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ABSTRACT

The Australian, Chinese, European, Indian, and North American pulsar timing array (PTA) collabo-

rations recently reported, at varying levels, evidence for the presence of a nanohertz gravitational wave

background (GWB). Given that each PTA made different choices in modeling their data, we perform

a comparison of the GWB and individual pulsar noise parameters across the results reported from the

PTAs that constitute the International Pulsar Timing Array (IPTA). We show that despite making

different modeling choices, there is no significant difference in the GWB parameters that are measured

by the different PTAs, agreeing within 1σ. The pulsar noise parameters are also consistent between

different PTAs for the majority of the pulsars included in these analyses. We bridge the differences in

modeling choices by adopting a standardized noise model for all pulsars and PTAs, finding that under

this model there is a reduction in the tension in the pulsar noise parameters. As part of this reanalysis,

we ”extended” each PTA’s data set by adding extra pulsars that were not timed by that PTA. Under

these extensions, we find better constraints on the GWB amplitude and a higher signal-to-noise ratio

for the Hellings and Downs correlations. These extensions serve as a prelude to the benefits offered by

a full combination of data across all pulsars in the IPTA, i.e., the IPTA’s Data Release 3, which will

involve not just adding in additional pulsars, but also including data from all three PTAs where any

given pulsar is timed by more than as single PTA.

1. INTRODUCTION

Pulsar timing arrays (PTAs) seek to detect low fre-

quency gravitational waves (GW) by monitoring a col-

lection of millisecond radio pulsars (Foster & Backer

1990). When a GW is incident on a PTA it induces shifts

in the times of arrival of radio pulses. These shifts are

correlated between pairs of pulsars depending on their

angular separation, known as the Helling-Downs (HD)

correlations (Hellings & Downs 1983).

The most likely source of low frequency GWs are su-

permassive black hole binaries (SMBHB), although cos-

mological and other more exotic sources are also possible

(Burke-Spolaor et al. 2019, and references therein). It is

expected that an ensemble of SMBHBs can generate a

stochastic gravitational wave background (GWB) that

could be detected first, followed by the detection of indi-

vidually resolvable SMBHB sources (Rosado et al. 2015).

The spectrum of a stochastic GWB of SMBHB origin is
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affected by the evolution of SMBHBs and their environ-

ments (Taylor et al. 2017). In the case of purely GW-

driven evolution the pulsar timing residuals induced by

the GWB follow a power law with a spectral index of

γ = 13/3 in the convention used in this work, although

more realistic backgrounds can deviate from this expec-

tation (Phinney 2001; Sesana et al. 2008; Bécsy et al.

2022).

Currently several independent groups organized by

region are operating PTAs. The International Pulsar

Timing Array (IPTA, Verbiest et al. 2016) is a consor-

tium of four PTAs: The European PTA (EPTA, Desvi-

gnes et al. 2016), the Indian PTA (InPTA, Joshi et al.

2018), the North American Nanohertz Observatory for

Gravitational waves (NANOGrav, Ransom et al. 2019),

and the Australia based Parkes PTA(PPTA, Manchester

et al. 2013). Additionally the Chinese PTA (CPTA, Lee

2016) and MeerKAT PTA (Miles et al. 2023) are not

yet IPTA members, but have observer status within the

IPTA.

In 2020 and 2021, the EPTA, NANOGrav, and PPTA

reported the discovery of a common uncorrelated red

noise (CURN) process in their data, but showed no ev-

idence for or against HD correlations (Chen et al. 2021;
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Arzoumanian et al. 2020; Goncharov et al. 2021). These

results were supported by the analysis of the second data

release of the IPTA, a combination of older data from

these three PTAs, where a consistent CURN process was

also found (Perera et al. 2019; Antoniadis et al. 2022).

In Antoniadis et al. (2023a, hereafter EPTA+InPTA),

Agazie et al. (2023a, hereafter NANOGrav), and Rear-

don et al. (2023a, hereafter PPTA), IPTA members pre-

sented analyses of their most recent data sets and report

evidence for an HD correlated GWB with varying levels

of significance. In this work we compare the results from

these three studies: describing key features and results

of the published data sets in section 2, outlining the sig-

nal and noise models in section 3, comparing the proper-

ties of the GWB using published posterior samples and

a new factorized analysis in section 4, and comparing in-

dividual pulsar noise properties in section 5. Finally, in

section 6 we extend each PTA by adding in pulsars that

are not timed by that PTA in a “pseudo-IPTA” com-

bination using the factorized likelihood method. Note

that this is different from a full data combination, cur-

rently underway as part of IPTA’s third data release

(IPTA-DR3), where the data from every PTA will be

combined for each single pulsar using a unified timing

and noise model.

The CPTA also reported on an HD correlated GWB

in Xu et al. (2023), that appears broadly consistent with

the other PTAs. Unfortunately, we did not have access

to those data and were unable to include their results in

our study.

2. DATA SETS AND PUBLISHED RESULTS

2.1. EPTA+InPTA

EPTA+InPTA reported results from several permuta-

tions of the second data release of the EPTA (Antoniadis

et al. 2023b). In this work we consider the analysis using

the data EPTA+InPTA named EPTA DR2new+. This

data set contains the most recent 10.3 yr of EPTA ob-

servations for 25 pulsars. For 10 of these pulsars, about

3.5 yr of additional observations from InPTA were com-

bined. The resulting combination has a total time span

of about 11 yr.

The older EPTA data were excluded, because they

were collected using legacy observing systems. These

observations had narrow radio bandwidths and were

mostly collected at L-band (1400 MHz) only. The lack

of radio frequency coverage led to a covariance between

dispersion measure variations and achromatic red noise,

potentially polluting the GW information.

EPTA+InPTA reported a Bayes factor of about 60

in favor of HD correlated GWB over CURN. This cor-

responds to a false alarm probability of about 10−3

(3σ). Assuming a power law with fixed spectral in-

dex of 13/3, EPTA+InPTA recovered an amplitude

(2.5 ± 0.7) × 10−15 at a reference frequency of 1 yr−1

(median and 90% C.I.).

2.2. NANOGrav

NANOGrav analyzed the NANOGrav 15 yr data set,

which contains observations of 68 pulsars (Agazie et al.

2023b). One pulsar was excluded from the GWB anal-

ysis, having less than 3 yr of observations.

NANOGrav reported a Bayes factor of about 200 in

favor of HD correlated GWB over CURN. This corre-

sponds to a false alarm probability of about 10−3 or

5 × 10−5 (3 − 4σ), depending on the background esti-

mation method. Assuming a power law with fixed spec-

tral index of 13/3, NANOGrav recovered an amplitude

2.4+0.7
−0.6 × 10−15 at a reference frequency of 1 yr−1 (me-

dian and 90% C.I.).

2.3. PPTA

PPTA analyzed the third data release of the PPTA,

using observations of 32 pulsars over 18 years (Zic et al.

2023). Two pulsars were excluded from the GWB analy-

sis because of the lack of data for one, and the presence

of strong steep red noise for the other. The full data

release contains additional legacy data, which was also

excluded from the GWB analysis.

PPTA reported a Bayes factor of about 1.5 in favor of

HD correlated GWB over CURN and a false alarm prob-

ability of 0.02 (2σ) based on a likelihood ratio statistic.

Assuming a power law with fixed spectral index of 13/3,

PPTA recovered an amplitude 2.0+0.3
−0.2 × 10−15 at a ref-

erence frequency of 1 yr−1 (median and 68% C.I.).

2.4. Analysis methods

The comparisons of published results reported in this

work used samples collected by each PTA from relevant

posterior distributions. EPTA+InPTA, NANOGrav,

and PPTA all used the enterprise software pack-

age to evaluate the likelihood and priors (Ellis et al.

2020; Johnson et al. 2023), and all three PTAs used

PTMCMCSampler to collect Markov chain Monte Carlo

(MCMC) samples (Ellis & van Haasteren 2017). All

new MCMC runs for this work were conducted using the

same enterprise and PTMCMCSampler software stack.

3. SIGNAL AND NOISE MODELS

In three series of papers the PTAs presented a vari-

ety of analyses using different signal and noise models.

Here we discuss the basic models used and point out

where different PTAs do things differently. For a com-

prehensive look at the noise modeling done by each PTA
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see Antoniadis et al. (2023c), Agazie et al. (2023c), and

Reardon et al. (2023b).

3.1. Published analyses

Each PTA modeled the GWB as a power law Fourier

basis Gaussian process (GP) with HD correlations

(Lentati et al. 2013; van Haasteren et al. 2009) . The

hyper parameters log10 AHD and γHD set the characteris-

tic amplitude and spectral index of the power law, which

acts as a prior on the Fourier coefficients, which describe

the spectrum of the GWB. Each PTA set the funda-

mental frequency of their Fourier basis as the inverse

total observation time, 1/Tobs, however each PTA had a

different Tobs resulting in different sampled frequencies.

Each PTA performed an analysis to determine the num-

ber of frequencies across which there was a significant

signal in their data, and based on this used 9, 14 and

28 frequencies in the GWB model for EPTA+InPTA,

NANOGrav, and PPTA, respectively. This corresponds

to frequency ranges of about 3−28, 2−30, and 1.7−47

nHz, for the same.

Each PTA used a similar power law Fourier basis

GP to model intrinsic pulsar red noise (RN). Like the

GWB, this noise is achromatic: it does not depend on

the radio frequency of the observation. Each pulsar

had two parameters log10 ARN and γRN, which char-

acterize the power law. The fundamental Fourier fre-

quency for RN matched that for GWB for NANOGrav,

while it varied from pulsar to pulsar for EPTA+InPTA

and PPTA, corresponding to the observation time of

each pulsar. NANOGrav used 30 frequencies to model

RN and included RN for every pulsar in their ar-

ray. EPTA+InPTA performed Bayesian model selec-

tion to determine the noise models and related opti-

mal number of frequencies to use for each pulsar. Pul-

sars with steeper RN spectra required fewer frequen-

cies, the minimum being 10, whereas pulsars with shal-

lower RN spectra required more, the maximum chosen

being nearly 150. For some pulsars there was no in-

trinsic RN detected, so this model was not used for

those pulsars. PPTA set the maximum RN frequency

to 1/(240 day). For some pulsars PPTA added an ad-

ditional high-frequency achromatic noise, modeled as a

power law with, maximum frequency 1/(30 day). This

combined model had a steep low frequency spectrum,

and a shallow (but not flat) high frequency spectrum.

One of the main sources of noise in pulsar timing data

are dispersion measure (DM) variations that induce a

chromatic (i.e., dependent on the radio frequency ν) de-

lay in the pulse times of arrival proportional to ν−2.

EPTA+InPTA and PPTA used a power law Fourier

basis GP to model stochastic DM variations, known

as DMGP. Again each pulsar gained two parameters

log10 ADM and γDM, which characterized the power law

spectrum of deviations away from an initial determinis-

tic fit. The deterministic component included a second

order Taylor series fit to the DM and a solar wind model,

which took into account the relative position of the sun

and pulsar when an observation was made.

EPTA+InPTA performed model selection to deter-

mine which pulsars experienced measurable DM varia-

tions and to set the number of Fourier frequencies used.

PPTA set a maximum frequency of 1/(60 day).

For seven and one of their pulsars, respectively,

PPTA and EPTA+InPTA included an additional non-

dispersive chromatic variation model, scattering noise,

which modeled time delays with a ν−4 radio-frequency

dependence. This model used the same power law GP

framework. For each pulsar with scattering noise PPTA

also added a band noise model, an additional achromatic

RN GP that affects only the lowest radio frequency

band, ν < 960 MHz. This band noise accounted for ex-

cess noise that arose due to assuming a fixed chromatic

scaling, ν−4, in the scatter component.

The main NANOGrav results we considered in this

work did not use a DMGP, instead using the DMX

model to account for DM variations. DMX is a piece-

wise fit that determines a constant DM for each group

of observations that occur near each other in time, effec-

tively fitting a new DM for each pulsar every ∼ 6 days.

This fit was part of the pulsar timing model and was

analytically marginalized as part of the GWB search.

PPTA also included additional system noise to model

time-varying instrumental noise for five pulsars. This

model used the achromatic power law GP framework,

but applied only to observations made with a particular

observing system.

3.2. Factorized likelihood analysis

As described above, the three data sets were pro-

cessed using distinct timing pipelines, different model-

ing choices, and even different Fourier bases when the

same models were used. To alleviate these procedural

differences, we used the factorized likelihood approach

(Taylor et al. 2022) to model all the pulsars from the

different data sets using a standardized noise model.

Despite the possibility that this choice might be sub-

optimal for some pulsars, this allowed us to make a

more direct comparison between the properties of the

noise and the GWB as seen by the difference PTAs.

In the factorized likelihood analyses, we used the

NANOGrav 15 yr data set (Agazie et al. 2023b), the

PPTA DR3 (Reardon et al. 2023a), and the DR2New+

data set, which is a combination of the newest EPTA
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data with the InPTA data (Antoniadis et al. 2023a).

For these data sets, we selected a global time span

based on the longest observed pulsar in the data set,

Tspan = 18.9 yrs. This Tspan was used to define the fun-

damental frequency for all models with a Fourier domain

GP. The frequencies in all Fourier bases were integer

multiples f = n/Tspan, where n = 1, 2, 3, . . . , nmax.

The standardized noise model contained four pieces:

intrinsic pulsar RN, interstellar DM variations, a deter-

ministic solar wind model, and a fixed spectral index

CURN to account for the GWB. The intrinsic RN was

modeled using nmax = 30 Fourier components for all

pulsars. Each pulsar had two hyperparameters charac-

terizing the spectrum: amplitude, log10 ARN, and spec-

tral index, γRN. We modeled the DM variations in each

pulsar using a nmax = 100 component power law GP

(e.g., Antoniadis et al. 2023c). This necessitated the

removal of the DMX parameters in the pulsar timing

models provided by NANOGrav, which were replaced

by Taylor series expansions of DM up to a second or-

der polynomial term, matching the DM modeling done

by EPTA+InPTA and PPTA. Each pulsar had two ad-

ditional hyperparameters characterizing the DM varia-

tion spectrum: amplitude, log10 ADM, and spectral in-

dex, γDM. The deterministic solar wind was modeled as

described in Hazboun et al. (2022), with the solar wind

free electron density at the earth, nEarth, as the only free

parameter. The pulsar J1713+0747 has shown evidence

for multiple chromatic events, causing sudden radio fre-

quency dependent delays that relax over time, and two

of these events are contained within the data sets ana-

lyzed here. We modeled these events as a deterministic

exponential delay, where the amplitude, epoch, recovery

time scale, and radio frequency dependence (i.e., ν−x)

are parameters of the model (Antoniadis et al. 2022,

2023c). Finally, the CURN was modeled as a power

law process with nmax = 15 Fourier components and a

fixed spectral index of γCURN = 13/3. The amplitude,

log10 ACURN, was left as a free parameter. After the

individual pulsar analyses were completed the posterior

distributions for the individual log10 ACURNs were com-

bined to determine a truly joint posterior for the CURN

amplitude.

4. COMPARING GWB PROPERTIES

4.1. Comparing the published GWB measurements

In previous IPTA work we compared the posterior dis-

tributions of GWB parameters as observed by different

PTAs using the Mahalanobis distance, which assumes

the posteriors to be multivariate Gaussian distributions

(Antoniadis et al. 2022). In this work we adopted a non-

Gaussian tension metric proposed by Raveri & Doux

(2021) to assess the tension between the posterior dis-

tributions, obtained by different PTAs. To compute the

metric, one first constructs a difference distribution by

drawing a sample from each posterior distribution and

taking the difference between the two, resulting in a sin-

gle point of the difference distribution. This process is

repeated until the difference distribution is sufficiently

mapped. Thereafter, one determines the probability

that the difference is zero by integration. The tension

metric is then the Gaussian-equivalent “σ” value cor-

responding to the zero-difference probability. We per-

formed a detailed comparison of all GWB and noise pa-

rameters using a modified version of the tensiometer1

package, some of which is presented here. The full com-

parison including visualizations for all GWB and noise

parameters is available as supplementary material2.

In EPTA+InPTA, NANOGrav, and PPTA each PTA

searched for an HD correlated GWB with a power law

spectrum described by a spectral slope, γ, and charac-

teristic amplitude, log10 A. The 2D marginal posterior

for these parameters from each PTA is shown in the

right panel of Figure 1. To determine the joint poste-

rior, we computed the simple intersection of the three

individual PTA posterior distributions, by multiplying

them and renormalizing. We did not weight the individ-

ual distributions in any way during this process. This

is not, strictly speaking, fair as the posteriors are not

independent, some of the pulsars were observed by mul-

tiple PTAs. However, this simplistic combination shows

that combining the output of the three experiments can

provide an improvement in parameter estimation.

The left panel of Figure 1 shows the free spectral pos-

teriors from each PTA. The individual violins show the

measured HD correlated GWB amplitude at the corre-

sponding frequency. Additionally, the joint power law

GWB posterior spectrum is plotted using the median

parameters, showing it to be in good agreement with

the individual free spectral results.

Figure 2 shows the difference distributions for the

power law GWB parameters for each pair of PTAs as

computed by tensiometer. There is excellent agree-

ment between all three pairs as the tension metric is less

than 1σ in all. Note that EPTA+InPTA had the widest

posterior distribution resulting in wider difference distri-

butions for the two combinations involving those data.

While the numerical difference between NANOGrav and

PPTA is small, the tension is larger owing to the nar-

rower posterior distributions.

1 https://github.com/mraveri/tensiometer
2 https://gitlab.com/IPTA/3pplus comparison results

https://github.com/mraveri/tensiometer
https://gitlab.com/IPTA/3pplus_comparison_results
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4.2. Comparing the GWB sensitivity of PTAs

A commonly used measure of GW detector perfor-

mance is a frequency-dependent ‘sensitivity curve’. This

metric, which estimates the smallest amplitude of a GW

induced signal that a detector would detect, is often used

in the GW community to assess detector performance

(see Moore et al. 2014; Hazboun et al. 2019b; Kaiser &

McWilliams 2021, and references therein). The hasasia

(Hazboun et al. 2019a) package offers a means to effi-

ciently compute such curves for PTAs. Specifically, the

sensitivity curves we compare here are the sensitivity to

interpulsar cross-correlations induced in the PTA by a

GWB. As input, hasasia uses the original time of ar-

rival data and the median noise parameters for all noise

processes, including the GWB auto-correlations which

act as noise when trying to detect the cross-correlations.

In order to generate sensitivity curves for

EPTA+InPTA and PPTA, we made a few modifica-

tions to hasasia. This is because hasasia accounts

for white noise and achromatic RN only. For analyses

like NANOGrav, which modeled DM variations using

DMX (which appears in the timing model) this is suf-

ficient, but it is not for analyses that use DMGP, like
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Figure 3. Estimated sensitivity to the characteristic strain
induced by a GWB as a function of GW frequency. The
dashed line shows a power law spectrum as determined by
the joint 2D power law posterior median from the right panel
of Figure 1.

EPTA+InPTA and PPTA. The system and band noise

models used by PPTA must also be accounted for3.

The three resulting sensitivity curves are presented in

Figure 3 and show the relative sensitivity of the PTA

data sets. The general behavior of the curves follows

the simple expectations based on the intrinsic prop-

erties of each data set. The differing low frequency

sensitivity supports the reported evidence from each

PTA for the presence of an HD correlated GWB sig-

nal. The NANOGrav data set shows the best low fre-

quency sensitivity, reaching slightly lower frequencies

than EPTA+InPTA due to the longer observing baseline

of analyzed data. The PPTA data set which spans the

longest time extends to the lowest frequencies but does

not achieve the same low frequency sensitivity as the

other two. At the higher frequencies, the EPTA+InPTA

and PPTA data sets are more sensitive than NANOGrav

due to their higher observing cadences with observa-

tions occurring every ∼ 3 and ∼ 7 days, respectively.

NANOGrav suffers at the high frequency end due to its

lower observing cadence of roughly 30 or 14 days, de-

pending on the pulsar.

3 The PPTA also included a model for the variable DM delay from
the solar wind, which has been left out in this analysis for sim-
plicity, and produces the small ‘bump’ at ∼2.76 nHz in the PPTA
sensitivity curve.

Figure 4. Amplitudes of CURN recovered using the factor-
ized likelihood method. Extended data sets are also shown,
where the pulsars of one data set are added to the another,
without repeating pulsars. The boxes contain 68% of the dis-
tribution mass, and the center line marks the median. The
whiskers contain 95% of the distribution mass.

4.3. Comparison using standardized noise models

4.3.1. Common uncorrelated red noise amplitude

In order to make a fair comparison of the observed

GWB properties we reanalyzed each PTA’s data us-

ing the standardized noise models described in subsec-

tion 3.2. In place of a full Bayesian analysis search-

ing for HD correlated GWB, which is computationally

expensive, we used the factorized likelihood approach.

Using this method individual pulsars were analyzed in-

dependently in parallel and the results combined to ar-

rive at a posterior distribution for the amplitude of

CURN, log10 ACURN, assuming a fixed spectral index

of γCURN = 13/3. This method did not include inter-

pulsar cross-correlations, but acted as a good proxy to

quickly determine the spectral properties of a common

signal like the GWB.

We applied the standardized noise model described

in subsection 3.2 to every pulsar with a timing base-

line longer than 3 years. Only 4 pulsars were dropped

due to this time cutoff: J0614−3329 from NANOGrav

and J0900−3144, J1741+1351, and J1902−5105 were

dropped from PPTA. Each pulsar was independently an-

alyzed and the posteriors for the pulsars from a given

PTA were combined, resulting in the CURN posteriors

shown in color in Figure 4. There is broad agreement

between the PTAs, and these new results agree well with

the fixed spectral index GWB amplitude reported by the

PTAs and stated in section 2. The black boxes in Fig-

ure 4 are based on extending the individual PTA data

sets and will be discussed in subsection 6.2.
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4.3.2. Dropout factors

The factorized likelihood method can also be used to

determine a pulsar’s level of support, or lack thereof, for

the CURN seen by the rest of the array (Aggarwal et al.

2019; Taylor et al. 2022; Arzoumanian et al. 2020). This

is done by using leave-one-out cross validation, compar-

ing the ratio of Bayesian evidence for a CURN seen by

the entire array versus that of the array without the

pulsar in question. This calculation gives a dropout fac-

tor (DF) for each pulsar, where a DF greater than one

means that the pulsar is consistent with the common

signal seen by the rest of the PTA, and a DF less than

one means that the pulsar is in tension with the rest of

the PTA. A DF near one means that the pulsar does not

have strong support for or against the common signal.

The left panel of Figure 5 shows the distribution of

DFs for each PTA. Many pulsars, particularly those

with short observing baselines, had a DF near unity.

The right panel of Figure 5 shows the DFs for all pul-

sars observed by more than one PTA, with uncertain-

ties determined by bootstrap resampling (which are very

small). There are notable discrepancies for several pul-

sars examined. In some cases the differences were driven

by observation time. If a PTA had a short observ-

ing baseline for a pulsar, it should not be sensitive to

low frequency effects, and it should have no support for

or against CURN. This was seen in J0030+0451 where

PPTA have only 4 yr of data, and the other two PTAs

have more than 10 yr. In J2124−3358 the case was

reversed with NANOGrav having only 3.5 yr of data.

Three additional pulsars J1744−1134, J1600−3053, and

J1857+0943 were observed with long timing baselines

by each PTA, but this analysis resulted in disagreement

in the DF among the PTAs. Understanding these dif-

ferences will be an important use for the forthcoming

IPTA-DR3. In some cases there was broad agreement,

with pulsars like J1909-3744 and J1024-0719 having DFs

greater than 1 and less than 1 for all PTAs, respec-

tively. Interestingly, J1713+0747 had a high dropout

factor when using the PPTA data in this analysis, while

in PPTA it had the lowest support for CURN. The dif-

ference is likely attributed to noise modeling. Our stan-

dardized noise model differs from the one employed in

PPTA, where several additional components were mod-

eled.

4.4. Comparing interpulsar correlations

Included in both the EPTA and NANOGrav analyses

were searches for cross-correlation signals using a fre-

quentist approach called the optimal statistic (Anholm

et al. 2009; Chamberlin et al. 2015). This approach esti-

mates the power of a cross-correlated GWB signal, Â2
gw,

by using a variance weighted least squares fit of indi-

vidual pulsar pair correlated power. This results in a

signal-to-noise ratio (SNR) for a cross-correlated GWB.

The noise marginalized optimal statistic (NMOS) takes

into account the posterior spread of the noise and CURN

resulting in a distribution of Â2
gw and SNRs (Vigeland

et al. 2018).

Note that Romano et al. (2021) showed that the Â2
gw

recovery is biased in cases where the amplitude has a

comparable effect on the residuals as the noise. This can

be attributed to the fact that the optimal statistic does

not account for pulsar pair covariances from a common

GWB. However, the use of SNR as a detection statistic

is still valid. As a result, we will focus only on the SNR

calculated using the optimal statistic framework.

The process of using a factorized likelihood analysis

with the NMOS has been detailed within Taylor et al.

(2022). In this case we chose to marginalize over the

CURN and the intrinsic pulsar RN only, while holding

the DMGP parameters fixed at their maximum likeli-

hood values to reduce the computational complexity of

the process. The resulting SNR distributions for each

PTA are shown with colors in Figure 6. We measuree

a median SNR of 2.2, 4.9, and 1.0 for EPTA+InPTA,

NANOGrav, and PPTA, respectively. The black boxes

show extended data sets that will be discussed in sub-

section 6.2.

When comparing these NMOS results with those pub-

lished by NANOGrav and EPTA+InPTA, there are

some discrepancies. For EPTA+InPTA there was a

decrease in SNR from around 4 to just over 2, while

for NANOGrav, there was an increase in SNR from

roughly 4 to 5. Both of these differences could be

attributed to the differences in pulsar noise modeling.

Our analysis modeled each pulsar with the standard-

ized noise model, using a Fourier basis set with a time

span of just under 19 years. This is in contrast to

the EPTA+InPTA published results in which they used

data-driven customized noise models for each pulsar.

This, combined with the fact that the time span used

to define the Fourier basis here was significantly longer

than the EPTA+InPTA data set may explain the overall

lower SNR. For NANOGrav, our use of DMGP differed

from the fiducial DMX model and could account for our

observed increase in SNR.

5. COMPARING PULSAR NOISE PROPERTIES

While white noise arises during a particular observa-

tion and is partially associated with instrumental effects,

other noise and signals can be astrophysical in nature

and should be seen by all PTAs. As discussed in sec-

tion 3 each PTA had its own methods to model noise.
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Figure 5. left : The distribution of dropout factors (DF) for each PTA. DF is a measure of a pulsar’s support for (> 1) or
against (< 1) CURN. The majority of pulsars have a DF of one, neither supporting nor rejecting the CURN seen by the rest
of the array. right : DFs for pulsars that are observed by more than one PTA, allowing for data set comparison under the
standardized noise model. There are serious discrepancies for many of the pulsars, indicating the importance for fully combining
the data set in IPTA-DR3

Figure 6. The noise marginalized optimal statistic distri-
butions of signal-to-noise ratio (SNR) for each single and
combination of PTAs represented as box and whiskers. The
boxes contain 50% of the distribution mass, and the cen-
ter line marks the median. The whiskers contain 95% of
the distribution mass. Note that the SNR measured for
the EPTA+InPTA dataset is lower than that reported in
EPTA+InPTA due to our choice of Fourier basis frequencies
being sub-optimal for that dataset.

Whatever the method, each PTA accounted for the two

main expected noise components: achromatic RN in-

trinsic to each pulsar and DM variations, respectively

referred as ‘RN’ and ‘DM’ in what follows. Checking for

consistency in these recovered noise model parameter

posteriors acts as a further check of agreement between

individual PTAs. It should be noted that our standard-

ized noise models differ from the noise modeling done

by each PTA. In particular they are simpler than those

used by EPTA+InPTA and PPTA and may not be the

ideal noise model for many of the pulsars considered.

There are 11 pulsars that were present in all the

three data sets, and 10, 1, and 5 pulsars were shared

among EPTA+InPTA and NANOGrav, EPTA+InPTA

and PPTA, and NANOGrav and PPTA, respectively (cf.

Figure 9). Here we compare their noise properties mea-

sured with each data set (1) as reported in the published

posterior samples from noise analyses and (2) from new

noise analyses that used the standardized models de-

scribed in subsection 3.2, but omitting the CURN com-

ponent, marginalizing over solar wind electron density

error from the timing model, and setting the fundamen-

tal Fourier frequency to be 1/Tall, with Tall the time

duration between the first and the last observing epoch

among all data sets.

Table 1 shows the tension metric computed for the 27

pulsars which were observed by multiple PTAs. For each

pair of PTAs, the tensions for the RN (∆RN) and the

DM variations (∆DM) 2D posterior distributions as re-

ported in the published results (left) and obtained with

the new analysis (right) are shown. The large major-

ity of cases showed consistent results among the PTAs

for both RN and DM variations. For most cases, the

consistency was improved with the new analysis using

standardized noise models. For some pulsars, significant

tension can be explained by differences in observing time
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span or differences in observed radio bandwidth. The

tensions ≥ 3σ are highlighted in the table, and the main

discrepancies are discussed in more detail below.

When comparing the published results of

EPTA+InPTA and NANOGrav, only the RN of PSR

J1012+5307 has a significant tension (here > 3.5σ),

which is greatly reduced when using the standardized

noise models. Figure 7 shows the time-domain reali-

sations of the achromatic RN from the new analysis,

which shows common features between the two data

sets that are consistent with those reported in Anto-

niadis et al. (2023c). The tension of 2.3σ for RN of

PSR J1857+0943 reflects the fact that the achromatic

red noise is well constrained for NANOGrav but not for

EPTA+InPTA. The tension between DM variations are

measured at 1.1σ and ≥ 3.5σ, respectively, for PSRs

J2322+2057 and J1730−2304. The latter is likely due

to the difference in observing time span that is less

than 4 years for NANOGrav and more than 10 years

for EPTA+InPTA. A detailed explanation for the re-

maining pulsars with tensions ≥ 1σ: PSRs J0030+0451,

J0613−0200, J1022+1001, J1640+2224, J1713+0747,

J1744−1134 and J2124−3358, is provided below.

Comparing the published results of EPTA+InPTA

and PPTA, we observed 2 and 6 tensions larger than 1σ

for RN and DM variations, respectively. The use of stan-

dardized noise models significantly reduced the tension

in RN for both PSRs J0900−3144 and J1713+0747, and

the tension in DM for PSRs J1022+1001, J1713+0747,

J1744−1134, J1909-3744 and J2124−3358. However, it

did not improve DM consistency for PSR J0613−0200.

Interestingly, the tension grew for the RN of PSRs

J1022+1001 and J1909−3744 and for the DM of

J1600−3053 and J1857+0943. Nevertheless, the time-

domain realizations for the three latter were highly con-

sistent between EPTA+InPTA and PPTA. The slight

discrepancy (< 2σ) in the noise parameter posteriors

for these pulsars was likely caused by the significant dif-

ference of observing time spans.

The tension between the published RN posteriors in

NANOGrav and PPTA were larger than 1σ for 6 pul-

sars, and significantly reduced after using standardized

noise models for 5 of them. This clearly shows how im-

portant the choice of noise modeling is on the observed

RN, which for the noise analysis implicitly included any

GWB signal. The new noise analysis resulted in more

tension for PSRs J0613−0200 and J1744−1134, which

are discussed below. The shorter observing time span

of NANOGrav for PSRs J1730−2304 (∼ 3 yrs vs. > 17

yrs) and J0437−4715 (∼ 5 yrs against > 15 yrs) was

very likely the cause of the large tension for these two

pulsars. For PSR J1832−0836, the tension of 2.4σ for

DM is likely caused by a lack of cadence and radio fre-

quency coverage for PPTA.

Let us now focus on the main remaining inconsisten-

cies:

• PSR J0030+0451 − This pulsar is known for

its low ecliptic latitude, yielding significant so-

lar wind effects that contribute to DM variations.

The measured RN was consistent among the 3

data sets (< 1σ). However, the posterior distri-

butions for the DM were fully unconstrained for

EPTA+InPTA and PPTA and highly constrained

to a flat power law for the NANOGrav. The lack

of sensitivity was likely caused by the low radio

frequency resolution for EPTA+InPTA and due

to the short observing time span for PPTA (∼ 4

yrs).

• PSR J0613−0200 − The DM variations were

highly consistent between NANOGrav and PPTA

(0.7σ), but EPTA+InPTA displays a flatter spec-

trum power law. This difference was likely caused

by a longer time span of low radio frequency (< 1

GHz) observations for the former two PTAs. The

tension metric for the RN showed greater consis-

tency between EPTA+InPTA and PPTA than for

NANOGrav. However, the posterior distribution

was poorly constrained for EPTA+InPTA and was

constrained to differing values in the other two, as

seen in Figure 7. Despite this, the time-domain re-

alizations in Figure 7 show a consistent long term

trend for NANOGrav and PPTA.

• PSR J1022+1001 − Observations of this pul-

sar are more affected by the solar wind due to

its low ecliptic latitude (Tiburzi et al. 2021). It

also exhibits behavior consistent with profile evo-

lution (Padmanabh et al. 2020, and references

therein). Both of these factors made its chro-

matic and achromatic noise components more dif-

ficult to model than other pulsars. When using

the standardized noise models, the DM variations

between EPTA+InPTA and PPTA were broadly

consistent (2σ). The short observing time span

for NANOGrav (∼ 5 yr) compared with the two

other (> 10 yr) was a potential cause for the ob-

served tension, yielding a consistent spectral slope,

but a higher amplitude at 1 yr−1. The RN was

poorly constrained for both EPTA+InPTA and

NANOGrav. When using standardized noise mod-

els, the tension between EPTA+InPTA and PPTA

increased from < 0.1 to 2.5σ, with the posterior

distribution changing from unconstrained to con-

strained to a flat power law for PPTA.
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• PSR J1640+2224 − The tension metric for the

RN was only 0.2σ between EPTA+InPTA and

NANOGrav, where the former was unconstrained

and the latter found a slightly constrained steep

power law. However, the DM variations had a ten-

sion of 2.3σ, where EPTA+InPTA had a broader

constraint for a very flat power law. As expected,

we observed a better constrained posterior distri-

bution on DM variations for NANOGrav, which

had better radio frequency coverage, with low-

frequency data (< 500 MHz) for all of the observ-

ing time span. This pulsar was not part of PPTA

DR3.

• PSR J1713+0747 − The DM variation param-

eters were highly constrained and mainly consis-

tent for the three data sets. The tension of 1.9σ

between NANOGrav and PPTA reflects the differ-

ence in the amplitude that was slightly larger for

the latter. All the tensions for the RN are also less

than 2σ, but slight differences were observed. The

RN power law was flatter for EPTA+InPTA com-

pared with the two others. Despite the very low

tension (< 0.1σ) between NANOGrav and PPTA,

the posterior distributions contained visible differ-

ences: while the first was constrained to a single

peak, the second was bimodal, with one mode con-

sistent with NANOGrav, and the second favoring

a steeper power law (γ > 4.5).

• PSR J1744−1134 − The constraints on DM

variations were very consistent among the three

data sets. Despite the low tension metric for the

RN, we observed different behavior for each data

set: unconstrained for EPTA+InPTA, steep power

law broadly constrained for NANOGrav and flat

power law highly constrained for PPTA.

• PSR J2124−3358 − The RN was consistent

among the three data sets, being fully uncon-

strained for EPTA+InPTA and NANOGrav, while

poorly constrained to a steep power law with

PPTA. This behavior appears to be driven by the

data set time spans which are ∼ 4, ∼ 10 and

> 17 years for NANOGrav, EPTA+InPTA and

PPTA, respectively. However, the DM variations

were fully unconstrained for PPTA and poorly

constrained for the two others, favoring flat power

laws.

The use of standardized noise models allowed us to

show high consistency among the three data sets. The

remaining discrepancies discussed above will be studied

in detail during the preparation for the full data com-

bination of the IPTA-DR3. All plots produced for this

analysis are available as supplementary material4.

6. EXTENDING PTA DATA SETS WITH

ADDITIONAL PULSARS

6.1. Combined free spectral refit

A realistic GWB spectrum will likely have more com-

plicated features than a simple power law. The γ = 13/3

power law is the simplest model for a population of circu-

lar SMBHBs that are driven towards inspiral purely due

to GW emission (Phinney 2001), although realistic back-

grounds will deviate from this primitive spectral model

(Sesana et al. 2008; Bécsy et al. 2022). For example,

three-body interactions between the SMBHB and stars

in the loss cone and interactions between the SMBHB

and its circumbinary gas disk will also drive the inspi-

ral at larger SMBHB separations (Sesana 2013; Burke-

Spolaor et al. 2019). This attenuates the GWB spec-

trum at lower frequencies, creating a ‘turnover’ spec-

trum (Sampson et al. 2015). Detecting such a turnover

could further resolve the ‘last parsec problem’ (Milosavl-

jević & Merritt 2003; Khan et al. 2013; Vasiliev et al.

2014; Agazie et al. 2023d; Antoniadis et al. 2023d),

though we note that other sources have been proposed as

a source of the GWB that can also produce a turnover

spectrum (Afzal et al. 2023; Antoniadis et al. 2023d).

This turnover spectrum can be modeled using two power

laws with different spectral indices and a bend frequency

where the transition occurs.

Typically, the GWB is assumed to be a Gaussian pro-

cess. However, if SMBHBs are the source of the signal,

it is possible that the occupation fraction of SMBHBs

emitting in each frequency bin is too small and will cause

a deviation from the Gaussianity assumption. To ac-

count for this possibility, we can apply a weight factor

to each frequency of the standard power law which is

distributed by a Student’s t distribution, modeling non-

Gaussian deviations from the power law spectrum. This

model is known as a ‘t-process’ (Agazie et al. 2023a).

A localized peak in the spectrum will result in a large

weight measured at that frequency.

The forthcoming IPTA-DR3 combined data set will al-

low for a precise search for turnovers or deviations away

from a pure power law in the GWB spectrum. However,

we can make a pseudo-IPTA combination using the fast

spectral refit methods of Lamb et al. (2023), where we

can estimate the recovered spectral index and amplitude

4 https://gitlab.com/IPTA/3pplus comparison results

https://gitlab.com/IPTA/3pplus_comparison_results
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Table 1. Tension metric (in Gaussian equivalent “σ” units) between the data sets for noise model parameters, sorted by
observing PTA. If one PTA did not observe the pulsar, “Ø” is shown. If one PTA did not use the relevant noise model “−”
is shown. Values left of the divider are calculated using the published posteriors from individual PTAs, which make different
noise modeling choices. Values right of the divider are calculated using the new noise analysis, in which data from all PTAs are
analyzed using the same noise models. Instances with tension ≥ 3σ are in boldface.

Pulsar
∆RN ∆DM

E+In vs N E+In vs P N vs P E+In vs N E+In vs P N vs P

J1012+5307 > 3.5 | 0.7 Ø Ø − | 0.5 Ø Ø

J1455−3330 < 0.1 | < 0.1 Ø Ø − | 0.3 Ø Ø

J1640+2224 − | 0.2 Ø Ø − | 2.3 Ø Ø

J1738+0333 − | 0.7 Ø Ø − | 0.2 Ø Ø

J1751−2857 − | < 0.1 Ø Ø − | 0.7 Ø Ø

J1843−1113 − | 0.1 Ø Ø − | 0.4 Ø Ø

J1910+1256 − | < 0.1 Ø Ø − | 0.5 Ø Ø

J1911+1347 − | < 0.1 Ø Ø − | 0.3 Ø Ø

J1918−0642 − | 0.5 Ø Ø − | 0.8 Ø Ø

J2322+2057 − | < 0.1 Ø Ø − | 1.1 Ø Ø

J0900−3144 Ø 1.6 | < 0.1 Ø Ø 0.7 | < 0.1 Ø

J0437−4715 Ø Ø > 3.5 | 1.1 Ø Ø − | > 3.5

J1643−1224 Ø Ø > 3.5 | 0.3 Ø Ø − | 0.1

J1832−0836 Ø Ø 0.1 | 0.2 Ø Ø − | 2.4

J1939+2134 (or B1937+21) Ø Ø 2.9 | 0.4 Ø Ø − | 0.1

J2145−0750 Ø Ø 2.5 | < 0.1 Ø Ø − | 0.7

J0030+0451 0.7 | 0.5 < 0.1 | < 0.1 0.2 | 0.2 − | 1.4 − | < 0.1 − | 1.5

J0613−0200 − | 1.8 − | 0.5 1.9 | 2.2 − | > 3.5 > 3.5 | > 3.5 − | 0.7

J1022+1001 0.7 | 1.1 < 0.1 | 2.5 0.7 | 0.5 − | 3.3 > 3.5 | 2.0 − | > 3.5

J1024−0719 − | 0.1 − | < 0.1 < 0.1 | < 0.1 − | < 0.1 0.6 | 0.2 − | 0.4

J1600−3053 < 0.1 | < 0.1 < 0.1 | 0.3 0.3 | 0.5 − | 0.2 1.0 | 1.2 − | 0.4

J1713+0747 1.0 | 1.4 2.3 | 1.1 2.3 | < 0.1 − | 0.9 1.5 | 0.3 − | 1.9

J1730−2304 − | < 0.1 − | < 0.1 0.1 | < 0.1 − | > 3.5 < 0.1 | 0.5 − | > 3.5

J1744−1134 − | 1.0 − | 0.9 0.4 | 1.7 − | 1.1 > 3.5 | 1.4 − | 0.7

J1857+0943 (or B1855+09) − | 2.3 − | 1.4 0.5 | 0.4 − | 1.0 0.4 | 1.6 − | 0.8

J1909−3744 0.5 | 0.4 0.5 | 1.0 0.2 | 0.2 − | 0.7 > 3.5 | 0.5 − | 0.6

J2124−3358 − | < 0.1 − | 0.5 0.3 | 0.2 − | 1.1 2.8 | 2.4 − | 1.2

by simultaneously refitting to the published free spectral

posteriors of the three data sets (see Figure 1).

We used the ceffyl (Lamb et al. 2023) software pack-

age to represent each posterior with highly optimised

kernel density estimators (KDEs). For a given set of

spectral parameters, we computed the probability den-

sity of the GWB spectral model at each frequency ac-

cording to the KDE. The effective likelihood is simply

the product of these probability densities over frequency

bins. We confirmed that the posterior recovered when

fitting a power law using this method is consistent with

the joint posterior shown in subsection 4.1.

The posteriors for this joint Bayesian fitting are shown

in Figure 8. We recovered consistent posteriors across

the turnover, t-process and power law models, which

suggests that no spectral features beyond a power law

are favored by the data. The turnover spectrum had

a broadened posterior, showing more support for the

γ = 13/3 power law. However, this was because the

weak constraints on the first frequency bins of each data

set allowed some support for a turnover near the low

frequency cutoff, and hence a steeper higher-frequency

spectral index than for a pure power law. The t-process

did not show significant support for any deviations away

from the power law, except at high frequencies where

the spectrum was white noise dominated. There are

some caveats to this result. As explained previously,

each PTA used different methods to model their noise

sources, such as DM variations. In addition, some pul-

sars were included in two or more of the data sets and are

therefore being “double counted” in this pseudo-IPTA

combination.
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Figure 7. left: Time-domain realizations of achromatic red noise for PSR J1012+5307 measured with EPTA+InPTA and
NANOGrav, using the standardized noise models. right: Time-domain realizations of achromatic red noise for PSR J0613−0200
measured with EPTA+InPTA, NANOGrav and PPTA, also using the standardized noise models. The plot at the right displays
the 2D marginalized posterior of the RN amplitude ARN and spectral slope γRN (68, 95, 99.7% contours). For both time-domain
figures, the colored areas represent 2σ credible intervals obtained from 300 realizations, and the colored dots show the medians
at observation epochs.

Figure 8. Simultaneously fitting GWB spectral models to the free spectra of the three data sets. Left: 68%- and 95%-credible
regions for the recovered GWB amplitude and spectral index for a power law, turnover, and t-process model. They are all
consistent, however the turnover model is significantly less constrained and has more support for a γ = 13/3 process. Right:
The free spectral posteriors from each data set overlaid by power laws constructed from random draws from the ceffyl-generated
posteriors. Colors correspond to the models on the left panel.

6.2. Extending individual PTAs using factorized

likelihood

The flexibility and speed of the factorized likelihood

method introduced in subsection 3.2 provides an imme-

diate approach to extending individual PTAs by sequen-

tially adding pulsars observed by one PTA to those from

another (being careful to only have one version of each

pulsar) to achieve a pseudo-IPTA data set. We did this

pseudo-IPTA construction in a piece-wise fashion, where

we first chose a “base” PTA data set, and then added in

pulsars from other data sets that are not timed by the

base data set.

Since we only add the pulsars not already present

in the data set, this addition operation is not com-

mutative. For example, adding the new pulsars from

EPTA+InPTA to NANOGrav means that the pulsars

in common will use NANOGrav data. The number of

overlapping pulsars for each PTA are shown in Figure 9

where EPTA+InPTA is represented by the blue circle,

NANOGrav by orange, and PPTA by green. Combining

all 3 data sets results in 6 different permutations to con-

sider. This is similar to the approach of Mingarelli et al.

(in prep) to combine individual pulsars from different

PTAs in a “lite” combination.

The effect of adding pulsars within the factorized like-

lihood analysis, producing a pseudo-IPTA data set, can

be seen in the set of CURN posteriors which are shown

in black in Figure 4. In each case, adding pulsars drawn

from the other PTAs resulted in a more constrained

CURN amplitude posterior than given by the original

PTA alone, with a median thinning of the 68% credible

interval by 15%. As a direct result of this, the Bayes

factor for CURN over intrinsic RN alone also increased,

with a median increase of 7 orders of magnitude. This is
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Figure 9. An unweighted Venn diagram showing the over-
lapping pulsars between each PTA’s data sets. Note that
for the factorized likelihood analyses 4 pulsars were dropped
from the PPTA DR3 due to baselines for those pulsars being
shorter than 3 years, but are included in this diagram for
completeness.

consistent with the findings of the IPTA-DR2 analysis

(Antoniadis et al. 2022), where improvements to param-

eter estimation and detection significance are observed

when PTA data sets are extended.

Starting from each of the factorized likelihood CURN

posterior from the above analysis, we again used the

NMOS to determine the SNR distributions for each

pseudo-IPTA data set. This method shows how adding

in pulsars from other PTAs affects the significance of

correlated power.

Figure 6 shows each individual PTA’s NMOS SNR

recovery alongside each possible pseudo-IPTA data set.

These SNR distributions show that it did not matter

which PTA we started with, adding additional pulsars

will always result in a higher SNR. This is consistent

with scaling relations for the optimal statistic found in

Siemens et al. (2013), and shows the strong promise of

a full data combination.

Comparing the different combinations with each other

we see that there is a preference to the ordering of

PTA additions. Starting with NANOGrav data first

in the process results in the highest SNRs, and adding

EPTA+InPTA data before PPTA results in higher

SNRs. These preferences are consistent with each PTA’s

individual SNR.

7. CONCLUSIONS

We performed a comparison of the noise models used

and the properties of the GWB recovered in the most

recent data-sets of EPTA+InPTA, NANOGrav, and

PPTA. We found that a majority of the noise param-

eters were consistent between the three different data

sets. Where there were significant (> 3σ) differences,

they could be attributed to different time spans and ca-

dences as well as the lack of frequency coverage in indi-

vidual PTAs. These tensions also reduced significantly

when standardized noise models were adopted. We also

calculated and compared the relative sensitivity of the

three data sets using sensitivity curves, showing that the

different levels of reported evidence for the GWB were

consistent with the sensitivities of each of these data

sets.

Despite the different noise models used by each PTA,

the GWB posterior distributions for all three PTA data

sets were consistent within 1σ as calculated by the ten-

sion metric. The GWB spectra measured from all three

PTA data sets were consistent with a single, “joint”

power law spectrum, with no evidence for deviations

from this power law spectral template.

Finally, we extended each of the three data sets using

the factorized likelihood approach, to achieve a pseudo-

IPTA analysis. The amplitudes of the CURN process

estimated from a global posterior using different per-

mutations of PTA extensions were found to be broadly

consistent with each other as well as with those reported

by the individual PTAs. The addition of pulsars to any

PTA also resulted in an increase in the measured HD

SNR.

The members of the IPTA, along with the MeerKAT

PTA (Miles et al. 2023), are currently in the process of

combining their most recent data sets, which will be-

come IPTA-DR3. The comparisons presented here mo-

tivate improvements and best practices to be adopted

in a unified analysis for the ongoing data combina-

tion by the IPTA. Based on our work we believe that

choosing the right noise model for each pulsar through

Bayesian model section will be an important step for

future IPTA analyses. In particular great care must

be taken with the pulsars J0030+0451, J0613−0200,

J1022+1001, J1640+2224, J1713+0747, J1744−1134

and J2124−3358 where discrepancies between PTAs per-

sisted when using the standardized noise model. While

the results presented here adopted a much simplified

approach as opposed to a true combination, these al-

ready hint at an enhancement in the significance of

GWB detection in the full DR3 over those reported by

EPTA+InPTA, NANOGrav, and PPTA individually.
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(STFC). The Nançay radio Observatory is operated by

the Paris Observatory, associated with the French Cen-

tre National de la Recherche Scientifique (CNRS), and

partially supported by the Region Centre in France. We

acknowledge financial support from “Programme Na-

tional de Cosmologie and Galaxies” (PNCG), and “Pro-

gramme National Hautes Energies” (PNHE) funded by

CNRS/INSU-IN2P3-INP, CEA and CNES, France. We

acknowledge financial support from Agence Nationale de

la Recherche (ANR-18-CE31-0015), France. The West-

erbork Synthesis Radio Telescope is operated by the

Netherlands Institute for Radio Astronomy (ASTRON)

with support from the Netherlands Foundation for Sci-

entific Research (NWO). The Sardinia Radio Telescope

(SRT) is funded by the Department of University and

Research (MIUR), the Italian Space Agency (ASI), and

the Autonomous Region of Sardinia (RAS) and is oper-

ated as a National Facility by the National Institute for

Astrophysics (INAF). The Arecibo Observatory is a fa-

cility of the NSF operated under cooperative agreement

(AST-1744119) by the University of Central Florida

(UCF) in alliance with Universidad Ana G. Méndez

(UAGM) and Yang Enterprises (YEI), Inc. The Green

Bank Observatory is a facility of the NSF operated un-

der cooperative agreement by Associated Universities,

Inc. The National Radio Astronomy Observatory is a fa-

cility of the NSF operated under cooperative agreement

by Associated Universities, Inc. Murriyang, the Parkes

64 m radio telescope is part of the Australia Telescope

National Facility (https://ror.org/05qajvd42), which is

funded by the Australian Government for operation as a

National Facility managed by CSIRO. We acknowledge

the Wiradjuri People as the Traditional Owners of the

Observatory site.

This work made use of the OzSTAR national fa-

cility at Swinburne University of Technology. OzS-

TAR is funded by Swinburne University of Technol-

ogy and the National Collaborative Research Infrastruc-

ture Strategy (NCRIS). This work was conducted in

part using the resources of the Advanced Computing

Center for Research and Education (ACCRE) at Van-

derbilt University, Nashville, TN. This work used re-

sources of the IN2P3 Computing Center (CC-IN2P3 -

Lyon/Villeurbanne - France) funded by the Centre Na-

tional de la Recherche Scientifique.

The work is supported by the National SKA pro-

gramme of China (2020SKA0120100), Max-Planck Part-

ner Group, NSFC 11690024, CAS Cultivation Project

for FAST Scientific. This work is also supported as

part of the “LEGACY”MPG-CAS collaboration on low-

frequency gravitational wave astronomy. JA acknowl-

edges support from the European Commission (Grant

Agreement No. 101094354). JA and SChan were par-

tially supported by the Stavros Niarchos Foundation

(SNF) and the Hellenic Foundation for Research and

Innovation (HFRI) under the 2nd Call of the “Science

https://ror.org/05qajvd42


15

and Society – Action Always strive for excellence –

Theodoros Papazoglou” (Project No. 01431). ACh ac-

knowledges support from the Paris Île-de-France Re-
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