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ABSTRACT

Aims. We present the highest-quality polarisation profiles to date of 16 non-recycled pulsars and four millisecond pulsars, observed below 200 MHz
with the LOFAR high-band antennas. Based on the observed profiles, we perform an initial investigation of expected observational effects resulting
from the propagation of polarised emission in the pulsar magnetosphere and the interstellar medium.
Methods. The polarisation data presented in this paper have been calibrated for the geometric-projection and beam-shape effects that distort the
polarised information as detected with the LOFAR antennas. We have used RM Synthesis to determine the amount of Faraday rotation in the data
at the time of the observations. The ionospheric contribution to the measured Faraday rotation was estimated using a model of the ionosphere. To
study the propagation effects, we have compared our low-frequency polarisation observations with archival data at 240, 400, 600, and 1400 MHz.
Results. The predictions of magnetospheric birefringence in pulsars have been tested using spectra of the pulse width and fractional polarisation
from multifrequency data. The derived spectra offer only partial support for the expected effects of birefringence on the polarisation properties, with
only about half of our sample being consistent with the model’s predictions. It is noted that for some pulsars these measurements are contaminated
by the effects of interstellar scattering. For a number of pulsars in our sample, we have observed significant variations in the amount of Faraday
rotation as a function of pulse phase, which is possibly an artefact of scattering. These variations are typically two orders of magnitude smaller than
that observed at 1400 MHz by Noutsos et al. (2009), for a different sample of southern pulsars. In this paper we present a possible explanation for
the difference in magnitude of this effect between the two frequencies, based on scattering. Finally, we have estimated the magnetospheric emission
heights of low-frequency radiation from four pulsars, based on the phase lags between the flux-density and the PA profiles, and the theoretical
framework of Blaskiewicz et al. (1991, ApJ, 370, 643). These estimates yielded heights of a few hundred km; at least for PSR B1133+16, this is
consistent with emission heights derived based on radius-to-frequency mapping, but is up to a few times larger than the recent upper limit based
on pulsar timing.
Conclusions. Our work has shown that models, like magnetospheric birefringence, cannot be the sole explanation for the complex polarisation
behaviour of pulsars. On the other hand, we have reinforced the claim that interstellar scattering can introduce a rotation of the PA with frequency
that is indistinguishable from Faraday rotation and also varies as a function of pulse phase. In one case, the derived emission heights appear to
be consistent with the predictions of radius-to-frequency mapping at 150 MHz, although this interpretation is subject to a number of systematic
uncertainties.
Key words. pulsars: general – polarization – radiation mechanisms: non-thermal – scattering

1. Introduction

The polarisation properties of pulsars below observing frequen-
cies of a few hundred MHz are not very well known. A small
number of publications have so far reported on properties be-
low 300 MHz, such as the degree of fractional polarisation
and the profiles of the polarisation position angle. In particular,
Gould & Lyne (1998) published multi-wavelength polarisation
profiles for 300 pulsars, between 230 and 1600 MHz, obtained
with the Lovell telescope. However, polarisation information
below 400 MHz was obtained for only ≈90 pulsars in that
work. More recently, Johnston et al. (2008) used the Giant
Meter-Wave (GMRT) and Parkes telescopes to study the polar-
isation of 67 bright pulsars between 243 and 3100 MHz. As in
the preceding work, sensitivity and scattering limitations at low

frequencies only allowed for 34 pulsars to be observable below
300 MHz.

Below 200 MHz, pulsar polarisation observations have been
sporadic and have focused on studies of individual, bright
pulsars. Mainly, such observations have been performed with
the Bol‘shaya Steerable Array (BSA) of the Pushchino Radio
Astronomy Observatory (PRAO; Shabanova & Shitov 2004;
Suleymanova & Rankin 2009). However, the BSA is only sen-
sitive to a single linear-polarisation sense and its frequency
band is limited to ≈2 MHz centred at 112 MHz. By combining
BSA data with other low-frequency data, Shabanova & Shitov
(2004) measured the interstellar Faraday rotation towards PSR
B0950+08, while also estimating the ionospheric contribution
to be less than 10%. The total Faraday rotation was found to
be RM = 3−6 rad m−2, where RM is the rotation measure;
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this measure quantifies the strength of Faraday rotation to-
wards a pulsar: it is the proportionality constant between the
amount of rotation of the position angle of the linear polarisa-
tion (PA) and the observing wavelength squared, λ2. Shabanova
& Shitov concluded that the published value by Taylor et al.
(1993; RM = 1.35 ± 0.15 rad m−2) is incorrect and that the ac-
tual RM value for this pulsar should be 3 times larger. Notably,
both these measurements are consistent with the older and less
constraining measurement by Hamilton & Lyne (1987), being
RM = 2 ± 2 rad m−2. The most recent measurement by Johnston
et al. (2005), using polarisation data from Parkes, at 1400 MHz,
yielded the much more constraining value of RM = −0.66 ±
0.04 rad m−2. It should be stressed that the published values by
Johnston et al. (2005) and by Hamilton & Lyne (1987) were cor-
rected for the ionospheric Faraday rotation, RMiono, by means of
subtracting it from the total RM. In the work of Johnston et al.,
RMiono was estimated to be −2−0 rad m−2. It is not clear whether
this correction was also made by Taylor et al. (1993).

The significant differences in the RM value of
PSR B0950+08 from the different observations – at least
where the ionospheric contribution was taken into account – is
not clear. Nevertheless, such inconsistencies between the RM
values of individual pulsars have also been reported in more
recent studies (Noutsos et al. 2008). The most recent measure-
ments by Shabanova & Shitov and Johnston et al. accounted for
the ionospheric contribution and were nearly contemporaneous,
which makes it unlikely that the RM difference is due to changes
in the interstellar medium (ISM) or due to the pulsar’s relative
motion to the observer. Changes in the local interplanetary
medium or even calibration errors could be the reasons behind
those differences, although the former would most likely be
responsible for only a small fraction of a rad m−2 for pulsar
observations several solar radii away from the Sun (You et al.
2012).

According to a simple picture of magnetospheric production
of radio emission, the wavelength of pulsar radio emission is re-
lated to the local plasma density in the open field-line region
(Ruderman & Sutherland 1975). This is the so-called radius-
to-frequency mapping (RFM) model, which implies that high-
frequency emission is generated closer to the polar caps than
low-frequency emission and, thus, the observed spectrum of ra-
dio frequencies traces a range of emission altitudes above the po-
lar caps. Based on pulsar timing and polarisation measurements,
it has been estimated that for the majority of pulsars for which
this has been measured the range of altitudes across which pulsar
radio emission is generated ranges from a fraction of a percent
to a few percent of the light-cylinder radius, RLC = cP/(2π) –
where P is the pulsar spin period and c, the speed of light
(Cordes 1978; Weltevrede & Johnston 2008; Hassall et al. 2012).
It should be noted that for a few pulsars this value has been found
to be up to several tens of percents.

Furthermore, a number of studies suggest that pulsars ex-
hibit lower fractions of linear polarisation towards high frequen-
cies. An early study of the linear polarisation of 20 pulsars by
Manchester et al. (1973), between ≈100 MHz and a few GHz,
suggested that pulsars are more highly polarised at low frequen-
cies. Interestingly, for several pulsars it was observed that the po-
larisation fraction is roughly constant up to a critical frequency,
above which the polarisation decreases linearly as a function of
observing frequency. Later, Xilouris et al. (1996) investigated
the spectrum of linear-polarisation fractions for 8 bright pulsars,
between ≈100 MHz and 32 GHz. In most cases, it was shown
that pulsars depolarise rapidly towards high frequencies, while
nearly half the sample of pulsars investigated also exhibited a

spectral steepening of the degree of depolarisation towards the
highest frequencies. Such studies motivated an explanation for
the frequency-dependent depolarisation of pulsars, an attempt
for which was provided by von Hoensbroech et al. (1998), who
interpreted the phenomenon in terms of the birefringence of the
magnetospheric plasma (see Sect. 5). Notably, the role of bire-
fringence in pulsar magnetospheres had been suggested much
earlier, in the work of Novick et al. (1977). Johnston et al. (2008)
note that depolarisation at high frequencies may simply be re-
lated to the fact that high-frequency radio emission traverses
longer paths through the magnetosphere, in the framework of
RFM.

Nevertheless, the work of Gould & Lyne (1998) and
Johnston et al. (2008) found several cases where a simple, mono-
tonic relationship between the polarisation fraction and the ob-
serving frequency is not followed. Moreover, in certain cases,
the degree of polarisation remains roughly constant throughout
the explored frequency range. The above authors put forward ge-
ometrical arguments to explain the depolarisation at higher fre-
quencies, arguing that several, short but highly polarised bursts
of emission are incoherently summed at the detector, during
the sampling interval. At higher frequencies, the emission is
generated at lower altitudes where the magnetic-field density
is higher, leading to a higher number of incoherently summed
bursts whose average polarisation is lower. Alternatively, it has
been suggested that the superposition of orthogonal modes of
linearly polarised emission with different spectral indices can
also cause depolarisation at higher frequencies (Karastergiou
et al. 2005).

The work of Johnston et al. (2008) used a sample of 34 pul-
sars that exhibited low scattering at 243 MHz (quantified by the
pulse broadening between 3.1 GHz and 243 MHz). However, the
effects of scattering have been seen in polarisation at 1400 MHz,
even in cases where the total power appears little or moderately
scattered (Karastergiou 2009; Noutsos et al. 2009). Karastergiou
showed through simulations that scattering causes flattening of
steep gradients in PA profiles and, furthermore, that scattering is
a plausible explanation for the observed variations in the amount
of Faraday rotation as a function of pulse phase, which had been
observed by Noutsos et al. (2009). The main reason for these
effects is the different degrees of superposition of linearly po-
larised intensity between earlier and later pulse phases (due to
scattering), as a function of frequency. The magnitude of these
effects is expected to increase dramatically with decreasing fre-
quency, as scattering scales proportionally to f −4 (Cronyn 1970;
but also see Bhat et al. 2004). However, the frequency evolution
of some of these effects, e.g. phase-resolved RM variations due
to scattering, has not yet been investigated (see Sect. 6).

The following sections contain the presentation and analy-
sis of the first data set of 20 polarised pulsars observed with
the high-band antennas (HBAs) of the Low Frequency Array
(LOFAR). The content of this paper is set out in the following
way. Section 2 describes our observing set-up and the calibration
procedure. In Sect. 3, we provide the methods that were used to
test the quality of the polarisation calibration of pulsar data ob-
tained with LOFAR. The data set of 20 polarisation profiles is
presented in Sect. 4. The data analysis performed in this paper is
concerned with the investigation of two propagation effects that
may affect linearly polarised radio emission between the pulsar
and the telescope: (a) Sect. 5: the effects of the birefringence
of magnetospheric plasma on the frequency evolution of pulsar
polarisation profiles; (b) Sect. 6: the effects of interstellar scat-
tering on the observed linearly polarised emission and the mea-
sured Faraday rotation. In the Discussion, Sect. 7, we provide
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Table 1. Polarisation properties of the 20 pulsars presented in this paper, as measured from LOFAR observations, between 105 and 197 MHz.

PSR Duration [min] RMpub [rad m−2] RMLOFAR [rad m−2] RMiono [rad m−2] L [%] |V | [%] L+|V | [%]

B0031−07 10 9.8(2)1 10.977(4) 1.09(7) 41.1(1) 9.8(2) 50.0(3)
J0034−0534 20 – – 1.10(7) <15.7(2)∗ 12.0(2) <27.7(3)∗

B0136+57 10 −90(4)1 −93.689(6) 0.44(8) 47.3(3) 8.7(5) 56.0(6)
B0809+74 10 −11.7(13)2 −13.566(1) 0.43(7) 18.43(1) 4.18(3) 22.61(3)
B0823+26 10 5.9(3)3 5.942(3) 0.56(6) 25.18(4) 6.21(7) 31.4(1)
B0834+06 10 23.6(7)1 26.095(1) 0.77(7) 25.45(2) 2.59(4) 28.05(5)
B0950+08 10 −0.66(4)4 2.151(1) 0.67(6) 73.9(1) 11.54(5) 85.4(1)
J1012+5307 20 – 3.38(1) 0.40(6) 92(1) 9(1) 100(2)
J1022+1001 20 −0.6(5)5 2.18(2) 0.79(5) 82(2) 14(2) 96(2)
B1133+16 10 1.1(2)4 4.770(1) 0.80(7) 33.92(1) 17.00(4) 50.93(4)
B1237+25 10 – 0.33(6)6 0.864(2) 1.06(6) 46.3(1) 7.5(1) 53.8(2)
B1257+12 30 – 9.24(3) 1.33(6) 24.2(4) 18(1) 42(1)
B1508+55 10 0.8(7)2 2.449(2) 1.17(6) 10.21(1) 6.57(3) 16.78(4)
B1911−04 10 4.4(9)4 6.23(2) 2.25(5) 16.1(2) 7.0(4) 23.1(5)
B1919+21 10 −16.5(5)1 −16.104(2) 0.89(5) 18.74(3) 6.82(7) 25.6(1)
B1929+10 10 −6.87(2)4 −5.841(2) 1.11(4) 87.0(3) 22.8(3) 109.9(4)
B1953+50 10 −22(2)1 −23.07(1) 0.77(5) 19.6(2) 6.0(5) 25.6(5)
B2111+46 10 −224(2)2 – 0.53(6) 1.423(4)∗∗ 5.6(2) 7.1(2)∗∗

B2217+47 10 −35.3(18)2 −35.407(2) 0.52(6) 19.33(2) 9.17(5) 28.5(1)
B2224+65 10 −21(3)1 −22.486(8) 0.50(7) 48.1(4) 8.7(8) 56.7(9)

Notes. The duration of each observation is shown in Col. 2. The 1σ statistical uncertainties, shown in parentheses, refer to the last significant
digit of the tabulated values. Column 3 shows the published value of the RM, from the ATNF pulsar catalogue. Column 4 shows the value of the
RM obtained from LOFAR data, using RM Synthesis. The quoted uncertainties are purely statistical and do not incorporate systematics due to
e.g. the ionospheric and solar-wind contributions. Column 5 shows the contribution of the ionosphere to the measured RM values from LOFAR,
calculated for each observation, from the model of Sotomayor-Beltran et al. (2013). The last three columns show the linear, circular and total
polarisation fraction in the average profiles from LOFAR. The quoted uncertainties are purely statistical and do not incorporate a systematic
uncertainty of 5–10%, attributable to the calibration model (see Sect. 3.2.2). We note that because of the lack of significant linear polarisation,
it was not possible to meaure an RM for PSRs J0034−0534 and B2111+46. The corresponding linear-polarisation fraction for PSR J0034−0534
was calculated assuming the RM = 0 rad m−2, which only yields an upper limit due to significant instrumental polarisation (see Sect. 8.3.1); the
linear-polarisation fraction for PSR B2111+46 was calculated assuming the published RM. (∗) Calculated at RM = 0 rad m−2; (∗∗) calculated at the
published RM.

References. (1) Hamilton & Lyne (1987); (2) Manchester (1972); (3) Manchester (1974); (4) Johnston et al. (2005); (5) Yan et al. (2011); (6) Taylor
et al. (1993).

estimates of the emission altitudes of radio emission, based on
the phase lag between the observed emission and the location of
the emission in the co-rotating magnetosphere; we also individ-
ually discuss the polarisation properties of three of the four mil-
lisecond pulsars (MSPs) that we observed with LOFAR. Finally,
in Sect. 9 we summarise this paper and draw conclusions based
on the results of our analysis.

2. Observations

LOFAR is an international interferometric telescope, composed
of many thousands of dipole antennas grouped into stations.
Each station comprises two types of LOFAR antennas, the low-
band antennas (LBA) and high-band antennas (HBA), which are
sensitive to 10–90 MHz and 105–240 MHz radio frequencies,
respectively. The LOFAR stations are arranged in a sparse array,
spread across Europe, with a dense core region located in the
Netherlands; at the centre of this core region there is an isolated
complex of six LOFAR stations, called the Superterp. For a gen-
eral LOFAR description see van Haarlem et al. (2013), and for
a full description of how LOFAR is used for pulsar observations
see Stappers et al. (2011).

Our pulsar polarisation observations were performed in
November and December 2012, with 24 stations of the LOFAR
core. We observed 20 bright pulsars, which were selected
(a) based on their high flux densities at 102.5 MHz, published
by Malofeev et al. (2000) who performed observations with
the Large Phased Array of the Lebedev Institute of Physics;
(b) based on their high degrees of linear polarisation, as derived
from polarisation observations between 230 and 1600 MHz by
Gould & Lyne (1998); and (c) based on their relatively high
source declination, which ensured that the pulsars could be ob-
served at an elevation of >30◦, minimising the complexity of
correcting for the elevation-dependent effects of LOFAR’s sen-
sitivity (see Sect. 3.2.1). The list of 20 pulsars observed at
150 MHz for this paper is shown in the first column of Table 1.

The typical integration time per pulsar in our observations
was 10 min. Our observing set-up used ∆ f = 92 MHz of instan-
taneous bandwidth between fmin = 105 and fmax = 197 MHz,
centred at fc = 150 MHz and split into 470 × 195 kHz sub-
bands. Each subband contained the raw signal sampled as com-
plex X- and Y-sense voltages, at the baseband temporal resolu-
tion of 5.12 µs. The large available bandwidth was the result
of recording the voltage data as 8-bit samples, instead of the
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standard 16 bits/sample, which would result in half the above
bandwidth, given hardware limitations on the total data rate. For
these observing parameters, the minimum detectable flux of the
LOFAR core at 150 MHz is ≈0.5 mJy. The details of the online
processing for pulsar observations with LOFAR are described in
Stappers et al. (2011).

3. Data reduction and polarisation calibration

3.1. Data reduction

The complex data within each 195 kHz subband were coherently
de-dispersed (Hankins & Rickett 1975) using the pulsar’s known
dispersion measure (DM), published in the Australia Telescope
National Facility (ATNF) pulsar catalogue1, in order to correct
the effects of interstellar dispersion. The coherent de-dispersion
was performed using the DSPSR digital signal-processing soft-
ware (van Straten & Bailes 2011). The de-dispersed signal was
folded with the known timing ephemeris obtained from the
ATNF pulsar catalogue and the data were further reduced by av-
eraging the signal over every 5 s of data (i.e. a subintegration).
The down-sampled data were transformed from XY auto- and
cross-correlations to Stokes I, Q, U, V parameters and written
out as a PSRFITS2 archive. Finally, impulsive radio frequency
interference (RFI) from sources of terrestrial origin was excised
by visually determining and zero-weighting the affected sub-
bands and subintegrations. On average, no more than 5% of each
data set was zero-weighted during this step. For some of the pul-
sars, it was necessary to fine-tune the value of the DM by max-
imising the signal-to-noise ratio (S/N) of the average pulse pro-
file over a small range of values around the published DM. All
of the above steps were performed using the PSRCHIVE pulsar
processing suite (Hotan et al. 2004).

3.2. Instrumental calibration

The sensitivity of LOFAR decreases significantly away from the
zenith, mainly due to the signal projection onto the ground-fixed
antennas. In addition, the recorded pulsar polarisation is prone
to geometric distortions caused by parallactic rotation between
the polarisation plane of the pulsar emission and the fixed orien-
tation of the antenna dipoles, due to the Earth’s diurnal rotation.
In addition, the polarisation of the signal is affected by the differ-
ence in sensitivity between the X and Y senses of the antennas.
These instrumental effects need to be removed, in order to study
the intrinsic polarisation properties of the observed pulsars.

The current model that describes the sensitivity of LOFAR
as a function of direction and observing frequency is based on
electromagnetic (EM) simulations of the antenna gains, using as
its basis the measurement equations by Hamaker et al. (1996; see
e.g. Smirnov 2011a). The calculation of the model’s parameters
for any frequency and spatial direction is done by polynomial
fits and Taylor expansions of the simulations, respectively. We
note that the current model contains only the beam and gain cor-
rections of the full Jones formalism: in the Jones calculus, these
are expressed with the E and G complex matrices (Jones 1941).
The pulsar profiles were calibrated by applying the inverse of
the instrumental response, as is expressed by the Jones matrix
for each subband and each subintegration, to the Stokes profiles
of the pulsar.

1 http://www.atnf.csiro.au/people/pulsar/psrcat/
2 http://www.atnf.csiro.au/research/pulsar/psrfits/

3.2.1. Calibration performance: sensitivity

We have measured the model’s performance as a function
of source elevation, with observations of 4 bright pulsars,
PSRs B0834+06, B1929+10, B1953+50 and B2217+47, at ele-
vations between ≈9◦ and 87◦. These auxiliary observations used
the same observing set-up as that for the 20 pulsars of our main
sample. After performing the Hamaker calibration on each data
set, we generated time- and frequency-averaged pulse profiles
for each observation. We then measured the rms of the off-pulse
noise in each pulsar’s averaged flux-density profile. In order
to account for the differences in the amount of integration and
bandwidth between observations, due to RFI excision, we used
the radiometer equation to scale the rms values from all obser-
vations to the same frequency bandwidth and integration time.
Finally, we plotted the rms values as a function of elevation, θ
(Fig. 1). As we have not performed absolute flux calibration,
we normalised the flux scale to be 0.5 mJy at θ = 90◦, corre-
sponding to the expected direction-independent sensitivity of our
observing set-up. Our measurements show that below a source
elevation of 20◦ the sensitivity decreases by at least a factor of
≈4. However, above 35◦ the sensitivity remains within a factor
of 2 of its value at zenith. The observations of the 20 pulsars
presented in this paper took place near the transit time of each
pulsar. As a result, all pulsars were above 30◦ in elevation, dur-
ing each observation.

Ideally, if the calibration model perfectly describes the
LOFAR antennas, after calibration the rms noise should be in-
dependent of elevation. Our tests have shown that this remains
true for θ > 45◦, to within 18% accuracy. However, below that
limit the model deviates significantly from a flat response. In
Fig. 1, we have drawn the expected dependence of sensitivity on
elevation of a ground-fixed antenna, in two cases: (a) the case of
a simple projection of an unpolarised signal, given by Lambert’s
cosine law (∝1/sin θ); (b) the case of a projection of a 100% lin-
early polarised signal onto a co-polarised dipole antenna, given
by Malus’s law (∝1/sin2 θ). It can be seen that although cali-
bration cannot recover the full sensitivity at low elevations, the
reduction of sensitivity with decreasing elevation is much less
than for an uncalibrated dipole: a power-law fit on sin θ to the
data yields that the rms noise scales as 1/sin1.39 θ. Even at eleva-
tions below 20◦, the post-calibration sensitivity is >50% better
than without calibration.

3.2.2. Calibration performance: polarisation

As was mentioned in the previous section, the sensitivity of
LOFAR depends strongly on observing direction. Furthermore,
since a large fraction of pulsar emission is polarised, the amount
of polarisation projected onto each antenna dipole can vary sig-
nificantly as the pulsar moves across the sky. Hence, before we
can draw conclusions about the degree of polarisation of the
observed pulsars, we must correct for the direction-dependent
gains of the LOFAR antennas. The performance of the beam
model, which we used to correct the data, was tested with a
17-h observation of the bright pulsar, PSR B2217+47, with the
Effelsberg HBA station (codenamed DE601). The choice of ob-
servatory was based on the availability of DE601 for long test
observations, being higher than for the LOFAR core. During the
observation, we recorded δt = 15 min of data, every 30 min.
On average, each integration corresponded to approximately
1700 pulsar rotations, thus yielding stable profiles that should
be relatively unaffected by pulse-to-pulse intensity variations.
The available bandwidth during these test observations was
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Fig. 1. Post-calibration dependence of the sensitivity of LOFAR on source elevation, measured during the observation of 4 pulsars
(PSRs B0834+06, B1929+10, B1953+50 and B2217+47) at various hour angles, with the LOFAR core. Here, the sensitivity is expressed as
the rms of the off-pulse flux density, which has been normalised to 0.5 mJy at elevation of θ = 90◦; this flux density corresponds to the theoretical
sensitivity of the instrument, assuming the parameters of our observations (see text). The best fit of a power law on 1/sin θ to the data, as is
expected by a simple signal projection, is shown with a solid curve. For comparison, we show the 1/sin θ function (dotted curve), normalised in the
same way, which is the expected theoretical dependence from Lambert’s law of a simple signal projection of unpolarised emission. The expected
theoretical dependence of fully polarised emission, assuming an ideal dipole antenna follows Malus’s law, 1/sin2 θ (dashed curve).

approximately δ f = 36 MHz, ranging from 127 to 163 MHz.
Our observations sampled elevations ranging from 12◦, which
roughly corresponds to the south-west horizon defined by the
surrounding hills of the Effelsberg site, up to 84◦, near transit. It
should be noted that the DE601 horizon at the south-east loca-
tion where this pulsar rises corresponds to an elevation of ≈30◦.
In that respect, the topology of DE601 is unique and unlike the
Dutch stations that were used for our main observations: the lat-
ter are unobstructed by the surrounding terrain and allow for ob-
servations at elevation angles that are lower than those accessible
with DE601, in all azimuthal directions. For each 15-min point-
ing, we calculated the average values of the total and linearly
polarised flux density across the pulse. These were calculated as

〈I〉 =
1

NON

∑
ON

I (1)

〈L〉 =
1

NON

∑
ON

L (2)

where, according to Everett & Weisberg (2001),

L = σI

√
Q2 + U2

σ2
I

− 1 if

√
Q2 + U2

σI
> 1.57 (3)

L = 0 otherwise, (4)

where σI is the off-pulse rms of Stokes I, calculated across NOFF
phase bins and scaled to the width of the on-pulse area;

∑
ON

denotes bin-wise summation of the respective quantity across
the on-pulse area, corresponding to NON bins.

In addition, we calculated the uncertainties on the above
quantities as

σ〈I〉 =
1
√

NON

√∑
OFF

I2

NOFF
(5)

σ〈L〉 =
1
√

NON

√∑
ON

(Q
L

)2

σ2
Q +

∑
ON

(U
L

)2

σ2
U , (6)

where σQ and σU are the off-pulse rms values of Stokes Q
and U, respectively, scaled to the width of the on-pulse area.

The average on-pulse flux and linear polarisation were cal-
culated before and after applying the beam model corrections.
In order to account for the different amounts of RFI excision to
which the data were subjected before the flux calculations, we
scaled all fluxes by the effective bandwidth and integration time
of each observation, i.e. according to the radiometer equation,
〈I〉 ∝ (δ feff · δteff)−1/2. Figure 2a shows the calibrated and uncali-
brated flux for each pointing, as a function of hour angle relative
to the time of transit (corresponding to 0). It should be noted
that each observation was corrected for the effect of Faraday ro-
tation before calculating the amount of linear polarisation. This
was done by calculating an RM separately for each pointing, as
the ionospheric contribution could vary significantly over several
hours (Sotomayor-Beltran et al. 2013). Figure 2c shows the RM
values with which we corrected the data, as a function of hour
angle. The variability of the ionospheric contribution to the mea-
sured Faraday rotation is evident in that plot: it can be seen that
RMiono varies by ≈1 rad m−2 during the 17-h observation, with
the maximum occurring roughly 3 h after sunrise. Furthermore,
in order to check the amount of leakage between total inten-
sity and linear polarisation at different elevations, we calculated
the fraction of linear polarisation at each pointing: 〈L〉/〈I〉. The
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Fig. 2. Total and polarised flux density of PSR B2217+47 as a func-
tion of hour angle, mapped during the 17-h test observation to evaluate
the performance of the calibration model for LOFAR. Each data point
corresponds to a 15-min integration, every 30 min. Source transit oc-
curred at 03:00 UT, corresponding to 0 hours from transit on the lower
x-axis. Panel a) shows the pulse-averaged flux densities before (dashed
black line) and after beam calibration (black circles). Also shown are
the pulse-averaged linearly polarised flux densities before (dashed red
lines) and after beam calibration and correction for Faraday rotation
(red circles), using the corresponding RM values shown in plot c). All
values in panel a) have been normalised by the maximum flux value
across the observation and each point has been labelled with the eleva-
tion of the pulsar at the beginning of each observation. Panel b) shows
the linear (crosses) and circular (circles) polarisation fractions after cal-
ibration and Faraday rotation correction. Panel c) shows the observed
RM varying due to ionospheric Faraday rotation over the 17-h times-
pan. Times of sunset and sunrise are also marked with grey dashed lines.
Panels d) and e) show the fractional change in the pulse-averaged linear
polarisation and the pulse-averaged circular polarisation, respectively.

uncertainty on 〈L〉/〈I〉 can be expressed as

σL/I =
〈L〉
〈I〉

√(
σ〈L〉

〈L〉

)2

+

(
σ〈I〉

〈I〉

)2

· (7)

The polarisation fraction as a function of hour angle, for our
observation, is shown in Fig. 2b. It can be seen that the frac-
tion of linear polarisation remains constant across the entire ob-
servation, with a mean value of 20.3(7)%. On the other hand,
the fraction of circular polarisation shown in the same figure is
less stable across the entire observation but is well-behaved for
the majority of pointings. More specifically, including all point-
ings within 3 h either side of transit, we obtain a mean circular-
polarisation fraction of 9.7(2)%.

Another interesting diagnostic is the fractional difference of
the linear and circular polarisation between its value at tran-
sit, L0 and V0, and those at lower elevations: i.e. (L − L0)/L0
and (V − V0)/V0, respectively. Ideally, the difference should be
consistent with 0. However, imperfect calibration would lead
to Stokes I leaking power into L and V . Indeed, the diagnos-
tic plot in Fig. 2d shows that for pointings with elevation >30◦,
the mean fractional difference of L is 6.0(7)%. The impact of
imperfect calibration is higher for the circular polarisation. The
results show a steep increase in the amount of V , for eastwards
pointings up to 2 h before transit (elevations <70◦), but remain
roughly constant with a mean of 7(2)%, for the rest of the obser-
vation. This asymmetry in the performance of the model is not
well understood.

An important aspect of the quality of polarisation calibration
is the stability of the pulse profiles as a function of hour angle.
Before we can draw conclusions on the polarisation features of
pulse profiles from LOFAR and how these compare to published
profiles in the literature, we have to make sure that these are in-
variant with the time of observation. To that purpose, we have
made a direct comparison between the PA, L and V profiles of
PSR B2217+47 at transit (corresponding to 84◦ elevation) and
those at 5 h prior and post transit (corresponding to ≈45◦ el-
evation). Prior to comparing the profiles and calculating their
residual differences, we phase-aligned the profiles either side of
the transit to that at transit. This was done by determining the
relative phase shifts between the profiles for which the χ2 be-
tween the total-intensity profiles is minimised. The polarisation
profiles corresponding to the 3 pointings tested are shown on the
same scale in Fig. 3. Below the profiles of L and V , we also show
the residual difference as a function of pulse phase. It should be
stressed that we have not attempted to perform any form of ab-
solute polarisation calibration, as this would require a reference
polarised signal of precisely known properties. Therefore, the PA
profiles shown in Fig. 3a and all other PA profiles from LOFAR,
shown in this paper, are not meant to reflect the intrinsic angles
of the polarised emission.

As was suggested earlier, the linear polarisation remains con-
stant to within 6%. The similarity between the PA profiles also
suggests that the model largely corrects for the effects of par-
allactic rotation. The circular-polarisation profile, on the other
hand, shows a much more significant variation between the three
examined directions. For the chosen hour angles, the residuals
are as large as 30% of the circularly polarised flux at transit.
This reaffirms the conclusions drawn from Fig. 2e.

Overall, our long-track observations of PSR B2217+47 show
that beam calibration removes the strong dependence of the mea-
sured polarised flux on observing direction, at least for source
elevations of >∼30◦. In that elevation range, we estimate that po-
larisation leakage is of the order of 5−10%. However, we have
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Fig. 3. Comparison of the polarisation profiles of PSR B2217+47 be-
tween 3 observations: when the pulsar was at transit and 5 hours be-
fore and after transit. The transit observation corresponds to ≈84◦ el-
evation and those around transit, to ≈45◦. a) Comparison between
the polarisation-angle profiles, where the phase-independent offsets be-
tween the profiles are due to the parallactic rotation of the source with
respect to the LOFAR antennas. b), c) Comparison between the linear
and circular polarisation profiles, where the flux density has been nor-
malised by the maximum flux value of the profile at transit. Below the
profiles, the residual difference between the profiles around transit and
that at transit is shown.

observed an asymmetry in the performance of the beam model,
mainly in the circularly polarised flux. The latter appears to
increase by up to 75% relative to its value at transit, in low-
elevation (<45◦) observations towards the east. This is not well-
understood, but it could be related to the topology of the horizon
surrounding the Effelsberg station: the surrounding hills reach
their maximum elevation of ≈30◦ towards the south-east, which
means that the signal is possibly contaminated by ground emis-
sion and possibly secondary reflections.

In conclusion, our test observations have shown that the
beam model is serviceable to within 5−10% of systematic un-
certainty, in observations with >30◦ source elevation. The polar-
isation data presented in this paper come from 15 observations
with elevations of >45◦, whereas the remaining five observations

were between 30 and 45◦. As such, we deem the polarisation
properties of the pulsars presented here to be reliable to within
the above systematic uncertainty. In the following, we have not
tried to fold the systematic uncertainties arising from the beam
model into the statistical uncertainties, but the reader should bear
in mind that depending on the particularities of the observation,
the quoted values could be different from the true values by the
above percentages.

3.3. Faraday rotation

A dominant effect that alters the polarisation properties of the
pulsar signal, as detected on Earth, is Faraday rotation in the
ISM. In addition, the Earth’s ionosphere also causes Faraday
rotation: typical ionospheric Faraday rotation contributes less
than 1 rad m−2 to the observed RM using the LOFAR stations,
depending on the time of day, the season and Solar activity
(Sotomayor-Beltran et al. 2013). As a result of the geomagnetic
field’s polarity, RMiono is positive in the northern hemisphere and
negative in the south. Faraday rotation causes the rotation of the
linear polarisation, defined by the complex vector, P̃ = Q + Ui,
as the polarised electromagnetic waves propagate through the
magnetised ISM. The amount of Faraday rotation to which the
signal is subjected is proportional to the square of the wave-
length of the emission, λ2, and to the rotation measure, RM. For
a given pulsar at a distance, d, the RM is proportional to 〈neB‖〉d,
where ne is the free-electron density and B‖ is the magnetic field
projected along the line of sight, and the average is calculated
over the distance to the pulsar. Depending on the average direc-
tion of the line-of-sight component of B‖, the RM can be pos-
itive, when the field is directed towards the observer, or nega-
tive. The RM of a pulsar quantifies the magnitude of Faraday
rotation towards the pulsar and it needs to be removed before
calculating the amount of linear polarisation in average pulse
profiles. Pulsar RMs can be accurately measured with the tech-
nique of RM Synthesis (Brentjens & de Bruyn 2005), whereby
the sinusoidal variation of Q and U as a function of frequency is
transformed into an RM spectrum (see Fig. 4). The maximum of
the RM spectrum corresponds to the value of RM for which the
magnitude of linear polarisation is maximised, and for which P̃
is completely de-rotated. According to Brentjens & de Bruyn
(2005), the statistical uncertainty on the determination of the
maximum is calculated as σRM = 0.5 × ∆RM/(S/N)L, where
∆RM is the full width at half maximum (FWHM) of the central
lobe corresponding to the maximum of the RM spectrum, and
(S/N)L is the S/N of the linearly polarised intensity in the aver-
age pulsar profile. The value of ∆RM depends only on the total
bandwidth in λ2 of the observations, i.e. ∆(λ2) = λ2

max − λ
2
min:

equivalently, ∆(λ2) ∝ (1/ f 2
c )×B/(1−B2)2, where 2B = ∆ f / fc is

the fractional bandwidth. In our observations, the typical value
was ∆RM = 2

√
3/∆(λ2) ≈ 0.6 rad m−2.

The RM values that were used to correct for the Faraday ro-
tation in our data are shown in Table 1. For PSRs J0034−0534
and B2111+46 it was not possible to measure an RM due to
the lack of measurable linear polarisation in our observations.
Additionally, we have estimated the amount of Faraday rotation
that was caused by the ionosphere, at the time of each obser-
vation, using the model of Sotomayor-Beltran et al. (2013). The
ionospheric RM, RMiono, for each observation is shown in Col. 5
of Table 1. We warn the reader that the measured Faraday rota-
tion for each pulsar shown in Table 1 does not take into account
the time- and direction-dependent Faraday rotation through the
interplanetary and ionospheric magneto-ionic medium. It can be
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Fig. 4. a) Average polarisation profile of PSR B1929+10 at 150 MHz.
The black line shows the total intensity, the red line shows the linearly
polarised intensity and the blue line, the circularly polarised intensity.
The top panel shows the profile of the polarisation angle. b) RM spec-
trum of PSR B1929+10, derived from the application of the RM syn-
thesis method to the polarisation data taken at 150 MHz. The maximum
peak in the spectrum, indicated with a dashed red line, corresponds to
the RM of the pulsar, RM = −5.837(2) rad m−2, where the number
in parentheses shows the uncertainty on the last significant digit. c),
d) Variation of the Stokes Q and U parameters across the observing
band (black points), due to Faraday rotation, for the observation of PSR
B1929+10. The red line shows the theoretical sinusoidal function of Q
and U, assuming the determined RM value for this pulsar. The gaps in
the frequency coverage are due to flagging of subbands that were af-
fected by RFI. Below c) and d), the residuals from the subtraction of
the theoretical function from the data are shown.

inferred from Table 1 that the contribution from the latter for our
observations is of the order of 1 rad m−2. The solar-wind contri-
bution to the measured RMs is mainly dependent on the pulsar’s
angular separation from the Sun. You et al. (2012) measured the
solar-wind contribution to the RM of PSR J1022+1001, up to a
separation of ≈20 R�, which they found was RM� ∼ 0.1 rad m−2.
At the time of our observations, the separation between the pul-
sars and the Sun was >45◦, corresponding to >200 R�, which
implies that RM� � 0.1 rad m−2.

In conclusion, although the measurements can be considered
accurate within the quoted statistical uncertainties – as were cal-
culated by the above analytic expression – the quoted RM preci-
sion does not reflect our knowledge of the electron density and
magnetisation of the ISM. In applications of pulsar RMs, e.g. in
studies of the Galactic magnetic field, systematic error estima-
tion through models of the ionosphere and the solar-wind need
to be also considered.

4. Polarisation profiles at 150 MHz

After the data-reduction and calibration process described in the
previous section, we obtained time- and frequency-averaged po-
larisation profiles for 20 pulsars, at 150 MHz. All the calibrated
profiles are shown in Fig. 5. Each plot shows a profile of the total
flux density (black lines), normalised to unity. The linearly po-
larised and circularly polarised flux-density profiles are shown
with red and blue lines, respectively. In the profiles shown, the
pulse period of all non-recycled pulsars has been divided into
1024 phase bins. In those cases, the temporal resolution of the
profiles is in the range of ∼50−500 µs. For non-recycled pul-
sars this choice resolves the profile features adequately, while
providing enough S/N for studies of the polarisation proper-
ties as a function of phase (see e.g. Sect. 6). For the MSPs
PSR J0034−0534, J1012+5307, J1022+1001 and B1257+12,
it was deemed adequate to use 256 phase bins across the pro-
file, which corresponds to temporal resolution in the range of
∼5−50 µs.

In the following sections, we will investigate the changes in
the polarisation properties of the pulsars in our sample across
a number of observing frequencies: namely, for most pulsars
we supplemented the LOFAR data with archival observations
at 400, 600, and 1400 MHz, taken with the Lovell radio tele-
scope at Jodrell Bank (Gould & Lyne 1998; Stairs et al. 1999).
For PSRs B0031−07, B0834+06 and B1919+21, observations
with the GMRT, at 240 MHz, were also available (Johnston et al.
2008). For a few of the pulsars presented in this paper, we did
not use the archival profiles from Jodrell Bank, but instead em-
ployed higher-resolution polarisation profiles from other refer-
ences. In particular this was the case for the 1400 MHz profile
of PSR B1237+25, which came from observations with Arecibo
(Rankin, priv. comm.). In addition, the 1400 MHz profiles of the
MSPs PSR J1012+5307 and PSR J1022+1001 came from obser-
vations by Xilouris et al. (1998), with the Effelsberg telescope,
and by Yan et al. (2011), with the Parkes telescope, respectively.

For the purpose of presenting multi-frequency profiles in
a way that allows direct comparison, we attempted to align
the profiles across the different frequency bands mentioned
above, based on components that were present and clearly
identifiable at all frequencies. The alignment of profiles from
different telescopes and observing systems is non-trivial be-
cause of significant changes in profile shape, unknown in-
strumental delays and uncertainties in interstellar dispersion
(see e.g. Hassall et al. 2012). More specifically, for pulsars
with simple profiles, containing a single dominant component
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Fig. 5. Polarisation profiles of 20 pulsars observed with the LOFAR core at ∼150 MHz. In each profile, the flux density of the total (black lines),
linearly polarised (red lines) and circularly polarised emission (blue lines) is shown in arbitrary units normalised to unity. Above each flux profile,
the profile of the polarisation angle (PA) of the linearly polarised emission is shown. Only PA values corresponding to phase bins having an S/N
in linear polarisation of (S/N)L > 3 are shown. Above the PA profiles, we show the values of the first derivative of the PA with respect to λ2,
calculated within our band, at the phases of the PAs with (S/N)L > 5 (see Sect. 6). As a reference, the published value of RM is indicated with
a dashed, grey line, when it resides inside the plotted range. For PSRs J0034−0534 and B2111+46, we have not detected linear polarisation of
astrophysical origin (see Sect. 8.3.1). For 15 pulsars, the phase of the emission assumed to be generated nearest to the magnetic pole is shown
with a vertical, dashed line. The phase at the steepest PA gradient is shown with a vertical, dotted line, determined from RVM fits to the PAs
(green lines). For some pulsars, the PA values shown in grey were zero-weighted to improve the RVM fit (see Sect. 7 for details). The reduced
χ2

RVM of each RVM fit is shown for each profile. The temporal resolution and the off-pulse rms of each profile are shown near the bottom, left
corner of the pulse profiles, with a square of corresponding dimensions. Finally, the weak interpulse of PSR B0950+08 is shown in the inset box,
magnified 50×.

at all frequencies (e.g. PSR B2217+47), the alignment was
based on that component. For pulsars with multiple components
(e.g. PSR B1237+25), the alignment was based on the mid-point
of the profile. Finally, for some pulsars (e.g. PSRs B2224+65
and J1022+1001) one or more components vanish above or be-
low a certain frequency. For those, we identified the component
that is common across all frequencies and aligned according to
that. Finally, in order to extract as much information as possible
from the LOFAR data, with regards to the frequency evolution
of the polarisation profiles, we split the LOFAR band into 3 sub-
bands, with centre frequencies of 120, 150 and 180 MHz.

5. Frequency evolution of pulsar polarisation

5.1. Introduction

The spectra of pulsar polarisation across several octaves in fre-
quency have been investigated in a number of studies (Morris
et al. 1981, hereafter MGS; Gould & Lyne 1998; Johnston
et al. 2008). In those studies, the results for several pulsars
showed evidence for the occurrence of depolarisation with in-
creasing observing frequency. In particular, MGS conclude that
this effect is stronger for pulsars with long periods (>∼300 ms),
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Fig. 5. continued.

whereas shorter period pulsars – which at high frequencies
are typically more highly polarised than pulsars with longer
periods (von Hoensbroech et al. 1998) – exhibit flatter po-
larisation spectra within the investigated frequency ranges
(≈200 MHz−8 GHz). As yet, there is no consensus regarding
the mechanism that is responsible for the observed polarisation

behaviour as a function of frequency. Nevertheless, a number
of models have been proposed that can explain the observed
depolarisation at high frequencies (Ruderman & Sutherland
1975; Barnard 1986; McKinnon 1997; von Hoensbroech et al.
1998). Many of these models are based on the birefringence of
plasma in the open field-line region of pulsar magnetospheres.
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It is generally assumed that polarised radio emission is pro-
duced as the sum of two orthogonal propagation modes (OPMs),
the ordinary (O) and extraordinary (X) mode (Manchester et al.
1975). The two modes are expected to be beamed in different
directions, after exiting the birefringent medium, depending on
the frequency-dependent refractive index: according to Barnard
& Arons (1986), the X mode propagates close to the magnetic
axis, unaffected by the plasma, while the O mode is refracted
along the magnetic-field lines. Hence, it is expected that the
opening angle between the two modes increases towards low
frequencies, where refraction is expected to be stronger (see
Fig. 6). At any given pulse phase, the observer’s line of sight
may cross both polarisation beams. The net orientation of the
polarisation (O or X) will be that with the dominant intensity
and the net intensity will be L = |LX − LO|. However, if both
modes are beamed in roughly the same direction, as is the case
for high-frequency emission, both modes have similar intensi-
ties which leads to weak or no net polarisation. The bifurcation
of the emission could also be the explanation for discontinuities
in the observed PA profiles of several pulsars. Changes of the PA
by ≈90◦, between adjacent phase bins, are commonly observed
and sometimes referred to as orthogonal jumps (e.g. Gangadhara
1997). These may reflect the transition between the dominant or-
thogonal propagation modes. At the phases where the transition
between the two modes occurs, if birefringence is the underly-
ing process one should expect depolarisation due to the overlap
of the beams.

If the above is true, it motivates the following observational
tests that are a consequence of birefringence: (a) as the two prop-
agation modes begin to overlap towards higher frequencies, the
observed net polarisation of pulsars is expected to decrease with
increasing observing frequency; and (b) the bifurcation of the
beam due to birefringence implies that the width of the radio
beam, and hence the observed pulse width, should increase with
decreasing frequencies. An indication that the mechanism of
birefringence operates in pulsar magnetospheres was provided
by the work of McKinnon (1997), who studied the pulse broad-
ening and depolarisation statistics for a few bright pulsars that
exhibit simple profiles and timing behaviour.

Besides birefringence, there are several other mechanisms
that could operate in tandem. An additional complication arises
because the range of altitudes over which the polarisation prop-
erties of radio waves are affected (e.g. the path length over which
refraction occurs) can also be frequency dependent (Barnard
1986); this is the so-called polarisation limiting radius. In ad-
dition, a number of studies assume that the different radio fre-
quencies are generated at different heights (rem) above the pulsar
surface, where f ∝ r−3/2

em , the so called radius-to-frequency map-
ping (RFM; e.g. Ruderman & Sutherland 1975). In those stud-
ies, the main argument behind this assumption is the decreasing
plasma density (and hence plasma frequency) as a function of
altitude: i.e. ρe ∝ 1/r3

em. We note, however, that the recent work
by Hassall et al. (2012), using simultaneous observations of pul-
sars from tens of MHz to ≈10 GHz, concluded that at least for
the pulsars studied the altitude of both low-frequency and high-
frequency emission is confined within ∼100 km. We will now
focus on the observational predictions of birefringence.

5.2. Polarisation fractions

According to McKinnon (1997), the impact of birefringence
can be observationally traced by the increasing degree of linear
polarisation with decreasing observing frequency and, at the
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Fig. 6. Cartoon describing the effect of birefringence in radio-wave
propagation through pulsar magnetospheres. In this representation, the
reader is looking down the spin axis (circled dot). In the birefringent
plasma, the X mode propagates parallel to the magnetic axis, unaffected
by refraction, while the O mode follows the magnetic-field line direc-
tion (grey lines). Upon exiting the birefringent magnetospheric plasma,
the two orthogonal propagation modes, the ordinary (O-mode) and ex-
traordinary (X-mode), are beamed towards different directions. As the
pulsar rotates, the two modes cross the observer’s line of sight (dotted
line) at different pulse phases. The degree of mode separation depends
on the frequency of the emission: at high frequencies (dashed lobes),
the separation between the modes is smaller than that at low frequen-
cies (solid lobes).

same time, the inherent broadening of the integrated profile due
to divergence of the orthogonal propagation modes towards low
radio frequencies. McKinnon examined the frequency evolu-
tion of the linear-polarisation fraction using polarisation data be-
tween 150 MHz and 8 GHz, and the frequency evolution of pulse
broadening between ≈20 MHz and 10 GHz. In that work, the po-
larisation data at 150 MHz came mainly from the observations
of Lyne et al. (1971) with the MkI 250-ft Jodrell Bank radio
telescope. Owing to the limited sensitivity of that instrument,
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Fig. 7. Profiles of the total (black lines) and linearly polarised intensity (red lines) at 150 MHz, from this work, and at 400, 600, and 1400 MHz, from
archival observations with the Lovell telescope, for each of the 16 non-recycled pulsars studied in this paper. The fraction of linear polarisation (L/I)
as a function of phase is shown with grey lines. The L/I profiles have been smoothed in phase using the method described in 6.3. All profiles have
been roughly aligned in phase. Where available, the profile at 240 MHz from archival observations with the GMRT is also shown. The profile of
PSR B1237+25 at 1400 MHz came from observations with Arecibo (Rankin, priv. comm.). The pulse width, normalised by its value at 120 MHz
(W f /W120 MHz), and the fraction of linear polarisation (L/I) are plotted as a function of observing frequency alongside the profiles. For the purpose
of increasing the information on the frequency evolution of the pulse width and the polarisation fraction, the LOFAR band has been split into
three 30 MHz subbands. In those plots we show the value of Kendall’s τ, which is a measure of the correlation (positive value) or anti-correlation
(negative value) of the plotted quantity with observing frequency. The asymmetric uncertainties on τ have been derived from a large number
of Monte Carlo realisations of the data, assuming Gaussian statistics; only uncertainties of ≥0.1 are shown. For PSR B0950+08, the 3 distinct
components seen in the linear polarisation profile are marked with letters L, C and T, corresponding to the leading, central and trailing component,
respectively. At 1400 MHz, component L is very weak at the phase where it is clearly visible at 600 MHz (marked with grey for reference). Above
each flux-density profile of PSR B0950+08, also shown is the corresponding PA profile to aid the discussion in Sect. 8.1.

having a maximum bandwidth of 1 MHz, the polarisation frac-
tions of only the brightest pulsars in that sample were measur-
able. In addition, the authors estimated the uncertainty on the
polarisation fractions to be ≈10%, based on measurements of
the relative sensitivity of the polarisation feeds.

We can re-investigate the above predictions of birefringence
using polarisation data from LOFAR, complemented with polar-
isation profiles at higher frequencies. The LOFAR data corre-
spond to subbands centred at 120, 150 and 180 MHz and the
archival data, at 400, 600, and 1400 MHz, and where avail-
able 240 MHz. At each of those frequencies, we have calcu-
lated the fraction of linear polarisation using Eqs. (1)−(5). Some
pulsars in our sample have multiple components, whose polari-
sation evolves significantly with frequency. An extreme example
is PSR B2224+65, which has two clearly defined components
above 400 MHz, separated by ≈0.1 in phase. In the LOFAR
band, the trailing component of this pulsar vanishes, whereas the
persistent leading component exhibits its maximum polarisation

fraction at those frequencies. The spectra of the polarisation frac-
tion for each component of this pulsar are shown in Fig. 7. In
general, for such complex profiles a component-by-component
analysis may be more appropriate but has not been attempted
here.

In addition to the linearly polarised fraction, we have cal-
culated the pulse width at each frequency as follows. Firstly,
we calculated the cumulative flux-density distribution across the
pulse period. Then, we calculated the pulse width as the phase
interval containing a given fraction of the total pulse energy, by
excluding a two-tailed percentage (left and right bound) from
the cumulative flux-density distribution. This calculation was
performed for a range of percentages between 0% (correspond-
ing to the entire pulse profile) and 100% (corresponding to a
pulse width equal to 0). The final value of the pulse width was
the unweighted average of all the phase intervals. We have con-
sidered this approach as an alternative to the standard W10 or
W50 – corresponding to 10% and 50% of the profile’s maximum
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Fig. 7. continued.

flux density – as radiometer noise and/or significant frequency
evolution of pulse components in complex profiles often lead
to erratic evolution of the pulse width as a function of observ-
ing frequency. Based on comparisons between our method and
the more traditional approach, we concluded that over a range
of hundreds of MHz of observing frequency, our method pro-
duced smoother evolution of the pulse width, even for complex,
multi-component profiles, like that of PSR B1237+25. Figure 7
shows the pulse width and the fraction of linear polarisation as a
function of observing frequency, alongside the pulse profiles.

We note that PSRs B0950+08 and B1929+10 have been
known to possess a weak interpulse, separated from the main

pulse by roughly half a period, detec above 400 MHz (Gould &
Lyne 1998). For PSR B0950+08, the weak interpulse is present
in the LOFAR band (see Fig. 5). In Fig. 7, we have included the
profiles of the interpulse of this pulsar at the different frequen-
cies. It can be seen that at all frequencies the interpulse is 100%
linearly polarised and is evidently much broader at 150 MHz,
merging with the main pulse. For PSR B1929+10, we could not
detect significant emission at the phase range where interpulse
emission is seen above 400 MHz (see Fig. 7).

Another interesting case is that of PSR B1237+25, which has
been known to have two different modes of emission, the normal
and abnormal (Lyne 1971). Hankins & Rickett (1986) observed
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Fig. 7. continued.

this pulsar between 131 and 2380 MHz, and noted that during the
observations, with integrations ranging between 10 and 60 min,
the pulsar was in its normal mode. Since the typical time of our
observations was ≈10 min per source, we deemed unlikely that
PSR B1237+25 switched between modes, especially given that
it spends 85% of the time emitting in the quiet-normal mode and
a large fraction of the rest of the time, in the flare-normal mode;
the quiet mode is quite rare (Srostlik & Rankin 2005). In addi-
tion, comparison of our profile with the one observed by Srostlik
& Rankin at 327 MHz (Fig. 3 in their paper) and that observed
by Hankins & Rickett at 131 MHz (Fig. 1c in their paper) shows
that indeed the average total intensity and polarisation profile
are very close to what we observe at 150 MHz. The higher-
frequency profiles in Fig. 7 of this pulsar follow the evolution
seen by Hankins & Rickett, where the ratio of the first leading

component over the last trailing component decreases with fre-
quency. In addition, the abnormal mode of this pulsar is associ-
ated with flaring of the core component, which we do not see in
any of the profiles. Therefore, although it is not explicitly men-
tioned in Gould & Lyne (1998), we favour that the profiles of
this pulsar at 400 and 600 MHz in Fig. 7 show normal-mode
emission. The normal-mode profile at 1400 MHz, in the same
figure, was taken from observations by Rankin with Arecibo
(priv. comm.).

A reliable measure of the type and degree of correla-
tion between two quantities that are ordered across a range is
Kendall’s τ. This test is non-parametric and does not assume,
e.g. that there is a linear relation between the quantities. In each
of the plots of Fig. 7, we show the value of Kendall’s τ, cal-
culated between the observing frequencies and the pulse width
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or the linear polarisation fraction. In order to take into account
the uncertainties on the above quantities at each frequency, we
calculated τ for a large number of realisations of the pulse
width and linear polarisation fraction, assuming their uncer-
tainties are Gaussian. The 1σ asymmetric uncertainties drawn
from the Monte Carlo distribution of τ are also shown next to
the value of τ: where the uncertainty is <0.1, it is not shown.
Kendall’s τ takes values between −1 and 1, with the extreme
negative values implying negative correlation and extreme pos-
itive values, positive correlation. So, according to McKinnon
(1997), we should expect to see a negative correlation between
pulse width and frequency and polarisation fraction and fre-
quency, due to birefringence. However, out of the 16 pulsars
of our sample, only 9 show clear pulse broadening towards low
frequencies (i.e. have τ < −0.5). Similarly, only 6 pulsars ex-
hibit a decrease in the fraction of linear polarisation towards
high frequencies. In contrast, we see that four pulsars show
pulse broadening towards high frequencies (τ > 0.5) and three
pulsars show increasing fractional polarisation with frequency.
Upon closer inspection of the pulse profiles of Fig. 7, we see
that PSRs B0136+57 and B2111+46 are significantly scattered
by the ISM at LOFAR frequencies. This could explain the pos-
itive correlation between frequency and polarisation fraction, as
well as the pulse broadening at low frequencies. If we exclude
those two pulsars from our investigation, we still see that approx-
imately 60% of the pulse-width distributions are consistent with
birefringence, while only about 30% show a positive correla-
tion between pulse width and frequency. Finally, after excluding
PSRs B0136+57 and B2111+46 on the basis that their profile
evolution with frequency below 400 MHz is clearly dominated
by scattering, it is interesting to note that only PSR B1508+55
of all pulsars examined becomes intrinsically more polarised to-
wards high frequencies.

In conclusion, the frequency evolution of neither the pulse
width nor the degree of linear polarisation show conclusively the
effects of birefringence, in the small sample of pulsars examined.
The distributions of τ for the pulse widths show some indica-
tion of pulse broadening towards lower frequencies, even after
excluding the clearly scattered pulsars, but we also see cases
where the opposite is true. On the other hand, the distribution
of τ for the linear polarisation fractions is even more balanced
between cases that support birefringence and those that do not.
We have performed a KS test between each of two observed dis-
tributions of τ and a theoretical distribution where all values of
τ are uniformly distributed in τ ≤ −0.5 (Massey 1951). We find
that the probability that the observed and theoretical pulse width
distributions are related is 0.04+0.1

−0.03%. Similarly, we find that the
probability that the observed distribution of linear-polarisation
fractions is related to the theoretical is only 0.003+0.01

−0.002%. These
values reaffirm our conclusion that there is no strong evidence
for birefringence in the data.

6. Effects of scattering on the frequency evolution
of the PA

6.1. Introduction

The effects of scattering on pulsar polarisation have been dis-
cussed in several publications (Komesaroff et al. 1972; Li & Han
2003; Noutsos et al. 2009; Karastergiou 2009). The main conclu-
sion from these studies was that scattering can cause flattening
of the PA profiles, and in some cases smear away orthogonal
jumps. More recently, a secondary effect attributed to scattering
was detected in polarisation data obtained at 1400 MHz with the

Parkes telescope (Noutsos et al. 2009). In those data, it was seen
that for a number of high-DM pulsars (DM � 100 pc cm−3) the
amount of PA rotation across the band varies significantly as a
function of pulse phase. For example, the highest peak-to-peak
variation of 100 rad m−2 was observed for PSR J1056−6258,
which was the pulsar with the second highest DM in that sample.
Furthermore, it was shown that within the errors the PA rotation
is consistent with Faraday rotation, irrespectively of the choice
of pulse phase. If interpreted as Faraday rotation, it would seem
that the RM of those pulsars varies as a function of pulse lon-
gitude. However, in those studies it was suggested, based on the
positive correlation of the magnitude of those variations with
pulsar DM, and was also independently shown through simula-
tions, that this is an artefact of scattering and is physically inde-
pendent of Faraday rotation (Noutsos et al. 2009; Karastergiou
2009).

In the following sections, we present arguments that
strengthen the case for scattering being responsible for the so-
called phase-resolved RM variations. As such, we have refrained
from referring to the phase-resolved rotation of the PA as a func-
tion of λ2 as RM. Instead, we have used the following notation: if
Ψ(φ, λ2) (hereafter just Ψ) is the PA as a function of pulse phase,
φ, and λ2, then Ψλ2 and Ψφ are the first-order partial derivatives
of Ψ with respect to λ2 and φ, respectively. In addition, Ψλ2φ is
the second-order mixed partial derivative of Ψ with respect to λ2

and φ.

6.2. Toy model

If scattering is indeed the reason for the apparent variations
of Ψλ2 as a function of φ, then its effect can be explained as
follows. At any given pulse phase, φ0, the polarised intensity of
the scattered profile, P̃(φ0), is the result of the convolution of
the intrinsic polarised intensity, p̃(φ), with an unknown scatter-
ing function. Under the assumption that scattering is caused by
a thin screen located at a distance that is much smaller than that
of the pulsar, the scattering function can be approximated with
a one-sided exponential of characteristic timescale, τs (Cronyn
1970; Lee & Jokipii 1975). Hence, the change in polarised in-
tensity at phase φ0, due to thin-screen scattering, is given by

P̃(φ0) =
1
τs

∫ φ0

0
p̃(φ)e−(φ0−φ)/τs dφ. (8)

The normalisation factor, 1/τs, ensures that pulse energy is con-
served between the intrinsic and scattered profiles. In the simple
case where the scattered radiation has a Gaussian angular inten-
sity distribution, τs ∝ λ4 (Cronyn 1970). Therefore, it can be
seen that the range of phases over which scattering has a mea-
surable effect is strongly dependent on frequency. As a result of
the aforementioned convolution, large changes of the PA in the
intrinsic polarisation profile – such as steep PA gradients and/or
orthogonal jumps – are observed as smaller changes, in the scat-
tered profile. In such a scenario, the reported variations of Ψλ2 as
a function of φ are a direct consequence of the frequency depen-
dence of Ψφ, due to scattering.

In Appendix A, we show that the effects of scattering on
steep PA profiles and the frequency evolution of the PA can be
estimated using a simple polarisation profile that has been scat-
tered (but not Faraday-rotated) by a thin screen. The main results
from our simple model are as follows. (a) As has been discussed
in previous work, scattering reduces the steepness PA profiles,
with the effect being greater at lower frequencies; we find that
this effect is also variable with pulse phase. (b) The value of Ψλ2
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(normally a measure of Faraday rotation) is not constant with
pulse phase but varies across the profile. In other words, we find
that, for a given pulse phase, scattering can indeed introduce a
change of the PA with frequency that is indistinguishable from
Faraday rotation. (c) Finally, the most interesting result is that
the maximum values of Ψλ2φ in the profile are exactly propor-
tional to 1/λ2. In other words, we find that gradients of Ψλ2 are
expected to be steeper at higher frequencies.

6.3. Data analysis

The last conclusion from our simple toy model is perhaps unex-
pected: it implies that, if scattering is responsible for the vari-
ations of Ψλ2 as a function of phase, as have been observed
at 1400 MHz, then the typical magnitude of these variations
should be ∼100 times lower at 150 MHz. This prediction mo-
tivates us to investigate this effect at LOFAR frequencies and
compare it with the published data at 1400 MHz. In order to
detect the presence and quantify the magnitude of variations
of Ψλ2 across the LOFAR profiles, firstly we performed the tech-
nique of RM Synthesis on the Stokes Q and U signals of every
phase bin across the polarisation profiles of Fig. 5. The result-
ing profiles of Ψλ2 are shown in the same figure, above each
PA profile. Furthermore, we checked how well the data in the
outliers of those profiles follow the expected dependence on λ2

(the main assumption of RM Synthesis) by examining the corre-
sponding Stokes Q and U values as a function of frequency. In
Fig. 8, we show the variation of the Stokes parameters across the
HBA band, for two phase bins of the profile of PSR B1919+21,
corresponding to the minimum and maximum significant value
of Ψλ2 . Despite the low S/N per channel and the baseline and
amplitude variations across the band, which are evident in the
residual difference from the expected function shown with the
red curves, it is clear that the data track well the expected peri-
odicity as a function of frequency. Hence we can be confident
that, even for those phase bins, the λ2 dependence is the correct
assumption.

Secondly, we selected only those pulsars that show hints
of variations of Ψλ2 , across the pulse, based on visual in-
spection: these were PSRs B0031−07, B0809+74, B0823+26,
B0834+06, B1237+25, B1508+55, B1919+21 and B2217+47.
Subsequently, for the selected pulsars we elected to mea-
sure Ψλ2φ as a function of pulse phase across the respective pro-
files. However, differentiation of noisy, unevenly sampled data,
such as the profiles of Ψλ2 , is a well-known problem (Cullum
1971; Ruzmaikin et al. 1988). A general solution typically fol-
lowed in the literature is to describe the data with a smooth func-
tion (e.g. a polynomial or a cubic spline). More specifically, for
the purposes of differentiating noisy digital signals, Savitzky and
Golay popularised a smoothing algorithm that uses least-squares
fitting of a low-degree polynomial to subsets of the data set in
question (Savitzky & Golay 1964). The polynomial equations
describing the subsets can be solved simultaneously to provide a
single set of convolution coefficients that can be multiplied with
the noisy signal to yield a smooth function across the entire data
set. A requirement of the Savitzky-Golay (SG) differentiation fil-
ter is that the data are uniformly sampled across the application
range. Our Ψλ2 profiles are often uneven due to the imposed lim-
its on S/N, which means that only phase bins with S/N > 5 were
considered. Nevertheless, it is possible to perform a linear inter-
polation that will ensure uniformity. Following the interpolation,
we applied a 4th-order SG filter to the Ψλ2 profiles, operating on
five neighbouring data points either side of each data point of

Fig. 8. Scatter plots of the variation of the Stokes Q and U param-
eters across the HBA band, calculated for the two pulse phases of
PSR B1919+21 that correspond to a) the maximum (−15.77(1) rad m−2)
and b) the minimum value (−16.61(3) rad m−2) of the first derivative
of the PA with respect to λ2 (middle plot; the selected phases are high-
lighted with grey circles). The expected periodicity of the Stokes param-
eters with frequency, based on the above values of ∂PA/∂λ2, is shown
for each case with a red curve. The residual difference between the ex-
pected variation and the data is plotted below each of the Stokes Q
and U plots, where the dashed red line corresponds to zero residual
difference.
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the profile. To avoid boundary problems, the first and last five
data points (of the interpolated profile) were ignored in the final
calculations.

The above procedure yielded a smooth function of Ψλ2

and its first-order derivative with pulse phase, for each pulsar.
From that, we obtained the maximum value of |Ψλ2φ|, for the
eight selected pulsars at 150 MHz. The described procedure
was repeated for a different sample of nine pulsars observed at
1400 MHz by Noutsos et al. (2009), for which significant varia-
tions of Ψλ2 with pulse phase were measured. In total, our anal-
ysis produced eight values of max(|Ψλ2φ|) at 150 MHz, with a
weighted median of 12+32

−5 m−2, and nine values at 1400 MHz,
with a weighted median of 816+291

−582 m−2. Assuming that the un-
certainties on each value of max(|Ψλ2φ|) are Gaussian, it then fol-
lows that between 150 and 1400 MHz max(|Ψλ2φ|) ∝ λ−1.7(5).
This result is consistent within the 1σ uncertainty with the pre-
diction of the toy model, albeit there is a large uncertainty,
mainly due to the limited sample. In the future, it will be possi-
ble to increase the sample of pulsars for which this study can be
made. Moreover, it will be possible to include data at 1400 MHz
of the pulsars we have observed with LOFAR, so as to minimise
the systematic uncertainties introduced by the different morphol-
ogy of the profiles between different pulsars. Nevertheless, as we
showed in Sect. 5, even when restricting this analysis to multi-
frequency data of the same pulsars, one may still need to account
for intrinsic profile evolution.

7. Emission heights

7.1. Introduction

In the framework of the Rotating Vector Model (RVM;
Radhakrishnan & Cooke 1969), the emission is assumed to orig-
inate from the pulsar surface. In this model, the oblique rotation
of the pulsar’s beam relative to the observer’s line of sight is re-
flected by the parallactic rotation of the PA across the profile.
The PA profile described by RVM resembles an S-curve (here-
after RVM swing), where the inflexion point corresponds to the
phase at the closest approach of the observer to the magnetic
pole, φ0. The exact shape of the PA depends on the angle be-
tween the spin and magnetic axes, α, and the angle between the
magnetic axis and the observer’s line of sight at the closest ap-
proach, β. Equivalently, we can define the viewing angle of a
distant observer with respect to the pulsar’s spin axis, ζ = α + β.
The general form of the RVM function gives the PA as a function
of phase,

Ψ(φ) = Ψ0 + tan−1
[

sinα sin(φ − φ0)
sin ζ cosα − cos ζ sinα cos(φ − φ0)

]
, (9)

where Ψ0 is the PA at φ0.
At φ0, the observer’s meridional plane contains both the spin

axis and the magnetic axis, and the rate of change of the PA with
phase takes its maximum value, i.e. (dΨ/dφ)max = sinα/sin β.
However, radio emission is thought to be generated at a finite
altitude above the polar caps, rem > 0, by relativistic plasma
accelerated along the dipolar field lines. In such a scenario, the
pulsar’s co-rotating magnetosphere – as seen by the inertial ob-
server – contributes to the bending of the beam of accelerated
particles. As a result, it introduces a lag between the phase of
the location of the emission and the phase of the corresponding
emission, ∆φ. In other words, the magnetic-field lines are bent
forward in the direction of the pulsar rotation, so that emission
that is generated by magnetic field at phase φ0, in the co-rotating

frame, is observed earlier, at φem (Blaskiewicz et al. 1991, here-
after BCW). In addition, due to this effect the phase at the steep-
est PA gradient (PA inflexion), φ0, does not correspond to the
closest approach of the observer’s line of sight to the magnetic
pole but is shifted to later phases. BCW showed that the total lag
between φem and φ0 can be approximated with

∆φBCW = 4
rem

RLC
, (10)

where RLC = cP/(2π) is the light-cylinder radius. One can use
this expression to calculate rem, given that φ0 and φem can be de-
termined, as will be described in the next section. It is important
to mention that, as Dyks (2008) noted, this is not an effect caused
by beam aberration but simply by the co-rotation of the emission
region as seen in the observer’s reference frame.

7.2. Data analysis

7.2.1. Determining φ0

The determination of the phase corresponding to the PA inflex-
ion (φ0) is typically based on the observed polarisation. To this
aim, it is common to employ RVM fits to the data and iden-
tify φ0 as the phase at the steepest gradient in the PA profile.
However, this procedure may be hampered by processes that
are intrinsic or extrinsic to the pulsar. Consequently, such RVM
fits can result in large uncertainties on φ0. One of the reasons
is that for several pulsars we have incomplete polarisation in-
formation across the profile to obtain a reliable fit, perhaps be-
cause our line of sight samples only a small cross section of the
pulsar’s active regions. Independently of viewing geometry, it
is also possible that the intrinsic polarisation of the pulsar is
unevenly distributed across the open field-line region, so that
given our instrument’s sensitivity, a complete PA swing could
be unobtainable. Moreover, polarised emission generated at dif-
ferent altitudes across the pulse can introduce distorting features
to PA profiles (Hibschman & Arons 2001). Ramachandran &
Kramer (2003) suggested that the evident notch in the PA profile
of PSR J1022+1001 at 1400 MHz could be due to such altitude-
dependent polarisation (see Sect. 8.3.3). The authors were able
to fit two separate RVM curves to the PAs in the phase ranges
either side of the notch. Finally, a number of propagation effects
in the pulsar magnetosphere have been proposed that act towards
modifying the shape of the observed PA profiles, e.g. wave-mode
coupling and the quasi-tangential propagation effect (Wang et al.
2010). In addition, as was explained in Sect. 5, irregular features,
like OPM jumps, could be the result of birefringence.

Besides the aforementioned intrinsic effects, a number of ex-
trinsic processes can also distort the polarisation signal, as it is
observed on Earth. For example, the deviation of pulsar PA pro-
files from an RVM swing can partly be due to the data-averaging
process. Gil & Lyne (1995) and later Mitra et al. (2007) showed
that the individual pulses from PSR B0329+54 have polarisation
that is consistent with an RVM swing. However, the average po-
larisation of this pulsar yields a PA profile that significantly de-
viates from that shape. In that work, it was seen that each of the
single pulses is rather well confined to one of the two OPMs, so
that the averaging process results in the PA profile that is deter-
mined by the relative strength and number of the single pulses
at each pulse phase. Furthermore, as was discussed in Sect. 6,
the intrinsic PA shapes can be distorted by scattering through the
ISM. This is independent of time-averaging, since changes in the
ISM occur at much longer scales compared to the length of our
observations, but it can strongly depend on frequency-averaging,
due to the strong frequency dependence of scattering.
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Despite the aforementioned shortcomings, we were able to
determine the value of φ0 via fits of Eq. (9) to the PA profiles of
11 pulsars. A small number of profiles at 150 MHz, like those
of PSRs B1133+16 and B1929+10, have a simple PA evolu-
tion with phase that can be well described with an RVM curve.
For others, like PSR B1237+25 and the MSPs B1257+12 and
J1012+5307, the PA profile at 150 MHz is too flat and a re-
liable fit could not be obtained. In some cases, like those of
PSRs B0809+74, B0834+06 and B1508+55, we needed to ac-
count for a number of OPM jumps across the profile, in order
to obtain a good fit. More specifically, we allowed the PAs to
rotate independently by 90◦, in order to minimise the χ2 of the
fits. We stress that these jumps are a property of the emission
and are independent of the viewing geometry. For a discussion
of the used method to determine φ0 and its uncertainty we refer
to Rookyard et al. (2014). It is worth noting that the PA profile of
PSR B2217+47 exhibits a swing at φ ≈ 0.485, across which the
PA changes by ≈90◦; this could be mistaken for an RVM swing.
However, a closer look at the behaviour of the linear polarisation
of this pulsar in Fig. 7 reveals that the swing is coincident with
a minimum in the linear polarisation fraction, which is charac-
teristic of the presence of OPM jumps (see Sect. 8.1). Similar
behaviour has also been observed by Suleimanova & Pugachev
(2002) at 103 MHz. Hence, if we consider this feature to be an
OPM jump, this pulsar’s PA profile is rather flat and we cannot
constrain the value of φ0 with an RVM fit.

As was mentioned above, interstellar scattering can cause
flattening of the PA profiles and depolarisation of the pulsed
emission. In our sample, PSRs B0136+57, B1911−04 and
B2111+46 are characteristic examples of a pulsar with a scat-
tered profile, the latter of the three having no detectable linear
polarisation. For those cases where the effects of scattering ap-
pear to dominate over the intrinsic PA evolution across the pulse,
it was not possible to obtain a value for φ0.

Finally, for several pulsars, good examples of which are
PSRs B0823+26 and B1919+21, it was deemed necessary to im-
prove the RVM fit by zero-weighting PAs in phase ranges across
which the smooth evolution of the PA profile is distorted by local
features. Those phase ranges have been greyed out in Fig. 5. In
the same figure, we also show all the attempted RVM fits with
green lines. The phase at the inflexion point of the RVM curve
is marked with a vertical, dotted line. We would like to stress
that typically such RVM fits result in large uncertainties on α
and ζ, due to the strong co-variance between these parameters
that is accentuated by weak or missing polarisation at the edges
of profiles. Nevertheless, our primary purpose was to use the
RVM model to determine φ0, which is less sensitive to missing
information on the PA.

7.2.2. Determining φem

Secondly, one must determine the phase corresponding to emis-
sion generated nearest to the magnetic pole. Typically, this is
based on the shape of the pulse profile, where pulse symme-
try and component multiplicity are considered. It is difficult
to know how the emission is distributed throughout a pulsar’s
beam, since our line of sight only samples a small cross sec-
tion of it. Depending on whether the intensity profile corre-
sponds to a cross section of conal or core emission, φem can
be identified either as the phase at the peak of the profile (e.g.
PSR B1929+10) or the mid-point of a double-peaked profile
(e.g. PSR B1133+16), respectively (Rankin 1983). The double-
peaked profiles of PSRs B0809+74, B0834+06 and B1133+16
are normally thought to be conal emission centred on the

Table 2. Determined values of the phase lag between the peak (or mid-
point) of the pulse profile and the inflexion of the PA profile, ∆φ, shown
in degrees in Col. 2, for 11 pulsars observed at 150 MHz.

PSR ∆φ [deg] rem [km] RLC [km]

B0809+74 10+22
−23 – 61, 657

B0823+26 1+1
−1 144+136

−134 25, 320

B0834+06 2+2
−2 452+437

−432 60, 776

B0950+08 0+5
−5 – 12, 075

J1022+1001 −2−2
+2 – 785

B1133+16 1.4+0.6
−0.6 349+158

−150 56, 679

B1508+55 −1.9−0.5
+0.5 – 35, 293

B1919+21 2+4
−3 – 63, 807

B1929+10 −10+11
−33 – 10, 808

B1953+50 1.6+0.7
−1.1 177+74

−119 24, 760

B2224+65 2+15
−16 – 32, 566

Notes. For four pulsars, for which the peak (or midpoint) of the profile
precedes the PA inflexion within the quoted 1σ uncertainties, Col. 3
shows the emission height, rem, calculated in the framework of BCW
(Eq. (10)). For the rest of the pulsars, ∆φ is negative within 1σ or its
sign cannot be confidently determined; therefore, an emission height
was not calculated for those pulsars. Column 4 shows the light-cylinder
radius, RLC, of each pulsar, in km.

magnetic pole, so we have chosen φem at the profile’s midpoint.
Although PSRs B0950+08 and B1919+21 also appear as conal
doubles, their classification is not as clear: the components of
PSR B0950+08 appear clearly distinct at 150 MHz, but their
separation decreases with frequency, and the profile nearly be-
comes a single core component above 1400 MHz; the opposite
is true for PSR B1919+21, which appears as a conal double at
high frequencies but whose components begin to merge together
towards the LOFAR band (see Fig. 7). For those two cases, we
have also used the profile’s midpoint. All the determined val-
ues of φem are shown in Fig. 5 with vertical dashed lines. We
stress here that the choice of φem is subjective and, apart from
the measurement uncertainty, we have no way of quantifying the
uncertainty associated with our choice.

7.3. Results

Using the determined phases, we have attempted to estimate the
emission heights corresponding to the observed phase lag be-
tween φem and φ0 at 150 MHz. All the determined phase lags,
∆φ = φ0 − φem, and their 1σ uncertainties are shown in the
second column of Table 2. For four pulsars we found that the
BCW condition is satisfied, with ∆φ > 0 within 1σ. For the rest
of the pulsars, the RVM fit resulted either in ∆φ < 0 within 1σ
or in a value whose sign could not be confidently determined
within the uncertainties. Therefore, for those pulsars we did not
calculate an emission height. Finally, the PA profiles of all the re-
maining pulsars presented in this paper were too flat to provide
a constraining fit.

The emission heights of the four pulsars for which the di-
rection of the phase lag was consistent with BCW were calcu-
lated based on Eq. (10) and are shown in the third column of
Table 2. The 1σ uncertainties on rem range from ≈50% (for the
regularly shaped PA profile of PSR B1133+16) to nearly 100%,
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for PSR B0834+06. For three pulsars for which we were able
to constrain φ0 but which did not satisfy the BCW condition,
emission heights based on Eq. (10) could not be calculated. A
number of explanations have been put forward for phase lags
in the opposite direction to the model of BCW. For example, it
could be that the emission mechanism is not curvature radiation,
as is assumed in BCW, but direct or inverse Compton, or even
synchrotron emission. Those mechanisms are not likely to be af-
fected by the macroscopic acceleration of co-rotation, since the
corresponding microscopic acceleration of the particles is sig-
nificantly larger (Takata et al. 2007).

We would like to stress again that the presented emission
heights are based on the subjective assumption that the maxi-
mum or mid-point of the pulse profile corresponds to emission
from nearest to the magnetic pole. It is quite possible that our
choice of φem is erroneous and that those pulsars that appear in-
consistent with the model of BCW do in fact also obey their
delay-radius relation. Conversely, we cannot exclude the possi-
bility that some or all of the pulsars shown in Table 2 are incon-
sistent with the BCW model.

Bearing the above caveat in mind, our values of rem can
be compared with those found by Hassall et al. (2012) for
PSRs B0809+74, B1133+16 and B1919+21. The latter work
placed upper limits on the height difference between the radio-
emitting regions at 40 and 180 MHz, using data from simulta-
neous LBA−HBA observations. Those upper limits were esti-
mated from the maximum delay between the time of arrival of
the pulses at 180 and 40 MHz, due to aberration/retardation, af-
ter having modelled and estimated frequency-dependent delays
caused by the ISM. In addition, under the assumption of RFM,
the authors were able to provide an upper limit on the absolute
height of the lowest-frequency emission observed, i.e. 40 MHz.
This was done by combining the upper limit on the delay due
to aberration/retardation with the pulse broadening measured
across the investigated frequency range. Of the three pulsars
mentioned above, only the profile evolution of PSR B1133+16
agreed with RFM and was therefore the only pulsar for which
an upper limit on the absolute height could be placed. The pub-
lished upper limit from that work for PSR B1133+16 is 110 km.
We also note that that the previous estimate by Kramer et al.
(1997), who performed a similar analysis to Hassall et al., but
using only high frequencies, yielded a less constraining upper
limit of 320 km.

In our work, the large uncertainties on the determined φ0 for
PSRs B0809+74 and B1919+21 did not allow us to constrain the
emission height. In contrast, the value of φ0 for PSR B1133+16
is fairly constrained from the RVM fit. This pulsar’s profile is
roughly symmetric with respect to the PA inflexion, which sug-
gests that its two brightest components are likely generated on
opposite sides of the fiducial plane containing the the spin and
magnetic axes. Hence, for PSR B1133+16 we have chosen φem
to be the mid-point between the two brightest components. This
choice yields an emission height of rem = 349+158

−150 km, the 1σ
interval of which is 1.5−4.5 times larger than the upper limit of
Hassall et al. (2012).

The reason for the inconsistency between the emission
height based on polarisation and that based on pulsar timing
could be that our choice of the fiducial points in the profile of
PSR B1133+16 deviate from the actual ones. As was mentioned
above, the choice of φem is only based on the observed profile’s
mid-point between the maxima of the two main components. A
different definition of the mid-point, for example by weighting
the position of the fiducial point based on the integrated flux of
each component, could easily shift φem to later phases, which

would lower the emission height accordingly. Conversely, it is
not uncommon in pulsar-timing measurements that the associ-
ated uncertainties are underestimated. This could be especially
true in a low-S/N environment such as the LBA measurements
of Hassall et al. (2012). In such case, an underestimation of the
timing uncertainties by less than a factor of two would propor-
tionally result in the underestimation of the emission height by
the same amount, in that work; and this would make our mea-
surements consistent with the upper limit from pulsar timing.
Most likely, a combination of under-/overestimation of the de-
rived emission heights from both methods could be the explana-
tion for the observed inconsistencies.

In summary, our emission-height estimates for
PSRs B0823+26, B0834+06, B1133+16 and B1953+50
are all consistent with the emission region located a few
hundred km above the pulsar surface. For PSR B1133+16, our
polarisation measurements in combination with the delay–radius
relation of BCW yield an emission height that is up to a few
times larger than the upper limit from pulsar timing. However, it
is likely that the values derived from either method are subject
to mostly unquantifiable systematic uncertainties.

8. Individual pulsars

8.1. PSR B0950+08

PSR B0950+08 is an interesting special case, since it exhibits
significant polarisation-profile evolution between 150 MHz and
1400 MHz. At 150 MHz, the profile comprises two distinct,
highly polarised components that begin to merge together to-
wards higher frequencies, while at the same time becoming more
weakly polarised (see Fig. 7; components L and T). The de-
polarisation of PSR B0950+08 due to overlapping modes was
also noted by Gangadhara (1997). This is expected in the frame-
work of birefringence. However, the PA profile at 150 MHz
clearly shows that both the leading and trailing component emit
in the same polarisation mode (i.e. there are no evident orthog-
onal jumps). Hence, if the two components emit in the same
mode between 150 and 1400 MHz, we do not expect depolar-
isation. However, at 600 and 1400 MHz, the PA profile develops
a bump at φ ≈ 0.51, with its leading edge having |∆PA| ≈ 70◦
and its trailing edge, |∆PA| ≈ 90◦. This feature is ≈ 1.5 times
broader at 1400 MHz than at 600 MHz. The appearance of the
bump at 600 MHz is accompanied by that of a third compo-
nent in the linear polarisation profile (component C in Fig. 7),
which is coincident with the bump and resides between the two
components that are present up to 600 MHz. Evidently, compo-
nent C emits in the orthogonal mode to its neighbouring com-
ponents, which would cause depolarisation at the overlapping
regions with those. Indeed, at the phases where the orthogonal
jumps occur in the 600 MHz profile, the linear polarisation dips.
Furthermore, at 1400 MHz component L becomes very weak,
and only components C and T are clearly visible. In addition, it
can be seen that the width of component C follows the frequency
evolution of the bump in the PA profile. It is unclear whether
component C is a completely independent magnetospheric emis-
sion region, only seen at high frequencies, or a by-product of the
interference between the other two components as they merge
together. Certainly the intensity and width of this central com-
ponent correlates well with the degree of mixing between the
other two components – although it must be noted that the over-
all pulse width, and hence the component separation between
600 MHz and 1400 MHz remains roughly the same.
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8.2. PSR B1133+16

PSR B1133+16 has a double-peaked profile, where its compo-
nents become clearly more separated towards low frequencies.
This was one of the pulsars that motivated RFM (Komesaroff
1970), under the assumption that the emission corresponding to
the two components is coupled to the last open field-lines. In
addition, the PA profile of this pulsar seems to follow the reg-
ular swing that is expected by the RVM, very well. Therefore,
it is justified to attempt and combine the viewing geometry of
this pulsar, derived from polarisation, with its pulse broadening,
and estimate the emission height as a function of frequency. Gil
et al. (1984) provide an expression, based on the curvature of
the dipolar-field lines, that allows the calculation of the angular
radius of the emission cone, ρ, as a function of the pulse width
and the α and ζ parameters. The values of α and ζ for this pul-
sar have been determined via RVM fits at 400 MHz, by Lyne &
Manchester (1988), i.e. α = 51.3◦ and ζ = 55◦. Furthermore,
under the assumption that at all frequencies the emission is cou-
pled to the last open field-lines, one can relate ρ to the emission
height, i.e. ρ ≈ 86◦ (rem/RLC)1/2 (see e.g. Gangadhara & Gupta
2001). We should note that this expression implicitly assumes
a perfectly aligned rotator, where the maximum co-rotating ra-
dius along the last open field line is RLC. In reality, for arbitrary
values of α, larger co-rotating radii are allowed and the expres-
sion becomes more complex (Lee et al. 2009). We have used the
pulse widths derived for this pulsar in Sect. 5.2 to calculate the
emission height as a function of observing frequency. The emis-
sion height at each frequency band, based on pulse broadening,
is shown in Fig. 9. As expected from assuming that the emission
is bounded by the open field-lines, the height increases roughly
two-fold between 1400 MHz and 120 MHz. It can also be seen
that below 200 MHz the upper limit from pulsar timing con-
strains the height to approximately half the value that is derived
from pulse broadening.

Our definition of the pulse width yields larger values than
the phase separation between the maxima of the two brightest
components, in the total intensity profile. If the separation be-
tween the components at different frequencies is used instead,
then, as Fig. 9 shows, the evolution of the emission height be-
tween 1400 MHz and 120 MHz is greatly attenuated. More
specifically, using our definition of the pulse width results in a
height differential of ∆rem ≈ 150 km, between 1400 MHz and
100 MHz. On the other hand, using the component separation as
our prior results in only ∆rem ≈ 50 km; in particular, between
1400 MHz and 400 MHz the emission height remains roughly
constant (rem ≈ 150 km), within the uncertainties.

Compared to the upper limit by Hassall et al. (2012), the val-
ues based on pulse broadening and component separation yield
larger values by a factor of a few. This inconsistency could be
considered further evidence against RFM, at least for this pul-
sar. It is quite possible that the pulse broadening we observe is
only partly or even not at all due to RFM. For example, in the
study of McKinnon (1997), the mechanism of birefringence was
put forward as an argument for pulse broadening towards lower
frequencies: this mechanism is independent of RFM yet acts in
the same direction to cause pulse broadening. In such case, if
only part of the broadening is due to RFM, the calculated emis-
sion heights from pulse broadening and component separation
should be considered as upper limits. However, it is important to
note that this pulsar’s PA profile below 1400 MHz is devoid of
OPM jumps. This fact may advocate against pulse broadening
being the result of OPM separation towards lower frequencies,
as one would expect if birefringence was in play.

Fig. 9. Emission heights at different observing frequencies, for
PSR B1133+16, based on pulse broadening (filled red circles) and com-
ponent separation (open squares), and the assumption that the observed
emission is coupled to the last open field-lines of the pulsar’s dipo-
lar magnetic field. For comparison, we also show with an open cir-
cle the emission height estimate based on the delay-radius relation of
Blaskiewicz, Cordes and Wasserman and our polarisation observations
at 150 MHz (Table 2). Finally, the upper limit on the emission height
from pulsar-timing measurements by Hassall et al. (2012), between 40
and 180 MHz, is shown with an arrow.

Finally, as was noted earlier, the above calculations assume
that at all frequencies the emission is coupled to the last open
field-lines, which may not be true. If indeed the different fre-
quencies come from different magnetic field lines within the
open field-line region, then it is possible that RFM is invalid
and that all emission originates from roughly the same height –
or even that high-frequency radiation is generated higher in the
magnetosphere than low-frequency radiation.

8.3. Millisecond pulsars

In addition to the non-recycled pulsars, our observations
included four MSPs, PSRs J0034−0534, J1012+5307,
J1022+1001 and B1257+12. In general, MSPs are thought
to be old, recycled pulsars, with characteristic ages of several
hundreds of Myr. The dipolar magnetic fields of MSPs are three
to four orders of magnitude weaker than those of non-recycled
pulsars and they are also confined within a much smaller light
cylinder, since RLC ∝ P. This results in wider solid angles
of emission, as defined by the open field-line region above
the polar caps, which is observationally supported by the
larger pulse duty cycles of MSP profiles compared to those of
non-recycled pulsars. As concerns the polarisation properties of
MSPs, they can also exhibit high degrees of linear polarisation
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and other polarisation features (e.g. orthogonal jumps) found in
non-recycled pulsars’ profiles. However, systematic studies of
MSP polarisation have revealed that they possess much more
complex PA profiles than those of non-recycled pulsars (Yan
et al. 2011).

We will now discuss individually the polarisation properties
of each MSP.

8.3.1. PSR J0034−0534

This binary MSP was discovered by Bailes et al. 1994 in a survey
of the southern sky with Parkes. It is a relatively nearby pulsar:
according to its low DM of ≈13.8 pc cm−3 (Abdo et al. 2010)
and the NE2001 electron-density model, its estimated distance is
d = 0.53 kpc (Cordes & Lazio 2002). The only polarisation mea-
surements of this pulsar to date were performed at 400 MHz with
the Lovell telescope, by Stairs et al. (1999). Unfortunately, those
observations showed the absence of linear polarisation (<5%)
and only a small amount of circularly polarised flux (≈18%).
Hence, a measurement of the RM for this pulsar has not been
obtained.

The relative proximity of this pulsar combined with its high
Galactic latitude (b ≈ −68◦) is expected to result in a small
value of RM. We can obtain a rough estimate of the amount
of Faraday rotation expected towards PSR J0034−0534, based
on the amount of Faraday rotation measured for the nearby
PSR B0031−07: the latter pulsar is only 1.8◦ away in the sky and
has a similar but lower DM of≈11.4 pc cm−3 (Hobbs et al. 2004).
In addition, there is a precise VLBI parallax measurement for
PSR J0034−0721, which gives a distance of d = 1.06+0.08

−0.09 kpc
(Chatterjee et al. 2009). Given that neither of those two pulsars
has been associated with a dense ISM environment, such as a
supernova remnant, and that it is unlikely that the ISM density
fluctuates significantly at such high latitudes, the NE2001 dis-
tance for PSR J0034−0534 seems to be an underestimate. For
example, assuming a model of the free-electron density that is
exponentially decreasing with Galactic height, z = sin b, and
which has a scale height of H0 ≈ 1.7 kpc (Schnitzeler 2012), the
difference in DM between the pulsars yields a distance of 1.4 kpc
for PSR J0034−0534. Under the assumption that the magnetic
field between those pulsars remains roughly constant, we ex-
pect the RM of PSR J0034−0534 to be proportionally higher
than that of PSR B0031−07 by the amount of additional disper-
sion. If we take our RM measurement of RM ≈ 10 rad m−2 for
PSR B0031−07, we find that under this assumption the expected
RM for PSR J0034−0534 is roughly 12 rad m−2.

At 150 MHz, our observations show that the small frac-
tion of circular polarisation is maintained (≈12%; see Fig. 10a).
Before we can determine the amount of linear polarisation, we
need to correct for the Faraday rotation. The RM spectrum,
shown in Fig. 10b(i) was calculated using the entire available
HBA bandwidth of 96 MHz. It can be clearly seen that the peak
at RM = 0 rad m−2 dominates over every other spectral feature.
This peak, as was explained in the introduction, is the result of
imperfect instrumental calibration and does not reflect any astro-
physical effect.

The instrumental contribution to the RM spectrum is a
well-defined sinc function, given the frequency coverage at
a given observing frequency. Therefore, it can be subtracted
from the spectrum, which is to a first order the application
of the RM-CLEAN process (Heald et al. 2009). After clean-
ing the original spectrum, we are left with the spectrum shown
in Fig. 10b(ii). The cleaned spectrum does not contain any
prominent peaks, neither near the expected RM value from our

Fig. 10. a) Polarisation profile of the MSP J0034−0534 at 150 MHz
and 400 MHz. All the flux scales are in arbitrary units. b) RM spec-
tra for PSR J0034−0534 from the LOFAR data: (i) RM spectrum be-
fore removing the instrumental response, centred at RM ≈ 0 rad m−2;
(ii) spectrum after subtracting the instrumental response from the data.
The black arrow indicates the position of the expected RM for this pul-
sar, under the assumptions stated in Sect. 8.3.1.

comparison with PSR B0031−07, nor elsewhere inside the wide
range of RM investigated. Hence, we are forced to conclude that
we have not been able to detect any significant linear polarisa-
tion of astrophysical origin, for PSR J0034−0534. In the future,
it may be possible to perform more sensitive observations and a
better, more precise polarisation calibration for this pulsar, and
measure its RM; but this is beyond the scope of the current paper.

8.3.2. PSR J1012+5307

Discovered during a survey for short-period pulsars with the
76 m Lovell telescope, PSR J1012+5307 is a 5.3 ms binary pul-
sar with a white dwarf companion. The polarisation of this pul-
sar has been studied at 600 MHz and 1400 MHz (Xilouris et al.
1998; Stairs et al. 1999). The corresponding profiles are shown
in Fig. 11. In general, the profile of this pulsar at those frequen-
cies is complex, composed of a main pulse (MP) and an inter-
pulse (IP), roughly 180◦ away. Both MP and IP are composed
of at least two components, with the leading component of the
IP being divided into two components at 1400 MHz but being
completely absent at 150 MHz. The MP shows an interesting
evolution between 1400 MHz and 600 MHz. Observations with
the Green Bank Telescope at 1400 and 800 MHz (not shown
here) have revealed that at those frequencies this pulsar’s MP
may be composed of up to six components (Dyks et al. 2010).
At 150 MHz, two components of the MP are clearly visible, of
roughly equal magnitude and much more clearly separated than
at higher frequencies.
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Fig. 11. Evolution of the polarisation profiles as a function of observing frequency, for PSRs J1012+5307 and J1022+1001 in our sample. All the
flux scales are in arbitrary units. The high-resolution (∼5 µs) profiles at 1400 MHz were obtained by Xilouris et al. (1998) for PSR J1012+5307,
and Yan et al. (2011) for PSR J1022+1001. Alongside the profiles, the fraction of linear polarisation as a function of observing frequency is also
shown for the pulse averaged flux (red open circles). The linear polarisation fraction as a function of frequency for the phase ranges demarcated
by the black arrows is shown with grey symbols. For PSR J1021+5307, the linear polarisation fraction of the main pulse is shown with grey
squares; that of the leading and trailing component of the interpulse is shown with grey filled circles and a grey open circles, respectively. For
PSR J1022+1001, the linear polarisation fraction for the leading and trailing components are shown with grey squares and grey filled circles,
respectively. The best RVM fit to the 150 MHz PA profile of PSR J1022+1001 is show with a green line. The determined value of φ0 from the
RVM fit and the phase at the profile’s maximum are shown with vertical dotted and dashed lines, respectively.

In terms of polarisation, all visible components remain
highly linearly polarised across all investigated frequencies, with
the LOFAR profile being ≈100% linearly polarised. We have
performed a simplified component-by-component analysis of
the fraction of linear polarisation (see Fig. 11), where we have
only considered the phase windows including the MP and the
two components of the IP. Our analysis shows that the linear po-
larisation fraction increases monotonically with decreasing ob-
serving frequency for all components. As was noted in Xilouris
et al. (1998) and Stairs et al. (1999), the 1400 MHz and 600 MHz
profiles are moderately circularly polarised, having fractions of
≈17% and ≈10%, respectively. At 150 MHz, the circular polari-
sation fraction remains low, at ≈9%.

The PA profile of PSR J1012+5307 at 150 MHz exhibits a
small slope across the MP and is practically flat across the IP
(see Fig. 11). This is similar to what is observed at the higher fre-
quencies. Interestingly, the PA slope across the MP at 600 MHz
is ≈20% flatter than both the 1400 MHz and 150 MHz profiles.
This could be related to the fact that the total flux density of
the MP resembles a top-hat function, with its constituent com-
ponents appearing merged together. This could possibly lead to
depolarisation and flattening of the PAs, similarly to scattering
(see Sect. 6). Finally, due to the flatness of the PA profile, across
both the main pulse and the interpulse, our attempt to fit an RVM
to the PAs of this MSP resulted in an unconstrained geometry.

8.3.3. PSR J1022+1001

PSR J1022+1001 is a 16 ms binary pulsar discovered at
430 MHz, with the Arecibo telescope (Camilo et al. 1996).
Its total intensity profile displays a complex frequency evolu-
tion, which has been studied with Effelsberg and WSRT ob-
servations, between 328 MHz and 4.8 GHz, by Kramer et al.
(1999) and Ramachandran & Kramer (2003), respectively. The
average pulse profile of PSR J1022+1001 is composed of two
components with different spectral characteristics: in the inves-
tigated range, the leading component is dominant at the high-
est (>1400 MHz) and lowest (<350 MHz) frequencies, while
at ≈400 MHz and ≈1400 MHz the two components have equal
strength, and finally between 500 MHz and 1 GHz, the trailing
component dominates. In addition, the polarisation properties
of this pulsar display a complex behaviour. The PA profile be-
tween 400 MHz and 1400 MHz resembles a typical RVM swing
but for two distorting features. Firstly, it exhibits a notch that is
roughly coincident with the maximum value of |V | (see Fig. 11;
φ ≈ 0.47). Secondly, as was noted by Ramachandran & Kramer,
the leading part of the PA profile at 1400 MHz exhibits a bump
that appears coincident with a weak leading component in the
linear polarisation profile (φ ≈ 0.40). Both of these features are
evident in the high-resolution profile obtained at 1400 MHz with
the Parkes telescope by Yan et al. (2011). The origin of these
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distorting features has been investigated by Ramachandran &
Kramer (2003), who suggested that they can be explained by the
presence of magnetospheric return currents that are subjected to
aberration due to the larger emission heights involved in MSPs
(Kramer et al. 1998).

At 150 MHz, the profile of PSR J1022+1001 contains only
a single component with a long leading tail, which is also seen
to precede the leading of the two principal components at higher
frequencies (see Fig. 11). By aligning the PA profiles between
1400 MHz and 150 MHz to the phase at the steepest PA gra-
dient, we can identify the emission seen at 150 MHz as that
corresponding to the leading component seen at higher frequen-
cies (see Fig. 11). The phase at the steepest PA gradient at
150 MHz was determined by fitting an RVM model to the data
(φ0 ≈ 0.471). If the above is true, we must conclude that the
trailing component vanishes somewhere between 320 MHz (the
bottom of the WSRT band) and 200 MHz (the top of the LOFAR
150 MHz band). As was noted in previous studies, the principal
components of the pulse profile have significantly different po-
larisation fractions at 1400 MHz, with the bridge emission and
the trailing component being nearly 100% polarised (φ > 0.48),
while the leading component and tail (φ < 0.48) are <50% po-
larised. In addition both components are seen to have signifi-
cant circular polarisation, which is maintained down to 400 MHz
for the leading component but disappears almost completely
at that frequency for the trailing component. After correcting
for Faraday rotation (RM = 2.18(2) rad m−2), at 150 MHz the
single component visible is highly linearly polarised, with a
pulse-averaged polarisation of ≈80%. In addition, the circular
polarisation vanishes completely at LOFAR frequencies. A com-
parison of the linear polarisation fraction between 1400 MHz
and 150 MHz shows that there is a 45% increase. Interestingly,
within the LOFAR band we measured a small decrease in the
linearly polarised fraction below 180 MHz, perhaps indicating a
turnover (see Fig. 11).

Furthermore, we find that at 150 MHz the PA profile
of PSR J1022+1001 is devoid of the notch feature seen at
1400 MHz, and which is seen to gradually disappear already
below 600 MHz (Fig. 11). However, there is a hint of the lead-
ing bump at φ ≈ 0.42, which is actually not present in the 400
and 600 MHz profiles. Altitude-dependent polarisation effects
have been proposed to explain this pulsar’s distorted PA profile.
Preliminary fits to the Hibschman & Arons (2001) model sug-
gest an emission height of 0.4RLC ≈ 800 km (Ramachandran &
Kramer 2003). Based on our RVM fit, at 150 MHz the peak of
the emission lags the phase at the PA inflexion by ∆φ = 2◦(1).
Like in the case of PSR J1012+5307, the direction of the lag
contradicts the BCW delay–radius relation.

9. Summary and conclusions

We have undertaken a detailed investigation of the polarisation
properties of 20 bright pulsars, between 105 and 197 MHz, us-
ing the LOFAR HBA core. This is the first time high-quality
polarisation data are obtained at these frequencies, for this sam-
ple of pulsars. The high frequency and time resolution, as well
as the high fractional bandwidth available with LOFAR, have
allowed us to measure polarisation fractions at LOFAR fre-
quencies, with high precision. Subsequently, by combining these
measurements with those previously published at 1400, 600, 400
and 240 MHz, we have measured the spectrum of fractional
polarisation between 1400 MHz and 100 MHz for those pul-
sars. Interestingly, after excluding pulsars that are subjected to
strong interstellar scattering that possibly leads to depolarisation

towards low frequencies, we could only find one pulsar in our
sample, PSR B1508+55, whose fractional polarisation increases
with observing frequency. On the other hand, we find six pul-
sars for which polarisation decreases with frequency. In some
cases we note a turn-over in the spectrum of fractional polarisa-
tion, within the investigated range. For some of the pulsars, like
PSR B1911−04, such a turn-over could be the result of depolari-
sation due to scattering, combined with the intrinsic spectrum of
polarised emission: e.g. the frequency dependence of depolarisa-
tion could make it more dominant than the spectrum at lower fre-
quencies, whereas the opposite may true at higher frequencies.

Furthermore, we have tested the predictions of birefrin-
gence in pulsar magnetospheres by investigating a possible anti-
correlation between the pulse width and the polarisation fraction
as a function of observing frequency. This is an important test,
as the mechanism of birefringence could explain e.g. orthogo-
nal polarisation modes and intrinsic pulse broadening at low fre-
quencies. Unfortunately, we could not find strong evidence for
such a mechanism via this process, with only 60% of our sample
satisfying such an anti-correlation.

Beyond the effects of pulsar magnetospheric emission, we
have also investigated the effects of the interstellar medium
on polarisation. It has been previously reported, based on
1400 MHz data, that interstellar scattering coupled with steep PA
profiles causes an apparent variation of the amount of Faraday
rotation as a function of pulse phase. In this paper, we inves-
tigated (a) how evident this effect is at low radio frequencies
and (b) how the magnitude of this effect scales between the
1400 MHz and 150 MHz. To this aim, we have measured the
amount of Faraday rotation as a function of pulse phase for
eight pulsars at 150 MHz. Interestingly, we have found that the
typical magnitude of the variations at 150 MHz is ∼100 times
lower than what has been measured at 1400 MHz, for a different
sample of pulsars. We have used a simple model to investigate
whether the observed effects could be caused by scattering. We
have found that indeed scattering can introduce changes in the
PA with frequency that would mimic phase-dependent Faraday
rotation. Moreover, it is predicted that the maximum variation
of the Faraday rotation introduced by scattering, across the pro-
file, should scale with wavelength as 1/λ2. The two orders of
magnitude difference in the typical magnitude of the variations
between 1400 MHz and 150 MHz is consistent with the model’s
prediction, which provides further support for scattering being
the source of the observed variations.

The high-S/N profiles have also allowed us to estimate the
magnetospheric height of the 150 MHz emission, based on the
delay-radius relation of Blaskiewicz, Cordes & Wasserman and
the lag between the phase at the steepest PA gradient and that at
the profile’s maximum intensity (or mid-point, depending on the
profile’s complexity). Using the observed phase lags, we have
estimated emission heights for four pulsars, for which the rela-
tion of BCW is applicable.

For all pulsars for which we were able to constrain the emis-
sion height, our polarisation measurements are consistent with
the 150 MHz emission being generated at heights of a few hun-
dred km above the pulsar surface. For PSR B1133+16, in par-
ticular, our estimate of the emission height is larger by a factor
of a few than the upper limit of Hassall et al. (2012) and con-
sistent within the uncertainties with the height obtained from
pulse broadening and assuming radius-to-frequency mapping.
Nevertheless, due to unquantifiable systematic uncertainties in
the determination of the fiducial phase of pulsar emission, we
cannot make a conclusive statement as to whether our findings
suggest that radius-to-frequency mapping is valid or not. We
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hope that in the future an ensemble of emission heights based on
pulsar timing at low frequencies will be available for compari-
son against an equally large sample of emission heights based on
polarisation. A comparison of those two samples with the pre-
dictions of radius-to-frequency mapping could be the first step
towards a conclusive statement about the validity of the latter.

Finally, the four MSPs in our sample were discussed sepa-
rately from the rest of the sample. PSR B1257+12 was left out
of this discussion, as polarisation profiles at higher frequencies
are either not available or of very low quality. PSR J0034−0534
has not had an RM measurement to date, due to the lack of de-
tectable linear polarisation above 400 MHz. Despite the small
degree of polarisation present at 150 MHz, it was shown that
this is mainly due to instrumental leakage and cannot be dis-
ambiguated from the real polarisation, if any exists. Future im-
provements in LOFAR calibration may be able to remove any
instrumental effects and detect any weak polarisation from this
pulsar. PSR J1012+5307 has a complex profile, composed of a
highly linearly polarised pulse and interpulse. The polarisation
of this pulsar increases monotonically towards low frequen-
cies, while notably the leading component of the interpulse van-
ishes below 400 MHz. The final MSP, PSR J1022+1001, ex-
hibits an intriguing frequency evolution from 1400 MHz down
to 150 MHz where the trailing component of the profile vanishes
along with any detectable circular polarisation. Interestingly, the
pulse-averaged linear-polarisation fraction marginally increases
between 400 MHz and 180 MHz but seems to turn over below
that frequency. PSR J1022+1001 is one of only four pulsars that
show such a turn-over in the LOFAR band. Two of those four
pulsars possess long scattering tails at 150 MHz, which may
cause such a turn-over through depolarisation. Consequently, we
show for the first time an intrinsic turn-over in the polarisation
of two pulsars, namely PSRs J1022+1001 and B1237+25.

In summary, our work has highlighted the importance of
low-frequency polarisation in the efforts of understanding the
elusive magnetospheric processes that lead to pulsar radio emis-
sion. In those efforts, a better understanding of how the ISM dis-
torts the intrinsic pulsar emission is pivotal. At the same time,
low frequencies provide an excellent opportunity for studying
the ISM, where its effects become more pronounced. LOFAR
has the sensitivity at low frequencies that can make such stud-
ies conclusive. Our work has focused on the complementarity
between low-frequency and high-frequency observations of pul-
sars. Such multi-frequency data have revealed that the evolution
of pulsar polarisation cannot be explained solely by means of
a single physical process, like birefringence, or the model of
radius-to-frequency mapping. On the contrary, it is quite likely
that a combination of magnetospheric refraction, occurring over
different path lengths at different frequencies, and co-rotational
effects, distorting the observed signal, coupled with the intrinsic
pulsar spectrum, is what we observe for each pulsar; the partic-
ularities of each process are also likely to vary between pulsars.
Finally, it is clear that these effects can be masked by scattering,
to a different degree for each pulsar. Currently, there are ongoing
efforts to map the properties of the ISM via long-term monitor-
ing of pulsar DMs and RMs, using LOFAR. In the near future,
using ultra-broadband receivers and ultimately with the advent
of the SKA, it will be possible to monitor scattering and disper-
sion towards a pulsar and try and recover the intrinsic signals.
Even before the SKA, it may be possible to simulate the effects
of scattering on polarisation – with more complex models of the
scattering screens than what has been assumed in our work – and
perform multi-parametric fits between the observed and simu-
lated polarisation profiles. Ultimately, such fits may yield a large

Fig. A.1. b) Stokes I, Q and U profiles; and a) intrinsic PA profile, Ψ.
For the example presented here, we have assumed an intrinsic PA gra-
dient a = 2π.

sample of scattering timescales, which can in turn be used to-
wards mapping the small-scale structure of the Galactic ISM.
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Appendix A

We consider the simple case of a polarised square pulse of unit
amplitude and with a constant PA gradient, a (see Fig. A.1). In
such case, the Stokes parameters are given by

q = cos(2ψ) u = sin(2ψ) (A.1)

where ψ(φ) = aφ is the PA, and φ is the pulse phase.
We now assume that the square pulse is scattered by a thin

screen and that the scattered intensity has a Gaussian angu-
lar distribution; for this example we ignore Faraday rotation
and intrinsic profile evolution with frequency. At a given pulse
phase, φ, and wavelength λ, the observed polarisation vector,
P̃(φ, λ) = Q(φ, λ) + iU(φ, λ), is the result of the convolution of
the intrinsic polarisation vector, p̃(φ) = q(φ) + iu(φ), with a one-
sided exponential function, exp(−φ/τs); τs = kλ4, where k is a
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Fig. A.2. a) PA profile at different frequencies, after convolution of
the Stokes parameters with a one-sided exponential function, f (φ) =

e−φ/(kλ
4), where k = 0.006 rad m−2. b) Gradient of Ψ(λ) at λ2, as

a function of pulse phase, for different frequencies. c) Gradient of
∂Ψ(λ)/∂(λ2) at pulse phase, φ, as a function of pulse phase.

constant:

P̃(φ, λ) = Q(φ, λ) + iU(φ, λ) =
1
τs

∫ φ

0
p̃(φ′)e−(φ−φ′)/τs dφ′. (A.2)

The scattered PA profile, Ψ(φ, λ), is then given by

Ψ(φ, λ) =
1
2

tan−1
(

U
Q

)
· (A.3)

Since we are mainly interested in how scattering can have an ef-
fect on the measured Faraday rotation, we would like to calculate
the derivative of Ψ with respect to λ2:

∂Ψ

∂(λ2)
=

1
λ2

{
2aτs

1 + 4a2τ2
s

+
φ sin(2aφ)

2ωτs

}
(A.4)

where ω = cos(2aφ) − cosh (φ/τs).
We note that the first term inside the curly brackets depends

only on λ, whereas the second term is also dependent on φ.

Lastly, the gradient of ∂Ψ/∂(λ2) at φ is given by

∂2Ψ

∂(λ2)∂φ
=

1
4λ2

×

{
4aφ − 2 cosh (φ/τs)

[
2aφ cos(2aφ) + sin(2aφ)

]
+ sin(4aφ)

ω2τs

+
2φ sin(2aφ) sinh (φ/τs)

ω2τ2
s

}
· (A.5)

We can assume values for k and a, in order to get a handle of
the magnitude of Eq. (A.3), for different wavelengths. For the
PA gradient, we have assumed a = 2π, corresponding to a com-
plete wrap of the PA per 0.5 rad (see Fig. A.1a). In addition,
we assume k = 0.006 rad m−4, corresponding to τs ≈ 0.5 rad at
100 MHz. The exponential functions with which we have con-
volved our profile are shown for the first phase bin and at differ-
ent frequencies, in Fig. A.1b.

Using the above values, we have plotted Eq. (A.5) between
φ = 0 and 0.4 rad, for different values of λ (see Fig. A.2c). Since
we are interested in the maximum effect of scattering on the fre-
quency evolution of the PA, we have marked the maxima of this
function at the different frequencies. It can be shown that the
ordinates of the maxima follow

Max
[

∂2Ψ

∂(λ2)∂φ

]
∝

1
λ2 · (A.6)
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