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A B S T R A C T 

We report new radio timing solutions from a 3-yr observing campaign conducted with the MeerKAT and Murriyang telescopes 
for nine Small Magellanic Cloud pulsars, increasing the number of characterized rotation-powered extragalactic pulsars by 

40 per cent. We can infer from our determined parameters that the pulsars are seemingly all isolated, that six are ordinary pulsars, 
and that three of the recent MeerKAT disco v eries hav e a young characteristic age of under 100 kyr and have undergone a spin-up 

glitch. Two of the sources, PSRs J0040 −7337 and J0048 −7317, are energetic young pulsars with spin-down luminosities of 
the order of 10 

36 erg s −1 . They both experienced a large glitch, with a change in frequency of about 30 μHz, and a frequency 

deri v ati ve change of order −10 

−14 Hz s −1 . These glitches, the inferred glitch rate, and the properties of these pulsars (including 

potentially high inter-glitch braking indices) suggest these neutron stars might be Vela-like repeating glitchers and should be 
closely monitored in the future. The position and energetics of PSR J0048 −7317 confirm it is powering a new pulsar wind 

nebula (PWN) detected as a radio continuum source; and similarly the association of PSR J0040 −7337 with the PWN of 
supernova remnant (SNR) DEM S5 (for which we present a new Chandra image) is strengthened. Finally, PSR J0040 −7335 is 
also contained within the same SNR but is a chance superposition. It has also been seen to glitch with a change of frequency of 
10 

−2 μHz. This work more than doubles the characterized population of SMC radio pulsars. 

Key words: stars: neutron – pulsars: general – pulsars: individual: PSR J0040 −7326, PSR J0040 −7335, PSR J0040 −7337, 
PSR J0043 −7319, PSR J0044 −7314, PSR J0048 −7317, PSR J0051 −7204, PSR J0054 −7228, PSR J0105 −7208 – ISM: super- 
nova remnants – galaxies: individual: Small Magellanic Cloud – Magellanic Clouds. 
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 I N T RO D U C T I O N  

he Small and Large Magellanic Clouds (SMC and LMC) are the 
nly galaxies outside our own in which radio pulsars have been 
isco v ered to date. The y are nearby galaxies that are unobstructed
y the Milky Way’s (MW) Galactic plane. Indeed, the SMC is
ust 60 kpc away (Karachentsev et al. 2004 ), and the expected MW
ispersion measure (DM) contribution in its direction is low: about 
0 pc cm 

−3 according to the YMW2016 electron density model (Yao, 
anchester & Wang 2017 ), and 42 pc cm 

−3 according to the NE2001
 E-mail: emma.carli@outlook.com 

1

2024 The Author(s). 
ublished by Oxford University Press on behalf of Royal Astronomical Society. Th
ommons Attribution License ( https:// creativecommons.org/ licenses/ by/ 4.0/ ), whic
rovided the original work is properly cited. 
odel (Cordes & Lazio 2004 ). Of the nearly 3400 radio pulsars that
ave been discovered, only 38 are extragalactic. 
14 are in the SMC, disco v ered by McConnell et al. ( 1991 ) (one

ulsar), Crawford et al. ( 2001 ) (one), Manchester et al. ( 2006 ) (three),
itus et al. ( 2019 ) (two), and Carli et al. ( 2024 ) (seven). Their median
M is approximately 110 pc cm 

−3 . 
TRAPUM (TRAnsients and PUlsars with MeerKAT) is a Large 

urv e y Project of the MeerKAT telescope ( trapum.org , Stappers &
ramer 2016 ). The collaboration has already disco v ered o v er 200
ulsars 1 in the MW (e.g. Ridolfi et al. 2022 ; Clark et al. 2023 ;
 http:// trapum.org/ disco v eries/
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admanabh et al. 2023 ). In Carli et al. ( 2024 ) (Paper I of this series),
RAPUM reported the disco v ery of sev en new radio pulsars in the
MC. One of TRAPUM’s science goals is to characterize these
xtragalactic pulsars to better understand their population. The SMC
as undergone recent episodes of star formation (Harris & Zaritsky
004 ), which should allow the detection of a higher proportion of
hort-lived and young objects than in the MW’s older population,
uch as pulsar wind nebulae (PWNe), and a high density of supernova
emnants (SNRs) as shown in e.g. Cotton et al. ( 2024 ) and Maggi
t al. ( 2019 ). 

Indeed, we presented the disco v ery of the first two radio pulsars in
he SMC to be associated with PWNe in Paper I: PSR J0040 −7337
n the SNR DEM S5 (Haberl et al. 2000 ; Payne et al. 2007 ; Alsaberi
t al. 2019 ) and PSR J0048 −7317 in a new PWN (Cotton et al. 2024 ).
he associations were based on preliminary positions and, in the case
f PSR J0048 −7317, an age estimate from two surv e y observations.
In addition, two young pulsars (not accretion-powered) have been

isco v ered, via their X-ray pulsations only, in the SMC: the magnetar
XOU J010043.1 −721134 by Lamb et al. 2002 (recently associated
ith a new SNR by Cotton et al. 2024 ) and the rotation-powered
ulsar J0058 −7218 by Maitra et al. ( 2021 ) (see also Carli et al.
022 ). The latter is embedded in a PWN in the SNR IKT 16 (Inoue,
oyama & Tanaka 1983 ; Mathewson et al. 1984 ; Owen et al. 2011 ;
aitra et al. 2015 ). There are no other rotation-powered pulsars

nown in the other 19 SNRs of the SMC. 
Pulsar timing is the process of measuring the evolution of a pulsar’s

otation rate o v er a period of time. It enables the position and spin
eriod deri v ati ves of the neutron star to be measured precisely, and,
ssuming a magnetic dipole model (Gold 1968 ), allows a simplified
haracterization of its age, magnetic field, and rotational energy loss
ate (see Lorimer & Kramer 2005 ). 

It also monitors variations in the pulsars’ properties, due for
xample to the effects of binary motion. The SMC hosts the only
nown extragalactic binary pulsar: 2 PSR J0045 −7319, an ordinary
ulsar with a massive main-sequence B star companion. It was
isco v ered by McConnell et al. ( 1991 ) and its binarity was revealed
fter several years of timing by Kaspi et al. ( 1994 ). 

Further, this monitoring of the spin period of pulsars enables the
etection of glitches. Most glitches are detected in young, energetic
ulsars (e.g. Basu et al. 2022 ) and consist of a sudden spin-up event.
hey might be caused by the unpinning of superfluid vortices in the
eutron star interior, although this is still debated (Anderson & Itoh
975 , see Antonopoulou, Haskell & Espinoza 2022 for a re vie w).
haracterizing and reporting these events is important for studies
f superdense matter states (e.g. Lyne, Shemar & Graham Smith
000 ; Ho et al. 2015 ; Antonopoulou et al. 2022 ). There are only
wo extragalactic pulsars that have been observed to glitch, both
n the LMC. These are PSR J0537 −6910, only detected in X-ray
ulsations in a PWN in the SNR N157B (Wang & Gotthelf 1998 ;
ang et al. 2001 ); and the ‘Crab pulsar twin’ PSR J0540 −6919 in the

WN of SNR 0540 −69.3 (Manchester, Stav ele y-Smith & K este ven
993b ; Gotthelf & Wang 2000 ; Brantseg et al. 2013 ), the only known
 xtragalactic multiwav elength pulsar (Seward, Harnden & Helfand
984 ; Middleditch & Pennypacker 1985 ; Manchester et al. 1993a ;
arshall et al. 2016 ). Recently, a possible ‘antiglitch’ – a sudden

pin-do wn e vent – has been witnessed in PSR J0540 −6919, the first
or a rotation-powered pulsar (Tuo et al. 2024 ). PSR J0537 −6910 is
ot only the fastest-spinning young pulsar known, but also the most
NRAS 533, 3957–3974 (2024) 

 There are no known extragalactic compact binaries with variations on shorter 
ime-scales (or millisecond pulsars, which are often found in such systems). 

T  

3

rolific glitching pulsar known, with frequent, large spin-ups and a
nique, strong correlation between the glitch size and the time until
he follo wing e vent (Middleditch et al. 2006 ; Antonopoulou et al.
018 ; Ferdman et al. 2018 ). Ov erall, the e xotic behaviour rev ealed by
xtragalactic pulsar timing emphasizes the importance of monitoring
oung extragalactic systems. 
In this paper, we detail the results of a 3-yr radio timing campaign

o characterize the pulsar disco v eries from the Carli et al. ( 2024 )
Paper I) and Titus et al. ( 2019 ) surveys of the SMC as part of TRA-
UM’s goal to expand the known sample of the extragalactic neutron
tar population. We describe our observations with the MeerKAT
nd Murriyang telescopes in Section 2 . The timing methods and
olutions of non-glitching pulsars are reported in Sections 3 and 4 ,
espectively. All the pulsar discoveries of Paper I which we now
etermine to be young 3 have glitched during our monitoring. We
escribe our modelling of these events and their implications in
ection 5 . The parameters derived from the radio timing solutions
nable us to interpret the pulsars’ associations which we discuss in
ection 6 . 

 OBSERVATI ONS  

e collated a data set of observations for nine SMC radio
ulsars with no timing solutions: seven pulsar discoveries from
arli et al. ( 2024 ) (PSRs J0040 −7326, J0040 −7335, J0040 −7337,

0044 −7314, J0048 −7317, J0054 −7228, and J0105 −7208) and two
rom Titus et al. ( 2019 ) (PSRs J0043 −7319 and J0051 −7204 which
ere localized in Paper I). The observations span nearly 3 yr in total.
e recorded data with the MeerKAT 64-antenna radio interferometer

n South Africa, described in Section 2.1 , and the 64-m single dish
urriyang telescope at Parkes, Australia (Section 2.2 ). We included

he surv e y data of all the new pulsars from P aper I, including the
isco v ery data. The details of these observations are reported there.
e did not use the single Murriyang disco v ery observation for

SR J0043 −7319 and PSR J0051 −7204 of Titus et al. ( 2019 ) to
eep the timing data sets to a single observatory. 

.1 MeerKAT obser v ations 

e conducted three pseudo-logarithmically spaced timing cam-
aigns with the full array of the MeerKAT telescope at L band (central
requency of 1284 MHz, Lehmensiek & Theron 2012 ). The data were
ecorded on the APSUSE on-site computing cluster (Accelerated
ulsar Searching User-Supplied Equipment, used by TRAPUM, Barr
017 ; Padmanabh 2021 ) with a bandwidth of 856 MHz split into 4096
hannels and a sampling time of 76 μs, in SIGPROC filterbank format
Lorimer 2008 ) with no coherent de-dispersion. The observations
tarted with a short separation (half a day to a day) between
bservations to ensure phase connection. The separation between
bservations then increased in a pseudo-logarithmic fashion to an
ntended total time span of about 9 months per campaign. 

We used the Filterbanking Beamformer User Supplied Equipment
FBFUSE, used by TRAPUM, Barr 2017 ; Chen et al. 2021 ; Padman-
bh 2021 ) to form several simultaneous MeerKAT closely packed
oherent beams on and around the location of each timed pulsar
ithin a pointing. We initially employed the SEEKAT multibeam

ocalization software (Bezuidenhout et al. 2023 ) to obtain a more
recise position than had been possible from the disco v ery data.
hen, we repeated the process by centring the next observation’s
 With a characteristic age under 100 ky. 
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eam tiling on the new localization. This increased the S/N of
he pulsars (reducing the integration time from 30 to 10–15 min)
nd provided a precise pre-timing position. When this precision 
as sufficient, pulsars were observed with a single beam. The 

ccurate position obtained is crucial in reducing the timing baseline 
here a covariance between the spin period derivative and position 

rror is present to about 6 to 9 months. Typically, with larger
osition errors, this covariance would not be eliminated for closer to 
 year. 

The first campaign aimed to determine a timing solution for the 
rst six Carli et al. ( 2024 ) disco v eries and the two Titus et al.
 2019 ) disco v eries. A pseudo-logarithmic cadence was adopted from
he third observation. The campaign started in 2022 February and 
nded in 2022 December with a total of 11 L -band observations
f each of two pointing positions. Pointing ‘SMCTIMING1a’ 4 

omprised the pulsars J0040 −7326, J0040 −7335, J0040 −7337, 
0044 −7314, J0048 −7317, J0043 −7319, and the bright known 
ulsar J0045 −7319 (McConnell et al. 1991 ) for testing purposes.
e used the multibeam capability of the TRAPUM backends to time 

hese pulsars simultaneously. Pointing ‘SMCTIMING1b’ recorded 
ulsars J0054 −7228 and J0051 −7204. 
As part of this campaign, a single 40-min observation of ‘SMC-

IMING1a’ and ‘SMCTIMING1b’ was completed with MeerKAT’s 
ltra High Frequency receiver (UHF, 544–1088 MHz, Lehmen- 

iek & Theron 2014 ) with a bandwidth of 544 MHz split into 4096
hannels and a sampling time of 60 μs to characterize eight pulsars
n this band. The resulting pulse profiles are shown in Section 4.2 .
he data were not used as part of the timing solution. 
The second pseudo-logarithmically spaced MeerKAT campaign 

onsisted of observations to obtain the timing solution for a later 
isco v ery, PSR J0105 −7208. It is spatially separated from the other
ulsars in this work, and thus was timed on its own, at the centre
f the ‘SMCTIMING2a’ pointing location. The campaign started 
n 2022 December and ended in 2023 January with a total of eight
bserv ations. One observ ation was af fected by lightning but could
till be used. The rest of the campaign was observed with Murriyang,
hich is described in the next section. 
The third pseudo-logarithmically spaced MeerKAT campaign was 

erformed to provide a phase-connected post-glitch timing solution 
or PSR J0040 −7335 and PSR J0040 −7337 as the y pro v ed difficult
o time with Murriyang (described in the next section). The campaign 
tarted in 2023 June and ended in 2023 August with a total of seven
bservations of one pointing position. Pointing ‘SMCGLITCHERS’ 
as aimed directly at PSR J0040 −7335 to obtain maximal gain on

his faint pulsar. Taking advantage of the multibeam capacity of 
RAPUM, we also timed all the nearby pulsars that were in the field
f ‘SMCPOINTING1a’. 

.2 Murriyang obser v ations 

e reported in Paper I that, upon discovery of a pulsar, we
ttempted to obtain detections in archi v al Murriyang data. None 
f the pulsars could be detected. This prevented the extension of our
iming solutions into the pre-disco v ery past. We also conducted our
 wn observ ations with Murriyang, using the Ultra-Wide-band Lo w 

eceiver (UWL, Hobbs et al. 2020 ), covering a frequency range from
.7 to 4 GHz. Most pulsar disco v eries of P aper I are too faint to be
etected in 1 h or less at Murriyang with the UWL. 
 These target names can be used to search the records of the SARAO web 
rchive . 

5

r

We began observing our brightest disco v ery, PSR J0048 −7317,
ith Murriyang early in the MeerKAT SMC surv e y. This was

nitially done using Director’s Time, then registered under Project 
1054 (Follow-up of pulsar discoveries from MeerKAT searches) 
rom 2021 June. PSR J0048 −7317 then became part of the P1054
roject from 2021 September until today . Initially , these (usually)
-h long observations were performed with a close cadence to obtain
 first timing solution, which revealed that the pulsar was young, then
onthly to monitor the pulsar for possible glitches and timing noise.
xtra observations were performed using Director’s Time between 
022 September and 2023 March under project code PX092 5 to 
btain a new coherent timing solution after the pulsar underwent 
 large glitch in 2022 May. Search mode (64 μs sampling, 3328
requency channels, no polarization) was initially used while there 
as no timing solution, then followed by search and fold mode

rom 2021 December to 2022 May, and in fold mode with coherent
e-dispersion (1024 pulse profile bins, 30 s sub-integrations, 3328 
requency channels, all Stokes parameters recorded) only afterwards 
hen it was deemed reliable. This amounted to a total of 37 successful
bservations with only one non-detection. 
After the first MeerKAT timing campaign determined that 

SR J0040 −7335 and PSR J0040 −7337 were young pulsars, we
egan monitoring them with Murriyang Director’s Time to reveal 
ossible glitches or timing noise. They were observed in the same
eam, under the target names ‘PWN0040-7337’ or ‘J0040-7335’, in 
earch mode (128 μs sampling, 3328 frequency channels) to be able
o fold both pulsars from the same observation. The observations 
egan in 2022 January under P1054, then were attributed the 
irector’s Time project code PX096 from 2022 December. The flux 
f the pulsars was very variable, and often too faint to be detected
n short observation times. From 2023 March to May a denser
ampaign was attempted to obtain a coherent timing solution after 
oth pulsars glitched (PSR J0040 −7335 glitched in 2022 December, 
SR J0040 −7337 glitched in 2023 February). This w as tak en o v er
t MeerKAT due to insufficient sensitivity. In total, 14 observations 
ere performed successfully until 2023 December, with integration 

imes between 20 min and 4 h. 
Finally, after a successful test in 2022 No v ember, two 1.5 h PX096

earch mode observations were conducted in 2023 March and May 
o extend the MeerKAT pseudo-logarithmically spaced campaign 
n PSR J0105 −7208. They yielded weak detections, particularly 
ffected by radio frequency interference (RFI). In 2023 August, a 
est 1.5 h fold mode observation was unsuccessful in detecting the
ulsar, again due to RFI. 
The only pulsar disco v eries of Paper I that were not observed with
urriyang are J0040 −7326 and J0044 −7314. The two Titus et al.

 2019 ) disco v eries PSR J0051 −7204 and PSR J0043 −7319 were
lso only observed with MeerKAT. These four pulsars were timed 
s part of the multibeam targets described in the previous section. A
est Murriyang observation of PSR J0054 −7228 was performed on 
021 June 7 but the pulsar was deemed too weak to observe regularly
here. 

 DATA  R E D U C T I O N  

n this section, we describe the methods employed to reduce the data
f all nine pulsars in this study. We also describe the fitting analysis
erformed to determine the spin and astrometric parameters of the 
MNRAS 533, 3957–3974 (2024) 

 Except for the initial 2022 September Director’s Time observation that was 
ecorded under P1054. 
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ix pulsars in this study that have not glitched, resulting in phase
oherent radio timing models. 

.1 MeerKAT data reduction and timing solution fitting 

or each MeerKAT observation, the RFI in the raw data were cleaned
sing PULSARX ’s filtool (Men et al. 2023 ). We then created
 high-resolution phase-folded archive with DSPSR (Van Straten &
ailes 2011 ), downsampling the raw data to 512 channels, 10-s

ub-integrations, and 1024 phase bins. The initial phase folding
arameters were the disco v ery localization, 6 DM, and period of each
ulsar (which are stated in Paper I). The folded data were further RFI-
leaned with CLFD (Morello 2023 ), and if required, additional manual
leaning was performed using PSRCHIVE (Hotan, van Straten &
anchester 2004 ). Initially, before an ephemeris was obtained, we

earched for the highest S/N total profile of each observation with
SRCHIVE ’s pdmp tool if deemed necessary. We optimized the sum
f the phase-folded data o v er a small range of periods and DMs.
ach observation’s data were independently re-folded with these
arameters if needed. Eventually, ephemerides were used to re-fold
ll the high-resolution archives with a single ephemeris. We thus
btained a single (frequency and time summed) pulse profile for
ach observation with PSRCHIVE ’s pam tool. 

A noiseless template profile was first fitted to the disco v ery pulse
rofile of each pulsar, and later a new template was made from a
igher S/N detection. This was done using PSRCHIVE ’s paas tool,
anually adding von Mises function components (see Section 4.2 ).
he final template profile was built from adding up all 7 L -band
bservations in phase using the ephemerides stated in Section 4
ith PSRCHIVE ’s psradd tool, and optimizing the archive over
0 pc cm 

−3 with pdmp to determine the final DM value of each
ulsar e xclusiv ely timed at MeerKAT. 
We then fitted a topocentric Time of Arri v al (T oA) and T oA error to

ach phase-added observation with PSRCHIVE ’s pat tool. We used the
ourier domain algorithm with Markov chain Monte Carlo to cross-
orrelate the noiseless template to each observation’s pulse profile.
or the non-glitching pulsars, we fitted a timing model containing
elestial coordinates and pulsar spin parameters to the ToAs with
EMPO2 (Edwards, Hobbs & Manchester 2006 ; Hobbs, Edwards &
anchester 2006 ). TEMPO2 transformed our topocentric ToAs to the

olar system barycentre using the Jet Propulsion Laboratory’s DE405
olar system ephemeris (Standish 1998 ). We used the TEMPO2 model
ersion number 5.00 and the TT(TAI) clock correction procedure.
he model parameters and residuals are presented in Section 4.1 . 
The pulse width of the pulsars was obtained from the final summed

ulse profile of all observations (that was used to determine ToAs).
he initial paas model components were refined and debased using
SRSALSA ’s fitvonMises tool (Weltevrede 2016 ). Then, we added
oise to the refined model profile using the off-pulse noise statistics
f the summed profile. We again refined the model, fitting a pulse
idth at 50 per cent of the peak intensity to the model with added
oise, and repeated this process 1000 times. The mean and standard
eviation of the resulting width distribution are quoted in Section 4.2 .

.2 Murriyang data reduction 

he reduction of the Murriyang observations was performed simi-
arly to the steps detailed in the previous section. The differences
NRAS 533, 3957–3974 (2024) 

 As the MeerKAT timing observations progressed, the localizations were 
efined with SEEKAT as detailed in Section 2.1 . 
 One or two were omitted for some pulsars. 

8

P
9

l

n processing are detailed here. filtool was not applied to the
bservations of PSR J0048 −7317 and DSPSR ’s digifil was used
o merge raw data time segments (search mode), unless the data
ere already folded online (fold mode). A static UWL channel mask
 as generally emplo yed. The fold-mode data were flux calibrated
sing PSRCHIVE ’s pac command and flux calibrators provided
y the Murriyang observatory. 8 Where polarization products were
ecorded, the fold-mode data were polarization calibrated using
hort noise diode recordings performed before each observation.
he high-resolution stored archives have 416 channels. Due to an
 v ersight, polarization calibration was performed on archives with
his frequency resolution. When adding observations with psradd ,
he phase alignment option was used if the observations were folded
ith an ephemeris that contained red noise terms. The Murriyang
ulse template was rotated to have its peak at the same phase as
eerKAT’s, except PSR J0105 −7208 for which our observations

id not accumulate enough total S/N to produce a UWL pulse profile
emplate. The DM obtained from optimizing the Murriyang phase-
dded observations was used as the final value for pulsars timed
ith both MeerKAT and Murriyang, as the wide frequency range of

he UWL allowed a more precise determination 9 of this value than
eerKAT’s L band, though they were consistent. Finally, we fitted a

emporal jump between the two observatories with TEMPO2 . 

 RESULTS  

e obtained phase-coherent timing solutions for all nine pulsars.
e present a new period–period derivative diagram for extragalactic

ulsars in Fig. 1 , adding all nine pulsars in this work. Their pulse
rofiles are discussed in Section 4.2 . In Section 4.1 , the timing
odels obtained through the methods described in Section 3 from

he observations detailed in Section 2 are used to characterize the
ix pulsars in this study that have not glitched. The solutions for the
ulsars that have glitched are given in Section 5 . 

.1 Timing solutions: normal pulsars 

he timing parameters from our best-fitting solutions for the pulsars
hat have not undergone a glitch are given in Table 1 . The time
pan of the PSR J0105 −7208 data is too short to fit a position,
herefore we used our best SEEKAT timing observation localization
for which 3 σ errors are quoted but not used in the fit). We find
hat the apparent change in rotation period that would be caused by
he SEEKAT position error (if the period was compared at the near
nd far side of the Earth’s orbit) is negligible compared to the error
n the first deri v ati v e of frequenc y for this pulsar. The DM errors
uoted are obtained from a pdmp optimization o v er 20 pc cm 

−3 of
he total added L -band observations, and are not used in fitting.

e note that none of the pulsars required additional parameters
rom e.g. binary motion. Additional derived parameters calculated
y TEMPO2 : the characteristic age, surface magnetic field strength,
nd rotational energy loss are also given. The residuals from these
est-fitting models are given in Fig. 2 . The glitching pulsars’ timing
olutions are given in Section 5.2 . 

We note that two of the pulsars timed only at MeerKAT
ave an ‘adolescent’ age of around 200 kyr. The first of these,
SR J0051 −7204, shows no notable timing noise. However, we
 https:// www.parkes.atnf.csiro.au/ observing/ Calibration and Data 
rocessing Files.html 
 This was not done for PSR J0040 −7335 and PSR J0105 −7208 due to their 
ow S/N in Murriyang observations. 

https://www.parkes.atnf.csiro.au/observing/Calibration_and_Data_Processing_Files.html
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Figure 1. The period–period deri v ati ve diagram of non-accretion-po wered pulsars is shown, with the nine pulsars characterized in this work shown as large 
circular markers. Previously known extragalactic pulsars are shown with smaller circular markers and the MW pulsars are shown using transparent markers. 
The millisecond pulsar parameter space is not shown as there are no such known extragalactic pulsars. Galactic rapidly rotating radio transients and Galactic 
pulsars in globular clusters are also not plotted for the same reason. The data were retrieved from the ATNF Pulsar Catalogue version 2.2.0 (Manchester et al. 
2005 ). Lines of constant characteristic age, spin-down luminosity, and surface magnetic field are shown. The population of pulsars in the SMC will be studied 
in Paper III. This figure was produced with the PRESTO package. 
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ould not phase-connect the disco v ery observation of the second 
dolescent pulsar PSR J0105 −7208, which occurred 5 months before 
he beginning of the radio timing campaign presented here. We 
ould normally expect the timing solution to successfully extrapolate 
ack to the disco v ery observation, as the phase-connected time span
s of similar length as the extrapolation period, thus we cannot 
xclude a glitch or timing noise in that observation gap. Furthermore, 
SR J0043 −7319, which has a characteristic age of 1.6 Myr, requires
 ν̈ component to fit the residuals, which is about two orders of
agnitude larger than the expected contribution from dipole braking 

or a braking index of 3. The origin of this is not known, but a glitch
r timing noise are again not excluded. 

.2 Pulse profiles 

e present the total summed pulse profiles of the pulsars in Fig. 3 .
e noted no significant pulse profile shape change between the 
eerKAT L band/UHF and Murriyang UWL band during observa- 
ions, except for a longer scattering tail for PSR J0040 −7335 in the
HF band. 
We also present the polarization profile of PSR J0048 −7317 

 v er the UWL band in Fig. 4 . We first performed the steps
escribed in Section 3.2 to obtain a total flux and polarization-
alibrated phase-folded data archive with 1024 pulse profile bins 
nd 416 frequency channels from 26 fold-mode Murriyang obser- 
ations. We performed a search for rotation measure (RM) using 
SRSALSA ’s rmsynth (Weltevrede 2016 ) o v er ±6 × 10 4 rad m 

−2 

in case of a large PWN contribution, see e.g. Piro & Gaensler
018 and the high-RM fast radio bursts with persistent radio 
ources like FRB 20121102A (Michilli et al. 2018 )]. At the
inimum, central, and highest frequencies of the UWL band, 

n RM of ±381, ±1 . 5 × 10 4 , and ±7 . 5 × 10 4 rad m 

−2 is re-
uired to cause a rotation of π

2 rad in a frequency channel,
espectively. 
MNRAS 533, 3957–3974 (2024) 
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Figure 2. The residuals of the TEMPO2 timing model for all six non-glitched 
pulsars in this study. UHF ToAs, very weak detections, and observations 
compromised by RFI were not included. 
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10 The possibility that a glitch had occurred since the pre vious observ ation was 
established by inspection of the first post-glitch observation, which showed 
a drift in the phase of the folded pulse as a function of time. 
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The known range of RMs in the SMC spans −57 to + 128 rad m 

−2 

Johnston et al. 2021 ), and this can result in 0.7–3.6 rotations across
he UWL band. 

We were not able to constrain the RM, possibly due to the polarized 
/N being too low and/or the frequency resolution too coarse. The 
M can reduce the linear polarization fraction, thus we can only 
rovide a lower limit on the linear polarization fraction of the total
ulse profile of 6 per cent, which we estimated using PSRCHIVE ’s
srstat . The circular polarization fraction is about 20 per cent. 
otton et al. ( 2024 ) weakly detected a circular polarization fraction
f 11 per cent at the 2–3 σ level in their image of the head of the
ebula. If the circular polarization fraction being larger than the linear 
raction was an intrinsic property of the emission, this would be the
rst such case among extragalactic pulsars (Johnston et al. 2021 ), 
nd though frequency-dependent, it is also relatively uncommon 
mong non-recycled galactic pulsars (e.g. Serylak et al. 2021 ; Oswald 
t al. 2023 ). We have not yet accumulated enough polarized S/N to
easure the polarization Position Angle (PA) variation across the 

ulse. 

 YO U N G  PULSAR  G L I T C H E S  

.1 Glitch and red noise parameters estimation 

o model glitch and red noise parameters, we used the software
UN ENTERPRISE (Ellis et al. 2020 ; Keith, Ni t ¸u & Liu 2022 ), a
ayesian timing parameter estimation toolkit, as expanded by Liu 
t al. ( 2024 ) to include glitch parameters. The fitting process is
escribed in detail in Liu et al. ( 2024 ). We input initial solutions
btained as described in Section 3 with an initial glitch size fitted with
EMPO2 , as a starting point for the Bayesian parameter estimation.
e tested two models on PSR J0048 −7317 and PSR J0040 −7337:

 single glitch of permanent changes in frequency 	ν (Hz) and 
pin-down rate 	 ̇ν (Hz s −1 ), with or without a single exponential
elaxation term (see equation 1 ). We did not include in our analysis
 glitch-induced change in the second-order frequency deri v ati ve,
 ̈ν, as initial modelling showed that it was consistent with zero.
ikewise, we did not include a second, longer term exponential 

eco v ery (with a time-scale of up to 1000 d). Indeed, the prior on
he second decay time was either too large to be well sampled, or
esulted in an unconstrained decay time and amplitudes consistent 
ith zero for the second exponential recovery. 
The glitch model is thus expressed as 

φ = 	ν	t + 

1 

2 
	 ̇ν	t 2 + 

(
1 − e −	t/τdecay 

)
	νdecay τdecay , (1) 

here 	φ is the difference in predicted phase after the glitch 
n radians, 	t is the time since the glitch in seconds, τdecay is
he exponential relaxation time-scale in seconds, and 	νdecay its 
mplitude in Hertz. 

In the case of PSR J0040 −7337, we fitted the timing model
arameters to a data set of one ToA per observation. There are about
0 d between the last pre-glitch and the first post-glitch observation. 10 

s with most large glitches, we are unable to unambiguously track
he rotation of the pulsar during this observational gap, as there is
 de generac y between the glitch epoch and the number of phase
raps occurring between these ToAs. Hence the glitch epoch cannot 
e precisely determined (see the appendix of Basu et al. 2022 for
 discussion of this), and we chose to set the number of rotations
etween the pre-glitch and post-glitch ToAs that resulted in the 
east difference in phase. This choice results in the latest possible
litch epoch as the initial input for the analysis (just before the
rst post-glitch ToA), and the glitch epoch prior was set as uniform
ithin 10 d of this initial value. The prior range on the exponential

eco v ery time-scale was set to be sampled uniformly in log-time-
cale between 0.1 and 100 d, and the remaining priors were set
utomatically by RUN ENTERPRISE as described in Liu et al. ( 2024 ),
ection 3.4: the red noise amplitude prior was sampled uniformly 
n log-scale between −16 and −8 yr 

3 
2 , the red noise power-law

ndex was sampled uniformly in linear space between 0 and 10, the
xponential amplitude was sampled uniformly in linear space with a 
ange of ±0 . 8 times the input glitch step change in frequency, and
MNRAS 533, 3957–3974 (2024) 
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M

Figure 3. The total summed pulse profiles obtained from the observations presented in this work, except for the UWL band profile of PSR J0105 −7208 which 
is too weak and the UHF profile for PSR J0051 −7204 which was also too weak. The phase has been arbitrarily rotated to display maximum intensity at phase 
0.5. The combined smearing due to sampling time and intra-channel DM smearing is negligible compared to the bin size in all bands. The duty cycle based on 
the width at 50 per cent of the maximum intensity at L band is given (see Section 3.1 ). 

Figure 4. The polarization profile of PSR J0048 −7317. The blue line shows 
circular polarization, the red line is the lower limit on linear polarization 
(not RM corrected), and the black line is the total intensity. We have not yet 
accumulated enough polarized S/N to measure the polarization PA variation 
across the pulse. This plot was produced with PSRCHIVE ’s psrplot . 
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NRAS 533, 3957–3974 (2024) 
nally the priors in the glitch step change in frequency and frequency
eri v ati ve spanned ±0 . 8 times the input values, sampled uniformly
n linear space. 

We initially fixed the DM, temporal jump between observatories,
eriod, and period deri v ati ves using the values obtained as described
n Section 3 . The position was also fixed to the point source position
0.2–8 keV band) measured from a Chandra observation of the
WN, RA(J2000) = 0 h 40 m 46 . s 3850, Dec.(J2000) = −73 ◦37 ′ 07 . ′′ 030
see Section 6.1 and Fig. 11 ). After fitting the aforementioned glitch
nd red noise parameters with RUN ENTERPRISE , we then input the
aximum-likelihood solution into a new RUN ENTERPRISE MCMC

rocess (see Liu et al. 2024 ) to now simultaneously fit for position,
eriod, period deri v ati ves, and refine the red noise parameters, while
he glitch solution remained fixed (as well as the DM and temporal
ump between observatories). This produced the final ephemeris
resented in Table 2 . 
In the case of PSR J0048 −7317, the glitch occurred between

bservations at MeerKAT and Murriyang separated by only 3 d. The
re-glitch detection with MeerKAT had an S/N of 45.3, which we
ivided into 10 ToAs, and the post-glitch observation with Murriyang
ad an S/N of 6.5, which we divided into two ToAs. All other
bservations were included as single ToAs. The next observation
as performed 1 month after the first post-glitch observation. Initial
litch modelling indicated that the first observation after the glitch
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Table 2. Radio timing solution parameters for the glitched pulsars timed with MeerKAT and Murriyang. Figures in parentheses are the 1 σ uncertainties in the 
last digit. The derived parameters are calculated by TEMPO2 . The errors in the set quantities are not used in the fit. 

Data and modelling 
Pulsar name . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . J0048 −7317 J0040 −7337 J0040 −7335 
MJD range . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 59328.1–60393.0 59585.4–60300.5 59514.1–60300.5 
Data span (yr) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 2.92 1.96 2.15 
Number of ToAs . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 54 31 33 
Rms timing residual ( μs) . . . . . . . . . . . . . . . . . . . . . . . . . . . . 4554.4 14116.2 271.8 
Reduced χ2 value . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1.0 0.9 14.1 

Measured quantities 
Right ascension (hh:mm:ss) . . . . . . . . . . . . . . . . . . . . . . . . . 00:48:56.89(9) 00:40:46.7(6) 00:40:54.59(3) 
Declination (dd:mm:ss) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . −73:17:46.0(4) −73:37:07.0(25) −73:35:53.60(8) 
Pulse frequency, ν (s −1 ) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 12.608085313(5) 16.69767930(4) 6.88618772429(7) 
First deri v ati v e of pulse frequenc y, ̇ν (10 −12 s −2 ) . . . . . . −5.24925(10) −9.4910(9) −1.131083(20) 
Second deri v ati v e of pulse frequenc y, ̈ν (10 −22 s −3 ) . . . . 3.33(12) 4.9(18) –
Glitch epoch (MJD) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 59707.46(2) 60013.13(5) –
Frequency change at glitch, 	ν (Hz) 2.460(1) ×10 −5 3.023(7) ×10 −5 1.19(8) ×10 −8 

Frequency deri v ati ve change at glitch 	 ̇ν (Hz) . . . . . . . . −3 . 6(2) × 10 −14 −7(2) × 10 −14 −1 . 22(16) × 10 −16 

Red noise power-law index . . . . . . . . . . . . . . . . . . . . . . . . . . 4.0(5) 4.3(5) –

Red noise amplitude yr 
3 
2 . . . . . . . . . . . . . . . . . . . . . . . . . . . . −9.3(1) −8.6(2) –

Set quantities 
Epoch of frequency, position, and DM determination 
(MJD) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 

59 860 59 942 59692.1 

Dispersion measure, DM (cm 

−3 pc) . . . . . . . . . . . . . . . . . . . 292.42(7) 101.79(4) 198.27(6) 
Glitch epoch (MJD) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . – – 59919.730735189097686 

Derived quantities 
Characteristic age (kyr) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 38 28 97 
log 10 (Surface magnetic field strength, G) . . . . . . . . . . . . . 12.21 12.16 12.27 
log 10 (Spin-down luminosity, Ė , erg s −1 ) . . . . . . . . . . . . . . 36.42 36.80 35.49 
	ν
ν

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1.95 ×10 −6 1.81 ×10 −6 1.7 ×10 −9 

	 ̇ν
ν̇

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 7 ×10 −3 7 ×10 −3 1 ×10 −4 

Figure 5. The residuals of the RUN ENTERPRISE timing model for 
PSR J0048 −7317 as in Fig. 7 , but with the first two observations after the 
glitch included. The red noise is not subtracted. A large transient residual is 
visible. 
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as not well modelled by a simple step change in frequency and
requency deri v ati ve (see Fig. 5 ), and hence a short-duration transient
eco v ery was present. 

We attempted to fit the transient reco v ery with an exponential,
o we ver since the exponential is largely determined by two residuals
rom a single observation, there is a wide range of valid solutions.
n order to efficiently explore the parameter space, we applied a 
ogarithm to the prior of the amplitude of the exponential, ho we ver
e re-weighted the exponential amplitude posterior, multiplying it 
y the amplitude values. This results in a uniform space posterior
istribution (revealing larger exponential recovery sizes) between 
 . 5 × 10 −14 and 2 . 5 × 10 −5 Hz, though the amplitudes were sampled
inearly in a logarithmic prior space. The exponential time-scale prior 
as sampled uniformly in linear time-scale between 0.01 and 100 d.
ith a short-duration exponential, there may be some correlation 

etween the glitch epoch and the exponential parameters, and hence 
e want to allow solutions in the full range of glitch epochs. To

chieve this, we fitted for an integer number ( ±10) of phase wraps
ust prior to the first post-glitch ToA (MJD 59708.7). 

We also ran a separate fit with the first two observations after
he glitch remo v ed, and the same priors and the two-stage fitting as
escribed for PSR J0040 −7337 (except that the position used was
rom the initial timing solution, see Section 3 ). To visualize long-
erm changes in the frequency and frequency deri v ati ve using groups
f ToAs, we also used the stride fitting method (see Shaw et al. 2018 )
n this data set. 
In the case of PSR J0040 −7335, the glitch was small and phase

onnection appears to be preserved. As the ToAs after the glitch have
uite large errors, the glitch epoch is poorly constrained. We thus set
he glitch epoch to the last ToA that seemed to be consistent with
he pre-glitch timing parameters and fitted only for the post-glitch 
hange in frequency and frequency deri v ati ve with TEMPO2 (having
rst obtained a preliminary timing solution as described in Section 3 ). 

.2 Timing solutions: glitched pulsars 

or PSR J0040 −7337, an informative exponential relaxation fit 
annot be performed to the sparse post-glitch data (there are about
0 d between the last pre-glitch point and the first post-glitch point,
nd again 20 d before the next). A model with no reco v ery is preferred
y RUN ENTERPRISE , with an odds ratio of 22 ± 5. 
MNRAS 533, 3957–3974 (2024) 
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Figure 6. Groups (red markers) of consecutive ToAs (individually repre- 
sented by blue vertical lines in the top panel) are fitted for ν and ν̇ (stride 
fitting method, see Section 5.1 ) to reveal the long-term effect of the pulsar’s 
spin frequency (middle panel) and spin-down rate (bottom panel) change. 
Our timing model (red noise included) described in Section 5.2 is represented 
by the black line. The error bars are smaller than the markers. 
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11 Similarly, if we consider pulsars in the range 5 × 10 −13 < | ̇ν| (Hz s −1 ) < 

5 × 10 −11 (which also encompasses all three SMC glitching pulsars), about 
50 per cent have known glitches. 
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In the case of PSR J0048 −7317, models containing an exponential
eco v ery term are preferred by RUN ENTERPRISE when using the full
ata set (i.e. the y hav e a larger likelihood); ho we ver, the constraints
n the exponential time-scale and amplitude are very poor due to the
ow number of ToAs soon after the glitch (there is also a gap of 30 d
etween the first and second observation after the glitch). We show
he posterior distribution of the model with exponential recovery
tted on the full data set, as described in the previous section, in
ig. 10 . A strong covariance between the fitted exponential recovery

ime-scale and amplitude is present: the larger the amplitude, the
horter the time-scale – to vanishingly small time-scales and large
mplitude. They are both poorly constrained, thus we can only
rovide a 95 per cent upper limit for the reco v ery time-scale of 22 d,
nd for the exponential decay amplitude the 95 per cent credible
nterval around the median is 1 . 2 + 4 . 1 

−0 . 4 × 10 −7 Hz. As can be seen in
he first column of Fig. 10 , a larger number of fitted phase wraps
etween the pre- and post-glitch observations results in an earlier
tted glitch epoch, with five likely glitch epoch solutions in this time
ange. 

We therefore elected to remo v e the first two observations after the
litch from the data set to ignore the strongest transient effect and thus
et better constraints on the permanent glitch parameters. We model
he data in the same way as PSR J0040 −7337 (see Section 5.1 ). A
o-reco v ery model is preferred with an odds ratio of about 2.7 ±0.3.
his is the model reported in Table 2 , shown in Fig. 7 , and with stride
tting in Fig. 6 . This model’s residuals with the first two post-glitch
bservations included are shown in Fig. 5 . 
We report the timing model parameters for the three glitching

ulsars in Table 2 . The DM errors quoted are obtained from a
dmp optimization o v er 20 pc cm 

−3 of the total added UWL ( L
and for PSR J0040 −7335) observations and are not used in fitting.
he RUN ENTERPRISE model residuals for PSR J0048 −7317 and
SR J0040 −7337 are shown in Figs 7 and 8 , while TEMPO2 ’s
SR J0040 −7335 model residuals are given in Fig. 9 . For
0048 −7317, the stride fitting results are shown in Fig. 6 : the data
oints in the stride windows are in accordance with our model. 

.3 Discussion of the obser v ed glitches 

wo aspects of the aforementioned glitch activity in the SMC pulsars
re worth noticing. First, the inferred glitch sizes 	ν for PSRs
0048 −7317 and J0040 −7337 are among the largest reported, falling
t the high end of the known glitch size distribution (see for example
NRAS 533, 3957–3974 (2024) 
asu et al. 2022 ). Secondly, all three glitching pulsars displayed a
litch shortly after their disco v ery (just o v er a year later). 
It is therefore compelling to examine how their glitch activity

ompares to that of the total glitching pulsar population, which
redominantly consists of Galactic neutron stars. 
The two SMC sources with major glitches of 	ν ∼ 10 −5 Hz have

elatively high spin-down rates and a similar characteristic age τc ,
round 10 4 yr. On the other hand, PSR J0040 −7335 has a lower | ̇ν| ,
n age τc ∼ 10 5 yr, and its glitch has a small inferred size. Although
t is too early to draw any conclusions, the above is in general
greement with the finding that younger pulsars tend to present
arger glitches (e.g. Basu et al. 2022 ). Glitches of small sizes like
he one in PSR J0040 −7335 are common in both young and old
litching pulsars (Basu et al. 2022 ; and we use theirs and Espinoza
t al. 2011 ’s Jodrell Bank Centre for Astrophysics Glitch Catalogue
n this analysis). Small glitches are harder to detect in the presence
f timing noise and infrequent monitoring, thus their population is
otentially underestimated. 
Glitches are customarily regarded as rare events, with the vast
ajority of pulsars never seen to glitch at all. The situation changes,

o we ver, when we take into account the young characteristic age
and high | ̇ν| ) of the SMC glitching sources. In the population of
ulsars with 5 × 10 3 < τc (yr) < 5 × 10 5 , o v er 30 per cent of sources
ave at least one reported glitch. 11 This demonstrates that glitches
re not an uncommon feature for pulsars similar to J0040 −7337,
0048 −7317, and J0040 −7335. Their red noise parameters are also
ypical (Parthasarathy et al. 2019 ). Moreover, of the glitching pulsars
n the abo v e age range, 52 per cent have had giant glitches, which
re defined by a magnitude of 	ν/ν greater than 10 −6 ; in fact, o v er
ne-fourth of the total detected glitches are ‘giant’ according to the
odrell Bank Glitch Catalogue. 

Earlier works on glitches noted an anticorrelation between the
haracteristic age τc of a pulsar and its glitching rate (e.g. Espinoza
t al. 2011 ; Fuentes et al. 2017 ). The two most recent studies of glitch
ate, which use a large sample of pulsars, confirm this relationship
nd explore the scaling of glitch rate with other pulsar parameters,
uch as ν and ν̇, under different assumptions. The sample of the first
tudy (Basu et al. 2022 ) consists of pulsars observed at the Jodrell
ank Observatory (JBO) that have at least one detected glitch. An
verage glitch rate is calculated for each pulsar simply as 

 obs = N g /T obs , (2) 

ith N g the total number of detected glitches and T obs the total
onitoring time span (which could be accurately determined for JBO

bserv ations). A negati ve po wer-law scaling with τc was assumed,
f the form 

 τ ∝ τα
c , (3) 

ith τc in kyr; and similarly, the trend for increasing rate with
ncreasing ν̇ is described as 

 ν̇ ∝ | ̇ν| β , (4) 

ith α, β, and the proportionality constants determined by the
ata. To somewhat compensate for the fact that glitch rates can
e underestimated, only pulsars with r > 0 . 05 yr −1 were considered
currently the smallest inferred rate is about 0 . 02 yr −1 ). 

http://www.jb.man.ac.uk/pulsar/glitches.html
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Figure 7. The residuals of the RUN ENTERPRISE timing model for PSR J0048 −7317 (see Table 2). The first two ToAs after the glitch are remo v ed. In the first 
panel, the glitch parameters and red noise are not subtracted. In the second panel, the red noise is not subtracted but the glitch parameters are. In the third panel, 
all parameters in the model are subtracted. The fitted glitch epoch is shown as a vertical dashed line. The UHF observation was not used and two ToAs after the 
glitch were remo v ed to ignore transient effects. 

Figure 8. The residuals of the RUN ENTERPRISE timing model for 
PSR J0040 −7337 (see Table 2). In the first panel, the glitch parameters and 
red noise are not subtracted. In the second panel, the red noise is not subtracted 
but the glitch parameters are. In the third panel, all parameters in the model 
are subtracted. ToAs were obtained from 17 MeerKAT observations: 10 
from the first pseudo-logarithmically spaced timing campaign (with one non- 
detection), and seven in the second. The UHF observation is not used. The 
P aper I surv e y data for this pulsar were accidentally deleted before it could be 
included here. A further 14 ToAs are obtained from Murriyang observations. 
The fitted glitch epoch is shown as a vertical dashed line. 
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The second study, Millhouse et al. ( 2022 ), assumes that glitches
ccur stochastically and describes glitch activity as a constant-rate 
oisson process with the probability of observing N g glitches o v er
n observing timespan T obs being 

( λ| N g , T obs ) = 

( λT obs ) N g e −λT obs 

N g ! 
(5) 

or a pulsar with a Poisson glitch rate λ. This assumption is
o some degree supported by observations of several frequently 
litching pulsars, for which the distribution of waiting times between 
onsecutive glitches is consistent with an exponential probability 
ensity function. Not all pulsars are consistent with this description, 
o we v er. F or e xample, the Crab pulsar observations are inconsistent
ith a homogeneous Poisson process (e.g. Carlin & Melatos 2019 ).
oreo v er, some neutron stars present a characteristic glitch waiting

ime – the Vela pulsar being a prominent example of this behaviour.
hree pulsars for which the regularity in glitching patterns is well
stablished were excluded from the study (namely, the Vela pulsar, 
he LMC pulsar J0537 −6910, and PSR J1341 −6220). 

Two pulsar samples were used to calculate λ and infer its 
caling with pulsar parameters (power-law relations with ν, ν̇, or 
 combination of the two were examined): one consisted of 174
litching pulsars, the other additionally included 233 pulsars that 
ave N g = 0. The glitching pulsars sample significantly overlaps 
ith the one used in Basu et al. ( 2022 ), but the used values of T obs 

ontained more uncertainties (see section 7 in Millhouse et al. 2022 ).
he preferred model (based on Bayes factor) was an anticorrelation 
f the Poisson glitch rate λ with characteristic age, modelled as 

= A ( τc /τref ) 
−γ , (6) 
MNRAS 533, 3957–3974 (2024) 



3968 E. Carli et al. 

M

Figure 9. The residuals of the TEMPO2 timing model for PSR J0040 −7335. The top panel shows the residuals without glitch parameters included. ToAs were 
obtained from 19 MeerKAT observations: one from the Paper I survey, 11 from the first pseudo-logarithmically spaced timing campaign, and seven in the 
second. The UHF observation is not used. A further 14 ToAs are obtained from Murriyang observations. 

Table 3. The observed glitch rate calculated as r obs = N g /T obs and the 
predicted glitch rate based on different assumptions (see the text for details) 
and using the inferred optimal parameters from Basu et al. ( 2022 ) and 
Millhouse et al. ( 2022 ). All rates are given in units yr −1 . 

Pulsar name J0048 −7317 J0040 −7337 J0040 −7335 

r obs 0.34 0.51 0.47 
r ν̇ 0.59 0.66 0.44 
r τ 0.35 0.38 0.27 
λ1 0.14 0.15 0.11 
λ0 0.14 0.15 0.10 
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here τref = 1 yr. Note that the optimal values for the parameter A in
able 3 of Millhouse et al. ( 2022 ) are in units d −1 (Millhouse, pri v ate
ommunication). 

It is noteworthy that the power-la w inde x ( α for Basu et al. 2022
nd −γ for Millhouse et al. 2022 ) of the rate ( r τ and λ, respectively)
o characteristic age relationship for glitching pulsars is consistent
etween the two studies. Using Table 2 , we calculate the observed
litch rate as in equation ( 2 ), as well as the predicted rate based on
quations ( 3 ), ( 4 ), and ( 6 ). The results are presented in Table 3 . The
ate λ is denoted by index 1 when the optimal parameters for the
 g ≥ 1 sample are used, and by index 0 for the N g ≥ 0 sample.
irect comparisons between r obs and λ cannot be made: ideally, the
edian λobs should be calculated for each pulsar individually from a

osterior distribution of λ based on equation ( 5 ). None the less, the
redicted rates λ based on the Millhouse et al. ( 2022 ) relationship
re of the same order of magnitude as r obs , and do not lead to very
ow probabilities of a glitch occurring during our monitoring period.
NRAS 533, 3957–3974 (2024) 
With a single glitch per pulsar, the derived rate r obs can only be
 rough approximation of the true rate, under the assumption that a
tationary mean rate can indeed be defined for these sources. We used
he entire time interval of observations in equation ( 2 ) to calculate
he r obs in Table 3 . Upper limits can be derived if the maximum
ime interval between the glitch epoch and the endpoints of the total
bserving span is used instead, and are close to 1 yr −1 for all three
ulsars. Given the results in Table 3 for either the ν̇ or τc relationship
f Basu et al. ( 2022 ), the observed rate in the SMC pulsars is in
ccordance with predictions based (almost e xclusiv ely) on Galactic
ulsars. Therefore, while lucky, it cannot – at the moment – be
onsidered extraordinary that a glitch was detected so soon after
heir disco v ery. 

The abo v e discussion on glitch rates does not take into account the
act that the observed glitches of PSRs J0048 −7317 and J0040 −7337
ad amplitudes 	ν/ν � 10 −6 , at the higher end of the known
istribution. While the analysis of Basu et al. ( 2022 ) included all
BO-observed glitching pulsars, we reiterate that the Millhouse et al.
 2022 ) analysis excludes ‘regularly’ glitching pulsars and assumes
 homogeneous Poisson process, which would lead to exponential
istributions of interglitch waiting times. Typically, ho we ver, pulsars
or which such a waiting time distribution is an adequate fit to obser-
ational data present at the same time a power-law-like distribution
f their glitch sizes, with large events being far less common than
mall ones. On the other hand, large glitches are ordinary in regularly
litching pulsars. The archetype of this glitch behaviour is the Vela
ulsar (PSR B0833 −45, with ν � 11 . 2, ν̇ � −1 . 567 × 10 −11 Hz / s ,
nd τc ∼ 10 4 yr), characterised by predominantly giant glitches
 	ν/ν � 10 −6 ) that occur e very fe w years. Both PSR J0040 −7337
nd PSR J0048 −7317 present very strong similarities to Vela, not
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Figure 10. RUN ENTERPRISE posterior distribution of glitch models with exponential recovery, fitted to all observations of PSR J0048 −7317. From left to right, 
the parameters on the horizontal axis are glitch epoch, permanent change in frequency ( 	ν), permanent change in frequency deri v ati v e ( 	 ̇ν), e xponential 
time-scale ( τdecay ), logarithm of the exponential amplitude ( log ( 	νdecay )), number of rotations added just prior to the first post-glitch ToA (or ‘phase wraps’), 
and the red noise spectral index and amplitude (see Liu et al. 2024 ). Due to the strong covariances between parameters and the lack of data near the glitch to 
reduce them, a no-reco v ery model was chosen instead (see Section 5.2 ). 
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nly due to their timing parameters and inferred age, but also because
f their (preliminary) deduced glitch rate and their large spin-up size 
nd spin-down rate change. For regularly glitching neutron stars 
he waiting times between large glitches varies from approximately 
 yr up to about a decade (depending on the pulsar), but typical
ecurrence times are in the range of 1000 to 3000 d. 12 The description
f the post-glitch reco v ery in such pulsars often requires one or more
xponentially relaxing terms, which were not included in the models 
resented in Section 5.2 . Yet, for PSR J0048 −7317, the presence
f a strong transient component following the glitch, with a large 
ecaying amplitude and a short relaxing time-scale (see Fig. 10 for
heir indicative magnitudes), further strengthens the resemblance to 
2 The LMC PSR J0537 −6910 also has regular large glitches, very frequently 
t a rate of about 3 per year (calculated with glitches of any size taken into 
ccount). It is though younger ( τc ∼ 5 kyr) and has an exceptionally high 

˙ = −1 . 99 × 10 −10 . 

g
w  

w  

3  

r  

24
he Vela pulsar, for which decaying terms on similar time-scales have
een identified (Dodson, McCulloch & Lewis 2002 ). Another very 
istinct characteristic of post-glitch reco v eries of regular glitchers 
s a high value of ν̈ that – once an y e xponential terms decay –
ominates the time interval between glitches and leads to ‘anoma- 
ous’ braking indices. As can be seen from Table 2 , the apparent
raking index n = νν̈/ ̇ν2 for PSR J0048 −7317 is about 152, while
or PSR J0040 −7337 n � 91. This is also suggestive of possible
ela-like glitching behaviour, though it cannot be excluded that such 
alues of n are sometimes an intrinsic property of pulsar spin-down
Parthasarathy et al. 2020 ). It might take a long time to confirm
f that is the case as, by extrapolating from the known regularly
litching pulsars (see for example the scaling between average 
aiting time and ̇ν presented in Haskell, Pizzochero & Sidery 2012 ),
e estimate an average time interval between large glitches of about
.5 yr for PSR J0040 −7337 and around 6 yr for PSR J0048 −7317. It
emains to be seen whether these pulsars are truly Vela-like; they are
MNRAS 533, 3957–3974 (2024) 
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M

Figure 11. The PWN associated with PSR J0040 −7337 in SNR DEM S5. The colour image is a Chandra counts image smoothed with a 5 ′′ kernel, in the soft 
(left panel) and hard (right) X-rays band. A compact nebula is visible. The white contours are from the Cotton et al. ( 2024 ) radio continuum image of the SMC: 
only the head of the nebula is visible here, with the radio continuum tail out of the image, aligned with the X-ray tail. The innermost contour is the radio point 
source resolved by Alsaberi et al. ( 2019 ) in a 5500 MHz high-resolution ATCA image. The ATCA elliptical beam size with semi-axes of 1.2 arcsec in right 
ascension, 0.89 arcsec in declination and a position angle of 21.3 ◦ is displayed. Our new radio timing position for PSR J0040 −7337 is shown as a magenta box, 
and places the pulsar at the leading edge of the bow-shock nebula. 
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13 We used a distance of 60 kpc, if instead we use a distance of 67.5 kpc for 
the Western part of the SMC (Scowcroft et al. 2016 ), the kick velocity for a 
true age of 28 kyr is 830 km s −1 . 
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ertainly sources of interest and should be closely monitored in the
uture. 

 ASSOCIATION S  

rior to the MeerKAT surv e y, all the known radio pulsars in the
MC had periods significantly larger than 100 ms, characteristic
ges abo v e 1 Myr, and spin-down luminosities spanning 10 32 –
0 33 erg s −1 . This study extends the spin parameter space of the
nown SMC radio pulsars to the young pulsars associated with
NRs or PWNe (see Fig. 1 ), like the X-ray rotation-powered SMC
ulsar J0058 −7218 (Maitra et al. 2021 ; Carli et al. 2022 ). We
ote that PSR J0048 −7317 and PSR J0040 −7337 are older and less
nergetic than the pre viously kno wn young extragalactic pulsars with
uch associations, but are ordinary within the distribution of young
alactic pulsars. 

.1 PSR J0040-7337 

n paper I, PSR J0040 −7337 was associated with the PWN in the
NR DEM S5 (Haberl et al. 2000 ; Filipovi ́c et al. 2008 ; Alsaberi
t al. 2019 ), due to a SEEKAT multibeam localization using the
isco v ery observation and the period of the pulsar being indicative of
 young system. In Fig. 11 , we compare the radio timing position of
SR J0040 −7337 with a new 97 ks Chandra ACIS-S image (OBSIDs
4633, 22704) centred on the PWN in SNR DEM S5. The point-
ike source with soft diffuse emission detected with XMM–Newton
Alsaberi et al. 2019 ) can be further resolved into a compact nebula
nd a point source in the Chandra image, which our radio timing
osition error region overlaps. A typical bow-shock morphology is
etected in X-rays with harder emission at the position of the pulsar
as detected in the XMM–Newton image, Alsaberi et al. 2019 ), which
s compatible with the radio morphology which extends further out
iven the longer lifetime of the radio-emitting electrons. Therefore,
he position of the pulsar is consistent with the point source position
nd places it right behind the bow-shock. 

Using the pulsar age, one can better constrain the PWN kinematics
n the SNR environment, including the pulsar birth kick velocity. We
ote that the characteristic age from radio timing assumes a simple
NRAS 533, 3957–3974 (2024) 
agnetic dipole radiation model (introduced in Section 1 ) with a
raking index, n , of 3 as well as a birth period much less than the
urrent period, and thus may not reflect this pulsar’s true age. Alsaberi
t al. ( 2019 ) proposed an age between 10 and 28 kyr for the pulsar-
WN system, and the characteristic age matches that upper value.
or this higher age, Alsaberi et al. ( 2019 ) suggest a kick velocity of
00–800 km s −1 , based on a distance range of 60–67.5 kpc estimated
rom the SMC depth. They also find that this velocity is plausible
ased on the PWN and SNR morphology in the local environment.
his is within the known distribution of transverse velocities of bow-
hock nebula pulsars, which spans 60–2000 km s −1 (Kargaltsev et al.
017 ). 
It is important to consider if the kick velocity is in fact different,

ue to the characteristic age being an incorrect e v aluation of the true
ge. τc is related to the true age τ as 

= τc 

( 

1 −
(

P 

P birth 

)n −1 
) 

= 

P 

Ṗ ( n − 1) 

( 

1 −
(

P 

P birth 

)n −1 
) 

, (7) 

here P birth is the birth spin period of PSR J0040 −7337. n is
xtremely difficult to measure (e.g. Johnston & Galloway 1999 ),
hough a range of 1.8–3 can be assumed (Melatos 1997 ). The
oung Galactic pulsars Vela and the Crab (PSRs J0835 −4510 and
0534 + 2200) have had their braking indices measured to be 1.4 ±0.2
Lyne et al. 1996 ) and 2.509 ±0.001 (Lyne, Pritchard & Smith 1988 ;
yne, Pritchard & Graham Smith 1993 ), respectively, so we take a
ange of 1.4–3 for this calculation. 

We plot the relationship between the true age, the birth period, and
he kick velocity 13 in Fig. 12 . It shows that unless the birth period
as only about 10 ms shorter than the spin period is today, the kick
elocity should not exceed 2000 km s −1 . For a more realistic birth
eriod of about 15 ms, we find that the kick velocity should be lower
han 800 km s −1 . It is not probable that the true age is much larger
han the upper limit set by Alsaberi et al. ( 2019 ), and thus the kick
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Figure 12. The relationship between the true age, braking index, birth period, 
and kick velocity of PSR J0040 −7337, assuming a distance of 60 kpc. 
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Figure 13. The PWN associated with PSR J0048 −7317 from the Cotton 
et al. ( 2024 ) MeerKAT image of the SMC. The Paper I SEEKAT localization 
region is shown, with its 3 σ error approximated to a black ellipse. The new 

radio timing position is shown as a green square, and firmly places the pulsar 
at the leading edge of the bow-shock nebula. 
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14 This supersedes the preliminary timing position with larger errors published 
in Cotton et al. ( 2024 ). 
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elocity much lower, based on the PWN and SNR morphology they 
resent. Therefore, a Vela-like true braking index is unlikely. 
The proper motion of the pulsar across the sk y, e xtrapolated

rom the 700–800 km s −1 kick velocity range from Alsaberi et al.
 2019 ), does not induce a significant change in the period deri v ati ve
hat has been measured from timing, in part due to the large
istance to the system. This change, known as the Shklovskii 
ffect (Shklovskii 1970 ), increases the observed period deri v ati ve
y (6 ± 1) × 10 −20 s s −1 , which is two orders of magnitude smaller
han the error on the period deri v ati ve resulting from our timing
olution. 

The spin-down luminosity of this pulsar is Ė PSR = 6 . 3 ×
0 36 erg s −1 . Alsaberi et al. ( 2019 ) measured the X-ray luminosity
f the compact, hard X-ray emission region from the PWN and the
ulsar in DEM S5 to be L PWN,X = 1 . 5 × 10 34 erg s −1 at a distance of
0 kpc (Karachentsev et al. 2004 ). The ratio of L PWN,X 

Ė PSR 
is thus about

 . 4 × 10 −3 . This so-called ‘PWN X-ray efficiency’ is similar to that
f other PWNe presented in Kargaltsev et al. ( 2008 ). The PWN X-
ay power-law spectral index was measured in Alsaberi et al. ( 2019 )
o be 2 ±0.3. Kargaltsev et al. ( 2008 ) also relate the ‘PWN X-ray
fficiency’ to the PWN X-ray power-law spectral index, and the 
alues for the PWN of DEM S5 fit well within the scatter of the
elationship they present. 

We calculate the radio luminosity of the PWN of DEM S5, 
sing the radio flux density and spectral index measurements from 

lsaberi et al.’s ( 2019 ) table 2, with equation (4) from Frail &
charringhausen ( 1997 ). This gives L PWN,radio = 2 . 1 × 10 34 erg s −1 ,
nd a PWN radio efficiency of 3 . 3 × 10 −3 . This is similar to the Vela
adio pulsar-PWN system (Frail & Scharringhausen 1997 ). Rescaling 
he MeerKAT L -band disco v ery flux density of PSR J0040 −7337
o 1400 MHz assuming a power-law radio spectral index of −1.60 
Jankowski et al. 2018 ), we find an approximate radio flux den-
ity of S PSR,1400 MHz � 14 μJy. We can estimate the pulsar’s radio
uminosity using Szary et al.’s ( 2014 ) equation (2): L PSR,1400 MHz �
 × 10 29 erg s −1 at 60 kpc. Thus the radio efficiency of the pulsar is
radio,PSR = 

L PSR,1400 MHz 

Ė PSR 
� 6 × 10 −8 . This fits within the large scatter 

f the ηradio –Ė relationship from Szary et al. ( 2014 ), among young
ulsars with pulsed high-energy radiation and SNR association. 
According to the expected X-ray efficiency of pulsars, where 
he ratio of pulsed X-ray luminosity to spin-down luminosity 
hould be around 10 −3 (Becker & Tr ̈umper 1997 ), we can expect
SR J0040 −7337 to have a pulsed X-ray luminosity of about
0 33 erg s −1 if its X-ray beam crosses our line of sight. This would
e the case if the pulsar makes up for a few tenths of the total X-ray
uminosity L PWN (which is of the order of 10 34 erg s −1 ). Therefore,
ur radio timing localization, the low characteristic age, and large 
pin-down luminosity of the pulsar all confirm that PSR J0040 −7337
s the engine powering the DEM S5 PWN. 

.2 PSR J0048-7317 

n Paper I, PSR J0048 −7317 was associated with a new PWN with
o known parent SNR (Cotton et al. 2024 ). As for PSR J0040 −7337,
his was enabled by a SEEKAT multibeam localization using the 
isco v ery observation. Furthermore, a preliminary estimate of the 
eriod deri v ati ve of the pulsar w as obtained from tw o surv e y
bserv ations, which no w matches the radio timing characteristic age
f 38 kyr we derive here. We show the radio timing position 14 of
SR J0048 −7317 on the Cotton et al. ( 2024 ) radio continuum image
f the new PWN in Fig. 13 . Just like PSR J0040 −7337, the pulsar
MNRAS 533, 3957–3974 (2024) 
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s situated at the head of the radio PWN near the possible bow-
hock front, with a complex and structured tail extending south of
he pulsar, presumably indicating the direction of motion. The pulsar
as also a characteristic age and spin-down luminosity of the same
rder as PSR J0040 −7337, consolidating this association. 
Using the same calculations as for PSR J0040 −7337, we find

n approximate radio flux density of S PSR,1400 MHz � 49 μJy, and a
uminosity L PSR,1400 MHz � 1 . 3 × 10 30 erg s −1 at 60 kpc. The radio
fficiency of the pulsar is ηradio,PSR = 

L PSR,1400 MHz 

Ė PSR 
� 5 × 10 −7 . Again,

his fits within the large scatter of the ηradio –Ė relationship from Szary
t al. ( 2014 ), among young pulsars with pulsed high-energy radiation
nd SNR association, although the pulsar is in the high end of the
adio luminosity distribution. 

Using the radio timing position, we can constrain the X-ray
ux of the pulsar-PWN system in an XMM–Newton 23 ks EPIC-
n observation (OBSID 0110000101). Assuming a power-law index
f 1.7 and a Galactic foreground absorption of N H = 3 × 10 20 cm 

−2 

he unabsorbed X-ray flux upper limit in the 0.2–12 keV band is
 . 2 × 10 −15 erg cm 

−2 s −1 . We also take into account the sensitivity
oss due to the position being off-axis in the observation. At a distance
f 60 kpc, this yields an upper limit on the PWN X-ray luminosity
f L PWN � 9 . 5 × 10 32 erg s −1 . The ratio of L PWN 

Ė PSR 
is thus lower than

 × 10 −4 . This ‘PWN X-ray efficiency’ upper limit is on the low
nd of the distribution presented in Kargaltsev et al. ( 2008 ), but
s still greater than e.g. the Vela PWN. If PSR J0048 −7317 was to
ontribute 10 per cent of the PWN X-ray luminosity, we could expect
ts X-ray luminosity to be under 10 32 erg s −1 , which is below the
MM–Newton limiting point source luminosity in the SMC (Haberl
t al. 2012 ). Kno wn X-ray rotation-po wered pulsars with a spin-
own luminosity of O(10 36 erg s −1 ) have X-ray luminosities that
ange between 10 30 and 10 33 er g s −1 (Kar galtsev et al. 2008 ; Shibata
t al. 2016 ). Therefore, this non-detection of X-rays does not rule
ut emission from the system. We note that our upper limit is based
n a choice of absorption value and may be increased for a higher
bsorption level (considering PSR J0048 −7317 has the highest DM
n the SMC). 

.3 Non-associations 

s stated in Paper I, the localization of PSR J0040 −7335 is
oincident with the SNR DEM S5, just north of the PWN of
SR J0040 −7337. Ho we ver, the DM of PSR J0040 −7335 is nearly
ouble that of PSR J0040 −7337, so we had deemed it to be a
hance background alignment. There is no multiwavelength emission
etected in the images from Alsaberi et al. ( 2019 ) at the new, more
recise position provided by our radio timing solution for this young,
litching pulsar; and its characteristic age does not match that of the
NR. 
In Paper I, we also established that PSR J0105 −7208 is unlikely

o be associated with DEM S128 because of the very high implied
ransv erse v elocity giv en the remnant age of 12 kyr (Leahy &
ilipovi ́c 2022 ). Here, we determine the characteristic age for the
ulsar to be 206 kyr which, e ven gi ven limitations on characteristic
ge interpretation, does not match the age of DEM S128. 

 C O N C L U S I O N  

e have reported nine new SMC pulsar radio timing solutions
rom observing campaign conducted with the MeerKAT and Mur-
iyang telescopes with a time span of up to 3 yr, increasing the
umber of characterized rotation-powered extragalactic pulsars by
NRAS 533, 3957–3974 (2024) 
0 per cent. Though all pulsars we examined seem isolated, a longer
iming baseline could reveal long-term binary motion (e.g. Kaspi
t al. 1994 ). All fitted timing positions in this paper are within
he 3 σSEEKAT disco v ery multibeam localization error presented in
 aper I (e xcept for PSR J0044 −7314 for which it is within 4 σ).
nterestingly, two of the pulsars have an ‘adolescent’ characteristic
ge of 200 kyr, while three of the pulsars have a young characteristic
ge under 100 ky and have glitched within about a year of their
isco v ery. 
The inferred glitch sizes for PSRs J0048 −7317 and J0040 −7337

re large, with 	ν � 10 −5 Hz, but we do not have data sampled
ensely enough to strongly constrain a potential post-glitch expo-
ential reco v ery time-scale and amplitude. F or PSR J0048 −7317, a
ransient reco v ery is observ ed, for which we can set an upper limit on
he relaxation time-scale of 22 d. The positions of PSRs J0048 −7317
nd J0040 −7337, low characteristic ages (under 40 kyr), and high
pin-down luminosities (of order 10 36 erg s −1 ) confirm they are
owering the PWNe they were first associated with in Paper I.
verall, these two pulsars’ characteristics as well as our first, crude,

stimate of their glitching rate and their high inferred braking indices
re reminiscent of the Vela pulsar. Further observations are required
o confirm this, and also to consolidate a high circular polarization
raction of about 20 per cent in PSR J0048 −7317: a MeerKAT
bservation could determine whether this fraction is greater than
he linear one. 

This work more than doubles the characterized population of SMC
adio pulsars. This will enable an analysis of the impact of the low-
etallicity, recent star formation environment of the SMC on its

eutron star population and comparisons with predictions (e.g. Titus
t al. 2020 ). We will present this population study in Paper III of this
eries. 
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