PHYSICAL REVIEW D 107, 024031 (2023)

Polarized primordial gravitational waves in spatial covariant gravities

Tao Zhu®,"*" Wen Zhao,**" and Anzhong Wang’*
'nstitute for Theoretical Physics and Cosmology, Zhejiang University of Technology,
Hangzhou 310032, China
*United Center for Gravitational Wave Physics (UCGWP), Zhejiang University of Technology,

Hangzhou 310032, China

3CAS Key Laboratory for Research in Galaxies and Cosmology, Department of Astronomy,

University of Science and Technology of China, Hefei 230026, China
*School of Astronomy and Space Sciences, University of Science and Technology of China,
Hefei 230026, China
SGCAP-CASPER, Physics Department, Baylor University, Waco 76798-7316, Texas, USA

® (Received 17 October 2022; accepted 5 January 2023; published 24 January 2023)

The spatial covariant gravities provide a natural way to including odd-order spatial derivative terms into
the gravitational action, which breaks the parity symmetry at gravitational sector. A lot of parity-violating
scalar-tensor theories can be mapped to the spatial covariant framework by imposing the unitary gauge.
This provides us with a general framework for exploring the parity-violating effects in primordial
gravitational waves (PGWs). The main purpose of this paper is to investigate the polarization of PGWs in
the spatial covariant gravities and their possible observational effects. To this end, we first construct the
approximate analytical solution to the mode function of the PGWs during the slow-roll inflation by using
the uniform asymptotic approximation. With the approximate solution, we calculate explicitly the power
spectrum and the corresponding circular polarization of the PGWs analytically. It is shown that the new
contributions to power spectrum from spatial covariant gravities contain two parts, one from the parity-
preserving terms and the other from the parity-violating terms. While the parity-preserving terms can only
affect the overall amplitudes of PGWs, the parity-violating terms induce nonzero circular polarization
of PGWs, i.e., the left-hand and right-hand polarization modes of GWs have different amplitudes. The

observational implications of this nonzero circular polarization is also briefly discussed.

DOI: 10.1103/PhysRevD.107.024031

I. INTRODUCTION

The inflation which took place at the early Universe
has become a dominant paradigm in the standard cosmol-
ogy [1-6]. In this paradigm, primordial density and
gravitational-wave fluctuations are created from quantum
fluctuations during the inflation process. The former
provides primordial seeds for the formation of observed
large-scale structure and creates the temperature anisotropy
in the cosmic microwave background (CMB), which was
already detected by various CMB experiments [7-10]. The
primordial gravitational waves (PGWs), on the other hand,
also produce distinguishable signatures in both the spectra
of the CMB [11-15] and the galaxy shaped power spec-
trum [16-22]. In CMB, the PGWs can produce the TT,
EE, BB, and TE spectra, but the TB and EB spectra vanish
if the parity symmetry in gravity is respected [11-15].
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These signatures are important targets of future CMB
experiments [23-26]. Similarly, the PGWs also leave distinct
imprints in the B-mode of the galaxy-shaped power spectrum
but with vanishing E-B correlation due to the parity con-
servation of the theory [16-22]. It is therefore expected that
the future galaxy surveys could also provide invaluable
information about the physics of PGWs [22,27,28].

In most of inflation models that produce PGWs, the
theory of general relativity (GR) is assumed to describe the
theory of gravity. Due to the parity symmetry of this theory,
the PGWs have two polarization modes which share
exactly the same statistical properties and the correspond-
ing inflationary power spectra take the same form. If the
parity symmetry is violated, however, the inflationary
power spectra of right- and left-handed PGWs can have
different amplitudes. The corresponding relative difference
between the power spectra of right- and left-handed PGWs
measures the level of the parity violation. In CMB, such
parity violating effects can induce nonvanishing TB and EB
correlation in CMB at large scales and thus the precise
measurement of TB and EB spectra could be an important
evidence of the parity violation of the gravitational
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interaction [29-33]. It is also proposed that the future
ground- and space-based interferometers (such as LIGO/
Virgo [34,35], the big bang observer [36], LISA and Taiji/
Tianqin [37,38], etc.) are also able to detect or constrain the
parity-violating effects in the stochastic gravitational-wave
background of primordial origin. In addition, parity violat-
ing PGWs also leaves imprints on the large scale structure
of the Universe [39] and sources nonzero E-B correlation in
the galaxy shape power spectrum [22]. Thus the future
galaxy surveys can provide an important approach for
testing or constraining the parity violating effects in
PGWs [22,39].

Theoretically, gravitational parity violation has to some-
how modify the theory of GR. This can be achieved by
adding some parity-violating terms into the gravitational
action of GR. In fact, the gravitational terms with parity
violation are ubiquitous in numerous candidates of quan-
tum gravity, such as string theory, loop quantum gravity,
and Horava-Lifshitz gravity. One important example is the
Chern-Simons modified gravity, which modifies the GR by
adding a gravitational Chern-Simons term, arising from
string theory and loop quantum gravity [40,41]. This theory
has been extended to a chiral scalar-tensor theory by
including the higher derivatives of the coupling scalar
field [42]. On the other hand, by breaking the time
diffeomorphism (or Lorentz symmetry) of the gravitational
theory, one can naturally add parity-violating but spatial
covariant terms into the gravitational action. This type
of parity-violating theories includes Horava-Lifshitz
gravities with parity violations [43—46] and more generally,
the spatial covariant gravities [47-49]. Other parity-
violating theories, to mention a few, include Nieh-Yan
modified teleparallel gravity [50,51], parity-violating sym-
metric teleparallel gravities [52,53], and standard model
extension [54-58], Holst gravity [59], etc.

In all these modified theories, a basic prediction of parity
violation is the circular polarization of PGWs, i.e., the left-
hand and right-hand polarization modes of GWs propagate
with different behaviors. As we also mentioned in the
above, such asymmetry between the left- and right-handed
modes of PGWs can induce various observational or
experimental effects in CMB, stochastic gravitational-
wave background, and galaxy-shaped power spectrum.
These phenomenological effects have motivated a lot of
works in this directions (see Refs. [22,43-45,60-82] and
references therein for example). It is worth noting that the
gravitational-wave constraints on the parity violation in
gravity have also been extensively explored in the literature
by using the gravitational-wave data realized by LIGO/
Virgo Collaboration [83-95].

Spatial covariant gravities is one of modified theory of
GR, which breaks the time diffeomorphism of the gravity
but respects spatial diffeomorphisms [47-49,96]. Such
spatial covariance provides a natural way to incorporate
the parity-violating terms into the theory [83]. With
spatial covariance, the parity violation can be achieved

by including the odd-order spatial derivatives into the
gravitational action. It is shown in [47,97] that the spatial
covariant gravities can provide a unified description for a
lot of scalar-tensor theory by imposing the unitary gauge,
including those with parity violation, such as the Chern-
Simons modified gravity, chiral scalar-tensor theory,
Horava-Lifshitz gravities, etc. Therefore, the spatial covar-
iant gravities can provide a general framework for us to
explore the parity violating effects in PGWs. For this
purpose, in this paper we study the circularly polarized
PGWs in this theory of gravity with parity violation, and
the possibility to detect the chirality of PGWs by future
potential CMB observations and galaxy surveys.

This paper is organized as follows. In the next section, we
present a brief introduction of the construction of the spatial
covariant gravities and then discuss the associated propaga-
tion of GWs in the homogeneous and isotropic cosmological
background in Sec. III. In Sec. IV, we first derive the master
equation that describes the propagation of GWs during
inflation and construct the approximate analytical solution
to the PGWs by using the uniform asymptotic approxima-
tion. With such approximate solution we then calculate
explicitly the power spectrum and the polarization of
PGWs during the slow-roll inflation. The effects of the
parity violation in the CMB spectra and galaxy-shaped
spectrum, and their detectability have also been briefly
discussed. The paper is ended with Sec. V, in which we
summarize our main conclusions and provide some outlooks.

Throughout this paper, the metric convention is chosen
as (—,+,4+,4+), and greek indices (u,v,---) run over
0,1,2,3 and latin indices (i, j, k) run over 1,2,3.

II. SPATIAL COVARIANT GRAVITIES

In this section, we present a brief introduction of the
framework of the spatial covariant gravity, for details about
this theory, see [47,48] and references therein.

We first start with the general action of the spatial
covariant gravity,

S:/dtd3xN\/§£(N,g,-j,Kij,Rij,vi,Eijk), (21)

where N is the lapse function, g;; is the 3-dimensional
spatial metric, K;; is the extrinsic curvature of # = constant
hypersurfaces,

1
K (0:9;j — ViN; = V;N;), (2.2)

Y
with N; being the shift vector, R;; the intrinsic curvature
tensor, V; the spatial covariant derivative with respect to g,
and ¢€;j; = \/ge;j the spatial Levi-Civita tensor with €;;;
being the total antisymmetric tensor. The most important
feature of the spatial covariant gravity is that it is only invariant
under the three-dimensional spatial diffeomorphism, which
breaks the time diffeomorphism. Normally, the violation of the
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time diffeomorphism can lead to an extra degree of freedom, in
addition to the two tensorial degree of freedom in GR. Indeed,
it has been verified that the spatial covariant gravity described

S, = / dtdx\/gN(LO + £V + £2) 4 £G) 4 £&)

r3) L@
by the action (2.1) can propagate up to three dynamical + LT+ L), (2.3)
degrees of freedom [48]. In [49,96], the above action has also 0 r0) ,Q@ rG) @ )
been extended by introducing N in the Lagrangian through “;heri irf t’ rﬁm L hi ’hﬁ ’ ?ndn bﬁ are the parity-
L(N = N'V;N). Since such terms does not contribute to the preserving tefms, wiich are given by
gravitational waves at quadratic order, we will not consider £0) _ 00 2.4)
them in this paper. —a (2.
There are a lot approaches to construct the gravitational L) _ (10 55
theories with spatial covariance. In this paper, we adopt the =c K, (2.5)
approach used in [83] which constructs the Lagrangians of ) ( 0) 20) pa . (02)
the theory by using the linear combinations of the extrinsic LB = KiK' +c; K> + ¢ 7R, (2.6)
curvature K, intrinsic curvature R;;, as well as their spatial
derivatives and derivatives of the spatial metric itself. Then,  £0) = c?’o)K KR K+ c(23'0)K KUK + 0(3’0) K3
up to the fourth order in derivatives of h;;, we have the i 5 ( 2) pij
building blocks as shown in Table I that are all scalars under A Kij+ C IVIK + o URIK i
transformation of spati.al diffeomorphisms. Then the gen- + Cfl 2RK. (2.7)
eral action of the gravitational part will be given by [83]
|
LW = c(l“'O)K--kaKfK + eSO (KK 4 SR GKITR? + POk
+ PV VAR VK VRKT 4 VKTV PPV KV K
+ c5 V.KVIK + cg YR KK 4 PPRK K + PR KIK + ¢ RK?
+ MIVIVIR, 4 IVIR 4 YRR 4 LYR?, (2.8)
TABLEL The building blocks of spatial covariant gravities up to the fourth order in derivatives of h;;, where d,, d

are the number of time and spatial derivative, respectively, and d = d, + d, denotes the total numbers of time and
spatial derivatives. Here w3(I") denotes the spatial gravitational Chern-Simons term, and w3 (T") = e’fk( "0l +

$040%, ) with T, = 4 6%7(0,9,,; + 9;9:; — 0,,9,;) being the spatial Christoffel symbols. The terms in thlS Table is

the same as those of Table I in [83] except the two new terms w3(I") and w3(I)K.

d (d,,ds) operators
0 (0,0 1
;L0 K
0, 1)
2, 0) K, K*
21D
0, 2) R
@3, 0) K;K*Ki, K;K'K, K*
3 @D i KIVIKM
(1, 2) ViViK;;, V2K, RVK;;, RK
0, 3) w3(I")
(4,0 K;K*KiK, (K;K'7)?, K;;KVK? K*
G, 1 e VKL KMK e VKL KEK™, €,V K] KM K
4 (2,2 VK, VEKY, VK VK VKUV K, VKOV K, VKV, R KK, RK K'Y, R KUK, RK?
(11 3) 8,‘ij‘ ijk, l]kV"R{Kkl',. 0)3(F)K
©, 4) ViViR;;.V?R,R;;RY, R?
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and £® and £® are parity-violating terms which are
given by

E0) = PV KIVIKH + P Van (), (29)

LW = VeV, KiKimKR 4§ Ve, VKD, KEK™
+ Cg3’1>€ijkViK{Kk1K + C<11’3

+ Cgl’s)eijkViR{Kkl + c<31’3)a)3 (D)K.

>€iijilij;c
(2.10)

All the coefficients like c,(»d”dx) are functions of ¢ and N.
Note that in Table I and Egs. (2.9) and (2.10), we add the
spatial Chern-Simons term w3(I") and its coupling to K,
which are absent in the original action in [83]. It is
interesting to note that the above action reduces to GR if
one imposes
o _ My
==

(2,0)

c! (0.2)

:Cl

=—c} (2.11)

with all other coefficients cl(»d”d:) being setting to zero.

The spatial covariant gravity described in the above
action can represent a very general framework for describ-
ing the propagations of GWs in the low-energy effective
gravities with Lorentz or parity violation. To our knowl-

edge, a lot of modified gravities can be casted in the
|

a e e 1. .
52 = /dtd3x2 |:g0(f)//lijhu + gl(t)e”khziaajhi - gz(f)hij?

framework of the spatial covariant gravity. In addition, it is
shown that one in general can relate the spatial covariant
gravity to the scalar-tensor theories in the unitary
gauge [47,97].

III. GWS IN SPATIAL COVARIANT GRAVITIES

Let us investigate the propagation of GWs in the spatial
covariant gravities with the action given by (2.3). We con-
sider the GWs propagating on a homogeneous and isotropic
background. The spatial metric in the flat Friedmann-
Robertson-Walker universe is written as

9ij = a(7)(8;j + hyj(z. x)). (3.1)
where 7 denotes the conformal time, which relates to the
cosmic time ¢ by dt = adz, and a is the scale factor of the
universe. Throughout this paper, we set the present scale
factor ap = 1. h;; denotes the GWs, which represents the
transverse and traceless metric perturbations, i.e.,

aih,.j =0=hl (3.2)
To proceed one can substitute the above spatial metric into
the action (2.3) and expand it to the second order in /;;.

Here we write the quadratic action in the form as shown
in [83],

A 1A A
o+ Wo(O)hiy— T+ Wi ()M by —— 0, = Wa(1) 1. (3.3)
where G, and W, are given by [83]'
Go = 3[R0 + 3P+ cf YA + 33 + 26 1 3¢ 7, (3.4)
61— e = () <260 <3 a9
G, = %cﬁz’”, (3.6)
Wo = % P + %eg"” - % (Bl +6cf"? + 268 + 360 H
+ % (4c? +6c%? +9¢F? + 18P H? + % (2c? + 3¢ H]|, (3.7)
W, :%(651’3> " égls)) + 050,3) a 3cg1’3>H, (3.8)
W, = _%cgo’@. (3.9)

"In W, we add the contributions from the two new terms w;(I") and w5 (I")K.
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In above a dot denotes the derivative with respect to the
cosmic time ¢ and H = a/a is the Hubble parameter. We
consider the GWs propagating in the vacuum, and ignore

the source term. Varying the action with respect to h;;, one
can derive the equation of motion for h;; as
(go G, 2> Hlj + [2Hg0 +G-a %],

- {Wo -W, ﬁz} 0%hy;

-wﬂ[aa+ma+a> ~Wi@Ihk =0, (3.10)

where H = d’/a and a prime denotes the derivative with
respect to the conformal time 7.

IV. POLARIZATION OF PGWS

A. Equation of motion for GWs

In order to study the propagation of GWs in the spatial
covariant gravities, it is convenient to decompose the GWs
into the circular polarization modes. To study the evolution

of h;;, we expand it over spatial Fourier harmonics,

3 .
hij(z.xl) = ) / %hA(T,ki)eik’xleg(ki)v (4.1)

A=R,L

where e{‘]- denotes the circular polarization tensors and
satisfy the relation
. . A
etney = ipael’, (42)
with pg =1 and p; = —1. We find that the propagation
equations of these two modes are decoupled, which can be
casted into the form [83]

) + (2 + T Y Hh, + ahy =0, (4.3)

where

2\
HL, = {hl (go +ﬂAgl + G 2)] . (4.4)

w_§7Wo+PAW1§+W2§—Z (45)
S gO+/)Ag1§+g2§—§ . .

With this equation, the propagation properties of GWs in
the cosmological background have been explored in details
in [83]. Some conditions to make the two polarization
modes propagate in the same speed have been considered
and a lot of parity-violating gravities with both of polari-
zation modes propagating in the speed of light have
been also identified in [83]. In the above equation, the

derivations of the spatial covariant gravities from GR are
fully characterized by the quantities I'y and wﬁ. The former
represents the corrections to the damping rate which
modifies the amplitude damping rate of the GWs during
their propagations in the cosmological background, and the
latter is the modified dispersion relation of GWs which
leads to a phase shifting of GWs from distant sources.
For later convenience of calculating the primordial
power spectra of GWs, let us introduce a new variable

uy = \2zhy, (4.6)

with

2
- a\/ Gy + P01 =+ Gy (4.7)

Then the equation of motion (4.3) can be rewritten in the

form
i
z
uly + (wi ——)uA =0,
Z

and we expect the derivations from GR are small such that

(4.8)

wz
r, <1, 21«1 (4.9)

Thus, we can consider all the new effects on GWs beyond
GR as small corrections to the standard GR result. In this

"
way, we are able to expand w, and < as

2 2
w; Wo -Gk Wz -Gk
k2 = go +ﬂA go a go 6127 (4.10)
Z_"N <1 1 g1k gz >
Z - goCl goa
g// g// g// k2
2 (gﬁ Ag—oﬁg—o?)
9_6_9_’z’<_2) a Gkad
+ <g0 God?) a —I—go g (4.11)

Note that in the above expansion, we only consider the
first-order terms of each coefficients, i.e., | — W, /Gy, W,
gl’ WZ’ g2’ g(/)’ and gg

In this article, we consider the PGWs during the infla-
tionary stage, and assume that the background evolution
during the inflation is slowly varying. With this consid-
eration, we can treat all the coefficients Gy, G, G,, Wy, W,
and W, as slowly-varying quantities. Then one is able to
expand the modified dispersion relation @2 in (4.10) and
effective time-dependent mass term z”/z in (4.15) in terms
of the slow-roll quantities as
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2
w; W W, -G,
~— - Hkr
W W= e (4.12)
Yo
and
771 3HG() + G()
(243 217Y0 T Yo
z 2 ( + 3€; + 2H2g0
k 2HG —HG -G, ,2H*G, + HG, — G,
+=pa —k :
T ZHgo 2g0

(4.13)

It is worth noting that, in order to obtain the above
expansions, we have used the relation

~ 1+€1

o (4.14)

with e, = —H/H?.

With the expressions of z”/z and w?%/k*, one observes
that the equation of motion in Eq. (4.8) can be cast into
the form

v? -1 d_
uy + {—ﬁ ~Pa k—rl +dy — padikt + dszTz}kzuA

=0, (4.15)
where
9 3HG, + Go
2 — 2 = =
vy = 4—|— 3e; + 2HG, (4.16)
e o
d_l — 2H gl 2Hléog] gl , (417)
W, 2H?G,+ HG, -G,
dy=—-2+ , 4.18
d, = Wl7_%1{, (4.19)
Go
d, = MHZ, (4.20)
Go

and all these coefficients are slowly varying and dimen-
sionless. Obviously, this equation does not have analytical
solutions even if one treats all the slowly varying quantities
as constants. In order to obtain its solution, we have to
consider some approximations. In this paper, we will
consider the uniform asymptotic approximation, which is
developed in a series of papers for a better treatment to

equations with turning points and poles. This approxima-
tion has been widely applied in calculating primordial
spectra for various inflation models [98-102] and appli-
cations in studying the reheating process [103] and quan-
tum mechanics [104]. In the following subsections, we
apply this approximation to construct the approximate
solution of (4.15) and calculate the corresponding primor-
dial tensor power spectra in the spatial covariant gravities.

B. Uniform asymptotic approximation

In this subsection, we employ the uniform asymptotic
approximation method to construct the approximate
asymptotic solutions. Most of the expressions and results
used here can be found in [82,98,99,101,102].

In the uniform asymptotic approximation, it is conven-
ient to write the equation of motion (4.15) in the following
standard form [98,102,105],

d*uy(y
d;z( ) - [9(y) + q(y)]ua(y). (4.21)
where y = —kz is a dimensionless variable and
v? -1 pad_
90) +q() = =5+ TUE — do + pady = doy?.
(4.22)

In general, g(y) and ¢(y) have two poles (singularities); one
is at y = 0" and the other is at y = +c0. In the uniform
asymptotic approximation, in order to make the approxi-
mate solution being valid around the poles, one has to
ensure that the error control function associated with the
approximate solution to be convergent. For the equation of
motion in (4.21) with g(y) 4+ ¢g(y) given by (4.22), it is
shown in [98] that in order to make its error control
function to be convergent around the second-order pole at
y = 07, one has to choose,

1
- 4.23
q(y) 1 (4.23)
Then g(y) is given by
1/12 d_] 2
9(y) = )7+PA7—do +padyy — dyy”. (4.24)

Except for the two poles at y = 0" and y = +o0, g(y) may
also have a single zero in the range y € (0, +o0), which
called a single turning point of g(y). Since in GR limit,
we have 17 ~2 + 3¢;,dy = 1,and d_; =0 =d| = d,, we
expect all the new terms with coefficients d_;, d;, and d,
can be considered as small corrections. With this consid-
eration and solving the equation g(y) = 0, we obtain the
turning point,
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Ui pad_y + padivi — do

yo =
"7 Vd, 2

(4.25)

In deriving the above expression, we have directly used

dy=1 in the second term since dy—1=~Z2—1-+

2 G . .
W is a small corrections as well. In the unlform

asymptotic approximation, the approximate solution
depends on the type of turning point. The turning point
Yo is a single root of the equation g(y) = 0, which also
called single turning point as well. Thus, in the following
discussion, we will discuss the solution around this single
turning point in details.

For the single turning point y,, the approximate solution
of equation of motion around this turning point can be
expressed in terms of Airy-type functions as [98]

wy = ap 1/4Ai(z;)+ﬁ0 e 1/4131(5), (4.26)
(g(y)> 9(y)

where Ai(&) and Bi(¢) are the Airy functions, a, and f, are
two integration constants, £ is the function of y and the
form of &(y) is given by [98]

(—%fyyo V g(y')dy’)m, y < Yo

&y) = —(%ff Ty )2/3’ -

(4.27)

As shown in [98,105], the above solution is not only valid
around the turning point, but valid in the while domain

€ (0, 4o00). It is shown in [98,105] that with the choice
of ¢(y) given in (4.23), the error control function of the
approximate solution of (4.26) is convergent even around
the two poles y = 0" and y = +oc0. With this solution, we
need to determine the coefficients  and f, by matching
it with the two boundary conditions. One requires the
mode function u, satisfies the following normalization
condition, i.e.,

i

E(”Z”ix —ui'uy) =1, (4.28)

where u}; denotes the complex conjugate of the mode
function u,. The second boundary condition that fixes the
mode function u, completely comes from the initial con-
dition in the limit y — 400, which corresponds to the
assumption that the universe was initially in an adiabatic
vacuum,

li ~
Jim i (y)

[ P
Vi
1/1)\1/4 oy
= 2_k<—_g) exp (—z/yi \/—_gdy>.
(4.29)

When y — +o0, we note that £(y) is very large and negative.
In this limit, the asymptotic form of the Ariy functions read

1 2 y4
3/2
7'[1/2)(1/4 COS <§X 12— Z) s (430)

1 2 /2
: 3/2
ﬂ1/2x1/4 s (gx 12— Z) . (431)

Combining the initial condition and the approximate ana-
lytical solution, we obtain

Ai(—x) =

Bi(—x) = —

(4.32)

In Fig. 1, we plotted the time evolution of the power spectra
|k3/?u, /(z,H)|* for both the uniform asymptotic solutions
and numerical solutions of the right-handed and the left-
handed modes respectively. We also displayed the cases in
GR for comparison. From this figure, one can see clearly that
our analytical solutions are extremely close to the numerical
ones, and even are not distinguishable from the numeri-
cal ones.

C. Power spectra and circular polarization
of PGWs

With the above approximate solutions of the PGWs, we
are able to calculate the corresponding primordial power
spectra for each polarization modes of the PGWs in the
limit y — 0. Their power spectra is normally computed via

2K | ug ()2
L _ =% L
Pr= | z |’
2k3 2
PE=" Rz(y ) (4.33)

In the limit y — 0T, the variable &(y), which is the
argument of the Airy function, becomes very large and
positive, allowing the use of the following asymptotic
forms

1 2
— 3/2
= 21217 P <—§x / )’ (4.34)

1 2 3
—ﬂl/2x1/4 exXp <§x / )

(4.35)
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FIG. 1. The uniform asymptotic approximate solutions of mode functions |k*/%u,/(z,H )

y=—k 1

|? (solid curves) and the corresponding

numerical solutions (dotted curves). Left panel presents the solution of the left hand mode while the right panel presents the right hand
mode. In each panel, the solid curves with blue color corresponds to the solution for case of general relativity, and green and darker
yellow colors correspond to the spatial covariant gravities with different values of the parity-violating parameters. The numerical
solution associated with each analytical solutions are presented by the red dotted curves.

These asymptotic forms indicate that only the growing
mode of u,(y) is relevant in the limit y — 0. Thus,
the approximate solution near the pole y = 0" can be
expressed in the form

us(y) ~ fo (*) " exp < / " dy\/g(—y)>

”29()’) y

i¢127 (g(ly)> Y exp ( /v " dy@). (4.36)

The power spectra of PGWs are then given by

k2 1 Yo
Pt = _zﬁlexp (2/ dy+/ 9()’))
b el al’ ¥
H? 8 (3In2—-1)G,
~—— |1+ (2m2-2 L
182263G, [ + ( 1 3>€1 T 3HG,
mpa(9d, +8d_y) 9
e |- (4.37)

Note that in estimation the above integral, we take the limit
y = 0" and the detail calculation of the integral of /g is
presented in Appendix. Obviously, the power spectra can
be modified due to the presence of both the parity-
preserving terms and parity-violating terms in the gravita-
tional action (2.3). It is easy to check that when one takes
Go=M3/4 and d_, =d, =d, =0, the standard GR
result can be recovered. The parity-preserving terms can
only affect the overall amplitude of both the left- and right-
handed polarization modes of GW, which are related to the
quantities G, and d, in the above expression. The relevant
terms in the gravitational action are those with coefficients

CSZ,O)’ 653,0)’ C§3,0)’ C(14,0)’ cg4,0)’ Cg4,0)’ C§2,2)’ and 050,4)‘ The

parity-violating terms, on the other hand, affect the ampli-
tudes of left- and right-handed polarization modes of GW in

different ways. For positive value of 9d; 4+ 8d_; in the
above expression, the parity violation trends to enhanced
(suppress) the power spectra of the right- (left-)handed
modes. This effect is related to those terms with coefficients

ng’l), CE3,1), C(ZS,I)’ 053,1), C(11,3)’ C§1'3>, cgl,S), CEO.3), and cg1,3)

in the gravitational action (2.3).

Here we would like to mention that in the calculation of
the power spectra, we only consider the first-order approxi-
mation in the uniform asymptotic approximation. The
corresponding relative error of the overall amplitude

ﬁ of the power spectra in Eq. (4.37) is less than
10%, see the discussion about the relative error at each
order in Ref. [101]. In principle, this calculation can be
significantly improved by considering high-order uniform
asymptotic approximation. For example, as shown in [101],
at the third-order uniform asymptotic approximation, the
relative error of the overall amplitude can be improved to be
less than 0.15%. However, the small corrections presented
in the square bracket in (4.37) can be quit precise provided
that these corrections are sufficient small. As we will
mentioned later, the resulted circular polarization calcu-
lated from (4.37) can be exactly reduced to the exact result
in the Chern-Simons gravity.

Now, we are in a position to calculate the degree of
the circular polarization of PGWs, which is defined by the
differences of the amplitudes between the two circular
polarization states of PGWs as

PR =Pk _#(9d; +8d_,)
PR+ PL— 16

M= . (4.38)

As expected, the degree of the circular polarization IT only
depends on the parity-violating terms in the gravitational
action. It is not difficult to check that the above expression
can exactly reduce to the cases of Chern-Simons modified
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FIG. 2. The degree of circular polarization IT as a function of d; for different values of d_; = 0 (left panel) and d_; = 0.02 (right
panel), respectively. In both panels, the blue and solid curve represent the analytical results in Eq. (4.38) and the red and dotted curves

are the numerical results.

gravity [79], chiral scalar-tensor theory [82], and Havara-
Lifshitz gravity. It is important to mention here that, in our
treatment, we have assumed that all the new effects from
spatial covariant gravities are considered as small correc-
tions. In this sense, we observe that the degree of the
circular polarization II is small due to the suppressing
parameter |d|,|d_;| < O(1). In Fig. 2, we plotted the
analytical expression of the circular polarization ITin (4.38)
(the solid and blue curves) and the corresponding numerical
results (the dotted and red curves). From this figure, one
can see clearly how well the numerical results are approxi-
mated by our analytical ones.

D. Detectability of the parity-violating effects

As we mentioned in the introduction, the parity-violating
effect in PGWs, which is measured by the observable I1,
can produce a lot of observational information in CMB and
galaxy surveys.

In CMB, one important effect is the induction of nonzero
the TB and EB spectra in the CMB data. This implies that
one can probe the parity violation by measuring the CMB
EB and TB angular cross-correlators. However, as analyzed
in [43] (see also [106]), such proposal is only optimistic
when IT > 0(0.5), especially considering that the tensor-
to-scalar ratio has been constrained to be r < 0.036 at
95% confidence level in Ref. [107]. Note that a more
stringent constraint has been reported from a combined
analysis of newly released dataset including CMB and GW
data [108]. Therefore, it seems very difficult to detect these
effects in the future CMB experiments. According to the
analysis in [39], the main difficulty comes from the two-
dimensional projection of CMB, which suppresses the
parity-violating signal due to approximate reflective sym-
metries, and confuses the tensor modes with scalar ones,
leading to additional noise contributions. Possible ways for
bypassing such challenge are proposed. The first one is to
consider the three-points or even high-order correlators,
such as the primordial bispectra and trispectra and their

signatures in CMB [63,67]. Another way is to search the
tensor fossil effects due to parity violation in the statistics of
the large-scale structure in future galaxy surveys [39].
These two topics are obvious beyond the scope of the
current paper and we leave them for our future works.

Another proposal for detecting primordial parity-
violating effects is to consider the imprints of circular
polarization on the galaxy intrinsic alignments [67]. Similar
to CMB, the circular polarization II can directly induce a
distinctive imprint in the galaxy shape spectrum, i.e., the
nonzero EB correlation in the shape spectrum. Considering
such signature can not be produced by the scalar modes,
any signature of EB correlation in the future galaxy surveys
would be a smoking gun for parity violation in PGWs, as
mentioned in [67].

V. CONCLUSION AND OUTLOOK

The spatial covariant gravities can provide a unified
description for a lot of scalar-tensor theories in the unitary
gauge. Such framework breaks the time diffeomorphism
of the gravity but respects spatial diffeomorphisms, so that
one is able to include the parity violating odd-order spatial
derivative terms but with spatial covariance into the
gravitational action. It is also shown in [47,97] that a lot
of parity-violating theories in the unitary gauge can be
mapped to spatial covariant gravities. In this paper, we
study the circular polarization of PGWs in the spatial
covariant gravities and discuss its possible observational
signatures. For this purpose we first solve the evolution of
PGWs during slow-roll inflation by applying the uniform
asymptotic approximation to the equations of motion for
the PGWs. Using this approximation, we construct the
approximate analytical solutions to the PGWs during the
slow-roll inflation, with which we calculate explicitly both
the power spectra for the two polarization modes and the
corresponding degree of circular polarization of PGWs in
the spatial covariant gravities. It is shown that with the
presence of the parity violation, the power spectra of PGWs
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are slightly modified and the degree of circular polarization
becomes nonzero. The magnitude of the degree circular
polarization directly depends on the parity-violating terms
in the gravitational action (2.3), which are expected to be
quit small due to the suppression of d_;,d; < O(1). This
implies very difficult to detect or effectively constrain the
theories by using the TE and EB power spectra of future
CMB data. The possible signatures of the circular polari-
zation of PGWs in non-Gaussianities, large-scale structure,
and EB correlation in the galaxy-shaped power spectrum
are also briefly discussed.

Our work can be improved in several aspects. First, in the
current study, we have not yet considered the effects of
parity violation arising from the spatial covariant gravities
in the non-Gaussianities of PGWs. According to the
analysis in [70], the parity-violating effects in the tensor-
tensor-scalar bispectrum could be large enough and detect-
able in the future CMB data. Thus, it is interesting to
explore further whether the parity-violating terms in spatial
covariant gravities could lead to any possible observational
signatures in the non-Gaussianity of PGWs. Second, the
parity-violating effects in primordial bispectrum and tris-
pectrum of PGWs can also leave imprints in the statistic
large scale structure [39] as well as the EB correlation in
galaxy shape power spectrum [22]. We would like to come
back to these topics in our future works.
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APPENDIX: CALCULATION OF INTEGRAL
OF /g IN EQ. (4.36)

In this appendix we present the calculation of the
following integral,

(A1)

/ "y g,

y

For this purpose, we can write the function g(y) in the
following form

Yo—Y
g(y) = 7 (ap + a1y + ary* + azy?).

(A2)

Here the coefficients ag, a;, a,, and a3 are determined by
comparing the above form with (4.24), which leads to

ag = doyo — d_1ps — dipayg + doyy, (A3)
ay = dy — dipayo + doy;, (A4)
ay = —d1pa + da)yo, (AS)
as = dy. (A6)

It is evident that the magnitude of the coefficients a, and aj
are determined by O(d,, d,), which can be treated as small
corrections of the new terms beyond GR in spatial covariant
gravity. Thus we can expand /¢(y) by treating a, and as
as small perturbations. Then we have

- y)(ag+a,y)
y

Yo—Y

1
+—v(a, +a .
2)’( 2 3)’) o + ary

Thus, the integral of /g can be split into two parts,

Ry
“n&/ “dy' o) = I+ 1. (A8)
y— y
where
V(1 b
IO\/_yOhm/ 0+x d,
= Vo (1 = boJacese(y/ T o)
+ /by b0 _ \/bo], (A9)
(1 + bo)x
1y = 2598 L= ey + X)d
' a0 )y by o O
a3,
:481/2_1%/17 (3 —4by — 15b3 + 6¢( + 18bycq)
+3(1 = 2by + 5b% + 2¢o — 6bycy)
X (1 + bg)arcese(r/1 + by)], (A10)
with x = y/y, and
by =22 (A1)
aryo
co=—2 (A12)
asyo

024031-10



POLARIZED PRIMORDIAL GRAVITATIONAL WAVES IN ...

PHYS. REV. D 107, 024031 (2023)

[1] R. Brout, F. Englert, and E. Gunzig, The creation of the
universe as a quantum phenomenon, Ann. Phys. (N.Y.)
115, 78 (1978).

[2] K. Sato, First order phase transition of a vacuum and
expansion of the universe, Mon. Not. R. Astron. Soc. 195,
467 (1981).

[3] A. H. Guth, The inflationary universe: A possible solution
to the horizon and flatness problems, Phys. Rev. D 23, 347
(1981).

[4] A. A. Starobinsky, A new type of isotropic cosmological
models without singularity, Phys. Lett. 91B, 99 (1980).

[5] A.D. Linde, A new inflationary universe scenario: A
possible solution of the horizon, flatness, homogeneity,
isotropy and primordial monopole problems, Phys. Lett.
108B, 389 (1982).

[6] A. Albrecht and P.J. Steinhardt, Cosmology for Grand
Unified Theories with Radiatively Induced Symmetry
Breaking, Phys. Rev. Lett. 48, 1220 (1982).

[7]1 K. M. Gorski, A.J. Banday, C. L. Bennett, G. Hinshaw, A.
Kogut, G. F. Smoot, and E. L. Wright, Power spectrum of
primordial inhomogeneity determined from the four year
COBE DMR sky maps, Astrophys. J. 464, L11 (1996).

[8] G. Hinshaw et al. (WMAP Collaboration), Nine-year
Wilkinson Microwave Anisotropy Probe (WMAP) obser-
vations: Cosmological parameter results, Astrophys. J.
Suppl. Ser. 208, 19 (2013).

[9] N. Aghanim et al. (Planck Collaboration), Planck 2018
results. VI. Cosmological parameters, Astron. Astrophys.
641, A6 (2020).

[10] Y. Akrami et al. (Planck Collaboration), Planck 2018
results. X. Constraints on inflation, Astron. Astrophys.
641, A10 (2020).

[11] L. M. Krauss, S. Dodelson, and S. Meyer, Primordial
gravitational waves and cosmology, Science 328, 989
(2010).

[12] J. Garcia-Bellido, Primordial gravitational waves from
inflation and preheating, Prog. Theor. Phys. Suppl. 190,
322 (2011).

[13] J. Bock et al., Task force on cosmic microwave back-
ground research, arXiv:astro-ph/0604101.

[14] U. Seljak and M. Zaldarriaga, Signature of Gravity Waves
in Polarization of the Microwave Background, Phys. Rev.
Lett. 78, 2054 (1997).

[15] M. Kamionkowski, A. Kosowsky, and A. Stebbins, A
Probe of Primordial Gravity Waves and Vorticity, Phys.
Rev. Lett. 78, 2058 (1997).

[16] F. Schmidt and D. Jeong, Large-scale structure with
gravitational waves II: Shear, Phys. Rev. D 86, 083513
(2012).

[17] F. Schmidt, E. Pajer, and M. Zaldarriaga, Large-scale
structure and gravitational waves III: Tidal effects, Phys.
Rev. D 89, 083507 (2014).

[18] S. Dodelson, E. Rozo, and A. Stebbins, Primordial Gravity
Waves and Weak Lensing, Phys. Rev. Lett. 91, 021301
(2003).

[19] S. Dodelson, Cross-correlating probes of primordial gravi-
tational waves, Phys. Rev. D 82, 023522 (2010).

[20] F. Schmidt and D. Jeong, Cosmic rulers, Phys. Rev. D 86,
083527 (2012).

[21] N.E. Chisari, C. Dvorkin, and F. Schmidt, Can weak
lensing surveys confirm BICEP2?, Phys. Rev. D 90,
043527 (2014).

[22] M. Biagetti and G. Orlando, Primordial gravitational
waves from galaxy intrinsic alignments, J. Cosmol.
Astropart. Phys. 07 (2020) 005.

[23] P. Ade et al. (Simons Observatory Collaboration),
The Simons observatory: Science goals and forecasts,
J. Cosmol. Astropart. Phys. 02 (2019) 056.

[24] M. Hazumi, P. A. R. Ade, Y. Akiba, D. Alonso, K. Arnold,
J. Aumont, C. Baccigalupi, D. Barron, S. Basak, S.
Beckman et al., LiteBIRD: A satellite for the studies of
B-mode polarization and inflation from cosmic back-
ground radiation detection, J. Low Temp. Phys. 194,
443 (2019).

[25] K. N. Abazajian et al. (CMB-S4 Collaboration), CMB-S4
science book, first edition, arXiv:1610.02743.

[26] H. Li, S. Y. Li, Y. Liu, Y. P. Li, Y. Cai, M. Li, G. B. Zhao,
C.Z. Liu, Z.W. Li, H. Xu et al., Probing primordial
gravitational waves: Ali CMB polarization telescope,
Natl. Sci. Rev. 6, 145 (2019).

[27] L. Amendola, S. Appleby, A. Avgoustidis, D. Bacon, T.
Baker, M. Baldi, N. Bartolo, A. Blanchard, C. Bonvin,
S. Borgani et al., Cosmology and fundamental physics
with the Euclid satellite, Living Rev. Relativity 21, 2
(2018).

[28] Z. Ivezi¢ er al. (LSST Collaboration), LssT: From science
drivers to reference design and anticipated data products,
Astrophys. J. 873, 111 (2019).

[29] N. Seto and A. Taruya, Measuring a Parity Violation
Signature in the Early Universe via Ground-based Laser
Interferometers, Phys. Rev. Lett. 99, 121101 (2007).

[30] A. Lue, L. Wang, and M. Kamionkowski, Cosmological
Signature of New Parity Violating Interactions, Phys. Rev.
Lett. 83, 1506 (1999).

[31] S. Saito, K. Ichiki, and A. Taruya, Probing polarization
states of primordial gravitational waves with CMB anisot-
ropies, J. Cosmol. Astropart. Phys. 09 (2007) 002.

[32] C. Bischoff et al. (Quiet Collaboration), First season
QUIET observations: Measurements of CMB polarization
power spectra at 43 GHz in the multipole range
25 < ¢ <475, Astrophys. J. 741, 111 (2011).

[33] V. Gluscevic and M. Kamionkowski, Testing parity-
violating mechanisms with cosmic microwave background
experiments, Phys. Rev. D 81, 123529 (2010).

[34] N. Seto and A. Taruya, Measuring a Parity Violation
Signature in the Early Universe via Ground-Based Laser
Interferometers, Phys. Rev. Lett. 99, 121101 (2007).

[35] N. Seto and A. Taruya, Polarization analysis of
gravitational-wave backgrounds from the correlation sig-
nals of ground-based interferometers: Measuring a circular-
polarization mode, Phys. Rev. D 77, 103001 (2008).

[36] N. Seto, Quest for circular polarization of gravitational
wave background and orbits of laser interferometers in
space, Phys. Rev. D 75, 061302 (2007).

[37] N. Seto, Measuring Parity Asymmetry of Gravi-
tational Wave Backgrounds with a Heliocentric Detector
Network in the mHz Band, Phys. Rev. Lett. 125, 251101
(2020).

024031-11


https://doi.org/10.1016/0003-4916(78)90176-8
https://doi.org/10.1016/0003-4916(78)90176-8
https://doi.org/10.1093/mnras/195.3.467
https://doi.org/10.1093/mnras/195.3.467
https://doi.org/10.1103/PhysRevD.23.347
https://doi.org/10.1103/PhysRevD.23.347
https://doi.org/10.1016/0370-2693(80)90670-X
https://doi.org/10.1016/0370-2693(82)91219-9
https://doi.org/10.1016/0370-2693(82)91219-9
https://doi.org/10.1103/PhysRevLett.48.1220
https://doi.org/10.1086/310077
https://doi.org/10.1088/0067-0049/208/2/19
https://doi.org/10.1088/0067-0049/208/2/19
https://doi.org/10.1051/0004-6361/201833910
https://doi.org/10.1051/0004-6361/201833910
https://doi.org/10.1051/0004-6361/201833887
https://doi.org/10.1051/0004-6361/201833887
https://doi.org/10.1126/science.1179541
https://doi.org/10.1126/science.1179541
https://doi.org/10.1143/PTPS.190.322
https://doi.org/10.1143/PTPS.190.322
https://arXiv.org/abs/astro-ph/0604101
https://doi.org/10.1103/PhysRevLett.78.2054
https://doi.org/10.1103/PhysRevLett.78.2054
https://doi.org/10.1103/PhysRevLett.78.2058
https://doi.org/10.1103/PhysRevLett.78.2058
https://doi.org/10.1103/PhysRevD.86.083513
https://doi.org/10.1103/PhysRevD.86.083513
https://doi.org/10.1103/PhysRevD.89.083507
https://doi.org/10.1103/PhysRevD.89.083507
https://doi.org/10.1103/PhysRevLett.91.021301
https://doi.org/10.1103/PhysRevLett.91.021301
https://doi.org/10.1103/PhysRevD.82.023522
https://doi.org/10.1103/PhysRevD.86.083527
https://doi.org/10.1103/PhysRevD.86.083527
https://doi.org/10.1103/PhysRevD.90.043527
https://doi.org/10.1103/PhysRevD.90.043527
https://doi.org/10.1088/1475-7516/2020/07/005
https://doi.org/10.1088/1475-7516/2020/07/005
https://doi.org/10.1088/1475-7516/2019/02/056
https://doi.org/10.1007/s10909-019-02150-5
https://doi.org/10.1007/s10909-019-02150-5
https://arXiv.org/abs/1610.02743
https://doi.org/10.1093/nsr/nwy019
https://doi.org/10.1007/s41114-017-0010-3
https://doi.org/10.1007/s41114-017-0010-3
https://doi.org/10.3847/1538-4357/ab042c
https://doi.org/10.1103/PhysRevLett.99.121101
https://doi.org/10.1103/PhysRevLett.83.1506
https://doi.org/10.1103/PhysRevLett.83.1506
https://doi.org/10.1088/1475-7516/2007/09/002
https://doi.org/10.1088/0004-637X/741/2/111
https://doi.org/10.1103/PhysRevD.81.123529
https://doi.org/10.1103/PhysRevLett.99.121101
https://doi.org/10.1103/PhysRevD.77.103001
https://doi.org/10.1103/PhysRevD.75.061302
https://doi.org/10.1103/PhysRevLett.125.251101
https://doi.org/10.1103/PhysRevLett.125.251101

TAO ZHU, WEN ZHAO, and ANZHONG WANG

PHYS. REV. D 107, 024031 (2023)

[38] G. Orlando, M. Pieroni, and A. Ricciardone, Measuring
parity violation in the stochastic gravitational wave back-
ground with the LISA-Taiji network, J. Cosmol. Astropart.
Phys. 03 (2021) 069.

[39] K. W. Masui, U. L. Pen, and N. Turok, Two- and Three-
Dimensional Probes of Parity in Primordial Gravity Waves,
Phys. Rev. Lett. 118, 221301 (2017).

[40] A. Lue, L. M. Wang, and M. Kamionkowski, Cosmologi-
cal Signature of New Parity Violating Interactions,
Phys. Rev. Lett. 83, 1506 (1999).

[41] S. Alexander and N. Yunes, Chern-Simons modified
general relativity, Phys. Rep. 480, 1 (2009).

[42] M. Crisostomi, K. Noui, C. Charmousis, and D. Langlois,
Beyond Lovelock gravity: Higher derivative metric theo-
ries, Phys. Rev. D 97, 044034 (2018).

[43] A. Wang, Q. Wu, W. Zhao, and T. Zhu, Polarizing
primordial gravitational waves by parity violation, Phys.
Rev. D 87, 103512 (2013).

[44] T. Takahashi and J. Soda, Chiral Primordial Gravitational
Waves from a Lifshitz Point, Phys. Rev. Lett. 102, 231301
(2009).

[45] T. Zhu, W. Zhao, Y. Huang, A. Wang, and Q. Wu, Effects
of parity violation on non-gaussianity of primordial gravi-
tational waves in Hotava-Lifshitz gravity, Phys. Rev. D 88,
063508 (2013).

[46] A. Wang, Horava gravity at a Lifshitz point: A progress
report, Int. J. Mod. Phys. D 26, 1730014 (2017).

[47] X. Gao, Unitying framework for scalar-tensor theories of
gravity, Phys. Rev. D 90, 081501 (2014).

[48] X. Gao, Hamiltonian analysis of spatially covariant grav-
ity, Phys. Rev. D 90, 104033 (2014).

[49] X. Gao and Z.B. Yao, Spatially covariant gravity with
velocity of the lapse function: The Hamiltonian analysis,
J. Cosmol. Astropart. Phys. 05 (2019) 024.

[50] M. Li, H. Rao, and D. Zhao, A simple parity violating
gravity model without ghost instability, J. Cosmol. As-
tropart. Phys. 11 (2020) 023.

[51] M. Li, H. Rao, and Y. Tong, Revisit on the healthy
parity violating gravity model: Local Lorentz covariance,
Phys. Rev. D 104, 084077 (2021).

[52] A. Conroy and T. Koivisto, Parity-violating gravity and
GW170817 in non-Riemannian cosmology, J. Cosmol.
Astropart. Phys. 12 (2019) 016.

[53] M. Li, Y. Tong, and D. Zhao, Possible consistent model
of parity violations in the symmetric teleparallel gravity,
Phys. Rev. D 105, 104002 (2022).

[54] V. A. Kostelecky and M. Mewes, Testing local Lorentz
invariance with gravitational waves, Phys. Lett. B 757, 510
(2016).

[55] Q.G. Bailey and V. A. Kostelecky, Signals for Lorentz
violation in post-Newtonian gravity, Phys. Rev. D 74,
045001 (20006).

[56] M. Mewes, Signals for Lorentz violation in gravitational
waves, Phys. Rev. D 99, 104062 (2019).

[57] L. Shao, Combined search for anisotropic birefringence
in the gravitational-wave transient catalog GWTC-1,
Phys. Rev. D 101, 104019 (2020).

[58] Z. Wang, L. Shao, and C. Liu, New limits on the Lorentz/
CPT symmetry through 50 gravitational-wave events,
Astrophys. J. 921, 158 (2021).

[59] C.R. Contaldi, J. Magueijo, and L. Smolin, Anomalous
CMB Polarization and Gravitational Chirality, Phys. Rev.
Lett. 101, 141101 (2008).

[60] J. Qiao, T. Zhu, G. Li, and W. Zhao, Post-Newtonian
parameters of ghost-free parity-violating gravities, J. Cos-
mol. Astropart. Phys. 04 (2022) 054.

[61] J. Qiao, T. Zhu, W. Zhao, and A. Wang, Waveform of
gravitational waves in the ghost-free parity-violating
gravities, Phys. Rev. D 100, 124058 (2019).

[62] F. Zhang, J. X. Feng, and X. Gao, Circularly polarized
scalar induced gravitational waves from the Chern-Simons
modified gravity, J. Cosmol. Astropart. Phys. 10 (2022)
054.

[63] G. Orlando, Probing parity-odd bispectra with anisotropies
of GW V modes, J. Cosmol. Astropart. Phys. 12 (2022)
019.

[64] J. Chen, S. Ghosh, and W. Zhao, Scalar quadratic
maximum-likelihood estimators for the CMB cross-power
Spectrum, Astrophys. J. Suppl. Ser. 260, 44 (2022).

[65] R.G. Cai, C. Fu, and W.W. Yu, Parity violation in
stochastic gravitational wave background from inflation
in Nieh-Yan modified teleparallel gravity, Phys. Rev. D
105, 103520 (2022).

[66] F.P. Fronimos and S. A. Venikoudis, Inflation with exotic
kinetic terms in Einstein—Chern—Simons gravity, Int. J.
Mod. Phys. A 36, 2150229 (2021).

[67] N. Bartolo, L. Caloni, G. Orlando, and A. Ricciardone,
Tensor non-gaussianity in chiral scalar-tensor theories of
gravity, J. Cosmol. Astropart. Phys. 03 (2021) 073.

[68] C. Fu, J. Liu, T. Zhu, H. Yu, and P. Wu, Resonance
instability of primordial gravitational waves during infla-
tion in Chern—-Simons gravity, Eur. Phys. J. C 81, 204
(2021).

[69] M. Mylova, Chiral primordial gravitational waves in
extended theories of scalar-tensor gravity, arXiv:1912
.00800.

[70] N. Bartolo and G. Orlando, Parity breaking signatures from
a Chern-Simons coupling during inflation: The case of
non-Gaussian gravitational waves, J. Cosmol. Astropart.
Phys. 07 (2017) 034.

[71] Q. Hu, M. Li, R. Niu, and W. Zhao, Joint observations of
space-based gravitational-wave detectors: Source localiza-
tion and implication for parity-violating gravity, Phys. Rev.
D 103, 064057 (2021).

[72] S.D. Odintsov, V.K. Oikonomou, and F.P. Fronimos,
Quantitative predictions for f(R) gravity primordial
gravitational waves, Phys. Dark Universe 35, 100950
(2022).

[73] S.D. Odintsov and V. K. Oikonomou, Chirality of gravi-
tational waves in Chern-Simons f(R) gravity cosmology,
Phys. Rev. D 105, 104054 (2022).

[74] Z.Z. Peng, Z. M. Zeng, C. Fu, and Z. K. Guo, Generation
of gravitational waves in dynamical Chern-Simons gravity,
Phys. Rev. D 106, 124044 (2022).

[75] K. Kamada, J. Kume, and Y. Yamada, Chiral gravitational
effect in time-dependent backgrounds, J. High Energy
Phys. 05 (2021) 292.

[76] D.H. Lyth, C. Quimbay, and Y. Rodriguez, Leptogenesis
and tensor polarisation from a gravitational Chern-Simons
term, J. High Energy Phys. 03 (2005) 016.

024031-12


https://doi.org/10.1088/1475-7516/2021/03/069
https://doi.org/10.1088/1475-7516/2021/03/069
https://doi.org/10.1103/PhysRevLett.118.221301
https://doi.org/10.1103/PhysRevLett.83.1506
https://doi.org/10.1016/j.physrep.2009.07.002
https://doi.org/10.1103/PhysRevD.97.044034
https://doi.org/10.1103/PhysRevD.87.103512
https://doi.org/10.1103/PhysRevD.87.103512
https://doi.org/10.1103/PhysRevLett.102.231301
https://doi.org/10.1103/PhysRevLett.102.231301
https://doi.org/10.1103/PhysRevD.88.063508
https://doi.org/10.1103/PhysRevD.88.063508
https://doi.org/10.1142/S0218271817300142
https://doi.org/10.1103/PhysRevD.90.081501
https://doi.org/10.1103/PhysRevD.90.104033
https://doi.org/10.1088/1475-7516/2019/05/024
https://doi.org/10.1088/1475-7516/2020/11/023
https://doi.org/10.1088/1475-7516/2020/11/023
https://doi.org/10.1103/PhysRevD.104.084077
https://doi.org/10.1088/1475-7516/2019/12/016
https://doi.org/10.1088/1475-7516/2019/12/016
https://doi.org/10.1103/PhysRevD.105.104002
https://doi.org/10.1016/j.physletb.2016.04.040
https://doi.org/10.1016/j.physletb.2016.04.040
https://doi.org/10.1103/PhysRevD.74.045001
https://doi.org/10.1103/PhysRevD.74.045001
https://doi.org/10.1103/PhysRevD.99.104062
https://doi.org/10.1103/PhysRevD.101.104019
https://doi.org/10.3847/1538-4357/ac223c
https://doi.org/10.1103/PhysRevLett.101.141101
https://doi.org/10.1103/PhysRevLett.101.141101
https://doi.org/10.1088/1475-7516/2022/04/054
https://doi.org/10.1088/1475-7516/2022/04/054
https://doi.org/10.1103/PhysRevD.100.124058
https://doi.org/10.1088/1475-7516/2022/10/054
https://doi.org/10.1088/1475-7516/2022/10/054
https://doi.org/10.1088/1475-7516/2022/12/019
https://doi.org/10.1088/1475-7516/2022/12/019
https://doi.org/10.3847/1538-4365/ac679f
https://doi.org/10.1103/PhysRevD.105.103520
https://doi.org/10.1103/PhysRevD.105.103520
https://doi.org/10.1142/S0217751X21502298
https://doi.org/10.1142/S0217751X21502298
https://doi.org/10.1088/1475-7516/2021/03/073
https://doi.org/10.1140/epjc/s10052-021-09001-2
https://doi.org/10.1140/epjc/s10052-021-09001-2
https://arXiv.org/abs/1912.00800
https://arXiv.org/abs/1912.00800
https://doi.org/10.1088/1475-7516/2017/07/034
https://doi.org/10.1088/1475-7516/2017/07/034
https://doi.org/10.1103/PhysRevD.103.064057
https://doi.org/10.1103/PhysRevD.103.064057
https://doi.org/10.1016/j.dark.2022.100950
https://doi.org/10.1016/j.dark.2022.100950
https://doi.org/10.1103/PhysRevD.105.104054
https://doi.org/10.1103/PhysRevD.106.124044
https://doi.org/10.1007/JHEP05(2021)292
https://doi.org/10.1007/JHEP05(2021)292
https://doi.org/10.1088/1126-6708/2005/03/016

POLARIZED PRIMORDIAL GRAVITATIONAL WAVES IN ...

PHYS. REV. D 107, 024031 (2023)

[77] N. A. Nilsson, Explicit spacetime-symmetry breaking and
the dynamics of primordial fields, Phys. Rev. D 106,
104036 (2022).

[78] J. Soda, H. Kodama, and M. Nozawa, Parity violation in
graviton non-gaussianity, J. High Energy Phys. 08 (2011)
067.

[79] M. Satoh and J. Soda, Higher curvature corrections to
primordial fluctuations in slow-roll inflation, J. Cosmol.
Astropart. Phys. 09 (2008) 019.

[80] M. Satoh, S. Kanno, and J. Soda, Circular polarization of
primordial gravitational waves in string-inspired infla-
tionary cosmology, Phys. Rev. D 77, 023526 (2008).

[81] J. Qiao, Z. Li, T. Zhu, R. Ji, G. Li, and W. Zhao, Testing
parity symmetry of gravity with gravitational waves, Front.
Astron. Space Sci. 9, 1109086 (2023).

[82] J. Qiao, T. Zhu, W. Zhao, and A. Wang, Polarized
primordial gravitational waves in the ghost-free parity-
violating gravity, Phys. Rev. D 101, 043528 (2020).

[83] X. Gao and X.Y. Hong, Propagation of gravitational
waves in a cosmological background, Phys. Rev. D 101,
064057 (2020).

[84] W. Zhao, T. Zhu, J. Qiao, and A. Wang, Waveform of
gravitational waves in the general parity-violating
gravities, Phys. Rev. D 101, 024002 (2020).

[85] Y.F. Wang, R. Niu, T. Zhu, and W. Zhao, Gravitational
wave implications for the parity symmetry of gravity in the
high energy region, Astrophys. J. 908, 58 (2021).

[86] M. Okounkova, W.M. Farr, M. Isi, and L.C. Stein,
Constraining gravitational wave amplitude birefringence
and Chern-Simons gravity with GWTC-2, Phys. Rev. D
106, 044067 (2022).

[87] A. Nishizawa and T. Kobayashi, Parity-violating gravity
and GW170817, Phys. Rev. D 98, 124018 (2018).

[88] W. Zhao, T. Liu, L. Wen, T. Zhu, A. Wang, Q. Hu, and C.
Zhou, Model-independent test of the parity symmetry of
gravity with gravitational waves, Eur. Phys. J. C 80, 630
(2020).

[89] S. Wang, Exploring the CPT violation and birefringence
of gravitational waves with ground- and space-based
gravitational-wave interferometers, Eur. Phys. J. C 80,
342 (2020).

[90] Y. F. Wang, S. M. Brown, L. Shao, and W. Zhao, Tests of
gravitational-wave Birefringence with the open gravita-
tional-wave catalog, Phys. Rev. D 106, 084005 (2022).

[91] Z.C. Zhao, Z. Cao, and S. Wang, Search for the Bi-
refringence of gravitational waves with the third observing
run of Advanced LIGO-Virgo, Astrophys. J. 930, 139
(2022).

[92] S. Wang and Z.C. Zhao, Tests of CPT invariance in
gravitational waves with LIGO-Virgo catalog GWTC-1,
Eur. Phys. J. C 80, 1032 (2020).

[93] R. Niu, T. Zhu, and W. Zhao, Constraining anisotropy
Birefringence dispersion in gravitational wave propagation
with GWTC-3, J. Cosmol. Astropart. Phys. 12 (2022) O11.

[94] C. Gong, T. Zhu, R. Niu, Q. Wu, J. L. Cui, X. Zhang, W.
Zhao, and A. Wang, Gravitational wave constraints on
Lorentz and parity violations in gravity: High-order spatial
derivative cases, Phys. Rev. D 105, 044034 (2022).

[95] Q. Wu, T. Zhu, R. Niu, W. Zhao, and A. Wang, Constraints
on the Nieh-Yan modified teleparallel gravity with gravi-
tational waves, Phys. Rev. D 105, 024035 (2022).

[96] X. Gao, C. Kang, and Z.B. Yao, Spatially covariant
gravity: Perturbative analysis and field transformations,
Phys. Rev. D 99, 104015 (2019).

[97] X. Gao and Y.M. Hu, Higher derivative scalar-tensor
theory and spatially covariant gravity: The correspon-
dence, Phys. Rev. D 102, 084006 (2020).

[98] T. Zhu, A. Wang, G. Cleaver, K. Kirsten, and Q. Sheng,
Inflationary cosmology with nonlinear dispersion rela-
tions, Phys. Rev. D 89, 043507 (2014).J. Martin, C.
Ringeval, and V. Vennin, K-inflationary power spectra
at second order, J. Cosmol. Astropart. Phys. 06 (2013) 021.

[99] J. Qiao, G. Ding, Q. Wu, T. Zhu, and A. Wang, Inflationary
perturbation spectrum in extended effective field theory of
inflation, J. Cosmol. Astropart. Phys. 09 (2019) 064.

[100] S. Habib, K. Heitmann, G. Jungman, and C. Molina-Paris,
The Inflationary Perturbation Spectrum, Phys. Rev. Lett.
89, 281301 (2002).

[101] T. Zhu, A. Wang, G. Cleaver, K. Kirsten, and Q. Sheng,
Power spectra and spectral indices of k-inflation: High-
order corrections, Phys. Rev. D 90, 103517 (2014).

[102] T. Zhu, A. Wang, G. Cleaver, K. Kirsten, and Q. Sheng,
Constructing analytical solutions of linear perturbations of
inflation with modified dispersion relations, Int. J. Mod.
Phys. A 29, 1450142 (2014).

[103] T. Zhu, Q. Wu, and A. Wang, An analytical approach to the
field amplification and particle production by parametric
resonance during inflation and reheating, Phys. Dark
Universe 26, 100373 (2019).

[104] T. Zhu and A. Wang, Langer modification, quantization
condition and barrier penetration in quantum mechanics,
Universe 6, 90 (2020).

[105] E. W.J. Olver, Asymptotics and Special Functions (AKP
Classics, Wellesley, MA, 1997).

[106] M. Gerbino, A. Gruppuso, P. Natoli, M. Shiraishi, and A.
Melchiorri, Testing chirality of primordial gravitational
waves with Planck and future CMB data: No hope from
angular power spectra, J. Cosmol. Astropart. Phys. 07
(2016) 044.

[107] P.A.R. Ade et al. (BICEP and Keck Collaborations),
Improved Constraints on Primordial Gravitational Waves
using Planck, WMAP, and BICEP/Keck Observations
through the 2018 Observing Season, Phys. Rev. Lett.
127, 151301 (2021).

[108] G. Galloni, N. Bartolo, S. Matarrese, M. Migliaccio,
A. Ricciardone, and N. Vittorio, Updated constraints on
amplitude and tilt of the tensor primordial spectrum, arXiv:
2208.00188.

024031-13


https://doi.org/10.1103/PhysRevD.106.104036
https://doi.org/10.1103/PhysRevD.106.104036
https://doi.org/10.1007/JHEP08(2011)067
https://doi.org/10.1007/JHEP08(2011)067
https://doi.org/10.1088/1475-7516/2008/09/019
https://doi.org/10.1088/1475-7516/2008/09/019
https://doi.org/10.1103/PhysRevD.77.023526
https://doi.org/10.3389/fspas.2022.1109086
https://doi.org/10.3389/fspas.2022.1109086
https://doi.org/10.1103/PhysRevD.101.043528
https://doi.org/10.1103/PhysRevD.101.064057
https://doi.org/10.1103/PhysRevD.101.064057
https://doi.org/10.1103/PhysRevD.101.024002
https://doi.org/10.3847/1538-4357/abd7a6
https://doi.org/10.1103/PhysRevD.106.044067
https://doi.org/10.1103/PhysRevD.106.044067
https://doi.org/10.1103/PhysRevD.98.124018
https://doi.org/10.1140/epjc/s10052-020-8211-4
https://doi.org/10.1140/epjc/s10052-020-8211-4
https://doi.org/10.1140/epjc/s10052-020-7812-2
https://doi.org/10.1140/epjc/s10052-020-7812-2
https://doi.org/10.1103/PhysRevD.106.084005
https://doi.org/10.3847/1538-4357/ac62d3
https://doi.org/10.3847/1538-4357/ac62d3
https://doi.org/10.1140/epjc/s10052-020-08628-x
https://doi.org/10.1088/1475-7516/2022/12/011
https://doi.org/10.1103/PhysRevD.105.044034
https://doi.org/10.1103/PhysRevD.105.024035
https://doi.org/10.1103/PhysRevD.99.104015
https://doi.org/10.1103/PhysRevD.102.084006
https://doi.org/10.1103/PhysRevD.89.043507
https://doi.org/https://doi.org/10.1088/1475-7516/2013/06/021
https://doi.org/10.1088/1475-7516/2019/09/064
https://doi.org/10.1103/PhysRevLett.89.281301
https://doi.org/10.1103/PhysRevLett.89.281301
https://doi.org/10.1103/PhysRevD.90.103517
https://doi.org/10.1142/S0217751X14501425
https://doi.org/10.1142/S0217751X14501425
https://doi.org/10.1016/j.dark.2019.100373
https://doi.org/10.1016/j.dark.2019.100373
https://doi.org/10.3390/universe6070090
https://doi.org/10.1088/1475-7516/2016/07/044
https://doi.org/10.1088/1475-7516/2016/07/044
https://doi.org/10.1103/PhysRevLett.127.151301
https://doi.org/10.1103/PhysRevLett.127.151301
https://arXiv.org/abs/2208.00188
https://arXiv.org/abs/2208.00188

