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Abstract

A radio source with a period of 75.88 s, suspected of being an ultra-long period pulsar, was
discovered in 2020 with the MeerKAT radio telescope. Here, we report the detection of
radio pulses from this object in multi-epoch ASKAP image data at frequencies between
744 MHz and 1800 MHz and a search for pulses made in Murchison Widefield Array data
at 154 MHz. The ASKAP detections pre-date and extend other published observations
and so support the belief the pulsar emission has been persistent. The non-detection of
the pulsar in MWA data is consistent with a recent report that the spectrum turns over at
low frequencies. An ASKAP image of the field centred at 943 MHz confirms the MeerKAT
detection of diffuse emission surrounding the pulsar.

Keywords: pulsars; neutron stars; radio continuum

1. Introduction

PSR J0901−4046 was discovered with the detection of a single pulse by the MeerTRAP
project by Caleb et al. [1]. Further inspection of that data set, and subsequent observa-
tions, revealed a source with a period of 75.88 s. The measured dispersion measure of
52 ± 1 pc cm−3 suggests a distance of ∼0.4 kpc. Caleb et al. [1] also note the presence of
a diffuse shell-like structure surrounding the PSR J0901−4046, though caution that more
analysis is required to determine whether it is associated with the source. PSR J0901−4046
shares some properties with “normal” pulsars: (i) a steep spectral index, α, of −1.7 ± 0.9
(where S ∝ ν

α), and (ii) a small duty cycle, with half-power pulse widths of ∼300 ms. It
has no detectable X-ray emission but has other properties which more closely resemble
those of magnetars, including (i) highly variable pulses, which can be classified into seven
different pulse types (including the presence of a quasi-periodicity in some bright pulses),
and (ii) a high surface magnetic field strength of 1.4 × 1014 G, assuming a dipolar magnetic
field configuration.

The location of PSR J0901−4046 in the P − Ṗ diagram is however offset from both
normal pulsars and magnetars, and so its classification is not yet clear [1]. This is primarily
due to the unusually long period. The ATNF Pulsar Catalogue (http://www.atnf.csiro.
au/research/pulsar/psrcat) [2] contains 4303 entries (as of 24 October 2025), with 65 of
these being RRATs (Rotating Radio Transients) of unknown periods. Of the remaining
4238 pulsars, only 17 have periods longer than 10 s. Two of these have periods between
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20 and 30 s, with the 76 s period of PSR J0901−4046 placing it at the extreme end of the
population. (However, we note the recent discovery of a 41 s pulsar does start to bridge
this gap [3].) The growing class of long-period radio transients have significantly longer
periods, ranging from 18 min to several hours (e.g., [4–8]), and lie beyond the pulsar “death
line” hinting that other emission mechanisms might be involved. However, the discovery
of CHIME J0630+25 by Dong et al. [9] which has a period of 421 s, and with evidence for a
timing glitch similar to that seen in some other pulsars, suggests that rotating neutron star
models may be valid for periods even longer than that of PSR J0901−4046.

With such a long period, PSR J0901−4046 challenges the usual dipole spin-down
model for pulsar evolution. Magnetic dipolar losses alone cannot readily explain such long
spin periods and require extreme conditions like strong and long-lasting magnetic fields.
Ronchi et al. [10] studied the spin evolution of young, isolated neutron stars under the
influence of fallback accretion and demonstrate that the evolution of such an object can
differ significantly from standard spin-down models, with neutron stars able to reach spin
periods >10 s on timescales on the order of only 103

∼105 years. Similarly, Gençali et al. [11]
conclude that, as a result of fallback accretion, PSR J0901−4046, which is ∼7 × 105 years
old, would have passed through an anomalous X-ray pulsar/soft gamma-ray repeater
stage at an age of a few 104 years. The possibility of reaching such long spin periods in
much less than 107 years is crucial to maintaining the magnetic field and thus an energy
reservoir to power the object’s radio or X-ray activity. Alternatively, Konar [12] propose
an ultra-strong magnetic field anchored near the core–crust boundary as a solution to the
apparent mystery of GLEAM-X J162759.5−523504.3, a long-period radio transient with a
periodicity of 1091 s [5], and find that it scales well for PSR J0901−4046.

Several of the first long-period radio transients to be discovered were only active for
short periods, from days to months (e.g., [4–6]). The MeerKAT discovery observations
of PSR J0901−4046 spanned 17 September 2020 to 9 May 2021, and Caleb et al. [1] note
that further information on how persistent the source is would provide further clues as
to its nature. Subsequent observations between 2021 and 2023 by Bezuidenhout et al. [13]
indicate that the source has continued to emit pulses and has not yet shown any evidence
of being episodic.

Here, we report on observations of PSR J0901−4046, which both precede the original
MeerKAT discovery and extend the Bezuidenhout et al. [13] monitoring, with the ASKAP
radio telescope and the Murchison Widefield Array (MWA).

2. The Search for Pulses

2.1. ASKAP Observations

The Australia SKA Pathfinder is an array of thirty-six 12 m diameter antennas, each
of which uses a 188-element Phased Array Feed to provide wide field-of-view imaging
over a 288 MHz bandwidth in the 700 to 1800 MHz range [14]. The ASKAP correlator
uses a cycle time of 9.953281 s, which we round to 10 s in the discussion below. Data are
integrated over this cycle time with visibilities written to disk at the end of each cycle.
Although the original MeerKAT pulses were only ∼300 ms wide, they were sometimes
bright enough that it appeared worthwhile to examine the ASKAP data to see whether
they were detectable in 10 s integrations. Caleb et al. [1] noted that the first Rapid ASKAP
Continuum Survey (RACS) was not sensitive enough to detect a persistent source as
the time-averaged flux of a couple of hundred micro-jansky lay below the median RMS
image noise of 250µJy beam−1 [15]. Examination of each 10 s integration individually, and
folding the resulting data with the pulsar period, offered the possibility of detecting the
pulsar, particularly if it happened to emit a bright pulse during a 10 s integration within a
15 min observation.
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A series of RACSs have been undertaken to develop a global sky model, and streamline
operational procedures, by imaging the visible sky using a 15 min integration for each
pointing [15]. To date, three surveys in the ASKAP low (∼900 MHz) band have been made,
two surveys in the mid (∼1300 MHz) band, and one survey in the high (∼1600 MHz) band.

The first RACS-low (retrospectively referred to as RACS-low1), centred at 888 MHz,
was conducted in 2019, with a number of fields re-observed in 2020 [16]. A second epoch
of RACS-low, RACS-low2, was undertaken in 2021/2022, with an improved sensitivity
resulting from increases in system reliability and enhancements in data processing. Both
RACS-low1 and RACS-low2 used the “square_6x6” beam footprint, which is detailed
in [14]. A third epoch, RACS-low3, was completed in early 2024, using the more compact
“closepack36” beam footprint (to match with RACS-mid and RACS-high) and a slightly
higher frequency for better sensitivity.

The RACS-mid1 commenced in late 2020 [17,18]. As the bottom half of the 288 MHz
bandwidth RACS-mid is significantly impacted by GNSS satellite signals, only the top
half of the band was used, yielding an effective band centre of 1367 MHz. A second
epoch, RACS-mid2, was conducted in 2024 with processing of this data still underway. The
RACS-high survey, centred on 1655 MHz, followed in 2022 [19].

Inspired by promising early results, a 10 h test observation was made of the field
which included PSR J0901−4046 in June 2022, and a 1 h ToO (Target of Opportunity)
observation was made on 3 October 2025. Table 1 provides the list of ASKAP observa-
tions considered here. The columns give (1) the observing program; (2) the scheduling
block identification, SBID; (3) the name of the observed field; (4) the beam number (see
Hotan et al. [14] for the mapping of the beam number for the beam footprint); (5) the
offset in degrees of the source from the beam centre; (6) the start time, corresponding to
the first unflagged data (which can be 30∼40 s after the nominal start time of the obser-
vation); and (7) the frequency range. Details of the RACS data processing are given in
McConnell et al. [15], Hale et al. [16], and Duchesne et al. [17–19].

Table 1. ASKAP Observing Log. RACS observations were all 15 min in duration, the test observation
10 h, and the ToO observation 1 h.

Survey SBID Field Beam
Offset Date Start Time Frequency Range
(deg) (yyyy-mm-dd) (UT) (MHz)

RACS-low1_1 8598 RACS_0911-37A 30 0.62 2019-04-30 14:06:59.7 743.491–1031.491
RACS-low1_2 8641 RACS_0855-43A 20 0.69 2019-05-04 05:09:51.4 743.491–1031.491
RACS-low1_3 13739 RACS_0855-43A 20 0.69 2020-05-02 11:21:04.8 743.491–1031.491
RACS-mid1_1 22042 RACS_0859-41 27 0.08 2021-01-26 17:19:37.7 1151.491–1439.491 a

RACS-high1_1 35676 RACS_0859-41 27 0.08 2022-01-10 18:40:51.7 1511.491–1799.491
RACS-low2_1 39244 RACS_0911-37 30 0.62 2022-04-11 12:44:53.6 743.491–1031.491
RACS-low2_2 39310 RACS_0855-43 19 0.72 2022-04-12 12:13:30.8 743.491–1031.491
Test_0900-40 41912 TEST_0900-40 9 0.56 2022-06-25 01:23:34.4 799.491–1087.491
RACS-low3_1 56856 RACS_0859-41 27 0.08 2024-01-06 19:02:18.8 799.491–1087.491
RACS-mid2_1 67689 RACS_0859-41 27 0.08 2024-11-10 22:46:28.6 1151.491–1439.491 a

ToO 77422 PSR_J0901-4046 15 0.00 2025-10-03 22:37:51.6 799.491–1087.491

a: only top half of 288 MHz bandwidth used.

For our examination of each ten-second integration separately, the following steps
were taken: (i) A model of the field was determined from the RACS-low2 and RACS-low3
catalogues and extrapolated to the central frequency of each observation using a spectral
index of −0.83. The model is attenuated with a Gaussian approximation of the primary
beam that takes into consideration the effect on the spectral index of each source depending
on its position in relation to the centre of the beam. (ii) The visibilities are then bandpass-
calibrated against the sky model. This ensures that phases are well calibrated and that
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short time-scale images can be made. (iii) A frequency-independent amplitude and phase
self-cal against the model was made to account for any time variability in the gains. (iv) The
model is subtracted from the visibility data. This should leave behind only small residual
components around field sources. (v) Small dirty images (no deconvolution is applied
since most field source structure has been removed) are made using the CASA task tclean
for each ASKAP integration, phase-shifted so that the image is centred on the location
of the pulsar (to reduce non-co-planar effects). This allows for very fast imaging at short
time-scales. (vi) The background image noise; the presence of any peak in the subtracted
field; and the signal-to-noise ratio (SNR) of that peak are measured. We do not attempt to
measure flux densities for the detected pulses as the (variable, see below) noise contribution
would make a sizeable contribution to the error.

The results for nine RACS epochs are shown in Figure 1. Vertical grey lines indicate
when a pulse would be expected based on the ephemeris given in [13]. Pink vertical lines
indicate pulses exceeding an SNR level of typically 3.4 σ, corresponding to approximately
a 1 in 1000 chance of a statistical fluctuation exceeding this level, indicated by the dotted
horizontal line. As the distribution of SNR values is not a simple Gaussian and may vary
from observation to observation depending on the calibration and how well the field is
subtracted, the “significant” value adopted for each epoch followed inspection of the data
to find a reasonable value.
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Figure 1. The signal-to-noise ratio (SNR) for the pixel centred on the pulsar for each 10 s integration
in the RACS observations. Vertical pink lines denote 10 s integrations with a signal-to-noise ratio
exceeding the threshold for that run (see text for details), which is indicated by the red dashed line.
Vertical grey lines indicate the predicted pulse arrival times.

It is apparent from Figure 1 that pulses exceeding the adopted significance level are
seen at all epochs and in all three survey bands. A total of 26 of the 27 pulses coincide with
the predicted pulsar period. There are approximately 800 ten-second bins in total across all
nine epochs, and so the detection of a single pulse not aligned with the pulsar period (in
the RACS-low2_2 epoch) is consistent with random fluctuations. We have repeated this
analysis for a pixel offset by (10,10) pixels in the image, where the pixel size is 2 × 2 arcs.
This also resulted in a single pulse exceeding the nominal significance level, consistent with
the expected false positive rate.
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Although we are in the small number statistics regime, it is noteworthy that, gen-
erally, more pulses were detected in the later RACS_low observations, consistent with
improvements in sensitivity with the array operations and processing. Only a single pulse
was detected in the RACS_high band, consistent with the steep spectrum of the pulsar.
Although the RACS-mid epochs used only half of the 288 MHz bandwidth, they are more
sensitive than RACS-low1 and RACS-low2 as the ASKAP effective system temperature is
lowest in this band (see Figure 22 of [14]), with the fewer pulses (three) consistent with the
falling pulsar spectrum.

The 15 min RACS observations correspond to 12 pulsar periods. The 10 h test obser-
vation on June 2022 in contrast covered 474 periods. The plot of the SNR for each 10 s is
shown in the top panel of Figure 2. In 129 instances (27%) a pulse above a 3.7σ limit was
detected. All but one coincide with the predicted time bin. The bottom panel of Figure 2
shows the power spectrum for a range of trial frequencies. By far the most significant
frequency bin is consistent with the pulsar period. The corresponding period, 75.528 s, does
not match the 75.88 s pulsar period exactly as the ASKAP arrival times are quantised by the
10 s correlator cycle time.

It appears that the off-peak SNRs in Figure 2 are not distributed as randomly as
might be expected—as illustrated by the clusters of elevated values around 0.30 and
0.35. Although the analysis used visibility data from which the field had effectively been
subtracted, there are some complex sources in the complete 5◦ × 5◦ field of view which
may not subtract perfectly as a result of the PSF rotating substantially between integrations.
It is possible that some artefacts in the single-cycle point spread function are slowly drifting
across the image.
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Figure 2. (Top) The SNR for the pixel centred on PSR J0901−4046 for each 10 s integration in the 10 h
long observation in June 2022. Pink vertical lines indicate pulses above a 3.7σ significance (shown
by the dashed red line), and grey vertical lines indicate expected pulse arrival times. (Bottom) The
power spectrum for the pixel centred on the pulsar. By far the most significant power is seen at a
value consistent with the pulsar period.

A comparison was made by repeating the analysis for a point offset by (10,10) pixels
in the image. The result is shown in Figure 3. Only five peaks above the 3.7σ threshold are
seen, and only two of these fall in the expected time bin. The overall trend of SNRs with
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time still shows some low-level quasi-sinusoidal variability, which we again attribute to
sidelobes slowly varying with time across the image.
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Figure 3. The same analysis as for Figure 2, for a pixel offset by (x,y) = (10,10) pixels from PSR
J0901−4046.

As a final check of the stability of the pulsar ephemeris, a Target of Opportunity
request was made for one more ASKAP epoch. A one-hour observation was conducted on
3 October 2025, with the results shown in Figure 4. Twenty-two pulses exceeding 3.4σ were
detected, amounting to 46% of pulse periods, and all consistent with the 75.88 s period.
(The next highest peak, with an SNR just below 3.4, did not fall at the expected bin.) For
this observation a beam near the centre of the 6 × 6 beam footprint was used, with the
pulsar located at the centre of the beam, and the improved sensitivity provided by these
changes will have contributed to the significantly higher pulse detection percentage. For
a point offset by (10,10) pixels, three pulses above the same significance were detected.
Although less than one pulse exceeding 3.4σ would be expected purely by chance, this is
the regime of small number statistics, and the false positive rate is much smaller than the
true positive rate.

Although the pulse arrival times are quantised with the 10 s correlator integration
time, we trialled determining a pulsar ephemeris from the ASKAP data alone. We used
the tempo2 (version 2024.04.1) software package [20] to derive a new ephemeris from all
the ASKAP data presented in this paper, a data set spanning 2348.4 days (or 6.43 years).
Using the arrival times of the 178 pulses above the significance level adopted for each
run (and including the two pulses which did not coincide with the predicted bin), we
obtained P = 75.8855481(9) s and Ṗ = 2.2(1)× 10−13 for T0 = MJD 59,231, consistent with the
ephemerides of [1,13]. This ephemeris has benefitted from the longer time range of the
observations but is limited by the 10 s ASKAP integration time.
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Figure 4. The SNR for the pixel centred on PSR J0901−4046 for each 10 s integration in the 1 h
long Target of Opportunity observation in October 2025. Pink vertical lines indicate pulses above
a 3.4σ significance (shown by the dashed red line), and grey vertical lines indicate expected pulse
arrival times.

2.2. MWA Observation

The Murchison Widefield Array (MWA, [21–23]) is a low-frequency precursor tele-
scope to the SKA-low telescope in Western Australia. It consists of 256 tiles, each of which
has 16 dipole antennas laid out in a 4 × 4 grid. It operates in the frequency range of
70–300 MHz. This work uses MWA Phase II observations, in the extended array configura-
tion, with a central observing frequency of 154 MHz and a bandwidth of 30 MHz, using
128 tiles. The MWA observation started 6 March 2018 at 14:18:05.5 UT, approximately
2.5 years before the MeerKAT discovery. Images were made every second of the ∼1 h ob-
servation; however, there is no evidence of the pulsar in data folded with the (extrapolated)
pulsar period, or with a range of trial periods around that value. The binned light-curves
had about 30 samples per bin and a sensitivity of ∼5 mJy/beam in each bin. Based on
the MeerKAT spectral index of −1.9 ± 0.9, measured in the range 856 to 1712 MHz [1], a
mean flux density of ∼500 mJy/beam might have been expected (assuming minimal pulse
smearing), which would have been readily detectable. The fact that no pulses were de-
tected implies that (a) the pulsar was not emitting pulses at that epoch, or (b) the spectrum
flattens or turns over between the MeerKAT band and the MWA band, or (c) the pulse is
significantly smeared or broadened at low frequencies. [13] have subsequently reported
the results of observations with the MWA, GMRT, and MeerKAT. Pulses were detected
in MeerKAT UHF-band observations (544 to 1088 MHz) and GMRT band 4 observations
(550 to 750 MHz). However, no pulses were detected in GMRT band 3 (300 to 500 MHz) or
a single epoch MWA observation made in March 2022. A turn-over in the spectrum below
∼500 MHz, as has been seen in some other pulsars, would appear likely [13].

3. ASKAP Imaging

The deepest MeerKAT image of the field shows a partially visible, diffuse shell-like
structure surrounding PSR J0901−4046 [1]. While the possibility that this is the supernova
remnant from the event that formed the neutron star is noted, Caleb et al. [1] caution that
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the complexity of the diffuse emission in the field requires additional analysis to determine
whether there is a robust association of the radio shell with PSR J0901−4046. Extended
Data Figure 7 of [1] shows a 12 arcmin × 12 arcmin region centred on the pulsar, with an
arc of diffuse emission evident ∼5 arcmin to the east.

A one-degree by one-degree ASKAP image from the 10 h observation in June 2022
and centred at 943 MHz is shown in Figure 5. The location and morphology of the diffuse
emission to the east of the pulsar closely match that of the MeerKAT image. The wider
field of view reveals further diffuse emission to the north and west of the pulsar. The
extent of emission to the north, and orientation of the emission to the west, complicate the
interpretation of the emission as a supernova remnant and highlight the complex nature of
diffuse emission in this part of the galactic plane, (l, b) = (263.1◦, 3.7◦). Further observations
are required.
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Figure 5. ASKAP image at 943 MHz of the field surrounding PSR J0901−4046, from the 10 h obser-
vation on 25 June 2022. The image is 46 arcmin across. The position of the pulsar (not detectable in
individual 15 min RACS images but which is detectable in the 10 h run) is marked.

4. Conclusions

We have observed the ultra-long spin period pulsar PSR J0901−4046 with ASKAP at
frequencies between 743 and 1799 MHz, at 11 epochs between April 2019 and October 2025,
and with the MWA at 154 MHz in March 2018.

Although ASKAP data is integrated for 10 s before being written to disk, pulses
exceeding ∼3.4σ are seen in the time bins predicted to include pulses from PSR J0901−4046
in all epochs. Caleb et al. [1] originally reported an apparent secular decline in averaged
flux density over the 3 years of their observations, but the subsequent observations by
Bezuidenhout et al. [13] indicate this trend did not continue. In contrast, the trend in
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the ASKAP detections was for pulses to be detected more frequently with time (in the
low-band); however, this can be ascribed to improvements in ASKAP calibration and
processing and source location in the beam rather than any reflection of source behaviour.
The earliest ASKAP observations precede the MeerKAT detection by 1.4 years, and the
most recent ASKAP observation is two years after the last observation of Bezuidenhout
et al. [13]. An ephemeris determined from the ASKAP pulses is consistent with those of
Caleb et al. [1] and Bezuidenhout et al. [13] and confirms that the source’s timing solution
displays a remarkable stability [13].

The 10 h ASKAP observation in June 2022 yielded 129 pulses above 3.7σ, with a
comparison pixel nearby suggesting only ∼5 pulses would be expected by chance. This
long observation also allowed the field to be imaged, confirming both the detection by [1]
of surrounding diffuse emission in the MeerKAT image and their caution in associating it
with the pulsar.

The MWA observation in March 2018 — the earliest published observation of this field—
did not detect any pulses from PSR J0901−4046. This is consistent with the subsequent
non-detections by [13] and suggests a turn-over in, or flattening of, the spectrum below
500 MHz.

These observations have demonstrated the ability of ASKAP to contribute to studies
of longer-period sources, even with very narrow duty cycles, despite its 10 s correlator
cycle. The high time resolution CRACO system [24] recently deployed on ASKAP will
enable studies of pulse profiles to also be pursued. Deeper radio imaging of the diffuse
emission surrounding PSR J0901−4046 may enable the distance to be constrained through
the presence of HI emission or absorption lines in the spectrum and determine whether
it is consistent with the distance of ∼0.4 kpc derived from the Dispersion Measure of the
pulsar. Multi-epoch astrometric VLBI observations could measure the proper motion of
the pulsar and determine whether it is consistent with the scenario of some of the diffuse
surrounding material being part of an associated supernova remnant. Ongoing studies will
allow for the connection between ultra-long period pulsars and other long-period radio
transients to be clarified.
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The following abbreviations are used in this manuscript:

ASKAP Australian SKA Pathfinder

CASDA CSIRO ASKAP Science Data Archive

CRACO (ASKAP) CRAFT Coherent (system)

CRAFT Commensal Realtime ASKAP Fast Transient

GMRT Giant Metre-wave Radio Telescope

GNSS Global Navigation Satellite System

MeerKAT Meer Karoo Array Telescope

MWA Murchison Widefield Array

RACS Rapid ASKAP Continuum Survey

RRAT Rotating Radio Transient

SNR Signal-to-Noise Ratio

ToO Target of Opportunity

UHF Ultra-High Frequency
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