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A B S T R A C T 

We present the largest single surv e y to date of average profiles of radio pulsars, observed and processed using the same telescope 
and data reduction software. Specifically, we present measurements for 1170 pulsars, observed by the Thousand Pulsar Array 

programme at the 64-dish SARAO MeerKAT radio telescope, in a frequency band from 856 to 1712 MHz. We provide rotation 

measures (RM), dispersion measures, flux densities, and polarization properties. The catalogue includes 254 new RMs that 
substantially increase the total number of known pulsar RMs. Our integration times typically span o v er 1000 individual rotations 
per source. We show that the radio (pseudo-) luminosity has a strong, shallow dependence on the spin-down energy, proportional 
to Ė 

0 . 15 ±0 . 04 , that contradicts some previous proposals of population synthesis studies. In addition, we find a significant correlation 

between the steepness of the observed flux density spectra and Ė , and correlations of the fractional linear polarization with Ė , 
the spectral index, and the pulse width, which we discuss in the context of what is known about pulsar radio emission and how 

pulsars evolve with time. On the whole, we do not see significant correlations with the estimated surface magnetic field strength, 
and the correlations with Ė are much stronger than those with the characteristic age. This finding lends support to the suggestion 

that magnetic dipole braking may not be the dominant factor for the evolution of pulsar rotation o v er the lifetimes of pulsars. A 

public data release of the high-fidelity time-averaged pulse profiles in full polarization accompanies our catalogue. 

Key words: catalogues – surv e ys – pulsars: general. 
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 I N T RO D U C T I O N  

he observed neutron star population shows astonishing diversity.
n the one hand, neutron star properties are commonly assumed to
e go v erned by a limited number of physical parameters such as their
otational properties, their magnetic field configuration, their internal
tructure, and perhaps their environment. On the other hand, even if
ne restricts to the population of non-recycled radio pulsars, there is
 large variation in observed quantities such as the range of the spin
eriod P and period deri v ati ve Ṗ , the characteristics of flux density
pectra, temporal features such as the pulse profile, its components
 E-mail: bettina.posselt@physics.ox.ac.uk (BP); 
ris.karastergiou@physics.ox.ac.uk (AK) 
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Published by Oxford University Press on behalf of Royal Astronomical Socie
Commons Attribution License ( http://cr eativecommons.or g/licenses/by/4.0/), whi
nd polarization, and phenomena on single-pulse time-scales and
horter. The large parameter space of measured observables is a
hallenge and at the same time an opportunity to constrain the physics
f neutron stars. 
There are, it seems, three ways in which the field has made

rogress. First, through looking at individual sources that exhibit
ome phenomenon in an extreme way in order to try and reduce
he dimensionality of the problem. Examples are PSR J0738 −4042
here the polarization changes with time in a way that pro v es
e are observing the incoherent sum of orthogonally polarized
odes (Karastergiou et al. 2011 ), and J1906 + 0746 where general

elati vistic precession allo ws mapping of the radio beam (Desvignes
t al. 2019 ). Secondly, through monitoring specific populations of
eutron stars with common features (such as γ -ray emission, or
© 2022 The Author(s). 
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ch permits unrestricted reuse, distribution, and reproduction in any medium, 
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requent glitching) and attempting o v erarching e xplanations (e.g. 
ohnston et al. 2020b ; Lower et al. 2021 ). Finally, by measuring
he observables of a large population in order to identify unifying 
nd distinguishing properties with the goal of understanding how 

ub-classes of neutron stars relate to each other or evolve from one
nother. Examples of interesting connections revealed in that way are 
he observation that the angle between rotation and magnetic axes 
ecreases on long time-scales, i.e. with age (Tauris & Manchester 
998 ), or the realization that the radio luminosity must decrease with
ge (Arzoumanian, Chernoff & Cordes 2002 ). 

We emphasize that the true age is actually a very difficult quantity
o determine for the vast majority of pulsars, and typical age esti-
ates are usually based on specific model assumptions. Associating 

articular population phenomena to true ages would allow one, for 
xample, to constrain various mechanisms for pulsar spin-down 
magnetic braking, winds, glitches, fallback discs, alignment of spin 
nd magnetic axes, etc.) and their relative strengths at different times. 
n contrast to the true age, the (current) loss rate of kinetic energy, Ė 

or spin-do wn po wer) is well constrained because the instantaneous 
pin-down of pulsars with time can be measured with high precision. 
t is determined as Ė = 4 π2 I Ṗ P 

−3 where I is the moment of inertia
f the pulsar (generally taken to be 10 45 g cm 

2 ), P its spin period and
˙
 its spin-down rate. In population studies, Ė is thus not only an 

mportant parameter of the available kinetic energy, but it is also used
s proxy for the age. The amplitude of and time between glitches are
elated to Ė (e.g. Lower et al. 2021 ), and single pulse phenomena
uch as nulling and drifting also have an Ė dependence (Song et al.
022 ). A relationship between the degree of linear polarization and 
˙
 has also been established (e.g. Weltevrede & Johnston 2008 ). 
Pulsar radio emission is influenced by many other physical 

roperties. The observed integrated pulse profiles are highly stable, 
ndicating that they can be used to probe the global properties of the
ulsar magnetosphere. It is widely accepted that the radio-emitting 
egions are confined to the open polar cap region inside the light-
ylinder radius (Ruderman & Sutherland 1975 ), and at a height of
 few hundred kilometres. The canonical pulsar is assumed to be a
entred, rotating, inclined magnetic dipole. Some recent models also 
onsider multipoles or offset dipoles (e.g. P ́etri 2016 , 2019 ), leading
o potentially very different interpretations of the observables. Based 
n the pulse profiles, different topologies of the emission beams have 
een introduced for quantification and modelling. Whilst Lyne & 

anchester ( 1988 ) prefer a patchy, random emission beam, Rankin 
 1990 , 1993 ) proposed a structured beam with inner ‘core’ and outer
cone’ emission components. The beam maps from Desvignes et al. 
 2019 ) for pulsar J1906 + 0746 showed a patchy or f an-lik e beam
tructure that is inconsistent with a cone beam though. Variations 
n the combination of radio beam topologies and sightline effects 
omplicate the seemingly simple picture of the canonical pulsar. 

The polarization information in pulse profiles can be used to 
nderstand the geometry of the pulsar, typically with estimates 
ased on the ‘rotating vector model’ (RVM) by Radhakrishnan & 

ooke ( 1969 ). The RVM can be used to fit polarization data in up to
0 per cent of pulsars where this is attempted (e.g. Everett & Weisberg
001 ; Johnston & Weisberg 2006 ; Rookyard, Weltevrede & Johnston
015 ; Desvignes et al. 2019 ; Johnston et al., submitted). In order
o explain typical polarization behaviour in the pulse profiles, two 
o-existent orthogonally polarized modes (OPMs; Backer, Rankin 
 Campbell 1976 ) were proposed. The radio emission is then 

escribed by a superposition of the two OPMs, with the o v erall
egree of linear polarization depending on the relative contribution 
f each OPM at a specific pulse phase (e.g. Stinebring et al. 1984 ).
onsidering relati vistic ef fects, Blaskie wicz, Cordes & Wasserman 
 1991 ) illustrated that the height of the radio emission can be
onstrained as well. In general, the so-called radius-to-frequency 
apping assumes that radio emission from lower frequencies arises 

rom higher up in the magnetosphere than the emission at higher
requencies (e.g. Komesaroff 1970 ; Cordes 1978 ). Other models, 
o we ver, suggest emission at the same frequency from different
eights due to different beam structures (e.g. in the form of a fan
eam, Gupta & Gangadhara 2003 ; Wang et al. 2014 ). Despite decades
f study, there remain many open questions regarding the radio 
mission process, the pulsar magnetosphere, and the neutron star 
roperties in general. A robust assessment of the validity of the
roposed models requires a large, homogeneous pulsar surv e y that
s sensitive enough to enable the necessary polarization and flux 
easurements even for the fainter members of the rotation-powered 

ulsar population. 
Here, we report on the MeerTime Thousand Pulsar Array (TPA) 

rogramme (Johnston et al. 2020a ) targeting nearly half of the non-
ecyled, ‘slow’ (rotation periods above 30 ms) pulsar population with 
he MeerKAT telescope. The data originate from a single telescope 
ith very similar observing parameters, and the measurements 
resented here result from a single data reduction pipeline, resulting 
n a uniform data set. This remo v es some of the difficulties in using
ata from disparate surv e ys, as is often the case with measurements
n the ATNF pulsar catalogue (Manchester et al. 2005 ). The ultimate
oal of the TPA is to accelerate the progress in the field on all
hree lines of investigation outlined abo v e. This work focuses on
he fundamental observables obtained from time-averaged pulse 
rofiles in full polarization. We present a catalogue of measurements 
ccompanying the public data release of the underlying processed 
PA data for o v er 1200 pulsars. We note that we do not differentiate
etween individual profile components in this work. The TPA data are 
he largest homogeneous data set of the non-recyled pulsar population 
o date, enabling a large variety of statistically meaningful constraints 
n the radio emission properties of pulsars. Here, we restrict to a few
tatistical example studies to demonstrate the capability of this new 

esource. 
The paper is organized as follows. We give an overview of

he observations and methods in Section 2 . In Section 2.5 , we
utline how the example correlations are identified and investigated. 
ection 3 presents the catalogue of the TPA census. Section 3.1
hows the representativeness of the TPA pulsar sample, Section 3.2 
o v ers parameters related to the interstellar medium (ISM) such
s the Faraday rotation measures (RMs) and dispersion measures 
DMs), whilst Section 3.3 and Section 3.4 present parameters related 
o flux and polarization measurements. Section 4 discusses a few 

xample correlations between pulsar parameters of the TPA census. 
orrelations with the spectral index, luminosity, and polarization 

ractions are discussed in Sections 4.1 –4.3 . Section 5 is a brief
ummary, whilst Section 6 describes where the data and the catalogue
re available and how they can be accessed. 

 OBSERVATI ONS  A N D  M E T H O D S  

.1 Observing programme 

he TPA pulsar sample encompasses the non-recycled pulsar pop- 
lation with a rotation period range from 30 ms to 6 s. The surv e y
ources were chosen in 2019 to include as many pulsars as possible
ith declination lower than 25 ◦. Pulsars with positional uncertainties 
reater than 2 arcsec were excluded. 
The 64-dish SARAO MeerKAT (MK) radio telescope has carried 

ut o v er 10 000 TPA pulsar observations since commissioning in
MNRAS 520, 4582–4600 (2023) 
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019 February. Here, we present pulsar observations with the L -band
eceiver that was centred at a frequency of ν = 1284 MHz, for more
etails of pulsar observations with MeerKAT in general (see Bailes
t al. 2020 ). The channelized time series were processed by the four
ulsar Timing User Supplied Equipment (PTUSE) machines. We use
 total bandwidth of 775 MHz. Observing times for the pulsars were
hosen based on pulse profile fidelity as discussed by Song et al.
 2021 ). They inferred that the optimal observation lengths for the
PA pulsars should co v er at least 200 rotation periods for a σ shape 

 0.1 uncertainty of the shape parameter which measures the flux
ifferences of two pulse profile bins of interest. Since some of our
argets did not have recorded 1.4 GHz fluxes (e.g. because they were
isco v ered at lower frequencies), the first TPA observations aimed for
erification of the pulsar detection and establishing the total flux level
t that time. Subsequent observations were obtained to (i) increase
he o v erall signal-to-noise (S/N) ratio, (ii) account for variability
ue to intrinsic pulsar variability or scintillation, and (iii) obtain
he aimed-for ∼1000 pulses for each target. The multiple-epoch
bservations for about 500 pulsars are also used to investigate time-
ependent behaviours in single-pulse trains. Overall 1279 unique
ulsars were observed between 2019 March 8 and 2021 November 3
10 248 observations), partly during the commissioning phase of the

eerKAT telescope. Here, we only consider fold-mode observations
btained with the full array ( > 58 out of the 64 antennas). 
Pulsars can exhibit emission changes and the variability analysis

ill be the topic of a separate paper. Here, we restrict to one
bservation epoch for a pulsar, in following the TPA-census data set.
he chosen epoch is typically the longest TPA observation co v ering
ost pulsar rotations ( ∼1000 rotations) except for the rare cases
here technical issues rendered the longest observation not useful. 

.2 Processing and calibration 

he pipeline to process the TPA data is described by Parthasarathy
t al. ( 2021 ), and it is available at ht tps://github.com/apart has3112/
eerpipe together with the instructions on how to use it. The effects

f radio frequency interference (RFI) are remo v ed within the pipeline
ollowing a modified procedure decribed by Lazarus et al. ( 2016 ). 

The resulting data have 1024 frequency channels, sub-integration
imes of 8 s, and all four Stokes parameters. We consider in the
ollowing frequenc y-av eraged (FA) profiles, eight frequenc y chan-
els (8ch) for our analyses. The polarization calibration uses the
rocedures described in detail in Serylak et al. ( 2021 ). 

.2.1 Flux calibration 

lux calibration was obtained via a bootstrap method. The radiometer
quation can be used to compute the expected root mean square (rms)
n a single channel via 

c = 

G ( T sys + T sky ) 

N A 

√ 

2 × � νbw N 

−1 
ch t obs N 

−1 
bin 

(1) 

ere, N A is the number of antennas, � νbw is the total bandwidth in
Hz, N ch is the number of frequency channels, t obs is the observing

ime (corrected for RFI removal), N bin is the number of phase bins.
e take T sys to be 17.1 K (which includes small contributions from

pillo v er and the atmosphere) and the gain of a single antenna is G
 19.0 Jy K 

−1 at 1390 MHz (SARAO/MeerKAT 2022 ). This leaves
 sky as an unknown but critical parameter as T sky on the Galactic
lane can often exceed the T sys contribution. We initially used the
ky map of Calabretta, Stav ele y-Smith & Barnes ( 2014 ) to compute
NRAS 520, 4582–4600 (2023) 
 sky but the large disparity in the resolution of the Calabretta et al.
 2014 ) data (14 arcmin) compared to the MeerKAT beam (6 arcsec)
eant that the T sky was systematically o v erestimated in most cases.
e were therefore also forced to bootstrap T sky directly from the

ata. We did this by observing a high latitude pulsar and assuming
hat T sky = 3.37 K at that location. By comparing the rms (in digitizer
ounts) for the high latitude pulsar with all other pulsars observed in
hat session we could obtain T sky for all the pulsars. Armed with this
nowledge we then again used the radiometer equation to convert
igitizer counts into mJy. The actual rms, σ obs , is obtained from
he median value of the rms in 20 (RFI-free) channels centred at
390 MHz. The data are then flux-calibrated by scaling them with
he factor C F = σ c / σ obs . 

To assess the agreement with existent flux density measurements,
e considered 261 TPA-pulsars that are co v ered by frequent Parkes
bservations. Measuring fluxes in sev eral frequenc y bands (8 for
PA) with the same method (see Section 2.4 ) for a similar total

requency bandwidth, we determined fluxes at 1264 MHz, F 1264 ,
nd power-law (PL) slopes by (unweighted) regression. Without
ccounting for any poor measurements (e.g. due to scintillation or
arge flux uncertainties), the distributions of the PL slopes for the TPA
nd Parkes data are very similar, whilst the flux ratios, F 

TPA 
1264 /F 

Parkes 
1264 ,

howed a slight offset from 1 with a mean and standard deviation of
.79 ± 0.31. Restricting our comparison to those pulsars in both data
ets that have spectral indices, i.e. PL indices with uncertainties less
han 0.2 (i.e. are well measured) and agreement of their PL slopes
ithin their 3 σ uncertainties (i.e. no obvious scintillation effects or

ffects due to pointing offsets), the number of comparison pulsars is
educed to 48. Their flux ratio distribution has a mean and standard
eviation of 0.90 ± 0.14. We checked for a dependence of the flux
atio on the flux at 1264 MHz (or the logarithm of that flux), but found
t to be statistiscally insignificant for the 48 comparison objects.
v erall, we re gard the agreement of the pulsar flux es from the TPA

nd Parkes data as good, especially since one needs to account for
ystematic uncertainties, too. One such systematic, for example, may
esult from the position uncertainty. For the narrow MeerKAT beam
 ∼6 arcsec), a slight pointing offset from the actual position can
educe the measured flux and impact the derived PL index. 

.3 Template generation, ephemerides, DMs, and RMs 

he iterative process of updating ephemerides and DMs uses
rofile templates. Noise-free standard templates were generated
utomatically from the Gaussian Process (GP) models described in
ection 2.4 . The smoothed profiles were cut to the GP-defined on-
ulse region of the profile or 2 per cent of the peak height (whichever
s smaller). To a v oid a sharp cut-off, the tails of the profile were
hen modelled by fitting a von-Mises function to the profile edges,
esulting in a smooth, periodic, noise-free template. These templates
ere all individually inspected, and in a small fraction (13 per cent)
f cases replaced with a manually generated template where the
utomatic template was judged to be of insufficient quality. This
ypically occurred in pulsars with long scattering tails or where
nterference signals contaminated the profile. Manually generated
emplates were created using PSRCHIVE , or in the case of heavily
cattered profiles, using custom PYTHON code to fit the scattering tail.

The pulsar signal is maximized by refining the pulsar ephemeris
rom the ATNF catalogue. During the work on the single-pulse
bservations of the TPA pulsars (Song et al. 2022 ), we noticed
 few pulsars for which the listed ATNF rotation frequency
as actually a harmonic with the real period being a factor

wo longer (PSRs J0711 + 0931, J0836 −4233, J1427 −4158,

https://github.com/aparthas3112/meerpipe
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1618 −4723, J1639 −4604, J1739 −3951, J1802 + 0128, 
1848 −1150, J1946 −1312), or a factor three longer (PSRs 
0211 −8159, J1714 −1054). 

The determination of pulsars’ DMs depends to some extent on 
he chosen templates, the frequency range considered, frequency- 
ependent profile evolution, and scattering. For the TPA data set, 
e use our profile templates and the respectiv e frequenc y–time 

olded pulse profiles. We deri ved ne w DM v alues and their respecti ve
ncertainties using TEMPO2 (Edwards, Hobbs & Manchester 2006 ; 
obbs, Edwards & Manchester 2006 ) and manual outlier rejection. 
sing the times of arri v al (TOAs) from TEMPO2 for 32 frequen-

ies, we also explored the systematic error range employing an 
ndependent fit algorithm with automatic outlier rejection. Using 
bout 200 test pulsars, we obtained a median DM offset of 0.1
etween the results from the two methods. We add the 0.1 as a
ystematic error estimate to our statistical error estimates for the 
M. Some of our fits were formally not good, but the averaged

requency aligned pulse profiles look reasonable. We emphasize that 
M values determined in this way (fitting TOAs for a ν−2 depen- 
ence) can be affected by frequency-dependent profile evolution and 
cattering, thus may be different if these effects are modelled at the
ame time. 

We determine the RMs for all TPA pulsars. Three main methods 
re regularly used to determine RMs, typically based on polarization 
ngles that are av eraged o v er phase space. The RM synthesis,
eveloped by Brentjens & de Bruyn ( 2005 ), uses the Fourier-like
elationship between the complex polarization intensity vector as a 
unction of wavelength squared. The RM is obtained from maxi- 
izing the Fourier Transform on the polarization angle across the 
hole available frequency-squared space. The method by Noutsos 

t al. ( 2008 ) directly fits for the quadratic relationship between
olarization angle and frequency using frequency bins. Another 
ethod is to maximize the S/N of the linear polarization of the

verage polarization angle across frequency. This is implemented in 
SRCHIVE - rmfit (van Straten, Demorest & Oslowski 2012 ). Since 
he TPA pulsars co v er a large range in S/N of the total intensity
s well as of the linear polarization, we employ the PSRCHIVE -
mfit method, maximizing the linear polarization, refined by a 
rude fit to the polarization angle. The searched RM ranges could 
ncompass values from −1000 to 1000. Depending on the pulsar, 
earches were done with different sampling of the RM range. We 
isually checked the significance and goodness of the RM fits 
nd the resulting polarization profiles. Since the application of the 
orrect RM maximizes the linear polarization, the S/N of the linear 
olarization, S / N LP , 1 is directly related with the achie v able accuracy
f the RM estimate. Thus, we determine our RM uncertainties by 
he empirical formula σ RM 

= 2 + 30/( S / N LP ) after e v aluation of our
M-fit results for pulsars with S / N LP > 10. We note that the choice of
ethod can affect the RM measured, and so can the used DM value.
swald, Karastergiou & Johnston ( 2020 ) showed that DM and RM

orrections are covariant when they measured both DM and RM in 
 consistent way. 

.4 Measurements on pulsar profiles 

e use the method presented by Johnston & Karastergiou ( 2019 )
nd Brook, Karastergiou & Johnston ( 2019 ) to derive a GP for pulse
 For the RM e v aluation, only the statistical noise of the linear polarization is 
onsidered. 

2

3

t

rofiles, using the PYTHON GP-package GEORGE 2 by Ambikasaran 
t al. ( 2015 ). The GP allows us to determine a smooth noiseless
rofile, as well as the noise variances, σ GP , of the input (observed)
ulse profiles. The general features and applicability of the GP are
escribed by Roberts et al. ( 2012 ) and Rasmussen & Williams ( 2006 ).
he method was already described and used by Posselt et al. ( 2021 )

o measure pulse widths of the TPA pulsar sample. For our flux
easurements, we use σ GP to define an S/N ratio for each point in

he observed data profile. Aiming to collect also the flux of faint
ide pulse wings, we define the on-pulse as the region around the
aximum of the profile with S/N > 1 with n onP bins. Outside of

he on-pulse region, we double check whether the already performed 
aseline-subtraction needs corrections. We measure the (mean) flux 
ensity 3 by adding the flux bins in the on-pulse region of the observed
ata and dividing by the total number of bins in the profile, n allP . The
ux uncertainty is calculated by scaling σ GP with the on-pulse profile 
egion (scale factor: ( n onP ) 0.5 σ GP / n allP ). The fluxes measured in this
ay do not depend on a pulse-profile template, and thus, they are
ore reliable, in particular for strongly scattered pulsars or those with

rofile evolution. Since we chose to maximize the on-pulse region, 
ur statistical flux uncertainties are very conserv ati ve estimates. For
ery few faint pulsars (e.g. for the frequenc y-av eraged data two out of
172 pulsars), this results in the significance of the flux measurement
o be below 3 σ . We remo v e these pulsars from further analysis. 

Following Lorimer & Kramer ( 2012 ), we estimate (pseudo-) 
uminosities in the L band as 

 L ≈ 7 . 4 × 10 27 erg s −1 ×
(

d 

kpc 

)2 

× F t 

mJy 
, (2) 

here d is the distance and F t is the continuum-equi v alent flux
easured in the frequenc y-av eraged total power profile. The factor

.4 × 10 27 erg s −1 is an approximation for some average assumptions
egarding the pulse duty cycle, beaming fraction, and a PL spectral
nde x o v er a large range of radio frequencies. Note that we use mean
uxes for our luminosity estimates, i.e. the duty cycle is already taken

nto account. 
Utilizing the flux measurements and their uncertainties, we further 

arry out weighted PL-fits and determine spectral indices, SI. Note 
hat only ∼80 per cent of the pulsar radio spectra can be described
ith PLs with the rest showing curved spectra, spectral breaks, or

ow-frequenc y turno v ers (e.g. Jankowski et al. 2018 ). A detailed
haracterization of all the TPA pulsar spectra is, ho we v er, be yond
he scope of this paper. In order to gauge the goodness of the PL-fit,
e define a pseudo-modulation index, m SI , as 

 SI = ( σ 2 
F SIres 

− σF 
2 ) 0 . 5 ( F SIres ) 

−1 , (3) 

ith 

 SIres , i = F i − F 

SI 
i + F 

SI , (4) 

here F SIres, i describes the residual flux in frequency channel i with
espect to the mean flux, F 

SI , of all PL-fit flux values, and its standard
eviation, σF SIres , considering all frequency channels. Here, F i and F 

SI 
i 

re the measured and the fitted flux value in the respective frequency
hannel i . σF is the average flux uncertainty of F i considering all
requency channels. It is used as a bias correction. If it is larger than
F SIres , only the latter is used in equation ( 3 ). Large m SI can either

ndicate insufficent PL-fits to the spectral shape, or the presence of
MNRAS 520, 4582–4600 (2023) 

 https://geor ge.r eadthedocs.io 
 Note that we abbreviate the flux density with ‘flux’ for easier reading 
hroughout the text. 

https://george.readthedocs.io
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ele v ant scintillation that affects the flux measurements. Based on
isual inspection of the PL-fits and visual screening of the data with
he full frequency resolution (928 channels) for scintillation patterns,
e decided to use m SI < 0.13 as the criterion to select pulsars that
ave spectra well described by a PL. 
We use the GP to derive noise variances and smooth noiseless pulse

rofiles for all Stokes parameters ( I , Q , U , V ), the linear polarization,
 , and circular and (absolute) circular polarization, V ( | V | ) for the
requenc y-av eraged as well as the eight frequency channels where
ossible. F ollowing Ev erett & Weisberg ( 2001 ), we remo v e the
ositive bias of the measured linear polarization, L m,i = 

√ 

Q 

2 
i + U 

2 
i 

n pulse phase bin i of the data by calculating the true value of the
inear polarization L i as 

 i = 

{ 

σI 

√ 

( L m,i 

σI 
) 2 − 1 if L m,i 

σI 
≥ 1 . 57 

0 otherwise. 
(5) 

ere, σ I is the GP-based noise variance of the Stokes I profile.
imilarly, the measured absolute value of the circular polarization
 m , a half-normal distribution, is corrected for the bias of the folded
ormal distribution by its expectation value as 

 V i | = 

{ 

| V m,i | − σI 

√ 

2 
π

if | V m,i | > σI 

√ 

2 
π

0 otherwise. 
(6) 

or this, the noise distribution of V is assumed to be Gaussian and
ts mean is assumed to be 0 since the data are baseline-subtracted.
he total polarizations ( L = 

∑ 

L i , V = 

∑ 

V i , | V | = 

∑ | V i | ) are
erived from the sum over pulse phases where the GP-I profile of
he frequenc y-av eraged data fulfills S/N > 3. Polarization fractions
LPF = L / I , CPF = V / I , aCPF = | V | / I ) are calculated with respect
o sum in I i in the same (on-pulse) phase region of the data. For the
inear polarization, we list in addition to the de-biased continuum-
dded L also the vector-added L 

∗ = 

√ 

( 
∑ 

Q i ) 2 + ( 
∑ 

U i ) 2 . Listed
ncertainties consider the (propagated) statistical errors to which we
dd a conserv ati ve estimate of 3 per cent for systematic effects, as
one similarly by Serylak et al. ( 2021 ). While the abo v e polarization
easures employ directly the data, our GP-noiseless pulse profiles

nable additional estimates that are not prone to large statistical fluc-
uations in individual phase bins. Using the available GP-noiseless
ulse profiles of the linear and absolute circular polarization, the
raction of the pulse profile that is abo v e a certain threshold can
e easily obtained. We estimate the fractions of the pulse that have
inear (circular) polarization values abo v e 30 per cent, 60 per cent,
r 90 per cent (10 per cent, 25 per cent, or 40 per cent). The pulse
rofile in I with S/N bin > 10 defines the 100 per cent region for this
urpose. The 1 σ statistical unertainties of the polarization fractions
re then considered in each bin, and new measurements are done of
he fractions of the pulse that have linear (circular) polarization values
bo v e the mentioned percentages. These measurements are used to
etermine the uncertainty ranges for the threshold-based values. 
Due to the updated DMs, some pulse widths changed with respect

o the TPA sample in Posselt et al. ( 2021 ). We follow the same pulse
idth measurement procedure for the TPA-census FA data set. The
btained W 50 and W 10 describe where the noiseless pulse profile
s 50 per cent and 10 per cent of its peak v alue, respecti vely. Since
osselt et al. ( 2021 ) used combined data from se veral observ ations
er pulsar, their measurements have usually a higher significance than
hose based on the TPA-census data. Thus, we only update the pulse
idth values if their difference with respect to the old values is more

han 1 σ and the difference in DM is either larger than 5 cm 

−3 pc
r larger than 1 per cent of the old DM value. This results in the
slight) revision of 15 W 50 and 10 W 10 values. Song et al. ( 2021 )
NRAS 520, 4582–4600 (2023) 
erived a metric to judge the fidelity of the pulse profiles. Equipped
ith many new TPA measurements for W 50 , mean flux densities,
odulation indices from single pulse studies (Song et al. 2022 ), and
 few updated periods, we use formulas (7 and 8) by Song et al.
 2021 ) to update the nominal optimal observing length with MK,
 nom 

to achieve σ shape = 0.1 for each pulsar. 

.5 Correlation analysis 

e use the Spearman rank correlation coefficient and its p -value
o non-parametically check for possible relations between measured
PA quantities (e.g. spectral indices, W 10 , luminositites, polarization

ractions) and other pulsar observables (e.g. P , Ṗ , Ė , τ , B , distance
 , Galactic longitude Gl and latitude Gb , transverse spatial velocity
 trans ). Since Ė , τ , and B can be expressed as functions of P 

a , Ṗ 

b ,
e also calculated the 2D surface of the Spearman rank and p -values

n the a − b plane for the respective sample. The ranks or p -values
re symmetric and vary very little along wedge-like sections of the
 − b plane. In addition, although high ranks and low p values
ndicate correlations, they can depend on the sample selection and
re difficult to assess in terms of uncertainties. For this reason, we use
he Spearman rank analysis just as guidance for a correlation which
e follow up with distribution plots and simple fits. For this paper,
e use only linear ordinary least-squares (OLS) fits. They are partly

arried out in common logarithmic space (base 10). We use Bootstrap
o estimate uncertainties. Fit results (and their uncertainties) for log P ,
og Ṗ , log Ė , log τ , log B can be expressed via the a , b parameters,
llowing us to plot these results together in a single plot. 

 RESULTS  

he general properties of the TPA pulsars and the census observations
re listed in Table 1 . It includes the nominal optimal observing
engths, t nom 

, according to Song et al. ( 2021 ) together with the
ctual TPA census observation duration. Table 1 also includes results
rom previous TPA works, in particular, scattering time-scales τ scat 

nd the scattering spectral index αscat for 84 single-component TPA
ulsars from Oswald et al. ( 2021 ), and pulse widths W 10 (measured
t 10 per cent of the pulse peak) from Posselt et al. ( 2021 ). If not
therwise noted we do not select for specific pulsars (for instance, we
o not explicitly remove scattered pulsars). There are 1275 observed
ensus pulsars with an S/N ratio at the peak position of the total
ower of the frequenc y-av eraged data S / N > 3. From these, 1271 have
vailable P and Ṗ parameters [PSR J0837 −2454, PSR J1402 −5124,
SR J1653 −4518 are not in the ATNF catalogue (version 1.67),
SR J1357 −62 does not have a listed Ṗ ]. We concentrate in this
aper on the 1170 pulsars with S / N > 8 (peak position) and S / N
 3 (flux). Their S / N distribution is shown in Fig. 1 together with

he number of co v ered rotation periods in the folded profile. For
he large majority of the census pulsars (83 per cent), the number of
o v ered rotation periods in the reference observation is larger than
000, 99 per cent have at least 200 roation periods covered. Fig. 1
lso indicates which pulsars fulfil t nom 

< t obs (90 per cent of those
here t nom 

could be estimated). 
Depending on the analysis, we have different numbers of pulsars.

 or e xample, out of the 1170 pulsars with the significance cut in
he frequenc y-av eraged data, we only determine a spectral inde x
or the 1143 pulsars that have at least four frequency channels with
ignificant ( > 3 σ ) flux measurements. For the polarization analysis,
e analyse 1057 (1054 with listed Ṗ ) sources after removal of

ny pulsars for which our RMs are badly determined. We note that
mong these remo v ed pulsars (i) there are some non-zero polarization
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Table 1. The properties of the TPA census pulsars. For each pulsar, we list the period, P , the logarithm of the spin-down energy, log Ė , the modified Julian date, 
MJD, of the census pulsar observation, its duration t obs , the nominal optimal observing length with MK, t nom 

according to Song et al. ( 2021 ), the reached rms in 
folded pulse profile in Stokes I, σ I , the signal-to-noise ratio, S/N, of the pulse peak position in Stokes I, the dispersion measure, DM, and rotation measure, RM, 
the time-scale of the temporal broadening of pulses τ due to scattering and the scattering spectral index αscat from Oswald et al. ( 2021 ), the W 10 from Posselt 
et al. ( 2021 ), and updates as described in Section 2.4 . For some DM values, our error estimates failed, and we left σDM 

blank as an indication. The full table is 
online. 

PSRJ P log Ė MJD t obs t nom σ I S/N DM σ DM 

RM σ RM 

τ scat σ τ αscat σα W 10 σW 10 

(s) (erg s −1 ) (d) (s) (s) (mJy) (cm 

−3 pc) (rad m 

−2 ) (ms) ◦

J0034 −0721 0.9430 31.3 58774.9 981 401 0.23 356 14.2 0.2 9.9 2.9 44.65 0.70 
J0038 −2501 0.2569 30.3 58823.8 602 0.26 18 6.1 0.1 14.0 3.9 
J0045 −7042 0.6323 32.6 59026.1 1199 806 0.18 14 71.0 0.9 38.0 3.8 
J0045 −7319 0.9264 32.3 58624.1 514 0.30 4 105.4 
J0108 −1431 0.8076 30.8 58799.9 842 33 0.24 123 2.2 0.1 −0.3 2.9 27.1 4.2 
J0111 −7131 0.6885 32.9 59026.1 1200 0.19 6 79.4 0.0 16.4 
J0113 −7220 0.3259 33.7 58783.9 302 81 0.37 42 125.5 0.1 126.4 3.8 12.66 0.70 
J0131 −7310 0.3481 33.2 59026.1 1200 947 0.19 19 205.2 0.1 −52.3 5.6 
J0133 −6957 0.4635 31.7 58783.9 302 141 0.39 31 22.9 0.3 20.0 5.7 
J0134 −2937 0.1370 33.1 58774.9 152 8 0.58 219 21.8 0.1 13.0 2.9 18.63 0.35 
... 

Figure 1. The reached S/N ratio at the maximum of the pulse profile (Stokes 
I, frequenc y-av eraged) o v er the rotation period of the TPA pulsars. The colour 
indicates the number of rotation periods co v ered in the reference epoch for 
the TPA census. Black and red small inner dots indicate t nom 

< t obs and t nom 

> t obs , respectively. The 100 pulsars that lack such inner points did not have 
all the parameters needed to estimate t nom 

according to Song et al. ( 2021 ) 
(e.g. did not have a W 50 ). 
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Figure 2. The P − Ṗ co v erage of the TPA census sample as a colour 
probability density plot (smoothed with Gaussian kernel using a smoothing 
bandwidth according to the reference rule by Silv erman 1986 , multiplicativ ely 
scaled by a factor 0.8). Individual pulsars are shown as grey points in the 
background. The contours mark the 95 per cent and 5 per cent levels of all 
pulsars listed in the ATNF (v 1.67) with P and Ṗ measurements. 

d  

B  

s  

r

3

W
m  

c  

e  

T  

i  

a  

p
(  

F  

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/520/3/4582/7049638 by dennis sarah user on 03 O
ctober 2023
easurements, and (ii) some pulsars may have intrinsically a very 
ow linear polarization hampering the determination of the RMs. 

.1 The TPA pulsars amongst the known pulsar population 

ig. 2 shows the distribution of the TPA census pulsars in the P − Ṗ 

iagram. The TPA co v ers nearly half of the currently known non-
ecycled pulsar population with measured P , Ṗ . Fig. 2 illustrates that
he general P − Ṗ distribution of the TPA pulsars is similar to the
ne of all the currently known non-recycled pulsar population. 
The histograms of the spin-down energy Ė (values from 3 × 10 28 

o 3 × 10 37 erg s −1 ) and of the inferred magnetic dipole field at
he equator B dip (values from 9 × 10 9 G to 2 × 10 14 G) show a
ood sampling of these parameters as well (see Fig. 3 ). The TPA
acks most of the magnetars (most of which are not detected at
adio wavelengths). Fig. 4 shows the spatial distribution in Galactic 
oordinates. Apart from the observabilty cut at declination < 25 ◦, the
istribution looks similar to the one of the total pulsar population.
ased on Figs 1 –4 , we conclude that the TPA census has no obvious

trong biases in the sampling of the general pulsar properties with
espect to the currently known non-recycled pulsar population. 

.2 Rotation measures and dispersion measures 

hen RMs are combined with the respective DMs, the integrated 
agnetic field strength along the line of sight towards a pulsar

an be estimated. Since RMs are typically the bottleneck for such
stimates, we point out the RMs for more than 1000 TPA pulsars in
 able 1 . W e estimated these RMs following the procedure described

n Section 2.3 . Visual screening and selection for S / N > 8 (peak)
nd S / N > 3 (flux), and S / N LP > 10 in the frequenc y-av eraged
ulse profile results in 1057 TPA RMs ranging from −6720 rad m 

−2 

for PSR J1114 −6100) to 1442 rad m 

−2 (for PSR J1818 −1607); see
ig. 5 . Among the 1057 RMs are 254 ne w v alues, i.e. there were no
MNRAS 520, 4582–4600 (2023) 
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M

Figure 3. The distributions of the TPA Census pulsars (red) with S/N ratios 
in the total band S / N > 8 in comparison to all ATNF-listed pulsars (blue) 
fulfiling the period cut of the TPA. The upper and lower panels show the 20- 
bin histograms with respect to the spin-down energy and the inferred magnetic 
dipole field at the equator. The vertical axis indicates the total numbers in 
each bin. 

Figure 4. The spatial distribution of the TPA census sample. Distances from 

the ATNF catalogue are indicated by colour. 
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Figure 5. Upper panel: The distribution of all (grey) accepted RM values for 
the TPA pulsars that fulfill S / N > 8 (peak), S / N > 3 (flux), and S / N LP > 10. 
There is one additional pulsar with RM = −6720 (not shown). The orange 
histogram shows the new values (no RM in ATNF catalogue version 1.67). 
Lo wer panel: RM dif ference for the TPA pulsars whose 3 σ RM-uncertainties 
from TPA and the ATNF do not o v erlap. 

Table 2. The 254 newly measured RMs and their uncertainties (also included 
in Table 1 ). Only the first 10 rows are shown, the full table is available online. 

PSR RM σRM 

(rad m 

−2 ) (rad m 

−2 ) 

J0038 −2501 14 4 
J0045 −7042 38 4 
J0302 + 2252 −7 3 
J0418 −4154 19 5 
J0449 −7031 41 4 
J0455 −6951 −24 3 
J0522 −6847 −119 5 
J0534 −6703 −35 4 
J0555 −7056 25 4 
J0621 + 0336 46 3 
... 
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uch measurements reported for these pulsars in the ATNF pulsar

atalogue (version 1.67). For easier identification of these new RMs,
hey are also listed in Table 2 . For 10 pulsars, the 3 σ uncertainties of
ur RMs and the ATNF do not o v erlap. The largest difference is found
or PSR J1849 −0636, for which we obtain 489 ± 3 rad m 

−2 , whilst
he reference value is −35 ± 21 rad m 

−2 (Han, Manchester & Qiao
999 ). Reasons for the discrepancies can be different measurement
ethods and used DM values, but also actual RM variations in the

ases of small discrepancies. The Vela pulsar, for example, is known
o show RM (and DM) variations o v er time (Hamilton, Hall & Costa
985 ). There were 151 pulsars for which the obtained RM is clearly
 bad fit or we could not identify a good RM value at all, for instance
f the S/N was very low. For these pulsars, we do not list RM and we
NRAS 520, 4582–4600 (2023) 
o not include them in the statistical plots of the linear and circular
olarization fractions. 
For completeness, Fig. 6 shows an o v erview of the DM-

istribution in our sample. The DM of a pulsar can be used beyond
he dedispersion of the radio pulse. For example, DM values are also
tilized to estimate optical or X-ray extinctions towards pulsars, or to
ompare such estimates with other extinction measures. Therefore,
e comment briefly on differences of our DM values with respect to

he ATNF pulsar catalogue. For 92 pulsars, our 3 σ DM-uncertainties
o not o v erlap with the value and 3 σ uncertainties in the ATNF pulsar
atalogue (v ersion 1.67). F or some, this may simply be due to missing
ncertainties in the DM reference values. Our largest difference in
erms of σ , for example, is seen for PSR J1704 −5236 for which we
eport 164.0 ± 0.1 pc cm 

−2 whilst its ATNF value, 170.0 pc cm 

−2 

rom Burgay et al. ( 2019 ), does not have an uncertainty. The largest

art/stac3383_f3.eps
art/stac3383_f4.eps
art/stac3383_f5.eps
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Figure 6. Upper panel: The distribution of obtained DM values for the TPA 

pulsars with S / N > 8 (peak) and S / N > 3 (flux), including the strongly 
scattered TPA pulsars investigated by Oswald et al. ( 2021 ). Most DMs agree 
with values reported in the ATNF pulsar catalogue (version 1.67). Lower 
panel: DM difference for those TPA pulsars whose 3 σ DM-uncertainties 
from TPA and the ATNF do not o v erlap (e xcluding strongly scattered pulsars 
reported by Oswald et al. ( 2021 ). 
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Figure 7. The observed TPA fluxes (with 1 σ uncertainties) from one ob- 
serving epoch in comparison with literature values from the ATNF catalogue 
at 1.4 GHz. The plot shows all TPA pulsars with S / N > 8 (peak) and S / N > 3 
(flux) for which S1400 values are available. The blue line marks equality. The 
red points illustrate the impro v ement of the agreement due to the removal of 
potentially scintillating sources in the TPA census. 

Figure 8. The distribution of the spectral index values. The grey histogram 

and line represent the distribution for all TPA pulsars, (A), for which 
the spectral index was derived. The sample (B), yellow histogram and 
line represent the pulsars filtered for the pseudo-modulation index. Both 
histograms employ the same value ranges, 40 bins, and a Gaussian kernel 
density estimator for the smoothed probability density distribution. 

f  

l  

a
l  

s  

d  

w  

n
b  

0  

m  

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/520/3/4582/7049638 by dennis sarah user on 03 O
ctober 2023
bsolute DM difference is found for PSR J1828 + 1359, for which
ur value is 76.8 ± 0.3 pc cm 

−2 in comparison to the ATNF value,
6 ± 1 pc cm 

−2 (Navarro, Anderson & Freire 2003 ). Whilst some
ulsars are known to show actual DM variations (e.g. Petroff et al.
013 ), we caution again about the dependence of the derived DM
n the (here, not considered) frequency-dependent profile evolution 
nd scattering. 

.3 Pulsar spectra 

he 1170 TPA pulsars with > 3 σ significance of the flux measure-
ent span a range from 0.022 ± 0.006 mJy (PSR J0628 + 0909)

o 979.65 ± 0.05 mJy (PSR J0835 −4510). 1143 TPA pulsars have 
t least four significant flux measurements in the eight frequency 
hannels. Only these pulsars are used for the weighted PL-fits to 
erive spectral indices and m SI as described in Section 2.4 . The
orreponding results are listed in Table 5 . The flux density estimated
or a given pulsar at a single epoch, as is the case here, can be
ffected by diffractive or refractive scintillation. For 1038 pulsars, 
e can compare our homogenous data set with the S 1400 values listed

n the ATNF catalogue (Fig. 7 ). The values agree well, in particular
f we use m SI < 0.13 to remo v e scintillating sources or those with
trong deviations from a PL. The TPA uncertainties are typically 
uch smaller than previous literature values. 
Fig. 8 shows the distribution of the derived spectral indices using

imple weighted PL-fits. Restricting to the pulsars filtered with m SI 

 0.13 (657 pulsars), we obtain a weighted mean of −1.8. Using
 normal distribution, the data can be described with a mean −1.8
nd σ = 0.8. These results are consistent with previous findings 
rom smaller samples in the literature. Jankowski et al. ( 2018 ), for
xample, reported a mean and weighted mean of −1.6 ( σ = 0.6)
or 276 pulsars that were found to follow a simple PL in a much
arger frequency range (from ∼400 MHz to ∼3 GHz). The normal
nd the lognormal probability density distributions (blue and red 
ines in Fig. 8 , respectively) are visually indistinguishable for the
hown TPA sample, whilst Jankowski et al. ( 2018 ) found a better
escription with a lognormal fit to their data. Similarly to their work,
e used the Shapiro–Wilk test (Shapiro & Wilk 1965 ) to test for
ormality of the spectral index distribution and its logarithm (shifted 
y + 5). Whilst for m SI < 0.13, the p SW 

-value for both is smaller than
.003 for both, rejecting a Gaussian distribution, for a stricter filter
 SI < 0.1 (560 pulsars), the test statistics t SW 

= 0.996, and p SW 

= 0.12
MNRAS 520, 4582–4600 (2023) 
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M

Figure 9. The distribution polarization fractions in the TPA data for the 
frequenc y-av eraged data. All measurements are shown without consideration 
of their uncertainties or significance. Mean 1 σ uncertainties are 0.032 for LPF 
and aCPF, and 0.075 for the L 

∗PFs. All histograms have 35 bins co v ering the 
full range, [0,1], for the linear polarization fractions, and [0,0.6] for the 
absolute circular polarization fraction. The solid and dashed lines indicate 
the median and mean values in the histogram of the corresponding colour 
(see also text). 
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Figure 10. The distribution of the absolute circular polarization fractions 
versus the linear polarization fractions. The probability density is indicated 
by the colour bar (smoothing parameters are chosen similarly as in Fig. 2 ). 
Individual measurements are shown with black dots. 

Figure 11. The distribution of all the linear polarization fraction for the same 
pulsars in the first frequency channel (944 MHz) and the eight frequency 
channel (1626 MHz). The histograms have 40 bins. Mean uncertainties for 
the LPF in the first and eight channel are 0.034 and 0.039. 

b  

n  

t  

h  

p  

t

4

A  

a  

m  

a  

e  

p  

d  

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/520/3/4582/7049638 by dennis sarah user on 03 O
ctober 2023
ndicate a normal distribution instead of a lognormal distribution ( t SW 

 0.92, p SW 

= 10 −16 ). 

.4 Polarization 

he polarization fraction measurements for the frequenc y-av eraged
ata and the data set of the eight frequency channels are listed in
able 6 . There are 1057 TPA pulsars with computed (debiased)

inear polarization fraction (LPF), vector-added linear polarization
ractions (L 

∗PFs), and circular polarization fractions (CPFs, and
ebiased absolute aCPFs), that fulfil S / N (peak) > 8, S / N (flux) > 3 for
he frequenc y-av eraged data, and hav e v alid RM v alues. The LPFs
ave a mean value of 0.32 with a 16 per cent, 50 per cent, 84 per cent
uantile distribution of 0.15, 0.26, 0.48. The L 

∗PFs have a mean value
f 0.22 with a 16 per cent, 50 per cent, 84 per cent quantile distribution
f 0.07, 0.16, 0.38, i.e. this distribution is shifted towards lower values
n comparison to that of the LPFs. The aCPFs have a mean value of
.06 with a 16 per cent, 50 per cent, 84 per cent quantile distribution
f 0.01, 0.05, 0.11. All three polarization fraction distributions for
he frequenc y-av eraged data are shown in Fig. 9 . 

As already known from previous studies, the LPFs are typically
uch higher than the aCPFs – 50 TPA pulsars have LPFs abo v e

0 per cent, but only three pulsars (PSRs J1222 −5738, J1410 −7404,
1907 + 0918) have aCPFs above 40 per cent. Fig. 10 shows the
debiased) aCPFs o v er LPFs for the 998 pulsars that have values
 0 for both. 
The wide bandwidth of the TPA data is sufficient to illustrate the

nown systematic (e.g. von Hoensbroech, Lesch & Kunzl 1998b and
ore recent simulations by W ang, W ang & Han 2015 ) tendency for

ecreasing LPFs with increasing frequency, see Fig. 11 where we
ompare LPFs for the lowest (944 MHz) and highest (1.626 GHz)
requenc y channels. F or the aCPF (Fig. 12 ), no ob vious trend is seen.

Considering all circular polarizations, see Fig. 13 , the LPF – circu-
ar polarization fraction distribution becomes completely dominated
NRAS 520, 4582–4600 (2023) 
y its peak at low values. It is also rather symmetric for positive and
e gativ e circular polarization fractions. In Fig. 13 , contour levels of
he respective distributions measured at the lowest (944 MHz) and
ighest (1.626 GHz) frequency channels do not show any obvious
opulation-wide frequency dependence for the correlation between
hese two polarization fractions. 

 DI SCUSSI ON  

bo v e, we presented TPA measurements for pulsar fluxes, spectra,
nd polarizations, with ∼1000 TPA pulsars having all these quantities
easured, many of them for the first time. Our tables and the

ssociated pulse profiles are very useful to identify, for example,
xtreme sources for individual, detailed studies of key aspects of
ulsar emission. Most importantly, ho we ver, our homogeneous, big
ata set also enables a fresh and unbiased look onto the known and
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Figure 12. The distribution of the absolute circular polarization fraction 
for the same pulsars in the first frequency channel (944 MHz) and the 
eight frequency channel (1626 MHz). The histograms have 40 bins. Mean 
uncertainties for the aCPF in the first and eight channel are 0.034 and 0.038. 

Figure 13. The distribution of the circular polarization fractions versus 
the linear polarization fractions. The shaded area shows the probability 
density of the frequenc y-av eraged data (smoothing parameters are chosen 
similarly as in Fig. 2 ). The red dotted and the blue dashed lines indicate the 
10 per cent, 20 per cent, 80 per cent, 90 per cent levels of all the measurements 
in the first frequency channel (944 MHz) and all the eight frequency channel 
(1626 MHz). 
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Figure 14. The dependence of the spectral index of the TPA pulsars from 

the (logarithm of the) rotational parameters. The investigated sample only 
includes pulsars with m SI < 0.13. The x -axis shows a range of powers a in the 
rotation period P , b indicates the power in the period deri v ati ve Ṗ . The colour 
background image shows the Spearman p -value for each a − b combination 
with respect to the spectral index. The red, cyan, and blue lines indicate lines 
dependences for the spin-down power, characteristic age, and magnetic dipole 
field. Crosses with the same colours correspond to the respective fits to the 
spectral index, translated into the a − b space. The black cross was obtained 
from separate fits of the spectral index to P and Ṗ . All uncertainties in this 
plot are 3 σ uncertainties. 
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4 As, an example, c Ė = 0 . 17 ± 0 . 02 translates into a = −0.51 ± 0.06, b = 

0.17 ± 0.02 in Fig. 14 . 
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uspected dependences of a large variety of pulsar parameters. Here, 

e present such an e v aluation of correlations for three examples of
PA pulse profile measurements – the spectral index, the (pseudo-) 

adio luminosity, and the linear polarization fraction. These three 
ulse profile properties have all been discussed in the literature to 
epend on age or on its evolutionary proxy, the spin-down power. 
nstead of solely restricting to the spin-down power, or its equivalent 
 

−3 Ṗ proportionality, we aim for broader correlation tests with our 
arge new data set. We use a common procedure to explore all three
ulse profile measures. For possible dependences on P , Ṗ , Ė , τ ,
 , we use the P 

a Ṗ 

b approach as explained in Section 2.5 . The
 − b space is well sampled with a Spearman rank correlation 
nalysis, whilst individual OLS fits directly assess the constraints 
n linear or logarithm space. We show the results for all these spin-
elated parameters together in one o v erview plot (via the inferred a , b
alues, e.g. Fig. 14 ) for each of the three test quantities. This allows
or an easy o v erview of all fit constraints within the broad (and
ymmetric) trends from the Spearman rank analysis, highlighting 
hat is the dominant dependence amongst P , Ṗ , Ė , τ , and B . We

lso explored other pulsar parameters such as the pulse widths, DMs,
r locations, with a combination of Spearman rank analysis, and, 
f strong indications of correlations are found, OLS fits. Table 3
rovides a summary of some notable results from the former, whilst
e discuss individually constrained dependences in the following. 

.1 Correlations of the spectral index 

ig. 14 shows the a and b plane with results from the non-weighted
inear OLS fits and the Spearman rank p -values for the correlation of
he spectral index with P 

a Ṗ 

b . It is evident that the independent fits in
og P and log Ṗ give a and b values that are close to the ones implied
y the log Ė -fit. This illustrates that the dependence on Ė is the
ominating dependence, in line with the Spearman rank correlation 
nalysis (Table 3 ) which has the highest rank /lowest p -value for Ė .
he general trend is an increasing value of the spectral index with an

ncreasing spin-down power. 
For this analysis, we only use pulsars filtered with m SI < 0.13.

he deri ved v alues from the OLS fits of the spectral index with
ependences a log P , b log Ṗ , c Ė log Ė , c τ log τ , and c B log B are a =
0.6 ± 0.1, b = 0.13 ± 0.03, c Ė = 0 . 17 ± 0 . 02, 4 c τ = −0.17 ± 0.03,

nd c B = 0.13 ± 0.06, respectively (all with 1 σ uncertainties). The
lope for the magnetic field is insignificant which agrees with a low
pearman rank (0.1). 
The OLS fit in log Ė does not follow the region of highest densities

f the spectral index distribution (see Fig. 15 ) due to a wide and rather
MNRAS 520, 4582–4600 (2023) 
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Table 3. The Spearman rank correlation coefficients and p -values (separated by ‘ | ’) are listed for the analysis of selected measured TPA quantities (first column) 
with other pulsar parameters. The sixth column lists the number of pulsars N PSR that were considered for the columns two to five (period, period deri v ati ve, 
spin-down energy, and charactersistic age). The N PSR considered for the pulse widths, W 10 , and spectral indices, SI, are listed in brackets in the respective 
columns. 

P Ṗ Ė τ N PSR W 10 SI 

Spectral index −0.24 | 1 × 10 −9 0.19 | 2 × 10 −6 0.29 | 2 × 10 −14 −0.25 | 1 × 10 −10 657 0.20 | 8 × 10 −6 (499) . . . 
Luminosity −0.15 | 3 × 10 −7 0.14 | 1 × 10 −6 0.24 | 2 × 10 −16 −0.20 | 1 × 10 −11 1170 0.28 | 6 × 10 −17 (874) −0.04 | 0.3 (657) 
LPFs −0.25 | 4 × 10 −16 0.21 | 1 × 10 −11 0.29 | 7 × 10 −22 −0.27 | 2 × 10 −18 1054 0.28 | 1 × 10 −16 (839) 0.34 | 2 × 10 −17 (589) 
LPFs ( ̇E > 10 32 erg s −1 ) −0.35 | 2 × 10 −21 0.28 | 2 × 10 −13 0.49 | 7 × 10 −42 −0.40 | 5 × 10 −27 684 0.21 | 6 × 10 −7 (534) 0.37 | 2 × 10 −16 (464) 
LPFs ( ̇E ≤ 10 32 erg s −1 ) 0.07 | 0.2 −0.07 | 0.2 −0.20 | 0.0002 0.12 | 0.02 370 0.39 | 2 × 10 −12 (305) 0.17 | 0.06 (125) 
L ∗PFs −0.28 | 2 × 10 −21 0.25 | 6 × 10 −16 0.35 | 2 × 10 −31 −0.31 | 2 × 10 −25 1054 0.23 | 1 × 10 −11 (839) 0.31 | 2 × 10 −14 (589) 

Figure 15. The distribution of the spectral index and the logarithm of the 
spin-do wn po wer of the TPA pulsars that fulfil m SI < 0.13. The probability 
density is indicated by the colour bar (smoothing parameters are chosen 
similarly as in Fig. 2 ). The OLS-fit and its 1 σ uncertainty region are shown 
with lines and shaded area in darkred. 
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Figure 16. The distribution of the spectral index and the logarithm of the 
pulse width W 10 . The considered TPA pulsars that fulfil m SI < 0.13 and have 
a W 10 significance larger than three. The probability density is indicated by 
the colour bar (smoothing parameters are chosen similarly as in Fig. 2 ). 
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on-Gaussian distribution of values along the y -axis for individual
og Ė -slices (i.e. pear-shape of the o v erall density distribution).
evertheless, a significant log Ė dependence is obvious. The spectral

ndex is getting flatter (increasing its value) with increasing spin-
o wn po wer. This has already been previously noticed in the literature
or several pulsars. Johnston & Weisberg ( 2006 ) concluded that the
ulsar beams of high Ė pulsars consist of a hollow cone, and they
ointed out that the conal beam components have in general flatter
pectral indices than the core components (as reported by, e.g. Lyne
 Manchester 1988 ), i.e. in line with the hollow cone interpretation.
ramer et al. ( 1994 ) showed that the spectral index tends to be flatter

or any outer components. More recently, Jankowski et al. ( 2018 )
lso reported flatter spectral indices for individual pulsars that are on
verage young or energetic which is consistent with our results. Two
election effects were discussed as possible causes of such findings
n the past. First, preferably young pulsars constituted the past target
amples. Young pulsars tend to be closer to the Galactic plane, where
ulsars with flat spectra are easier to see than ones with steep spectra.
econdly, low-frequency flux densities of pulsars in the Galactic
lane might be affected by hotspots of the radio emission in the Galac-
ic plane. Neither did Jankowski et al. ( 2018 ) nor did we find any cor-
elation of the spectral index with Galactic latitude ( Gb ), or longitude.
espite the known strong correlation between Ė and | Gb | , the corre-

ations of the spectral index with | Gb | , DM cos | Gb| are too weak to
NRAS 520, 4582–4600 (2023) 
xplain the much stronger correlation of the spectral index with Ė .
igs 3 and 15 further demonstrate the wide distribution in Ė and a sig-
ificant fraction of older pulsars that are considered in our analysis.
verall, the dependence of the spectral index on Ė is a robust result.
Lorimer et al. ( 1995 ) reported an indication for an anticorrelation

etween the spectral index and the characteristic age. The latter’s
nticorrelation with Ė in turn suggested a correlation of the spectral
ndex with Ė according to von Hoensbroech, Kijak & Krawczyk
 1998a ). The TPA data now confirms this with the constraining
tatistics of a large sample. Within the Goldreich–Julian model of
he pulsar magnetosphere (Goldreich & Julian 1969 ), the potential
rop between the magnetic pole and last open field line (the polar
ap) is responsible for accelerating the charges creating the radio
mission. A higher Ė can accelerate more particles to higher energies,
attening their energy distribution and thus the spectral index. Whilst
ur ansatz of ∝ log Ė captures some of the underlying dependences,
ig. 15 illustrates that further work is needed to better describe the
pectral index distribution, likely requiring additional parameters.
ne such parameter could be, for instance, a preferred misalignment

ngle between rotation and magnetic axes. Based on the TPA data,
nother parameter could be the pulse width W 10 whose distribution is
hown in Fig. 16 and for which the Spearman rank analysis (Table 3 )
ints at a possible correlation. We leave a more thorough exploration
f this potential dependence to a future work. 
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Figure 17. The distribution of the luminosities and spin-down power of 
1170 TPA pulsars. The probability density is indicated by the colour bar 
(smoothing parameters are chosen similarly as in Fig. 2 ), the 10 per cent and 
50 per cent probability levels are shown with the dash–dotted line. The OLS- 
fit and its 1 σ uncertainty are shown with lines and shaded area in darkred. 
The cyan dashed line indicates the 10 per cent and 50 per cent probability 
levels of the distribution if the TPA pulsars are filtered in addition for the 
pseudo-modulation index m SI . 

Figure 18. The distribution of the luminosities and pulse width W 10 (with 
significance > 3). The probability density is indicated by the colour bar 
(smoothing parameters are chosen similarly as in Fig. 2 ). 
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5 Interestingly, the exponent for B changed from c B = 0.16 ± 0.05 to 
0.27 ± 0.04. 
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.2 Luminosity correlations 

e find the strongest indications for correlations of the luminosity 
ith Ė (pulsar distribution shown in Fig. 17 ) and with W 10 (pulsar
istribution shown in Fig. 18 ) based on the Spearman rank correlation
nalysis (Table 3 ). A correlation with W 10 is not suprising since more
f the radio beam is seen for larger W 10 . Note that we use mean fluxes
or our luminosity estimates, i.e. the duty cycle is already taken into
ccount. The luminosity is found to increase with increasing spin- 
own energy, as illustrated by the derived PL from the Ė fit in Fig. 17 .
ig. 19 demonstrates the dominating dependence of the luminosity 
n the spin-down power with a plot of the OLS fit results in the a
b plane (i.e. ∝ P 

a Ṗ 

b ), representing the PL-fits for P , Ṗ , Ė , τ , B .
pearman p -values for the a − b plane are shown in the background.
o we ver, Fig. 17 also shows that for similar Ė values, there is a

arge spread in luminosities, co v ering up to four orders of magnitude,
ndicating that additional pulsar or viewing parameters influence the 
uminosity distribution. 

As summarized by Bagchi ( 2013 ), for the rotation period and its
eri v ati ve, a PL-fit approach such as ours ( ∝ P 

a Ṗ 

b ) is common
ractice in order to e v aluate the radio luminosity distribution. In
able 4 , we list respective recent references. The exponent derived
or the magnetic field is nearly insignificant c B = 0.16 ± 0.05, whilst
or the other rotational parameters the PL exponent has a significance
f 5 or larger. Fig. 19 illustrates that the a = −0.39 ± 0.08 and
 = 0.14 ± 0.02 from the independent P and Ṗ fits agree well
ith the separate Ė fit ( c Ė = 0 . 15 ± 0 . 02). Thus, in terms of the

onsidered rotational parameters, the radio luminosity distribution 
an be expressed as a function of Ė only. 

Since the luminosity depends on the distance, and many distances 
re derived from the DMs, thus are dependent on the applied
lectron density model (YMW16, Yao, Manchester & Wang 2017 , 
he standard choice in the ATNF pulsar catalogue), we checked 
hether our results change if a different electron density model 

NE2001, Cordes & Lazio 2002 ) is used (see Table 4 ). For the Ė 

t, c Ė slightly increases from 0.15 ± 0.02 (YMW16) to 0.19 ± 0.02
NE2001). Although these exponents (as well as those the other 
otational parameters) are consistent within 3 σ uncertaintites, they 
lso indicate some systematic uncertainty (on the order of 0.02) 
ue to choice of the electron density model. 5 Excluding all DM-
ased distances, and restricting to the 73 pulsars that either have a
arallax or other alternative listed distances lead to a consistent, but
tatistically insignificant result ( c Ė = 0 . 18 ± 0 . 09). Overall, we find
 Ė = 0 . 15 ± 0 . 04 (statistical and systematic 1 σ uncertainty) to be a
obust result for the Ė 

c Ė −luminosity dependence. 
Table 4 shows a large spread of the literature values of PL-

ependences of the radio luminosity for P , Ṗ , Ė . Our obtained
est-fitting parameters do not agree with the earlier estimates, for 
 xample the y are inconsistent with the luminosity law assumed by
aucher-Gigu ̀ere & Kaspi ( 2006 ). Our results agree better with the
ore recent publications, although the consistency of the values is 

ften difficult to assess due to the lack of reported error estimates. 
Finding a relation of the radio luminosity with the spin-down 

ower is not surprising, based on observational as well as theoretical
rguments. If the luminosity were independent of Ė , the observed 
opulation of pulsars in the P − Ṗ diagram would show a ‘pileup’
n the number of observed objects at lo w Ė v alues, yet the observed
adio pulsar population is clearly peaked in the ‘centre’ of the
opulation (Fig. 2 ). Since the potential drop o v er the polar cap scales
ith Ė 

0 . 5 (e.g. Lorimer & Kramer 2012 ), an Ė -dependence of the
adio luminosity can be expected. According to our results from the
onsistent TPA data, the population-wide radio luminosity distribu- 
ion scales with a shallower Ė -exponent than 0.5. The shallower 
uminosity distribution implies that not only high- ̇E pulsars can 
e seen at larger distances. Rather, the likelihood for finding new
ulsars o v er a larger Ė range should be increased for estimates of
xpectations for future surveys, e.g. with the SKA. 

We note, that if we filter the TPA pulsars for those with good PL-
ts using m SI < 0.13 (remo ving, for e xample, scintillating sources),
e find that the Ė -dependence of the radio luminosity disappears 
MNRAS 520, 4582–4600 (2023) 
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Table 4. A selection of recent luminosity relations assuming the PL-dependencies with P , Ṗ , Ė , τ . # PSRs indicates the number of pulsars used (if known). 

Reference a (for P ) b (for Ṗ ) c Ė c τ # PSRs Frequency 

This work (YMW16-based distances) −0.39 ± 0.08 0.14 ± 0.02 0.15 ± 0.02 −0.18 ± 0.02 1170 1.3 GHz 
This work (NE2001-based distances) −0.43 ± 0.07 0.21 ± 0.02 0.19 ± 0.02 −0.25 ± 0.02 1170 1.3 GHz 
Wu et al. ( 2020 ) 0.06 ± 0.01 1.4 GHz 
Johnston & Karastergiou ( 2017 ) −0.75 0.25 1.4 GHz 
Bates et al. ( 2014 ) −1.39 ± 0.09 0.48 ± 0.04 0.4–6.6 GHz 
Gull ́on et al. ( 2014 ) [ − 1.5, −1.2] [0.4,0.5] [0.42,0.46] 1.4 GHz 
Szary et al. ( 2014 ) 0.10 1436 1.4 GHz 
Ridley & Lorimer ( 2010 ) −1.0 0.5 1.4 GHz 
Faucher-Gigu ̀ere & Kaspi ( 2006 ) −1.5 0.5 1.4 GHz 
Arzoumanian et al. ( 2002 ) (for n = 3) −1.3 0.4 true L 

Figure 19. The PL dependence of the TPA luminosity from the rotational 
parameters, see the similar Fig. 14 for detailed description of what is shown. 
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6 The value of Ė is corrected for the Shklovskii effect. 

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/520/3/4582/7049638 by dennis sarah user on 03 O
ctober 2023
 c Ė = 0 . 04 ± 0 . 02, 657 pulsars). A clue to understanding this finding
omes from Fig. 17 . It shows the 10 per cent and 50 per cent contours
in red) of the Ė −luminosity distribution of the 1170 pulsars used for
ur fits, and it also shows the cyan 10 per cent and 50 per cent contours
f the 657 TPA pulsars that fulfil m SI < 0.13. The comparison of the
0 per cent level contours (i.e. 90 per cent of the pulsars are within
his contour) illustrate that a large chunk of lo w- ̇E , lo w-luminosity
ulsars are remo v ed. Fig. 20 shows the fraction of pulsars that remain
fter m SI < 0.13 is applied, both with respect to the distance as well
s to the Ė distribution. From Fig. 20 , it is clear that the filter remo v es
referably low-distance pulsars, sometimes up to 100 per cent in a
istance bin. Since scintillation is more noticable for low-distance
ulsars (the scintillation bandwidth decreases with d −2.2 Lorimer &
ramer 2012 ), this behaviour of our pseudo-modulation index filter is

xpected. Ho we ver, because of an observational selection bias in the
nown pulsar population, there are many low- ̇E pulsars at relatively
lose distances and an increasing fraction of brighter high- ̇E pulsars
t larger distances. The net result is a substantial removal of low- ̇E 

ulsars (Fig. 20 ) and low-luminosity pulsars. The inclusion of the
ow- ̇E pulsars is crucial to allow us to constrain the shallow Ė − L

ependence. The seen effect of the modulation index filter calls for
aution with respect to other selection biases. 

For completeness, we use our (pseudo-) luminosities to calculate
he radio efficiencies, L L / ̇E . The distribution of these radio effi-
iencies is shown for 1170 pulsars in Fig. 21 . It is very similar to
he distribution of normal pulsars that was presented and discussed
n detail by Szary et al. ( 2014 ). The radio efficiency is ∝ Ė 

−0 . 85 ,
 result of the very shallow luminosity dependence on Ė . This is
NRAS 520, 4582–4600 (2023) 
n contrast to the GeV γ -ray efficiency that has a proportionality
f ∝ Ė 

−0 . 54 (Szary et al. 2014 ; for ≈50 normal pulsars) due to the
teeper dependence of the γ -ray luminosity on Ė as measured with
ermi (e.g. Abdo et al. 2013 ). While the bulk of the TPA radio pulsars
ave spin-do wn po wers between 10 31 and 10 34 erg s −1 , most γ -ray
etected normal pulsars have Ė > 10 34 erg s −1 . The scatter range (for
imilar Ė ) is typically four orders of magnitude for the radio pulsars
nd three orders of magnitude for the γ -ray pulsars. Most X-ray
etections are also reported for Ė > 10 34 erg s −1 . Ho we ver, the (less
lled) co v erage e xtends down to 10 30 erg s −1 thanks to a few detected
ld ( > 1 My) pulsars. The non-thermal X-ray efficiency at 1–10 keV
dominated by emission from the magnetosphere) does not appear to
ollow a simple PL, but shows some indications of higher efficiencies
t both ends of the Ė distribution. Although number statistics is
till low, this trend becomes apparent for Ė < 10 34 erg s −1 where
fficiencies of ∼0.01 are reached in comparison to ∼10 −4 for the bulk
f X-ray detected pulsars (e.g. Posselt et al. 2012 and Vahdat et al.
022 ; for ≈100 pulsars). The scatter range co v ers about two orders of
agnitude. At optical–UV wavelengths, pulsars are faint and if they

re detected, it can be very difficult to differentiate between thermal
nd magnetospheric emission components. Fig. 4 of Shibanov et al.
 2016 ) may indicate for the V band a similar trend as in X-rays.
o we ver, with just 13 objects in this plot, the number statistics are
ery poor. A recent measurement 6 for the old, Ė = 5 × 10 30 erg s −1 ,
ulsar J0108 −1431 found a record high optical-UV efficiency of
–6 × 10 −4 (Abramkin et al. 2021 ) in comparison to the typical
ptical efficiency range of 10 −7 to 10 −5 for normal pulsars, sup-
orting the hint of increasing efficiencies at lower Ė . The emission
fficiency from radio to γ -ray is complex and connections across the
avelengths are non-trivial and clearly require more parameters than

˙
 . Different emission sites can complicate the interpretation, and
ifferent pulsar parameters such as the angle between magnetic and
otation axes can influence the luminosities (Philippo v, Spitko vsk y
 Cerutti 2015 ). Different emission mechanisms could explain the

if ferent ef ficiency dependencies, as Szary et al. ( 2014 ) speculated
n the case of the radio and the high-energy emission. Kisaka &
anaka ( 2017 ), considering synchrotron emission for the optical −γ -
ay range, discussed non-dipolar field structures to explain the trend
f higher efficiencies in X-rays at low Ė values. 

.3 Correlations of the polarization fractions 

revious works reported high linear polarization for high Ė pulsars
e.g. Johnston & Weisberg 2006 ; Weltevrede & Johnston 2008 ), and
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Figure 20. The selection effects of a pseudo-modulation index m SI restriction which was used to remove potentially scintillating pulsars in the TPA sample. 
The grey histograms (left-hand panel: distance histogram, right-hand panel: histogram of the spin-down power) show the percentages of the total sample per 
bin , once m SI < 0.13 has been employed. The red lines indicate the bins with TPA pulsars before filtering. 

Figure 21. The radio efficiency distribution of the TPA pulsars. The 
probability density is indicated by the colour bar (smoothing parameters are 
chosen similarly as in Fig. 2 ). Since our luminosities are pseudo-luminosities, 
the actual radio efficiency for a specific pulsar can be different. For illustration, 
the slope of the orange line represents a luminosity independent of Ė , and the 
slope of the red line represents the L L ∝ Ė 

0 . 15 dependence derived in this 
work (Table 4 ). The two lines are centred on the average logarithm values of 
Ė and L L of the TPA sample. 
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Figure 22. The dependence of the LPF from the rotational parameters. The 
x - and y -axes show a range of powers: a for P , and b for Ṗ . The colour 
background image shows the Spearman p -value for each a - b combination 
with respect to the LPFs for the 684 TPA pulsars with Ė > 10 32 erg s −1 . The 
red, cyan, and blue lines indicate lines of PL-dependences for the spin-down 
power, characteristic age, and magnetic dipole field. Crosses with the same 
colours correspond to the respective PL fits to the LPFs, translated into the a 
− b space, but for all 1054 TPA pulsars with valid LPF measurements and 
all rotational parameters. The violet and darkcyan crosses correspond to fits 
using 684 TPA pulsars with Ė > 10 32 erg s −1 The orange (1054 pulsars) and 
yellow (684 pulsars) crosses were obtained from separate fits of the LPFs to 
P and Ṗ . This plot shows 3 σ uncertainties. 
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his correlation is even stronger at higher frequencies (few GHz, von 

oensbroech et al. 1998b ). Indeed, we also find a strong positive
orrelation of the LPFs with Ė in the TPA data. The non-weighted 
inear fit results of the log P and log Ṗ (orange cross in Fig. 22 ) agree
ith the log Ė fit result (red cross in Fig. 22 ), demonstrating the

˙
 dependence is the actual underlying and dominating dependence 

mongst the rotational parameters. From the Spearman rank correla- 
ion analysis for the LPF, we derive high ranks and low p values for
 , Ṗ , Ė , and τ as expected, but also for W 10 , and the spectral index

Table 3 ). 
The increase of LPFs with increasing Ė was predicted for natural 

ave modes in the cold plasma approximation (von Hoensbroech 
t al. 1998b ). In particular, the two plasma modes (X and O-modes)
re expected to have an increasing difference of their refractive 
ndices with increasing Ė . This leads to an easier angular separation,
reventing the modes from mixing, and therefore preventing depolar- 
zation. For high Ė one thus may see only one or the other polarization
ode. In addition, Johnston & Weisberg ( 2006 ) noted that emission

eights (where the radio emission leaves the pulsar magnetosphere) 
re larger for high- ̇E pulsars. Larger emission heights mean stronger 
otation effects aiding a separation of the two polarization modes 
Wang et al. 2015 ). 

Weltevrede & Johnston ( 2008 ) found a transition from low to
igh LPFs which happens around Ė ∼ 10 34 − 10 35 erg s −1 , and our
ata allow us to test whether the transition is smooth or abrupt.
e varied our sample with changing Ė selection with a sampling 
MNRAS 520, 4582–4600 (2023) 
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M

Figure 23. The distribution of the LPFs and their correlations with spin-down energy (left-hand panel), spectral index (middle panel), and pulse width W 10 

(right-hand panel). The probability densities are indicated by the colour bars (smoothing parameters are chosen similarly as in Fig. 2 ). For the spectral index, 
only pulsars with m SI < 0.13, for W 10 only widths with signifiance abo v e three are considered. The black solid and red dashed contour in the Ė − L/I plot 
mark the 90 per cent level of the population for all pulsars and those that fulfill W 10 > 30 ◦, respectively. The OLS-fit of the LPF with ∝ c Ė log Ė and its 1 σ
uncertainty are shown with lines and shaded area in darkblue (all pulsars) and darkred (only pulsars with Ė > 10 32 erg s −1 ), see text. 

Figure 24. The LPF distribution for pulsars filtered by their W 10 pulse widths 
according to the figure legend. All histograms are shown with 22 bins for 
easier comparison. Smoothed curves are produced with a Gaussian kernel 
(bandwidth according to Silverman 1986 , scale factor 0.8). Dashed and dotted 
lines show the median and mean values of each distribution. 
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f 0.5 dex. Our Spearman rank correlation of the LPF with Ė is
aximized for Ė > 10 32 erg s −1 . Table 3 lists rank and p -values for

uch selection. This Ė selection appears to be in the middle of two
ears’ (with a much longer right ‘ear’) of the Ė −LPF distribution
hown in the left-hand panel of Fig. 23 . The existence of the
eft ‘ear’ (which is due to the width dependence as we discuss
elow) is the likely reason for the obtained rank maximum for
ulsars with Ė > 10 32 erg s −1 . Using only pulsars fulfilling that
riterion, we repeated the non-weighted linear fits in log space,
esulting in the violet cross ( ̇E fit) and yellow cross (log P and log Ṗ 

ts) in Fig. 22 . The dependence LP F ∝ c Ė log Ė changes from
 Ė = 0 . 071 ± 0 . 005(1 σ ) (1054 pulsars) to c Ė = 0 . 134 ± 0 . 007(1 σ )
684 pulsars with Ė > 10 32 erg s −1 ). Whilst the high LPFs with high
˙
 appeared to happen relatively sudden in the data from Weltevrede
 Johnston ( 2008 ), the distribution in our more comprehensive data

et looks relatively smooth if the left ‘ear’ of the distribution is
gnored (Fig. 23 ). Interestingly, the correlation with Ė appears to be
ven stronger for the vector-added L 

∗ (see Table 3 ). 
There is also a correlation of the LPF with the spectral index

middle panel in Fig. 23 and Table 3 ). The ‘tilt’ in that distribution,
n particular of its densest part (Fig. 23 ), indicates that this is genuine
dditional dependence and not due to the common dependence of the
PF and the spectral index on log Ė . Ho we ver, unfortunate sample
election effects could, in principle, also mimic such a dependence.
s a visual check, we simulate 100 expected pulsar distributions
NRAS 520, 4582–4600 (2023) 
ssuming the two parameters (LPF and spectral index) are each only
ependent on the respective observed log Ė probability distributions
see Appendix A ). No ‘tilt’ is found in these TPA-sample based
imulations, strengthening the argument for genuine relation where
 flatter spectral index is correlated with a higher LPF. A high LPF
an be interpreted as the visibility of only one of the two polarization
odes, which can be caused by little mixing of the OPMs, for exam-

le, because of quickly diverging propagation vectors due to different
efractive indices, as noted above. Another explanation for one-mode
re v alence could be intrinsically discrepant intensities of the two
odes in addition to them having slightly different spectral indices

Karastergiou, Johnston & Manchester 2005 ). Such a combination
ould explain a high LPF as well as a flatter spectral index in Stokes I
due to the additive contribution of both modes accross the frequency
and). The investigation of expected polarization fraction changes
 v er frequenc y are the subject of a detailed study by Oswald et al.
submitted). 

In addition to the correlations between the LPF and Ė and the
pectral index, the Spearman rank correlation coefficient and p -value
ndicate another correlation with the pulse width, W 10 (right-hand
anel in Fig. 23 and Table 3 ). If one selects W 10 > 30 ◦ (176
ulsars), the peak density in the Ė -LPF distribution in Fig. 23
hifts from ( ∼2 × 10 32 erg s −1 , ∼0.18) to ( ∼10 31 erg s −1 , ∼0.3),
llustrated by the respective black and red dashed 90 per cent contour
e vels. Fig. 24 sho ws the shifted probability density for W 10 > 30 ◦

n form of a histogram, where the median and mean LPF values
re larger by 10 per cent in comparison to the sample with W 10 

30 ◦. The W 10 -LPF correlation gets weaker if Ė > 10 32 erg s −1 ,
t gets stronger for Ė < 10 32 erg s −1 (Table 3 ). Since pulsars have
ecreasing pulse widths with increasing periods (e.g. Posselt et al.
021 ), i.e. with (on average) decreasing Ė , this indicates that wider
ulse profiles tend to have larger linear polarization r egar dless of Ė .
his could point towards the influence of refraction or scattering in

hese pulsars’ magnetospheres. Refraction would be expected to (i)
iden pulsar beams, and to (ii) influence only the ordinary plasma
ode of the radio emission coming from an emission height which is

if ferent for dif ferent field lines (e.g. Welte vrede & Johnston 2008 ).
epending on where the two emission modes leave the influence
f the magnetosphere, this could lead to the pre v alence of one
olarization mode (the O mode), i.e. a larger LPF, even for low
˙
 pulsars. 
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 SUMMARY  

n this work, we presented comprehensive and homogeneous pulse
rofile measurements for o v er 1200 non-rec yled pulsars based on
he time-averaged TPA data obtained with MeerKAT. This un-
recedented large data set of radio pulsar parameters includes (i)
54 new RMs, (ii) flux measurements at eight frequency bands
s well as in the total 775 MHz band, centred at 1.3 GHz, (iii)
pectral indices and pseudo-modulation indices to filter for scin-
illating sources, (iv) luminosities, and (v) polarization fractions
in the total frequency band and in the eight frequency bands), in
articular continuum-added and vector-added linear polarization, as
ell as circular and absolute circular polarization. We also present

stimates of what fraction of the on-pulse region has polarization
bo v e specific levels. We show that the TPA pulsars constitute a
epresentative sample of the currently known non-recycled rotation
owered radio pulsar population. Our catalogue of measurement
alues accompanies the public data release of the TPA census. The
ublic data encompass the time-averaged data of the TPA census
bservations with eight frequency channels and full polarization
nformation. 

The outstanding potential of the TPA data for pulsar population
tudies is demonstrated by our correlation study of three example
roperties. We show that the spectral index, the (pseudo-) luminosity,
nd LPF are all clearly dependent on the spin-down power. We
escribe these dependences in form ∝ c Ė × log Ė , where c Ė =
 . 17 ± 0 . 02, 0.15 ± 0.02, 0.134 ± 0.07 for the spectral index,
he natural logarithm of the luminosity, and the LPF, respectively
all 1 σ statistical uncertainties, the LPF value is for pulsars with
˙
 > 10 32 erg s −1 ). The found general behaviours are consistent
ith the understanding of the canonical pulsar for which one

xpects a flatter energy distribution of the emitting particles and
igher emission heights with increasing Ė . Ho we ver, the found Ė -
ependence of the luminosity, for example, is much shallower that
hat one might expect from conventional formulas describing the Ė -
ependence of the potential drop o v er the polar cap region. Our value
or the luminosity is also different from what is typically assumed in
opulation synthesis models. The broad distributions of pulsars in the
onsidered parameter spaces indicate the influences of other pulsar
roperties. For the LPF, we show that there are also correlations
ith the spectral index and with the pulse width. The former can be

xplained with slightly different spectral indices and intensities of
he two orthogonal emission modes. The latter can be summarized
s the presence of large LPFs for large widths. It can be explained
y the influence of refractive processes, preventing depolarization.
efraction affects the O mode more strongly, widening its pulse
rofile, preventing mixing, and resulting in the observed pulse being
ominated by the O mode. Although the TPA frequency band of
50 MHz is wide, we emphasize that the frequency evolution of
ulsars can change the observed relationships depending on the
hosen observing frequencies. On-going TPA observations use the
eerKAT Ultra High Frequency band (0.58–1.02 GHz), expanding

he frequency range for future studies of such effects, and allowing
dditional ISM-related studies. 

As we illustrated by means of the filtering for the pseudo-
odulation index for the luminosity, selection effects can alter

he interpretation of the TPA measurements and need to be care-
ully accounted for. Care is also necessary in the interpretation
f the flux densities given they are measured at one epoch per
ulsar. Our example correlations just scratched the surface of
he possibilities the TPA data provides for the study of pulsar
adio emission on a population-level, e.g. with population syn-
NRAS 520, 4582–4600 (2023) 

n

hesis models. In addition, the TPA data enable the identifica-
ion and potential detailed investigation of individual pulsars with
exceptional’ properties such as, for instance, the very high ab-
olute circular polarization fraction of 0.56 for the low- ̇E pulsar
1222 −5738. 
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he online Tables 1 , 2 , 5 , and 6 are available as supplementary mate-
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We provide the folded pulse profiles of the 1271 pulsars with

 peak S/N in the total power > 3 in the frequenc y-av eraged data.
he files are in PSRFITS format and contain full polarization, eight

requency channels, and 1024 bins, together with the ephemerides
e used here. 7 The complete data set is available under the
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PPENDI X:  T H E  LPF  A N D  T H E  SPECTRAL  

NDEX  

he LPF is found to be correlated with log Ė as well as with the
pectral index (Section 4.3 and Fig. 23 ). At the same time, the spectral
ndex is also correlated with log Ė (Section 4.1 and Fig. 15 ). As both
PF and spectral index depend on log Ė , one could suspect that the
pectral index-LPF correlation is merely an unlucky coincidence due 
o a selection effect and the common dependence. Assuming this is
he case means implicitly assuming that the two distributions, log Ė –
PF, log Ė – spectral index, are independent. We tested this visually 

n two different ways. First, we multiplied the two (resampled) 
robability density distributions (one rotated), making sure that the 
ame sampling in log Ė (250 resample points) is used. The result 
s shown in the middle panel of Fig. A1 . Although a ‘tail’ towards
igh LPF is visible, it is much more averaged over the spectral index,
nd the whole distribution is not ‘tilted’, i.e. there is no obvious
orrelation. Secondly, we used the observed distributions to draw 

ndependent samples. Dividing the log Ė range into nine bins (with 
nterval borders of 27.6, 30.6, 31.6, 32.6,33.1, 33.6,34.1,34.6, 35.6, 
7.6), we produced empirical probability density distributions for 
he LPFs and for the spectral indices enabling independent samples 
f these two parameters. We shifted the log Ė interval borders after 
ach TPA-sized sample by tiny amounts to a v oid aliasing effects.
he final sample has 105 288 independent LPF–spectral index pairs 

hat are smoothed to produce the right-hand panel in Fig. A1 . The
espective contours indicate a similar shape as the product of the
wo smoothed probability density distributions, whilst the actual, 
easured and smoothed LPF–spectral index distribution appears 

ilted in comparison. 
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Figure A1. The correlation of the LPF–spectral index distribution. The left-hand panel is the probability density plot of the measured values from Fig. 23 with 
25 of its levels marked in black (all smoothed with Gaussian kernel, smoothing bandwidth according to Silverman ( 1986 ), scale factor 0.8). The middle panel 
is the product of the by-90 ◦-rotated (smoothed) log Ė − spectral index distribution from Fig. 15 and the (smoothed) log Ė − LP F distribution from Fig. 23 
with 15 of its levels marked in blue. The right-hand panel is the smoothed (Gaussian kernel, smoothing bandwidth according to Silverman ( 1986 ), scale factor 
1.6) result of using ∼100 000 independent log Ė − spectral index and log Ė − LP F samples drawn from the probability distributions of the measured values 
(see text) together with the 10 per cent, 30 per cent, 50 per cent, 70 per cent, and 90 per cent contour levels. The 10 per cent, 50 per cent, and 90 per cent contour 
levels of this simulated pulsar sample are also overplotted in the left-hand and middle panels with the red dashed contours. 
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