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Abstract

The Murchison Widefield Array, and its recently developed Voltage Capture System, facilitates extending the low-
frequency range of pulsar observations at high-time and -frequency resolution in the Southern Hemisphere, providing
further information about pulsars and the ISM. We present the results of an initial time-resolved census of known pulsars
using the Murchison Widefield Array. To significantly reduce the processing load, we incoherently sum the detected powers
from the 128 Murchison Widefield Array tiles, which yields ~10% of the attainable sensitivity of the coherent sum. This
preserves the large field-of-view (~450 deg? at 185 MHz), allowing multiple pulsars to be observed simultaneously. We
developed a Wlde-field Pulsar Pipeline that processes the data from each observation and automatically folds every known
pulsar located within the beam. We have detected 50 pulsars to date, 6 of which are millisecond pulsars. This is consistent
with our expectation, given the telescope sensitivity and the sky coverage of the processed data (~17 000 deg?). For 10
pulsars, we present the lowest frequency detections published. For a subset of the pulsars, we present multi-frequency
pulse profiles by combining our data with published profiles from other telescopes. Since the Murchison Widefield Array
is a low-frequency precursor to the Square Kilometre Array, we use our census results to forecast that a survey using the

low-frequency component of the Square Kilometre Array Phase 1 can potentially detect around 9 400 pulsars.

Keywords: instrumentation: interferometers — methods: observational — pulsars: general

1. INTRODUCTION

Pulsars were discovered through observing their pulsed emis-
sion at a very low radio frequency of 81.5 MHz (Hewish et al.
1968). Although low-frequency observations (<300 MHz)
played a considerable role in early pulsar science (e.g. Taylor
& Manchester 1977; Taylor & Stinebring 1986), the vast ma-
jority of the 2 536 pulsars now catalogued' (Manchester et al.
2005) were discovered and studied at higher frequencies, be-
tween 300 MHz and a few GHz. This is due to a compromise
between three frequency-dependent effects: (1) the greater
broadening of pulsed signals towards lower frequencies due
to interstellar medium (ISM) propagation effects, particularly
multipath scattering, which is a strong function of the observ-
ing frequency (ocv, e.g. Bhat et al. 2004), (2) the increase in
telescope system temperature towards lower frequencies due
to the diffuse Galactic continuum emission (ocv>%; Lawson

! Version 1.54 of the pulsar catalogue retrieved from www.atnf.csiro.au/
people/pulsar/psrcat
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et al. 1987), and (3) the decrease in flux densities towards
higher frequencies due to pulsars’ steep intrinsic spectral in-
dices (xv™'*, on average; Bates, Lorimer, & Verbiest 2013).

Pulsars are once again being routinely observed and
studied at low frequencies due to advances in instrumen-
tation and computing. This includes recently upgraded or
constructed telescopes operating below 300 MHz and their
associated computing facilities: the Giant Metrewave Radio
Telescope (GMRT; Swarup et al. 1991; Roy et al. 2010),
the Long Wavelength Array (LWA; Taylor et al. 2012;
Stovall et al. 2015), the Low-Frequency Array (LOFAR; van
Haarlem et al. 2013; Stappers et al. 2011), and the Murchi-
son Widefield Array (MWA; Tingay et al. 2013; Tremblay
et al. 2015). Besides the MWA, all of these facilities are
located in the Northern Hemisphere. Consequently, 22% of
the known pulsar population can only be observed at low
frequencies using the MWA (—90°<§ < —50°). Moreover,
the sensitivity of aperture array telescopes decreases rapidly
for lower elevation pointings (<30°; Noutsos et al. 2015;
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. MWA-VCS incoherent-sum detected pulsars
All cataloged pulsars (PSRCAT v1.54)
=3 Exclusive sky of the MWA at 80-300 MHz
Observable sky from the MWA
— — Declination limit of the observable sky from LOFAR

Figure 1. The locations of catalogued pulsars in Galactic coordinates (blue points; using version 1.54 of the pulsar catalogue). The observable sky
from the MWA telescope (6 < +30°) and the area where the MWA can exclusively observe pulsars below 300 MHz (§ < —50°) are indicated by the
light and dark shaded regions, respectively. The grey dashed line indicates the declination limit of the observable sky from LOFAR (§ = —10°). We
note that for aperture arrays like the MWA and LOFAR, observations can be made at any zenith angle, the sensitivity falls off with the zenith angle, and
is significantly reduced when pointed to elevations < 30° (Noutsos et al. 2015). In this figure, we use hard limits purely for illustration. The positions
of the pulsars detected at 185 MHz in this work, using the MWA in incoherent-sum mode, are also shown (red circles).

Stovall et al. 2015), corresponding to declinations below
approximately —10° for LOFAR and —30° for the LWA and
above approximately +30° for the MWA. However, these
telescopes are also situated over a range of longitudes, and
there is a significant overlap in the area of observable sky, as
shown in Figure 1. This is particularly useful for monitoring
observations and verifying results (e.g. Hermsen et al. 2013;
Dolch et al. 2014; Mereghetti et al. 2016).

Low-frequency observations of pulsars provide insights
into the physics of the radio emission mechanism and the ISM
(e.g. Stappers et al. 2011), especially in a multi-frequency
context. For example, the widths of integrated pulse profiles
generally widen with decreasing observing frequencies (e.g.
Johnston et al. 2008). This behaviour is often explained by the
radius-to-frequency mapping (RFM) model, whereby lower
frequency emission arises from higher altitudes in the pulsar
magnetosphere (e.g. Cordes 1978; Mitra & Rankin 2002).
Therefore, we assume that pulse profiles observed at a range
of frequencies allow us to trace the open dipolar field line
region of the pulsar magnetosphere, which increases in size
towards higher altitudes. The simplest pulse profiles often
show the clearest examples of RFM, while multi-component
profiles often show more complex behaviour (Johnston et al.
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2008). Furthermore, pulse profiles are often observed to show
an increasingly rapid evolution towards lower frequencies
(e.g. Bhat et al. 2014; Pilia, et al. 2016). This is possibly
due to the frequency dependence of the emission beam open-
ing angle (Thorsett 1991; Xilouris et al. 1996), which also
depends on the pulsar spin period and spin-down (Kijak &
Gil 1998, 2003). Therefore, comparing low-frequency ob-
servations to those at higher frequencies for a representative
sample of pulsars can enable us to understand the beam ge-
ometry better and provide further insights into the enigmatic
radio emission mechanism from pulsar magnetospheres.
Low-frequency pulsar observations also provide precise
measurements of properties of the ionised ISM, including
electron densities (e.g. Hassall et al. 2012; Bilous et al. 2016)
and magnetic fields (e.g. Noutsos et al. 2015; Howard et al.
2016), due to the steep power-law dependence on frequency
of the propagation effects. For example, Stovall et al. (2015)
were able to study the ISM propagation effects using 44 pul-
sars detected at frequencies less than 100 MHz with the LWA.
A major motivation for the Square Kilometre Array
(SKA) is the science facilitated using pulsar observations.
The MWA is the low-frequency precursor telescope to
the SKA. Therefore, pulsar observations using the same
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observing environment and frequencies are necessary to
prepare for pulsar science with the SKA-Low.

In this work, we present an initial low-frequency census of
known (catalogued) pulsars in the Southern Hemisphere. The
descriptions of our MWA observations and data processing
methods are outlined in Section 2. In Section 3, we provide a
summary of the 50 pulsars detected to date. We discuss our
results in Section 4, including the investigation of the popu-
lation of pulsars observable using SKA-Low, and summarise
our work in Section 5.

2. OBSERVATIONS AND ANALYSIS

2.1. The MWA and the voltage capture system

The MWA is located at the Murchison Radio-Astronomy Ob-
servatory (MRO) in Western Australia. The remote, radio-
quiet environment minimises radio frequency interference
(RFI). The MWA consists of an array of 128 tiles, distributed
with baselines up to ~3 km, where each tile comprises 16
dual-polarisation dipole antennas arranged in a regular 4 x
4 grid. Since the array has no moving parts, tile beams are
formed by electronic manipulation of the dipole signals in an
analogue beamformer (Tingay et al. 2013). A bandwidth of
30.72 MHz can be flexibly recorded over a frequency range
of 80-300 MHz.

Although the MWA was originally designed as an imaging
interferometer, the Voltage Capture System (VCS; Tremblay
et al. 2015) has extended the capabilities of this telescope,
allowing it to record high-time and frequency resolution volt-
age data. VCS observations are channelised to a frequency
resolution of 10 kHz and a time resolution of 100 us, allowing
the MWA to provide phase-resolved observations of pulsars
(e.g. Bhat et al. 2014). Commissioning of the MWA-VCS
was completed in 2014.

VCS data recorded from each MWA tile can be reduced in
different ways, providing its user with maximum flexibility.
The least compute-intensive method is to perform an inco-
herent sum: voltages from each tile are multiplied by their
complex conjugate to form the power, and then summed
together. This incoherent sum preserves the full single tile
field-of-view (FoV; ~450 deg® at 185 MHz) and increases
the sensitivity by a factor of v/N over a single tile theoreti-
cally, where N is the number of tiles summed. The VCS raw
data can also be processed to generate a coherent sum of
the tile signals by applying a phase rotation to each voltage
stream and then summing to increase the sensitivity over a
single tile by a factor of N theoretically, and reducing the
FoV to ~2 arcmin in diameter. Forming a single coherent
tied-array beam requires 2—3 times more compute time, in ad-
dition to manually generated calibration solutions (e.g. Bhat
et al. 2016). We therefore conducted an initial pulsar census
using the incoherently summed data. Pulsars detected using
the coherently beamformed data will be reported in a future
publication.
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2.2. Observations

Approximately 84 h of observations were made at a frequency
of 185 MHz during the first 2 yrs of MWA-VCS operations?.
These data are from 104 observing sessions, ranging from
5 min to 1.5 h in duration, and were collected for a variety of
scientific projects, e.g. pulsar emission studies, millisecond
pulsar (MSP) monitoring, and searches for Fast Radio Bursts
(e.g. Thornton et al. 2013). These observations are drift scans,
i.e. the elevation and azimuth were fixed throughout the point-
ing instead of tracking a particular source. Each observation
is identified by the GPS start time (‘OBS ID’ hereafter). The
VCS system records data at a rate of 28 TB h™!, and the total
size of the entire data set is approximately 2.6 PB3. These
raw data are archived at the Pawsey Supercomputing Centre.

We processed 37 h of VCS data from 46 individual ob-
serving sessions that cover the sky efficiently, i.e. we have
excluded duplicate sky pointings. These observations amount
to ~17 000 deg? of the sky (albeit with varying sensitivity),
which corresponds to ~55% of the whole § < 30° sky (see
Figure 2).

2.3. Pre-processing

As described in Tremblay et al. (2015), the channelised
raw voltage data are recorded in 32 files, each being a fine
polyphase filter bank (PFB) output per tile per polarisation
per second. We generate an incoherent beam (as described in
Section 2.1) for each second of the observation, and write out
every 200 s of data to a file in the PSRFITS format (Hotan,
van Straten, & Manchester 2004), retaining a frequency res-
olution of 10 kHz and a time resolution of 100 us. There-
fore, each observation typically consists of multiple PSR-
FITS files. These PSRFITS files are then processed by the
Wilde-field Pulsar Pipeline (WIPP), described in Section 2.4.

2.4. Processing pipeline

The incoherently summed MWA data preserves the large FoV
and, therefore, multiple pulsars may be located within the tile
beam in each observation. We developed a WIPP that auto-
matically identifies and folds all known pulsars positioned
within the beam out to an established threshold.

2.4.1. Sample selection

For each observation, the WIPP automatically generates a list
of pulsars to fold using the pulsar catalogue (v1.54) and in-
formation about the telescope pointing direction (taking into
account that during drift scans pulsars may enter and leave the
beam), the beam model, and the dispersion measures (DMs)
of the pulsars. Since each MWA tile is a regularly distributed
aperture array, the resulting beam pattern is complex, chang-
ing as a function of azimuth, elevation, and frequency (Sutinjo

2 This frequency was chosen because the beam is comparatively well under-
stood and the band is nearly free from RFI.
31 petabyte (PB) = 1 024 terabytes (TB).
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Figure 2. The sky coverage of the MWA—-VCS observations processed in this work. Grey contour lines represent the beam pattern (for beam
powers greater than 25% of that at zenith); blue points indicate all known pulsars (catalogue v1.54); red stars show the pulsars detected in this

work.
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Figure 3. The MWA tile beam model at 185 MHz, indicating the power relative to pointing at zenith, see colour bars for scale. Left: an
example of a pointing towards the zenith (observation ID 1088850560). Right: an example of the main beam and a grating lobe (upper and
lower part of the figure, respectively; observation ID 1140972392; 0° azimuth, 45° elevation).

et al. 2015). An example is shown in Figure 3. We used the
MWA beam model to identify known pulsars located within
the beam out to 25% of the beam power towards zenith, at any
time during the observations, and include even those located
within a grating lobe in some cases.

According to the NE2001 Galactic electron density model
(Cordes & Lazio 2002), the scattering time associated with
lines-of-sight towards the Galactic plane with a DM greater
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than 300 cm~ pc is typically more than 3 s. Since we are
unlikely to detect pulsars with such long scattering times
at 185 MHz, we limited our selection of pulsars to those
with a DM of less than 300 cm™ pc. This excluded a
substantial fraction (~40%) of the pulsars located near the
Galactic plane. Moreover, we did not make any assumptions
regarding the pulsars’ expected flux densities and included
all pulsars, whether or not they have a catalogued flux
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Figure 4. The data processing flow: from downloading MWA—VCS archival
data (from the Pawsey Supercomputing Centre) to detecting catalogued pul-
sars. Automatic processing procedures included in the WIPP are shown
within the grey dashed line. The WIPP processes multiple pulsars in each
observation. This is different from the type of processing generally employed
for most traditional pulsar-capable telescopes, where there is typically only

one pulsar per pointing.

density measurement. Typically, a source list of ~10-200
pulsars was generated per observation, with larger numbers

for pointings near the Galactic plane.

2.4.2. Pulsar folding

The WIPP attempts to detect every pulsar in the source list
generated for each observation. The pipeline uses the prep-
fold function of the PRESTO * software package (Ransom
2001) to dedisperse and fold the data using ephemerides from

the pulsar catalogue.

We folded the data twice: with and without searching
in DM, period, and period-derivative space. This identified
changes in the ephemeris values and prevented the algorithm
from locking on to the RFI. We also applied an RFI mask
output obtained from rfifind in PRESTO, but this did not sig-
nificantly alter the results which is likely due to the pristine
RFI environment (Offringa et al. 2015; Sokolowski, Wayth,
& Lewis 2017). For pulsars with rotational periods <6.4 ms,
we retained the 100 us time resolution of the data. Otherwise,
64 or 100 pulse phase bins were used for the initial detections.
A flow chart of the processing procedure is shown in Figure 4.
After automatically folding the known pulsars in the source

WIPP

4 www.cv.nrao.edu/~sransom/ presto
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lists, each PRESTO output was inspected by eye to identify
those successfully detected.

2.4.3. Calculation of flux densities

For each pulsar detected, we determined the peak signal-to-
noise ratio, (S/N)peax, and calculated the flux density using
the MWA system performance parameters, including the sys-
tem temperature, Ty, and the telescope gain, G. The mean
flux density, Siean, Was calculated using the radiometer equa-
tion, as applied to pulsar observations (e.g Lorimer & Kramer
2005):

(S/N )peak Tsys w

G /nptipAf VP =W’
where ti,, is the integration time, Af = 30.72 MHz is the
observation bandwidth, and n, = 2 is the number of polar-
isations summed. The quantity P indicates the pulse period
and W represents the equivalent pulse width.

Assuming 100% antenna efficiency, the system tempera-
ture includes the contributions from the antenna temperature
and the receiver temperature: Tyys = Tane + Trec. Measure-
ments of Ty for the MWA are available at different frequen-
cies in 1.28 MHz steps (e.g. 23 K at 184.96 MHz and 50 K
at 87.68 MHz; Prabu et al. 2015). The antenna temperature,
Tynt, for a given pointing direction in azimuth, 6, and eleva-
tion, ¢, was determined by integrating the sky temperature
Tyy(8, ¢) over the modelled MWA beam. An all-sky survey
at 408 MHz (Haslam et al. 1981; Haslam et al. 1982), scaled
to our observing frequency, was used to estimate 7. For our
observations, the Ty ranges roughly from 150 to 1 000 K,
with a median value of 284 K.

The incoherent gain G(0, ¢) of the MWA for a given point-
ing direction can be calculated using the beam power pattern
P(6, ¢) and the offset of the target source from the zenith.
Following Oronsaye et al. (2015), we rewrite the expression
of the incoherent gain as

€y

Smean =

2

P©O,¢) 5(16V/N) PO, ¢)

G0, #) = Genith X =2 X , 2
Pzenith 2kB Pzenith

where A is the observing wavelength, N is the number of
MWA tiles, and kg is the Boltzmann constant. The gain value
for our detections ranges from 0.003 to 0.024 K Jy~!, with a
median value of 0.013 K Jy~!.

3. RESULTS

In total, we processed 37 h of VCS data, and folded 1 227 cat-
alogued pulsars using our pipeline. We successfully detected
50 pulsars with (S/N)peax = 4, after manually inspecting the
PRESTO outputs. The detection and telescope parameters at
185 MHz are summarised in Table 1. The quoted errors on
the flux densities (S1gs) are essentially the uncertainties from
our estimation of S/N and hence largely reflect the quality of
our detections. However, these errors do not account for large
flux density variations arising from other substantial sources
of error such as the calibration technique we adopted (see
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Table 1. Flux density and other parameters for the 50 catalogued pulsars successfully detected in MWA—VCS archival data.

Period® DM? DMS o Gain ¢ Téys Sles S50 Shoo Fold time

PSR (ms) (em™? pe) (em™? pe) (KIy™h X) S/Npeak (mly) (mly) (mly) (s) Obs ID

J0034-0534 1.877 13.77 13.77 0.0135 201 15.26 401 £ 14 65 £ 11 17 2496 1137236608
J0034-0721 943.045 11.12 10.92 0.0143 201 24.71 237 5 292 £ 14 52 2496 1137236608
J0418-4154 757.094 24.54 24.54 0.0133 149 11.36 40 £ 3 3712 1127329112
J0437-4715 5.757 2.65 2.64 0.0225 165 45.14 507 £ 6 834 £9 550 2496 1123367368
J0534+2200 33.7 56.78 56.79 0.0081 243 T T 550 1024 1099414416
J0630-2834 1244.385 34.24 34.42 0.0201 213 52.95 271 + 3 463 £ 5 206 4416 1101491208
J0742-2822 166.764 73.75 73.78 0.0129 213 15.05 168 £ 8 296 3136 1101491208
J0820-1350 1238.043 40.94 40.94 0.0074 232 9.34 167 £ 13 160 £ 7 102 1024 1101925816
J0823+0159 864.865 23.73 23.73 0.0127 176 5.03 35+5 30 2688 1139324488
J0835-4510 89.39 67.97 67.99 0.0193 313 i i 7075 & 207 5000 1216 1139239952
J0837+0610 1273.788 12.86 12.86 0.0163 176 159.12 654 £ 9 286 + 13 89 2688 1139324488
J0837-4135 751.619 147.45 147.29 0.0233 313 16.29 151 + 4 95 £ 16 197 1216 1139239952
J0855-3331 1267.621 86.64 86.64 0.0192 313 3.72 46 £ 7 47 £ 8 7.7 1216 1139239952
J0922+0638 430.631 27.3 27.3 0.0064 176 13.88 270 £ 62 100 £ 13 52 1344 1139324488
J0953+0755 253.09 2.96 2.97 0.0101 173 137.52 2123 £ 16 1072 £ 17 400 1216 1115381072
3102241001 16.456 10.25 10.25 0.0094 173 5.91 2+6 20 4 864 1115381072
J1112-6926 820.447 148.4 148.4 0.0112 244 4.11 37410 13 2496 1140972392
J1116-4122 943.199 40.53 40.53 0.0115 211 18.24 139+ 6 5247 26 1984 1145367872
J1136+1551 1188.001 5.02 4.85 0.0029 173 50.47 1689 £ 29 684 + 61 257 1792 1115381072
J1141-6545 394.036 116.08 116.08 0.0102 244 5.6 78 £ 12 2496 1140972392
J1430-6623 785.453 65.08 65.3 0.0132 374 8.89 214 £ 24 190 + 28 130 576 1131415232
J1440-6344 459.612 124.2 124.2 0.0121 374 5.13 176 + 34 21 576 1131415232
J1453-6413 179.49 71.03 71.07 0.0117 374 43.13 1244 £ 20 684 + 23 230 576 1131415232
J1456-6843 263.382 8.62 8.6 0.0124 374 26.27 878 £ 28 738 £ 21 350 576 1131415232
J1507-4352 286.78 49.13 48.7 0.0111 778 13.27 384 £ 27 16 2240 1121173352
J1534-5334 1368.968 24.82 24.82 0.0175 778 55.77 705 £ 22 70 4 864 1121173352
J1544-5308 178.565 35.16 35.16 0.0178 778 7.99 102 £ 15 23 4 864 1121173352
J1607-0032 421.829 10.6 10.68 0.0081 422 5.29 270 £ 59 137 £ 15 54 384 1117899328
J1645-0317 387.683 35.76 35.76 0.0085 832 27.36 2224 + 107 774 £ 18 393 576 1116090392
J1709-1640 653.037 24.9 24.89 0.0171 832 15.97 271 £ 18 47 3136 1116090392
J1731-4744 829.969 12333 123.33 0.022 832 29.15 424 + 8 325 £+ 28 190 3840 1091793216
J1751-4657 742.405 20.38 20.4 0.0205 832 29.96 411 £ 10 70 3840 1091793216
J1752-2806 562.521 50.25 50.37 0.0199 1021 116.02 2441 £ 28 1504 £ 269 1100 2432 1107478712
J1820-0427 598.044 84.69 84.44 0.0061 832 7.47 1035 £ 120 499 + 51 157 1792 1116090392
J1823-3106 284.069 50.37 50.24 0.016 567 5.1 105 + 15 36 2944 1133329792
J1825-0935 768.973 19.38 19.38 0.0088 832 15.31 612 £ 40 36 2112 1116090392
J1900-2600 612.241 37.99 37.99 0.0243 567 39.67 393 £ 11 299 £ 13 131 3712 1133329792
J1902-5105 1.742 36.24 36.25 0.0086 429 5.85 362 £ 55 1 664 1116787952
J1913-0440 826.027 89.61 89.39 0.0101 302 8.14 169 + 22 176 £ 26 118 768 1097404000
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¢At our observing frequency, Tsys is dominated by Ty which is, in turn, dominated by the synchrotron radiation from free electrons in the Galactic magnetic field.

TFlux densities calculated from MWA—VCS detections. The quoted errors are the uncertainties from our estimation of S/N. They are from single epoch measurements and thus do not account for large flux
density variations arisings from effects such as scintillation. By comparing the pulsars common to both this survey and Murphy et al. (2017), the difference in flux density ranges from 1.5 to 84.5%.

"Murphy et al. (2017) calculated 60 catalogued pulsars’ flux densities from MWA continuum images.

"Flux densities catalogued in PSRCAT.

+We cannot calculate the flux density for the Crab and Vela because of the significant scattering tails.

Section 2.4.3), or those due to scintillation effects. In par-
ticular, long-term (refractive) scintillation effects can lead to
flux variability of a factor of ~2-3 at the MWA'’s frequen-
cies (e.g. Gupta, Rickett, & Coles 1993; Bhat, Rao, & Gupta
1999). The average pulse profiles of the 50 pulsars are shown
in Figure 5. For ten pulsars, with declination § < —50°, these
are the lowest frequency detections published.

The detected pulsars have a wide range of periods
(1.74 ms—1.96 s), DMs (2.64-180 cm™3 pc), and estimated
flux densities at 185 MHz (~30-2 400 mJy). We detected
six MSPs: PSRs J0034-0534, J0437-4715, J1022+41001,
J1902-5105, J2145-0750, and J2241-5236. Four of these
are regularly monitored as part of the pulsar timing array
project at Parkes (Manchester et al. 2013). MSPs J1902-5105
and J2241-5236 were discovered by observing unidentified
Fermi Large Area Telescope (LAT) sources using the Parkes
radio telescope (Keith et al. 2011; Kerr et al. 2012), and have
flux density measurements at 1.4 GHz. The low-frequency
flux density of PSR J2241-5236 has also been measured us-
ing continuum imaging studied with the MWA (60 mJy at
200 MHz; Murphy et al. 2017). For J1902-5105, there are
no low-frequency flux density measurements in the literature.
Using MWA-VCS observations, we estimate a flux density
of 362 &+ 55 mJy at 185 MHz. Using the pulsar’s flux density
measured with Parkes at 1.4 GHz (1.2 mJy), we calculated
the spectral index « (assuming a single power law S, V%) to
be approximately —2.8.

We also detected two non-recycled pulsars which are in bi-
nary systems, PSRs J08234-0159 and J1141-6545. The latter
is in an eccentric, relativistic 4.74 h orbit that shows no evi-
dence of being recycled (Kaspi et al. 2000) and is an excel-
lent laboratory for testing theories of gravity (Bhat, Bailes, &
Verbiest 2008). PSR J08234-0159, on the other hand, is in a
wide-orbit (1 232-d period) binary system, with a relatively
low mass companion (Hobbs et al. 2004).

We were unable to obtain meaningful estimates of the
mean flux density for PSRs J0534+2200 and J0835—4510
(i.e. the Crab and Vela pulsars) because their pulse profiles
are severely scattered (the scattering tail extends over the en-
tire pulsar period), and consequently the off-pulse RMS noise
could not be determined reliably. PSRs J0742-2822, J1534—
5334, and J1820-0427 also show some degree of scattering;
however, their pulses are not broadened as significantly, and
we were able to estimate their flux densities. More detailed
analyses of scattering will be reported in a forthcoming paper
(Kirsten et al. in preparation).

4. DISCUSSION

Our discussion is focused on three main points. First, for a
subset of our pulsars, we compare our MWA profiles to those
from observations made at multiple frequencies. Second, we
estimate detection limits of this census. Finally, we review
the prospects for detecting pulsars with the full sensitivities
of MWA and SKA1-Low.
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J0034-0534 1.88 ms J0034-0721 943.05 ms J0418-4154 ~ 757.12 ms JO437-4715 5.76 ms  J0534+2200
Nbin= 18 DM= 13.77  Nbin=100 DM= 11.12 Nbin=100 DM= 24.54 Nbin= 5 Nbin= 64

33.70 ms
DM= 56.78

J0742-2822 166.76 ms J0B20—1350, 1238.13 ms J0823+0159 864.87 ms J0835-4510
Nbin= 64 DM= 73.75 Nbin=100 DM= 40.94 Nbin=100 DM= 23.73 Nbin= 64 67.97

J0837+0610, 1273.77 ms J0837—4135,6 751.62 ms JO855-3331, 1267.54 ms J0922+0638, 430.63 ms J0953+0755 ~ 253.07 ms
Nbin=768 DM= 12.86 Nbin= 64 DM=147.45 Nbin=100 DM= 86.64 Nbin= 64 DM= 27.30 Nbin=512 DM= 2.97

J1022+1001 16.45 ms J1112-6926,  820.48 ms J1116-4122  943.16 ms J1136+1551  1188.00 ms J1141-6545  393.90 ms
Nbin= 64 DM= 10.25 Nbin=100 DM=148.40 Nbin=100 DM= 40.53 Nbin=768 DM= 5.02 Nbin= 64 DM=116.08

J1430—-6623, 785.45 ms J1440-6344 459.61 ms J1453-6413 179.49 ms J1456-6843,  263.38 ms J1507—-4352, 286.76 ms
Nbin=100 DM= 65.08 Nbin= 64 DM=124.20 Nbin=512 DM= 71.03 Nbin=512 DM= 8.62 Nbin= 64 DM= 49.13

J1534-5334, 1368.88 ms J1544-5308 178.55 ms J1607—-0032, 421.83 ms J1645-0317 387.68 ms J1709—-1640, 653.04 ms
Nbin=512 DM= 24.53 Nbin=100 DM= 35.14 Nbin= 64 DM= 10.60 Nbin= 64 DM= 35.76 Nbin= 64 DM= 24.90

J1731-4744  829.97 ms J1751-4657 742.40 ms J1752-2806, 562.52 ms J1820-0427 598.04 ms J1823-3106, 284.07 ms
Nbin=512 DM=123.33 Nbin=100 DM= 20.38 Nbin=512 DM= 50.25 Nbin= 64 DM= 84.69 Nbin= 64 DM= 50.37

J1825-0935  769.01 ms J1900-2600 612.24 ms J1902-5105
Nbin=100 DM= 19.38 Nbin= 64 DM= 37.99 Nbin= 17

1.74 ms J1913-0440,  826.03 ms J1917+1353 194.63 ms
DM= 36.24  Nbin=100 DM= 89.61 Nbin= 64 DM= 94.54

J1921+2153, 1337.39 ms J1932+1059, 226.54 ms J1935+1616, 358.77 ms J1943-1237 ~ 97243 ms J2018+2839, 557.99 ms
Nbin=512 DM= 12.46 Nbin= 64 DM= 3.14 Nbin=100 DM=158.52 Nbin=100 DM= 28.92 Nbin= 64 DM= 14.14

J2022+2854  1547.10 ms J2046-0421  1961.84 ms J2048-1616, 343.40 ms J2145-0750 16.05 ms J2241-5236 219 ms
Nbin= 64 DM= 36.23 Nbin=100 DM= 11.56 Nbin=100 DM= 24.63 Nbin= 64 DM= 9.00 Nbin= 22 DM= 11.41

Figure 5. Average pulse profiles for the 50 catalogued pulsars successfully detected using MWA-VCS incoherently summed data at
185 MHz, including six MSPs. The period, DM, and number of phase bins for each pulsar are also shown. For high-S/N pulsars that
we selected to present multi-frequency profiles (Figure 6), we have adopted pulse profiles of higher time resolution than as described
in Section 2.4.2.
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4.1. Multi-frequency pulse profiles

We have selected 16 pulsars with relatively high signal-to-
noise (S/N > 15) for comparison with pulse profiles across
different frequencies. The higher frequency profiles are ob-
tained from observations using Parkes and GMRT (Johnston
et al. 2008, Johnston, 2017), Effelsberg 100 m (von Hoens-
broech, Kijak, & Krawczyk 1998; Kijak et al. 1998), and
Lovell telescopes (Gould & Lyne 1998). Lower frequency
profiles are from recent LOFAR work (Pilia, et al. 2016)
and the Pushchino telescope (Kuz’min & Losovskii 1999)

retrieved from the EPN database’.

Figure 6 shows the evolution of the profiles with observ-
ing frequency. For pulsars located north of § = —28°, our
MWA profiles bridge the gap between observations using
LOFAR and Pushchino and those at higher frequencies. For
nine pulsars located south of § = —28°, the MWA provides the
lowest frequency detections, extending the frequency range

available for those pulsars by a factor of 1.3-7.4.

Examples of pulsars with profiles that support the RFM
model include PSRs J1136+41551, J1752-2806, and J2048—
1616. For example, the two-component profile of PSR
J1136+1551 shows a systematic increase in pulse width and
the separation of profile components towards lower frequen-
cies. Our MWA observations are well in accordance with
this trend. PSR J2048-1616 has a profile with three signif-
icant components at low frequencies and the pulse width
becomes narrower at higher frequencies; our MWA detec-
tion follows this trend. PSR J1752-2806’s pulse profile has
a single component that becomes narrower with increasing
frequency, although this trend does not hold at the highest
observing frequency, 8.4 GHz, due to the appearance of a

post-cursor component.

There are also examples of pulsars which do not fol-
low expectations based on the RFM model. PSR J0630-
2834 has a single, broad component profile across all fre-
quencies that does not show a significant change in pulse
width. Another pulsar with a two-component pulse profile,
PSR J08374-0610, shows the components narrowing towards

lower frequencies.

The multi-frequency pulse profiles for PSR J1456-6843
show a more complex profile evolution. The MWA profile is
narrower than those at higher frequencies, possibly due to the
pre- and post-cursor components moving away from the main
pulse and becoming less significant. The MWA has the ability
to carry out multi-band observations (80-300 MHz) by taking
advantage of its flexible design, and this capability has been
used for detailed profile and spectral studies (Meyers et al.
2017). Future MWA observations at frequencies below and
above 185 MHz can therefore provide further information
towards investigating the profile evolution in such pulsars.

PSR J09534-0755 also shows a rapid profile evolution to-
wards lower frequencies. A single component is apparent at
high frequency, while a precursor evolves away from, and

3 http://www.epta.eu.org/epndb/
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increases in brightness relative to, the main pulse, becom-
ing a two-component profile below 200 MHz. There are few
published pulse profiles for PSR J1534-5334. Interestingly,
scattering tails are apparent at the Parkes 1.4 and 3.1 GHz
frequencies, as well as at 185 MHz.

MSPs J0437-4715 and J2145-0750 are detected with high
S/N using the MWA. PSR J0437-4715 is known to show a
complex profile evolution across frequencies, where the outer
components have significantly different spectra from the cen-
tral components and become almost as strong as the central
component at 200 MHz (Bhat et al. 2014). PSR J2145-0750
has also been detected with LOFAR (Kondratiev et al. 2016a).
Further detailed study of these two MSPs will be published
in an upcoming paper (Bhat et al. in preparation). The other
four MSPs detected using the incoherently summed MWA
data have limited time resolution or S/N; therefore, we do
not comment further on their profiles.

4.2. Detection limits

To further investigate MWA'’s pulsar detection prospects, we
summarise all our detections, as well as non-detections, in
Figure 7. We used the mean flux density at 400 MHz (S400)
as an indicator of each pulsar’s brightness because these mea-
surements are the closest in frequency most widely available
from the pulsar catalogue.

Asdescribed in Tingay et al. (2013), the effective collecting
area over system temperature (Acf/7Tsys) for a single MWA
tile is around 0.1 m? K~! at 185 MHz. The noise level, o, of
MWA-VCS incoherently summed data can be expressed as

2kp Tsys

= 3
nptint AfN Aett

where #, is the integration time (typically 1 h), and N is the
number of MWA tiles incoherently summed (usually 128).
Thus, the 1-0 noise level is 5 mJy. Recently, Murphy et al.
(2017) carried out a pulsar spectral study using the MWA
imaging data. Their 1-0 RMS is 15 mJy beam~'. The lower
noise level of our data is partly due to the lack of confusion as
we are using the time variability to negate the confusion noise
that limits MWA continuum imaging observations (Condon
1974, Franzen et al. 2016). Of the 50 detections in this work,
PSR J0855-3331 has the lowest S49, whichis 7.7 mJy. There-
fore, we estimate a detection limit of ~7 mJy for incoherently
summed MWA data.

The predicted mean S/N in Figure 7(b) is calculated using
the following equation:

185\ " G/nptim A f
(S/N)predicted = Ss00 | 7~ el “4)
400 Tsys

To obtain the predicted S/N at 185 MHz using the catalogue
value for S409, we assumed a spectral index of —1.4 (the
mean value calculated in Bates et al. 2013). This value was
found to have a rather large standard deviation (0.96), and
introduces additional uncertainty for pulsars whose spectral
indices depart from this value. To compare the measured S/N
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J0034—0721 JO630-2834 J0742-2822 JOB37+0610
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3094 MHz 6200 MHz 1408 MHz
1369 MHz
/\ 1408 MHz 1382 MHz
691 MHz
1369 MHz 691 MHz
606 MHz 925 MHz 3094 MHz 610 MHz
410 MHz 732 MHz 1408 MHz 408 MHz
325 MHz 610 MHz 325 MHz
pyegv 410 MHz 610 MHz N 243 MHz
185 WH.
185 MHz 325 MHz 408 MHz z
243 MHz 143 MHz
151 MHz 185 MHz 65 MHz
T T T | T T T T T T T ,
0.4 0.5 0.6 0.7 0.4 0.5 0.6 0.4 05 0.6 0.45 05 0.55
Phase Phase Phase Phase
JOB37—4135 J0953+0755 J1136+1551 J1453-6413
10550 MHz 56 \Wiz
4750 MHz
3100 MHz 3094 MHz
3094 MHz 1408 MHz 1408 MHz
1382 MHz 1382 MHz 1369 MHz
1369 MHz 610 MHz 925 MHz
408 MHz 610 MHz 732 MHz
691 MHz 185 MHz 408 MHz
= 673 MHz
PPy 151 MHz 2
102 MHz 185 MHz
38 MHz
T T T | T T T ) T T T T T T
0.45 05 0.55 0.6 0.4 05 0.6 0.7 0.45 05 0.55 0.4 o5 0.6
Phase Phase Phase Phase
J1456—6843 J1731-4744 J1751-4657

8356 MHz

i

3094 MHz

1369 MHz

732 MHz 1369 MHz

673 Mz 185 MHz

3094 MHz

1369 MHz

732 MHz

322 MHz

243 MHz

3094 MHz

1369 MHz

185 MHz
T T T 1 T T T T T T 1
0.4 0.5 0.6 0.7 0.45 0.5 0.55 0.6 0.4 0.5 0.6 0.45 0.5 0.55 0.6
Phase Phase Phase Phase
J1752—-2806 J1900-2600 J1921+2153 J2048-1616
3094 MHz 4850 MHz 6200 MHz

1369 MHz 100 MHz
3100 MHz 3094 MHz
925 MHz 1382 MHz
3094 MHz 732 Wiz 1369 MHz
1369 MHz 610 MHz 410 MHz 925 MHz
691 MHz 410 MHz 325 MHz 691 MHz
322 MH;
z
408 MHz 243 MHz 606 MHz
243 MHz 785 NMHz
185 MHz 408 MHz
185 MHz 151 MHz —
Hz
149 MHz 143 MHz 38 MHz
T T T T T T r T 1 T T T 1
0.45 0.5 0.55 0.4 0.5 0.6 0.45 0.5 0.55 0.45 05 0.55 0.6
Phase Phase Phase Phase

Figure 6. Multi-frequency pulse profiles for 16 pulsars. MWA detections (at 185 MHz) are shown in red. The range in pulse phase
(x-axis) is chosen to suit the pulse structure and width. The profiles are normalised to the maximum value and nominally aligned based
on their measured peak strengths or a suitable fiducial point. The references for the other pulse profiles in black are described in the

text.
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Figure 7. (a). Catalogued pulsars that were folded and were or were not detected (red stars and blue points, respectively) shown in DM and S400 parameter
space. Here, we use the Sio0 value from the pulsar catalogue and exclude four detected pulsars that do not have a published Sago. The red dashed line
shows the sensitivity limit of incoherently summed MWA data; the grey dashed line shows the current MWA sensitivity for coherently beamformed data.
(b). The predicted S/N against DM for pulsars that we did and did not detect (using the same symbols as in (a)). The mean S/Npredicted Was calculated using
Eq. (4). (c). The predicted S/N vs. the actual S/N for pulsars we detected. Consistent with the S/Npredicted, the S/Nacruar is also the mean S/N calculated

(S/N)predicted -1

using Eq. (5). The grey dashed line represent SN aetal

with the (S/N)predicted, Calculated using Eq. (4), we scaled our
measured (S/N)peak to the equivalent mean S/N:

w
Pow ®

(S/N)actual = (S/N)peak

Figure 7(c) shows the comparison of (S/N)jredicted and
(S8/N)actual for pulsars we detected. There is a noticeable scat-
tering of data points from the grey dashed line that represents

%’% = 1. Possible reasons for this may include (1) the

PASA, 34,070 (2017)
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spectral index deviation from — 1.4, (2) the error of equivalent
pulse width and the pulse width difference between 185 and
400 MHz, (3) the flux density fluctuation caused by long-term
(refractive) scintillation, and (4) uncertainty in the calibration
technique we adopted. For instance, PSR J19214-2153 which
has a (S/N)predicted Of 1.6 and a (S/N),ewar 0f 20 has a very steep
spectral index (~—3) while the PSR J0437—4715 which has
a (S/N)predicted Of 27 and a (S/N),crual Of 85 has a significantly
large pulse width at 185 MHz.
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Of the 1 227 pulsars we attempted to detect, there are 254
pulsars above the MWA incoherent sensitivity limit (i.e. S400
>7 mly). The large number of non-detected pulsars may be
due to several reasons. For very short period pulsars, like
PSR J1939+42134 (P = 1.56 ms, DM = 71 cm™3 pc), the
DM smearing within each 10 kHz channel is 1.20 ms (at
our lowest frequency channel), which is a substantial frac-
tion (77%) of the pulse period. Furthermore, the pulse pro-
file is expected to be highly scattered at our observing fre-
quency (see Kondratiev et al. 2016b). Similarly, for PSR
J1810+1744 (P = 1.66 ms, DM = 40 cm™3 pc), the DM
smearing within one fine channel is 0.68 ms (41% of the
pulse period). This makes detection of these pulsars diffi-
cult since we have not coherently dedispersed our data. PSR
J1902-5105 has the lowest P/DM value of all the pulsars we
detected (P/DM=0.048 ms cm® pc™!) which corresponds to
a DM smearing of 35% of the pulse period. However, the DM
smear within a 10 kHz fine channel can only explain a small
fraction of our non-detections.

We assumed a spectral index of —1.4, even though it has a
significant standard deviation (0.96) (Bates et al. 2013). Fur-
thermore, some pulsars tend to have a flatter spectral index, or
show a turn over at low frequencies, or even a broken power
law spectra (e.g. Maron et al. 2000; Murphy et al. 2017). All
of these can potentially lead to non-detection. Low-frequency
pulsar observations are therefore very useful in constraining
the spectral behaviour of such pulsars.

Other factors influencing non-detection include the effects
of scattering and scintillation. For high DM pulsars, pulse
profiles become broader at lower observing frequencies, mak-
ing their detection more difficult. Scintillation effects may
also lead to non-detectability at low frequencies, particularly
for low to moderate DM pulsars (DM < 50 cm~ pc), whose
apparent fluxes can vary by factor of ~2-3, and can thus
sometimes appear to be fainter than their true fluxes.

Of the 60 pulsars detected by Murphy et al. (2017) using
MWA imaging data, 26 were also detected in our observa-
tions and a further 11 were not observed in VCS mode (see
Table 1). Six of the 23 pulsars not detected in this work have
DM > 200 cm™ pc and consequently their profiles may
be significantly scattered at 185 MHz. The Murphy et al.
(2017) detections also include the MSP J1810+1744 with
P = 1.66 ms and DM = 40 cm 3 pc, for which DM smearing
over the 10 kHz channel may degrade its S/N. For the remain-
ing 16, it is possible that long-term (refractive) scintillation
effects may be a plausible reason, as such effects can give
rise to flux variations of a factor of ~2-3 at low frequencies
(Gupta et al. 1993; Bhat et al. 1999). For most pulsars in both
our sample and Murphy et al. (2017) (with the exceptions
of PSRs J0835-4510 and J0034-0534), the measured flux
densities tend to agree within a factor of three (the flux vari-
ation that can be caused by scintillation). In the case of MSP
J0034-0534, the measured flux density differs by a factor of
six, and in the case of PSR J0835-4510, its long scattering
tail prevented us from obtaining a meaningful estimate of its
flux.
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4.3. Future detection prospects

We use the results from our initial census to examine the
prospects of detecting pulsars using the full sensitivity of
MWA (coherently beamformed data) as well as using the
SKA1-Low, i.e. Phase I of SKA-Low. As discussed in
Section 4.2, the estimated sensitivity limit for the incoher-
ent beam is &7 mJy at 400 MHz. The sensitivity is expected
to improve by a factor of /Ny ~11 for coherently beam-
formed MWA-VCS data. However, in reality, this will de-
pend on a number of factors such as calibration accuracy, the
number of tiles included, the source and background temper-
ature, and potentially even correlated noise between adjacent
tiles. For example, Bhat et al. (2016) report a factor of 10 im-
provement for their observations of MSP J0437-4715. This
is nearly 90% of the theoretical expectation. We therefore
assume the theoretical sensitivity limit for the incoherently
summed data to be 7 mly, and that for the coherently beam-
formed data to be 10 times more sensitive, 0.7 mJy, as shown
in Figures 7 and 8.

SKA1-Low is planned to consist of around 130 000 log-
periodic dual-polarised antenna elements, designed for sen-
sitivity from 50 to 350 MHz. From Figure 19 of the SKA
Baseline Design document v2, Acg/Tsys for SKAI-Low is
around 600 m> K~! at 200 MHz (towards zenith) and the
corresponding Ty is 170 K. Thus, the gain at 200 MHz can
be calculated as G = Ae/2ky ~ 37 m*K~!. We compare
the sensitivity limit for SKA 1-Low with that for the incoher-
ently summed MWA (see Figure 8). Acfi/Tgys for SKAT-Low
is approximately 600 times better than the MWA incoherent
array (which has Aef/Tsys ~ 1 m? K !; Tingay et al. 2013).
The sensitivity will further improve by a factor of v/3 assum-
ing a bandwidth of 100 MHz for SKA1-Low®. By factoring
in shorter integration times (600 s, i.e. 1/6 of that used for
the MWA sensitivity calculation), we estimate the sensitivity
limit of SKA1-Low to be around 400 times lower than that
of the MWA incoherently summed data.

To gain further insight into the pulsar detection prospects
of SKAI-Low, we simulated pulsar populations using the
PsrPopPy (Bates et al. 2014) code. New functionality has
been implemented in PsrPopPy, which calculates the tele-
scope gain as a cosine-square function of the zenith distance,
providing more realistic pulsar yields for an aperture array.
Using our MWA incoherent census as an input survey with
zenith gain G = 0.025 (maximum gain value in Table 1) and
considering only pulsars with (S/N)peax >3, the correspond-
ing detection count is 57. This includes nine more detections
from recent observations (whose profiles are not reported
here as the data are still within the proprietary period and
will be published separately)’. We simulated 120 realisa-
tions of pulsar populations to span a wide range of population

6 Pulsar flux densities, dispersion smearing, scattering broadening, and Ty
all vary across the large observing frequency range and we do not explicitly
account for these effects.

70f the 50 detections we report in this paper, two have (S/N)peax ~4 and
therefore excluded from this analysis.
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Figure 8. Anexample of a simulated pulsar population and predicted pulsar detections using the MWA (incoherent sum) and
SKAI1-Low. The light grey points indicate the total pulsar population generated by PsrPopPy using MWA incoherent-sum
parameters and a detection number of 57. The red stars indicate the predicted detections from an MWA incoherent survey.
The magenta dots indicate the predicted detections from an SKA1-Low survey. The red and grey dashed lines indicate the
sensitivity limits for the incoherently and coherently summed MWA data, respectively (identical to Figure 7a). The grey
dotted line shows the estimated sensitivity limit of SKA1-Low.

characteristics (e.g. luminosity distribution, spatial distribu-
tion, etc.). For each realisation, we performed 120 survey
simulations at a frequency of 200 MHz assuming a band-
width of 100 MHz and an integration time of 600 s. Thus,
we ran 14 400 simulated SKA1-Low surveys in total. The
mean value of pulsars detected in this simulated SKA1-Low
survey is 9431 £ 1279, which is over 3.5 times the number of
known pulsars to date. We note that the spectral turnover at
low frequencies will also affect the pulsar detection prospects
for SKA1-Low, though it is not well characterised for
most pulsars.

The predicted SKA1-Low yields from one randomly cho-
sen PsrPopPy simulation (10 409 pulsars detected in this sim-
ulation) are plotted in Figure 8. To cross-check these results,
we ran a simulation of an MWA survey on this specific pop-
ulation model, which predicted 56 detections (also shown in
Figure 8). We note that the PsrPopPy detections have a very
similar S4qq distribution while the DM distribution extends to
lower DM values when compared with the pulsar catalogue.
Our results are comparable to those from Keane et al. (2015),
who also found the optimum frequency for pulsar searching
is 250 MHz for SKA1-Low. For comparison, they predict
SKA1-Low will be able to detect ~7 000 normal pulsars and
~900 MSPs.
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5. SUMMARY

We have carried out a census of known southern pulsars us-
ing 37 h of MWA-VCS archival data from observations at
185 MHz. This is a relatively shallow census as the data
from all 128 MWA tiles were combined incoherently, yield-
ing ~10% of the sensitivity achievable with the MWA. How-
ever, this preserves the large FoV (~450 deg? at 185 MHz)
and thus facilitates an expedited initial census. We success-
fully detected 50 pulsars, 6 of which are MSPs. For 10 pulsars,
we present the lowest frequency detections available in the
literature. For a subset of the pulsars, we also present their
multi-frequency pulse profiles by combining our data with
those from other telescopes, demonstrating a number of pro-
file evolution behaviours with frequency. We use our results
to forecast a pulsar survey yield of ~9 400 using SKA1-Low.
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