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A B S T R A C T 

PSR J0901 −4046, a likely radio-loud neutron star with a period of 75.88 s, challenges conventional models of neutron star radio 

emission. Here, we showcase results from 46 h of follow-up observations of PSR J0901 −4046 using the MeerKAT, Murriyang, 
Giant Metrewave Radio Telescope, and Murchison Widefield Array radio telescopes. We demonstrate the intriguing stability 

of the source’s timing solution o v er more than 3 yr, leading to an RMS arri v al-time uncertainty of just ∼ 10 

−4 of the rotation 

period. Furthermore, non-detection below 500 MHz may indicate a low-frequency turnover in the source’s spectrum, while no 

secular decline in the flux density of the source o v er time, as was apparent from pre vious observ ations, has been observed. Using 

high time-resolution MeerKAT data, we demonstrate two distinct quasi-periodic oscillation modes present in single pulses, with 

characteristic time-scales of 73 and 21 ms. We also observe a statistically significant change in the relative prevalence of distinct 
pulse morphologies compared to previous observations, possibly indicating a shift in the magnetospheric composition o v er time. 
Finally, we show that the W 50 pulse width is nearly constant from 544 to 4032 MHz, consistent with zero radius-to-frequency 

mapping. The very short duty cycle ( ∼ 1 . 4 

◦) is more similar to radio pulsars with periods > 5 s than to radio-loud magnetars. 
This, along with the lack of magnetar -like outb ursts or timing glitches, complicates the identification of the source with ultralong 

period magnetar models. 

Key words: ephemerides – stars: magnetars – stars: neutron – pulsars: general – pulsars: individual: J0901-4046 – radio contin- 
uum: transients. 
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 I N T RO D U C T I O N  

ulsars are rapidly rotating neutron stars (NSs) that are observed 
s emitters of pulsed radio waves when coherent radiation beamed 
rom their magnetic poles sweeps across an observer’s line of sight.
hey rotate with periods ( P ) ranging from milliseconds to tens
f seconds. Recently, an ultralong period ( ∼75.88 s) pulsar was 
isco v ered (Caleb et al. 2022a , hereafter C22 ) in a real-time single
ulse search carried out by the Meer (More) TRAnsients and Pulsars
MeerTRAP; Sanidas et al. 2018 ; Malenta et al. 2020 ; Rajwade et al.
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020 ; Jankowski et al. 2022 ) 1 and ThunderKAT 

2 (Fender et al. 2016 )
rojects using the MeerKAT radio telescope in South Africa (Jonas &
eerKAT Team 2016 ). 
The source, PSR J0901 −4046, has a remarkable combination 

f characteristics that sets it apart from all other pulsars discov-
red so far. Chiefly, its period ( P = 75 . 88 s) and period deri v a-
ive ( Ṗ = 2 . 25 × 10 −13 ) imply a surface magnetic field strength
 = 3 . 2 × 10 19 

√ 

P Ṗ � 1 . 3 × 10 14 G, which exceeds the quantum
ritical field B cr = m 

2 
e c 

3 / ( e� ) = 4 . 413 × 10 13 G. Abo v e this limit,
he electron cyclotron energy exceeds its rest mass energy, and 
uantum-electrodynamical processes become important (Heyl & 
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ernquist 2005 ). It has been theorized that the single-photon pair
roduction ( γ → e + + e −) that gives rise to radio emission in pulsar
agnetospheres is suppressed in the presence of ultra strong fields

xceeding B cr (Baring & Harding 1998 ). 
Its strong magnetic field may suggest that PSR J0901 −4046 is

 magnetar, a sub-class of pulsars with extremely strong magnetic
elds. Magnetars are characterized by the dramatic variability of

heir emission, featuring short, millisecond-duration bursts to major
onth-long outbursts. Ho we ver, magnetars are commonly young

most � 10 6 yr; Olausen & Kaspi 2014 ), 3 while PSR J0901 −4046
as a relatively large characteristic age, τ = P / 2 Ṗ � 5 . 3 × 10 6 yr.
agnetars are also most often only visible at X-ray and γ -ray
avelengths, while follo w-up observ ations of PSR J0901 −4046
ith the X-Ray Telescope (XRT) aboard the Neils Gehrels Swift
bservatory (Swift) have not produced any detections in the 2–
0 keV range. The inferred upper limit on the X-ray luminosity at
.5–2 keV of L X � 3 . 2 × 10 30 erg s −1 exceeds the pulsar’s rotational
nergy loss Ė � 2 . 0 × 10 28 erg s −1 , indicating that it may still be a
agnetar ( C22 ). 
Instances have been recorded of magnetars exhibiting radio

mission following a high-energy outburst, which dissipates o v er
ime (e.g. Camilo et al. 2006 , 2007a ; Esposito et al. 2020 ). Only
ne magnetar has been disco v ered via its radio emission, with no
pparent high-energy outburst observed (Levin et al. 2010 ). Given
ts advanced age and the lack of an associated high-energy outburst,
t is uncertain how PSR J0901 −4046 fits into the existing picture of
agnetar radio emission. C22 found that the mean PSR J0901 −4046

ulse brightness is possibly declining secularly on short time-scales,
hich would be consistent with a radio-loud magnetar transitioning

nto radio quiescence. Previous long-term radio-wavelength obser-
ations of radio magnetars have revealed erratic variations in pulsed
ux density o v er time, including periods of quiescence, typically
ccompanied by timing glitches or the appearance of giant pulses
Camilo et al. 2018 ; Rajwade et al. 2022 ; Caleb et al. 2022a ).
o we ver, this radio v ariation has appeared uncorrelated with the
bserved secular decline in these magnetars’ X-ray flux, which has
een interpreted as thermal emission from a hotspot on the surface
f the NS that is shrinking (see Hu et al. 2020 ; Rajwade et al.
022 ). 
PSR J0901 −4046 also displays unusual temporal behaviour.

lthough magnetar pulses are noted for their sub-pulse structure
see Kaspi & Beloborodov 2017 ), the structural features of PSR
0901 −4046’s single pulses vary drastically from pulse to pulse.
n C22 , the profiles are divided into seven distinct types. PSR
0901 −4046’s emission seems to vacillate at random between these
ypes. Additionally, some bright pulses’ sub-pulse components seem
o repeat quasi-periodically (every 9.57 to 338 ms), behaviour com-
on to all known radio-loud magnetars (Kramer et al. 2024 ), as well a

ew fast radio bursts (FRBs) to date (Majid et al. 2021 ; CHIME/FRB
ollaboration 2022 ; Pastor-Marazuela et al. 2023 ). Furthermore,

he most common quasi-periodicity is ∼ 76 ms ∼ ( P /s) × 10 −3 ,
 relationship similar to what has been observed in quasi-periodic
micropulses’ in some radio pulsars (Cordes 1979 ) and millisecond
ulsars (De, Gupta & Sharma 2016 ). Kramer et al. ( 2024 ) suggest that
uasi-periodic sub-structure with a P × 10 −3 scaling is a common
eature of all radio-emitting NSs, regardless of evolutionary history.
his points to a universal mechanism responsible for the sub-
tructure involving charge packets accelerated to the same γ -factor,
NRAS 540, 2131–2145 (2025) 
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uch that their emitting time-scales are constrained by relativistic
eaming dependent only on the star’s angular velocity (Kramer et al.
024 ). 
Recently, a class of mature, highly magnetized NSs called ultra-

ong period magnetars (ULPMs) has been theorized as a progenitor
or extragalactic FRBs (Beniamini, Wadiasingh & Metzger 2020 ).
adio transients exhibiting prolonged periods ranging from 7 min

o 6.25 h have been discovered in recent years that may belong
o this class (Hurley-Walker et al. 2022 , 2023 , 2024 ; Caleb et al.
024 ; de Ruiter et al. 2025 ; Dong et al. 2024 ; Lee et al. 2025 ). PSR
0901 −4046’s parameters are also consistent with those postulated
or ULPMs. It may be that these kinds of transients provide a
irect connection between magnetars and FRBs, which has often
een hypothesized to exist (e.g. Metzger, Berger & Margalit 2017 ;
ordes & Chatterjee 2019 ; Bochenek et al. 2020 ; CHIME/FRB
ollaboration 2020 ). Note that instances of pulsar-like emission with
inute–hour periodicity have been observed from a few binary white

warf systems (Marsh et al. 2016 ; Pelisoli et al. 2023 ; de Ruiter et al.
025 ; Rodriguez et al. 2025 ), but without detection of a companion
r any evidence for binarity from the timing (see Section 3 . 1), we
ssume an NS origin in this study. 

In this paper, we present results from long-term follow-up obser-
ations of PSR J0901 −4046 with the MeerKAT, Murriyang, Giant
etrewave Radio Telescope (GMRT), and Murchison Widefield
rray (MWA) radio telescopes (see Section 2), including anal-
sis of its timing solution, pulse energy, and pulse morphology
Section 3). 

 OBSERVATI ONS  A N D  ANALYSI S  

e have performed a total of 46.25 h of follow-up observations
f PSR J0901 −4046 using four different radio telescopes, viz.
eerKAT, the 64 metre Murriyang telescope at Parkes Observatory

n Australia, the Giant Metrewave Radio Telescope (GMRT) in
ndia, and the Murchison Widefield Array (MWA) in Australia, from
ugust 2021 to May 2024. This includes a coordinated simultaneous
our-long observation of PSR J0901 −4046 in both the MeerKAT L
and (using the FBFUSE and TUSE clusters) and GMRT Band-3 and
and-4 on 2022 January 31, as well as a simultaneous 2-h observation
n 2022 March 12 using MeerKAT and the MWA. Fig. 1 shows the
ates of these observations, while the observational parameters are
isted in Table 1 . 

.1 MeerKAT data 

eerKAT observations of PSR J0901 −4046 were carried out across
2 occasions amounting to 20 h on source. On two occasions, the
bservations were performed in the sub-array mode for simultaneous
 band (856–1712 MHz) and Ultra High Frequency (UHF) band
544–1088 MHz) observations, while all other observations were
arried out using the L -band receiver only. 

The dual sub-array observations on 2021 August 27 and September
6 were performed using the Pulsar Timing User Supplied Equipment
PTUSE) backend of the MeerKAT pulsar timing project MeerTime
escribed in Bailes et al. ( 2020 ). These data were recorded in the
TUSE search mode with a sampling time of ∼301 μs in the PSRFITS

ormat (Hotan, van Straten & Manchester 2004 ). Both the UHF-band
nd L -band data are split into 4096 frequency channels and coherently
e-dispersed at a dispersion measure (DM) of 52.6 pc cm 

−3 . Four
olarization channels were recorded. 

http://www.physics.mcgill.ca/~pulsar/magnetar/main.html
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Figure 1. Observation dates of PSR J0901 −4046 using the GMRT radio telescope, the MeerKAT radio telescope’s UHF-band and L -band receivers, and the 
Murriyang radio telescope’s UWL receiver. Simultaneous multi-instrument observations took place on 2022-01-31 and 2022-03-12. The second simultaneous 
observation included an MWA observation at 140–170 MHz that did not produce any detections of the pulsar. 

Table 1. Observational parameters for all observations of PSR J0901 −4046. 

Date Start UTC Length (min) Rotations Telescope(s) Band(s) MKT antennas N chan 

2021-08-05 21:14:09 60 47 PKS UWL 3328 
2021-08-27 10:08:59 30 23 MKT L + UHF 56 4096 + 4096 
2021-09-03 21:06:68 120 94 PKS UWL 3328 
2021-09-26 01:06:09 420 331 MKT L + UHF 56 4096 + 4096 
2021-11-05 06:00:00 60 47 MKT L 56 1024 
2021-11-06 01:50:22 120 94 GMRT Band-3 + Band-4 4096 + 4096 
2021-12-12 23:06:40 120 47 MKT L 52 1024 
2021-12-14 23:53:16 60 94 GMRT Band-3 + Band-4 52 4096 
2022-01-01 18:54:46 180 142 GMRT Band-3 + Band-4 4096 + 4096 
2022-01-04 13:49:03 60 47 PKS UWL 3328 
2022-01-07 00:44:36 60 47 MKT L 60 1024 
2022-01-31 19:44:41 60 47 MKT + GMRT L + Band-3 + Band-4 56 1024 + 4096 + 4096 
2022-02-28 13:08:40 105 83 PKS UWL 3328 
2022-03-12 15:30:00 120 94 MKT + MWA L 56 1024 + 1024 
2022-04-07 08:25:13 30 24 PKS UWL 3328 
2022-04-08 16:18:27 60 47 MKT L 64 1024 
2022-05-06 09:07:07 45 35 PKS UWL 3328 
2022-06-01 06:40:05 15 12 PKS UWL 3328 
2022-07-07 01:38:37 15 12 PKS UWL 3328 
2022-07-21 11:53:18 45 38 MKT L 56 4096 
2022-11-18 03:30:52 100 78 MKT L 64 1024 
2023-01-19 18:00:37 60 51 MKT L 60 1024 
2023-05-04 05:59:50 75 59 PKS UWL 3328 
2023-05-19 07:03:38 30 24 PKS UWL 3328 
2023-06-09 08:35:53 60 49 MKT L 56 1024 
2023-06-09 09:00:38 110 87 PKS UWL 3328 
2023-06-11 02:10:35 60 49 PKS UWL 3328 
2023-07-02 23:42:54 60 49 PKS UWL 3328 
2023-07-19 06:09:29 45 35 PKS UWL 3328 
2023-07-31 21:41:37 60 51 PKS UWL 3328 
2023-08-11 05:49:58 60 51 PKS UWL 3328 
2023-08-15 21:09:59 15 12 PKS UWL 3328 
2023-08-27 03:43:24 45 34 PKS UWL 3328 
2023-09-05 03:19:13 90 68 PKS UWL 3328 
2023-09-06 23:43:50 120 94 PKS UWL 3328 

Total 46.25 h 2196 
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On the subsequent dates, the MeerKAT observations were per- 
ormed using the Filterbank BeamFormer User Supplied Equipment 
FBFUSE) cluster (Chen et al. 2021 ) with a sampling time of
306 μs. On each occasion, FBFUSE used the raw voltage data 

rom 52 to 64 MeerKAT dishes to form beams, and filterbank 
ata were recorded to the Accelerated Pulsar Search User-Supplied 
quipment (APSUSE) cluster (Padmanabh et al. 2023 ). These data 
ere rechannelized into 1024 frequency channels and stored in the 
IGPROC 

4 FILTERBANK format (Lorimer 2011 ). The FBFUSE data 
ere not coherently dedispersed. 
The PTUSE and FBFUSE data were folded using the timing 

olution from C22 and the DSPSR processing package (Van Straten &
ailes 2011 ) to produce single-pulse stacks in the PSRFITS format. For
MNRAS 540, 2131–2145 (2025) 
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Table 2. Pulsar timing and model parameters for PSR J0901 −4046. Uncer- 
tainties in parentheses are 1 σ errors on the final significant digit. Note that the 
listed coordinates are those derived from imaging, rather than from timing. 

Data and model fit quality 

Pulsar name . . . . . . . . . . . . . . J0901 −4046 
MJD range . . . . . . . . . . . . . . . 59119.1–60083.4 
Data span (yr) . . . . . . . . . . . . . . 2.60 
Number of TOAs . . . . . . . . . . . . 55 
n dof . . . . . . . . . . . . . . . . . . 52 
χ2 /n dof . . . . . . . . . . . . . . . . 805.29 
RMS timing residual (ms) . . . . . . . . 7.6 

Measured quantities 

Right ascension, α (hh:mm:ss) . . . . . . 09 h 01 m 29 . s 249 ± 1.0 arcsec 
Declination, δ (dd:mm:ss) . . . . . . . . −40 ◦46 ′ 02 . ′′ 984 ± 1.0 arcsec 
Pulse period, P (s) . . . . . . . . . . . 75 . 88554698 ± 3 × 10 −8 

First deri v ati ve of pulse period, Ṗ (s s −1 ) . ( 2 . 44 ± 0 . 01 ) × 10 −13 

Dispersion measure, DM (cm 

−3 pc) . . . . 52 . 6 ± 1 

Inferred quantities 

Distance ( YMW16 ), d 1 (pc) . . . . . . . . 328 
Distance ( NE2001 ), d 2 (pc) . . . . . . . . 467 
Characteristic age, τ (Myr) . . . . . . . . 4.9 
Surface dipole magnetic field strength, B (G) 1.4 ×10 14 

Spin-down luminosity, Ė (erg s −1 ) . . . . 2.2 ×10 28 
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ach hour of observations, the corresponding single pulse stack was
leaned of radio frequency interference (RFI) using CLFD (Morello
t al. 2019 ) as well as the PSRCHIVE (Hotan et al. 2004 ) tool PAZI to
roduce an hourly frequency channel mask that could be applied to
ndividual pulse archives. The resulting cleaned single pulse archives
ere then manually inspected to identify positive detections of PSR

0901 −4046. The FBFUSE single pulse data were used for pulsar
iming (see Section 3.1 ) and pulse width analyses (Section 3.2 ), while
he PTUSE data were used for the pulse energy (Section 3 . 3) and

orphology analyses (Section 3 . 4). 

.2 Murriyang UWL data 

e performed observations of PSR J0901 −4046 on 20 occa-
ions spanning about 20 h using the Murriyang radio telescope.
he observations were carried out with the ultra-wideband low-

requenc y (UWL) receiv er, which observ es o v er a continuous
requenc y band co v ering 704–4032 MHz, divided into 26 in-
ividually amplified 128 MHz sub-bands (Hobbs et al. 2020 ).
he sub-band voltage data were processed using the ‘Medusa’
raphics Processing Unit (GPU)-based signal processor system

n the pulsar searching mode. In this mode, the DSPSR (Van
traten & Bailes 2011 ) package was used to produce PSRFITS format
ata files. The data have an 8-bit resolution, 512 μs sampling
ime, and 3328 frequency channels. The data were dedispersed to
2.6 pc cm 

−3 and folded using the timing solution from C22 and
SPSR . 
The folded data were cleaned of RFI using CLFD . Subsequently,

ffected frequency channels were manually excised using PAZI .
o we ver, some data were still heavily affected by zero-DM RFI

hat was difficult to remo v e due to the low DM of the pulsar. The
leaned Murriyang data were used to produce an average pulse profile
 v er a wide frequency band (see Section 3 . 2) and for pulsar timing
urposes (see Section 3 . 1). 

.3 GMRT data 

 total of ∼7 h worth of observations of PSR J0901 −4046 using the
MRT (Swarup et al. 1991 ) were carried out across four occasions.
hey were performed using the upgraded receiver and backend

nstrumentation (uGMRT; Gupta et al. 2017 ). The observations
ere carried out in a multiband phased array configuration in
and-3 (300 to 500 MHz) and Band-4 (550 to 750 MHz). The 8-
it data were collected with 327.68 μs sampling time, coherently
edispersed and divided into 4096 frequency channels in each
ub-band using the GMRT Wide-band Backend (GWB; Reddy
t al. 2017 ). The data were folded using the PSR J0901 −4046
phemeris and cleaned using PAZI . Eight pulses in total were
eco v ered from across all the Band-4 data, but no correspond-
ng Band-3 detections could be identified. The Band-4 detections
re included in the time-averaged dynamic spectrum analysis in
ection 3 . 2. 

.4 MWA data 

n 2022 March 12, a simultaneous 2-h observation targeting PSR
0901 −4046 was carried out using MeerKAT and MWA (Tingay
t al. 2013 ; Wayth et al. 2018 ). The MWA observations were
ade in the 140 −170 MHz range. For the first 12 min of the

bservation, only 65 of 128 MWA ‘tiles’ were operational, while for
he remaining 108 min, 106 tiles were operational. The MWA data
ere recorded using the Voltage Capture System (VCS; Tremblay
NRAS 540, 2131–2145 (2025) 
t al. 2015 ; Morrison et al. 2023 ), which records Nyquist-sampled
ual-polarization voltages, from each of the 128 tiles (and hence
n aggregate data rate of 56 TB h −1 ). In this mode, the channelized
oltages (o v er 24 × 1.28-MHz wide coarse channels) are recorded
rom each tile, which can be processed offline using the software
ied-array beamformer (Ord et al. 2019 ). 

The resulting data were processed using the DSPSR package, and
olded using the best available ephemeris, cleaned using PAZI , and
anually inspected for pulses. Ho we ver, no PSR J0901 −4046 pulses
ere detected in the data. 

 RESULTS  

.1 Timing 

he MeerKAT FBFUSE data (Section 2 . 1), Murriyang UWL data
 S2 . 2), and GMRT Band-3 and Band-4 data (Section 2 . 3) were used
o derive Times of Arrival (ToAs) for PSR J0901 −4046 single pulses.
hese were used in conjunction with the MeerKAT L band and
urriyang UWL ToAs reported in C22 to calculate a coherent timing

olution for the pulsar. 
The PSRCHIVE pulsar analysis library was used to process the

ata. For each set of observations, we used the dedispersed and
leaned single pulse archives to produce an averaged pulse profile.
he PSRCHIVE tool PAAS was then used to create an analytic template
rofile for each data set. We used PAT to generate ToAs for all
ulses. Timing was then performed using the TEMPO2 pulsar timing
oftw are (Hobbs, Edw ards & Manchester 2006 ). In addition to the
ulse period P and period deri v ati ve Ṗ , a jump between the UWL
ata and MeerKAT data was included in the timing model. The
iming parameters from the resulting coherent timing solution are
isted in Table 2 . Note that we do not fit for position, since the
ncertainty on the resulting fit is larger than the 1 arcsec uncertainty
n the imaging-derived source position from C22 , 09:01:29.25(7),
40:46:03(1). If RA and Dec. are included in the fit, the best-fitting

oordinates are 09:01:29.2(1), −40:46:02(2), and the timing residual
oot-mean-square (RMS) is 7.5 ms. 



Long-term evolution of PSR J0901 −4046 2135 

Figure 2. Timing residuals of PSR J0901 −4046 pulses, using MeerKAT and Murriyang UWL data. The right-hand panel is zoomed in on the MeerKAT data 
points only. The vertical line separates the data points used for the timing analysis in C22 from subsequent measurements. The error bars are 1 σ . 
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The residuals from the derived timing solution are shown in Fig. 2 .
ome pulse phase jitter is visible where the scatter in arri v al times

s larger than the error bars. Ho we v er, the o v erall timing RMS is
roportionally very small, being roughly 1/10000th of the pulse 
eriod at 7.6 ms. This makes the pulsar exceptionally well-timed, 
nd suggests that the shape of the pulse profile envelope is highly
table from epoch to epoch. For comparison, typical millisecond 
ulsars have timing residuals with RMS of around 0.1–1 μs, or
round 10 −5 –10 −3 of the pulse period (Becker, Kramer & Sesana 
018 ). 
The measured P of 75.88554698(3) s is consistent with the 

alue of 75.88554711(6) reported in C22 , while the measured Ṗ of
.44(1) ×10 −13 s s −1 agrees with the value in C22 of 2.25(10) ×10 −13 

 s −1 within 2- σ . These timing parameters imply a characteristic 
agnetic field strength of B = 3 . 2 × 10 19 

√ 

P Ṗ � 1 . 4 × 10 14 G, a
haracteristic age of τ = P / 2 Ṗ = 4 . 9 Myr, and a spin-down energy
f Ė = 4 π2 I Ṗ /P 

3 = 2 . 2 × 10 28 erg s −1 . 

.2 Average profile and pulse width evolution 

he Murriyang UWL, MeerKAT FBFUSE, and GMRT data were 
sed to produce an average profile across a wide bandwidth from
44 to 4032 MHz, which is presented in Fig. 3 . After being cleaned
f RFI, the data were scrunched using the PSRCHIVE tool PAT

o a single polarization channel with 1024 phase bins and 1024 
requency channels. The UWL and MeerKAT L -band data were then 
ownsampled so that their frequency channel width matches that of 
he UHF band data. The data were also scaled so that they have
he same RMS in each band. Where the respectiv e frequenc y bands
 v erlap, the data were averaged. It is evident that PSR J0901 −4046
s visible o v er a wide range of frequencies with little discernible
requency structure. 

The integrated profile of PSR J0901 −4046 has a half-power pulse 
idth of ∼300 ms at ∼ 1 . 2 GHz, resulting in an extremely narrow
uty cycle of ∼ 1 . 4 ◦. This is more in line with other radio pulsars with
 > 5 s than with the known radio-loud magnetars, which have duty
ycles ∼15–190 ◦ (see e.g. Agar et al. 2021 ). Moreo v er, this width
ppears to be stable o v er a wide bandwidth, with similar values
bserved at the bottom of the MeerKAT UHF band at 544 MHz and
he top of the Murriyang UWL band at 4032 MHz. 

The width of pulse shapes of non-recycled pulsars is most often
bserved to vary monotonically across the observing band, but most 
rominently below 1 GHz, a behaviour commonly associated with the 
utativ e radius-to-frequenc y mapping (RFM) mechanism (Thorsett 
991 ). The model proposed by Cordes ( 1978 ) stipulates that lower
requency radiation is emitted further from the NS surface, where the
pen magnetic field lines possess a wider opening angle, resulting in
 beam that widens towards low frequencies. 

Thorsett ( 1991 ) modelled pulsar profile width evolution using the
ollowing relation: 

 10 = Aνμ + W 10 , 0 , (1) 

here W 10 is the profile width at 10 per cent of the maximum, ν is
he observing frequency in MHz, A and μ are constants, and W 10 , 0 

s the asymptotic profile width. 
Kijak et al. ( 1998 ) e v aluated the pulse width of 87 pulsars

t 1.4 GHz and 4.85 GHz, finding that only 57 per cent of the
ulsars were more than 5 per cent narrower at the higher frequency
ompared to the lower frequency; 41 per cent of the pulsars exhibited
arginal variability, while 2 per cent were significantly wider at the

igher frequency. Johnston et al. ( 2008 ) found that the profiles of
round 30 per cent of 67 pulsars observed at 243 to 3100 MHz
roadened at higher frequencies. Similarly, applying equation ( 1 ) 
o 150 pulsars in the European Pulsar Network demonstrated that 
4 per cent narrowed towards higher frequencies, 27 per cent were
pproximately constant in width, and 19 per cent grew wider (Chen &
ang 2014 ). Subsequently, Pilia et al. ( 2016 ), Olszanski, Mitra &
ankin ( 2019 ), Zhao et al. ( 2019 ), and Posselt et al. ( 2021 ) have

ound similar frequency dependence of pulse width among pulsars 
bserved with the Low Frequency Array (LOFAR), Arecibo, GMRT, 
nd MeerKAT telescopes, respectiv ely. Frequenc y-dependence is 
lso seen in pulsars that exhibit phase modulation phenomena such 
s e.g. sub-pulse drifting, where it is generally seen as an increase
MNRAS 540, 2131–2145 (2025) 
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Figure 3. Profile (top) and dynamic spectrum (bottom) of PSR J0901 −4046 
av eraged o v er the Murriyang UWL band, GMRT Band-4, and the MeerKAT 

L band and UHF band. The fluxes are indicated in arbitrary units. Profiles 
av eraged o v er the combined band (black), UWL only (blue), Band-4 only 
(violet), MeerKAT L band only (green), and MeerKAT UHF band only 
(orange) are shown. The horizontal dashed lines in the dynamic spectrum 

indicate the regions where the respective bands overlap. The solid grey regions 
correspond to channels remo v ed due to persistent RFI. 
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Figure 4. Left: W 10 pulse widths of PSR J0901 −4046 in 20 frequency 
channels co v ering 0.5–4 GHz. The best-fitting model using equation ( 1 ) is 
shown, with 1- σ errors shaded. Right: The pulse profile in each channel. 
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n the component separation at lower frequencies (e.g. McSweeney
t al. 2023 ). 

To study the RFM-like behaviour of PSR J0901 −4046, we used
he wideband, composite dynamic spectrum shown in Fig. 3 . The
verage pulse was divided into 20 frequency channels of differing
idths, such that the signal-to-noise ratio S/N > 10 in each. For each

hannel, the baseline was subtracted using the PSRSALSA 

5 software
ackage (Weltevrede 2016 ), and a pulse profile template was derived
NRAS 540, 2131–2145 (2025) 

 https:// github.com/ weltevrede/ psrsalsa 

w  

∼  

p  
sing PSRCHIVE / PAAS . The FITVONMISES function in PSRSALSA was
hen used to measure the best-fitting W 10 value and error. This was
epeated for each channel to obtain width measurements across the
requency band. We then used the LMFIT PYTHON package (Newville
t al. 2014 ) to carry out a least-square minimization fit of equation ( 1 )
o the measured widths. The pulse widths (in degrees of the phase)
re shown in Fig. 4 , along with the best-fitting Thorsett function.
est-fitting parameters of A = 5300 ± 2700, μ = −2 . 14 ± 0 . 47,
nd W 10 , 0 = 1 . 98 ◦ ± 0 . 09 were obtained. 

Posselt et al. ( 2021 ) demonstrated that the power-law parameters
re strongly correlated, and therefore only weakly determinative of
requency-dependent behaviour when considered individually. The
xtrapolated fractional width change from 1.4 GHz to 4.85 GHz
iven by 

′ = 

W 4 . 85 GHz − W 1 . 4 GHz 

W 1 . 4 GHz 
, (2) 

rom Chen & Wang ( 2014 ) is a more indicative point of comparison.
he best-fitting parameters listed abo v e return a value of η′ = 0 . 00 ±
 . 02 for PSR J0901 −4046, indicating a marginal, if any, change in
he pulse width as a function of frequency. In Fig. 5 , histograms
f the best-fitting μ and η′ values of the 150 pulsars studied by
hen & Wang ( 2014 ) are shown, with the derived values for PSR

0901 −4046 o v erlaid. 
The best-fitting power-law index μ is significantly shallower than

hat would be expected for Kolmogorov turbulence scattering, i.e.
−4 . 4, indicating weak presence of scattering. Assuming that the

ulse profile is well-modelled by a Gaussian function, the full width

https://github.com/weltevrede/psrsalsa
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Figure 5. Histograms comparing the best-fitting μ (top) and η′ (bottom) 
parameters with shaded errors for PSR J0901 −4046 compared to the 150 
pulsars in the Chen & Wang ( 2014 ) sample. 
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Figure 6. Measured time-averaged pulse energies as a function of frequency 
in the MeerKAT UHF band, with best-fitting power-law spectral fit. The grey 
data points were ignored in the fit as outliers. 
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t half-maximum of the pulse should be given by 

 50 = 

√ 

ln 2 

ln 10 
W 10 . (3) 

hen, the obtained for fit equation ( 1 ) provides an upper limit on the
cattering time-scale in the case that scattering dominates: 

sc ( ν) < W 50 ( ν) = 

√ 

ln 2 

ln 10 
( Aνμ + W 10 , 0 ) , (4) 

o that τsc , 1GHz � 250 ms. By comparison, the NE2001 (Cordes & 

azio 2002 ) and YWM16 (Yao, Manchester & Wang 2017 ) Galactic 
lectron distribution models predict scattering time-scales along the 
ulsar’s line of sight at a DM of 52.6 pc cm 

3 of 1.6 μs and 7.0 ns,
espectively. 

.3 Pulse energies 

.3.1 Avera g e spectrum 

sing the time-averaged pulse data shown in the previous section, 
e obtained spectral fits for the pulsar in each sub-band. We fit the
ower-law function 

 ( ν) = Aνα (5) 

o the measured intensities, omitting data points that were greater 
han 3 σ away from the median value. The observed intensity values 
re well-fit by the simple power law, with no evidence of variation as
 function of frequency observed. We obtained best-fitting spectral 
ndices of α = −0 . 92 ± 0 . 01, −1 . 15 ± 0 . 12, and −1 . 02 ± 0 . 05
cross the MeerKAT UHF band, MeerKAT L band, and Murriyang 
WL band, respecti vely. The best-fit po wer-law spectrum across the 
eerKAT UHF band is shown in Fig. 6 . 

.3.2 Pulse energy distribution 

e used single pulse archives from the 7-h PTUSE observation on 
021 September 26 to obtain pulse energies. To do this, PSRSALSA 
as used to first flatten the slope of the baseline in the data, which
s accentuated by the very long period, as well as to gate the data to
nclude only 130 phase bins around the pulse peak. For some pulses,
ero-DM RFI spikes nearby the pulse peak had to be remo v ed by
and using PAZI . The gating and zero-DM RFI excision of the data
ided in the subsequent subtraction of the baseline from the data,
lso using PSRSALSA , which was complicated both by the presence
f RFI with DM close to the pulsar DM and the extreme width of the
ull pulse period. 151 single pulses were identified in these data that
ere detected in both the L band and UHF band concurrently. 
In order to compare the distribution of pulse energies in the

ifferent MeerKAT bands, which have different noise characteristics, 
e computed relative pulse energies in both bands for the 151

dentified pulses using PSRSALSA . This involved identifying an on- 
ulse and off-pulse region of each pulse’s profile, measuring the 
n-pulse and off-pulse flux, and then normalizing with respect to 
he average off-pulse value. While the on-pulse phase range was 
pecified to be the same for all single pulses, the off-pulse region
as manually chosen for each pulse to include the same number of
hase bins as the on-pulse region, but not to coincide with any phase
ins where a zero-DM RFI spike had been remo v ed. The on-pulse
nd off-pulse energy distributions (PEDs) derived for all the PTUSE 

etections of PSR J0901 −4046 in each band are shown in Fig. 7 . For
ach distribution, we fit a Gaussian function, 

 ( E) = 

A 

σ
√ 

2 π
exp 

(− ( E − μ) 2 

2 σ 2 

)
(6) 

o the off-pulse energies, and a log-normal function, 

 ( E ) = 

A 

E σ
√ 

2 π
exp 

(− ( ln ( E ) − μ) 2 

2 σ 2 

)
, (7) 

o the on-pulse energies. The best-fitting A , μ, and σ parameters,
s well as reduced χ2 values, for each fit are recorded in Table 3 .
ote that the combination of RFI, variability across the pulse, and

he variable baseline makes determining the pulse energies of weaker 
ulses difficult, and also broadens the off-pulse energy distribution. 
The off-pulse energy distributions are both centred around zero, 

nd comport with the expected Gaussian noise characteristics, while 
he greater width of the on-pulse distribution in the UHF band
onfirms the finding in C22 that the pulse-to-pulse modulation of 
he source is greater at lower frequencies. 
MNRAS 540, 2131–2145 (2025) 
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Figure 7. Pulse energy distribution of PSR J0901 −4046 single pulses observed simultaneously in the MeerKAT L band (left) and UHF band (right). In each 
plot, the black outlined bars indicate the off-pulse energy, while the solid grey bars indicate the on-pulse energy. The energies are normalized with respect to the 
average off-pulse energy. The overlaid curves show best-fitting log-normal functions fit to the off-pulse (dashed) and on-pulse (solid) energies, with 1 σ errors 
shaded. 

Table 3. The best-fitting parameters and χ2 values for Gaussian and log-normal functions fit to the on-pulse and 
off-pulse energy distributions shown in Fig. 7 , respectively. 

Off-pulse energies On-pulse energies 
Frequency band A μ σ χ2 

r A μ σ χ2 
r 

UHF band 0.87 ±0.05 2.8 ±0.5 8.2 ±0.5 1.4e −4 1.03 ±0.07 4.26 ±0.05 0.64 ±0.04 3.8e −6 
L band 0.87 ±0.03 1.2 ±0.2 5.3 ±0.2 8.2e −6 0.98 ±0.05 3.94 ±0.03 0.44 ±0.02 4.7e −6 

Figure 8. Average peak flux density measurements of single pulses detected during MeerKAT observations. The line of best fit, with 1 σ uncertainty, has a 
slope of 4.8 ±2 . 1 × 10 −3 mJy d −1 . 
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.3.3 Temporal variability 

or each pulse detected with MeerKAT, we used the S/N −DM
ptimization code MTCUTILS 6 to calculate the peak S/N. These values
ere then converted to estimated peak flux density S ν using the

adiometer equation for single pulses (Lorimer & Kramer 2012 ): 

 ν � 

S/N T sys 

G f ant 
√ 

n p W �f 
, (8) 

here G is the telescope’s gain, T sys is the system temperature, f ant 

s the fraction of antennas used in the observation, n p is the number
f polarization channels recorded, W is the pulse width, and �f is
NRAS 540, 2131–2145 (2025) 

 bitbucket.org/ vmorello/ mtcutils 

a  

A  

w  

t  
he bandwidth. The system temperature is assumed to be the sum of
he receiver temperature and the sky temperature for the observation,
 sys = T rec + T sky . We used instrumental parameters of T rec = 18 K
t L band and 24 K at UHF-band, G = 2 . 8 K Jy −1 (adjusted for
he number of dishes in each observation), n p = 1, and �f = 856

Hz at L band and 544 MHz at UHF band (Bailes et al. 2020 ).
he pulse widths were measured with MTCUTILS . The T sky values
t the source coordinates at the centre of the observing band were
etermined using the PYGDSM (Price 2016 ) implementation of the
iffuse Galactic radio emission model of Zheng et al. ( 2017 ). 
The radiometer equation-derived flux density values measured

cross all MeerKAT observations of the source are shown in Fig. 8 .
 weighted linear regression using LMFIT returned a best-fitting line
ith slope 4.8 ±2 . 1 × 10 −3 mJy d −1 . We therefore do not observe

he possible trend of secular decline in the pulse brightness identified
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Figure 9. High time-resolution profile (top) and dynamic spectrum (bottom) 
made using 151 PSR J0901 −4046 single pulses observed in the MeerKAT L 
band and UHF band concurrently. Profiles summed o v er the combined band, 
MeerKA T L-band only, and MeerKA T UHF-band only are shown from top 
to bottom. The horizontal dashed lines in the dynamic spectrum indicate the 
regions where the respective bands overlap. The higher noise regions near 
1.2 GHz and 1.5 GHz are affected by satellite RFI. The apparent striations at 
low frequencies are caused by the removal of zero-DM RFI. 
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n (Caleb et al. 2022a ). Instead, the pulses grew marginally brighter
 v er time, likely indicativ e of short-term variability more than any
ong-term trend. 

.4 Pulse shapes 

22 noted certain remarkable spectrotemporal-polarimetric proper- 
ies of PSR J0901 −4046’s single pulses. In particular, the observed 
ulse morphologies varied drastically from one instance to the next. 
22 identified seven distinct categories of PSR J0901 −4046 pulse 
orphology: normal , double peaked , triple peaked , split peaked ,

uasi-periodic , partially nulling , and spiky (see fig. 2 of that paper
or an example of each). Unlike the sub-pulse structure seen in 
ulses from for example some radio-loud magnetars, the pulse type 
ariation seemed chaotic, with no discernible pattern. Additionally, 
ertain pulses exhibited one or multiple quasi-periodic sub-pulse 
omponents, which is behaviour reminiscent of some FRBs (e.g. 
HIME/FRB Collaboration 2022 ) as well as the radio-loud magnetar 
TE J1810 −197 (Levin et al. 2019 ; Caleb et al. 2022b ). 
The PTUSE data from the 2021 September 26 dual-band 
eerKAT observation were used to study PSR J0901 −4046’s pulse 

hape and sub-pulse behaviour. For this purpose, the data were 
ntegrated to a single polarization channel with 65 536 phase bins and
2 frequency channels. The data were also gated, and the baseline 
emo v ed using PSRSALSA as outlined in Section 3 . 3. 

Subsequently, pulse profiles were created for each of the 151 PSR
0901 −4046 single pulses detected in both the L band and UHF
and. The average, high time-resolution pulse profile and dynamic 
pectrum are shown in Fig. 9 . The profiles were then inspected by
ye and classified into one of the seven pulse shape categories listed
n C22 . Fig. 10 shows representative examples of each of the seven
orphological types. All 151 single pulses are plotted in appendix A 

f Bezuidenhout ( 2022 ), with their assigned morphological type 
ndicated. It should be borne in mind that, due to the pre v alence
f zero-DM RFI in the data, the low intensity of some pulses, and
he inherently subjective nature of the by-eye classification process, 
 proportion of the classifications are una v oidably ambiguous. 

Intriguingly, the pulse morphologies we identified seem to be 
istributed differently than reported in C22 . Table 4 compares the 
umber and proportions of pulses of each shape type detected in 
he two data sets. Although in both cases normal pulses were the

ost common type, they dominated the data analysed in this work, 
omprising 68 per cent of all identified pulses, while the C22 analysis
ound a much more even spread of pulse types. Our sample of pulses
lso contained significantly fewer quasi-periodic and partially nulling 
ulses (five and three, respectively), despite together comprising 
0 per cent of pulses in C22 . 
A χ2 test for homogeneity of the observed proportions results in a 

est statistic of χ2 = 46 . 9, exceeding the critical value of 16.8 for 6
egrees of freedom at the 1 per cent confidence level. This indicates
hat the pulse shapes observed by C22 are not consistent with the
ame underlying distribution as those observed in this work, and that 
he difference is therefore likely not a result of Poissonian variation. 

The differing composition of the pulse morphologies observed in 
he data analysed for this work compared to that seen during the
bservations spanning February to May 2021 ( C22 ) may indicate 
n evolution of the source. Although no definite pulse-shape trend 
ould be identified in the C22 data, the predominant single pulse 
hape did seem to v ary some what from one observing date to the
e xt. F or e xample of the 24 pulses identified in the MeerKAT L -
and observations on 2021 April 2, only three ( ∼13 per cent) were
f the split-peak variety, while normal pulses were most common 
n that occasion, making up ∼46 per cent of all pulses. Further
nalysis of PSR J0901 −4046 single pulse types o v er time may
emonstrate that its emission assumes phases during which one pulse 
ype or another is predominant, depending on the physical state of the
ource. 

.4.1 Pulse shape clustering 

ig. 11 shows the ToAs of all the detected single pulses categorized
ccording to the pulse shape type. While C22 found that pulse mor-
hologies vary chaotically, the arrival times of certain morphological 
ypes in these data may suggest clustering in time. For example 11
f the 24 split-peak pulses occur in two separate 10-min clusters
MNRAS 540, 2131–2145 (2025) 
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Figure 10. Profiles (top) and dynamic spectra (bottom) of representative single pulses from each of the seven PSR J0901 −4046 pulse morphology types 
identified in C22 . The profile averaged over the combined band, L band only, and UHF band only are shown from top to bottom in each panel. The horizontal 
dashed lines in the dynamic spectra indicate the region where the L band and UHF band o v erlap. The apparent striations at low frequencies are caused by the 
removal of zero-DM RFI. The detection time ( UTC ) for each pulse is listed at the top of each panel. 

Table 4. Number and proportion of different pulse shapes identified in the C22 sample of pulses and 
those identified in this work. 

C22 This work 
Shape type Number Proportion (per cent) Number Proportion (per cent) 

Normal 73 37 102 68 
Split peaked 42 21 25 17 
Quasi-periodic 31 16 5 3 
Nulling 28 14 3 2 
Spiky 17 9 8 5 
Double peaked 3 2 5 3 
Triple peaked 4 2 3 2 
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04:07–04:17 and 07:13–07:23), while 3 of the 8 spiky pulses occur
n direct succession (07:32–07:34). To test for possible clustering of
he pulse types, we used the method employed by Oppermann, Yu &
en ( 2018 ) to identify temporal clustering in repeat pulses from FRB
0121102A. We fit a Weibull function, 

( δ | k, r) = kδ−1 [ δr
(1 + 1 /k)] k e −[ δr
 (1 + 1 /k )] k , (9) 

here 

( x) = 

∫ ∞ 

0 
t x−1 e −t d t (10) 
NRAS 540, 2131–2145 (2025) 
s the gamma function, to the distribution of wait times between
ubsequent pulses of the normal type. If the pulse morphology
orresponds to a Poissonian random process, then the distribution
f wait times between subsequent pulses of the same type should
ollow an exponential function, 

( δ | r) = re −δr , (11) 

here r is the constant pulsation rate. The Weibull function in
quation ( 9 ) equals an exponential function in the case that its shape
arameter k = 1. Hence, any deviation of the best-fitting Weibull
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Figure 11. Times of MeerKAT PTUSE detections of PSR J0901 −4046, categorized based on pulse shape type. 

Figure 12. Probability density function of wait times between subsequent 
PSR J0901 −4046 single pulses of the normal type. The solid curve (with 
1 σ errors shaded) indicates the best-fitting Weibull distribution with k and 
the burst rate ( r) as free parameters. The dashed curve shows the best- 
fitting Weib ull distrib ution assuming k = 1, corresponding to an exponential 
function. 
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unction’s shape parameter from unity indicates clustering in the 
rri v al times of the pulses. The Weibull function fit to the wait times
etween subsequent normal pulses from PSR J0901 −4046 are shown 
n Fig. 12 . The best-fitting shape parameter k is consistent with
nity to within the 1 σ errors. There is thus no evidence of temporal
lustering of the normal type pulses. The other morphological pulse 
ypes have too few examples for a similar analysis to be performed.
t may be that the predominance of normal type pulses in the data
et makes any clustering difficult to discern, since the wait times
ill be dominated by those corresponding to one or two rotations of

he pulsar. A similar analysis of the occurrence of a less pre v alent
ulse type may be more fruitful, but too few instances are available
t present to be certain. 

.5 Sub-pulse structure 

SR J0901 −4046 single pulses of certain morphological types 
xhibit significant sub-pulse structure with varying spectrotemporal 
ehaviour. F or e xample visual inspection of instances of the split
eak , double peak , and triple peak pulses suggests that their sub-
ulse components may exhibit different spectral indices from the 
ain pulse. The three pulses shown in Fig. 13 , two of which are triple-

eak and one double-peak , are examples of pulses for which the sub-
ulse components are visible o v er a notably restricted frequency
and compared to the main pulse. In these cases, the sub-pulse
omponents are clearly more visible in the L -band profile (middle)
han the UHF-band profile (bottom) or vice versa. On the other
and, the many instances of these same pulse types do not show
n y ob vious deviation between the frequenc y dependence of the sub-
ulse components. More detailed spectral fitting of these components 
s required to establish a definite trend. 

Visual inspection of the single pulses also suggests that both the
ub-pulse components and microstructure (i.e. spikes, partial nulling, 
nd quasi-periodic oscillations superimposed on the pulse), appear 
onsistent in phase across the full frequency range available. This 
an be seen clearly in Fig. 10 , where the sub-pulse components
nd microstructure in the L band and UHF band are well aligned.
onsistent with the absence of frequency-dependence found in 
ection 3.2 , we do not see clear evidence of sub-pulses drifting
ownward in frequency, which characterises some pulsars’ and 
RBs’ emission (see e.g. Hessels et al. 2019 ) in any of the single
ulses in this data set. Ho we v er, the av erage pulse has a secondary
omponent that separates out at low frequencies (see Fig. 9 ), which
ay indicate that this effect is weakly present. The pulse structure

eatures also seem to have consistent widths across the full frequency
and, although the data do not possess sufficient time resolution to
onfidently measure their widths. 

In order to determine the time scales of the sub-pulses and
icrostructure present in some single pulses, we performed an 

utocorrelation function (ACF) analysis on their intensities (see 
.g. Cordes 1979 ). The time-dependent ACF is given by the cross-
orrelation of a given dedispersed time series f ( t) with a copy of
tself with some offset τ , i.e. 

CF ( τ ) = 

∫ t 

0 
f ( t) f ( t − τ ) dt . (12) 
MNRAS 540, 2131–2145 (2025) 
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M

Figure 13. Profiles (top) and dynamic spectra (bottom) of three PSR J0901 −4046 pulses sho wing e vidence of v ariable frequency-dependence of sub-pulses. 
Profiles averaged over the entire combined MeerKAT band, the L band only and the UHF-band only are shown from top to bottom in each panel. The detection 
time ( UTC ) for each pulse is listed at the top of each panel. 

Figure 14. Pulse profiles (left) and ACFs (right) of a representative quasi-periodic PSR J0901 −4046 pulse across the full band and three sub-bands. The dashed 
vertical lines in the ACF plot indicate the peak of the ACF in each sub-band, and thus the quasi-period, with 1 σ error bars. 

T  

s  

t
 

F  

f  

7

s

v  

f  

t  

W  

r  

a

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/540/3/2131/8154502 by guest on 02 February 2026
he ACF will have a peak at τ = 0, corresponding to self-noise. A
econd peak at short time scales is indicative of the characteristic
ime-scale of quasi-periodic microstructure. 

Fig. 14 shows an example ACF for the quasi-periodic pulse in
ig. 10 . The ACF is shown for the pulse profile averaged over the
ull combined band, as well as for three sub-bands. 7 The dashed
NRAS 540, 2131–2145 (2025) 

 We found that three frequency subdivisions was the maximum number that 
till resulted in high confidence in the measured quasi-period. 

9  

t  

i

ertical lines in the bottom panel indicate the peak of the ACF
or each profile (disregarding the self-noise component), and thus
he characteristic time scales of the quasi-periodic microstructure.

e determined 1 σ uncertainties on the ACF peak using bootstrap
esampling with 10 000 iterations. The ACF peaks were found to be
t ∼90 ms for the full band (544–1712 MHz), ∼88 ms in the 544–
33 MHz range, ∼83 ms in the 933–1323 MHz range, and ∼93 ms in
he 1323–1717 MHz range. The time-scale of the quasi-periodicity
n this instance is thus highly stable across the combined band. 
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Table 5. Quasi-periodic microstructure characteristic time-scales, measured across the full combined MeerKAT band as well as three sub-bands. Sub-bands 1, 
2, and 3 represent 544–933 MHz, 933–1323 MHz, and 1323–1712 MHz, respectively. The profiles of the spiky pulses contain 0.4 s of data, while those of the 
quasi-periodic pulses contain 1.0 s of data; the derived quasi-periods are indicated by blue vertical lines on the profiles. 

ACF peak time (ms) 
Pulse type Profile Arri v al time Full band Sub-band 1 Sub-band 2 Sub-band 3 

Quasi-periodic 01:48:17.02 60.894(2) 56.790(3) 60.210(1) 62.135(1) 

Quasi-periodic 01:52:04.67 68.269(2) 64.526(1) 70.015(2) 71.3254(6) 

Quasi-periodic 02:35:04.91 55.6795(1) 55.5741(1) 56.978(4) 56.510(3) 

Quasi-periodic 05:47:19.00 87.949(6) 87.730(5) 86.368(6) 90.338(6) 

Quasi-periodic 06:18:56.09 91.510(4) 95.598(3) 90.0487(8) 93.629(6) 

Mean (Quasi-periodic) 72.86 72.04 72.72 74.79 

Spiky 02:21:10.19 33.492(3) 33.883(2) 33.028(3) 39.136(2) 

Spiky 02:31:17.26 22.797(1) 26.738(1) 23.1115(3) 20.384(1) 

Spiky 07:32:17.34 13.842(2) 13.3393(6) 14.3300(6) 14.3323(6) 

Spiky 07:33:33.22 13.346(1) 13.711(1) 13.114(1) 13.5234(1) 

Mean (Spiky) 20.87 21.92 20.90 21.84 
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Using the ACF, we identified five pulses whose profiles exhibit 
uasi-periodic substructure. The characteristic time scales of the 
icrostructure for these pulses are listed in Table 5 . The time scales

re given for both the full, combined band and three sub-bands.
ivision into more sub-bands results in signals in some sub-bands 

hat are too faint to perform the ACF analysis. The mean time-scale
 v er the full band is 72.86 ms, corresponding to roughly ( P /s) ×
0 −3 , with the means o v er the sub-bands all being within 2 ms of
hat value. It is evident that the characteristic time-scales for all 
he quasi-periodic pulses is roughly consistent across the frequency 
and. 
We also applied the ACF analysis to the eight spiky pulses in our

ata set, and for four of them found convincing quasi-periods, as
isted in Table 5 . These time-scales were significantly shorter than 
hose for the quasi-periodic pulses, with a mean o v er the full band
f 20.87 ms. This quasi-period also seems to remain approximately 
onstant across the bandwidth. 

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

n this paper, we have presented analytical results of a long 
erm follow-up campaign of the ultralong period magnetar PSR 

0901 −4046 using four different telescopes. Pulses were observed 
rom 544 to 4032 MHz, with the pulsar still strongly visible at the top
f the Murriyang UWL band, but non-detection using both GMRT 

and-3 and MWA may indicate a turno v er in the spectral index below
500 MHz. Such low-frequency turnovers have been observed in a 

mall sub-set of radio pulsars, usually ∼50–100 MHz (Jankowski 
t al. 2018 ), but turn-o v ers at ≥500 MHz have also been observed
nd attributed to free–free absorption in the interstellar medium (e.g. 
ijak et al. 2017 ). 
We have found that the timing solution has been highly stable since

he disco v ery of the pulsar on 2020 September 27. No anomalous
iming behaviour has been observed, and the RMS of the timing
odel ( ∼ 8 μs) is minimal compared to the pulse period. This

uggests that, despite the presence of structural modulation, the pulse 
nvelope is very stable from pulse to pulse. This stability o v er a long
eriod of time is contrary to the typical behaviour of magnetars,
hich are characterized by frequent outbursts and associated timing 
litches (see Kaspi & Beloborodov 2017 ), as well as drastic changes
n the spin-down rate (e.g. Levin et al. 2019 ). Likewise, the lack of
bserv able v ariation in pulsed flux density is dissimilar to the drastic
ncreases in flux that tend to accompany these anomalies in known
adio magnetars. 

As outlined in Section 3 . 3 . 1, we found that PSR J0901 −4046
ossesses a significantly flatter average spectrum compared to regular 
adio pulsars o v er a wide range of frequencies, with the measured
pectral index around −1 . 0, compared to the radio pulsar average of
= −1 . 6 ± 0 . 03 (Jankowski et al. 2018 ). However, the spectrum is

till steeper than what has been observed in radio-loud magnetars, 
hich have spectral indices ranging from −0 . 5 to + 0 . 9 (Camilo et al.
007a , b ; Lazaridis et al. 2008 ; Levin et al. 2010 ). 
Intriguingly, in Section 3 . 2 we showed that the width of the

veraged pulse of PSR J0901 −4046 remains steady over a wide
requency range, meaning that emission at various altitudes abo v e
he NS surface e xtends o v er roughly the same angular distance,
hich may be surprising given the expected size of the pulsar
agnetosphere. One possible explanation is that, due to the very 

arge light cylinder radius R LC = cP / 2 π = 3 . 62 × 10 6 km, open
agnetic field lines along which charged particles are accelerated 

ossess a very low radius of curvature. Radiation beams emitted 
t various heights abo v e the polar cap, corresponding to various
mission frequencies, should therefore have very similar opening 
ngles. Alternatively, if RFM-like behaviour is the result of a 
ropagation effect such as birefringence in the magnetosphere, as has 
ccasionally been suggested (see e.g. McKinnon 1996 ; Philippov & 
MNRAS 540, 2131–2145 (2025) 
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ramer 2022 ), this result may be used to probe the plasma properties
n extreme magnetospheres. The absence of frequency-dependent
ehaviour in this pulsar is also notably in contrast to the phenomenon
f frequency drift in the sub-bursts of repeating FRBs, which has
ften been explained by reference to RFM in an NS magnetosphere
Hessels et al. 2019 ; Wang et al. 2019 ). 

The steadiness of PSR J0901 −4046’s pulse width is contrary
o that of the next-slowest known radio pulsar, PSR J0250 + 5854
 P = 23 . 5 s), whose pulses widen appreciably at higher frequencies
 μ = 1 . 9 ± 0 . 4) (Agar et al. 2021 ). Ho we ver, in that pulsar’s case,
roadening is likely due to the frequency-dependence of secondary
rofile components. This is in agreement with the finding of Pilia et al.
 2016 ) in their study of 100 pulsars observed by LOFAR that profile
roadening with higher frequency or non-monotonic behaviour was
 result of the appearance/disappearance of profile components. A
earch of the literature did not provide measurements indicating RFM
or any other radio pulsars with P > 5 s, and so whether longer-period
ulsars have less pronounced RFM is still uncertain. 
We calculated PEDs for pulses detected in the MeerKAT L band

nd UHF-band, which were both well-fit by log-normal distributions
Section 3 . 3). We confirmed the finding in (Caleb et al. 2022a ) that
he pulse-to-pulse modulation is greater at lower frequencies. This
s lik ely link ed to the frequency-dependent behaviour of sub-pulse
omponents that differs from that of the main pulse (see Fig. 13 ).
lthough we see instances of sub-pulse components being brighter

n the L band compared to the UHF band, the disparate modulation
ndex seems to indicate that the aggregate trend is of increased
ub-pulse acti vity to wards lo wer frequencies. Taking the typical
nterpretation that lower-frequency radio emission is emitted closer
o the NS surface than higher-frequency emission, this indicates
hat the process responsible for these components is more active
t lower altitudes. This behaviour is contrary to predictions that
ub-pulse components should be largely consistent across large
requency ranges (e.g. Cordes 1979 ; Lange et al. 1998 ). Instances
ave been recorded of sub-pulse features widening towards lower
requencies, such as in the Vela pulsar (Kramer, Johnston & van
traten 2002 ). C22 used a continuous wavelet transform (CWT)
nalysis to show that the width of PSR J0901 −4046’s sub-pulse
omponents is stable o v er frequenc y. F or the pulses in our sample,
e also do not find any variation in the sub-pulse widths across a wide
and. 
The high time-resolution average pulse profile and dynamic spec-

rum in Fig. 9 confirms the conclusion in C22 that the average pulse
hape is different at lower frequencies than at higher frequencies,
ith a distinct secondary pulse component visible in the UHF band
rofile but absent from the L -band profile. There is also evidence in
any of the observed single pulses that sub-pulse features apparently

av e different frequenc y dependencies than the main pulse. It may
hus be that these sub-features originate from elsewhere in the radio
mission region of the NS. 

Interestingly, the pulse morphology analysis in Section 3 . 4 has
esulted in different proportions of each of the seven pulse types
ompared to that reported in (Caleb et al. 2022a ). Notably, the normal
ype morphology dominates the single pulses that we have analysed.

ACF analysis of the microstructure of pulses exhibiting quasi-
eriodicity has shown that these features appear at roughly consistent
oints in the pulse phase across frequencies. A larger sample of
uch pulses is required to ascertain whether this is true for all single
ulses and for all types of microstructure. The ACF analysis of Caleb
t al. ( 2022a ) found quasi-periods in 25 pulses averaging 75.82 ms,
emarkably close to the ∼ P × 10 −3 scaling proposed as common
S behaviour by Kramer et al. ( 2024 ). It should be noted, ho we ver,
NRAS 540, 2131–2145 (2025) 
hat the quasi-period varied widely between single pulses, from about
0 ms to 340 ms. The quasi-periods we measure for five pulses in
his data set are all within that range, with an average over the
ull frequency range of 61.14 ms. Kramer et al. ( 2024 ) interprets
he scatter of the quasi-period as a result of fluctuations about a
referred value, and notes that the relationship is robust despite large
ncertainties on quasi-period measurements for NSs with rotation
eriods spanning six orders of magnitude. 
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