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Abstract

We report the first detection of polarization angle orthogonal jumps, a phenomenon previously only observed from
radio pulsars, from a fast radio burst (FRB) source FRB 20201124A. We find three cases of orthogonal jumps in
over 2000 bursts, all resembling those observed in pulsar single pulses. We propose that the jumps are due to the
superposition of two orthogonal emission modes that could only be produced in a highly magnetized plasma, and
they are caused by the line of sight sweeping across a rotating magnetosphere. The shortest jump timescale is of the
order of 1 millisecond, which hints that the emission modes come from regions smaller than the light cylinder of
most pulsars or magnetars. This discovery provides convincing evidence that FRB emission originates from the
complex magnetosphere of a magnetar, suggesting an FRB emission mechanism that is analogous to radio pulsars
despite a huge luminosity difference between two types of objects.

Unified Astronomy Thesaurus concepts: Radio transient sources (2008)

1. Introduction

Fast radio bursts (FRBs) are bright millisecond-duration
astronomical transients predominantly originating from cos-
mological distances (F. Kirsten et al. 2022; D. R. Lorimer
et al. 2007; D. Thornton et al. 2013). A robust FRB–magnetar
connection was established with the detection of FRB
20200428D from a Galactic magnetar SGR J1935+2154
(C. D. Bochenek et al. 2020; CHIME/FRB Collaboration
et al. 2020). However, the origins of cosmological FRBs are
still subject to debate and largely unknown (B. Zhang 2023).
Within the framework of the magnetar engine, the emission
site is not identified.

While pulsar-like mechanisms invoking magnetospheric
emission are widely discussed, mechanisms invoking relativis-
tic shocks faraway from the magnetospheres are also discussed
in the literature. Observationally, some pulsar-like emission
behaviors have been reported via polarization measurements,
including diverse polarization angle (PA) swings (R. Luo et al.
2020), S-shaped PA evolution (R. Mckinven et al. 2024), and
highly circular polarization (J.-C. Jiang et al. 2022; J. C. Jiang
et al. 2024; H. Xu et al. 2022). These observations add support
to the magnetospheric origin for at least some FRBs. However,
attempts to interpret these phenomena within the faraway
models have also been proposed (M. Iwamoto et al. 2024;
Y. Qu & B. Zhang 2023). Smoking gun signatures to firmly
establish the magnetospheric origin of FRB emission is
called for.
Orthogonal jumps, that is, a sudden change in dominance

between the two orthogonally polarized modes (OPMs), have
been widely observed in pulsars (R. Manchester et al. 1975;
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D. R. Stinebring et al. 1984; A. Karastergiou 2009). OPMs
indicate a strongly magnetized plasma environment in the
magnetosphere of a pulsar (J. Arons & J. J. Barnard 1986;
S. Petrova 2001). Birefringence can separate the two modes in
the magnetospheric plasma (M. M. McKinnon 1997), or the
two modes are emitted from different regions that can be seen
sequentially due to the rotation so that orthogonal jumps can be
seen in the time domain.

In this Letter, we report the surprising sudden PA jumps
recently discovered for the first time in a few bursts of FRB
20201124A, which is a repeater with high-burst-rate active
windows. The FRB source was discovered by the CHIME
(Chime/FRB Collaboration 2021) and subsequently located by
the Giant Metrewave Radio Telescope (R. Wharton et al. 2021)
and the European VLBI Network (K. Nimmo et al. 2022). The
Letter is organized as follows: In Section 2, we describe the
observations and data processing process. In Section 3, we
present the results of the PA jump of three bursts of FRB
20201124A and compare them with the cases of several
pulsars. In Section 4, we show a simulation result and discuss
theoretical models that may account for such jumps. The results
are summarized in Section 5 .

2. Observations

The observational data used in this Letter were taken using
the Five-hundred-meter Aperture Spherical Telescope (FAST)
with its 19 beam receivers in 1.0–1.5 GHz (P. Jiang et al. 2019;
D. Li et al. 2018; R. Nan et al. 2011). The data were recorded
with the Reconfigurable Open Architecture Computing Hard-
ware version 2 (ROACH2) system (J. Hickish et al. 2016). The
recorded data are in the PSRFITS format with four polariza-
tions, 49.152 μs sampling interval, and 4096 channels in search
mode. Short observations of a pulsed noise source were
conducted by injecting it into the feed before the observation
for calibration. We use the PSR/IEEE convention (W. Van
Straten et al. 2010) for the definition of the Stokes parameters
and the DSPSR23 (W. van Straten & M. Bailes 2011) program
and the PSRCHIVE24 (W. van Straten et al. 2012) software
package for polarization analysis.

In the first episode from 2021 April 1 to 2021 June 11 (UT),
FAST identified 1863 bursts with a signal-to-noise ratio higher
than 7 (H. Xu et al. 2022). FAST observed the second episode
on 2021 September 25–28, reporting more than 600 bursts
(J.-C. Jiang et al. 2022; J.-R. Niu et al. 2022; Y.-K. Zhang et al.
2022; D. Zhou et al. 2022). The maximum detection rate is
more than 400 per hour. The degree of change in the PA curve
is measured according to the maximum value of the PA change
(defined in J.-C. Jiang et al. 2022). Among all the PA variation
measurable bursts, the flat PA cases (PA change is less than
10°) accounted for ∼93%, and PA swing cases (PA change is
larger than 10°) accounted for ∼7%.

We detected Burst #1 with orthogonal PA jump in the first
episode and Bursts#2 and#3 in the second episode, as shown
in Figure 1. The measured arrival times, dispersion measure
(DM) values, rotation measure (RM) values, and fluence values
are listed in Table 1. The DM was determined based on the
most prominent structure, and the fitted sigma was adopted as
the DM error.

For comparison, we also presented the single-pulse and
integrated polarization profiles from the pulsars PSR J1136
+1551 (B1133+16) and PSR J0358+5413 (B0355+54). We
folded the pulsars using the ephemerides obtained from the
PSRCAT25 and obtained their integrated profiles. The RM of
PSR J1136+1551 is RM= 7.26± 0.02 rad m−2 and that of
PSR J0358+5413 is RM= 82.257± 0.002 rad m−2.
To determine the time range of the PA jump of the FRB, we

calculate the PA difference between adjacent time bins with the
times bins in the PA curve uniformly sampled. When a jump
occurs, the bin-to-bin difference of the PA curve becomes
significantly larger. We take all the points where the discrete
difference is greater than 1σ of the baseline fluctuation to
determine the jump range. After the jump range is determined,
the mean values of PA before and after the jump are taken to
calculate the jump angle. We use PAerr as the weight to
calculate the standard deviation and finally take the standard
deviation through error propagation as the error of the
PA jump.
As shown in Figure 2, we plot the energy and width of three

OPM jump bursts with respect to those of all the bursts
detected in the two active episodes. We get the isotropic-
equivalent burst energy

( )E
d F

z

4

1
, 1L

2p n
=

D
+

n

where dL is the luminosity distance, Fν is the specific fluence,
Δν is the bandwidth, and z is the redshift. Fluence
and bandwidth information are from data tables published
for the first and second active episodes (H. Xu et al. 2022;
Y.-K. Zhang et al. 2022). The energy of Burst #1 is
1.47× 1039 erg. Burst #2 and Burst #3 have somewhat
smaller energies of 1.74× 1038 erg and 1.90× 1038 erg,
respectively.

3. Results

Most FRB events in our sample exhibit a high degree of
polarization and a flat PA. Some bursts exhibit continuous PA
swings with diverse patterns. We present three bursts with
polarization position angle jumps from FAST observations of
FRB 20201124A, as shown in Figure 1. Burst #1 shows a
65°.9± 1°.1 jump in the 1000–1200MHZ frequency in 4.1 ms.
Burst #2 shows a 97°.7± 23°.9 jump in 1.2 ms. Burst #3
shows a 88°.7± 30°.0 jump in 1.4 ms. The PA jumps of Bursts
#2 and #3 can be regarded as 90° jumps within the error
range, while the jump of Burst #1 is smaller than 90°. Such
jumps in the PAs have been observed in many pulsars
(D. Backer & J. M. Rankin 1980; J. Cordes et al. 1978;
R. Manchester et al. 1975; D. R. Stinebring et al. 1984;
A. Karastergiou 2009).
Unlike Bursts #2 and #3, the PA jump of Burst #1 is not

90°. Its burst morphology is more complex and composed of
multiple components. Panel B in Figure 3 shows that its
1000–1500 MHz profile has a double-peak structure with a PA
swing. In Figure 3, we plot the I, Q, U, and V components of
the burst as a function of frequency after polarization
calibration and derotation. Normally, Q, U, and V should be
the same across frequencies for any given time if the PA angles
are identical in different frequencies. However, the Stokes

23 http://dspsr.sourceforge.net/
24 http://psrchive.sourceforge.net/ 25 https://www.atnf.csiro.au/research/pulsar/psrcat/
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parameters of the same time sample change significantly in
frequency with sign changes. This suggests that there are
frequency-dependent polarization components that should be
treated separately. So, we divide the 1000–1500MHz into five
subbands and show the profile and PA of the subbands. The
1300–1400MHz and 1400–1500MHz profiles show a single
peak with negative circular polarization and flat PA. The
1000–1100MHz, 1100–1200MHz, and 1200–1300MHz pro-
files show double peaks and an orthogonal jump of PA between
the peaks. The double peak in low frequency results from the
emergence of a subburst component ∼5 ms after the main peak,
as part of a typical FRB down-drifting pattern.

The FRB PA jumps are analogous to those of pulsars’ single
pulses. For comparison, we select two bright pulsars observed
by FAST and analyze their polarization properties. In Figure 4,
we compare the profiles of Bursts #2 and #3 from

FRB 20201124A with the single-pulse and integrated profiles
from PSR J1136+1551 and PSR J0358+5413. Pulsars and
FRBs show some similarities in polarization properties. The PA
swings observed in the pulsar single pulse and integrated
profiles show clear OPMs. The OPM jump could happen at
different times in the bursts. For instance, it could be in the
middle of the PA swing like FRB 20201124A Burst #2 and
PSR J1136+1551, or it could be in the tail like
FRB 20201124A Burst #3 and PSR J0358+5413. The FRB
jumps happen where the linear polarization decreases or
circular polarization changes sign, similar to what is observed
in pulsars (S. Singh et al. 2024; R. Manchester et al. 1975;
V. Radhakrishnan & J. M. Rankin 1990; K. Xilouris et al.
1995). The sign change of circular polarization is attributed to
the OPMs with different orientations of circular polarization.
Furthermore, in pulsars, the jumps do not have to be exactly

Figure 1. The PA orthogonal jump of the three FRB 20201124A bursts. Panel (a) shows the degrees of linear and circular polarization. Panel (b) shows the bin-to-bin
difference of the PA curve. The red error bars in the panel (c) represent the measured PA swing of the three FRB bursts. Panel (d) shows the intensity of the three
bursts in time and frequency. For Burst #1 we show only the burst in a frequency range of 1000–1200 MHz. For Burst #2 and Burst #3 we show the full
1000–1500 MHz band. Using the outliers in the bin-to-bin difference of PA (marked as red dots in panel (b)), we find the time range in which the PA jumps occur and
mark them with the dotted vertical line in panel (a), (b), and (c).

Table 1
Information of PA Jump Bursts

Number TOA (BC)a RM (rad m−2) DM (pc cm−3) Fluence (mJy ms)

Burst#1 59314.337398370 −654.9 ± 0.8 413.5 ± 0.7 13554 ± 10
Burst#2 59485.808225740 −610.9 ± 0.4 410.2 ± 1.8 2588 ± 26
Burst#3 59485.819949776 −565.1 ± 2.6 411.8 ± 3.7 1698 ± 22

Note.
a Barycentrical arrival time at 1500 MHz.
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Figure 2. Burst width and energy distribution of FRB 20201124A in the first and second episodes. We mark the OPM jump bursts in red scatter.

Figure 3. Polarization profiles of FRB 20201124A burst #1. The PA swing and the profile of the 1000–1500 MHz band are shown in panels (a) and (b). The
polarization profile and PA of five 100 MHz subbands are displayed separately on the left side of panel (c), (d), (e), (f), and (g). The black curve represents the total
intensity I, the red linearly polarized intensity L, and the blue curve circularly polarization V. The value of PA ranges from −90° to 90°. The burst polarization evolves
with time and frequency. On the right side of panel (c), (d), (e), (f), and (g), we show how the two-dimensional I, Q, U, and V vary with the horizontal axis (time) and
the vertical axis (frequency).
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90°. The PA jump of Burst #1 (Figure 1) is about 66°. Some
pulsar OPM studies have also found evidence of deviations
from pure orthogonality, with the PA swing not separated by
precisely 90°. This could be explained by the superposition of
nonorthogonal modes originating from different field lines
and birefringent refraction (D. R. Stinebring et al. 1984;
M. M. McKinnon 2003).

The three bursts with OPM jumps were found among the
∼2500 bursts collected from two active episodes of FRB
20201124A. The isotropic energies, as shown in Figure 2, are
among the luminous ones. The highest-energy Burst #1 has an
energy exceeding 1039 erg, which is larger than most other
bursts. FRB bursts are generally far more energetic than pulsar
pulses. Theoretically, it is possible that low-energy FRBs may
be generated with mechanisms more akin to pulsar emission.
However, the fact that the OPM jump bursts belong to the
bright sample of FRB bursts disfavors the view that only fainter

FRBs are more analogous to pulsars. It suggests a possible
common mechanism of radio emission despite the huge energy
difference between FRBs and pulsars. The fact that OPM jump
bursts are quite rare indicates that very special conditions,
likely special geometric configurations, are required to cause
the OPM jump phenomenon.

4. Physical Origin

4.1. Superposition of Multiplane Waves

One possible mechanism to explain the orthogonal jump is
the incoherent superposition by multiplane waves. When the
components correspond to different orthogonal modes in an
incoherent superposition, the orthogonal modes can occur at
the point of minimum linear polarization (S. Singh et al. 2024).
To explain Burst #1, we simulate the incoherent superposition
of two components, each consisting of only Gaussian Stokes

Figure 4. Comparing FRB 20201124A OPM jump bursts #2 and #3 with the single pulse and integrated profile of Pulsar J0358+5413 and J1136+1551. In panel
(a), (b), and (c), we show bursts #2 and PSR J1136+1551ʼs single pulse and integrated PA, polarization profile, and waterfall, respectively. In panel (d), (e), and (f),
we show the same information for bursts #3 and PSR J0358+5413. The dotted horizontal lines show the 0° PA. The polarization profiles are shown in the panel (b)
and (e), with linear polarization in red, circular polarization in blue, and total intensity in black. The intensity of the profiles is normalized such that the off-pulse rms
equals unity. The positions of the dotted vertical lines indicate the time (phase) of the orthogonal jumps.
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profiles (Figure 5). The Stokes profiles are given by
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where t is in unit of second and σw= 3.2× 10−3 s. The
corresponding linear polarization fraction and PA are given by
L U Q2 2= + and ( )U Q1 2 tan 1y = - , respectively. For
simplicity, each component has a polarization degree close to
100%. One can see that the superposition of two simple
components could reproduce the main features of orthogonal
jumps, i.e., the PA jump of ∼66° and the linear and circular
polarization changes observed in the most complicated case,
Burst #1. The PA jump can occur at minimum linear
polarization. Because the PA is the angle with the origin of
the Q−U coordinate as the vertex, it generally has a
discontinuity, i.e., a sudden jump, when the line of sight
travels across a point of L= 0 in the Poincaré sphere (R. X. Xu
et al. 1997). A jump with δΨ< 90° can occur at a minimum L
with a small number but not strictly zero.

4.2. Emission Mechanisms and Propagation Effects

In the highly magnetized magnetosphere of magnetars, the
two orthogonal modes for which the position angles differ by
90° are reminiscent of the O-mode and X-mode waves
(J. J. Barnard & J. Arons 1986): the O-mode is polarized in
the plane defined by the background magnetic field and the
wavevector, i.e., ( )E k Bw bg- , and the X-mode is polarized
perpendicularly to the magnetic field and the wavevector, i.e.,

( )E k Bw bg^ - . In the context of FRBs, their emission
mechanism still remains a mystery. There are two classes of
models depending on whether the FRBs are created inside the
magnetar magnetosphere or faraway from the magnetosphere.
Commonly discussed magnetospheric models invoke photons
generated via curvature radiation (P. Kumar et al. 2017;
Y.-P. Yang & B. Zhang 2018; W.-Y. Wang et al. 2020; W. Lu
et al. 2020; A. J. Cooper & R. A. M. J. Wijers 2021;
W.-Y. Wang et al. 2022; P. Kumar & Ž. Bošnjak 2020;
J. I. Katz 2014) and inverse Compton scattering off low-
frequency fast magnetosonic waves (Y. Qu & B. Zhang 2024,
2023; B. Zhang 2022). Both mechanisms can generate X-mode
and O-mode at ∼GHz bands, and these modes can propagate
freely within the magnetosphere (Y. Qu et al. 2022). Within
these models, FRBs are likely produced via a series of charged
bunches, and different emission patches could contribute to the
incoherent superposition of the two modes.
We emphasize that a sudden change of the dominant mode

over observing time can be realized only within the magneto-
sphere of a rotating neutron star. The dominance of two modes
before and after the jump time is more naturally interpreted by

Figure 5. Observed and simulated Stokes profile FRB 20201124A Burst #1. Burst #1 in frequency bands 1021–1190 MHz with DM of 413.5 pc cm−3 is shown in
panel (a). The polarization position angle of the low-frequency double-peak structure exhibits an orthogonal jump phenomenon with a jump angle of 66°. Panel (b)
shows the simulated Stokes profile and its corresponding PA swing.
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assuming that the two dominant emission modes come from
two distinct emission regions. This can be realized for a
rotating magnetosphere with different observing times corresp-
onding to different rotation phases as the line of sight sweeps
across different field lines (A. F. Cheng & M. Ruderman 1979;
P. Wang et al. 2014). The OPM jump time corresponds to the
epoch when the dominance of the two modes switches.

Outside the magnetosphere, synchrotron maser emission
may occur when the relativistic outflow interacts with a highly
magnetized plasma to form a quasi-perpendicular shock. The
PA of the synchrotron maser emission can also vary due to the
generation of the O-mode waves (e.g., M. Iwamoto et al. 2024).
However, there are several issues with such a mechanism: First,
in order to produce the observed jumps, the relative amplitude
of the two orthogonal modes should be small. However, within
the synchrotron maser model, the X-mode wave amplitude is
usually much larger than that of the O-mode wave due to the
effect of Alfvén ion cyclotron instability on O-mode waves
(M. Iwamoto et al. 2024). A small magnetization is required to
generate O-mode with a comparable amplitude as X-mode, but
this would lead to a relatively low linear polarization degree.
Second and more severely, unlike the pulsar-like model that
can interpret a rapid switch between two orthogonal modes via
line of sight sweeping across different emission regions, the
faraway shock models suggest that the same emitting plasma is
continuously observed as a function of time. There is no known
mechanism that can cause a sudden change in the dominant
polarization mode at a certain time. One contrived scenario
would be to assume that the emission comes from small
patches of plasma with a size much smaller than the causally
connected region and that such emitting regions fluctuate with
time. However, this would decrease the radiation efficiency by
a significant factor (W. Lu et al. 2020), and no faraway
coherent mechanism is known to achieve this.

It is worth pointing out that both coherent and incoherent
superpositions of multiple wave modes are possible. For a
coherent superposition of X-mode and O-mode, the total
polarization degree is always 100%. For an incoherent
superposition, on the other hand, significant depolarization
can occur. The latter matches the observation of FRB
20201124A (see Figure 5). For both coherent and incoherent
superposition cases, a PA jump occurs when the linear
polarization reaches zero, but the difference is that |V| must
have the largest value only for the coherent superposition. The
photons from the two modes may be produced from different
emission regions, which may lead to incoherent superposition
to cause the PA jump. However, it is not easy to identify which
subpulse is O(X)-mode due to the unknown magnetic
orientation and charge sign of emitting particles.

Finally, plasma lensing may in principle produce OPM
jumps (e.g., X. Er et al. 2023). However, in order to satisfy the
observational constraints such as millisecond OPM jump
timescale and the probability of detecting a jump during
several bursts, contrived model parameters have to be invoked.

4.3. OPM Jump Timescale Constraint

One can also pose a generic constraint of the emission region
based on the timescale of the observed OPM jumps. The very
short ∼1 ms PA jump timescale corresponds to a light-crossing
distance of ∼300 km. Such a scale is smaller than the light
cylinder radius of a typical magnetar. Without getting to the

details of emission models, this timescale again hints at an
emission region inside a neutron star magnetosphere.
Under the assumption of magnetospheric emission, one can use

the OPM jump timescale to place a very loose lower limit of the
magnetar spin period. The jump time of ∼4.1 ms places the spin
period to be longer than this, which excludes a millisecond
magnetar as the source of this FRB. This is as expected, because a
magnetar with such a short period has a spindown timescale
(the characteristic timescale defined by -W W, where Ω is the
angular frequency and W is its decreasing rate) of tsd =

( ) ( ) ( )c I B R I B P R3 0.4d 4.1 msp
3 2 6 2

45 ,15
2 2

6
6W - - (where Bp=

(1015 G)Bp,15 is the dipolar magnetic field strength at the magnetic
pole, Ω= 2π/P is the angular velocity, I=(1045 g cm2)I45 is the
moment of inertia, and R= 106 cmR6 is the radius of the neutron
star). This is much shorter than the active period of FRB
20201124A, which is years.

5. Summary

In this Letter, we reported three bright bursts from FRB
20201124A that show significant OPM jumps. We showed that
such jumps are analogous to the phenomenon commonly
observed in pulsars. This suggests that the FRB mechanism is
pulsar like and should originate from the rotating magnetop-
shere of a central engine, likely a young magnetar. Our results
suggest that even the bright bursts of repeating FRBs are
generated within the magnetospheres, and the faraway
synchrotron maser shock models are strongly disfavored.
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