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The pulsar timing array (PTA) collaborations have recently suggested the presence of a gravitational
wave background at nano-Hertz frequencies. In this paper, we explore potential inflationary interpretation
of this signal within the context of a simple and health parity-violating gravity model termed the Nieh-Yan
modified teleparallel gravity. Through this model, two inflationary scenarios are evaluated, both yielding
significant polarized primordial gravitational waves (PGWs) that align well with the results from PTA
observations. Furthermore, the resulting PGWs can display strong circular polarization and significant
anisotropies in the PTA frequency band, which are distinct features to be verified by observations of both
PTA and the cosmic microwave background. The detection of such a distinctive background of PGWs is
expected to provide strong evidence supporting our scenarios and insights into inflationary dynamics and
gravity theory.

DOI: 10.1103/PhysRevD.109.063526

I. INTRODUCTION

Inflation is a successful model of the very early Universe
that solves the flatness and horizon problems and sets the
initial conditions of big bang cosmology. During inflation,
the Universe undergoes a period of exponential expansion,
during which curvature perturbations from quantum fluc-
tuations of the scalarmodes successfully explain the temper-
ature anisotropies in the cosmic microwave background
(CMB) and seed the large-scale structure. Primordial gravi-
tational waves (PGWs) are unique prediction of inflation,
and detecting themhas been considered as a smokinggun for
inflation.However, PGWs haveyet to be discovered, despite
decades of searches in B-mode polarizations in the CMB.
The latest constraint on the tensor-to-scalar ratio is obtained
by the combination of Planck and BICEP/Keck, with
r < 0.036 at the 95% confidence level [1]. Apart from
observations at the CMB scales, other gravitational wave
observation programs, such as the LIGO-Virgo-KAGRA
collaboration [2], LISA/Taiji/Tianqin [3–5], and pulsar

timing array (PTA) experiments [6–9], offer opportunities
to observe PGWs at small scales with modified gravity
models or nonstandard thermal histories of the Universe.
Recently, the PTA experiments, includingNANOGrav [6],

PPTA [7], EPTA [8], and CPTA [9], collectively reported an
exciting discovery of nano-Hertz stochastic gravitational
wave background (SGWB). Beyond the standard astro-
physical interpretation in terms of inspiraling supermassive
black hole binaries [10–13], an SGWB stemming from
cosmological sources may serve as a potential explanation
of the observed signal. This breakthrough promises trans-
formative insights into early universe cosmology. Cosmo-
logical SGWBs are expected to originate from vacuum
fluctuations or particle production during inflation [14–28],
as well as from large primordial scalar perturbations
produced during inflation [29–46], cosmological first-order
phase transitions [47–51], and topological defects such as
cosmic strings [52–54] and domain walls [52,55,56]. A
comprehensive review can be found in [57]. The SGWBs
originating from these assorted sources have been exten-
sively examined as plausible interpretations of the PTA
signal [58–74]. In this study, we concentrate on the vacuum
fluctuations during inflation, namely PGWs, exploring the
inflationary explanation of the PTA signal within the context
of the parity-violating gravity theory.
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Chern-Simons theory [75,76] is the most widely dis-
cussed parity-violating theory of modified gravity. It has
been used to generate polarized PGWs [77–82]. However,
Chern-Simons theory suffers from ghost instabilities
induced by higher-order derivative terms, which have been
addressed in more complex models [83–85].
In this work, we investigate a novel modified gravity

model that allows for the amplification and observation of
PGWs with strong circular polarization, and even large
anisotropies. We consider a simple and healthy gravity
theory with parity violation [86,87], where the parity
symmetry is violated by introducing the scalar field
coupled Nieh-Yan term into the teleparallel equivalent of
general relativity. Given teleparallel equivalent of general
relativity is dynamically equivalent to general relativity
(GR), this is equivalently making a parity-violating exten-
sion to GR. The first constraint on this model was
conducted in [88] through utilizing observational data from
LIGO-Virgo GWevents. Reference [89] studied the behav-
ior of GWs from this parity-violating gravity model
propagating in a medium of collisionless particles. The
implications that the Nieh-Yan modified teleparallel gravity
(NYmTG) model holds in the context of inflation have
been scrutinized in prior work [90], which suggests that the
anticipated energy spectrum of PGW signal exhibits a
significant bump at frequencies nestled within the range
perceptible by prospective GW experiments, surpassing
their sensitivity curves. Consequently, it is plausible to infer
that the emergent PGWs within the NYmTG model could
provide a satisfactory explanation for the PTA signal.
In our scenario, the coupled scalar field acts as either an

inflaton or a spectator fieldwith its dynamics during inflation
triggering the amplification of PGWs. Such amplified GWs
can adequately explain the PTA data. Since the gravitational
sources after inflation are constrained by other observables,
such as upper bounds on small-scale curvature perturbations
[91–93] and observations of GWs at other frequency bands
[94,95], PGWsas a product of inflation can safely avoid these
constraints and become a promising candidate for cosmo-
logical SGWBs to explain the PTA signal. Moreover, this
model predicts a characteristic SGWB with simultaneously
large anisotropies and large polarization. Since the polari-
zation of an isotropic SGWB cannot be detected by PTA
experiments [96,97], this work provides a good opportunity
to test both inflation and parity-violating modified gravity
model with PTA experiments in the near future.
Throughout the paper, we will use the units c ¼ ℏ ¼ 1,

the reduced Planck mass MP ¼ 1=
ffiffiffiffiffiffiffiffiffi
8πG

p ¼ 1, and the
convention for the metric signature ðþ;−;−;−Þ.

II. MODEL

We briefly revisit the foundational formulas intrinsic to
the NYmTG model, which is characterized by the follow-
ing action [86,87],

S¼
Z

d4x
ffiffiffiffiffiffi
−g

p �
−
R
2
þαϕ

4
T AμνT̃

Aμνþ1

2
∇μϕ∇μϕ−VðϕÞ

�

þSother; ð1Þ

where R is the Ricci scalar, T̃ Aμν ¼ ð1=2ÞεμνρσT A
ρσ rep-

resents the dual of the torsion two form T A
μν with εμνρσ

being the Levi-Civita tensor, and α is the coupling constant.
Here, the ϕ field emerges as a dynamical scalar field, and
the action Sother describes an additional canonical field that
is minimally coupled to gravity. With the spatially flat
FLRW metric, the background evolution is identical to that
in GR, governed by the following equations:

3H2 ¼ 1

2
ϕ̇2 þ VðϕÞ þ ρ; ð2aÞ

ϕ̈þ 3Hϕ̇þ dV
dϕ

¼ 0; ð2bÞ

ρ̇þ 3Hðρþ pÞ ¼ 0; ð2cÞ
where H is the Hubble parameter and a dot denotes the
derivative with respect to the cosmic time. Here, ρ and p
denote the energy density and pressure, respectively,
associated with the additional field. It is worth noting that
in this model, gauge invariant scalar perturbations corre-
sponding to ϕ vanishes completely due to the coupling of
the ϕ field with the Nieh-Yan term. Consequently, if the ϕ
field serves as the inflaton, it cannot generate the primordial
scalar perturbations. The curvaton scenario, which explains
the origin of primordial scalar perturbations in the context
of the ϕ field acting as an inflaton, has been thoroughly
analyzed in [90].
In this model, the tensor perturbations exhibit the

phenomenon of velocity birefringence, obeying the follow-
ing equation of motion in the momentum space,

ḧAk þ 3HḣAk þ k
a

�
k
a
þ λAαϕ̇

�
hAk ¼ 0; ð3Þ

where A ¼ RðLÞ denotes the right(left)-handed polariza-
tion with λR ¼ 1 and λL ¼ −1. A salient characteristic of
the tensor perturbation within this context is the occur-
rence of tachyonic instability in one of its two polarization
states under particular circumstances. For instance, during
inflation, there invariably exists a polarization state where
the frequency squared of the corresponding modes,
denoted by ðk=aÞðk=aþ λAαϕ̇Þ, becomes negative as the
physical wave number k=a evolves to be less than jαϕ̇j. If
the condition jαϕ̇j > OðHÞ is met, certain mode functions
hAk will experience a tachyonic instability within the
horizon, instigating an exponential amplification of their
amplitude [90].
By incorporating the above distinctive characteristic into

specific inflationary scenarios, we can expect a PGW
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interpretation of the PTA signal. In this paper, we consider
two distinct scenarios: (1) the field ϕ acts as the inflaton
while Sother represents a curvaton field, as illustrated in [90];
and (2) the field ϕ serves as the spectator field while Sother
describes an inflaton.
For the first scenario, we postulate that the inflaton

ϕ is endowed with Starobinsky’s linear potential, expressed
as [98],

VðϕÞ ¼
�
V0 þ Aþðϕ − ϕ0Þ; for ϕ > ϕ0;

V0 þ A−ðϕ − ϕ0Þ; for ϕ ≤ ϕ0;
ð4Þ

depicted in the top panel of Fig. 1. Here, V0 determines the
inflationary energy scale, while the parameters Aþ and A−
control the slopes of two linear potentials. The amplifica-
tion of the small-scale primordial scalar spectrum, along
with the formation of primordial black holes in the
canonical single-field inflation with this potential, has been
comprehensively investigated in [99]. However, in this
paper, we can avoid discussing these phenomena due to the
vanishing perturbations in the ϕ field.
For the second scenario, we choose the axion poten-

tial [100] to describe the field ϕ, which is given by

VðϕÞ ¼ 1

2
m2ϕ2 þ Λ4

ϕ

σ
sin

�
ϕ

σ

�
; ð5Þ

as shown in the bottom panel of Fig. 1. This choice is the
same as in [90], but the difference lies in our treatment of
the field ϕ as a spectator field rather than as the inflaton. In
the following section, we will explore the phenomenologi-
cal implications of combining the NYmTG model with
these two inflationary paradigms.

III. RESULTS

We perform numerical analyses to extract the PGW
predictions arising from the NYmTG model within the
previously mentioned inflationary contexts. By numeri-
cally solving the coupled set of background equations
given in Eq. (2) and the tensor perturbation equation
presented in Eq. (3), we can obtain the power spectrum
of the tensor perturbations, PhðkÞ ¼

P
A¼R;L k

3jhAk j=ð2π2Þ.
Subsequently, we deduce the current energy spectrum of
PGWs through the correlation:

ΩGWðkÞh2 ¼ 6.8 × 10−7PhðkÞ: ð6Þ

A. Starobinsky’s linear potential

In this instance, the inflationary energy scale remains
elusive, given that the curvaton field plays a role in the
generation of primordial scalar perturbations. Consequently,
V0 emerges as a somewhat unconstrained parameter. To
effectively explain the PTA signal through PGWs, we
select the following parameters: V0 ¼ 10−14, Aþ=V0 ¼ 1,
A−=Aþ ¼ 0.1, ϕ0 ¼ 6, and α ¼ 27. Additionally, we des-
ignate the field value of ϕ at the moment when the CMB
scale kCMB ¼ 0.05 Mpc−1 exits the horizon to be 11.32.
Moreover, we define the e-folding number from the time
when ϕ ¼ 11.32 to the end of inflation to be 60.
In Fig. 2, we depict the trajectory of the ϕ field velocity

in relation to the e-folding number N. At the outset, the
inflaton ϕ slowly rolls down along the potential’s segment
where ϕ > ϕ0, with its velocity seeing a steady uptick,
culminating around N ¼ 40. Subsequently, the ϕ field

FIG. 1. Schematic diagrams of the Starobinsky’s linear poten-
tial (top) and the axion potential (bottom).
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FIG. 2. The evolution of jϕ̇j= ffiffiffiffiffiffi
V0

p
as a function of the e-folding

number N ≡ lnðae=aÞ, with ae being the scale factor at the end of
inflation, in the first scenario.
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crosses the point at ϕ ¼ ϕ0, transitioning onto the flatter
segment of the potential where ϕ < ϕ0. In the process, the
inflatonvelocity declines sharply, settling into a new slow-roll
regime characterized by the smaller velocity. Consequently,
the trajectory of the inflaton velocity prominently features a
sharp peak, manifesting itself around N ¼ 40.
Taking a closer look at Eq. (3), it is evident that when

ϕ̇ < 0 and α > 0, the right-handed polarization state for
tensor perturbations undergoes tachyonic instability. This
instability translates to an exponential growth of the modes
with right-handed polarization. However, this is not a
uniform growth for all modes. Modes that exit the horizon
at varying times will witness different levels of this
instability, precisely because the strength of the tachyonic
instability experienced by the modes is directly propor-
tional to jαϕ̇j evolving over time. Therefore, those modes
that exit the horizon around the moment when jαϕ̇j is at its
largest will encounter the most pronounced amplification.
In light of the inflationary dynamics delineated in Fig. 2,

the energy spectrum of the resulting PGWs exhibits a
pinnacle, involving the contribution of only right-handed
polarization state, in the vicinity of Oð10−8Þ Hz, as dis-
cerned from Fig. 3. From this illustration, it becomes
lucidly clear that the forecasted PGW signal coincides with
the observational results from NANOGrav and EPTA. It is
important to emphasize that selecting the parameters Aþ
and A− is critical in deriving a PGW signal that accounts for
the PTA results. To demonstrate the sensitivity of the PTA
signal explanation to variations in Aþ and A−, we take the
previously chosen parameters as the fiducial parameter set,
and then we depict the current PGW energy spectra for the
variations of Aþ and A− by a factor of 1� 10−1 in Fig. 3.
The results indicate that shifts in Aþ of 1� 10−1 have some

effect on the peak position and amplitude of the energy
spectrum, however, the resulting PGW signal remains
consistent with the observational results. In comparison
to the parameter Aþ, the influence of variations in A− by
1� 10−1 on the energy spectrum is relatively minor. On the
whole, the PTA signal explanation exhibits relatively low
sensitivity to variations in the parameters Aþ and A−.
Intriguingly, even when considering large scales, the

tensor modes with right-handed polarization exhibit distinct
variations, setting them apart from their left-handed counter-
part. As illustrated in Fig. 4, the large-scale tensor pertur-
bations are characterized by a pronounced blue spectrum,
within the current upper limit of r < 0.036. More impor-
tantly, theCMB-scale PGWsignal, predominantly governed
by the right-handed polarization state, is nearly exclusively
right-handed in its polarization. Such chiral PGWs not only
yield the B-mode (BB) autocorrelation spectrum but also
result in nozero cross-correlation spectra between the CMB
temperature and B-mode (TB), as well as between E-mode
and B-mode (EB). The contributions from the PGWs to
them are written as [102,103]

CBB
l ¼ 4π

Z
dðln kÞ½PL

h ðkÞ þ PR
h ðkÞ�ΔB

lðkÞΔB
lðkÞ;

CXB
l ¼ 4π

Z
dðln kÞ½PL

h ðkÞ − PR
h ðkÞ�ΔX

l ðkÞΔB
lðkÞ; ð7Þ

where X ¼ fT; Eg and ΔT=E=B
l ðkÞ is the radiation transfer

function for T=E=B. In Fig. 5, we present the corresponding
BB, EB, and TB spectra, DXY

l ¼ lðlþ 1ÞCXY
l =ð2πÞ with

XY ¼ fBB;EB; TBg, derived by using the publicly avail-
able Boltzmann code CLASS [104]. Notably, the BB spec-
trum appears detectable by forthcoming CMB experiments,
such as the LiteBIRD satellite [105]. A detection of the TB
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FIG. 3. The current energy spectrum of PGWs (red line)
predicted by the NYmTG model within the first inflationary
scenario. The violin diagrams depict the free spectrum posteriors
in the analyses from the NANOGrav 15-yr dataset [58] and EPTA
DR2 [101]. Also shown are the current energy spectra of PGWs
for the variations in Aþ and A− by a factor of 1� 10−1, in
comparison to the fiducial parameter set, which is associated with
the red line.
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FIG. 4. The large-scale power spectrum of the tensor perturba-
tions predicted by the NYmTG model within the first inflationary
scenario. The solid line denotes the total power spectrum PhðkÞ,
while the dashed line represents the power spectrum for the right-
handed polarization. The scale-invariant tensor spectrum with
r ¼ 0.036 (gray dashed line) is shown as a reference.
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and EB correlations would provide a strong evidence for
our scenario.

B. Axion potential

In this setting, the action Sother delineates a canonical
and minimally coupled inflaton, denoted by φ. For
convenience, we adopt the Starobinsky potential, VðφÞ ¼
V0½1 − exp ð− ffiffiffiffiffiffiffiffi

2=3
p

φÞ�2 with V0 ¼ 9.75 × 10−11, serving
as an emblematic example to illustrate the results within this
scenario. We opt for an initial field value of the inflaton,
φ ¼ 5.42, corresponding the timewhen the scale kCMB exits
the horizon and ensuring that the inflation endures for a span
of 60 e-folds. The parameters inherent to the potential, as
expressed in Eq. (5), are selected as follows:m¼ ffiffiffiffiffiffiffiffiffiffiffiffiffiffi

0.16V0

p
,

σ¼ 0.0002, and β≡Λ4=ðm2σ2Þ¼ 0.93. Furthermore, we
take α ¼ 1.33 × 105, and the initial field value of theϕ field,
denoted by ϕini, is chosen to be ϕini ¼ ϕ0 ¼ 6.612 × 10−4.
In this model, the potential exhibits a very flat region at ϕini,
which makes the rolling-down time of ϕ highly sensitive to
the initial value ϕini. Since quantum fluctuations of ϕ can be
treated as a difference in ϕini across different large-scale
regions, which results in the difference in the rolling-down
time and a shift of the GW peak frequency. These fluctua-
tions can be estimated as Hinf=ð2πÞ, which typically has a
value of 10−7 for GUT scale inflationary models.We choose
the parameters to ensure that the difference of 10−7 in ϕini
can significantly affect the rolling-down time.
Analogous to the outcomes in the previous scenario,

Fig. 6 unmistakably reveals a pronounced peak in the
profile of jϕ̇j approximately at N ¼ 40, attributed to the

swift descent of the ϕ field over the cliff-like region of its
potential during this brief period. Consequently, the fore-
casted chiral PGW signal emerges as a plausible explan-
ation of the PTA results, as seen from Fig. 7. In this figure,
we also show the current PGW energy spectra for the
variations in σ and β by a factor of 1� 10−3. The results
suggest that shifts in σ of 1� 10−3 have some effect on the
peak position of the energy spectrum and a negligible effect
on the peak amplitude of the energy spectrum. A similar
observation applies to the parameter β. Relative to the first
inflationary scenario, the PTA signal explanation in the
second inflationary scenario shows greater sensitivity to
variations in the potential parameters.
The characteristic of this scenario is generating large

anisotropies in the SGWB, allowing the PTA experiments
to detect the GW polarization. Because of the poor angular
resolution of the GWobservers, we only focus on the large-
scale perturbations in GWenergy density which correspond
to the low-l region of the anisotropies. In this case,
quantum fluctuations of ϕ in the first several e-foldings
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FIG. 5. The resulting CMB angular power spectra, DXY
l ¼

lðlþ 1ÞCXY
l =ð2πÞ with XY ¼ fBB;EB; TBg, expected due to

the chiral tensor spectrum depicted in Fig. 4. The dashed line in
the lower panel represents the expected sensitivity curve of the
LiteBIRD mission [105].

FIG. 6. The evolution of jϕ̇j= ffiffiffiffiffiffi
V0

p
as a function of the e-folding

number N in the second scenario.
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FIG. 7. The current energy spectrum of PGWs (red line)
predicted by the NYmTG model within the second inflationary
scenario. Also shown are the current energy spectra of PGWs for
the variations in σ and β by a factor of 1� 10−3, in comparison to
the fiducial parameter set, which is associated with the red line.
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of inflation result in large-scale inhomogeneous distribu-
tion of ϕ. Since ϕ is frozen on the potential at the

beginning, j ϕ̇
Hinfϕini

j ≪ 1 (Hinf denotes the Hubble param-
eter during inflation), superhorizon perturbations of ϕ
remain almost constant until ϕ rolls down the potential.
Also, superhorizon perturbations of ϕ can be treated as
“initial value” of the dynamics of ϕ. As a consequence, in
each large-scale region, the equivalent initial value of ϕ is
different from each other by a quantity of the order of
Hinf=ð2πÞ. Given the diminutive initial field value of ϕ,
even small fluctuations in ϕ can result in non-negligible
difference of the time when the ϕ field traverses the clifflike
region in its potential. Since the peak value of amplified
GWs is sensitive to this particular time, the averaged GW
energy spectrum in each large-scale region differs with a
shift in frequency.
In Fig. 8, we present the resulting GW energy spectra

with different initial field values to demonstrate the
mechanism of generating anisotropies, where the blue
and yellow lines show ΩGW with ϕini ¼ ϕ0 �Hinf=ð2πÞ
as comparisons to the averaged case with ϕini ¼ ϕ0.
Figure 8 implies that the initial value from large-scale
fluctuations of ϕ result in a frequency shift of ΩGW. As a
consequence, the value of ΩGW averaged in each large-
scale region changes with ϕini, i.e., anisotropies of the
SGWB. Note that the anisotropies is also a frequency-
dependent variable. We use the angular power spectrum to
quantize the anisotropies. Similar to the Sachs-Wolfe
plateau of CMB temperature perturbations for small multi-
ple l [106], we obtain

lðlþ 1ÞClðfÞ ¼
π

2
hδΩ2

GWðf;xÞi: ð8Þ

Here, δΩGWðf; xÞ ≡ ðΩGWðf; xÞ − ΩGWðfÞÞ=ΩGWðfÞ
denotes the spatial inhomogeneity of the GW energy
spectrum, ΩGWðfÞ is the averaged GW energy spectrum

over the whole space, and the angle bracket denotes the
power spectrum. Note that Eq. (8) is valid for any small l.
As we mentioned before, the angular power spectrum
depends on the frequency f, which is shown in Fig. 9.
The frequency-dependent angular power spectrum of order
Oð0.1Þ is a distinct feature to be verified by PTA obser-
vations in the near future [107–114]. Particularly,
Ref. [112] points out that the angular power spectrum of
Oð0.1Þ with l ¼ 1 are expected to be observed by
NANOGrav within 20 years. Moreover, the polarization
of the SGWB can be measured by the PTA experiments
thanks to the large anisotropies.

IV. CONCLUSION AND DISCUSSION

In this work, we examine the potential interpretation of
the recently detected signal by PTA observations as the
PGWs stemming from inflation within a parity-violating
gravity model known as the NYmTG model. This model
violates the parity symmetry in gravity by introducing the
scalar field coupled Nieh-Yan term into teleparallel equiv-
alent of general relativity, equivalently making a parity-
violating extension to GR. Within the framework of the
NYmTG model, we evaluate two distinct inflationary
scenarios: in one, the coupled scalar field serves as an
inflaton with Starobinsky’s linear potential, while in the
other, it acts as a spectator field governed by an axion
potential. Both scenarios lead to a significant amplification
of right-handed polarized tensor perturbations at certain
scales, predicting a chiral PGW signal that coincides with
the results from the PTA observations. Furthermore, our
results reveal that the predicted PGWs manifest distinct
characteristics: for the former scenario, strong circular
polarization is evident at large scales, resulting in the
nonzero TB and EB spectra; for the latter scenario,
significant anisotropies emerge in PTA frequency band,
rendering the polarization detectable through PTA experi-
ments. With further experimental improvements, these
features would become observable, offering compelling
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FIG. 8. The current energy spectra of PGWs under selecting
different initial field values, ϕini ¼ ϕ0 and ϕini ¼ ϕ0 �
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inflation.
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FIG. 9. The frequency-dependent angular power spectrum
predicted by the axion potential.
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evidence for our scenarios. Such observations promise to
shed light on both the inflationary dynamics and the
underlying gravity theory.
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