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ABSTRACT

We have conducted the largest investigation to date into the origin of phase resolved,
apparent RM variations in the polarized signals of radio pulsars. From a sample of 98
pulsars based on observations at 1.4 GHz with the Parkes radio telescope, we carefully
quantified systematic and statistical errors on the measured RMs. A total of 42 pulsars
showed significant phase resolved RM variations. We show that both magnetospheric
and scattering effects can cause these apparent variations. There is a clear correlation
between complex profiles and the degree of RM variability, in addition to deviations
from the Faraday law. Therefore, we conclude that scattering cannot be the only cause
of RM variations, and show clear examples where magnetospheric effects dominate. It
is likely that, given sufficient signal-to-noise, such effects will be present in all radio
pulsars. These signatures provide a tool to probe the propagation of the radio emission
through the magnetosphere.

Key words: pulsars: general, polarization, scattering

1 INTRODUCTION

Soon after the discovery of pulsars, 50 years ago (Hewish
et al. 1968), it was observed that their radio signals are
highly linearly polarized (Lyne & Smith 1968), with the posi-
tion angle (PA) of many pulsars changing across rotational
phase in a characteristic S-shape swing, well described by
the Rotating Vector Model (RVM) (Radhakrishnan & Cooke
1969). Observed discontinuities in the PA swing in the form
of 90° jumps have been explained with the co-existence of
two orthogonally polarized modes (OPMs) (Backer et al.
1976). The observed polarized radiation is thus thought to
be a superposition of the two OPMs, with the overall degree
of linear polarization depending on the relative contribution
of each OPM at a specific pulse longitude (Stinebring et al.
1984; van Straten & Tiburzi 2017).

When the pulsar radiation propagates through the mag-
netised interstellar medium (ISM), it is affected by Faraday
rotation. This results in a rotation of the orientation of lin-
ear polarization (APA) as a function of observing wavelength
(1), given by the expression

APA = RM 2°. (1)

Here the constant of proportionality is known as the rotation
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measure (RM), and is related to the properties of the ISM
via

&3 L
RM = —/ neB)dl, 2
2rm2c* Jo =l @

where e and m, are the charge and mass of the electron, ¢ is
the speed of light in vacuum, n, is the electron density, B||
is the component of the magnetic field parallel to the line of
sight, L is the distance to the pulsar and d/ is distance ele-
ment along the line of sight (e.g. Lorimer & Kramer 2005).
Generally, it is assumed that the radiation from the pulsar
does not undergo changes as it traverses the magnetosphere,
and therefore that equation (1) represents the contribution
from the ISM alone. Using combined measurements of RM
and dispersion measure (DM), the average magnetic field
along the line of sight can be estimated, and thus the struc-
ture of the Galactic magnetic field (e.g. Manchester 1972,
1974; Thomson & Nelson 1980; Lyne & Smith 1989; Han
et al. 1999; Mitra et al. 2003; Noutsos et al. 2008; Han et al.
2018), and it therefore important to test the above assump-
tion.

If Faraday rotation is the only source of frequency de-
pendence of the PA, we expect the derived RM to be in-
dependent of the rotational phase of the pulsar. This can
be tested using observations with high time resolution and
signal-to-noise (S/N). The first authors to perform such an
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analysis were Ramachandran et al. (2004). They showed that
the apparent RM of PSR B2016+28 varied by 30 rad m™2 as
a function of pulse longitude. More recently, Dai et al. (2015)
also saw apparent RM variations in a selection of millisec-
ond pulsars. Ramachandran et al. (2004) investigated the
origin of the frequency dependence of the PA for this pul-
sar using single pulse analysis and argued that it originated
because of the incoherent addition of two non-orthogonal
OPMs (quasi-OPMs) which had different spectral indices.
The existence of OPMs with different spectral indices was
later also observed by Karastergiou et al. (2005) and Smits
et al. (2006). Noutsos et al. (2009) concluded that although
this effect can explain the apparent RM variations across
pulse phase in the case of some specific pulsars, it cannot be
generalized to the entire pulsar population.

Ramachandran et al. (2004) argued that the observed
apparent RM variations across pulse phase are not caused
by Faraday rotation within the pulsar magnetosphere, since
this would lead to significant depolarization. Noutsos et al.
(2009) investigated the possibility that a generalized Fara-
day effect could be the cause. Following work from Kennett
& Melrose (1998), it was suggested that in this scenario
the apparent RM variations should occur there where the
circular polarization changes most rapidly with rotational
phase. Although they did not find such correlation, general-
ized Faraday rotation was not dismissed completely, as the
constraints on this theory are not well defined.

Interstellar scattering, which causes a shift of polarized
radiation to a later rotational phase in a frequency depen-
dent manner, will cause apparent RM variations. Karaster-
giou (2009) showed, using simulations, how even a small
amount of scattering can affect the shape of the PA swing,
most notably in the case of intrinsically steep PA swings.
OPMs situated at phases close to where the PA swing is
changing the fastest were also more likely to be affected by
scattering. Noutsos et al. (2009) observed the largest RM
variations coinciding with the rotational phases where the
PA was the steepest, and concluded that scattering was the
dominant cause of apparent RM variations. More recently,
Noutsos et al. (2015), using low frequency observations, con-
cluded that the amplitude of the RM variations due to scat-
tering should follow a 172 law.

In this paper, we quantify and investigate the nature
of the observed phase-resolved apparent RM variations,
RM(¢), and whether interstellar scattering is the dominant
mechanism responsible. We take a statistical approach, us-
ing a large sample of pulsars. It should be stressed that these
apparent RM variations quantify changes in dPA(4, ¢)/8A2.
Hence, in the presence of other frequency dependent pro-
cesses, the derived RM is not entirely a measure of the
magneto-ionic properties of the ISM. From here onwards,
unless otherwise stated, when we refer to RM, we refer to
the RM defined in equation (1), rather than the RM from
equation (2).

In Section 2 we outline the details of our observations,
while Section 3 describes the methodology used in this anal-
ysis. In Section 4, the results are presented and the pulsars
which showed significant phase-resolved apparent RM vari-
ations are discussed on a case by case basis. The results
related to the sample as a whole are discussed in Section 5
and a summary is given in Section 6.

2 OBSERVATIONS

A sample of the brightest pulsars from Johnston & Kerr
(2018) ranked by S/N were selected for this analysis. The
data were collected over the period of January 2016 to Febru-
ary 2017, using the Parkes radio telescope, at a frequency of
1.4 GHz and a bandwidth of 512 MHz, using the H-OH re-
ceiver. Individual observations of each pulsar were summed
together in order to increase the S/N. The data were re-
duced to 32 frequency channels. Details of the observations
and the calibration scheme used can be found in Johnston
& Kerr (2018).

3 METHOD

The method we used to measure the RM is based on the
most basic form of RM synthesis technique (RMST), which
was developed by Burn (1966) and later extended and im-
plemented by Brentjens & de Bruyn (2005). The RMST is
based on calculating the complex Faraday dispersion func-
tion, F(RM), using a Discrete Fourier Transform (DFT)
given by the equation

N
FRM)=K )’ P  RM(AC-19), 3)

c=1

where K is a normalization constant, c is the frequency chan-
nel index, P. is the observed linear polarization expressed
as a complex number, Q + iU, in terms of the Stokes pa-
rameters Q and U, A. is the wavelength of channel ¢ and Ay
is a reference wavelength (see also Heald 2009). The power
spectrum of this function represents the RM spectrum, and
|[F(RM)|? will peak at the RM of the pulsar. Since we are
only interested in the shape of F(RM), we can set Ay to 0
and K to 1, in equation (3). Effectively, this method consists
of multiplying the complex polarization vector of each indi-
vidual frequency channel with a trial RM and A2 dependent
complex exponential, therefore it de-Faraday rotates the lin-
ear polarization before summing it over all frequencies. The
RM spectrum is produced by taking the square of this func-
tion, which is effectively the degree of linear polarization as
of function of the trial RM. The peak of this function, i.e.
when the linear polarization is maximized, represents the
optimum RM.

To obtain RM(¢), the calculation was performed for
each pulse longitude bin (¢) in a similar manner. The RMST
algorithm has been included in the PSRSALSA! software
package (Weltevrede 2016), publicly available at the link
provided.

An alternative method for measuring RMs, used by
Noutsos et al. (2008, 2009), consists of performing a fit of
the PA as a function of A2 to compute the RM. One has to
be careful with this method concerning the non-Gaussianity
of the uncertainties on the PA in the case of low linear polar-
ization signal, hence normally the PAs are computed only for
bins where the linear polarization exceeds a certain cut-off,
therefore losing sensitivity. In the case of low linear polar-
ization, Noutsos et al. (2008, 2009) estimate the uncertain-

! https://github.com/weltevrede/psrsalsa
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ties on PAs from the distribution described in Naghizadeh-
Khouei & Clarke (1993). In principle, the two methods men-
tioned are equivalent, however the RMST method, as imple-
mented here, avoids the complexity of non-Gaussian error
bars, as it does not require the determination of the PA
with associated uncertainties.

Although analytic errors can be determined on the RMs
derived using RMST (Brentjens & de Bruyn 2005), they rely
on assumptions which are not necessarily correct. Here, we
attributed a statistical uncertainty on each measured RM
by adding random white noise with a standard deviation
determined from the off-pulse region to the data of each fre-
quency channel, and re-performing the analysis for a large
number of iterations, i.e. bootstrapping. Thus, a distribu-
tion of RMs was obtained and the standard deviation was
taken as the statistical uncertainty. This provides a robust
error determination method. No a-priori assumptions have
to be made about the underlying signal, and non-Gaussian
errors will be properly taken into account. Assigning an an-
alytic uncertainty on the derived RM is possible (Brentjens
& de Bruyn 2005), but requires assumptions about, for ex-
ample, the shape of the band-pass (see also Schnitzeler &
Lee 2015). Furthermore, the spectral shape of the source
and scintillation conditions will also affect the shape of the
RM spectrum, complicating the determination of an accu-
rate analytical uncertainty.

RM(¢) curves with their associated statistical uncer-
tainties were plotted for each pulsar and the results can
be found in the online supplementary material (Fig. A.1 —
Fig. A.26). An example of a typical plot is shown in Fig. 1. In
the top panel, the integrated pulse profile is displayed with
the solid line denoting Stokes I, the dashed line showing the
linear polarization, L, and the dotted line the circular po-
larization, Stokes V. The second panel shows the frequency
averaged PA and in the third panel RM(¢), along with as-
sociated uncertainties.

In order to assess deviations from Faraday law at a
given pulse phase, the PA was computed at those frequen-
cies where the linear polarization exceeded 2¢-. The A2 de-
pendence was removed according to equation (1) using the
determined RM(¢), and the Y2, X12>A(,12,¢)’ of the remaining

variability was determined. This can be seen for all pulsars
as shown in the case of an example pulsar displayed on the
left-hand side of Fig. 1 in the bottom panel. Note, that when
deviations from the Faraday law are observed, the measured
RM will not fully quantify Q and U as function of frequency.
Nevertheless, since at least some of these deviations will be
absorbed in the RM (as demonstrated by e.g. Noutsos et al.
2009 or Karastergiou 2009), variability in the RM(¢) curves
can be expected, hence it is a good indicator for additional
frequency dependent effects.

RM values for the profiles (i.e. non-phase resolved),
RM,ofile, were also determined. The methodology was very
similar to the one described above in the case of RM(¢). A
RM spectrum was computed using equation (3) for all pulse
longitude bins in a selected on-pulse region. The RM power
spectra were then summed and the RM determined. These
values, as well as their corresponding statistical uncertain-
ties obtained from bootstrapping, are displayed in Table 1.
A similar test to X12> A(L.0) was performed. The data were

de-Faraday rotated using the determined RM, ofije, the fre-
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quency averaged PA was subtracted for each pulse longi-

tude bin, before averaging the Stokes parameters in pulse

longitude. A reduced y? was determined and the results are
. . 2

displayed in Table 1 as XPA(/12)'

Scattering will affect the measured RM,4fi1e, but Nout-
sos et al. (2008) avoided this contamination by averaging the
Stokes parameters over pulse longitude before measuring the
RM. Since scattering does not affect the pulse longitude inte-
grated Stokes parameters, the determined RM is unaffected
Karastergiou (2009). We will refer to this RM as RMgcatt.
Comparison of RMpef1e and RMscatt provides an indica-
tion if scattering affected the polarization. The measurement
of RMscatt is less sensitive compared to that of RMp,fie,
as averaging Stokes parameters over pulse longitude leads to
depolarization depending on the steepness of the PA. Our
measured values of RMgcatt can be found in Table 1.

We obtained the fractional circular polarization change
across the frequency band, A(V/I), with associated statisti-
cal uncertainties, in a similar manner to what is presented in
Noutsos et al. (2009), for each pulse longitude. This is dis-
played in the fourth panel of the example plot shown on the
left-hand side of Fig. 1. We quantified the deviation from no
variation as )(\2/ /I(/lz, @), shown in the bottom panel of the

plot, as red crosses.

Noutsos et al. (2009) argued that significant A(V//I) vari-
ations can be taken as evidence for generalized Faraday ro-
tation in the pulsar magnetosphere. If this is responsible for
the observed RM(¢) variations, then we expect the greatest
variations to coincide in pulse longitude with the greatest
change in A(V/I). However, we here point out that inter-
preting A(V/I) in terms of generalized Faraday rotation is
complicated by the fact that scattering is also capable of
creating A(V/I) variations as a function of pulse longitude.
We expect that if a pulsar is affected by interstellar scatter-
ing, then the greatest change in A(V/I) coincides with that
part of the profile where Stokes V is changing most rapidly
as a function of pulse longitude (see below for a simulation).
This is not necessarily where the largest RM(¢) variations
occur. This therefore potentially allows the distinction be-
tween which frequency dependent effect is responsible for
the apparent RM variations.

To demonstrate the effect of scattering, a simulation
was performed on a synthetic frequency resolved pulse with
varying PA and Stokes V with pulse longitude, and an intrin-
sic RM of 100 rad m~2. Scattering was added to the profile
with timescales, Tscatt, of 4 ms and 8 ms, for a pulse period
of 1 sec. An exponential tail of the form exp(—t/7scatt), where
t represents time, was convolved with the Stokes parameters
in the modified data in the Fourier domain, similar to the
simulation done in Karastergiou (2009). We take Tscatt y4
relative to a reference frequency of 1.4 GHz. A bandwidth
of 512 MHz was assumed. The results are shown in Fig. 2. It
is clear that scattering is capable of creating A(V/I)(¢) vari-
ations and these coincide with where Stokes V is changing
rapidly. Note that scattering also produces RM variations in
a region where the PA swing is steepest, as expected from
Karastergiou (2009), as well as deviations from Faraday law,
as observed in the bottom panel of Fig. 2. Note that the am-
plitude of variations is larger with larger amounts of scat-
tering, consistent with the findings of Karastergiou (2009).
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Figure 1. PSR J1703-3241. In the top panel the solid line de-
notes Stokes I, the dashed line shows the linear polarization and
the dotted line the circular polarization. The second panel dis-
plays the frequency-averaged position angle of the linear polar-
ization. Position angles were only plotted when the linear po-
larization exceeded 2 sigma. The third panel shows RM(¢) with
associated statistical uncertainties represented by the errorbars.
The shaded region (green in the online version) represents the 1o
systematic uncertainty contour region. The horizontal dotted line
plotted is (RM(¢)). The fourth panel shows the phase-resolved
A(V /T) values with their associated statistical and systematic un-

certainties. The bottom panel displays the X12>A(,12 4)’ represented

by the black circles and )(%/ S, ) represented by the red crosses.
The horizontal dashed line corresponds to a reduced y2 = 1. The
plots for the 98 pulsars are in the online supplementary material,
in Fig. A.1 — Fig. A.26.

3.1 Systematic uncertainties

For pulsars with high S/N, the statistical uncertainties can
be small enough that systematic effects will dominate. Some
of these systematic effects could produce an additional fre-
quency dependence of the polarization, resulting in apparent
phase-resolved RM variations. We attempted to determine
and quantify a number of systematic effects.

Instrumental effects can produce a peak in the RM spec-
trum at a value of 0 rad m~2, which could lead to erro-
neous estimates of the RM and its uncertainties (see e.g.
Schnitzeler et al. 2015). All RM spectra were visually in-
spected for such peaks, and none were observed, hence these
effects were not further considered.

An inaccurate DM value introduces a frequency depen-
dent dispersive delay, which will affect the PA as a func-
tion of frequency, hence variations in RM(¢). We measured
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Figure 2. Simulations demonstrating the effect of scattering with
a timescale of 4 ms (represented in black) and 8 ms (represented in
red, in the online version), for a pulse period of 1 sec. The curves
without scattering were also represented in grey. The reference
frequency is 1.4 GHz and the bandwidth 512 MHz. The panels are
as described in Fig. 1. In the second panel, a vertical shift of 10°
in PA is applied to help distinguishing between the simulations.

DMs using TEMPO22 (Hobbs et al. 2006) for each of the pul-
sars analysed. However, these measurements are affected by
profile variations with frequency. Hence, in order to correct
for such an effect further, we obtained RM(¢) after apply-
ing 20 trial offsets, DMfget, around the determined value
of DM, from —0.5 to 0.5 cm™3pc in steps of 0.05 cmpc.
For each trial, we computed the RM(¢) and the weighted
mean, (RM(¢)), and obtained a reduced Xz, X%{M( #) of the
RM(¢) with respect (RM(¢)). For each pulsar, the results for
the DMygqet which gave the lowest X121M( ) Were displayed
in Table 1. However, by minimising the variability in the
RM(¢) curves, which could be caused by using an incorrect
DM ensures that, if variability is detected, it is not because
of this systematic effect. This does not imply that this is
the correct DM. As a consequence, the variations will be
underestimated.

A possible systematic effect is the imperfect alignment
of individual observations when creating the final datasets.
The alignment is limited by the the time of arrival (ToA) un-
certainties of each pulsar. We quantified this effect through
simulations. The Stokes parameters of the pulsars were first
averaged over frequency and duplicated to form 32 frequency
channels. This ensured that all RM(¢) variations were elim-
inated, while the shape of the average PA remained unaf-
fected. Fifty such individual observations were created for

2 http://www.atnf.csiro.au/research/pulsar /tempo2/

MNRAS 000, 1-19 (2018)



Magnetospheric effects on the radiation of pulsars 5

each pulsar, with phase offsets sampled from a Gaussian
distribution with a standard deviation equal to the respec-
tive ToA uncertainty. The ToA uncertainties were smaller
than 0.01% of the pulse period. These individual observa-
tions were added together and RM(¢) curves were obtained
as described before. No significant variations were observed.

Another systematic effect which was quantified is the
varying RM of the ionosphere, RM;qpo, which can change
depending on the time, day or season of observation. For our
observations, we considered RMjopo to vary with +3 rad m™2
(Sotomayor-Beltran et al. 2013). If the alignment of individ-
ual observations were done perfectly, we would only expect
a constant change in RM with pulse phase in each observa-
tion due to RMjopo. However, if the individual observations
are not perfectly aligned, we expect the effects of changing
RM;ono to introduce additional systematic frequency depen-
dent variations. Based on the simulation described earlier,
we allowed the RM in each observation to randomly vary
within the specified limits. The only pulsar for which we
observed this effect to create RM(¢) variations is the Vela
pulsar, J0835-4510. The results are displayed in Fig. B.1, in
the online Supplementary material. The contribution of this
systematic effect appears to be less than 5%, much smaller
than the next systematic to be discussed.

Polarization imperfections in the H-OH receiver can be
responsible for significant RM(¢) variations compared to
the statistical ones. Assuming the distortions to be linear,
the transformation from un-calibrated Stokes parameters to
intrinsic Stokes parameters can be determined by using a
Mueller matrix, a 4 x4 real matrix (e.g. Mueller 1948; Heiles
et al. 2001). One of the seven independent parameters of this
matrix is the overall gain and is not useful for the scope of
this paper. Two other parameters are the differential phase
and gain. These were corrected for by performing a short
pulse calibration observation, for each pulsar, which pointed
slightly offset from the source right before the actual obser-
vation. The remaining four parameters, which are the ones
we are interested in, are referred to as the leakage param-
eters. These correct for the effect where one of the dipoles
records some signal that should have been detected by the
other dipole.

We simulated artificial receiver imperfections, by ran-
domizing values for the four leakage parameters. For sim-
plicity, it was assumed that they have a linear frequency de-
pendence. When generating these artificial leakage param-
eters, it was ensured that no off-diagonal elements of the
Mueller matrix exceeded 1.5% conversion between Stokes
parameters at any frequency channel, while reaching this
maximum percentage in at least one frequency channel. This
limit was chosen based on the following test. From our sam-
ple, we chose all pulsars which did not show any RM(¢) vari-
ations (e.g. J1048-5832 and J1709-4429). Our assumption
was that the imperfections of the receiver could not gener-
ate more RM(¢) variations than were already observed. The
limit was therefore chosen as the maximum value which did
not create additional apparent variations in RM(¢).

The systematic uncertainties because of receiver imper-
fections were quantified for each pulsar by randomly gener-
ating 100 receiver imperfections obeying the above descrip-
tion, which then were used to distort the pulsar signal in

MNRAS 000, 1-19 (2018)

the process of polarization calibration 3. For each of these
100 different distortions, we calculated values for RMpofie;
RMgcatt, RM(¢) and A(V/I)(¢). The standard deviation of
these values was quoted as the systematic uncertainty in
Table 1. The systematic uncertainties determined for the
RM(¢) and A(V/I) are displayed for each pulsar, for example
in Fig. 1, in the third and fourth panels as a 1o contour grey
shaded region over-plotted over the RM(¢) values (green in
the online version).

4 RESULTS

Pulsars described in Sections 4.1 and 4.2 and in Table 1,
for which the phase-resolved RM profile had never been in-
vestigated previously in the literature, are marked with an
asterisk (*).

The plots for the 98 pulsars have been included in the
online supplementary material, in Fig. A.1 — Fig. A.26 and
an example is displayed in Fig. 1. All plots were aligned so
that the total intensity peaked at pulse longitude 180°. For
the six pulsars from the sample, which had both a main pulse
(MP) and an interpulse (IP), we aligned the MP peak at
pulse longitude 90° and hence, the IP peaked around pulse
longitude 270°. The results from the analysis described in
the Section 3 can be found in Table 1.

The resulting RM(¢) profiles allowed us to classify the
pulsars as follows. Pulsars which had XIZ%M( > 2 were clas-

sified as showing significant RM(¢) variations and they are
discussed in more detail, on a case to case basis, in Sec-
tion 4.1. Six pulsars which were initially classified as showing
significant RM(¢) variations, were removed from this section
based on their high systematic uncertainties. A total of 42
pulsars, out of our sample of 98, were classified as showing
significant RM(¢) variations.

For all cases where we saw RM(¢) variations, we ob-
served deviations from the expected A2 dependence (as

quantified by X123 ALY but also by inspecting PA versus

A2 directly), implying that Faraday law fails to describe
the full frequency dependence of the PA, and there must
be another frequency and pulse longitude dependent ef-
fect present. Therefore, the results obtained from the panel
where X% A2 is displayed, were not discussed on an indi-
vidual basis.

Unless otherwise stated in individual cases, RMp,ofile
and RMgcatt were consistent, providing no indication
whether the RM was affected by interstellar scattering or
not.

)

4.1 Pulsars with significant RM variations

PSR J0034-0721. The profile of this pulsar has a central
peak and a long tail. L is low (< 20%), with two drops to
zero at the longitudes where OPM jumps occur in the PA
swing. Apparent RM(¢) variations occur after pulse longi-
tude 175°, with the largest deviations at the second OPM

3 Note that these variations are in general too small to result in
a noticeable peak centred at RM=0 rad m~2 in the RM power
spectrum.
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jump, although Noutsos et al. (2015) observed no RM(¢)
variations at 150 MHz. There are no significant A(V/I) vari-
ations observed. If scattering was responsible for the appar-
ent RM variations, we would not necessarily expect to see
large A(V/I)(¢) variations, given Stokes V is relatively con-
stant as function of longitude. Furthermore, we would expect
the largest RM variations at longitudes where the PA swing
is steep or breaks occur, which is observed, indicating that
scattering may be the primary cause for the observed RM
variations.

PSR J0255-5304*. This pulsar has a two component
profile, with low L and a complex PA swing. There is an
OPM jump at ~ 179°. RM(¢) variations are as high as ~ 90
rad m~2 but are sensitive to the choice of DM. The largest
variations can be observed towards the centre of the pro-
file although deviations can be seen at all pulse longitudes.
We see significant variations in A(V/I) towards the centre
of the profile. However, the largest variations occur towards
the trailing part of the profile, where Stokes V is changing
strongly. We conclude that scattering is likely responsible
for the observed RM variations.

PSR J0401-7608*. The profile of this pulsar has
three blended components, with the central one being the
strongest, and L is moderately high, especially in the trail-
ing component. The PA swing is flat, except in the central
region of the profile, which is also where the deviations in
RM(¢) occur (~ 20 rad m~2). The lack of significant de-
viations in A(V/I) indicates we cannot distinguish between
scattering and magnetospheric effects being responsible for
the apparent RM variations.

PSR J0452-1759%*. This pulsar displays complex pro-
file and polarization frequency evolution. L is low (~ 20%),
with several OPM jumps present in the PA swing. The
largest RM(¢) deviations (~ 80 rad m~2) occur at the pulse
longitudes of the OPM jumps, and where the PA is the
steepest, whereas between 184° and 192°, the PA swing
and RM(¢) are relatively flat. The values of RMp, of1c and
RMgcatt are inconsistent, indicating that low-level scattering
might affect the pulsar. Other authors (e.g. Krishnakumar
et al. 2015; Lewandowski et al. 2015a; Pilia et al. 2016) in-
deed reported finding small amounts of scattering at lower
frequencies. There are significant A(V/I) variations across
the whole profile, with the largest where the PA swing is
the steepest and the RM(¢) curve is also changing the most.
In this region, Stokes V is also changing, as is expected for
scattering. Therefore all indicators are consistent with inter-
stellar scattering being the main mechanism responsible for
the apparent RM variations.

PSR J0536-7543*. This pulsar has a high degree of
linear polarization and a steep ‘S’-shaped PA swing, ex-
cept for the observed OPM break towards the trailing edge,
around pulse longitude 185°. The RM(¢) curve is flat in the
leading part of the profile, where the PA swing is also rela-
tively flat. Deviations (~ 10 rad m_2) occur starting at lon-
gitude ~ 170°, where the PA curve is steepest. Significant
A(V/I)(¢) variations can be seen in the same region, which
is also where Stokes V changes the most, hence we cannot
distinguish which frequency dependent effect is responsible
for the apparent RM variations (see Section 3).

PSR J0738-4042. The PA swing of the pulsar reveals
five OPM jumps. At the pulse longitudes where these jumps
occur, significant deviations can be seen in RM(¢). Towards

the leading edge of the profile, L is weak and the RM(¢)
uncertainties are high, however a significant dip can be ob-
served in RM(¢). Noutsos et al. (2009) classified this pulsar
as having low apparent RM(¢) variations, since they only
report a slow deviation in the centre of the profile, as we see
between longitudes ~ 170° and ~ 185°. However, we observe
much larger deviations with a maximum amplitude of ~ 35
rad m~2 where OPM jumps occur. Complex intensity and
polarization evolution with time and frequency has been re-
ported for this pulsar (Karastergiou et al. 2011), explaining
the difference in the shape of our profile compared to what
was seen in 2004 and 2006. The greatest change in A(V/I)(¢)
occurs at pulse longitude ~ 165°, coincident with the largest
change in RM(¢), and with an OPM transition. However,
this is not where Stokes V changes most rapidly. This sug-
gests that scattering may not be the dominant cause for
the observed RM variations, and a magnetospheric effect is
significant for this pulsar.

PSR J0820-1350%*. The PA swing is very steep with
several kinks around pulse longitudes 179° and 184°, how-
ever there are no OPM jumps. L is low (~ 20%), and Stokes
V has comparable magnitude. RM(¢) variations are present
across most pulse longitudes. The highest amplitude varia-
tions are located where the two kinks in the PA swing occur.
The low degree of L and the very steep PA swing means that
RMgcatt is not very significant, as reflected in the high sys-
tematic and statistical uncertainties. We see large changes
in A(V/I)(¢) up to pulse longitude 182°, coincident with sev-
eral changes in Stokes V, as expected for scattering. It is
however curious that the A(V/I)(¢) variations occur only up
to pulse longitude 182°, even if Stokes V is slowly changing
until pulse longitude 184°. There might be a direct correla-
tion between the A(V/I)(¢) and RM(¢) curves, if the RM(¢)
is distorted downwards before pulse longitude 181°. There
could be magnetospheric effects affecting the polarization of
this pulsar.

PSR J0837-4135*. This pulsar has a three compo-
nent profile, with a bright central component and a weaker
post and pre-cursor. L is low (~20%) and is comparable with
Stokes V. The shape of the PA swing is complex: up to pulse
longitude 175° it is flat with a slight upwards gradient; in
this region, the RM(¢) curve is flat. The highest amplitude
apparent variations in RM(¢) are near the only OPM jump,
at pulse longitude 175°. In the centre of the profile, there
are several kinks in the PA swing. Where the most promi-
nent kink occurs (at pulse longitude ~180°), we observe a
significant dip in the shape of the RM(¢) values. Around
pulse longitude 182° there is a steep PA gradient, coinciding
with another region of high amplitude variations in RM(¢).
The greatest A(V/I) variations occur in the central region,
where Stokes V is also changing rapidly. Considering that
both RM(¢) and A(V/I)(¢) variations happen where the PA
and Stokes V vary most rapidly, in addition to the corre-
lation between the gradient of the PA swing and apparent
RM variations suggest that scattering is the cause for RM
variations. Scatter broadening has been previously reported
at lower frequencies (e.g. Mitra & Ramachandran 2001).

PSR J0907-5157. For this pulsar, L is moderately
strong, peaking towards the centre of the profile, and the
PA swing is relatively flat with and OPM jump at pulse
longitude 130°. This pulsar was classified by Noutsos et al.
(2009) as showing no RM(¢) variations. In our observation,
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Table 1. Results for the 98 pulsars analysed. Column 2 displays our measured value of the DM using TEMPO2. Column 3 displays the trial DM offset which minimized X%{M«p)' Column
4 displays the most recent published value of RM for all pulsars, taken from the ATNF catalogue (Manchester et al. 2005). The first uncertainties displayed in Columns 5 and 6 are
statistical and the second are systematic. Pulsars for which the phase-resolved RM profiles had never been investigated were marked with an asterisk (*). References: (1) Noutsos et al.
(2015) (2) Han et al. (1999) (3) Force et al. (2015) (4) Noutsos et al. (2008) (5) Qiao et al. (1995) (6) Johnston et al. (2007) (7) Han et al. (2018) (8) Johnston et al. (2005) (9) Han
et al. (2006) (10) Hamilton & Lyne (1987) (11) Taylor et al. (1993) (12) Costa et al. (1991) (13) Rand & Lyne (1994).
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Pulsar name DM DMorset RMecat RMproﬁlc RMscatt (RM(¢’)> XIZ:{M(QS) Xlz:’A(/lz)
(ecm™pc)  (cm3pe) (rad m~2) (rad m~2) (rad m™2) (rad m™2)
J0034-0721 14.2 £ 0.1 -0.30  10.977 + 0.004! 8.1+09+1.3 63.1 £ 5.7 + 274 7.6+0.3 2.1 2.7
J0134-2937 21.792 = 0.003 0.40 13 + 22 159+0.3+0.3 176 £+ 0.3 £ 0.4 15.7+0.2 1.2 0.9
J0152-1637* 11.95 = 0.04 0.30 6.6 + 5.0° 9.1£35+14 85+34=+1.5 8.3+0.7 0.6 1.5
J0255-5304* 17.879 + 0.009 0.15 32 + 3% 22.1+09+1.6 16.7 £+ 2.9 £ 9.6 21.9+0.3 13.3 1.6
J0401-7608* 21.68 + 0.02 0.05 19.0 £ 0.5° 245+04+04 26.1 £ 0.7+ 1.0 24.6+0.2 2.7 1.4
J0452-1759%* 39.76 + 0.02 0.30 11.1 + 0.3° 13.6 £0.1 £ 0.4 208 £+ 0.1 £ 1.2 13.6 £ 0.1 54.5 27.3
J0536-7543* 18.51 + 0.03 -0.45 23.8 + 0.97 254+0.1+£0.2 26.8 +£0.2 +1.2 25.4+0.1 15.9 3.2
J0614+2229* 96.88 + 0.01 0.25 66.0 + 0.3° 66.7+0.2+0.4 66.1 £ 0.3 + 0.3 66.7+0.2 1.1 1.6
J0630-2834* 35.08 £ 0.06 -0.40 46.53 + 0.128 44.8+0.1+£0.3 44.1 £ 0.1 £ 0.6 448 +0.1 1.1 10.7
J0729-1836* 61.26 + 0.02 -0.05 51 + 4% 52.6+0.8+0.7 54.7 £ 1.1 + 2.0 52.5+0.3 0.7 1.0
J0738-4042 160.785 + 0.003 0.00 12.1 + 0.6* 11.98 £ 0.02 + 0.20 10.32 £ 0.02 + 1.12 11.97 +£0.04 10.5 513.2
J0742-2822 73.754 + 0.003 0.00 149.95 + 0.05%  149.64 £0.03+0.30  149.72 + 0.03 + 0.20 149.64 + 0.06 1.3 55.9
J0745-5353* 121.88 + 0.01 0.40 271+ 44 -75.6+0.7+0.7 -77.4+1.0x1.5 =75.7+0.3 0.9 1.7
JO809-4753* 228.41 + 0.02 0.50 105 + 5° 101.1 £0.9+£0.6 104.3 £ 1.3 + 1.6 101.2+0.3 0.9 1.2
J0820-1350* 40.93 + 0.03 -0.05 -1.2 + 0.410 -3.1+£0.3+0.7 -10.6+ 1.8 £ 4.1 -3.1+0.2 7.1 1.4
J0835-4510 67.894 + 0.001 0.00 31.38 = 0.018 39.3+£0.0+£0.8 39.5+00+04 39.3+0.0 412.2 1464.3
JO837-4135%* 147.176 + 0.003 0.10 145 + 1° 144.6 £0.1 £0.8 1419 £ 0.1 + 2.0 144.63 £ 0.09 91.8 183.2
J0907-5157 103.659 + 0.007 -0.05 -23.3 + 1.0% -25.7+0.1+£0.6 -26.5+ 0.2+ 0.6 -25.9+0.1 2.2 3.4
J0908-4913* (MP)  180.2062 + 0.0008 0.00 10.0 £ 1.6° 14.85 +£0.03 £ 0.30 15.2 £ 0.04 + 0.30 14.85 +0.07 5.3 4.4
J0908-4913* (IP) 180.2062 + 0.0008 0.00 10.0 + 1.6° 143+0.1+ 0.4 143 + 0.1 £ 0.3 14.3+0.1 1.1 0.4
J0942-5552 180.24 + 0.02 0.25 -61.9 = 0.2'! -64.8+0.3+£0.7 —-68.4+0.4+1.2 -64.8+0.2 2.18 1.52
J1001-5507* 130.246 + 0.008 0.05 297 + 18° 270.9+0.4 + 0.4 286.7 + 1.5 £ 2.9 270.8 +0.3 11.3 1.2
J1043-6116%* 449.02 + 0.01 -0.40 257 + 23° 189.6 £2.9+ 0.4 189.0 £ 2.9 + 0.6 188.2 + 0.6 0.6 0.9
J1047-6709* 116.269 + 0.007 0.40 -79.3 + 2.04 -79.4+£0.3+£0.5 -81.5+0.3+£0.5 -79.5+0.2 0.5 1.3
J1048-5832* 128.721 + 0.006 -0.10 -155 + 5° -151.4+0.1£0.3 -150.7+0.1£0.3 -151.37 +£0.09 0.9 5.0
J1056-6258 320.64 + 0.01 0.45 4+ 212 6.5+0.1+0.8 8.1+0.1+0.6 6.5+0.1 1.7 13.5
J1057-5226 (MP) 29.717 + 0.003 0.25 47.2 + 0.811 46.56 +0.01 £ 0.30 47.02 £ 0.02 £+ 0.40 46.56 £ 0.04 10.9 2.3
J1057-5226* (IP) 29.717 + 0.003 0.45 47.2 + 0.81 45.39 +0.03 £ 0.50 45.18 + 0.04 + 0.60 45.39 £ 0.05 27.3 1.1
J1136-5525* 85.41 + 0.02 0.30 28 £ 5° 27.3+£2.0+1.3 3297175 27.2+0.5 1.1 0.8
J1146-6030* 111.67 £ 0.01 -0.05 -5+ 44 2.6+0.5+£0.3 1.5+£1.0+0.3 2.7+0.3 0.7 1.2
J1157-6224 324.32 + 0.02 -0.20 508.2 + 0.5'! 507.2+0.3+0.3 507.1 £+ 0.4 £ 0.3 507.4+0.2 1.1 2.9
J1243-6423 297.046 + 0.002 0.10 157.8 + 0.4!1 161.9+0.1 £0.8 167.1 £ 0.2 + 0.8 161.93 £ 0.1 87.3 9.7
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Table 1 — continued

Pulsar name DM  DMygset RMeas RMprofile RMscatt < RM(¢) > XIZ{M( %) Xf;, A)
(cm™pc)  (em™3pe) (rad m™2) (rad m~2) (rad m™2) (rad m~2)
J1306-6617* 437.09 = 0.03 0.45 396 + 44 393.9+0.7+0.3  390.8 1.6 + 0.4 393.7+0.3 1.6 1.9
J1326-5859 287.253 + 0.006 —-0.50 -579.6 + 0.9*  -578.1+0.1+0.2  -581.4+0.1+0.3 —-578.1+0.1 124.6 13.6
J1326-6408* 502.612 = 0.031 -0.50  226.4 + 3.87 2355+1.9+0.4 231.7+3.2+0.8 235.8+0.5 0.6 0.6
J1326-6700* 209.17 + 0.03 0.15 47+ 1° -51.5+0.2+0.8 -583+03=%1.5 -51.5+0.1 1.4 1.3
J1327-6222* 318.43 + 0.01 -0.50 -306+ 8  -316.0+03+0.4 -3188+0.7+05 -316.1+0.2 1.9 6.9
J1328-4357* 41.58 + 0.02 0.00 -22.9+ 0.9° —348+02+1.4 -31.1+0.4+1.0 -34.8+0.2 1.0 1.4
J1357-62% 416.47 + 0.03 —0.45 —586+ 57  —585.4+0.4+02  -594.0+13+1.0 -586.6+0.2 2.0 1.3
J1359-6038 293.738 + 0.004 0.50 33 + 52 38.5+0.1+0.3 36.5 + 0.1 + 0.3 38.5+0.1 3.4 2.7
J1401-6357* 97.76 + 0.01 -0.35 62 + 4° 52.0£0.2+1.0 53.1 + 0.3 + 0.8 52.0+0.2 4.3 1.4
J1428-5530* 82.19 + 0.02 -0.20 4£3° -108+1.4%1.5 4.4 +20+4.7 -9.6+0.4 2.1 3.0
J1430-6623* 65.13 + 0.01 0.10 -19.2+ 0.3% —22.2+0.3£0.7 —26.5+2.5+17.8 222402 3.7 1.4
J1453-6413 71.256 + 0.006 0.00 —18.6+ 0.28 —22.6+0.1+0.4 —41.9+03+1.3 -22.6+0.1 5.2 2.3
J1456-6843* 8.720 + 0.007 -0.15 4.0 + 0.3% -0.9+0.1+1.0 1.8+0.1 =33 -0.9+0.1 54.1 13.9
J1512-5759* 627.535 + 0.045 -0.5 5100+0.7* 511.7+1.1+0.3 500.7+56=+21 511.9+0.3 2.0 1.3
J1522-5829 199.83 + 0.02 0.15 —24.2+ 2.0 —243+0.4+0.3 —55.6+4.2+5.3 —24.2+0.2 1.4 0.9
J1534-5334* 25.39 + 0.04 -0.05 —46+ 17° 21.9+0.8+1.0 179+ 1.2+ 1.7 21.7+0.3 2.0 1.2
J1539-5626* 175.90 + 0.01 0.1 ~18.0+ 2.04 -14.4+0.5+0.3 -16.7+0.7+0.8 -14.6+0.2 1.1 1.6
J1544-5308* 35.214 + 0.007 -0.20 29+ 72 —41.9+1.0£0.7 -37.7+12+1.9 —41.5+0.4 1.0 0.8
J1555-3134 73.01 + 0.02 0.25 —49x 610 —52.4%2.0x1.1 -823+4.9+6.9 -52.3+0.4 1.0 1.3
J1557-4258* 144.43 + 0.01 -0.10 —41.9+ 2.0 -37.2+0.7+0.6 —40.0+1.2+1.4 -37.5+0.3 0.9 0.8
J1559-4438* 55.87 + 0.01 -0.20 -5.0+ 0.6° —2.9+0.1+0.4 ~7.4£0.1+0.7 -2.9£0.1 39 2.8
J1602-5100* 170.921 + 0.008 010 715+ 1.1 84.8+0.5+0.8 80.1 + 0.9 = 0.5 84.7+0.3 4.1 1.6
J1604-4909* 140.730 + 0.007 0.10 34 + 1° 13.4+1.0£1.1 30.8 + 3.1 + 3.7 13.8+0.4 3.9 0.9
J1605-5257* 35.03 = 0.04 0.20 1.0 = 2.0* 3.7+02+0.3 4.8 0.5+ 0.9 3.76 £0.14 1.8 1.8
J1633-4453* 474.022 + 0.025 -0.45  159.0 = 0.6* 157.4+1.8+1.0 153.7+1.7+1.1 156.5+0.5 1.0 2.0
J1633-5015* 399.04 + 0.01 -0.35  406.1 = 2.0 406.8+03+0.3 4074+ 0.4 +0.3 406.7 0.2 1.8 5.7
J1644-4559 478.6673 + 0.0071 -0.5 —626.9 +0.87 —6233+0.1+02 -621.4+0.1+02 —623.4=0.1 404 2200
J1646-6831* 42.18 + 0.07 -0.50 105 + 3° 100.1+0.4 +0.3 99.5 + 0.5 + 0.4 100.0 £ 0.2 1.3 1.4
J1651-4246* 481.74 + 0.04 0.50 -167.4+ 117  -166.9+0.1+2.5 -170.0£03+9.2  -166.9+0.1 1.4 1.1
J1651-5222* 178.84 + 0.03 -0.35 38+ 52 —47.8+1.1£0.5 —41.1+2.7+2.1 —48.6+0.4 3.8 1.1
J1653-3838* 206.83 + 0.01 -0.15 -82x+ 34 —81.2+0.7+0.7 -823+0.7+0.8 —-81.1+0.4 0.8 1.9
J1701-3726* 301.1 = 0.2 -0.50  —605.9+ 2.0*  —607.4+0.6+0.3 —632.4+2.7+0.7 —607.6+0.3 5.0 1.8
J1703-3241* 110.01 + 0.03 0.20  -21.7+ 0.5'0 -22.6+0.1 0.7 -22.4+05+1.6 -22.6+0.2 2.7 1.2
J1705-1906 (MP) 22.906 + 0.007 0.10 -19.2+ 1.0 —21.1+02+15 -19.9+0.2+0.5 20.8+0.2 2.7 2.6
J1705-1906* (IP) 22.906 + 0.007 0.45 -19.2+ 1.0* —20.8+0.4 0.3 —21.1+0.3+0.3 -20.8+0.3 1.3 0.8
J1705-3423* 146.34 + 0.01 0.25 44+ 8° —439+1.1+1.8 —441+1.4£2.0 —442+0.3 0.8 1.0
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Table 1 — continued

Pulsar name

DM

DMoffset

RMcat

RMproﬁle

RMscatt

< RM(¢) >

2
XRM(¢)

PA(22)
(ecm™pc)  (em™3pe) (rad m2) (rad m~2) (rad m2) (rad m2)

J1709-1640* 24.95 + 0.01 0.40 -1.3+ 0.310 -63+04+1.5 -1.5£0.4+2.0 -5.9+0.2 4.4 4.0
J1709-4429% 75.645 + 0.005 -0.30  0.70 + 0.078 -1.7+0.1+0.4 -1.3+£0.1+0.3 -2.0+0.1 0.7 3.2
J1717-3425% 585.20 + 0.14 -0.05 191 £ 14°  -192.1+£2.0£0.7 —192.7+25+09 -192.4+0.6 1.3 1.9
J1721-3532* 496.046 + 0.016 0.40 159 + 44 169.3£0.9+0.7 170.1£1.0+1.2 169.5 + 0.4 1.2 2.9
J1722-3207* 126.11 + 0.02 0.00 70.4 £ 0.5° 67.8+0.5+0.4 63.9 + 1.3 +2.3 67.6 +0.23 3.0 0.9
J1722-3712% (MP) 99.47 + 0.01 -0.50 104 + 32 108.2+0.5+0.5 110.6 + 0.7 + 0.6 108.2+£0.3 0.9 1.3
J1722-3712* (IP) 99.47 + 0.01 -0.25 104 + 32 111.1+2.4+03 1115+ 2.2+ 0.3 111.4+0.7 0.4 1.3
J1731-4744* 122.87 + 0.01 -0.05 -429.1+ 0.5'' -4459+0.1+£0.3 -4455+02+03 -445.9+0.1 10.5 14.3
J1739-2903* (MP) 138.58 + 0.01 0.05 -236x+ 18° —301.0+4.8+0.7 —301.6x4.7 +0.8 —300.5+0.7 0.8 1.5
J1739-2903* (IP) 138.58 + 0.01 0.45 -236+ 18° -303.3+1.7+1.8 —2989+22+0.5 -303.4+0.5 0.8 1.0
J1740-3015% 151.82 + 0.01 0.50  —168.0+ 0.7* -158.4+0.1+0.3 -156.9+0.1+0.2 -158.4+0.1 2.7 9.5
J1741-3927* 158.52 + 0.02 -0.50 204 + 6° 2112+0.7+04 2135+24 + 1.6 210.8£0.3 1.7 1.2
J1745-3040 88.074 + 0.008 -0.20 101 + 710 96.0+0.2+0.4 94.7 £ 0.2 £ 0.7 96.0 + 0.1 2.5 1.8
J1751-4657* 20.61 + 0.01 -0.10 19 + 12 17103 1.0 27.7+0.9 + 2.8 17.3+0.3 7.5 1.7
J1752-2806* 50.302 + 0.003 0.00 96 £ 20 87.1+03=+28 784 + 0.6 + 7.1 86.6 + 0.2 72 6.0
J1807-0847 112.344 + 0.003 0.25 166 + 910 163.3+0.2+0.3 168.7 + 0.8 + 2.2 163.3 0.1 2.0 4.5
J1817-3618* 94.29 + 0.02 0.45 66 + 4° 66.0+1.1+0.8 60.6 £ 2.6 + 3.4 65.5+0.4 2.6 0.9
J1820-0427* 84.48 + 0.02 -0.35 69.2 + 0.28 62.5+02+1.2 59.8 + 0.3 + 1.6 62.4+0.2 7.3 1.4
J1822-2256* 120.9 + 0.1 -0.40 124 + 3% 134.0+0.8+0.6 1335+ 0.9 0.7 133.6 £ 0.3 0.7 2.8
J1823-3106* 50.275 + 0.006 0.50 95 + 58 89.2+0.2+0.5 91.9 + 0.2 £ 0.7 89.1+0.2 1.5 1.5
J1824-1945* 224.31 + 0.02 -0.25  —302.2+ 0.77 -297.1£03+0.7 -296.6+09x1.1 -297.1+0.2 9.5 1.0
J1825-0935* (MP) 19.62 + 0.03 -0.50 65.2 + 0.210 68.3+£0.7+1.2 69.1 + 0.8 + 1.3 68.4+0.3 1.3 2.0
J1825-0935* (IP) 19.62 + 0.03 0.35 65.2 + 0.210 51.1+10.6 £2.0 59.1 £ 9.7 + 3.0 58.5+1.18 0.8 3.9
J1829-1751* 216.79 + 0.01 0.00  304.7 + 0.43 303.1+0.2+0.2 300.1 + 1.0 + 1.3 303.1+0.2 1.0 0.8
J1830-1059* 159.71 + 0.02 0.30 47 £ 513 44.6+0.5+0.4 45.9 + 0.6 + 0.4 444103 1.0 1.0
J1832-0827* 301.01 + 0.02 -0.45 39 £ 713 17.8+£0.8+0.4 16.6 £ 1.7 + 1.4 17.7+0.4 0.7 1.0
J1845-0743* 280.99 + 0.01 -0.20 4484 + 1.8’ 4495+0.8+0.3 4365+ 8.0+ 2.8  449.4x0.3 0.7 1.0
J1847-0402* 141.42 + 0.03 -0.15 117 + 810 106.9+0.9+0.3 1139+ 1.6+ 1.7 106.9 + 0.3 1.0 1.2
J1848-0123* 159.88 + 0.02 0.25 580 + 30'! 513.6+0.5£02 521.0 + 1.3 + 0.9 513.9+0.2 3.5 2.0
J1852-0635* 173.14 + 0.03 0.45 4145 + 0.77 413.6+03+03 4149+ 04 +0.3  413.6+0.1 0.9 2.0
J1900-2600* 38.22 + 0.03 -0.50 -9.3+ 0.27 -5.9+0.2+0.3 -1.3£0.3+0.6 -5.9+0.1 5.8 0.9
J1913-0440* 89.49 + 0.02 -0.20  3.98 + 0.05 46+0.5+1.1 0.0+ 1546 47+0.3 5.6 1.0
J1941-2602* 50.12 + 0.01 0.00 -33.5+ 0.88  -33.9+0.3+0.3 -34.0+0.3+03  -33.7+0.2 0.7 2.0
J2048-1616 11.86 + 0.01 -0.50 -10.0+ 0.3° -10.5+£0.1+04  -11.0£0.1 0.7 -10.5+0.1 12.7 22.8
J2330-2005* 8.81 + 0.09 0.25 9.2 + 0.8 8.7+£1.3+0.6 9.0+ 1.8 %21 7.6 0.5 0.8 1.0
J2346-0609* 22.73 + 0.03 0.50 -5+ 12 -6.3+0.6+0.3 ~12.1+3.6+1.5 -6.6+0.2 1.0 1.1
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the RM(¢) curve remains generally consistent with (RM(¢))
in the second component, however at earlier pulse longitudes
there are significant variations coinciding with variations in
A(V/I). Stokes V is smooth across the whole profile, hence
if scattering affected the pulsar, variations in A(V/I) would
not be confined to the second component. This is therefore
suggestive of magnetospheric effects as a primary cause for
the apparent RM variations.

PSR J0908-4913%*. This pulsar has a MP and an IP,
both being completely linearly polarized. The PA swing is
steep, without any OPM jumps. Kramer & Johnston (2008)
determined the geometry of this pulsar at two frequencies,
1.4 GHz and 8.4 GHgz, and concluded that this pulsar is
an orthogonal rotator and the geometry is independent of
frequency, if the effects of interstellar scattering were con-
sidered. The RM(¢) curve is flat for most pulse longitudes.
The only observed apparent variations are in the MP, to-
wards the trailing edge, where there is a significant upward
deviation (~ 5 rad m_z)7 starting with pulse longitude 90°,
coinciding with where the PA swing is the steepest. The IP
appears to be similar to the MP (highly polarized, steep
PA), but significant apparent RM(¢) variations are not ob-
served. For the MP, A(V/I) variations occur at the same
pulse longitudes as the RM(¢) variations. Stokes V is low
and not varying rapidly across the profile, hence scattering
would not necessarily be able to create such variations in
AV /I)($), and if it would, it should start earlier. It is possi-
ble that magnetospheric effects are the cause of the apparent
RM variations.

PSR J0942-5552. The profile of this pulsar has three
components: a strong central one and two weaker outriders.
L is moderately high and the PA swing is relatively flat,
broken by one OPM jump at pulse longitude 172°. Around
longitude 187°, a dip can be seen in the PA swing. Noutsos
et al. (2009) observed a varying RM(¢) curve, by as much as
20 rad m~2 in the trailing component, as well as a change in
the leading component, but not the dip because of the lack
of S/N. We observe similar trends in the leading component,
near the OPM jump, of the order ~ 15 rad m~2 and towards
the centre of the profile in a shape of a downward gradi-
ent of few rad m~2, however we do not observe any signifi-
cant apparent RM(¢) variations in the trailing component.
The statistical uncertainties on RM(¢) are relatively large,
hence the significance of the variations is moderate. There
are no significant variations observed in the A(V/I). If scat-
tering was responsible for the apparent RM variations, we
expect A(V/I)(¢) variations towards the centre of the profile,
where Stokes V is changing. Given the large observed uncer-
tainties on A(V/I)(¢), this is difficult to verify. As Mitra &
Ramachandran (2001) measured a low level of scatter broad-
ening at lower frequencies, it is possible that the observed
RM variations were caused by low level scattering.

PSR J1001-5507*. This pulsar has a three com-
ponent profile, with a strong central component and two
weaker components. L is very low as is Stokes V, which dis-
plays the common sign reversal towards the centre of the
profile. The PA swing has a complex shape. The highest ap-
parent RM(¢) variations coincide with the first OPM jump
and with where the PA gradient is steep. The values of
RMprofile and RMscatt suggest that interstellar scattering
could affect the RM measurements. Scatter broadening has
been previously reported at lower frequencies, as this pulsar

is located in the direction of the Gum nebula (e.g. Mitra &
Ramachandran 2001). We see marginally significant varia-
tions in A(V/I) towards the trailing half of the profile, where
Stokes V is changing, as expected if scattering was respon-
sible for the apparent RM variations. Since this coincides
with where the RM(¢) curve is changing most, it is diffi-
cult to distinguish between scattering and a magnetospheric
effect as the dominant effect (see Section 3).

PSR J1057-5226. This pulsar has a completely polar-
ized four component MP, with a smooth PA swing. There
is also a three component IP, with a similar flux density
to the MP at several observing frequencies (Weltevrede &
Wright 2009). The first component of the IP is highly polar-
ized, however L decreases significantly towards the trailing
edge. The shape of the PA swing of the IP is peculiar, as
towards the centre of the profile there is a sharp gradient
change in the PA sweep, accompanied by a drop in L, which
is hard to fit with the RVM model (e.g. Rookyard et al.
2015). Noutsos et al. (2009) only analysed the MP and did
not find RM(¢) variations. From our observations with bet-
ter S/N, both the MP and IP show significant deviations in
RM(¢). The amplitude of the observed variations in the MP
are ~ 3 rad m~2 and appear as a shallow gradient in RM(g).
The observed variations in the IP are much larger (~ 30 rad
m’z) and coincide with the peculiar change of gradient of the
PA swing. An extreme scattering event with a duration of
~ 3 years, was reported in the direction of this pulsar (Kerr
et al. 2018). Hence, it is very likely that during the time of
our observations, the radiation was affected by a low amount
of scattering. For the MP, there are significant A(V/I) varia-
tions around longitudes 110° and possibly 90°, where Stokes
V is changing, which is what we expect if scattering was
the effect responsible for the apparent RM variations. Since
this is where the largest RM(¢) variations occur, we cannot
dismiss magnetospheric effects as a possible cause (see Sec-
tion 3). For the IP, there are A(V/I)(¢) and RM(¢) variations
only up to pulse longitude 270°, where Stokes V is changing
most rapidly. Evidence points towards low level of interstel-
lar scattering as the reason for the observed RM variations,
however we cannot dismiss magnetospheric effects.

PSR J1243-6423. For this pulsar, L is low (~ 20%),
with significant depolarization observed starting from pulse
longitude 180°. The PA swing is complex, with flat regions
and a very steep region in the centre of the profile. The
observed RM(¢) variations have a similar shape to that re-
ported by Noutsos et al. (2009). One discrepancy is the am-
plitude of variations: in our observation it is ~ 20 rad rn_z7
while in Noutsos et al. (2009) it is ~ 60 rad m~2. The largest
variations in RM(¢) occur at a similar pulse phase where
there is a kink in the PA swing. At higher frequencies, an
OPM is seen at the location of this kink (Karastergiou &
Johnston 2006). The values of RMpofile and RMscatt indi-
cate that the pulsar might be affected by scattering. The
pulsar appears to be located behind an HII region, however
a scattering deficit is reported by Cordes et al. (2016). If
scattering affected the pulsar, we would expect to see signif-
icant variations in A(V/I)(¢) around pulse longitudes 179°,
where Stokes V is changing most rapidly, as observed. How-
ever, despite Stokes V being less variable, the largest RM(¢)
variations occur where the greatest A(V/I)(¢) changes occur.
This indicates that the observed RM variations are caused
by a mixture of scattering and magnetospheric effects.

MNRAS 000, 1-19 (2018)



Magnetospheric effects on the radiation of pulsars 11

PSR J1326-5859. The profile of this pulsar has three
components: one bright central one and two weak outrid-
ers. Using multi-frequency observations, Lewandowski et al.
(2015a) estimated the scattering timescale for this pulsar at
1 GHz to be 9.47 ms. RMp51e and RMgcatt, are inconsistent
with each other, indicating that this pulsar may indeed be
significantly affected by scattering. The pulsar has a mod-
erately high L and a complex PA swing. There is an OPM
jump towards the leading edge of the profile, around pulse
longitude 173°, in a region where the PA swing is flat and
there is a drop in the amount of L. In this region, there
are large RM(¢) variations, similar to the ones presented
in Noutsos et al. (2009). A(V/I)(¢) varies where Stokes V
is most changing as function of pulse longitude. This starts
before the largest RM variations. So far, this is consistent
with scattering. However, the largest RM(¢) variations do
not coincide with where the PA is the steepest, suggesting
that they could have been caused by a mixture of scattering
and magnetospheric effects.

PSR J1357-62*. For this pulsar, the PA swing is
generally flat, with the exception of longitude 175°, where
a very steep swing can be seen. In this region, two OPM
jumps occur where L is low. The first OPM is in the lead-
ing part of the profile, while the second one coincides with
the bridge between the second and third profile components.
The RM(¢) curve is flat, except where the PA swing is steep
and where the second OPM jump occurs. The peak-to-peak
amplitude of these apparent variations is ~ 60 rad m~=2. We
also see variations in A(V/I) where Stokes V is changing the
most, coinciding also with the largest amplitude variations
in RM(¢). Comparing the values of RMp,0f1e and RMscatt,
we see that they are inconsistent with each other, therefore
all indicators suggests that scattering is likely the reason
for the apparent RM variations, however we cannot dismiss
magnetospheric effects (see Section 3).

PSR J1359-6038. The pulsar has a single component
profile and a high degree of L. It was classified by Nout-
sos et al. (2009) as having small variations in RM(¢) to-
wards the trailing edge of the profile, with an amplitude
of ~ 40 rad m~2. In our observation, we see a similar be-
haviour, however the overall amplitude of the apparent vari-
ations is around ~ 10 rad m~2. RMprofile and RMgcatt, are
inconsistent, indicating that this pulsar could be affected
by scattering. Lewandowski et al. (2015a) estimated a scat-
tering timescale of 1 ms at 1 GHz. If scattering was re-
sponsible for the observed RM variations, A(V/I)(¢) varia-
tions should occur where Stokes V is changing most rapidly,
around pulse longitudes 180° and 185°. A(V/I)(¢) variations
are only observed around pulse longitude 185°, where the
greatest RM(¢) variations occur. This points towards mag-
netospheric effects playing a role in producing the observed
RM variations.

PSR J1401-6357*. The profile of this pulsar consists
of one weak leading component and several other blended
components. L is very weak in the leading part of the profile.
After pulse longitude 178°, where an OPM jump occurs in
the PA swing, the degree of L is relatively high. Moderately
significant variations in the RM(¢) curve coincide with the
OPM jump. The degree of Stokes V is very low and we do
not see significant A(V/I)(¢) variations, preventing us saying
more about the origin of the apparent RM(¢) variations.

PSR J1428-5530*. Both the degree of L and Stokes
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V of this pulsar are low (~ 10%). The PA swing is relatively
flat with several kinks. Where L drops to zero, apparent
variations can be seen in RM(¢) (~ 50 rad m~2). The sta-
tistical uncertainties on RM(¢) are large, hence this is only
moderately significant. There are no significant A(V/I)(¢)
variations to help comment on the origin of the apparent
RM(¢) variations.

PSR J1453-6413. This pulsar has a profile with one
strong component, one weak pre-cursor and an extended tail.
L is moderately high, with a drop to zero coinciding with
the OPM jump in the PA swing at pulse longitude 177°.
In the extended tail of this pulsar, L is weak and the PA
swing becomes very steep around longitude 188°. The ob-
served RM(¢) variations have a similar shape to the ones
presented in Noutsos et al. (2009). The largest RM(¢) vari-
ations are where the OPM jump is and where the PA swing is
the steepest. The values of RMp, ofile and RMscatt are incon-
sistent with each other, indicating that this pulsar may well
be affected by scattering. Hence, the largest A(V/I)(¢) vari-
ations should be in the central region of the profile, where
Stokes V displays several steep sign reversals. This is the
case. Interestingly, at pulse longitude 185°, where there is a
kink in the PA swing, there is a peak in the RM(¢) curve
and a significant dip in the A(V/I)(¢) curve. At this pulse
longitude, Stokes V is relatively smooth, indicating at least
some of the observed RM variations are caused by magne-
tospheric effects.

PSR J1456-6843*. For this pulsar, L is low, with
one drop to nearly zero at pulse longitude 182°, coincident
with a dip in the PA swing. The shape of the PA sweep
is complex, with one OPM jump around pulse longitude
158°. The RM(¢) variations display one of the most complex
shapes in our sample, with the largest variations (~ 20 rad
m_z) near where the PA gradient is the steepest. There are
A(V/I)(¢) variations across the entire profile, however they
do not coincide with longitudes where Stokes V is chang-
ing the most. The largest A(V/I)(¢) variations occur around
longitude 168°, coincident with significant RM(¢) variations,
but Stokes V is relatively constant. This suggests that the
effect responsible is of magnetospheric origin.

J1512-5759*. This pulsar has a single peaked profile
with a long tail. L is low (~ 10%), and it vanishes at higher
frequencies (Karastergiou et al. 2005). At pulse longitude
172°, L drops to zero, coincident with an OPM jump in the
PA swing. At pulse longitude 179°, the PA swing is steep
and some depolarization can be observed. Here, deviations of
~80 rad m~2 in RM(¢) occur. More deviations occur towards
the trailing edge, coincident with a wiggle in the PA swing.
The A(V/I) variations are seen where Stokes V is changing
the most, indicating that the possible cause for the observed
RM(¢) variations is scattering.

PSR J1534-5334*. The profile of this pulsar has three
components: a strong leading one, which peaks at the same
pulse longitude as Stokes V; and two weaker and wider trail-
ing components. L is low, hence the statistical uncertainty on
RM(¢) is high, especially in the trailing part of the profile.
Nevertheless, there is a region between pulse longitudes 178°
and 185° where there are significant RM(¢) variations with
an amplitude of ~ 10 rad m~2, coincident with the wiggle
in the PA swing. Where Stokes V is changing sharply, there
are moderately significant A(V/I)(¢) variations, indicating
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that scattering could well be the cause for the apparent RM
variations.

PSR J1559-4438%. The profile of this pulsar consists
of a strong central component and weaker pre- and post-
cursors. L is moderately high with two drops to zero, which
coincide with the OPM jumps in the PA swing. In the cen-
tre of the profile, the PA swing shows a dip close to where
Stokes V changes sign. RM(¢) varies significantly where the
PA gradient is steep, with the largest deviations coincident
with the dip in the PA swing. Significant A(V/I)(¢) variations
occur at longitudes where Stokes V is changing the most, as
expected for scattering. The measured values of RMof1e
and RMgcatt indicate that our observation might be affected
by interstellar scattering. Johnston et al. (2008) found that
at low frequencies, scatter broadening can be seen in the
profile of this pulsar, hence all indicators are suggestive of
scattering being the primary cause for the observed RM(¢)
variations.

PSR J1604-4909%*. The profile of this pulsar consists
of multiple components. L is generally weak, with the ex-
ception of the central region of the profile. Here, the PA
swing is steep with several kinks. Across most of the profile,
the statistical uncertainty on RM(¢) points is high. Nev-
ertheless, significant apparent RM(¢) variations (~ 15 rad
m’z) occur where the PA gradient is steep. There are signif-
icant A(V/I)(¢) variations in the central region of the profile,
where Stokes V is changing rapidly, as expected if scatter-
ing affected the pulsar. This is not where the RM(¢) curve
is changing the most, pointing to scattering as the main
cause. RMp of1e and RMgcatt are inconsistent (100 devia-
tion), indicating that the RM measurements could be indeed
affected by scattering. Krishnakumar et al. (2017) estimated
that the scattering timescale at 1GHz is 0.02 ms, which is
small. RMgcatt, is consistent with the similarly derived value
by Johnston et al. (2007).

PSR J1644-4559. The profile of this pulsar has an
scatter extended tail and a very weak pre-cursor. L is weak
and the PA swing is relatively shallow with several bumps
and an OPM transition at pulse longitude 172°. The RM(¢)
curve displays variations (~ 20 rad m~2) across the whole
profile and has a similar shape to what Noutsos et al. (2009)
presented, with the largest variations coincident with the
bump in the PA swing at longitude ~ 186°. The pulsar is
highly scattered at lower frequencies (e.g Rickett et al. 2009).
RMprofile and RMscatt are inconsistent, indicating that the
pulsar is indeed affected by scattering. Where Stokes V
changes most rapidly, A(V/I)(¢) variations are seen, as ex-
pected from scattering. Since RM(¢) and A(V/I)(¢) varia-
tions coincide, magnetospheric effects cannot be entirely dis-
missed, but it is clear scattering contributes significantly to
the observed RM(¢).

PSR J1651-5222%*. This pulsar has a profile con-
sisting of several components blended into one feature. L
is low (~ 20%) and the PA swing is relatively flat up to
pulse longitude 176°. The RM(¢) curve in this part of the
profile has a U-shaped structure and is higher compared
to (RM(¢)). After longitude 176°, the PA swing is steeper
and there are some RM(¢) variations. The highest ampli-
tude variations (~ 40 rad m_z) occur around the notch in
the PA curve where the gradient changes. Krishnakumar
et al. (2017) measured scatter broadening at lower frequen-
cies, however the scattering should be small above 600 MHz.

There are some moderately significant A(V/I)(¢) variations
between longitudes 177° and 180°, in a region where Stokes V
is changing most rapidly. However, this region is also where
RM(¢) is varying and we cannot indicate which effect was
responsible for the RM variations (see Section 3).

PSR J1701-3726*. This pulsar has a complex pro-
file. L is moderately high and Stokes V has a comparable
magnitude with regions where it exceeds L. The PA swing
is steep in the central region of the profile and displays sev-
eral kinks. The largest RM(¢) variations (~ 30 rad m~2)
occur in the shape of a dip where the PA swing is the steep-
est. RMprofile and RMgcatt are inconsistent, indicating that
scattering could be responsible. Significant A(V/I)(¢) vari-
ations appear towards the centre of the profile, with the
largest variations around longitude ~ 184°, where Stokes V
is changing rapidly. The steepest variations in RM(¢) oc-
cur at an earlier longitude, suggesting that scattering is the
main cause for the observed RM variations.

PSR J1703-3241%*. For this pulsar, L is moderately
high and the PA has a smooth and steep swing, without any
OPM jumps. There are two wiggles in the PA swing towards
the trailing edge of the profile, and this region is where sig-
nificant RM(¢) variations (~ 5 rad m™2) occur. Krishnaku-
mar et al. (2017) estimated a scattering timescale of 0.13
ms at 1GHz, which is low. If the observed RM variations
were caused by scattering, A(V/I)(¢) variations would be ex-
pected at most longitudes, as Stokes V is steeply changing
across the entire profile. However, A(V/I) only varies towards
the trailing half of the profile, where RM(¢) is changing the
most. This suggests that the observed variations are caused
by a magnetospheric origin effect.

PSR J1722-3207*. The profile of this pulsar has two
components: a strong leading one and a weaker and wider
trailing one. L is relatively low, peaking in the leading edge
of the profile. The PA swing and RM(¢) curve remain flat
until pulse longitude 181°. After this longitude, the PA gra-
dient becomes steep and a dip in the shape of the apparent
RM(¢) variations can be seen, followed by an upward de-
viation. The amplitude of the overall variations is ~ 40 rad
m~2. The A(V/I)(¢) variations do not coincide with where
the largest RM(¢) variations occur. The only significant de-
viations can be seen around longitude 186°, where Stokes V
is changing the most, indicating that scattering is the likely
cause for the apparent RM variations. Krishnakumar et al.
(2017) estimated a scattering timescale of 0.3 ms at 1 GHz.

PSR J1731-4744%*. This pulsar has a complex profile,
with the central component being the weakest. L is gener-
ally low (~ 20%) and the PA swing has a complex shape:
it is flat until pulse longitude 182°, followed by a steep re-
gion and several kinks and a dip around longitude 187°. The
RM(¢) curve shows significant variations across the whole
profile, with the highest apparent variations (~ 20 rad m~2)
occurring coincident with the dip in the PA curve. There are
no significant A(V/I)(¢) variations across the profile, since
Stokes V is very low, hence the origin of the RM variations
cannot be determined.

PSR J1745-3040. This pulsar has a three component
profile with a moderately high L. The PA swing is relatively
flat and it is broken by two OPM jumps, at pulse longi-
tudes 168° and 187°, and has a bump towards the centre
of the profile. Noutsos et al. (2009) classified this pulsar as
showing high RM(¢) variations, with a downwards gradient
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change in the central region of the profile of the order ~ 20
rad m~2, and no apparent variations in the leading com-
ponent of the pulse. In our observation, the RM(¢) curve
is very different. In the leading part of the profile, the sta-
tistical uncertainties on the RM values are high, consistent
with (RM(¢)). Towards the centre of the profile, we see two
bumps in the RM(¢) curve, right before and after the bump
in the PA swing. There is no obvious gradient. This suggests
the RM(¢) curve is potentially time variable. Krishnakumar
et al. (2017) observed scatter broadening at lower frequen-
cies for this pulsar and estimated a timescale of 0.06 ms at 1
GHz, which is relatively low. The largest A(V/I)(¢) variations
occur at longitude ~ 173°, which is not where V changes most
rapidly, suggesting a magnetospheric origin for the RM(¢)
variations. If magnetospheric effects are the cause of the time
variability, one might expect the profiles to change as well (a
similar argument applies to changes in scattering). This is
not obvious from the observations. It should be noted that a
change in frequency dependence (causing RM(¢) variations)
does not imply a noticeable change in frequency average
(profile shape).

PSR J1751-4657*. This pulsar has a double compo-
nent profile, with a stronger leading component. L is low
(~ 20%) and Stokes V is most intense in the leading peak of
the profile. The PA swing is relatively steep across the entire
profile with a kink, which coincides with the peak in Stokes
V, and the minimum in L. This is also where the highest
variations in RM(¢) occur (~ 20 rad m_z). At all other lon-
gitudes, the RM(¢) curve remains flat. The large systematic
uncertainties indicate that the RM(¢) variations are only
moderately significant. If the pulsar was affected by scatter-
ing, A(V/I)(¢) variations are expected to occur in the centre
of the profile, where Stokes V is changing, especially around
longitude ~ 178°, where the most rapid changes happen.
Moderately significant A(V/I)(¢) variations are observed be-
tween pulse longitudes 180° and 183°. It is unclear as to the
origin of the RM variations.

PSR J1752-2806%*. This pulsar has very low L and
a PA swing which is relatively shallow, but with an OPM
jump at pulse longitude 178° and several steep kinks in the
central part of the profile. Significant RM(¢) variations can
be seen before the OPM jump. In the centre of the profile,
the systematic uncertainties on RM(¢) are higher making
these variations only moderately significant (~ 80 rad m™2).
The largest A(V/I)(¢) variations coincide with where Stokes
V changes most rapidly, but do not occur where the largest
RM(¢) variations are seen. This suggests that the RM vari-
ations are caused scattering.

PSR J1807-0847. The profile of this pulsar has sev-
eral components, with the central one the strongest. L is
low (~ 20%) and there are two longitudes where it is mini-
mal, coincident with the OPM jumps in the PA curve. The
PA swing is shallow except for several kinks under the cen-
tral component. This pulsar was classified by Noutsos et al.
(2009) as a low varying RM(¢) pulsar with similar look-
ing RM(¢) curve to ours. Most apparent variations can be
seen where the PA swing displays wiggles starting at lon-
gitude ~ 178°. The statistical uncertainties on RM(¢) are
large, hence these apparent variations are only moderately
significant. Krishnakumar et al. (2017) estimated a scatter-
ing timescale of 0.3 ms at 1 GHz, which is small. Large
A(V/I)(¢) variations occur across the whole profile, and they
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do not all coincide with Stokes V changing steeply. This in-
dicates that the RM variations are unlikely to be entirely
because of scattering.

PSR J1817-3618*. The pulsar has two components,
as well as a long tail. L is relatively low, with a drop to
zero at the OPM jump in the PA swing. The PA gradient
becomes steep after the OPM jump, and this is where an
upward deviation of the RM(¢) curve occurs (~ 10 rad m™2).
If the pulsar was affected by scattering, the largest A(V/I)(¢)
variations should be in the centre of the profile, where Stokes
V is changing most. No significant variations are detected,
so without detailed modelling we cannot comment further
on the origin of the RM variations.

PSR J1820-0427*. The profile consists of multiple
blended components, with the central one having the high-
est amplitude. As discussed by Johnston et al. (2007), at
lower frequencies an OPM jump can be seen in the PA swing
towards the leading edge of the profile around pulse longi-
tude 178°, however at our observing frequency the jump is
less than 90° and L does not completely disappear. At this
longitude we see the highest variations in RM(¢) (20 rad
m_z), in the shape of a dip. This coincides with the largest
A(V/I)(¢) variations, and where Stokes V is changing the
most. For this pulsar, everything is consistent with scatter-
ing being the cause. However, since the rapid Stokes V and
PA changes coincide, magnetospheric effects cannot be ruled
out (see Section 3).

PSR J1824-1945*. The profile of this pulsar has a
strong central component and a weaker leading component.
The PA swing is relatively flat and it is broken by two OPM
jumps at pulse longitudes 177° and 180°, which is where the
largest RM(¢) variations occur, with the largest variations
at the second OPM jump (~ 35 rad m’z). At the pulse lon-
gitudes where significant A(V/I)(¢) variations occur, Stokes
V changes steeply. This suggests that scattering could be
the cause for the observed variations. Several authors (e.g.
Lohmer et al. 2004; Weltevrede et al. 2007) indeed reported
finding scatter broadening at lower frequencies for this pul-
sar.

PSR J1848-0123*. The profile of this pulsar con-
sists of multiple components. L is very low, and rapid
steep changes are observed in the shape of the PA swing.
RMprofile and RMgcatt, are inconsistent, indicating that this
pulsar could have been affected by interstellar scattering.
Lewandowski et al. (2015a) did not detect any scatter broad-
ening at higher frequencies, hence could not predict a scat-
tering timescale at 1 GHz. The statistical uncertainties on
the RM(¢) values are high, especially towards the trailing
part of the profile. The RM(¢) curve is flat, with the excep-
tion of some significant deviations around the OPM jumps
and near a very steep part of the PA swing (~ 40 rad m_z).
At a pulse longitude of 179° the largest A(V/I)(¢) variations
occur, coincident with the largest changes in Stokes V. Since
this coincides with where the RM(¢) variations are observed,
we cannot distinguish the effect responsible for the RM vari-
ations (see Section 3).

PSR J1900-2600*. This pulsar has a multi-
component profile with moderately high L and Stokes V. The
PA swing is steep and it is broken by a jump around pulse
longitude 171°. This jump is less than 90° and L does not
completely disappear. After the jump, the slope of the PA
swing changes sign, which is different from a typical OPM
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jump where the slope is conserved. The largest variations
in RM(¢) occur at the quasi-OPM jump in the shape of
a peak in RM(¢) of ~ 30 rad m~2. At a similar longitude
the largest A(V/I)(¢) variations occur, and the Stokes V is
steeply changing. Hence, we cannot distinguish which effect
was responsible for the apparent RM variations (see Sec-
tion 3). RMprofile and RMgcatt are inconsistent, indicating
that this pulsar could be affected by interstellar scattering.
This would confirm findings from other authors (e.g. Pilia
et al. 2016; Yao et al. 2017), who found scattering at lower
frequencies. Our measurements are consistent with scatter-
ing being the dominant cause of RM variations, but magne-
tospheric effects are also possible.

PSR J1913-0440%*. This pulsar has a profile consist-
ing of three overlapping components. L is low (~15%) at all
observed frequencies (Johnston et al. 2008). The PA swing
is steep, with several kinks and one OPM jump situated at
a pulse longitude 176°. The RM(¢) curve is generally flat,
except a ~ 30 rad m~2 deviation where the PA swing is
the steepest (~ 181°). The largest A(V/I)(¢) variations occur
at an earlier (~ 178°) and later (~ 182°) longitude, where
Stokes V is changing most rapidly. This suggest that scat-
tering is the reason for the apparent RM variations. Sev-
eral authors (e.g. Lewandowski et al. 2015b; Noutsos et al.
2015) observed this pulsar to be scattered at low frequen-
cies. Hence it is possible that the observed RM variations
were caused by low level scattering.

PSR J2048-1616. The profile of this pulsar has three
components, with the trailing one being the strongest. The
PA swing has an ‘S’-shape and can be fit with the RVM
model at multiple frequencies (Johnston et al. 2007). The
shape of the apparent variations in RM(¢) is similar to
those of the observations from Noutsos et al. (2009). The
RM(¢) curve has a dip at pulse longitude 176° of around
~ 5 rad m~2, coincident with the steepest region of the PA
swing. We see the largest A(V/I)(¢) variations where Stokes
V changes most rapidly. This indicates that the possible
dominant cause for the observed RM variations is interstel-
lar scattering.

4.2 Pulsars without significant RM variations

The remaining pulsars, for which XéM( ) < 2, were clas-

sified as not showing any significant RM variations. A list
is given in Table 2. One of these pulsars, PSR J1056-6258
(see Fig. A.7), was classified by Noutsos et al. (2009) as
having high RM(¢) variations of ~ 100 rad m™2, especially
away from the centre of the profile. In our observation, the
RM(¢) curve is relatively flat across the whole profile. There
appears to be a small upwards gradient of the entire curve,
however given the size of the systematic uncertainty, this
effect is not significant. PSR J0134-2937 (Fig. A.1) has a
shallow PA swing with two OPM jumps and shows no ap-
parent RM(¢) variations. However, around pulse longitude
175°, there are significant A(V/I)(¢) variations where Stokes
V is changing most rapidly. This indicates that the pulsar
may be affected by interstellar scattering, but not at a level
which is enough to produce RM(¢) variations, which is not
surprising considering the flat PA swing.

The Vela pulsar, PSR J0835-4510 (Fig. A.4), is very
bright, has high L and a steep ‘S’-shaped PA swing without

Table 2. A list of pulsars which show no significant phase-
resolved RM variations. Pulsars for which the phase-resolved RM
profiles have not previously been investigated are marked with an
asterisk (*).

J0134-2937 J0152-1637*  J0614+2229*  J0630-2834*
J0729-1836*  J0742-2822 J0745-5353*  J0809-4753*
J0835-4510 J1043-6116*  J1047-6709*  J1048-5832*
J1056-6258 J1136-5525*%  J1146-6030*  J1157-6224

J1327-6222%*
J1539-5626*
J1602-5100%*
J1646-6831*
J1705-3423*
J1721-3532*
J1741-3927%*
J1829-1751%*
J1847-0402%*
J2346-0609*

J1326-6700%*
J1522-5829*
J1557-4258*
J1633-5015*
J1705-1906*
J1717-3425%*
J1740-3015*
J1825-0935*
J1845-0743*
J2330-2005*

J1326-6408*
J1430-6623*
J1555-3134*
J1633-4453*
J1653-3838*
J1709-4429*
J1739-2903*
J1823-3106*
J1832-0827*
J1941-2602*

J1306-6617*
J1328-4357*
J1544-5308*
J1605-5257*
J1651-4246%*
J1709-1640%*
J1722-3712%
J1822-2256*
J1830-1059*
J1852-0635*

OPM jumps. Noutsos et al. (2009) observed RM(¢) varia-
tions of ~ 13 rad m~2 in their 2004 observation and ~ 6 rad
m~2 in their 2006 observation. In addition, the authors did
not find any non-Faraday behaviour affecting the PA. Al-
though we see statistically significant RM(¢) variations, the
systematic effects are large and completely dominate the re-
sults. There are deviations from the expected 4% dependence
of the PA as a function of frequency at all pulse longitudes,
but again these are introduced by the large systematic er-
rors. In the centre of the profile the deviations are so large,
that the values of X%, A(L.0) greatly exceed few hundreds,

and are not displayed in Fig. A.4. Ultimately, the system-
atic effects prevent us from seeing any significant RM(¢)
variations.

There are a few other pulsars which do not show RM(¢)
variations, however significant A(V/I)(¢) variations occur co-
incident with the most rapid changes in Stokes V, indicat-
ing that it is possible that low level scattering is affect-
ing them. These pulsars are PSRs J0630—2834, J1157-6224,
J1602-5100, J1605-5257 and J2330—2005. In addition, for
PSR J1741-3927, we also see tentative evidence for RM(¢)
variations where the PA swing is steep. This strongly sug-
gests that our ability to detect RM(¢) is S/N limited.

5 DISCUSSION

From our sample of 98 pulsars, 78 pulsars had their RM(¢)
curves determined for the first time. Of the 98 pulsars, 42
showed significant RM(¢) variations. This is a similar frac-
tion (9/19) from the much smaller sample of Noutsos et al.
(2009). Currently, for the majority of our sample, the sta-
tistical errors dominate over the systematic errors. We pro-
vided evidence that with increased S/N more examples of
pulsars with RM(¢) variations would be detected. Nout-
sos et al. (2009) concluded that interstellar scattering is the
dominant cause of the RM(¢) variations they observed. We
re-examine this conclusion below.

From the results, it is clear that scattering alone is
not enough to explain the apparent RM variations. We
have identified some clear examples of pulsars for which
the RM(¢) and A(V/I)(¢) curves were not consistent with
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scattering as the cause of the observed apparent RM varia-
tions. In the case of the interpulse pulsar, PSR J0908—-4913
(Fig A.5), for the MP, we observe that the greatest appar-
ent RM variations occur towards the trailing part of pulse
where the PA gradient is the steepest. This is consistent
with a picture where scattering is the cause for the observed
variations. However, for the IP, in the region where the PA
swing is steeper than in the MP, the RM(¢) curve is flat.
This is inconsistent with scattering. We also expect that if
the linear polarization and Stokes V are affected by scat-
tering, the largest A(V/I)(¢) variations should occur where
Stokes V is changing the most. For the MP, we instead see
the largest A(V/I)(¢) variations coincident with the greatest
change in RM(¢) rather than Stokes V, which varies more
at earlier pulse longitudes. This points towards magneto-
spheric effects as a cause for the apparent RM variations of
this pulsar.

Another good example is PSR J1703-3241 (Fig A.17).
For this pulsar, Stokes V is changing throughout the profile
and is sharply varying in the central region. If scattering
was the dominant cause for the apparent RM variations,
A(V/I)(¢) variations should occur at almost all pulse
longitudes equally. However, large A(V/I)(¢) variations
only occur coincident with the greatest gradient in the
RM(¢) curve. Using similar arguments we also identified
magnetospheric effects as a cause for apparent RM vari-
ations for PSRs J0738-4042, J0820-1350, J0907-5157,
J1243-6423, J1326-5859, J1359-6038, J1453-6413,
J1456-6843, J1745—-3040 and J1807-0847 (see Section 4.1
for more details), so far a total of 12 out of 42 pulsars with
RM(¢) variations. The variations in 12 pulsars are caused
by scattering, with the results for the final 18 pulsars being
ambiguous (see Table Al).

Noutsos et al. (2009) considered two intrinsic effects of
magnetospheric origin which could cause RM(¢) variations.
The first is the superposition of two quasi-orthogonal OPMs
with different spectral indices. The authors assumed com-
pletely linearly polarized OPMs with a spectral index of
~ —0.5, as derived by Smits et al. (2006). Using simulations,
Noutsos et al. (2009) concluded that in order to create ap-
parent RM variations of the observed amplitudes, the frac-
tional linear polarization should remain under 10%, which
occurs only rarely in either their sample or ours. Hence, it
was deemed unlikely that this effect could produce apparent
RM variations on a large scale.

The second intrinsic effect considered was generalized
Faraday rotation. Based on theory discussed in Kennett &
Melrose (1998), both linear and circular polarization are ex-
pected to be frequency dependent. Hence, one can take a
correlation between the RM(¢) and A(V/I)(¢) curves as evi-
dence for generalized Faraday rotation. Noutsos et al. (2009)
did not observe, based on a limited sample of five pulsars,
any obvious correlations and concluded that this effect is
not able to produce the observed RM variations on a large
scale. However, in our sample these correlations appear to
be observed for many of our pulsars (based on inspecting the
curves, see Section 4.1), hence the lack of correlation appears
as an exception from the general rule. One of these pulsars
is J1243-6423, for which Noutsos et al. (2009) did not find
a correlation, yet in our data clearly reveals a correlation
between the region of greatest RM(¢) change and greatest
A(V/I)(¢) change, but it occurs at a pulse longitude where

MNRAS 000, 1-19 (2018)

Noutsos et al. (2009) did not have significant data points
(see Section 4.1 and Fig. A.8). Although these correlations
are common, we note that this does not imply generalized
Faraday rotation must be operating in the magnetosphere of
pulsars. This is because also the presence of scattering will
introduce a frequency dependence in both linear and circu-
lar polarization, and as a consequence, for both generalized
Faraday rotation and scattering one expects a correlation
between the RM(¢) and A(V/I)(¢) curves.

Although there is now good evidence that scattering is
not the only effect causing apparent RM variations, we note
that without detailed simulations for each pulsar, one can-
not be sure on a case by case basis which effect is dominant.
However, additional evidence for the importance of magne-
tospheric effects can be found by using results drawn from
the sample as a whole.

Noutsos et al. (2009) supported the idea that the RM(¢)
variations we observe are caused by interstellar scattering,
given that they observed the largest RM variations coinci-
dent with the steepest gradients of the PA swing. Dai et al.
(2015) also noted this coincidence in their millisecond pulsar
sample. We tried to verify whether a similar trends exists in
our larger sample. By inspection, we classified a PA swing
as steep if we identified a region of the swing which had a
gradient larger than ~ 4 deg/deg *. This classification can
be found in Table A1l. The trend was confirmed, considering
that out of the 42 pulsars which were classified as showing
phase-resolved RM variations, 34 of these have a steep PA
curve and only 8 of the pulsars display a shallow PA curve.
In contrast, for the 56 pulsars classified as not showing ap-
parent RM(¢) variations, 33 had a steep PA swing and 23
had a shallow PA swing. However, it is not correct that this
implies that scattering is the primary cause for RM varia-
tions. If effects intrinsic to the pulsar magnetosphere distort
the PA as function of both frequency and pulse longitude,
then we would also expect the greatest variations in RM to
occur near the steepest part of the PA swing.

If scattering was the dominant cause for most cases of
RM(¢) variations, we expect that the pulsars which show
apparent RM variations to be high-DM pulsars. This is be-
cause pulsars with higher DM are more affected by inter-
stellar scattering (e.g. Bhat et al. 2004; Geyer et al. 2017).
Noutsos et al. (2009) observed a weak correlation, since the
two strongest RM varying pulsars from their sample were
also the highest DM pulsars. In Fig. 3, a DM histogram is
displayed for pulsars showing (42 pulsars) and not showing
RM variations (56 pulsars). A Kolmogorov—Smirnov (KS)
test shows the DM distributions are very similar, pointing
to magnetospheric effects being important.

Similar to Fig. 9 in Noutsos et al. (2009), the amount
of observed RM(¢) variations of the 42 pulsars as a func-
tion of the DM of the pulsar is shown in the left-hand
panel of Fig. 4. The peak-to-peak amplitude of the appar-
ent RM variations, ARM, was obtained by only considering
RM(¢) values which were situated more than 30~ away from
(RM(¢)). For the 56 pulsars with no significantly varying
RM(¢) curves, ARM was set to zero. The uncertainties on

# Scattering will flatten the observed PA curve (e.g. Karaster-
giou 2009). However, since most pulsars from our sample are not
heavily scattered, this effect will be small.
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Figure 3. DM distributions. The pulsars with apparent RM vari-
ations are represented with the clear hatched distribution, while
the pulsars without apparent RM variations are represented in
grey.

the ARM values were obtained by combining the statistical
uncertainties of the two RM(¢) values in quadrature. For all
pulsars with non-zero measurements of ARM, the statistical
uncertainties dominated over the expected systematics. The
S/N of each pulsar was also represented in the plot, by dis-
playing a symbol with a size proportional to the log;y(S1400),
where S)400 is the mean flux density at 1.4 GHz taken from
Johnston & Kerr (2018) in Fig. 4.

From the left-hand side plot in Fig. 4, there is no corre-
lation between the DM of a pulsar and ARM. There are sev-
eral low-DM pulsars which display comparable magnitude
apparent RM variations to the high-DM pulsars. Regardless
of including the pulsars with lower flux densities, for which
the detection of phase-resolved apparent RM variations is
more difficult, we do not observe a correlation. Pulsars for
which the variations were caused by magnetospheric effects
(blue circles in Fig. 4) appear to have in general smaller
RM(¢) variations compared to the ones for which scatter-
ing was identified as the dominant effect. This suggests that
magnetospheric effects are most evident in cases of pulsars
with low levels of scattering. If both effects are present, scat-
tering potentially masks the other effect.

The absence of a correlation between DM and the mag-
nitude of the detected apparent RM variations is surpris-
ing, given that scattering should theoretically have an ef-
fect. We therefore simulate what level of correlation could
be expected assuming scattering is the main reason for the
apparent RM variations. We used a distribution between
measured scattering timescales, Tgcatt, and DM. Measure-
ments from Bhat et al. (2004) were supplemented by more
recent measurements, in order to quantify the range of ex-
pected scattering timescales for a certain DM. The obtained
distribution of 7gcatt versus DM, scaled at a frequency of 1.4
GHz, is shown in Fig. 5. Most of the points with a DM < 200
pc cm ™ were derived from measured values of scintillation
bandwidths, v;. These correspond to scattering timescales
of C/2nv,4, with C being a constant with values between 0.6
and 1.5 (Lambert & Rickett 1999). These values depend on
various assumptions about the spectrum or geometry of the
electron density variations. We assume C = 1.

Before simulating the expected effects of interstellar
scattering on our pulsars, the profile in each frequency chan-
nel was replaced by the frequency-averaged profile. This en-
sured that all RM(¢) variations were eliminated, while the
shape of the average PA swing remained unaffected. We ran-
domly selected three possible scattering timescales for each
DM of every pulsar using the distribution from Fig. 5. Scat-
tering was added, as described in the Method section, Sec-
tion 3. Each of the three different scattered versions of each
pulsar was analysed as previously described, and the plot
of ARM versus DM is displayed as the right-hand panel of
Fig. 4.

It is clear from this panel that the expected RM(¢) vari-
ations are too low compared to what is observed for low, DM
< 200 pc cm™3 pulsars. Furthermore, we were also not able
to reproduce the observed amplitude of RM variations for
the highest-DM pulsar of our sample (PSR J1512-5759 with
DM = 627.47 pc cm_3). This was because the expected Tgcatt
for this pulsar was large enough to completely flatten the PA
swing and not produce any apparent RM variations, suggest-
ing that this pulsar has an unusually low scatter timescale
for its DM. The fact that scattering alone cannot reproduce
the amount of apparent RM variations found at the low DM
end of the distribution supports the conclusion that addi-
tional magnetospheric effects are important, especially for
pulsars that have low levels of scattering.

The magnetospheric effects that can cause the PA to be
distorted in a frequency dependent way might well be most
prominent in pulsars which show evidence for other complex
emission properties. Motivated by this we made a distribu-
tion (Fig. 6) of the number of profile components of pulsar
which show, or not show, significant apparent RM varia-
tions (Table Al in the Appendix). We counted the number
of profile components by visual inspection. It is clear from
Fig. 6 that pulsars which show RM(¢) variations tend to
have more complex profiles. Pulsars with single-peaked or
double-peaked profiles tend to not display RM variations,
suggesting that profile shape complexity and apparent RM
variations are related. For scattering to cause apparent RM
variations only requires a complex or steep PA-swing. So
unless complex profiles have complex PA-swings, scattering
alone cannot explain Fig. 6. Fig. 7 shows a histogram of the
classification of a PA swing as either steep or shallow as a
function of the number of profile components. There is no
evidence for such a correlation, indicating interstellar scat-
tering is not enough to explain the observed apparent RM
variations.

In all cases where we observed RM(¢) variations, there
are significant deviations from the Faraday law expected A2
dependence of the PA as a function of frequency (as shown in
the panels where /\(12) A(.0) is displayed). This implies that
another frequency and pulse longitude dependent effect is
present, Furthermore, as expected, we also observe large de-
viations from a A% dependence for pulsars with large system-
atic uncertainties on their RM(¢) values (e.g. J0742-2822
and J0835-4510). These findings are different from Noutsos
et al. (2009), who did not find any evidence for non-Faraday
components, at least for the two pulse longitudes they inves-
tigated for PSRs J0835-4510 and J1243-6423. Since our PA
uncertainties are an order of magnitude smaller compared to
the measurements presented by Noutsos et al. (2009), it is
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Figure 4. The amplitude of phase-resolved apparent RM variations, ARM, as a function of their DM. The radius of the symbols is
proportional to the log;((Si400) of each pulsar. The triangles (red in the online version) and filled circles (blue in the online version) are
pulsars for which scattering or magnetospheric effects are responsible for the RM variations. For the pulsars indicated by the open circles
(green in the online version) it could not be distinguished which effect was responsible. Left: The measured ARM values for the observed
98 pulsars. Right: The expected ARM values for the pulsars based on simulations including only the effects of scattering.
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Figure 5. Measured scattering timescales, 7, scaled to 1.4 GHz,
as a function of DM. In the online version, the blue circles are
measurements from Bhat et al. (2004), orange circles from Geyer
et al. (2017), green circles from Krishnakumar et al. (2017), pink
circles from Lewandowski et al. (2015a), grey circles from Nice
et al. (2013) and the light green circles from Lyne et al. (2017).
Most of the points with a DM < 200 pc cm™ were derived from
measured values of scintillation bandwidths. The purple points
were taken from Johnston et al. (1998), the red points from Levin
et al. (2016) and the brown circles from Keith et al. (2013).

maybe not surprising a different conclusion is reached. We
observe similar deviations in the lowest panels of Fig. A.1 —
Fig. A.26, in the online supplementary material, for X%, /10,9

in regions where A(V/I)(¢) is deviating from zero, indicating
that both linear and circular polarization are often both af-
fected. These findings are as expected, considering that for
both scattering (see Fig. 8 for an example) and magneto-
spheric effects, there is no reason to expect a A2 relation to
describe their induced frequency dependence of the PA.
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Figure 6. A histogram of the number of profile components for
pulsars with apparent RM variations (dashed line) and without
apparent RM variations (solid black line).

6 SUMMARY AND CONCLUSIONS

A large sample of pulsars was analysed for phase-resolved ap-
parent RM variations, RM(¢). We used a basic version of the
Rotation Measure Synthesis Technique (publicly available
as part of the PSRSALSA software package) and quantified
both statistical uncertainties, using bootstrapping, as well
as systematic uncertainties. The way we computed the sta-
tistical uncertainties avoided making a-priori assumptions
about the underlying signal. The dominant source of sys-
tematic uncertainties was identified to be due to the impu-
rities of the receiver. The RM(¢) curves of 78 pulsars which
have never been published before are presented in this anal-
ysis and 42 pulsars out of our sample of 98 showed signif-
icant phase-resolved RM variations. Given sufficient S/N,
this fraction will increase, but will ultimately be limited by
the systematic uncertainties.

It has been suggested in the literature, that if the
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Figure 7. A histogram of the number of profile components for
pulsars with a shallow PA swing (dashed line) and pulsars with
a steep PA swing (solid black line).
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Figure 8. PA residuals after removing a A% dependence according
to equation (1), for pulse longitude 150° and scattering timescale
of 8 ms in the simulations displayed in Fig. 2.

largest changes in circular polarization across the frequency
band, A(V/I)(¢), coincide with RM(¢) variations, this can
be taken as evidence for generalized Faraday rotation
in the pulsar magnetosphere. However, we have argued
that scattering is also capable of producing such changes,
complicating distinguishing between magnetospheric effects
and scattering as the main reason for apparent RM(¢)
variations. However, we were able in some individual cases
to make this distinction. This is different to Noutsos et al.
(2009), who concluded based on a smaller sample that all
apparent RM variations are consistent with interstellar
scattering. We identified magnetospheric effects as a cause
for apparent RM(¢) variations for PSRs J0738-4042,
J0820-1350,  J0907-5157, J0908-4913, J1243-6423,
J1326-5859,  J1359-6038, J1453-6413, J1456-6843,
J1703-3241, J1745-3040 and J1807-0847, a total of 12 out
of 42 pulsars with RM(¢) variations. The variations in 12
pulsars were consistent with scattering, while the results for
the final 18 pulsars were ambiguous.

If scattering, which is most prominent in high-DM pul-

sars, was the dominant cause for phase-resolved apparent
RM variations, then the amplitude of apparent RM varia-
tions should be correlated with DM. This is not observed.
A simulation revealed that if scattering was the dominant
cause for apparent RM(¢) variations, then these variations
should be significantly lower for pulsars with DM < 200 pc
em™3. This confirms the conclusion that magnetospheric ef-
fects are important, especially for pulsars that have low lev-
els of scattering.

We have pointed out that significant deviations from the
expected A2 dependence of the PA as a function of frequency
are expected both for interstellar scattering and magneto-
spheric effects. Although Noutsos et al. (2009) concluded
that scattering was the main cause for the observed RM(¢)
variations, they did not find any evidence for non-Faraday
components. We found clear evidence for these expected de-
viations in our higher S/N data.

We found a correlation between complexity of profiles
and whether the pulsars showed RM variations or not, which
cannot be explained if scattering is the only cause of the ap-
parent RM variations, considering that in that case only
the shape of the PA-swing is important. Pulsars with multi-
ple profile components potentially have more complex emis-
sion properties and hence the magnetospheric effects could
cause the PA to be distorted with frequency. It has been
confirmed that RM(¢) variations are associated with com-
plex and steep dependencies of PA with pulse longitude. We
found that in general both linear and circular polarization as
a function of frequency are affected by the effect responsible
for the RM(¢) variations.

All this evidence strongly points towards magneto-
spheric effects, such as generalized Faraday rotation, as a
reason for apparent RM(¢) variations in many pulsars. In
most cases, the amplitude of these variations is relatively
small, with the exception of a few pulsars. PSR J1512-5759,
for which RM(¢) variations are ~ 80 rad m~2, has one of the
largest amplitude variations from the sample. Even then the
impact on the phase-averaged RM is only modest. Therefore,
apparent RM(¢) variations will not have a great impact on,
for example, the strength of the Galactic magnetic field as
derived from RM, especially when compared with the other
uncertainties involved. Our results imply that the frequency
dependence of PA gives a way to probe what is happening
to the radiation in pulsar magnetospheres.
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In this section, we display an additional table. Table Al
contains various classifications for the pulsars, discussed in
more detail in Section 5.
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Table A1l. Table summarising the observational results. The classification of whether a pulsar showed significant phase-resolved RM
variations or not is displayed in columns 2 and 7, as discussed in Section 4. In columns 3 and 8, the number of identified profile components
is displayed. The classification of whether the PA swing of a pulsar was steep or shallow is shown in columns 4 and 9. For the 42 pulsars
with significant RM(¢) variations, columns 5 and 10 display whether the observed variations can be explained by scattering alone, or
whether magnetospheric effects play an important role. For the pulsars marked with an asterisk (*), we concluded that it is likely that
scattering plays a role in the observed RM(¢) variations, besides magnetospheric effects.

PSR name RM var No. PA swing Scatt. enough? PSR name RM var No. PA swing Scatt. enough?

J0034-0721 Yes 1 Steep Ambiguous  J1557-4258 No 3 Steep
J0134-2937 No 2 Shallow J1559-4438 Yes 3 Steep Yes
J0152-1637 No 2 Shallow J1602-5100 No 5 Steep
J0255-5304 Yes 2 Steep Yes  J1604-4909 Yes 4 Steep Yes
J0401-7608 Yes 3 Steep Ambiguous  J1605-5257 No 5 Steep
J0452-1759 Yes 3 Steep Ambiguous  J1633-4453 No 2 Shallow
J0536-7543 Yes 3 Steep Ambiguous  J1633-5015 No 3 Shallow
J0614+2229 No 1 Steep J1644-4559 Yes 3 Shallow Ambiguous
J0630-2834 No 2 Steep J1646-6831 No 4 Steep
J0729-1836 No 2 Steep J1651-4246 No 2 Steep
J0738-4042 Yes 3 Steep No J1651-5222 Yes 3 Steep Ambiguous
J0742-2822 No 4 Steep J1653-3838 No 2 Shallow
J0745-5353 No 1 Steep J1701-3726 Yes 3 Steep Yes
J0809-4753 No 3 Steep J1703-3241 Yes 2 Steep No
J0820-1350 Yes 2 Steep No J1705-1906 No 5 Steep
J0835-4510 No 3 Steep J1705-3423 No 1 Shallow
J0837-4135 Yes 3 Steep Yes  J1709-1640 No 1 Steep
J0907-5157 Yes 3 Shallow No J1709-4429 No 1 Steep
J0908-4913 Yes 2 Steep No J1717-3425 No 1 Shallow
J0942-5552 Yes 3 Shallow Ambiguous  J1721-3532 No 1 Steep
J1001-5507 Yes 3 Steep Ambiguous  J1722-3207 Yes 2 Steep Yes
J1043-6116 No 3 Shallow J1722-3712 No 2 Steep
J1047-6709 No 2 Shallow J1731-4744 Yes 4 Steep Ambiguous
J1048-5832 No 3 Steep J1739-2903 No 2 Shallow
J1056-6258 No 3 Steep J1740-3015 No 2 Steep
J1057-5226 Yes 5 Steep Ambiguous  J1741-3927 No 3 Steep
J1136-5525 No 4 Shallow J1745-3040 Yes 3 Shallow No
J1146-6030 No 4 Steep J1751-4657 Yes 2 Steep Ambiguous
J1157-6224 No 3 Shallow J1752-2806 Yes 2 Steep Yes
J1243-6423* Yes 2 Steep No J1807-0847 Yes 4 Shallow No
J1306-6617 No 2 Steep J1817-3618 Yes 3 Steep Ambiguous
J1326-5859* Yes 3 Steep No J1820-0427 Yes 3 Steep Ambiguous
J1326-6408 No 3 Shallow J1822-2256 No 1 Shallow
J1326-6700 No 3 Steep J1823-3106 No 1 Steep
J1327-6222 No 2 Steep J1824-1945 Yes 2 Shallow Yes
J1328-4357 No 2 Steep J1825-0935 No 2 Shallow
J1357-62 Yes 3 Steep Ambiguous  J1829-1751 No 3 Shallow
J1359-6038 Yes 1 Shallow No J1830-1059 No 2 Shallow
J1401-6357 Yes 3 Steep Ambiguous  J1832-0827 No 2 Steep
J1428-5530 Yes 2 Shallow Ambiguous  J1845-0743 No 3 Shallow
J1430-6623 No 3 Steep J1847-0402 No 5 Steep
J1453-6413 Yes 3 Steep No J1848-0123 Yes 3 Steep Ambiguous
J1456-6843 Yes 5 Steep No J1852-0635 No 3 Steep
J1512-5759 Yes 1 Steep Yes  J1900-2600 Yes 4 Steep Ambiguous
J1522-5829 No 3 Shallow J1913-0440 Yes 3 Steep Yes
J1534-5334 Yes 3 Steep Yes  J1941-2602 No 2 Shallow
J1539-5626 No 2 Shallow J2048-1616 Yes 3 Steep Yes
J1544-5308 No 3 Shallow J2330-2005 No 2 Steep
J1555-3134 No 4 Shallow J2346-0609 No 2 Steep

MNRAS 000, 1-19 (2018)
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A Phase-resolved RM Plots

In this section, we display the resulting phase-resolved RM plots for the 98 pulsars, in Fig. A.1-Fig. A.26. In each Figure,
we display four plots. These plots were aligned so that the total intensity peaked at pulse longitude 180°. For the pulsars
which had both a MP and an IP, we aligned them so that the MP peaked at pulse longitude 90° the IP peaked at longitude
270°. In each plot, in the top panel, the solid line denotes Stokes I, the dashed line shows L and the dotted line Stokes V.
The second panel displays the PA, when L exceeded 2 sigma. The third panel shows the RM(¢) curve with the associated
statistical uncertainties. The shaded region (green in the online version) represents the lo- systematic uncertainty contour
region. The horizontal dotted line plotted is (RM(¢)). The fourth panel shows the phase-resolved A(V/I) values with their

associated statistical and systematic uncertainties. The bottom panel displays the Xlzj AGL.6) represented by the black circles

and )(\2/ T00)? represented by the red crosses. The horizontal line corresponds to a reduced y? of 1.
B Systematic uncertainties of Vela from RMjgno

Following the description in Section 3.1, we considered the effect of a varying RM because of changes in the ionosphere. For
the Vela pulsar, J0835-4510, this leads to systematics effects in the longitude resolved RM curve, as determined in Fig. B.1.
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Figure A.1: Phase-resolved RM plots for PSR J0034-0721, PSR J0134-2937, PSR J0152-1637 and PSR J0255-5304. For
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Figure A.2: Phase-resolved RM plots for PSR J0401-7608, PSR J0452—-1759, PSR J0536—7543 and PSR J0614+2229. For
more details on what is displayed in the individual panels, see Fig. 1.



2 1.007pgR j0630-2834 ' ' ' ™
%]
S 0751 -
- S e
x 0.50+ b
3
Y
I 0.254 B
S
2 0.001
S 50+
()
5 ot
& _sot
}
— 48+
b
€ 464+
©
©
s a4+
=
= a4
1 1 1 1 1 1 1
T T T T T T T
0.2+ l i
§ 0.0 %Tl“r-v N lei‘ri
—02+ -
1 1 1 1 1 1
T T !( XxXxx E3L T T T
8- 5 .
o 2:: X x . :
2T P A LA T ]
0— } —" } } } }
150.0 160.0 170.0 180.0 190.0  200.0  210.0
Pulse Longitude [deg]
2 1-007psR j0738-4042 ' ' ' "
2
[
o
x
3
2
£
(=]
2
=
[
S
<
[« N
&30+ -
€
s 20+ .
L .
£t oy
o
0__ -
1 1 1 1 1 1 1
T T T T T T T
0.2+ -
S oo - o WJ
3
—0.24 -
1 1 1 1 1 1 1 1
T T T ® T T Pl Ix T
- . < i
2" PR
N 1 : . . i
< Ly ]
>4 E e 2 e . x f i
o—— e ! e
140.0 150.0 160.0 170.0 180.0 190.0 200.0 210.0

Figure A.3: Phase-resolved RM plots for PSR J0630-2834, PSR J0729-1836, PSR J0738—4042 and PSR J0742-2822. For
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Figure A.4: Phase-resolved RM plots for PSR J0745-5353, PSR J0809-4753, PSR J0820-1350 and PSR J0835-4510. For
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Figure A.5: Phase-resolved RM plots for PSR J0837-4135, PSR J0907-5157, PSR J0908-4913 (MP) and PSR J0908-4913
(IP). For more details on what is displayed in the individual panels, see Fig. 1.
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Figure A.7: Phase-resolved RM plots for PSR J1048-5832, PSR J1056—6258, PSR J1057-5226 (MP) and PSR J1057-5226
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Figure A.8: Phase-resolved RM plots for PSR J1136-5525, PSR J1146-6030, PSR J1157-6224 and PSR J1243-6423. For

1.00
0.75+
0.50+

0.25+

PSR J1136.5525

0.00

50
0-
—50]

plezze=-—=F7p

50
40
30

20
10+

w

0.2
0.0

Ay,

ll i
|

—0.2

8
6
44
24

. |
Rpry ey T

o Bxx Xy By X g X X

&

XK "8 o X0 AL }

K]

X 1

Pulse Longitude [deg]

Il
T T T T T T T
160.0 165.0 170.0 175.0 180.0 185.0 190.0 195.0

1.00
0.754
0.50
0.254

FPSR J1157-6224

0.00

50
04
—50

515+
510
505+
500+
495

0.2

0.0
—0.2
8-
6
4
24

° o
o o X x x o

) x
0 o

299590 %00 "nog %t
i |

e % O
| bl

O Tl

1700 180.0 190.0
Pulse Longitude [deg]

1
150.0 160.0

200.0

1
210.0

RM [rad m~2] PA [deg] Norm flux density

AV

2

RM [rad m~2] PA [deg] Norm flux density

AV

2

TPSR J1146-6030

—-10—+ (

0.2+

g

8+ .
6__
4+
2__

0 1

*x
X X
5%

'-.-,;_-'-—.-!-'-‘f-ﬂ-.

T
160.0 165.0

T
170.0

T T T T
175.0 180.0 185.0 190.0

Pulse Longitude [deg]

TPsr)1243-6423

8t . .
61 B x i
44 x . . i
2 4t x xx. e cas_elo ]
S — } t } t } }
170.0 172.,5 175.0 177.5 180.0 182.5 185.0 187.5

more details on what is displayed in the individual panels, see Fig. 1.

Pulse Longitude [deg]



> 1.0__| _I T T -
> 100Fpcr 13066617 | z PSR J1326-5859
£ 0751 g
3 ° 05T
é 0.50 E!
£ 0.25- E oo
= o
o
= 0.001 = : : — : :
3 soT i 5 soT T -
kel 4+ i S, 0+ - 4
‘<—(‘ 0 < 3 - — xx_x_xifegili}{fﬂ} +F
a  -50++ e 1 i o  -50 e i
| | | | | | 1 1 1 1 1 1
1 1 1 1 1 1 T T T T T T
4054 f W - ~560T ,,fﬂﬂ{ T
N 1 4 Y —570 B
: kg R -
3954 v Al . s I e
kel 1L 1 © { { {
£ 300+ I | HHH I i £ —s904 ‘ %1{{ i
2 38 u | 1 = 600+ H} 4
380+ E 610 b
: : : : : l : : . = = = = =
0.2+ ’ i 24 ]
- L S T
D B TV i T Z : LA (B T
3 ‘ 3
-0.2+ | N -02T . . | . - i
: : —— ——— | . . . . : .
8-t . . 8T 1
NS . 1 o 5T (o : i
44 .« x . i 4+ - ‘e o % N 4
2+ I S . 2+ - L A .
0 h h L bl Tl o e ittt P i ;w@?"-r"m’-'?n--‘*--- : ---‘-—-T'- oo
T T T T T T
150.0 160.0 170.0 180.0 190.0 200.0 210.0 165.0 170.0 175.0 180.0 185.0 190.0
Pulse Longitude [deg] Pulse Longitude [deg]
2 10Tpsr j1326-6408 ' ' o T : , , , _
@ 2z 190Tpsrj1326-6700
g g 0.75
x 057 o°
= < 0.50
=]
£ £ 0.251
S 0.0+ IS
z S 0.004
— 50_
8 a 50_
S 01 9 0
£ —sot . . <
! I g 3T ! ! Ik o —504
T ‘ Ll T T T
- 280+ I b —45+
L 260 “ [t l ” 4 TE _504
© 2404 I k{lh M AL T [ . 5 551
= P et B oo
s 220+ ‘ ‘ l E S
x —65 -
—+ _ o
200 | 704
1 1 1 1 1
02__ T H T T T T i
g AU b . i
S 00 i '\ff . S oo T
oS S L LU I -
e ] f f f ' " " — " " "
8+ - gt i
~ 61 . S b ~ 6 x b
4+ . ‘e o . 4 4+ x o i
2 . S e e 1 2t OOy S Y S 1
: 2R X SOPRRHK Xxxxx"i NP 'T'-x'i : : 0 : : ™ 'll'-u -rd-‘r-= i : :
165.0 170.0 175.0 180.0 185.0  190.0 140.0 150.0 160.0 170.0 180.0 190.0 200.0
Pulse Longitude [deg] Pulse Longitude [deg]

Figure A.9: Phase-resolved RM plots for PSR J1306-6617, PSR J1326-5859, PSR J1326-6408 and PSR J1326-6700. For
more details on what is displayed in the individual panels, see Fig. 1.
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Figure A.10: Phase-resolved RM plots for PSR J1327-6222, PSR J1328-4357, PSR, J1357—62 and PSR, J1359-6038. For
more details on what is displayed in the individual panels, see Fig. 1.
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Figure A.11: Phase-resolved RM plots for PSR J1401-6357, PSR J1428-5530, PSR J1430—-6623 and PSR J1453-6413. For
more details on what is displayed in the individual panels, see Fig. 1.
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more details on what is displayed in the individual panels, see Fig. 1.
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Figure A.19: Phase-resolved RM plots for PSR J1722-3207, PSR J1722-3712 (MP), PSR J1722-3712 (IP) and PSR
J1731-4744. For more details on what is displayed in the individual panels, see Fig. 1.
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Figure A.21: Phase-resolved RM plots for PSR J1745-3040, PSR J1751-4657, PSR, J1752—-2806, and PSR, J1807-0847. For
more details on what is displayed in the individual panels, see Fig. 1.
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Figure A.23: Phase-resolved RM plots for PSR J1824-1945, PSR J1825-0935 (MP), PSR J1825-0935 (IP) and PSR
J1829-1751. For more details on what is displayed in the individual panels, see Fig. 1.
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Figure A.24: Phase-resolved RM plots for PSR J1830-1059, PSR J1832-0827, PSR J1845—-0743 and PSR J1847-0402. For
more details on what is displayed in the individual panels, see Fig. 1.
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Figure A.25: Phase-resolved RM plots for PSR J1848-0123, PSR J1852-0635, PSR J1900—2600 and PSR J1913-0440. For
more details on what is displayed in the individual panels, see Fig. 1.
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Figure A.26: Phase-resolved RM plots for PSR J1941-2602, PSR J2048-1616, PSR J2330—2005 and PSR J2346-0609. For
more details on what is displayed in the individual panels, see Fig. 1.
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Figure B.1: PSR J0835-4510. The solid black triangles represent the observed RM(¢) values with the associated statistical
uncertainties. The red circles (in the online version) represent the RM(¢) values obtained from simulating the effect of
misaligned observations with varying RMjone. The dashed horizontal line represents the mean of these values.
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