
Implications for the non-Gaussianity of curvature perturbation
from pulsar timing arrays

Lang Liu ,1,2,‡ Zu-Cheng Chen ,3,4,1,2,* and Qing-Guo Huang 5,6,7,†

1Department of Astronomy, Beijing Normal University, Beijing 100875, China
2Advanced Institute of Natural Sciences, Beijing Normal University, Zhuhai 519087, China

3Department of Physics and Synergetic Innovation Center for Quantum Effects and Applications,
Hunan Normal University, Changsha, Hunan 410081, China

4Institute of Interdisciplinary Studies, Hunan Normal University, Changsha, Hunan 410081, China
5CAS Key Laboratory of Theoretical Physics, Institute of Theoretical Physics,

Chinese Academy of Sciences, Beijing 100190, China
6School of Physical Sciences, University of Chinese Academy of Sciences,

No. 19A Yuquan Road, Beijing 100049, China
7School of Fundamental Physics and Mathematical Sciences, Hangzhou Institute for Advanced Study,

UCAS, Hangzhou 310024, China

(Received 1 August 2023; revised 1 November 2023; accepted 17 January 2024; published 4 March 2024)

The recently released data by pulsar timing array (PTA) collaborations present strong evidence for a
stochastic signal consistent with a gravitational-wave background. Assuming this signal originates from
scalar-induced gravitational waves, we jointly use the PTA data from the NANOGrav 15-yr dataset, PPTA
DR3, and EPTA DR2 to probe the small-scale non-Gaussianity. We put the first-ever constraint on the non-
Gaussianity parameter, finding jFNLj≲ 13.9 for a lognormal power spectrum of the curvature perturba-
tions. Furthermore, we obtain −13.9≲ FNL ≲ −0.1 to prevent excessive production of primordial black
holes. Moreover, the multiband observations with the space-borne gravitational-wave detectors, such as
LISA/Taiji/TianQin, will provide a complementary investigation of primordial non-Gaussianity. Our
findings pave the way to constrain inflation models with PTAs.
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Introduction. Various inflation models (see, e.g., [1–8])
predict the existence of a sizable primordial non-
Gaussianity, making it an important role in exploring the
early Universe [9–11]. How to probe the non-Gaussianity
of the Universe is one of the key questions in modern
physics. Over several decades, significant advancements
have been made in precisely measuring a nearly scale-
invariant power spectrum characterizing primordial density
fluctuations. These measurements have been accomplished
through the utilization of observational data from the
cosmic microwave background (CMB) [12] and large-scale
structure [13,14] surveys, offering valuable insights into the
fundamental properties of the Universe. Although signifi-
cant efforts have been dedicated to precisely characterizing
power spectra of primordial perturbations on large scales,
searching for new and independent probes becomes crucial
when examining phenomena at the small scale.
Gravitational waves (GWs) offer a fascinating avenue for

acquiring insights into the history and composition of the

Universe, serving as another probe of small-scale non-
Gaussianity. In fact, space-borne GW detectors, such as
LISA [15], Taiji [16], and TianQin [17], can explore the
non-Gaussianity through scalar-induced GWs (SIGWs)
[18–27] in the mHz frequency band. Pulsar timing arrays
(PTA) [28,29], on the other hand, are sensitive in the nHz
frequency band, providing another opportunity to probe
the early Universe. Recently, NANOGrav [30,31], PPTA
[32,33], EPTAþ InPTA [34,35], and CPTA [36] all
announced the evidence for a stochastic signal in their
latest datasets consistent with the Hellings-Downs [37]
spatial correlations expected by a stochastic gravitational-
wave background (SGWB). Although there can be a lot of
sources [38–51] in the PTAwindow, whether this signal is
of astrophysical or cosmological origin is still under
intensive investigation [52–66].
A possible explanation for this signal is the SIGW

produced by the primordial curvature perturbations at small
scales. When the primordial curvature perturbations reach
significant magnitudes, they can generate a considerable
SGWB through second-order effects resulting from the
nonlinear coupling of perturbations. Additionally, large
curvature perturbations can trigger the formation of
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primordial black holes (PBHs) [67–69]. PBHs have
attracted a lot of attention in recent years [70–101] (see
also reviews [102–104]) as a promising candidate for dark
matter and can explain the binary black holes detected by
LIGO-Virgo-KAGRA [105,106]. The formation rate of
PBHs would be entirely altered if there is any significant
non-Gaussianity, as PBHs are produced at the large
amplitude tail of the curvature perturbation probability
distribution [107].
In this letter, assuming that the signal detected by PTAs

is from SIGWs, we jointly use the NANOGrav 15-yr
dataset, PPTA DR3, and EPTA DR2 to constrain the
small-scale non-Gaussianity when the scalar modes reenter
the horizon. As a demonstration, we employ a lognormal
power spectrum of curvature perturbations and constrain
the non-Gaussianity parameter as −13.9≲ FNL ≲ −0.1.

SIGWs and PBHs. We will briefly review the SIGWs
that arise as a result of the local-type non-Gaussian
curvature perturbations [21,108–112]. The local-type
non-Gaussianities are characterized by the expansion of
the curvature perturbation, Rðx⃗Þ, in terms of the Gaussian
component in real space. Specifically, the expansion up to
the quadratic order can be written as [113–118]

Rðx⃗Þ ¼ RGðx⃗Þ þ FNL

�
R2

Gðx⃗Þ − hR2
Gðx⃗Þi

�
; ð1Þ

where RGðx⃗Þ follows Gaussian statistics, and FNL repre-
sents the dimensionless non-Gaussian parameters. It is
worth noting that the non-Gaussianity parameter FNL is
related to the commonly used notation fNL through the
relation FNL ≡ 3=5fNL. The non-Gaussian contributions
are incorporated by defining the effective power spectrum
of curvature perturbations, PNG

R ðkÞ, as [21]

PNG
R ¼PRðkÞþF2

NL

Z
∞

0

dv
Z

1þv

j1−vj
du

PRðukÞPRðvkÞ
u2v2

: ð2Þ

In the conformal Newton gauge, the metric perturbations
can be expressed as

ds2 ¼ a2ðηÞ�−ð1þ 2ϕÞdη2 þ ½ð1 − 2ϕÞδij þ hij�dxidxj
�
;

ð3Þ

where η represents the conformal time, ϕ is the Newtonian
potential, and hij corresponds to the tensor mode of the
metric perturbation in the transverse-traceless gauge. The
equation of motion for hij can be obtained by considering
the perturbed Einstein equation up to the second order,
namely

h00ij þ 2Hh0ij −∇2hij ¼ −4T lm
ij Slm; ð4Þ

where the prime denotes a derivative with respect to the
conformal time η, H≡ a0

a represents the conformal Hubble

parameter, and T lm
ij is the transverse traceless projection

operator in Fourier space. The source term Sij, which is of
second order in scalar perturbations, reads

Sij¼3ϕ∂i∂jϕ−
1

H
ð∂iϕ0

∂jϕþ∂iϕ∂jϕ
0Þ− 1

H2
∂iϕ

0
∂jϕ

0: ð5Þ

The characterization of SGWBs often involves describing
their energy density per logarithmic frequency interval
relative to the critical density ρcðηÞ,

ΩGWðk; ηÞ≡ 1

ρcðηÞ
dρGWðk; ηÞ

d ln k
¼ k3

48π2

�
k
H

�
2

hjhkðηÞj2i;

ð6Þ

where the overline represents an average over a few
wavelengths. During the radiation-dominated era, GWs
are generated by curvature perturbations, and their density
parameter at the matter-radiation equality is denoted as
ΩGWðkÞ ¼ ΩGWðk; η → ∞Þ. Using the relation between
curvature perturbations R and scalar perturbations ϕ in the
radiation-dominated era, ϕ ¼ ð2=3ÞR, we can calculate
ΩGWðkÞ as [23]

ΩGWðkÞ ¼
Z

∞

0

dv
Z

1þv

j1−vj
duT PNG

R ðvkÞPNG
R ðukÞ; ð7Þ

where the transfer function T ¼ T ðu; vÞ is given by

T ðu;vÞ ¼ 3

1024v8u8
½4v2 − ðv2 − u2 þ 1Þ2�2ðv2 þ u2 − 3Þ2

×

�	
ðv2 þ u2 − 3Þ ln

�
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�
− 4vu

�
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þ π2ðv2 þ u2 − 3Þ2Θðvþ u−
ffiffiffi
3

p
Þ


: ð8Þ

According to the Eqs. (2) and (7), ΩGWðkÞ can be
expanded as

ΩGWðkÞ ¼ A2Ωð0ÞðkÞ þ A3F2
NLΩð2ÞðkÞ þ A4F4

NLΩð4ÞðkÞ;
ð9Þ

where Ωð0ÞðkÞ, Ωð2ÞðkÞ, and Ωð4ÞðkÞ represent the corre-
sponding integral terms, and A≡ R

PRd ln k is the ampli-
tude of PR. From Eq. (9), we see that positive and negative
FNL will generate identical SIGWs. In other words, positive
and negative FNL are degenerate regarding their impact
on SIGWs.
Using the relation between the wave number and

frequency, k ¼ 2πf, we obtain the energy density fraction
spectrum of SIGWs at the present time,
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ΩGW;0ðfÞ ¼ Ωr;0

	
g�;rðTÞ
g�;rðTeqÞ

�	
g�;sðTeqÞ
g�;sðTÞ

�4
3

ΩGWðkÞ: ð10Þ

It is given by the product of ΩGWðkÞ, the present energy
density fraction of radiation,Ωr;0, and two factors involving
the effective degrees of freedom for entropy density, g;s,
and radiation, g;r. To demonstrate the method, we adopt a
commonly used power spectrum for PR, taking the
lognormal form [23,119]

PRðkÞ ¼
Affiffiffiffiffiffi
2π

p
Δ
exp

�
−
ln2ðk=k�Þ

2Δ2

�
; ð11Þ

where A is the amplitude, k� is the characteristic scale, and
Δ denotes the width of the spectrum.
We note that a positive value of FNL will increase the

abundance of PBHs for a given power spectrum of
curvature perturbations. Conversely, a negative value of
FNL will decrease the abundance of PBHs. This behavior
highlights the impact of non-Gaussianity, quantified by
FNL, on the formation and abundance of PBHs. The
Gaussian curvature perturbation RG can be determined
by solving Eq. (1) as [107,120]

R�
GðRÞ ¼ 1

2FNL

�
−1�

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ 4FNLRþ 4F2

NLhR2
Gi

q �
:

ð12Þ

PBHs are expected to form when the curvature perturbation
exceeds a certain threshold value Rc ∼ 1 [121–124].
The PBH mass fraction at formation time can be calculated
as [107]

βðMÞ ≃ 1

2

8>><
>>:

erfc

�
Rþ

GðRcÞffiffiffiffiffiffiffiffiffiffi
2hR2

Gi
p

�
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�
− R−

GðRcÞffiffiffiffiffiffiffiffiffiffi
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p

�
; FNL > 0;

erf
�
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p

�
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�
R−

GðRcÞffiffiffiffiffiffiffiffiffiffi
2hR2

Gi
p

�
; FNL < 0:

ð13Þ

One can define the total abundance of PBHs in the dark
matter at present as [102]

fPBH ≡ ΩPBH

ΩCDM
¼ 2.7 × 108

Z
∞

−∞
d ln M

×

�
g�;r
10.75

�
3=4

�
g�;s
10.75

�
−1
�

M
M⊙

�
−1=2

βðMÞ; ð14Þ

where ΩCDM is the cold dark matter density.

Data analyses and results. We jointly use the NANOGrav
15-yr dataset, PPTA DR3, and EPTA DR2 to estimate the

model parameters. The ongoing efforts of these PTAs
have lasted for more than a decade. Specifically, the
NANOGrav 15-yr dataset contains observations of 68
pulsars with a time span of 16.03 years [30], PPTA DR3
contains observations of 32 pulsars with a time span of up
to 18 years [32], and EPTA DR2 contains observations of
25 pulsars with a time span of 24.7 years [34]. These PTA
datasets all present a stochastic signal consistent with the
Hellings-Downs spatial correlations expected for an
SGWB. If this signal is indeed of GW origin, it should
share the same properties among these PTAs. Therefore,
we combine the observations from these PTAs to estimate
model parameters to increase the precision rather than
using each individual PTA. In this paper, we use the free
spectrum amplitude derived by each PTA with Hellings-
Downs correlations. Given the time span Tobs of a PTA,
the free spectrum starts with the lowest frequency 1=Tobs.
NANOGrav, PPTA, and EPTA use 14, 28, and 24
frequency components in their SGWB searches, respec-
tively. Combining these data together results in 66
frequencies of a free spectrum ranging from 1.28 nHz
to 49.1 nHz. A visualization of the data used in the
analyses is shown in Fig. 1. In this work, we also consider
the constraint from baryon acoustic oscillation and
CMB [125] for the integrated energy-density fraction
that

R
∞
kmin

h2ΩGW;0ðkÞd ln k≲ 2.9 × 10−7 [126], where
h ¼ H0=ð100 km s−1Mpc−1Þ ¼ 0.674 [125] is the dimen-
sionless Hubble constant.
We use the time delay data released by each PTA. The

time delay dðfÞ can be converted to the power spectrum
SðfÞ by

dðfÞ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
SðfÞ=Tobs

p
: ð15Þ

We then convert SðfÞ to the characteristic strain, hcðfÞ, by

h2cðfÞ ¼ 12π2f3SðfÞ: ð16Þ

Further, we obtain the free spectrum energy density as

Ω̂GWðfÞ ¼
2π2

3H2
0

f2h2cðfÞ ¼
8π4

H2
0

Tobsf5d2ðfÞ: ð17Þ

For each frequency fi, with the posteriors of Ω̂GWðfiÞ at
hand, we can estimate the corresponding kernel density Li.
Therefore, the total likelihood is

LðΛÞ ¼
Y66
i¼1

LiðΩGWðfi;ΛÞÞ; ð18Þ

where Λ≡ fA;Δ; f�; jFNLjg is the collection of the model
parameters. We use DYNESTY [127] sampler wrapped in the
BILBY [128,129] package to search over the parameter
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space. The model parameters and their priors are summa-
rized in Table I.
We consider two models: one without non-Gaussianity,

MG, and another with non-Gaussianity, MNG. The pos-
terior distributions for the parameters are shown in Fig. 2,
and the median and 90% credible interval values for each
parameter are summarized in Table I. We note that theMG
model has been studied by NANOGrav with their 15-yr
dataset, which is called SIGW-GAUSS in their paper. While
we obtain consistent results, the combined data from
NANOGrav, PPTA, and EPTA can constrain the parameters
to higher precision than using the NANOGrav dataset
alone, as expected. For the MNG model, the FNL and A
parameters are generally degenerate. The combined data
can constrain the amplitude to be A ¼ 1.06þ5.20

−1.02 , therefore
constraining jFNLj≲ 13.9. Since positive and negative FNL
values are degenerate, we have −13.9≲ FNL ≲ 13.9.
Moreover, the abundance of PBHs cannot exceed that of
dark matter, i.e., fPBH ≲ 1. Using Eqs. (13) and (14), this
limitation allows us to break the degeneracy and obtain
constraints on FNL as −13.9≲ FNL ≲ −0.1.

Summary and discussion. While the CMB and large-scale
structure observations have provided increasingly precise
measurements on the largest scales of the Universe, our
knowledge of small scales remains limited, except for the
constraints imposed by PBHs. PTAs, on the other hand, are
an invaluable tool to probe the small-scale non-Gaussianity
through SIGWs. Assuming the stochastic signal detected
by the PTA collaborations originates from SIGWs, we
jointly use the NANOGrav 15-yr dataset, PPTA DR3, and
EPTA DR2 to constrain the SIGWs accounting for non-
Gaussianity. For the first time, we constrain the nonlinear
parameter as jFNLj≲ 13.9 for a lognormal power spectrum
of the curvature perturbation. Furthermore, we obtain
−13.9≲ FNL ≲ −0.1 to avoid overproduction of PBHs.
Although we have only dealt with the lognormal power
spectrum of curvature perturbations, the method and the
framework proposed in this work can be easily extended to
different types of power spectra. For instance, a similar
constraint on the non-Gaussianity parameter associated
with the broken power-law spectrum is presented in the
Supplementary Material [130].

TABLE I. Prior distributions and results for the model parameters. We consider two cases: a model with non-
Gaussianity, MNG, and a model without non-Gaussianity, MG. Here U and log-U denote the uniform and log-
uniform distributions, respectively. We quote each parameter’s median value and 90% equal-tail credible interval.

Parameter A Δ f�=Hz jFNLj
Prior log-Uð−3; 2Þ Uð0.05; 5Þ log-Uð−9;−2Þ log-Uð−5; 3Þ
Result for MG 1.73þ5.57

−1.47 3.24þ0.70
−1.34 3.25þ51.1

−3.22 × 10−5 � � �
Result for MNG 1.06þ5.20

−1.02 3.36þ1.10
−1.29 1.81þ45.3

−1.79 × 10−5 ≲13.9

FIG. 1. The posterior predictive distribution for the energy density from SIGWs for theMNG model. The solid olive line is the median
value, while the shaded region represents the 90% credible region. We also show the energy density spectra derived from the free
spectrum from NANOGrav 15-yr dataset (red violins), PPTA DR3 (green violins), and EPTA DR2 (blue violins). The black solid,
dashed, and dash-dotted lines represent the power-law integrated sensitivity curves for LISA, Taiji, and TianQin, respectively.
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The constraints on primordial non-Gaussianity of local
type have significant implications for inflation models that
involve scalar fields, other than the inflaton, in generating
the primordial curvature perturbations. For instance, adia-
batic curvaton models predict that [131,132]

fNL ¼ 5

3
FNL ¼ 5

4rD
−
5rD
6

−
5

3
; ð19Þ

when the curvaton field has a quadratic potential [133–137].
Here the parameter rD ¼ 3ρcurvaton=ð3ρcurvaton þ 4ρradiationÞ
represents the “curvaton decay fraction” at the time of
curvaton decay under sudden decay approximation. Our
constraint jFNLj ≲ 13.9 implies

rD ≳ 0.05 ð95%Þ; ð20Þ

and the further constraint that FNL ≲ −0.1 yields

rD ≳ 0.62 ð95%Þ; ð21Þ

indicating that the curvaton field has a non-negligible energy
density when it decays. Our findings, therefore, pave the
way to constrain inflation models with PTA data.
Furthermore, as indicated in Fig. 1, the energy density

spectrum of SIGW can generally be extended to the
frequency band of the space-borne GW detector. Therefore,
the multiband observations of PTAs with the forthcoming
space-borne GW detectors, such as LISA/Taiji/TianQin,
will provide a complementary investigation of non-
Gaussianity.

Note added. While finalizing this work, we found two
parallel independent studies [138,139] that also explore
the potential connection between the NANOGrav signal
and SIGWs associated with non-Gaussianity. In particular,
Ref. [138] focused on the significance of the non-
Gaussianity parameter to address the issue of PBH
overproduction; however, it did not constrain the non-
Gaussianity parameter with PTA data. On the other hand,
Ref. [139] did obtain a constraint on the non-Gaussianity
parameter with the NANOGrav data, but it is noteworthy
that Ref. [139] adopted a less rigorous approach by
manually fixing other model parameters. In contrast, our
approach employs a comprehensive Bayesian inference
methodology, providing a rigorous constraint on the non-
Gaussianity parameter using multiple PTA datasets.

Acknowledgments. The contour plots are generated
with ChainConsumer [140]. L. L. is supported by the
National Natural Science Foundation of China (Grants
No. 12247112 and No. 12247176) and the China
Postdoctoral Science Foundation Fellowship
No. 2023M730300. Z. C. C. is supported by the National
Natural Science Foundation of China (Grants
No. 12247176 and No. 12247112) and the China
Postdoctoral Science Foundation Fellowship
No. 2022M710429. Q. G. H. is supported by grants from
NSFC (Grants No. 12250010, No. 11975019,
No. 11991052, No. 12047503), Key Research Program
of Frontier Sciences, CAS, Grant No. ZDBS-LY-7009,
CAS Project for Young Scientists in Basic Research
YSBR-006, the Key Research Program of the Chinese
Academy of Sciences (Grant No. XDPB15).

FIG. 2. One and two-dimensional marginalized posteriors of
the parameters for the MG (red) model and the MNG (blue)
model. We jointly use the PTA data from the NANOGrav 15-yr
dataset, PPTA DR3, and EPTA DR2. The contours in the two-
dimensional plot correspond to the 1σ, 2σ, and 3σ credible
regions, respectively.
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