕ 
 0. If ϕ � 1/ γ , there is a large phase space where the summation

f A ⊥ 

cancels out, so that the emission has roughly 100 per cent LP
hen the LOS is inside the large beam angle. A rapid polarization

onversion from LP to CP occurs at | ϕ � θb | and emission becomes
100 per cent CP for the off-beam case. 
The average LP and CP fractions within the pulse width 〈 L / I 〉 and

| V | / I 〉 are adopted to characterize the polarization properties. For
 = ω c , the average CP fraction is 〈 | V | /I 〉 ≈ 38% for ϕ t = 1/ γ and

s smaller than 10 per cent when ϕ � 1/ γ . The average CP fraction
an reach 55 per cent when ϕ t � 1/ γ , which is the same as 〈| V | / I 〉
f a single charge within −1/ γ < ϕ < 1/ γ at ω = ω c . Charged
unches with ϕ t � 1/ γ can share similar polarization properties as
 single charge. In general, the average CP fraction continuously 
ecreases as the opening angle of the bulk increases. We simulate
he average CP fraction as a function of ϕ t in three frequency cases
 ω = 1/2 ω c , ω c , 2 ω c ) as shown in Fig. 3 . A burst tends to have a
maller 〈 V / I 〉 in higher frequencies because the radiation-beaming
ngle decreases with frequency. The average CP fraction tends to be
he same regardless of the emission frequency if ϕ t � 1/ γ . 
MNRAS 517, 5080–5089 (2022) 
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Figure 3. The average CP fraction as a function of opening angle with 
different frequencies: ω = 1/2 ω c (red solid curve), ω = ω c (black solid curve), 
ω = 2 ω c (blue solid curv e). The gre y dashed line denotes the average CP 
fraction of a single charge for ω = ω c . 
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2 It could be extremely difficult to measure the spin period of these slowly 
rotating neutron stars manifested in the form of FRBs, compared with that 
of regular radio pulsars. (1) The radiation window would be large, though 
for a slow rotator, due to emission at low altitude of a star with significant 
multipole magnetic fields, and a radio burst with millisecond-duration may 
appear almost randomly in the window. (2) Large timing irregularities could 
also result from an enhanced spindown caused by high radiation power in 
clean magnetosphere (Wang et al. 2022a ), as well as quake-induced activity. 

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/517/4/5080/6775105 by Peking U
niversity H

ealth Science C
enter user on 23 N

ovem
ber 2022
.3.2 Polarization profile for a ‘thin’ bulk 

or a ‘thin’ bulk, all the bunches have traveled through the emission
egion before the LOS sweeps the whole radiation-beaming region,
o that one may observe a significant part of the radiation cone. The
rajectories of LOS do not rotate around the spin axis in the frame
f the moving bulk, as shown in the panel (d) of Fig. 1 . Noticeably
ifferent polarization properties from the ‘thick’ bulk scenario will
how up, since the width of observational window is narrower than
rad . 
The triggered photon-pair production cascade is a complex pro-

ess. We assume that the number density of pairs obeys a Gaussian
unction in terms of time and the LOS can sweep at the beam centre.
hus, the observed electric vectors are modulated by the number
ensity when the bunches travel through the emission region. The
odulation function for the observed electric vectors can be written

s 

 ( ϕ) = f 0 exp 

[ 

−
(
ϕ − ϕ p 

σw 

)2 
] 

, (11) 

here ϕ p is the peak location of the Gaussian function, f 0 is the
mplitude and σω is the Gaussian width. We fix f 0 = 1 in the following
alculation. 

Consider observ ational windo ws appearing at dif ferent phases
ithin the radiation-beaming region. Adopting σw = 0.005, we

imulate the polarization profile and PA across the burst envelope
n three cases ( ϕ p = −0.005, 0, and 0.01), under the assumption of
 t = 0.01, γ = 100, and ω = ω c as shown in Fig. 4 . The width of
bserv ational windo w is 2 σw , as sho wn in panel (b) of Fig. 2 . A wide
ariety of polarization properties between observational widows may
e exhibited. The waves have a purely LCP in panel (a) and a purely
CP in panel (c). The sign of CP will change when the symmetric
xis of the bulk is inside the observational window. The average CP
raction for panels (a)–(c) of Fig. 4 are 32.2, 13.5, and 60 . 2 per cent ,
espectively, but all of them have constant PAs across the burst
nvelope. We assume that the observ ational windo w is located at one
ide of the bulk central axis. The intensity of A ‖ becomes smaller
nd be close to A ⊥ 

as the window gets wider. There may be highly
NRAS 517, 5080–5089 (2022) 
ircularly polarized waves ( 〈 | V | /I 〉 > 55% at ω = ω c ) being seen if
he LOS only sweeps part of θ rad . 

For a ‘thin’ bulk but with ϕ t = 0.1, the simulation in three cases
 ϕ p = −0.1, 0, and 0.1) are shown in Fig. 5 and the observational
indo ws are sho wn in panel (c) of Fig. 2 . The average CP fraction for
anels (a)–(c) of Fig. 5 are 25.5, 0, and 25 . 4 per cent , respectively.
he sign of CP does not change regardless of the width of the
bserv ational windo w. If the centre of the observ ational windo w
s normally distributed within in the radiation-beaming region, one
ould have a high probability of seeing an ∼ 100 per cent linearly
olarized burst. The chance for detecting CP decreases as the opening
ngle becomes larger. 

Consider that the Gaussian peak o v erlaps with the central axis of
he bulk coincidently. The width of the observational window can be
ifferent. Adopting ϕ p = 0, we simulate the polarization profile and
A across the burst envelope in three cases ( σw = 0.001, σw = 0.002,
nd σw = 0.01), under the assumption of ϕ t = 0.01, γ = 100, and
 = ω c as shown in Fig. 6 . The average CP fraction for panels (a)–(c)
f Fig. 6 are 2.8, 5.6, and 23 . 3 per cent , respectively. Within the pulse
indow, all three panels in Fig. 6 exhibit sign change of CP. One

an infer that the average CP fraction increases as the observational
indow gets wider when the Gaussian peak appears at the central

xis of the bulk with ϕ t � 1/ γ . 
The polarization profiles have the largest deri v ati ve of CP fraction

ith respect to ϕ at ϕ = 0. This quantity can reach the largest value
hen it is a single charge: 

 

� ( V /I ) 

�t 
< 

d( V /I ) 

d ϕ 
� 1 . 24 γ, (12) 

here P is the period of the neutron star. From equation ( 12 ), one
an obtain P � 1 . 24 γ2 �t −3 [ � ( V /I )] −1 

−1 s. Note that this constraint is
ndependent of whether the emitting bulk is ‘thin’ or ‘thick’. In order
o generate ‘thin’ bulks, combining equations ( 5 ) and ( 6 ), one can
erive the period of the neutron star P > 0.3 γ 2 w −3 s. The neutron
tar may be a slowly rotating pulsar or a magnetar. 2 

 I MPLI CATI ONS  F RO M  OBSERVATI ONS  

ursts from most FRBs are polarized. The y e xhibit noticeable
ifferences between different sources and different bursts from the
ame source. Some polarization properties of the well-observed
epeaters have been summarized in Table 1 . In general, the LP
raction of the bursts depends on frequency, which shows a trend
f lower LP at lower frequencies (Feng et al. 2022 ). The total
olarization degree of the intrinsic model is 100 per cent. We discuss
he bursts with higher frequencies since depolarization due to the

ultipath effect is not significant. However, σRM 

is different for
ach source, so there is no common cut-off frequency for all FRBs.
mong the four FRB sources (FRB 20121102A, FRB 20180916B,
RB 20190520B, and FRB 20201124A) that have a large sample of
olarization measurements, FRB 20201124A keeps ∼ 100 per cent
otal polarization degree for ν > 1 GHz, similar to FRB 20121102A
t ν > 3 GHz. Other two sources were mostly observed at frequencies
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Figure 4. Simulated polarization profile for the ‘thin’ bulks with ϕ t = 0.01: (a) ϕ p = −0.005; (b) ϕ p = 0; and (c) ϕ p = 0.01. Three observational windows 
from 1 to 3 are shown in Fig. 2 (panel b). Each schematic diagram of the beam is similar to panels (c) and (d) of Fig. 4 . The PA across the burst envelope has a 
flat shape and is roughly equal to zero throughout. 
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here depolarization is significant. We attempt to discuss some polar- 
zation properties by considering the intrinsic radiation mechanism 

or the two sources. 
The Stokes parameters for most of these bursts do not oscillate with

avelength. The polarization-dependent radiative transfer mecha- 
ism may work for some bursts but not all of them. 

.1 FRB 20201124A 

RB 20201124A is a highly active repeater. The source enters a 
e wly acti ve episode during September to October 2021. A series of
orks on FRB 20201124A focused on the morphology (Zhou et al. 
022 ), energy distribution (Zhang et al. 2022b ), polarization (Jiang
t al. 2022 ) and waiting time properties (Niu et al. 2022b ) during the
cti ve episode. Narro w emission spectra and a lot of drifting pattern
vents from the bursts are found, which are similar to other repeaters
e.g. Pleunis et al. 2021a ). Bursts during the activ e episode e xhibit an
xponentially connected broken-po wer-law cumulati ve burst energy 
istribution, and a double-peak distribution of the waiting time, with 
on-detection of a credible spin period. The source exhibits a variety 
f polarization properties. More than 90 per cent of the bursts have a
otal degree of polarization larger than 90 per cent, and the average
alue among the sample is (97 . 0 ± 0 . 5) per cent , suggesting that
ost bulks may have an opening angle ϕ t > 1/ γ . The luminosities

or most bursts are estimated as ∼ 10 39 erg s −1 so that the waves can
scape intact rather than scattered by electron-positron pairs in the 
agnetosphere (Qu, Kumar & Zhang 2022 ). 
Among 556 bright bursts, dozens show apparent sign change of 
P. Ho we ver, these b ursts also ha ve sub-pulse structures, which
xhibit drifting patterns (e.g. Hessels et al. 2019 ). The interval of the
eighbouring sub-pulses with different signs of CP is comparable 
ith the sub-pulse duration, so that the CP sign change occurs at

he bridge between sub-pulses. The sign change of CP from sub-
ulses is caused by multiple bulks of bunches. This is essentially
ifferent from the scenario discussed in Section 2 . These sub-pulses
re produced by separate bulks of bunches during one trigger (Wang
t al. 2020 ). The bursts of FRB 20201124A with high CP fractions
o not show sign change of CP and the largest CP fraction can reach

90 per cent (Jiang et al. 2022 ). This is in tension with the ‘thick’
ulk scenario. 

We assume that the bulk length has L = A ϕ t . The duration of
rigger is proportional to the size of the triggering region when A
s a constant. For the ‘thick’ bulk case, the average CP fraction
s larger as the pulse width decrease. Ho we ver, for the ‘thin’ bulk
ase, a burst (without sign change of CP) with certain pulse width
an correspond to many 〈| V | / I 〉 , and the smallest value of them
| V | / I 〉 min decreases with ϕ t . One can infer that the possibility of
ign change of CP increases as ϕ t gets larger (for ϕ t � 1/ γ ). We
nv estigate the av erage LP and CP fractions as functions of pulse
idth for FRB 20201124A, as shown in Fig. 7 . Although the

ample with high CP is rare, there is no apparent trend that all
f 〈 L / I 〉 , 〈| V | / I 〉 and 〈| V | / I 〉 min evolve with pulse width, which is
nconsistent with a constant A for both of the ‘thick’ and ‘thin’ bulk
MNRAS 517, 5080–5089 (2022) 
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Figure 5. The same as Fig. 4 (i.e. ‘thin’ b ulks), b ut for ϕ t = 0.1: (a) ϕ p = −0.1; (b) ϕ p = 0; and (c) ϕ p = 0.1. Three observational windows from 4 to 6 are 
shown in Fig. 2 (panel c). 
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.2 FRB 20121102A 

RB 20121102A is the first confirmed repeater and has been
ntensively studied in polarization measurements. The source has
een measured to have a large and variable Faraday rotation mea-
ure, which is indicative of a complex magneto environment. The
ursts are ∼100 per cent linearly polarized with flat PA curves as
easured at 4 −8 GHz (Gajjar et al. 2018 ; Michilli et al. 2018 ).
epolarization could be neglected according to the RM scattering

elation extrapolated to L band (Feng et al. 2022 ). The non-detection
f CP for FRB 20121102A is consistent with the ‘thin’ bulk case,
hich has a large opening angle ( ϕ t � 1/ γ , e.g. panel b of Fig. 5 ). 
The flat PA across burst profiles may be the consequence of a small

orizontal-size bulk or a slow rotating neutron star. A triple subpulse
 urst (b urst 6, MJD 58075) shows dramatically variable PAs across
urst profile (Hilmarsson et al. 2021 ). The burst has an upward-
rifting pattern between the first two components, while downward
rifting pattern for the second and third components. This could be
ell understood if the LOS crosses the minimum impact angle. 

.3 FRB 20180916B and 20190520B 

RB 20190520B has been regularly detected as active during the
everal-month monitoring by FAST (Niu et al. 2022a ). The total
olarization fraction of the source is smaller than 100 per cent ,
ndicating that significant absorption may occur at the complex

agneto environment. Most of the bursts are dominated by LP
nd a sign change of CP has not been reported. These similar
olarization properties were also found in FRB 20180916 (Nimmo
t al. 2021 ; Sand et al. 2021 ; Pleunis et al. 2021b ). All these
NRAS 517, 5080–5089 (2022) 
bservations are consistent with a bulk of ϕ t > 1/ γ . Ho we ver, it
s hard to know whether the bulks are ‘thick’ or ‘thin’. Similar
ith FRB 20201124A, we also investigate the average LP and
P fractions as functions of pulse width for FRB 20190520B at
-band, as shown in Fig. 7 . All of 〈 L / I 〉 , 〈| V | / I 〉 , and 〈| V | / I 〉 min

re independent of pulse width, which is not consistent with the
uration of trigger being proportional to the size of the triggering
egion. Both FRB 20180916B and FRB 20190520B have a total
olarization degree smaller than 100 per cent due to some possible
ropagation effects. The general trend for both sources is that most
ursts are dominated by LP, which may be caused by the intrinsic
echanism. 

 DI SCUSSI ON  A N D  C O N C L U S I O N S  

e investigated the polarization properties of coherent curvature
adiation from charged bunches in the magnetosphere of a highly
agnetized neutron star and applied the model to interpret the

olarized emission properties of repeating FRBs. Emission from
 charged bulk of bunches can exhibit a variety of polarization
roperties. We consider a more general expression of the angle of the
mission cone by deriving the transverse bunch size. If the LOS is
onfined to θb , i.e. ϕ < θb (on-beam case), the observed burst retains
igh LP. The bursts with high levels of CP tend to have low flux
hen ϕ > θb (off-beam cases) under the same condition. As shown

n Fig. 2 , CP-dominated waves appear at both sides of the beam,
here the total flux can be up to the same magnitude as the peak of

he profile. Ho we v er, if the fluctuation of an y of N e , N b or ϕ t e xceeds
n order of magnitude, the observed flux of waves would have more

art/stac3070_f5.eps


Polarization features of FRBs 5087 

Figure 6. The same as Fig. 4 (i.e. ‘thin’ b ulks), b ut for different widths of the observ ational windo w: (a) σw = 0.001; (b) σw = 0.002; and (c) σw = 0.01. The 
Gaussian peaks are adopted as ϕ p = 0. Again the PA across the burst envelope is flat and is roughly equal to zero throughout. 

Table 1. Some polarization properties of repeaters. 

FRB Source Band (GHz) LP (%) CP (%) PA Reference 

20121102A 3–5 ∼100 0 Constant a Michilli et al. ( 2018 ) and Hilmarsson et al. ( 2021 ) 
1–1.5 < 20 < 15 – Plavin et al. ( 2022 ) 

20180301A 1-1.5 36–80 < 10 Either constant or varying Luo et al. ( 2020 ) 
20180916B 0.3–1.7 � 80 � 15 Constant Nimmo et al. ( 2021 ) and Sand et al. ( 2021 ) 

0.1–0.2 30–70 0 Constant Pleunis et al. ( 2021b ) 
20190303A 0.4-0.8 � 20 – Constant Fonseca et al. ( 2020 ) 
20190417A 1–1.5 52–86 – Constant Feng et al. ( 2022 ) 
20190520B 2.8–8 15–80 < 15 b Constant Anna-Thomas et al. ( 2022 ), Dai et al. ( 2022 ), and Niu et al. ( 2022a ) 
20190604A 0.4-0.8 ∼100 0 Constant Fonseca et al. ( 2020 ) 
20201124A 0.7–1.5 30–100 0–90 Either constant or varying Xu et al. ( 2021 ), Kumar et al. ( 2022b ), and Jiang et al. ( 2022 ) 

a Only one burst of FRB 20121102A has varying PA (Hilmarsson et al. 2021 ). 
b There is one burst showing CP fraction of 42 ± 7% (Anna-Thomas et al. 2022 ). 
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han one order of scattering, so that the trend of faint burst with high
P may be not apparent. 
We apply this mechanism to explain the polarization properties of 

epeating FRBs by considering two scenarios: (a) ‘thick’ bulk ( t int 

 θ rad / 
); and (b) ‘thin’ bulk ( θ rad / 
 < t int ). The whole beaming
adiation from the bulk could be observed for the ‘thick’ bulk. The
verage CP fraction of the burst is frequency dependent which can 
e up to tens of per cent for ϕ t � 1/ γ while decrease to be smaller
han 10 per cent when ϕ t � 1/ γ . For ω = ω c , the average CP
raction is smaller than 55 per cent and it decreases as the pulse
idths become larger. Ho we ver, one may only observe part of the

adiation-beaming region when it is an apparently ‘thin’ bulk. If 
o, highly circularly polarized emission ( 〈 | V | /I 〉 > 55%) might also 
e observed. Bursts with CP sign change would be more circularly 
olarized as the observational window becomes wider. Consequently, 
he model predicts that it is hard to observe a burst which has
 | V | /I 〉 > 55% with sign change of CP near the central frequency.
f the emission is generated from the same pole, the orientation of
ign change of CP would also be the same. 

Most FRBs are dominated by LP and rare ev ents hav e sign change
f CP. The ‘thin’ bulks with ϕ t > 1/ γ are the most likely cases for
ost b ursts b ut the condition of ϕ t � 1/ γ may work for at least

ome bursts. We investigated the average LP and CP fractions as
unctions of pulse width for FRB 20201124A and FRB 20190520B, 
nd find no apparent trend for all of 〈 L / I 〉 , 〈| V | / I 〉 and 〈| V | / I 〉 min in
erms of the width. The radial size of the emitting bulk does not
eem to be proportional to its transverse size, so that the duration
f an FRB trigger mechanism may not be directly related to the
MNRAS 517, 5080–5089 (2022) 
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Figure 7. LP/CP fraction as a function of pulse width. Data are quoted from 

Anna-Thomas et al. ( 2022 ), Dai et al. ( 2022 ), and Jiang et al. ( 2022 ). 
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ize of the triggering region. The size of the FRB triggering region
s comparable with the transverse bulk size on the stellar surface,
.e. L t � R� t = 3 . 1 × 10 3 R 6 w −3 P 

−1 
0 sin ζ/ sin θ cm, where R is the

adius of the neutron star. A high-tension point discharge on the
urface may trigger bunches of electron–positron pairs during the
scillation-dri ven magnetospheric acti vity due to starquakes (Lin,
u & Zhang 2015 ). The different bulk cases may be caused by
ifferent mechanisms to trigger energetic bunches on a neutron star
urface. 

For FRB 20201124A, the burst with 〈 | V | /I 〉 ≈ 90% may be
ttributed to the observational window appearing at the side of the
eam. Ho we ver, some bursts sho w polarization profiles oscillating
ith wavelength due to radiative transfer (Xu et al. 2021 ). We cannot

xclude the possibility that propagation effects contribute to CP for
ome bursts. 

The intrinsic time depends on the number of bunches that travel
hrough as the LOS sweeps the radiation region. The bulk length
ay become larger as the bulk mo v es to a higher altitude, so that

he continuous plasma flow emits for a duration of t int ∝ r ∝
−1 . Consequently, for sub-pulses emitted by the ‘thin’ bulks with

rifting structure, the drift rate is ̇ν ∝ ν/w ∝ ν2 (Wang et al. 2022b ).
he relationship is different from a ‘thick’ bulk emitter, in which
NRAS 517, 5080–5089 (2022) 
 = θ rad / 
, thus, ν̇ ∝ ν. Bursts are thought to be emitted at low
eights, where multipolar fields may exist (e.g. Bilous et al. 2019 ;
alapotharakos et al. 2021 ), leading to non-detection of periodicity
f the underlying neutron star and a complex magnetic configuration.
Emission from charged bunches that is projected in the hor-

zontal plane would be added coherently and the waves would
ave 100 per cent total polarization degree. Ho we ver, fluctuations
f photon arri v al delay could arise from the charges moving in
ifferent trajectories due to the curved magnetic field lines, so that
aves are added slightly incoherently. The emission at the polariza-

ion profile boundary is consequently depolarized ( 
√ 

L 

2 + V 2 /I <

00 per cent ). Alternatively, depolarization may also caused by finite
emporal and spectral resolution or propagation effects (Beniamini
t al. 2022 ). 

Since the plane of LP is determined by the orientation of the local
agnetic field, PAs track down the geometry of the magnetic field

ines in the emission region. Most FRBs have flat PA curves but
ome others sho w v arying PAs. Within the magnetospheric model,
he observed PA is calculated as � = � + � RVM 

, where � RVM 

is
iven by the rotation vector model (Radhakrishnan & Cooke 1969 ).
he PA is generally flat for a slow-rotating pulsar, but is varying
hen the impact angle is the smallest. The bulk with a large �χ2 

ij 

an also bring varying PAs across the burst profile. The radial size of
 bunch should be comparable or smaller than the half wavelength
n order to allow coherent radiation, but the transverse size is at
east γ λ. The transverse size can be as large as the Fresnel length√ 

rλ, leading to �χ ∼ 10 −3 ( ν9 r 7 ) 1/2 . Another radiation model
nvoked relativistic shocks far outside the magnetosphere can explain
onstant PA curves when the upstream ordered magnetic field has a
xed direction (Metzger et al. 2019 ). Ho we ver, the model requires a
ne-tuned magnetic field configuration to interpret the PA variation
nd is challenged by the observation of the high CP. 

An FRB object may have a vacuum-like clean magnetosphere
uring a radio-quiet state, but electronic plasma can suddenly erupt
rom the stellar surface when the star becomes active. The curvature
odel requires that positively (or negatively) charged dominated

ulk can be produced via some trigger mechanisms. The formation
f charge bulk is essentially a question rele v ant to the nature of
eutron star surface. 
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