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A B S T R A C T 

Millisecond pulsars (MSPs) in binary systems are precise laboratories for tests of gravity and the physics of dense matter. 
Their orbits can show relativistic effects that provide a measurement of the neutron star mass and the pulsars are included in 

timing array experiments that search for gra vitational wa ves. Neutron star mass measurements are key to eventually solving 

the neutron star equation of state and these can be obtained by a measure of the Shapiro delay if the orbit is viewed near 
edge-on. Here, we report on the timing and noise analysis of five MSPs observed with the MeerKAT radio telescope: PSRs 
J0900 −3144, J0921 −5202, J1216 −6410, J1327 −0755, and J1543 −5149. We searched for the Shapiro delay in all of the pulsars 
and obtain weak detections for PSRs J0900 −3144, J1216 −6410, and J1327 −0755. We report a higher significance detection of 
the Shapiro delay for PSR J1543 −5149, giving a precise pulsar mass of M p = 1 . 349 

+ 0 . 043 
−0 . 061 M � and companion white-dwarf mass 

M c = 0 . 223 

+ 0 . 005 
−0 . 007 M �. This is an atypically low-mass measurement for a recycled MSP. In addition to these Shapiro delays, we 

also obtain timing model parameters including proper motions and parallax constraints for most of the pulsars. 

Key words: astrometry – parallaxes – stars: neutron – pulsars: general. 

1

M  

t  

1  

f  

a  

i  

s  

c  

(  

a  

�

(

N  

d  

6  

2  

w
 

c  

c  

e  

C  

2  

a  

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/537/3/2462/8005404 by uw
cdentistry user on 26 M

ay 2025
 I N T RO D U C T I O N  

illisecond pulsars (MSPs) are recycled neutron stars (NSs) that are
ypically found in binary systems (Bhattacharya & van den Heuvel
991 ). The timing of periodic radio pulses emitted from MSPs allows
or precise measurements of the properties of the pulsars themselves
nd provides an opportunity for stringent tests of fundamental physics
ncluding searching for gravitational waves (Foster, Backer & Wol-
zczan 1990 ), testing theories of gravity (Kramer et al. 2021a ), and
onstraining the NS equation of state through mass measurements
Cromartie et al. 2020 ). Through the detection of the Shapiro delay,
 precise mass of the binary companion can be measured, and the
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S mass inferred (Shapiro 1964 ). To date, the detection of Shapiro
elay signatures have led to significant mass measurements in about
0 binary NS systems, ranging from M p ∼ 1 . 2 M � ( ̈Ozel & Freire
016 ) to the current most massive known NS, PSR J0740 + 6620,
ith M p = 2 . 08(7) M � (Fonseca et al. 2021 ). 
The measurements of the masses or radii of MSPs can strongly

onstrain the NS matter equation of state and, thus, the interior
omposition of NSs (e.g. Lattimer & Prakash 2004 , 2007 ; Choudhury
t al. 2024 ). Using X-ray data from NASA’s Neutron Star Interior
omposition ExploreR (NICER) instrument (Raaijmakers et al.
021 ), onboard the International Space Station, astronomers have
lso determined the radii of PSRs J0740 + 6620 and J0437 −4715 to
e 13 . 7 + 2 . 6 

−1 . 5 km and 11 . 36 + 0 . 95 
−0 . 63 km, respectively (Miller et al. 2021 ;

houdhury et al. 2024 ). As constraints on the combination of mass
nd radius for more pulsars impro v e (e.g. Reardon et al. 2024 ), so
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oo will our detailed understanding of the NS’s equations of state and
ts interior composition. 

Finding pulsars with very high masses have the additional benefit 
hat it allows for the exploration of matter on the verge of imploding
o a black hole (Riley et al. 2021 ), ultimately probing the fundamental
ivide between NSs and black holes. A recent study using the 
eerKAT telescope has identified a pulsar in a binary with another 
assive compact object. The mass of this companion lies within the 

ange (previously considered a mass gap) between NSs and black 
oles; it remains uncertain whether the object is a NS or black hole
Barr et al. 2024 ). Such disco v eries moti v ates continued analysis of
S masses via MSP binaries. 
The sensitivity of a Shapiro delay detection and the resulting 

recision of a pulsar’s mass measurement depends on how precisely 
he MSP can be timed, and the magnitude of the delay signature,
hich is larger for binary systems viewed edge-on and with massive 

ompanions. Mass measurements are further enabled by the measure- 
ent of additional post-Keplerian parameters, such as the relativistic 

rbital precession (e.g. Serylak et al. 2022 ). Until recently, this meant
hat only the brightest MSPs with fa v ourable alignments, or highly
elativistic systems, lead to NS mass estimates via Shapiro delay 
easurements. With the increased timing sensitivity of the MeerKAT 

elescope (Parthasarathy et al. 2021 ; Spiewak et al. 2022 ), we now
ave the opportunity to turn to fainter or less studied MSPs in binary
ystems and attempt to constrain these NS masses. The MeerTime 
Bailes et al. 2020 ) relativistic binary timing programme (Kramer 
t al. 2021b ) uses the MeerKAT radio telescope in the Northern
ape province of South Africa with the aim to target many such

ystems. 
In this work, we report on a search for Shapiro delay signatures

n five MSPs observed as part of the MeerTime relativistic binary 
rogramme. The systems studied are all ideal MeerKAT targets in the 
outhern Sky, with declinations δ < −7 de g. F or all fiv e pulsars, we
escribe their updated timing model parameters and noise properties. 
In Section 2 , we describe our observations from MeerKAT and 

ummarize the data reduction pipeline. Section 3 describes the 
oise and timing model analysis using TEMPO2 and TEMPONEST , 
nd Section 4 presents the results of this analysis. In Section 5 , the
esults are discussed and compared with previous analyses, and the 
anuscript is concluded in Section 6 . 

 OBSERVATIONS  

or this work, we used MeerKAT data at L -band (856–1712 MHz)
nd UHF (544–1088 MHz) frequencies, obtained as part of the 
eerTime Large Surv e y Project (LSP). 
This includes data from the relativistic binary subtheme within 
eerTime. The relativistic binary subtheme targets pulsars which 

ased on their known timing properties are candidate systems for new 

S mass measurements via relati vistic ef fects, or having NS masses
lready established are likely to provide estimates of post-Keplerian 
arameters through additional monitoring (for details, see Kramer 
t al. 2021b ). These targets are typically observed by conducting 
rbital campaigns of these sources at both L band and UHF. Another
eerTime sub-theme, the MeerKAT Pulsar Timing Array (MPTA; 
iles et al. 2023 ) programme, regularly conducts shorter timing 

bservations of MSPs at L band with the aim of searching for
anohertz-frequency gravitational w aves (Spiew ak et al. 2022 ; Miles
t al. 2023 ). Here, we utilize observations collected by both of these
ulsar programmes. 
MPTA observations have typical observing durations of 256 s 

PSRs J0900 −3144, J1216 −6410, and J1543 −5149), with some 
eaker pulsars observed for longer, to achieve ∼ 1 μs timing pre-
ision (i.e. observations of PSR J1327 −0755 are typically 570 s).
bservations of PSR J0921 −5202 ranged from 256 s to 2045 s
wing to a combination of MPTA observations and longer observing 
ampaigns. For PSR J1543 −5149, we include observations at UHF 

requencies that were obtained as part of a dedicated observing 
ampaign following our initial detection of a potential Shapiro delay 
ignature. These data were taken as part of the MeerTime relativistic
inary timing programme. In particular, a set of 18 UHF observations
ere scheduled, with a 2 h observation coincident with the superior

onjunction of the binary orbit, and two 1 h observations either side of
he superior conjunction, to maximize our sensitivity to the Shapiro 
elay signature. The remaining 13 UHF observations of ∼30 min 
ach were distributed across orbital phase. 

The MeerKAT observations for each pulsar are summarized in 
able 1 . MeerKAT baselines for four out of the five pulsars span

ust o v er 4 yr. One of the sources in this work, PSR J0921 −5202,
o we ver, is no longer regularly monitored as part of the MPTA.
bserving ceased because it produced poor timing precision and 

s therefore unlikely to contribute to the sensitivity of the MPTA
o nanohertz-frequency gravitational waves. Only eight observations 
ave been conducted for this pulsar with MeerKAT, which does not
ro vide enough de grees of freedom to fit for the full timing model. We
herefore also include published observations from the Murriyang, 
he 64-m radio telescope in Parkes, Australia, described by Lorimer 
t al. ( 2021 ). This provided an additional 22 unique observations
panning 1.5 yr (MJD 56767 to 57315) and extended the baseline of
ur analysed data set to just o v er 6 yr. 
MeerKAT data from both receivers are recorded using the Pulsar 

iming User Supplied Equipment (PTUSE) backend, which in its 
old-mode records 8 s time integrations of filterbank data folded 
sing a known pulse period and timing ephemerides, and produces 
024 phase bins across the pulse period (Bailes et al. 2020 ). The
ata are coherently dedispersed using a fiducical dispersion measure 
DM) value with a frequency resolution of 1024 channels across the
bserving band, or ∼0.8 MHz at L band and ∼0.5 MHz for UHF. 
The data are processed using the MEERPIPE 1 data reduction 

ipeline. In this pipeline, the data are summed in polarization to total
ntensity, reduced to eight ( L band) or nine (UHF) frequency channels
nd between five and nine time subintegrations, depending on the 
ulsar and observing length. Template pulse profiles were generated 
sing the PSRCHIVE (Hotan, van Straten & Manchester 2004 ) wavelet
moothing algorithm on a high signal-to-noise ratio pulse profile 
roduced from summing all of the observations. The template profile 
etained the same number of channels as the observations to allow
ach channel to be timed against an appropriate template, accounting 
or profile evolution across the observing band. The times-of-arri v al
ToAs) per frequency sub-band and per time sub-integration were 
hen computed using these templates and the Fourier-domain Monte 
arlo algorithm from PSRCHIVE . As part of the subsequent timing
nalysis we remo v ed ToAs for which the associated pulse profile had
 signal-to-noise ratio less than 10. 

 M E T H O D S  

.1 Timing and noise models 

e use standard timing and noise modelling techniques to establish 
obust timing model parameters. The ToAs are compared to timing 
MNRAS 537, 2462–2470 (2025) 
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Table 1. MeerKAT and Murriyang timing baselines and number of generated times-of-arri v al (ToAs) at L band and UHF frequencies as used in this 
work. 

Pulsar name J0900 −3144 J0921 −5202 J1216 −6410 J1327 −0755 J1543 −5149 

Telescope/backend: MeerKAT/PTUSE 

Number of ToAs at L band 1105 128 816 595 1010 
Number of ToAs at UHF 216 – 72 – 1757 
Number of observations at L band 89 30 86 70 89 
Number of observations at UHF 3 – 2 – 18 
Date range (MJD) 58595–60116 58623–59086 58557–60116 58855–60123 58595–60116 

Telescope/Backend: Murriyang/MultiBeam 

Number of ToAs at 1382 MHz – 22 – – –
Number of observations at 1382 MHz – 22 – – –
Date range (MJD) – 56767–57315 – – –
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odels that describe the spin evolution and astrometric properties
f the pulsar, the orbit if it has a binary companion and the
ine-of-sight propagation through the ionized interstellar medium
ISM). Relativistic corrections to the pulse propagation through the
urrounding curved space-time, in the case of a binary system,
an also be modelled, enabling measurements of the pulsar and
ompanion masses. Arri v al times were corrected from an observ atory
ime standard to the BIPM(2021) realization of International Atomic
ime. 2 Thereafter, arri v al times were transformed to the Solar system
arycentre using the DE440 Solar system ephemeris as obtained
rom the Jet Propulsion Laboratory (JPL; Park et al. 2021 ). For
ll pulsars, except PSR J1327 −0755 as discussed in Section 4.4 ,
e assume the default line-of-sight solar wind electron density
f n e = 4 cm 

−3 . 
The parameters describing the timing model undergo a least-

quares fit of the linearized model to the measured ToAs using
EMPO2 (Edwards, Hobbs & Manchester 2006 ). The difference
etween the observed ToAs and those predicted by the pulsar timing
odel are the timing residuals . The timing residuals contain the latent
easurement errors, pulse jitter, timing noise (e.g. Shannon & Cordes

010 ), and any unmodelled physical or instrumental processes. These
oise processes need to be modelled to enable a robust generalized
east-squares fit of the timing model parameters, which returns
eliable parameter uncertainty estimates. 

We use the ‘ELL1’ binary model appropriate for the near-circular
rbits of the pulsars in our sample (Lange et al. 2001 ). This model
gnores orbital perturbations that depend on terms with eccentricity
 e) of the order e 2 or higher. We confirm that these additional
elays, δt ell1 ∼ 0 . 5 xe 2 , for x the projected semimajor orbital axis,
re much smaller than the weighted root-mean-square timing residual
or each pulsar we studied. We also include, for all pulsars an ‘FD’
arameter that models residual frequency-dependent delays caused,
or example, by profile template errors (Zhu et al. 2015 ). 

.2 Noise modelling 

e use TEMPONEST (Lentati et al. 2014 ) to characterize the pulsar
iming model while simultaneously assessing for the presence,
nd modelling the effect of, additional stochastic noise processes.
EMPONEST can conduct a simultaneous Bayesian analysis of the

inear or non-linear deterministic pulsar timing model and additional
tochastic parameters. It uses the Bayesian inference nested sampler
NRAS 537, 2462–2470 (2025) 

 https:// webtai.bipm.org/ ftp/ pub/ tai/ ttbipm/ TTBIPM.2021 3
ULTINEST 3 to efficiently explore the noise model parameter space
Feroz, Hobson & Bridges 2009 ). We also use TEMPONEST to
ample o v er the timing model parameters of most importance for
his work, which are those describing the curved space −time,
nd the pulsar timing parallax, while analytically marginalizing
 v er other parameters using the design matrix derived from a
EMPO2 fit. 

The noise model includes known stochastic processes, such as
hite noise processes to account for pulse jitter, DM variations,

nd achromatic red noise. Within the TEMPONEST framework the
tochastic white noise processes are defined by the parameters,
FA C, EQU AD, and ECORR. The EFAC, F , parameters apply a
caling factor per observing backend to all ToA uncertainties to
ccount for errors arising from the template matching procedure
y which the ToA uncertainties were obtained. The EQUAD, Q ,
arameter is a secondary white noise parameter, which accounts for
n independent source of noise, added in quadrature to the scaled ToA
ncertainties. The modified uncertainty, σmod , depends on the original
ncertainty, σTOA , as σmod = 

√ 

( F σTOA ) 2 + Q 

2 (Lentati et al. 2014 ).
inally the ECORR parameter describes a process that is also added

n quadrature but that is fully correlated in frequency for multiband
oAs, but independent in time (NANOGrav Collaboration 2015 ). It

herefore captures, for e xample, frequenc y-dependent profile errors
eighted by flux-density variations from scintillation, pulse jitter, or
ropagation effects within a given observing epoch. 
Slo w v arying changes in (observing frequency-dependent) DM

alues are modeled by a long-term time correlated noise process,
ith its power spectral density (PSD) described by a power law,

nd a Fourier basis for which the number of Fourier frequency
omponents are modelled to a maximum frequency of 1/30 d −1 ,
r roughly twice our observing cadence. An additional red noise
rocess, with a similar PSD, is also modelled to account for either
pin irregularities in the pulsars, or for contributions from the puta-
ive stochastic gra vitational-wa ve background (Agazie et al. 2023 ;
PTA Collaboration 2023 ; Reardon et al. 2023a ; Xu et al. 2023 ).
hese power-law PSDs are described by the parameters DMAmp,
MSlope, RNAmp, and RNSlope in TEMPONEST, respectively. 
In our analysis, we include all noise model parameters for all

ulsars. We quantify the data-driven Bayesian support for each of
hese processes via the Savage-Dickey (SD) density ratio, which
ives an estimate of the Bayes factor (BF, or B) for each process
see Arzoumanian et al. 2018b ). This Bayes factor is calculated by
 http:// ccpforge.cse.rl.ac.uk/ gf/ project/ multinest/ 

https://webtai.bipm.org/ftp/pub/tai/ttbipm/TTBIPM.2021
http://ccpforge.cse.rl.ac.uk/gf/project/multinest/
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omparing the posterior support for a noise process in the weak signal
egime to the prior density. 

.3 Searching for Shapiro delays 

he Shapiro delay (Shapiro 1964 ) is the retardation of the pulse
rri v al times from a pulsar when pulses propagate through the
ompressed space-time associated with a binary companion. The 
hapiro delay varies o v er binary orbital phase, with the largest delay
bserved during superior conjunction when the pulsar is directly 
ehind its companion. The Shapiro delay can be characterized by 
wo parameters, the range, 

 = T � M c (1) 

nd shape 

 = sin i, (2) 

here M c is the mass of the companion, i the inclination of the orbit
n the sky, and T � = G M �/c 3 = 4 . 925490947 μs is the mass of the
un in units of time. 
These Shapiro delay quantities can alternatively be expressed in 

erms of pair of orthometric parameters (Freire & Wex 2010 ), namely
he harmonic amplitude ( h 3 ) 

 3 = T � M c ς 
3 , (3) 

nd ratio ( ς ) 

 = 

sin i 

1 + | cos i | . (4) 

t is particularly advantageous to search for Shapiro delay signatures 
n approximately circular binaries using this less covariant param- 
terization. For each pulsar analysed here we have low values of
ccentricity and therefore search for Shapiro delays by sampling the 
rthometric parameters in TEMPONEST , simultaneously with the noise 
odel. Once obtained from Bayesian inference, the Shapiro delay 

arameters ( h 3 , ς ) are used to estimate the mass of the companion
 M c ) and the orbital inclination ( i) from equations ( 3 ) and ( 4 ), while
he pulsar mass is derived using the mass function, 

( M c sin i) 3 

( M p + M c ) 2 
= 

4 π2 x 3 p 

T � P 

2 
b 

, (5) 

ith P b and x p the orbital period and the projected semimajor axis,
espectively, and T � = 

GM �
c 3 

= 4 . 925490947 μs. 

 RESULTS  

e discuss the characteristics and analysis for each MSP inde- 
endently, reporting updated timing parameters and properties of 
he preferred noise models for each. For all pulsars (except PSR
0921 −5202 for which we have very little data), we e v aluated
vidence for white noise, red noise, and DM noise processes as
iscussed in Section 3.2 . We include white noise parameters for all
tudied systems, and DM and Red-noise parameters where we find 
uf ficient e vidence for them as assessed using Savage-Dickey density 
atios. We also searched for parallax and Shapiro delay parameters, 
 3 and ς for all pulsars. A summary of the obtained timing parameters

s presented in Table 2 . 

.1 PSR J0900 −3144 

SR J0900 −3144 was disco v ered in the Parkes high-latitude pulsar
urv e y (Burgay et al. 2006 ). It continues to be regularly monitored
y the European Pulsar Timing Array (EPTA) programme. A 

revious timing analysis of this pulsar was conducted using 7 yr
f observations from the EPTA (Desvignes et al. 2016 ). The pulsar is
lso observed by the Parkes Pulsar Timing Array and a noise analysis
as been conducted (Reardon et al. 2023b ). 

Using 2 yr and 9 months of observations from MeerKAT, we detect
ignificant DM variations, DM( t) and also find strong evidence for
ed noise as shown in the top left panel in Fig. 1 . During an initial
nspection of the timing residuals using a timing model that was
tted to the first ∼2 yr of data without accounting for red noise,
e identified structure in the residuals that resembles a weak pulsar
litch occurring near the beginning of 2023. Although rare, glitches 
ave been observed in MSPs (McKee et al. 2016 ; Cognard & Backer
004 ). Using TEMPONEST , we searched for glitch parameters in this
ulsar, but found no significant evidence compared with a model 
f just red noise. We find an insignificant Bayes Factor ( ln B = 1 . 1,
nferred by comparing the evidences computed with nested sampling) 
or the model with both red noise and a glitch relative to a model
f only red noise. The inferred glitch amplitude, corresponding to a
hange in spin frequency, is (1 . 5 ± 0 . 7) × 10 −10 Hz. Using our data,
e therefore conclude that the appearance of glitch-like residuals 
ay be due to stochasticity in the red noise and that additional data

s required to confirm or refute a glitch. 
We find only weak evidence for correlated noise (ECORR) in the

 -band observing system, with a Savage-Dickey density ratio of SD
 1.3, but no evidence for correlated noise at UHF (SD = 0.69).
ur best-fitting timing residuals, after subtracting the characterized 
oise processes, are plotted in the top right panel of Fig. 1 . 
When we searched for a Shapiro delay we were able to constrain

 3 , as reported in Table 2 , but unable to constrain ς . We are therefore
either able to constrain the pulsar mass or orbital inclination for
SR J0900 −3144. We report a marginal detection of timing parallax
f � = 0 . 47 + 1 . 04 

−0 . 41 mas. 
We measure a proper motion of μα = −1 . 2(5) mas yr −1 in right

scension and μδ = 1 . 8(5) mas yr −1 in declination. In Desvignes
t al. ( 2016 ), the authors present proper motions of μα = −1 . 01(5)
as yr −1 and μδ = 2 . 02(7) mas yr −1 . These measurements are

onsistent with ours, ho we ver the earlier measurements of Desvignes
t al. ( 2016 ) are much more precise given their longer data span of
lmost 7 yr. Our astrometry is also consistent with Shamohammadi 
t al. ( 2024 ) which presented astrometry from a nearly identical
eerKAT data set for this pulsar. 

.2 PSR J0921 −5202 

his target was first disco v ered in archi v al data from the Parkes
ultibeam Pulsar Surv e y (PMPS; Mickaliger et al. 2012 ). A timing

nalysis spanning approximately 3 yr followed using Murriyang 
Lorimer et al. 2021 ). From this analysis the authors placed an upper
imit on the total proper motion for PSR J0921 −5202 of < 216 mas
r −1 . In our analysis, we use the available MeerKAT L -band data
taken between 2019 May 20 and 2020 August 24), to which we
dd ∼ 1 . 5 yr historic Murriyang data. We account for the constant
iming offsets between these data sets by including an additional 
ump parameter in TEMPO2 . We find no evidence for DM, red or
orrelated white noise in our data set, and therefore only include the
hite noise parameters EFA C and EQU AD in our analysis. We also
o not find any evidence for parallax. We measure proper motions
or this pulsar for the first time, finding μα cos δ = −5 . 2(1 . 8) mas
r −1 in right ascension and μδ = 8 . 8(1 . 7) mas yr −1 in declination,
hich provides a total proper motion of μT = 10 . 22(18) mas yr −1 . 
MNRAS 537, 2462–2470 (2025) 
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Table 2. Timing parameters for our pulsar sample. We assume the DE440 solar system ephemeris and the BIPM2021 time standard for all pulsars. 
Symmetric errors are presented in parentheses and apply to the last quoted decimal place, whereas asymmetrical errors as obtained from Bayesian posterior 
analysis or Monte Carlo simulation are explicitly stated. All uncertainties represent 1 σ , 68 per cent confidence interval. The transverse velocities † are 
derived using our measured pulsar distance, where available, or with a distance estimate (with 20 per cent error bar) from a Galactic electron density model 
(Yao, Manchester & Wang 2017 ) otherwise. 

Pulsar J0900 −3144 J0921 −5202 J1216 −6410 J1327 −0755 J1543 −5149 

Observation and reduction parameters 

Solar system ephemeris DE440 DE440 DE440 DE440 DE440 

Time standard TT(BIPM2021) TT(BIPM2021) TT(BIPM2021) TT(BIPM2021) TT(BIPM2021) 

Reference epoch (MJD) 59157 57926 59143 59292 59163 

Solar wind electron density, n e (cm 

−3 ) 4 4 4 6.7(6) 4 

Spin and astrometric parameters 

Period and position epoch 59157 57926 59143 59292 59163 

Right ascension, α (J2000, h:m:s) 09:00:43.95221(5) 09:21:59.8780(6) 12:16:07.321166(14) 13:27:57.58064(9) 15:43:44.145260(10) 

Declination, δ (J2000, d:m:s) −31:44:30.8723(7) −52:02:38.448(5) −64:10:09.16646(10) −07:55:29.912(4) −51:49:54.71366(16) 

Proper motion in α, μα (mas yr −1 ) −1.2(5) −5.2(18) −7.87(8) −2.5(1.2) −3.96(8) 

Proper motion in δ, μδ (mas yr −1 ) 1.8(5) 8.8(18) 2.57(8) 8(3) −2.36(13) 

Parallax, � (mas) 0 . 47 + 1 . 04 
−0 . 41 – 1.14 + 0 . 46 

−0 . 44 0.66(22) 0 . 36 + 0 . 28 
−0 . 19 

Spin frequency, ν (Hz) 90.011841777132(10) 103.30777266468(4) 282.535701428469(7) 373.423698381884(5) 486.154230881221(9) 

Spin-down rate, ̇ν (10 −16 Hz s −1 ) −3.954(6) −1.928(7) −1.276(4) −2.519(3) −3.8205(5) 

Dispersion measure, DM (cm 

−3 pc) 75.6866(3) 122.711(3) 47.39301(15) 27.9084(5) 50.98325(12) 

Binary model parameters 

Model name ELL1H ELL1 ELL1H ELL1H ELL1H 

Orbital period, P b (days) 18.7376360567(17) 38.22367666(11) 4.03672725263(11) 8.4390861450(5) 8.0607731359(5) 

Projected semi-major axis, x p (lt-s) 17.24880847(18) 19.053379(6) 2.93709185(6) 6.64577327(13) 6.48028675(8) 

Epoch of ascending node T asc 52678.6302890(7) 56769.836938(4) 53055.36126059(16) 54717.3832595(3) 54929.0678258(3) 

First Laplace-Lagrange parameter, ε1 9.86(3) ×10 −6 −8 . 9(8) × 10 −6 1.6(4) ×10 −7 −7 . 6(36) × 10 −8 2.047(3) ×10 −5 

Second Laplace-Lagrange parameter, ε2 3.50(3) ×10 −6 1.11(8) ×10 −5 −5 . 61(4) × 10 −6 −4 . 6(36) × 10 −8 6.010(20) ×10 −6 

Noise parameters 

DM noise amplitude ( log 10 A DM ) −10 . 857 + 0 . 069 
−0 . 067 – −11 . 247 + 0 . 085 

−0 . 076 −11 . 78 + 0 . 36 
−0 . 60 −11 . 54 + 0 . 40 

−0 . 20 

DM noise spectral index 1.65 + 0 . 20 
−0 . 27 – 3.10 + 0 . 40 

−0 . 39 3.1 + 1 . 9 −1 . 2 2.42 + 0 . 59 
−1 . 95 

Red noise amplitude ( log 10 A Red ) −12 . 143 + 0 . 062 
−0 . 109 – −12 . 87 + 0 . 11 

−0 . 17 – −13 . 34 + 0 . 58 
−0 . 89 

Red noise spectral index 2.58 + 0 . 42 
−0 . 49 – 3.87(86) – 4.01 + 1 . 20 

−1 . 69 

Weighted timing residual, w rms ( μs) 7.768 23.7 1.805 1.507 2.304 

Weighted residuals noise-subtracted w rms ( μs) 1.960 – 0.774 1.421 1.685 

Shapiro delay, mass and inclination measurements 

Orthometric amplitude, h 3 (10 −7 s) 4.6 + 1 . 6 −1 . 5 – 0 . 71 + 0 . 36 
−0 . 39 0 . 97 + 0 . 91 

−0 . 65 10 . 4 + 0 . 19 
−0 . 26 

Orthometric ratio, ς – – – – 0 . 9814 + 0 . 0011 
−0 . 0015 

Orbital inclination, i ( deg ) – – – – 88 . 925 + 0 . 061 
−0 . 085 

Companion mass, M c (M �) – – – – 0 . 2233 + 0 . 0045 
−0 . 0065 

Pulsar mass, M p (M �) – – – – 1 . 349 + 0 . 043 
−0 . 061 

Derived parameters 

Total proper motion, μT (mas yr −1 ) 2.2(5) 10.22(18) 8.28(8) 8(3) 4.61(14) 

Spin period, P 0 (ms) 11.109649355648(1) 9.679813766248(4) 3.53937571409245(90) 2.67792323929411(4) 2.05696039750053(4) 

Spin period deri v ati ve, Ṗ (10 −20 s s −1 ) 4.880(8) 1.807(7) 0.1598(5) 0.1806(3) 0.16165(2) 

Distance estimate (1/ � , kpc) – – 0 . 88 + 0 . 55 
−0 . 23 1 . 5 + 0 . 8 −0 . 4 2 . 8 + 3 . 1 −1 . 6 

Dispersion distance (kpc) 0.38 0.36 1.10 < 25 1.15 

Transv erse v elocity † ( v ⊥ , km s −1 ) 4 17 34 + 22 
−9 57 + 30 

−15 61 + 68 
−35 
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.3 PSR J1216 −6410 

his pulsar was first disco v ered during the PMPS (Lorimer et al.
006 ). It has the tightest orbit of our analysed sample, with an
rbital period of 4.04 d. As part of the PMPS, PSR J1216 −6410
as observed for 2.1 yr. With 3.2 yr of total observing time using the
eerKAT L band, we measure a proper motion of μα = −7 . 87(8)
as yr −1 in right ascension and μδ = 2 . 57(8) mas yr −1 in declination,
hich provides a total proper motion of μT = 8 . 28(8) mas yr −1 . We

urthermore obtain a parallax measurement of � = 1 . 14 + 0 . 46 
−0 . 44 mas,

hich translates to a distance estimate of 0 . 88 + 0 . 55 
−0 . 23 kpc, when using
NRAS 537, 2462–2470 (2025) 
 /� as the conversion. These are consistent with the astrometry
resented in Shamohammadi et al. ( 2024 ). 
We find clear evidence for both a DM noise process and a red

oise process in our data set, but no evidence for jitter noise (all
CORR parameters have SD ratios below 0.7). We note that the
aximum likelihood time-domain realizations of the DM and red

oise processes in Fig. 1 are anticorrelated. This can arise because
f other unmodelled chromatic red processes, such as scattering
ariations (Lentati et al. 2016 ). However, since our noise model
hitens the timing residuals sufficiently to provide accurate timing
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Figure 1. Left column: Variations in DM values (in pc cm 

−3 , in blue) and timing residuals due to red noise (in s, in red) across observing days, for the pulsars 
in our sample for which we found evidence for DM and/or red noise. The plotted noise model for PSR J1543-5149 does not include red noise since it is poorly 
constrained with only modest support (see Table 2 ). Right column: Noise subtracted residuals (in μs) for our data sets. Each marker is coloured according to the 
frequency bin (which is denoted by the colour bar) it belongs to. The observations of PSR J1543-5149 (bottom row) include both L and UHF bands. 
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odel measurements, we defer a detailed examination of the noise 
rocesses in this pulsar to future work. 
We are able to constrain the amplitude of h 3 , as indicated in Table 2 ,

ut not ς . 

.4 PSR J1327 −0755 

SR J1327 −0755 was disco v ered as part of a drift scan undertaken
y the Green Bank Telescope (GBT) at 350 MHz while immobi- 
ized during track refurbishments (Boyles et al. 2013 ). Using 70 
bservations, and o v er 3.5 yr of observation at MeerKAT L band,
e detect a parallax of � = 0 . 66 ± 0 . 22 mas. This measurement
eviates from the weak detection ( � = 0 . 13 + 0 . 17 

−0 . 09 mas) presented
n Shamohammadi et al. ( 2024 ), but is more consistent with the
M distance estimate from the NE2001 Galactic electron density 
odel which predicts, D = 1 . 73 kpc (Cordes & Lazio 2002 ), while

Yao et al. 2017 ) places the pulsar much more distant D = 25 kpc.
he discrepancy between our measurement and Shamohammadi 
t al. ( 2024 ), likely stems from our longer time span (3.5 yr
ompared to their 2.4 yr), allowing us to obtain a more accurate
 estimate. 
We measure a proper motion of μα = −2 . 5(1 . 2) mas yr −1 in right

scension and μδ = 7 . 5(2 . 9) mas yr −1 in declination, consistent with
he measurements reported in Shamohammadi et al. ( 2024 ). We 
earched for a Shapiro delay, and constrained only h 3 very weakly. 

We find moderate evidence for DM variations as captured in the 
M noise parameters in Table 2 , with a SD density ratio of 6.7 and
nd no evidence for a red noise process (SD density of 0.7). 
This pulsar has a low ecliptic latitude (1.2 deg) and is therefore
ore sensitive to variations in the solar wind than the other pulsars in

ur sample. For this reason, we fit for the mean solar wind electron
ensity at a distance of 1 au, and find n e = 6 . 7 ± 0 . 6 cm 

−3 . This mean
ensity is used to compute the dispersive time delays due to the solar
ind at each observing epoch, assuming a spherically symmetric n e 
istribution (Edwards et al. 2006 ). 

.5 PSR J1543 −5149 

SR J1543 −5149 was disco v ered as part of the High Time Resolu-
ion Univ erse (HTRU) surv e y for pulsars and fast transients carried
ut from 2008 with Murriyang (Keith et al. 2011 ). 
The pulsar, with its spin period of 2.06 ms, is the fastest spinning

ulsar in our data set. It has an orbital period of 8.06 d and was first
etected with an S/N of 16 in a Murriyang observ ation of fset 0.08 ◦

rom the nominal pulsar position. It is in a binary system with a white
warf companion that has a minimum companion mass of 0.22 M �,
aking it a low-mass pulsar binary (Keith et al. 2011 ). 
MeerKAT observed PSR J1543 −5149 for 6.4 h in the L band, as

ell as 1.3 h in UHF. We detected significant DM variations as shown
n the bottom panel of Fig. 1 , but no correlated noise (ECORR) in
ither the L band or UHF band observing systems. We find modest
vidence for red noise, with an estimated SD ratio of 2.3. We find no
ignificant parallax for this pulsar. 

We detect a Shapiro delay signature for PSR J1543 −5149, 
ith measured values h 3 = 1 . 04 + 0 . 19 

−0 . 25 μs and ς = 0 . 9814 + 0 . 0011 
−0 . 0015 . This

llows us to constrain the mass of the pulsar to M p = 1 . 349 + 0 . 043 
−0 . 061 M �,
MNRAS 537, 2462–2470 (2025) 
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Figure 2. Posterior distributions for a subset of timing parameters of PSR J1543 −5149. Here, we show parallax (PX) as well as mass of the companion ( M c ) 
and pulsar ( M p ) and the inclination angle of the binary. Note that the sense of the inclination angle is not established; therefore, 180 ◦ − i is an equally likely 
estimate to the value of i presented here. 
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he companion mass to M c = 0 . 2233 + 0 . 0011 
−0 . 0015 M �, and the orbital

nclination angle to i = 88 . 925 + 0 . 061 
−0 . 085 deg. It is because of this near

dge-on orbital orientation that we are able to clearly distinguish
he Shapiro delay signature for this pulsar. The posterior probability
istributions of h 3 and ς , as well as M c , M p , and i that are derived
rom h 3 and ς , are plotted in Fig. 2 . 

We measure a proper motion of μα = 3 . 85 ± 0 . 12 mas yr −1 in
ight ascension and μδ = −2 . 86 ± 0 . 18 mas yr −1 in declination. Our
easurement of μα is in modest ( ≈ 1 σ ) disagreement with the value

resented in Shamohammadi et al. ( 2024 ), likely because of different
oise models. We also find evidence for a parallax measurement,
btaining � = 0 . 36 + 0 . 28 

−0 . 19 mas, as presented in Fig. 2 , and consistent
ith Shamohammadi et al. ( 2024 ). This mildly constrained value

eads to a distance estimate of PSR J1543 −5149 of 2 . 8 + 3 . 1 
−1 . 6 kpc,

hen using 1 /� . All additional measured timing model parameters
ncluding proper motion are shown in Table 2 . 

 DISCUSSION  

.1 The low mass of PSR J1543 −5149 

ur inferred mass of M p = 1 . 349 + 0 . 043 
−0 . 061 is unusually low for a

ecycled MSP. There are only five known MSPs with mass mea-
NRAS 537, 2462–2470 (2025) 
urements constrained to be below M p = 1 . 4 M � with at least 1 σ
ignificance. The other MSPs (defined as ν > 100 Hz) with such
asses are PSRs J0514 −4002A, J1807 −2500B, J1918 −0642, and

2234 + 0611 (Lynch et al. 2012 ; Arzoumanian et al. 2018a ;
idolfi et al. 2019 ; Stovall et al. 2019 ). These pulsars are mostly

n eccentric orbits (PSR J2234 + 0611) or in orbits formed through
xchange encounters in a globular cluster (PSRs J0514 −4002A and
1807 −2500B) and as such their masses can depend on a complex
volutionary history. PSRs J1918 −0642 and J1543 −5149 stand out
mong these low-mass MSPs, as they are in standard highly circular
rbits with a Helium white-dwarf companion and are likely to have
ormed through the most common MSP evolution channel. PSR
1918 −0642, while centred a lower mass value of M p = 1 . 29 + 0 . 10 

−0 . 09 

as a less precise measurement than our measurement for PSR
1543 −5149. We estimate the accreted mass during this MSP evo-
ution to be 
M ∼ 0 . 1 M � from equation (14) of Tauris, Langer &
ramer ( 2012 ), suggesting a birth NS mass of M p ∼ 1 . 25 M �. 

.2 Pulsar and companions mass estimates 

or each pulsar with a weak detection of Shapiro delay (significant
 3 only), PSRs J0900 −3144, J1216 −6410, and J1327 −0755, we
se the numerical model prescribed in Shamohammadi et al. ( 2023 )
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Table 3. Constraints (central 68 per cent confidence interval) on the compan- 
ion star masses and inclination angles, assuming a pulsar masses of 1.2 M �
and 2.0 M �. For each system, the value of inclination angle presents an 
equally probable alternative solution of 180 ◦ − i. 

Pulsar M p (M �) M c (M �) cos i i ◦

J0900 −3144 1.2 0.38–0.81 0.48–0.87 29–62 
2.0 0.55–1.13 0.54–0.88 28–58 

J1216 −6410 1.2 0.19–0.37 0.66–0.90 25–49 
2.0 0.29–0.54 0.72–0.91 24–44 

J1327 −0755 1.2 0.27–0.59 0.63–0.91 24–51 
2.0 0.40–0.85 0.69–0.92 23–47 
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Figure 3. Change of uncertainties in sin i (top panel), M c (middle panel), and 
M p (bottom panel) as a function of cos i for PSRs J0900 −3144, J1216 −6410, 
and J1327 −0755. 
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o predict how the uncertainty of the pulsar mass may impro v e with
urther observations. 

For each pulsar, we use our measured binary mass function and 
ssume that the inclination angle is i = 60 ◦, which is the median for a
niform distribution. The pulsar masses, which heavily depend on the 
nclination angle, are poorly constrained in this scenario. Continued 

onitoring of these pulsars is therefore unlikely to constrain the 
ractional uncertainty to less than one-third. 

Using the χ2 analysis in Shamohammadi et al. ( 2023 , section 4.1),
e set M p = 1 . 2 M � for PSRs J0900 −3144, J1216 −6410, and

1327 −0755 to find the 16 per cent, 50 per cent, and 84 per cent
ercentiles of cos i, which are used to constrain the companion 
ass and the orbital inclination angle for each of these systems.
e repeated the analysis for M p equal to 2.0 M �. The results are

hown in Table 3 . 
Based on the companion mass ranges obtained, we note the com- 

anion mass for PSR J0900 −3144, M c > 0 . 38 M � for all sampled
alues of pulsar mass, and at the lowest end of the pulsar mass range,
.e. at M p = 1 . 2 M �, the obtained mean value M c = 0 . 60 M �. This
ean value is larger than the typical mass associated with a He white-

warf (WD) companion. We conclude that PSR J0900 −3144 likely 
nstead has a CO-WD companion (Tauris & Sa v onije 1999 ). In the
ase of PSR J1216 −6410, we find that for the lowest pulsar mass, the
ssociated M c = 0 . 28 M �, typical of a He-WD companion. Even for
 massive pulsar ( M p = 2.0 M �), we have M c = 0 . 42M � � 0 . 5M �,
he rough boundary mass abo v e which instead a CO-WD is expected
o form (Tauris & Sa v onije 1999 ). PSR J1216 −6410 therefore likely
as a He-WD companion. It is not possible to make a statement about
he likely nature of the companion of PSR J1327 −0755 since the M c 

ass ranges associated with a light or heavy pulsar mass easily co v ers
oth He-WD and CO-WD solutions, and the mean values obtained 
or each simulated M p lies close to the divide between He-WD and
O-WD masses. 
Fig. 3 indicates that the these binary MSPs are required to have

os i ≤ 0 . 04 to satisfy the condition of σM p ≤ 0 . 1 M �. Ho we ver, the
anges of cos i obtained from the χ2 analysis show that all of these

SPs have cos i greater than 0.16. This shows that more observations
f these systems will probably not impro v e the uncertainty of the
ulsar mass. 

 C O N C L U S I O N  

e have updated the timing models for five MSPs using precision 
iming observations from the MeerKAT radio telescope. We account 
or noise processes in the timing residuals including pulse jitter, 
chromatic noise due to spin irregularities in the pulsars or gravita- 
ional waves, and DM variations in the ionized interstellar medium. 
or PSR J0900 −3144, we identified a potential pulsar glitch at the
eginning of 2023, but found no significant Bayesian evidence from 
ur data supporting a glitch relative to a model of only red noise. We
onclude that further observations are required to determine whether 
 glitch has occurred. 

For PSR J0921 −5202, we presented the first measurement of 
roper motion by combining the MeerKAT observations with earlier 
bservations from Murriyang to increase the timing baseline. For 
ll pulsars we use the proper motion measurements to derive 
ransv erse v elocities (Table 2 ), using our derived distances from
arallax measurements for PSRs J1216 −6410, J1327 −0755, and 
1543 −5149. We searched for a Shapiro delay in all of the pulsars
nd report weak detections for PSRs J0900 −3144, J1216 −6410, 
nd J1327 −0755. We were unable to derive useful constraints on
he pulsar mass from these measurements; ho we ver, we discuss
he likely ranges for the companion masses under assumed pulsar 

ass values. The companion of PSR J1216 −6410 is likely a He-
D and PSR J0900 −3144 likely CO-WD. We note that for these

ystems, future observations are unlikely to produce precise pulsar 
ass measurements from the Shapiro delay alone. 
MNRAS 537, 2462–2470 (2025) 
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Finally, we presented the first detection of a clear Shapiro delay in
SR J1543 −5149 and use it to derive a precise pulsar mass, M p =
 . 349 + 0 . 043 

−0 . 061 M �. The pulsar mass is unusually low for a recycled
SP. The birth mass is estimated to have been M p ∼ 1 . 25 M �,
aking it one of the lightest NSs, and the lightest to have formed

rom the most common MSP formation channel. 
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