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Linear to circular conversion in the polarized 
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Radio emission from magnetars provides a unique probe of the 
relativistic, magnetized plasma within the near-field environment 
of these ultra-magnetic neutron stars. The transmitted waves can 
undergo birefringent and dispersive propagation effects that result in 
frequency-dependent conversions of linear to circularly polarized radiation 
and vice versa, thus necessitating classification when relating the measured 
polarization to the intrinsic properties of neutron star and fast radio burst 
emission sites. We report the detection of such behaviour in 0.7–4 GHz 
observations of the P = 5.54 s radio magnetar XTE J1810−197 following its 
2018 outburst. The phenomenon is restricted to a narrow range of pulse 
phase centred around the magnetic meridian. Its temporal evolution is 
closely coupled to large-scale variations in magnetic topology that originate 
from either plastic motion of an active region on the magnetar surface or 
free precession of the neutron star crust. Our model of the effect deviates 
from simple theoretical expectations for radio waves propagating through 
a magnetized plasma. Birefringent self-coupling between the transmitted 
wave modes, line-of-sight variations in the magnetic field direction and 
differences in particle charge or energy distributions above the magnetic 
pole are explored as possible explanations. We discuss potential links 
between the immediate magneto-ionic environments of magnetars and 
those of fast radio burst progenitors.

Magnetars are a class of slowly rotating neutron star with implied 
surface magnetic field strengths exceeding 1014 G. Most magne-
tars are exclusively detected at X-ray and gamma-ray wavelengths  
(ref. 1, https://www.physics.mcgill.ca/~pulsar/magnetar/main.html). 
So far, only six have been found to emit radio pulses. The magnetar XTE 
J1810−197 was initially discovered following a high-energy outburst in 
2003 (ref. 2) with a peculiar flat-spectrum radio counterpart3. Follow-up 
observations revealed the magnetar emitted bright, highly polarized 
radio pulses4. The radio emission displayed dramatic changes in pulse 
profile shape and intensity over time5,6. Polarimetry of individual single 

pulses revealed the presence of low-level circular polarization with an 
apparent frequency-dependent change in handedness6. This behaviour 
was believed to be the product of the electromagnetic radiation propa-
gating through a birefringent medium such as the highly magnetized, 
relativistic electron–positron pair plasma within neutron star magne-
tospheres7. Polarization-dependent dispersion within such a plasma 
can result in an efficient conversion between the linearly and circularly 
polarized components of the transmitted radiation, an effect known as 
Faraday conversion (sometimes referred to as generalized Faraday rota-
tion or the Cotton–Mouton or Voigt effect)8,9. This propagation effect 
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Following the initial PA-inversion the magnetar began to display 
clear frequency-dependent variations in its polarization properties. 
This is highlighted in Fig. 2 where we show the frequency and 
phase-resolved linear position angle between Stokes Q and U and 
ellipticity angle between Stokes V and the total polarization (L), 
Ψ = 0.5 tan−1(U/Q) and χ = 0.5 tan−1(V/L), across the central profile 
component from MJD 58463–58471. The right-hand panels of Fig. 2 
show the single-pulse PA and ellipticity angle distributions measured 
on MJDs 58468, 58469 and 58471 gradually branch out along two sepa-
rate paths at the same pulse phases where substantial right-hand cir-
cular polarization was detected. Such rapidly diverging PA distributions 
are often attributed to radio emission from two orthogonally polarized 
modes (OPMs)23. While there does appear to be a weak OPM in the 
precursor and trailing components, along with a clear OPM jump at 
pulse phases between 0.52 and 0.53 on MJDs 58468–58471, the branch-
ing PA distributions in question are inconsistent with switching 
between orthogonal emission states. The separation and recombina-
tion of the PA-swing distributions are substantially slower than the 
near-instantaneous transitions expected for OPMs24. Additionally, 
while the ‘orthogonal modes’ are 90° apart from one another at pulse 
phases between 0.495 and 0.508, they are only offset by ±45° from the 
nominal PA track. This instead points to the polarization variations 
having arisen from some form of birefringent propagation effect either 
within the magnetosphere or near-field environment of XTE J1810−197 
(refs. 16,25).

To understand what is driving the frequency-dependent polariza-
tion changes in XTE J1810−197, we analysed the Stokes spectra extracted 
from individual pulse-phase bins within the central component. In Fig. 3 
we plot the polarization fraction and normalized Stokes Q, U and V 
parameters corresponding to the peak in left-hand circular polarization 

has been invoked as a means for generating rotation-phase-dependent 
variations in the linear and circular polarization of some pulsars10–13, 
and was recently suggested as the mechanism responsible for gen-
erating circular polarization within the eclipses of the pulsar binary 
system PSR J1748−2446A (ref. 14). A similar linear-to-circular conver-
sion can take place due to either fully or partially coherent averaging 
of linearly polarized emission modes that have undergone birefringent 
delays within neutron star magnetospheres15–17. Partially coherent 
mode mixing has been recently investigated as a means for explain-
ing non-orthogonal jumps in linear polarization position angles 
(PAs) and frequency-dependent curricular polarization variations in 
young pulsars18. Recent advances in wide-bandwidth radio telescope 
instrumentation and signal processing systems have since allowed us 
to identify and characterize these effects and use them to probe the 
immediate plasma environment in and around the magnetospheres 
of these extreme objects.

Observations
After more than a decade of quiescence, radio pulses were again 
detected from XTE J1810−197 on modified Julian date (MJD) 58460, 
following a high-energy outburst that began sometime between MJD 
58442 and 58448 (refs. 19,20). We began a monitoring campaign of the 
magnetar using the Commonwealth Scientific and Industrial Research 
Organisation (CSIRO) Parkes 64 m radio telescope (also known as 
Murriyang) and the 76 m Lovell Telescope at the Jodrell Bank Obser-
vatory ( JBO). Here we focus on the observations taken between MJD 
58460 and 58512. A total of ten observations were performed during 
this time period using the Parkes Ultra-Wideband Low (Parkes-UWL) 
receiver system, covering a broad frequency range extending from 704 
to 4,032 MHz. At JBO, a set of 33 observations that were taken using 
a comparatively narrowband (512 MHz) receiver system centred at 
1,532 MHz. All observations were corrected for frequency-dependent 
dispersion and Faraday rotation introduced by propagation of the 
radio pulses through the interstellar medium. Details of the observa-
tions and data processing procedure can be found in the Methods and 
Extended Data Table 1.

Results and analysis
The radio emission from XTE J1810−197 after its reactivation was 
composed of narrow, millisecond-duration subpulses21,22. Averaging 
hundreds of rotations over time results in an average pulse profile 
composed of three distinct, highly polarized components: a strong 
‘central’ component flanked by a wide leading component and a narrow 
trailing component (Extended Data Figs. 1 and 2). Simple power-law 
fits to the total intensity spectrum across the pulse profile revealed 
spectral indices (κ, see Methods for details), with predominantly nega-
tive values across the precursor and trailing components, whereas 
the central component displayed either a flat or inverted spectrum 
(Extended Data Fig. 3). The component-dependent spectral indices 
remained fairly stable over the first 2 months of the outburst, unlike 
much of the other radiative properties of the magnetar that displayed 
substantial temporal evolution. In Fig. 1 we highlight epoch-to-epoch 
changes in the frequency-averaged linear and circular polarization of 
XTE J1810−197 normalized by the peak total intensity flux. We observed 
remarkable variations in the linear and circular polarization of the 
central component as a function of pulse phase and time. An initial 
increase in left- and right-hand circular polarization and simultaneous 
decrease in linear polarization in the leading half of the component 
were abruptly interrupted sometime between MJDs 58464 and 58466. 
This coincided with the disappearance of an apparent quasi-periodic 
spacing between substructures in the central profile component19 
and an inversion of the linear polarization PA swing across the profile 
(Extended Data Fig. 1). A second such PA-swing inversion occurred 
between MJDs 58532 and 58343 but was not associated with polariza-
tion variations across the central component.
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Fig. 1 | Polarization evolution of XTE J1810−197 with time. Linear and circular 
polarized emission detected by Lovell and Parkes observed at each epoch after 
averaging in frequency over 1,340–1,724 MHz and 0.07–2.0 h. These data are 
presented as functions of pulse phase and time. Red and blue colours correspond 
to positive and negative values, respectively. The initial smooth linear variations 
across pulse phase and slowly increasing level of positive (left-handed) circular 
polarization undergo a dramatic change after 13 December 2018 (MJD 58465, 
lower horizontal line). Sudden reversals in circular handedness correspond to 
dips in linear intensity due to strong conversion effects. The circular intensity 
diminishes within roughly 12 days of the 13 December 2018 event (MJD 58477, 
upper horizontal line). It was then followed by an apparent drift of the linear-to-
circular conversion feature to increasingly later phases with time.
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on MJD 58471. All three Stokes parameters show strong variations that 
become more intense at lower observing frequencies, which coincides 
with a gradual decline in total polarization fraction. We characterized 
these variations by fitting the polarization spectra in each phase bin 
with a phenomenological model26 (see Methods for details). The priors 
on the model parameters are listed in Table 1. Our median recovered 
values and 68% confidence intervals are presented in Fig. 4 for the 
five observations where intense circular polarization was detected. 
These include the wavelength dependence (α), generalized rotation 
measure (GRM), rotation about the Stokes V axis (φ) and tilt angle 
between the polarization vector rotation axis away from the right-hand 
Stokes V pole (ϑ). Extended Data Fig. 4 depicts the reduced chi-square 
statistic for 1,000 random draws per model spectrum. All four model 
parameters vary substantially with pulse phase and observing epoch, 
indicating a strong line-of-sight dependence. A significant degree of 
clustering around ϑ ≅ 90° occurred at phases between 0.495 and 0.507 

in most epochs. Outside this region of pulse phase, the value of ϑ varies 
between 0–90° and 90–180°. The wavelength dependence and GRM 
also vary with pulse phase and observing epoch, with α generally tak-
ing on values that are smaller than theoretical predictions for Faraday 
conversion9,27,28. Some of this behaviour can be attributed to only weak 
frequency-dependent variations occurring at phases earlier than 0.492 
and later than 0.53. However, this does not adequately explain the con-
sistent measurements of α < 1 or the near-zero wavelength dependency 
recovered around pulse phases of 0.5 or after 0.51 on MJDs 58470 and 
58471, where the model fails to reconstruct the data below 1,300 MHz 
(Extended Data Fig. 5 and the animated versions of Fig. 3 in the Sup-
plementary Information).

We investigated whether rapid fluctuations in the propagating 
medium could explain the deviations away from a simple λα depend-
ence and depolarization by fitting our model to the single-pulse data 
collected on MJDs 58468 and 58469. The recovered distributions of 
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Fig. 2 | Evolution of the phase- and frequency-resolved polarization 
properties of XTE J1810−197. Left-hand panels show the linear polarization PA 
(Ψ, left) and ellipticity angle (χ, middle-left) for the Parkes-UWL observations 
as a function of pulse phase and observing frequency. Blank horizontal lines 
correspond to frequency channels that were excised due to contamination by RFI. 

Right-hand panels display the frequency-averaged, 2D histograms of the single-
pulse distributions of Ψ (middle-right) and χ (right) for the four Parkes-UWL 
search-mode observations. Large frequency-dependent variations and branching 
paths in the single-pulse distributions caused by propagation effects in the 
magnetar magnetosphere are evident in observations from MJD 58467 onwards.
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these two model parameters are shown for five pulse-phase ranges 
in Extended Data Fig. 6. We expected the resulting measurements of 
α would be narrowly distributed about some preferred wavelength 
dependence while the recovered GRMs follow a broader distribution, 
reflective of changes in the underlying plasma density. However, there 
is instead a strong peak in the GRM at values between 2 and 5 rad m−α 
while α measurements are distributed along a broad range of values 
that resemble the time-averaged results for these two epochs. As a 
result, we can rule out rapid temporal variations in the intervening 
medium density as causing the low measured values of α and model 
inconsistencies. We also looked at whether the presence of multiple 
over-dense regions (Faraday screens) could explain the deviations by 
comparing the single-pulse fits to four sets of simulated polarization 
spectra that were generated using our model with a fixed α = 1 (Meth-
ods and Extended Data Table 2). Our recovered GRM and α for these 
simulations are shown in Extended Data Fig. 7. All four panels display 
varying degrees of clustering around the true α, along with a clear 

correlation between the recovered GRM and wavelength scaling. The 
pile-up of measurements where α → 0 and the GRM rapidly increases 
in addition to the long tail in the α distributions are caused by the 
simulated spectra deviating from what our model could accurately 
reproduce. Simulations where the injected GRM were drawn from a 
Gaussian (Extended Data Fig. 7b,d) provide the closest match to the 
observed single-pulse measurements, however, the substantial peak 
around a particular wavelength dependence is not present in our obser-
vations of XTE J1810−197. The lack of a peak in α among the real data 
could be due to conversion within individual Faraday screens arising 
from different physical processes, and therefore imparting different 
wavelength dependencies. However, this same behaviour could very 
well arise from a different type of birefringent propagation, such as 
mode coupling, without needing to invoke more complex averaging 
over temporal variations or multiple Faraday screens.

Discussion
Interpretation of the polarization properties
Our observations of XTE J1810−197 and characterization of the vari-
able polarization properties are challenging to interpret. While it is 
possible that the observed behaviour could be due to an intrinsic emis-
sion process (ref. 29 and references therein), we have ruled out intrin-
sic orthogonal emission modes as a means for generating the rapid 
changes in PA and circular polarization across the central component. 
The single-pulse PA and ellipticity angle distributions across the central 
profile component in Fig. 2 deviate by only 45° from the dominant 
emission mode. Similar behaviour has been described in other pulsars 
and magnetars as arising from some form of propagation effect in the 
near-field regime10,30. Exactly what kind of propagation effect is taking 
place depends on the environment the outgoing radio waves propagate 
through, and whether the wave modes of the emitted electromagnetic 
radiation couple to the intervening medium or themselves.

1,000  1,500  2,000  2,500
 Frequency (MHz)

3,000 3,500 4,000
1,000  1,500  2,000  2,500

 Frequency (MHz)

 Pulse phase
0.450.400.35

–500

–250

250

500

750

–50

–1.0

–0.5

0

0.5

1.0
0

0.5

1.0

50 a

b

0

0

Fl
ux

 d
en

si
ty

 (m
Jy

)
ψ

 (°
)

N
or

m
al

iz
ed

 S
to

ke
s

P/
I

0.50 0.55 0.60

MJD 58471.19
2,368 MHz

I
Q
U
V

V/P
U/P
Q/P

0.65

Phase 0.505

3,000 3,500 4,000

QU

V

c

d

e

Fig. 3 | Example detection of linear-to-circular conversion in XTE J1810–197. 
a,b, Linear polarization PA and 1-σ uncertainties (a) along with the time- and 
frequency-averaged polarization profile (b) of XTE J1810−197 detected on 19 
December 2018, where the black, orange, green and blue lines, respectively, 
correspond to the total intensity (I), two linear polarizations (Q and U) and the 
circular polarization (V). c,d, The vertical magenta line indicates the phase 
bin (0.505 in this plot) for which we plot the corresponding time-averaged 

total polarization fraction (c) and polarization spectra (d) where the error 
bars correspond to the off-pulse r.m.s. flux. e, In the latter, Stokes Q, U and V 
were normalized by total polarization (P), which traces out a clear frequency-
dependent circle on the Poincaré sphere. The dashed magenta lines in c and d 
correspond to the median a posteriori fit to the data. Animated versions of this 
figure that scan across pulse phase and include different epochs are depicted in 
Supplementary Videos 1–10.

Table 1 | Priors for the Faraday conversion model

Parameter Prior distribution Units

GRM Uniform(0, 100) rad m−α

α Uniform(0, 5)

Ψ0 Uniform(−90, 90) degrees

χ0 Uniform(−45, 45) degrees

φ Uniform(0, 360) degrees

ϑ Uniform(0, 180) degrees

σF logUniform(10−4, 10)

σQ logUniform(10−4, 1)
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The rotation of the polarization data about an arbitrary axis in Fig. 3 
(and the animated versions in the Supplementary Information) visually 
appeared consistent with the radio waves from the magnetar having 
undergone Faraday conversion8. Unlike the propagation through the 
magnetized interstellar medium (which we precorrected for in these 
data), Faraday conversion results in a rotation of the polarization vector 
that is not restricted to the QU plane. Under this interpretation, the val-
ues of α and ϑ can be directly related to the physical process driving the 
conversion. A relativistic pair plasma threaded by a uniform magnetic 
field perpendicular to the wave direction will have linear polarization 
modes (ϑ = 90°) and impart a linear-to-circular conversion with an 
α = 3 dependence9. Propagation through the near-wind of a magnetar 
can result in values of α that range between 1 and 2 depending on the 
size of the phase shift that is applied to the propagating wave modes28. 
Our model fits in Fig. 4 show the polarization data are consistent with 
propagation through a plasma with highly variable, elliptical modes 
with a small region of pulse phase between 0.495 and 0.507 being con-
sistent with purely linear modes. Yet the recovered values of α range 
between 0 and 1 with some level of clustering around 0.5, inconsistent 
with theoretical expectations. These models also predict the fraction 
of polarization should remain constant with frequency, which is decid-
edly not the case for XTE J1810−197. Hence Faraday conversion alone 
cannot fully describe the polarization variability that we detected. 
Other effects, such as charge imbalances, differences in electron–posi-
tron streaming velocities and the number-density ratio of cold versus 
and relativistic particles in the dispersive plasma can all give rise to 
the elliptically polarized modes that we detect9,31–33. Changes in the 
magnetic field direction and mixtures of plasma modes arising from 
inhomogeneities in charged particle density or magnetic field strength 
can result in the observed damping of polarization with frequency9. 
These phenomena are not captured by comparatively simple models 
of Faraday conversion.

Linear to circular conversion can also arise from a phenomenon 
known as mode coupling. Here, differences in refractive index intro-
duce a delay in one of the linearly polarized modes that coherently 
recombine at the polarization limiting radius16. This results in a frac-
tion of the initially linearly polarized radio waves being converted 
to circular15. Mode coupling can occur when the magnetic field in 
a pair plasma that was initially quasi-tangential to the wave direc-
tion suddenly diverges from the ray path. The change in field direc-
tion can result from bending of the field lines due to the rotation of 
the star34 or the presence of a twist in the magnetic field35. Numerical 
ray tracing simulations of radio waves propagating through highly 
asymmetric electron-ion plasma that included this effect resulted 
in the transmitted PA displaying wavelength dependencies of λ0.5, as 
opposed to the usual quadratic dependence of standard Faraday rota-
tion34. Partially coherent addition of two modes with differing spectral 
indices or a frequency-dependent coherence fraction could explain 
both the intense polarization variations and depolarization that we 
observed in XTE J1810−197 (refs. 18,24). It would also explain the unu-
sual non-orthogonal deviations in the ellipticity angle and PA in Fig. 2. 
The increasing circular polarization and unusually small wavelength 
dependence in the later observations could be explained by changes 
in the dominant polarization mode over time. These effects could be 
further tested by extending the recently developed partial coherence 
model of ref. 18 into the frequency domain. Observations of future out-
bursts in XTE J1810−197 at frequencies below 1 GHz would also provide 
strong constraints on the presence of either wave-mode coupling or 
Faraday conversion through detections of complete depolarization or 
the presence multiple oscillatory cycles in Stokes Q, U and V.

The emission from XTE J1810−197 becomes depolarized at the 
same pulse phases where the total intensity takes on an inverted spec-
tral shape. Such behaviour may be the result of synchrotron absorp-
tion in the intervening magnetospheric plasma, where the frequency 
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dependence of synchrotron absorption can alter the spectral shape 
and radio polarization characteristics14,36. Synchrotron absorption is 
a maximum at a frequency determined by the energy spectrum of the 
absorbing particles. A decrease in the energy of these particles causes 
the maximum in the absorption coefficient to move to lower frequen-
cies, and hence the turnover in the spectrum to move to lower frequen-
cies. This would explain a purported shift in the spectral turnover of 
XTE J1810−197 from higher to lower frequencies37. We note, however, 
that profile components with differing spectral indices are common-
place among pulsars, and that magnetar spectral indices have been 
observed to undergo large fluctuations30,38.

Links to changing magnetic topology and precession
The onset of the frequency-dependent polarization variations in XTE 
J1810−197 occurred following an inversion of the linear PA swing. Simi-
lar PA-swing inversions were reported in observations of both PSR 
J1119−6127 and Swift J1818.0−1607 during their respective 2016 and 
2020 outbursts30,39 and these were speculated to stem from a combi-
nation of changes in magnetic field topology and birefringent effects. 
Such behaviour can be triggered by plastic motion of a crustal plate 
that would twist and distort the active magnetic field lines or even 
shift the location of the magnetic pole on the neutron star surface 
(SGR 1830−0645, ref. 40). Fits to the X-ray spectrum of XTE J1810−197 
are consistent with the thermal X-ray emission being generated by two 
closely spaced, non-concentric hotspots on the surface surrounded 
by a warm cap41. However, the lack of high-cadence X-ray observations 
means it is unknown whether the surface hotspots displayed plas-
tic motion at the same time as the polarization variations presented 
here. Conversely, changes in emission height and underlying PA swing 
across the pulse profile can also arise from precession of the neutron 
star due to either spin-orbit coupling with a binary companion (PSR 
1906+0746, ref. 42) or a deviation of the neutron star crust away from 
spheroidal symmetry resulting in free precession43. Spin-orbit pre-
cession would require XTE J1810−197 to have a massive companion, 
for which no such evidence exists. Free precession has been explored 
as a plausible explanation for the secular PA-swing evolution of XTE 
J1810−197 following the 2018 outburst, in which the PA inversions are 
due to the magnetic axis of the star crossing our line of sight44. Radia-
tion emitted close to the magnetic axis will originate from closer to 
the neutron star surface45, increasing the chance of the radio waves 
being subject to birefringent propagation effects from interactions 
with intense particle outflows in the postoutburst magnetosphere46,47. 
Mode coupling is also predicted to be strongest for lines of sight that 
pass nearest to the magnetic axis, where our line of sight cuts deeper 
into the twisted magnetosphere34. Both scenarios can explain the rapid 
increase in circular polarization in Fig. 1 just before the PA-swing inver-
sion and the rapid decay afterwards. The variations in linear-to-circular 
conversion with pulse phase may then be due to local twists in the 
magnetic field lines or fluctuations in particle outflow along different 
lines of sight through the magnetosphere.

Implications
Parallels with rotation-powered pulsars
Studies of rotation-powered pulsars have shown apparent rotation 
measure (RM) variations as a function of pulse phase, independent of 
the RM induced by the magnetized interstellar medium (ISM)11,12,48,49. 
Some of these variations in the ‘phase-resolved’ RM can be ascribed to 
scatter broadening50, but a magnetospheric or near-field propagation 
effect such as Faraday conversion provides the most plausible explana-
tion. As a demonstration of how linear-to-circular conversion can give 
rise to this effect, we applied the phase-resolved RM fitting approach to 
our observations of XTE J1810−197, the results of which are presented in 
Extended Data Fig. 8. Significant positive and negative deviations away 
from the nominal ISM-induced RM of 74.4 rad m−2 are measured across 
the central profile component that match-up with the rotation-phases 

where we detected significant conversion (Fig. 4). Hence, care must be 
taken when interpreting apparent differential RMs across radio profiles.

Links to birefringent effects in fast radio bursts
Magnetars are often invoked as the central engine of the fast radio burst 
(FRB) phenomenon. This concept was seemingly confirmed after the 
detection of an FRB and several other radio bursts from the Galactic 
magnetar SGR 1935+2154 (refs. 51,52). Parallels have also been drawn 
between the secular RM evolution found in two repeating FRB sources53,54 
and the Galactic Centre magnetar SGR 1745−2900 (ref. 55). The RM evo-
lutions of these objects are probably the result of slow changes in the 
particle density and magnetic fields of their local environments. More 
recently, large RM variations and significant levels of circular polariza-
tion have been detected in at least three other repeating FRB sources56–58. 
All three are probably young objects with complex local environments as 
indicated by their frequency-dependent depolarization59, associations 
with active star-forming regions, persistent radio sources or both. The 
RM variations in these sources may be due to transient magnetospheric 
propagation effects, which we demonstrated can be misidentified when 
fit using standard Faraday rotation models. In the case of FRB 20201124A, 
Faraday conversion with wavelength dependencies between α = 2 and 
3 have been reported, suggesting the presence of a relativistic plasma 
surrounding the progenitor object56,60. The rapid onset and subsequent 
fading of intense birefringent effects in FRB 20201124A is reflected in 
our observations of XTE J1810−197 (Fig. 1) and may point to a similar 
magneto-ionic environment within FRB progenitors. Future systematic 
studies of birefringent propagation effects in large FRB samples and 
additional magnetar outbursts using current and upcoming wideband 
receivers could provide a new means testing radiative transfer models in 
some of the most extreme magneto-ionic environments in the Universe.

Methods
Parkes observations
Observations of XTE J1810−197 by were performed using Murriyang, 
the Parkes 64 m radio telescope, with the UWL receiver system61 pro-
viding continuous coverage across radio frequencies between 704 
and 4,032 MHz. This includes three observations originally presented 
in an earlier, initial study21. Full Stokes data were recorded using the 
MEDUSA backend in pulsar search mode62, with 8 bit, 128 μs sampling 
across all 3,328 frequency channels (each 1 MHz in width) that were 
coherently dedispersed at a dispersion measure of 178 pc cm−3. We 
used DSPSR63 to fold the data at the rotation period of XTE J1810−197 
using an iteratively updated version of the ephemeris listed in the 
Australia Telescope National Facility (ATNF) catalogue64. These folded 
archives had 1,024 bins covering the rotation phase of the magnetar 
for a time resolution of approximately 5.4 ms. Channels affected by 
radio-frequency interference (RFI) were excised in a semi-automated 
fashion. A predetermined list of persistently bad channels was flagged 
using the paz tool from PSRCHIVE62,65. This was followed by manual 
flagging of any remaining RFI-affected channels using the paz tool. 
We polarization calibrated these data using pac tool in PSRCHIVE to 
apply the calibration solutions to the data. The solutions were derived 
from off-source observations of a pulsed signal injected into the signal 
path by a linearly polarized noise diode to determine the differential 
gain and phase-delays between the two recorded linear polarizations, 
alongside a model of the polarimetric response of the UWL inferred 
from applying measurement equation modelling66 to November 2018 
commissioning observations of PSR J0437−4715 across a large range of 
parallactic angles. Faraday rotation induced by the magnetized inter-
stellar medium between us and the source was corrected by applying 
the nominal RM of 74.4 rad m−2, which was obtained from observations 
taken on MJDs 58463, 58467 and 58470 (ref. 21). The data presented 
throughout this work follow the pulsar-polarization convention67, 
where left- and right-handed circular polarization are represented as 
negative and positive values, respectively.
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Noise diode observations were not taken during P885 observa-
tions between MJD 58488 and 58544. To calibrate the affected data, 
we made use of close-in-time noise diode scans that were taken up to 
several hours before or after the corresponding observations of XTE 
J1810−197. In principle, the telescope system should be stable over 
many hours (possibly even days) with minimal instrumental distor-
tions or polarization leakage being introduced to these data. To verify 
this, we fit the RM of the magnetar at each epoch using direct fits to 
Stokes Q and U spectra extracted from the precursor component using 
RMNest68. Note these measurements were not corrected for propaga-
tion through the ionosphere of the Earth, which can contribute between 
−0.2 and −2 rad m−2 at the location of Parkes69, which can account for 
small epoch-to-epoch deviations in the measured RM.

Two fold-mode observations performed on 15 and 18 December 
2017 were flux calibrated using on- and off-source observations of the 
noise diode while pointed at or 1° offset from the radio galaxy 3C 218 
(Hydra A) to measure the apparent brightness of the diode and correct 
for the system absolute gain and phase. However, the absolute gain of 
early observations could not be calibrated using standard methods. 
For these observations we estimate the flux density using a similar 
technique to that used by Scholz et al. to flux calibrate observations 
of PSR J1622−1950 (ref. 70). We estimated the system equivalent flux 
density (SEFD) for the individual Stokes parameters as a function of 
frequency from the expected baseline root-mean-square (r.m.s.) of 
the calibrated fold-mode observation taken on 18 December via the 
radiometer equation71

σoff = Cℓ
SEFD

√npΔνΔt
. (1)

Here, Cℓ is the loss factor from signal digitization, np is the number of 
summed polarizations, Δν the bandwidth and Δt = Tint/nbin is the integra-
tion time per phase bin. We then converted the individual Stokes param-
eters for the affected observation to units of Jansky by scaling the 
off-pulse r.m.s. by the right-hand side of equation (1) (with np = 1).

Jodrell Bank observations
XTE J1810–197 is regularly monitored with the 76 m Lovell Telescope at 
JBO with the L-band receiver. This is a hybrid system that detects radio 
waves with linear probes after passing through a quarter wavelength 
plate. The length of each observation varied from 20 min to several 
hours, but most of the observations were between 30 and 60 min long. 
The radio-frequency band was centred at 1,532 MHz, with a bandwidth 
of 384 MHz after RFI excision72. The observations were folded and 
dedispersed online. The folding requires an initial timing ephemeris, 
which was precise enough such that the time smearing is insignificant 
within each 20 s long subintegration. Full Stokes data were recorded 
with 1,024 phase bins across the pulse period and 768 frequency chan-
nels. After manual inspection and RFI excision, the data were polariza-
tion calibrated.

The polarization response of the system was tested by monitor-
ing the polarization of three sources: PSRs B0540+23, B0611+22 and 
B1737−30, which were observed during the same sessions. These obser-
vations were compared to the known polarization properties of these 
sources by examining the differences with the published polarization 
profiles73. For each observation, a frequency resolved receiver model 
was derived by fitting for a differential phase and gain. This solution 
minimizes the frequency dependence of the polarization properties in 
the observations (apart from those expected from Faraday rotation), 
and maximizes the similarity between the observed and known polari-
zation properties. Given the obtained receiver solutions are similar, 
a smooth polynomial as function of frequency was used to describe 
frequency dependence of the parameters. These polynomials are fit to 
the combined parameters obtained from the individual solutions. This 
single combined receiver model was applied to the XTE J1810−197 data 

to remove the undesired frequency-dependent polarization response 
of the receiver.

Phase-resolved spectral indices
We tested whether the profile components of XTE J1810−197 exhibit 
different spectral indices by spectral fits to the total intensity spectra 
extracted from individual phase bins across the profile. This was per-
formed using copies of the data that were binned such that 256 phase 
bins cover the rotation period of the magnetar. We fit the data using a 
simple power-law function of the form

S(x) = Axκ, (2)

where x = ν/1 GHz is the observation frequency normalized to 1 GHz, A 
is a linear scaling parameter and κ the spectral index. We used a Gauss-
ian likelihood of the form

ℒ(d|θ) =
N
∏
i=1

1
√2πσ2

exp (− (di − μ(θ))2

2σ2 ) , (3)

in which d is the measured flux density, N the number of flux density 
measurements, θ the model parameters, σ the flux density uncertain-
ties and μ = S(x) our power-law model. Throughout this work, the pos-
terior distributions for our various model fits to the data were sampled 
using Bilby74 as a front-end to the Dynesty nested sampling algorithm75.

Modelling the linear-to-circular conversion
Electromagnetic radiation that propagates through a birefringent 
medium with elliptical or linearly polarized natural wave modes will 
undergo a generalized form of Faraday rotation, known as Faraday 
conversion. Unlike standard Faraday rotation, induced by interven-
ing plasma with circularly polarized modes such as the magnetized 
interstellar medium, there is no simple, catch-all model for describing 
the observational effects of Faraday conversion. This largely comes 
from the variety of environments in which Faraday conversion can be 
produced (for example, refs. 9,27,28,76). Other propagation effects 
such as coherent and/or partially coherent mode mixing can also lead 
to a birefringent conversion of linear to circularly polarized radio 
waves without a well-defined frequency dependence15–18,24 To model 
the linear-to-circular conversion detected in the radio pulses from 
XTE J1810−197, we used the phenomenological framework described in  
ref. 26, which we outline as follows.

The polarization vector P normalized by the total polarization, 
P, is defined as

P0(λ) =
1
P

⎡
⎢
⎢
⎢
⎣

Q

U

V

⎤
⎥
⎥
⎥
⎦

=
⎡
⎢
⎢
⎢
⎣

cos[2Ψ(λ)] cos(2χ0)

sin[2Ψ(λ)] cos(2χ0)

sin(2χ0)

⎤
⎥
⎥
⎥
⎦

, (4)

where χ0 is the ellipticity angle and Ψ(λ) is the linear polarization PA as 
a function of wavelength. Ψ(λ) is expressed as

Ψ(λ) = Ψ0 + GRM(λα − λαc ), (5)

in which Ψ0 is the reference PA at the central observing frequency 
(λc = 2,368 MHz), GRM was defined in the main text and α is the spectral 
dependence. The linear-to-circular conversion is then emulated by 
applying a pair of rotation matrices to shift the longitude and latitude 
of the polarization-rotation axis

R𝜗𝜗 =
⎡
⎢
⎢
⎢
⎣

cos(𝜗𝜗) 0 sin(𝜗𝜗)

0 1 0

− sin(𝜗𝜗) 0 cos(𝜗𝜗)

⎤
⎥
⎥
⎥
⎦

, (6)

http://www.nature.com/natureastronomy


Nature Astronomy

Article https://doi.org/10.1038/s41550-024-02225-8

and

Rφ =
⎡
⎢
⎢
⎢
⎣

cos(φ) − sin(φ) 0

sin(φ) cos(φ) 0

0 0 1

⎤
⎥
⎥
⎥
⎦

. (7)

Here, ϑ is the angle about which the axis has been rotated about the 
Stokes U axis (away from the positive Stokes V axis) and φ is the angular 
rotation applied about the Stokes V axis. The full phenomenological 
model can be written as

̂Pm(λ) = R𝜗𝜗 ⋅ Rφ ⋅ P0(λ). (8)

In principle, the value of ϑ encodes information about the polarization 
modes of the intervening medium. For ϑ = 0° the modes are circular, 
0° < ϑ < 90° or 90° < ϑ < 180° the modes are elliptical and ϑ = 90° cor-
responds to purely linear modes. In this context, ‘standard’ Faraday 
rotation would correspond to ϑ = φ = 0° with spectral dependence α = 2.

We applied the phenomenological model to the normalized Stokes 
Q, U and V spectra extracted from all pulse-phase bins between phases 
0.490 and 0.535 for the time-averaged data. Posterior distributions for 
each of the model parameters were inferred using Bayesian parameter 
estimation. We used a joint Gaussian likelihood function of the form

ℒ(P(λ)|θ) =
3
∏
i=1

N
∏
j=1

1

√2πσ̂
2
ij

exp
⎡
⎢
⎢
⎣
−
(Pi(λj) − ̂P

i
m(θ; λj))

2

2σ̂2ij

⎤
⎥
⎥
⎦
, (9)

where σ̂2ij is the r.m.s. uncertainty on the ith Stokes parameter in the jth 
frequency channel (up to N frequency channels) after applying extra 
error scale factor (EFAC, σF) and error in quadrature (EQUAD, σQ) terms 
to correct for unaccounted systematic uncertainties as

σ̂2ij = (σF × σij)
2 + σ2Q. (10)

Parameter estimation was conducted using the RMNest package68. The 
data were Faraday de-rotated at the nominal RM of 74.4 rad m−2 and 
binned to a frequency resolution of 8 MHz per channel before fitting 
the Faraday conversion model.

We initially suggested the unusually small wavelength dependen-
cies (α ≲ 1) that are predominately seen between phases 0.49 and 0.53 
may have been the result of averaging over pulse-to-pulse changes in 
the spectra due to stochastic plasma variations along the line of sight. 
This was tested by extracting the Stokes spectra from individual single 
pulses from the Parkes observations taken on MJDs MJD 58468 and 
58469. Although search-mode data were also collected on MJD 58471, 
the resulting spectra were heavily contaminated by broadband, impul-
sive RFI. We therefore chose to not include the data from this epoch 
in our single-pulse investigation. Following data calibration and RFI 
excision, we fit the phenomenological model to a set of 6,537 Stokes 
spectra extracted from the single pulses where the total intensity flux as 
a minimum of ×10 the off-pulse r.m.s. value. Radio frequencies between 
704 and 1,300 MHz are strongly affected by impulsive, broadband RFI, 
which becomes smeared across pulse phase after dedispersing the 
data. To avoid both the signal to noise and RFI-contamination issues, 
we ignored all data below 1,300 MHz when conducting the single-pulse 
parameter estimation. Spectra where the posterior distributions for 
{GRM, α} → {0, 0} (that is, no significant support for Faraday conversion) 
at the 95% confidence interval were not included in our final sample. We 
also ignored spectra where the GRM posterior distributions were not 
well constrained by imposing a limit where the range of inferred GRM 
values encompassed by either the upper or lower confidence intervals 
had to be less than ±20 rad m−α. After imposing these thresholds, we 
were left with 2,142 spectra for which we had confidently detected and 
subsequently characterized the Faraday conversion.

Simulating multiple Faraday screens
Our fits to the polarization spectra extracted from the Parkes-UWL 
single-pulse data returned a spread of wavelength dependencies that 
are approximately centred on λ1. This behaviour was interpreted as 
potentially resulting from one of two, potentially related scenarios: the 
relatively simple particle wind model fails to fully capture the complex 
electrodynamics that take place within the magnetosphere and/or 
near-wind environment of the magnetar, or there are more than one 
over-dense ‘Faraday screens’ in which the radiation has propagated 
through. Under the latter hypothesis, the broad distribution of wave-
length dependencies inferred from our single-pulse fits would arise 
from incoherent addition of multiple rotations of the polarization 
vector along the line of sight.

We performed four sets of simulations using the phenomeno-
logical Faraday conversion model to emulate this behaviour, two of 
which were designed to test the possible impact of averaging over two 
OPMs. These OPM simulations used Gaussian priors on φ, the means 
of which were separated by 180°. The other two simulations sampled φ 
uniformly between 0 and 180°. We also tested the impact of drawing the 
injected GRM values from either a uniform or Gaussian distribution on 
the resulting scatter in the recovered α. After drawing the initial param-
eters, we generated two individual Stokes spectra in each simulation, 
both with the wavelength dependence held fixed at α = 1. An ‘observed’ 
spectrum was then created by incoherently summing these two initial 
spectra, which we then injected into Gaussian noise. Our measurement 
uncertainties for the simulated Stokes spectra were drawn from the 
median Stokes parameter uncertainties measured on MJD 59871. We 
then applied the same parameter estimation framework that was used 
for characterizing the real observations.

Phase-resolved Faraday rotation
Phase-resolved studies of rotation-powered pulsars have discovered 
apparent, rotation-phase-dependent deviations in their RM of away 
from the nominal ISM-induced values11,12,48,49. These deviations have 
been speculated to arise from propagation effects within the magneto-
spheres of these pulsars. Several repeating FRBs have also been found 
to exhibit transient, rapid RM variations over relatively short (month to 
year) time spans56,58, with peak ΔRMs of up to ±36,000 rad m−2. Intense 
Faraday conversion has been identified in least one of these sources to 
date, which if not accounted for may be confused for large RM varia-
tions56,60. To demonstrate the impact of unmodelled Faraday conver-
sion on measurements of ‘standard’ Faraday rotation, we performed 
a set of phase-resolved RM fits to the MJD 58463–58471 observations 
of XTE J1810−197. We used the same RMNest-based approach used for 
modelling the Faraday conversion, but with a fixed wavelength depend-
ence of α = 2 and the polarization-rotation axis longitude and latitude 
held fixed at the V axis pole (that is, {φ, ϑ} = {0, 0}).

Data availability
Raw Parkes data files (totalling 3.1 TB) are available to download 
from the CSIRO Data Access Portal (https://data.csiro.au/). The 
time and frequency-averaged polarization profiles collected by the 
Lovell Telescope are available on Zenodo: https://doi.org/10.5281/
zenodo.10595269.

Code availability
Fold-mode data products were produced from the raw Parkes 
search-mode data using the DSPSR63, which were then calibrated, 
cleaned and processed using the software tools in the PSRCHIVE62,65 
package. PSRCHIVE was also used for processing the folded Lovell 
Telescope data. Measurements of the linear-to-circular conversion 
phenomena was performed using and analysed using the RMNest68 
Python package, which used Bilby74 and dynesty75 to sample the model 
parameters. Specific Python scripts used in this analysis are available 
on request from M.E.L.
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Extended Data Fig. 1 | Evolving polarization profile of XTE J1810−197. Time- and frequency-averaged polarization profile and linear polarization position angle of 
XTE J1810−197 observed by Parkes from MJD 58463 to 58596. Black, orange, green and purple lines correspond to Stokes I, Q, U and V respectively.
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Extended Data Fig. 2 | Total intensity spectrum of XTE J1810−197 over time. Normalized total intensity of XTE J1810−197 as a function of pulse phase and observing 
frequency. Horizontal bands in each panel correspond to channels that were excised due to contamination by radio frequency interference.
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Extended Data Fig. 3 | Phase-resolved spectral index evolution of XTE J1810−197. Median a-posteriori values (points) 68% confidence intervals (error bars) for the 
spectral indices measured from power-law fits to the total intensity profile. Results from subsequent epochs are represented by the different colors.
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Extended Data Fig. 4 | Reduced chi-square distributions from Faraday 
conversion fits to XTE J1810−197. Recovered median (points) and 68 percent 
intervals (error bars) of the reduced chi-square statistic ( χ2dof) after subtracting 

1000 random draws from our phenomenological model fits to the 
phase-resolved polarization spectra of XTE J1810−197. Each color corresponds to 
a different epoch.
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Extended Data Fig. 5 | Example where our Faraday conversion model failed 
to fit low-frequency variations in XTE J1810−197. Linear polarization PA and 
1-σ uncertainties (a) along with the time- and frequency-averaged polarization 
profile (b) of XTE J1810−197 detected on 19 December 2018, where the black, 
orange, green and blue lines respectively correspond to the total intensity (I), 
two linear polarizations (Q and U) and the circular polarization (V). The vertical 

magenta line indicates the phase bin for which we plot the corresponding time-
averaged total polarization fraction (c) and polarization spectra (d) where the 
error bars correspond to the off-pulse root-mean-square flux. In the latter, Stokes 
Q, U and V were normalized by total polarization (P), which traces out an clear 
frequency-dependent circle on the Poincaré sphere (e). The dashed magenta 
lines in panels c and d correspond to the median a-posteriori fit to the data.
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Extended Data Fig. 6 | See next page for caption.
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Extended Data Fig. 6 | Single-pulse generalized rotation measure and 
wavelength dependencies at different pulse phases. One- and two-
dimensional distributions of the median a-posteriori generalized rotation 
measure (GRM) and wavelength dependencies (α) from our fits to 2,142 
single-pulse polarization spectra detected on MJDs 58468 and 58469. Vertical 

and horizontal error bars in the two-dimensional distribution correspond to 
the respective 68% confidence intervals on our individual measurements. Each 
subplot contains measurements from pulses phases between 0.483–0.494 (a), 
0.494–0.503 (b), 0.503–0.513 (c), 0.513–0.523 (d) and 0.523–0.533 (e).
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Extended Data Fig. 7 | Generalized rotation measure and wavelength 
dependencies inferred from four simulations of propagation through two 
Faraday screens. Distributions of the recovered median a-posteriori (with 68% 
confidence intervals shown by the errorbars) generalized rotation measure 
and wavelength dependence inferred from four simulations of incoherent 
propagation through two Faraday screens. Top row depicts the results from 

simulations where the rotation about the Stokes V axis was sampled uniformly 
with the GRM sampled from either a Uniform (a) or Gaussian (b) distribution. 
Bottom row emulated the effects of two orthogonally polarized modes by 
sampling the rotation about the V-axis from two Gaussian distributions 
separated by 180-degrees, and with the GRM sampled from either a Uniform (c) 
or Gaussian (d) distribution.
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Extended Data Fig. 8 | Phase-resolved rotation measure of XTE J1810−197 in 
the presence of strong Faraday conversion. Recovered median a-posteriori 
(points) and 68% confidence intervals (error bars) on the rotation measure of XTE 
J1810−197 as a function of pulse phase on different epochs. The nominal rotation 
measure of 74.4 rad m−2 is indicated by the dashed, horizontal line. Strong 

deviations away from the nominal RM are recovered at phases where intense 
Faraday conversion is detected. This demonstrates that incorrectly modelled 
Faraday conversion can potentially account for transient, time-variable rotation 
measures detected in repeating FRB sources and phase-dependent rotation 
measures in rotation-powered pulsars.
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Extended Data Table 1 | Parkes observations of XTE J1810−197
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Extended Data Table 2 | Parameter distributions used in double Faraday-screen simulations

The injected wavelength dependence was held fixed at α = 1 for all simulations. For Uniform distributions, the upper and lower bounds are listed, while the mean and standard deviation are 
shown for the Normal distributions.
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