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A stochastic gravitational-wave background is expected to emerge from the superposition of numerous
gravitational-wave sources of both astrophysical and cosmological origin. A number of cosmological
models can have a parity violation, resulting in the generation of circularly polarized gravitational waves.
We present a method to search for parity violation in the gravitational-wave data. We first apply this method
to the most recent, third, LIGO-Virgo observing run. We then investigate the constraining power of future
Aþ LIGO − Virgo detectors, including KAGRA to the network, for a gravitational-wave background
generated by early universe cosmological turbulence.
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I. INTRODUCTION

A stochastic gravitational-wave background (SGWB) is
generated from the overlap of gravitational waves (GWs)
coming from many independent sources. A number of
early-universe cosmological sources have been proposed,
including GWs sourced from inflation [1], cosmic strings
[2], first-order phase transitions (for recent reviews see,
e.g., [3,4]), or cosmological models inspired from string
theory (see, e.g., [5,6]). Searches for an unpolarized
isotropic SGWB have been conducted in the past using
data gathered by ground-based interferometer detectors
LIGO [7] and Virgo [8], and this allowed upper limits on
SGWB energy density to be placed [9–11].
A multitude of mechanisms in the early universe

can create parity violation [12] that may manifest itself
in the production of asymmetric amounts of right- and left-
handed circularly polarized isotropic GWs. Since astro-
physical sources of the SGWB are unlikely to have this
circular polarization, a detection of such a signal can allow
cosmologically sourced GWs to be distinguished from the
astrophysically sourced component of the SGWB. A closer
analysis of polarized SGWB can place constraints on
parity-violating theories.
Numerous parity-violating effects on the SGWB have

been studied in the literature, including those resulting from
the Chern-Simons gravitational term [13–15] and axion

inflation [16]. Another potential chiral source for early
universe SGWB is turbulence in the primordial plasma
induced either from cosmological first-order (electroweak
or QCD) phase transitions [17–19], or from the primordial
magnetic fields that are coupled to the cosmological plasma
[20–24]. Parity-violating effects on the SGWB have been
explored in detail before [25] from a previous LIGO-Virgo
observing run [26], as well as studied in the context of
current and future detector capabilities [27–31].
Since turbulence is a stochastic process, the GWs

produced in the process are stochastic as well. Similarly,
a parity-violating turbulent source will produce circularly
polarized GWs. Depending on the helicity strength of the
source, there are two types of turbulence GW spectra
[32,33]. Turbulence dominated by energy dissipation at
small scales leads to a helical Kolmogorov (HK) spectrum,
whereas turbulence dominated by helicity dissipation at
small scales leads to a helicity transfer (HT) spectrum. We
focus on models that result in a HK spectrum, and consider
the polarization degree associated with them.
In what follows we adopt the formalism of [34] and

present a method to detect parity violation in GW data. We
first analyse recent data from the third Advanced LIGO-
Virgo observing (O3) run [10] to place upper limits for a
simple power law parity violation model for the normalized
GW energy density ΩGW. We consequently study the
SGWB produced by turbulence in the primordial plasma
and investigate what upper limits can be placed with the
inclusion of KAGRA [35] and improved LIGO-Virgo
sensitivities.
The rest of the paper is organized as follows: in Sec. II

we present our methodology which we then apply to some
parity violation models described in Sec. III. In Sec. IV we
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state our results from existing GW data as well as future
prospects, and in Sec. V we discuss our conclusions.

II. METHOD

We use the plane-wave expansion of the metric hab at
cosmic time t and position vector x⃗ [36]:

habðt; x⃗Þ ¼
X
A

Z
∞

−∞
df

Z
S2
dΩ̂hAðf; Ω̂Þe−2πifðt−x⃗·Ω̂ÞeAabðΩ̂Þ;

ð1Þ

where f is the frequency and eAabðΩ̂Þ is the polarization
tensor for a wave traveling in direction Ω̂. We use the
circularly polarized bases eR ¼ ðeþ þ ie×Þ= ffiffiffi

2
p

and eL ¼
ðeþ − ie×Þ= ffiffiffi

2
p

(with þ and × the plus and cross polar-
izations, respectively) to obtain the right- and left-handed
modes hR ¼ ðhþ − ih×Þ=

ffiffiffi
2

p
and hL ¼ ðhþ þ ih×Þ=

ffiffiffi
2

p
,

respectively. Right- and left-handed correlators can then
be written as

� hhRðf; Ω̂Þh�Rðf0; Ω̂0Þi
hhLðf; Ω̂Þh�Lðf0; Ω̂0Þi

�

¼ δðf − f0Þδ2ðΩ̂ − Ω̂0Þ
4π

�
Iðf; Ω̂Þ þ Vðf; Ω̂Þ
Iðf; Ω̂Þ − Vðf; Ω̂Þ

�
; ð2Þ

where h·i represents the ensemble average and I, V are the
Stokes parameters, with V characterizing the asymmetry
between right- and left-handed polarized waves, and Ið≥
jVjÞ the wave’s total amplitude. For V ¼ 0, Eq. (2) would
be simply the correlator for unpolarized isotropic SGWB.
We use the standard cross-correlation estimator [36,37]:

hĈd1d2i ¼
Z

∞

−∞
df

Z
∞

−∞
df0δTðf − f0Þhs�d1ðfÞsd2ðf0ÞiQ̃ðf0Þ

¼ 3H2
0T

10π2

Z
∞

0

df
Ω0

GWðfÞγd1d2I ðfÞQ̃ðfÞ
f3

; ð3Þ

where

Ω0
GW ¼ ΩGW

�
1þ ΠðfÞ γ

d1d2
V ðfÞ
γd1d2I ðfÞ

�
;

γd1d2I ðfÞ ¼ 5

8π

Z
dΩ̂ðFþ

d1
Fþ�
d2

þ F×
d1
F×�
d2
Þe2πifΩ̂·Δx⃗;

γd1d2V ðfÞ ¼ −
5

8π

Z
dΩ̂ðFþ

d1
F×�
d2

− F×
d1
Fþ�
d2
Þe2πifΩ̂·Δx⃗; ð4Þ

with H0 the Hubble parameter, T the observing time,
δTðfÞ ¼ sinðπfTÞ=ðπfÞ, s̃d1ðfÞ and s̃d2ðfÞ the Fourier
transforms of the strain time series of two GW detectors
(denoted by d1, d2). We apply the usual Q̃ðfÞ as the optimal

filter taking into account detectors’ strain power spectral
densities [37], and FA

n ¼ eAabd
ab
n stands for the contraction

of the tensor modes of polarization A to the nth detector’s
geometry. We denote by γd1d2I the standard overlap reduc-
tion function of two detectors d1, d2, and by γd1d2V the
overlap function associated with the parity violation term.
The polarization degree, ΠðfÞ ¼ VðfÞ=IðfÞ, takes on
values between -1 (fully left polarization) and 1 (fully
right polarization), with Π ¼ 0 being an unpolarized
isotropic SGWB.
The variance associated with the estimator Ĉd1d2 is [36]

σ2d1d2 ¼
T
2

Z
∞

0

dfPd1ðfÞPd2ðfÞjQ̃ðfÞj2; ð5Þ

where Pd1;d2ðfÞ are the one-sided noise power spectral
densities of GW detectors d1, d2. With each observing run,
advancements of noise mitigation methods lower the
PdiðfÞ curves and will eventually uncover the SGWB.
To proceed we perform parameter estimation and fit

GW models to data using a hybrid frequentist-Bayesian
approach [38]. We construct a Gaussian log-likelihood for a
network of N detectors

logpðĈðfÞjθÞ ∝
XN
i;j>i

X
f

½ĈdidjðfÞ −Ω0
GWðf; θÞ�2

σ2didjðfÞ
; ð6Þ

where ĈdidjðfÞ is the frequency-dependent cross-correla-
tion estimator of the SGWB calculated using data from
detectors di, dj, and σ2didjðfÞ is its variance [37].1 We

assume that correlated-noise sources have been either
filtered out [39] or accounted for [40]. The normalized
GW energy density model we fit to the data is Ω0

GWðf; θÞ,
with parameters θ including both GW parameters as well as
parameters of the ΠðfÞ model.

III. MODELS

A. SGWB models

We will apply our method to two classes of GW models.
First, we perform a generic search for a parity violating
SGWB, with a power-law behavior

ΩGWðfÞ ¼ Ωrefðf=frefÞα; ð7Þ

setting fref ¼ 25 Hz. The amplitude prior we use is log-
uniform between 10−13 and 10−5, and the spectral index
prior is a Gaussian distribution centred at 0 with a standard
deviation 3.5, following the priors used in [10]. We will

1Searches for the SGWB only use cross-correlation data
opposed to autocorrelation as the detector noise is not fully
understood, particularly at lower frequencies.
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search for this model in the currently available SGWB data
and place upper limits on its parameters.
Second, we use a broken power-law spectral shape,

motivated by high energy physics. Since we have not
detected a SGWB yet, we will investigate detection
prospects of this more complicated turbulence model with
future improved detector sensitivities and forecast what one
can learn about its parameters. Extensions of the Standard
Model of particle physics can imply parity violation at the
electroweak energy scale being manifested through helical
(or chiral) turbulent motion [41,42]. Parity-violating tur-
bulent sources will produce circularly polarized GWs [43],
with a broken power-law spectral shape peaking at the
characteristic frequency of the source. Recent numerical
simulations show that at frequencies below the character-
istic frequency ΩGW ∼ f [44]. Above the characteristic
frequency, the decaying power-law depends on the turbu-
lence model [45]. As an example, in our analysis we focus
on choice model [46]:

ΩGWðfÞ ¼
�Ωpeakðf=fpeakÞ ; f ≤ fpeak

Ωpeakðf=fpeakÞ−8=3 ; f > fpeak:
ð8Þ

The peak frequency of the spectrum, fpeak, is directly related
to the temperature, T�, at which the first order phase transi-
tion occurred. At the electroweak scale, T�¼100GeV, we
expect the GW spectrum to peak in the mHz range, which
has given rise tomany LISA-focused turbulence studies. For
a higher energy scale T� ∼ 108 GeV, one would see a chiral
turbulence spectrum that peaks in the LIGO/Virgo range. It
is these early universe signatures we search for with the
currently operating terrestrial GW detectors, and therefore
we set fpeak ¼ 25 Hz, the most sensitive frequency band.
Such a choice of peak frequency will give the most
optimistic prospects of detecting a broken power-law
SGWB model.

B. Parity violation models

In addition to modeling the GW spectrum, we need a
model for the amount of polarization of the turbulence
spectrum. Previous studies [43,47] calculated numerically
the net circular polarization of GWs for different initial
turbulent conditions to get the polarization degree Π over
wave number k, and found frequency-dependent models of
Π. In the following, we will study both the simplified Π ¼
const:model, as well as a frequency-dependent polarization
model. In the former simplified case, the prior for Π is
uniform between -1 and 1. For the latter case, we adopt the
functional form ΠðfÞ ¼ �ðf=1 HzÞβ with a uniform prior
on β between -2 and 0. This simple functional form is
motivated by the theoretical models predicting Π to decay
with frequency [47,48]. Furthermore, since we consider
frequencies larger than 1 Hz (terrestrial detectors are
limited by seismic noise at low frequencies), this choice

ensures that ΠðfÞ is well defined and remains within the
physical range [-1,1].

IV. RESULTS

We place upper limits on parameters of the simpler,
power-law, SGWB model using data from the recent
Advanced LIGO-Virgo O3 observing run. Following this,
we discuss detection prospects of model-dependent, broken
power-law turbulence spectra as the sensitivity of the
interferometers increases and more interferometers are
added to the network.

A. O3 results

We search for a power-law SGWB spectrum, as
described in Eq. (7), with a simple Π ¼ const: polarization
model in the recent one year observation O3 data [11]. The
data consists of cross-correlated strain series from Hanford
(H), Livingston (L) and Virgo (V) detectors, and represents
the first time Virgo has been included at Advanced
sensitivity. We find no preference for a particular Π value
in the [-1,1] prior range. We find the upper limit on the
amplitude of the power law to be Ω95%

ref ¼ 7.0 × 10−9.
Calculating the Bayes factor, we find lnBΠ≠0

Π¼0 ¼ −0.02,
concluding that there is no preference for parity violation
models versus no parity violation ones.
It is worth noting that we found the HLV network to be

more sensitive to right-hand polarizations compared to left-
hand ones. Plotting the Ωref versus α confidence curve
generated from O3 data, one observes that it is easier to
constrain Ωref for entirely right-handed polarized GWs
ðΠ ¼ 1Þ than it is for left-handed ðΠ ¼ −1Þ ones, see
Fig. 1. Excluding the HL detector baseline however, results
to a less obvious polarization bias for right- or left-
handed GWs.
To understand the origin of this bias we investigate the

asymmetry in the overlap reduction ratio, ςHL ≡ γHLV =γHLI ,

FIG. 1. Ωref − α confidence curve at 95% (solid) and 68%
(dashed) level for assumed Π ¼ �1. We see more stringent
constraints in the Π ¼ 1 case (blue) than with the Π ¼ −1
case (red).
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for the HL detector pairing plotted in Fig. 2, along with the
corresponding overlap reduction ratios ςHV and ςLV for the
HV and LV baselines, respectively. While ςHV and ςLV are
roughly periodic in the considered frequency range
ðf ≲ 130 HzÞ, ςHL is preferentially positive in this fre-
quency range. Preferentially positive ςHL combined with
Π > 0 in Eq. (4) leads to a larger Ω0

GW, hence leading to
stricter constraints on right-hand polarized signals.
In addition to the frequency-independent, ΠðfÞ ¼ const:

model, we search for a power-law parity violation signal,
assuming a right- and left-handed frequency-dependent
degree of polarization ΠðfÞ ¼ �ðf=1 HzÞβ. There is no
detection of a GW power-law signal with frequency-
dependent polarization degree, but for an assumed right-
and left-handed polarization we can place an upper limit on
the amplitude, Ω95%

ref ¼ 4.9 × 10−9 and Ω95%
ref ¼ 7.4 × 10−9,

respectively, after marginalizing over α and β. Positive
polarization was expected to have stricter upper bounds
based on HLV network’s higher sensitivity to entirely right-
hand polarization seen in Fig. 1. Since more stringent, we
only present positive polarization results. Figure 3 shows
posterior distribution of amplitude, ΩGW, and spectral
index, α, of a power-law GW signal, as well as the posterior
of the polarization degree parameter, β. The α posterior is
similar to the Gaussian prior distribution, implying that we
cannot deduce anything about the spectral index, α, of the
GW power law from the O3 data. Finally, with O3 data, we
do not constrain the β parameter space.
Since we see no detection of a parity-violating signal in

O3 data when we use a simple power-law model with a
frequency-independent polarization degree, as well as a
frequency-dependent one, we do not proceed to search for
the broken power law model in Eq. (8)—such a model
would also be undetectable with the data from the third
observing run. Instead, we study the prospects of detecting
the complex model with a more sensitive GW detector
network.

B. Future prospects

With each observing LIGO-Virgo run, we see improved
upper limits on the SGWB, expecting to have a detection
in one of the future upgrades of the detector network.
Let us therefore investigate the possibility of detecting a
parity violation signal with the Aþ sensitivity of LIGO,
AdVþ sensitivity of Virgo, and including KAGRA at
Design sensitivity to the network [49]. We simulate the
cross-correlation function defined in Eq. (3) that contains a
GW signal as well as instrumental noise of the detectors.
We note that our simulations are for three years observation
time. Adding more GW detectors to the network and
extending the observation time both lead to improvements
in our sensitivity.
Ultimately, we would like to explore the prospects of a

detection of a physically motivated, parity-violating signal.
This is why in the following section we focus on the
detection of a turbulence signal, and not that of a simple
power law model. We simulate a broken power law ΩGW,
induced by turbulence as described in Sec. III [cf. Eq. (8)].
To investigate the detection prospects of such a signal, we
vary the amplitude of the simulated spectrum by doing 1000
simulations log-spaced between Ωpeak ∈ ½10−10; 10−7�.
Going forward, we assume the polarization dependence
of the simulated spectrum is given by right-handed polari-
zation ΠðfÞ ¼ ðf=1 HzÞ−1=2, as our results indicated
stronger positive polarization sensitivity in the HLV net-
work.We discuss below our results and their dependence on
a deviation of the polarization parameter β from the
−1=2 value.
Figure 4 shows the variation of signal-to-noise Bayes

factor, B, of the simulations, focusing particularly in the
region Ωpeak ∈ ½10−10; 10−8�. A lnB factor of 8 is equiv-
alent to a frequentist SNR of 4 [36], and as such, we take
this value to be our detection threshold. Consequently, all

FIG. 2. Overlap reduction function ratio ς for HL (top), HV
(middle), and LV (bottom) baselines. FIG. 3. 95% confidence limit and posterior distribution ob-

tained using O3 data for the model of power-law SGWB
spectrum with parity violation ΠðfÞ ¼ ðf=1 HzÞβ.
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points above the solid line in Fig. 4 will be considered as
detected. This leads to an upper limit of Ωpeak ¼ 1.5×10−9;
any louder signal is expected to be detected with great
significance by the Aþ detectors.
However, even if we can confidently claim a detection of

a turbulent, broken power-law SGWB, we might not be
able to constrain its polarization. Repeated simulations
show that the spectral amplitude Ωpeak plays the main role
in the recovery of the polarization content. More precisely,
we find that stronger signals yield better results for the
recovery of the ΠðfÞ model, i.e. of the β parameter. Our
analysis also shows that the inclusion of simulated data
from the Virgo and KAGRA detectors is critical in
recovering the polarization of a simulated SGWB. We find
that for simulations with amplitude Ωpeak ≥ 5 × 10−8, we
confidently recover the β ¼ −1=2 value, see Fig. 5. We
quantify our confidence in recovery of β by requiring
95% ð2σÞ of its posterior distribution to be within 0.1 of the
simulated value.
Therefore, we conclude that the amplitude of the GW

spectrum needs to be more than 30 times larger than its
detection threshold in order to recover the β ¼ −1=2
parameter value, and detect a polarization. Only with such
a strong detection, one can study the polarization model
and its implications for parity violation theories.
Weaker SGWB may still allow us to place an upper limit

on β. Posteriors for these weak SGWB simulations
are skewed toward the lower end of the β prior. To
demonstrate this, Fig. 6 shows the variation of the median
value of β posteriors as a function of the simulated spectral
amplitude. We find that the median of the posterior starts to
deviate downward from β ¼ −1=2 for Ωpeak < 5 × 10−8,
agreeing with our previously stated definition of confident
recovery. This downward skewness is further confirmed
by the variations of the first and third quartiles of the
posteriors (not shown). For even weaker simulations,

Ωpeak ≲ 5 × 10−9, the signal becomes too weak to constrain
polarization at all.
To check the dependence of our results on the simulated

value of the β parameter, we repeat the analysis for β ¼ −1
and 0 [47]. The detection threshold for each of the data sets
is the same as before, Ωpeak ¼ 1.5 × 10−9, suggesting that
when we claim a detection, it will be independent of the
amount of polarization of the signal. However, the signal
strength needed to successfully recover β depends on the
polarization model. Namely, the smaller the value of β
is, the stronger the simulation amplitude is needed. For
β ¼ −1 we are unable to recover it within our simulation
range. The β ¼ 0 simulation, with a frequency-independent
polarization, is recovered with signals of amplitude
Ωpeak ¼ 1 × 10−8, only 7 times stronger than the simulation
threshold. The only simulation that successfully recovers β,
and is not already ruled out by the first three LIGO-Virgo
observing runs, is β ¼ 0, implying that even if we include 4

FIG. 4. Bayes factor as a function of amplitude of the simulated
signal. Each point represents one of our 1000 simulations. The
solid line represents lnBsignal

noise ¼ 8.

FIG. 5. Variation of 2σ value of the β posterior for each of the
1000 simulations. The solid line represents 2σ ¼ 0.1.

FIG. 6. Variation of the median of the β posterior for each of the
1000 simulations.
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detectors, and consider 3 years of observation time, it will
be challenging to probe frequency-dependent polarization
models.

V. CONCLUSIONS

We searched for SGWB generated by parity violation
sources in recent GW data (O3) and simulated GW data
(future sensitivities of LIGO/Virgo/KAGRA detectors). We
found no evidence for such a signal in O3 data and we
placed an upper limit on the amplitude of a power-law GW
model, Ω95%

ref ¼ 4.9 × 10−9, 7.4 × 10−9 for right- and left-
hand polarization, respectively. A bias for constraining
right-handed polarized waves was found to be due to the
geometry of the Hanford-Livingston detector baseline,
leading to better constraints of Π > 0 polarizations.
When simulating data for future detection prospects, we

considered a chiral turbulence source in the early universe.
The results we obtained are model-dependent. For an
SGWB modeled as a broken power-law (c.f. Eq. (8), the
LIGO-Virgo-KAGRA detector network is sensitive to peak
amplitudes down to Ωpeak ¼ 1.5 × 10−9. Our analysis
showed that we are able to better estimate the parameters
of the parity violation model for stronger simulated GW
backgrounds, as well as when the Virgo/KAGRA detectors
are included in the analysis, highlighting the importance of
having a multi-detector network. For β ¼ −1=2 we found
that successful recovery of β requires SGWB amplitude of
at least Ωpeak ¼ 5 × 10−8, which is excluded by existing
GW data. Hence, even if we detect a turbulence signal, we
might not be able to deduce its polarization. The recovery
of frequency-independent polarization ðβ ¼ 0Þ showed
more promising results and we might be able to constrain
such signals in the future observing runs.
Although this study used the current LIGO and Virgo

detectors as well as the upcoming KAGRA detector, it

would be interesting to apply the same study to additional
ground detectors added to the network such as LIGO-India,
as well as other planned terrestrial detectors (Einstein
Telescope [30,50], Cosmic Explorer [51]), or the space-
borne LISA [28–30,52]. Note that due to uncertainty in
geographical locations (i.e. uncertainty in overlap reduction
functions) of the planned terrestrial detectors, the study
cannot be extended to these at the moment.
In our analysis, we focused on chiral turbulence from an

early universe phase transition, but there are other sources
of parity violation, like the well-studied chiral inflaton field
[53]. The method we have presented here could be easily
adapted in such a scenario.
Unresolved compact binary coalescences (CBCs) are

expected to be the dominant contribution to the SGWB.
Hence one could study the SGWB with CBC and parity
violation signals being both present. We leave this as a
future work.
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