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Abstract

We present the third data release from the Parkes Pulsar Timing Array (PPTA) project. The release contains observations of 32 pulsars
obtained using the 64-m Parkes ‘Murriyang’ radio telescope. The data span is up to 18 yr with a typical cadence of 3 weeks. This data
release is formed by combining an updated version of our second data release with ~3 yr of more recent data primarily obtained using an
ultra-wide-bandwidth receiver system that operates between 704 and 4032 MHz. We provide calibrated pulse profiles, flux density dynamic
spectra, pulse times of arrival, and initial pulsar timing models. We describe methods for processing such wide-bandwidth observations and
compare this data release with our previous release.
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1. Introduction North American Nanohertz Observatory for Gravitational waves
(NANOGrav; McLaughlin 2013), and the Parkes Pulsar Timing
Array (PPTA; Manchester et al. 2013), all of which constitute the
International Pulsar Timing Array (IPTA; Manchester & IPTA
2013). Other collaborations, such as the Chinese Pulsar Timing
Array (CPTA; Lee 2016), MeerKAT Pulsar Timing Array (MPTA;
Miles et al. 2023), the Fermi Pulsar Timing Array (FERMI-LAT
Collaboration et al. 2022), and CHIME/Pulsar (CHIME/Pulsar
Collaboration et al. 2021; Good 2021) are also constructing high-
quality data sets in the effort to detect nanohertz-frequency GWs.

Pulsar timing arrays (PTAs) observe millisecond pulsars (MSPs)
with the primary goal of detecting nanohertz-frequency gravi-
tational waves (GWs). Current PTA collaborations include the
European Pulsar Timing Array EPTA; Kramer & Champion 2013),
the Indian Pulsar Timing Array (InPTA; Joshi et al. 2018), the
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Beyond detection of GWs, other key science aims of PTA
experiments include constraining the solar system ephemeris
(Champion et al. 2010; Caballero et al. 2018; Guo et al. 2019;
Vallisneri et al. 2020), developing a pulsar-based timescale (Hobbs
etal. 2012, 2020a), monitoring the interstellar medium (Keith et al.
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2013; Jones et al. 2017; Krishnakumar et al. 2021; Tarafdar et al.
2022), heliosphere, and interplanetary medium (You et al. 2007,
2012; Tiburzi et al. 2021; Hazboun et al. 2022), and studying MSPs
as individuals or as a population (e.g., Oslowski et al. 2011; Lentati
& Shannon 2015; Dai et al. 2015; Miles et al. 2022; Jennings et al.
2022).

The PPTA has been on-going since 2004 and uses the
64-m-diameter Parkes radio telescope, which has been gifted the
Wiradjuri name ‘Murriyang’, which we use hereafter. The PPTA
is a major observing project at the observatory and continues to
obtain approximately 48 h of observations every 2-3 weeks. The
PPTA, along with the EPTA and NANOGrav, have now amassed
data of sufficient duration and quality that the detection of a
stochastic GW background (GWB) is plausible. Data taken under
the respective programs are now being analysed to search for
and scrutinise any noise process that has a common spectrum
across all pulsars and exhibits spatial correlations expected for the
GWB (e.g., Arzoumanian et al. 2020; Goncharov et al. 2021; Chen
et al. 2021; Goncharov et al. 2022; Zic et al. 2022). The data sets
from individual collaborations can be combined together, improv-
ing the sensitivity to GWs (Siemens et al. 2013). The IPTA data
release 2 (Perera et al. 2019) was formed by combining a sub-
set of PPTA Data Release 2 (Kerr et al. 2020) with the EPTA
DR1 (Desvignes et al. 2016) and the NANOGrav 9-yr data set
(NANOGrav Collaboration et al. 2015). Antoniadis et al. (2022)
presented a search for a common-spectrum process and spatial
correlations expected of the GWB in the IPTA DR2.

The second PPTA data release (Kerr et al. 2020) presented our
observations through early 2018, prior to the commissioning of
a new receiver system. This receiver—the ultra-wide-bandwidth
low-frequency receiver (UWL; Hobbs et al. 2020b)—observes with
continuous radio frequency coverage between 704 and 4032 MHz
and has been the primary receiver used for PPTA observations
since late 2018. The wide bandwidth of the UWL affords a slew of
benefits for the PPTA. Key among these are the increased instan-
taneous sensitivity. Furthermore, UWL observations are excellent
for measuring variations in pulse profiles across wide bandwidths
(see Dai et al. 2015), which has now been carefully accounted
for using wide-band timing techniques (Pennucci, Demorest, &
Ransom 2014, 2016; Curyto et al. 2023). The large instantaneous
bandwidth also enables precise instantaneous measurements of
dispersion measure (DM), and therefore its long-term variations,
which is a key noise process to be accounted for in GW searches
(Keith et al. 2013; Cordes, Shannon, & Stinebring 2016).

In this paper, we present our latest data set (DR3), which
includes new observations with the UWL (Section 2.1). We
describe the data reduction pipeline used to produce our third data
release, which includes a partial re-reduction of data published
as part of our previous release. This resulted in an improve-
ment to the older data. We discuss the data set in Section 3. Our
single-pulsar noise modelling and GWB analyses of this data are
presented in companion papers (Reardon et al. 2023a,b). The data
set will also be included in the upcoming IPTA Data Release 3. The
most recent data sets and GW analyses from other IPTA mem-
ber collaborations are also presented in companion papers to the
PPTA DR3 papers. Our data set is publicly available. Access is
described in the data availability section.

2. The datarelease

The PPTA Data Release Three (DR3) combines reprocess-
ing of the earlier data release with new ultra-wide-bandwidth
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receiver observations. In this release, we have chosen to perform
narrow-band pulsar timing, in which times of arrival (ToAs) are
derived from sub-banded data, using frequency-dependent pulse
portraits. This approach allows us to correct for the effect of
DM variations while also accounting for the intrinsic frequency
dependence of the pulse profiles. It also provides the most natural
combination of the legacy and UWL data sets. The data release
also contains the calibrated pulse profiles and dynamic spectra
corresponding to the most recent observations.

The key properties of our data set are presented in Table 1. The
first four columns of that table list the pulsars that are included
in the data release along with their pulse period, DM, and orbital
period. Twenty-five of the pulsars have been described in earlier
PPTA papers (e.g., Kerr et al. 2020). We excluded one of the pul-
sars included previously in DR2, PSR J1732—5049, because regular
observations ceased in 2011 owing to its large ToA uncertain-
ties. Compared to previous data releases, we include a further
six binary pulsars (PSRs J0125—2327, J0614—3329, J0900—3144,
J174141351, J1902—5105, and J1933—6211) and one solitary
pulsar (PSR J0030+0451). PSRs J0900—3144, J174141351, and
J1933—6211 were discovered in Murriyang surveys (Burgay et al.
2006) and first published in 2006 (PSR J0900—3144) and 2007.
PSRs J0614—3329 and J1902—5105 were discovered in surveys
targeting unidentified Fermi-LAT sources by the Green Bank
Telescope (Ransom et al. 2011) and Murriyang (Kerr et al. 2012).
PSR J0125—2327 was discovered more recently, initially in the
Green Bank North Celestial Cap survey (GBNCC; McEwen et al.
2020, DeCesar et al. in preparation), and later was independently
discovered in the Parkes High Time Resolution Universe survey
(HTRU; Morello et al. 2019). These pulsars were not previously
included in PPTA observations but were added after commis-
sioning of the UWL receiver. This was possible largely due to
the improved observing efficiency enabled by the receiver (see
Section 3.1).

In the subsections below, we first describe the UWL obser-
vations, their corresponding auxiliary data products, and then
how we have combined those observations with the previous data
release.

2.1. The wide-bandwidth observations and processing

This is the first data release presenting data obtained with the
UWL system. The UWL system resulted in a change in observ-
ing strategy. Previously in each session, every pulsar was typically
observed at least twice with two different narrow-band receiver
systems, to measure and correct for DM variations. With the UWL
system, this strategy is no longer necessary, thanks to its wide,
continuous frequency coverage.

Before observing each pulsar, we took an observation at a
nearby reference position, injected with the signal from an arti-
ficial noise source. The noise source is switched on and off
at a frequency of 62.5 Hz and is injected equally into the
low noise amplifiers for the two polarisation streams. We used
the observations with the artificial noise source for flux den-
sity and polarisation calibration. During each observing session,
we also observed a primary flux calibrator source (usually PKS
B0407—658 or PKS B1934—638,* enabling the artificial noise

Previous flux density measurements were calibrated against the radio galaxy Hydra A
(3C 218, PKS 0915—118). However, this source was found to be resolved at the top of the
UWL band so is not suitable for flux density calibration.
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Table 1. Summary of the pulsars and observations forming the Parkes Pulsar Timing Array data release 3. Columns 5 through 7 give the observing
timespan, number of observations, and total number of ToAs from the new UWL observations. Columns 8 through 10 are similar but for the whole
DR3, and column 11 gives the legacy data span where available. Pulsars labelled with an asterisk are newly added to our data set.

UWL uwL uwL DR3 DR3 DR3 legacy

PSR P DM Py Tspan Nobs Ntoas Tspan Nobs Ntoas TSPan
(ms) (cm~2 po) (A yr) (yr) (yr)

J0030+0451* 4.87 4.3 - 3.17 36 593 3.17 36 593 -
J0125—-2327* 3.68 9.6 7.28 3.19 105 2706 3.19 105 2706 -
J0437—-4715 5.76 2.6 5.74 3.80 216 4780 14.64 1854 11637 25.89
J0613—-0200 3.06 38.8 1.20 3.71 80 177 18.07 928 4927 22.23
J0614—3329* 3.15 37.0 53.58 3.19 80 698 3.19 80 698 -
J0711-6830 5.49 18.4 - 3.71 170 2734 18.08 1011 5538 28.12
J0900—3144* 11.11 5.7 18.74 2.79 66 1832 2.79 66 1832 -
J1017-7156 2.34 94.2 6.51 3.71 195 3738 11.64 818 5887 -
J1022+1001 16.45 10.3 7.81 3.79 92 1416 18.08 983 5242 19.15
J1024-0719 5.16 6.5 - 3.29 41 628 18.08 400 1841 26.09
J1045—-4509 .47 58.1 4.08 3.70 55 1308 18.08 47 4316 28.04
J1125-6014 2.63 52.9 8.75 3.66 97 2000 14.20 386 2832 -
J1446—-4701 2.19 55.8 0.28 3.29 61 444 11.09 193 732 -
J1545—-4550 3.58 68.4 6.20 3.71 100 1528 10.84 363 2454 -
J1600—3053 3.60 52.3 14.35 3.71 58 1303 18.08 866 5146 20.11
J1603—-7202 14.84 38.0 6.31 3.71 114 2392 18.08 821 5141 26.34
J1643—-1224 4.62 62.4 147.02 3.79 46 1156 18.07 670 4183 27.99
J1713+4-0747 4.57 16.0 67.83 277 54 1301 17.15 886 5141 27.06
J1730—-2304 8.12 9.6 - 3.79 41 982 18.08 611 3306 27.99
J1741+1351* 3.75 24.2 16.34 2.56 15 111 2.56 15 111 -
J1744—1134 4.07 3.1 - 3.79 88 2053 18.08 884 5401 27.15
J1824—2452A 3.05 119.9 - 2.06 11 214 17.02 317 1284 -
J1832-0836 2.72 28.2 - 2.68 20 172 9.16 88 385 -
J1857+0943 5.36 133 12.33 3.12 25 617 18.02 507 2594 17.90
J1902—-5105* 1.74 36.2 2.01 2.85 38 501 2.85 38 501 -
J1909—-3744 2.95 10.4 1.53 3.79 263 4104 18.08 1847 9644 19.24
J1933-6211* 3.54 11.5 12.82 3.17 83 893 3.17 83 892 -
J1939+2134 1.56 71.0 - 2.83 15 413 17.75 287 1473 26.31
J2124—-3358 4.93 4.6 - 3.71 71 1083 18.08 686 3411 27.81
J2129-5721 3.73 31.9 6.63 3.70 114 1290 17.75 696 2921 26.44
J2145-0750 16.05 9.0 6.84 3.30 58 1383 17.96 854 4944 27.73
J2241-5236 2.19 11.4 0.15 3.70 164 3306 12.07 888 6238 -

source to be scaled in astronomical units. At less regular intervals,
we observed PSR J0437—4715 from rise-to-set to enable ellip-
ticity in the polarisation response of the receiver system to be
modelled and corrected for during the calibration stages (this is
based on an updated version of the MEM algorithm in van Straten
2004).

The raw data files for each observation were recorded in
PSRFITS format (Hotan, van Straten, & Manchester 2004) and are
stored in the CSIRO Data Access Portal (DAP)® (Hobbs etal. 2011)
under the project identifier P456. Observations typically last 3840 s
(although some observations are shorter, either by plan or due to
observations being aborted for reasons such as high winds), and
we typically observe each pulsar every 2-3 weeks.

bdata.csiro.au.
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The majority of the observations were recorded with
the ‘Medusa’ astronomy signal processor, which coherently
de-disperses the data stream and folds the data at the known
pulsar period. The raw data files are relatively large and are split
into three time segments for easier archiving. In our processing
steps below, we combine these files back to a single observation
file per observation. At certain times, the Medusa backend was
not available and, for those observations, we reverted back to the
earlier backend instruments (CASPSR and PDFB4 as described
in Hobbs et al. 2020b). We also recorded a small number of
observations with these older systems (and older receivers) to
measure timing offsets between the two systems. We carried out
the majority of these observations (95%) between MJD 58256 and
58752 (2018 May 18 to 2019 September 26 UT) but continued to
take a small number of observations with earlier instrumentation
until close to the end of the data set.
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Table 2. UWL sub-band frequency ranges. The minimum and maximum
frequencies of each sub-band are labelled vmin and vmax, respectively.
We also note the wave band that corresponds to each sub-band.

Sub-band Vmin Vmax Bandwidth Wave band
label (MHz) (MHz) (MHz) (cm)
A 704 768 64 40
B 768 864 96 40
C 864 960 96 40
D 960 1248 288 20
E 1248 1504 256 20
F 1504 2048 544 20
G 2048 2592 544 10
H 2592 4032 1440 10

2.1.1. Wide-band data processing

Our data reduction pipeline uses standard tools and methods. We
primarily used the PFITS(Hobbs 2021) and PSRCHIVE software
packages (Hotan et al. 2004) to process the UWL observations.
Initially, we installed the original timing ephemerides published
by Reardon et al. (2021) (apart from PSR J0437-4715, which was
published in Kerr et al. 2020), using PAM (van Straten, Demorest,
& Ostowski 2012). We performed initial radio frequency interfer-
ence (RFI) flagging using the PFITS_ZAPUWL routine from PFITS,
which compares the system flux density as measured using the
switched noise source with the expected values and flags any chan-
nels that show significant deviations. We applied flux density and
polarisation calibration to the observations using the PAC routines
making use of the primary flux density calibration solutions and
the rise-to-set observations of PSR J0437—4715. We then applied
a second stage of RFI flagging using MEERGUARD, a modified ver-
sion of the COASTGUARD RFI flagging tool (Lazarus et al. 2020).
The data for each observation file are averaged in time.

The most recent data in the PPTA second data release provided
observations in three observing bands corresponding to the three
receivers used: 40, 20, and 10 cm bands. To simplify the concate-
nation of the earlier data with those from the new UWL system,
we split the UWL data into similar bands. In total, we divided
the data into the eight bands listed in Table 2. Bands A, E, and
H are close to the original bands used in the second data release.
The sub-band bandwidths increase with increasing frequency to
improve the uniformity of signal-to-noise ratios (S/N), owing to
the decrease in MSP flux densities with frequency (Kramer et al.
1999). We then averaged the data in each sub-band to form four
frequency channels per sub-band. For timing applications we also
formed Stokes I data products.

To demonstrate the fidelity of our observations and our sub-
banding method, in Fig. 1 we present a single observation of
PSR J1909—3744 taken with the UWL in sub-band E (1248-
1504 MHz), along with a previous observation recorded using the
earlier Multibeam receiver with the PDFB4 backend (Dai et al.
2015) across a similar frequency range. The polarisation properties
are consistent between the different observing systems, validating
the performance of the new observing system and our calibra-
tion process. To demonstrate the additional observing band that
is now available, in Fig. 2 we show a wide-band profile from a sin-
gle observation of PSR J1600—3053 with the previous observing
bands overlaid.
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Figure 1. Comparison of the Stokes profiles for PSR J1909—3744 in the 20 cm band
(sub-band E) observed with the Murriyang UWL receiver recorded with the Medusa
backend (left) and as published by Dai et al. (2015) (right), observed with the multi-
beam receiver and recorded by the PDFB4 backend. The bottom panels show the total
intensity (black), linear polarisation (red), and circular polarisation (blue), with the lin-
ear polarisation angle (PA) shown in the top panels. This demonstrates the consistency
between the recent UWL observations and those taken with earlier systems. Note that
the Dai et al. (2015) observation is recorded with 512 phase bins as opposed to 1024 as
in the UWL observation.

2.1.2. Timing measurements from wide-band observations

The primary data products in our data release are the pulsar
ToAs, and their associated timing residuals and ephemerides. We
formed pulse ToAs by cross-correlating an idealised profile tem-
plate with each observation. For most pulsars this was conducted
on the total intensity (Stokes I). In the case of PSR J0437—4715,
we first formed the invariant interval® (Britton 2000) of the profile
prior to forming standard templates and hence ToAs. In this data
release, we first followed the method presented by Pennucci et al.
(2014) to form wide-band profile portraits (Curylo et al. 2023).
We created one-dimensional templates for each channel across
the eight sub-bands by evaluating the wide-band portrait model at
the channel centre frequency. We then measured ToAs using the
Fourier-domain Monte Carlo of the PAT routine within PSRCHIVE.

We list the total data span, number of independent observa-
tions, and the total number of ToAs from UWL observations in
columns 5, 6, and 7 of Table 1. For each of the eight UWL sub-
bands we also report the median ToA uncertainty in Table 3.
As expected, there is a range of median ToA uncertainty values
across different pulsars and different observing bands (and band-
widths). In the best cases (e.g., for PSR J0437—4715) the median
ToA uncertainties are tens—to-hundreds of nanoseconds. In the
worst cases, they are a few microseconds.

We formed timing residuals initially using the timing
ephemerides presented by Reardon et al. (2021) and Curylo et al.
(2023), with the TT(BIPM2020) reference timescale published by
the Bureau International des Poids et Mesures (BIPM) and the Jet
Propulsion Laboratory Solar System ephemeris DE436. The wide-
band nature of the observations means that the ToA precision in
each sub-band can vary with the scintillation state of the pulsar.
In some cases, the S/N of the profile in a sub-band was low and
the ToA uncertainty was poorly determined. This led to numer-
ous outlier residuals, which were filtered with a S/N< 10 cut-off

“The invariant interval is defined as S,, = I* — Q* — U? — V2,


https://doi.org/10.1017/pasa.2023.36

Publications of the Astronomical Society of Australia

Frequency (MHz)

Table 3. Median ToA uncertainties for each sub-band from UWL observations.

PSR 7 oB oc op OF OF a6 oy
(s)  (ms)  (ws)  (ws)  (ws) (ws) (ws)  (us)
J0030+-0451 3.81 3.13 3.76 2.74 3.25 3.34 4.43 4.12
J0125—-2327 2.98 1.97 2.06 0.90 0.79 0.55 0.72 0.68
J0437—4715 0.31 0.22 0.14 0.08 0.06 0.07 0.11 0.14
J0613—-0200 0.81 0.60 0.96 0.77 1.26 1.50 2.56 2.51
J0614—3329 3.16 2.83 2.73 2.25 2.47 2.39 1.92 2.43
J0711-6830 4.67 3.78 3.80 2.75 2.99 3.34 3.89 4.53
J0900—3144 10.11 4.15 4.98 231 2.89 3.09 4.65 5.02
J1017—-7156 1.20 0.67 0.78 0.45 0.54 0.70 1.34 1.65
J1022+1001 3.00 3.23 3.34 1.87 1.82 1.98 2.33 2.03
J1024—-0719 2.64 2.80 2.05 1.63 1.80 2.46 3.68 4.11
J1045—4509 5.87 3.71 5.16 2.97 4.19 5.18 9.30 9.74
J1125-6014 1.33 0.99 1.07 0.60 0.59 0.55 0.72 0.68
J1446—4701 1.77 1.39 1.13 1.18 1.32 1.29 1.34 1.68
J1545—4550 - 2.60 2.44 1.55 1.18 0.85 1.09 1.07
J1600—3053 2.20 1.26 1.30 0.57 0.51 0.50 0.83 1.02
J1603—-7202 4.47 2.50 3.24 1.57 2.05 2.58 4.20 4.97
J1643—-1224 3.32 1.74 2.33 1.22 1.37 1.54 221 2.52
J17134-0747 2.12 0.97 0.93 0.36 0.31 0.24 0.34 0.46
J1730—2304 3.78 2.30 3.19 141 2.10 2.13 3.54 2.50
J1741+1351 2.00 1.57 1.61 0.89 1.33 143 1.56 1.80
J1744—-1134 1.28 0.76 0.95 0.47 0.57 0.64 0.83 0.86
J1824—-2452A 1.65 0.98 0.89 0.48 0.51 0.59 0.84 0.92
J1832—-0836 - 1.30 143 1.07 1.00 0.87 0.89 0.80
J1857+4-0943 5.32 3.55 3.75 2.00 2.06 1.46 2.87 2.33
J1902—-5105 1.74 1.15 1.56 1.35 2.08
J1909—-3744 0.33 0.26 0.28 0.18 0.19 0.15 0.17 0.15
J1933-6211 2.86 3.06 3.12 2.71 3.12 2.85 3.23 3.38
J1939+4-2134 0.11 0.06 0.08 0.05 0.06 0.07 0.14 0.16
J2124—-3358 3.94 3.53 4.09 3.32 3.86 4.53 6.74 7.03
J2129-5721 2.66 2.19 2.74 2.27 2.86 3.03 3.63 3.08
J2145—-0750 2.55 2.35 2.79 1.25 1.67 141 1.98 2.67
J2241-5236 0.43 0.33 0.38 0.28 0.36 0.47 0.87 0.86

2.27 - -

0.0 0.2 0.4 0.6 0.8 1.0

Pulse phase

Figure 2. Normalised intensity as a function of observing frequency and pulse phase
from a single wide-band observation of PSR J1600—3053. The shaded regions indicate
the frequency coverage of the previous receivers used for PPTA observations, highlight-
ing the additional frequency coverage provided by the UWL. The frequency range of
each UWL sub-band is indicated on the right-hand abscissa. Flux density variations
across frequency are caused by interstellar scintillation. Frequency ranges that have
been flagged out due to interference are left blank.

and not included in our data release. These low S/N observations
do not inform on the pulsar timing model or provide sensitivity in
GW searches.

Not all the PPTA UWL observations are presented in this data
set. In particular, PSR J1713+40747 underwent an event possibly
originating in the pulsar magnetosphere on MJD 59321 (2021
April; Xu et al. 2021; Singha et al. 2021; Jennings et al. 2022) which
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significantly changed its pulse profile. We defer detailed analysis
of this event with our wide-band observations to a later paper and
here only include observations of this pulsar until just prior to the
event.

2.1.3. Auxiliary wide-bandwidth data products

In addition to the data products used for pulsar timing, we pro-
vide products that are useful for other scientific purposes. For each
observation, we formed dynamic spectra with the full frequency
(1 MHz) and time resolution. The time resolution for observations
before MJD 57802 is 30s, and after this, 10s. We used the PSR-
FLUX routine with the wide-band template as the standard profile
to form the dynamic spectra.

As well as producing pulsar fold-mode data products, the
Murriyang UWL observing system allows simultaneous obser-
vations either in pulsar search mode, or with high-frequency-
resolution and low-time-resolution mode (a spectral line mode).
The high-frequency-resolution data sets provide an easy way to
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inspect the RFI environment during our observations or other
science goals (e.g., the search for dark matter axions; Kelley &
Quinn 2017). Only a relatively small subset of PPTA observa-
tions are recorded with spectral line mode. The raw data for
the high-frequency resolution observations are available from the
Australia Telescope Online Archive! and have been recorded
across the entire band with 30 Hz frequency resolution and 10-s
spectral dump times. The data are in SDHDF format (Toomey
et al. submitted). In our data collection, we provide the spec-
tral line data averaged in time, but with the native frequency
resolution.

2.1.4. Instrumental improvements and systematic effects

Various improvements have been made to the UWL system since
its installation. For instance, on 2022 March 17 (MJD 59655)
notch filters, to reduce persistent RFI, and a new noise injec-
tion system were installed. We have not completely characterised
the new noise source yet, and hence the last observation in the
third data release described here is before these updates were
made. There have also been failures in the system. The timing and
synchronisation systems have required multiple restarts. While
we have carefully searched for and corrected timing offsets (see
Section 2.1.5), these restarts may have caused subtle timing offsets
that are either marginally or un-detectable within single-pulsar
timing residuals. Additionally, de-synchronisation of polarisation
channels led to no signal being recorded in cross-polarisations
for a period of several weeks in early 2021. There are also time
ranges where attenuation levels were not optimally set, result-
ing in artefacts in the pulse profiles. Further, until the notch
filters were introduced, strong RFI was affecting the quality of the
switched noise source and hence slightly degraded our calibration

fidelity.

2.1.5. Timing offsets

Timing offsets of up to ~1 ps can be introduced into pulsar ToAs
through changes to the timing delays along the signal process-
ing chain. These could be, for example, changes in the observing
backend, resets of the timing, synchronisation, and signal digitisa-
tion systems, hardware modifications, among others. In the course
of producing our data sets, we have made concerted efforts to
search for and measure timing offsets (Kerr et al. 2020), which are
corrected using TEMPO2 JUMP parameters in the timing model
parameter file.

Our search for timing offsets within the new UWL data was
initially performed through manual inspection of the timing resid-
uals while producing the initial timing models and single-pulsar
noise models. For changes in observing systems (e.g., in the tran-
sition to the Medusa system from the older PDFB4 and CASPSR
systems), data recorded simultaneously with both backends were
used to constrain the timing offset between them. In the course of
our manual processing, we identified an additional timing offset at
M]JD 59200 with an amplitude of approximately 120 ns. The cause
of this offset likely to be a digitiser resynchronisation that occurred
a few days prior to the observation, after a data transfer issue inter-
nal to the Medusa backend was identified. We correct this timing
offset using a floating TEMPO2 JUMP parameter applying to MJD
59200. We searched for additional timing offsets using a parameter
estimation approach in our single-pulsar noise analysis, described

dhttps://atoa.atnf.csiro.au/.
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in our noise modelling companion paper (Reardon et al. 2023a).
The reference system for the JUMP parameters is 10-cm PDFB4,
as in DR2.

2.2. Combining with the PPTA second data release

We have combined our new UWL ToAs with those published
as our second data release (DR2) to form our third data release
(DR3). Details of the second data release were provided by Kerr
etal. (2020), which included calibrated and RFI-excised pulse pro-
files, each with 32 frequency channels.® We have re-processed
these pulse profiles, to produce new ToAs, which are compatible
with the UWL data.

The steps involved in re-processing of the PPTA-DR2 pulse
profiles were as follows:

e MEERGUARD software package was applied to the previously
calibrated and RFI-excised pulse profiles, to improve the rejec-
tion of RFL.

e The latest timing ephemeris and the DM derived from UWL
data (described in Reardon et al. 2021) were installed.

e Each observation was reduced to four frequency channels.

e A frequency-dependent template was generated from the ana-
lytical wide-band portraits derived from the UWL data.

o The four channels for each observation were timed with the
corresponding channel from the template, using the Fourier-
domain Monte Carlo method of PAT within PSRCHIVE.

We also processed, in a similar fashion, additional data that
were recorded with the PDFB4 and CASPSR backend systems fol-
lowing the end of the PPTA-DR2. Where data were recorded by
more than one backend simultaneously (e.g., with PDFB4 and
Medusa), we only preserve ToAs recorded with the older sys-
tem within the relevant, overlapping frequency range (e.g., we
would discard a ToA recorded from sub-band E with Medusa
in favour of a ToA from PDFB4 taken from the same obser-
vation). This avoided duplication of ToAs and allowed us to
constrain the timing offset between Medusa and older backend
systems.

The ToAs were combined to produce our timing data set for
each pulsar. The data span, total number of observations and
number of individual ToAs are listed in Table 1. Note that we
have excised ~3.4 yr-worth of ToAs from the beginning of the
data set for J0437—4715. These ToAs were recorded with early sys-
tems (CPSR2, PDFB1, and WBCORR), and exhibited inconsistent
frequency-dependent delays that were attributed to frequency-
and phase-dependent sensitivity of these older systems (Kerr et al.
2020).

We produced an initial timing model fit for all pulsars using
the ephemerides from Reardon et al. (2021), Curylo et al. (2023),
and Mandow et al. (in preparation). We provide the derived
ephemerides for each pulsar in the data release repository. Our
final timing models presented in this data release are physically
consistent, and sufficiently whiten the timing residuals for the
purpose of noise modelling. However, we defer a detailed anal-
ysis of the astrophysical implications of our timing models to a

°The data release 2 collection is available from https://doi.org/10.25919/
5db90a8bdeb59.
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Figure 3. Band-averaged timing residuals for the PPTA DR3 formed under the assumption of our detailed single-pulsar noise models, as described in the companion PPTA-DR3
noise analysis paper (Reardon et al. 2023a). The colours indicate frequency bands as in Fig. 5. We show the weighted rms across all frequencies beneath each pulsar label. Note
that we have not subtracted any chromatic or achromatic noise processes from these residuals.

future paper. We present our detailed single-pulsar noise mod-
els in a companion paper (Reardon et al. 2023a). To provide a
representation of our timing residuals, in Fig. 3 we show timing
residuals averaged into 40, 20, and 10 cm wavelength bands for
each pulsar, produced assuming our detailed single-pulsar noise
models, but without subtracting time-domain realisations of any
of the noise processes described in Reardon et al. (2023a). In Fig. 4,
we show the same residuals after subtracting time-domain realisa-
tions of frequency- and system-dependent noise processes, leaving
behind only achromatic red noise. These figures illustrate the data
spans, sampling, and the presence of low-frequency chromatic and
achromatic noise present in the pulsars.
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3. Discussion

3.1. The wide-bandwidth receiver

The UWL receiver system provides higher quality (in terms of
bandwidth, system temperature and hence rms timing residu-
als) observations than earlier observing systems. Additionally, an
important practical outcome of the increased bandwidth provided
by the UWL is the ability to simultaneously cover the same fre-
quency bands as pre-UWL observations in a single observation,
without the need to switch between receivers. This has substan-
tially improved our observing efficiency, enabling us to add several
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Figure 4. Same as in Fig. 3, but with all frequency-dependent and system-dependent noise terms subtracted, leaving only achromatic red noise present in the residuals.

MSPs into our observing program without increasing our total
time request. A detailed analysis of the profiles and timing param-
eters for the newly added MSPs will be presented elsewhere, but
we include arrival times and basic timing model parameters for a
subset of the newly added pulsars as part of this paper.

The primary challenge with wide-bandwidth systems is the RFI
environment. Wide-band systems need to be able to perform well
in the presence of any strong interference source in the band. In
Fig. 6 we present our typical bandpass (black) overlaid on the min-
imum (red) and maximum (blue) signal strength detected during
the year 2021. These bandpass measurements have been obtained
from the noise-source observations of the PPTA prior to the obser-
vation of PSR J0437—4715. The bandpass is divided into the lowest
part of the band, from 704 to 1344 MHz, where the RFI is strongest
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and the remainder of the band (from 1344 to 4032 MHz). Much of
the RFI is always present, however, mobile handset transmissions
around 700 MHz and WiFi/Bluetooth signals around 2.4 GHz are
more dominant during the day.

To determine the typical fraction of 1 MHz frequency channels
that were flagged, we investigated our processed observations of
PSR J1909—3744. On average, 26% of the channels were removed,
corresponding to ~850 MHz. Approximately 200 MHz is typically
removed around 2.4 GHz, due to WiFi/Bluetooth and Australian
National Broadband Network transmissions. The majority of
other interference sources are in the low-frequency part of the
band and related to mobile transmission towers and handsets. We
also flag ~6 MHz at each of the 26 sub-band boundaries due to
bandpass roll off (see Hobbs et al. 2020b).
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Figure 5. Observing times of the PPTA DR3. The vertical dashed line indicates the beginning of UWL observations. The top, middle, and lower lines in pre-UWL observations of
each pulsar represent observations in 10, 20, and 40 cm wave-bands indicated by blue, green, and gold colours, respectively. Observations taken with the UWL are split into the
UWL sub-bands (see Table 2). UWL sub-bands A, B, and C cover the 40-cm band, D, E, and F cover the 20-cm band, and G and H cover the 10-cm band.
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details.

3.2. Comparison with earlier work

The timespan covered by our DR3 data set (MJD 53040-59640)
is approximately three years longer than DR2. For the major-
ity of our pulsars, our data spans between 10 and 18 yr (without
the inclusion of the legacy data sets). Our data spans are there-
fore now significantly longer than the orbital period of Jupiter
(12 yr) and the Solar cycle (~11yr), but the high-quality data sets
only represent approximately one half of the orbit of Saturn. This
will enable an improved ability to identify the potential impact of
errors in the Jovian orbital parameters (e.g., Vallisneri et al. 2020),
or the effects of the solar wind (Hazboun et al. 2022; Tiburzi et al.
2021), with other red noise processes such as pulsar spin noise
(Shannon & Cordes 2010), variations in the interstellar electron
density (Cordes et al. 2016), or a GW signal.

The UWL provides demonstrated improvement in sensitivity
to the legacy systems. To compare the earlier instruments with the
UWL, we compared the timing measurements from the last year of
DR2 with the last year of timing measurements from UWL obser-
vations in the same observing bands. The rms timing residuals
(after fitting only for the pulse frequency, its first derivative and, if
present, the Keplerian binary parameters) are listed in Table 4. For
all pulsars listed, the rms timing residual for the highest frequency
ToAs (band H) are reduced with the UWL. This is expected as that
band is not significantly affected by RFI and the UWL receiver has
lower system noise in that band than our previous receivers. In
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the sub-band (E) closest to the legacy 20 cm system, similar tim-
ing residuals are obtained with both systems. The lowest frequency
band (band A) has worsened. This is not unexpected as the RFI
continues to worsen in that band, due to the introduction of new
mobile phone systems. We note that these results are only indica-
tive as we had significantly more observations in the year prior to
the UWL, than in the more recent data span.

As shown in Fig. 2, the UWL provides instantaneous fre-
quency coverage that spans previously used frequency bands,
along with bands that were not previously covered. Previously
covered frequency bands spanned approximately 692-756 MHz,
1241-1497 MHz, and 2588-3612 MHz (referred to as the 40/50
cm, 20 cm and 10 cm bands, respectively), which could be
observed by instruments such as the 10/40 cm dual-band receiver,
the 20-cm Multibeam receiver, and H-OH receiver. The band-
width provided by the UWL exceeds the total bandwidth offered
by the old receiver fleet by a factor of ~2.5. This improves the
sensitivity of the PPTA measurements, and improves observing
efficiency by removing the need to switch receivers for multi-
frequency coverage.

Compared with the DR2, the DR3 parameter files now include
additional frequency-dependent (‘FD’) parameters than previ-
ously. These parameters were required in the timing solutions to fit
excess time-stationary frequency-dependent structure in the resid-
uals. The FD parameters (NANOGrav Collaboration et al. 2015)
are the coefficients of a polynomial function used to represent
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Table 4. Comparison of 1 yr of observations pre- and post-
the UWL receiver system.

PSR Sub-band o ot
(s) (ws)

J1713+0747 A 0.743 1172
E 0.109 0.144

H 0.230 0.215

J1744-1134 A 0.534 0.704
E 0.311 0.322

H 0.762 0.581

J1909-3744 A 0.258 0310
E 0.127 0.124

H 0.112 0.103

the pulse profile evolution as a function of frequency. The major-
ity of our parameter files now contain three FD parameters, with
PSR J0437—4715 requiring six (previously the DR2 parameter file
for this pulsar included four). Curylo et al. (2023) describes the
frequency evolution of these pulsars in detail.

We believe the primary cause of the frequency-dependent
timing residuals is subtle imperfections in the wide-band pulse
portraits. Less likely to be the primary cause is intra-channel pulse
profile frequency evolution—the portraits were constructed from
observations reduced to 8 MHz frequency resolution (correspond-
ing to 416 channels across the UWL bandwidth), which is lower
than the channel bandwidth used to form our ToAs. Furthermore,
we constructed portraits from observations with full 1 MHz fre-
quency resolution (3328 channels), and found they were consis-
tent with the 416-channel portraits. Nonetheless, improvements
in both the wide-band pulse portraits, and to a lesser extent, more
careful choice of ToA channel width, may help to reduce these sys-
tematics in future analysis. We refer the reader to Section 4.3 of
Curylo et al. (2023) for more detailed discussion on this issue.

During the course of our noise modelling, we found that
additional amendments to the timing models were necessary;
namely, additional ‘FB’ (binary frequency) parameters for PSR
J2241—5236, and Shapiro delay parameters for PSRs J0614—3329
and J1902—5105. For more detail, see Reardon et al. (2023a).

We have chosen to present a sub-band timing method as it pro-
vides the most practical method for combining legacy and broad
band observations Curylo et al. (2023) applied wide-band timing
methods to the PPTA UWL observations, presented pulse por-
traits, initial timing models and timing residuals, and discussed
the profile evolution of the pulsars. The wide-band portraits pre-
sented in that work were used here in ToA determination for both
the UWL and the re-analysis of the DR2 data sets.

3.3. Including the legacy data

Murriyang observations exist for approximately 20 of the PPTA
sample of pulsars for up to 11yr prior to the start of the PPTA
project (Verbiest et al. 2008, 2009). The extended data sets can be
obtained from the first data release’ (Manchester et al. 2013). In
column 5 of Table 1, the total data span that would be achieved
through the addition of this legacy data set for the relevant pulsars.

fhttps://doi.org/10.4225/08/534CC21379C12.
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We note that the frequency coverage is less complete, and timing
precision is significantly worse in the legacy data compared with
the most recent observations. With current analysis methods the
inclusion of this earlier data is unlikely to improve the sensitivity
of the data set in terms of GWB detection. For this reason we do
not include it as part of the DR3.

4. Summary and conclusions

We have described the PPTA third data release, which is the first
PTA data release to include observations from a receiver system
with such a wide fractional bandwidth (Af/fy ~4.7). Such wide
bandwidths will become more common in the near future as simi-
lar instruments will soon be commissioned at the 100-m Effelsberg
and 110-m Green Bank radio telescopes (e.g., Bulatek & White
2020).

The Murriyang UWL receiver system will continue to be
upgraded which will improve the fidelity of observations. New and
improved RFI-mitigation methods, along with the commissioning
of an oversampled filterbank system, will significantly improve the
sensitivity of the UWL observations. The Murriyang receiver suite
is currently being expanded with the installation of a cyrogenically
cooled phased-array-feed. This system will operate in a frequency
band between 700 and 2000 MHz. Although it is primarily a sur-
vey instrument, it will have pulsar timing modes allowing multiple
pulsars to be observed simultaneously with a lower system tem-
perature and greater aperture efficiency than available with the
UWL.

The primary goal of producing this data release is to enable
searches for the GWB. A detailed description of our noise mod-
els, and our GW analysis (Reardon et al. 2023a), will be presented
alongside corresponding papers from the CPTA, EPTA, InPTA,
and NANOGrav. The EPTA, InPTA, MPTA, NANOGrav, and
PPTA data sets will be combined to form the third IPTA data
release, which will be the most sensitive pulsar-based data set to
be used in the search for the GWs. We expect that our data release
(and the IPTA data release) will also be used for numerous sci-
entific goals including searches for individual GW sources (e.g.,
Arzoumanian et al. 2023), searching for irregularities in terrestrial
time standards (e.g., Miles et al. 2023), and searching for currently
unknown objects in our Solar System (Guo et al. 2019).
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Data availability. The Parkes Pulsar Timing Array Data Release 3 is
available in two collections on the CSIRO Data Access Portal under
‘Parkes Pulsar Timing Array Third Data Release’ (DOIs: 10.25919/j4xr-wp05;
10.25919/axvw-qa43). In these data collections we provide data products relat-
ing to the UWL observations, re-processed DR2 profiles, and the final DR3
timing data set.

For each pulsar, we provide the calibrated profiles for each UWL obser-
vation, along with dynamic spectra. We provide the wide-band templates and
corresponding pulse arrival times. We also provide timing model parameter
files (. par files).
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