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ABSTRACT

Pulsar timing array projects measure the pulse arrival times of millisecond pulsars for the primary purpose of detecting nanohertz-
frequency gravitational waves. The measurements include contributions from a number of astrophysical and instrumental
processes, which can either be deterministic or stochastic. It is necessary to develop robust statistical and physical models for
these noise processes because incorrect models diminish sensitivity and may cause a spurious gravitational wave detection.
Here we characterize noise processes for the 26 pulsars in the second data release of the Parkes Pulsar Timing Array using
Bayesian inference. In addition to well-studied noise sources found previously in pulsar timing array data sets such as achromatic
timing noise and dispersion measure variations, we identify new noise sources including time-correlated chromatic noise that
we attribute to variations in pulse scattering. We also identify ‘exponential dip’ events in four pulsars, which we attribute to
magnetospheric effects as evidenced by pulse profile shape changes observed for three of the pulsars. This includes an event
in PSR J1713+40747, which had previously been attributed to interstellar propagation. We present noise models to be used in
searches for gravitational waves. We outline a robust methodology to evaluate the performance of noise models and identify
unknown signals in the data. The detection of variations in pulse profiles highlights the need to develop efficient profile domain
timing methods.
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Hobbs et al. 2020) and Solar system ephemerides (Champion et al.

I INTRODUCTION 2010; Caballero et al. 2018; Vallisneri et al. 2020), and, potentially,

Pulsar Timing Arrays (PTA) perform measurements of pulse arrival
times from millisecond pulsars over the time-scales of the order
of years (Foster & Backer 1990). Benefiting from the long-term
timing stability of millisecond pulsars, the arrays are the most
sensitive detectors of nanohertz gravitational waves. Taylor et al.
(2016) predicts that a stochastic gravitational wave background
from supermassive black hole binaries will be detected and studied
with pulsar timing arrays in the following decade. The background
would manifest as a red noise process that is correlated between
pulsars (Rajagopal & Romani 1995). In addition to gravitational
waves, pulsar timing arrays are sensitive to other correlated signals,
including errors in terrestrial time standards (Hobbs et al. 2012;
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ultralight dark matter (Porayko et al. 2018). Data from pulsar timing
arrays is used to study a wide range of astrophysical topics including:
neutron-star interiors (Shannon & Cordes 2010; Lam et al. 2016)
and magnetospheres (Shannon et al. 2016), the interstellar medium
(Coles et al. 2015; Levin et al. 2016), and the solar wind (You et al.
2007; Madison et al. 2019).

There are a number of pulsar timing array projects underway,
utilizing the most sensitive metre- and centimetre-wavelength radio
telescopes. The Parkes Pulsar Timing Array (Manchester et al. 2013)
utlizes the 64-m Parkes telescope in Australia to monitor 24 millisec-
ond pulsars. The first data release of the Parkes Pulsar Timing Array
(DR1) has been described in Manchester et al. (2013), while timing
properties of DR1 pulsars have been described in Reardon et al.
(2016). The first data release comprises observations between 1994
and 2011. The project has recently completed a second data release
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(DR2; Kerr et al. 2020), which extends beyond DR1 by 7 yr. Other
timing array projects include the European Pulsar Timing Array
(EPTA; Kramer & Champion 2013) and North-American Nanohertz
Gravitational-wave observatory (NANOGrav; McLaughlin 2013).
Together, PPTA, EPTA, and NANOGrav form the International
Pulsar Timing Array (IPTA; Hobbs et al. 2010).

In order to effectively search for spatially correlated signals,
it is necessary to provide complete models for the arrival time
variations of the pulsars. This includes both deterministic processes
encapsulated in the pulsar ephemerides, and stochastic processes.
Otherwise, the estimate of the gravitational-wave signal or other
correlated signal could absorb unaccounted features in pulsar noise.
In Shannon et al. (2016), it was found that a dip in timing residuals
in PSR J1643-1224, when not modelled, affects upper limits on
the stochastic gravitational-wave background with 4 yr of data by
an order of magnitude. The dip itself is associated with a sudden
change of pulse profile. Moreover, Hazboun et al. (2020) and Tiburzi
et al. (2016) studied cases where incorrect noise models led to false
positives in gravitational wave searches.

Deterministic processes include the non-linear change in the
relative distance between the pulsar and the Earth, relativistic
propagation effects in the Solar system or binary (if the pulsar has a
companion) (Edwards, Hobbs & Manchester 2006). Stochastic terms
can be divided phenomenologically into two classes: temporally
uncorrelated or correlated processes. The two classes are often
referred to respectively as white noise and red noise, reflecting
the shape of their Fourier spectra. On short time-scales (at high
fluctuation frequency), pulsar timing observations are dominated by
white noise. The main sources of white noise are radiometer noise
and pulse-to-pulse variations of profile shape, referred to as pulse
jitter. Shannon et al. (2014) found that the brightest observations of
the brightest PPTA pulsars are dominated by jitter noise. In Lam
et al. (2016) jitter was studied in the context of pulse phase and
amplitude, and it has also been found that jitter noise evolves with
radio frequency.

On longer time-scales (lower fluctuation frequencies), pulsar tim-
ing arrays are dominated by time-correlated red noise. Achromatic
red noise, which is not dependent on radio frequency, is referred
to as timing noise or spin noise because it is thought to largely
be associated with irregularities in the rotation of the neutron star.
Shannon & Cordes (2010) suggested that more millisecond pulsars
are expected to be dominated by spin noise when observed over
longer observing spans, and that scaling relations for spin noise in
millisecond pulsars are consistent with those for regular pulsars.
Later, Caballero et al. (2016) estimated power-law parameters of the
timing noise in the first data release of the EPTA and found that timing
noise reduces the sensitivity of the EPTA to stochastic gravitational
waves by a factor of >9. Low-frequency turnover in the power-
law timing noise could potentially stop the deterioration of timing
precision on long time-scales. Although marginal evidence for the
low-frequency turnover has been found in a power-law spectrum
of canonical pulsars (Parthasarathy et al. 2019), no presence of a
spectral turnover has been found in 49 millisecond pulsars from the
first data release of the IPTA (Goncharov, Zhu & Thrane 2020).

There is also evidence for chromatic red noise processes in pulsars.
The strongest red noise source is thought to be dispersion-measure
variations (Keith et al. 2013), a manifestation of changing column
density of ionized plasma along the pulsar-Earth line of sight.
However, other forms of chromatic noise have been identified. In
the first data release of the IPTA, Lentati et al. (2016) identified new
band-dependent and system-dependent red noise processes. Ignoring
these components resulted in 60 per cent less stringent upper limits on
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the gravitational-wave background. The origins of these components
are unclear, and were speculated to be either related to propagation
effects in the interstellar medium or instrument-based systematic
errors (Cordes & Shannon 2010; Shannon & Cordes 2017).

The PPTA DR2 data set comprises observations for as long as
15 yr from 26 pulsars (Kerr et al. 2020). At each epoch (with epochs
typically having a three-week cadence) the pulsars were usually
observed in three bands: the 10-cm, 20-cm, and either the 40-cm
or 50-cm. The central radio frequencies of the observations in these
bands were close to 3100, 1370, 730, and 680 MHz, respectively.
Before mid-2009, the low frequency observations were conducted at
680 MHz (50-cm band). However the presence of digital television
necessitated adjusting the observations to shorter wavelength 40-cm
band. Additionally, each observation has been performed with one of
the following observing processing systems (referred to as backends
or signal processors): CASPSR, CPSR2, PDFB1, PDFB2, PDFB3,
PDFB4, and WBCORR. The most notable difference between DR1 and
DR2 is the presence of sub-banded arrival times. Pulse arrival times
are provided not only averaged across each band, but also for between
2 and 32 dynamically chosen sub-bands, with the level of sub-
banding determined by the signal-to-noise ratio of the observation.
The sub-banding allows us to account for profile evolution, which is
known to bias arrival time measurements (Demorest et al. 2013). It
also allows us to examine chromatic processes in greater detail.

In this work, we characterize sources of noise in the second data
release of the PPTA. We outline the Bayesian approach to analysis
of the data in Section 2. In Section 3, we describe noise models in
our analysis. We present our results in Section 4 and our conclusions
in Section 5.

2 BAYESIAN INFERENCE

Our methods follow those described in sections 2.1 and 2.2 of Gon-
charov et al. (2020). We assume that the data are represented by
contributions from deterministic signals, included in the timing
model, and Gaussian stochastic processes. We Taylor-expand the
timing model for each time of arrival (ToA), keeping the linear term
Mé and assuming non-linear terms to be negligible. Here, £ is the
vector of timing model parameters and M is the design matrix, which
represents contribution of the timing model to each measured ToA.
Following van Haasteren et al. (2009), van Haasteren & Levin (2013),
Taylor et al. (2017), we employ the Gaussian likelihood. We use the
Bayes factor to select which of two given models (A and B), with
parameters @ o and 0, better explains the data:

_ ZB(03, 80)

BY, == ie[l,Nyl, 1
A= ZRg, o € Mol M

where Ny is the number of pulsars, and the function Z(@, 6¢) is the
Bayesian evidence for the model,

Z(0, ) = /£(8t|0)n(0)d0. (2)

It is an integral over the prior volume of the product of the likelihood
and the prior probability.

We perform parameter estimation using Markov chain Monte
Carlo methods. To calculate the Bayesian evidence for a given
model, we perform nested sampling (Skilling et al. 2006) using POLY-
CHORDLITE (Handley, Hobson & Lasenby 2015a, b). For parameter
estimation, we sample the likelihood function using PTMCMCSAM-
PLER (Ellis & van Haasteren 2017). We employ TEMPO2 (Edwards
et al. 2006) to fit the deterministic timing model parameters and use
ENTERPRISE (Ellis et al. 2019) and LIBSTEMPO (Vallisneri 2013) to
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perform likelihood evaluations. The BILBY package (Ashton et al.
2019) is used to access POLYCHORDLITE. The CHAINCONSUMER
package, developed by Hinton (2016), is used to plot posterior
distributions.

3 SIGNAL MODELS

In the following subsections, we describe families of signal models
we considered. The empirical prior distributions are listed in Ta-
ble Al. We reference pulse arrival times at the position of Solar
System barycentre using ephemeris DE436 and clock TT(BIPM18),
which were used in the PPTA DR2 publication.

3.1 White noise

We model white noise to be diagonal components o; of the co-
variance matrix C, which contains known contributions from ToA
uncertainties UI-TOA and unknown contributions that we take into
account by introducing parameters EFAC, EQUAD, and ECORR.
The parameter EFAC modifies the TOA uncertainty while EQUAD
adds in quadrature an extra term that is independent of the formal
TOA uncertainty. The modified white noise component to the timing
noise is then

o? = (EFAC 0**)* + EQUAD” . (3)

Because sub-banded times of arrival are, essentially, observations
within a given observation, the parameter ECORR is introduced
as an analogue of EQUAD, only to describe the excess variance
for groups of sub-banded observations. ECORR models the white
noise in sub-banded data points in one observation independently of
the white noise in sub-banded data points in other observations.
The formalism behind ECORR is described in the Appendix C
of Arzoumanian et al. (2015). The ECORR parameter can model
some of the noise attributed to pulse jitter (Lam et al. 2016). As these
values are expected to be signal-processor- and band-dependent, we
assume different white noise terms for each band and all backends.
The exception is for PDFB2, PDFB3, and PDFB4, which have similar
hardware architectures (digital polyphase filter banks); for these we
assume to have the same white noise properties within a band.

3.2 Red noise

We implement frequency-domain models of time-correlated stochas-
tic processes in the time-domain likelihood function, using a Fourier-
sum approach, described in Lentati et al. (2013). The red noise
component of the covariance matrix C is represented in a reduced
order as

K=F®FT Af, “)

where ®; = P(f;) is the power spectral density model of the red noise
for each frequency f; that we include in our model, F is the Fourier
basis, the matrix that Fourier-transforms frequency-domain power
spectral density model into the time domain covariance. The size of
a frequency bin, Af, is equal to the inverse of the total observation
time for a given pulsar. The exact form of F that we use can be found
in equation (9) in Goncharov et al. (2020). A Woodbury lemma is then
used to simplify the inversion of a covariance matrix, decomposed
into N and K (Hager 1989; van Haasteren & Vallisneri 2014). We
use the frequency-domain model for pulsar red noise with power
spectral density following a power law in units of [s]:

A2 f -y
PeL(flA,y) = 122 (F) yr3, %)
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where A quantifies the amplitude' of the power law, y is the slope of
the power law, and yr is the number of seconds in a year. We discuss
three subsets of red noise in this work:

(1) Achromatic spin noise (SN)

(i1) Frequency-dependent dispersion measure (DM) noise

(iii) Achromatic band noise (BN) and system (‘group’) noise (GN)
(iv) Frequency-dependent chromatic noise (CN)

For each pulsar, the spin noise is a common red-noise process in
all observing systems and bands, across all radio-frequencies. There
are several potential origins for spin noise. Some studies suggest
spin noise to be the consequence of the interaction between the crust
and the superfluid core of a neutron star (Alpar, Nandkumar & Pines
1986; Jones 1990). A model that links power-law parameters of a
spin noise to physical parameters of such systems has been derived
in Melatos & Link (2013). Other studies attempt to link spin noise
and pulsar glitches, sudden jumps in rotational frequency of pulsars
(Cordes & Downs 1985; D’Alessandro et al. 1995; Johnston &
Galloway 1999; Melatos, Peralta & Wyithe 2008). In Lyne et al.
(2010), the authors suggested switching between two different
spindown rates as the origin of spin noise. Some models suggest
that the influence of planets (Cordes 1993), asteroids (Shannon
et al. 2013), and possibly unmodelled binary motion (Bassa et al.
2016; Kaplan et al. 2016). We denote spin noise parameters Agn and
ysn. We do not attempt to model uncertainties in the Solar system
ephemeris, which are known to contribute red noise to pulsar timing
data sets. It is likely to affect red noise in the most stable pulsars.
In particular, some of the red noise in PSR J1909—3744 can be
attributed to this, as discussed below.

Stochastic variations in DM (Phillips & Wolszczan 1991) are
another source of red noise. We model DM noise as a power law with
parameters Apy and ypy, with Fourier basis components F o< «;,
where «; = K?v;? is introduced to model the dependence of DM
noise amplitude on the radio frequency v; of ToA j. We choose K =
1400 MHz to be the reference frequency. A Kolmogorov spectrum
for turbulence in a neutral gas is used as a standard model to describe
DM variations, DM(?), in the interstellar medium. In the case of
Kolmogorov turbulence, we would expect y py = 8/3 (Rickett 1990).

We also search for a more general form of red noise which we refer
to as chromatic red noise. In this case, we have k; = K* vj_x, where
x is a value other than 2. We may refer to x as the chromaticity of
a red process. Numerous astrophysical mechanisms can potentially
introduce chromatic red noise. Scattering variations in the interstellar
medium change widths of radio pulses by Av o v* (Lyne & Graham-
Smith 2012). While a template for pulse profiles does not account for
this, the arrival times would temporal variations that would scale with
radio frequency proportional to v—*. Shannon & Cordes (2017) show
through simulation how refractive propagation effects can potentially
introduce correlations in arrival times which can have frequency
dependencies as steep as v, Simulations of scattering of pulsar
radio emission by the interstellar plasma have also been performed
by Coles et al. (2010).

Band noise and system noise are separate red noise processes
in a given band or system. Both were introduced and discussed in
modelling of the first IPTA data release (Lentati et al. 2016). System
noise is attributed to instrumental artefacts, including polarization
calibration errors. Band noise could potentially be produced by

IThe scaling for A is chosen such that it represents the amplitude of the
strain spectrum of a stochastic gravitational wave background, measured a
frequency of 1yr~!.
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processes incoherent between bands in the interstellar medium,
such as frequency-dependent dispersion measure variations (Cordes,
Shannon & Stinebring 2016), frequency-dependent calibration er-
rors (van Straten 2013), or radio frequency interference.

3.3 Deterministic signals

To fully model the data we identified new deterministic signals in
the timing model. We describe these in the following subsections.

3.3.1 Chromatic exponential dips

Some pulsars show evidence of frequency-dependent events in timing
residuals on time-scales of a few months. Some events have been
identified as a sudden advancement in apparent pulse arrival time,
followed by an exponential relaxation. PSR J17134-0747 shows
an exponential discontinuity in timing residuals at around MJD
54757, which has been attributed to the sudden drop in dispersion
measure (Coles et al. 2015; Desvignes et al. 2016; Lentati et al. 2016).
InLametal. (2018), a second exponential event in PSR J1713+0747
was reported and also attributed to the interstellar medium. In Shan-
non et al. (2016), an exponential timing event in PSR J1643—1224
was reported, which had the most pronounced effect at high radio
frequency. This event was connected with a sudden change in the
pulse profile.
‘We model exponential events in the time domain to be

_ 07 I <Ig;
se(t|Ag, 15, Te, xp) = K*v7* i (6)
Agpe = 1>

where Ag is the amplitude of the event in seconds, #g is the time of the
event, Tg is the characteristic relaxation time. The radio-frequency
dependence, as for the case of chromatic noise, is treated by the
parameter x, and the amplitude of the event is at a frequency of
1400 MHz.

3.3.2 Extreme scattering events

Extreme scattering events (ESEs) have been observed in the direction
of a number of pulsars. The events are manifested as increase in the
electron density along the line of sight and diffractive scattering
strength. This suggests that the line of sight to the pulsar passed
through an overdense region of the interstellar medium (Keith et al.
2013; Coles et al. 2015). In our sample PSR J1603—7202 has been
observed to have experienced an ESE (Coles et al. 2015). We model
the dispersion measure variations associated with the event using a
Gaussian function:

—16)
2.2 T 202
sG(t|Ag, Ig, 06) = K'v""Age °G @)

where Ag is the amplitude of the Gaussian in seconds at K =
1400 MHz, f; is the time of the event, o is the width. There are
no measurable arrival time variations from diffractive scintillation
during this event.

3.3.3 Annual dispersion measure variations

In case there is a strong gradient in electron column density between
the pulsar and the Earth, the motion of the Earth around the sun will
cause the gradient to manifest as annual DM variations. In Keith
et al. (2013) a clear annual modulation in DM was identified for
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J0613—0200. We model this effect by including the deterministic
yearly sinusoids:

sy(t|Ay. ¢y) = AyK*v 2 sinQ2t X yr + dy), ®)

with amplitude Ay in seconds at K = 1400 MHz and dimensionless
phase ¢y. The strength of annual DM variations will depend on the
two main factors. The first is the persistence of the annual gradient
over time-scales much longer than a year. The second is the mutual
orientation of the gradient and the velocity of a pulsar. The orthogonal
orientation of the velocity of the pulsar with respect to the gradient
provide the strongest annual DM signal, while the parallel orientation
will diminish the signal. Additionally, contributions to DM from the
heliosphere could potentially show up in annual DM.

3.3.4 System dependent profile evolution

In PPTA-DR2, arrival times were measured using standard tech-
niques. While different standards were used for each band and
most subsystems (see Kerr et al. 2020, for more information), the
templates themselves were 1D. This necessitated the use of FD
parameters, where each parameter represents a log-polynomial term
of radio-frequency-dependence of timing residuals for the whole data
span (Arzoumanian et al. 2015). These terms arise from profile tem-
plates not being tailored enough for each radio frequency and pulse
profile evolution. This effect is most prominent in PSR J0437—-4715,
which exceptional brightness significantly biases estimates of the
pulse arrival times. To account for this, six FD parameters are intro-
duced to the timing model of PSR J0437—4715. Up to two FD param-
eters are included in timing models of the remaining DR2 pulsars. For
PSR J0437—-4715, Kerr et al. (2020) also noticed that pulse profile
evolution depends on a given observing system. In DR2, the depen-
dence of timing residuals on radio-frequency for PSR J0437—4715
has been subtracted using the model with three FD parameters for
specific systems and sub-systems: CPSR2_50CM, CPSR2_20CM
above 1370 MHz, CPSR2_20CM below 1370 MHz, PDFB1_1433,
PDFB1_10CM, PDFB1_early_10CM, CPSR2_10CMbetween 2970
and 3030 MHz, CPSR2_10CM between 3100 and 3160 MHz,
CPSR2_10CM between 3230 and 3290 MHz, 20CM_H-OH_PDFB1,
20CM_MULTI_PDFB1, WBCORR_10CM with 512 MHz bandwidth,
WBCORR_10CM with 1024 MHz bandwidth. During the course of
our work, we found that the above procedures did not eliminate
all unphysical frequency-dependence of timing residuals in a few
observing systems for PSR J0437—4715. So, we perform additional
model comparisons using a linear function:

sp(V|a) = a(v — D), (C)]

where « determines the tilt in timing residuals in the radio frequency
domain, while ¥ is the median radio frequency in the given system.
More details and examples are provided in Section 4.11.

4 RESULTS

We perform our analysis in four steps. For each pulsar, we first
establish a base model, which contains white noise, spin noise
(common red noise process in all observing bands and systems) and
DM noise, and perform parameter estimation for the noise processes
while marginalizing over the timing model. Until the fourth step,
our white noise model does not include ECORR parameters. In the
second step, we start with the base model but perform model selection
for the possible additional band/system noise components described
in Section 3. Model selection for red noise in all possible bands
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Figure 1. Strength and spectral index for red noise processes for the PPTA-
DR2 pulsars. Left-hand panel: spin noise (SN), band noise (BN), and system
noise (GN). Right-hand panel: DM noise and chromatic noise (CN) with
strength referenced to K = 1400 MHz. The main feature of the left-hand panel
is the clustering of red noise parameters around two areas of the parameter
space: where y is between 3 and 10 (mostly spin noise), and where y is
between 0 and 3 (mostly band noise and system noise). For some pulsars, we
found only marginal preference to choose between competing noise models
with band and system noise, see Section 4.1 for more details. The green
dashed line in the right-hand panel highlights y = 8/3, predicted for the
standard model of DM variations from Kolmogorov turbulence. The red
dashed line (GW) highlights the spectral index y = 13/3, predicted for a red
noise process induced by the stochastic gravitational-wave background. The
three pulsars with spin-noise power-law index closest to 13/3 correspond to
the top strongest contributors to the common red noise in Arzoumanian et al.
(2020), which are visible from Parkes.

and systems is computationally expensive, so we fixed white noise
parameters at maximum-posterior values that we obtained in the first
step. In the third step, after finding the most probable band/system
noise combination, we perform model selection for spin noise and
DM noise in all pulsars, with free white noise parameters. Including
white noise in parameter estimation increases the computation time
by the order of magnitude. Similarly, if frequency-dependent index
x for chromatic red noise is a free parameter, the calculation takes
by one order of magnitude more time than when x is fixed. In
the third step we fix x at the maximum-posterior values. On the
fourth step, we perform model selection for excess white noise in
sub-banded observations. We describe this noise by the ECORR
parameter, introduced in Section 3.1.

We chose to incorporate additional terms if the more complicated
model resulted in an increase in the In B of 3. Then, we perform model
selection for spin noise and DM noise. All posteriors for red noise
power-law parameters are presented in Fig. 1. The DM and spin
noise processes are described Table 1. Chromatic noise processes
are described in Table 2. Band-dependent and system-dependent red
noise processes are described in Table 3. We clarify that, although
the noise models presented in the above tables are valid for use
in gravitational-wave searches, some of the red processes are only
attributed to a certain class (i.e. spin noise or system noise) due to
a marginal preference over competing hypotheses. We provide more
details and explain the caveats below.

Additionally, we provide maximum-likelihood realizations of red
noise processes in pulsars. We obtain them in two steps. First, we
perform red noise power-law parameter estimation, marginalizing
over Fourier coefficients that determine the time evolution of red
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noise (van Haasteren & Vallisneri 2014). Secondly, with TEMPO2,
we estimate maximum-likelihood values of Fourier coefficients and
hence the time evolution of red noise. We provide maximum-
likelihood noise realizations for pulsars with chromatic noise in
Figs 2, 3, 4. The maximum-likelihood noise realizations for the
remaining pulsars are shown in Fig. C1 in the Appendix.

4.1 Spin noise

We identify an increased sample of millisecond pulsars showing
evidence for red noise. Longer data sets are more sensitive to low-
frequency red noise. For example, for PSR J1909—3744 we find
evidence for steep spin noise with ygn & 4 in PPTA DR2, while in
Shannon etal. (2015), with an 11 yr data set, there was no evidence for
red noise. In DR2, we find evidence for spin noise in 10 pulsars, while
Lentati et al. (2016) found spin noise only in 6 PPTA DR1 pulsars.
In two of these six pulsars, J0613—0200 and PSR J1939+2134,
we measure spin noise parameters consistent with Lentati et al.
(2016). For PSR J1024—0719, we find that ¥ is preferred over
spin noise. When we do not include ¥, our measurement of Agy
is consistent with Lentati et al. (2016), while for ysy only 1-0
uncertainties overlap, so that the values are approximately within
2-0 agreement. For PSR J2145—0750, we find that the spin noise
with a shallow spectrum disappears after we include ECORR in the
noise model. Prior to including ECORR, our measurement of y gy is
consistent with Lentati et al. (2016), while values of Agy are within
2-0 agreement. For PSR J1824—2452A, we find evidence for steep
spin noise, as in Lentati et al. (2016), although our measurements of
spin noise parameters are not consistent. Lentati et al. (2016) finds
stronger and more shallow spin noise. However, additional shallow
band noise we identify in PSR J1824—2452A could be the reason for
discrepancy. Similarly, for PSR J0613—0200 and PSR J1024—-0719,
where we find no evidence of band noise, spin noise parameters
that we measure without ¥ are consistent with red timing noise
parameters in Caballero et al. (2016) within 1-2 ¢ credible levels.
Since Caballero et al. (2016) do not model band noise and system
noise, in other pulsars they identify examples of shallow red noise.
Additionally, the sixth pulsar with spin noise in Lentati et al. (2016)
is PSR J17134-0747, which is discussed below.

Some pulsars with band and system noise have only marginal
evidence in favour of a hypothesis that excludes spin noise, and vice
versa. For example, in PSR J17134-0747, with steep band noise in
10 and 20 cm data (y = 4), the current model is preferred over a
model with spin noise and 40-cm band noise with only a In 3 of 2.
Generally speaking, if one is interested in studying spin noise to infer
inner the workings of neutron stars, we recommend strengthening the
requirement for the evidence in favour of the absence of chromaticity
of the red process, while also assuming that band and system
noise could contain the missing spin noise just because some other
marginally preferred term is not in the noise model. Otherwise, the
noise might not be intrinsic to the pulsar. For example, one could
require a minimum threshold on Bayes factor in favour of spin noise
over each band noise component. Another suggestion would be to
choose different priors for spin noise and band noise, as well as to
fine-tune model selection by establishing prior odds. At the same
time, for the purpose of gravitational-wave searches, it is justified to
use Table 1 as a guide on whether to include spin noise in pulsar noise
models. We also find that spin noise processes in PSR JO711—-6830
and PSR J1643—1224 have y sy ~ 1, although there is a significant
evidence that this noise process is not band-specific.

For the remaining pulsars with spin noise, we find evidence for
steep red spectra, with power-law indices between 4 and 10. For
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Table 1. The presence of spin noise and DM noise in the PPTA DR2 pulsars. There are four vertical line-separated sections in this table. The first vertical
section contains pulsar names and Bayes factors in favour of the presence of spin noise and/or DM noise against the null hypothesis (&). The second vertical
section contains spin noise parameters. The third vertical section contains DM noise parameters. The last vertical section contains the observation time 7ops in
years and the number of Fourier components, explained in Section 3.2. For PSR J1024—0719, we present two models. The ‘x’ symbol identifies a model in
which a second spin frequency derivative is not included into the timing model to account for the influence of a possible companion star (Bassa et al. 2016;
Kaplan et al. 2016). Parameters with asterisks are estimated from the median marginalized posterior values, while other parameter estimates are calculated from

the maximum-posterior values.

Pulsar lntM‘SN lntM lnBszN SN log10AsN Y SN DM log10ApMm ¥DM Tobs (yr) nc
0.16 1.36 0.04 0.16
J0437-4715 - - - v —14.561)39 2991 v —13.50"0 04 2787018 150 91
J0613—0200 573 525 516V —14.2619:2 417789% X - - 142 85
J0711-6830 75.6 64.6 683 v —13.04%/07 1091934 v 15795 ° 6.24%79 142 86
110177156 -07  -04 —02 X - - X - - 78 46
7102241001 52.1 49.1 460 X - - Voo —134170% L7202 142 85
J1024-0719 459 46.1 L9 X - - v 1405794} 3.96739% 141 8
0.43 2.16 0.17 2.99
J1024-0719% 474.0 259.1 4351/ —14.627 52 6.39755) v/ —13.98%0-4] 4.04%52) 141 8
110454509 -10 -0l —12 X - - X - - 142 85
J1125-6014 170.9 1713 1242 X - - v —13.14705% 3.0779% 123 74
J1446—4701 3.1 2.8 25 X - - v —13.3570.40 1.807377 74 44
J1545-4550 313 316 206 X - - v —1329700¢ 3.0673% 70 41
0.42 3.02 0.08 0.64
J1600—3053 58.5 52.5 23 —14.341952 381,59 v 132310 21279088 142 86
J1603—7202 4577 4580 3417 X - - v —13.14708 2.124012 142 86
0.07 0.29 0.14 1.17
J1643—1224 275.4 260.6 2352 / —12.857 00 09843 v —13.20103] 3.01%53 142 85
171340747 34.8 34.8 63 X - - v 1379700 1.92%039 142 86
J1730—2304 73.7 74.2 342 X - - v —13.52%013 2.391538 142 86
117325049 2.8 32 14 X - - v —1270M082 2.70% 5 72 43
J1744—1134 161.4 161.8 1180 X - - v —13.6270% 178404 142 86
J1824—2452A 43289 38595 42042 —13.26701 50208 v — 1246700 2.567043 13.8 83
718320836 36.7 36.7 298 X - - v —12.98%91) 2.98135% 54 32
1185740943 65.7 480 426 v ~16.867310 7495757 v —13367032 2.3870%¢ 142 86
719093744 121.4 113.4 92 v/ —14.7479%% 40570 v —13.70%94 1477533 142 85
J1939+2134 38345 32631 25079 —14.337035 53909 v —12.9410:03 2715018 141 85
321243358 4.1 43 25 X - - v ~13.597921 1.40%28 142 85
12129-5721 432 437 355 X - - Voo 13477090 1577053 139 83
J2145-0750 98.3 82.0 910 X - - v —13.67794 1.20%33 141 85
J2241-5236 104.7 103.4 884 X - - v ~13.901002 1.801043 82 49

Table 2. Results for chromatic noise parameter estimation and model
selection. The second column is the chromaticity of the red process, the
third and the fourth columns are parameters of the power-law spectrum. The
last column is the In B in favour of chromatic noise over the hypothesis
of just white noise, spin noise, and DM noise. The asterisk means that the
parameter is estimated from the median marginalized posterior values. The
other parameter estimates are calculated from the maximum-posterior values.

PSR X logjpA y InB
304374715 4 —14.41+0.0 2.43+08 286.5
0.07 0.30
J0613—-0200 4 —14.03*)¢! 2.027078 11.1
0.07 0.39
J1017-7156 2.29 —12.967003 3.20%5, 3.9
J1045—4509 1.82 -12.367004 2.807032 32
J1939+2134 4 —13.901093 1.537043 4.7

example, we measure y gy consistent with 7 for PSR J1857+0943.
Similarly, for young pulsars, Parthasarathy et al. (2019) measured
steep red noise with power-law indices between 3 and 10. In the
timing analysis of the NANOGrav 11 yr data set Arzoumanian et al.
(2018), the spectral index of observed red noise slope ranged between

1 and 3, which is why the authors suggested that the physical process
is distinct from spin noise. According to Lentati et al. (2016), these
results could be influenced by the absence of band-specific and
system-specific red noise processes in pulsar noise models.

4.2 Dispersion measure variations

We find evidence for stochastic DM noise in 23 of the pulsars.
PSR J1017—7156 and PSR J1045—4059 favour chromatic noise
with a frequency-dependent index x ~ 2, the value expected from
DM noise. More details will be provided in Section 4.9 below. In
PSR J0613—-0200, we do not find evidence with In 3 > 3 in favour of
stochastic DM noise. We do find evidence of annual DM variations in
PSR J0613—0200, which is consistent with previous studies by Keith
et al. (2013). Moreover, in PSR J0613—0200 we find evidence
for chromatic noise with x ~ 4, which we attribute to scattering
variations in the interstellar medium. Given that the chromatic index
x has not been widely explored as a free parameter in the past, we
suspect that DM noise previously observed in PSR J0613—0200 (i.e.
in Lentati et al. 2016), had been, in fact, a chromatic noise. Moreover,

MNRAS 502, 478493 (2021)

$20Z Aenuer €z Uo Jasn a1niisu| 80UsI0g 0SSeS uels) AQ £€G/G65/8/1/1L/20S/3101e/SBluw/Wwod dno olwapeoe//:sdny woJl papeojumoq



484

B. Goncharov et al.

Year
2011 2012 2014 2015 2016 2018
10 . . . . . .
N f125
CN-1o
0.8 1 100
F75 g W21
0.6 = R G
g F5.0 & < Y N
= <] >
2 I > [\ )
& F25 3% > 7 ~—
0.4 1 5
a
F0.0 &2 .
S o 9P ~ [
25 T e /‘“\ 7
N Rl
¥ NS o
5.0 e — I~
xﬁ‘)x 1 T T T T T T T T T T T T T
T T T T T T s N Y » D » Vv N LS DD
55500 56000 56500 57000 57500 58000 VEVTATATAT AT BT T M 33T RV
MJD Xc Jc log,o A
10 4AC
(a) PSR J1017-7156: red noise reconstruction (b) PSR J1017-7156: chromatic noise parameters
Year
2004 2007 2009 2012 2015 2018
1.0 s . . . . .
CN
CN-15 [40
0.8
F20 o i
- YN
0.6 = oo T
ey )
3 BN
< % Q)
0.4 )
a N
F—20s v — —
= < ,\%@_ /-;\ /
021 : 1 ) '
2 ST )
F—40 S N
K o
7 > A
& i
0= ‘ ‘ ‘ ‘ ‘ o ARG C G A S I I
53000 54000 55000 56000 57000 58000 NUATAT RN “’ » RV
MJD Yo e

(c) PSR J1045-4509: red noise reconstruction

log,g Ac

(d) PSR J1045-4509: chromatic noise parameters

Figure 2. Noise properties for PSR J1017—7156 and PSR J1045—4509. These pulsars show evidence for chromatic noise (turquoise), with chromaticity close
to what is expected for dispersion measure variations. Noise realizations are displayed on the left two panels (2a, 2¢), posterior distributions for chromatic noise
parameters are on the right two panels (2b, 2d). The shaded regions correspond to 1D 1-o credible levels and 2D 1-o and 2-o credible levels.
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Figure 3. Noise properties of PSR J0437—4715. Left-hand panel (3a): maximum-likelihood realization of spin noise (red), band and system noise (yellow),
chromatic noise (turquoise) and DM noise (green) for PSR J0437—4715. Right-hand panel (3b): posterior distribution for chromatic noise power-law parameters
Ac and yc. The shaded regions correspond to 1D 1-0 credible levels and 2D 1-0 and 2-0 credible levels. Due to the largest amount of data and the most
complicated noise model for PSR J0437—4715 in DR2, it is computationally challenging to produce a posterior distribution that would include the chromatic
index x. We found x consistent with 4 for this pulsar empirically.
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Figure 4. Noise models for pulsars with chromatic red noise with x & 4. Noise with this chromatic index would be expected from scattering variations in the
interstellar medium. On the left two panels (4a and 4c) we present maximum-likelihood realization of spin noise (red), band and system noise (yellow), DM
noise (green), chromatic noise (turquoise) and annual DM noise on top of the first and the second time derivatives of the dispersion measure (brown). We do
not find evidence with In BB of above three for stochastic DM noise in PSR J0613—0200, but we do find evidence of annual DM variations in this pulsar. On the
right two panels (4b and 4d), we present posterior distributions for chromatic noise power-law parameters Ac o< v~*C and y ¢, where v is a radio frequency.
The shaded regions correspond to 1D 1-o credible levels and 2D 1-0 and 2-o credible levels.

the spectral index, y py, for PSR J0613—0200, found in Lentati et al.
(2016), is consistent with y cn for PSR J0613—0200 in our work.

In PSR J19394-2134 and PSR J0437—-4715, we find evidence for
both stochastic DM noise and chromatic noise. Chromatic noise
for these pulsars will be discussed in more detail the following
subsections.

In the NANOGrav 11-yr timing analysis by Arzoumanian et al.
(2018), DM variations were modelled by independently measuring
dispersion for each epoch. We defer a comparison of these DM
time-series to our maximum-likelihood DM noise reconstructions
to future work. Annual DM variations of PSR J0613—0200, low-
frequency band noise in PSR J1939+4-2134 (PSR B1937+21), and
a DM event for PSR J171340747 are all clearly seen in the
dispersion measure time-series presented in Arzoumanian et al.
(2018).

In addition to DM variations, DR2 pulsar timing models in-
clude first and second time-derivatives of dispersion measure (DM1
and DM2), which absorb long-term variations in dispersion mea-
sure. We measure significant DM1 values ~10~3 (cm ™ pcyr~!) in
PSRs J0613—0200, J1017—7156, J1045—4509, J1643—1224, and
J1824-2452A, and significant DM2 values of the order of ~10~*

(ecm™3 pcyr~2) in PSRs J1732—5049 and J1832—0836. For PSR
J1824—2452A we measure the highest value of DM and the highest
amplitude of stochastic DM variations.

4.3 Band and system noise

In an analysis of IPTA DRI, Lentati et al. (2016) found evidence
for band and system noise terms. We also find evidence for these
processes in PPTA DR2. In particular, Lentati et al. (2016) found that
PSRs J0437—-4715, J1600—3053, J1643—1224, and J19394-2134
have band noise processes at low frequencies, which we also see in
PPTA DR2. Unlike Lentati et al. (2016), we do not find evidence
for band noise in 10-cm band and system noise in CPSR2_20CM for
PSR J1939+-2134; however, we observe new chromatic noise in this
pulsar, as discussed below. In PPTA DR2, we also find more pulsars
to show evidence of band and system noise. Our measurements of
band noise are provided in Table 3. Initially, we found evidence
for 32 band- and system-dependent red noise terms. However, the
number of these terms dropped to 17 after we introduced ECORR
parameters. As one would expect, most of the terms that disappeared
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Table 3. Results for band noise and system noise parameter estimation and model selection. The second
column contains flags and the corresponding flag values to select pulse times of arrival, which are affected
by the red noise. The third and the fourth columns contain red noise power-law parameters. The fifth column
is the In B3 in favour of the band/system noise in addition to white noise, spin noise and DM noise, against
the same model without the band/system noise term. The last column represents the number of Fourier
components, explained in Section 3.2. Parameters with asterisks are estimated from the median marginalized
posterior values, while other parameter estimates are calculated from the maximum-posterior values.

PSR Flag and value logj0A y InB ne
J0437-4715 -group CPSR2.10CM  —13.40%0% 1137038 1569 36
-group CPSR2.20CM  —13.28704) 1187034 2849 39

-group WBCORR.10CM  —13.477010 0.4175%7 859 10

-group CPSR2.50CM  —12.85700% 2.437057 3236 36

-B 40CM -B 50CM —13.5170:19 1.887057 356.8 90

-B 20CM —13.80+0:08 2.90043 3538 90

J1600—3053 -B 40CM -B 50CM —12.61709% 1.85703¢ 279 86
716431224 -B 40CM -B 50CM —12.067004 2.337039 1054 85
J1713+0747 -B 10CM -B 20CM —14.497023 4187032 44 86
-group CPSR2.20CM  —13.57703) 1.607033 219 36

J1744—1134 -B 10CM -B 20CM ~13.5610:7 100535 127 86
J1824—2452A -B 40CM -B 50CM —12.061007 1017533 782 83
J1909—3744 -B 40CM -B 50CM —13.4210. 19 0.641047 623 85
71939+2134 -B 40CM -B 50CM —13.167539 313548 135.1 84
121243358 -B 20CM —16.0718) 8.401938 19 84
121450750 -group CPSR2.50CM  —14.74+}1% 718507 169 65

were described by y < 1, which means that the noise was nearly
white. On average, band and system noise processes are found to
have more shallow power-law spectra than spin noise processes, as
seen in Fig. 1. For PSR J1022+1001, if we do not include ECORR,
we detect weak low-frequency spin noise term with a power-law
index of 7. For this pulsar the ECORR is larger than other pulsars
by an order of magnitude. We find it plausible that variations in the
amplitude of the ECORR over the observation span are modelled as
spin noise.

There are a few potential sources of systematic error that may
contribute to this noise. It is possible that it arises from polarization
calibration (Kramer et al. 1999). Highly polarized pulsars are more
susceptible to this form of noise. Radio frequency interference is
another possible origin. One possible origin for the high-frequency
system noise in CPSR2_50CM, is residual radio-frequency interfer-
ence. Additionally, the solar wind is known to contribute to pulsar
timing noise (You et al. 2007; Madison et al. 2019). Given the time-
scale on which angle between the line of sight to the pulsar and the
Sun changes, some contributions to high-frequency band and system
noise could be influenced by the solar wind if DM is not properly
modelled. Stochasticity in the solar wind unaccounted for in noise
models (Tiburzi et al. 2019) introduces another potential source of
noise.

4.4 Updated timing model parameters

For PSRs J1017—7156, J1024—0719, J1125—6014, J1939+-2134,
and J2241-5236, we include updated timing models, which will
be discussed in more detail in the upcoming publication (Reardon
et al., in preparation). In particular, strong Shapiro delay due to a
binary companion was found in PSR J1125—6014. Orbital-frequency
derivatives FB were added to describe tidal interactions between
PSR J2241—5236 and its binary companion. If not included in timing
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models, these deterministic processes are detected as excess red
noise.

For PSR J1024—-0719, Kaplan et al. (2016) identified a presence
of the second spin-frequency derivative ¥, suggesting it to be due to
the presence of a stellar companion in a wide orbit. We performed
a model comparison between the i hypothesis and the spin noise
hypothesis and found In3 = 12 in favour of #. We find no additional
spin noise in the presence of ¥ in PPTA DR2.

4.5 PSR J1643—1224: profile event, band noise

The DM (*62.4 pc cm™3) makes PSR J1643—1224 one of the more
susceptible to noise introduced by propagation effects. However the
most unusual feature in its arrival time is unlikely to have originated in
the interstellar medium. Between 2015 and 2016, PSR J1643—1224
exhibited a sudden change in pulse shape (Shannon et al. 2016),
which caused the same evolution of timing residuals. Interestingly,
the event was most pronounced at high radio frequency. Shannon
et al. (2016) suggested that this event originated in the pulsar mag-
netosphere, because the spectral properties were inconsistent with
being a propagation effect, and the presence in multiple bands and
instruments made it inconsistent with being a telescope-dependent
effect. In our work, we estimate the chromaticity of the event to
be x = —0.994_’8:%?, consistent with the inverted spectrum noted by
Shannon et al. (2016). In this work, we find that the profile event
in PSR J1643—1224 must be taken into account, in order not to be
confused with ared process in 10 and 20-cm data. The event was also
identified in the NANOGrav 11-yr data set. However because of their
lower frequency data and dual-frequency observations, they were
unable to establish its chromaticity (Brook et al. 2018). Additionally,
we find that J1643—1224 shows evidence of red noise process in 40
and 50-cm observations, which might be attributed to propagation
effects.
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4.6 PSR J1713+0747: DM event, profile event, system noise,
band noise

Previous studies have found that PSR J17134-0747 has shown two
exponential events. The first event, which started at approximately
MIJD 54750, was observed as a sudden decrease in dispersion
measure by Keith et al. (2013), and discussed in detail in Desvignes
et al. (2016), Jones et al. (2017), Coles et al. (2015). A second event,
at approximately MJD 57510, has been reported in Lam et al. (2018).
It shows deviations from x = 2, which is the index for DM-related
radio pulse time delays. We include both of these events into the
noise model of PSR J17134-0747. We found the chromatic index of
the second event to be x = 1.157515. This, and the observation of
a pulse shape change at the time of the event (Fig. 5c), points to
the magnetospheric origin. We do not find evidence for pulse shape
changes for PSR J1713+4+0747 at the time of the first exponential
event. In addition to exponential events, we find evidence of system
noise in CPSR2_20CM. We also find evidence of band noise in 10
and 20-cm data.

4.7 PSR J0613—0200: scattering variations, annual dispersion
measure variations

In PSR J0613—0200, we find evidence of scattering variations in
the interstellar medium, as a red process, with an amplitude roughly
proportional to radio-frequency to the power of —4: Ac oc V™4 We
also find evidence of the annual DM signal, described by equation (8).
The detection of annual DM variations is consistent with Keith
et al. (2013). We do not find any additional evidence for stochastic
DM variations in PSR J0613—0200, suggesting the DM(t) is well
modelled by the annual and quadratic terms. Reconstruction of
the red noise in PSR J0613—0200 using the maximum-likelihood
method is provided in Fig. 4(a). Posterior distribution for chromatic
noise parameters is in Fig. 4(b).

4.8 PSR J1939+2134: scattering variations, band noise

Pulsar PSR J1939+2134 is known as a pulsar with strong DM
variations and spin noise. In this study, we find that PSR J1939+2134,
like PSR J0613—0200, exhibits chromatic noise with an amplitude:
Ac ocv™*. This, again, suggests the cause may be scattering variations
towards the line of sight to the pulsar. With a narrow pulse profile
and high dispersion, the pulsar is expected to show multipath propa-
gation effects (Ramachandran et al. 2006). Posterior distribution for
chromatic noise parameters is presented in Fig. 4(d). Additionally,
we find evidence of band noise in 40 and 50-cm observations. We
reconstruct red noise processes in PSR J1939+2134 in Fig. 4(c).

4.9 PSR J1017—7156 and PSR J1045—4509: chromatic noise,
dominated by DM variations

InPSRJ1017—7156, we find a chromatic noise with x =2.29, which
is close to what we expect from DM variations. In PSR J1045—4509
we also find a similar chromatic noise with x = 1.82. When
chromatic noise is included in the noise model, we find no evidence
of DM noise in these two pulsars. We find InB in favour of
excess chromatic noise in addition to DM are 3.9 and 3.2 for
PSR J1017—7156 and PSR J1045—45009, respectively. We interpret
these noise processes, as dispersion measure variations on a similar
time-scale as scattering of radio pulses in the interstellar medium.
In Fig. 2, we provide maximum-likelihood reconstructions of the
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chromatic noise in PSR J1017—7156 and PSR J1045—45009, as well
as posterior distributions for chromatic noise parameters.

4.10 PSR J2145—0750: an achromatic exponential dip

Initially, we found a presence of spin noise in PSR J2145—0750,
which later disappeared after ECORR parameters were introduced.
The red noise spectrum of this pulsar was shallow, as found by Lentati
et al. (2016). The maximum-likelihood red noise realization of
PSR J2145—0750 contained a dip in timing residuals, like the ones
found in PSRs J0437—4715, J17134-0747, and J1643—1224. We
found In B = 30 in favour of the exponential dip on top of known
red noise in PSR J2145—0750. The dip persisted in the presence
of ECORR. Results of parameter estimation for exponential dip
parameters are presented in Fig. 5(e). Unlike the other exponential
dip events, the chromatic index x for the one in PSR J2145—-0750
is mostly consistent with zero. Additionally, we do not see any
significant pulse profile residuals for PSR J2145—0750 at around the
time of the event, which we show in Fig. 5(a). The absence of pulse
profile residuals could be either the consequence of its short spin
period (16 ms) or a different origin of the exponential dip. Although
evidence for spin noise is diminished after the inclusion of ECORR,
it seems possible to us that the exponential dip in PSR J2145—0750
is a feature of a more general non-power-law spin noise process in the
pulsar, distinct from other exponential dips that we find. Additionally,
whereas we measure the chromaticity x p of other exponential dips to
be non-zero, the exponential dip in PSR J2145—-0750 is completely
achromatic.

4.11 PSR J0437—-4715: profile evolution, profile events,
scattering variations, band and system noise

PSR J0437—4715 is by far the brightest millisecond pulsar at metre
and centimetre wavelengths. Its short-term timing is severely limited
by pulse jitter and self noise effects (Ostowski et al. 2011). The
pulsar is also susceptible to additional instrumental noise, introduced
through pulse profile distortions. Because of its brightness, the profile
can experience distortions, particularly when observed with the early
backends which had low bit depth. The level of the distortions
would depend on both frequency and date as the pulsar is subject to
diffractive and refractive scintillation. The polarization shows rapid
changes in time in the region of pulse phase close to the peak of the
pulse profile (Dai et al. 2015).

In PPTA-DR2, PSR J0437—4715 has the longest data span because
of the availability of early CPSR2 data. The timing data contains two
main important features that we present and try to account for.

The first one is related to the evolution of pulse profiles. After least-
squares fitting of the data to the timing model of DR2, we identified
a clear linear dependence of timing residuals on radio-frequency for
observing systems, as well as sub-systems, described in Section 3.3.4.
We conclude that regular FD parameters in the timing model for
PSR J0437—4715 do not allow this effect to be properly taken into
account, and we introduced the linear residual-frequency model in
equation (9) to serve this purpose. Before performing model selection
for band and system noise, we perform model selection for system-
specific frequency dependence. We find evidence for linear depen-
dence of residuals on radio frequency in these systems: PDFB_2 0CM,
CPSR2_.50CM, CASPSR_40CM, PDFBl_early_20CM, WB-
CORR_10CM, PDFB1.1433, PDFB1_10CM, PDFB_40CM. There-
fore, we include linear dependence of timing residuals on ra-
dio frequency for the above systems into the noise model of
PSR J0437—4715.
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Figure 5. Exponential dips and profile shape events. Top panel (5a): profile residuals (colour) as a function of pulse phase (¢) and year from PDFB4 observations
for PSRs J0437—4715 (10 cm), J171340747 (20cm), and J1643—1224 (10 cm). The red vertical lines correspond to the 1-o credible intervals of inferred
start times of chromatic exponential dips in the timing residuals. We also include PSR J2145—0750, where we identified an apparent exponential dip with x
consistent with zero. The yellow outliers can be caused by RFI missed by the data-processing pipeline, pulse signal-to-noise ratio (i.e. for J1713+0747, in early
2015). For J0437—4715, there is also a large profile distortion associated with the exponential event (discussed in Section 4.11). In panels below (5b, Sc, 5d, Se),
we provide posterior distributions for inferred exponential dip parameters: the time of the event 7, the chromatic index x, the duration 7, the amplitude A [s].
The posterior distributions for event times look uniform, but the event times are, in fact, well constrained to within a few ToAs. The shaded regions correspond

to 1D 1-o credible levels and 2D 1-o and 2-o credible levels.
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The second feature is the sudden change in the timing residuals
of PSR J0437—4715 around MJD 57070, which is correlated with
a change in the pulse profile. In Fig. 5, we plot the evolution
of timing residuals and profile residuals, to demonstrate the clear
connection between the two. In our model selection, we include
profile event, modelled by equation (6). Otherwise, the profile
event will be absorbed in stochastic component of the noise. We
find the chromaticity of the event to be consistent with zero. In
Fig. 5(a) we added an additional observation for J0437—4715 at
around the time of the event, which was initially flagged as an
RFI and looks like a hint of a yellow dot behind the red line.
Later we found that this observation causes an advance in pulse
arrival time across all three radio bands, which is not consistent with
a typical RFI. The timing residuals for this observation also line
up with the exponential event. Thus, there is a reason to consider
this observation the earliest observation of the exponential dip,
associated with the profile event. The additional observation, which
took place at MJD 57073, also separates exponential events for
J0437—4715 and J1643—1224 in time. Initially, errors for event
time estimates were overlapping, which may seem like a spurious
coincidence. The additional observation for J0437—4715 narrows
down the uncertainty, whereas MJD 57073 is ruled out by the data
from PSR J1643—1224.

Compared to the other PPTA pulsars, PSR J0437—4715 shows
the largest number of red noise processes. In the IPTA DR1 data
set, Lentati et al. (2016) found evidence of band noise in all bands
and system noise in CPSR2_20CM. In PPTA-DR2, consistent with
Lentati et al. (2016), we find evidence of red noise in CPSR2_20CM
system, and we also find red noise in three additional systems: WB-
CORR_10CM, CPSR2_10CM, CPSR2_50CM. We also find evidence
of band noise in both 20-cm and joint 40-50-cm data. On top of that,
we find excess chromatic noise with x consistent with 4. Maximum-
likelihood reconstruction of the red noise in PSR J0437—4715,
as well as the posterior distribution for power-law parameters of
the chromatic noise, are provided in Fig. 3. PSR J0437—4715 has
the lowest DM in the PPTA data set. It is surprising to identify
chromatic noise with a chromactic index close to what would be
expected from scattering variations. However this frequency scaling
is consistent with what would be predicted from angle of arrival
variations (Romani, Narayan & Blandford 1986; Cordes & Shannon
2010). An alternative possible origin of the chromatic noise could be
in the evolution of pulse profile. Our red noise analysis was conducted
after fitting for a second derivative of pulsar spin frequency, F2.

Given its high timing precision, PSR J0437—4715 provides great
sensitivity to gravitational waves. Future improvements to the noise
model for PSR J0437—4715 and profile-domain timing analyses
would provide further answers about the origin of chromatic noise
in this pulsar.

4.12 Evaluating the performance of the noise models

We can further test our models by analysing the distribution of timing
residuals after the subtraction of maximum-likelihood realizations of
red noise. Because ECORR noise is difficult to subtract, for pulsars
with ECORR we perform the tests after weighted-averaging sub-
banded times of arrivals. Because the ECORR terms are analytically
marginalized over arrival times, the procedure may result in excess
white noise after the subtraction. We normalize timing residuals by
dividing them by the corresponding ToA errors. If the models well
describe the data we would expect these residuals to be consistent
with Gaussian distribution with zero mean and unit variance. We
perform three tests to determine how Gaussian, uncorrelated, and
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Table 4. Tests of the noise models. Pulsars with ECORR parameters are
marked by asterisks. The second column shows Anderson-Darling statistic
(ADS), with the null hypothesis that the whitened timing residuals are de-
scribed by a normal distribution. Values smaller than 2.5 are within 95 per cent
confidence intervals and values smaller than 3.9 are within 99 percent
confidence intervals (Stephens 1974). PSRs J0437—4715, J1022+1001,
J1909—3744, J2241—5236 have the statistic value greater than 3.9. The third
column shows Ljung-Box statistic (LBS), with the null hypothesis that the
whitened timing residuals are uncorrelated in time. The fourth column reports
the p-values (LBp) that correspond to the Ljung-Box statistic values. We
choose a number of Ljung-Box lags to be equal to n, listed in Table 1. For
four PPTA PSRs we obtain a probability of whitened residuals of being
uncorrelated in time of less than 1 percent: J0437—4715, J171340747,
J1939+2134, J2124—3358. The last two columns contain Breusch-Pagan
statistic and corresponding p-values, with the null hypothesis that variance
of the whitened timing residuals is constant in time. Only two PSRs,
J0437—4715 and J2241-5236, have a statistically significant probability
of having non-stationary excess variance.

PSR ADS LBS LBp BPS BPp
J0437—4715* 274 997 2x107% 33908 8x 10773
J0613—0200* 24 124 5x1073 2.16 1x10°!
J0711—6830 04 81 6 x 107! 0.00 1 x 100
J1017—7156* 15 69 2x1072 0.88 3 x 107!
J1022+1001* 113 8  6x107! 1.56 2 x 107!
J1024—0719 03 109 4x1072 0.02 9 x 107!
J1045—4509 12 8  6x107! 0.03 9 x 107!
J1125-6014 02 78 4x107! 4.56 3 x 1072
J1446—4701* 04 56 1 x 107! 1.86 2 x 107!
J1545—-4550 04 41  5x107! 0.64 4% 107!
J1600—3053* 39 122 6x1073 0.14 7 x 107!
J1603—7202* 38 80 7x107! 9.46 2x 1073
J1643—1224 04 100 1x107! 0.15 7 x 107!
J171340747* 1.8 164 9x1077 2.98 8 x 1072
J1730—2304 05 8 5x107! 1.37 2 x 107!
J1732—-5049 09 46 4x107! 0.69 4% 107!
J1744—1134* 15 94  3x107! 0.26 6 x 107!
J1824—2452A* 36 93 2x107! 9.74 2x 1073
J1832—0836 04 50 2x1072 0.03 9 x 107!
J1857+0943 1.1 79  7x107! 0.26 6 x 107!
J1909—3744* 56 93  3x107! 1.00 3x 107!
J19394-2134* 1.7 153 9x10°° 2.27 1 x 107!
12124—3358 37 199 7x10°1 0.47 5% 107!
J2129-5721 03 55 1 x 100 1.88 2 x 107!
12145—-0750* 30 8  4x107! 1.27 3 x 107!
J2241-5236* 40 68 4x1072 5149 2x 10712

variance-stationary are whitened residuals of PPTA-DR2 pulsars.
The results are summarized in Table 4. We carry out the Anderson &
Darling (1952) test to determine if the distribution of timing residuals
is consistent with Gaussian distribution with zero mean and unit
variance. We find significant non-Gaussianity for PSRs J0437—-4715,
J10224-1001, J1909—-3744, J2241—-5236, with a probability of
whitened timing residuals being drawn from such distribution of
less than 1 percent. All of the above pulsars contain ECORR.
The distribution of whitened residuals of PSR J0437—4715 has a
mean of 0.05 and standard deviation of 1.12. The increased standard
deviation could mean that EFAC, EQUAD, and ECORR parameters
are insufficient to describe the white noise, or that the weighted
averaging of sub-banded observations does not represent ECORR
sufficiently well. We also test how white are the actual whitened
timing residuals with the help of the statistic derived by Ljung &
Box (1978). Four PSRs, J0437—-4715, 1171340747, 1193942134,
J2124—-3358, have a probability of being uncorrelated in time of less
than 1 per cent. Moreover, with the Breusch & Pagan (1979) test, we
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find that whitened residuals for PSRs J0437—4715 and J2241—-5236
have a probability of having temporally stationary variance? of less
than 1 percent. Overall, six pulsars did not pass the three tests
we discussed in this paragraph. Five of these pulsars have band
or system noise, described in Table 3 and Section 4.3, with y < 0.5.
For PSR J2124—-3358, we found evidence for band noise in 20-cm
data with y ~ 8, although we do not rule out that this low-frequency
red noise is pulsar spin noise (see discussion in Section 4.1). We
defer the further improvement of noise models for the above nine
pulsars to future work. The upcoming publication by Reardon et al.
(in preparation) will update the data set for J0437—4715, which
results in improved noise modelling.

5 CONCLUSION

We have robustly determined noise models for the PPTA DR2 pul-
sars, which include models for red noise processes (Tables 2, 1, and
3) and specific models for deterministic signals, described throughout
Section 4. These models can be used in timing analyses of the pulsars.

In our analysis we considered each pulsar independently.
Therefore, our red noise models may have absorbed spatially
correlated signals, such as the gravitational-wave background or
errors in Solar System ephemeris. For example, the low fluctuation
frequency red noise observed in PSRs J1713+4-0747 and J1909—-3744
can possibly be attributed to this. Although the processes could still
be detected with our noise models, either because of the fact that
they are correlated between pulsars or because of the non-power-law
model, some of our red noise terms may decrease the sensitivity
to these signals one is interested in studying. This effect can be
mitigated by the additional model comparison between the desired
signal and such red noise terms in our noise models that are likely
to be co-variant with the signal.

Due to the exceptional brightness and hence the high individual
pulse signal-to-noise ratio of PSR J0437—0715, pulse profile evolu-
tion becomes a significant noise component. We expect this source of
noise will become even more important for data from high-sensitivity
radio telescopes. An effective way to account for this noise is to
perform profile-domain timing. The methodology has been outlined
in Lentati et al. (2017).

We measured some band and system noise power-law indices to
be nearly zero, which indicates that the power-law model might not
be the best one to describe these noise processes.

Maximum-likelihood noise reconstructions and the tests, de-
scribed in Table 4, complement Bayesian inference and provide an
opportunity to validate noise models for current (Perera et al. 2019)
and future IPTA data releases.

Chromatic effects will become more apparent with the deployment
of future wide-band receiver systems. At Parkes, pulsar timing array
observations are being undertaken with the ultrawide-band (low)
receiver at Parkes (Hobbs et al. 2019), which records data over a
contiguous band from 700 MHz to 4.2 GHz. The MeerTime project
(Bailes et al. 2020) is currently conducting sensitive observations of
millisecond pulsars over an octave bandwidth. Wide-band systems
are planned or proposed for many additional telescopes as well.
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APPENDIX A: PRIOR PROBABILITY
DISTRIBUTIONS FOR THE PPTA DR2 NOISE
MODEL SELECTION

Noise and precision pulsar timing 491

Table Al. Priors used for our model selection study. In the top five rows
of the table we list priors for stochastic signals, described in Section 3.2.
In the remaining rows, we list priors for deterministic signals, described in

Section 3.3.

Parameter 6 (unit) PSR Prior 7(6)
EFAC All U(0.01, 10)
EQUAD (s) All log;o U(10783,1079)
A All log;o U(10720,1078)
y All U, 10)
X All U(0, 6)
Ag (s) All log;o U(10710,1072)
15 [MID] J171340747 (1) U(54500, 54900)
J1713+0747 (2) U(57500, 57520)
J1643—1224 U(57050, 57150)
J0437-4715 U(57050, 57150)
J2145-0750 U(56100, 56500)
XE All U-1,7
logiotg [MJD] J1713+0747 (1) U(logy 5, 3)
All U(log,y5,2)
Ag (5) J1603—7202 log;o U(107°,107")
1 [MJD] J1603—-7202 U(53710, 54070)
o [MID] J1603—7202 U(20, 140)
Ay (s) All log,o U(10719,1072)
by All U(0, 2)

APPENDIX B: CONSISTENCY BETWEEN
INFERENCES

‘We discussed different posterior sampling methods and Bayes factor
calculations methods throughout the paper. In this Section, we
comment on the consistency of these methods. We checked that
parameter estimation with POLYCHORDLITE and PTMCMCSAMPLER
yield consistent results. This is confirmed in Fig. B1, where we
show the posterior distributions derived for the chromatic noise in

= PyPolyChord
m PTMCMCSampler

Xc
g laip g

7%

£, 2

Yc
k4 t?ci’

<

Figure B1. Comparison of different methods of estimating noise parameters
for PSR J1045—4509. One set of posterior samples is obtained with PTMCM-
CSAMPLER and white noise parameters were set as free parameters. Another
set is obtained with POLYCHORDLITE and white noise parameters were fixed
at their maximum-posterior values, obtained as described in Section 4. The
two methods yield the same posterior distribution.
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PSR J1045—4509. We also checked that Bayes factors, calculated us- favour of 20-cm band noise and 1074 samples of the null hypothesis.
ing the product-space method using PTMCMCSAMPLER are consistent The equivalence between nested sampling and the product-space
with those, calculated from evidences, obtained with nested sampling method has also been discussed in Goncharov et al. (2020).

and POLYCHORDLITE. For example, the reported In/3 for 20-cm band
noise in PSR J2241—5236 is 6.3 was obtained from evidences with
POLYCHORDLITE. Using the product-space sampling method and
PTMCMCSAMPLER, we obtain InBB of 6.5, with 717 576 samples in

APPENDIX C: RED NOISE RECONSTRUCTION
FOR THE REMAINING PPTA DR2 PULSARS
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Figure C1. Maximum-likelihood realizations of time-correlated stochastic noise in pulsars. SN is the spin noise, BN is the band noise, GN is the system noise
(group noise), DM is the stochastic dispersion measure variations, and CN is the chromatic noise. Horizontal axes determine pulse arrival time in years (top)
and MJD (bottom), vertical axes determine timing residuals in ps (left-hand panel) with reference to 1400 MHz (right-hand panel).
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Figure C1. continued.

This paper has been typeset from a TEX/IATEX file prepared by the author.
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