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A B S T R A C T 

We present the disco v ery of 37 pulsars from ∼ 20 yr old archi v al data of the Parkes Multibeam Pulsar Surv e y using a new 

FFT-based search pipeline optimized for disco v ering narrow-duty cycle pulsars. When developing our pulsar search pipeline, 
we noticed that the signal-to-noise ratios of folded and optimized pulsars often exceeded that achieved in the spectral domain 

by a factor of two or greater, in particular for narrow duty cycle ones. Based on simulations, we verified that this is a feature of 
search codes that sum harmonics incoherently and found that many promising pulsar candidates are revealed when hundreds of 
candidates per beam even with modest spectral signal-to-noise ratios of S/N ∼5–6 in higher-harmonic folds (up to 32 harmonics) 
are folded. Of these candidates, 37 were confirmed as new pulsars and a further 37 would have been new disco v eries if our 
search strategies had been used at the time of their initial analysis. While 19 of these newly disco v ered pulsars hav e also been 

independently disco v ered in more recent pulsar surv e ys, 18 are e xclusiv e to only the P arkes Multibeam Pulsar Surv e y data. 
Some of the notable disco v eries include: PSRs J1635 −47 and J1739 −31, which show pronounced high-frequency emission; 
PSRs J1655 −40 and J1843 −08 belong to the nulling/intermittent class of pulsars; and PSR J1636 −51 is an interesting binary 

system in a ∼0.75 d orbit and shows hints of eclipsing behaviour – unusual given the 340 ms rotation period of the pulsar. 
Our results highlight the importance of reprocessing archi v al pulsar surv e ys and using refined search techniques to increase the 
normal pulsar population. 

Key words: surv e ys – stars: neutron – pulsars: general. 
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 I N T RO D U C T I O N  

ulsars are an incredibly valuable objects in the Universe as they 
nable us to study numerous physical phenomena that are impossible 
o study in terrestrial laboratories. These include limits on the 
quation of state of nuclear matter (Weber et al. 2007 ) and tests
f relativistic gravity (Kramer et al. 2021 ). Pulsar disco v eries hav e
lso been greatly beneficial to our understanding of the underlying 
alactic neutron star population (Faucher-Gigu ̀ere & Kaspi 2006 ), 

he ionized interstellar medium (ISM) as inferred from pulse dis- 
ersion (Cordes & Lazio 2002 ; Yao, Manchester & Wang 2017 ),
he Galactic magnetic field through rotation measures (Athanasiadis 
t al. 2006 ), and binary stellar evolution (Tauris et al. 2017 ). Although
he first pulsars were disco v ered in the 1960s, surv e ys continue (e.g.
eith et al. 2010 ; Stovall et al. 2014 ; Bates et al. 2015 ; Keane et al.
018 ; Sanidas et al. 2019 ), often moti v ated by the desire to increase
he number of pulsars for inclusion in sensitivity of pulsar timing 
rrays for the detection of gravitational waves (Foster & Backer 
990 ) or in the hope of finding new exotic classes or rarities that allow
 E-mail: sengar@uwm.edu 1

2023 The Author(s) 
ublished by Oxford University Press on behalf of Royal Astronomical Society 
ew phenomena to be explored. Based on the ATNF pulsar catalogue
ersion 1.69 1 ( PSRCAT : Manchester et al. 2005 ), the number of pulsars
isco v ered in surv e ys of the Galactic plane, globular clusters, external
alaxies, and the Galactic halo is now o v er 3350. 

Ev en so, man y pulsar surv e ys continue (e.g. Han et al. 2021 ;
idolfi et al. 2021 ; Chen et al. 2023 ), driven forward by new
igh sensitivity telescopes e.g. the Five Hundred Metre Aperture 
pherical Telescope (FAST), the the 64-dish MeerKAT telescope 
nd historically prolific pulsar disco v ery facilities such as Parkes 64-
 radio telescope (now also known as Murriyang ) and the 110-m
reen Bank Telescope (GBT). 
One of the fundamental properties of a pulsar surv e y is the

onfiguration of the telescope backend. This system channelizes the 
adio frequencies (using analogue or digital filters), digitizes the 
ignal, and detects the power received by the telescope at a rate
uch higher than the assumed maximum pulsar spin frequency. This 

nables observers to mitigate the effects of an a priori unknown
ispersion measure (DM) that arises from the frequency-dependent 
peed of radio waves in the ionized interstellar medium. To maximize
 ht tps://www.at nf.csiro.au/research/pulsar/psrcat /
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http://orcid.org/0000-0002-7285-6348
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he sensitivity for most pulsars, it is necessary to integrate the pulsar
ignal for different trial DM values o v er the entire passband by a
rocedure known as dedispersion. 
This is just one step in the o v erall pulsar search pipeline, which

an be broken down into five main stages. The first stage includes
haracterizing and eliminating radio frequency interference (RFI).
ost modern radio astronomy observatories are se verely af fected by

n e ver-gro wing di v ersity of forms of RFI that hav e different time-
cales, periodicities, and radio frequency extent or spectra. Some RFI
s impulsive (e.g. due to lightning) and broad-band and can be caused
y electrical faults or equipment design flaws (like that caused by
ischarges in electric fences); other RFI is periodic (often associated
ith electronic de vices po wered by AC motors and equipment and

ven the radio receiver/auxiliary equipment itself) which is often
arrow-band and sometimes could be broad-band. This RFI is often
inusoidal but not e xclusiv ely so, and in the Fourier domain, it can
ask genuine pulsar signals in the data. Each surv e y processing

ipeline has its own recipe for detecting and removing RFI depending
pon its severity and the characteristics of the survey equipment. 
In the second stage of processing, once the data are cleaned,

he data are dedispersed for a given series of trial DMs, and for
ach trial DM a dedispersed time series is formed that can also be
earched for trial accelerations to detect binary pulsars. In the third
tage, periodicity searches are performed, most often via Fourier
ransforming the data, resulting in pulsar candidates in the spectral
omain. In the fourth stage of processing, these candidates are sorted
o a limited number and then folded with the detected period, DM,
nd acceleration which optimizes the candidate period, DM, pulse-
idth, and acceleration to maximize the signal-to-noise ratio (S/N),
ften using a boxcar as a matched filter. 
In the final stage of processing, candidates are frequently ranked

y both their folded S/N (S / N fold ) and other algorithmic criteria
o prepare a list for visual inspection. This visual inspection often
onfirms or refutes the broad-band nature of the emission, the
elestial origin of the dispersion, and persistence in time. This helps
istill the many thousands of candidates to a finite number for re-
bservation, which is the ultimate test of their celestial nature. Neural
etworks are now often employed to assist in this distillation of
andidates (e.g. Eatough et al. 2010 ; Bates et al. 2012 ; Morello et al.
014 ; Balakrishnan et al. 2021 ). 
Today there are two main types of pulsar search pipelines in use.

oth dedisperse the data to remo v e the effects of dispersion across
he radio band and create a 1D time series. From here, the approach
iffers. Some codes (e.g. the seek routine of SIGPROC 2 ) repeatedly
tretch and squeeze the dedispersed time series to remo v e the effects
f different accelerations before performing FFT and summing
armonics incoherently in the amplitude spectrum and the detection
ignificance is measured by the spectral S/N (S / N FFT ). In contrast,
he PRESTO 

3 search code only FFT the data once and performs several
rial deconvolutions to explore the acceleration search space in the
ourier domain. The detection significance in PRESTO is determined
y the Gaussian significance (Ransom, Eikenberry & Middleditch
002 ). In order to impro v e the search sensitivity to millisecond
ulsars, new pulsar search hardware has been deployed that has
ncreased the sampling rates used in pulsar surv e ys and also the
umber of frequency channels to o v ercome the smearing due to
arge DMs experienced by pulsars in the Galactic plane. The number
f simultaneous coherent beams on the sky has also increased on
NRAS 522, 1071–1090 (2023) 
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ome telescopes. The combination of higher sampling rates, multiple
eams, larger numbers of frequency channels or trial DMs, and trial
ccelerations has increased the phase space explored for pulsars by
any orders of magnitude. It has thus raised the threshold for what

hould be considered statistically significant. Increasingly hostile
FI environments have also led to greater care being required when
iewing apparently statistically significant candidates. 
In order to tackle the problem of candidate selection, several

earch and candidate selection techniques have been developed and
mplemented for large-scale pulsar surv e ys and iterated upon. Many
f these have been used on the well-known Parkes Multi-beam Pulsar
urv e y (PMPS; Manchester et al. 2001 ) which was conducted using

he Parkes 64 m radio telescope from 1997 to 2003. The PMPS used
 21cm multibeam receiver which consists of a hexagonal grid of
3 independent almost-circular radio beams to receive ∼ 300 MHz
adio bands at 21 cm wa velengths (Sta v ele y-Smith et al. 1996 ). It
s the only pulsar surv e y that has gone through several rigorous
eprocessings o v er the last ∼20 yr, and these hav e resulted in the
isco v ery of o v er 842 pulsars of many types. Thus, up to date, it is
he most prolific pulsar surv e y ev er conducted. The surv e y e xplored a
hin stripe of the southern Galactic plane region ( | b | < 5 ◦ and −100 ◦

 l < 50 ◦) and was unparalleled for its spatial extent and sensitivity
n a region where many potentially detectable pulsars exist. 

In this paper, we present a new FFT-based GPU-accelerated pulsar
earch pipeline and techniques that have enabled the disco v ery of 37
ew pulsars in the archi v al data of the PMPS. In Section 2 , we
escribe our processing pipeline which includes an investigation of
ow to set different false alarm thresholds to sift the candidates
or folding. We use simulations to demonstrate the validity of our
hoice of assumptions. In Section 3 , we describe our reasonably
imple candidate classification methodologies used before the visual
nspection that in this work eliminate the need for the use of neural
etworks. In Section 4 , we briefly present 37 new pulsar disco v eries
hat have resulted from our search. One of these pulsars exhibits a
ery flat spectrum, and one has evidence of a spectral turno v er at
 GHz. Another appears to be a member of a rare putative short-
rbital period binary system. In Section 5 , we briefly explain how
ur pipeline detected 37 other pulsars that were disco v ered by
ew surv e ys since the Einstein@Home reprocessing of the PMPS
Knispel et al. 2013 ). Hence if it had been employed earlier, it could
ave brought the total PMPS yield up by another 74 pulsars. The
roperties of the pulsars we disco v ered are compared to those of
revious reprocessings of the PMPS in Section 6 , and we deduce that
y exploring the low significance candidates close to the FFT noise
oor, especially with large numbers of harmonics, we can increase
ulsar surv e ys yield. In Section 7 , we check which of our new
isco v eries/detections would have been seen by the PRESTO pipeline,
nd suggest careful sifting and inspection of harmonically related and
ow harmonic power candidates. Finally, in Section 8 , we summarize
ur results and discuss their implications for future surv e ys. 

 REPROCESSING  O F  T H E  PMPS  SURV EY  

.1 Summary of previous reprocessings 

fter the disco v ery of o v er 600 pulsars in the first pass processing
f the surv e y (Manchester et al. 2001 ; Morris et al. 2002 ; Kramer
t al. 2003 ; Hobbs et al. 2004 ), an apparent deficit of millisecond
ulsars (MSPs) and binary pulsars was noticed (Faulkner et al.
004 ). A more sensitive reprocessing of the surv e y with impro v ed
echniques was warranted. The first such reprocessing of PMPS
as conducted by Faulkner et al. ( 2004 ) and used some new and

https://github.com/SixByNine/sigproc
https://github.com/scottransom/presto
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xisting search techniques, namely a standard FFT search, a stacked 
ncoherent acceleration search, a fast-folding algorithm, and a single 
ulse search. As a result of this reprocessing, 128 new pulsars
ere disco v ered, 15 of which were MSPs. Most of these pulsars
ere disco v ered at zero acceleration as only 11 of the new pulsars
ere in binaries, including the highly relativistic double neutron 

tar system, PSR J1756 −2251 (Faulkner et al. 2005 ; Ferdman et al.
014 ) suggesting that most of them could have been discovered 
n the original processing with better candidate scrutiny or search 
echniques. 

The main reason new pulsars were found was because of the 
doption of superior candidate sifting, ranking, and visualization 
echniques using interactive tools such as REAPER (Faulkner et al. 
004 ). This graphical tool was used to identify promising pulsar
andidates from the broad distribution of thousands of candidates per 
eam using a variety of parameters such as the S / N fold , spin period,
ispersion measure, etc. Moti v ated by this technique for tackling the
lethora of candidates and differentiating them from RFI, Keith et al. 
 2009 ) added additional features to this graphical tool (now termed
Reaper ) and reanalyzed the candidates from the reprocessing of 
aulkner et al. ( 2004 ), and discovered another 28 pulsars including

he eccentric binary pulsar PSR J1753 −2240 and a young pulsar
ssociated with a supernova remnant (PSR J1850 −0026). Following 
he successes of the PMPS surv e y reprocessings, Eatough et al.
 2013 ) performed a large acceleration search of the PMPS in which
he candidate classification criteria were shifted to machine learning 
nd contributed to the disco v ery of another 16 pulsars. 

The final e xtensiv e reprocessing of the PMPS was conducted by
instein@Home (Knispel et al. 2013 ) using orbital template banks 

o search for even more compact relativistic binary pulsars and using
istributed computing. This reprocessing resulted in 24 new pulsars, 
mong which 4 were in non-relativistic binaries, and the remaining 
ere solitary ‘normal’ pulsars. In parallel with the Einstein@Home 

eprocessing of the surv e y, Mickaliger et al. ( 2012 ) also conducted
 non-rigorous search indented to find MSPs only using SIGPROC 
nd found five new MSPs. Apart from these periodicity searches, the 
ingle pulse analysis of the PMPS have also resulted in the discovery
3 rotating radio transients (RRATs; McLaughlin et al. 2006 ; Keane 
t al. 2010 , 2011 ). 

Not surprisingly, each of these successive reprocessings resulted 
n new pulsars with increasingly low SNs. For instance, the average 
 / N fold of the pulsars disco v ered by Faulkner et al. ( 2004 ) was 18,
hilst it was 15.25, and 12.3 for pulsars detected by Keith et al.

 2009 ) and Eatough et al. ( 2013 ), respectively, indicating that each of
hese ne w successi ve candidate classification methods was sensiti ve 
o lo wer S/N pulsars. Se veral other candidate classification methods, 

ostly using artificial intelligence, have also been developed and 
mplemented for other large-scale pulsar surv e ys. One of the common
spects of the aforementioned candidate selection techniques was 
hat they often relied on the parameters obtained after folding a 
ulsar candidate to decide what to reobserve, especially the S / N fold .
 difficult decision needs to be made which concerns how low into

he S / N FFT one should descend before a candidate is not folded.
ome surv e ys only al w ays fold a finite number (say the top 100) of
andidates, whereas others attempt to use statistics to estimate at what 
pectral S/N candidates are unlikely to be real. For instance, in the first
rocessing of the low-latitude part of the High Time Resolution Uni- 
 erse surv e y (HTRU-S LowLat; Ng et al. 2015 ; Cameron et al. 2020 ),
 uniform S / N FFT cutoff of 8 was used to limit the number of can-
idates for folding. This threshold was selected based upon the false 
larm threshold derived for the surv e y. As we shall see later on, this
liminates many potentially detectable narrow-duty cycle pulsars. 
.2 Curr ent r epr ocessing of the PMPS 

ince the last PMPS reprocessing, GPU-based search codes have 
atured and now enable entire surv e ys with terabytes of data to

e quickly reprocessed (Morello et al. 2019 ), especially on large-
cale GPU clusters. Whilst reprocessing the HTRU-S lowlat surv e y
o disco v er a double neutron star system, PSR J1325–6253 (Sengar
t al. 2022 ), we developed a number of sensitivity impro v ements
hat increase surv e y yields and decided to employ them on the PMPS
urv e y to see if they could discover new pulsars in the surv e y despite
he large number of reprocessings it had already been subjected to.

e briefly summarize this pipeline below. For the reprocessing of the
MPS surv e y, we employed a pulsar search pipeline that utilized the
PU-accelerated search code called PEASOUP 4 . The entire archi v al
ata set of the PMPS for normal pulsars was processed on the OzStar 5 

upercomputer at the Swinburne University of Technology in only a 
ay. OzStar has a 10-petabyte lustre file system and hosts 260 Nvidia
100 GPUs across 130 nodes. Each node has 2 GPUs, 32 CPU cores,
nd 192 GB of RAM. 

.3 RFI mitigation 

rior to processing, to remo v e the narrow-channel RFI we first
sed PRESTO ’s software tool rfifind to create a channel mask
le for each beam. This mask file was supplied to PEASOUP
hich ignores the masked channels during dedispersion prior to the 
eriodicity search. On average, only ∼ 5 . 5 per cent channels of 96
ere remo v ed from the analysis. The presence of persistent, broad-
and, periodic RFI that often originates in the near field can also
ramatically increase the number of candidates in the final candidate 
ist. 

F ortunately, multibeam receiv ers offer a way of mitigating such
FI as it is often present in many (or all) beams with similar
mplitudes, unlike sources in the far field, like pulsars. We used a
ultibeam RFI excision technique in the Fourier domain to help 

emo v e these common signals. The time series of all 13 beams
orresponding to a single pointing were dedispersed at zero DM, 
nd for each time series, a Fourier power spectrum was formed.
he Fourier spectrum of each beam was then analysed to find the
 ourier frequenc y bins, which hav e peak amplitudes abo v e a 4 σ

hreshold. If the frequency corresponding to these bins was present 
n more than four non-adjacent beams – the chances of detecting 
 previously unknown pulsar signal in multiple beams is almost 
egligible – then that frequency was marked as a probable RFI and
hose spectral channels are deleted before harmonic summing or 
earching for spectral peaks. 

.4 Dedispersion and acceleration searching 

ince it is impossible to know the DM of an unknown pulsar a
riori, a comprehensive list of trial DMs is searched for every beam.
or dedispersion PEASOUP uses the dedispersion library DEDISP 
Barsdell et al. 2012 ). Our main moti v ation for reprocessing this
urv e y was to detect slow pulsars, as that was where our new algo-
ithmic changes for narrow duty cycle pulsars had made the largest
ensitivity gains when processing the HTRU-S LowLat surv e y. We
etained the native time (250 μs) and frequency resolution (3 MHz) of
he data and the maximum DM up to which the search was performed
as 2000 pc cm 

−3 which is equi v alent to the maximum DM expected
MNRAS 522, 1071–1090 (2023) 
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owards the Galactic centre using the NE2001 (Cordes & Lazio 2002 )
nd YMW16 (Yao et al. 2017 ) electron density models. PEASOUP
alculates trial DM values according to the method explained in
etail in Levin ( 2012 ). To obtain the optimal number of trial DMs
or a given DM range, a DM ‘tolerance parameter’ is used such that
he pulse broadening, τ� DM 

due to dedispersion at an incorrect DM
 � DM units away from the true DM of the pulsar) nev er e xceeds a
mall fraction ε of the minimum ef fecti ve pulse width, W eff of the
ulsar. In this case the total width, W tot can be written as (see Morello
t al. 2019 ) 

 tot ≤ (1 + ε) W eff . (1) 

In other words, the ratio of the W tot to the W eff should be less
han or equal to the DM tolerance parameter, DM tol i.e. W tot / W eff ≤
M tol . In general, the DM tol of 1.1 is a good choice, ho we ver, in our

nalysis, we used a relatively narrow DM spacing with a DM tol =
.03 as this only resulted in 390 trial DMs for a DM range from 2
o 2000 pc cm 

−3 and the computation time of dedispersion was very
hort on the computational cluster we were using. After creating the
edispersed time series, the FFT can be used to efficiently search
or isolated pulsars. A potentially more sensitive technique for slow
ulsars involves the fast folding algorithm (Morello et al. 2020 ), but
t is less computationally efficient and computationally prohibitive
or millisecond pulsars, many of which experience acceleration that
mears the pulse. 

For highly accelerated (i.e. binary) pulsars, both dedispersion
nd deacceleration are required for optimal pulsar detection. The
ccelerated motion of the pulsar around its companion causes a time-
ependent Doppler shift in the spin frequency of the pulsar, and as
 result, in the Fourier domain, the pulsar’s harmonics get smeared
ut across many neighbouring spectral frequency bins, resulting in
 loss in sensitivity. If the pulsar is near the detection threshold, this
mearing can easily render it invisible. For narrow duty cycle pulsars
ith high spin frequencies and thus a large number of harmonics,

he smearing is worsened. 
In order to circumvent S/N losses due to acceleration, prior to

he FFT, PEASOUP uses the time-domain resampling method (e.g.
iddleditch & Kristian 1984 ; Johnston & Kulkarni 1991 ) in which

 dedispersed time series is resampled (quadratically stretched or
queezed) by the value of acceleration a putative binary pulsar would
e e xperiencing. Man y trial accelerations are used in the same way
hat many trial DMs are searched. This technique is most ef fecti ve
hen the pulsar has constant acceleration during the course of its
bservation. Since, like DM, acceleration is also unknown for a yet-
ndisco v ered pulsar, each dedispersed time series is resampled for
ll the trial accelerations. In PEASOUP , the trial accelerations used to
earch the data were generated using the method explained in detail
n Eatough et al. ( 2013 ), which we briefly summarize here. If an
bservation of length t contains an accelerated signal with a constant
cceleration, a , then in the absence of accounting for acceleration, the
ulse profile will broaden quadratically with time, and the associated
pulse broadening’ is given by 

acc ( t ) = 

at 2 

2 c 
. (2) 

 pulse broadening time equi v alent to 8 τ samp would allow a max-
mum of 4 τ samp pulse smearing if the true acceleration lies exactly
alfway between two trial acceleration values. Hence, setting t =
 obs /2 (resampling is performed with respect to the mid-point of the
bservation) an acceptable acceleration step size, δa is given by 

a = 

64 cτsamp 

T 2 
. (3) 
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obs 
fter the resampled time series is formed, the low-frequency noise
hat is al w ays present needs to be mitigated using a dereddening
lgorithm. This red noise composition varies between observations,
nd thus there is no perfect recipe for eliminating it (Cameron et al.
017 ). In PEASOUP , this is only done once per trial DM to speed
p the processing and produces a time series that is subsequently
earched for all acceleration trials using the FFT search (for more
etails on this, see Morello et al. 2019 ). After the FFT search, the
armonically related Fourier amplitudes can be summed up to 32
armonics to make a peak detection and a ranked candidate list
ased on S/N. These peaks are stored along with all the critical
arameters such as period, DM, acceleration, number of harmonics
ummed, and the number of associations with other harmonically
elated candidates. One of the convenient features of PEASOUP is
hat all these abo v ementioned steps can be e x ecuted from a single
ommand line with other additional flags such as the number of
armonic sums to perform, the maximum limit to the number of
andidates stored, and the minimum S / N FFT to report in the candidate
ist. 

.5 Candidate sifting 

fter an FFT periodicity search is performed, the final product of the
rocessing is the candidate list which contains some of the important
roperties of the candidate, i.e. its period, DM, acceleration at which
he dedispersed time series was resampled, the S / N FFT , the number of
armonic sums associated with the candidate, etc. With increasing
omputational resources, it is now possible to enlarge the search
hase parameter space to include high-order terms, such as jerk (the
ime deri v ati ve of the acceleration) (see e.g. Andersen & Ransom
018 ) and even Keplerian parameters (Knispel et al. 2013 ). These,
hen combined with higher time and frequency resolution data as
ell as longer integration times, greatly expand the search phase

pace, and the number of potentially spurious candidates abo v e an
/N threshold rises. The statistical significance must therefore be
arefully considered. The candidate list corresponding to a single
eam observation can contain up to thousands of candidates, a large
raction of which are just noise coincidences (see Lyon et al. 2016 ,
or detailed explanation). To fold and optimize every candidate can
ecome computationally prohibitive, so it is important to attempt to
emo v e as many spurious candidates as possible. 

F or conv enience, search pipelines being used in the spectral
omain at this stage of processing often use a uniform detection
hreshold to reduce the number of folded candidates to a compu-
ationally feasible level. Each pulsar surv e y employs its own tool
o filter these candidates e.g. ACCEL SIFT.PY in PRESTO and best
n SIGPROC . These tools help limit the number of candidates for
olding and usually select them based upon a prior false alarm
hreshold (Lorimer & Kramer 2004 ). Many pulsars appear at a
ery large number of trial DMs and accelerations, along with many
armonically related candidates, especially if they are well above the
hreshold. Most surv e ys find the highest S/N candidate in a given
ointing, then eliminate lower S/N harmonically related candidates
nd duplicate candidates in the period-DM-acceleration phase space.
his runs the risk of removing new bona fide pulsars that are
oincidentally harmonically related to known ones, but this is not
asy to a v oid. Despite attempts to eliminate RFI before dedispersion,
fter summing the channels and performing the FFT, RFI is often
esponsible for the majority of pulsar candidates abo v e the false
larm threshold. This complicates the selection of candidates for
olding. Radio receivers are also affected by red noise processes that
educe pulsar sensitivity below a few Hz (see e.g. Lazarus et al.
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Figure 1. Plot shows spin period versus duty cycle ( δ) of the known pulsar 
population. The blue line represents the running median. Here δ is the half- 
width at 20 cm wavelengths divided by the spin period of the pulsar as 
presented in the pulsar catalogue. The horizontal striations arise because 
pulse widths are often only measured to an integer number of milliseconds. 
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015 ; van Heerden, Karastergiou & Roberts 2016 ; Cameron et al.
017 ; Parent et al. 2018 ). A simple S/N threshold across the entire
pectrum is therefore often inappropriate, and many codes attempt 
o normalize the spectrum before the search for Fourier peaks. As
he RFI present in no two pointings is identical, an algorithm for
ts elimination that works optimally in all circumstances is probably 
mpossible to derive. 

.5.1 Theoretical false-alarm thresholds 

hen a dedispersed time series is Fourier transformed, most narrow 

eriodic signals exhibit power at many harmonics in the Fourier 
omain (Bracewell 2000 ). The mean profiles of many long-period 
ulsars often resemble a Gaussian to first order and, in the spectral
omain, appear as a series of evenly spaced harmonics that taper off
n amplitude at a rate that depends upon the duty cycle δ with the
umber being approximately O(1/ δ). The number of harmonics and 
heir relati ve po wer is a priori unkno wn and unique for each pulsar,
o many search codes search for pulsars up to just 1, 2, 4, 8, 16, or
2 harmonics in the hope that this will adequately probe the rele v ant
hase space. An infinite series of regularly spaced delta functions in 
he time domain has equal weights in all harmonic amplitudes, and 
he sum of these amplitudes for a finite number of harmonics gives a
etection statistic 

 H 

= 

2 H ∑ 

n = 0 

A n , (4) 

here A n is the average power in the n th harmonic and 2 H is the
umber of harmonic sums performed. In many pulsar searches, the 
alue of H is chosen from 0 to 4, corresponding to five different
armonic sums of 1, 2, 4, 8, and 16 harmonics. In the ideal case
or a time series containing pure Gaussian noise, the probability 
istribution function (PDF) of S H is a χ2 distribution with 2 H + 1 

egrees of freedom. The integration of this PDF is proportional 
o an exponential term, exp( − P min ) which tells us the probability
hat power in an individual bin exceeds some threshold P min which 
s called the false-alarm probability, p f for the single harmonic. 
o we v er, as discussed abo v e, pulsar searches are conducted with
ultiple harmonic sums. If the harmonic summing is done m times
hen p f can also be written as (see Lorimer & Kramer 2004 ), 

 f ( P > P min ) = 

m −1 ∑ 

j= 0 

( P 

j ) 

j ! 
exp ( −P min ) . (5) 

A time series, T j containing n sample data points would have n sample /2
ata points in Fourier domain. Therefore, the expected number of 
alse alarms abo v e a giv en power P min is ( n sample / 2) exp ( −P min ).
etting this number to less than or equal to one results in a simple
elation, 

 min = −ln (2 /n sample ) . (6) 

The abo v e relation giv es a threshold po wer belo w which the po wer
s mostly due to random noise. In order to calculate the false-alarm
hresholds in Fourier amplitudes, the S/N is most often used. The
alse-alarm probability in that case is given by (see Lorimer & Kramer
004 ) 

 f ( S/N > S/N min ) = exp 
(−[ σA S/N min + Ā ] 2 

)
, (7) 

here σ A and Ā are the mean value and root mean square of the
ourier amplitudes. The integration of the exponential PDF of the 
ourier amplitudes results in σA = 

√ 

π/ 4 and Ā = 1 − π/ 4. In a
imilar analysis, for n trials , the false-alarm threshold in terms of S/N
s given by 

/N thresh = 

√ 

ln[n trials ] −
√ 

π/ 4 √ 

1 − π/ 4 
, (8) 

here n trials = n samples /2 × n trials, DM 

× n trials, acc × n harm 

. A pulsar
andidate below this threshold is likely to just arise from noise coin-
idences. When performing pulsar population statistics, most authors 
se a modified version of the radiometer equation to decide whether
 simulated pulsar of a given minimum flux ( S min ), period ( P ), and
f fecti ve half-width ( W 50 ) should have been detected by the surv e y
sing the following radiometer equation (Lorimer & Kramer 2004 ) 

 min = S/N thresh 
β( T rec + T sky ) 

G 

√ 

�f n p t int 

√ 

W 50 

P − W 50 
, (9) 

here β is the digitization factor, T rec and T sky are the receiver and
k y temperatures, respectiv ely, � f is the receiver’s bandwidth, n p 
s the number of orthogonal polarizations, G is the antenna gain,
nd t int is the integration time. For convenience, an S/N threshold
f 8–10 is often assumed. In reality, equation ( 9 ) is invalid when
stimating the S/N that a pulsar would exhibit in the Fourier domain
hen employing search codes such as PEASOUP and SIGPROC as 
e shall now demonstrate. 

.5.2 Spectral versus folded S/N thresholds 

quation ( 9 ) provides the true estimated S/N of a pulsar with a top-
at profile folded at the exact DM and pulse period in the presence of
FI-clean radiometer noise. Fourier search methods usually do not 

ully achieve this, especially when the pulse profile is narrow and
hus has power in many harmonics. Morello et al. ( 2020 ) quantified
ow the S/N in Fourier searches decreases with increasingly narrow 

uty cycles as compared to the optimally folded profile. In Fig. 3 of
heir paper, they show that a pulsar with a 3 per cent duty cycle is
nly detected with about 70 per cent of its S / N fold , whilst a 1 per cent
uty cycle pulsar would only be found with half of its S / N fold if only
earched out to 16 harmonics or about 60 per cent if searched out to
2 harmonics. Some reasons for these reductions are that a folded
MNRAS 522, 1071–1090 (2023) 
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M

Figure 2. The distribution of S / N FFT and S / N fold of simulated pulsars with period ranges from 1 ms to 5 s. The duty cycle, δ of these pulsars is consistent 
with the median δ of the know pulsars with different period ranges (see the text in 2.5.2 ). The dashed line in blue represents the 1:1 line where the S / N FFT and 
S / N fold are equal. The top panel shows the histogram of the ratio of S / N fold to the S / N FFT ( z factor ) for the pulsars with P < 100 ms (in sky blue) and P 

> 100 ms (in red). The vertical dotted lines in these histograms correspond to the median values of the ratio of the folded to S / N FFT (the z factor). Clearly, slow 

pulsars show a large boosting on folding ( z factor = 1.5) while fast pulsars show relatively less boost on folding. 
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nd optimized pulse profile has been 100 per cent coherently added.
o we ver, in the Fourier domain, the spectral peaks do not necessarily
ccupy sole spectral bins; the power in the harmonics often rolls off
moothly rather than abruptly, so summing just 1, 2, 4, 8, 16, or 32
armonics is rarely an exact match to where the power in the spectral
omain is located, and the phase information in the Fourier domain
n search codes like PEASOUP or SIGPROC is unused. 

If the S / N FFT and S / N fold of pulsars detected in actual surv e ys are
ompared, narrow pulsars usually exhibit lower S/Ns in the spectral
omain. As a consequence, many narrow pulsars near the detection
hreshold can be o v erlooked. To v erify this we simulated hundreds of
he pulsars using SIGPROC’s fake program which generates peri-
dic top-hat pulses in Gaussian noise in filterbank format. These sim-
lated pulsar data were given randomly generated periods between 1
nd 5000 ms. The DM was fixed at 100 pc cm 

−3 and to make our anal-
sis simple, no dispersion smearing was included. The duty cycles,
of the simulated pulsars were selected based on the median duty

ycles of the known pulsar population seen in PSRCAT (see Fig. 1 ).
e chose representative δ for five different period ranges, i.e. P <

0 ms, 30 < P /ms < 100, 100 < P /ms < 500, 500 < P /ms < 1000,
nd P > 1000 ms by examining the median duty cycles of the pulsar
opulation. To explore what happens to the narrowest pulsars with P
 1 s, we also simulated a population of pulsars with δ = 1 per cent .
These simulated observations were 512 s in duration, centred

t 1420 MHz with a bandwidth of 390 MHz and 1024 frequency
hannels. The sampling interval for the simulated pulsars with P
NRAS 522, 1071–1090 (2023) 

a  
 100 ms was 64 and 256 μs for P > 100 ms. The amplitude of
ndividual pulses for every pulsar was chosen such that S / N fold 

aried from 8.5 to 15. This was done to see if there is any discrepancy
etween pulsars with low and relatively high S / N FFT when compared
ith their S / N fold . These simulated pulsar observations were blindly

earched using PEASOUP where we set a minimum S / N FFT limit
n the candidate list down to 4.5 and included up to a maximum of
2 harmonic sums. After the search was completed, we visually
nspected the folded and optimized profiles of each pulsar and
onsidered the pulsar a detection if the period and DM of the
imulated pulsar was present in the candidate list and clearly visible
o the human eye when folded. To be ‘detected’ all of the simulated
ulsars had to be abo v e our 8.5 S / N fold thresholds. To quantify the
mpro v ement in the S/N of pulsars from folding, we introduced the
folding boosting factor’ (or z factor), which is the ratio of the S / N fold 

nd S / N FFT i.e. 

 = 

S/N fold 

S/N FFT 
. (10) 

In Fig. 2 , we show the distribution of the detected simulated
ulsars in S / N FFT and S / N fold space. One of the most important
hings to notice is that none of the narrow duty cycle ( δ = 1–4.9
er cent) pulsars fall near the 1:1 line, and S / N fold is consistently
reater than S / N FFT as we might expect from Morello et al. ( 2020 ).
o we ver, pulsars with large duty cycles ( δ) are closer to 1:1 relation

nd sometimes e ven belo w it. If we divide the pulsars into two

art/stad508_f2.eps
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Figure 3. The distribution of the known pulsars in the PMPS surv e y as a function of parameters β, γ (equation 11 ), and η (equation 12 ). Panel (a) shows the 
fractional number of known pulsars redetected as a function of β, whereas panel (b) shows γ versus DM. Panels (c) and (d) show the fractional distribution of 
known pulsars versus the pdmp DM correction parameter η. 
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Table 1. Candidate sorting criteria used for folding the candidates in the 
PMPS reprocessing. Candidates with the given period ranges in column 
1 were only selected for folding if they qualify the criteria of harmonic 
summing, nh given in column 2, and S / N FFT in column 3 (see the text in 
Section 3 for a brief discussion). N cand, avg is the average number of the 
candidates per PMPS beam resulted for the given period ranges. 

Period (ms) nh S / N FFT N cand, avg. 

1–10 ≥4 7–8 17 
≥1 ≥8 25 

10–100 > 1 ≥7 10 
= 1 ≥8 7 

> 100 ≥1 ≥6 40 
100–300 ≥8 5–6 44 
300–1000 ≥4 5–6 100 
> 1000 ≥4 4.5–6.0 100 
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lasses, namely the broad ones from our simulation with P < 100 ms
nd those with P > 100 ms, the median z factors are 1.17 and 1.5,
especti vely. Ho we ver, there are many that exceed a factor of two.
he important consequence of this is that if we want to find all of

he narrow duty-cycle pulsars that have a S / N fold of, say 10, it is
mportant to fold candidates with large numbers of harmonics down 
o a S / N FFT of at least 5. Past surveys have often neglected to do this
nd probably missed many narrow duty cycle pulsars as a result. 

.5.3 A more considered false alarm threshold 

e previously noted that the false alarm threshold for a pulsar surv e y
epends upon the extent of the phase space being explored, and thus
epends upon the number of time samples in the data set, the number
f DM and acceleration trials, and the number of trial pulse widths
nder consideration via the number of independent harmonic folds. 
or the PMPS survey, if we were searching for highly accelerated 
say | a | < 100 m s −2 ) ms pulsars down to near the Nyquist limit,
n appropriate false alarm threshold would be to set the S / N FFT to
e 9. Ho we ver, the pulsar population is not uniformly distributed
n spin frequency, acceleration, pulse width, and dispersion. Very 
e w slo w pulsars are members of binary systems, although they
omprise the bulk of the known pulsar population, and so if we
ere just searching for solitary slow pulsars, we can decimate the 
ata significantly and reduce both the extent of phase space being 
earched and also what should be considered a significant detection. 
n the PMPS surv e y, the 96 frequenc y channels were 3 MHz wide,
o by the time we reach a surv e y trial DM of 1000 pc cm 

−3 , there
s ∼10 ms of smearing of intrachannel dispersion, which means the 
umber of ef fecti ve independent DM trials is only a few 100 (the
riginal PMPS processing used 325 trial DMs). Similarly, if the 
arrowest feature of a slow pulsar is 1 ms, the data can be decimated
n the time domain with no sensitivity loss. Thus an appropriate false
larm threshold for an isolated-only slow pulsar surv e y using the
MPS data with 2048 s of integration time is closer to S / N thres ∼ 8.
ince many narrow pulsars can receive significant boosts from the 
pectral domain once folded and optimized if compute time allows 
see Fig. 2 ), it is worth folding candidates down to S / N FFT ’s of half
he folded threshold. Historically, few pulsars have been published 
ith folded disco v ery S/N’s below 10, but this means that if CPU

ime permits, candidates with an S / N FFT down to 5 should be folded.

 C A N D I DAT E  F O L D I N G  A N D  

LASSI FI CATI ON  

n Table 1 , we list the criteria that a pulsar candidate had to meet
or it to be folded. MSPs in the PMPS surv e y are often smeared
nd have little information in higher harmonics. Therefore, for the 
andidates between 1 and 10 ms, the S / N FFT had to be abo v e 8, and
his was independent of the number of harmonics. Apart from this,
MNRAS 522, 1071–1090 (2023) 
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ithin the same period range, we also included candidates which
ad lower S / N FFT (7–8) and harmonics greater than 4. Between 10–
00 ms, the S / N FFT had to be equal or abo v e 8 in the fundamental
ith only 1 harmonic or abo v e (or equal to) 7 with more than one
armonic. Since pulsars abo v e 100 ms tend to sho w narro wer pulse
rofiles which can be found with higher harmonics, we selected all
andidates abo v e 100 ms with spectral S / N ≥ 6 for all harmonic
ums. The remaining candidate selection criteria were employed
or the narrower duty cycle pulsars, which could be found in the
FT noise floor (i.e. S / N FFT < 6). Due to a substantial number of
andidates below S / N FFT of 6, we had to select candidates with period
anges, harmonics, and S/N FFT such that we obtain a limited number
f candidates for folding. For candidates with a period range between
00 and 300 ms, we used a S / N FFT of 5 to 6 and harmonics, nh ≥ 8.
andidates with a period in the range 300–1000 ms and S / N FFT 

etween 5 and 6 were selected, with harmonics, nh ≥ 4. For the slow
ulsars with periods abo v e 1 s, we further selected candidates with
 / N FFT between 4.5 and 5.0 and harmonics, nh ≥ 4. 
After applying the candidate sifting criteria described abo v e, we

olded the raw filterbank data of all the candidates using the pulsar
ignal processing software dspsr (van Straten & Bailes 2011 ), and
he output archive files were generated with 16 subintegrations, 32
requency channels, and 128 phase bins. Frequency and time intervals
ontaminated with RFI were remo v ed by using the archive RFI
leaning software clfd 6 that searches for outlier profiles and deletes
hem. Since the output period from an FFT search pipeline is only
ood to half a spectral bin, optimizing the period is important, so the
andidate parameters such as period, and DM were optimized using
he psrchive (Hotan, van Straten & Manchester 2004 ) tool pdmp
hich also generates a diagnostic plot and its own measure of S / N fold .

.1 Candidate sifting for visual inspection 

ur candidate sorting criteria produced on average ∼350 candidates
er beam, resulting in o v er 14 million candidates to fold. Assuming
ach candidate takes on average 2 s for visual inspection, vetting
4 million candidates w ould tak e approximately 972 person days,
aking it unfeasible for human inspection. Fortunately, a significant

raction of these candidates can be rejected based on some of their
eatures, such as their period and DM combination and S / N fold . Pulse
ispersion in a 3 MHz frequency channel prohibits the disco v ery of
illisecond pulsars at DMs of 1000 pc cm 

−3 , for instance, and we
afely ignored MSP candidates with extremely high DM i.e. greater
han 600 pc cm 

−3 and at low S / N fold (see Section 3.1.2 ). Ho we ver,
ven after applying these constraints, the resultant number of candi-
ates is still too large (order of a few hundred thousand), and visually
nspecting them becomes a highly error-prone process. As discussed
n Section 1 , several machine learning and sorting algorithms have
een developed which can reduce the number of candidates to inspect
isually by two orders of magnitude (Morello et al. 2014 ). Ho we ver,
n this work, we tried a different strategy. Instead of using machine
earning approach, we used a few simple discerning criteria based on
he known pulsar redetections in the PMPS surv e y. These features
elped us identify the parameter space region where the chances of
nding a pulsar are greater, which we now discuss. 

.1.1 Candidate rejection based on S/N and DM 

fter the sorted candidates from all of the beams of PMPS were
olded, we applied a S / N fold cut of 8.0 as this is equi v alent to the
NRAS 522, 1071–1090 (2023) 

 https://github.com/v-morello/clfd 

b  

a  

v  
alse alarm threshold of the surv e y. This remo v ed 75 per cent of
andidates. Any pulsars with an optimized DM less than 2 pc cm 

−3 

likely to be RFI) were also remo v ed from consideration, resulting
n the loss of another 5 per cent of candidates. 

.1.2 Candidate rejection based on comparisons with the known 
opulation 

e examined all 1106 known pulsars redetected by our pipeline in
he PMPS surv e y and found that all of the MSPs had a S / N fold > 10
nd none of the slow pulsars ( P > 100 ms) with S / N fold < 9 . 5 had
uty cycles δ > 15 per cent. Even though such pulsars may exist
mong the folded surv e y candidates (Wang et al. 2022 ), they occupy
he portion of the parameter space contaminated with false positives,
o we ignored them. Although some slow pulsars have wide duty
ycles (see Fig. 1 ), none of these are near the detection threshold. 

.1.3 Candidate rejection based on pulse dispersion 

t is easier to have confidence in a pulsar candidate if it satisfies two
dditional criteria. The first concerns its broad-band nature. Pulsars
ith large DMs (i.e. DM > 100 pc cm 

−3 ) at a wavelength close to
0 cm are typically located farther away, and their radio emission
ust pass through multiple scattering screens before reaching us.
his can cause the emission to be scattered and broadened, resulting

n a well-defined peak in the S / N fold versus DM curve. On the other
and, narrow-band RFI will have a similar S / N fold across a broad
ange of DMs. Therefore, if the optimized candidate’s DM is far
rom that in the FFT, it could be an indication of RFI rather than a
eal pulsar signal. The second feature of most pulsars disco v ered in
 Galactic-plane surv e y is that the y hav e large DMs and, unlike RFI,
hich mainly occurs at DM ≈ 0 pc cm 

−3 , have a small relative error
n their DMs. We thus introduced two new parameters, which we
efine here as β and γ , 

β = 

∣∣∣∣DM FFT − DM optimized 

DM FFT 

∣∣∣∣
= 

DM error 

DM optimized 
, (11) 

here DM FFT and DM optimized are the DM values reported by our
FT search and folding pipeline, respectively. γ is proportional to

he pulse duty cycle divided by the S/N ratio. Narrow duty cycle
ulsars thus have very small values of γ . The distribution of pulsars
n β and γ parameter space is shown in Figs 3 (a) and (b) where
or known pulsars β is less than 0.2 and γ is less than unity for the
9.7 per cent of the known pulsar redetections. A final parameter
ometimes used when assessing the reality of pulsar candidates is
: the ratio of the S / N fold of the pulsar at DM = 0 pc cm 

-3 and
ts S/N fold at its optimal DM. This tells us if the pulsed signal is
ignificantly dispersed and was employed by Morello et al. ( 2014 )
nd given by 

= 

S/N DM=0 

S/N DM optimized 

. (12) 

his feature is helpful in removing narrow-band RFI candidates that
end to have the same S/N across a broad range of DMs. When
onsidering η for the known pulsars detected by our search pipeline,
e found that for o v er 99 per cent of pulsar redetections, η is less

han unity. The only exceptions arise when the data are affected
y RFI, leading to spurious S/N values at zero DM. As discussed
bo v e, for pulsars with large periods, small DM and large δ, the
alue of S/N does not change much as a function of DM. Therefore

https://github.com/v-morello/clfd
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Figure 4. Period versus DM distribution of all the known pulsars (grey), 
missed pulsars in previous reprocessings of the PMPS surv e y (black) and new 

disco v eries reported in this paper (green). Clearly, the new and previously 
missed pulsars are similar to those in the wider population. 
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is less valuable for those pulsars. This is clearly seen in Figs 3 (c)
nd (d) where pulsars with DM < 200 pc cm 

−3 have larger values
f η, i.e. > 0.8. Most of these pulsars as e xpected hav e either P >

000 ms or have large duty cycle δ > 10 per cent . In the case of
SPs, η al w ays remains below 0.5 because a few units of DM offset

ignificantly degrade the S/N. Although there are a few redetections 
f pulsars with η > 0.99 this is mainly due to the presence of RFI. 

 N E W  DISCOV ERIES  

fter applying the candidate classification criteria discussed in 
ection 3 , a total of 29 828 candidates remained, among which
5 178 were known pulsars and their harmonics. We inspected 
he remaining 14 650 candidates in approximately one day and 
dentified o v er 50 promising candidates with P > 100 ms. Most of
hese had narrow pulse profiles, possessed a S / N fold > 8 . 6, showed
road-band emission, and their emission was persistent in time. 
f these 50 candidates, 17 had been previously identified in the 
arallel reprocessings of the HTRU-S LowLat surv e y (Sengar et al.
nd Balakrishnan et al., in preparation), and while cross-checking 
ulsars in other surv e ys using pulsarsurveyscraper 7 , PSR 

1537 −61 has been found in the ongoing MPIfR Galactic Plane 
urv e y (P admanabh et al., in preparation) using MeerKAT radio

elescope and predates our disco v ery date. PSRs J1851 + 10 and
1901 + 13 have also been independently discovered by the FAST 

alactic Plane Pulsar Snapshot surv e y (GPPS; Han et al. 2021 )
nd were announced in the GPPS webpage (V2.8.0). Among these 
ulsars, the disocvery of PSR J1851 + 10 predates our disco v ery
ate. These 19 pulsars are unpublished; therefore, for our purposes, 
hey are independent discoveries. The remaining 31 candidates were 
eobserved for confirmation using the Ultra-Wide Low-band receiver 
UWL; Hobbs et al. 2020 ) and Medusa backend of the 64-m Parkes
adio telescope. The UWL receiv er co v ers the radio frequency band
rom 704 to 4032 MHz with 26 contiguous subbands, each 128 MHz
ide. We observed our candidates with all 26 subbands with a 

requency resolution of 1 MHz. Most of our candidates were found 
ith lower S / N fold in their original 35-min PMPS observations, and

dditionally, given that the RFI environment has severely deteriorated 
n the last 20 yr, we observed each candidate on average for 60
in and with 256- μs time-sampling. After obtaining the digital 
lterbank data, we first used the direct folding method where we 
olded the observations with the period and DM of the disco v ery
MPS observations using dspsr to create archive files and then 
ptimized the period and DM of the pulsar using pdmp . 
We have currently confirmed 18 of the pulsars (60 per cent success

ate), making a total of 37 new PMPS pulsar disco v eries (including
9 independent ones). All 37 new pulsars are normal pulsars (100 
s < P < 3263 ms), hav e relativ ely high DM and their P − DM

istribution (see Fig. 4 ) agrees with that of other Galactic plane
ulsars; most of which were previously disco v ered in the PMPS.
he integrated pulse profiles of the 18 new pulsars exclusive to the
MPS data or the ones which were first found in our search are
hown in Fig. 5 . For the pulsars which were not seen or confirmed,
ncluding MSP candidates in the direct folding method, we performed 
n acceleration search around the optimized DM obtained in PMPS 

isco v ery observations in different subbands of UWL data. However, 
one of these candidates were confirmed, indicating they were either 
alse positives or, if they are real, they might belong to the intermittent 
 https://github.com/dlakaplan/pulsarsur veyscr aper 

t
h  

p
t  
ulsar class (Lyne 2009 ) or be subject to extreme scintillation
Narayan 1992 ). 

We do not have timing solutions for these pulsars as yet, and they
re being timed at the Parkes telescope so do not have accurate timing
ositions. Therefore, in Table 2 , we have listed their parameters
dentified by our search pipeline. The sky coordinates correspond to 
he beam centre and uncertainties on the declination values are given
n parentheses and correspond to the full width at half-maximum 

FWHM) of the MB receiver’s beam. The period and DM are the
arycentric period and optimized DM from our search pipeline. 
e calculated the minimum flux density, S min at 1400 MHz of the

ulsars using the radiometer equation ( 9 ) by assuming they are
t the beam centre. In Table 3 , we have listed the profile half-
idth W 50 , and minimum flux density S min at 1400 MHz of all
7 pulsars including their DM derived distances, d , using NE2001
Cordes & Lazio 2002 ) and YMW16 (Yao et al. 2017 ) electron
ensity models. We found the median S min of the new pulsars to
e ∼0.1 mJy which is half the minimum flux density estimated
or the PMPS (Manchester et al. 2001 ). Finally, the minimum
uminosities at 1400 MHz corresponding to each density model of the
ulsars were calculated using the relation L min , 1400 = S min , 1400 × d 2 ,
nd corresponding median minimum luminosities are 3.3 and 4.2 
Jy kpc 2 , respectively. 

.1 Notable disco v eries 

.1.1 PSRs J1635 −47 and J1739 −31: Pulsars with pronounced 
igh frequency emission 

adio pulsars are known to usually have steep spectra between 
requency ranges 100 MHz ≤ ν ≤ 1500 MHz and are often well- 
escribed by a simple power law at 20 cm wavelengths with their flux
ensities S ν ∝ να . The average spectral index is α = −1.6 (Jankowski
t al. 2018 ). Many of the first pulsar surv e ys were conducted at
requencies close to 430 MHz to exploit the larger beams of radio
elescopes, but with the advent of the Parkes multibeam receiver, 
igh frequency surveys became an efficient way of disco v ering radio
ulsars, particularly in the Galactic plane, where scattering and 
he sky background are worse at low frequencies. Only a handful
MNRAS 522, 1071–1090 (2023) 

https://github.com/dlakaplan/pulsarsurveyscraper
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Figure 5. Average pulse profiles of 18 new pulsars e xclusiv e to the PMPS data only. Each pulse profile consists of 256 bins and co v ers one full phase from 

zero to one at 1.372 GHz. The peak of the pulse profile of each pulsar has been centred at phase 0.5. The current name of the pulsar, its rounded-off spin period 
(in milliseconds), and the DM (in pc cm 

−3 ) is also given for each pulsar. 
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Table 2. Disco v ery parameters of 37 pre viously unkno wn pulsars found in the reprocessing of the PMPS surv e y. The right ascension (RA) and 
declination (DEC) of these pulsars are the coordinates of the beam centre in which the pulsar was found. The positional error in declination is estimated 
from the beam size of the MB receiver. The barycentric ( BC ) spin period ( P ) in ms, and DM values are listed from the disco v ery observations. The 
number of harmonics (nh) reported here corresponds to the harmonic sums in which the candidate was detected by our pipeline. The values of S / N FFT 

and S / N fold are the values reported by our search pipeline. 

PSR name PMPS obs. ID RA DEC P DM nh Spectral S/N Folded S/N Ind. disco v ery 
(hh:mm:ss) (dd:mm:ss) (ms) (pc cm 

−3 ) (S/N FFT ) (S/N fold ) 

J0911–42 PM0093 01811 09:11:45 −42:40(7) 1940 .63595 162 .2 32 5.4 11 .1 –
J1236–65 PM0088 019A1 12:36:55 −65:37(7) 100 .56520 175 .0 16 7.9 9 .7 –
J1303–62 PM0032 01081 13:03:19 −62:12(7) 419 .41599 490 .0 32 5.7 9 .3 –
J1328–62 PM0038 00151 13:28:35 −62:46(7) 528 .85764 194 .8 4 5.9 10 .2 –
J1358–59 a PM0075 03371 13:58:58 −59:20(7) 374 .11984 324 .0 32 5.4 10 .5 H 

� 

J1406–59 a PM0071 00281 14:08:28 −59:24(7) 1248 .31764 304 .0 32 5.0 8 .7 H 

J1435–60 PM0022 06671 14:35:08 −60:20(7) 3262 .16598 507 .4 16 5.6 10 .7 –
J1437–62 a PM0069 00611 14:37:46 −62:50(7) 777 .99437 327 .0 32 5.7 9 .4 H 

J1537–61 a PM0122 010D1 15:37:03 −61:42(7) 369 .50150 288 .7 32 5.7 10 .6 M 

J1556–52 a PM0038 02181 15:56:09 −52:56(7) 1170 .89353 757 .0 4 5.4 10 .6 H 

J1557–54 a PM0054 03241 15:57:45 −54:04(7) 583 .75842 714 .0 4 8.2 12 .1 H 

� 

J1603–54 a PM0025 02131 16:03:35 −54:09(7) 960 .78551 478 .0 32 5.6 11 .4 H 

J1612–53 PM0016 00751 16:12:26 −53:30(7) 732 .12065 573 .8 4 7.7 9 .7 –
J1618–42 PM0138 00111 16:18:45 −42:41(7) 1867 .13635 200 .5 32 7.1 12 .2 –
J1631–47 a PM0038 02291 16:31:48 −47:31(7) 1103 .33373 749 .0 16 5.6 9 .4 H 

J1635–47 PM0046 00611 16:35:29 −47:47(7) 504 .83063 872 .0 4 5.0 9 .9 –
J1636–51 PM0092 02221 16:36:14 −51:33(7) 340 .10646 312 .6 16 6.7 10 .7 –
J1638–47 a PM0046 00651 16:38:18 −47:53(7) 426 .66869 1320 .0 8 5.8 12 .0 H 

J1652–42 a PM0159 00751 16:52:05 −42:35(7) 496 .58697 927 .0 2 13.2 15 .7 H 

J1655–40 a PM0077 02321 16:55:13 −40:14(7) 276 .69050 451 .0 4 6.4 9 .8 H 

J1655–40 PM0046 02191 16:55:14 −40:49(7) 2927 .28819 88 .2 32 8.8 16 .3 –
J1657–46 a PM0082 03271 16:57:46 −46:26(7) 892 .31027 682 .0 4 5.5 10 .0 H 

� 

J1717–41 a PM0056 021D1 17:17:41 −41:23(7) 546 .23416 363 .0 32 6.3 9 .1 H 

J1723–38 a PM0011 038C1 17:23:14 −38:03(7) 150 .92447 266 .0 8 6.0 9 .7 H 

� 

J1723–40 a PM0083 00891 17:24:11 −39:49(7) 1982 .23432 316 .0 16 6.0 11 .1 H 

J1725–38 PM0158 01511 17:25:19 −38:51(7) 392 .64120 306 .3 8 5.2 10 .5 –
J1728–36 PM0013 00761 17:28:27 −36:28(7) 354 .31017 408 .0 16 6.3 9 .6 –
J1735–25 PM0130 04951 17:35:15 −25:00(7) 118 .68265 125 .0 16 9.4 13 .0 –
J1737–32 a PM0008 031B1 17:37:32 −32:54(7) 634 .05961 477 .0 4 7.5 10 .9 H 

� 

J1739–31 PM0013 00861 17:39:08 −31:55(7) 277 .10525 487 .0 4 6.7 10 .2 –

J1804–17 a PM0159 016B1 18:04:42 −17:24(7) 280 .78084 549 .0 2 7.6 10 .2 H 

� 

J1806–19 a PM0007 01721 18:06::49 −19:26(7) 1101 .56868 558 .5 32 4.7 10 .5 H 

� 

J1812–17 PM0008 038A1 18:12:40 −17:25(7) 2182 .01751 418 .7 8 7.0 10 .8 –
J1813–17 PM0029 02571 18:13:55 −17:11(7) 367 .59130 692 .0 32 6.1 9 .2 –
J1843–08 PM0087 001C1 18:43:16 −08:00(7) 2031 .96198 256 .0 16 7.1 13 .0 –

J1851 + 10 a PM0152 01111 18:51:32 + 10:00(7) 867 .86155 188 .7 32 5.3 10 .5 F 
J1901 + 13 PM0139 01971 19:01:23 + 13:34(7) 740 .95209 152 .0 16 5.9 9 .8 F 

Notes : a Date of detection in other surv e ys predates ours. 
F: FAST GPPS, ht tp://zmtt .bao.ac.cn/GPPS/. PSR J1851 + 10 = J1851 + 1021g (gpps0258, first appeared on the GPPS web v2.6.0 on 2021-10-27); 
J1901 + 13 = J1901 + 1316g (gpps0426, first appeared on the GPPS web v2.8.0 on 2022-10-10). 
H: Independently disco v ered in the reprocessing of the HTRU-S LowLat surv e y (Sengar et al., in preparation). 
H 

� : Independently disco v ered in the reprocessing of the HTRU-S LowLat surv e y (Balakrishnan et al., in preparation). 
M: MPIfR Galactic Plane Surv e y , http://www .trapum.org/discov eries/, (P admanabh et al., in preparation). 
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f pulsar surv e ys hav e been conducted at very high frequencies
 ν > 6 . 0 GHz; e . g . Bates et al. 2011 ; Eatough et al. 2021 ; Suresh
t al. 2022 ) with little success which may be due to the limited
ensitivity of these surv e ys. 

To investigate the spectra of our new pulsars, we used the Parkes
WL receiver, which operates from 704 to 4032 MHz. When we 
bserved PSRs J1635 −47 and J1739 −31 we found their emission
as clearly visible to the top of the band. During candidate inspec-

ion, we found these pulsars with low S / N fold ∼ 10 (see Fig. 6 ) in the
0 cm portion of the band. PSR J1635 −47, with DM ∼ 900 pc cm 

−3 ,
howed a noticeable scattering tail. However, PSR J1739 −31 showed 
 more typical narrow pulse profile and was virtually invisible below 
300 MHz. When observed with the UWL receiver, these pulsars 
ere redetected with a significant S / N fold co v ering most of the UWL
and (1200–4032 MHz) with a narrower profile at higher frequencies. 
he detection of these pulsars right up to 4 GHz allowed us to
easure their spectral indices and scattering time-scales as a function 

f frequency. 
To measure the flux densities at different frequencies, we observed 

hese pulsars with full-Stokes parameters, and converted their raw 

SRFITS format data to the SIGPROC filterbank format. The 
lterbank data were then folded at the period and DM of each pulsar
sing dspsr to obtain archive files. The same procedure was applied
o the noise diode observations of short duration (2.5 min). In the
MNRAS 522, 1071–1090 (2023) 
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Table 3. For each of the 37 pulsars, listed are the pulse width at 50 per 
cent of the pulse peak ( w 50 ), minimum flux densities ( S min, 1400 ) assuming 
the disco v ery position is the beam centre, distances ( D ) and minimum 

luminosities, L min, 1400 of the pulsars corresponding to NE2001, and YMW16 
electron density models, respectively. 

Jname W 50 S min, 1400 D NE2001 D YMW16 L min, 1400 

(ms) (mJy) (kpc) (kpc) (mJy kpc 2 ) 

J0911–42 30 .3 0 .05 1 .3 1 .5 0 .1 0 .1 
J1221–62 13 .8 0 .06 10 .9 9 .9 7 .6 6 .3 
J1236–65 3 .5 0 .09 3 .5 2 .5 1 .1 0 .5 
J1303–62 14 .7 0 .09 8 .8 11 .6 6 .7 11 .5 
J1328–62 18 .6 0 .08 3 .7 4 .6 1 .1 1 .7 
J1358–59 11 .7 0 .08 6 .5 6 .6 3 .3 3 .4 
J1406–59 29 .2 0 .07 5 .7 5 .8 2 .1 2 .2 
J1435–60 76 .5 0 .07 7 .4 7 .6 4 .1 4 .2 
J1437–62 18 .2 0 .06 7 .0 6 .7 2 .8 2 .5 
J1537–61 8 .7 0 .08 7 .1 16 .6 3 .8 20 .9 
J1556–52 86 .9 0 .2 10 .0 6 .5 19 .8 8 .4 
J1557–54 127 .7 0 .32 9 .0 6 .5 25 .9 13 .5 
J1603–54 22 .5 0 .09 7 .4 6 .5 5 .1 4 .0 
J1612–53 80 .1 0 .16 10 .1 8 .7 16 .3 12 .2 
J1618–42 65 .6 0 .09 4 .4 10 .3 1 .8 9 .6 
J1631–47 56 .0 0 .13 8 .2 6 .8 8 .8 6 .1 
J1635–47 124 .2 0 .29 8 .7 5 .6 21 .8 8 .8 
J1636–51 12 .0 0 .09 5 .5 6 .7 2 .6 4 .0 
J1638–47 105 .0 0 .36 17 .0 11 .2 102 .9 45 .1 
J1652–42 73 .7 0 .33 12 .4 23 .3 51 .6 181 .8 
J1655–40 20 .5 0 .13 6 .9 18 .7 6 .0 44 .5 
J1655–40 22 .9 0 .08 1 .8 2 .5 0 .3 0 .5 
J1657–46 90 .6 0 .16 14 .2 25 .0 33 .1 103 .0 
J1717–41 19 .2 0 .09 5 .7 12 .7 3 .1 15 .2 
J1723–38 10 .6 0 .16 3 .8 3 .8 2 .4 2 .3 
J1723–40 46 .4 0 .09 4 .8 10 .5 2 .2 10 .4 
J1725–38 6 .1 0 .06 4 .5 6 .7 1 .1 2 .6 
J1728–36 12 .5 0 .09 5 .1 4 .5 2 .4 1 .9 
J1735–25 4 .2 0 .11 2 .5 3 .2 0 .6 1 .1 
J1737–32 94 .1 0 .29 5 .5 4 .3 8 .8 5 .3 
J1739–31 14 .1 0 .2 5 .6 4 .2 6 .1 3 .5 
J1804–17 41 .7 0 .24 9 .9 22 .3 23 .6 119 .4 
J1812–17 51 .1 0 .11 5 .3 4 .2 3 .1 1 .9 
J1813–17 18 .7 0 .12 8 .2 4 .9 7 .7 2 .8 
J1843–08 31 .8 0 .09 4 .9 5 .0 2 .1 2 .2 
J1851 + 10 13 .6 0 .05 6 .4 12 .9 2 .0 8 .1 
J1901 + 13 26 .0 0 .07 5 .4 7 .4 2 .1 4 .0 
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alibration data of the UWL receiv er, frequenc y channels known to
e strongly affected by RFI and channels with aliasing at the edges
f the UWL 128 MHz subbands were remo v ed (Hobbs et al. 2020 ).
nfortunately, these masked channels, when cross-correlating with

he observation, could result in removing good frequency channels
n the pulsar observation, hence a loss in the S/N. In order to
ompensate for this, we employed psrchive’s tool smint that
nterpolates and smoothes flux and polarization calibration solutions.
hese flux and polarization calibrated observations were then divided

nto different subbands, and then for each subband, a template profile
 as created, which w as cross-correlated with the corresponding
bservation using psrchive tool psrflux to obtain the flux
ensity. The same procedure was repeated for the other observations
s well. On fitting frequencies as a function of flux density (see Fig.
 ), we found PSR J1635 −47 shows a frequency turnover at ∼2 GHz
ith spectral indices, α1 = 1.40 below 2 GHz and α2 = −1.35 abo v e

t. Ho we ver, PSR J1739 −31 sho ws a relati vely flat spectrum with a
pectral index of –1.09 ± 0.9. The disco v ery of these two pulsars
NRAS 522, 1071–1090 (2023) 
hows that there might be a fairly high number of pulsars that are
nly detectable at high frequencies in the distant parts of the Galaxy.
The noticeable scattering at 1.4 GHz and high S / N fold at higher

requencies in confirmation observations also allowed us to perform
cattering analysis of these pulsars. The scattering model for most
f the pulsars is well-characterized by assuming the material in the
nterstellar medium (ISM) as a thin screen. Therefore, we modelled
he scattering profiles of these pulsars in different subbands by using
 simple model where an intrinsic Gaussian pulse profile of the
ulsar is convolved with an exponential function τ−1 

scat e 
−1 /τscat where

scat is the scattering time-scale and scale with frequency as τscat ∝
−αscat . The model fits to the pulsar’s profiles in different subbands
re shown in Fig. 8 , and the obtained fit values are shown in Table 4 .
n fitting a linear relation to τ scat in different subbands resulted

n scattering indices, αscat ∼ −4.5 for both pulsars. Based on the
easured αscat v alue, se v eral models e xist which are able to define the

ffects of pulsar scattering. The most commonly known include a thin
creen model ( −4.4 < α < −4; e.g. Le wando wski et al. 2015 ) and
olmogorov spectrum ( α = −4.4; e.g. Lee & Jokipii 1976 ; Rickett
977 ). Gi ven the relati vely small difference between the values of
scat predicted by these models and the uncertainties in measured
scat for both pulsars, it is likely that either of the abo v ementioned
cattering mechanisms could be at play. Future observations with
igh S/N would be helpful to further impro v e their scattering model
ts and scattering indices. 

.1.2 PSR J1636 −51: An unusual binary pulsar system 

ur search identified PSR J1636 −51 ( P = 340 ms, DM = 312
c cm 

−3 ) as a candidate with zero acceleration with a S / N fold of 11.
e observed this pulsar for 1 h using the UWL receiver of the Parkes

adio telescope on 2022 April 25 and measured it’s acceleration to
e approximately 4 m s −2 , which indicates its presence in a binary
ystem. Ho we ver, its S / N fold was 20 per cent less than the expected
/N of 14, which could be explained by its potential nulling (Backer
970 ) or eclipsing behaviour as shown in Fig. 9 (left-hand panel).
o confirm its binary behaviour, we observed this pulsar again for
 h on 2022 March 27, and this time detected it with a S / N fold of
6 and acceleration of −4 m s −2 where the pulsar is persistent in its
hase versus time plot (see right-hand panel of Fig. 9 ). The significant
hange in its barycentric period during these two observations further
upported its binary nature. Using the change in its period, we
stimated the pulsar’s change in velocity to be ∼ 8 km s −1 . The
hange in sign of the detected acceleration of the pulsar within just

2 d suggests that PSR J1636 −51 is in a binary with a short orbital
eriod ( P b < 10 d). Currently, among the known field Galactic pulsar
opulation (excluding pulsars in globular clusters), there is only one
inary pulsar, PSR J1834 −0010 (Hobbs et al. 2004 ), and two rela-
ivistic pulsar binaries namely PSR J0737 −3039A/B (Burgay et al.
003 ; Lyne et al. 2004 ), and PSR J1141 −6545 (Kaspi et al. 2000 )
hat have spin periods, P > 200 ms and P b < 10 d, indicating PSR
1636 −51 potentially belongs to a rare class of binary pulsars. Future
bservations will confirm its binary and potential eclipsing status. 

.1.3 PSR J1655 −40: a nulling pulsar among the narrowest duty 
ycle pulsars 

SR J1655 −40 is a 2.937 s pulsar with a DM of 80 ± 10 pc cm 

−3 

hat was detected with a relatively high S / N fold of 16 in our search. In
he original PMPS observation, the pulsar is invisible in the first 10

in and seems to fade away in the last 5 min of the observation (see
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Figure 6. Frequency versus phase and pulse profile integrated over frequency plots for PSR J1635 −47 (top row) and PSR J1739 −31 (bottom row). PSR 

J1635 −47 sho ws e vidence for a turno v er in frequenc y, whilst PSR J1739 −31 has a flat spectrum (see Fig. 7 ). The panels on the left are the 35-min PMPS 
observations (with 96 channels and 128 phase bins) in which these pulsars were detected, whilst the panels on the right are the 72-min confirmation observations 
conducted with the UWL receiver. The white dashed lines in the right-hand panels correspond to the PMPS frequency band. 
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ig. 10 , top panel). The pulsar was first observed for confirmation
ith the UWL receiver and Medusa backend of the Parkes radio 

elescope and remained undetected. We again observed it for 1 h on
021 May 22, and again no detection was made. Ho we ver, the pulsar
as confirmed in our third follow-up attempt, where we observed it
ith the PDFB4 backend for 1 h. Upon closer examination, during 

his 60 min observation which shows its temporal sub-integrations 
see bottom panel of Fig. 10 ), the pulsar appears to show nulling
ehaviour. In a recent observation taken on 2022 March 25, the 
ulsar was invisible again, indicating the pulsar is exhibiting both 
ulling or intermittent behaviour. Based on the visual inspection 
f the folded observations, a rough estimate of nulling fraction is
bout ∼ 80 per cent . Using the lmfit 8 Python package, we found 
hat the pulse profiles in both observations are well modelled by a
ingle Gaussian component with FWHM, w 50 = 18.6 ± 1.5 ms (for
riginal PMPS observation) and 14.3 ± 1.5 ms for the confirmation 
 ht tps://lmfit .git hub.io/lmfit -py 

i  

2  

i  
bservation which corresponds to the duty cycle δ of the pulsar 
etween (0.49–0.6) ±0 . 05 per cent , respectively. 

There are only a few tens of normal pulsars which have δ <

 per cent . We also note PSR J1655 −40 was detected in the
2 harmonic sums with a S / N FFT of 8.8. Ho we ver, with only
6 harmonic sums, we fail to detect it, which clearly shows the
f fecti veness of finding narrow duty cycle pulsars with harmonic
ums beyond 16. 

.1.4 PSR J1843 −08: a nulling pulsar 

SR J1843 −08 is a 2.031 s pulsar with a DM of 256 pc cm 

−3 .
nitially, it was identified as a candidate in the first processing of
he mid-latitude part of the HTRU-S surv e y (Keith et al. 2010 ) at the
rst sub-harmonic (1015.9 ms) of its fundamental period. Ho we ver, 

t was not confirmed in a 10 min of confirmation observation taken in
011. In our search, we confirmed this pulsar with a S / N fold of 16.5
n the PMPS observation, which is 8 arcmin away from the beam
MNRAS 522, 1071–1090 (2023) 
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Figure 7. Frequency versus flux density plot of pulsars PSRs J1635 −47 (left-hand panel) and J1739 −31(right-hand panel). The yellow vertical line in the 
left-hand panel corresponds to the breaking frequency. The blue dashed in each plot is the best-fitting line following the frequenc y turno v er and flat spectral 
index. 

Table 4. Pulse scattering parameters. The scattering index, αscat in each case 
is obtained by fitting a linear relation to the scattering time-scales τ scat in 
different subbands. The τ scat is obtained by scaling the measured τ scat at the 
lowest frequency (see Fig. 8 ) to 1 GHz. τ kmn + 15 is the scattering time-scale 
obtained by using the relation in Krishnakumar et al. ( 2015 ) scaled to 1 GHz 
and using αscat = −4.0. 

PSR DM αscat τ scat τ kmn + 15 

(J2000) (pc cm 

−3 ) (ms) (ms) 

J1635–47 900 –4.5(5) 210(50) 204.0 
J1739–31 488 –4.4(3) 56(10) 15.6 
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Figure 8. The scatter-broadened pulse profiles (in grey) for PSR J1645 −47 
(left-hand panel) and PSR J1739 −31 (right-hand panel) in different frequency 
subbands. The blue dotted line represents the best-fitting pulse broadening 
function. In each frequency panel the scattering time-scale ( τ scat ) and central 
frequency are also provided. 
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entre of the HTRU-S mid-latitude beam. This pulsar has now been
onfirmed with the Parkes radio telescope and exhibits nulling with
 nulling fraction of around 35 per cent. 

 MISSED  K N OW N  PULSARS  IN  P R E V I O U S  

EARC HES  O F  T H E  PMPS  DATA  

ur standard FFT search not only disco v ered new pulsars but also
etected 37 other known pulsars that could also have been found
n the PMPS data following the candidate sorting and inspection
echniques discussed earlier. These pulsars were missed in earlier
eprocessings of the PMPS but were later found in other more
ensitiv e surv e ys. Out of these 37 pulsars, 25 were disco v ered,
ncluding 2 MSPs (PSR J1101 −6424 and J1525 −5545) for the first
ime in the first-pass processing of the HTRU-S LowLat surv e y
onducted by Ng et al. ( 2015 ) and Cameron et al. ( 2020 ) which
urv e yed the same parts of the Galactic plane. On cross-checking
heir new pulsar disco v eries with the PMPS data, they also found
everal of these pulsars, but most of them were only visible using
irect folding or folding using an established ephemeris from their
iming analysis. Ho we ver, the detection of these pulsars by our
ipeline (listed in Table 5 ) highlights its ef fecti veness. Among the
emaining twelve pulsars, PSRs J1854 + 0319 and J1906 + 0509 were
etected in the PALFA surv e y (Lyne et al. 2017 ), and more recently
hree other PALFA pulsars namely, PSRs J1852 −0000, J1853 + 0029,
nd J1914 + 0838 were published by Parent et al. ( 2022 ). One of
hese pulsars, PSR J1914 + 0838 was independently disco v ered in the
Urv e y for Pulsars and Extragalactic Radio Bursts (SUPERB; Keane
t al. 2018 ). Surprisingly, we detected this pulsar with a S / N fold = 45
NRAS 522, 1071–1090 (2023) 
hich is also present in four other PMPS adjacent pointings, and due
o their large positional offsets, the S / N fold varies between 11 and
2, well abo v e the detection threshold of the PMPS surv e y. The non-
etection of this pulsar in previous processings of the PMPS is very
urprising. Ho we ver, gi ven the large number of discoveries made in
he surv e y, it is possible that the pulsar was subsequently o v erlooked
ue to book keeping errors. 
Two pulsars, PSRs J1835–0847 and an MSP J1824–0132 were

riginally disco v ered in the intermediate part of the HTRU surv e y
Burgay et al. 2019 ) but when inspecting the PMPS data were
ot confirmed. Ho we v er, this may hav e been because of their
ositional offsets of 5 and 7.6 arcmin from the timing positions,
nd we found these pulsars with S / N fold ∼ 10. Visually both of
hese pulsars look convincing. On visual inspection, we also found
SR J1900–0134, the first pulsar disco v ered by FAST (Qian et al.

art/stad508_f7.eps
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Figure 9. The two confirmation observations of PSR J1636 −51 taken using Parkes radio telescope on 2022 March 25 (left-hand panel) and 2022 March 27 
(right-hand panel). There is an evidence of an eclipse in the observation on left where the pulsar is not visible in the first 10 min, between 18 and 22 min and 
after 45 min of the observ ation. Ho we ver, for the observ ation in the right-hand panel the signal is persistent throughout the observation. The parabolic curvature 
of each pulsar’s phase o v er time in both observations clearly indicates evidence of acceleration. The blue parabolic lines in each plot show the best-fitting line 
corresponding to an acceleration of −4 and 4 m s −2 , respectively. 
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019 ), with S / N fold = 12. Other than this FAST disco v ery, there
re clear detections of two more pulsars, PSR J1838 + 0044g, and
1914 + 0805g, recently disco v ered in the FAST GPPS surv e y (Han
t al. 2021 ). Two additional pulsars, PSRs J1808 −11 and J1900 −03
ere found in another reprocessing of the PMPS surv e y using a

RESTO based pulsar search pipeline used for the FAST drift scan 
ata (Yu et al. 2020 ). Other known pulsars and newly disco v ered
ulsars from the HTRU-S LowLat surv e y can also be identified in
he PMPS data by lowering the S / N fold threshold to 7–8.0, but this
lso increases the number of false positives and makes it challenging 
o determine which candidates should be observed for confirmation. 
s a result, these candidates were not considered convincing and 
ere not included in our analysis. 

 STATISTICAL  ANALYSIS  

y examining the parameters of pulsars disco v ered in successiv e
eprocessings of the PMPS surv e y, we can determine their relative
urv e y performance and the parameter spaces in which they perform
etter. Our objective in this section is to determine whether the pulsars 
etected by our search pipeline are statistically different from those 
reviously disco v ered by Keith et al. ( 2009 ), Eatough et al. ( 2013 ),
nd Knispel et al. ( 2013 ) in terms of their spin periods, DM and S/N.

Previous analyses have not made any mention of the S / N FFT 

f their pulsar detections, and since different search methods and 
ools were used in the periodicity search, filtering, and folding of
he candidates, it is not possible to directly compare their pulsar
pectral signal-to-noise ratios with ours. For instance, we found 
hat the S / N fold of the pulsars reported by Eatough et al. ( 2013 )
re inconsistent with the S / N fold of their redetections in our search.
n addition, pulsars disco v ered by Einstein@Home (Knispel et al. 
013 ) have their own pulsar significance measures, which differ 
reatly from a S / N fold . A direct comparison with their values is
herefore not possible. 

Therefore, to conduct an unbiased analysis, we used the S / N FFT 

nd S / N fold of all the redetections reported by our pipeline for 74
ulsars. Fig. 11 illustrates the cumulative probability of the spectral 
nd S / N fold values of the pulsars found in our reprocessing and
edetections of the pulsars disco v ered by Keith et al. ( 2009 ), Eatough
t al. ( 2013 ), and Einstein@Home (Knispel et al. 2013 ). Based on
 9
he outcome of the Kolmogoro v–Smirno v (KS) test for two samples,
e found that the pulsars disco v ered from the previous three repro-

essings are similar in terms of S / N FFT and S / N fold distributions.
o we ver, the ne w pulsar population, including pulsars missed in
revious reprocessings of the PMPS are significantly different with 
 -values exceeding 99.99 per cent statistical significance, suggesting 
hat our new search methodology is sensitive to detecting pulsars 
esiding in the FFT noise floor (S / N FFT < 6.5) which on folding
ave S / N fold near or well above the detection threshold of the survey.
In the bottom panel of Fig. 11 , we show the cumulative period

nd DM distributions to help explore if they are being drawn from
he same population. Based on a KS test, no significant difference
etween the periods and DMs was found, suggesting that all pulsars
rom the current and previous reprocessings of the PMPS surv e y
ave similar period and DM distributions. The selection effects of the
arious pipelines on the observed populations are therefore minimal. 

 TESTS  O N  N E W  DI SCOV ERI ES  A N D  MISSED  

ULSARS  USING  P R E S TO 

o far we have analysed the new disco v eries using their S / N FFT 

 alues. Ho we ver, we were interested to see if 37 new disco v eries and
7 missed pulsars could also be detected using the PRESTO (Ransom
t al. 2002 ) search pipeline. For this purpose, we used an existing
utomated PRESTO -based pulsar search pipeline; PULSAR MINER 9 

t is important to note that the purpose of this e x ercise was not
o e v aluate the performance of the underlying PRESTO source code
r the PULSAR MINER search pipeline, but rather to investigate the
ffect of using different sifting parameters on the detectability of faint
ulsars. Our findings are an illustration of the importance of carefully
onsidering the choice of sifting parameters in pulsar searches. 

Although we already knew the DMs and periods of the pulsars,
nd the observations could be processed within the narrow DM 

ange of the pulsars, we wanted to conduct a search with PRESTO

 v er the full DM range in order to simulate a real pulsar search.
herefore, each observation was dedispersed for a DM range 0–
550 pc cm 

−3 , resulting in 450 trial DMs using DDPlan.py routine.
MNRAS 522, 1071–1090 (2023) 

 https:// github.com/alex88ridolfi/ PULSAR MINER 
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Figure 10. Phase versus time plot for the original PMPS observation of PSR 

J1655–40 (top) with 512 phase bins and its confirmation (bottom) with 256 
phase bins (for clarity). The pulsar clearly seems to null in the first 10 min 
and after 30 min in the original PMPS observation and it shows on and off 
pulse emission states in its confirmation. The top panel in each plot is the 
integrated profile. 
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iven that these pulsars are not in binaries (with the exception of
SR J1636 −51, which was ho we ver detected with zero acceleration),
e conducted a search for isolated pulsars and set the acceleration

earch parameter, z max to zero, which means the signal does not
rift by any bins in the Fourier domain. Two separate searches were
onducted with harmonic summing up to 16 and 32 and an inbuilt
ifting routine called ACCEL sift.py was used to obtain final
andidate lists. 
ACCEL sift.py uses several sifting parameters which are used

o discard candidates with low-DM (DM ≤ 2 pc cm 

−3 ), very short
nd long periods (e.g. 0.5 ms < P < 5 s), low Fourier-domain signif-
cance ( σ < 2–4), lower significance harmonics of the fundamental
eriod, and low-harmonic power ( harm pow cutoff = 8.0 )
n the final output candidate files (see Section 3.3.4 in Lazarus
NRAS 522, 1071–1090 (2023) 
t al. 2015 ). These default cuts are most often used by users in
CCEL sift.py and depending on the type of the search these
arameters can also be tuned, ho we ver, to the best of our knowledge,
ow significance harmonically related candidates and candidates
hose harmonic with maximum power is below 8 times the local
o wer spectrum le vel i.e. harm pow cutoff = 8.0 are al w ays
emo v ed. In order to see which combination of these two sifting
arameters results in maximum detections, we sifted candidates by
urther lowering harm pow cutoff to 4 and without removing
armonically related candidates. We have reported the number of
ulsars detected and missed in each case in Table 6 along with the
verage number of candidates in a candidate file. The pulsar was
onsidered as a detection if the fundamental period is present in the
andidate lists. 

In each case, we found processing the data with harmonic summing
p to 32 and without removing the harmonically related candidates
erformed better and resulted in more pulsar detections. If the default
ifting parameters are used then only 49 pulsars are detectable in the
andidate lists. The maximum number of pulsars (68 out of 74)
ere only redetected when data were processed up to 32 harmonic

ums and without removing harmonically related candidates ( re-
ove harmonics = 0 ), and lowering the harm pow cutoff ,

espectiv ely. Upon closer e xamination, we found that some pulsars
ere masked when remove harmonics was used. We discov-

red that removing low-significance harmonically related candidates
ithout including DM tolerances can sometimes lead to the replace-
ent of these candidates by random noise or RFI candidates with a

igher apparent significance, which by chance is harmonically related
o the fundamental period of the pulsar. In Fig. 12 , we have shown one
uch example of a new pulsar, PSR J1813 −17, that was masked by an
FI-like candidate at 1/9th harmonic period of PSR J1813 −17 and a

ignificantly different DM. This spurious elimination was found to be
 common property of some pulsars when the remove harmonic
unction is used. We also found that some low-significance pulsars
ere remo v ed due to their harmonic with the highest power being
elow 8 times the local power spectrum level. These pulsars were
eco v ered when a threshold of four times the local power spectrum
evel was used (i.e. harm pow cutoff = 4 ). Howev er, the av erage
umber of candidates in the candidate lists was ∼ 1160. The lowest
ourier-domain significance of the detected pulsar was 2.9 σ and
anked 945 if candidates are sorted based on their Fourier-domain
ignificance. This indicates that to maximize pulsar detections about
000 pulsar candidates per observation would be needed to be folded.

 DI SCUSSI ON  A N D  C O N C L U S I O N S  

n this paper, we have presented the initial results from a GPU-
ccelerated reprocessing of archi v al data of the PMPS surv e y for
solated pulsars. The search code PEASOUP used in this work
ignificantly reduced the processing time required to perform fun-
amental pulsar searching operations such as dedispersion, time-
omain resampling, FFT, and harmonic summing. The ef fecti veness
f using GPUs in pulsar searching has already been shown by
eprocessing the southern mid-latitude and high-latitude part of the
igh Time Resolution Universe Pulsar Survey (HTRU-S medlat and
ilat; Morello et al. 2019 ). From the logs of our reprocessing the
ntire ∼ 40 000 beams of the PMPS surv e y (without acceleration
earch) took on average ∼ 2.5 min per beam (from dedispersing the
ata to the final candidate list), i.e. only 1666 GPU h were required
nd with continuous availability of 75 Nvidia GPUs on the OzStar
upercomputer, the processing was completed in only 22 h. 
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Table 5. 37 known pulsars with S/N > 8.5 which were missed in the previous reprocessings of the PMPS surv e y. The table contains the observation ID in the 
PMPS data, Galactic coordinates; Galactic longitude l and b in degrees ( ◦), and the offset between PMPS beam coordinates and PSRCAT coordinates ( θ ). The 
values of spin period P cat , dispersion measure (DM cat ), flux density at 1400 MHz ( S 1400 ), DM-derived distance to the pulsar ( d ) and derived luminosity, L using 
S 1400 and d are taken from PSRCAT . Number of harmonic sums (nh), S / N FFT , and S / N fold are reported from our search pipeline. 

PSR name PMPS obs. ID l b θ P cat DM cat S 1400 d L 1400 nh S / N FFT S / N fold 

( ◦) ( ◦) ( ◦) (ms) (cm 

−3 pc) (mJy) (kpc) (mJy kpc 2 ) 

J1101–6424 a PM0089 01961 291 .417 –4 .023 0.018 5.109 207 0.27 2 .17 1 .28 1 10.0 10 .4 
J1244–6359 a PM0052 01161 302 .204 –1 .134 0.121 147.274 286 0.15 8 .5 10 .83 2 7.3 9 .9 
J1248–6444 a PM0027 02931 302 .623 –1 .863 0.118 1234.893 236 0.15 5 .97 5 .34 8 7.8 12 .4 
J1349–63 a PM0073 009B1 309 .237 –1 .772 0.054 373.034 478 – 9 .31 – 4 6.6 9 .1 
J1525–5523 a PM0027 032B1 323 .662 1 .151 0.052 355.156 124 0.21 3 .13 2 .06 16 5.9 9 .4 

J1525–5545 b PM0048 012D1 323 .439 0 .851 0.142 11.36 126 0.33 3 .14 3 .25 4 7.4 10 .9 
J1532–56 a PM0045 023D1 323 .790 –0 .321 0.418 522.977 282 0.1 4 .44 1 .97 8 6.4 9 .0 
J1538–5621 a PM0043 02871 324 .608 –0 .703 0.088 1908.494 150 0.14 3 .31 1 .54 16 9.5 13 .0 
J1612–55 a PM0081 03231 328 .992 –2 .776 0.194 846.907 312 0.11 6 .92 5 .27 16 5.7 9 .5 
J1627–49 a PM0056 01941 334 .370 –0 .709 0.088 623.678 594 0.13 5 .54 3 .99 8 5.9 10 .1 

J1627–51 a PM0014 03181 333 .459 –1 .541 0.111 439.684 201 0.08 3 .75 1 .12 32 6.4 12 .9 
J1634–4229 c PM0118 01311 340 .542 3 .540 0.108 2015.263 337 0.16 18 .86 56 .92 16 7.0 10 .2 
J1634–49 a PM0014 031C1 335 .145 –1 .484 0.203 684.936 649 0.13 11 .72 17 .84 8 5.7 8 .6 
J1649–3935 a PM0118 01651 344 .577 3 .341 0.129 770.91 290 0.05 13 .46 9 .06 8 5.7 8 .9 
J1653–4105 c PM0060 015A1 343 .946 1 .756 0.123 498.978 419 0.27 14 .02 52 .89 8 5.3 9 .5 

J1719–3458 c PM0007 01181 351 .885 1 .391 0.089 493.775 530 – 16 .42 – 4 5.5 10 .9 
J1738–2736 a PM0106 025A1 0 .272 2 .081 0.13 627.716 323 0.17 11 .99 24 .44 16 4.8 8 .8 
J1748–30 a PM0093 00391 359 .117 − 1 .141 0.119 382.735 584 0.16 13 .82 30 .57 4 6.3 8 .9 
J1749–2146 c PM0106 02621 6 .568 2 .981 0.112 2714.556 260 – 9 .6 – 32 5.5 10 .6 
J1755–2550 a PM0043 03581 3 .799 − 0 .323 0.098 315.196 750 0.2 4 .89 4 .78 32 6.2 9 .1 

J1808–11 d PM0150 01171 17 .690 4 .002 – 351.281 298.0 – 14 .20 – 16 6.0 9 .3 
J1812–20 c PM0009 01091 9 .954 –1 .321 0.151 1903.112 457 – 11 .22 – 8 4.6 10 .5 
J1822–0902 c PM0096 02811 21 .590 2 .212 0.013 148.895 448 – 15 .67 – 16 7.6 12 .0 
J1826–2415 e PM0140 01541 8 .553 –5 .718 0.083 4.696 81 0.28 2 .74 2 .09 2 7.8 9 .8 
J1829–1011 a PM0066 02791 21 .329 0 .262 0.08 829.166 610 0.25 4 .94 6 .1 32 4.8 8 .9 

J1835–0847 e PM0086 02081 23 .331 –0 .548 0.128 846.494 850 0.4 6 .14 15 .1 8 7.1 10 .0 
J1838 + 0044g f PM0107 014B1 32 .073 3 .283 0.127 2203.17 229 0.07 6 .92 3 .5 32 6.7 9 .4 
J1838–0107 a PM0132 05971 30 .467 2 .327 0.122 444.426 268 0.05 6 .1 1 .86 4 4.6 10 .0 
J1844–0302 a PM0083 01341 29 .395 0 .243 0.112 1198.63 533 0.12 5 .26 3 .32 32 5.5 8 .8 
J1852 −0000 g PM0067 02251 33 .070 –0 .270 0.008 1920.653 590 – 5 .76 – 32 6.7 11 .8 

J1853 + 0029 g PM0067 02261 33 .008 − 0 .186 0.572 1876.757 232 0.074 4 .19 1 .30 16 6.5 11 .0 
J1854 + 0319 h PM0085 008B1 36 .179 0 .944 0.087 628.541 480 0.17 9 .52 15 .42 8 7.3 11 .4 
J1900–0134 i PM0145 012D1 32 .553 –2 .721 0.134 1832.332 178 0.2 4 .85 4 .76 32 4.8 12 .0 
J1900–03 d PM0136 01221 30 .790 –3 .651 – 165.423 102.0 – 3 .6 – 16 8.7 12 .7 
J1906 + 0509 h PM0067 02431 39 .291 –1 .083 0.067 397.59 99 0.07 3 .09 0 .67 16 4.7 8 .8 

J1914 + 0838 j , g PM0159 01191 43 .244 –1 .117 0.368 440.04 290 – 8 .06 – 16 45.4 44 .0 
J1914 + 0805g f , g PM0087 00651 42 .704 –1 .307 0.11 455.55 339 0.02 10 .54 1 .89 2 8.9 12 .1 

Note. References: a Ng et al. ( 2015 ), b Ng et al. ( 2014 ), c Cameron et al. ( 2020 ), d Yu et al. ( 2020 ), e Burgay et al. ( 2019 ), f Han et al. ( 2021 ), g Parent et al. ( 2022 ), h Lyne et al. ( 2017 ), 
i Qian et al. ( 2019 ), j Keane et al. ( 2018 ) 
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In addition to the many reprocessings over the past 20 yr (see
ection 1 ), this reprocessing of the PMPS was undertaken to deter-
ine whether straightforward search techniques e.g. exploring the 

andidates near the FFT noise floor can yield new pulsar disco v eries
rom archi v al data. The simulations discussed in Section 2.5.3 
ssisted us in determining the appropriate method for selecting 
andidates for folding. Despite being performed using RFI free 
imulated data, the results of these simulations, are consistent with the
ulsars reported in this work (see Fig. 13 ). The use of classification
echniques, as discussed in Section 3 , was instrumental in reducing 
he number of candidates for visual inspection, thus making candidate 
lassification more efficient. 

Clearly, the disco v ery of 37 newly disco v ered pulsars, among
hich 18 are e xclusiv e to the PMPS data and 19 independent discov-

ries shows that our reprocessing has been a success and motivates 
eprocessing of other pulsar surv e ys. In addition to meeting our goals
f disco v ering pulsars, we hav e also reported sev eral interesting new
ulsars. F or e xample, our search found PSR J1636 −51 which is
 binary pulsar with a slow spin period. Given its relatively short
rbital period, this pulsar raises questions regarding its formation 
nd implies that there could be more binary pulsars in the PMPS,
einforcing the need to further reprocess the PMPS surv e y for highly
ccelerated pulsars. PSRs J1635 −47 and J1739 −31 were found to
how pronounced radio frequency emission at higher frequencies, 
uggesting the importance of using ultrawide band receivers for con- 
rming pulsars. Meanwhile, the observed nulling in PSRs J1655 −40 
nd J1843 −08 contributes to the known ∼ 10 per cent population 
f nulling pulsars (Sheikh & MacDonald 2021 ). 
The ongoing follow-up of these pulsars will help us to understand

he individual properties of these pulsars, but will also provide a
etter understanding of the disco v ered population as a whole. In
rder to characterize the true Galactic pulsar population, it is crucial
o understand if a pulsar surv e y’s sensitivity can be well characterized
y the radiometer equation, especially near the detection threshold. 
ften pulsar surv e ys hav e failed to yield the e xpected number of
ulsar disco v eries predicted from o v ersimplified pulsar population
MNRAS 522, 1071–1090 (2023) 
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M

Figure 11. Cumulative distribution functions (CDFs) of four parameters for which the statistical analysis was conducted: S / N FFT (top left-hand panel), S / N fold 

(top right-hand panel), spin period (bottom left-hand panel) and dispersion measure (bottom right-hand panel). The CDFs are shown for pulsars disco v ered in 
previous processings (in black) and those presented in this work (in blue and red). 

Table 6. Number of pulsar detections using the PRESTO based PULSAR MINER pulsar search pipeline. The search was conducted 
for new and previously missed pulsars in the PMPS with harmonic summing (nharm) up to 16 and 32. The only sifting parameters 
varied were harm pow cutoff and remove harmonics and others were kept fixed. The remove harmonics = 0 means 
no harmonically related candidates are remo v ed during the sifting process and remove harmonics = 1 means harmonically 
related candidates are remo v ed. The numbers outside brackets represent the total number of pulsars detected and the numbers in 
brackets represent pulsars missed in the candidate lists. N cand, avg is the average number of candidates present in a candidate file. 

nharm = 16 nharm = 32 
Sifting parameters remo v e harmonics = 0 remo v e harmonics = 1 remo v e harmonics = 0 remo v e harmonics = 1 

harm pow cutoff = 8 58(16) 49(26) 64(10) 53(21) 
N cand, avg 454 411 675 570 
harm pow cutoff = 4 63(11) 55(19) 68(6) 59(15) 
N cand, avg 640 562 1158 872 
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imulations (e.g. Swiggum et al. 2014 ; Lazarus et al. 2015 ; Cameron
t al. 2020 ; McEwen et al. 2020 ) which are based on a number of
ssumptions and simplifications that may not accurately reflect the
rue underlying pulsar population (Lorimer et al. 2006 ; Bates et al.
014 ). Our success near the detection limit may contribute in some
ay to explaining these discrepancies although the red noise present

n pulsar surv e ys may be another contributing factor. 
Our pipeline brought the total number of pulsars that could have

een disco v ered in the PMPS to 916 which agrees with 895–1038
redicted pulsar disco v eries (Keith et al. 2010 ; Bates et al. 2014 ).
pplication of this pipeline to the HTRU-S LowLat surv e y has
NRAS 522, 1071–1090 (2023) 
isco v ered o v er 71 new pulsars (Sengar et al., in preparation), and
e encourage the adoption of some of its features in future pulsar
rocessing pipelines. 
It is worth noting that future large-scale surv e ys, such as those

hat will be conducted with the SKA telescope, will generate vast
mounts of data that will be processed in real-time (Levin et al.
018 ). This means that it will not be feasible to save the data
or later reprocessing. Therefore, it is crucial to develop robust
earch methods and candidate selection techniques to ensure that no
otential pulsars are missed and maximize the chances of disco v ering
ew pulsars. 

art/stad508_f11.eps
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Figure 12. Candidate plots obtained from the PREPFOLD folding routine of PRESTO . Left panel shows the folded disco v ery observation of a new pulsar, PSR 

J0911 −42 at its fundamental period ( P = 1940.63 ms) and search DM = 133 pc cm 

−3 . This candidate was also detected using PULSAR MINER, but in the final 
candidate list obtained using sifting routine of PRESTO , it was eliminated by an RFI like candidate (right panel) which was detected with a higher significance at 
1/9th harmonic period (215.57 ms) of PSR J0911 −42, but had a significantly different DM of 8 pc cm 

−3 . 

Figure 13. The distribution of S / N FFT and S / N fold of 74 pulsars presented 
in this work. It is clearly evident that the z factor ( ≈1.7) for real pulsars is 
consistent with the z factor ( ≈1.5) obtained from simulations discussed in 
Section 2.5.3 . The discrepancy of 20 per cent in the values of z factors is most 
likely due to small sample size and RFI in the real data. 
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