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Gravitational waves offer a new window to probe the nature of gravity, including answering if the
mediating particle, graviton, has a nonzero mass or not. Pulsar timing arrays measure stochastic
gravitational wave background (SGWB) at ∼1–100 nanohertz. Recently, the North American Nanohertz
Observatory for Gravitational Waves (NANOGrav) collaboration reported an uncorrelated common-
spectrum process in their 12.5-year dataset with no substantial evidence that the process comes from the
SGWB predicted by general relativity. In this work, we explore the possibility of an SGWB from massive
gravity in the dataset and find that a massless graviton is preferred because of the relatively larger Bayes
factor. Without statistically significant evidence for dispersion-related correlations predicted by massive
gravity, we place upper limits on the amplitude of the SGWB for graviton mass smaller than 10−23 eV as
AMG < 3.21 × 10−15 at 95% confidence level.
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I. INTRODUCTION

Endowing a nonzero mass to the graviton, which is a
spin-2 massless particle mediating gravitational force
suggested by general relativity (GR), has a long history
that can be traced back to the work of Fierz and Pauli
in the 1930s [1]. The Fierz-Pauli theory is a linearized
extension of GR, and it faces the van Dam-Veltman-
Zakharov (vDVZ) discontinuity [2,3] in the massless limit.
Moreover, most nonlinear massive gravity theories are
plagued with the Boulware-Deser ghost [4]. The vDVZ
discontinuity got resolved through the Vainshtein
mechanism [5] soon after its discovery, and several
ghost-free realizations, such as the Dvali–Gabadadze–
Porrati model [6–8] and the de Rham–Gabadadze–Tolley
model [9], have been proposed during the past decades.
A massive graviton is expected to bring about several

different effects compared with GR, and the graviton mass
has been constrained by many gravitational experiments,
such as the probe of Yukawa suppression of the Newtonian

potential on the solar-system scale [10] and on the large-
scale of galactic clusters [11], the discrepancy between the
observed and the expected decay rates of binary pulsar
systems [12], the null results in observing the superradiant
instabilities in supermassive black holes [13], and the weak
lensing observation [14]. Note that some bounds are model-
dependent and need to be taken with caution [15]. One can
refer to Ref. [16] for a summary of more bounds from
current and future experiments.
With the thrilling direct detection of gravitational waves

(GWs) [17], we have entered a new era where GWs can act as
powerful tools in testing gravity, including the test on the
dispersion relation of GWs during propagation and thus
placing bounds on the graviton mass mg. The first observed
GW event GW150914 [18] has put an upper bound as
mg ≲ 1.2 × 10−22 eV, and the bound has been continuing
improved, for instance,mg ≲ 4.70 × 10−23 eV by GWTrans-
ient Catalog (GWTC)-1 [19], mg ≲ 1.76 × 10−23 eV by
GWTC-2 [20] and mg ≲ 1.27 × 10−23 eV by GWTC-3 [21].
Besides the great success achieved by the ground-based

GW detectors, the breakthrough in the detection of low-
frequencyGWis expected to bemade by pulsar timing arrays
(PTAs) within a few years. By monitoring the times of arrival
(ToAs) of radio pulses emitted by a set of millisecond pulsars
over decades [22–24], PTAs are sensitive in the nanohertz
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band and optimal for searching for a stochastic gravitational-
wave background (SGWB) via the correlation investiga-
tion [25,26]. Specifically, the timing residuals induced by
the SGWB predicted by GR will be encoded with the well-
known Hellings and Downs correlations [27] for widely
spaced pulsars. However, in massive gravity theories, the
correlated signature of timing residuals in PTAs induced by
theSGWBwill be different [28,29]. It can therefore be used to
study if the graviton has a nonzero mass or not.
Recently, one of the major PTA collaborations,

North American Nanohertz Observatory for GWs
(NANOGrav) [30], reported strong evidence for a sto-
chastic common-spectrum process in their 12.5-year
dataset [31]. This is a promising sign but still not enough
to claim the detection of an SGWB because the evidence
for the Hellings and Downs correlations is not significant in
the dataset. Similar results were also reported by the
European PTA (EPTA) [32], the Parkes PTA (PPTA) [33],
and the International PTA (IPTA) [34] collaborations in
their latest datasets [31,35–37].
As the origin of the common-spectrum process

remains controversial [31,35], several works have attempted
to search for novel physics, such as nontensorial polar-
izations [38–41], cosmological phase transitions [42,43],
cosmic strings [44,45] and ultralight dark matter [46,47] in
the PTA datasets and have got some interesting results. In
this paper, we will explore another possibility by adopting
the NANOGrav 12.5-year dataset to probe massive gravity.
Finding no significant evidence for an SGWB frommassive
gravity, we place upper limits on the amplitude of the SGWB
in the mass range of ½4 × 10−25; 10−23� eV.

II. CORRELATED TIMING RESIDUALS FROM
AN SGWB IN MASSIVE GRAVITY

An SGWB causes delays in each pulsar’s arrival time
(or timing residuals) in a characteristic spatial correlated
way. For the SGWB originated from a population of
inspiraling supermassive black hole binaries, the corre-
sponding induced cross power spectral density between any
two pulsars, a and b, can be modeled by a power-law form,

SabðfÞ ¼ Γab
A2

12π2

�
f
fyr

�
−γ
f−3yr ; ð1Þ

where A is the amplitude of the SGWB at the reference
frequency fyr ¼ 1=year, γ is the spectral index which takes
the value of 13=3 [48], and Γab is the overlap reduction
function (ORF) that describe the correlations between the
pulsars as a function of pulsar pairs’ angular separation.
The ORF is crucial for detecting the SGWB predicted by
GR or modified theories of gravity because it encodes rich
information about the polarization and dispersion of gravity
theories. We note that the uncorrelated common-spectrum
process (UCP) reported by NANOGrav takes Γab

UCP ¼ δab.

Combining the de Broglie relations and the mass-energy
equation, we describe the component GW signal of a
massive SGWB with a four-wave vector kμ ¼ ðk0;kÞ that
satisfies

k0 ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
m2

gc2

ℏ2
þ jkj2

s
; ð2Þ

where c is the speed of light, and ℏ is the reduced Planck
constant, the ORF takes [29]

Γab
MG ¼ 1

16κ5

�
2κð3þ ð6 − 5κ2ÞβÞ

− 6ð1þ β þ κ2ð1 − 3βÞÞ ln
�
1þ κ

1 − κ

�

− 3ð1þ 2κ2ð1 − 2βÞ − κ4ð1 − β2ÞÞ lnLffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ð1 − βÞð2 − κ2ð1þ βÞÞ

p
�
; ð3Þ

with β≡ cos ξ. Here

L ¼ 1

ðκ2 − 1Þ2 ½1þ 2κ2ð1 − 2βÞ − κ4ð1 − 2β2Þ

− 2κð1 − 2κ2βÞ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ð1 − βÞð2 − κ2ð1þ βÞÞ

q
�; ð4Þ

and κ is defined as

κ≡ jkj
k0

¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1 −

f2cut
f2

s
; ð5Þ

with the mass-related cutoff frequency fcut ≡mgc2=ð2πℏÞ.
We emphasize that only the two helicity-2 polarization
modes are considered to obtain the above ORF. We do not
consider the nontensorial modes because, for massive
gravity, the additional two helicity-1 polarization modes
are unlikely to be produced in a natural physical process,
and one helicity-0 mode is expected to get suppressed due
to the Vainshtein screening mechanism [49].
In the massless limit where κ ¼ jkj=k0 ¼ 1 − ϵ̃ with

ϵ̃ ≪ 1, the ORF is approximated as

Γab
MG ≈

1

8

�
3þ β þ 6ð1 − βÞ ln 1 − β

2

�

þ ϵ̃

4

�
9þ 10β þ ð12 − 6βÞ ln 1 − β

2

�
: ð6Þ

It reduces to the Hellings and Downs correlations when
ϵ̃ ¼ 0.1 From Eqs. (3) and (5), we see that Γab

MG depends on

1Note that in the massless limit, the ORF (6) is different from
that given by Eq. (40) in Ref. [29], which is not an explicit
expansion for the parameter ϵ̃.
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the graviton mass mg, the GW frequency f, and the angular
separation ξ between two pulsars. We illustrate the ORF for
two different graviton masses in Fig. 1.
Data Analysis. The NANOGrav 12.5-year dataset

includes observations for 47 pulsars, of which 45 pulsars
have an observational timespan over 3 years and have been
used for the SGWB search [31]. Here we follow Ref. [31]
but exclude the PSR J0030-0451 because its credibility is
in doubt in detection search due to the ill-modeled
noise [41,50].
In this work, we will search for the SGWB signal from

massive gravity in the timing data. In practice, several
effects also need to be accounted for to model the timing
residuals properly. In particular, the massive-gravity
SGWB effect should be analyzed along with the inaccur-
acies of the timing model, the measurement uncertainties of
the timing, and the irregularities of the pulsar’s motion. The
observed pulse ToAs include several deterministic and
stochastic effects. The expected arrival times are described
by a timing model that characterizes the pulsar’s astro-
metric and timing properties, such as its position, proper
motion, spin period, and additional orbital information if it
is in a binary. Other stochastic contributions are from the
uncorrelated process (white noise) and the correlated
process (red noise). Following Ref. [31], the timing
residuals δt after fitting for the timing model can be
decomposed as

δt ¼ δtTM þ δtWN þ δtRN þ δtSGWB; ð7Þ

where δtTM accounts for the inaccuracy of the timing
model, δtWN is the white noise term that accounts for
measurement uncertainties, δtRN is the red noise from
rotational irregularities of the pulsar, and δtSGWB is the
SGWB signal we are searching for. The inaccuracy of the
timing model is given by

δtTM ¼ Mϵ; ð8Þ

where M is the design matrix, and ϵ is an offset vector of
timing model parameters. As the measurement errors might
be underestimated, the white noise is modeled by a
diagonal covariance matrix CWN with the modified uncer-
tainties components,

σ2I;j ¼ ðEFACσToAI;j Þ2 þ EQUAD2; ð9Þ

where σToAI;j is the formal jth ToA uncertainties for the given
pulsar I, EFAC is the scale factor that accounts for the
possible miscalibration of radiometer noise in each observ-
ing “system” that contains telescope, recording system and
receiver [51], and EQUAD is an additional term indepen-
dent of uncertainties that is used to describe other source of
time-independent noise, such as jitter noise that is varied
across different pulsars [51,52]. In addition, another
parameter ECORR is also used to describe the ToA errors
that are correlated within the same observing epoch but
uncorrelated between different observing epochs [53]. The
red noise is modeled with a power-law spectrum with the
amplitude ARN and the index γRN,

FIG. 1. ORF for the SGWB in massive gravity as a function of the GW frequency f and the angular separation ξ. In particular, the
frequency is chosen to range within the first five frequency bins of the NANOGrav 12.5-year dataset, i.e., f ∈ ½1=T; 5=T� ¼
½2.5; 12.6� nHz with T the observational timespan. Left panel: the case of graviton mass mg ¼ 10−23 eV with the cutoff frequency
fcut ¼ 2.4 nHz indicated by the green vertical plane on the f-axis. Right panel: the case of graviton mass mg ¼ 10−24 eV.
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SðfÞ ¼ A2
RN

12π2

�
f
fyr

�
−γRN

f−3yr ; ð10Þ

and its covariance matrix is

CSN
i;j ¼

Z
df SðfÞ cosð2πfðti − tjÞÞ; ð11Þ

where ti and tj are the ith and jth ToAs. The “Fourier-sum”
method is adopted to approximate the integral where
30 discrete frequency modes are chosen, i.e., f ¼
1=T; 2=T;…30=T with T the observational timespan.
For the SGWB signal, the covariance matrix CSGWB

resembles that of the red noise (11), but with the power
spectral density taking the form of Eq. (1). Besides, we take
5 frequency modes for the calculation of CSGWB to reduce
the potential coupling between the high-frequency compo-
nents of the common process and the white noise [31].
Assuming the stochastic processes are Gaussian and

stationary [54], the likelihood is evaluated by a multivariate
Gaussian function,

LðδtjΘ; fϵngÞ ¼
1ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffið2πÞ detðCÞp exp

�
−
1

2
rTC−1r

�
ð12Þ

where r ¼ ½δt1 −M1ϵ1; δt2 −M2ϵ2;…; δtN −MNϵN �T is a
collection of δt −Mϵ that accounts for the contribution
from all of the stochastic noise and signals for all the N
pulsars, C ¼ hrrTi is the total covariance matrix. In data
analyses, we use the TEMPO2 timing software [55,56] to
determine the timing model design matrix M and use
the ENTERPRISE package [57] to calculate the likelihood
LðδtjΘÞ by marginalizing over the timing model uncer-
tainty parameters ϵ.
We infer the model parameter Θ by employing Bayes’

theorem

PðΘjδtÞ ¼ LðδtjΘÞπðΘÞ
Z

; ð13Þ

where πðΘÞ is the prior probability distribution and Z is the
evidence given by the integral of the likelihood times the
prior over the prior volume,

Z ¼
Z

LðδtjΘÞπðΘÞdΘ: ð14Þ

In analyses, we use the PTMCMCSAMPLER package [58] to
conduct the Markov-chain Monte-Carlo sampling needed
for parameter estimation. The parameters and their prior
distributions needed for the analyses are given in Table I.
Firstly, we perform the noise analyses by only including the
white and red noise for every single pulsar. Then we collect
all the 44 pulsars as a whole PTA, fix the white noise
parameters to their maximum-likelihood values estimated
from the single pulsar noise analyses, and allow red noise
parameters to vary simultaneously with the SGWB signal
parameters. In signal search among all the pulsars,
fixing white noise parameters has negligible impact on
the result [51], but can efficiently reduce the computa-
tional cost.
For two possible candidates, H1 and H0, we employ the

Bayes factor,

BF ¼ Z1

Z0

; ð15Þ

to measure which model fits the data better. Usually, BF >
3 can be interpreted as positive preference for H1 over H0,
but only when BF > 30 can one declare a strong support
for H1 [59]. In practice, we use the product-space method
[60–63] to estimate the BFs, as was done in [31].

III. RESULTS

In data analyses, the covariance matrix is calculated at
linearly spaced frequency modes i=T (i ∈ 1; 2; 3;…),
which results in an upper detection limit on the graviton
mass by the PTA because the cutoff frequency in Eq. (5)
should not be larger than the inverse of the observational

TABLE I. Parameters and their prior distributions used in the analyses.

Parameter Description Prior Comments

White Noise
Ek EFAC per backend/receiver system U½0; 10� Single pulsar analysis only
Qk½s� EQUAD per backend/receiver system log-U½−8.5;−5� Single pulsar analysis only
Jk½s� ECORR per backend/receiver system log-U½−8.5;−5� Single pulsar analysis only

Red Noise
ARN Red-noise power-law amplitude log-U½−20;−8� One parameter per pulsar
γRN Red-noise power-law index U½0; 10� One parameter per pulsar

Common-spectrum Process
AUCP UCP power-law amplitude log-U½−18;−14� One parameter per PTA
AMG Amplitude of SGWB from massive gravity log-U½−18;−14� One parameter per PTA
mg½eV� Graviton mass Delta function in ½10−24.4; 10−23� mg ∈ f10−24.4; 10−24.3;…; 10−23g
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timespan, 1=T. For the 12.5-year dataset, the estimated
upper limit is mg ≲ 1.05 × 10−23 eV. Note also that if
mg ≲ 4 × 10−25 eV, we have κ > 0.999 in the whole
frequency band. Therefore we take 4 × 10−25 eV as a
sufficient lower mass cutoff to approximate the massless
limit, and search for the SGWB with the graviton mass in
the range of mg ∈ ½4 × 10−25; 10−23� eV.
Within the mass range we probe, we perform a single

Bayesian analysis for each given graviton mass shown in
Table I by calculating the Bayes factor between the massive
SGWB hypothesis H1 with the correlations of Eq. (3) and
the UCP hypothesis H0. The results show that the Bayes
factors are larger than 3 but smaller than 7, indicating a
positive but no strong evidence [59] for the SGWB with the
dispersion-related correlations. So we put 95% upper limits
on the power spectrum amplitude AMG for each graviton
mass. The upper limits of AMG and the Bayes factors for a
massive SGWB from the NANOGrav 12.5-year dataset are
shown in Fig. 2 as a function of the graviton mass. As one
can see, the Bayes factors are not large enough to declare
the detection for a massive SGWB signal at any certain
mass. Meanwhile, the variation trend that the Bayes factor
decreases with the increasing mass implies the preference
for a lighter or even a massless graviton.
We note that the current GW events from ground-based

detectors have put an upper limit of 1.27 × 10−23 eV on the

graviton mass [21]. As a comparison, PTAs hold the
potential to probe graviton mass lower than 10−23 eV,
hopefully offering constraints complementary to the
ground-based detectors.

IV. CONCLUSION AND PROSPECTS

PTAs provide a unique probe for gravity theory via the
measurement of the spatial correlations of timing residuals
induced by an SGWB. In this work, we explore the
possibility of an SGWB from massive gravity in the
NANOGrav 12.5-year dataset by comparing it with the
recently reported common-spectrum process. We find no
significant evidence for a massive SGWB in the dataset,
and the Bayes factor prefers a massless graviton. Although
we cannot put effective constraints on the graviton mass
with the current sensitivity, we place the 95% upper limits
on the amplitude of the SGWB for graviton mass smaller
than 10−23 eV as AMG < 3.21 × 10−15. The ruled-out
parameter space is shown in Fig. 2.
Currently, three major PTA collaborations, i.e., the

NANOGrav, the PPTA, and the EPTA, are involved in
the effort of SGWB search, and they jointly form the IPTA
[64]. Other burgeoning projects, like the Indian PTA
(InPTA) [65], the Chinese PTA (CPTA) [66] and the
MeerKAT interferometer [67], are joining IPTA collabo-
ration. With the increasing timespan and the number of
pulsars, the sensitivity is expected to improve significantly
in the near future. If substantial progress is made in
detecting an SGWB with the improved resolution of spatial
correlations, we will hopefully place bounds on the
graviton mass with PTAs.
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FIG. 2. Top panel: the 95% upper limits on the power spectrum
amplitude AMG of the SGWB as a function of the graviton mass
mg. Bottom panel: the corresponding Bayes factors as a function
the graviton mass mg.

SEARCH FOR STOCHASTIC GRAVITATIONAL-WAVE … PHYS. REV. D 107, 042003 (2023)

042003-5



[1] M. Fierz and W. Pauli, On relativistic wave equations for
particles of arbitrary spin in an electromagnetic field, Proc.
R. Soc. A 173, 211 (1939).

[2] H. van Dam and M. J. G. Veltman, Massive and massless
Yang-Mills and gravitational fields, Nucl. Phys. B22, 397
(1970).

[3] V. I. Zakharov, Linearized gravitation theory and the grav-
iton mass, JETP Lett. 12, 312 (1970).

[4] D. G. Boulware and Stanley Deser, Can gravitation have a
finite range?, Phys. Rev. D 6, 3368 (1972).

[5] A. I. Vainshtein, To the problem of nonvanishing gravitation
mass, Phys. Lett. 39B, 393 (1972).

[6] G. R. Dvali and Gregory Gabadadze, Gravity on a brane in
infinite volume extra space, Phys. Rev. D 63, 065007
(2001).

[7] G. R. Dvali, Gregory Gabadadze, and Massimo Porrati, 4-D
gravity on a brane in 5-D Minkowski space, Phys. Lett. B
485, 208 (2000).

[8] G. R. Dvali, G. Gabadadze, and M. Porrati, Metastable
gravitons and infinite volume extra dimensions, Phys. Lett.
B 484, 112 (2000).

[9] Claudia de Rham, Gregory Gabadadze, and Andrew J.
Tolley, Resummation of Massive Gravity, Phys. Rev. Lett.
106, 231101 (2011).

[10] L. Bernus, O. Minazzoli, A. Fienga, M. Gastineau, J.
Laskar, P. Deram, and A. Di Ruscio, Constraint on the
Yukawa suppression of the Newtonian potential from the
planetary ephemeris INPOP19a, Phys. Rev. D 102, 021501
(2020).

[11] A. S. Goldhaber and M.M. Nieto, Mass of the graviton,
Phys. Rev. D 9, 1119 (1974).

[12] Lee Samuel Finn and Patrick J. Sutton, Bounding the mass
of the graviton using binary pulsar observations, Phys. Rev.
D 65, 044022 (2002).

[13] Richard Brito, Vitor Cardoso, and Paolo Pani, Massive spin-
2 fields on black hole spacetimes: Instability of the
Schwarzschild and Kerr solutions and bounds on the
graviton mass, Phys. Rev. D 88, 023514 (2013).

[14] S. R. Choudhury, Girish C. Joshi, S. Mahajan, and Bruce
H. J. McKellar, Probing large distance higher dimensional
gravity from lensing data, Astropart. Phys. 21, 559 (2004).

[15] Clifford M. Will, Bounding the mass of the graviton using
gravitational wave observations of inspiralling compact
binaries, Phys. Rev. D 57, 2061 (1998).

[16] Claudia de Rham, J. Tate Deskins, Andrew J. Tolley, and
Shuang-Yong Zhou, Graviton mass bounds, Rev. Mod.
Phys. 89, 025004 (2017).

[17] B. P. Abbott et al. (LIGO Scientific and Virgo Collabora-
tions), Observation of Gravitational Waves from a Binary
Black Hole Merger, Phys. Rev. Lett. 116, 061102 (2016).

[18] B. P. Abbott et al. (LIGO Scientific and Virgo Collabora-
tions), Tests of General Relativity with GW150914, Phys.
Rev. Lett. 116, 221101 (2016); 121, 129902(E) (2018).

[19] B. P. Abbott et al. (LIGO Scientific and Virgo Collabora-
tions), Tests of general relativity with the binary black hole
signals from the LIGO-Virgo catalog GWTC-1, Phys. Rev.
D 100, 104036 (2019).

[20] R. Abbott et al. (LIGO Scientific and Virgo Collaborations),
Tests of general relativity with binary black holes from the

second LIGO-Virgo gravitational-wave transient catalog,
Phys. Rev. D 103, 122002 (2021).

[21] R. Abbott et al. (LIGO Scientific, VIRGO, and KAGRA
Collaborations), Tests of general relativity with GWTC-3,
arXiv:2112.06861 [Phys. Rev. D (to be published)].

[22] M. V. Sazhin, Opportunities for detecting ultralong gravi-
tational waves, Sov. Astron. 22, 36 (1978).

[23] Steven L. Detweiler, Pulsar timing measurements and the
search for gravitational waves, Astrophys. J. 234, 1100
(1979).

[24] R. S. Foster and D. C. Backer, Constructing a pulsar timing
array, Astrophys. J. 361, 300 (1990).

[25] S. R. Taylor, M. Vallisneri, J. A. Ellis, C. M. F. Mingarelli,
T. J. W. Lazio, and R. van Haasteren, Are we there yet? Time
to detection of nanohertz gravitational waves based on
pulsar-timing array limits, Astrophys. J. Lett. 819, L6
(2016).

[26] Sarah Burke-Spolaor et al., The astrophysics of nanohertz
gravitational waves, Astron. Astrophys. Rev. 27, 5 (2019).

[27] R. w. Hellings and G. s. Downs, Upper limits on the
isotropic gravitational radiation background from pulsar
timing analysis, Astrophys. J. 265, L39 (1983).

[28] Kejia Lee, Fredrick A. Jenet, Richard H. Price, Norbert
Wex, and Michael Kramer, Detecting massive gravitons
using pulsar timing arrays, Astrophys. J. 722, 1589 (2010).

[29] Qiuyue Liang and Mark Trodden, Detecting the stochastic
gravitational wave background from massive gravity with
pulsar timing arrays, Phys. Rev. D 104, 084052 (2021).

[30] Maura A. McLaughlin, The North American nanohertz
observatory for gravitational waves, Classical Quantum
Gravity 30, 224008 (2013).

[31] Zaven Arzoumanian et al. (NANOGrav Collaboration), The
NANOGrav 12.5 yr dataset: Search for an isotropic sto-
chastic gravitational-wave background, Astrophys. J. Lett.
905, L34 (2020).

[32] Michael Kramer and David J. Champion, The European
pulsar timing array and the large European array for pulsars,
Classical Quantum Gravity 30, 224009 (2013).

[33] R. N. Manchester et al., The Parkes pulsar timing array
project, Pub. Astron. Soc. Aust. 30, 17 (2013).

[34] G. Hobbs et al., The international pulsar timing array
project: Using pulsars as a gravitational wave detector,
Classical Quantum Gravity 27, 084013 (2010).

[35] Boris Goncharov et al., On the evidence for a common-
spectrum process in the search for the nanohertz gravita-
tional-wave background with the Parkes Pulsar Timing
Array, Astrophys. J. Lett. 917, L19 (2021).

[36] J. Antoniadis et al., The international pulsar timing array
second data release: Search for an isotropic gravitational
wave background, Mon. Not. R. Astron. Soc. 510, 4873
(2022).

[37] S. Chen et al., Common-red-signal analysis with 24-yr high-
precision timing of the European pulsar timing array:
Inferences in the stochastic gravitational-wave background
search, Mon. Not. R. Astron. Soc. 508, 4970 (2021).

[38] Zu-Cheng Chen, Chen Yuan, and Qing-Guo Huang, Non-
tensorial gravitational wave background in NANOGrav
12.5-year dataset, Sci. China Phys. Mech. Astron. 64,
120412 (2021).

YU-MEI WU, ZU-CHENG CHEN, and QING-GUO HUANG PHYS. REV. D 107, 042003 (2023)

042003-6

https://doi.org/10.1098/rspa.1939.0140
https://doi.org/10.1098/rspa.1939.0140
https://doi.org/10.1016/0550-3213(70)90416-5
https://doi.org/10.1016/0550-3213(70)90416-5
https://doi.org/10.1103/PhysRevD.6.3368
https://doi.org/10.1016/0370-2693(72)90147-5
https://doi.org/10.1103/PhysRevD.63.065007
https://doi.org/10.1103/PhysRevD.63.065007
https://doi.org/10.1016/S0370-2693(00)00669-9
https://doi.org/10.1016/S0370-2693(00)00669-9
https://doi.org/10.1016/S0370-2693(00)00631-6
https://doi.org/10.1016/S0370-2693(00)00631-6
https://doi.org/10.1103/PhysRevLett.106.231101
https://doi.org/10.1103/PhysRevLett.106.231101
https://doi.org/10.1103/PhysRevD.102.021501
https://doi.org/10.1103/PhysRevD.102.021501
https://doi.org/10.1103/PhysRevD.9.1119
https://doi.org/10.1103/PhysRevD.65.044022
https://doi.org/10.1103/PhysRevD.65.044022
https://doi.org/10.1103/PhysRevD.88.023514
https://doi.org/10.1016/j.astropartphys.2004.04.001
https://doi.org/10.1103/PhysRevD.57.2061
https://doi.org/10.1103/RevModPhys.89.025004
https://doi.org/10.1103/RevModPhys.89.025004
https://doi.org/10.1103/PhysRevLett.116.061102
https://doi.org/10.1103/PhysRevLett.116.221101
https://doi.org/10.1103/PhysRevLett.116.221101
https://doi.org/10.1103/PhysRevLett.121.129902
https://doi.org/10.1103/PhysRevD.100.104036
https://doi.org/10.1103/PhysRevD.100.104036
https://doi.org/10.1103/PhysRevD.103.122002
https://arXiv.org/abs/2112.06861
https://doi.org/10.1086/157593
https://doi.org/10.1086/157593
https://doi.org/10.1086/169195
https://doi.org/10.3847/2041-8205/819/1/L6
https://doi.org/10.3847/2041-8205/819/1/L6
https://doi.org/10.1007/s00159-019-0115-7
https://doi.org/10.1086/183954
https://doi.org/10.1088/0004-637X/722/2/1589
https://doi.org/10.1103/PhysRevD.104.084052
https://doi.org/10.1088/0264-9381/30/22/224008
https://doi.org/10.1088/0264-9381/30/22/224008
https://doi.org/10.3847/2041-8213/abd401
https://doi.org/10.3847/2041-8213/abd401
https://doi.org/10.1088/0264-9381/30/22/224009
https://doi.org/10.1017/pasa.2012.017
https://doi.org/10.1088/0264-9381/27/8/084013
https://doi.org/10.3847/2041-8213/ac17f4
https://doi.org/10.1093/mnras/stab3418
https://doi.org/10.1093/mnras/stab3418
https://doi.org/10.1093/mnras/stab2833
https://doi.org/10.1007/s11433-021-1797-y
https://doi.org/10.1007/s11433-021-1797-y


[39] Yu-Mei Wu, Zu-Cheng Chen, and Qing-Guo Huang, Con-
straining the polarization of gravitational waves with the
Parkes pulsar timing array second data release, Astrophys. J.
925, 37 (2022).

[40] Zu-Cheng Chen, Yu-Mei Wu, and Qing-Guo Huang,
Searching for isotropic stochastic gravitational-wave back-
ground in the international pulsar timing array second data
release, Commun. Theor. Phys. 74, 105402 (2022).

[41] Zaven Arzoumanian et al. (NANOGrav Collaboration), The
NANOGrav 12.5-year dataset: Search for non-Einsteinian
polarization modes in the gravitational-wave background,
Astrophys. J. Lett. 923, L22 (2021).

[42] Zaven Arzoumanian et al. (NANOGrav Collaboration),
Searching for Gravitational Waves from Cosmological
Phase Transitions with the NANOGrav 12.5-Year Dataset,
Phys. Rev. Lett. 127, 251302 (2021).

[43] Xiao Xue et al., Constraining Cosmological Phase Tran-
sitions with the Parkes Pulsar Timing Array, Phys. Rev. Lett.
127, 251303 (2021).

[44] Zu-Cheng Chen, Yu-Mei Wu, and Qing-Guo Huang, Search
for the gravitational-wave background from cosmic strings
with the parkes pulsar timing array second data release,
Astrophys. J. 936, 20 (2022).

[45] Ligong Bian, Jing Shu, Bo Wang, Qiang Yuan, and Junchao
Zong, Searching for cosmic string induced stochastic
gravitational wave background with the Parkes pulsar
timing array, Phys. Rev. D 106, L101301 (2022).

[46] Xiao Xue et al. (PPTA Collaboration), High-precision
search for dark photon dark matter with the Parkes pulsar
timing array, Phys. Rev. Res. 4, L012022 (2022).

[47] Yu-Mei Wu, Zu-Cheng Chen, Qing-Guo Huang, Xingjiang
Zhu, N. D. Ramesh Bhat, Yi Feng, George Hobbs, Richard
N. Manchester, Christopher J. Russell, and R. M. Shannon
(PPTA Collaboration), Constraining ultralight vector dark
matter with the Parkes pulsar timing array second data
release, Phys. Rev. D 106, L081101 (2022).

[48] E. S. Phinney, A practical theorem on gravitational wave
backgrounds, arXiv:astro-ph/0108028.

[49] Claudia de Rham, Massive gravity, Living Rev. Relativity
17, 7 (2014).

[50] J. S. Hazboun et al. (NANOGrav Collaboration), The
NANOGrav 11-Year dataset: Evolution of gravitational
wave background statistics, Astrophys. J. 890, 108 (2019).

[51] L. Lentati et al., European pulsar timing array limits on an
isotropic stochastic gravitational-wave background, Mon.
Not. R. Astron. Soc. 453, 2576 (2015).

[52] Zaven Arzoumanian et al. (NANOGrav Collaboration), The
NANOGrav Nine-year dataset: Observations, arrival time
measurements, and analysis of 37 millisecond pulsars,
Astrophys. J. 813, 65 (2015).

[53] Z. Arzoumanian et al. (NANOGrav Collaboration), The
NANOGrav Nine-year dataset: Limits on the isotropic
stochastic gravitational wave background, Astrophys. J.
821, 13 (2016).

[54] Justin A. Ellis, Xavier Siemens, and Rutger van Haasteren,
An efficient approximation to the likelihood for gravita-
tional wave stochastic background detection using pulsar
timing data, Astrophys. J. 769, 63 (2013).

[55] George Hobbs, R. Edwards, and R. Manchester, TEMPO2, a
new pulsar timing package. 1. Overview, Mon. Not. R.
Astron. Soc. 369, 655 (2006).

[56] Russell T. Edwards, G. B. Hobbs, and R. N. Manchester,
TEMPO2, a new pulsar timing package. 2. The timing model
and precision estimates, Mon. Not. R. Astron. Soc. 372,
1549 (2006).

[57] Justin A. Ellis, Michele Vallisneri, Stephen R. Taylor, and
Paul T. Baker, Enterprise: Enhanced numerical toolbox
enabling a robust pulsar inference suite, Zenodo,
10.5281/zenodo.4059815 (2020).

[58] Justin Ellis and Rutger van Haasteren, jellis18/ptmcmcsam-
pler: Official release, 10.5281/zenodo.1037579 (2017).

[59] Robert E. Kass and Adrian E. Raftery, Bayes factors, J. Am.
Stat. Assoc. 90, 773 (1995).

[60] Bradley P. Carlin and Siddhartha Chib, Bayesian model
choice via Markov chain Monte Carlo methods, J. R. Stat.
Soc. Ser. B 57, 473 (1995).

[61] Simon J. Godsill, On the relationship betweenMarkov chain
Monte Carlo methods for model uncertainty, J. Comput.
Graph. Stat. 10, 230 (2001).

[62] Sonke Hee, Will Handley, Mike P. Hobson, and Anthony N.
Lasenby, Bayesian model selection without evidences:
Application to the dark energy equation-of-state, Mon.
Not. R. Astron. Soc. 455, 2461 (2016).

[63] Stephen R. Taylor, Rutger van Haasteren, and Alberto
Sesana, From bright binaries to bumpy backgrounds:
Mapping realistic gravitational wave skies with pulsar-
timing arrays, Phys. Rev. D 102, 084039 (2020).

[64] R. N. Manchester, The international pulsar timing array,
Classical Quantum Gravity 30, 224010 (2013).

[65] Pratik Tarafdar et al., The Indian pulsar timing array: First
data release, Pub. Astron. Soc. Aust. 39, e053 (2022).

[66] K. J. Lee, Prospects of gravitational wave detection using
pulsar timing array for Chinese future telescopes, in
Frontiers in Radio Astronomy and FAST Early Sciences
Symposium 2015, Astronomical Society of the Pacific
Conference Series Vol. 502, edited by L. Qain and D. Li
(Astronomical Society of the Pacific, San Francisco, Cal-
ifornia, 2016), p. 19.

[67] M. Bailes et al., The MeerKAT telescope as a pulsar facility:
System verification and early science results from Meer-
Time, Pub. Astron. Soc. Aust. 37, e028 (2020).

SEARCH FOR STOCHASTIC GRAVITATIONAL-WAVE … PHYS. REV. D 107, 042003 (2023)

042003-7

https://doi.org/10.3847/1538-4357/ac35cc
https://doi.org/10.3847/1538-4357/ac35cc
https://doi.org/10.1088/1572-9494/ac7cdf
https://doi.org/10.3847/2041-8213/ac401c
https://doi.org/10.1103/PhysRevLett.127.251302
https://doi.org/10.1103/PhysRevLett.127.251303
https://doi.org/10.1103/PhysRevLett.127.251303
https://doi.org/10.3847/1538-4357/ac86cb
https://doi.org/10.1103/PhysRevD.106.L101301
https://doi.org/10.1103/PhysRevResearch.4.L012022
https://doi.org/10.1103/PhysRevD.106.L081101
https://arXiv.org/abs/astro-ph/0108028
https://doi.org/10.12942/lrr-2014-7
https://doi.org/10.12942/lrr-2014-7
https://doi.org/10.3847/1538-4357/ab68db
https://doi.org/10.1093/mnras/stv1538
https://doi.org/10.1093/mnras/stv1538
https://doi.org/10.1088/0004-637X/813/1/65
https://doi.org/10.3847/0004-637X/821/1/13
https://doi.org/10.3847/0004-637X/821/1/13
https://doi.org/10.1088/0004-637X/769/1/63
https://doi.org/10.1111/j.1365-2966.2006.10302.x
https://doi.org/10.1111/j.1365-2966.2006.10302.x
https://doi.org/10.1111/j.1365-2966.2006.10870.x
https://doi.org/10.1111/j.1365-2966.2006.10870.x
https://doi.org/10.5281/zenodo.4059815
https://doi.org/10.5281/zenodo.1037579
https://doi.org/10.1080/01621459.1995.10476572
https://doi.org/10.1080/01621459.1995.10476572
https://doi.org/10.1111/j.2517-6161.1995.tb02042.x
https://doi.org/10.1111/j.2517-6161.1995.tb02042.x
https://doi.org/10.1198/10618600152627924
https://doi.org/10.1198/10618600152627924
https://doi.org/10.1093/mnras/stv2217
https://doi.org/10.1093/mnras/stv2217
https://doi.org/10.1103/PhysRevD.102.084039
https://doi.org/10.1088/0264-9381/30/22/224010
https://doi.org/10.1017/pasa.2022.46
https://doi.org/10.1017/pasa.2020.19

