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A B S T R A C T 

The radio polarization properties of the pulsar population are only superficially captured by the conventional picture of pulsar 
radio emission. We study the broadband polarization of 271 young radio pulsars, focusing particularly on circular polarization, 
using high-quality observations made with the Ultra-Wideband Low receiver on Murriyang, the Parkes radio telescope. We seek 

to encapsulate polarization behaviour on a population scale by defining broad categories for frequency- and phase-dependent 
polarization evolution, studying the co-occurrences of these categorizations and comparing them with average polarization 

measurements and spin-down energy ( Ė ). This work shows that deviations of the linear polarization position angle from the 
rotating vector model are linked to the presence of circular polarization features and to frequency evolution of the polarization. 
Polarization fraction, circular polarization contribution, and profile complexity all evolve with Ė across the population, with the 
profiles of high- Ė pulsars being simple and highly linearly polarized. The relationship between polarization fraction and circular 
contribution is also seen to evolve such that highly polarized profiles show less variation in circular contribution with frequency 

than less strongly polarized profiles. This evolution is seen both across the population and across frequency for individual 
sources. Understanding pulsar radio polarization requires detailed study of individual sources and collective understanding of 
population-lev el trends. F or the former, we provide visualizations of their phase- and frequenc y-resolv ed polarization parameters. 
For the latter, we have highlighted the importance of including the impact of circular polarization and of Ė . 

Key words: polarization – methods: data analysis – pulsars: general. 
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 I N T RO D U C T I O N  

hen considering the origins and behaviour of pulsar radio polariza- 
ion, the results from an observational approach are dependent on the 
apacities of radio telescope technology. The Ultra-Wideband Low 

eceiver (UWL) on Murriyang, the 64-m Parkes radio telescope, has 
pened up a new broad-band perspective on pulsar radio emission. 
ith the capacity to observe radio pulsars across a continuous 

andwidth from 704–4032 MHz (Hobbs et al. 2020 ), we can now
nswer questions on a large scale about the frequency-dependent 
ature of pulsar radio polarization and what behaviour is seen across
he pulsar population. 
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The classic, and simplistic, picture of radio pulsar polarization 
s generally summarized as follows (Lorimer & Kramer 2012 ): 
ulsars can be anything from strongly to weakly polarized, that 
olarization is predominantly linear (average linear polarization 
raction of approximately 20 per cent, but pulsars may be up to
00 per cent linearly polarized) but most pulse profiles also exhibit
 small amount of circular polarization (average absolute circular 
olarization fraction of approximately 10 per cent). The observed 
ngle of the linear polarization (position angle or PA) evolves 
moothly across the pulse profile following an S-shaped curve, 
hich can be described as a geometrical effect of the magnetic field

ccording to the rotating vector model (RVM; Radhakrishnan & 

ooke 1969 ). Fits of the RVM to PA profiles are often used to
etermine pulsar geometries – the inclination of the magnetic field 
rom the spin axis and the impact parameter of the line of sight (e.g.
ohnston & Kramer 2019 ). 
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A further dimension to observable pulsar polarization is that of
bserving frequency. According to the RVM, the PA profile results
urely from the geometry of the pulsar and the observer’s viewing
ngle, factors that are independent of frequency. Ho we ver, it has long
een known that this does not fully account for the observational
icture of pulsar polarization, since individual pulsars show a wide
ariety of other effects that need to be considered. For example,
ulsars are generally seen to depolarize at high frequencies (e.g.
obey et al. 2021 ) and some pulsars show a frequency-dependent

ransition from linear to circular polarization (Hoensbroech & Lesch
999 ). The observation that many pulsar intensity profile shapes are
bserved to evolve with frequency could be explained as originating
rom refracti ve ef fects in the magnetosphere (Lyubarskii & Petrova
998 ). The idea of radius-to-frequency mapping (RFM; Ruderman &
utherland 1975 ) – that there is a relationship between radio
requency and the height of emission abo v e the pulsar surface –
s also commonly invoked as an explanation. 

An additional level of complexity to consider is the presence of two
rthogonally polarized modes of emission in pulse profiles. These
re most clearly identifiable by the presence of orthogonal jumps
n the PA of 90 ◦, at a phase bin at which the total polarization
rops to zero (e.g. Manchester, Taylor & Huguenin 1975 ). These
rthogonal jumps are identified as being the pulse phase at which
ode dominance is exchanged, such that the stronger mode and the
eaker mode contributing to the observed profile swap. Karastergiou,

ohnston & Manchester ( 2005 ) studied the frequency-dependence of
inear polarization for 48 pulsars and demonstrated that the observed
requency evolution could be explained by the pulse profiles being
omposed of orthogonally polarized modes that had different spectral
ndices for their intensities. Smits et al. ( 2006 ) showed that pulse
rofile components dominated by a single orthogonal mode tended to
ncrease in intensity relative to the rest of the profile with increasing
requenc y. Re gardless of the precise mechanisms behind emission
eights and propagation paths of pulsar radio emission, interactions
etween orthogonal modes are by definition path-dependent and
ay therefore be the cause of phase- and frequency-dependent

volution of polarization fractions and non-RVM features in the
A. 

The orthogonally polarized modes of emission are explained as
riginating from birefringence in the magnetospheric plasma. It
s theorized that the ordinary (O) and extraordinary (X) modes
ropagate along different paths through the magnetosphere, and the
bserved polarization is set at the polarization limiting radius, the
oint at which the radiation is decoupled from the magnetosphere
e.g. Barnard & Arons 1986 ). This theory goes some way towards
 xplaining the div ersity of polarization behaviour of pulse profiles
cross the pulsar population. But there remain two key aspects of
ulsar polarization that need to be addressed: namely that most
ulsars exhibit at least a small amount of circular polarization, and
hat many pulsars display polarization properties, such as features
n the PA profiles, that are not adequately explained by the RVM
lus orthogonal jumps. The wide variety of features seen in the
opulation – and the difficulty of studying more than a few pulsars in
etail at a given time – means that the more in-depth studies of radio
ulsar polarization have generally been limited to a small number of
ulsars, or even a single pulsar, as for the example of PSR B1451 −68
Dyks, Weltevrede & Ilie 2021 ). Another recent case of interest is
hat of PSR B1919 + 21, for which Primak et al. ( 2022 ) studied the
olarization of its drifting subpulses. They found that some phase
egions of the pulse profile appeared to result from incoherently
uperposed orthogonally polarized modes, and other regions resulted
rom superposition that is partially coherent. Further, the coherently
NRAS 520, 4961–4980 (2023) 
uperposed re gions e xhibited rotation of the polarization vectors
bout the Poincar ́e sphere at the same rate as the drifting subpulse
ntensity modulation. 

A coherent or partially coherent model of orthogonal mode
uperposition explains polarization behaviour well in these individual
ases, but the population-wide ramifications of such a model have
ot previously been addressed observationally. Nevertheless, there
s growing evidence in large scale pulsar studies of the need to
ddress the magnetospheric origins of more complex polarization
ehaviour (e.g. Ilie, Johnston & Weltevrede 2019 ). Broad-band radio
bservations, made with new and upgraded instruments, mean that it
s now possible to measure the continuous evolution of polarization
cross a large fractional bandwidth for a large number of pulsars: see
or example the observations below 200 MHz made with LOFAR
Noutsos et al. 2015 ). This large increase in the parameter space
f polarization measurements means we can clearly identify how
olarization behaviour varies across both the pulsar population and
cross frequency for each pulsar, giving new insight into the question
f how it is generated. 
In this paper we present full polarization observations of a large

ample of non-recycled pulsars observed with the UWL receiver on
urriyang, the Parkes radio telescope, with the goal of updating our

nderstanding of the behaviour of pulsar polarization in broad-band
bservations. Johnston et al. ( 2021 ) introduced the initial results of
wo years of such observations and Sobey et al. ( 2021 ) presented
 polarization census for 40 bright pulsars from this data set. The
ork presented here is that pre vie wed and promised by Oswald,
arastergiou & Johnston ( 2020 ), where we presented plans for

xtending our broad-band polarization study to a population-level
cale, with particular focus on the frequency dependence of circular
olarization and the relationships between polarization behaviour
nd pulsar parameters including spin-down energy Ė . 

We describe our observations and data analysis methods in
ections 2 and 3 , respectively. In Section 4 , we present visualizations
f how each pulsar’s phase-resolved polarization properties evolve
ith frequency. We also categorize the key qualitative polarization
ehaviours of the pulsar population, and investigate co-occurrences
f these features and their evolution with frequency across the
opulation, with particular focus on circular polarization and on
˙
 . A summary of the results is presented in Section 5 and the full

ollection of broad-band visualizations of the data set are presented
s supplementary material online. 

 OBSERVATI ONS  

olarization data were obtained under the P574 observing pro-
ramme, ongoing since 2007 at the Parkes radio telescope, Mur-
iyang. Prior to 2018 No v ember, observations were predominantly
arried out monthly at 1369 MHz with a bandwidth limited to
56 MHz with occasional observations at 3100 and 700 MHz (see
ohnston & Kerr 2018 ; Petroff et al. 2013 ). For this paper, we use
bservations from 2018 No v ember onwards which used the UWL
eceiver (Hobbs et al. 2020 ). The observational band runs from 704
o 4032 MHz, with 3328 channels each of width 1 MHz. The data
re coherently dedispersed in each channel, folded at the topocentric
ulsar period and collated into subintegrations of length 30 s with
024 phase bins per period for the duration of the observation
typically 200 s). Full Stokes information is recorded and the data
s recorded to disk in PSRFITS format (Hotan, Straten & Manchester
004 ; van Straten et al. 2010 ). 
Data processing is carried out within PSRCHIVE (Hotan et al.

004 ). A key element of the analysis is the removal of radio-
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Figure 1. Positions on the P –Ṗ diagram of the 271 pulsars presented in 
this data set. Blue crosses: 101 high-S/N, non-scattered pulsars used in 
categorization analysis. Black points: Remaining 170 pulsars of the data set. 
Contours: Gaussian kernel density estimation of the pulsar population as taken 
from PSRCAT . Also plotted are diagonal lines of constant Ė , from 10 26 erg s −1 

(bottom right) to 10 42 erg s −1 (top left) in increments of 10 2 erg s −1 . 
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requency interference (RFI) from the data which is carried out using
 median filtering process in both frequency and time. Typically, 
pproximately 1200 channels (out of 3328) are discarded from the 
bservations. Polarization and flux calibration is carried out via the 
outine PAC using observations of a pulsed calibration signal and 
bservations of PKS B1934–68. Corrections due to impurities in the 
eceiver are computed via observations of the pulsar PSR J0437–
715 and also applied (van Straten 2013 ). Further details of the
bserving programme with the UWL can be found in Johnston et al.
 2021 ). 

Indi vidual observ ations are short so in order to impro v e the signal-
o-noise ratio (S/N) in the pulsar profile we summed together all 
bservations taken o v er a three year interval (approximately 35 
pochs per pulsar) so that the typical total observation time is some
000 s. The frequency resolution of the UWL is 3328 channels 
cross the band. To increase S/N, and for consistency across the 
ample, we split the whole band into eight subbands and generated a
ingle pulse profile per subband. For this study, we use a data set of
rofiles from 271 pulsars observed regularly as part of the observing 
rogramme. 
Fig. 1 shows the positions of our pulsar sample on the P –Ṗ 

iagram in relation to the population distribution given by the ATNF 

atalogue PSRCAT (Manchester et al. 2005 ), version 1.68, 1 accessed 
ia queries with PSRQPY (Pitkin 2018 ). The pulsars in our sample are
arked as points and crosses and the ATNF population is indicated by 

ontour lines obtained by fitting a Gaussian kernel density estimate 
o the distribution of pulsars. As can be seen, our sample co v ers

ost of the area of P –Ṗ space occupied by the non-recycled 
opulation, but with a distribution that favours higher Ė values 
 ht tps://www.at nf.csiro.au/research/pulsar/psrcat 

p  

c
t  

W  
han that of the catalogue population and no pulsars with Ė ≤ 10 30 

rg s −1 . 

 DATA  ANALYSI S  M E T H O D S  

.1 Visualization 

e present the results of our observations and data processing as
requenc y- and phase-resolv ed w aterf all plots for each of our 271
ulsars. These are presented in the online supplementary material 
file name: ‘Appendix B Polarization visualizations for pulsar sam- 
le’, pulsars presented in numerical order from PSR J0034 −0721 to
2346 −0609). An example for PSR J1900 −2600 is shown in Fig. 2 .
or the 15 pulsars that have an interpulse – a second pulse at half the
ulse period, inferred to originate from the other magnetic pole of
he neutron star – we present the same information for the interpulse
s for the main pulse. We selected the w aterf all plot presentation to
isplay the maximum possible information about the key observables 
f each pulsar, and in particular, the smooth frequency evolution of
any features in the pulsar polarization. 
In each visualization, we show a standard pulse profile plot, 

ith linear and circular polarization and PA profile at 1400 MHz,
n the top left corner. Below it, we show a series of these pulse
rofiles across the eight subbands. Finally, we display a series of
ix w aterf all plots showing, from top left to bottom right, total
ntensity I , PA, circular polarization V , fractional polarization V / I ,
inear polarization L , and fractional linear polarization L / I . For all of
hese visualizations, the linear polarization L has been bias-corrected 
ccording to the prescription of Everett & Weisberg ( 2002 ). The
urpose of having both polarized flux and fractional polarization 
lots for linear/circular polarization is that, whereas the polarized flux 
lots show the evolution of polarization structures with frequency and 
hase, the fractional polarizations show the extent to which these 
tructures are tied to total intensity. 

For the w aterf all plots, we only show the pulse profile where the
/N of Stokes I is greater than 5. This is also the case for the PA in the
tandard pulse profile plot in the top left. This means that PA values
re still being calculated at phases with strong intensity but little
o no linear polarization. Ho we ver, the goal of data visualization is
ifferent from that of data analysis. We choose to maintain the same
/N cut-off for all variables: partly for consistency and partly because
e find that this provides the maximum visual information about 

requency-dependent evolution even at very low linear polarization. 
In order to define the S/N of the intensity profile, I / σ , we use

n iterative approach to remove outlier points (on-pulse region and 
ny residual impulsive RFI) to converge onto a standard deviation 
easurement of the off-pulse region. We use this method to calculate 
for all pulsars other than PSRs J0820 −4114 and J1834 −0426.

hese pulsars have very wide profiles, causing the iterative outlier- 
emoval method to fail. In those cases, we define the off-pulse region
y eye. We split the off-pulse region into four sections, calculate the
tandard deviation of each section and select the smallest as the least
ikely to include the effect of impulsive RFI and therefore the most
epresentati ve v alue of σ . 

We also present a second piece of online supplementary material 
isualizing two additional polarization parameters. The first of these 
s the total polarization P as a fraction of the total intensity, Stokes I :
 = P / I . The second is the ‘circular contribution’, θ . We introduce the
oncept of circular contribution as a helpful metric for investigating 
he relative levels of linear and circular polarization in a pulse profile.

e define θ relative to the ellipticity angle χ as θ = 2 | χ | . It is the
MNRAS 520, 4961–4980 (2023) 
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Figure 2. Broad-band visualization of PSR J1900 −2600 observed in fold with the UWL on Murriyang, the Parkes Radio Telescope. Top left: Pulse profile 
at 1414 MHz, with total intensity (black), linear polarization (red dashes), circular polarization (blue dots) and position angle (PA, black points). Left: Pulse 
profiles at eight frequencies from 812 to 3780 MHz, colour scheme as before. Right: Waterfall plots of phase- and frequenc y-resolv ed polarization showing, 
from top left to bottom right, total intensity, PA, circular polarization, fractional circular polarization, linear polarization, fractional linear polarization. The PA 

colour scheme is chosen to be cyclical around 180 ◦ to account for PA wrapping. The circular polarization colour scheme is chosen so that purple is positive and 
orange is ne gativ e, and the fractional circular polarization colour scheme is chosen so that red is positive and blue is ne gativ e. Colour scale units for I , V , and 
L are in mJy. The w aterf all plot polarizations are only shown where the S/N of the total intensity exceeds 5; the same is true for the PA profile in the top left 
subplot. 
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agnitude of the angle of latitude on the Poincar ́e sphere, given by
he equation θ = arctan ( | V | /L ) . It is helpful to define the parameter 
n this way, rather than using ellipticity directly, because it gives a

ore clearly comparable link between absolute levels of linear and 
ircular polarization, and their visualization on the Poincar ́e sphere. 
ully linearly polarized radiation will have a circular contribution of 
= 0 ◦, while fully circularly polarized radiation has the maximum 

ircular contribution of θ = 90 ◦. 
This second set of figures in the online supplementary material (file 

ame: ‘Appendix C Visualizations of p and theta for pulsar sample’)
how w aterf all plots of P / I and θ , following the same S/N and bias
orrection steps as described for the w aterf all plots in Fig. 2 and in
he first piece of supplementary material (‘Appendix B Polarization 
isualizations for pulsar sample’). 

.2 Polarization measurements 

n order to make inferences about the polarization behaviour of 
he pulsar population we need to reduce the dimensionality of 
his observational information. We take two approaches to address 
his: polarization measurements and categorization of polarization 
ehaviour. For the first of these, we sum the Stokes and polarization
arameters across phase to obtain a single characteristic value per 
ulse profile, per frequency. To a v oid off-pulse RFI biasing these
alues, we sum only the bins for which the intensity S/N > 3 that lie
ithin our visually defined on-pulse region. 
We calculate two sets of average polarization fractions for each 

ulsar. For the first set, we calculate total, linear and absolute circular
olarizations from the Stokes parameters for each pulse profile and 
hen sum these across phase. We label polarization fractions with 
ower case letters p , l , and | v| , and for this first set, we indicate
hat these are averages by marking them with bars: p etc. For the
econd set, we sum Stokes parameters across phase first and then 
onvert these into polarization fractions. We label this second set of
verage polarization fractions with asterisks. This gives the following 
ormulae: 

p = 

� 

(√ 

Q 

2 + U 2 + V 2 
BC 

)

�I 
, 

l = 

� 

(√ 

Q 

2 + U 2 
BC 

)

�I 
, 

| v| = 

� ( | V | BC ) 
�I 

, 

p 

∗ = 

√ 

( � Q ) 2 + ( � U ) 2 + ( � V ) 2 

�I 
, 

l ∗ = 

√ 

( � Q ) 2 + ( � U ) 2 

�I 
, 

 v| ∗ = 

∣∣�V 
�I 

∣∣ , 
here � indicates summing across phase and the superscript BC 

ndicates that bias correction is applied to the polarizations before 
umming. We also use the same bar/asterisk labelling for θ when 
escribing variables summed o v er pulse phase. Uncertainties are 
nferred using the previously described measurements of σ and 
tandard error propagation. We bias-correct the linear polarization 
s described in Everett & Weisberg ( 2002 ) and use the same method
or the total polarization as well. To bias correct the absolute circular
olarization | V | , we follow the method of Karastergiou et al. ( 2003 )
nd Posselt et al. ( 2022 ) and subtract the expectation value of the
istribution. Being a half-normal distribution, this is done as follows: 

 V | BC = 

{ 

| V | − σ

√ 

2 
π

if | V | > σ

√ 

2 
π

0 otherwise, 
(1) 
here σ is the standard deviation of the intensity off-pulse region as
escribed abo v e. 
The polarization measurements l , | v| , p , and θ , along with their

ncertainties, are listed for each pulsar in Table A1 . For pulsars with
nterpulses, we calculate the interpulse polarization fractions in the 
ame way and list them separately in Table A1 . 

.3 Categorization of profile polarization features 

e seek to present a summary of key features and trends related
o polarization structure observable in the pulsar population. In 
ddition to the average numerical values, we also categorize certain 
olarization and profile features of a high-S/N subset of 101 pulsars.
e apply a S/N cut to identify which pulsars to take forward for this

urther analysis: we keep those pulsars for which the peak intensity
/N > 10 for all eight frequency sub-bands. We define the peak

ntensity S/N by taking the maximum intensity value in the on-pulse
egion, subtracting the median of the off-pulse region to correct any
ero-offset of the baseline, and then dividing by σ . We also identify
ny strongly scattered pulsars by eye and remo v e them from the
igh-S/N sample (all scattered pulsars are marked with an asterisk in
able A1 ). The reasoning for this is that if scattering is strong enough

o be clearly visible by eye, then the effect of scattering is likely to
mpact the features of the polarization profile observed (Karastergiou 
009 ). 
We identify polarization features by eye from the broad-band 
 aterf all plots generated for this data set. The objective is not to

tate absolute numerical results for these cate gorizations, man y of
hich are by definition difficult to define unequivocally for every 
ulsar, and in any case such precise quantification would not provide
uch additional information based on what we wish to describe. 

nstead, we seek to obtain a general understanding of the existences
f these features and the ways in which the y co-occur. F or simplicity,
e define all but one of the categories as Boolean yes-no cases: either
 pulsar exhibits a particular feature or it does not. The categories
re defined as follows: 

(i) Visible frequency evolution of 

(a) intensity profile shape 
(b) PA profile shape 
(c) linear polarization fraction 
(d) linear polarization profile shape 
(e) circular polarization fraction 
(f) circular polarization profile shape 

(ii) Phase variation of polarization: 

(a) ‘True’ orthogonal jump (Orthogonal jump in PA at the 
phase at which total polarization drops to zero) 

(b) Orthogonal jump in PA with non-zero circular polariza- 
tion 

(c) PA deviation from RVM not otherwise accounted for by 
the two previous categories 

(d) V changes hand with phase 

Our only non-Boolean category is Profile Complexity . Integrated 
ulse profiles are observed to have a wide range of shapes, with
ultiple components that may be blended together. We choose to 

nvestigate the scaling of polarization complexity by assigning each 
ulsar to one of three categories. We number these in order of
ncreasing comple xity: cate gory 0 describes profiles with a single
omponent. Profiles with a small number of components (two 
o four) that are well separated and/or symmetric, or a strongly
MNRAS 520, 4961–4980 (2023) 



4966 L. S. Oswald et al. 

M

a  

2  

c  

l  

c  

a
 

a  

a  

a  

r  

l  

o  

w  

F  

p  

t  

s  

L  

p  

a
 

s  

(  

s  

i  

t  

m  

d  

t  

n  

h  

i  

h  

e
 

c  

o  

t  

o  

t  

i  

t  

c  

f  

c  

P  

j  

t  

c  

c  

m  

m
 

w  

p  

a  

t  

i  

l  

c  

P  

Table 1. Distributions of the measured polarization fractions and circular 
contribution at 1400 MHz, summarized with the 25th, 50th, and 75th quantiles 
read from left to right. The parameters l , | v| , p, and θ are as described in 
Section 3 , and the measurements are shown for phase-averaged polarizations 
(barred) and polarizations calculated with phase-averaged Stokes parameters 
(starred). The 50th quantile is indicated in bold. 

Barred Starred 

l 0.17, 0.28 , 0.52 0.10, 0.19 , 0.43 
| v| 0.03, 0.05 , 0.09 0.02, 0.05 , 0.10 
p 0.21, 0.32 , 0.56 0.11, 0.21 , 0.46 
θ ( ◦) 6.4, 11.6 , 18.9 6.9, 13.4 , 28.5 
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symmetric single component, are assigned to cate gory 1. Cate gory
 comprises complex profiles with multiple components or blended
omponents. The categorization of any individual pulsar is on some
e vel subjecti ve, but we find that the three-category set-up enables
learer distinctions to be drawn between the pulsars in categories 0
nd 2. 

It is worth making clear the difference between categories (i)c/e
nd (i)d/f, that is to say the difference between polarization fraction
nd polarization profile shape. For the former, we looked for a change
cross frequency of the fraction of the linear/circular polarization
elative to total intensity in at least part of the pulse profile. For the
atter, we looked not at the polarization fraction, but at the shapes
f any distinct features in the polarized part of the pulse profile and
hether these evolved with frequency. PSR J1900 −2600, shown in
ig. 2 , has frequency evolution of both the polarization fraction and
rofile shape of its linear polarization. The former can be seen in
he stacked pulse profiles: the linear polarization fraction decreases
ignificantly at high frequencies. The latter is best identified in the
 / I plot, where the shifting positions of light and dark regions of the
rofile indicate a change in shape of the linear polarization profile
cross frequency. 

It is important that the frequency evolution of polarization profile
hape is defined with respect to the fractional polarization plot
e.g. L / I ) rather than the absolute polarization (e.g. L ) because this
eparates polarization evolution as distinct from evolution of the total
ntensity profile. A rele v ant example to consider is PSR J1048 −5832,
he visualizations for which can be found in the online supplementary

aterial. This is a pulsar for which the linear polarization profile is
istinctly different from the intensity profile, as can be seen from
he w aterf all plots of I and L , yet the polarization fraction L / I does
ot evolve with frequency. We also note that, since pulsars tend to
ave weaker circular polarization than linear polarization, this may
mpact the relative count of visible features in circular polarization,
o we ver, since we apply this analysis only to high-S/N pulsars, we
xpect this effect to be small. 

The reason for separating PA non-RVM behaviour into three
ategories is as follo ws. Follo wing the theoretical expectation that an
rthogonal jump takes place when there is a change in dominance be-
ween the two orthogonal modes of emission, we would expect ‘true’
rthogonal jumps to be accompanied by a drop of the polarization
o zero. As described by Dyks ( 2020 ), apparent orthogonal jumps
n PA will also result from the polarization state transitioning across
he Poincar ́e sphere and passing close to the Stokes V pole. In these
ases, the polarization does not drop to zero, instead it is rotated
rom L into V . This means that there will be significant measured
ircular polarization accompanying the PA jump. Cases where the
A deviates from an expected RVM track but do not show a clear
ump are the hardest to define: is this behaviour similar to either of
he jump behaviours or is it fundamentally different? We seek to
ategorize the different observational manifestations so that we can
ompare their co-occurrences with other categories. and so deter-
ine whether the apparent separation between categories is indeed
eaningful. 
The full categorization for each pulsar is given in Table A1 ,

here each category is labelled as in this list. Note that for
ulsars with interpulses we only categorize the main pulse. As
n example, PSR J1900 −2600 in Fig. 2 is classified as having
he following polarization features: (i)abcdf;(ii)bcd;2. This means
t displays frequency evolution of intensity profile, PA profile,
inear polarization fraction, linear polarization profile shape and
ircular polarization profile shape – ‘(i)abcdf’. It also exhibits a
A jump with non-zero circular polarization at the jump phase,
NRAS 520, 4961–4980 (2023) 
eviation from a classic RVM swing and a change in hand of the
ircular polarization – ‘(ii)bcd’. Finally, it has been categorized as
aving Profile Complexity ‘2’ – multiple components or blended
omponents. 

 POLARI ZATI ON  PROPERTIES  O F  T H E  DATA  

ET  

ig. 2 shows PSR J1900 −2600 as an example of how we visualize the
olarization properties of each pulsar in the data set, as described in
ection 3 . Unlike the majority of past publications of pulse profiles,
hich show only the standard profile with PA, this visualization

ollows the techniques set out in Oswald et al. ( 2020 ) to display the
hase- and frequency-evolution of pulse profiles simultaneously, in
rder to capture the full capability of the UWL. Here, we extend
hose techniques beyond total intensity and PA profile to encompass
olarization fractions, and particularly circular polarization. 
The full collection of data visualizations of 271 pulsars is

resented in the online supplementary material. In the remainder
f this section, we focus on the results of our measurements and
ategorizations taken collectively. We aim to reduce the number of
egrees of freedom required to encapsulate the data set so that clear
nd simple statements may be made about its polarization behaviour.

.1 Average polarization values 

sing the standard measurements for fractional polarizations at
400 MHz, we find that, on average (median), the pulsars in
ur sample are 28 per cent linearly polarized, 5 per cent circularly
olarized and 32 per cent polarized in total (see Table 1 ). This is
omparable to general expectations from the literature: Gould &
yne ( 1998 ) quote 20 per cent linear and 10 per cent absolute circular
olarization fractions. 
Ho we ver, careful consideration should be made about the meaning

f these values. 
A median does not capture range of polarization fractions ob-

erved, or the relationship between polarization fraction and Ė 

e.g. Weltevrede & Johnston 2008 ), which we discuss further in
ection 4.3 . We should also consider the choice of measurement

echnique. The numbers quoted abo v e are summed polarizations
ivided by summed intensity ( p , l and | v| ). Summing Stokes
arameters before converting to polarization ( p ∗, etc.) results in
uch smaller polarization fractions. This is expected, since the PA

aries across the pulse profile, so that summing Stokes Q and U
ill have an averaging effect. Similarly, summing Stokes V across
hase will generate a smaller measurement if the direction of circular
olarization changes hand. 
It is usual in the literature to quote the barred values ( p , etc.),

hich are a more accurate representation of pulsar polarization
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Table 2. Table of percentage counts of how many pulsars fit into each of the 
categories defined in Section 3.3 . The categorization was applied to the 101 
pulsars that exceeded the S/N cut defined in Section 3 and were identified as 
not being visibly scattered. 

Polarization category 
Occurrence 
(per cent) 

(i)a: I shape frequency evolution 74 
(i)b: PA frequency evolution 51 
(i)c: L fraction frequency evolution 40 
(i)d: L shape frequency evolution 31 
(i)e: V fraction frequency evolution 32 
(i)f: V shape frequency evolution 32 

(ii)a: PA orthogonal jump 37 
(ii)b: PA jump, | V | > 0 20 
(ii)c: PA RVM departure 45 
(ii)d: V change of hand 71 
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raction. Ho we ver, it is worth stressing the difference in results
or these two sets of parameters for two reasons. First, the starred
olarization fractions are the more rele v ant when searching for
ulsars as polarized sources in the image plane (e.g. Sobey et al.
022 ). Secondly, the difference between p and p ∗ is an indicator of
hase evolution of polarization in a pulse profile. We note that there
s a bigger difference between p and p ∗ for more complex pulse 
rofiles (category 2 versus category 0), implying that the presence 
f additional profile components leads to increased polarization 
omplexity, and/or that pulsars with simpler pulse profiles tend to 
ave flatter PA profiles. 

.2 Categorization results 

able 2 shows percentages of the high-S/N sample of 101 pulsars
hat exhibit each of the characteristics defined in Section 3.3 . Most
ulsars show clearly visible frequency evolution of profile shape in 
tokes I and about half of the sample show frequency evolution of

he PA. Frequency evolution of linear and circular polarization is 
lso commonly observed. By far the most common phase-dependent 
eature identified was there being at least one change of handedness 
n circular polarization. A sizable fraction of pulsars show orthogonal 
umps in their PA profiles, but at least 45 per cent of pulsars show
ome sort of departure from RVM behaviour in their PA profiles
cross phase that cannot be explained as being due to orthogonal 
umps. 

Having identified these categorizations, the next question to 
onsider is how the occurrences of these profile features relate to 
ach other. F or e xample, we might e xpect that the pulsars e xhibiting
on-RVM behaviour are also likely to show frequency evolution of 
he PA. From Table 2 , we see that roughly half of pulsars show
requency evolution of the PA, and just under half show departures 
rom the RVM. If these two behaviours are independent, then 
e would expect around a quarter of the sample to exhibit both
ehaviours. Instead, we find that the two categories co-occur in o v er
 third of the pulsars: an excess of around 10 per cent. We calculate
hese co-occurrence excesses for every pair of parameters, round 
he values to the nearest 5 per cent and plot them in a heatmap in
ig. 3 . 

.2.1 Positive and negative associations 

he heatmap in Fig. 3 is divided into sections with black 
ines indicating the frequency-dependent and phase-dependent cat- 
gories. The top right and bottom left sections both show a
arge number of co-occurrences, indicating that there is a link 
etween phase-dependent and frequency-dependent polarization 
ehaviour. 
The strongest positive associations between pairs of parameters, 
arked dark red on Fig. 3 , are 

(i) PA frequency evolution with PA RVM departures 
(ii) PA frequency evolution with PA jumps where | V | > 0 
(iii) V change of hand with frequency evolution of total intensity 
(iv) V change of hand with PA RVM departures. 

The only ne gativ e association, implying that these two characteris-
ics are found together less often than expected for independent vari-
bles, is that between PA orthogonal jumps and V shape frequency
volution. Conv ersely, V shape frequenc y evolution does show a link
ith PA jumps where the circular polarization is non-zero. 

.2.2 Most and fewest associations 

he two characteristics with the most associations are I shape 
requency evolution and V change of hand. These characteristics 
isplay some association with all of the categories other than 
 fraction frequency evolution, which itself is the characteris- 

ic with the fewest associations. It only shows a notable link
o L shape frequency evolution and to V fraction frequency 
volution. 

.2.3 PA behaviour and circular polarization 

on-RVM behaviour of the PA is associated more with circular 
olarization than with linear polarization: PA RVM departures are 
ssociated with V fraction frequency evolution and V change of 
and, but not with any frequency evolution of linear polarization. 
imilarly, PA jumps with non-zero circular polarization are asso- 
iated with V shape frequency evolution and also with V change
f hand. Both these associations are weak, but present, whereas 
here is no association with linear polarization frequency evolution. 
aken collecti vely, the v arious associations with categories related 

o circular polarization indicate a strong link between polarization 
ehaviour not explained by the RVM and the presence of circu-
ar polarization in the pulse profile. A similar link is noted by
ohnston et al. ( 2022 ), who find that, when fitting the RVM to
he PA, a large fraction of the pulsars for which this fails have
 circular polarization fraction greater than the linear polarization 
raction. This can be explained as resulting from the coherent 
ddition of orthogonal modes, a concept we will discuss further in
ection 5 . 

.3 Average polarizations, profile complexity, and Ė 

e xt, we inv estigate the relationships between polarization measure- 
ents and spin-down energy Ė (measured in erg s −1 ). The association

f high Ė pulsars with strong linear polarization has been shown 
efore (e.g. Weltevrede & Johnston 2008 ), and it has been noted that
igh Ė pulsars tend to have simple profiles (Johnston & Weisberg 
006 ). In addition, pulsars with more complex intensity profile 
hapes tend to have more complex PA profiles as well: this has been
hown for young pulsars (Karastergiou & Johnston 2006 ) and is par-
icularly well demonstrated by millisecond pulsars (Dai et al. 2015 ).

e investigate these factors together. Fig. 4 shows the distributions 
f Ė , average polarization fraction p and circular contribution θ at 
MNRAS 520, 4961–4980 (2023) 



4968 L. S. Oswald et al. 

M

Figure 3. Heat map of the co-occurrence excesses of the categories assigned to the 101 high-S/N pulsar subset, as described in the text and introduced in 
Table 2 . These are defined as the percentage excesses of categories appearing together in the sample, relative to the expected co-occurrence for independent 
categories, rounded to the nearest 5 per cent. The diagonal line indicates the symmetry of the heatmap. Further details are given in the text. 
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400 MHz, divided into three colours by profile complexity category.
impler profiles correspond to higher Ė , a more uniform distribution
f polarization fraction and lower circular contribution, while more
omplex profiles are linked to lo wer Ė , lo wer polarization fractions
nd a wider range of θ . This work not only replicates the previous
esults relating high Ė to high linear polarization and simple profile
hapes, but demonstrates the associations of all of these factors across
˙
 , and in particular shows that more complex pulsars tend to have
 larger proportion of circular polarization (higher θ ) than simpler
rofiles. 
We also consider these relations for the whole sample of pulsars,

ncluding all of the lower S/N pulsars for which we do not categorize
rofile complexity. Applying principal component analysis (PCA)
o the 3D parameter space of log 10 ( ̇E ), p and θ , we find that the
rincipal component vector in this parameter space can be described
y the following parametrization of deviations with respect to the
ean values: 
 

 

log 10 ( Ė 0 ) 
p 0 

θ0 

⎞ 

⎠ + t 

⎛ 

⎝ 

� log 10 ( ̇E ) 
� p 

� θ

⎞ 

⎠ = 

⎛ 

⎝ 

33 . 7 
0 . 4 

13 . 7 ◦

⎞ 

⎠ + t 

⎛ 

⎝ 

1 . 0 
0 . 2 

−5 . 1 ◦

⎞ 

⎠ . (2) 

his means that an increase in Ė by a factor of 10 corresponds
oughly to an increase in polarization fraction of 20 per cent and
 decrease of circular contribution of around 5 ◦ (i.e. 6 per cent
NRAS 520, 4961–4980 (2023) 
f 90 ◦). We note that this is a simplified description which does
ot encompass the distribution of results around that principle
omponent vector: Weltevrede & Johnston ( 2008 ) described the
elationship between L and Ė as showing an arctangent relationship
ather than a linear evolution. Our work indicates that it is possible
o infer a smoother evolution, though does not confirm absolutely
ne way or the other. The results of the Thousand-Pulsar-Array
ensus on the MeerKAT telescope will provide a larger population
f measurements for investigating this relationship (Posselt et al.
022 ). 

.4 Combining categorizations and average polarization 

easurements 

aving considered polarization categories in Section 4.2 and polar-
zation and Ė measurements in Section 4.3 , we now look to combine
he two. Figs 5 and 6 compare the 10 polarization categories against Ė 

nd circular contribution θ respectiv ely. F or each figure, we divide the
istribution of log 10 ( ̇E ) and θ measurements into quantiles such that
ach quantile contains the same number of pulsars. We note that each
uantile spans a different range in log 10 ( ̇E ) space because the sample
s not uniformly distributed across log 10 ( ̇E ). The same is true for θ̄ .

e then count how many pulsars in each quantile fall into a given
ategory. On the figures, the categories are divided into frequency-

art/stad070_f3.eps
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Figure 4. Corner plot of spin-down energy Ė , phase-averaged polarization fraction p , and circular contribution θ (see definitions in Section 3 ) for the 101 
high-S/N pulsar subset, split in colour by Profile Complexity category (see definition in Section 3.3 ). 
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ependent and phase-dependent categories in a similar way as for 
ig. 3 . We also show the total count of pulsars in each quantile, and
efine two new categories as absences from the other categories: 
hese are simply the counts of pulsars that do not exhibit any
requency evolution of their polarization and do not show departures 
rom the RVM. In Figs 5 and 6 , the count is displayed in each
uantile-category box and the colour of the box also represents the 
ount. 

These figures demonstrate three factors: the absolute incidences 
f each categorized feature, the rates of incidence relative to each 
ther, and the relative incidence rates across Ė and θ . A general 
tatement to be drawn from Fig. 5 is the following: there are more
ccurrences of frequency- and phase-evolution of polarization at 
o wer spin-do wn energies, particularly the three lo west quantiles 
panning the Ė range 10 31 to 10 33.5 erg s −1 . Similarly, pulsars
howing no polarization frequency evolution and no RVM departures 
re predominantly found at high spin-down energies, in the top two 
uantiles of Ė from 10 33.5 to 10 36.9 erg s −1 . It should be noted that,
ince the incidences of the polarization categories are found to be 
ependent on Ė and our sample has a different distribution of Ė 

elative to the population as a whole, the exact percentages listed in
able 2 are likely to be somewhat different for the pulsar population
s a whole. Ho we ver, the co-occurrence and quantile-based analysis 
ould be directly transferable to a different pulsar sample. In Fig. 6 ,

t can be seen that RVM departures and evolution of the PA with
requency are both more common for pulsars with higher values 
t  
f θ , with both of these categories showing increases across the
hree quantiles. Conversely, pulsars with no RVM departures are 
redominantly found to have lower values of θ . From both figures it
an also be seen that the distributions of the ‘PA orthogonal jump’
ategory are skewed in different directions to those of the ‘PA
VM departure’ and ‘PA jump, V > 0’ categories: on a population

evel, true orthogonal jumps are identifiably different from other PA 

ehaviours. 

.5 Polarization fraction and circular contribution across the 
opulation and across frequency 

ig. 7 shows the distribution of polarization fraction p and circular 
ontribution θ as in Fig. 4 , but now for the full sample of 271 pulsars,
ot just the high-S/N subset. It also shows the measured values at all
ight frequency sub-bands, in order to build up a large scale picture
f the distributions of these two parameters with respect to each
ther. For a subset of the pulsars, we plot lines to show the frequency
volution in p –θ space, and for the rest, we plot the individual values
s grey dots. 

.5.1 Population distribution 

t can be seen that the distribution is weighted towards the bottom-left
f the plot (low polarization and low circular contribution), and that
here exist no points at all in the top right quadrant. This means that
MNRAS 520, 4961–4980 (2023) 
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Figure 5. Heat map of the number of counts of pulsars from the high-S/N sample assigned to each polarization category ( y -axis), split by their measurement 
of spin-down energy Ė into five quantiles, such that there is the same number of pulsars in each quantile ( x -axis), as shown by the top row which indicates the 
total count of pulsars in the quantile. A paler colour indicates a higher count, and the actual count in each category is written on the heat map. The polarization 
categories are defined in Section 3.3 . 
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hereas weakly polarized pulsars have a greater range of circular
ontribution, strongly polarized pulsars are linearly polarized. This
s the same result as shown for the high-S/N subset in Fig. 4 , now
hown to be true across the whole observed sample and frequency
and. 

.5.2 Frequency evolution 

ince the polarization measurements presented here are averaged
cross pulse phase, the values of p and θ for a particular pulsar
re not fully representative of its polarization behaviour. However,
aken collectiv ely, the y pro vide useful insights into the population
s a whole. Similarly, for each pulsar, the values for the eight
requency channels form a track in p –θ space, but individual
racks for each pulsar are expected to be noisy and difficult to
nterpret. We take an interest therefore in the behaviour of only
he straightest tracks in p –θ space: does their collective behaviour
ev eal an ything interesting about the frequenc y evolution of pulsar 
olarization? 
To identify these, we define two metrics for line length in p –θ

pace: the full summed length of the line from one end to the other
nd its characteristic length, which we define as the furthest distance
etween two points in the collection of eight values. For a noisy
rack that walks randomly around a tight area of parameter space,
he full summed length of the line will be much longer than the
NRAS 520, 4961–4980 (2023) 
haracteristic length, whereas for a perfectly straight line the ratio of
he full and characteristic lengths will be 1. We calculate these ratios
ith θ normalized by 90 ◦, so that travel through both p and θ space is

qually weighted. In Fig. 7 , we plot only those tracks where the ratio
f full-length/characteristic-length < 1.3 (light blue dashed vectors)
nd full-length/characteristic-length < 1.1 (dark blue vectors). We
lso plot arrow directions on the vectors to indicate the direction of
ncreasing frequency. 

It can be seen from the figure that at high polarization, the lines
lotted tend to be close to horizontal, or following diagonal tracks
ith a shallow ne gativ e gradient, whereas at lower polarization, the
radients of these tracks tend to become steeper. This suggests
hat the collective p –θ spread seen as a population-level effect
s also born out by the frequency-evolution of individual pulsars.
he arrows mainly point in the ne gativ e- ̄p direction, fitting the
eneral observed trend that pulsars tend to depolarize with in-
reasing frequency. A more in-depth investigation of phase-resolved
requency variation of pulsar polarization would be required to
onfirm that this effect is truly representative of the whole population,
ather than just the least noisy measurements extracted here. To
id in such future investigations, we present w aterf all plots of
hase- and frequenc y-resolv ed polarization fraction p and circular
ontribution θ in the second part of the supplementary material
file name ‘Appendix C Visualizations of p and theta for pulsar
ample’). 

art/stad070_f5.eps
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Figure 6. As for Fig. 5 , but now divided by three quantiles for circular contribution θ (see definition in Section 3 ). 

Figure 7. Plot of circular contribution θ versus polarization fraction p (see 
definitions in Section 3 ) for the whole pulsar sample. Pale grey points: 
Individual measurements for each of eight frequency channels for all 271 
pulsars, including the measurements for 15 interpulses. Dark and light 
blue vectors: Tracks for individual pulsars showing the evolution of these 
parameters with increasing frequency. The subset shown have been selected as 
fitting criteria for straightness of line: the method of selection and justification 
for this choice are outlined in the text. 
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 DI SCUSSI ON  

.1 Summary of key results 

 large fraction of pulsars show frequency and phase evolution not
ncompassed by the conventional picture (Lorimer & Kramer 2012 ). 
e find links between non-RVM behaviour of the PA, frequency 

volution of polarization, and the presence of circular polarization 
eatures. Non-RVM behaviour of the PA, as defined by categories 
ii)b and (ii)c, is distinct from the behaviour of true orthogonal jumps.

In general, pulsars with higher Ė also have simpler pulse profiles, 
igher polarization fractions and lower values of θ . There exist no
igh- p -high- θ pulsars. Frequency evolution of polarization is seen 
ore in lo w Ė pulsars. Similarly, phase e volution of polarization,

articularly non-RVM behaviour of the PA, is observed more 
requently in low Ė pulsars, whereas high Ė pulsars demonstrate 
ittle to no frequency evolution of polarization, along with RVM-like 
A profiles. 

Polarization measurements evolve with frequency on curved tracks 
rom high p , lo w θ to lo w p , high θ for at least some pulsars and
or average profile observations. In addition, lower p corresponds 
o steeper tracks: more weakly polarized pulsars have stronger 
requency evolution of circular polarization. 

.2 Interpretation of results 

n explanation previously presented for the links between profile 
omplexity and Ė is that older and younger pulsars (with lower and
igher values of Ė ) may have different emission height profiles 
MNRAS 520, 4961–4980 (2023) 
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Karastergiou & Johnston 2007 ). A narrower range of emission
eights for high Ė pulsars could result in simpler profiles, while
 broader range of emission heights for low Ė pulsars might
ntroduce more complex profile shapes and with them the potential
or increased frequency ev olution, non-RVM beha viour, and reduced
olarization fraction. 
Under such a scenario, the links between circular polarization

eatures, non-RVM behaviour in the PA, and frequency evolution
f polarization could be explained as originating as propagational
ffects in the magnetosphere. Propagational effects discussed in the
iterature include angular separation of orthogonal modes due to
efraction (Barnard & Arons 1986 ), Generalized Faraday Rotation
Kennett & Melrose 1998 ), or coherent mixing of modes (Dyks
017 ). The broad bandwidth of the UWL highlights the rele v ance
f frequency-dependent effects in the polarization, which in future
ould be probed further across even wider bandwidths: current
uitable low-frequency instruments include LOFAR and the MWA,
nd higher frequency observations will be possible with future devel-
pment of the MeerKAT S-band and Parkes Ultra-Wideband High
eceivers. In the future, the Square Kilometre Array will increase the
ensitivity of pulsar observations, increasing the available high-S/N
ample size for detailed analysis. 

The approach taken in this paper is to consider the collective
olarization behaviour of the pulsar population, reducing the degrees
f freedom of the data set by calculating average polarizations and
efining boolean categories to describe the features and trends of the
ata set. It can immediately be seen from the online supplementary
aterial that each individual pulsar also displays its own idiosyn-

ratic and interesting polarization behaviour. This study focuses on
oung, non-recycled pulsars, but the polarization idiosyncrasies of
illisecond pulsars (e.g. Dai et al. 2015 ) and magnetars (e.g. Dai

t al. 2019 ) are observed to be even more extreme. Descriptions of
adio pulsar polarization must ultimately be able to account for the
iversity of individual polarization behaviours observed in broad-
and pulsar data while also explaining the origins of the patterns
bserved across the pulsar population, as described here. 
We propose a model that can achieve this: the ‘partially coherent’
odel of orthogonal mode mixing. In a follow-up work, we show

ow this model can explain the relationship between polarization
raction and circular contribution and the link between non-RVM
A behaviour and the presence of circular polarization. The partially
oherent model can account for the polarization trends described in
his paper and can be used as a mathematical decomposition of Stokes
arameters to account for the idiosyncrasies of individual pulsars as
ell. 

 C O N C L U S I O N S  

he broad-band capabilities of the Parkes UWL observing sys-
em, and the long-term observations of this data set, provide an
pportunity for an updated picture of the polarization properties
f young pulsars. This work presents broad-band phase-resolved
olarization information for 271 pulsars with a new w aterf all plot
isualization, to provide a basis for a new description of radio pulsar
olarization. By defining and comparing collective categories for
olarization behaviour for the 101 pulsars passing our S/N criterion,
e demonstrate the relationships between key features of pulsar pro-
les, encompassing links between phase- and frequency-dependent
olarization behaviour. We highlight the importance of circular
olarization as a key contributing factor to non-RVM polarization
ehaviour, and an important measurable quantity for understanding
he origins of pulsar radio polarization. It is increasingly clear that
NRAS 520, 4961–4980 (2023) 
hysical models of pulsar radio polarization must be able to explain
he complexities of broad-band pulse profile evolution and the key
ontribution of circular polarization. In follow-up work, we outline
ow we can do this using the partially coherent model of orthogonal
ode interaction. 
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