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ABSTRACT

We present observations of 35 high spin-down energy radio pulsars using the MeerKAT telescope. Polarization profiles and
associated parameters are also presented. We derive the geometry for a selection of pulsars which show interpulse emission. We
point out that, in several cases, these radio pulsars should also be seen in y-rays but that improved radio timing is required to aid
the high-energy detection. We discuss the relationship between the width of the radio profile and its high-energy detectability.
Finally, we reflect on the correlation between the spin-down energy and the radio polarization fraction and the implications this

may have for y-ray emission.

Key words: instrumentation: interferometers — techniques: polarimetric — pulsars: general.

1 INTRODUCTION

In a recent paper, Johnston et al. (2020b) examined the population
of young, energetic pulsars with spin-down energy loss rates, E,
above 10* ergs~'. They built a model of the underlying Galactic
population of these objects and determined the ratios between pulsars
seen in the radio, in y-rays or both. They showed how the numbers
in each of these classes depended on both E and the geometry of the
pulsar. A pulsar’s geometry can be characterized by two angles, o
the inclination angle of the magnetic axis to the rotation axis, and
the angle between the observer’s line-of-sight and the magnetic axis.
Johnston et al. (2020b) demonstrated that (statistically speaking)
joint radio and y-ray pulsars have high values of « (i.e. were close to
orthogonal) and low values of f whereas radio-only pulsars tended
to have lower values of «. They also showed how this depends on
the value of E.

A radio pulsar’s geometry can be determined by examination of
the position angle (PA) sweep of the linear polarization across pulse
phase (Radhakrishnan & Cooke 1969) along with knowledge of the
on-pulse width (e.g. Rookyard, Weltevrede & Johnston 2015). This,
in principle, can be used to determine whether the geometries of
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radio-only pulsars are different from the joint radio and y -ray pulsars
(Rookyard et al. 2017). It has long been known that young pulsars
with high values of E are also highly polarized (von Hoensbroech
2000; Johnston & Weisberg 2006; Weltevrede & Johnston 2008a)
and generally have a smooth sweep of PA, unlike pulsars at lower E.
There is a large body of published radio pulsar polarization profiles,
including recent compilations from Weisberg et al. (1999, 2004),
Hankins & Rankin (2010), Mitra et al. (2016), Johnston & Kerr
(2018), and Han et al. (2018). Generally, these pulsars tend to be
radio bright and there remains a substantial number of radio faint
pulsars without polarization measurements.

In y-rays, the Large Area Telescope (LAT) on board the Fermi
satellite (Atwood et al. 2009) has greatly increased our knowledge
of the high-energy pulsars, and the current Fermi pulsar catalogue
(Abdo et al. 2013) with additional updates (Smith et al. 2019)
lists in excess of 100 non-recycled pulsars. In spite of this, the
location of the y-ray emission remains unclear. In the outer-gap
model, the emission arises high in the magnetosphere above the null
charge line (Romani 1996) with other models involving curvature
radiation also proposed (Pétri 2019). In the recent force-free models,
y-rays originate in an equatorial sheet beyond the light cylinder
(Philippov & Spitkovsky 2018; Kalapotharakos et al. 2019). For
a given model, it is possible to determine the pulsar geometry
from the y-ray profile as has been done for young pulsars by e.g.
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Watters et al. (2009) and for the millisecond pulsars by e.g. Johnson
et al. (2014).

There are several aims to this paper. First, to improve the number
of pulsars with polarization properties at high £. Secondly, there are
a number of low-luminosity radio pulsars which have been found
through deep searches of their y-ray counterparts. Are these pulsars
similar to or different from their higher luminosity counterparts?
Relatively few y-ray pulsars are detected with £ < 10® ergs™'.
Those with radio counterparts are expected to have high values of «
and/or narrow pulse widths and we will test this idea. Finally, we will
examine pulsars with interpulses; these orthogonal rotators should be
preferentially detected in y-rays at lower E (Johnston et al. 2020b).

The MeerKAT telescope has the sensitivity and the capability to
produce polarization profiles for weak radio pulsars. MeerTime is
the approved pulsar observing project on the MeerKAT telescope
(Bailes et al. 2020). The project is divided into four major themes,
including the Thousand Pulsar Array (TPA) theme (Johnston et al.
2020a) which observes the non-recycled pulsar population. We use
observations taken as part of the TPA in this paper.

2 SOURCE SELECTION

In this paper we are interested in comparing the properties of young,
non-recycled radio pulsars that are seen at y-ray wavelengths with
the properties of those that are not visible in y-rays.

Taking only the young, non-recycled pulsars, there are 81 pulsars
which emit at both radio and y-ray wavelengths according to the
public data base compiled by the Fermi LAT Multivawelenght Co-
ordination Group'. Of these, 49 have polarization profiles published
in the compilation of Johnston & Kerr (2018), 13 are too far north
(above +30° declination) to be part of the TPA programme and the
Crab pulsar was not observed. The TPA has observed the remaining
18 pulsars (classified as G in Table 1) and these results are presented
here.

As a comparison set, there are 42 young pulsars with E >
10% ergs~! which are seen only in radio. Of these, 29 have po-
larization profiles published (mostly in Johnston & Kerr 2018) and
all but one of the remainder form part of the TPA with their results
presented here (classified as R in Table 1). In addition we select from
the lower E category five pulsars which show interpulse emission
and which have no polarization profiles in the literature.

3 ARRAY CALIBRATION

MeerKAT is an interferometric array located in the Karoo, in South
Africa’s Northern Cape Province (Jonas & MeerKAT Team 2016),
and consists of 64 unblocked aperture offset Gregorian antennas. It
can be used to observe pulsars, and a comprehensive description of
that observing system can be found in Bailes et al. (2020). Here we
focus on a detailed description of the configuration steps relevant
to creating a tied-array beam (TAB) and polarization calibration of
the beamformed data. For an exhaustive description of calibrating
interferometric arrays we refer to Smirnov (2011) and Hales (2017).

After successful array initialization, which includes activating
antennas, selecting the frequency band and the number of channels,
and activation of the beamformer and pulsar backend, a set of
imaging type observations is performed before each session. These
observations are performed in stages, during which all of the

Uhttps://confluence.slac.stanford.edu/display/GLAMCOG/Public+List+of+
LAT-Detected+Gamma-Ray + Pulsars/
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corrections made to the individual antenna streams are tied to a
reference antenna selected by the calibration pipeline. The choice of
reference antenna is based on performing the Fast Fourier Transform
(FFT) of imaging cross-polarization data over all antenna pairs
(baselines) and selecting the antenna with the maximum peak-to-
noise ratio in the FFT spectrum.

The first calibration step, delay calibration, is performed as
follows. First, predefined complex gain values are applied in the F-
engine (responsible for gathering and channellizing the data streams
from all antennas). Subsequently the array is pointed at a well
known, stable calibrator, either PKS J0408-6545, PKS J0825-5010,
or PKS J1939-6342, and noise diodes are turned on to emit continu-
ously for the duration of the track. Upon completion of the track an
automated calibration pipeline is activated and calibration products
are calculated. Specifically, these products are: antenna-based geo-
metrical delays (K solutions), per-antenna bandpass corrections (B
solutions), per-antenna complex gain corrections (G solutions), per-
antenna cross-polarization delays due to the nanosecond offsets be-
tween digitized streams (KCROSS solutions) and cross-polarization
phase (BCROSS_SKY solution). It must be noted however, that
only K and KCROSS solutions are combined and applied to the
F-engine streams at this stage. The rest of the calibration solutions
are stored in the observation metadata. The observation is concluded
after performing another short track repeating the previous observing
sequence in order to verify the accuracy of the calibration solution.

The second calibration step is designed to be used before pulsar
observations and is called phase up. Similar to delay calibration, it
is also divided into two tracks during which the array is pointed at a
calibrator, and noise diodes are activated with the same calibration
pipeline operation sequence. Specifically, the pipeline re-derives
all previously mentioned calibration products (K, B, G, KCROSS,
BCROSS_SKY solution), but this time the K and KCROSS solutions
are applied as differential (fine) corrections to the delay calibration
(coarse correction) solution. The rest of the calibration products
are combined in per-antenna, frequency-resolved F-engine complex-
valued arrays (F-engine corrections) and applied to each of the
antenna data streams. This, on top of phase correction ensures that
the bandpass is also corrected, essentially making it ‘flat’ across the
whole usable band. The resulting F-engine data stream is then sent
to the beamformer (B-engine) which coherently adds it and forms a
single TAB data stream that is then received and further processed
by the pulsar backend.

We note however, that prior to 2020 April 9, the BCROSS _SKY
calibration solution was calculated and applied offline to the pulsar
data for every MeerTime observation. This was done by using
the intermediate BCROSS calibration solution calculated by the
calibration pipeline and stored in the delay calibration observation
metadata. It corrects for cross-polarization phase introduced in the
telescope signal chain after the noise diodes (which are placed in
the receivers assemblies). The second part of the BCROSS _SKY
solution, calculated offline, corrects for the cross-polarization phase
introduced by the antenna structure (primary and secondary reflectors
as well as part of receiver structure, e.g. feed horn) and performs
the absolute alignment of linear polarization. Once combined into
a BCROSS_SKY solution it was converted to an appropriate Jones
matrix (diagonal terms being ¢/ and 1 and off-diagonal terms set
to 0, where p is the cross-polarization phase) and written to a
correction file that was then applied to the pulsar data using the
pac routine from the PSRCHIVE’ software (Hotan, van Straten &

Zhttp://psrchive.sourceforge.net
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Table 1. Parameters for 35 pulsars. In the ID column, N denotes non-detection, G denotes y-ray, and radio detected, R denotes radio pulsars with
E > 10% ergs™! not seen in y-rays, I denotes interpulse emission. The M and I superscripts denote values for the main and the interpulse. The table is also
available as online supplementary material in machine-readable format.

JNAME P logE  dist ID  Tops DM RM Wso Wio %L %V %|V| % err
®)  (ergs™) (kpo) (min) (em~pe) (radm™) (deg)  (deg)

J0514-4408M  0.320271 33.4 1.0 GI 30 15.1 17.4(3) 6.3 344 94.4 -13 1.1 3.1
J0514-4408! - - - - - - - 272 464 5.1 5.0 7.0 3.2
J0540-6919  0.050569 382 497 G 120 1472 2458 1209  160.0 28.1 1.7 6.9 35
J063140646  0.110979  35.0 46 G 45 1950 105(1) 66.1 - 54.8 7.6 9.2 4.0
J06334+1746 0237099 345 02 NG 5 - - - - - - - -
J0835-3707M  0.541404 334 06 1 10 1123 62.8(7) 2.1 6.7 13.2 5.0 6.3 3.0
J0835-3707" - - - - - - - 42 - - - - -
J1124-5916  0.135477  37.1 50 G 120 3292 164.0(6)  22.5 101.2 32 4.9 3.6
J1151-6108  0.101633 356 22 G 60 2178 183.16)  21.1 480 63.8 -0.8 7.1 3.2
J1400-6325  0.031182 377 70 R 20 5630 - - - - - - -
J1437-5959  0.061696  36.1 85 R 60 5496  —70510) 253  65.0 56.6 9.6 6.2 35
J1732-3131  0.196543 352 06 NG 10 - - - - - - - -
J1741-2054 0413700 340 03 G 40 4.7 - 211 400 15.8 15.3 11.6 3.8
J1747-2809  0.052153  37.6 81 NR 60 - - - - - - - -
J1747-2958  0.098814 364 25 G 60 1015 - - - - - - -
J1755-09031 0.190710 33.6 0.2 I 10 63.7 89.2(2) 7.0 17.6 29.0 5.9 12.1 3.0
J1755-0903! - - - - - 24.0 - 25.7 4.0 6.2 3.6 - -
J1816-07551 0.217643 344 3.1 GI 5 117.7 28.0(6) 7.4 14.4 12.4 4.0 4.5 3.0
J1816-0755" - - - - - - - 7.9 4.8 4.0 6.0 3.7
J1833-1034  0.061884 375 41 G 120 1695 60(4) 14.1 50.8 -8.6 5.5 3.7
J1843-0702M  0.191615  34.1 43 1 30 2286 186(1) 63 141 14.1 0.4 2.5 3.1
J1843-0702! - - - - - - - 93 188 312 8.2 4.5 35
J1849+40409M  0.761194  33.4 17 1 20 6397  19.5(2) 35 7.4 53.4 233 23.4 3.1
J18494-0409! - - - - - - - 2.1 13.4 29.0 -0.8 2.7 3.1
J1850-0026  0.166634 355 67 R 15 9470 664(1) 36.6 48.4 -10.9 8.0 3.0
J18564+0113 0267440 356 33 G 5 96.1  -122.03) 32 8.4 57.1 -1.0 1.1 3.1
J1856+0245  0.080907  36.7 63 R 30 6235 255(2) 75.9 - 61.7 26.0 20.5 3.2
J185740143  0.139760 357 46 G 30 2494 294(3) 408 - 68.4 34 2.9 3.1
J1906+0746  0.144073  35.4 74 NR 3 - - - - - - - -
J190740602  0.106633 364 24 NG 10 - - - - - - - -
J190740631  0.323648 357 34 R 30 4294  43553) 176 429 87.0 95 73 3.2
J19074+0918 0226107 355 82 R 15 3578 688.8(2) 25 6.3 61.5 47.4 47.8 3.1
J1909+0749M  0.237161 357 84 RI 30 5393  —24093) 49 162 40.6 -84 5.1 3.6
J1909+0749! - - - - - - - 72 176 86.0 13.8 7.0 3.7
J1918+1541M 0370883  33.3 08 I 30 11.5 -5.0(8) 42 246 66.1 16.9 18.9 33
J1918415417 - - - - - - - 12.0 17.0 -5.3 2.7 4.2
J192541720  0.075659  36.0 51 G 60 2223  4458(6) 116 69.1 8.0 12.8 4.4
J192841746  0.068730 362 43 G 30 1767 20322) 176 570 50.1 -25.9 26.9 3.2
J1930+1852  0.136855  37.1 70 R 150 3073 - 50.6 - - - - -
J193242220  0.144470 359 109 G 15 2189 138.9(1) 32 109 76.5 7.0 6.6 3.0
J193442352  0.178432 360 122 R 30 3558  —35.4(6) 74 229 71.6 3.4 2.0 3.2
J193842213  0.166116 356 34 R 15 93.0 140.5(2) 9.8 281 65.1 8.3 6.4 3.0
J204342740  0.096131 347 15 G 30 21.04  -96.1(1) 46 165 84.8 6.9 6.8 3.0

Manchester 2004). From 2020 April 9 onwards, the observations had
the full BCROSS _SKY solution applied by the automatic calibration
pipeline.

As was shown in Bailes et al. (2020), the MeerKAT L-band receiver
characteristics pertaining to polarization purity: ellipticity and non-
orthogonality (which also includes differential ellipticity) are close to
ideal. Both parameters characterizing the degree of mixing between
linear and circular polarization and orientation of both receptors with
respect to each other (ideally both dipoles should be oriented at 0°
and 90°), respectively. The antenna-based leakage terms, describing
imperfections in the response of the system to a polarized signal, are
negligible, which combined with the calibration method described
above is sufficient to obtain polarization calibrated data and including

the absolute polarization position angles after correction for the
parallactic angle.

4 OBSERVATIONS AND DATA ANALYSIS

A total of 35 pulsars were observed with MeerKAT for this project
and carried out as described in Johnston et al. (2020a). Five pulsars
were not detected. PSR J0633+4-1746, also known as Geminga, has
been known for many years as a high-energy pulsar (Halpern &
Holt 1992) but has only been seen at very low radio frequencies
(Malofeev & Malov 1997). PSR J1732-3131 also has only a
tentative detection at very low radio frequencies (Maan et al. 2017).
PSR J1747-2809 is a weak pulsar with a high DM (Camilo et al.
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2009a). In spite of 60 min observing the pulsar is not detected, most
likely due to high levels of scattering. PSR J1907+0602 is a very
faint radio pulsar with only a weak detection after 2h observing
with the Arecibo telescope (Abdo et al. 2010). Our short observation
failed to detect the pulsar. PSR J1906+4-0746 is in a binary system
and its current precessional phase makes its flux density very low.
Comprehensive polarization studies are presented in Desvignes et al.
(2019).

In Table 1, the first four columns show the pulsars observed, their
spin-period, spin-down energy, and distance taken from the pulsar
catalogue® (Manchester et al. 2005). Column 5 gives an ID where
N denotes non-detection, G denotes y-ray and radio detected, R
denotes radio pulsars with E > 103 ergs~' not seen in y-rays, I
denotes interpulse emission as per the source selection described in
Section 2. Column 6 gives the total observing time in minutes.

For each pulsar we detected, we compute the dispersion measure
(DM) and the rotation measure (RM) in the following way. First
we create a single noise-free template of the pulsar’s profile using
the PSRCHIVE routine paas. We then sum the data in frequency
using the nominal DM and compute a time-of-arrival (ToA) for
each 8 s time interval using the routine pat. If required, we use the
TEMPO2 software* (Hobbs, Edwards & Manchester 2006) to update
the ephemeris to correct for any phase drift during the observation.
We then revert to the original data set, sum the data in time, and
reduce the number of frequency channels to 32. For each frequency
channel we compute a ToA using the noise-free template and the
ToAs are then are fitted to a DM model. The DM as measured is
therefore the value which minimizes the residuals for this particular
template. Once the correct DM is established we then use the same
32 channel data and the routine rmfit to calculate the RM. This
routine performs trial RMs and finds the value at which the linear
polarization is maximized across the profile as a whole. Results are
listed in Table 1 with the errors on the last digit of RM given in
brackets. For the DM, we list to one decimal place even though the
formal statistical error is usually an order of magnitude lower. We
note there is a relationship between the RM and DM values (Oswald,
Karastergiou & Johnston 2020).

For each pulsar we measure the profile width at 50 per cent of the
peak amplitude (Wsp) and at 10 per cent of the peak amplitude (W)
where the signal-to-noise permits. Errors on W5, and Wy, are 0.2°.
The percentage of linear polarization (L/I), of circular polarization
(VII) , and of the absolute value of the circular polarization (|V]) is
measured for the integrated profile. To debias the linear polarization
we use equation (11) in Everett & Weisberg (2001). We follow the
prescription given in Karastergiou & Johnston (2004) to compute
|V| which ensures that the off-pulse baseline retains a mean of zero.
For pulsars with interpulses, we compute the parameters separately
for both main and interpulse. The final columns of Table 1 list W5,
W0, and the polarization parameters. The error on the polarization
fraction is the statistical error added quadrature with a conservative
estimate of 3 per cent for systematic effects.

5 PULSAR PROFILES

The pulsar profiles are shown in Figs 1 through 3. Position angles are
defined as increasing counter-clockwise on the sky (see Everett &
Weisberg 2001) and are corrected to infinite frequency using the RM
given in Table 1. Circular polarization in pulsar astronomy uses the

3http://www.atnf.csiro.au/research/pulsar/psrcat
“https://www.atnf csiro.au/research/pulsar/tempo2
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IEEE convention for left-hand and right-hand and so in the profiles
shown here, left-hand circular polarization is positive (van Straten
et al. 2010). A brief description for each of the detected pulsars
follows below.

5.1 J0514-4408 (Fig. 1)

The polarization profile for this pulsar was published by Bhat-
tacharyya et al. (2019) and we get very similar results. The main
component is virtually 100 per cent linearly polarized and consists
of at least three narrow components. In contrast the interpulse has
hardly any linear polarization and has a single, wide component. The
slope of the PA swing is negative against the main pulse and positive
against the interpulse.

5.2 J0540-6919 (Fig. 1)

This pulsar is located in a supernova remnant in the Large Magellanic
Cloud and is in many ways a twin of the Crab pulsar. The radio
profile consists of two broad components and the overall pulse width
is extremely wide. The polarization is unusually low for such a high
E pulsar and the swing of PA is remarkably flat across the entire
pulse width (Geyer et al. 2020).

5.3 J0631+0646 (Fig. 1)

The pulsar was first discovered in y-rays by Clark et al. (2017)
and subsequently as a weak radio pulsar by Wu et al. (2018). The
unusual profile consists of two widely separated components. The
linear polarization is very high in the leading component but appears
to be almost zero in the trailing component. The PA swing is flat
across the leading component. It is possible that the highly polarized
component arises from much higher in the magnetosphere than the
trailing component.

5.4 J0835-3707 (Fig. 1)

This pulsar has an extreme ratio between the amplitudes of the main
and interpulses, and was not recognized as an interpulse pulsar in
the discovery paper (Manchester et al. 2001). The main pulse is very
narrow, with a low level of linear and circular polarization. The PA
swing is complex and perhaps contains orthogonal mode jumps. The
interpulse has a peak flux density a factor of 20 lower than the main
pulse and seems to have virtually no polarization.

5.5 J1124-5916 (Fig. 1)

This pulsar is located in the SNR G292.0+1.8 and has a flux density
of only 80 pJy (Camilo et al. 2002a). The profile appears to be a
simple Gaussian with a moderate width. It is virtually 100 per cent
linearly polarized with almost no circular polarization. The swing of
PA is steep.

5.6 J1151-6108 (Fig. 1)

This pulsar was discovered by Ng et al. (2015) but has no published
polarization data. The profile is broad with a shallow leading edge
and a steep trailing edge. The linear polarization is high, the PA
swing is smooth with an inflexion point near the centre of the
profile. The profile follows the young pulsar type as noted by
Johnston & Weisberg (2006) with the trailing component being the
largest amplitude and showing circular polarization.
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Figure 1. Polarization profiles for PSRs J0514-4408, J0540-6919, J0631+0646, J0835-3707, J1124-5916, J1151-6108, J1437-5959, J1741-2054, and
J1755-0903. In the lower panels, the black line denotes Stokes I, the red trace shows the linear polarization and the blue trace the circular polarization. Left-hand
circular polarization is defined to be positive. The top panel shows the position angle of the linear polarization, corrected to infinite frequency using the RM
listed in Table 1. Position angles are only plotted when the linear polarization exceeds 3 sigma. The zero-point of pulse longitude is set to the peak of the total
intensity profile.
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5.7 J1400-6325

This pulsar was first discovered in X-rays; the subsequent radio
detection presented in Renaud et al. (2010) shows a very broad
profile at 1.4 GHz. Our observations (not shown) have a very similar
profile with a width which covers more than half of the pulse period.
This does not seem due to interstellar scattering as also pointed out
by Renaud et al. (2010). The low signal-to-noise ratio of our profile
means we were unable to determine an RM.

5.8 J1437-5959 (Fig. 1)

The pulsar is located in the supernova remnant 315.9-0.0. Observa-
tions made by Camilo et al. (2009b) listed 50 per cent linear polariza-
tion but the polarized profile was not shown. In our observations, we
confirm the presence of interpulse emission located 170° away from
the main pulse. The main pulse is broad with two components, the
polarization fraction is high and we confirm the RM given in Camilo
et al. (2009b).

5.9 J1741-2054 (Fig. 1)

This pulsar has a very low flux density and a small DM and is
therefore one of the lowest luminosity pulsars known in the radio
(Camilo et al. 2009c). A polarization profile has not been published.
In our observations, the profile appears to be a simple Gaussian and
the polarization fraction is low.

5.10 J1747-2958

This pulsar is located in the radio nebula G359.23-0.82 (Camilo et al.
2002c¢) and has a very low flux density. Our 60 min observation (not
shown) has a low signal-to-noise ratio. The profile is broad and there
appears to be a high fraction of linear polarization although the RM
cannot reliably be determined.

5.11 J1755-0903 (Fig. 1)

This pulsar’s interpulse was not recognized at the time of discovery
(Bates et al. 2012). The main pulse is triangular in shape. The circular
polarization changes sign in the centre of the profile and the linear
polarization profile is much narrower than in total intensity. The PA
swing has a strange kink at the centre of the profile. The interpulse is
broad, has much lower amplitude than the main pulse, and its centre
is only 165° from the main pulse centre.

5.12 J1816-0755 (Fig. 2)

Although discovered 15 yr ago (Lorimer et al. 2006) no polarization
data are available. The pulsar shows a narrow main and interpulse
neither of which are highly polarized. Both main and interpulse
appear to be blended doubles with the trailing component dominant.
There is a very steep swing of PA across the main pulse.

5.13 J1833-1034 (Fig. 2)

This pulsar was found in a targeted search of the supernova remnant
G21.5-0.9 (Camilo et al. 2006) and has a low flux density. Two
individual 60 min observations were combined. The low signal-to-
noise ratio makes it hard to discern any features in the narrow profile.
The polarization fraction is high and the PA swing shallow.

MNRAS 505, 44834495 (2021)

5.14 J1843-0702 (Fig. 2)

The pulsar shows interpulse emission, with the peak separation of
main and interpulse being 170° and the peak amplitudes about a
factor 2 different. The profiles are narrow with a low degree of linear
polarization.

5.15 J1849+4-0409 (Fig. 2)

The main and interpulses in this pulsar have roughly similar
amplitude. The main pulse has a triangular shape and is highly
polarized with a simple PA swing. The interpulse is wider and has a
double peaked profile with a hint of a central component. The linear
polarization is moderate and the PA swing rather flat.

5.16 J1850-0026 (Fig. 2)

The pulsar is highly scattered (Keith et al. 2009) but relatively bright.
Both the linear and the circular polarization fractions are high. The
long, flat PA sweep is a by-product of the scattering process.

5.17 J1856+0113 (Fig. 2)

This pulsar has a previously published RM (Han et al. 2006) but no
published profile. Our observations show a narrow profile with two
components. The linear polarization fraction is moderate and the PA
swing is flat. We have significantly reduced the error bar on the RM.
In the compilation of Weisberg et al. (1999), there is a lack of linear
polarization in this pulsar, possibly due to an incorrect RM used at
the time.

5.18 J1856+0245 (Fig. 2)

This pulsar is associated with a TeV source (Hessels et al. 2008)
but is not yet detected as a y-ray pulsar. The pulse profile is broad
and slightly scattered in the lower part of the frequency band. It has
moderate linear and circular polarization and there is a large gradient
in PA across the profile.

5.19 J1857+0143 (Fig. 2)

This pulsar has a previously published RM (Han et al. 2018) but no
published profile. Our RM (29.4 4 0.3 rad m~2) is not in agreement
with the previous value (41.9 + 4.3rad m~2). The pulsar is highly
scattered at the low-end of the MeerKAT frequency band. At the high
end of the band, we estimate a W5, of <25°. The linear polarization
fraction is high. The long, flat PA sweep is a by-product of the
scattering process.

5.20 J1907+0631 (Fig. 2)

The profile is broad and featureless and is virtually 100 per cent lin-
early polarized with a small fraction of negative circular polarization.
There is a large PA swing across the profile.

5.21 J1907+0918 (Fig. 3)

The profile is very narrow and has a high degree of linear and circular
polarization. The PA swing is steep likely indicating a central cut
through the beam.
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Figure 2. Polarization profiles for PSRs J1816-0755, J1833-1034, J1843-0702, J1849+40409, J1850-0026, J1856+40113, J1856+40245, J1857+40143, and
J190740631. In the lower panels, the black line denotes Stokes I, the red trace shows the linear polarization, and the blue trace the circular polarization.
Left-hand circular polarization is defined to be positive. The top panel shows the position angle of the linear polarization, corrected to infinite frequency using
the RM listed in Table 1. Position angles are only plotted when the linear polarization exceeds 3 sigma. The zero-point of pulse longitude is set to the peak of

the total intensity profile.
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5.22 J1909+0749 (Fig. 3)

This pulsar was identified as having an interpulse by Nice et al.
(2013). The main and interpulses have roughly equal amplitude but
the interpulse is virtually 100 per cent linearly polarized unlike the
main pulse. The main and interpulses have opposite signs of circular
polarization and opposite gradients in the PA swing.

5.23 J1918+1541 (Fig. 3)

The profile shows evidence for an interpulse, with low-amplitude
emission located some 170° from the main pulse. The main pulse
consists of two components, the leading component has low ampli-
tude and almost no polarization whereas the trailing component is
bright with a high degree of both linear and circular polarization.

5.24 J1925+1720 (Fig. 3)

The pulsar has a low flux density; its profile has a single component
which is highly linearly polarized.

5.25 J1928+1746 (Fig. 3)

The pulsar has a peculiar profile, with a small leading component
separated from the main component which has a double structure.
Linear polarization is high, as is the circular polarization under the
main component. The PA swing indicates that there may be an
orthogonal mode jump between the leading and main components.

5.26 J1930+1852

This pulsar is located in the supernova remnant SNR 54.14+0.3 and
has a flux density of only 60 wJy (Camilo et al. 2002b). In spite of
our deep integration, the signal to noise ratio is low in this profile and
we have been unable to determine an RM. The profile (not shown)
appears to be featureless and broad.

5.27 J1932+2220 (Fig. 3)

The pulsar has a narrow profile with a trailing shoulder. The
polarization fraction is high and there is a steep swing of PA. This
is similar to the profile shown in Weisberg et al. (1999). Our RM
value (138.9 & 0.1 rad m~2) is not consistent with the previous value
(173 & 11 rad m~2) listed in Hamilton & Lyne (1987).

5.28 J1934+-2352 (Fig. 3)

The profile of this pulsar consists of two blended components with
the trailing component higher in amplitude. There is little circular
polarization and high linear polarization with a shallow swing of PA.

5.29 J1938+-2213 (Fig. 3)

The profile of this pulsar has three components with a shallow leading
edge and a steep trailing edge. The linear polarization is high against
the first and third component but less so in the second component.
There are two orthogonal mode jumps in the PA swing.
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5.30 J2043+2740 (Fig. 3)

Discovered back in 1996 by Ray et al. (1996), polarization ob-
servations have only been carried out recently at low frequencies
(Sobey et al. 2019). Our observations show the profile has at least
three components with the initial component dominating. The linear
polarization is very high and there is a steep swing of PA with an
inflexion point late compared to the profile midpoint.

6 DISCUSSION

6.1 Interpulses

We apply the rotating vector model (RVM) in order to derive the
pulsar geometry from the PA values across pulse phase (¢). We use
a modified form of the original model of Radhakrishnan & Cooke
(1969) as presented in Johnston & Kramer (2019).

sina sin(¢p — ¢o — A)
sin¢ cosa — cosZ sina cos(¢p — gy — A) )

(e))

Here, ¢ is the pulse longitude at which PA = PAy and { = o +
B. The A term is present to deal with cases in which the emission
heights are different for the main pulse and the interpulse. Details of
the model fitting can be found in Johnston & Kramer (2019). The
results are presented in Table 2.

Five of the pulsars show ‘standard’ values for orthogonal rotators
(e.g. Johnston & Kramer 2019) with relatively small values of S
which, in combination with narrow pulse widths, implies ‘standard’
emission heights of ~300km. However, there are two notable
exceptions, namely PSRs J0514—4408 and J1909+0749.

The first peculiar feature of the fit to PSR J0514—4408 is the small
ayy value of 65° £ 2°, compared to our expectation of a value closer
to 90° as seen for the other pulsars in Table 2. At the same time,
however, B is also unusually large, 35° & 3°, which in combination
with ¢ = 101° & 2° means an ‘inner line-of-sight’, as confirmed
by the sweep of the PA swing (cf. Lorimer & Kramer 2005). The
large Bj value immediately indicates that the beam radius o, must
be large, as |Sy| < pu for the pulsar to be beamed at Earth. This
implies that the emission height of the main pulse is large. Using the
relationship

[9 hem
P 2 Ric rad, (2)

(Rankin 1990) where Ry ¢ is the light cylinder radius, and using the
observed ), value, we can estimate the main pulse emission height
to be about Ay, 2 2500 km, i.e. a unusually large fraction of the
light-cylinder radius of 16 percent. We can compare this with an
emission height derived from the shift of the PA centroid relative
to the pulse peak using the argument that this shift is caused by the
rotating of the pulsar reference frame relative to the observer, which
yields a relationship that connects the phase shift with the emission
height,

PA = PA( + arctan (

4 hem
R
(Blaskiewicz, Cordes & Wasserman 1991; Dyks 2008). Identifying
§¢(PA) with our determined ¢, we derive a second estimate
for the emission height of 2130 £ 130km, which is remarkable
consistent with the simple geometrical estimate from above. Turning
our attention now to the interpulse, we see a more modest §; value
of —14deg, allowing the emission height to be much smaller, i.e.

dp(PA) = 3
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Table 2. Results of fitting the RVM model to the interpulse pulsars. ay, By, and ¢y refer to the main pulse, «y,
B1 . and ¢ to the interpulse. ¢ is the location of the inflexion point of the PA swing with respect to the peak of the

main pulse emission. All angles in degrees.

Jname ay Bm o] ¢ ay Bi o1 A

J0514-4408 65(2) 35(3) 32(2) 101(2) 115(2) -14(3) 191(4) -21(3)
J1755-0903 83(1) 5(2) -1(1) 87(2) 97(2) -10(2) 174(2) -5(2)
J1816-0755 88(2) -3(2) =3(1) 85(2) 92(2) -7(3) 175(2) =3(1)
J1843-0702 91(1) 6(1) 3(1) 97(1) 88(1) 9(1) 180(2) -3(1)
J1849+4-0409 91.7(2) -8.02) -2.1(2) 83.7(1) 88.3(2) —4.6(2) 181.5(2) 3.5(1)
J1909+0749 112(6) -32(8) —4(4) 80(7) 68(6) 12(9) 185(6) -9(5)
J1918+1514 93(1) -12(1) -8(1) 81(1) 87(1) -6(1) 164(2) =8(1)

hem, 1 ~ 400 km. The large negative value of A = —21 4 3 deg indeed
suggests that the emission height of the interpulse is significantly
lower than that of the main pulse. Interestingly, though, the width
of the interpulse is 60 deg, which appears to be quite large. Indeed,
taking the interpulse geometry and the relationship

cosp = cosw cos{ 4+ sina sing cos(W/2) 4)

(Gil, Gronkowski & Rudnicki 1984), where W is the pulse width,
the implied interpulse beam radius exceeds 80°. This is very difficult
to reconcile with the lower emission height just derived. We have
to conclude that while we can find a consistent description of the
geometry for the main pulse, albeit with an unusually large emission
height, the large width of the interpulse is inconsistent with the lower
emission height that is implied by the RVM fit. We will return to the
implication of large radio pulse widths in the next section in the
context of gamma-ray emission.

The second pulsar with a rather large impact value is
PSR J1909+0749, where we find 8, = —32° + 8°, again implying
an inner line of sight. Repeating previous arguments, we suppose that
pum > |Bul, which implies an emission height exceeding 1500 km.
That is much larger as one would infer from the low ¢,, value, which
would require a height of only ~220km. A negative value of A
implies an even smaller emission height for the interpulse, but the
relative uncertainty is large. The pulse widths for main and interpulse
are similar, about 17°. For the interpulse geometry, we can obtain a
beam radius of 15° consistent with a value of ~13° expected from
a simple period scaling. In contrast, for the main pulse geometry, we
derive a beam radius that is about twice larger because of the large
Bu value. In summary, for this pulsar, we can obtain a consistent
picture for the interpulse, while for the main pulse the large impact
angle of the main pulse derived from the RVM fit is more difficult to
reconcile with the other observed pulse properties.

A correlation between the sign of the circular polarization in
the main and interpulse and the sign of f was noted by John-
ston & Kramer (2019). For the cases under consideration here, only
PSR J1909+-0749 gives clear indication of circular polarization under
both poles. This pulsar obeys the correlation; 8 has opposite sign
in the main and interpulse and so does the circular polarization.
PSR J1755—-0903 is a rare example where the sign of circular
polarization changes under the main pulse.

6.2 Radio profile widths, geometry, and y-ray emission

Rookyard et al. (2017) showed that it is possible to distinguish
between pulsars which are seen in radio but not y-rays and those
which are visible at both wavebands based on the width of the radio
profile (W). In addition, the modelling in Johnston et al. (2020b)
showed that y-ray pulsars are not expected above a line which
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Figure 4. Spin-down energy versus radio pulse width for a sample of radio-
only pulsars (squares) and joint y-ray and radio pulsars (triangles). The line
represents demarcation as defined by equation (5), above which no y-ray
pulsars are expected. The one exception is PSR J0631+0646.

follows:

W =16.0 log ( +40.0 (5)

E
10%erg s71 )
with W in degrees. In addition, the outer-gap model predicts that at
lower values of £, y-ray pulsars must be close to orthogonal rotators
(Watters et al. 2009). We show an update of the Rookyard et al.
(2017) results in Fig. 4 along with the demarcation line given by
equation (5). Values of Ws, are taken from Johnston & Kerr (2018),
the results presented in this paper and other measurements from the
literature.

The following aspects can be noted from the figure. First,
there is only one y-ray pulsar above the line of equation (5),
PSR J06314-0646. As described above, the pulsar has a profile with
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Table 3. Estimated y-ray fluxes of the sample of radio-only pulsars.

Jname Fy x 10-12 Jname Fg x 10-12
(ergs_lcm_z) (ergs_'cm_z)
J1755-0903 410 J1437-5959 5
J0835-3707 53 J1849 + 0409 5
J1400-6325 47 J1850-0026 4
J1747-2809 33 J1909+0749 3
J1930+1852 23 J1906+0746 3
J1918+1541 23 J1907+0918 3
J1907+0631 21 1193442352 2
J1856+40245 18 J1843-0702 2
J1938+2213 17 - -

two widely separated components and a flat swing of PA likely
indicating a low value of «. It is therefore unclear why this pulsar
should be y-ray bright. For E < 10° ergs™', a sizeable fraction of
the radio population lies above the line, but no y-ray pulsars do.
Radio pulsars at high E with very wide profiles (e.g. PSR J1302—
6350) are not seen in y-rays. Finally for £ > 10% erg s~! the two
populations of pulsars seem more intermixed than was the case in
Rookyard et al. (2017), though we note that Rookyard et al. (2017)
used Wy rather than Wsy.

6.3 y-ray pulsar candidates

For a radio pulsar to be seen in y-rays it is necessary that the y-ray
flux, Fy, exceed the Fermi-LAT threshold over the lifetime of the
mission. In the outer-gap model F, is given by

s L E [108 ©
* dne, 2V E

(Watters et al. 2009), where (47tcg)_l is a geometric term, which is
~0.1 for & > 60° (Johnston et al. 2020b) and d is the distance to the
pulsar. Using E and d from Table 1, we compute F, , for each of the
17 radio-only pulsars in our sample and list the results in Table 3.

The detection threshold of the Fermi—LAT depends on the Galactic
location of the pulsar and whether or not radio timing can provide
a coherent timing ephemeris since the start of the Fermi mission in
2008 (Smith et al. 2008, 2019). Unfortunately none of the pulsars
listed here have sufficient timing accuracy to allow this, thus raising
the detection level. We therefore take the sensitivity to pulsars at low
Galactic latitudes to be 16 x 1072 er gecm™2 s~! for pulsars without
a coherent ephemeris, scaled from Abdo et al. (2013) to allow for
increased time-span (see also Johnston et al. 2020b). Pulsars on the
left of Table 3 are therefore above the detection threshold whereas
those on the right are below the detection limit.

Of the eight pulsars below the detection limit, three are interpulses,
PSRs J1843—-0702, J18494-0409, and J1909+0749. Although the
former two pulsars are relatively nearby, their low E counts against
them, whereas the high E of PSR J1909+0749 is mitigated by its
large distance.

Of the nine pulsars nominally above the detection limit, three
are interpulses, PSRs J0835—3707, J1755—0903, and J1918+1541.
None appear in the y-ray source catalogue (4FGL; Abdollahi
et al. 2020). This is very surprising for PSRs J0835—3707 and
J1755—0903 which are both nearby and in relatively quiet parts
of the Galactic plane. They have E similar to, but distances less than
PSR J0514—4408 which is detected in y-rays.

PSRs J190740631 and J1938+4-2213 are similar in that they
both have moderate width profiles and a steep swing of PA. The
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geometry is unclear. Both are therefore potential y-ray candidates.
The catalogued source 4FGL J1906.24-063, tentatively associated
with SNR G40.5-0.5, lies close to PSR J19074-0631 on the sky
which may make the pulsar harder to detect.

PSRs J1930+4-1852 and J1856+0245 have wide profiles, likely
indicating a small value of . Their widths lie above the line in Fig. 4
and they are therefore unlikely to be seen as y-ray pulsars. We note
that a fit to the X-ray torus around PSR J1930+41852 (Ng & Romani
2008) yields a + B = 147° meaning that for small § the pulsar could
indeed be far from orthogonality.

Similarly, PSR J1400—6325 has an extremely broad radio profile
and its W5 places the pulsar well above the line in Fig. 4. This would
make it unlikely to be seen in y-rays. However, X-ray pulsations are
detected from this pulsar. This source appears to be very similar to
PSR J1513—5908 which is also a bright X-ray pulsar with a broad
radio profile albeit detected in the y-ray. Determining the geometry
of PSR J1400—6325 would be informative but we are unable to do
so with the current radio data. It is possible that the geometry of
PSR J1400—6325 could be discerned from X-ray data; it lies within
a pulsar wind nebula although the presence of an X-ray torus is not
clear (Reynolds & Borkowski 2019).

In summary, of the 17 radio-only pulsars in this sample, 8 are likely
below the sensitivity of the Fermi—LAT and a further 3 have non-
favourable geometries. The failure to detect the interpulse objects
PSRs J0835—3707 and J1755—0903 in y-rays is surprising with
more detailed modelling needed to understand the reasons behind
this.

6.4 Linear polarization fraction and y-ray emission

Weltevrede & Johnston (2008b) and later Johnston & Kerr (2018)
showed that there was a correlation between the fractional linear
polarization of a pulsar’s profile and E. For E > 10¥ ergs™', the
fractional polarization is well above 40 per cent in the vast majority of
the pulsars, whereas for E < 103 ergs™! the fractional polarization
is lower. There is a transition in the fractional polarization levels
between 10°* < E < 10% ergs~'. One possible explanation for this
transition is that the high E pulsars have high emission heights in
the radio, allowing the polarization to escape the magnetosphere
whereas the emission from low E pulsars originates much deeper
in the magnetosphere where propagation effects become important
(Karastergiou & Johnston 2007).

It is well known that there is also a strong correlation between
E and y-ray luminosity (Abdo et al. 2013). Only 17 young pulsars
with £ < 10* erg s~ are known to emit both radio and y-rays
in spite of extensive y-ray searches (Smith et al. 2019). The y-ray
emission certainly occurs high in the magnetosphere (e.g. Romani
1996; Philippov & Spitkovsky 2018). Is it possible then that there is
some causal link between high linear polarization in the radio and
the visibility of a pulsar in y-rays?

Of the 37 pulsars with £ > 10* ergs~! detected only in radio and
with polarization measured, only 5 have a fractional polarization less
than 40 per cent. There are 64 pulsars above this £ with both radio
and y emission. Of the 56 with measured polarization, 5 have a low
fraction. In these two samples therefore, 86 per cent of the radio-only
population have high linear polarization as opposed to 91 per cent
for the y-ray plus radio pulsars. Finally, there are 17 pulsars with
E < 10% ergs~! which are both radio and y-ray emitters of which
14 now have their polarization properties measured. Of these 14, 8
have high polarization and 6 have low polarization. This is consistent
with the ratio of high to low polarization in the radio-only population
below this E.
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Taken together, these numbers indicate that the joint radio and
y-ray pulsar population show the same polarization properties as the
radio-only population. Furthermore, if high polarization in the radio
implies a high emission height then this appears not to be a pre-
requisite to engage the y-ray engine. This makes the link between
high polarization in the radio and y-ray unclear. However, a causal
correlation between the two remains an option; it is possible that the
high altitude cascades that yield y-rays occur when there is also high
altitude radio emission.

7 SUMMARY

We have exploited the excellent sensitivity of the MeerKAT telescope
to observe a sample of high E pulsars with low flux densities and
without polarization profiles in the literature. We show a correlation
between the widths of the radio profiles and y-ray detectability. We
use this correlation to surmise that pulsars from our sample could
be seen in y-rays if a sustained timing campaign were to be carried
out. Although high E radio pulsars are highly polarized and high E
pulsars are more likely to be seen in y-rays, there appears to be no
obvious link between these two observables. Not all y-ray pulsars
have highly polarized radio emission. The geometry of a pulsar is
important, especially at low E where 4 out of 17 pulsars which show
both radio and y-ray emission are orthogonal rotators.
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