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A B S T R A C T 

A number of pulsars are known to have profile evolution on time-scales of months, often correlated with spin-down rate changes. 
Here, we present the first result from 3 yr of monitoring observations from MeerKAT as part of the Thousand Pulsar Array 

programme. This programme obtains high-fidelity pulse profiles for ∼ 500 pulsars, which enabled the detection of subtle changes 
in seven sources not previously known to exhibit long-term profile evolution. A 2D Gaussian convolution is used to highlight 
correlated emission variability in both the pulse phase and observing epoch direction. Simulations show that for one additional 
source the observed profile variability is likely to originate from stochastic single-pulse shape variability (jitter). We find that 
it is common for long-term profile variability to be associated with changes in polarization fractions, but not with polarization 

position angle (P A) changes. P A changes are expected if emission height changes or precession is responsible for the profile 
variability. PSR J1741 −3927 is the only pulsar in our sample that shows correlated PA variability, and this is associated with 

orthogonal polarization mode activity. For the six other pulsars limits on possible emission height changes and impact angle 
changes are derived. These limits are consistent with the small changes in the total intensity profile shape. None of the sources 
show detectable spin-down variability correlated with the emission changes, which are thought to be driven by magnetospheric 
current fluctuations. Therefore, the absence of correlated spin-down rate variability allows upper limits to be placed on changes 
in the magnetospheric charge density. 

Key words: methods: data analysis – methods: statistical – techniques: polarimetric – stars: neutron – pulsars: individual: PSR 

J0729 −1448, J1121 −5444, J1141 −3322, J1705 −3950, J1741 −3927, J1844 + 1454, J1919 + 0951, and J1919 + 0021. 
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 I N T RO D U C T I O N  

ulsars are often considered to be objects with extremely stable
otation and profile shapes. Although often true, this cannot be
eneralized for all pulsars. A small fraction of pulsars, especially
he young to middle-aged part of the population, and also some
ld recycled/millisecond pulsars, is known to exhibit long-term
orrelated structures in their timing residuals known as timing noise
Hobbs, Lyne & Kramer 2010 ; Parthasarathy et al. 2019 ). This
ndicates some unmodelled rotational variations. Various physical
rigins for timing noise have been proposed, which includes the
eco v ery from unseen glitches 1 (Alpar, Nandkumar & Pines 1986 ),
ultiple micro-glitches (Cordes & Downs 1985 ; Janssen & Stappers
 E-mail: avishek.basu@manchester.ac.uk 
 Glitches are sudden rapid spin up of pulsars. 
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006 ), or turbulence in the interior superfluid of neutron stars
Melatos & Link 2014 ). 

From the early days of pulsar astronomy pulsars are known to be
ariable. Changes in rotation rate of pulsars were known to give rise
o timing noise. But also the radio pulse profile shape of some pulsars
ere known to be variable. F or e xample, mode-c hanging is a well-
nown phenomenon, where the pulse shapes change between two or
ore different shapes (Backer 1970b ; Lyne 1971 ) with a time-scale

f ∼ few tens of pulse periods to a few hours. Nulling (Backer 1970a ),
here the emission suddenly ceases for a few or many pulse periods
efore resuming back to its normal emission mode, is a phenomenon
hich could be considered an extreme form of mode changing. Apart

rom these variations on a time-scale of at least a few pulse periods,
very single pulse is different in its shape and intensity (e.g. Helfand,
anchester & Taylor 1975 ; Rathnasree & Rankin 1995 ) which is

nown as jitter . These phenomena highlight the dynamic nature of
he pulsar magnetosphere and the radio emission mechanism. 
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In the last couple of decades, much longer time scale profile shape
hanges have been discovered in pulsars. For some sources, the 
rofile changes are associated with correlated changes in the spin- 
own rate. F or e xample, the intermittent pulsar B1931 + 24 (Kramer
t al. 2006 ) was disco v ered to e xhibit two distinct emission states
here it behaved like a regular pulsar for ∼ 5–10 d (known as the

on’ state of the pulsar) with a 50 per cent higher spin down rate
han the ‘off’ state for which the radio emission is switched off. The
witch happens within 10 seconds and the pulsar maintains radio 
ilence for the next 25–35 d. The change in the magnetospheric 
urrent, which impacts both the emission and torque was identified 
s a cause of such correlated change in the spin-down and emission.
ater, Lyne et al. ( 2010 ) disco v ered six more pulsars which exhibit
orrelated spin-down and profile shape changes. They concluded 
hat also for these pulsars the magnetosphere switches abruptly 
etween two states. In some pulsars the variabilities are associated 
ith the central component of the pulse profile. The central part 
f the profile is often associated to core emission, as opposed to
he more peripheral conal emission Rankin ( 1990 , 1993 , 2022 ).
o we v er, more comple x behaviour than a simple two-state system
as reported in PSR B0919 + 06 (Perera et al. 2015 ). In contrast, a

low magnetospheric change was seen in PSR J0738 −4042, where 
he evolution of the pulse profile was hypothesized to be triggered 
y an asteroid’s interaction with the pulsar magnetosphere (Brook 
t al. 2014 ). Furthermore, long time-scale emission variability was 
stablished in millisecond pulsars (Brook et al. 2018 ). This relied 
n Gaussian process regression (GPR), a technique pro v en to be
seful for the analysis of Murriyang, Parkes 64-m radio-telescope 
ata (Brook et al. 2016 ), as well as for the analysis of Jodrell Bank
bservatory data (Shaw et al. 2022 ). 
The different emission states suggest a pulsar magnetosphere 

an have different meta-stable states that transition stochastically 
etween local minima of some ef fecti ve potential (Cordes 2013 ).
ccording to this formalism, the presence of two states is considered 

ommon, but for a few sources, a larger number of states are
ossible. The existence of several such meta-stable magnetospheric 
onfigurations has been speculated in Timokhin ( 2010 ) to be strongly
ependent on the physical conditions pre v ailing near the polar cap
article cascade zone and the ‘Y’ point, 2 of which the latter regulates
he size of the magnetosphere and currents flowing within it. The 
ombined effect of the different magnetosphere sizes and current 
ensity distribution further determines the total energy of the system 

hose local minima may correspond to v arious observ able meta- 
table states. 

PSR B1828 −11 is the first source disco v ered with quasi-periodic
hanges in the profile shape that are correlated with spin-down rate 
ariability (Stairs, Lyne & Shemar 2000 ), which was initially thought 
o be due to the free precession in the pulsar. Later, the disco v ery
f different emission modes in this pulsar was used as an argument
gainst the free precession model, hence the magnetospheric state 
hange interpretation was fa v oured (Stairs et al. 2019 ). Though
he classical free precession model was not enough to explain the 
bservations, Jones ( 2012 ) propose a hybrid model involving both 
recession and magnetospheric state changes. The magnetosphere 
s delicately balanced between two states and the state changes are 
egulated by the precession ef fects. K err et al. ( 2016 ) arri ved at a
imilar conclusion after a detailed analysis of periodic modulation 
n seven sources identified in a sample of 151 young energetic 
 Y-point is the region where the current sheet from the outer magnetosphere 
eaches the last closed field line. 
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ulsars, where also they propose the magnetic stress supported 
y the superconducting core could provide the ellipticity required 
or the precession. This model remo v ed the mutual e xclusiv eness
etween magnetospheric processes and precession as explanations 
or correlated spin-down and profile variability. By modelling the 
pin-down ( ̇ν) time-series of PSR B1828 −11 Ashton, Jones &
rix ( 2017 ) concluded that the precession model along with the
xternal electromagnetic torque is somewhat fa v oured o v er the pure
agnetospheric switching model for this pulsar. 
The presence of timing noise implies the total torque acting on

 neutron star must vary o v er time, which can have contributions
oth from the interior and exterior of a pulsar (its magnetosphere;
ntonelli, Basu & Haskell 2023 ). The intrinsic fluctuation in the
ortex-mediated process inside neutron stars leads to internal torque 
uctuations (Alpar, Nandkumar & Pines 1986 ) and the external 

orque can be regulated by fluctuation in the current density as
iscussed abo v e. Therefore, the sources showing correlated emis- 
ion and rotation variability may have a much larger contribution 
rom the magnetospheric current fluctuations towards their timing 
oise, which also impacts their emission properties. Ho we ver, the
agnitude of the current fluctuations is not known a priori . A tiny
uctuation in current may lead to a strong change in the emission
rocess due to non-linear plasma processes, but not in the spin-down
orque or maybe both. 

In order to detect potentially subtle changes in the emission state,
e make use of the highly sensitive MeerKAT telescope. Its sensitiv-

ty and capability to perform sensitive polarization measurements are 
sed to search for correlated emission and spin-down rate changes. 
n this paper, we present data of seven sources with long-term profile
volution, which were not known to exhibit such variations. For 
ne additional source, apparent profile variability is associated with 
ingle-pulse shape v ariability. A follo w-up publication is planned 
hich will discuss the implications of similar analysis on a much
igger sample of pulsars. In Section 2 we describe the monitoring
rogramme, in Section 3 we explain the analysis methodology, and 
n Sections 4 and 5 present and discuss the results of the analysis.
his is followed with the conclusions in Section 6 . 

 OBSERVATI ONS  

he Thousand Pulsar Array (TPA) programme (Johnston et al. 2020 )
s a part of the large pulsar monitoring project using MeerKAT ,
alled MeerTime (Bailes et al. 2016 ). The TPA has observ ed o v er a
housand pulsars and ∼500 of them are monitored with somewhat 
ariable cadence, typically at least once every month. The TPA 

ample excludes millisecond pulsars. Their astrometric positions are 
onfined below a declination of + 20 ◦. A broader discussion of the
PA project and its scientific goals can be found in the paper by
ohnston et al. ( 2020 ). The results reported in this paper constitute
f eight sources for which an initial visual inspection suggested slow
rofile evolution not reported before in the literature. It will be shown
hat for one of them, the evolution is likely caused by single pulse
ariability. 

The MeerKAT telescope is an array of 64 dishes located in the
aroo region of South Africa. To impro v e the efficiency of the
PA’s pulsar monitoring programme, the available antennas are 
ivided into two groups, each containing up to 32 antennas. The
ignals of the telescopes in each sub array are coherently combined
o produce a tied-array beam. Therefore, the two sub arrays allows
wo different patches of the sky to be observed at the same time. The
egradation in sensitivity by a factor of 2 is counterbalanced by the
pportunity to observe almost twice the number of pulsars compared 
MNRAS 528, 7458–7476 (2024) 
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Table 1. In this table we summarize details of the observations reported in 
this paper. 

PSR J PSR B P (s) N obs ˜ T int (min) ˜ �T (days) 

J0729 −1448 − 0.25 42 1.5 30 
J1121 −5444 B1119 −54 0.53 43 2.0 26 
J1141 −3322 − 0.29 45 1.5 25 
J1705 −3950 − 0.31 50 2.0 27 
J1741 −3927 B1737 −39 0.51 12 1.8 27 
J1844 + 1454 B1842 + 14 0.37 44 1.5 27 
J1916 + 0951 B1914 + 09 0.27 45 1.5 27 
J1919 + 0021 B1917 + 00 1.27 45 2.0 26 

The first and second column shows the J and B name of the pulsars, 
respectively. The third column shows the pulse period ( P ) of the pulsars 
in s. The fourth column indicates the number of epochs o v er which the 
observations were done with a median integration length ˜ T int , shown in the 
fifth column, and median cadence ˜ �T , shown in the sixth column. 
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o what is achie v able with the full array. A detailed discussion on
he ef fecti v eness of the observing strate gy for the TPA programme
an be found in Song et al. ( 2021 ), which proposes a methodology
o design an observing programme aiming to be sensitive for pulse
rofile variability. 
The observations presented here are obtained with the L-band

eceiv er. Signals co v ering a bandwidth of 775 MHz centred at
283 MHz were recorded with full polarization information. The
arge bandwidth in combination with a lo w recei ver temperature of
8 K makes MeerKAT a v ery sensitiv e telescope to observ e high-
delity pulse profiles. Our analysis makes use of the integrated pulse
rofiles produced from the channelized data after de-dispersion. The
umber of bins across the pulse profile was chosen optimally to en-
ance the signal-to-noise (S/N) ratio per bin, without compromising
etails of the pulse profile morphology (Song et al. 2023 ). In Table 1
e have summarized the details of the observations for the 8 sources

eported in this paper. 

 ANALYSIS  

he analysis was performed using a combination of PSRCHIVE 3 

Hotan, van Straten & Manchester 2004 ) and PSRSALSA 

4 (Weltevrede
016 ), using the following procedure. 

.1 Emission variability and pulse jitter simulation 

he variability in the shape of the pulse profile has been studied by
nvestigating the structures in the difference map (as shown in left-
and side panel of Fig. 1 , which will be explained in more detail in
ection 4.1 ) produced from the time and frequency averaged pulse
rofiles, as well as various polarization products. In order to obtain
he total intensity difference map, the observed pulse profiles are first
ligned using cross-correlation with a noise-free template of the pulse
rofile obtained from the Gaussian process models as described in
osselt et al. ( 2023 ). Furthermore, the profiles are scaled with respect

o the noise-free template. The scaled flux density of profile bin i is 

 

norm 

i = 

( ∑ 

j T j 

max { T } 
) ( 

I i ∑ 

j I j 

) 

= f s I i , (1) 
NRAS 528, 7458–7476 (2024) 
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here T is the noise-free profile template, and the index j runs over all
he on-pulse phase bins as determined from the template. This scaling
akes the average flux density of each observed profile identical,
ith an average set such that the peak intensity is ∼1. The actual

esulting peak flux density depends on the profile shape, but if the
rofile shape is identical to that of the template, the peak flux density
ould be exactly 1. 
After scaling, the median observed profile is subtracted from

ach observation, and the resulting profile residuals are stacked
esulting in what we will refer to as the ‘difference map’. This
s used to reveal potential systematic profile evolution. Care
hould be taken to distinguish these systematic long-term vari-
tions from more stochastic variability arising from pulse-to-
ulse jitter. To quantify the expected nature of jitter-induced
ariability, we also simulate a difference map constructed from
rofiles affected by the observed single-pulse jitter. The input
or this simulation is the sequence of single pulses observed
ith MeerKAT , as used by Song et al. ( 2023 ). For all sources

tudied here, this corresponds to the longest available observa-
ion. 

In order to consider time-dependent single pulse phenomena
uch as mode-changing, nulling, (slowly) drifting subpulses, we
ave adopted two different methods to obtain simulated difference
aps. One of them we refer to as the individual pulse method ,

nd the other as block method . These will be discussed in more
etail in Sections 3.1.1 and 3.1.2 , respectively. Comparison of the
bserved and simulated difference maps allows systematic slow
rofile evolution to be distinguished from profile variability arising
rom single-pulse variability within the relatively short observations.

.1.1 Jitter simulation: individual pulse method 

he individual pulses from a pulsar shows stochastic variations
n their shape and intensity (Helfand, Manchester & Taylor 1975 ;
athnasree & Rankin 1995 ). Averaging over a certain number of
ulses (usually a few hundred to thousands) is required to achieve a
table pulse profile. Therefore, a finite observation duration may,
r may, not record enough number of pulses for a given pulsar
o achieve a stable pulse shape. Therefore, it becomes crucial to
dentify if any profile variability seen is associated with jitter or
enuine long-term variation of the profile. Hence, a simulation
o capture variations that arise from jitter was performed un-
er the assumption this variability has no memory in the sense
hat the emission variability is uncorrelated in consecutive pulses.
his allows us to randomly select pulses from the full single-
ulse observation, without the requirement that they should be
n sequence. In order to simulate the expected effect of jitter,
ifference maps were constructed from the relatively long MeerKAT
bservations analysed in Song et al. ( 2023 ). To capture the effect
f short time-scale pulse shape variability, we replace each ob-
ervation with a pulse profile obtained from averaging a random
election of pulses from this longer data set. Each observation
s replaced with a simulation of equal duration. The obtained
rofiles are processed in the same way as the actual observations,
ncluding alignment and scaling as discussed in Section 3.1 . This
esults in difference maps which can be compared visually, in
erms of the magnitude of differences and the appearance of any
merging structures, to those constructed from the actual obser-
ations. Therefore, this method helps in identifying the varia-
ions that might arise from the uncorrelated jitter process between
ulses. 

http://psrchive.sourceforge.net/
https://github.com/weltevrede/psrsalsa
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Figure 1. Left-hand figure: The smoothed difference map of the total intensity of pulsar J0729 −1448, showing the on-pulse region. The right-hand ticks in the 
main panel of the figure indicate the observation epochs, and the size is a proxy for the integration time. The upper panel shows the average pulse profile. The 
right-hand side panel shows the time evolution of ν̇ (the solid line) and the temporal evolution of the shape parameter shown by the black dots with error bars. 
For this source the shape parameter corresponds to the peak amplitude of the normalized pulse profile. Right-hand figure: The total intensity of profile A (solid 
blue line), and profile B (dashed red line). For this pulsar profile A and B have been obtained by averaging over all observations before and after MJD 59400, 
respectively. The linear polarization fraction of profile A is shown as the sky blue solid line with � marks and that of profile B as the black dashed line with � 
marks. The circular polarization fraction of profile A is shown as the purple solid line with + marks and that of profile B as the green dashed line with + marks. 
The lower panel of the same figure shows the polarization position angle of profile A and B by the hollow circles and cross marks, respectively. 
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.1.2 Jitter simulation: block method 

mission variabilities like mode-changing, nulling, and drifting sub- 
ulses are associated with time-scales of typically tens to hundreds 
f pulse periods, which can be shorter than the length of our
bservations. Hence, when a pulsar which exhibits such phenomena 
s observed, its profile shape is affected in a way which depends on
he proportion of the emission states captured. Since the variability 
an have memory, in the sense that if one pulse is in a different
mission state, the next is more likely to also be in a different emission
tate, the block method as explained here, can be more applicable. 
n this method, a block of consecutive pulses is chosen with an
qual length compared to the original observation. The consecutive 
ulses are kept in the original order, but with a random start pulse
umber. 
Otherwise, the performed analysis is identical to that in Section 

.1.1 . Therefore, this simulation helps in identifying structures that 
rise from short-term correlated changes in the emission process. A 

rawback of this method is that for a finite data set, the selected blocks
re not completely independent despite a random start pulse number. 
herefore, it is beneficial to use both jitter simulations side-by-side 
hen judging the possible effect of pulse jitter on the difference 
aps. 
.2 Polarization 

ull Stokes data were recorded for our observations which enables 
s to study the variability in the polarized signal from the pulsar.
herefore, difference maps were not only produced in Stokes I (total

ntensity), but also in L / I , (where L is the linear polarized intensity),
 / I (where Stokes V is the circular polarization), and ψ [position
ngle (PA) of the linear polarization]. Following Wardle & Kronberg 
 1974 ) and Everett & Weisberg ( 2001 ), a bias correction on L was
pplied. To construct the ψ difference map, care must be taken to con-
ider the effect of Faraday rotation. This is quantified with the rotation 
easure, RM, which is dominated by an interstellar medium (ISM) 

ontribution. De-Faraday rotation was performed on every data set 
ith the RM measured from the MeerKAT data (Posselt et al. 2023 ).
he PA has a strong dependence on rotational phase. To compute

he difference map in ψ , and highlight any variations over time, the
ypical rotational phase dependence obtained from combining the 
rofiles from the indi vidual observ ations is subtracted. After aligning
nd scaling of the profiles (see Section 3.1 ), for each rotational
hase bin j the median Stokes parameters Q j and U j are determined.
his corresponds to the typical PA swing ψ j = 0.5tan −1 ( U j / Q j ). To
ubtract this from the observations, the Stokes parameters Q and U
f each bin in each observation are rotated by 2 ψ j . 
MNRAS 528, 7458–7476 (2024) 
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Since the ISM contribution to the RM, as well as the ionospheric
omponent, is in general time-dependent, the performed de-Faraday
otation with a fixed RM will not be perfect. The effect is that
here can be offsets in ψ from epoch to epoch. Since the offsets
re constant in rotational phase, any left-over effect of Faraday
otation can be remo v ed by ensuring the phase-averaged ψ is zero in
ach observation. To do this, the on-pulse 5 averaged Q and U , after
ubtraction of the typical PA swing, were determined for each profile.
he corresponding phase-averaged ψ was subtracted analogous to
ow the typical rotational phase dependent ψ was subtracted. 

.3 Sensitivity for profile polarization variations 

specially when systematic profile variation is detected in Stokes I ,
ut not in L / I and V / I , it is useful to set limits on what this implies for
ossible changes in polarization. The following procedure is adopted.
Each profile is modelled analytically with a number of von Mises

omponents. This is done for all Stokes parameters separately. This
llows the pulsar signal to be subtracted from each observation,
eaving noise, any remaining lo w-le vel RFI and some profile vari-
bility likely caused by jitter. As will be explained in the following, a
imulated polarized signal will be added to these residuals, allowing
s to judge under what assumptions about the profile variability a
etectable signature in the L / I and V / I difference maps are to be
xpected. 

To model the profile variability, each profile in Stokes I is modelled
ith von Mises components: most are to describe the non-varying
ulse profile (analytic profile A), and some to describe the varying
omponent of the emission (analytic profile B). Each individual
rofiles (in Stokes I ) is fitted as a linear combination of profiles
 and B. 
The sensitivity to detect variability in polarization is quantified

ith the parameters f L / I and f V / I . These represent the fractional
ifference in the polarization fraction between the non-varying and
arying component of the emission. So when they are unity, L / I
nd V / I will remain constant despite the changes in Stokes I . The
arameters f L / I and f V / I are used to simulate changing profile shapes
n full polarization. The simulated profiles are added to the profile
esidual (noise) which was obtained after subtracting the modelled
ulse shape. The resulting simulated polarized profiles with noise
re used to calculate difference maps with the same methodology
s used for the actual data. From visual inspection of the obtained
ifference maps limits on the required f L / I and f V / I to detect changes
n polarization are found. 

.4 Timing and ν̇ variations 

o quantify the spin-down evolution, the observed profiles were
rst cross-correlated in the frequency domain with their noise-free

emplate (Taylor 1992 ) to measure the topocentric time of arri v als
TOAs). A phase-coherent timing solution was obtained by fitting the
easured TOAs using the pulsar timing package TEMPO2 6 (Hobbs,
dwards & Manchester 2006 ). Initial timing solutions were obtained

rom Johnston et al. ( 2021 ), and from the work related to the initial
iming results of the full TPA monitoring data set (Keith et al., in
reparation). In addition, for PSR J0729 −1448 we have derived the
iming solution from a Jodrell Bank Observatory data set. After fitting
NRAS 528, 7458–7476 (2024) 

 The on-pulse region was determined using an identical procedure as 
xplained in Song et al. ( 2023 ). 
 https:// bitbucket.org/ psrsoft/ tempo2 
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or a spin period and spin-down rate, most pulsar have systematic red-
oise patterns in their residuals. This implies un-modelled rotational
ehaviour, which is also known as timing-noise. Noise modelling
s carried out simultaneously with the fitting for the timing model
arameters, and done using RUN ENTERPRISE (Keith, Ni t ¸u & Liu
022 ), which is based on the ENTERPRISE framework (Ellis et al.
019 ), and uses TEMPO2 to fit the pulsar timing parameters (the spin
requency and spin-down rate). Following the model of Lentati et al.
 2013 ) the red noise is assumed to be a power law in the frequency
omain, with power spectral density characterized by spectral index,
, and amplitude, A red , and given by 

 ( f ) = 

A 

2 
red 

12 π2 

(
f 

yr −1 

)−γ

. (2) 

hite noise is modelled using the EFAC and EQUAD parameters,
hich are a multiplicative factor and quadrature additive to the TOA
ncertainties. Both the red noise and the white noise parameters were
ampled with the Markov-chain Monte Carlo (MCMC) technique
sing EMCEE (F oreman-Macke y et al. 2013 ). 
The time-v ariable spin-do wn rate, ν̇( t) can be deri ved from the

econd deri v ati ve of the red noise model, r ( t ), by 

˙( t) = F1 + F2 t − F0 ̈r ( t) , 

here F0, F1, and F2 are the maximum likelihood values of the
aylor coefficients in spin frequency from the pulsar rotational
phemeris. We compute both ν̇( t) and its error analytically using
he method described in Keith & Ni t ¸u ( 2023 ) as implemented in the
ake pulsar plots utility from RUN ENTERPRISE . 

.5 Correlation analysis 

n order to quantify the correlation between emission changes, as
dentified in the difference maps, and the spin-down rate of the
ulsar, we first capture the emission changes with a shape parameter.
his could be the ratio of amplitudes of various profile components,

he width of the profile at a certain level compared to the peak
ux density, or the (normalized) peak flux density itself. The shape
arameter is a single number, quantifying an aspect of the shape of
he profile at each observing epoch. Following the same methodology
s used in Song et al. ( 2021 ), the shape parameters are derived from
n analytic description of the pulse profile in the form of a sum of a
et of von Mises functions. By perturbing the observed profiles with
he off-pulse noise level, errors in the shape parameters are deduced.

To quantify the correlation between emission state changes and
pin-do wn v ariability a Pearson’s correlation analysis is performed
etween the ν̇ (Section 3.4 ) and shape parameter time series.
t is also essential to capture the uncertainty arising from other
ncorrelated processes such as pulse jitter, which is not correlated
ith time. Therefore, we have also established a confidence in

he measured correlation coefficient by randomizing the order of
oth time series 10 5 times. The width of the measured distribution
rom this uncorrelated process is quoted as the uncertainty of the
orrelation coefficients quoted in Section 4 . 

.6 Difference map smoothing 

PR has been used e xtensiv ely in the literature to smooth difference
aps (Brook et al. 2016 , 2018 ; Shaw et al. 2022 ). This enables

he prediction of intensity variations between observation epochs,
esulting in a map of profile variability as a function of time. Here
e follow the technique as presented in Shaw et al. ( 2022 ). The
atern covariance function is used with two hyperparameters and a

https://bitbucket.org/psrsoft/tempo2
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hite noise parameter to model the noise. The resulting maps can be
ound in Appendix A of the online supplementary material. 

A drawback of this treatment is that every individual rotational 
hase bin is considered independently. So the emission is assumed 
o be correlated from epoch to epoch, but not necessarily in the
otational phase direction. Because the emission changes occur 
imultaneously in different phase bins, this method is not optimal in 
uppressing the Gaussian noise. In addition, because of the relatively 
hort o v erall time span studied, there is not necessarily enough
nformation in a given bin to constrain the hyperparameters reliably. 
o o v ercome this, we found that a 2D Gaussian convolution of the
ifference maps does well in highlighting the profile variability by 
tilizing the correlated changes in both the rotational phase direction 
nd from epoch to epoch. 

Before the convolution is applied, the difference map is uniformly 
ampled in time. This is done by creating an array of profiles at
aily epochs. At each epoch, the closest observed pulse profile is
sed. The resulting map is convolved with a 2D Gaussian. The time
cales in rotational phase and date are chosen such as to highlight the
orrelated structures seen in the original difference map. Unlike the 
PR, this choice was made through visual inspection. The smoothed 
aps are presented in Section 4 . Any conclusions we draw are

ompatible with the raw difference maps, as well as those obtained 
ith GPR (both of which can be found in Appendix A of online

upplementary material. 

 RESULTS  

ere we present the results for the analysis of eight individual sources
sing the techniques described in Section 3 . For each source, we show
he ν̇ and shape parameter variation in the same figure together with 
he total intensity difference maps. We also se gre gate the observation
pochs based on the emission variability for every individual pulsar to 
onstruct average pulse profiles with the aim to show the differences 
n profile shape and polarization properties. The figures showing the 
olarization difference maps both from data and the jitter simulations 
an be found in Appendix B of online supplementary material. 

.1 PSR J0729 −1448 

he upper left-hand panel of Fig. 1 shows the smoothed total intensity
ifference map for the pulsar. The intensity of the main peak (centred
t phase 0.50) decays o v er time relativ e to the leading and trailing
dge of the profile. Such a systematic feature is absent in the jitter
imulated total intensity difference map shown in Fig. A1 of the 
nline supplementary material, reinforcing the conclusion that the 
rofile of this pulsar changes gradually o v er time. The amplitude of
he main peak is initially ∼ 10 per cent larger than the median value 
efore transitioning (at MJD ∼59400) to a state where it is lower
han the median total intensity. A visual inspection of the single-
ulse data does not reveal any obvious evolution from observation to 
bservation. 
An average profile is constructed by combining all the observations 

efore and after MJD 59400, labelled as profile A and B, respectively
n Fig. 1 . As expected, the peak amplitude of profile A (corresponding 
o the blue region of the difference map) is greater compared to the
eak amplitude of profile B (corresponding to the brown region in 
he difference map). Looking at the L / I , V / I and ψ profiles, there
s no indication of associated changes in polarization. The same 
onclusion is drawn by looking at the L / I , V / I and ψ difference
aps (shown in Fig. B1 of the online supplementary material), 
hich do no not show any evidence for polarization evolution on 
 time-scale comparable to that seen for the changes in Stokes I .
iven that the radio emission is very highly linearly polarized, and

ollowing the methodology in Section 3.3 , we find that L / I should
ecrease by ∼ 30 per cent ( f L / I = 0.7) for one of the emission states
o leave a detectable signature in the dif ference map. The lo w circular
olarization implies that one of the states should be ∼3 times stronger
olarized to leave a detectable V / I signature. 
The profile variability can be captured by a shape parameter, taken

o be the peak amplitude of the area normalized profiles. Its time
volution is shown in the right-hand panel of the left-hand figure in
ig. 1 (points with error bars). This confirms that if the profile
ariation were to be periodic, we would only have observed at most
alf a cycle in ∼3 yr of data. 
The spin-down rate evolution (solid line in the same panel as the

hape parameter in Fig. 1 ) does not show significant variability on a
ime-scale similar to the profile evolution. Indeed, the correlation 
oefficient as computed using the method described in Section 
.5 is consistent with zero, implying no significant detection of a
orrelation between the spin-down rate and the shape parameter. 

Assuming the variability is associated with core emission, the 
ulse profile of this source could be a core-cone triple, with the
railing conal outrider weak and conflated with the core component. 

itra & Rankin ( 2011 ) suggest that this asymmetry in the pulse
rofile component configuration is due to aberration/retardation 
f fects (Blaskie wicz, Cordes & Wasserman 1991 ) in this pulsar with
 relatively large spin-down energy loss rate. 

.2 PSR J1121 −5444 (B1119 −54) 

SR J1121 −5444 has three profile components. The difference map 
f Stokes I , shown in Fig. 2 , shows a strong temporal evolution such
hat the leading component was relatively strong compared to the 

ain peak until MJD ∼59200. In the later epochs the peak amplitude
atio appears to be much more variable on short time-scales. This
annot be attributed to changes in observing cadence or the length of
he observations. At these later epochs the profile variations become 

ore stochastic in nature, thereby resembling the expectations for 
ingle-pulse jitter (see Fig. A2 of online supplementary material). 
he relative change of the peak amplitudes is ∼ 10 per cent . The
ingle-pulse data reveals quasi-periodic relatively slow intensity 
odulation (as also reported in Song et al. 2023 ). No systematic

volution of these properties is identified, including any potential 
hange in the repetition period of the modulation. 

To highlight differences in the average emission properties, the 
bservations are divided into two groups resulting in profiles A and
. All observations before MJD 59200 are referred to as profile A,
nd all later epochs as profile B. The right-hand side of Fig. 2 shows
hat profile A has a relatively strong leading component relative to the
addle region between the central and trailing components. At phase 
0.485 and 0.515 the degree of linear polarization appears to change

lightly. The difference map of L / I (second panel of Fig. B4 in the
nline supplementary material) indeed shows small, ∼ 3 per cent , 
hanges in L / I synchronized with the variability seen in Stokes I .
imilarly, very weak patterns at comparable epochs can be seen 

n the V / I difference map at phases ∼0.49 and 0.51. There is no
oticeable change in the ψ difference map. 
We construct a shape parameter by taking the ratio of the amplitude

f the components at phases 0.50 and 0.48. This captures the profile
ariability well, with a single significant transition o v er the ∼3 yr of
ata analysed (shown in the right-hand panel of the left-hand side plot
f Fig. 2 as black points with errorbars). The Pearson’s correlation
MNRAS 528, 7458–7476 (2024) 
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Figure 2. Provides the same information as in Fig. 1 , but for the pulsar J1121 −5444. Ho we ver , for this pulsar , the shape parameter is given by the ratio of 
amplitudes at pulse phase 0.50 and 0.48. Profile A has been obtained by averaging all the observations made before MJD 59400 and all the later epochs were 
averaged to obtain profile B. 
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oefficient between the evolution of the shape parameter and ν̇ is
.3 ± 0.1. 
We note, ho we ver, that a significant contribution to the correlation

s the shorter time-scale structure, rather than the single transition
een as the main profile v ariability. Observ ations of more transitions
ill be required to make the correlation convincing. 
Although the variability in the leading component dominates the

ifference map, there is a hint of correlated variability in the trailing
omponent (as shown in Fig. 2 between pulse phase 0.54 and 0.52).
o we ver, the v ariability in the middle and trailing components is
ot significant when compared to the jitter simulated total intensity
ifference map (Fig. A2 of online supplementary material). This
akes it inconclusive if the variability is related to a change in

elative intensity of core and conal emission. As argued in Rankin
 2022 ), the leading component is associated with conal emission. 

.3 PSR J1141 −3322 

ulsar J1141 −3322 also has three profile components. The difference
ap shown in left-hand panel of the left-hand side Fig. 3 clearly

ndicates a different emission state of the pulsar between MJD
59000 and ∼59400, where the emission in between the main

eak and the trailing component is relatively strong (at phase 0.52,
orresponding to a ∼ 10 per cent increase relative to the amplitude
f the main component). Such variations are absent in the jitter-
imulations (shown in Fig. A3 of online supplementary material).
his extra emission gradually drifts in pulse phase towards the main
eak of the profile before disappearing. 
NRAS 528, 7458–7476 (2024) 
All the observations between MJD 59000 and 59400 are combined
o construct an average profile A and the rest of the epochs are used
o produce average profile B, shown in the right-hand side of Fig. 3 .
he extra emission at phase 0.52 captured in the difference map is
vident in the shape of profile A in Fig. 3 . The peak position of the
railing component in profile A is shifted closer to the main peak
ompared to that in profile B. 

The L / I of profile A near the saddle region between phase ∼0.52
nd 0.53 is smaller than in profile B, indicating an anticorrelated
hange in the linear polarization fraction with the total intensity. At
 phase � 0.53 the pattern reverses, leading to a correlated change
etween L / I and total intensity. The change in L / I in the same phase
ange is also visible in the L / I difference map shown in the second
anel of Fig. B7 of the online supplementary material. The long-term
ariation in total intensity in the saddle region between the first and
entral components is much less significant (o v er a narrow phase
ange ∼0.48), but at this phase a marginal dip in L / I can be seen in
he right-hand panel of Fig. 3 . This is also present in L / I difference
ap shown in Fig. B7. The change in the L / I happens in tandem
ith the total intensity variation (can be seen by comparing the first

nd the second panel of Fig. B7) leading to the conclusion of the
imultaneous correlated change in both the total intensity and linear
olarization fraction. The V / I difference map (shown in the third
anel of Fig. B7) shows a correlated change such that when the extra
mission is seen in total intensity, a blue structure is seen at the same
ime. Ho we ver, we do not find any evidence for evolution of the
olarization PA. 
The single-pulse data reveals that this source is highly variable

ith many short nulls occurring in each observation. The nulling
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Figure 3. Provides the same information as in Fig. 1 , but for the pulsar J1141 −3322. The ratio of amplitudes of the main peak and the trailing component is 
used as the shape parameter for this pulsar. Profile A has been constructed by averaging all the profiles observed between MJD 59000 and 59400, all the rest of 
the observations were averaged to produce profile B. 
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roperties and o v erall appearance of the single-pulse variability do 
ot appear to be different during the period of significant pulse profile
volution. 

We find the ratio of amplitudes of the main peak and trailing
omponent is an appropriate shape parameter, which is shown by 
he black points with error bars in the right-hand panel of the
eft-hand side Fig. 3 . In order to account for the drift of the extra
mission, the components of the analytic model used to determine 
he shape parameter (see Section 3.5 ) are allowed to shift in phase.
he evolution of the shape parameter, hence the pattern seen in 

he difference map, appears to be correlated with the change in the
pin-down rate. The correlation coefficient between the spin-down 
ate and the shape parameter is 0.3 ± 0.1 following the method 
escribed in Section 3.5 . This indicates continued monitoring is 
equired to establish if this correlation is significant and to see 
f the profile variability represents (quasi-periodic) state switch- 
ng. 

The main variability in Fig. 3 is associated with the trailing 
omponent of the profile, and the saddle region in between the 
ain and trailing components. If the variability is associated with 

n intensity ratio change of conal versus core emission, correlated 
ariability in the leading component can be expected, which is not 
bserved. The spectral index of the outer components is flat relative 
o the central component [compare with the 436 MHz profile of
orimer ( 1994 )]. 7 This is consistent with an interpretation of the
rofile being a core-cone triple (see also Rankin 1993 , 2022 ). 
 The pulse profile can be found in the EPN database . 

s  

o
I

.4 PSR J1705 −3950 

he difference map for PSR J1705 −3950, shown in left-hand panel
f the left-hand side Fig. 4 , exhibits structures corresponding to
witches between states where the relative amplitude of the two 
rofile components changes. These switches are rapid and are only 
ccasionally marginally resolved by the cadence of our observations. 
he jitter simulations (Fig. A4 of the online supplementary material) 
how that variability with similar amplitude (the peak amplitude 
hanges with ∼ 40 per cent ) can be expected from pulse shape 
ariability on a time-scale shorter than the length of a single
bservation, but only when blocks of consecutive pulses are used. 
his suggests there might be a link between short and longer time-
cale pulse shape variability in this source. Ho we ver, the longer e vent
round MJD 59350 (three consecutive observations) seems unlikely 
o be a chance occurrence, suggesting the existence of a profile
ariability time-scale that extends to ∼2 months. 

The amplitude ratio of the leading and trailing components 
aptures the features in the difference map. The correlation analysis 
eveals no correlation between the spin-down rate and the shape 
arameter (see Fig. 4 ). All the observations with a shape parameter
maller and greater than the median shape parameter were combined 
o obtain profiles A and B, respectively, as shown in the right-
and panels of Fig. 4 . Apart from the expected difference in
tokes I , we do not find evidence for any systematic temporal
volution in the polarized emission for this source. The structures 
een in the polarization difference maps (shown in Fig. B10 of the
nline supplementary material) seem uncorrelated with the Stokes 
 evolution, and are consistent with the expectations from pulse 
MNRAS 528, 7458–7476 (2024) 

https://psrweb.jb.man.ac.uk/epndb/


7466 A. Basu et al. 

M

Figure 4. Provides the same information as in Fig. 1 , but for the pulsar J1705 −3950. In this case, the amplitude ratio of the leading and trailing component 
represent the shape parameter, which has also been used to categorize the emission state in either profile A or profile B. Epochs where the shape parameter is 
smaller than the median have been combined to produce profile A. The others are combined to construct profile B. 
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itter (see Figs B11 and B12 of online supplementary material).
ike PSR J0729 −1148, for which also no correlated polarization
volution is observed, this pulsar is also highly linearly polarized.
he methodology in Section 3.3 shows that L / I should be much lower

by ∼ 50 per cent ; f L / I = 0.5) for one of the emission states to expect
etectable correlated variability. The circular polarization is required
o change with a comparable percentage. 

The single-pulses of PSR J1705 −3950 are highly variable with
ursts of activity for both components of the profile. There are periods
f up to ∼100 pulses where either of the two profile components can
e weak, especially the leading component (see left-hand panel of
ig. 5 ). This means long observations are required to get a stable
rofile, as confirmed with the jitter simulation when taking blocks of
onsecutive pulses (see Fig. A4 of online supplementary material).
o we ver, no e vidence was found for the burst acti vity to be correlated
ith the observed profile evolution. 
The intensity variation in the two profile components is anticorre-

ated in Fig. 4 . If intensity ratio changes of core and conal emission
s responsible, the two components cannot be two sides of a single
one. Instead, the fact that the PA inflection point is associated with
he trailing component may suggest it is the core component, which
eans that the trailing part of the cone is absent or too weak to detect.

.5 PSR J1741 −3927 (B1737 −39) 

he total intensity variability for this source (shown in the left-hand
ide of the left-hand panel of Fig. 6 ) shows some long-term features
bsent in the jitter simulations (Fig. A5 of online supplementary
aterial). Especially the stable structure spanning o v er ∼4 months
NRAS 528, 7458–7476 (2024) 
rom MJD ∼59150 to MJD ∼ 59300 in the difference map of Fig. 6
uggests systematic profile evolution such that the intensity ratio of
he main peak and the shoulder component centred at a pulse phase
f 0.515 oscillates. The ratio of flux densities at pulse phase 0.50 and
.515 is taken to be the shape parameter, but no correlation with the
pin-down rate could be identified. 

This pulsar shows single-pulse variability on a time-scale � 10
ulses (see Fig. 5 ), although it is inconclusive whether it is periodic
Song et al. 2023 ). This makes the profile relatively unstable in short
bservations. No clear changes in single-pulse behaviour could be
ssociated with the observed profile variability. 

All the epochs for which the central component is brighter/weaker
han the median were combined as profiles A and B, respectively in
he right-hand panels of Fig. 6 . In this figure, the central component
f profile B has indeed a lower amplitude (by ∼ 10 per cent ),
ut a stronger shoulder at phase 0.515. The emission in profile B
s somewhat more linearly polarized at the shoulder (pulse phase
.515), as well as at phase 0.49, corresponding to the leading edge
f the central component. Indeed, the second panel of Fig. B13 of
he online supplementary material shows some marginal evidence
or faint structures at these phases which switch simultaneously with
he Stokes I profile variability. No evidence of any correlated change
n V / I is found. 

The bottom panel of Fig. B13 reveals correlated changes by ∼10 ◦

n the polarization PA along with the change in the total intensity
shown in Fig. B13 in the vicinity of pulse phase ∼0.50 and 0.51).
his coincides with the phases where the pulsar exhibits orthogonal
olarization mode (OPM) jumps. The OPM jumps are evident in the
ottom right-hand panel of Fig. 6 as discrete ∼90 ◦ discontinuities
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Figure 5. Pulse stacks of five pulsars showing their single pulses. The dynamic range of the colour scale is adjusted so that the maximum colour corresponds to 
1/3th (PSRs J1705 −3950, J1741 −3927, J1844 + 1454, J1916 + 0951) and 1/5th (PSR J1919 + 0021) of the maximum flux density of the data shown. This helps 
in making weaker features prominent. 
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n the PA swing, which as expected is also where L / I drops to zero.
iven that the PA variability o v er long time-scales is much less

han 90 ◦, switches between the dominating OPM cannot be the full
xplanation. Ho we ver, apart from OPM activity, the PA histogram 

hown in Fig. 7 shows evidence for PA variability at the single-
ulse level. The PA distribution is relatively wide between phases 
0.50 and 0.51, despite this being the most intense part of the profile
here the measurement uncertainties should be relatively low. So 

vidently in that phase range, the intrinsic PA is variable on both
ingle-pulse time-scales and the longer time-scales probed by the 
rofile monitoring from epoch to epoch. 
As noted by Wu et al. ( 1993 ), a rapid PA swing occurs near the

entral component, suggestive of it being close to the beam axis. 
herefore, it could be attributed to core emission, with additional 
eripheral conal emission. This interpretation would be consistent 
ith the weakening of the peripheral emission as observed at lower
requencies [see the 658 MHz profile in Manchester, Han & Qiao
 1998 )]. Ho we ver, if both the leading and trailing components are
riginating from a cone, it is curious that the leading component is
ot participating in the variability. The absence of variability in the
eading component implies that the anticorrelation in the variability 
n the two components is not due to localized emission changes in a
ingle component. 

.6 PSR J1844 + 1454 (B1842 + 14) 

he difference map (shown in the left-hand side of the left-hand panel
f Fig. 8 ) clearly indicates profile evolution such that the relative
ntensity of the two profile components change by ∼ 10 per cent . 
his type of long-term evolution (long-time-scale structures) is much 
MNRAS 528, 7458–7476 (2024) 
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Figure 6. Provides the same information as in Fig. 1 , but for the pulsar J1741 −3927. The ratio of the flux densities at pulse phase 0.50 and 0.515 is used as the 
shape parameter. All the epochs for which the central component is brighter and weaker than the median were combined in profiles A and B, respectively. We 
do not find any variation in the spin-down rate in this source, hence, the ̇ν evolution is not shown in the figure. 

Figure 7. Histogram of the PA as a function of pulse phase for PSR 

J1741 −3927 for the 1055 pulses long TPA observation on 2019-10-31. 
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ess pronounced in the pulse jitter simulated difference maps (Fig. A6
f online supplementary material). Before MJD ∼59200 the leading
omponent is relatively faint compared to the trailing component,
fter which for ∼150 d the emission state is closer to the o v erall
edian pulse profile. Ho we ver, after this, the emission state evolves

urther such that the trailing component gets brighter (MJD ∼59450
nd onwards). Therefore, we combine all the epochs between MJD
8850 and 59200 to construct the average profile A as shown in the
NRAS 528, 7458–7476 (2024) 
ight-hand panels of Fig. 8 . The observations between MJD 59400
nd 59750 were used for profile B. 

There is no indication in the right-hand panels of Fig. 8 for a change
n the polarized component of the emission, apart from a lower L / I at
he trailing edge of profile A. Indeed, in the second panel of Fig. B16
f the online supplementary material there is a faint signature of L / I
hanging (between pulse phase ∼0.52 and 0.53) simultaneously with
he change in total intensity (top panel of the same figure). 

The two components in the pulse profile are connected by a strong
ridge of emission. To model the pulse profiles, three von Mises
omponents are used. The shape parameter, shown in Fig. 8 , is the
mplitude ratio of the two components corresponding to the two
rofile peaks. Its evolution has a correlation coefficient of 0.46 ± 0.15
ith the spin-down rate. This reflects that after MJD ∼59400 the

hape parameter is on average larger, while ν̇ is less ne gativ e. If the
rofile evolution is cyclic, continued monitoring should reveal if this
orrelation is significant. 

Although the single-pulse data reveals pulse shape variability,
uch of the variability is associated with the bridge region in between

he two profile peaks (see Fig. 5 ). This region is relatively constant
n the difference map shown in Fig. 8 , making it unclear how and if
he long-term variability is linked to changes at a single-pulse level. 

The anticorrelated emission variability between the profile com-
onents, as shown in Fig. 8 , implies the variation is not from the two
ides of the same emission cone. Therefore, one of the components
ould well be the core of the beam, most probably the component
entred around ∼0.52 in pulse phase. This coincides with the location
here the PA swing is steepest. The leading component may then be

onal emission, as it is absent at the low frequencies (Olszanski et al.
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Figure 8. Provides the same information as in Fig. 1 , but for the pulsar J1844 + 1454. For this pulsar, the amplitude ratio of the two components serves as 
the shape parameter. Observations between MJD 58850 and 59200 were combined to obtain profile A and observations between MJD 59400 and 59750 were 
combined together to obtain profile B. 
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022 ). This then suggest the trailing part of the cone might be weak
r absent. 

.7 PSR J1916 + 0951 (B1914 + 09) 

he variability in the emission of PSR J1916 + 0951 is evident from
he difference map shown in Fig. 9 . Such a systematic long-term
attern is absent in the jitter simulations (Fig. A7 of online supple-
entary material). The pulse profile has two distinct components 
hich changes in relative intensity by ∼ 10 per cent . The single 

ransition in emission state occurs around MJD 59500, after which 
he trailing profile component is relatively bright. 

In the right-hand panels of Fig. 9 profiles A and B correspond to
rofiles before and after the transition, respectively. This figure fur- 
hermore reveals that L / I is different in profile A such that it is weaker
t the leading half of the first profile peak, but stronger at the trailing
alf. The difference map of L / I (second panel of Fig. B19 in the online
upplementary material) shows that indeed before MJD 59500 L / I is
elati vely lo w at pulse phases just before 0.50, while it is relatively
igh just after this phase. There is no significant correlated change 
n V / I and the polarization PA. The profile width, as measured at
5 per cent of the profile amplitude, is used as a shape parameter.
he correlation coefficient of this with the ν̇ evolution is 0.4 ± 0.1. 
ith only one transition observed, continued monitoring is required 

o confirm the existence of such a correlation. 
Apart from infrequent nulling, the single pulses reveal some 
arginal evidence for occasions where the emission appears to be 

hifted to slightly later phases (see Fig. 5 ). This might be related to the
flares’ reported for PSR B0919 + 06 (Rankin, Rodriguez & Wright 
006 ), although it is much less pronounced here. The spin-down of
SR B0919 + 06 is associated with long-term profile variation, but

he association with the flares is unclear (Perera et al. 2015 ). For PSR
1916 + 0951 we find no evidence the single-pulse properties change
n tandem with the varying profile. 

The correlated changes in the intensity in the leading and the trail-
ng edge of the pulse profile, in combination with the anticorrelated
hanges in the bridge connecting the two profile component implies 
he profile shape may be interpreted as two sides of the same emission
one. The central part of the profile would then correspond to core
mission. Indeed Olszanski et al. ( 2022 ) proposed for this pulsar that
he profile is conal double, where most of the core emission is missed
y the line of slight. 

.8 PSR J1919 + 0021 (B1917 + 00) 

he variability in the difference map shown in Fig. 10 shows
lo wer v ariations until ∼59350, after which the v ariations are more
tochastic. This is expected from the jitter simulation, as shown in
ig. A8 of the online supplementary material. The reduced stability 
f the pulse profiles at later epochs is a result of a reduction in the
uration of the observations. 
The profile variations arise from a changing brightness of the 

entral component relative to the outer components. The changes are 
ery large, with the peak amplitude changing by ∼ 50 per cent . The
rigin of this variability can be traced to single-pulse variations. In
ig. 5 it can be seen that the central component regularly shows
urst of enhanced activity. The occasional enhancement of the 
mission of the outer components in Fig. A8 is the result of how
MNRAS 528, 7458–7476 (2024) 
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Figure 9. Provides the same information as in Fig. 1 , but for the pulsar J1916 + 0951. The shape parameter for this source corresponds to the width of the 
pulse profile at 25 per cent of the peak intensity. All profiles before MJD 59500 have been averaged to obtain profile A and the rest to obtain profile B. 
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he profiles are averaged, which makes the average flux density of
he profiles constant. Analysis of the flux density distribution of the
entral component in single pulses does not reveal clear bi-modality.
o there is no evidence the profile variability within observations
epresents mode changes where the emission state switches between
wo distinct states. This extreme single-pulse variability results in an
xceptionally large modulation index, which peaks at 3 in the middle
f the profile (Song et al. 2021 ). 
The profile variability in Fig. A8 is not well resolved with the

adence of our observations. This, in combination with the fact that
he extreme single-pulse variability makes the profile of this pulsar
xceptionally unstable, means that there is no evidence that there
s long-term profile evolution of this source. This highlights the
mportance of considering the expected pulse jitter when establishing
rofile evolution. No significant variation of ν̇ is detected during the
3 yr of observations, hence it is omitted from the figure. 
For completeness, the stochastic profile variation is highlighted by

e gre gating the observations into two groups. Profiles A and B in the
ight-hand panels of Fig. 10 correspond to epochs when the central
omponent is relatively bright (profile A) and dim (profile B). Given
he stochastic nature of the profile variability, here the polarization
volution is not described in detail. It is noted, ho we ver, that there are
elatively large ( ∼30 ◦) variations in the polarization PA difference
ap (see lower panel of Fig. B22 in the online supplementary
aterial at a phase of 0.50). This is also evident in the ψ swing

f the mode-separated profile (shown in the lower right-hand panel
f Fig. 10 ). Similar large deviations are seen in the jitter simulations.
nlike PSR J1741 −3927, there is no evidence of OPM activity.
NRAS 528, 7458–7476 (2024) 
o we ver, the PA swing is very steep at this phase. Therefore, small
ffsets in the alignment of the profiles of different observations will
ave a large effect. 
We concluded that the profile variations arise from a changing

rightness of the central component relative to the outer components.
his suggests that the intensity of the core emission is changing

elative to the conal emission. Indeed, the pulse profile is classified
s a core-cone triple (Rankin et al. 2023 ). 

 DI SCUSSI ON  

.1 P − Ṗ diagram 

n Fig. 11 , we show the location of pulsars in period ( P ) and period
eri v ati ve ( Ṗ ) space (commonly known as the P − Ṗ diagram). The
gure shows mainly pulsars which are part of the bulk of the normal
ulsar population. A comparison of the pulsars monitored by the TPA
ith the known normal pulsar population shows that the TPA sample

epresents a largely unbiased sample of the known normal pulsar
opulation. The same figure also highlights the position of pulsars
ith known correlated emission and rotation changes as reported in
rook et al. ( 2016 ) and Shaw et al. ( 2022 ). As pointed out by e.g. Lyne
 2013 ), these are associated mostly to the small characteristic age and
arge spin-down energy loss rate end of the distribution. The sample
f pulsars we identify to have long-term profile variability occupy
 similar region in the P - Ṗ diagram, which hints towards common
hysical processes to operate in these pulsar magnetospheres. 
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Figure 10. Provides the same information as in Fig. 1 but for the pulsar J1919 + 0021. Epochs when the central component was bright were combined to 
produce profile A and when dim were combined to produce profile B. In this case, no significant variability in ν̇ was detected, hence the panel showing its 
evolution was omitted. 
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.2 Total intensity profile variability 

e present the results from our analysis on eight sources after 
nalysing the TPA data sets obtained from the monitoring obser- 
ations of ∼ 500 pulsars. These observations span o v er 3 yr. Profile
ariability has been identified by comparing the difference maps 
enerated by differencing the observed pulse profiles with a median 
rofile. Pulsars with slow profile evolution were identified, that can 
e resolved by the ∼ monthly observing cadence. The eight most 
romising sources for which no slow profile evolution had been 
eported before in the literature were subjected to detailed analysis 
s reported here. 

The significance of the slow profile variability was assessed by 
omparing the difference maps with maps generated from jitter- 
imulated data. This data, randomly generated from individual 
ecorded pulses, shows the level of profile variability to expect from
ulse-to-pulse variability (stochastic or otherwise). The importance 
f jitter simulation has been demonstrated while identifying the 
rofile variations in PSR J1919 + 0021 (Section 4.8 ), which seem
inked to burst-like activity at a single-pulse level rather than slow 

rofile evolution. So for seven out of eight sources we discover long-
erm profile evolution for the first time. 

To highlight slow systematic variations, previous works (e.g. 
rook et al. 2016 , 2018 ; Shaw et al. 2022 ) have made use of
a  
PR. In contrast, we opted to use a 2D-Gaussian convolution 
o suppress stochastic variability in the pulse profile difference 

aps. An advantage is that this highlights variations of emission 
hich are correlated both in pulse phase and from observation to
bservation. For instance, in PSR J1121 −5444, the 2D Gaussian 
onvolution smoothed map (Fig. 2 ) captures the variations o v er a
ider pulse phase range compared to the GPR smoothed difference 
ap (Fig. A2 of the online supplementary material, see in particular

hases around phase 0.50). To allow comparison, the original, 2D- 
aussian convolution, and GPR-processed difference maps for all 

ources are presented in Appendix A of the online supplementary 
aterial. 
As noted by Lyne et al. ( 2010 ), the long term profile variability of

ome pulsars is associated with the central component of the pulse
rofile. As suggested by Rankin ( 1986 ), this is suggestive of the
ntensity of the profile component closest to the magnetic axis (core)
o be changing relative to more outer components (conal). If such
ntensity ratio change is driving the profile variability, one could 
xpect that after normalization of the profiles, the difference maps 
s presented in the Section 4 show correlated changes between outer
omponents which are anticorrelated with variability in the central 
egion. We systematically searched for such signatures, which were 
etected in two pulsars: PSRs J1916 + 0951 and J1919 + 0021,
nd possibly in a third (PSR J1121 −5444, although not significant).
MNRAS 528, 7458–7476 (2024) 
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Figure 11. P − Ṗ diagram roughly centred around the normal pulsar 
population (shown in grey points) compared to the sample of TPA pulsars 
currently being monitored (‘ + ’ markers), and the pulsars presented in this 
w ork (‘ � ’ mark ers). The hollow circle and the diamond points indicate the 
pulsars from Brook et al. ( 2016 ; PSRs J1105 −6107, J1359 −6038, and 
J1602 −5100) and Shaw et al. ( 2022 ; PSRs J2043 + 2740, J2037 + 3631, 
J1830 −1059, J1825 −0935, J1645 −0317, J1543 −0620, J0922 + 0638, and 
J0742 −2822). Lines of constant characteristic age ( P Ṗ 

−1 / 2) and spin-down 
energy loss rate ( −4 π2 I Ṗ P 

−3 ) are shown, where the moment of inertia I of 
the pulsars is taken to be 10 45 g cm 

2 . 
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o we v er, the o v erall picture is inconclusive, with counter examples
eing PSRs J1141 −3322 and J1741 −3927, and for the remaining
ulsars in our sample it seems that the conal emission is largely
issing at one side of the profile. 
Two of the pulsars in our sample stand out as having a relatively

ar ge spin-down ener gy loss rate ( ̇E ). These are PSRs J0729 −1448
nd J1705 −3950. In both cases the core emission might be blended
ith the trailing conal emission because of relativistic effects.
ankin, Olszanski & Wright ( 2020 ), based on the theory of pair

ormation geometries (Timokhin & Harding 2015 ), have argued
hat Ė plays an important role in determining the profile structure,
uch that conal emission dominates the emission below Ė ≈ 10 32 . 5 

rg s −1 , and core emission dominates at higher values of Ė . All
ulsars with a signature of an intensity ratio change between core
nd conal emission have values of Ė relatively close to the transition
˙
 (between 10 32 and 10 34 erg s −1 ). 
Pulsars with correlated changes in their emission and spin-down

ate operate on a wide range of time-scales (e.g. Shaw et al. 2022 ).
his can be relatively short with a time-scale of ∼50–100 d such
s for PSR B0740 −28 (Shaw et al. 2022 ). But it can also be much
onger with a time-scale of ∼1000–2000 d for e.g. PSRs B1540 −06,
1642 −03, and J2043 + 2740. The time-scales we identify in this
ork for the profile variability fall within this range. For example,
SR J1705 −3950 (see Fig. 4 ) has a rapid transition between states
ith a time-scale of ∼50 d. On the other hand, PSR J0729 −1448

difference map shown in Fig. 1 ) shows a single transition from one
mission state to another. With a single transition, the time-scale is
ncertain, but it will be at least ∼600 d. Likewise, PSRs J1121 −5444
nd J1916 + 0951 show a single transition, hence have similarly long
ransition time-scales. 
NRAS 528, 7458–7476 (2024) 
Lyne et al. ( 2010 ) identified the transition of the magnetosphere
rom one emission state to the other to happen abruptly. Ho we ver, the
rofile change seen in PSR J0738 −4042 shows a gradual transition
rom one state to the other before it attains its new stable shape
Karastergiou et al. 2011 ; Brook et al. 2014 ). We find a similar
radual transition taking place o v er ∼150 d from one state to another
n PSR J1844 + 1454 (shown in Fig. 8 , for details see Section 4.6 ). 

.3 Polarized profile variability 

he excellent polarization performance and sensitivity of MeerKAT
llowed us to search for associated changes in the polarized compo-
ent of the emission. Polarization variability is found to be common.
e find a marginal detection of linear polarization fraction changes

ssociated with the total intensity changes in five out of the seven
ources with slow profile variations in total intensity. Marginally
ignificant changes in the circular polarization fraction is detected
n only two sources out of seven sources. Typically the circular
olarization fraction is lower than the linear polarization fraction
nd hence detection of significant variability in circular polarization
s expected to be less likely. 

The change in the linear polarization fraction is typically small
 � 10 per cent ). Pulsars showing profile switches within the duration
f indi vidual observ ations can hav e polarization changes o v er a wide
ange of magnitudes. Both the linear and circular polarization fraction
an change between ∼ 1 and 30 per cent (e.g. Bartel et al. 1982 ;
asu & Mitra 2018 ; Brinkman, Mitra & Rankin 2019 ; Sun et al.
021 ; Miles et al. 2022 ; Wang et al. 2023 ). Therefore, it seems likely
hat the same physics is go v erning polarization variability o v er a
ide range of time-scales. 
Apart from the degree of polarization, the PA of the linear polariza-

ion is an important property of the polarized emission of pulsars. We
nd long-term PA variations of ∼10 ◦ in PSR J1741 −3927 (shown

n Fig. B13 of the online supplementary material). Apart from PSR
1741 −3927, we do not find any PA changes in tandem with total
ntensity variability for other pulsars. The fact that PA changes
re observed should not be a surprise, given PA variability is also
een in mode-changing pulsars which change emission mode within
n observation (e.g. Yan, Wang & Han 2023 ). Although there are
xamples of pulsars with changing PA swings associated with mode
hanges, this is certainly not al w ays the case (e.g. Brinkman, Mitra &
ankin 2019 ; Rahaman et al. 2020 ). Where PA variability is seen in

hort-term mode changes, they can sometimes be associated with the
mergence or disappearance of OPMs (e.g. Karastergiou et al. 2011 ;
asu, Paul & Mitra 2019 ; Wen et al. 2020 ; Sun et al. 2022 ). This is
lso the case for PSR J1741 −3927, where OPM activity appears to
lay a role. 
The PA provides crucial information about the pulsar magne-

osphere. An ‘S’ shaped swing is observed in many pulsars (e.g.
ohnston et al. 2023 ) and can be modelled using the Rotating
ector Model (RVM; Radhakrishnan & Cooke 1969 ), which helps

n inferring the orientation of the pulsar’s magnetic field structure
ith respect to the rotation axis. Emission heights can be inferred
ia the aberration and retardation effects (Blaskiewicz, Cordes &
asserman 1991 ). A difference in emission height between two

mission states would imply a relative shift in phase between their
A swings. A change in polar-cap current density would lead to an
ffset in PA (Hibschman & Arons 2001 ). Therefore, variations in
A can be expected if the relative orientation of the magnetosphere
hanges as a function of time (for example due to precession), or if the
mission height changes between the various magnetospheric states,
r if there are changes in the current density in the magnetosphere.



Long-term profile evolution 7473 

Table 2. The table shows the limits on the relative change in the radio 
emission height ( h em 

) in the third column and the relative change in the 
impact parameter angle ( β) in the fourth column. 

PSR J PSR B 

δh em 
h em 

(per cent) 

δβ
β

(per cent) 

J0729 −1448 − 10 10 
J1121 −5444 B1119 −54 25 10 
J1141 −3927 − 3 6 
J1705 −3950 − 95 60 
J1844 + 1454 B1842 + 14 20 20 
J1916 + 0951 B1914 + 09 30 10 

Larger changes in these quantities are expected to produce detectable PA 

variability. The name of the pulsar is given in the first column (J Name) 
and the second column (B name). These are the six pulsars with long-term 

profile evolution excluding PSR J1741 −3927 which has more complicated 
PA variation. See Section 5.3 for a detailed discussion. 
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part from the OPM related activity in PSR J1741 −3927, no long-
erm changes in PA were detected. 

A change in current density between states would result in spin-
own changes. It could also lead to a change in the radio emission co-
atitude (Timokhin 2010 ), hence emission height. In such a scenario 
ne would expect PA variability in tandem with Stokes I changes. 
eriodic variations in the PA can also arise if a pulsar undergoes
recession (Weisberg et al. 2010 ), which should also be accompanied 
y a periodic/quasi-periodic variation in ̇ν. However, we do not detect 
uasi-periodic variations in ν̇ in our sample of pulsars, so it is not
lear if precession or changes in current density apply. Therefore, 
he non-detection of PA changes implies that the changes in radio 
mission height, or orientation of the magnetic field relative to the 
ine of sight needs to be relatively small to a v oid the detection of
ssociated PA variability. 

From the statistical uncertainty in the PA difference maps, we 
erive limits on the relative shifts of the PA swing relative to the
ulse profiles, before detectable changes in the PA difference maps 
re expected. When deriving these limits, the smooth monotonic parts 
f the PA curve were considered which are potentially RVM-like. 
iscrete jumps arising from OPM transitions (or wraps in PA) were 

gnored. These limits on the relative shift correspond to limits on the
ossible emission height changes associated with the profile changes 
ccording to the prescription of Blaskiewicz, Cordes & Wasserman 
 1991 ). This shows that if the emission height changes, it should
e within 0.2–1 per cent of the radius of the light cylinder of the
ulsars. To put this into context, Johnston & Karastergiou ( 2019 )
ave shown that the radio emission from pulsars originates from a 
eight of ∼ 200–400 km abo v e the polar cap and this is independent
f the pulse period. Taking typical emission heights to be 300 km,
he relative change in the emission height h em 

as presented in Table 2
re obtained. Therefore, for most pulsars, relatively large fractional 
hanges in the emission height are required before a detectable 
ignature in the PA variability can be detected. Here it should also be
oted that any emission height changes associated with the profile 
ariability are expected to be small, given the absence of large relative
hanges in the pulse profile width. 

We also explored the scenario where the evolution in the pulse 
rofile is due to precession in the system, while the change in the

˙ is too subtle to be detected. Precession does not change the angle
etween the pulsar’s spin and magnetic axis, but the impact angle 8 
 The impact angle is defined as the angle between the line of sight when it is 
losest to the magnetic axis. 

t  

2  

(  

t  
 β) evolves with time. According to the RVM, a change in β should
orrespond to a change in the PA swing. Here we derive a limit on
he change in β before it would leave a detectable signature in the
ata. 
According to the RVM, the steepest gradient g of the PA swing

beys g ∝ 1/sin β ≈ 1/ β (since radio beams, hence the impact angle,
re relatively small). Therefore, if β is perturbed by δβ it follows 
hat the gradient gets perturbed as well: δg / g = | δβ/ β| . To estimate
 limit on the fractional change in β we can therefore determine
he maximum fractional change in the gradient of the PA swing
efore it becomes detectable. The effect of gradient changes is 
odelled by scaling the observed PA values of the PA swing (ignoring 

iscontinuities such as OPMs). The estimated limit on δβ/ β is given
n Table 2 . This shows that in general relatively large fractional
hanges in the β are required before significant PA variability can 
e expected. Such large changes in the line of sight relative to the
mission beam can be expected to result in much more significant
hanges in the pulse profile compared to what is observed. 

Note that in Table 2 PSR J1741 −3927 is omitted. This is the pulsar
or which PA variability correlated with total intensity variations has 
een detected (see Section 4.5 ). Ho we ver, upon closer inspection,
his PA variability is related to the pulse longitude regions where
PM transitions are observed. Therefore, what is observed is more 

omplicated than a simple shift of a smooth PA curve in pulse
ongitude, or a RVM-like change because of a changing β. Therefore,
t is unclear how the observed PA variability could be related to a
hange in emission height or precession. 

.4 Spin-do wn v ariability 

ut of seven sources studied with long-term profile variability, only 
SR J1141 −3322 shows a hint of a possible correlated change in
mission and spin-down rate. Given the many examples of pulsars in
he literature for which correlated changes in spin-down and profile 
hanges have been established, this raises the question if the current
ime span of our observations is sufficient to expect to see correlated
hanges. 

Lyne et al. ( 2010 ) disco v ered correlated changes in only six
ources, after selecting 17 sources showing strong timing noise 
see also Lyne 2013 ) out of 366 pulsars reported in Hobbs, Lyne
 Kramer ( 2010 ). They also point out that because of observational

imitations (such as sensitivity and the cadence of the observations), 
t well possible that all pulsars which display timing noise could
ave associated pulse shape variability. The profile variability was 
dentified for two more sources in an extended data set (Shaw
t al. 2022 ). Similarly, Brook et al. ( 2016 ) analysed a sample of
68 pulsars and only se ven sho wed a noticeable long-term change
n the pulse profile, out of which only four showed a marginal
orrelation between emission and spin-down rate. One additional 
ource, PSR J1602 −5100, exhibits strong correlated changes in 
mission and spin-down rate. This indicates the chance of detecting 
ulsars with substantial long-term variations in profile shape is low 

nd establishing changes in spin-down associated with profile change 
s observationally challenging. 

Given the diverse nature of correlated changes between emission 
nd spin-down, there is no unique minimum required length of an
bserving programme to establish such a correlation. Sources like 
SR B1828 −11, which show a strong quasi-periodic variability with 

he time scale of ∼500 d (Stairs, Lyne & Shemar 2000 ; Stairs et al.
019 ; Shaw et al. 2022 ) should be detectable within the data span
3 yr) used in this paper. Ho we ver, 3 yr may or may not be enough
o detect correlated changes in sources like PSR B2035 + 36 which
MNRAS 528, 7458–7476 (2024) 
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Figure 12. Diagram to show the trend between the changes in the spin-down 
rate ( � ̇ν) and the spin-down rate ( ̇ν) itself. The hollow circles show the 
pulsars from Shaw et al. ( 2022 ) and the diamond symbols indicate the pulsars 
from Brook et al. ( 2016 ). In both cases, only pulsars for which evidence of 
correlated emission and ̇ν changes have been mentioned have been included. 
The stars show the seven pulsars presented in this paper for which long-term 

pulse profile variability has been established. All their measurements are 
treated as an upper limit, as no significant correlated emission and spin-down 
changes are observed. The exception is PSR J1141 −3322, indicated by a 
square box with a star inside, for which there is an indication for a possible 
correlation. 
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Table 3. The first two columns tabulate the J- and B-name of the pulsars 
identified to have pulse-profile changes not caused by pulse-to-pulse jitter. 

PSR J PSR B � ̇ν (Hz s −1 ) �ρ
ρGJ 

(%) 

J0729 −1448 − 1.2 × 10 −14 1.3 
J1121 −5444 B1119 −54 1.9 × 10 −16 3.8 
J1141 −3322 − 9.1 × 10 −17 3.3 
J1705 −3950 − 3.8 × 10 −15 1.3 
J1741 −3927 B1737 −39 7.0 × 10 −17 1.0 
J1844 + 1454 B1842 + 14 8.9 × 10 −16 5.1 
J1916 + 0951 B1914 + 09 6.4 × 10 −17 2.7 

The third column shows the magnitude of the spin-down variation. Without 
evidence these are associated to pulse shape changes, � ̇ν should be considered 
to be an upper limit on any spin-down rate variation correlated with the 
emission changes. The fourth column shows the corresponding upper limit 
on the change in the charge density obtained from equation ( 3 ). 
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xhibit a large step change in emission and spin-down rate (Shaw
t al. 2022 ), but do not show any clear signature of correlated change
n a window of ∼3 yr prior or posterior to a step change despite the
resence of significant profile variability. 
It should also be noted that a good fraction of sources in Shaw

t al. ( 2022 ) and Brook et al. ( 2016 ) show much bigger changes in
heir profile shape compared to the subtle changes reported here.
ne could therefore expect that any associated correlated spin-down

hanges are also relatively small in our sample, making them more
ifficult to detect. 
The relationship between the emission change and the spin-down

ate is not direct and simple (Brook et al. 2016 ). Lyne et al. ( 2010 )
nd sources exhibiting ν̇ change but no correlated change in the
mission, which was interpreted as a possible emission change in a
art of the beam not sampled by the line of sight between the Earth
nd the pulsar. Similarly, the non-correlation between the emission
nd spin-down may originate from a large non-linear response of
he radio emission process due to a slight change in magnetospheric
urrent which is not enough to cause a significant change in the spin-
own torque. So in conclusion, an ongoing monitoring programme
learly has the potential to establish correlated emission and spin-
own changes for the sources studied here, as well as for additional
ources. 

For all seven pulsars with long-term profile variability, we compute
he peak-to-peak difference in spin-down rate � ̇ν. The relationship
etween the spin-down rate and its change is shown in Fig. 12 . In the
bsence of any clear evidence of correlated spin down and emission
hanges, all the estimates of � ̇ν are considered as an upper limit
or the change in spin down associated with the profile variability.
NRAS 528, 7458–7476 (2024) 
hese upper limits are compared to sources from Shaw et al. ( 2022 )
nd Brook et al. ( 2016 ) for which there is evidence for correlated
hanges. As pointed out in Lyne et al. ( 2010 ), the largest spin-down
ate changes are observed in sources with a large | ̇ν| . Our upper limits
ollow a similar trend. Since we only established upper limits, this
uggests that if there are correlated emission changes, the magnitude
f the correlated spin-down rate changes is likely to be on the small
ide. 

The correlated emission and spin-down behaviour of the inter-
ittent pulsar PSR B1931 + 24 (J1933 + 2421) was modelled by

ccounting for the difference between a charged depleted and charge-
lled open-field line region of the magnetosphere in its ‘off’ and ‘on’
tate, respectively (Kramer et al. 2006 ). This model also applies
n cases where the radio emission changes are more subtle than
t switching off (Lyne et al. 2010 ). This model allows the change
n ν̇ to be associated with a change in the charge density of the
agnetosphere. Following the parameterization of Dai et al. ( 2018 )

his can be expressed as 

�ρ

ρGJ 
= −2 

(
R 

10 4 m 

)−6 (
B s 

10 8 T 

)−2 ( ν

1 Hz 

)−3 
(

� ̇ν

10 −15 Hz s −1 

)
. 

(3) 

ere the change in the charge density is expressed relative to the
oldreich–Julian charge density ρGJ (Goldreich & Julian 1969 ).

n the equation, R is the radius of the neutron star. B s is the
urface magnetic field strength which can be expressed in terms
f the spin period ( P = 1/ ν) and spin period deri v ati ve Ṗ as
 s = 10 12 

√ 

( Ṗ / 10 −15 )( P / 1 s) Gauss, and � ̇ν is the change in the
pin-down rate. 

From the estimates of the upper limit of � ̇ν (which span between
 and 5 per cent), we compute the upper limit on the percentage
hange of the charge density using the value of R = 10 km. Since
hese are upper limits, the actual change can be much smaller than
he quoted values. Using the same relations, Shaw et al. ( 2022 ) found
he percentage change in the plasma density ranges between 1 and 25
er cent. Our upper limits (Table 3 ), belong to the lower end of this
ange. These stringent upper limits are possible because of the high-
ensiti vity observ ations from MeerKAT . These allow the detection of
inute changes in the pulse profile, which may correspond to small

hanges in the magnetospheric current and spin-down rate. 

 C O N C L U S I O N  

n this paper, we have presented a detailed analysis of eight radio
ulsars out of ∼500 sources monitored for ∼ 3 yr using the MeerKAT
elescope. Seven out of these eight sources are identified to have
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ong-term pulse profile evolution. A simulation shows that the other 
s likely due to stochastic variability associated to single-pulse pulse- 
hape variability (jitter). Profile variability is identified by making 
ifference maps comparing pulse profiles of individual observations 
ith a median profile. The difference maps are enhanced by using a
D Gaussian convolution, which helps in highlighting the correlated 
ariation both in pulse phase and from observing epoch to epoch. The
otal intensity v ariations sho w quick changes from one emission state
o another with the exception of PSR J1844 + 1454, which shows a
low transition o v er ∼ 150 d. 

We explore the emission variability in the polarization domain. 
ive out of seven sources exhibit a marginal detection of a change

n the linear polarization fraction associated with the total intensity 
ariability and only two out of sev en e xhibit an associated change
n the circular polarization fraction. This shows that polarization 
ariability is common, similar to mode-changing pulsars which 
witch at much shorter time-scales. 

None of the studied sources have PA variability correlated with 
he change in the total intensity, except for PSR J1741 −3927 which
hows changes associated with OPM activity. Correlated changes can 
e expected if emission height changes or precession plays a role, 
o we ver, the v ariability of PSR J1741 −3927 is too complex to relate
hem to these effects. For the remaining sources without detectable 
A variability, it is found that the required fractional emission height 
hanges or changes in the line of sight should be large before a
etectable PA variability signature is e xpected. Howev er, such large 
hanges would imply larger changes in the pulse profile compared 
o what is observed. 

We do not detect any correlated changes in the emission and the
pin-down rate. Only a hint of such variation can be seen in the case
f PSR J1141 −3322. The magnitude of the observed variability in 

˙ is therefore considered to be an upper limit for any underlying 
orrelated spin-down rate switching. These limits follow the same 
rend with ν̇ as seen for pulsars with detected correlated changes 
n spin-down and emission. This suggests that the variation in spin-
own seen in these sources may have a common physical origin. 
hese variations can be attributed to small (upper limit between 1 
nd 5 per cent) changes in the plasma density in the magnetosphere
ompared to the Goldreich–Julian charge density. 

These observations showcase the potential of MeerKAT to detect 
elatively small changes happening in the pulsar magnetosphere, 
iving insight in the associated dynamical magnetospheric processes. 
hese observations also demonstrate the importance of upcoming 
ensitive telescopes such as the SKA in identifying even more subtle 
mission variability, thereby expanding the sample of pulsars known 
o exhibit magnetospheric changes over long time-scales. 
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