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A B S T R A C T 

We present the first 2.5 yr of data from the MeerKAT Pulsar Timing Array (MPTA), part of MeerTime, a MeerKAT Large Surv e y 

Project. The MPTA aims to precisely measure pulse arri v al times from an ensemble of 88 pulsars visible from the Southern 

hemisphere, with the goal of contributing to the search, detection, and study of nanohertz-frequency gra vitational wa ves as 
part of the International Pulsar Timing Array. This project makes use of the MeerKAT telescope and operates with a typical 
observing cadence of 2 weeks using the L-band receiver that records data from 856 to 1712 MHz. We provide a comprehensive 
description of the observing system, software, and pipelines used and developed for the MeerTime project. The data products 
made available as part of this data release are from the 78 pulsars that had at least 30 observations between the start of the 
MeerTime programme in February 2019 and October 2021. These include both sub-banded and band-averaged arri v al times and 

the initial timing ephemerides, noise models, and the frequency-dependent standard templates (portraits) used to derive pulse 
arri v al times. After accounting for detected noise processes in the data, the frequenc y-av eraged residuals of 67 of the pulsars 
achieved a root-mean-square residual precision of < 1 μs. We also present a no v el reco v ery of the clock correction waveform 

solely from pulsar timing residuals and an exploration into preliminary findings of interest to the international pulsar timing 

community. The arri v al times, standards, and full Stokes parameter-calibrated pulsar timing archives are publicly available. 

Key w ords: gravitational w aves – methods: data analysis – methods: observational – (stars:) pulsars: general. 
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 I N T RO D U C T I O N  

illisecond pulsars (MSPs) are a subclass of pulsars that are
hought to have experienced a unique evolutionary path, involving
he accretion of material from a binary companion. The subsequent
ransfer of angular momentum from this process results in a rotational
requency up to a factor of a thousand greater than would be expected
f an ordinary pulsar, a reduction in their magnetic field strength
own to ∼10 8 G, and makes them far more rotationally stable.
bservations of individual members of this subclass have proven

ncredibly fruitful leading to e xtensiv e tests of general relativity
 E-mail: matthewmiles@swin.edu.au 

r  

o  

g  

Pub
Freire et al. 2012 ; Archibald et al. 2018 ; Voisin et al. 2020 ), the
isco v ery of planetary systems hosted by distant stars (Wolszczan
 Frail 1992 ; Wolszczan 1994 ), and allowing us to place ever-

ightening constraints on nuclear equations of state (Demorest et al.
010 ; Antoniadis et al. 2013 ; Fonseca et al. 2021 ; Miller et al. 2021 ;
iley et al. 2021 ). The precision and stability of these pulsars enable

he realization of sensitive pulsar timing arrays (PTAs), ensembles of
ulsars that are consistently observed, and their pulse times of arri v al
ToAs) catalogued and measured for up to decades (Sazhin 1978 ;
etweiler 1979 ; Foster & Backer 1990 ). The primary goal of PTA
bservations is the detection of nanohertz-frequency gravitational
adiation (Foster & Backer 1990 ). The most likely first source
f nanohertz-frequency gravitational waves (GWs) is a stochastic
ra vitational-wa ve background (SGWB) that is the superposition of
© 2022 The Author(s) 
lished by Oxford University Press on behalf of Royal Astronomical Society 
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any sources (Hellings & Downs 1983 ). Several recent searches 
ho w potential e vidence for a common spectral noise process that
ould indicate the presence of such a background (Arzoumanian 
t al. 2020 ; Chen et al. 2021 ; Goncharov et al. 2021b ; Antoniadis
t al. 2022 ), although it remains to be seen if this common red
oise process would follow the expected Hellings–Downs angular 
orrelation. The most likely progenitors of the GW signals in this
requency band are thought to be inspiralling supermassive black hole 
inaries (Rajagopal & Romani 1995 ; Jaffe & Backer 2003 ; Wyithe
 Loeb 2003 ; Sesana et al. 2004 ; Kocsis & Sesana 2011 ; Roedig

t al. 2012 ; Taylor, Simon & Sampson 2017 ). Ho we ver, there may
xist additional sources from which an SGWB may arise, such as
rom cosmic strings (Kibble 1976 ; Ölmez, Mandic & Siemens 2010 ;
anidas, Battye & Stappers 2012 ; Lentati et al. 2015 ; Arzoumanian
t al. 2018 ), or cosmological phase transitions (Starobinsky 1980 ; 
rishchuk 2005 ). 
The MeerKAT radio telescope 1 is a 64-antenna interferometer 

ocated in the Northern Karoo region of South Africa and is the
recursor to the upcoming Square Kilometer Array Mid telescope 
SKA; Dewdney et al. 2009 ) demonstrating SKA technology on an 
KA site. Millisecond pulsar timing with MeerKAT (The MeerKAT 

ulsar Timing Array, 2 MPTA) is undertaken as part of the MeerTime 
arge Surv e y Project (LSP) (Bailes et al. 2016 ). The potential of

he MeerKAT PTA project has already been demonstrated through 
edicated studies of jitter noise in the MSP population (Parthasarathy 
t al. 2021 ), a comprehensive census of the MSPs visible to MeerKAT
nd their emission properties (Spiewak et al. 2022 ), and the disco v ery
f mode changing in one of the most precisely timed and often
bserved MSPs (Miles et al. 2022 ). 
The MPTA is poised to make a significant contribution to the 

nternational Pulsar Timing Array (IPTA; Hobbs et al. 2010 ). The 
PTA is currently a collaboration between four individual PTAs 
chronologically, the European PT A [EPT A; Janssen et al. 2008 ],
he Parkes PT A [PPT A; Manchester 2008 ], the North American
anohertz Observatory for Gra vitational Wa ves [NANOGra v; Jenet 

t al. 2009 ], and the Indian PT A [InPT A; Tarafdar et al. 2022 ]) to
earch for low-frequency GWs. Of the major PTAs that are members 
f this effort, the PPTA has so far been the only one capable
f observing the entire Southern sky. The MPTA can therefore 
ake a key contribution to the observation of Southern MSPs. 
eerKAT has shown itself to be many times more sensitive than 

he Parkes ( Murriyang ) radio telescope, possessing an array gain 
hat is ∼4 times greater, combined with a lower system temperature 
urther bolstering its sensitivity. In addition to this high sensitivity, 

eerKAT’s ability to quickly slew between sources and the access 
t has to a large swathe of pulsars (Dec < + 44 ◦) makes the MPTA
aturally suited to contribute to the IPTA through high-precision 
iming of a large array of pulsars. Forecasts show that the MeerKAT
TA will be contributing roughly half of the IPTA sensitivity by 2025
ith current target lists and cadences (Spiewak et al. 2022 ). 
In this paper, we present the initial 2.5-yr MPTA data release. 

hese data include both sub-banded and frequenc y-av eraged ToAs, 
he full data archives used to construct this data release, the 
phemerides that have been used to perform timing, and band- 
veraged and sub-banded timing residuals. Also included are both 
he timing standards (frequency averaged, one-dimensional) and the 
requenc y-resolv ed standards (portraits) used to calculate each set 
f ToAs as well as the preliminary noise models constructed to 
 Operated by the South African Radio Astronomy Observatory (SARAO). 
 Sometimes referred to as the MeerTime Pulsar Timing Array. 

t

a  

h  
 acilitate this w ork. This is the first such data release from the MPTA
uitable for obtaining arri v al times. In Section 2 , we describe the
ulsars, observations taken, and the process of data reduction. In 
ection 3, we present the final data products. In Section 4, we
iscuss the performance of the data and explore various features 
nd investigations that are contained in this data release. Finally, in
ection 5 , we conclude and summarize our findings. 

 PULSAR  SELECTI ON,  OBSERVATI ONS,  A N D  

ATA  R E D U C T I O N  

his data release comprises observations taken e xclusiv ely at the
eerKAT radio telescope, an interferometer consisting of 64, 13.9- 
 dishes, located in the Great Karoo region of South Africa. While
eerKAT currently possesses L-band (856–1712 MHz) and Ultra- 
igh Frequency UHF (544–1088 MHz) receivers, all data collected 

or this project used the L-band system, following its successful 
ommissioning. We have not collected any data with the UHF 

eceiver, which was commissioned later. In addition, we expect 
bservations in L-band to be less impacted by noise introduced by
nterstellar medium (ISM) propagation ef fects, e ven though UHF 

bservations potentially provide more accurate measurements of 
ispersion measure (DM) (Cordes & Shannon 2010 ). MeerKAT 

ossesses a gain of 2.8 K Jy −1 , and a system temperature of ∼18 K in
his band, which results in a system-equi v alent flux density of ∼7 Jy.
he data were recorded with the SKA prototype pulsar processors, 

he pulsar timing user-supplied equipment, collecti vely kno wn as 
TUSE (Bailes et al. 2020 ). 

.1 Selection criteria and observing strategy 

he data presented here are taken from shortly after the MeerTime
roject began, spanning from February 2019 through to October 2021 
MJD 58526–59510). This provides approximately 2.5 yr of data for 
he majority of the pulsars included in the MPTA. The full MPTA
ncludes 88 pulsars, which have been selected from a census of 189

SPs visible to MeerKAT (Spiewak et al. 2022 ). The pulsars were
nitially chosen to obtain a band-averaged timing precision of < 1 μs
ithin an integration time of 1000 s. Since the initial selection of

he MPTA pulsars, the list has been regularly re vie wed, and pulsars
ave been added and removed from regular timing to maximize 
he efficiency of the PTA. Similarly, some pulsars have not been
ncluded in the MPTA, despite possessing high timing precision, as 
hey are observable only at declinations that are not ideal for the

eerKAT telescope, so better observed with Northern hemisphere 
elescopes. The strategy for the pulsars that are currently included 
n the MPTA is to re gularly observ e with a minimum cadence of 2
eeks per pulsar. There is a minimum integration time of 256 s per
bservation, if the pulsar is able to achieve sub-microsecond timing 
recision in that time. Where this cannot be achieved, the pulsar
s observed for an integration time required for sub-microsecond 
recision, if this can be achieved within 2048 s. While the current
PTA includes 88 pulsars, this data release includes only the 78

ulsars that had at least 30 observations o v er this observing span.
he positions of the pulsars are presented in Fig. 1 . All of the MSPs
xperience interstellar scintillation that amplifies and deamplifies 
heir flux densities. The effects of this are more dramatic at low-
Ms and means that sometimes the pulsars do not reach their target

iming residual in their allocated integration times. 
While most of the observations follow this 2-week cadence, there 

re some exceptions. Notably, 38 of the binary pulsars in the MPTA
av e been observ ed by the MeerTime relativistic binary programme
MNRAS 519, 3976–3991 (2023) 
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Figure 1. MPTA pulsars included in this data release. The colour of each pulsar refers to the weighted root-mean-square error of its band-averaged residuals. 
As most pulsar errors are sub-microsecond, the colour is displayed in a log scale to more easily contrast them. The size of the pulsars refers to their relative 
median observation times (e.g. larger circles indicate pulsars with typically longer observations). 
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Kramer et al. 2021 ), which includes longer observations and single-
rbit observing campaigns to precisely measure Shapiro delays,
nabling companion and pulsar masses to be derived along by
etermining the orbital inclination angle. 
A summary of 10 of the pulsars that are included in this data

elease is provided in Table 1 , with the full list included in Table B1 .
ncluded in this table are the pulse period ( P ), the DM, the orbital
eriod where applicable (P b ), and the median, mean, and standard
eviation of the sub-banded ToA uncertainties. Also included is the
requenc y-av eraged ef fecti ve pulse width (W eff ) (Cordes & Shannon
010 ; Parthasarathy et al. 2021 ), which we discuss in Section 4.1 .
his is presented as it is expected to provide a better prediction of

iming precision than more conventional width measurements. 

.2 Data reduction and RFI mitigation 

ll MPTA observations were recorded using the PTUSE backend
Bailes et al. 2020 ) and then transferred to both the SARAO data
rchive and the MeerTime data archive hosted on the OzStar super-
omputer. The files were produced in PSRFITS (Hotan, van Straten &
anchester 2004 ) archive format, containing 8-s sub-integrations,

 time resolution of 1024 bins per folding period, four polarization
roducts (Stokes I, Q, U, & V), and 1024 frequency channels dividing
he L-band digitized bandwidth (856–1712 MHz). All of the data are
oherently dedispersed at the nominal DM of the pulsar and folded
t the topocentric period of the pulsar. Computational limitations
ith the initial PTUSE machines meant that we were not able to
NRAS 519, 3976–3991 (2023) 
ecord the entire band for earlier observations; instead, we recorded
he inner 928 channels with a total bandwidth of 775.75 MHz. This
as since been remediated; ho we ver, later data were reduced to keep
 consistent band. The system temperature increases in the outer
hannels and so it is a relatively small loss in total sensitivity. Changes
n delays and time tagging within the hardware have also introduced
no wn of fsets in the pulsar timing data sets. These time of fsets have
een directly corrected for in this release. The epoch and size of the
ffsets (often referred to as ‘jumps’) are listed in Table C1 . 
The custom-processing pipeline, MEERPIPE , was used to further

rocess the archives to a desirable format and to perform required
adio frequency interference (RFI) excision. MEERPIPE calibrates the
ull-resolution data products in both flux and polarization. Prior to
he 9th of April 2020, polarization calibration was performed through
he use of the PSRCHIVE 3 (Hotan et al. 2004 ) pac utility. Any data
roduced after this date are calibrated on-site by the SARAO Science
ata Processing pipeline using calibration solutions derived from
hase-up solutions (Serylak et al. 2021 ), prior to its folding in the
TUSE machines. A right-handed circular polarization convention
as adopted, and the pipeline converted the polarization parameters

rom the native polarization (a description of polarization through
he intensity of the two linear components and their cross terms) to
he more f amiliar Stok es parameters. Following this, RFI excision
as performed via MEERGUARD , a modified version of the RFI-

art/stac3644_f1.eps
http://psrchive.sourceforge.net/
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Table 1. MPTA partial parameters and timing statistics for the first 10 pulsars in order of right ascension. The 
full description of these parameters can be found at Table B1 . 

Pulsar P DM P b W eff Uncertainty ( μs) Span 
(ms) (cm 

−3 pc) (d) ( μs) med μ σ (yr) 

J0030 + 0451 4 .87 4 .33 – 62 .38 3 .11 3 .54 2 .18 1 .80 
J0125–2327 3 .68 9 .59 7 .28 66 .04 0 .71 0 .99 0 .95 2 .43 
J0437–4715 5 .76 2 .65 5 .74 87 .51 0 .13 0 .13 0 .01 2 .50 
J0610–2100 3 .86 60 .69 0 .29 87 .86 2 .77 3 .04 1 .61 2 .43 
J0613–0200 3 .06 38 .79 1 .20 38 .09 1 .01 1 .25 0 .83 2 .43 
J0614–3329 3 .15 37 .05 53 .58 31 .29 2 .43 3 .15 2 .92 2 .43 
J0636–3044 3 .95 15 .46 – 106 .92 3 .91 5 .32 4 .26 2 .37 
J0711–6830 5 .49 18 .41 – 79 .99 3 .39 4 .67 4 .15 2 .44 
J0900–3144 11 .11 75 .69 18 .74 224 .47 2 .17 2 .36 0 .88 2 .44 
J0931–1902 4 .64 41 .49 – 57 .20 3 .37 4 .17 2 .97 2 .34 
– – – – – – – – –
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xcision program COASTGUARD (Lazarus et al. 2016 ), which has 
een optimized for the RFI expected to be present at the MeerKAT
elescope location. This software operates by comparing observations 
f a pulsar to a high-quality, frequenc y-av eraged template profile. 
he residuals created from subtracting the observation from the 
rofile are then used to identify channels where RFI is present, 
nd the channels are subsequently zero-weighted in the archive. 
astly, the data were decimated to a more suitable format for use

n this data release. The format of these files was frequency averaged
rom the original 928 frequency channels to 16 sub-bands across the 
sable frequency range and was fully time integrated over the entire 
bservation length. These operations are both performed through the 
am program contained within PSRCHIVE . The nature of the MPTA-
bserving strategy results in most data output by MEERPIPE to have 
n integrated length of ∼256 s. 

 T H E  MPTA  DATA  SET  

he MPTA data release comprises the full data archives, fully 
ntegrated pulse profiles, the portraits used for the creation of ToAs, 
he timing ephemerides used in this work, and sub-banded and band- 
veraged ToAs for all pulsars listed in Table B1 . 

.1 Arri v al times 

o produce the arri v al times, we used the following procedure in the
pirit of creating a reproducible data set. 

(i) From the 16 sub-banded data output by MEERPIPE , identify and 
emo v e an y observ ations with issues kno wn to be unreco v erable.
or clarity, an observation was defined as unrecoverable where there 
xisted phase smearing of more than one bin in either the time or
requency space, or where the observation was taken with an incorrect 
osition beyond the tied beam. 
(ii) Compensate for the system induced, a priori known time 

elays, as per Table C1 . 
(iii) Form initial ToAs from a standard PSRCHIVE pat utility, 

sing a Fourier domain Monte Carlo algorithm (FDM), and output a 
empo2 IPTA format. 

(iv) Filter for sub-banded observations with signal-to-noise ratio 
S/N) > 10. 

(v) Use TEMPO2 (Hobbs, Edwards & Manchester 2006 ) to fit for
ulsar spin frequency and the frequency time deri v ati ve, as well
s DM and its first-time deri v ati v e. F or some pulsars, these initial
phemerides were available from existing PTA data releases (e.g. 
eardon et al. 2021 ). For others, we started with ephemerides from
he Australia Telescope National Facility (ATNF) pulsar catalogue 
Manchester et al. 2005 ). Some parameters were of insufficient 
recision, resulting in significant phase drifts in some of the pulsar
iming residuals. To account for this, additional timing parameters 
ere selectively fit for in five pulsars. These parameters included 

ight ascension, declination, orbital parameters, and proper motion. 
(vi) Inspect outliers and record any that were remo v ed, including

 justification for exclusion. 
(vii) Create an intermediate ephemeris and timing files from 

EMPO2 . 
(viii) Update the data with the ephemeris and create a correspond- 

ng new standard template. 
(ix) Create a new set of ToAs excluding the outliers. The ToAs

ere produced as in step (iii). 

Following these steps, the pulse profiles were further used to 
reate portraits as described below, and sub-banded ToAs were 
ubsequently calculated using the FDM algorithm and the filtered 
nd updated data. The ephemerides included in this data release 
re preliminary as we have not fully explored the timing models or
ndertaken a comprehensive noise analysis. Nev ertheless, the y are 
uitable for GW and other parameter searches. 

.2 Portrait creation 

rofile evolution, where pulsar–emission characteristics change with 
requency, results in the need for frequency-dependent (FD) average 
ulse profiles. This is especially true with the high-sensitivity 
ide-band observations taken with MeerKAT. We detected profile 
 volution (of v arying degree) in all pulsars presented in the data set.
he portraits used for timing were made with the PULSEPORTRAITURE 

oftware (Pennucci 2019 ), which creates noise-free, high-quality, FD 

emplates, that can be used for precise sub-band timing. Models for
wo pulsars that have been created this way are shown in Fig. 2 . 

Producing the pulse portraits was an iterative process. To form 

he pulse portraits, we first identify high S/N observations. The 
/N threshold was varied between pulsars, as each pulsar possessed 
ifferent median flux values, and many showed FD scintillation. 
he full frequency resolution (928 channels) archives from these 
bservations were then combined using the psradd utility of 
SRCHIVE using the pulsar ephemeris to align the observations. 
ULSEPORTRAITURE was used to decompose the profile using 
rincipal-component analysis (PCA), with the components allowed 
o vary in frequency independently. We found that the process was
MNRAS 519, 3976–3991 (2023) 
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Figure 2. Comparison of MPTA portraits built from the full MPTA 2.5-yr data set, via the process described in Section 3.2 , with time-averaged observational 
data for J0900–3144 (Top) and J1909–3744 (Bottom). (Left) Direct comparison of PULSEPORTRAITURE models (dashed blue) against the observational data 
(solid red). (Right) The profile residuals from subtracting the model from the observational data. Abo v e each residual, the reduced chi-squared statistic is 
supplied for both the total pulse profile and for the off-pulse region. The portraits match the data well enough that it is difficult to discern the differences between 
the model and the data without the assistance of the residual plot. 
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Figure 3. Arri v al time distributions for the MPTA pulsars. The ToA 

uncertainties for all 78 pulsars are included, the top panel showing the 
distribution of the uncertainties of ToAs from all sub-bands. The subsequent 
eight panels show the density distribution of the ToAs that make up the 
total ToA uncertainties, separated by frequency, with the corresponding 
central frequency of each sub-band labelled. The largest 1 per cent of ToA 

uncertainties have been excluded from this plot for clarity and can be treated 
as non-representative outliers. 
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ensitive to low levels of latent RFI in the data. This is because, in
ur use of PULSEPORTRAITURE , we normalize the data per frequency 
hannel such that the profile evolution becomes the dominant source 
f variation as opposed to changes in intensity. 4 This normalization 
mplified signals in nearly zero-weighted channels affected by RFI. 
o mitigate this, we used paz to median filter, both before and
fter normalization. Any remaining channels were manually excised 
sing the PSRCHIVE program, pazi . Approximately 150 channels 
ere remo v ed during this process, which is consistent with the

hannels that are affected by the RFI as reported in Bailes et al.
 2020 ). This was necessary as PULSEPORTRAITURE was sensitive to 
he presence of RFI. Similarly, while the construction of the FD 

odel returns a high level of agreement, demonstrated through the 
mall uncertainty distributions in Fig. 3 , elements of structure were 
till seen to exist in the profile residuals (the difference between 
he portraits and the data used to produce them), particularly in the
owest and highest sub-bands. One possible reason for this may be 
hat there exists latent RFI in the archives that is not significant
nough to have been automatically or manually remo v ed but may
 We note that there are multiple ways to scale the data in PULSEPORTRAITURE . 
o we ver, this method is standard practice in pulsar timing (Pennucci 2019 ). 

W  

a
a  

o  
nfluence the components decomposed from the PCA. Alternatively, 
t could be that there exist subtle variations in the average pulse
hat were not well modelled through PULSEPORTRAITURE . Due to 
his, in the process of creating the timing residuals, FD parameters
NANOGrav Collaboration et al. 2015 ) were added to the majority of
he pulsar parameter files (discussed in Section 3.3 ), with the aim to
ompensate for unmodelled FD variations. In addition, we note that 
n the creation of a frequenc y-resolv ed portrait, a fiducial DM must
e chosen. This could result in differing frequenc y-resolv ed portraits
or different choices of DM. When combining MeerKAT data with 
ther IPTA data sets, this may result in both PTA-dependent FD
arameters and DMs. Alternatively, one could attempt to re-time all 
he data sets with a common portrait. 

.3 Noise modelling and interpretation 

ur noise modelling followed approaches taken by other PTAs 
Lam et al. 2017 ; Goncharov et al. 2021a ; Chalumeau et al. 2022 ).

e modelled the influence of systematic noise that is uncorrelated 
hrough time with the noise parameters EFAC (E F ) and EQUAD
E Q ). E F is a parameter used directly as a scale factor of the timing
ncertainties associated with the pulsar, and E Q influences the timing 
ncertainties as an addition in quadrature, such that the final timing
ncertainties follow the convention (Lentati et al. 2014 ), 

= 

√ 

E 

2 
Q + E 

2 
F × σToA , (1) 

here σ ToA are the uncertainties reported by the time-tagging algo- 
ithm. We note that the convention of equation ( 1 ) is different to that
sed in TEMPO2 but consistent with that used in TEMPONEST (Melatos
 Link 2014 ). For the purposes of our model selection, we refer to

his as our basic model , or M 1 noise. In addition to this, another
hite noise parameter, ECORR (E C ), is included (NANOGrav 
ollaboration et al. 2015 ). This parameter accounts for noise that

s correlated between sub-banded ToAs but uncorrelated between 
bservations. While statistically motivated, this component could 
ccount for stochastic pulse–pulse changes in pulse morphology, 
olloquially referred to as pulse jitter (Shannon et al. 2014 ; Lam
t al. 2019 ; Parthasarathy et al. 2021 ). 

In addition to the three white-noise terms, we also searched for
vidence of time-correlated noise processes that could be present in 
he MPTA pulsars. In particular, we modelled FD DM variations and
n achromatic red-noise process. Both were modelled as stationary, 
tochastic processes with temporal variations of the form 

( f ) ∝ 

A 

2 

12 π2 

(
f 

f c 

)−γ

, (2) 

here A is the signal amplitude, γ is the spectral index of the power
pectrum, and f c = 1 yr −1 is the reference frequency. 

Prior to determining noise models for each pulsar, a rudimen- 
ary significance test was performed on whether FD parameters 
FD1/FD2) and DM deri v ati ves (DM1/DM2) were required in the
arameter files. These parameters were determined to be significant, 
nd therefore required to be fitted for, if it was found that the value
f the parameter was > 3 σ . 
To search for the possible noise sources in each pulsar, we

onsidered eight models created from different possible combi- 
ations of the noise processes described here, shown in Table 2 .
e used the TEMPONEST (Lentati et al. 2014 ) software to perform

 Bayesian analysis to appropriately model the noise, while also 
nalytically marginalizing o v er the timing model (see appendix A
f van Haasteren et al. 2009 ). The preferred model was selected by
MNRAS 519, 3976–3991 (2023) 
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M

Table 2. Models compared to determine the most probable representation of 
the noise processes in each pulsar. 

Model E Q + E F E C DM noise Achromatic 
red noise 

M 1 � – – –
M 2 � � – –
M 3 � – – � 

M 4 � – � –
M 5 � � – � 

M 6 � � � –
M 7 � � � � 

M 8 � – � � 
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Figure 4. Timing residuals for PSR J1909–3744. (Top) Full sub-banded 
timing residuals with no noise reduction. (Middle) Sub-banded timing 
residuals fully whitened via the removal of all identified red-noise processes. 
(Bottom) Fully whitened band-averaged timing residuals. Note the change in 
y -axis scale by a factor of 10 for ease of contrast. 
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omparing the relative evidences for each model using the following
rocedure. We first considered the model with the largest evidence. If
t was found to have a log-Bayes factor, ln B, of ln B ≥ 4 o v er all other
ompeting models, we selected it as the preferred model. If this was
ot the case, a model that possessed fewer noise terms that fulfilled
he requirement of ln B ≥ 4 o v er other competing models was chosen.

here there were no models that satisfied this requirement, the basic
odel (M 1 ) was chosen. 
Following this model selection process, 31 of the pulsars present in

his data set show evidence for time-correlated DM noise. Significant
M variations in other MSP data sets have been shown (You et al.
007 ) to occur on observation spans of equivalent lengths to the
ata we present here. As such, the presence of time-correlated DM
ariations is likely to be found at the ∼2.5 yr scale of this release,
specially given the precision of the data provided. Generally, the
urbulent ISM that is thought to give rise to DM variations in timing
ata is modelled through a Kolmogorov spectrum (Rickett 1990 ;
oncharov et al. 2021a ) and, assuming this, we would expect a
DM 

∼ 8/3. This is relatively inconsistent with our findings, with
he majority (20) of the pulsars that show evidence for DM noise
aving spectral indices that are less steep (Table A1 ). Ho we ver,
n direct comparison to previous noise studies, e.g. Goncharov
t al. ( 2021a ), we found that DM noise in many of the MPTA
ulsars also found in the PPTA are comparable to within-reported
ncertainties. 
We found evidence for achromatic red noise in four pulsars

Table A1 ). The presence of this noise source is of note as it can
ignificantly impact the sensitivity of the pulsar to GWs, particularly
f the noise has similar spectral indices to what is expected of a
W background. Aside from the SGWB, there are a number of
ossible sources of red noise, including pulsar intrinsic noise such
s interactions between the superfluidic centre of a neutron star and
ts crust (Melatos & Link 2014 ), magnetospheric state switching
Lyne et al. 2010 ), or small bodies orbiting the pulsar (Shannon
t al. 2013 ). Additionally, we note that the values of E C obtained
oth in this data release and elsewhere are historically larger than
hat is seen in independent studies of noise due to pulse jitter

Parthasarathy et al. 2021 ), and so it is possible that E C includes
ontributions from another stochastic noise source that has not
et been fully characterized. We also note that for some pulsars,
he reduced χ2 is less than unity. In many cases, we suspect that
his is due to the influence of the E C noise parameter presenting
t a greater amplitude than e xpected. An alternativ e e xplanation
n pulsars possessing fewer observing epochs and binary orbital
arameters is that the generalized least squares fit performed by
EMPO2 is absorbing some of the noise in the deterministic timing
arameters. 
NRAS 519, 3976–3991 (2023) 
.4 Residuals and noise subtraction 

e used the timing residuals to assess the quality of the data. Two sets
f timing residuals were formed from the sub-banded data: the first
ith frequency resolution where each sub-banded ToA correlates
irectly to a timing residual and the second in which the timing
esiduals have been averaged together such that a single timing
esidual is produced for all ToAs that are recorded simultaneously.
t was clear through visual inspection that some pulsars possessed
vidence for time-correlated noise, even on the 2.5-yr data release
imeline. We can measure the impact of the noise processes on the
ata by comparing the residuals before and after subtracting the
aximum likelihood realization of the process. An example of this

an be seen in Fig. 4 . 
In Table 3, we present the MPTA timing results and the compar-

sons between the models we have described here for 10 pulsars. The
ull results are provided in Table A1 . 

 DI SCUSSI ON  

.1 Findings from the MPTA data set 

he initial timing analysis demonstrates the potential of the MPTA.
f the pulsars included in this data release, 26 are unique to the
PTA, and 67 are able to achieve sub-microsecond precision using

he current observing strategy. In comparison to the major PTAs, the
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Table 3. MPTA timing results and indicative noise parameters for the first 10 MPTA pulsars in order of right ascension. The full results of all timing analyses, 
and the full indicative noise parameters, can be found in Table A1 . 

Pulsar N ToA M N Time-correlated noise Sub-banded Band-averaged 
wRMS ( μs wRMS ( μs) 

log 10 A DM 

γ DM 

log 10 A red γ red Full Whitened Full χ2 
r, full Whitened χ2 

r, white 

J0030 + 0451 747 1 – – – – 1.895 – 0.457 1.146 – –
J0125-2327 893 6 –12.3(1) 4.0(2) – – 0.718 0.634 0.549 2.114 0.402 1.130 
J0437-4715 1052 6 −11.8(1) 1.3(4) – – 0.298 0.184 0.268 2.513 0.157 0.859 
J0610-2100 801 4 −11.4(2) 1.4(8) – – 1.947 1.838 0.658 2.762 0.295 0.555 
J0613-0200 687 1 – – – – 0.832 – 0.220 1.804 – –
J0614-3329 700 1 – – – – 1.482 – 0.367 1.106 – –
J0636-3044 540 1 – – – – 2.095 – 0.411 0.697 – –
J0711-6830 775 1 – – – – 1.475 – 0.431 1.436 – –
J0900-3144 896 6 −10.9(1) 1.8(5) – – 3.587 2.328 2.624 5.308 0.985 0.748 
J0931-1902 419 1 – – – – 1.856 – 0.602 1.679 – –
– – – – – – – – – – – – –
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Figure 5. Two pulsars (Left: J1909-3744; Right: J1327-0755) that pos- 
sess decidedly different relationships between ef fecti ve width ( W eff ) and 
frequency. The relationship exhibited by J1909–3744 is seen more often, 
whereas J1327–0755 exhibits non-monotonic, and almost parabolic, evolu- 
tion through frequency. 
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PTA leads in this performance statistic. Band-averaged, whitened 
ub-microsecond precision is achieved for 13 of the PPTA pulsars 
Kerr et al. 2020 ), for five of the EPTA pulsars (Desvignes et al.
016 ), and for 44 of the pulsars regularly monitored by NANOGrav
Alam et al. 2021 ). 

In the coming years, the primary goal of the MPTA will be the
etection of nanohertz-frequency gravitational radiation, collaborat- 
ng with the IPTA towards the goal of the detection of an angularly
orrelated signal. It is important to note that while the sensitivity of a
TA to the SGWB increases strongly with the length of the data span,

t is also directly proportional to the number of pulsars in the array
Siemens et al. 2013 ). As noted in Spiewak et al. ( 2022 ), the inclusion
f the MPTA and its otherwise unobserved pulsars results in the 
PTA potentially becoming the most significant contributor to IPTA 

earches for the SGWB by 2025, unless cadences or sensitivities at 
he other PTAs change. In addition, there is work currently underway 
nv estigating impro v ements to the MPTA, potentially resulting in a

ore aggressive timeline for improved sensitivity (Middleton et al., 
n preparation). 

The sensitivity of the MPTA data set enabled investigations of 
he relationship between the change in the profile shape through 
requency and the expected timing precision. As noted in Section 3.2 ,
t least some degree of profile evolution through frequency was noted 
n all the pulsars in this data release. The ef fecti ve pulse width, 

 eff = 

�φ

	 i [ P ( φi + 1 ) − P ( φi )] 2 
, (3) 

here �φ is the resolution of the profile in pulse phase, φ is defined as
he positional pulse phase, and P is the pulse profile flux normalized
o unity, is measured for each pulsar’s frequency sub-bands. By 
eighting each sub-band observation by its corresponding S/N, a 

inear relationship between the W eff and the timing uncertainty is 
mpirically derived across the MPTA data set, 

s ( W eff ) = α
W eff 

( S / N ) obs,s 
, (4) 

here σ s is the ToA uncertainty at each sub-band, and (S/N) obs, s is
he S/N for each sub-band of the observation. We use the polyfit

odule of the NUMPY python package to measure the coefficient of
his relationship to be α = 1.249 ± 0.002 and the relative scatter on
his approximation is defined as, 

= 

1 

N 

∑ | σobs − σs ( W eff ) | 
σs ( W eff ) 

, (5) 
here N is the number of data points and σ obs is the uncertainty
t each observ ation. Ev aluating this expression results in δ = 0.201,
mplying a fractional uncertainty of ∼20 per cent of the data relating 
o this model. 

We also investigated how the ef fecti ve width varies with frequency. 
aively, one would expect the ef fecti ve width to vary monotonically
ith frequenc y. F or e xample, if the pulse profile is affected by

cattering from a thin screen in the ISM, we would expect the
elationship between the thin-screen scattering timescale ( τ s ) and 
requency ( f ) to evolve as (Rickett 1977 ), 

s ∝ f −4 . (6) 

It is also thought that higher-frequency emission mechanisms 
ccur closer to the surface of the pulsar, resulting in narrower pulse
idths from the relative radius of the emission cone (Cordes 1978 ;
ramer et al. 1999 ; Dai et al. 2015 ). 
While we found that 44 of the MPTA pulsars follow power-law

elationships of ef fecti v e width and frequenc y, others demonstrated
ar more complicated relationships better described by polynomials 
f order > 1 (Fig. 5 ). These relationships are counter-intuitive to how
ulsar emission is thought to occur, as well as how it is thought to
e affected by the ISM, with recent studies of non-recycled pulsars
dentifying an expected, largely monotonic, width evolution through 
MNRAS 519, 3976–3991 (2023) 
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requency with both positive and negative slopes (Posselt et al. 2021 ).
y combining the ef fecti ve width measurements with the flux density,

t will be possible to further optimize observing strategies and assess
he utility of observations in other bands at MeerKAT, or with other
elescopes such as the SKA. 

.2 Clock correction reco v ery 

he main purpose of a PTA is to detect signals common to the
nsemble of pulsars. To demonstrate the potential of the MPTA,
e use the data release to reco v er the MeerKAT observatory time

tandard. 
The MeerKAT station clock uses two hydrogen masers, two rubid-

um atomic clocks, and a quartz crystal. This station clock produces a
ime standard (Karoo Telescope Time, KTT). The time standard drifts
y a few nanoseconds per day relative to the Coordinate Universal
ime (UTC) as reported by the Global Positioning Service (GPS).
very few months, the masers are adjusted to keep the time within
00 ns of UTC (GPS) (Bailes et al. 2020 ). 
For accurate pulsar timing, the drifting offset of KTT relative to

TC is measured through a system described in detail in Burger
t al. ( 2022 ) and results in the production of a clock correction. 5 

his correction is applied using pulsar timing software (in our case
EMPO2 ), which corrects for the resultant offset in the pulse arrival
imes to a precision of less than 4.925 ns (Burger et al. 2022 ). 

Here, we derive the KTT from the pulsar timing measurements.
o do this, we use the approach described in Hobbs et al. ( 2020 )

n order to constrain the properties of the clock signal through a
ayesian methodology. This was chosen as opposed to the frequentist
ethods, which is also presented in Hobbs et al. ( 2020 ), as the
ayesian approach is now adopted by most PTA collaborations. 
We modelled the clock signal as a power-law, red noise process of

he form 

 clk ( f ) = 

A 

2 
clk 

12 π2 

(
f 

f c 

)−γclk 

, (7) 

here the coefficients are of the same form as equation ( 2 ). 
To perform parameter estimation, we employed a Parallel Tem-

ered Markov Chain Monte Carlo (PTMCMC) (Ellis & van
aasteren 2017 ) sampler via the ENTERPRISE software (Ellis et al.
019 ) and allowed ENTERPRISE to simultaneously model individual
ulsar red noise processes (isolated to a general achromatic red
oise process and a DM noise process) as well as a common red
oise process of the form given in equation ( 7 ) across all pulsars in
he sample. This parameter estimation resulted in a common signal
ossessing the noise characteristics log 10 A clk = −13.35 and γ clk =
.1. 
Following this, we constructed noise covariance matrices for each

ulsar of the form 

 PSR = C white + C red + C DM 

, (8) 

here C white models the white noise components, including E C (noise
hat is correlated between sub-banded ToAs) where required. Without
he addition of E C , this is a diagonal matrix populated with the
rri v al time uncertainties, influenced by the white noise terms as per
quation ( 1 ). With the addition of E C , the matrix is no longer diagonal
ut accounts for a covariance value between arrival times from the
ame observation. 
NRAS 519, 3976–3991 (2023) 
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w  

n  

t  
C DM 

and C red are the covariance matrices relating to the DM noise
nd the achromatic red noise processes, accounting for their presence
here required. We followed the definitions of the covariance
atrices presented in Lee et al. ( 2014 ). The covariance between

he ToAs i and j are 

 DM , ij = 

κ2 
∫ ∞ 

1 /T S DM 

( f ) cos (2 πf t ij ) df 

ν2 
i ν

2 
j 

, (9) 

nd 

 red , ij = 

∫ ∞ 

1 /T 
S red ( f ) cos (2 πf t ij ) df , (10) 

here T is the total time span of the data, f is the fluctuation
requency (as opposed to observing frequency ν), t ij is the time
ag between arri v al times i and j, and κ is the dispersion constant

= 2.410 × 10 −16 Hz −2 cm 

−3 pcs −1 . S red ( f ) and S DM 

( f ) are the
ower spectral densities of the achromatic red noise and DM noise,
espectively, and are defined as, 

 red ( f ) = 

A 

2 
red 

12 π2 

(
f 

f c 

)−γred 

, (11) 

nd 

 DM 

( f ) = A 

2 
DM 

(
f 

f c 

)−γDM 

, (12) 

oting the lack of the 1/12 π2 normalization factor in equation ( 12 ),
ollowing the convention of Lentati et al. ( 2014 ). 

Using this methodology, we could reconstruct the clock signal
 v er an arbitrary date range that can extend beyond our data span.
e did this by the use of 10 of the most precise pulsars presented

n this data release, combining the covariance matrices we describe
bo v e via 

 PTA , 10 = 

⎡ 

⎢ ⎢ ⎢ ⎢ ⎣ 

C 1 0 0 ... 0 
0 C 2 0 ... 0 
0 0 C 3 ... 0 
... ... ... ... ... 

0 0 0 ... C 10 

⎤ 

⎥ ⎥ ⎥ ⎥ ⎦ 

, (13) 

here C N represents each of the 10 pulsars’ respective C PSR per
quation ( 8 ). 

In order to e v aluate the clock signal, we defined N rec = 500 epochs
t which we wanted to reconstruct it. We chose the initial epoch to
e when KTT was first published at MJD 58484, and we chose to
xtend the reconstruction beyond our observations to MJD 59611, to
nvestigate the ability to extrapolate the clock signal. 

To do this, we then extended C PTA, 10 as per Deng et al. ( 2012 ) by
 rec rows and columns to create a matrix of the form 

 Final = 

[
C PTA , 10 0 

0 0 

]
, (14) 

opulated by zeroes. 
The clock covariance is then e v aluated at not only our observations

ut also at the epochs of our reconstructed signal 

 Total = C Final + C clk , (15) 

here the covariance of the clock signal is defined as 

 clk, ij = 

∫ ∞ 

1 /T clk 

S clk ( f ) cos (2 πf t ij ) df , (16) 

ith equation parameters as described in equations ( 9 ) and ( 10 ). We
ote that the clock covariance is calculated simultaneously for both
he epochs of the observations and the epochs for the reconstructed
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Figure 6. (Top) The reco v ered clock correction signal and corresponding uncertainty as defined in Section 4.2 (green, shaded), juxtaposed against the clock 
correction signal that was to be extracted from the data and corresponding uncertainty (blue, shaded). Note the uncertainty rapidly increasing following the end 
of the data span, as well as the marked deviation between MJDs ∼58700 and ∼58900. (Middle) The residual difference (teal) between the reco v ered clock signal 
and the KTT-UTC(GPS) clock correction signal. The teal shading corresponds to the uncertainties of both the reco v ered signal and KTT-UTC(GPS) summed 
together in quadrature. The dashed grey line and corresponding shading represent a 50 ns window around 0 ns, to demonstrate the precision of the reco v ered 
signal. (Bottom) The MJDs corresponding to observations used for this reconstruction. 
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ignal. Further, T clk is the span o v er which the clock signal is
 v aluated. 

We defined the total residuals t res at which this signal is e v aluated,
s the vector containing the observed timing residuals for the 10 
ulsars t pf, PTA = ( t pf, 1 ,..., t pf, 10 ), and the perfect residuals we assigned
o the epochs of our reconstructed signal t ideal = 0 . 

This final covariance matrix was used to measure the reco v ered
lock waveform (Lee et al. 2014 ; Hobbs et al. 2020 ), 

 clk = C clk C 

−1 
Total t res . (17) 

The covariance of the clock signal is 

clk = C clk − C clk C 

−1 
Total C clk , (18) 

here the uncertainty of the clock signal is the square root of the
iagonal of σclk . 
The reco v ered clock signal is presented in Fig. 6 . The precision

o which the MPTA is able to extract an injected signal is evident,
eco v ering the signal to within 50 ns for the majority of the data span.
here is evidence of a ≈150 n s deviation in the signal between MJDs
58700 and ∼58900, the cause of which is currently uncertain. 
hile the beginning of this apparent offset is close to one of the

nown timing offsets in the data, the end is not associated with one. 
First, we considered if the deviation was caused by an individual 

ulsar with poorly specified noise. To test this, we remo v ed one of the
ulsars from the method and reformed the clock signal. We found
he feature persisted in all cases, suggesting an effect common to
ll of the pulsars. Possible other causes of the deviation could be
nidentified systematic errors in the clock correction, an additional 
oise process that is common to the pulsars, or even the influence of
n SGWB. 

Owing to the unknown pulsar spin frequency and frequency 
eri v ati ves, pulsars are not sensitive to linear or quadratic variations
n time standards. We attempted to account for a possible quadratic
rift in KTT and found that the residual of the expected and the
eco v ered clock signal is not able to be well modelled by a quadratic.

e conclude that the deviation we observe is not expected to be
aused by a quadratic. We also note that the signal we reconstructed
s not well described by a Gaussian process. Arising from this
isspecification, it is possible that the reconstructed clock signal 
ill not well reco v er the sharp (high fluctuation frequency) features

n KTT. This may also contribute to the larger discrepancy between
JDs ∼58 700 and ∼58 900. 
Uncertainties that exist in a telescope time standard must be 

 ept f ar lower than the amplitude of the expected SGWB signal.
ypically, observatory time standards are assumed to have precision 
uch lower than the GW signal; however, this is the first time that

his has been demonstrated through pulsar timing (Tiburzi et al. 
016 ). The difference between the reco v ered clock corrections and
MNRAS 519, 3976–3991 (2023) 

art/stac3644_f6.eps


3986 M. T. Miles et al. 

M

t  

a  

(  

m  

c  

t  

o  

t  

e  

e

5

W  

i  

t  

a  

e  

r  

s  

o  

t  

p  

d  

o  

h  

P  

t  

p  

h  

t  

s  

w
 

m  

i  

b  

i  

a  

u
 

s  

t  

d  

o  

a  

w  

a  

A
 

p  

a  

t  

i  

t  

p  

u  

t  

o  

6

i  

i  

fl  

I  

p  

s  

i  

a
 

s  

(  

t  

i  

o

A

W  

i  

w  

o  

a  

g  

A  

e  

e  

(  

S  

P  

a  

t  

t  

O  

N

D

A  

G  

9  

f  

t  

t  

i  

d  

s  

f
 

T  

f  

r  

w  

J  

t  

p

R

A

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/519/3/3976/6889543 by guest on 24 M
ay 2024
he corresponding time standard can then be used as a measure of the
ccuracy of a timing array. We propose that the root-mean-square
rms) residual and its spectral characteristics form a quantitative
easure of the quality of the timing array. These can then be

ompared with the amplitudes of any purported GW background
o assess array performance. For the MPTA, the rms residual is 62 ns
 v er 2.5 yr. Assuming an SGWB amplitude of 2 × 10 −15 (similar
o the amplitude observed in the purported common red signal), the
xpected induced rms variations in 5 yr of observational data are
xpected to be ∼127 ns (van Haasteren & Levin 2013 ). 

 SUMMARY  A N D  C O N C L U S I O N S  

e have presented here the first data release from the MPTA,
ncluding the observations of 78 pulsars spanning February 2019
o October 2021. As well as the recorded sub-banded and band-
veraged arri v al times for each pulsar, we also provide initial timing
phemerides, timing portraits, sub-banded and band-averaged timing
esiduals, and preliminary noise models. Of these pulsars, 67 report
ub-microsecond timing precision, with two possessing a precision
f less than 100 ns from whitened, band-averaged data. We detail
he observing strategy of the MPTA and selection criteria for a
ulsar to be deemed suitable for inclusion into it. Additionally, the
ata reduction pipeline used for this data release and the nature
f the data products output by it are outlined. We also describe
ow the accompanying portraits are created through the use of
ULSEPORTRAITURE and the process of noise model selection and

he consequent subtraction of noise models from the data in order to
rovide more accurate timing residuals. All data products described
ere are open to the scientific community and can be accessed via
he Australian GW data portal. 6 The collaboration expects to release
ubsequent data releases with both the 4- and 5-yr MPTA data sets
hen they are mature. 
We have also investigated the relationship of the ef fecti ve-width
etric (W eff ) and observing frequency and find somewhat counter-

ntuitive results that may influence the observing priority in frequency
ands outside of the L-band range we report on. We provide
nitial noise models, showing that DM variations are detected in
 substantial sub-sample of our pulsars. These noise models can be
sed as the starting point to develop more sophisticated models. 
Lastly, we are able to demonstrate the precision of the MPTA data

et by using a subset of the full MPTA to reco v er the observatory
ime standard, Karoo Telescope Time (KTT). Through most of the
ata we see good agreement, with the reco v ered signal within 50 ns
f KTT. We find a modest (150 ns) disagreement for ∼150 d that
ppears to be common to all the pulsars. Work is ongoing to see if
e can explain this discrepancy. We test if this deviation could be

ttributed to any individual pulsar we include in the signal reco v ery.
s we find that it cannot, we briefly explore possible other causes. 
The MPTA data set includes the largest number of regularly timed

ulsars of any current PTA. In this data release, we do not include
n analysis of the merits of wide-band timing methods as opposed to
he sub-banded arri v al times we calculate and would encourage any
nterested parties to fully utilize the components of this data release
o explore this technique. Individually, the data released here have the
otential for a wide range of studies, many of which are already well
nderway by members of the MeerTime collaboration. This includes
he study of individual pulsars including updated measurements of
rbital parameters. We can also study the population as a whole. This
NRAS 519, 3976–3991 (2023) 
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ncludes an analysis of the astrometry in MPTA pulsars, aiming to
mpro v e MSP population synthesis models; an investigation of the
ux density variations in the MPTA population, both to study the
SM through dif fracti ve and refracti ve scintillation and to optimize
ulsar timing observations via dynamic scheduling; and, naturally,
earches for common noise and correlated signals to identify the
nfluence of GWs on the MPTA pulsars, as well as other signals that
re common in the array. 

Finally, the inclusion of the MPTA data set to the IPTA data
treams is expected to make a significant impact in the coming years
Spiewak et al. 2022 ), both through the inclusion of high-quality
iming data of pulsars that are already observed and through the
nclusion of data from an additional 26 pulsars that are not yet
bserved in any other PTA. 
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Table A1. MPTA timing results and indicative noise characteristics. Included here for each pulsar are the number of sub-banded ToAs included in the data 
release (N ToA ), the noise model used as per Table 2 (M N ), the noise characteristics of the pulsar, and the precision of the pulsar’s timing residuals, both 
before and after subtracting the maximum likelihood realization of the pulsar’s noise processes. We provide this for in terms of the weighted root-mean-square 
uncertainty (wRMS) for both the sub-banded timing residuals and the band-averaged timing residuals. For the band-averaged timing residuals, we provide a 
reduced chi-squared statistic for comparison of the impact of removing the influence of the noise processes. We note here that the whitened residuals remo v e all 
time-correlated noise processes associated with the pulsar. 

Pulsar N ToA M N Time-correlated noise Sub-banded Band-averaged 
wRMS ( μs) wRMS ( μs) 

log 10 A DM 

γ DM 

log 10 A red γ red Full Whitened Full χ2 
r, full Whitened χ2 

r, white 

J0030 + 0451 747 1 – – – – 1.895 – 0.457 1 .146 – –
J0125-2327 893 6 −12.3(1) 4.0(2) – – 0.718 0.634 0.549 2 .114 0.402 1.130 
J0437-4715 1052 6 −11.8(1) 1.3(4) – – 0.298 0.184 0.268 2 .513 0.157 0.859 
J0610-2100 801 4 −11.4(2) 1.4(8) – – 1.947 1.838 0.658 2 .762 0.295 0.555 
J0613-0200 687 1 – – – – 0.832 – 0.220 1 .804 – –
J0614-3329 700 1 – – – – 1.482 – 0.367 1 .106 – –
J0636-3044 540 1 – – – – 2.095 – 0.411 0 .697 – –
J0711-6830 775 1 – – – – 1.475 – 0.431 1 .436 – –
J0900-3144 896 6 −10.9(1) 1.8(5) – – 3.587 2.328 2.624 5 .308 0.985 0.748 
J0931-1902 419 1 – – – – 1.856 – 0.602 1 .679 – –
J0955-6150 2238 6 −10.9(1) 2.7(7) – – 3.224 2.545 2.425 3 .723 1.260 1.005 
J1012-4235 892 1 – – – – 4.756 – 0.958 0 .795 – –
J1017-7156 1056 6 −11.3(1) 1.4(3) – – 0.774 0.405 0.790 9 .487 0.245 0.912 
J1022 + 1001 748 6 −11.3(5) 2.0(2) – – 2.273 2.066 1.575 1 .493 1.240 0.925 
J1024-0719 734 1 – – – – 1.232 – 0.297 1 .124 – –
J1036-8317 649 1 – – – – 1.336 – 0.388 1 .413 – –
J1045-4509 848 4 −10.9(1) 1.7(4) – – 3.489 2.381 2.451 23 .367 0.464 0.853 
J1101-6424 956 4 −11.0(1) 2.9(9) – – 3.836 3.389 1.812 6 .319 0.786 1.086 
J1103-5403 813 2 – – – – 3.334 – 3.712 1 .016 – –
J1125-5825 845 6 −11.4(2) 5.0(1) – – 3.153 2.138 2.405 8 .692 0.844 1.062 
J1125-6014 1007 6 −11.7(2) 4.0(1) – – 0.791 0.420 0.671 19 .729 0.147 0.948 
J1216-6410 880 4 −11.7(2) 1.6(6) – – 0.967 0.913 0.334 2 .880 0.162 0.672 
J1327-0755 208 1 – – – – 1.066 – 0.381 1 .132 – –
J1421-4409 833 1 – – – – 3.816 – 0.973 1 .332 – –
J1431-5740 846 4 −10.6(1) 2.3(5) – – 5.692 3.742 4.057 25 .707 0.671 0.676 
J1435-6100 955 2 – – – – 2.506 – 1.646 1 .068 – –
J1446-4701 639 4 −11.5(3) 3.0(1) – – 1.632 1.317 0.959 8 .733 0.332 1.036 
J1455-3330 660 1 – – – – 1.679 – 0.485 1 .866 – –
J1525-5545 905 6 −10.6(1) 2.0(1) – – 6.508 3.947 5.539 3 .967 2.747 0.975 
J1543-5149 752 2 – – – – 3.019 – 1.464 0 .994 – –
J1545-4550 940 4 −11.7(3) 4.0(1) – – 0.729 0.629 0.383 9 .853 0.178 1.894 
J1547-5709 732 4 −11.2(2) 1.0(6) – – 3.366 3.147 1.259 3 .438 0.623 0.951 
J1600-3053 784 6 −11.8(3) 3.0(2) – – 0.597 0.507 0.359 2 .950 0.203 0.941 
J1603-7202 829 2 – – – – 1.918 – 0.799 0 .964 – –
J1614-2230 779 1 – – – – 0.992 – 0.315 2 .338 – –
J1629-6902 859 1 – – – – 1.338 – 0.330 1 .129 – –
J1643-1224 848 7 −10.7(1) 3.5(7) −12.4(3) 3.0(1) 3.050 1.295 2.582 21 .351 0.473 0.718 
J1652-4838 846 6 −10.7(1) 1.6(5) – – 3.613 2.472 2.778 4 .259 1.168 0.753 
J1653-2054 607 4 −10.9(1) 0.8(4) – – 4.209 2.973 2.838 22 .237 0.393 0.427 
J1658-5324 302 1 – – – – 1.260 – 0.407 3 .000 – –
J1705-1903 778 6 −11.1(1) 0.7(4) – – 1.159 0.982 1.184 2 .126 0.896 1.218 
J1708-3506 638 3 – – −12.3(2) 1.9(8) 3.281 – 1.521 6 .535 – –
J1713 + 0747 640 1 – – – – 0.694 – 0.148 1 .074 – –
J1719-1438 804 1 – – – – 2.436 – 0.600 1 .203 – –
J1721-2457 368 1 – – – – 3.656 – 0.809 1 .179 – –
J1730-2304 830 2 – – – – 1.324 – 0.588 1 .051 – –
J1732-5049 1007 2 – – – – 1.334 – 0.857 1 .051 – –
J1737-0811 943 4 −11.1(1) 0.8(5) – – 4.349 3.966 1.895 4 .573 0.832 0.886 
J1744-1134 817 2 – – – – 0.405 – 0.254 1 .028 – –
J1747-4036 893 7 −10.8(1) 2.1(5) −12.7(3) 5.0(1) 3.210 2.012 2.277 8 .422 0.670 0.728 
J1751-2857 843 1 – – – – 3.002 – 0.838 1 .583 – –
J1756-2251 2016 6 −10.9(1) 0.4(4) – – 7.885 7.386 5.302 0 .715 5.033 0.644 
J1757-5322 1118 2 – – – – 1.493 – 0.584 0 .966 – –
J1801-1417 848 1 – – – – 2.444 – 0.634 1 .311 – –
J1802-2124 832 6 −10.7(1) 1.7(5) – – 4.107 3.243 3.827 1 .903 2.662 0.921 
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Table A1 – continued 

Pulsar N ToA M N Time-correlated noise Sub-banded Band-averaged 
wRMS ( μs) wRMS ( μs) 

log 10 A DM 

γ DM 

log 10 A red γ red Full Whitened Full χ2 
r, full Whitened χ2 

r, white 

J1811-2405 1199 6 −11.3(1) 1.5(5) – – 1.013 0.736 0.733 2 .830 0.391 0.801 
J1825-0319 832 4 −11.0(1) 2.2(7) – – 3.602 3.161 1.678 5 .661 0.618 0.775 
J1832-0836 485 4 −11.4(2) 2.0(1) – – 1.169 0.892 0.742 14 .191 0.234 1.369 
J1843-1113 824 4 −11.2(1) 3.2(7) – – 1.834 1.166 1.365 26 .667 0.260 0.912 
J1902-5105 894 2 – – – – 1.238 – 0.891 1 .128 – –
J1903-7051 1247 2 – – – – 0.979 – 0.592 1 .540 – –
J1909-3744 2837 6 −11.72(9) 2.6(4) – – 0.447 0.201 0.392 25 .455 0.076 0.965 
J1918-0642 860 1 – – – – 1.282 – 0.326 1 .395 – –
J1933-6211 1445 1 – – – – 0.999 – 0.227 1 .428 – –
J1946-5403 571 3 – – −13.0(3) 2.0(1) 0.727 – 0.433 7 .310 – –
J2010-1323 805 1 – – – – 1.431 – 0.389 1 .398 – –
J2039-3616 588 1 – – – – 1.063 – 0.312 1 .846 – –
J2124-3358 904 1 – – – – 1.109 – 0.312 1 .498 – –
J2129-5721 852 1 – – – – 0.731 – 0.197 1 .296 – –
J2145-0750 863 2 – – – – 1.098 – 0.732 1 .053 – –
J2150-0326 652 2 – – – – 1.271 – 0.675 1 .142 – –
J2222-0137 990 2 – – – – 1.286 – 0.781 0 .783 – –
J2229 + 2643 591 1 – – – – 1.810 – 0.453 2 .369 – –
J2234 + 0944 632 2 – – – – 1.956 – 1.046 1 .354 – –
J2241-5236 1003 2 – – – – 0.111 – 0.049 0 .631 – –
J2317 + 1439 539 1 – – – – 1.600 – 0.475 1 .361 – –
J2322 + 2057 424 1 – – – – 1.725 – 0.446 2 .074 – –
J2322-2650 694 1 – – – – 1.403 – 0.401 2 .043 – –
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Table B1. MPTA partial parameters and timing statistics. The parameters that are included here are the pulsar’s 
rotational period (P), associated dispersion measure (DM), orbital period where the pulsar has a companion (P b ), 
and the frequenc y-av eraged ef fecti ve width as per equation ( 3 ) (W eff ). Also included are statistics of the pulsar’s 
sub-banded arri v al time uncertainties o v er its entire data span, which are pro vided as the median (med), mean ( μ), 
and standard deviation ( σ ), and the corresponding observing span for each pulsar by the MPTA (Span). 

Pulsar P DM P b W eff Uncertainty ( μs) Span 
(ms) (cm 

−3 pc) (d) ( μs) med. μ σ (yr) 

J0030 + 0451 4 .87 4 .33 – 62 .38 3 .11 3 .54 2 .18 1 .80 
J0125-2327 3 .68 9 .59 7 .28 66 .04 0 .71 0 .99 0 .95 2 .43 
J0437-4715 5 .76 2 .65 5 .74 87 .51 0 .13 0 .13 0 .01 2 .50 
J0610-2100 3 .86 60 .69 0 .29 87 .86 2 .77 3 .04 1 .61 2 .43 
J0613-0200 3 .06 38 .79 1 .20 38 .09 1 .01 1 .25 0 .83 2 .43 
J0614-3329 3 .15 37 .05 53 .58 31 .29 2 .43 3 .15 2 .92 2 .43 
J0636-3044 3 .95 15 .46 – 106 .92 3 .91 5 .32 4 .26 2 .37 
J0711-6830 5 .49 18 .41 – 79 .99 3 .39 4 .67 4 .15 2 .44 
J0900-3144 11 .11 75 .69 18 .74 224 .47 2 .17 2 .36 0 .88 2 .44 
J0931-1902 4 .64 41 .49 – 57 .20 3 .37 4 .17 2 .97 2 .34 
J0955-6150 2 .00 160 .90 24 .58 82 .05 3 .01 3 .50 1 .99 2 .50 
J1012-4235 3 .10 71 .65 37 .97 63 .90 4 .67 5 .28 2 .95 2 .43 
J1017-7156 2 .34 94 .22 6 .51 33 .76 0 .36 0 .41 0 .27 2 .53 
J1022 + 1001 16 .45 10 .25 7 .81 145 .24 1 .48 2 .69 3 .45 2 .15 
J1024-0719 5 .16 6 .48 – 69 .54 2 .70 3 .60 3 .14 2 .43 
J1036-8317 3 .41 27 .10 0 .34 37 .45 2 .17 2 .30 1 .18 2 .24 
J1045-4509 7 .47 58 .11 4 .08 277 .01 2 .62 3 .09 1 .76 2 .48 
J1101-6424 5 .11 207 .35 9 .61 128 .62 3 .87 4 .22 1 .80 2 .48 
J1103-5403 3 .39 103 .91 – 76 .30 3 .03 3 .49 1 .90 2 .44 
J1125-5825 3 .10 124 .81 76 .40 52 .31 2 .31 2 .40 0 .81 2 .24 
J1125-6014 2 .63 52 .93 8 .75 16 .19 0 .50 0 .52 0 .29 2 .44 
J1216-6410 3 .54 47 .39 4 .04 22 .95 1 .07 1 .11 0 .37 2 .53 
J1327-0755 2 .68 27 .91 8 .44 39 .55 2 .20 2 .30 1 .12 1 .72 
J1421-4409 6 .39 54 .64 30 .75 124 .81 4 .48 5 .22 2 .84 2 .48 
J1431-5740 4 .11 131 .36 2 .73 81 .24 3 .87 4 .11 1 .48 2 .55 
J1435-6100 9 .35 113 .84 1 .35 83 .12 3 .19 3 .26 1 .33 2 .53 
J1446-4701 2 .19 55 .83 0 .28 41 .51 1 .61 1 .81 0 .94 2 .55 
J1455-3330 7 .99 13 .57 76 .17 135 .48 3 .94 5 .31 4 .51 2 .34 
J1525-5545 11 .36 127 .01 0 .99 155 .46 3 .22 3 .61 2 .06 2 .44 
J1543-5149 2 .06 50 .98 8 .06 118 .19 4 .02 4 .72 2 .69 2 .53 
J1545-4550 3 .58 68 .40 6 .20 41 .35 1 .14 1 .22 0 .67 2 .48 
J1547-5709 4 .29 95 .75 3 .08 75 .09 4 .04 4 .28 1 .70 2 .37 
J1600-3053 3 .60 52 .32 14 .35 57 .91 0 .48 0 .54 0 .24 2 .24 
J1603-7202 14 .84 38 .05 6 .31 150 .99 1 .66 2 .59 2 .84 2 .56 
J1614-2230 3 .15 34 .49 8 .69 53 .83 1 .06 1 .32 0 .84 2 .35 
J1629-6902 6 .00 29 .50 – 93 .68 1 .61 2 .15 1 .61 2 .56 
J1643-1224 4 .62 62 .40 147 .02 214 .91 1 .16 1 .21 0 .39 2 .45 
J1652-4838 3 .79 188 .14 12 .40 90 .25 2 .57 3 .08 1 .59 2 .43 
J1653-2054 4 .13 56 .53 1 .23 129 .23 4 .20 4 .94 2 .92 2 .12 
J1658-5324 2 .44 30 .83 – 27 .49 2 .19 2 .49 1 .46 2 .54 
J1705-1903 2 .48 57 .51 – 26 .80 0 .34 0 .45 0 .38 2 .16 
J1708-3506 4 .51 146 .81 149 .13 270 .90 2 .99 3 .67 2 .35 2 .45 
J1713 + 0747 4 .57 15 .98 67 .83 71 .27 0 .28 0 .43 0 .49 1 .98 
J1719-1438 5 .79 36 .77 0 .09 128 .90 4 .10 5 .11 3 .56 2 .43 
J1721-2457 3 .50 48 .22 – 259 .96 4 .15 4 .53 1 .92 2 .12 
J1730-2304 8 .12 9 .63 – 110 .14 1 .74 2 .39 2 .29 2 .24 
J1732-5049 5 .31 56 .82 5 .26 175 .35 2 .74 3 .93 3 .58 2 .62 
J1737-0811 4 .18 55 .30 79 .52 202 .17 4 .37 4 .82 1 .97 2 .43 
J1744-1134 4 .07 3 .14 – 64 .36 0 .57 1 .07 1 .35 2 .43 
J1747-4036 1 .65 152 .94 – 60 .42 2 .15 2 .18 0 .72 2 .54 
J1751-2857 3 .91 42 .78 110 .75 79 .80 3 .42 3 .80 1 .63 2 .43 
J1756-2251 28 .46 121 .24 0 .32 314 .28 3 .47 4 .11 2 .00 2 .50 
J1757-5322 8 .87 30 .79 0 .45 176 .15 2 .01 2 .54 1 .93 2 .62 
J1801-1417 3 .63 57 .25 – 147 .84 2 .89 3 .22 1 .54 2 .43 
J1802-2124 12 .65 149 .56 0 .70 102 .46 1 .98 2 .27 1 .00 2 .56 
J1811-2405 2 .66 60 .64 6 .27 42 .69 1 .04 1 .03 0 .47 2 .49 
J1825-0319 4 .55 119 .55 52 .63 69 .48 3 .27 3 .60 1 .41 2 .43 
J1832-0836 2 .72 28 .19 – 13 .12 1 .33 1 .47 0 .73 2 .45 
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Table B1 – continued 

Pulsar P DM P b W eff Uncertainty ( μs) Span 
(ms) (cm 

−3 pc) (d) ( μs) med. μ σ (yr) 

J1843-1113 1 .85 59 .95 – 39 .64 1 .50 1 .63 0 .75 2 .43 
J1902-5105 1 .74 36 .25 2 .01 50 .62 1 .18 1 .39 0 .86 2 .43 
J1903-7051 3 .60 19 .65 11 .05 93 .02 1 .94 2 .89 2 .68 2 .54 
J1909-3744 2 .95 10 .39 1 .53 24 .18 0 .16 0 .29 0 .37 2 .70 
J1918-0642 7 .65 26 .59 10 .91 105 .90 1 .45 1 .86 1 .29 2 .32 
J1933-6211 3 .54 11 .51 12 .82 80 .84 2 .55 3 .84 3 .95 2 .56 
J1946-5403 2 .71 23 .72 0 .13 30 .78 1 .37 1 .51 0 .92 2 .37 
J2010-1323 5 .22 22 .16 – 54 .57 1 .69 2 .16 1 .51 2 .08 
J2039-3616 3 .28 23 .96 5 .79 76 .01 2 .55 3 .19 2 .33 2 .37 
J2124-3358 4 .93 4 .60 – 141 .28 2 .12 2 .83 2 .66 2 .43 
J2129-5721 3 .73 31 .85 6 .63 74 .06 1 .99 2 .99 2 .85 2 .49 
J2145-0750 16 .05 9 .00 6 .84 207 .11 1 .28 2 .77 3 .85 2 .43 
J2150-0326 3 .51 20 .67 4 .04 58 .70 2 .23 2 .77 1 .89 2 .19 
J2222-0137 32 .82 3 .27 2 .45 188 .84 2 .56 4 .31 4 .73 2 .19 
J2229 + 2643 2 .98 22 .72 93 .02 126 .36 4 .64 5 .86 4 .67 1 .91 
J2234 + 0944 3 .63 17 .82 0 .42 88 .97 2 .50 3 .52 2 .95 1 .91 
J2241-5236 2 .19 11 .41 – 26 .79 0 .21 0 .29 0 .29 2 .56 
J2317 + 1439 3 .45 21 .90 2 .46 44 .77 3 .17 4 .06 3 .15 1 .91 
J2322 + 2057 4 .81 13 .39 – 74 .36 3 .53 4 .33 3 .04 1 .91 
J2322-2650 3 .46 6 .15 0 .32 43 .77 2 .45 2 .76 1 .50 2 .43 
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Table C1. Known offsets that are corrected for in the MPTA. A p
raw MeerKAT/PTUSE data, observed in 1024 channel mode with

Date range (MJD) Jump value ( μs) 

> 58526.21089 − 24 .629 Precise Time
> 58550.14921 + 24 .630 PTM applied
> 58550.14921 − 1 .196 Half sample 
> 58557.14847 − 4 .785 PTM sensor 
> 58575.95951 + 0 .598 PTUSE offse
58550–58690 − 306 .243 Offset in Me
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ositive sign ( + ) indicates a time that needs to be added to 
 the L-band system. 

 Manager Time (PTM) not applied in PTUSE observations. 
 to PTUSE. 
offset in PTUSE. 
delay changed. 
t changed by half sample. 
erKAT Correlator Beamformer (CBF) 
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