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Fast radio bursts (FRBs) are millisecond-duration radio transients"? of unknown
origin. Two possible mechanisms that could generate extremely coherent emission
from FRBs invoke neutron star magnetospheres®™ or relativistic shocks far from the

central energy source® 8, Detailed polarization observations may help us to
understand the emission mechanism. However, the available FRB polarization data
have been perplexing, because they show a host of polarimetric properties, including
either a constant polarization angle during each burst for some repeaters®° or
variable polarization angles in some other apparently one-off events*?, Here we
report observations of 15bursts from FRB180301 and find various polarization angle
swings in seven of them. The diversity of the polarization angle features of these
burstsis consistent with a magnetospheric origin of the radio emission, and
disfavours the radiation models invoking relativistic shocks.

Thanks toits high sensitivity, the Five-hundred-meter Aperture Spheri-
calradio Telescope (FAST)® is well positioned to search for repeat-
ing bursts from FRB sources and carry out polarization observations.
FRB 180301 was discovered by the Parkes 64-m radio telescope™, and
has a dispersion measure (DM) of 522 cm™ pc. We carried out four
observations for this source in July, September and October 2019
with a total observing time of 12 h (see Extended Data Table 1) using
the19-beamreceiver mounted on FAST, covering the frequency range
1,000-1,500 MHz. In the July and September sessions, the central
beam (with a 3’ beam size at full-width at half-maximum, FWHM) of
the19-beamreceiver was pointed at the previously reported position
(right ascension, a = 6 h12 min 43.4 s; declination, 6 = +04° 33’ 45.4”)
fromthe Parkes discovery observation* (inwhich the telescope’s FWHM
beamsize was14.1’). Four bursts were detected using Beam 7 in the July
session, in which we recorded only two linear polarization intensity
channels. Based on the fact that we did not detect any burst signal
in beams other than Beam 7, we estimated the FRB position to be at
a=6h12min54.96 sand 6 = +04° 38’ 43.6” with an error circle of 2.6’
(see Methods). No burst above the detection threshold (signal-to-noise
ratio, S/N=8) was found in the September session. In the two sessions
in October, the FAST central beam was pointed to the July position of
Beam7,and 11 morebursts were detected, with the full polarimetric data
recorded. The pulse profiles and dynamic spectra of these bursts with
timeand frequency are presented in Extended Data Fig. 1(see Methods).
When they are dedispersed to maximize the frequency-integrated

temporal structure, these bursts have DM = 517 cm™ pc (see Table 1).
Their peak flux densities range from 5.3 mJy to 94.1 mJy.

The bursts show rich pulse structures without acommon pattern.
All the bursts have intrinsic widths of a few microseconds with no
apparentevidence of scattering (see Table1). These features resemble
those typically seeninrepeating FRBs'>" ", Some bursts (for example,
burst 5) show a clear frequency down-drifting pattern, as also
observed in some other repeating bursts'®*'®, suggesting a com-
mon physical origin.

The bursts show a diversity of polarimetric properties. Polariza-
tion pulse profiles of seven bursts with the best S/N polarization data,
together withtheir dynamicspectraare presented in Fig.1. These bursts
have ahigh degree of linear polarization, some with a degree of polariza-
tionof [7>70%.Onthe other hand, no obvious circular polarization was
detected for any of the bursts, with an upper limit of 3% for the strong
bursts5,9,11,12 and 13, and of about 10% for the weak bursts 7 and 10.
These properties are similar to those of some repeating FRBs, such as
FRB 121102, which show anearly 100% linear polarization and circular
polarization ofless than a few per cent’. However, FRB180301shows a
rich diversity of polarization position angle (PA) swings across the pulse
profiles—for example, sweeping up for bursts 9 and 13, sweeping down
forburst11, or up and down for burst 12—although some (for example,
burst10) are consistent withanon-varying PA during the burst. These
polarization features have not been detected in previous observa-
tions, which showed, for example, a nearly constant PA during each
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Fig.1|Polarization profilesand dynamic spectraofthesevenbrightest
bursts from FRB180301. The Bayesian RM of each burst listed in Table 1isused
toderotate the linear PA. Top, PA of linear polarization atinfinite frequency;
error barsrepresent 68% confidence. Middle, polarization pulse profile; black,
red and blue curves denote total intensity, linear polarizationand circular
polarization, respectively. Bottom, dynamic spectra of the total intensity asa
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Table 1| Measured parameters of the bursts from FRB 180301
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areplotted with atimeresolution 0f393.2 us perbin). The colour bars denote
theintensity S/N, thatis, the flux scaled with the off-pulse r.m.s. amplitude.

DM, jigneqin Table 1is used to dedisperse each burst. The PA curves are plottedin
thesamescale withatotal range of 90°. One cansee arich diversity of PAswings
across the pulse profiles—for example, sweeping up for bursts 9 and 13,
sweeping down for burst11, or up and down for burst 12—even though some
(forexample, burst10) are consistent with anon-varying PAduring the burst.

Burstnumber Arrivaltime®(MJD) DMg,°(cm>pc) DM,jg.°(cm®pc) S'(mly) S/N  Width(ms) t.°(ms) (%) RM,,,.°(radm™) RM,,"(radm™)
1 58680.09189754 5211+ 0.1 518.3+1.2 40.5 46.4 3701 <0.5 - - -

2 58680.11702228 522.3+1.4 - 7.2 1.4 71+£0.7 - - - -

3 58680.11785237 519.9+0.4 - 1.5 1.5 2.8+0.3 <01 - - -

4 58680.14004130 525117 - 8.6 12.9 6.3+0.5 - - - -

5 58762.87166882 520.7+0.1 516.8 +1.6 941 1551 4.3+01 <1 79510 535.2t8:g 5347+26
6' 58762.90818370 517.3+0.7 - 10.7 143 28+0.2 <6 - - -

7 58762.91573324 517.3+0.2 516.6 +0.7 18.8 295 39+01 0.1 46.9+4.5 547.53:;i 5477+3.8
8 58762.94422687 510.3+2.3 516.6 +1.3 6.8 144 71+x0.6 <10 - - -

9 58762.97852743 5171+ 0.2 516.3+2.6 60.2 1201 6.3+01 <4 36.6+0.9 521 .O:ﬁ:g’ 522.6+8.5
10 58762.97985277 518.9+0.3 517.0£ 0.6 10.3 177 47+0.3 <0.7 674+70 542.63:2 557.2+8.8
n 58763.86585273 5171+ 01 516.6 + 0.8 43.2 889 6.7+0.9 <0.2 69.0+14 555,7:’8:8 559.4+2.8
12 58763.86585290 516.9+0.4 515.9+2.3 21.2 395 55+02 <4 55.6+2.9 552.8'%% 548.7+71
13 58763.88351268  516.9+0.2 516717 325 455 31:01 <10 736+32 563.9%3 5527+13.4
14 58763.92197253 5227+1.4 - 71 17.7 9.8+0.6 - - - -

15' 58763.97110374 525.5+0.6 - 5.3 9.8 55+0.6 - - - -

“Infinite-frequency arrival times at the Solar System barycentre.

DM obtained by maximizing S/N.

°DM obtained by the best burst alignment.

9peak flux density. Uncertainties are dominated by the variation of the system noise temperature (~20%)".
°Scattering timescale at 1 GHz at 68% confidence level, determined by curve fitting®.
fDegree of polarization.

9RM at 68% confidence level, obtained by the Bayesian method.

"RM at 68% confidence level, obtained by RM synthesis.
'Because of the the low S/N (<5), we neglect the degree of polarization for bursts 6, 8,14 and 15.
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Fig.2|RMvalues of sevenbursts from FRB180301. a, Comparison between
RM values measured with the Bayesian and with the RM synthesis method. The
burstnumbersare definedinTable1. The error bars denote the 68% confidence
intervals. Blue points denote RMs computed using the Bayesian method with

burst from repeaters such as FRB121102° and FRB 180916.J0158+65',
PA swings for some apparently non-repeating FRBs"2, or a considerable
amount of circular polarization from some FRBs". Our observations
revealed a high level of diversity for the PA swings of repeating bursts
fromonesource, suggesting that polarimetric properties are not agood
indication for distinguishing repeaters from apparent non-repeaters.

The detection of linear polarization allowed the measurement of
the Faraday rotation measure (RM; see details in Methods). For seven
bursts with polarization datarecorded and S/N > 5for the polarization
intensity, we calibrated the data and found similar RM values ranging
from 521.5" 55 rad m2t0 564.4734 rad m 2 (68% confidence level), very
different from that reported (-3,163 + 20 rad m™) in the initial
discovery™. Itis possible that the previous reported RM value was biased
owing to the narrow signal bandwidth of 40 MHz (see Methods).
RM variations on a wide range of timescales have been reported
for FRB121102°, including a variation of about 0.5% (-500 rad m) over
a month and of 10% (-10* rad m™) over seven months. A small
burst-to-burst RM change for FRB 121102 (-50 rad m™) cannot be ruled
out.For FRB180301, ay’ test (see Methods) shows that the RM s unlikely
to be a constant, varying on a timescale of one day, as shown in Fig. 2.
SuchanRM variationis not affected by the DM uncertainties, because
theresults are nearly the same when using either the DM valuesinferred
from each burst or the DM of the burst with the highest S/N (burst 5).
Our measured RM values have a possible linear trend with a slope of
21rad m2d™and pulse-to-pulse RM variations with a root-mean-square
(r.m.s.) amplitude of 14 rad m=.

FRB models typically address both the source of the burst and the
radiation mechanism. The polarization dataset presented here offers
clues in understanding the radiation mechanisms of repeating FRBs.
Two groups of radiation models have been widely used to interpret
the extremely high brightness temperatures of FRBs. One group of
modelsinvokes amagnetosphere of aneutronstar to radiate coherent
emission®®, whereas the other group invokes the synchrotron maser
mechanism in relativistic shocks from a highly magnetized neutron
star”®, Both groups of models are able to interpret strong linear polariza-
tion with non-varying PAs, as observed in FRB 121102 and FRB 180916.
J0158+65. The magnetospheric models invoke ordered field lines that

the DM, values in Table 1; orange stars represent RM values computed with
the RMsynthesis method. b, Comparison between RMs calculated using DM,
(blue points) and the DM of burst 5 (red stars). The details of RM inference are
givenin Methods.

sweep the line of sight as the source rotates? (as frequently observed
in radio pulsars and flaring magnetars®?*) or as the magnetospheric
configuration is reshaped by an external ram pressure*. Depending on
the magnetospheric configuration and line-of-sight geometry, the mag-
netosphere models can produce diverse PA swing patterns (including
anon-varying PA pattern**). However, the synchrotron maser models
require the ordered magnetic fieldin the shock plane toreach the coher-
ent condition for radio emission. These models predict a constant PA
during each pulse” and have great difficulties in producing diverse
PA variation patterns across pulses. The observations reported here
therefore disfavour the synchrotron maser mechanism but supporta
magnetospheric origin of FRB radio emission (Methods).

The burst rate of FRB180301is1.2*3$ h ' with a shape parameter of
k=0.9+0.3 (see Methods) assuming a Weibull distribution®, when we
count15burstsdetected by FAST in the four sessions with a flux density
threshold of 5 mJy. The shape parameter is close to 1, which suggests
that the burst arrival times can be well described by a Poissonian dis-
tribution. The high burst rate makes FRB 180301 an active repeater,
similar to FRB121102. FRB 121102° has an exceptionally large RM value,
which hasbeeninterpreted as either due to a putative special location
close toa supermassive black hole®?* or due to a strong magnetic field
in the wind or supernova remnant of a very young magnetar’. Within
the magnetar scenario, if the burst rate is a proxy for the age of the
underlying magnetar, other factors are needed to account for the RM
discrepancy between FRB180301and FRB121102.

Online content

Any methods, additional references, Nature Research reporting sum-
maries, source data, extended data, supplementary information,
acknowledgements, peer review information; details of author con-
tributions and competing interests; and statements of data and code
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Methods

Observations and burst detection

The observations were carried out using the FAST telescope, which
has an effective collecting area of 300 m in diameter, mounted with
the 19-beam receiver. The system temperature is about 20-25K for
different beams, as reported in the specifications of the FAST L-band
system?. The designed frequency response of the 19-beam receiver
covers 1,050-1,450 MHz with the central frequency at 1,250 MHz;
in reality, signals of 1,000-1,500 MHz with a degraded bandpass of
50 MHzateach of the two edges are also received and down-converted.
The raw voltages were digitized using a pulsar backend based
on the Re-configurable Open Architecture Computing Hardware-2
(ROACH2) system®, where the voltage data are correlated and inte-
grated to form filterbank datawith a time resolution 0f 49.152 ps. The
entire 500-MHz bandwidthis divided into 4,096 channels. As asearch
observation, two orthogonal linear polarization intensity channels
were recorded.

Observations were carried out in four sessions (see Extended Data
Table1). During thefirstsession on16July 2019, we detected four bursts
over a 2-h observation, and the burst signal was seen only in Beam 7
(outof19 beams). Later inthe same year, 4-,3-and 3-h follow-up obser-
vations were carried out on 11 September, 6 October and 7 October,
respectively. No burst was detected in the second session, but six and
five bursts with full-polarization Stokes parameters were recorded in
the third and fourth sessions when the central beam of the receiver
was placed on the new position (see below).

We used the BEAR (Burst Emission Automatic Roger) package® to per-
formthe FRB searches. BEAR is capable of performing radio-frequency
interference (RFI) mitigation, dedispersionand candidate score rank-
ing in one run. When searching for bursts, data at 1,200-1,250 MHz
were excluded to avoid satellite interference. We dedispersed the data
with DM trials in 500-550 cm™ pc in steps of 0.5 cm™ pc. To reduce
the computational cost, the pulse width was searched from 0.2 ms to
20 ms in the box-car-shaped matched filter of BEAR. The signals were
thensifted visually for candidates with S/N > 8. The RFl at the FAST site
is dominated only by satellite signals thanks to the radio protection
zone. The narrow-band, close-to-zero DM signals were classified as RFI.
Although we searched only with a DM range of 500-550 cm™ pc, the
zero-DM time series was always computed by the RFIfilter of BEAR. Sig-
nalswith astrongindication of cold-plasma dispersion were recorded
as FRB candidates. We also plotted all the candidates using agraphical
interface, where RFland FRB signals can be well separated in the DM and
S/Nspace. Thedynamicspectraofall15bursts detected are presented
in Extended Data Fig. 1.

Localization and position accuracy

Allthe19 beams had an average full half-power beam width (HPBW) of
3’and were spaced by 5.74 ina cellular structure”. Because burst 5—the
strongest one that we detected, with S/N=155—was not detected in the
six beams surrounding the central beam above the S/Nthreshold of 8,
the angular distance of FRB180301from the centre of Beam1cannot be
larger than -2.6’. Otherwise, it would appear in the sidelobes of other
beams. The pointing error of FAST is less than 157, whichis much smaller
than the HPBW. We therefore conclude that the position of this FRB is
located at a =6 h12 min 54.96 s and § = +04° 38" 43.6” with a position
uncertainty of 2.6’ (radius, 68% confidence level).

Dispersion measure

DM values obtained by aligning the signal across frequencies to achieve
thebest peak S/N (ref.*°) or by maximizing the temporal structure will
be different’®, Here we report both kinds of DM values (Table 1).
Deriving the DM from the maximization of S/N has been well docu-
mented®. To maximize the temporal structure, we maximize the
S/N-weighted ‘local contrast’ of the dedispersed pulse profile, as

defined in equation (). Previously, this was done without the S/N
weight'®. The estimated DMis

[s(DM), - s(DM),_,*[ s(DM), +s(DM),.1ﬂ
)

DM = argmax,, max{ S(DM), + s(DM),_, L p

Vie[2,N]

for N data points in the dedispersed pulse profile (s). We use the
r.m.s. value of the integrated profile baseline to estimate the profile
error (0). The first term in the equation is the local contrast, that is,
the ratio between the difference of the ith bin and the (i — 1)th bin
(s;—$,.1) and their mean. The second term is the S/N weight. In prac-
tice, we dedisperse the dynamic spectrain a series of DM trials to get
the profiles. Then, we calculate the maximum of the local contrast
of each profile to get the best alignment of the pulses. The optimal
DM is DM,jizneq in Table 1. The DM error is determined by the FWHM
of the contrast-DM curve. This approach gives a better determined
DM (weighted mean DM = 516.76 cm™ pc with standard deviation of
A(DM) = 0.62 cm™ pc) compared to the previously used method™®
(weighted mean DM = 516.23 cm™ pc with standard deviation of
A(DM)=1.19 cm pc), because the S/N weighting in our method helps
toreduce the uncertainty.

Redshiftinference

The redshift of FRB 180301 is inferred using the method described
by Luo et al.?, in which the cosmic co-moving volume size is used as
the distance prior and galaxy synthesis is applied to determine the
likelihood function of the observed DM with a certain redshift z.
The extragalactic DM was obtained by removing the foreground
contribution from the Milky Way using both the NE2001*? and the
YMW16* models. We used the DM from the halo with the mean value
DM~ 30 cm™pcfrom the simulation®, and the relation DM,gy,-z using
the standard formula® with intergalactic medium fraction fig, = 0.83.
Weinferred the redshift using the maximal posterior inference. Accord-
ing to the galaxy synthesis model®, the redshift range at 95% confidence
levelis z=0.20-0.35 using the NE2001 model and z= 0.13-0.23 using
the YMW16 model.

Polarization and Faraday rotation

We performed the polarization calibration with the PSRCHIVE software
package (http://psrchive.sourceforge.net) using the single-axis model,
inwhich the differential gain and phase are calibrated using the noise
diode. Such a calibration scheme can reduce the systematics down
to the 0.5% level, as the leakage term is better than —46 dB within the
FWHM region of the central beam as measured in the FAST engineer-
ing phase®. The polarization datawere recorded at1,000-1,500 MHz.
The feed efficiency drops below 70% and the noise temperature rises
steeply” near the band edge; therefore, we only used datain the range
1,020-1,480 MHzfor later analysis. We checked the bandpass of Stokes
intensity parameter Vin the pulse region, as shown in Fig. 1. The fluc-
tuationis compatible with the r.m.s. amplitude in the off-pulse region,
whichindicates that the differential phase between the two linear feeds
was calibrated properly.

Among the 11 bursts detected in the third and fourth observations,
seven have high S/Nfor the polarizationintensity (S/N,, > 5), withwhich
the Faraday rotation can be measured. Frequency channels containing
strong RFIwere excluded, as marked in Extended Data Fig. 2. The bins
withintegrated S/N <5 were also excluded.

There are two major classes of methods with which to measure the
RM: (1) Q-Ufitting, which fits the Stokes intensity parameters Q and
U using sinusoidal curves®; and (2) RM synthesis®’, which derotates
the RM-induced PA wrap and uses the maximum of the total linear
polarization to determine the RM. The two methods are complemen-
tary because the Q- Ufitting method has asolid statistical foundation
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in parameter inference, whereas the RM synthesis method provides
aglobal view of the linear polarization intensity as a function of the
wide RM range*°. As a parameter estimation problem, it is preferable
to use Q- Ufitting with Bayesian inferences® as the primary method
to measure the Faraday rotation in the observer frame. Nevertheless,
we compare the result obtained using this method with that obtained
using the RM synthesis method® to cross-check the measured RM
values and to make sure that the inferred parameters do not fall into
alocal minimum.

The Bayesian method?® includes modelling the systematics and
deviation of RM-induced linear polarization wrapping, so it generally
produces reliable RM values. The Stokes parameters Qand Uare inte-
grated inthe burst time intervals, binned to a frequency resolution of
1.95 MHz per channel. As shown in Extended Data Fig. 2, we detected
clear RM features for each burst, that is, the sinusoidal curves of the
Stokes parameters Q and U as functions of wavelength. After the RM
measurement, we used the software package IONFR* to compute the
ionospheric corrections, with values below 1 rad m™. The corrected
RMvalues are listed in Table 1.

We cross-checked the RM values using the ‘revisited’ RM synthesis®.
The polarization dynamic spectra were normalized by the baseline
r.m.s. value of the total intensity in each channel. Then, the Stokes
parameters Qand Uwere derotated with trial RM values ranging from
-8,000rad m2to+8,000 rad m?, arange chosen to cover much more
than the original RM of -3,163 + 20 rad m2given in the initial discovery™.
Here, the ‘revisited’ derotation vector was used to correct the system-
atics caused by uniform frequency sampling, as explained in ref. .
The degree of linear polarization for each trial RM was then calculated
fromthelinearly polarized profile and the total intensity profile. Follow-
ing the convention®, the uncertainty of the RM values was estimated
using half of the FWHM divided by the S/N value of the local Gaussian
peak. The RM spectraare shownin Extended Data Fig. 3. The measured
RMvalues are compared with the Bayesian valuesin Table1and Fig. 2a.

We checked whether the RM value or polarization profile could be
affected by the value of DM used in the dedispersion by comparing the
measured RM values produced by a different data-processing pipeline,
in which we fixed the DM for all bursts. We chose to fix the DM to the
value of burst 5, which has the widest bandwidth and the highest S/N
among all bursts. The measured RM values for aligned/fixed-DM sets
agree with each other within the uncertainties.

To make sure that the RM measurement was not affected by the
polarimetry instability of FAST or off-axis illumination, we conducted
three extra test observations with a pulsar, PSR J1915+1009, on 16 and
17January 2020. The DM and RM values of PSR J1915+1009 are similar
tothose of FRB180301, and its positionis known accurately. Inthe first
test observation, the pulsar was placed at the centre of the central beam;
inthesecondtest observation, the pulsar was placed 2.6’ (see Methods
section‘Localization and position accuracy’) away from the beam cen-
tre; and the third test observation was conducted one day later with
the pulsar atthe beam centre. We checked the temporal stability of the
Bayesian RM measurement using the first and third test observations.
Asshownin Extended DataFig.4a, no RMvariationis foundinthe test
pulsar observation. The maximum RM variationis 0.1rad m2over the
two-day timescale. We examined the off-axial polarization error by
comparing the RM measured in the first and second observation ses-
sions. As shown in Extended Data Fig. 4b, the maximum difference is
0.3rad m™ Wealso checked the linear and circular degrees of polariza-
tionby comparing the pulse profiles of the three observation sessions
carried out at FAST with previously published results*2. As one can see
in Extended Data Fig. 4c-e, both linear and circular polarizations are
stable. Therefore, the RM values that we measured for FRB180301are
not affected by instrumental instability.

Our RM values are highly different from that reported
(3,163 +20 rad m™) in the initial discovery, in which the signal was
bright onlyina40-MHz frequency window and the so-produced linear

polarization in the integrated profile was not apparent. Although it
is possible that the RM value changed so dramatically owing to the
compact magnetoionic environment, such a discrepancy in RMvalues
probably comes from the narrow-band bias of the RM transfer func-
tion*, that s, the previously reported value may be biased because
of the just 40 MHz effective bandwidth. With the RM values that we
obtained, the degree of linear polarization for the RM-corrected pulse
profileis rather high (36-80%).

Such a high RM of -550 rad m cannot be easily explained by the
Galactic foreground, which is measured to be +72 + 8 rad m 2 at these
Galactic coordinates, according to Xu & Han** (see also the http://zmtt.
bao.ac.cn/RM/searchGRM.html). Likewise, the intergalactic RM con-
tribution* is estimated to be at most a few to a few tens of radians per
square metre. The remaining observed RM is contributed by the host
galaxy orlocal environment at redshift z=0.13-0.35, which implies that
the intrinsic RM in the source rest frame is (RM,,, — RMg,) x (1 +2)?=
(550 -72) x (1.27 t0 1.82) = 600 to 870 rad m 2. The most probable ori-
gin of this large RM is from the local environment—as opposed to the
interstellar medium of the host galaxy.

Asone can see, the RM values measured with the Bayesian and the
RM synthesis methods are consistent. For six out of seven measure-
ments, the results of the two methods agree within 1o, and all seven
measurements agree within 20. Because the two methods belong to
different classes of statistics, their errors have different meanings. Nev-
ertheless, we note that the RM synthesis tends to produce larger errors
thanthe Bayesian method. We also combine the RM synthesis spectra
of different burststo fit the RM values jointly. The combined RM spec-
tra are shown in Extended Data Fig. 5. The jointly fitted RM values are
535.8+2.7radm2on 6 October 2019 (bursts 5,7,9,10),558.9 +3.7rad m™
on7October 2019 (bursts11,12,13) and 543.7 + 2.6 rad m2for all seven
bursts. The three joint-fitting results indicate an RM variation. Using
the Bayesian RM values in Table 1, the computed x> becomes x> =450
(corresponding to 210). If we use the RM synthesis values, x> =51 x 6a.
The RM values for data dedispersed with the DM of burst 5 produce
asimilar level of x%, and the conclusion does not change. The x? test
indicates that the RM is probably not a constant.

We investigated whether the RM changes during the bursts but found
no suchvariation. Phase-resolved RM variation has been reported for
radio pulsars*® and for FRB 181112". As shown by Noutsos et al.*¢, the
phase-dependent RM variation may come fromscatteringin interstellar
ionized medium or from propagation effects in the magnetosphere.
Cho et al.” noted that the RM differs by approximately 25 rad m2within
oneburst from FRB181112. Here, the null detection of phase-dependent
RMvariationin FRB180301 could be a consequence of the limited S/N.
However, it is also possible that the scattering effect of FRB 180301 is
too weak to produce RM variation during the burst.

We checked whether the measured RM spectra are consistent with
the thin-screen model. Data of burst 5 were used for the test because
ithas the best S/N. Asshown in Extended Data Fig. 6, after we subtract
the linear polarization contribution of the best-fitted RM (that is, the
spectrum of athin Faraday screen), the remaining RM spectrumis con-
sistent withnoise, suggesting that the radiation comes fromacompact
region with the same Faraday depth.

Polarization angles of bursts
After correcting for the RM, we have the infinite-frequency polari-
zation profile of each burst. The RM-corrected profiles with the
individual Bayesian RM values are shown in Fig. 1. For the diverse PA
swings observed from FRB 180301, even though bursts 5,9,11and 13
may be characterized as pulsar-like shapes, it is unlikely that a simple
rotating-vector model invoking a dipolar magnetic field* can repro-
duce the properties of all the bursts.

We note that there are obvious differences between the centroids
of the PAs, if we derotate the linear polarization with a globally
fitted RM (as shown in Extended Data Fig. 7). If we derotate the linear
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polarization with the individual RM values shown in Table 1, we can
approximately bring the centroids of the PAs to a constant value after
taking the RM errors into account. Thus, either there is RM variation
in FRB 180301 or the central values of PA swings vary pulse to pulse.
During the derotation of the linear polarization with different RMs,
the PA swing of each burst keeps its shape, as seen from comparing
Extended Data Fig. 7 and Fig. 1.

The shape of the PA swing may depend on the DM. For example, if the
DM value isinaccurate, the polarization features will be smeared and
the PA swing will be flatter. To test whether the diversity of PA swing
inFig.lis affected by DM, we compare it with the PA swings produced
using the maximum, minimum and burst-5 DM values. The polarization
profilesforall cases are presented in Extended DataFig. 8. Thereis little
change in the shape of PA for all the bursts, even though bursts 7,10
and 12 have a relative shift in the PA centroid. Because every 3 rad m
of RM change leads to approximately 20° of parallel shift in PA for the
central frequency at1,250 MHz, the PA shifts for bursts 7,10 and 12 are
due to a sub-error change of the RM values, as discussed in Methods
section ‘Polarization and Faraday rotation’.

Coherent radiation models
The extremely high brightness temperatures observed in FRBs require
that the radiation mechanismbe coherent. In theliterature, two broad
classes of models*” have been discussed: pulsar-like models invoking
magnetospheres®>*® and y-ray-burst-like models®***° considering rela-
tivistic shocks. The latter invoke synchrotron masers as the coherent
mechanismto emit FRBs. There are two sub-types of synchrotron maser
models. One type* considers a non-magnetized shock, so that emis-
sionis not expected to be highly polarized. The other type®®*° invokes
highly ordered magnetic fields in the shock plane to allow particles to
emit coherently; to achieve this, this model requires that the magnetic
fieldlinesin the upstream medium are highly ordered. As aresult, such
amodel predicts a constant PA across a single burst”®. To account for
variation of PA across a burst, this model needs to introduce a varia-
tion of the magnetic field configuration as a function of radius in the
upstream medium through which the shock propagates. A striped wind
fromarotating pulsar may in principle provide a varying magnetic field
configurationin the shock upstreamas a function of radius®. However,
thismodel can only generate monotonic, smoothly varying PA curves
and may not account for the diverse PA evolution patterns presented
inFig. 2, such as non-monotonic variations (for example, bursts 7and
12) and jumps in PA between sub-pulses (for example, bursts 10, 11
and 13). More complicated upstream magnetic field configurations
may be possible if the medium has undergone violent disturbance
dueto aprevious shock. However, in this case, the fields are no longer
ordered, and the maser mechanism cannot operate. Onthe other hand,
diverse PA variation features have been frequently observed in radio
pulsars and flaring magnetars, the radio emission of whichis believed
to originate from the magnetosphere of a neutron star?*,
Magnetospheric models attribute PA variations to line-of-sight
sweeping across the radiationbeam. These modelsinclude the stand-
ard scenario involving neutron star rotation (as is the case of radio
pulsars and flaring magnetars)?** and a scenario invoking sudden
reconfiguration of amagnetosphere triggered by an external ram pres-
sure*. Propagation effects—either inside the magnetosphere or far
fromthe source, outside the magnetosphere—may provide additional
mechanismstointroduce PA variation. However, these effects tend to
introduce asystematic effect on all the bursts, unless the environments
(forexample, plasmalensing) vary rapidly within timescales of hours,
whichisunlikely®®. The fact that the PA variation patterns differ for dif-
ferent bursts of FRB 180301 suggests that propagation effects do not
play the dominant role in shaping the PA variation patterns. Whether
or not a PA variation is observed and how PA varies with time depend
on the magnetic field configuration and the line-of-sight geometry.
For example, the simple rotating-vector modelfor a dipolar magnetic

field configuration predictsan ‘S’ or ‘inverse S’ shapein the PA variation
curves. More complex magnetic field configurations can produce more
complicated PA variation curves. Nearly straight magnetic field lines
sweeping the line of sight can produce non-varying PA patterns. This
may berealized either in arotating neutron star model with the emis-
sion region in the outer magnetosphere, or in the interaction model.
The diverse PA swings observed from FRB 180301 and the failure of
the simple dipolar rotating-vector model®® suggest that the system
may have complicated magnetic field configurations and line-of-sight
geometries, which may vary with time. Such ascenario may be achieved
ininteracting models** rather than simple rotating models. Thisis also
consistent with the lack of strict periodicity observed in repeating
bursts®. Within the magnetospheric model, the fact that many FRB
bursts (including those from other sources, such as FRB 121102° and
FRB180916.J0158+65'°) showed a nearly constant PA during each burst
would suggest that their emission region is in the outer part of the
magnetosphere, where the field lines are nearly straight.

Both FRB180301 (with varying PA) and FRB121102 (with non-varying
PA) show similar emission properties, such as complex pulse pro-
files” and downward-frequency-drifting sub-pulses'. These features
can be understood within a generic magnetospheric model using
open-field-line regions as the FRB emission site®*>". As the emission unit
moves away along the open-field-line regions (either for the polar-cap
geometry or the cosmic-comb geometry), an observer always sees
higher-frequency emission earlier than lower-frequency emission®.

Burstrate
Using the Kolmogorov-Smirnov test, we compare the Weibull, Gaussian
and exponential distributions and find that the one that best describes
the burst waiting time is the Weibull function®. The p values for each
case are 0.728, 0.004 and 0.202, respectively, so we can use either
the Weibull or the exponential distribution to describe the waiting
times. Here we adopt a Weibull distribution because the inference of
its shape parameter can help to understand if there is deviation from
aPoisson process.

The likelihood function of the waiting time series AT—that is, its
probability density function—is

k W Lrarr(es 1)
W(ATIk, 1) = E{mrr@ + Zﬂ e ( ( k)} , (2)
with the I'function defined as I'(x) =I; t*letd¢t. Here, ris the burst
rate and k is the shape parameter. With the above likelihood function
and assuming uniform priors, we carried outa Bayesianinference using
the nested sampling software package MULTINEST®, According to the
data from all the observational sessions listed in Table 1and the peak
flux density threshold of FAST at -5 mJy (see Table 1), the parameters
areinferred asr=1.2"38h"and k= 0.9*53 with a 95% confidence level.
The posterior is plotted in Extended Data Fig. 9. The shape parameter
is close to 1, which suggests that the distribution can also be well
described by a Poisson process.

Data availability

The datathat support the findings of this study are available at https://
psr.pku.edu.cn/index.php/publications/frb180301/.

Code availability

The BEAR package is available at https://psr.pku.edu.cn/index.php/
publications/frb180301/.
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denote theintensity S/Nscaled with the off-pulse r.m.s. value. The DM,jigqcq
valuesinTablelare used to dedisperse each burst. For bursts1-4 we plot the
rawintensity because only two linear polarization channels wererecorded.
Fortherestofthebursts, polarization calibrations were performed.
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Extended DataFig.3|RMsynthesis results of the sevenbursts. We calculate
the RM spectrum within the range -8,000 to +8,000 rad m ™ The horizontal
redshaded areadenotesthe lointerval of the baseline. The vertical red line
denotes the best-fit RM value. We also show azoom-in of the spectral peak,
wherethe vertical orange dashed lines show the range in which the spectrumis

Rotation measure (rad m~2)

usedin peak fitting. The best-fitting Gaussian and its 68% confidence interval
areindicated by the orange curve and blue shading. The vertical red lines and
shading show the best-fit RM and the 68% confidence intervals. We also show
the Bayesian RM, indicated by the verticalblacklines and shading. The burst
numberineachsub-plotisdefinedin Tablel.
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Extended DataFig. 8| Comparison of PA swing fromsevenbrightbursts ofburst5(b), green curves use the lowest DM (from burst 12) (c) and red curves
using different DM valuesindedispersion.a-d, Foreach burst, blue curves use the highest DM (from burst 10) (d).

useindividually measured DM values asin Table1(a), orange curves use the DM
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Extended Data Table 1| FAST observations of FRB 180301

FAST observations of FRB 180301

Observational time MJD Duration Number of

UTC (hr:min)  detections
2019-07-16 02:00:00 - 2019-07016 04:00:00 58680 2:00 4
2019-09-11 21:52:00 - 2019-09-12 01:48:00 58737 3:56 0
2019-10-06 20:49:09 - 2019-10-06 23:49:09 58762 3:00 6
2019-10-07 20:33:23 - 2019-10-07 23:27:23 58763 2:56 5
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