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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 polarised
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 A+ LIGO-Virgo detectors, including KAGRA to the
network, for a gravitational wave background generated by early universe cosmological turbulence.

I. INTRODUCTION

A stochastic gravitational wave background (SGWB) is
expected to be created 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
unpolarised isotropic SGWB have been conducted in the
past using data gathered by ground based interferometer
detectors LIGO [7] and Virgo [8], and allowed upper limits
on SGWB energy density to be placed [9–11].

A number 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 polarised isotropic GWs. Since astro-
physical sources of the SGWB are unlikely to have this
circular polarisation, a detection of such a signal can al-
low cosmologically sourced GWs to be distinguished from
the astrophysically sourced component of the SGWB. A
closer analysis of polarised 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] and axion
inflation [14]. 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 [15–17], or from the primor-
dial magnetic fields that are coupled to the cosmological
plasma [18–22]. Parity violating effects on the SGWB
have been explored in detail before [23] from a previous
LIGO-Virgo observing run [24].

Since turbulence is a stochastic process, the GWs pro-
duced in the process are stochastic as well. Similarly, a
parity violating turbulent source will produce circularly
polarised GWs. Depending on the helicity strength of
the source, there are two types of turbulence GW spectra
[25, 26]. 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 polarisation degree associated with them.

In what follows we adopt the formalism of [27] 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 lim-
its for a simple power law parity violation model for the
normalised GW energy density ΩGW. We consequently
study the SGWB produced by turbulence in the prim-
ordial plasma and investigate what upper limits can be
placed with the inclusion of KAGRA [28] and improved
LIGO-Virgo sensitivities.

The rest of the paper is organised as follows: in Sec. II
we present our methodology which we then apply to some
parity violation models in Sec. III. In Sec. IV we state
our results 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 ~x [29]:

hab(t, ~x) =
∑
A

∫ ∞
−∞

df

∫
S2

dΩ̂hA(f, Ω̂)e−2πif(t−~x·Ω̂)eAab(Ω̂),

(1)

where f is the frequency and eAab(Ω̂) is the polarisation

tensor for a wave traveling in direction Ω̂. We use the
circularly polarised bases eR = (e+ + ie×)/

√
2 and eL =

(e+− ie×)/
√

2 (with + and × the plus and cross polarisa-
tions, respectively) to obtain the right- and left-handed

modes hR = (h+ − ih×)/
√

2 and hL = (h+ + ih×)/
√

2,
respectively. Right- and left-handed correlators can then
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be written as(
〈hR(f, Ω̂)h∗R(f ′, Ω̂′)〉
〈hL(f, Ω̂)h∗L(f ′, Ω̂′)〉

)
=
δ(f − f ′)δ2(Ω̂ − Ω̂′)

4π

(
I(f, Ω̂) + V (f, Ω̂)

I(f, Ω̂)− V (f, Ω̂)

)
, (2)

where 〈·〉 represents the ensemble average and I, V are the
Stokes parameters, with V characterising the asymmetry
between right- and left-handed polarised waves, and I(≥
|V |) the wave’s total amplitude. For V = 0, Eq. (2) would
be simply the correlator for unpolarised isotropic SGWB.

We use the standard cross-correlation estimator [29]:

〈Ĉd1d2〉 =

∫ ∞
−∞

df

∫ ∞
−∞

df ′δT (f − f ′)〈s∗d1(f)sd2(f ′)〉Q̃(f ′)

=
3H2

0T

10π2

∫ ∞
0

df
Ω′GW(f)γd1d2I (f)Q̃(f)

f3
, (3)

where

Ω′GW = ΩGW

[
1 +Π(f)

γd1d2V (f)

γd1d2I (f)

]
,

γd1d2I (f) =
5

8π

∫
dΩ̂(F+

d1
F+∗
d2

+ F×
d1
F×∗
d2

)e2πifΩ̂·∆~x,

γd1d2V (f) = − 5

8π

∫
dΩ̂(F+

d1
F×∗
d2
− F×

d1
F+∗
d2

)e2πifΩ̂·∆~x,(4)

with H0 the Hubble parameter, T the measurement time,
δT (f) = sin(πfT )/(πf), s̃d1(f) and s̃d2(f) the Fourier
transforms of the strain time series of two GW detectors
(denoted by d1, d2). Q̃(f) is a filter and FAn = eAabd

ab
n

stands for the contraction of the tensor modes of polar-
isation A to the nth detector’s geometry. We denote by
γd1d2I the standard overlap reduction function of two de-

tectors d1, d2, and by γd1d2V the overlap function associated
with the parity violation term. The polarisation degree,
Π(f) = V (f)/I(f), takes on values between -1 (fully left
polarisation) and 1 (fully right polarisation), with Π = 0
being an unpolarised isotropic SGWB.

The variance associated with the estimator Ĉd1d2 is [29]

σ2
d1d2 =

T

4

∫ ∞
0

dfPd1(f)Pd2(f)|Q̃(f)|2, (5)

where Pd1,d2(f) are the one-sided noise power spectral
densities of GW detectors d1, d2.

To proceed we perform parameter estimation and fit
GW models to data using a hybrid frequentist-Bayesian
approach [30]. We construct a Gaussian log-likelihood for
a multi-baseline network

log p(Ĉ(f)|θ) ∝
∑
d1d2d3

∑
f

[
Ĉd1d2(f)−Ω′GW(f,θ)

]2
σ2
d1d2

(f)
,

(6)

where Ĉd1d2(f) is the frequency-dependent cross-
correlation estimator of the SGWB calculated using data

Figure 1: Overlap reduction function (ORF) ratio ς for
HL (top), HV (middle) and LV (bottom) baselines.

from detectors d1, d2, and σ2
d1d2

(f) is its variance [31].
The cross-correlation statistics are constructed using
strain data from the individual GW detectors. We assume
that correlated-noise sources have been either filtered
out [32] or accounted for [33]. The normalised GW en-
ergy density model we fit to the data is Ω′GW(f,θ), with
parameters θ including both GW parameters as well as
parameters of the Π(f) model.

Plotting the Ωα versus α confidence curve generated
from O3 data, one observes that it is easier to constrain
Ωα for entirely right-handed polarised GWs (Π = 1)
than it is for left-handed (Π = −1) ones. Excluding the
HL detector baseline however, results to a less obvious
polarisation bias for right- or left-handed GWs.

To understand the origin of this bias we investigate
the asymmetry in the overlap reduction ratio, ςHL ≡
γHL
V /γHL

I , for the HL detector pairing plotted in Fig. 1,
along with the corresponding overlap reduction ratios ςHV

and ςLV, for the HV and LV baselines, respectively. We
remark that only ςHV and ςLV are roughly periodic in the
considered frequency range (f . 130Hz), whereas ςHL

shows different behaviour within this frequency range. It
is indeed this non-periodic behavior in ςHL that leads to
the polarisation bias and better constraints on right-hand
polarised signals.

III. MODELS

We will apply our method in two classes of models. First,
we perform a generic search for a parity violation GW sig-
nal, with a power-law behaviourΩGW(f) = Ωref (f/fref)

α,
setting fref = 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 stand-
ard deviation 3.5, following the priors used in [10].

We then use a broken power-law spectral shape, motiv-
ated by high energy physics. Extensions of the Standard
Model of particle physics can imply parity violation at
the electroweak energy scale being potentially manifested
through helical (or chiral) turbulent motion [34, 35]. Par-
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ity violation turbulent sources will produce circularly po-
larised GWs [36], with a broken power-law spectral shape,
peaking at the characteristic frequency of the source. The
infrared behaviour captured by the rising power-law gives
a robust spectral index fixed by causality equal to 3. Re-
cent numerical simulations however, show the flattening of
the low-frequency tail [37] from cubic to linear dependence
on frequency. It takes less time for the slope to flatten
than it does for the GW signal to become stationary, so
we approximate the infrared behaviour as ∝ f . The de-
caying power-law at higher frequencies depends on the
turbulence model [38]. As an example, in our analysis we
focus on [39]:

ΩGW(f) =

{
Ωpeak(f/fpeak) , f ≤ fpeak

Ωpeak(f/fpeak)−8/3 , f > fpeak .

The peak frequency of the spectrum, fpeak, is directly
related to the temperature, T∗, at which the first or-
der phase transition occurred. At the electroweak scale,
T∗ = 100 GeV, we expect the GW spectrum to peak in the
mHz range, which has given rise to many LISA-focused tur-
bulence 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 sig-
natures we search for with the currently operating GW
detectors. For our analysis, we fix fpeak = 25 Hz.

In addition to modelling the GW spectrum, we need
a model for the amount of polarisation of the turbulence
spectrum. Previous studies [36, 40] calculated numerically
the net circular polarisation of GWs for different initial
turbulent conditions to get the polarisation degree Π over
wavenumber k, and found frequency-dependent models
of Π. In the following, we will study both the simplified
Π = const. model, as well as a frequency-dependent
polarisation model. In the former simplified case, the
prior for Π is uniform between -1 and 1. For the latter
Π(f) = fβ models, the prior on the spectral index β we
use is uniform between -2 and 2, but we expect Π to
decay with frequency [40]. Note that we assume this
model to be right-handed, since studies [36] suggest that
the induced GWs would have predominantly right-hand
polarisation.

IV. RESULTS

We first present our results using data from the most
recent, third, Advanced LIGO-Virgo data observing run.
We then discuss detection prospects of model-dependent
turbulence spectra as the sensitivity of the interferometers
increases.

A. O3 results

We search for a parity violation signal in the recent
O3 data [11]. Figure 2 shows posterior distribution of
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Figure 2: 95% confidence limit and posterior distribution
obtained using O3 data for the model of power-law
SGWB spectrum with parity violation Π(f) = fβ .

amplitude, ΩGW, and spectral index, α, of a power-law
GW signal, as well as the posterior of the polarisation
degree parameter, β. There is no detection, but we can
place an upper limit on the amplitude, Ω95%

ref = 4.9×10−9,
after marginalizing over α and 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. Figure 2 shows
that the data favours negative values of β. This result
agrees with previous numerical simulations of turbulent
sourced SGWB models [36].

In addition to the frequency-dependent Π(f) = fβ

model, we search for a simpler Π = const. polarisation
model within the O3 data, to complete our analysis. 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 = 7.0× 10−9. Calculating the

Bayes factor, we find lnBΠ6=0
Π=0 = −0.02, concluding that

there is no preference for parity violation models versus
no parity violation ones.

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 A+ sensitivity of LIGO, AdV+
sensitivity of Virgo, and including KAGRA at Design
sensitivity to the network [41]. 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
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extending the observation time both lead to improvements
in our sensitivity.

We inject a broken power law, ΩGW, induced by turbu-
lence as described in Sec. III. To investigate the detection
prospects of such a signal, we vary the amplitude of the
injected spectrum by doing 1000 injections log-spaced
between Ωpeak ∈ [10−10, 10−7]. The polarisation spec-

trum we inject, Π(f) = f−1/2, is motivated by recent
numerical simulations [40]. We discuss below our results
and their dependence on a deviation of the polarisation
parameter β from the −1/2 value.

Figure 3 shows the variation of signal-to-noise Bayes
factor, B, of the injections, focusing particularly in the
region Ωpeak ∈ [10−10, 10−8]. A lnB factor of 8 is equi-
valent to a frequentist SNR of 4 [29], and as such, we
take this value to be our detection statistic. All injection
points that are above the solid line in Fig. 3 will be detec-
ted. This leads to an upper limit of Ωpeak = 1.5× 10−9;
any louder signal is expected to be detected with great
significance by the A+ detectors.

However, even if we can confidently claim a detection
of a turbulent, broken power-law, GW signal, we may not
be able to constrain its polarisation. Repeated injections
showed that the strength of the injected signal, Ωpeak,
played a main role in the recovery of the simulated signal.
More precisely, we have found that stronger signals yield
better results for the recovery of the Π(f) model, i.e. the
β parameter. Our analysis also proved that the inclusion
of simulated data from the Virgo and KAGRA detectors
was critical in recovering the polarisation of an injected
SGWB. We found that for injections with amplitude
Ωpeak ≥ 5× 10−8, we confidently recover the β = −1/2
injected value, see Fig. 4. We quantify our confidence
in recovery of β by requiring 95% (2σ) of its posterior
distribution to be within 0.1 of the injected 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 = −1/2
parameter, and detect a polarisation. Only with such a
strong detection, one can study the polarisation model
and its implications for parity violation theories.

Weaker injections will still allow us to place an upper
limit on β, but we will not be able to estimate it. Posteri-
ors for these weak injections will be skewed towards the
lower end of the β prior. We check median, first and third
quartile values of β posteriors across the injection range
to better understand their skewness. We find that the
median of the posterior starts to deviate from β = −1/2
for Ωpeak = 5× 10−8, agreeing with our previously stated
definition of confident recovery, see Fig. 5. Finally, the
first and third quartile confirm spreading of the posterior
towards more negative β values.

To check the dependence of our results on the injec-
ted value of the β parameter, we repeat the analysis for
β = −1 and 0 [40]. The detection threshold for each of
the data sets is the same as before, Ωpeak = 1.5× 10−9,
suggesting that when we claim a detection, it will be
independent of the amount of polarisation of the signal.
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Figure 3: Bayes factor as a function of amplitude of the
injected signal. Each point represents one of our 1000

injections. The solid line represents lnBsignal
noise = 8.
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Figure 4: Variation of 2σ value of the β posterior for each
of the 1000 injections. The solid line represents 2σ = 0.1.

However, the signal strength needed to successfully re-
cover β depends on the polarisation model. Namely, the
smaller the value of β is, the stronger the injection amp-
litude is needed. For β = −1 we are unable to recover it
within our injection range. The β = 0 injection, with a
frequency-independent polarisation, is recovered with sig-
nals of amplitude Ωpeak = 1× 10−8, only 7 times stronger
than the injection threshold. The only signal strength
that successfully recovers β, and is not constrained by the
first three LIGO-Virgo observing runs, is β = 0, implying
that even if we include 4 detectors, and consider 3 years of
observation time, we cannot probe frequency-dependent
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, but
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Figure 5: Variation of the median of the β posterior for
each of the 1000 injections.

instead we placed an upper limit on amplitude of a power-
law GW model, Ω95%

ref = 4.9× 10−9. Our analysis showed

that for a parity violation model Π = fβ , recent O3 data
favour models where Π decays with frequency, supporting
expected numerical simulations [40]. A bias for constrain-
ing right-handed polarised waves was found to be due to
the geometry of the Hanford-Livingston detector baseline,
leading to better constraints of Π > 0 polarisations.

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 a GW modelled as a broken power-law with lower
and higher frequency indices 1 and -8/3, respectively,
and peak frequency of 25 Hz, the LIGO-Virgo-KAGRA
detector network is sensitive to peak amplitudes down
to Ωpeak = 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 = −1/2 we found that for
β to be successfully recovered, we need injections of at
least Ωpeak = 5×10−8, which is excluded by existing GW
data. Hence, even if we detect a turbulence signal, we

may not be able to deduce its polarisation. The recovery
of frequency-independent polarisation (β = 0) 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 addi-
tional ground detectors added to the network such as
LIGO-India, as well as other planned terrestrial detectors
(Einstein Telescope [42], Cosmic Explorer [43]), or the
space-detector LISA [44]. Note that due to uncertainty
in geographical locations (i.e. uncertainty in ORFs) 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 [45]. 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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