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MeerKAT description and configuration for
transient searches

The Meer(more) Karoo Array Telescope (MeerKAT) [53–55] operated by the
South African Radio Astronomy Observatory (SARAO) comprises 64, 13.5-m
antennas distributed over 8-km in the Karoo region in South Africa. 40 of these
dishes are concentrated in the inner ∼ 1-km core. The MeerTRAP project is a
commensal programme to search for pulsars and fast transients whilst piggy-
backing on the large survey programmes at MeerKAT. The ThunderKAT
programme is the image-plane transients search programme at MeerKAT and
operates in synergy with MeerTRAP for blind transient searches. In the obser-
vations presented in this work, MeerKAT operated at a centre frequency of
1284 MHz with a usable bandwidth of ∼ 770 MHz in the L-band observations
and at a centre frequency of 798 MHz with a usable bandwidth of ∼ 435 MHz
in the UHF-band observations. MeerKAT observes simultaneously in incoher-
ent and coherent modes using the MeerTRAP backend. In the coherent mode,
the voltages from the inner 40 dishes of the ∼ 1-km core of the array are
coherently combined to form up to 780 beams on sky with an aggregate field-
of-view of ∼ 0.4 deg−2. In the incoherent mode the intensities of all available
(up to the maximum 64) MeerKAT dishes are added to create a less sensitive
but much wider field-of-view of ∼1.3 deg2.

The MeerTRAP backend is the association of two systems: the Filter-
bank and Beamforming User Supplied Equipment (FBFUSE), a many-beam
beamformer that was designed and developed at the Max-Planck-Institut für
Radioastronomie in Bonn [56, 57], and the Transient User Supplied Equipment
(TUSE), a real-time transient detection instrument developed by the Meer-
TRAP team at the University of Manchester [58]. The input data stream to
FBFUSE consists of the complex-valued channels from every dish produced by
the MeerKAT F-engine, which are transmitted via the Central BeamFormer
(CBF) network; FBFUSE applies the geometric and phase delays (obtained
by observing a bright calibrator) before combining the data streams from the
dishes into one incoherent beam and up to 780 total intensity tied-array beams.
The beams can be placed at any desired locations within the primary beam of
the array, but are by default tessellated into a circular tiling centered on the
boresight position, and spaced so that the response patterns of neighbouring
beams intersect at the 25% peak power point. The beams are then sent over
the network to TUSE for processing.

Transient search pipeline

TUSE consists of 67 Lenovo servers with one head node and 66 compute nodes.
Each compute node contains two Intel Xeon CPUs with 16 logical cores each,
two Nvidia GeForce 1080 Ti Graphical processing units (GPUs) and 256 GB
of DDR4 Random Access Memory (RAM). Each of the nodes is connected to
a breakout switch via 10 GbE network interface cards (NIC) that are used to
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ingest data from FBFUSE. The data from FBFUSE are received on the NICs
as SPEAD2 (https://casper.ssl.berkeley.edu/wiki/SPEAD) heaps: small, self-
describing units that contain a header and 8KB of data in time-frequency
order, attached to a specific frequency sub-band and beam. FBFUSE streams
these heaps over a range of multicast network addresses, where each address
is associated with a fixed subset of 12 coherent beams in a typical configura-
tion. Each TUSE node then subscribes to a distinct multi-cast address, which
effectively distributes the processing load evenly across the TUSE cluster. The
data ingest code on a TUSE node collects heaps and writes their contents to
POSIX shared memory ring buffers (one per beam), so that the data for each
beam are reconstructed in their natural time-frequency order (i.e. with the
frequency axis contiguous in memory). Once a data segment has been fully
reconstructed, it is ingested by the search pipeline. More details on TUSE will
be presented in an upcoming paper.

We utilize the highly-optimized Graphics Processing Unit (GPU)-based
astroaccelerate software [59, 60] to search for dispersed signals. The real-
time search is performed by incoherently de-dispersing in the DM range
0–5118.4 pc cm−3 at L-band and 0–2664.9 pc cm−3 in the UHF-band, divided
into multiple sub-ranges with progressively increasing DM steps and time aver-
aging factors. We also search up to maximum boxcar widths of 0.67 s and
0.77 s in the L-band and UHF-band respectively. The extracted candidate files
contain raw filterbank data of the dispersed pulse and additional padding of
0.5 s at the start and at the end of the file.

For the targeted observations, where the position of PSR J0901−4046 is
known to within an arcsecond, we were able to run in a mode where only 2
nodes with one beam per node were processing the data in real time. Only
extracted candidates were saved for further examination. In addition to the
real-time processing, two more nodes were used to record the continuous data
to disk at a full data rate for further offline processing.

APSUSE data recording

The Accelerated Pulsar Search User Supply Equipment (APSUSE) instrument
consists of 68 high-performance Huawei FusionServer 2288H v5 servers with
two head nodes for control. Nodes are split into two classes depending on their
primary use. There are eight ingest nodes, designed for the capture and colla-
tion of Ethernet data and its writing to disk. Each ingest node has two 3-GHz
Intel Xeon Gold 6136 CPUs, a 40-GbE Ethernet adapter and an 56 Gb/s FDR
Infiniband adapter. The remaining 60 nodes are used for data analysis, with
each having two 2.1-GHz Intel Xeon Silver 4116 CPU and two Nvidia GTX
1080 Ti GPUs. Additionally these nodes have FDR Infiniband adapters. All
nodes in the cluster are connected via an Infiniband fabric with each node
hosting 8 × 8 TB hard drives, providing a 3.2-PB distributed file-system with
40 GB/s of write performance. The APSUSE ingest nodes were used dur-
ing PSR J0901−4046 observations to record beams formed by the FBFUSE

https://casper.ssl.berkeley.edu/wiki/SPEAD
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instrument. At L-band, data were recorded with 4096 frequency channels over
a 856-MHz band centered at 1.284 GHz with a time resolution of 76.56 µs. At
UHF the data were recorded with 4096 frequency channels over a 544-MHz
band centered at 816 MHz with a time resolution of 120.47 µs.

Full-time resolution data capture pipeline

We also used the transient buffer mode of the MeerTRAP pipeline to capture
complex channelized data in order to investigate the sub-pulse structure and
polarization properties of the PSR J0901−4046 single pulses. For each obser-
vation, the MJD of the first detection in the real-time pipeline was used as a
reference in order to predict the time of arrival of future pulses using the best
known pulse period. Then, a list of predicted MJDs were sent as a trigger to the
transient buffer capture code (https://github.com/ewanbarr/psrdada cpp) to
each beamformer node. On receiving the trigger, the code uses the DM of the
source to extract the complex channels around the time of the pulse account-
ing for the dispersion delay in each frequency channel before saving the data
to disk. Each beamformer node saved data for one sub-band and all antennas
used in the observation. For each pulse, around 1.5 seconds of complex channel
data were stored. For every pulse, the data for each sub-band were combined
and the proper complex gain correction applied per antenna and per frequency
channel. The complex channels from each antenna were then added coherently,
in phase, to form a beam at the phase centre of the telescope. These coherently
beamformed complex channels were then used to study the polarization prop-
erties. Due to storage constraints only a small fraction of the total number of
pulses from PSR J0901−4046 were captured.

Astrometry

We compare the positions of radio sources in our combined images to those
of the Rapid ASKAP Continuum Survey (RACS) [30]. We achieve this by
running the pybdsf [61] source finder on a joint MeerKAT image (made prior
to model subtraction from all of the 2 second data), and the RACS image
of the corresponding region. We forego the use of the RACS catalogue and
run pydsf directly on the RACS image in order to minimize any differences
that may be introduced by the use of differing source finders. Furthermore,
we select only sources that are compact in both catalogues (represented by
a single point or Gaussian component) in order to minimize any resolution
biases. The offsets between 254 MeerKAT sources and their matched RACS
counterparts are shown in Supplementary Data Figure 1. The mean offsets
in RA and Dec respectively are 0.90 (± 0.07)′′ and −0.55 (± 0.05)′′, where
the quoted uncertainties are the standard error in the mean. The standard
deviations of the offsets in RA and Dec are 1.04′′ and 0.84′′ respectively.

RACS’ positional accuracy is compared to that of the International Celes-
tial Reference Frame (ICRF) version 3 [62]. Using RACS as an intermediate

https://github.com/ewanbarr/psrdada_cpp
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step we find negligible (−0.052′′) systematic offset in RA, and a −0.95′′ sys-
tematic offset in Dec (approximately 1/6th the size of the restoring beam)
between the MeerKAT positions and the ICRF v3.

Location in the P − Ṗ parameter space.

Pulsars dissipate their rotational kinetic energy through electromagnetic radi-
ation and a wind of relativistic particles leading to a gradual increase (called
spin-down) of the rotation period as they age. A combination of the spin-
period and spin-down or period derivative gives an estimate of a pulsar’s age
and magnetic field strength and places it in the P − Ṗ parameter space which
is used to compare relative populations of pulsars and to potentially trace
their evolution (see Figure 1). Over the lifetime of the pulsar, it is thought
to cross over a death line into a region called the pulsar graveyard [63] where
it is no longer expected to emit in the radio. The rotational parameters of
PSR J0901−4046 place it in the upper right region of the P − Ṗ parameter
space, below two of the three death-lines in Figure 1. These death-lines are
dependent on conditions needed for pair production in the pulsar magneto-
sphere. The conventional emission model for pulsars assumes the existence of a
vacuum gap above the polar cap of a neutron star. In order to sustain pair pro-
duction, the potential difference across this gap must be sufficiently large and
this is no longer possible beyond this death line. As a result, pair production
and consequently, radio emission ceases.

Equation 9 from CR93 [22], illustrated by the solid line in Figure 1, rep-
resents a model for very curved or twisted magnetic field lines with curvature
radius of the magnetic field line, rc ∼ R = 106 cm comparable to the radius R
of the neutron star. It also suggests a polar cap size much smaller than that
of the pure dipole field case. PSR J0901−4046 lies well beyond this death-line
implying that this model is not viable.

The model for curvature radiation from the vacuum gap (represented by
Equation 4 in [52] and illustrated by the dot-dashed line in Figure 1), uti-
lizes a multipole magnetic field configuration and relativistic frame-dragging
effects to achieve the necessary potential difference for continued pair produc-
tion. PSR J0901−4046 is also located beyond this death-line implying that an
alternative model is required to explain the radio emission.

The space-charge-limited flow (SCLF) model death line for curvature radi-
ation (calculated using Equation 9 in [52] and illustrated by the dashed line in
Figure 1) assumes a multipole magnetic field and lies just below the location
of PSR J0901−4046 indicating that this model is potentially feasible. Addi-
tionally, it has been proposed [64] that different equations of state of a neutron
star possibly affect the death-line, thereby leading to heavier radio pulsars
surviving beyond the standard death line.

For the simplest assumption of a dipolar magnetic field configuration, the
minimum dipole magnetic field strength B at the surface of a canonical pulsar
is,
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which corresponds to 1.4×1014 G for PSR J0901−4046. This value is similar to
the bulk of the magnetar population in the P − Ṗ parameter space (calculated
using this same standard formula). Assuming that the source was born with
an initial period much shorter than its current period, a simplified estimation
of the approximate, or characteristic age, τ can be made as,

τ =
P

2Ṗ
, (3)

which is equivalent to an age of 5.3 Myr for PSR J0901−4046. A magnetar
with a spin period of ∼ 10 s and a braking index n = 3, would evolve to the
spin period of PSR J0901−4046 in ∼ 5 Myr. We note that even if n were as
high as 5, it still gives an age of ∼ 2 Myr.

Average Pulse Profiles and Pulse Modulation

In Supplementary Data Figure 2 we show the average pulse profiles formed
from the observations taken on 2021-04-02 when we observed with both the
UHF and L-band separated by less than 2 hours to be able to compare the
behaviour quasi-simultaneously between the two frequencies. The profiles are
similar at the two frequencies with a smooth leading edge rising up to the
peak of the profile and then a second component apparent on the trailing edge.
The UHF profile is less smooth at the peak and has a more distinct trailing
component which may be to do with the increased modulation (see below) in
the UHF single pulses. Although the L-band data is from a single epoch, it is
representative of the average pulse seen on other days.

We measured the full-width at half maximum W50 of both the pulses by
fitting five and seven von Mises functions (the von Mises distribution resem-
bles a Gaussian distribution, but is cyclic) to the L- and UHF-band profiles
respectively, using the psrsalsa package [65]. This analytic, noise-free descrip-
tion of the profile allows a robust width measurement of the profile shape.
The uncertainties on the measurements are estimated by bootstrapping, i.e.
by repeatedly adding Gaussian noise with the standard deviation measured
from the off-pulse region of the profile, over multiple iterations. The quoted
uncertainty is the standard deviation of the iterations. We find that the W50

widths of the two pulses are identical to within the errors and also to within
0.3% of the pulse width indicating that between the two bands there is no evi-
dence for radius-to-frequency mapping. It is interesting to note that the W50

point lies just about the point where the trailing feature is present indicating
that too is apparently not evolving dramatically with frequency.

As can be seen in Figure 1 there are a number of different types of pulse
shapes that are seen from PSR J0901−4046. To try and quantify the variability
we calculated the modulation index and standard deviation as a function of
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pulse phase from a series of pulses (see [66] for the definition of these terms).
We again used the UHF and L-band data from 2021-04-02 and the data set
was the same as that used for the pulsar timing. We formed a fully-frequency
averaged stack of single pulses for each of the 30 minute sessions, two each
at the two frequencies, using the ephemeris given in Table 1. RFI mitigation
was done before frequency averaging and was the same as described for the
timing analysis above except that in some cases the pulses were corrupted too
much by the RFI and these pulses were removed. We then combined the two
30-minute stacks to form a single stack for each frequency, resulting in about
45 pulses in each case. The single pulses were recorded with 65536 phase bins
across a pulse period to give a time resolution of approximately 1.15 ms. The
subsequent analysis was all undertaken using the psrsalsa package. The off-
pulse baseline was removed from each single pulse, and in some cases there
was a slope in the baseline across the pulse and this was removed for doing
a linear fit to the off-pulse region. The data were then gated to the section
around the pulse profile as seen in Supplementary Data Figure 2.

There are stark differences between the modulation properties at the two
frequencies, which were observed less than 2 hours apart. We note that a similar
analysis that used all the L-band pulses over the 6 epochs in 2021 gives a result
very similar to the one obtained from this single day L-band data set. We
only have this single epoch of UHF data, but given the stability of the L-band
properties it is likely that this is representative of the UHF data and even if it
is not, no similar outlier is seen in all the previous L-band observations, which
still makes this difference very interesting. We note that the S/N at UHF is
significantly higher than the L-band data and this is supported by the greater
flux measured in the imaging data at UHF (weighted mean of 169.3 ± 14 mJy
beam−1, compared to 89.3 ± 2.7 mJy beam−1 at L-band). The modulation
and standard deviation at L-band are reminiscent of many other pulsars, with
the former peaking at the pulse edges and the latter somewhat tracing the
intensity and neither being particularly high. This correlates well with the very
low pulse jitter discussed in the timing section and confirms that despite the
fact that the individual pulses are radically different, they form a stable average
after a surprisingly small number of pulses. In contrast the UHF data show
very strong modulation with parts of the leading edge exceeding a modulation
index of one and a clear dip where the transition to the trailing component
happens in the average pulse profile. We also see that the trailing component
is much more highly modulated than it is at L-band. The standard deviation is
also very high and traces the average profile indicating that the overall pulse-
to-pulse flux is changing significantly. The imaging data also shows a greater
standard deviation in flux between pulses at UHF (15 mJy) than at L-band
(5 mJy) confirming the phase resolved analysis.

Observations of the 23-second pulsar [19] at 350 MHz showed significant
modulation in the pulse profile, that had not been seen at other frequencies,
which was particularly evident in the leading component. However, these data
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were not contemporaneous and the profile was different than that seen at
higher and lower frequencies [67].

Polarimetric Calibration

The complex channelized data for every pulse from PSR J0901−4046 were
processed using a custom-made pipeline to generate beamformed, full-Stokes
dynamic spectra (see “Voltage data capture pipeline” for more details). Then,
we calibrated the polarization using the methodology given below. We assume
that any leakage between the two polarization hands affects only Stokes V
(defined as V=LL-RR using the PSR IEEE convention78). We also assume
that the delay between the two polarization hands affects only Stokes Q and
U. The calibration we apply ignores second-order effects. We perform a brute-
force search for the rotation measure that maximizes the linear polarization
fraction by using the psrchive tool rmfit [42]. With rmfit we select a range
of rotation measures to search, in a number of trial steps. The delay between
the polarization hands approximately manifests as an offset from the true
rotation measure of the source, assuming the delay is frequency-independent.
While this method provides a correct rotation measure, it still does not cali-
brate the polarization position angle (PPA) to its absolute value. The complex
gain solutions that are computed by the Science Data Processor pipeline, also
account for the phase offset and delays between the two dipoles of the receiver
and the phase offsets and delays with respect to the sky [68]. Since the data
for each single pulse were only 1.5 seconds long, we ignored the phase offsets
because of the rotation of the feed with respect to the sky. In order to confirm
whether we have absolute PPA calibration, we also captured complex voltage
data for a very well-known, bright pulsar PSR J0437−4715 whose polarization
is very well measured at 1.4 GHz. We processed the data for PSR J0437-4715
with same pipeline and corrected the full-Stokes data for rotation measure
with the best known RM value taken from [69]. Then we compared the result-
ing polarization of PSR J0437−4715 with a fully calibrated profile taken from
the publicly available EPN pulsar database (http://www.epta.eu.org/epndb/)
[70]. Extended Data Figure 6 shows examples of fully calibrated single pulses
of PSR J0901−4046. It is clear from the 1284 GHz pulses that the PPA follows
a S-shaped sweep akin to PPAs observed for canonical radio pulsars. This is
more obvious in the phased resolved PPA histogram shown in Supplementary
Data Figure 3.

Rotating Vector Model fits

The Rotating Vector Model (RVM; [71]) provides a geometric interpretation of
the variation of the PPA with rotational phase. To increase the sensitivity 11
consecutive pulses were summed together. The resulting polarimetric profile is
shown in Supplementary Data Figure 4. A rapid swing in PPA is shown near
the peak of the profile, with the steepest part of the swing coinciding with the
transition between the two main components of the profile. There is a distinct

http://www.epta.eu.org/epndb/
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dip in the degree of linear polarization. Although such a dip can in principle be
the result of mixture of orthogonal polarization modes, the same orthogonal
mode appears to dominate in this pulse longitude region for all the analyzed
pulses (see the PPA distribution in Supplementary Data Figure 3).

The PPA swing as observed in individual pulses is variable, especially where
the degree of linear polarization is low. Nevertheless, the steep swing is a sta-
ble feature. The PPA swing of the 11 summed pulses was fitted with the RVM
following the methodology described in [72]. The best fit (red line in the bot-
tom panel of Supplementary Data Figure 4) is relatively poor (the reduced χ2

is 16), with significant deviations from what can be modelled with the RVM.
The inability of the RVM to reproduce the observed PPA swing accurately
means that the model parameters are poorly constrained. The magnetic incli-
nation angle (with respect to the rotation axis) is unconstrained. What can
be constrained is that the line of sight passes very close to the magnetic axis,
with an impact parameter β ≲ 0.2◦.

A small impact parameter is expected for a slowly rotating pulsar, as it will
have an extremely large light cylinder, and a correspondingly small magnetic
pole defined by open magnetic field lines on which particle acceleration and the
production of radio emission is expected. The PPA swing therefore suggests
that the observed radio emission originates close to the magnetic pole of the
neutron star.

Sub-pulse width evolution

On top of the well-defined quasi-periodic behaviour and substructure shape,
multiple pulses show a complex evolution in time. An example of such a pulse
can be seen in the ’quasi-periodic’ panel of Figure 2. Here the pulse starts
with relatively fast oscillations and the oscillations appear to slow down closer
to the pulse peak. Interestingly, most quasi-periodic pulses show such ‘driven’
oscillation suggesting some sort of a ‘charge and discharge’ mechanism. Such
behaviour may be too complex to be easily identifiable within a single ACF,
which in this case is more sensitive to the shorter period. In order to investi-
gate the evolution of the components and their quasi-periodicity we perform
a continuous wavelet transform (CWT) on pulses detected with the APSUSE
instrument as those data possess a finer time resolution (76 µs). This approach
allows us to analyze our signal in both the time and frequency domains. The
CWT of signal x(t) can be computed using the equation,

CWT (a,b) =
1√
a

∫ + inf

− inf

x (t)ψ∗
(
t− b

a

)
dt, (4)

where ψ(t) is the mother wavelet. The wavelet can then be stretched or com-
pressed by a scale factor a and shifted by the translational parameter b. By
varying the scale factor, the wavelet transform can be sensitive to features
with different sizes. By applying the shift, the transform can localize the signal
details in time. In our analysis we use two wavelets to extract different features
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from the pulse profiles. The first order derivative of the Gaussian wavelet, later
referred to as the G1 wavelet, at a time t given by

ψG(t) = CGt exp
(
−t2
)
, (5)

is used to detect sharp changes in the pulse profiles. By using a wavelet best
suited to designing sharp transitions in the signal, we can obtain the start and
end times of the quasi-periodic emission and derive the widths of individual
components. To better understand the evolution of the quasi-period, we detect
individual components and localize them in time. We can distinguish separate
sub-pulses by using the Ricker wavelet of the form

ψR(t) =
2√
3π

1
4

(
1 − t2

)
exp

(
−t2

2

)
(6)

Supplementary Data Figure 5 shows an example wavelet transform analysis
performed for one of the pulses with a strong quasi-periodic behaviour. The de-
dispersed signal at a time resolution of 76 µs is first convolved with a window
of size 64 samples. This reduces the amount of unwanted noise and makes the
structures of interest more prominent, without negatively impacting the time
resolution. The convolved signal is then high-pass filtered to remove the overall
pulse envelope. In this case, we use an ideal high-pass filter and fully filter-
out frequencies below 5 Hz. The resulting convolved and filtered signal, shown
in blue in all the panels of Supplementary Data Figure 5, is passed through
the two wavelet transforms described above. In the case of the G1 wavelet the
trough-to-peak transition results in a positive value of the wavelet transform
at the point of the transition. Conversely, the peak-to-trough transition gives
a negative value of the wavelet transform. When using the Ricker wavelet, the
transform has its maximum at the centre of every peak. For both transforms we
then use a simple peak finding algorithm to find and extract features of interest.
The bottom row of Supplementary Data Figure 5 shows the resulting peak and
trough width (left panel) and peak-to-peak period (right panel) measurements.
For this pulse, the sub-pulse widths and separations are relatively stable and
the averaged quasi-period 82.90 ms is consistent with the value of 79.7 ms
obtained using the ACF method.

We repeat this process for a sample of the detected pulses. Of those, 39
had at least 1 clearly defined sub-pulse that we were able to measure the width
of. Supplementary Data Figure 6a shows the distribution of 145 sub-pulse
widths that we have obtained with the wavelet method. The solid vertical line
represents the median sub-pulse width of 49.00 ms. The dashed vertical lines
represent one median absolute deviation limits. We can see that the majority
of sub-pulse widths are concentrated around the median value, with only a
small number of detections beyond 100 ms. The largest width detected within
our sub-pulse sample was 120.43 ms, which is close to 50% of the FWHM at
L-band reported in Table 1.

Supplementary Data Figure 6b shows the relationship between the quasi-
period of the sub-pulse oscillations and the width of the components of the
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individual pulses. To reduce the complexity, only median values of component
widths and their quasi-periods for every pulse are included. The solid black line
represents a theoretical behaviour where the width of the sub-pulse is exactly
half of the quasi-period. This describes a sub-pulse emission that spends half
of the period in the ‘on’ state, followed by half of the period in the ‘off’ state.
For our sample of pulses, only a handful can be classified as existing in such a
state, with the divergent behaviour away from this half-period line for higher
quasi-periods.

Extant data

We looked at archival synthesis images from various imaging surveys in the
Southern Hemisphere. We searched for point source like emission in the clos-
est fields in the TIFR-GMRT Sky Survey (TGSS) observed on 2016 March
15 at 150 MHz [? ], the Sydney University Molonglo Sky Survey (SUMSS)
observed between February 2003 and July 2007 at 843 MHz [? ] and the Rapid
ASKAP Continuum Survey (RACS) observed on 2019 April 30 at 887.5 MHz [?
]. We did not find any significant emission at the best known radio position
of PSR J0901−4046 in all these surveys and report a 3-sigma upper limit of
10.2 mJy, 6.6 mJy and 1.5 mJy for TGSS, SUMSS and RACS respectively.
Taking the pulse-averaged flux density at 1.4 GHz as 200 µJy and the mea-
sured spectral index of −1.7, i.e. approximately consistent with those of known
rotation-powered pulsars [73], the expected flux densities would be 8.9 mJy,
0.47 mJy and 0.43 mJy for TGSS, SUMSS and RACS, respectively. Addi-
tionally, we examined the literature for pulsar time-domain surveys that had
covered the PSR J0901−4046 field in the past. The field was indeed observed
as part of the Parkes Multibeam Pulsar Survey (PMPS, [31]) in 1999 March
(pointing centre offset by about 2.2 arcmin) and there were three further PMPS
pointings near it in 1999 July/August, albeit offset by about 12 - 14 arcmin. We
obtained the data and searched them for single pulses and periodic emission,
both blindly and by folding using the known ephemeris. We repeated the anal-
ysis without applying a high-pass filter, as was originally done in the default
PMPS data processing, on the dedispersed time series. Neither the single-pulse,
nor the periodicity search resulted in a detection. This is not surprising, as the
data from the primary pointing are heavily affected by RFI. There was also
a high-pass filter consisting of a 2-component RC time constant included in
the data acquisition system which meant that longer timescale structure than
0.9 seconds would be removed from the data. However, as the pulse width is
less than this, some harmonics would still get through into the spectrum. The
sensitivity penalty suffered because of this would therefore depend to a large
extent on the pulse width, as well as the period. We estimate the 8-sigma flux
density upper limit assuming a 1% duty cycle to be about 0.3 mJy. This too
suggests that the non-detections in archival data (both synthesis imaging and
time-domain) are not unexpected.
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Energy distributions

We examine the possibility of various types of pulses corresponding to varia-
tions in the emission mechanism by computing pulse energy distributions. For
this analysis we group the quasi-periodic and partially nulling pulses together,
as all quasi-periodic pulses are partially nulling but not vice versa. It is not
straightforward to separate these two classes without some sort of a qualitative
metric which is beyond the scope of this paper. The average on-pulse energy
distribution for each pulse archetype across both frequencies and all epochs is
shown in Supplementary Data Figure 8. We use the psrsalsa software suite
to model pulse profile envelopes for the quasi-periodic and partially nulling
pulses using a low-pass filter (see Supplementary Data Figure 7) to estimate
the energy a pulse would have without the dropouts in power (Panel 2 from
the top in Supplementary Data Figure 8). We lose ∼ 40% of the energy to the
observed dropouts. When this loss is accounted for by the profile envelopes, the
energy distribution is not very different from the distributions of the ‘normal’
or ‘split-peak’ pulses. These oscillations are likely linked to the radio emission
production itself, or a periodic absorption mechanism that can suppress the
radio emission. The brightest observed pulses are classified under the split-
peak category and are UHF-detections which is consistent with the observed
spectral index reported in Table 1.

Optical Follow-up

High speed photometry of the 17th mag Gaia optical source near the radio
position of PSR J0901−4046 was obtained on 7 and 9 January 2021, using
the 1-m telescope of the South African Astronomical Observatory and the
SHOC camera. On 7 January 2021, the source was observed with no filter and
5 second continuous exposures for 2.66 hr (start time BJD 245 9222.41766).
The second observation on 9 January 2021 again used no filter, and exposure
times of 10 seconds continuous for 4.13 hr (start time BJD 245 9224.37231).
The second observation showed some evidence for long term variations on time
scales longer than the observation length, but no photometric modulations
were seen at 76 seconds.

Spectra of the same Gaia optical counterpart candidate was undertaken
with SALT [74] on 2021 February 2. Two consecutive 1200 s exposures
were obtained, beginning at 01:25:53 UTC, with the Robert Stobie Spec-
trograph [75] which used the PG900 VPH grating, covering the region
3920–6990 Å at a mean resolution of 5.7 Å with a 1.′′5 slit width. The spectra
were reduced using the pysalt package [76], (https://astronomers.salt.ac.za/
software/pysalt-documentation/), which corrects bias, gain, amplifier cross-
talk and cosmetic defects and finally mosaics the three CCDs comprising the
detector. The spectral extraction, wavelength calibration and background sub-
traction were all undertaken using standard iraf routines, as was the relative
flux calibration. The latter was achieved using an observation of EG21, taken

https://astronomers.salt.ac.za/software/pysalt-documentation/
https://astronomers.salt.ac.za/software/pysalt-documentation/
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on 31 January 2021. The SALT spectrum of PSR J0901−4046 was flux cali-
brated using an observation of the spectrophotometric flux standard, EG21,
observed with the same grating setup two nights prior. Due to the inher-
ent design of SALT, in particular the moving and variable entrance pupil, it
is impossible to determine absolute fluxes of spectra. However, the relative
fluxes and shape of spectra that are calibrated are reliable. In Supplementary
Data Figure 9 we show the spectrum of the Gaia optical counterpart candi-
date, which is typical of a reddened A-type star and therefore unlikely to be
associated with PSR J0901−4046.
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Supplementary Data Figure 1: Offsets between the MeerKAT positions
and those of the Rapid ASKAP Continuum Survey [30]. We find negligible
systematic offset of −0.052′′ in RA, and a −0.95′′ systematic offset in Dec
between the MeerKAT positions and the ICRF v3.
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Supplementary Data Figure 2: Pulse modulation properties of
PSR J0901−4046 at UHF and L-band. A comparison between the modulation
(blue), standard deviation (orange) and average pulse profiles (dark) for the
L-band (top panel) and UHF (bottom panel) data taken on 2021-04-02. There
are some baseline variations still in the data due to the long period and so the
standard deviation is truncated at a value of 0.15 and modulation indices are
only plotted when the error is less than 0.1. The profiles are scaled to have a
peak amplitude of 1 and off-pulse mean of 0.



Springer Nature 2021 LATEX template

50 A radio-loud neutron star with an ultra-long spin period

Supplementary Data Figure 3: Phase resolved polarization position angle
histogram. The top panel shows the phase resolved PPA histogram. The heat
map of the PPA clearly traces out a S-shaped sweep reminiscent of the PPA
swing seen in canonical radio pulsars. Bottom panel shows the average profile
of the 23 pulses of PSR J0901−4046 added together.



Springer Nature 2021 LATEX template

A radio-loud neutron star with an ultra-long spin period 51

Supplementary Data Figure 4: The polarimetric profile of
PSR J0901−4046 obtained by summing 11 consecutive individual pulses
recorded on the first of February 2021. Top panel: The normalized Stokes I
profile, the degree of linear polarization and Stokes V are shown as the black,
red and green curves respectively. Bottom panel: The position angle (points
with error bars) as detected with 2σ confidence and the best fit RVM (red
line).
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Supplementary Data Figure 5: Example wavelet transform analysis for
one of the pulses exhibiting a strong quasi-periodic behaviour. Two wavelets
were used to estimate the emission properties. The first order derivative of the
Gaussian wavelet was used to estimate the positions of peak-to-trough transi-
tions, which provided an estimate of the individual sub-pulse widths and their
evolution with time. The Ricker wavelet was used to determine the distance
between consecutive sup-pulse peaks, providing independent and consistent
estimates of quasi-periods to those obtained with the ACF method.
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Supplementary Data Figure 6: Top panel : Sub-pulse width distributions
for widths estimated using the wavelet method. The solid vertical line rep-
resents a median sub-pulse width of 49.00 ms. Bottom panel : Quasi-period –
sub-pulse width relationship. The solid grey line represents a behaviour where
the sub-pulses widths are half of their quasi-period, which is a case in e.g. sinu-
soidal oscillations. The dashed line represents a least squares fit, which shows
a deviation from sinusoidal oscillations.
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Supplementary Data Figure 7: Sample of fitted pulse profile envelopes for
quasi-periodic and partially nulling pulses. The average energies of the profiles
themselves as well as modelled envelopes are represented by the solid and
dashed lines respectively.
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Supplementary Data Figure 8: Pulse energy distribution of the different
archetypes of pulses. ∼ 40% of the energy is lost to the dropouts/dips seen
in the quasi-periodic and partially nulling pulses in panel 1. When this is
accounted for by modelling the pulse envelope (panel 2), the resulting distri-
bution is similar to the other distributions in panels 3 and 4. This suggests
that the pulses with dropouts/dips are not drastically brighter than the other
types.
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Supplementary Data Figure 9: SALT spectrum of coincident Gaia source,
ruled out as the likely optical counterpart candidate. See text for details.
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