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Abstract. We use direct numerical simulations of decaying primordial hydromagnetic tur-
bulence with helicity to compute the resulting gravitational wave (GW) production and its
degree of circular polarization. The turbulence is sourced by magnetic fields that are either
initially present or driven by an electromotive force applied for a short duration, given as
a fraction of one Hubble time. In both types of simulations, we find a clear dependence
of the polarization of the resulting GWs on the fractional helicity of the turbulent source.
We find a low frequency tail below the spectral peak shallower than the f3 scaling expected
at super-horizon scales, in agreement with similar recent numerical simulations. This type
of spectrum facilitates its observational detection with the planned Laser Interferometer
Space Antenna (LISA). We show that driven magnetic fields produce GWs more efficiently
than magnetic fields that are initially present, leading to larger spectral amplitudes, and to

c© 2022 IOP Publishing Ltd and Sissa Medialab https://doi.org/10.1088/1475-7516/2022/04/019

mailto:roperpol@apc.in2p3.fr
mailto:sayan.mandal@stonybrook.edu
mailto:brandenb@nordita.org
mailto:tinatin@andrew.cmu.edu
https://doi.org/10.1088/1475-7516/2022/04/019


J
C
A
P
0
4
(
2
0
2
2
)
0
1
9

modifications of the spectral shape. In particular, we observe a sharp drop of GW energy
above the spectral peak that is in agreement with the previously obtained results. The
helicity does not have a huge impact on the maximum spectral amplitude in any of the two
types of turbulence considered. However, the GW spectrum at wave numbers away from the
peak becomes smaller for larger values of the magnetic fractional helicity. Such variations of
the spectrum are most noticeable when magnetic fields are driven. The degree of circular
polarization approaches zero at frequencies below the peak, and reaches its maximum at the
peak. At higher frequencies, it stays finite if the magnetic field is initially present, and it
approaches zero if it is driven. We predict that the spectral peak of the GW signal can be
detected by LISA if the turbulent energy density is at least ∼ 3% of the radiation energy
density, and the characteristic scale is a hundredth of the horizon at the electroweak scale.
We show that the resulting GW polarization is unlikely to be detectable by the anisotropies
induced by our proper motion in the dipole response function of LISA. Such signals can,
however, be detectable by cross-correlating data from the LISA-Taiji network for turbulent
energy densities of ∼5%, and fractional helicity of 0.5 to 1. Second-generation space-base
GW detectors, such as BBO and DECIGO, would allow for the detection of a larger range of
the GW spectrum and smaller amplitudes of the magnetic field.

Keywords: cosmological phase transitions, gravitational waves / sources, Magnetohydrody-
namics, primordial magnetic fields
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1 Introduction

Primordial turbulent magnetic fields produced and/or present during phase transitions in
the early universe generate a stochastic background of gravitational waves (GWs) [1]; see
refs. [2, 3] for reviews. Assuming the standard energy scales of cosmological phase transitions
(T∗ ∼ 100 GeV for the electroweak, and T∗ ∼ 100 MeV for the QCD phase transition), and
accounting that the characteristic scale of the magnetic field at the moment of its generation
is limited by the Hubble horizon scale and it is taken to be a fraction of it (this fraction is
determined by the size of the magnetic field eddies, which is related to the phase transition
bubble size in the case of a first order phase transition, and/or by the energy containing wave
number k∗ of the turbulent motions in other scenarios), the characteristic typical frequencies
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of the GW spectrum range from nHz to Hz [4–6]. Future space-based GW detectors such
as the Laser Interferometer Space Antenna (LISA) [7], planned to be launched in 2034,
as well as TianQin [8] and Taiji [9], will be sensitive to GWs in frequencies ranging from
10µHz to a few Hz, with a peak sensitivity around 1mHz (LISA and Taiji) and a few mHz
(TianQin). Actually, this is a typical Hubble frequency range for the electroweak phase
transition (EWPT) if occurring around 10TeV. In this range of frequencies, we expect
magnetic fields and turbulence yielding GW signals generated at the EWPT; see ref. [10] for
pioneering work and refs. [11–13] for subsequent studies. Importantly, the main parameters
of the turbulence (and, correspondingly, the characteristics of the phase transitions) are
imprinted on the GW signal shape, amplitude, and polarization [14, 15].

Additional sources from a first-order phase transition producing GW radiation in this
range of frequencies include the collision of scalar field shells, sound waves induced into the
surrounding plasma, and subsequent turbulent motions; see ref. [16] for a pioneering work
and refs. [17, 18] for recent reviews, and references therein. In addition, the next generation
of space-based GW detectors is planned to improve the sensitivity to GW signals and to cover
the range from mHz to 10Hz (which lies in between the sensitive frequencies of space-based
GW detectors such as LISA and ground-based GW detectors such as the LIGO-Virgo-Kagra
network), e.g., the DECi-hertz Interferometer Gravitational wave Observatory (DECIGO) [19],
and the Big Bang Observer (BBO) [20, 21]. In the lower regime of frequencies, measuring
the time of arrival by a pulsar timing array (PTA) allows one to detect GW signals in the
range from 10−9–10−7 Hz, which corresponds to the GW signals generated during a phase
transition with typical energy scales from a few MeV to one GeV, such as the QCD phase
transition, with a typical scale of about 100 MeV; see refs. [4, 22–24] and ref. [25] for a
review, and references therein. This frequency range is also typical for the blue tilted GW
spectrum originated from the inflationary epoch; see ref. [25] for a review and references
therein. Even smaller frequencies can be probed by the indirect detection of B-modes in the
cosmic microwave background (CMB) polarization [26, 27], which, along with temperature and
E-mode polarization anisotropies, can be produced by inflation-generated GW signals [28, 29].
The treatment of the early-universe generated GW energy density spectrum allows one to
constrain different scenarios by PTA measurements, laser interferometer experiments, and big
bang nucleosynthesis (BBN) bounds [30]. In addition, large surveys of stars like Gaia [31] or
the proposed Theia [32] have been recently proposed to detect GWs in the range of frequencies
around the QCD scale [33, 34].

There is various kind of evidence for magnetic fields in the largest scales of the universe [3],
which can have their origin in astrophysical or cosmological seed fields. In particular, primordial
magnetic fields are motivated by the lower limits on the strength of extragalactic magnetic
fields inferred by observations of blazar spectra by the Fermi Gamma-ray Observatory; see
ref. [35] for a pioneering work and ref. [36] for a recent review, and references therein. Such
fields are strongly coupled to the primordial plasma due to the high conductivity of the early
universe, inevitably leading to magnetohydrodynamic (MHD) turbulence; see refs. [37, 38] for
pioneering work and ref. [39] for a recent study. In addition, any primordial turbulent process
during the early universe can also reinforce the magnetic field; see ref. [40] for a discussion of
the dynamo mechanism in decaying turbulence.

The cosmological evolution of the magnetic field strongly depends on helicity [41, 42],
yielding magnetic fields with larger coherent scales and favoring the constraints from Fermi
observations (see ref. [36] for a review and references therein). Parity-violating processes at
the EWPT leading to the generation of helical magnetic fields have been proposed. Some
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examples are: via sphaleron decay (see ref. [43] for a non-helical case and ref. [44] for a helical
case), due to the generation of Chern-Simons number through B + L anomalies [45], and due
to inhomogeneities in the Higgs field in low-scale electroweak hybrid inflation [46–51]. The
presence of a cosmic axion field also leads to the generation of helicity in existing primordial
magnetic fields [52, 53]. Magnetic fields can also be produced during inflation; see refs. [43, 54–
58] for pioneering work and the reviews [36, 59, 60], and references therein. Some mechanisms
have been proposed to add helicity into the inflationary magnetogenesis models; see ref. [61]
for pioneering work and refs. [36, 60] for reviews, and references therein.

As expected, primordial helical magnetic fields produce circularly polarized GWs [62–65].
In particular, the detection of circularly polarized GWs, proposed in refs. [66, 67], will shed
light on phenomena of fundamental symmetry breaking in the early universe, such as parity
violation, and potentially can serve as an explanation of the lepto- and baryogenesis asymmetry
problem; see refs. [68–72] for pioneering work, ref. [73] for a review, and refs. [74–76] for recent
work. The dependence of the degree of polarization of GWs on the helicity of the source has
been a matter of uncertainty owing to the approximations made in the analytical calculations
available to date. In particular, previous works (see refs. [62, 63]) showed that the maximum
circular polarization depends on the relation between the magnetic energy and the magnetic
helicity spectra. Assuming Kolmogorov-type turbulence, with spectral index of −5/3 for the
magnetic energy density and −8/3 for the helicity,1 following phenomenological modeling
of ref. [77], the circular polarization of GWs would be at most about 80% for a maximally
helical magnetic field [62, 63]. Following refs. [62, 63], we call this helical Kolmogorov (HK)
turbulence. It can actually reach nearly 100% in the case when the spectral indices are
equal, which we call a Moiseev-Chkhetiani type spectrum; see ref. [78], or helical transfer
(HT) turbulence, following refs. [62, 63]. On small scales, the HT turbulence is dominated
by helicity dissipation, and hence, the transfer of helicity is effective. Thus, the resulting
degree of polarization stays constant at large wave numbers, and approximately equal to
the fractional magnetic helicity. On the other hand, the HK turbulence is dominated by
energy dissipation, such that the polarization decays to zero due to the vanishing helicity [62].
In both cases, the spectral peak of the polarization spectrum is at the same scale as the
GW spectral peak, which is at a wave number approximately twice the wave number of the
magnetic spectral peak.2 For low values of the fractional magnetic helicity, the maximum
degree of polarization also diminishes. More recently, the two types of spectra have been
studied to model the turbulence produced in a first-order EWPT in ref. [64], in the context of
detection prospects with LISA by using the dipole modulation induced by the proper motion
of the solar system, as proposed in refs. [66, 67], and recently applied to LISA in ref. [79].
The potential detection of polarization can be improved by cross-correlating two space-based
GW detectors as, for example, LISA and Taiji [80, 81]. We show that the circular degree of
polarization computed from direct numerical simulations follows the HT turbulence model of
previous analytical works if the magnetic field is assumed to be present at the initial time of
generation. This scenario neglects the production of GWs that occurs while the magnetic
field is generated by any of the described magnetogenesis mechanisms or via MHD dynamo.
When we consider a magnetic field that is initially zero and it builds up during the simulation,

1The spectral indices in refs. [62, 63] refer to spectra defined with a 1/k2 factor with respect to those used
in the present work (defined in section 2.4), where a scale-invariant spectrum is ∝ k−1. Hence, the spectral
indices −5/3 and −8/3 correspond to −11/3 and −14/3 in their works.

2The GW energy density is sourced by the stress tensor, computed from the convolution of the magnetic
field in Fourier space. This causes stress spectrum to peak at a wave number twice that of the magnetic peak.
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following ref. [82], both the HK and the HT models of turbulence fail to predict the spectrum
of the degree of circular polarization, and numerical simulations are required [65].

Recently, in refs. [82, 83], the authors have described the implementation of a GW solver
into the Pencil Code [84] and have presented direct numerical simulations for modeling
development and dynamics of primordial hydrodynamic and hydromagnetic turbulence from
phase transitions, and subsequent generation of a stochastic GW background, also computed
numerically. Their simulations included fully helical sources, but the estimation of the GW
polarization degree spectrum, as well as the polarization detection prospects, were not the
focus of their studies. We present here two types of simulations, similar to the two types of
hydromagnetic simulations presented in ref. [82]: one where a primordial magnetic field is
assumed to be given as the initial condition and one where a magnetic field is generated by an
electromotive force F(x, t) that depends on time t and position x. In particular, regarding
the first type, we study the cases with an initial stochastic magnetic field with different values
of the fractional helicity, from non-helical up to the fully helical case. In ref. [65], the degree of
circular polarization for kinetically and magnetically forced turbulence was presented, which
is similar to our second type of simulations. We complement their analysis in the present
work by studying the variation of the polarization degree in the different scenarios of the
magnetic field generation. Furthermore, we study cases where turbulence is driven for times
significantly shorter than what was considered in ref. [65]. The driving is then applied during
a short time interval (around a 10% of the Hubble time), and then switched off such that
turbulence decays for later times. By using suitably scaled variables and conformal time,
the governing equations describing the evolution of GWs and turbulent magnetic fields in an
expanding universe in the radiation era can be brought into a form that is best suited for
numerical simulations [83]. We explore the detectability of the generated GW signal and its
polarization with planned space-based GW detectors.

We begin by summarizing our approach and the equations solved in section 2. We
then present the magnetic and GW energy spectra obtained from the numerical simulations
in section 3. In particular, the degree of circular polarization is shown in section 3.3 and
compared with previous analytical models in section 3.4. We explore the potential detectability
of the GW background amplitude and polarization by space-based GW detectors and, in
particular, by combining LISA and Taiji, in section 4, and we conclude in section 5.

Throughout this work, electromagnetic quantities are expressed in Lorentz-Heaviside
units where the vacuum permeability is unity. Einstein index notation is used so summation
is assumed over repeated indices. Latin indices i and j refer to spatial coordinates 1 to 3. The
Kronecker delta is indicated by δij , the Levi-Civita tensor by εijk, the Dirac delta function by
δ(x), and the Heaviside step function by Θ(x).

2 The model

2.1 Gravitational signal from MHD turbulence

We perform direct numerical simulations of the MHD turbulence starting at the time of
generation, which belongs to the radiation-dominated era and can be appropriately scaled to,
e.g., the EWPT. At every time step of the MHD simulation, we compute the contributions
from velocity and magnetic fields to the stress tensor Tij . Then, we solve the GW equation to
compute the strains hij , sourced by the traceless and transverse projection of the stress tensor.
The details of the numerical setup and application to the electroweak scale are described in
refs. [82, 83].

– 4 –
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We use the linear polarization modes + and × to describe the two gauge-independent com-
ponents of the tensor mode perturbations,3 such that h̃ij(k) = h̃+(k)e+

ij(k̂) + h̃×(k)e×ij(k̂) [85],
where the tilde indicates that this decomposition is performed in Fourier space,4 and k̂ = k/|k|.
The linear polarization basis tensors are

e+
ij(k̂) = e1

i e
1
j − e2

i e
2
j , e×ij(k̂) = e1

i e
2
j + e2

i e
1
j , (2.1)

where e1 and e2 form a basis with the unit vector k̂ [86]. We solve the non-dimensional
GW equation in the radiation era for the scaled strains h̃+,×(k, t) [1], using conformal time,
normalized to unity at the initial time of magnetic field generation t∗, and comoving wave
vector, normalized by 1/(ct∗), as described in refs. [82, 83],(

∂2
t + k2

)
h̃+,×(k, t) = 6

t
T̃TT

+,×(k, t), (2.2)

where T̃TT
+,×(k, t) is the comoving stress tensor, projected into the traceless and transverse

(TT) gauge, described by the linear polarization modes + and ×, and normalized by the
energy density at t∗. The scaled strains are tensor mode perturbations over the Friedmann-
Lemaître-Robertson-Walker metric tensor, such that the line element is ds2 = a2(−dt2 +
[δij + hij/a] dxi dxj). During the radiation-dominated epoch, the equation of state is p = 1

3ρ,
where ρ is the energy density and p the pressure. This leads to a linear evolution of the scale
factor a with t, and allows one to get rid of the damping term [87], which should be included
otherwise in equation (2.2).5 The stress is composed of magnetic and kinetic contributions
and computed in physical space as

Tij(x) = 4
3
ρuiuj
1− u2 −BiBj +

(
ρ

3 + B2

2

)
δij , (2.3)

where u is the plasma velocity and B is the magnetic field. The total enthalpy is w = p+ρ = 4
3ρ.

Since Tij refers to comoving and normalized stress tensor, the MHD fields (ρ, u, and B) are
accordingly normalized and comoving.

The non-dimensional and comoving MHD equations for an ultrarelativistic gas in a flat
expanding universe in the radiation-dominated era after the EWPT are given by [38]

∂ ln ρ
∂t

= −4
3 (∇ · u + u ·∇ ln ρ) + 1

ρ

[
u · (J ×B) + ηJ2

]
, (2.4)

∂u

∂t
= −u ·∇u + u

3 (∇ · u + u ·∇ ln ρ) + 2
ρ

∇ · (ρνS)

− 1
4∇ ln ρ− u

ρ

[
u · (J ×B) + ηJ2

]
+ 3

4ρJ ×B, (2.5)

∂B

∂t
= ∇× (u×B − ηJ + F), J = ∇×B, (2.6)

3When the GWs are unpolarized, the amplitudes of the + and × modes are the same, and we only have
one gauge-independent component.

4We use the Fourier convention, h̃(k) =
∫
h(x)e−ik·xd3x, such that the inverse Fourier transform is

h(x) = (2π)−3 ∫ h̃(k)eik·xd3k.
5We take the scale factor a to be unity at the time of generation, which allows one to simply write a = t,

and t∗ = H−1
∗ , where H∗ is the Hubble rate at the time of generation. More generally, one should substitute t

by a in the denominator of the sourcing term of equation (2.2).
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where Sij = 1
2(∂jui + ∂iuj) − 1

3δij∇ · u are the components of the rate-of-strain tensor, J
is the current density, ν is the kinematic viscosity, and η is the magnetic diffusivity. The
electromotive force F is used to model the generation of magnetic fields.

2.2 Magnetic fields present at the initial time

In the first type of runs, we consider the magnetic field to be present at the initial time of the
simulation, so we set the electromotive force term F to be zero at all times. We generate a
random three-dimensional vector field in Fourier space,

B̃i(k) = B0
(
Pij(k̂)− iσεijlk̂l

)
g̃j(k̂) g0(k), (2.7)

where B0 is the magnetic field amplitude, g̃j(k̂) is the Fourier transform of a δ-correlated
vector field in three dimensions with Gaussian fluctuations, i.e., gi(x)gj(x′) = δijδ

3(x−x′), σ
is a parameter that allows one to control the fractional magnetic helicity, Pij(k̂) = δij − k̂ik̂j
is the projection operator. The spectral shape is determined by g0(k) [39],

g0(k) = k
−3/2
∗ (k/k∗)α/2−1

[1 + (k/k∗)2(α−β)]1/4
, (2.8)

where k∗ sets the scale of the spectral peak, which is identified with the initial wave number
of the energy-carrying eddies. The magnetic energy density is EM = 1

2〈B
2〉,6 such that its

initial value is Emax
M = 1

2B
2
0 . Due to the normalization used, this value corresponds to a

fraction of the radiation energy density at the time of magnetic field generation, and since
this case corresponds to decaying turbulence, Emax

M is the maximum value of the magnetic
energy density. The magnetic spectrum EM(k), computed such that EM =

∫
EM(k) dk, is

proportional to k2g2
0(k), with a spectral index α = 4 in the low wave number limit (subinertial

range) for a Batchelor spectrum,7 and Kolmogorov-type spectral slope β = −5/3 in the high
wave number range.8 Here, the k−3/2

∗ prefactor ensures that the resulting magnetic energy
EM is independent of the value of k∗. The exponents ζ = 2 and ζ−2 = 1/4 in the denominator
of equation (2.8) determine the transition smoothness from one slope to the other around the
spectral peak. The initial fractional helicity of the magnetic field, PM = k∗〈A ·B〉/〈B2〉,9 is
given by 2σ/(1 + σ2), being A the magnetic vector potential, such that B = ∇×A.

2.3 Magnetic fields forced at the initial time

In the second type of simulations, to model the magnetic field generation with fractional
magnetic helicity, we use the electromotive force F , which is non-zero for a short amount of
time, and its value is given by

F(x, t; k∗) = Re{Af̃(k(t)) exp[ik(t) · x + iϕ]}, (2.9)
6Angle brackets denote ensemble average over stochastic realizations, which can be approximated as the

average of the random field over the physical domain for a statistically homogeneous field.
7For magnetic fields produced by causal processes, e.g., during cosmological phase transitions, the correlation

length is finite, which leads to a Batchelor magnetic spectrum EM(k) ∝ k4 in the limit k → 0 [88].
8The Kolmogorov-type k−5/3 spectrum is found and well-established in purely hydrodynamic turbulence [89].

In general MHD, a k−3/2 Iroshnikov-Kraichnan spectrum has been proposed in refs. [77, 90]. However, direct
numerical simulations of MHD turbulence have found approximately Kolmogorov and steeper scalings [42, 91].

9The general definition of PM uses a characteristic wave number k computed from the integration of the
helical spectrum over wave numbers, which is, in general, different than the spectral peak k∗.
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where the wave vector k(t) and the phase ϕ(t) change randomly from one time step to the
next. This forcing function is therefore white noise in time and consists of plane waves with
average wave number k∗ such that |k| lies in an interval k∗ − δk/2 ≤ |k| < k∗ + δk/2 of width
δk. Here, A is the amplitude of the forcing term. The Fourier amplitudes of the forcing are

f̃i =
(
δij − iσεijlk̂l

)
f̃

(0)
j

/√
1 + σ2, (2.10)

where f̃
(0)(k) = (k × e)/[k2 − (k · e)2]1/2 is a non-helical forcing function. Here, e is an

arbitrary unit vector that is not aligned with k. Note that |f̃ |2 = 1. The parameter σ ∈ [−1, 1]
is related to the fractional helicity of the forcing term, with σ = 0 and σ = ±1 corresponding
to non-helical and maximally helical cases, respectively. The forcing is only enabled during an
arbitrarily short time interval 1 ≤ t ≤ tmax, to reproduce the more realistic scenario in which
the magnetic field does not appear abruptly, but it is built up to its maximum value Emax

M
at tmax, and then it decays. We chose tmax = 1.1 in the present work, which corresponds to
a 10% of the Hubble time. In ref. [65], the authors consider forcing up to tmax = 3, so the
forcing is active for 2 Hubble times, although its amplitude is considered to decrease linearly.

2.4 Characterization of stochastic magnetic and strain fields

The magnetic fields considered and the resulting velocity fields and tensor mode perturbations,
are all stochastic fields. We present here the spectral functions that are used to describe the
statistical properties of these fields.

The autocorrelation function of the magnetic field, assuming statistical homogeneity and
isotropy, and a Gaussian-distribution in space,10 is

〈B̃∗i (k, t)B̃j(k′, t)〉 = (2π)6δ3(k − k′)
[
Pij(k̂)EM(k, t)

4πk2 + iεijlk̂l
HM(k, t)

8πk

]
, (2.11)

where EM(k, t) and HM(k, t) are the magnetic and helicity spectra, respectively. We work
here with spectra per linear wave number interval.

The magnetic field is either given at the initial time; see equation (2.7), or driven using
the forcing term F , described in equations (2.9) and (2.10), for a short time 1 ≤ t ≤ tmax,
being tmax = 1.1. In both cases, we have introduced a parameter σ that allows one to control
the fractional helicity of the initial magnetic field or the initial forcing term. In general, we
define the fractional helicity PM(t) as

PM(t) =

∫ ∞
0

kHM(k, t) dk

2
∫ ∞

0
EM(k, t) dk

= 2σM(t)
1 + σ2

M(t) . (2.12)

Initially, if the magnetic field is given, PM is determined by the chosen value of σM = σ. On
the other hand, if the magnetic field is initially driven, the fractional helicity depends on the
value of σ used in the forcing term; see equation (2.10), but its exact value is obtained by
solving the set of MHD equations and σM might differ from σ. For later times, in both cases,
the values of σM(t) and PM(t) are given by the dynamical evolution of the MHD fields. The
magnetic polarization spectrum is directly computed from the helical and magnetic spectra,

10For a random field with Gaussian distribution, the two-point autocorrelation function is sufficient to
describe its statistical properties [88].
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PM(k, t) = 1
2kHM(k, t)/EM(k, t); see equation (2.12). The realizability condition gives an

upper bound to the helicity spectrum HM(k, t) [92],∣∣∣12kHM(k, t)
∣∣∣ ≤ EM(k, t), (2.13)

such that the magnetic polarization PM(k, t) takes values from −1 to 1. Due to the realizability
condition, to directly compare the magnetic and the helicity spectra, the latter is usually
multiplied by k/2; see equations (2.12) and (2.13).

The GW energy density is [93]

EGW(t) = c2

32πG〈ḣ
phys
ij (x, t)ḣphys

ij (x, t)〉, (2.14)

where hphys
ij = hij/a are the physical strains, the angle brackets denote space average; see

footnote 6, and a dot represents derivative with respect to physical time tphys.11 In terms of
the normalized and comoving units used in equation (2.2), the ratio of comoving GW energy
density to critical energy density ΩGW = EGW/E0

crit is

a4ΩGW(t) = 1
12

(
H∗
H0

)2〈
∂thij ∂thij + hijhij/t

2 − 2hij ∂thij/t
〉
, (2.15)

where E0
crit = 3H2

0c
2/(8πG), with H0 = 100h0 km s−1 Mpc−1 ≈ 3.241 × 10−18 h0 s−1 being

the Hubble rate at the present time, and h0 takes into account the uncertainties in its exact
value [94]. The equal time correlation function for general tensor fields Πa

ij and Πb
ij (assuming

isotropic and homogeneous random fields) is expressed as [95]

〈Π̃a
ij(k, t)Π̃b

lm(k′, t)〉 = 1
4(2π)6δ3(k − k′)

[
Mijlm(k̂)Sab(k, t)4πk2 + iAijlm(k̂)Aab(k, t)4πk2

]
, (2.16)

where

Mijlm(k̂) = PilPjm + PimPjl − PijPlm, (2.17)
Aijlm(k̂) = 1

2 k̂q(Pjmεilq + Pilεjmq + Pimεjlq + Pjlεimq). (2.18)

To compute the spectral functions of the GW energy density; see equation (2.15), we use
equation (2.16) applied to the strains hij and their time derivatives h′ij = ∂thij : when
Πa
ij = Πb

ij = hij , we define Sh and Ah; when Πa
ij = Πb

ij = h′ij , we define Sh′ and Ah′ , and
when Πa

ij = hij and Πb
ij = h′ij (or vice versa, note that equation (2.16) is symmetric in ab), we

define Smix and Amix. The spectra of GW energy density ΩGW(k, t) and GW helicity/chirality
ΞGW(k, t) are

a4ΩGW(k, t) = 1
12

(
H∗
H0

)2
k

[
Sh′(k, t) + 1

t2
Sh(k, t)− 2

t
Smix(k, t)

]
=
(
H∗/H0

)2
kEGW(k, t), (2.19)

a4ΞGW(k, t) = 1
12

(
H∗
H0

)2
k

[
Ah′(k, t) + 1

t2
Ah(k, t)− 2

t
Amix(k, t)

]
=
(
H∗/H0

)2
kHGW(k, t), (2.20)

11The GW energy density in equation (2.14) is given in non-normalized units, being the strains hphys
ij defined

such that ds2 = a2(−dt2 + [δij + hphys
ij ] dxi dxj), and the physical time refers to non-normalized cosmic time,

which is related to conformal time as dtphys = adt.
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such that ΩGW(t) =
∫

ΩGW(k, t) d ln k ∝
∫
EGW(k, t) dk. Using the + and × polarization

basis defined in equation (2.1), the functions Sab(k, t) and Aab(k, t), defined in equation (2.16),
for generic tensor fields Πa

ij and Πb
ij , can be expressed as [95]

2〈Π̃a
+(k)Π̃b,∗

+ (k′) + Π̃a
×(k)Π̃b,∗

× (k′)〉 = (2π)6δ3(k − k′)Sab(k)
4πk2 , (2.21)

2〈Π̃a
+(k)Π̃b,∗

× (k′)− Π̃a,∗
+ (k)Π̃b

×(k′)〉 = i(2π)6δ3(k − k′)Aab(k)
4πk2 , (2.22)

which allows one to compute the spectral functions in equations (2.19) and (2.20) from
h̃+,× and ∂th+,×, solutions to the GW equation (2.2), via shell-integration.12 The degree
of circular polarization of the GW background is Ph(k, t) = Ah(k, t)/Sh(k, t) [62]. We
also define the polarization using the GW energy density spectral functions: PGW(k, t) =
HGW(k, t)/EGW(k, t).13 The total GW polarization can be expressed as the ratio of the
integrated spectra over wave numbers, PGW(t) = ΞGW(t)/ΩGW(t).

3 Numerical results

We have computed solutions for a range of values of σ, using both given and driven initial
fields; see table 1 for a summary of the different runs. In general, the different GW modes
grow up to δt = t− tmax ∼ O(k−1); see figure 3 of ref. [82], when they start to oscillate, taking
tmax = 1 in the runs with an initial magnetic field. The duration δt is the time that it takes to
the GWs, which propagate at the speed of light, to reach the scales corresponding to the wave
number k. We have set up all the runs to have a spectral peak k∗ ≈ 600 (see table 1), which
corresponds to, approximately, 100 times the Hubble wave number 2π/H∗ or, equivalently, to
a 100th of the Hubble scale, and the smallest wave number of the simulations is k0 ≈ 100.
Hence, the GW spectrum stops growing and enters the oscillatory stage at δt ∼ O(10−2), and
after that time we average the spectra over oscillations in time to obtain the saturated GW
spectra and their integrated values over wave numbers Ωsat

GW and PGW = Ξsat
GW/Ωsat

GW, given in
table 1 in units of a−4(H∗/H0)2.

In the present work, all the numerical simulations are performed using a periodic cubic
domain of size L = 2π/k0 with a discretization of n3 = 11523 mesh points. To solve the GW
equation, given by equation (2.2), we use the Pencil Code [84], following the methodology
described in section 2.6 of ref. [83], which is denoted there as approach II. Equation (2.2) is
sourced by the strain tensor, which is obtained by solving the MHD equations (2.4)–(2.6).
Following ref. [82], we fix the viscosity ν = η and choose it to be as small as possible (see
table 1), but still large enough such that the inertial range of the computed spectra is
appropriately resolved [39]. Their physical values in the early universe are much smaller than
what we can accurately simulate and they would require much larger numerical resolution.
The inertial range of the turbulence would extend to higher frequencies. However, those

12The spectral functions S(k) and A(k), defined in equations (2.21) and (2.22), and omitting the subscript
ab, correspond to shell-integrated functions of the tensor fields. For example,

S(k, t) = 4πk2

(2π)6

∫
2
(
Π̃2

+(k, t) + Π̃2
×(k, t)

)
dΩk,

where Ωk is the solid angle of the shell of size k, such that
∫
S(k, t) dk = 〈Πij(x, t)Πij(x, t)〉.

13In previous works, these two definitions are used interchangeably, assuming that EGW = k2Sh, and
HGW = k2Ah, which hold in the absence of sources. However, turbulent sources can modify the dispersion
relation of the strains, and Ph 6= PGW in general.
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Type σM Emax
M Ωsat

GW PM PGW k∗ n ν, η kν

ini 0.1 3.93× 10−3 2.53× 10−11 0.19 0.18 600 1152 5× 10−8 8.1× 104

ini 0.3 4.23× 10−3 3.00× 10−11 0.55 0.54 600 1152 5× 10−8 8.2× 104

ini 0.5 4.85× 10−3 4.09× 10−11 0.80 0.77 600 1152 5× 10−8 8.5× 104

ini 0.7 5.78× 10−3 5.72× 10−11 0.94 0.91 600 1152 5× 10−8 8.9× 104

ini 1 7.75× 10−3 1.04× 10−10 1.00 0.95 600 1152 5× 10−8 9.6× 104

forc −0.01 1.42× 10−2 2.64× 10−9 −0.006 0.01 600 1152 5× 10−7 2.2× 104

forc 0.01 1.43× 10−2 2.65× 10−9 0.02 0.06 600 1152 5× 10−7 2.2× 104

forc 0.3 1.69× 10−2 3.14× 10−9 0.56 0.58 600 1152 5× 10−7 1.9× 104

forc 0.5 1.92× 10−2 3.54× 10−9 0.82 0.78 600 1152 5× 10−7 1.6× 104

forc 0.7 2.09× 10−2 3.96× 10−9 0.96 0.88 600 1152 5× 10−7 1.3× 104

forc −1 2.12× 10−2 4.16× 10−9 −0.999 −0.91 600 1152 5× 10−7 1.1× 104

Table 1. Summary of numerical simulations and relevant parameters.

higher wave numbers are of little observational interest since the GW amplitude at those
wave numbers would be very low, as shown in the results presented below.

3.1 Runs with decaying magnetic field at the initial time

In figure 1, we compare the spectra of the magnetic field and the resulting GWs, both the
symmetric, EM(k) and EGW(k), and the antisymmetric spectra, HM(k) and HGW(k), for
different values of σM at the initial time of the simulation. Since the GW spectra fluctuate
around an approximately statistically steady spectrum, we show the saturated values of the
spectra at each mode computed by averaging them over times larger than t = t∗+1/k0 = 1.01,
and the shaded region corresponds to the maxima and minima of the oscillations at every
wave number. The magnetic spectra are shown at the initial time of the simulation, when the
magnetic energy density has its maximum Emax

M , and it decays for later times.
The magnetic helicity spectrum shows the same power law scalings as the spectrum of

the magnetic energy density in the inertial range, which correspond to k−5/3 Kolmogorov-type
spectra. Thus, this corresponds to HT turbulence; see section 3.4. In the subinertial range,
we observe that, as we decrease the fractional helicity, the helical spectrum becomes slightly
steeper than the k4 Batchelor spectrum observed in the magnetic energy density, being both
spectra identical in the fully helical case, as expected. Note that the magnetic helicity spectra
are multiplied by k/2 to take into account the realizability condition; see equation (2.13).

On small length scales or, equivalently, large wave numbers (above the spectral peak k∗),
we observe that both the GW energy density and helicity spectra, EGW(k) and HGW(k), follow
k−11/3 scalings, which correspond to the Kolmogorov-type magnetic spectra, in agreement
with ref. [82]. On larger scales, we observe an approximately flat spectrum for the GW energy,
as shown from numerical simulations in ref. [82]. This is a consequence of the k4 Batchelor
spectrum for a Gaussian magnetic (hence, divergenceless) field, which yields a k2 (i.e., white
noise) spectrum of the magnetic stress [82, 96]. The small deviations from an exact flat
spectrum, which increase towards negative slopes as we decrease the value of the fractional
helicity, could be due to the small number of points in wave number space when we reach the
largest scales of the simulation, as well as to the oscillations over time. It is also for large
scales (small wave numbers) that we observe a decay of the GW helical spectrum HGW(k)
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Figure 1. Magnetic and GW energy (solid lines) and helicity (dashed lines) spectra for the runs with
a magnetic field given at the initial time of the simulations, normalized to t∗ = 1, for different values
of the parameter σM, which is related to the fractional magnetic helicity as PM = 2σM/(1 + σ2

M). The
magnetic spectra are shown at the initial time of the simulation and the GW spectra are the saturated
ones (averaged over times t > 1.01), while the shaded region shows the variation over time between
the maxima and minima. Positive values of the helicity spectra (magnetic and GW) are shown in red,
while negative values in blue. The discretized intervals show the tangent power laws fitting the spectra
used to compute their local slopes, shown as a fraction of integers, with a tolerance of 0.1. The values
of the wave numbers and spectra are comoving and normalized by the Hubble rate and the radiation
energy density at the initial time, respectively.

with respect to the flat spectrum observed for EGW(k). As we decrease the fractional helicity
of the magnetic field, we observe this decay to be at approximately twice the smallest wave
number of the magnetic field (expected from the source of the GWs that is given through
convolution). This could be due to the steeper slope of the helical magnetic spectrum at low
wave numbers, impacting the helical spectrum of GWs. Hence, we can expect the helicity
spectrum of GWs to decay with respect to the flat spectrum in the subinertial range, and omit
the smallest wave number of the simulation k0, since the correct computation of this mode
would require the computation of the magnetic field at k0/2. We defer further discussion of
the GW polarization PGW(k) = HGW(k)/EGW(k) to sections 3.3 and 3.4.
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Figure 2. Magnetic and GW energy (solid lines) and helicity (dashed lines) spectra, similar to figure 1,
for runs with an almost non-helical forcing (σM = ±0.01) for short times (1 ≤ t ≤ 1.1).

3.2 Runs with forced magnetic field at the initial time

In figures 2 and 3, we compare the spectra of the magnetic field and the resulting GWs for
the runs in which we drive the magnetic field for a short duration δt = tmax − 1 = 0.1 (i.e.,
10% of the Hubble time). In figure 2, we show runs that are almost non-helical (σM = ±0.01),
and in figure 3, we show runs with larger fractional helicity of the forcing term,14 up to the
fully helical case (which is negative in this case). We show that magnetic fields with negative
helicity drive GW with the same GW energy density than those produced by magnetic fields
with positive helicity, but the resulting helicity of the GW spectrum is negative. The time
evolution of the fractional magnetic helicity PM(t) is shown in figure 4. We observe that at
very early times (up to δt ≈ 2× 10−2 for the runs with σM = 0.3 and 0.5, and up to δt ≈ 10−1

for the other runs), the value of σM corresponds to the parameter σ of the forcing term.
The magnetic spectra are shown at the time tmax, when the magnetic energy density

reaches its maximum value Emax
M , and when we switch off the forcing term. Note that at

tmax = 1.1; see figure 4, the value of the fractional magnetic helicity is dynamically evolving
in time, and is already different than its initial value. At earlier times, the magnetic spectrum
shows a spike around the forcing wave number k∗, which is distributed at later times to a
turbulent spectrum due to the MHD dynamical evolution of the magnetic field. We see that in
all cases, the causal EM(k) ∝ k4 magnetic spectrum is established. The spectra are averaged
over times t ≥ 1.1, which is just after the maximum magnetic energy has been reached and
the GW energy begins to fluctuate around an approximately statistically steady state. For
k > k∗, the slope of the magnetic energy spectrum is steeper than a k−5/3 Kolmogorov-type
spectrum. This is because of the finite time driving during the rather short time interval,
1 ≤ t ≤ 1.1. The consequences of the finite forcing time are the appearance of a smoothed
spike around k∗ which has not completely disappeared, and the steeper slopes, especially in
the inertial range. This effect seems to be enhanced with helicity. An exponential drop in
the magnetic spectra is observed at the largest wave numbers due to viscosity and magnetic
diffusivity. We can estimate the viscous cutoff wave number kν from the energy dissipation

14For the case with forced magnetic fields, σ corresponds to the helicity parameter in the forcing term; see
equation (2.10), while σM is related to the fractional magnetic helicity, defined in equation (2.12).
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Figure 3. Magnetic and GW energy (solid lines) and helicity (dashed lines) spectra, similar to figure 1,
for runs with forcing for short times (1 ≤ t ≤ 1.1), for different values of σM.

10−2 10−1

δt = t− 1

0.00

0.25

0.50

0.75

1.00

|P
M

(t
)|

σini
M = 0.1

σini
M = 0.3

σini
M = 0.5

σini
M = 0.7

σini
M = 1

10−2 10−1

δt = t− 1

0.00

0.25

0.50

0.75

1.00

|P
M

(t
)|

σforc
M = ±0.01

σforc
M = 0.3

σforc
M = 0.5

σforc
M = 0.7

σforc
M = −1

Figure 4. Time evolution of the fractional helicity of the magnetic field, for the different values of
σM, for (a) the runs with an initial given magnetic field, and (b) those with a forced magnetic field.
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rate ε ∼ ν〈ω2〉, where ω = ∇× u is the fluid vorticity, as kν ∼ (ε/ν3)1/4 (see table 1). Note
that for the runs with a given initial magnetic field, the diffusive scale is around the Nyquist
wave number so the inertial range is observed down to the smallest scales of the simulation.
If the driving was continued over a long time interval (long enough for the magnetic field to
be processed, i.e., tmax ∼ 1) we would recover the Kolmogorov spectrum [65]. The magnetic
helicity spectrum around the peak k∗ is nearly saturated for all values of |σM| considered from
0.3 to 1. For σM = ±0.01, there is a clear separation between EM(k) and kHM(k)/2 and the
sign of the magnetic helicity tends to fluctuate noticeably, especially at high wave numbers.
We also see a systematic sign flip at higher k both in HM(k) and HGW(k), which also occurs
for the cases with |σM| ≥ 0.3. Such sign flips are typical of decaying helical turbulence and
are a consequence of the fact that the fractional magnetic helicity is there already extremely
small. The helicity spectrum kHM(k) is steeper than the magnetic spectrum EM(k), while in
the runs with an initial magnetic field, both spectra follow the same power laws in the inertial
range. This is observed for all values of σM. However, for the fully helical case, the difference
in slope is smaller, and it becomes larger for smaller fractional helicity.

We again observe an approximately flat GW spectrum in the subinertial range, which
presents negative slopes that become steeper for smaller values of |σM|. For values of |σM| ≥ 0.3,
the spectrum becomes completely flat near the spectral peak, and then presents an abrupt
drop below the peak, as shown in ref. [82], which is due to the finite duration of the forcing,
and related to the spike that appears in the magnetic spectra. The inertial range of the GW
spectra also present steeper slopes than the k−11/3 obtained for the Kolmogorov scaling in
the case of initially given magnetic fields. We observe the slopes −5.5, −6.33, −6, −6.25,
and −6.33 below the spectral peak for σM = ±0.01, 0.3, 0.5, 0.7, and −1, respectively. The
helical GW spectrum is slightly shallower on small scales, and becomes fully helical around
the spectral peak. Similar to the magnetic field, the helical GW spectrum decays faster
than the GW energy density in the subinertial range after a characteristic wave number that
increases with the fractional magnetic helicity. We observe that this decay starts at larger
wave numbers for the GW spectra than for the magnetic spectra.

3.3 Degree of circular polarization

In figure 5, we plot the GW degree of circular polarization, Ph(k) and PGW(k), for the two types
of simulations. We see that PGW(k) reaches ±1 at the GW spectral peak kGW ≈ 2k∗ ≈ 1200
when σM = ±1. This polarization is larger than what was found in previous analytic
predictions; see ref. [63], and recently used in ref. [64] in relation to detectability with LISA.
This discrepancy can probably be explained by the use of the simplified approximations made
in the analytic calculations. Toward smaller wave numbers, there are systematic fluctuations
around PGW(k) = 0, especially in the case of an initial given magnetic field, due to the
oscillations of the helical GW spectrum at low wave numbers.

The GW polarization integrated over all wave numbers PGW, as a function of the
magnetic fractional helicity PM = 2σM/(1 + σ2

M), is shown in figure 6. The value of the
integrated magnetic fractional helicity PM, as a function of time is shown in figure 4. In
the runs with an initial given magnetic field, PM stays constant for a short time interval
δt = t − 1 ∼ 10−2, which is similar to the time that the GW spectrum takes to enter
the stationary regime. Hence, the value of PM does not change while the GW spectrum
is established. However, for the case in which the magnetic field is driven for a duration
δtmax = tmax − 1 = 10−1, the fractional helicity PM has changed more significantly when the
GW spectrum is established, such that the variation of helicity affects the GW polarization;
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Figure 5. GW degree of circular polarization, Ph(k) and PGW(k), for the different values of σM, for
the types of simulations: runs with a given initial field; see panels (a) and (c), and runs with a forced
magnetic field for a short duration, i.e., for times 1 ≤ t ≤ 1.1; see panels (b) and (d). The solid line
represents the saturated value of the polarization (i.e., averaged over times in the oscillatory regime),
and the shaded regions are the maximum and minimum values of the polarization over oscillations.

see figures 2 and 3. At earlier times, as mentioned in section 3.2, the values of σM are the same
as the values of the parameter σ of the forcing term. We observe a dependence PGW ∼ PM,
inferred from the numerical results; see figure 6. This result differs from the analytical model
considered in appendix A, which corresponds to a magnetic field that depends only on one
spatial coordinate with fractional helicity PM = 2σM/(1 + σ2

M). The predicted dependence of
the degree of circular polarization is PGW = 2PM/(1 + P2

M), given in equation (A.21), and
shown in figure 14.

3.4 Comparison to the analytical prediction of the spectrum of polarization
The GW degree of circular polarization of signals produced by primordial MHD turbulence
has been estimated in refs. [62, 63]. In this section, we use their model to predict the spectrum
of GW polarization Ph and compare it to the numerical results, to explore the validity of
their model and the impact of the assumptions made. In the first place, we define the unequal
time correlation (UTC) function of the magnetic field as

〈B̃i(k, t1)B̃∗j (k′, t2)〉 = (2π)6δ3(k − k′)
(
Pij(k̂)FM(k, t1, t2)

4πk2 + iεijlk̂l
GM(k, t1, t2)

8πk

)
, (3.1)
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Figure 6. GW polarization PGW versus magnetic polarization PM; see table 1. We obtain a numerical
fit PGW ≈ PM = 2σM/(1 + σ2

M), both for the runs with an initial given magnetic field (‘initial’),
and with an initially driven field (‘forcing (short)’). We compare with the relation obtained for the
analytical model of appendix A, PGW = 2PM/(1 + P2

M); see equation (A.21). The vertical lines
correspond to |σM| = 0.1 (green), 0.3 (dark green), 0.5 (orange), 0.7 (dark orange), and 1 (red).

where we recover the equal time correlation of the magnetic energy density and helicity, defined
in equation (2.11), when t1 = t2 = t, FM(k, t, t) = EM(k, t), and GM(k, t, t) = HM(k, t). Fol-
lowing ref. [62], which assumes stationary turbulence, we express the spectral functions of the
UTC of the freely decaying turbulent source as a function of only the time difference, modelled
as FM(k, t1, t2) = FM(k, t1, t1 + δt) ≈ EM(k, t1)D1(δt). Similarly, the helical contribution to
the UTC spectrum is GM(k, t1, t2) = GM(k, t1, t1 + δt) ≈ HM(k, t1)D2(δt). The functions
D1(δt) and D2(δt) are monotonically decreasing functions, with D1(0) = D2(0) = 1. To
characterize the two types of turbulence considered in the present work, t1 is considered to
be the time when the turbulence starts freely decaying. This corresponds to the initial time
(t1 = 1) for the cases with a given magnetic field, and to the time at which the forcing term is
switched off (t1 = tmax) otherwise.

Assuming that the duration of the turbulence sourcing is short, i.e., τ = tfin − 1 � 1,
where tfin corresponds to the final time of the turbulence, such that the expansion of the
universe can be neglected, and after averaging over the time oscillations of the source, the
functions Sh(k) and Ah(k) can be obtained as [11, 62]

Sh(k) = A
τ

k2

∫
d ln p1

∫
d ln p2Θ̄

[
(1 + γ2)(1 + β2)EM(p1)EM(p2)

+ 4γβHM(p1)HM(p2)
]
, (3.2)

Ah(k) = 2A τ

k2

∫
d ln p1

∫
d ln p2Θ̄

[
(1 + γ2)βEM(p1)HM(p2)

+ (1 + β2)γHM(p1)EM(p2)
]
, (3.3)

where Θ̄ = Θ(p1 + p2 − k)Θ(p1 + k − p2)Θ(p2 + k − p1), γ = (k2 + p2
1 − p2

2)/(2kp1),
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Figure 7. Polarization spectra Ph(k) for HK turbulence with nS = −5/3 and nA = −8/3 in the
subinertial range (blue), and for HT turbulence with nS = nA = −5/3 (red), using a single power law
in the inertial range (solid lines) [62–64], and using a broken power law with a Batchelor spectrum
in the subinertial range (dotted lines), for fractional helicities h = 0.1, 0.3, 0.5, 0.8, and 1. We use
k∗ = 600 for comparison with the numerical simulations.

β = (k2 + p2
2 − p2

1)/(2kp2), and A is a constant that we omit, since we are interested
in the spectral shapes, and we will use equations (3.2) and (3.3) to compute the polarization,
which does not depend on A.15 Previous analytical assumptions [62–64] consider two types
of turbulence:

• Helical Kolmogorov (HK) turbulence driven by magnetic energy dissipation at small
scales, resulting in spectral powers nS = −5/3 and nA = −8/3.16

• Turbulence determined by helical transfer (HT) and helicity dissipation at small scales,
which results in nS = nA = −7/3, based in ref. [78].

They use power law spectra EM(k) ∝ knS and kHM(k) ∝ hknA in the range k∗ < k < kν , with
h being the fraction of helicity dissipation. We extend their analytic approach to consider a
broken power law with a subinertial k4 Batchelor spectrum below k∗, and modify the HT
spectrum to nS = nA = −5/3, corresponding to the spectral slopes of the stochastic magnetic
fields that we use in our numerical simulations (see figure 1) and that is based in previous
MHD simulations applied to cosmological phase transitions [39]. Figure 7 shows the resulting
polarization degree Ph(k) for the HT and HK types of turbulence. The inclusion of the
subinertial range leads to an increase on polarization at wave numbers right below the peak,
which is a more realistic scenario when compared to the numerical results, especially for the
case of HK turbulence. The model described above assumes that the partial helicity at k∗ is
PM(k∗) = h, and describes the magnetic energy and helicity spectra using power laws. The
assumption that the slopes are the same along the inertial range is accurate in the case with
an initial magnetic field; see figures 1 and 8.

In figure 8, we compare the analytical results obtained from HT turbulence (with modified
slopes and extended to broken power laws; see figure 7) with our numerical simulations that
consider an initial given magnetic field. Note that the extension of the turbulent spectra to k <
k∗ allows one to get a more accurate position of the polarization spectral peak. In general, we

15Equations (3.2) and (3.3) correspond to eqs. (10) and (11) of ref. [62], in which PS(k) = 2π2EM(k)/k2,
PA(k) = π2HM(k)/k, H(k) = 2π2Sh(k)/k2, H(k) = 2π2Ah(k)/k2, and their value A contains τ/k2 and differs
by constant coefficients due to the normalization we use in equation (2.2). References [63, 64] use the notation
IS(k) = PS(k) and IA = PA(k).

16We refer here to the spectral slopes of EM(k) ∝ knS and kHM(k) ∝ knA , while ref. [62] uses spectral slopes
of PS and PA, which are divided by k2.
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Figure 8. Polarization spectra PGW(k) (dots) and Ph(k) (crosses) obtained from the numerical
simulations for different σM, compared to Ph(k) computed from the analytical model (single power
law and extended to a broken power law; see figure 7) using HT type of turbulence (dashed lines),
and from the analytical integrals; see equations (3.2) and (3.3), using the numerical spectra of the
turbulence (solid lines). Similar to figure 6, the shaded regions denote the maximum and minimum
polarizations PGW(k) of the fluctuations.

observe good agreement of the analytical results with the polarization PGW(k) computed from
the simulations, while the spectrum Ph(k) agrees well at low and intermediate k, but decays
with respect to the analytical models for large k. However, in the case in which the magnetic
field is forced for a short duration of time, we observe in figure 3 that the energy and helicity
spectra are similar around the spectral peak (where the magnetic field is maximally helical),
while the helical spectrum starts decaying with a steeper slope than the magnetic spectrum at
a specific wave number, which increases with the helicity of the forcing. This behavior is not
captured by previous analytical models. In figure 9, we compare the results of the polarization
spectra Ph(k) and PGW(k), obtained from the numerical simulations, with those obtained
from HK and HT types of turbulence. In addition, to take into account the deviations from
the assumption of constant slopes of the magnetic spectra, we compute the polarization using
equations (3.2) and (3.3) by integrating over the numerically computed spectra EM(k) and
HM(k). We observe in figures 8 and 9 that the latter gives an accurate approximation of
PGW(k) to the numerical results, while Ph(k) shows a bigger decay at large k. In general, the
polarization spectrum shows features of both HK and HT types of turbulence. As we have
mentioned, around the spectral peak, the numerical simulations show that the magnetic field
is maximally helical in all the considered runs with |σM| ≥ 0.3 or |PM| ≥ 0.55, which is better
represented by the HT spectrum (with h = 1) in the subinertial range, while in the inertial
range the different slopes lead to a decrease of the polarization with a scaling similar to that
of the HK spectrum, especially as we decrease the fractional helicity, although the polarization
computed numerically is still larger than that obtained by the HK model in all cases.
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Figure 9. Similar to figure 8, polarization spectra PGW(k) and Ph(k) obtained from the numerical
simulations for different σM, compared to Ph(k) obtained from the analytical model using both HK
and HT types of turbulence (dashed lines; see figure 7), and obtained from the analytical integral,
using the numerical spectrum of the turbulence (solid lines).

We have confirmed using numerical simulations that in the case of an initial magnetic
field with a Kolmogorov spectrum for both the magnetic energy density and helicity, the
analytical model previously considered in refs. [62–64] using HK turbulence gives an accurate
prediction of the degree of circular polarization, which gets better when we consider a broken
power law. However, when we consider the scenario in which the magnetic field is generated
via MHD forcing for a short amount of time, and non-linear interactions appear, allowing to
have different spectral slopes at different scales, previous analytical estimates underpredict
considerably the polarization degree peak and fail to predict the appropriate shape, which is
not given by either the HK or the HT models, but presents non-linearly combined features of
both. In addition, we observe a helical inverse cascade that produces larger degree of circular
polarization at large scales.

4 Prospects of detecting signals from the electroweak phase transition

4.1 Observable GW energy density spectra
The GW energy density at the present time is obtained from the comoving ΩGW(k), defined
in equation (2.19), and expressed as a function of the frequency. For a signal that has been
produced at the EWPT, the resulting GW spectrum is

ΩGW(k) =
(
a0
a∗

)−4 (H∗
H0

)2
kEGW(k),

h2
0 ΩGW(f) = 1.652× 10−5 (g∗/100)−1/3 (2πf/fH)EGW(f), (4.1)
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where we have used the present time values T0 = 2.73 K, g0 = 3.91, and H0, expressed by the
Hubble parameter today h0 in units of 100 km s−1 Mpc−1 [94], and g∗ and fH = H∗a∗/a0 are
the number of degrees of freedom and the Hubble frequency, respectively, at the electroweak
scale. The ratio of the scale factors is obtained assuming adiabatic expansion, i.e., with
constant g T 3a3 [97],

a0
a∗

= 1.254× 1015
(

kBT∗
100 GeV

)(
g∗(T∗)

100

)1/3
, (4.2)

with T∗ being the electroweak temperature. The Hubble rate at the electroweak scale is [97]

H∗ = 2.066× 1010 s−1
(

kBT∗
100 GeV

)2 (g∗(T∗)
100

)1/2
. (4.3)

The resulting spectrum is expressed in terms of the frequency, which corresponds to the
physical comoving wave number (from the GW dispersion relation 2πf = k) shifted to the
present time; see ref. [97],

f = H∗
2π

(
a∗
a0

)
k = fH

2πk, with fH = 1.646× 10−5 Hz
(

kBT∗
100 GeV

)(
g∗(T∗)

100

)1/6
, (4.4)

being the Hubble frequency at the electroweak scale, which corresponds to kH = 2π according
to our normalization. The helical spectrum of GWs h2

0 ΞGW(f), defined in equation (2.20), is
computed in the same way as h2

0ΩGW(f) in equation (4.1), substituting EGW(k) by HGW(k).
Recent numerical simulations of GWs produced by MHD turbulence have found a

dependence of the GW energy density ΩGW on the square of the magnetic energy density
E2

M and the inverse of the square of the magnetic spectral peak k−2
∗ [65, 82, 98, 99]; see

equation (2.15). In the present work, our numerical simulations follow this scaling, and we
define the GW efficiency q2(t) = k2

∗ΩGW(t)/(Emax
M )2, shown in figure 10. Such scaling was

obtained in early analyses of MHD turbulent production of GWs; see, e.g., refs. [10–13], which
assumed stationary turbulence, and reported in ref. [100] in the case when the decay of the
magnetic field does not impact the evolution of GWs. We compute this scaling in the analytical
model presented in appendix A; see also the Beltrami field studied in ref. [83]. However,
ref. [100] proposes a general E3/2

M scaling for MHD turbulence; see their equation (82), which
was previously obtained in refs. [101, 102], and assumes that the magnetic field decay impacts
the GW dynamics. This is often used when considering GW signals from MHD turbulence in
the LISA band [18]. In general, the exact scaling depends on the dynamical evolution of the
magnetic field and, in particular, on the UTC of the stress, which is modelled in previous
estimates (see reviews [25, 103]), while the direct numerical simulations of MHD turbulence
allow to obtain the final GW spectrum with no assumptions on the magnetic stress UTC. We
observe that the GW production is similar for all values of σM if the magnetic field is present
at the initial time of generation with a GW efficiency of q = 0.95. For the case in which the
magnetic field is forced at initial times, we observe an enhancement of the GW production
by a factor of ∼ 5, and larger GW energy densities for smaller helicities. The dependency of
the GW production on the helicity is consistent with that for the runs of ref. [65], in which
the forcing term is present for longer times, and the GW production is larger. In the case of
acoustic turbulence (e.g., sound waves), the GW production is larger by a factor of ∼ 200, as
reported in ref. [82]. The GW production obtained in the numerical simulations is smaller
than the estimated amplitudes computed in previous analytical estimates [64, 104]. This
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Figure 10. Efficiency of GW energy density q(t) = k∗Ω1/2
GW(t)/Emax

i for i = M (magnetic) and K
(kinetic) in units of a−4(H∗/H0)2 = 1.644 × 10−5 (g∗/100)−1/3; see equations (2.15) and (4.1), for
the runs with an initial given magnetic field (‘initial’), and for the runs with a forced magnetic field
(‘forcing (short)’), with tmax = 1.1. Added for comparison are the runs in ref. [65] (‘forcing (long)’), in
which the magnetic field is forced for longer times (tmax = 3), and the runs of ref. [82], which contain
cases with initial given magnetic field, with forced magnetic field at k∗ = 60, 600, and 6000, and runs
of acoustic turbulence (‘acoustic’).

is probably due to simplifying assumptions made. We defer the study of the scaling of the
GW amplitudes with the characteristic scale and the amplitude of the turbulence sourcing to
future work.

4.2 Interferometry of GW detectors LISA and Taiji

The GW signals produced at the EWPT are expected to be detectable with future planned
space-based GW detectors, e.g., LISA [7], Taiji [9], TianQin [8], DECIGO [19], and BBO [21].
We revisit the interferometry of this type of detectors in appendix B, and apply the analysis
to LISA and Taiji to consider the potential detectability of the circular polarization of GW
signals produced by primordial magnetic fields. In general, it is necessary that the GW
background presents anisotropies to measure its circular polarization [66, 67]. Hence, a priori,
parity-violating effects cannot be detected if the system of GW detectors is coplanar, which is
the case for space-based GW detectors, and the GW background is isotropic [105]. However,
different approaches have recently been proposed to detect the circular polarization of a
statistically isotropic GW background [79–81]. On the one hand, a statistically isotropic
GW background, such as that expected from cosmological sources, can present anisotropies
that have been kinematically induced due to the proper motion of the solar system, and the
induced anisotropies allow one to detect the circular polarization of the background [66, 67].
On the other hand, the combination of a network of GW detectors breaks the coplanarity
of the detectors allowing one to detect circular polarization. This has been considered in
the case of ground-based GW detectors; see, e.g., refs. [79, 105–108], and for the LISA-Taiji
network [80, 81].
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The total and the polarization signal-to-noise ratios (SNR) of a stochastic GW back-
ground with energy density ΩGW(f) and helical spectra ΞGW(f), for a duration T of the
observations, are

SNR = 2
√
T

[∫ ∞
0

df
(ΩGW(f)

Ωs(f)

)2]1/2

, (4.5)

SNRdip
pol = 2

√
T

∫ ∞
0

df
(

ΞGW(f)− 1
4dΞGW(f)/d ln f

Ξdip
s (f)

)2
1/2

, (4.6)

SNRcomb
pol = 2

√
T

[∫ ∞
0

df
( ΞGW(f)

Ξcomb
s (f)

)2]1/2

, (4.7)

where the GW sensitivity Ωs(f) in equation (4.5) refers to LISA, ΩA
s (f), Taiji, ΩC

s (f), or the
combined LISA-Taiji network, Ωcomb

s (f); see equations (B.28) and (B.37). The polarization
SNRpol given in equation (4.6) is obtained by using the anisotropies induced by the polarization
of the GW background, due to our proper motion, yielding a dipolar response in the LISA
A and E channels or the Taiji C and D channels, with the sensitivity Ξdip

s (f) = ΞAEs (f)
or ΞCDs (f) given in equation (B.29). On the other hand, the polarization SNRpol given
in equation (4.7) is obtained by cross-correlating the different channels between LISA and
Taiji with the sensitivity Ξcomb

s (f) given in equation (B.41). Further details on the dipole
response function and the LISA-Taiji cross-correlations are given in appendices B.3 and B.4,
respectively, and the GW sensitivity functions are shown in figure 16. Assuming flat GW
energy density ΩGW(f) and helicity spectra ΞGW(f) of the background, we get

h2
0 ΩLISA

GW (f) = h2
0 ΩA

flat = 1.65× 10−13
(SNR

10

)√4 yr
T
, (4.8)

h2
0 ΩTaiji

GW (f) = h2
0 ΩC

flat = 6.81× 10−14
(SNR

10

)√4 yr
T
, (4.9)

h2
0 ΞLISA

GW (f) = h2
0 ΞAEflat = 10−10

(SNRpol
10

)√4 yr
T

(
1.23× 10−3

v/c

)
, (4.10)

h2
0 ΞTaiji

GW (f) = h2
0 ΞCDflat = 4.16× 10−11

(SNRpol
10

)√4 yr
T

(
1.23× 10−3

v/c

)
, (4.11)

where v is the solar system’s proper motion. Using the values of SNRpol = 1, v/c = 10−3, and
T = 3 yr, we recover the amplitude h2

0 ΞAEflat = 1.4 × 10−11, reported in ref. [79]. The exact
value of the SNR necessary to claim that the signal is detectable with a large likelihood is
not trivial, and requires a detailed analysis that depends on the spectral shape of the GW
signal. For a simplified treatment, we follow refs. [109, 110], in which a value of SNR = 10 is
proposed. To study the potential detectability of the GW signals produced by primordial
turbulence, we compute the power law sensitivities (PLS) [110], assuming a spectral shape
defined by a power law of generic slope; see appendix B. Figure 16 shows the PLS of LISA
and Taji, corresponding to the GW energy density, ΩA

PLS(f) and ΩC
PLS(f), and to the helicity,

ΞAEPLS(f) and ΞCDPLS(f), using the dipole response function, and for the combined LISA-Taiji
network, Ξcomb

PLS (f). The reconstruction of the signal for more complex spectral shapes is
an active topic of research; see, e.g., the review [111] or the work by the LISA cosmology
working group [110], and we defer it to future work. In general, the values of the polarized
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GW signal h2
0 ΞGW(f) that can be detectable by using the dipole response function of a single

space-based GW mission, either LISA or Taiji, require very large amplitudes of the magnetic
fields generating GWs.17 Hence, we consider the combination of LISA and Taiji to detect
such polarized GW signals, following ref. [81]. Assuming a flat GW polarized spectrum of the
background, we get

h2
0 ΞLISA-Taiji

GW (f) = h2
0 Ξcomb

flat = 5.1× 10−13
(SNRpol

10

)√4 yr
T
, (4.12)

which shows an improvement in the potential detectability of the helicity by a factor of ∼ 80
with respect to the dipole response function of Taiji.

4.3 Detectability of GW energy density and polarization
To assess the observational prospects of detecting GWs, we plot in figure 11 the resulting
GW signal computed numerically; see section 3, for different values of σM, for runs with an
initial given magnetic field (left panels) and an initially driven magnetic field (right panels),
and compare with the expected PLS of LISA [110], DECIGO, and BBO [113]. We use the
results from the numerical simulations; see table 1, shifted to Emax

M = 0.1 and 0.05, using the
computed E2

M scaling; see figure 10. The value of 0.1 has been reported as an upper bound on
the combined magnetic, velocity, and GW energy density (as a fraction of the total energy
density) from BBN [114, 115]. The spectra are similar, but we now also see that for smaller
values of |σM|, the jump in ΩGW(f) near the peak is less pronounced, so for larger frequencies,
i.e., to the right of the peak, ΩGW(f) increases (decreases) for smaller (larger) values of |σM|.
For smaller frequencies, we have the aforementioned shallow spectrum ΩGW(f) ∝ f , which is
approximately independent of the value of σM. We see that, for an initial magnetic energy
density of Emax

M = 0.1, the GW signal produced is detectable by LISA with a SNR larger than
10 for both types of turbulence. For Emax

M = 0.05, only the case in which the magnetic field is
driven at initial times has a SNR above 10, while the case with an initially given magnetic
field has a SNR between 1 and 10.

We show in figure 12 the helicity spectra |ΞGW(f)| obtained from our numerical sim-
ulations together with the PLS obtained using the dipole response function of LISA, and
obtained by cross-correlating LISA and Taiji channels. As in figure 11, we shift the numerical
GW signal to Emax

M = 0.1 and 0.05, according to the scaling ΩGW(f) ∼ E2
M. The helical GW

spectrum, as the GW energy density, is smaller for the cases in which the magnetic field is
given at the initial time than those in which it is initially driven. In this case, since the degree
of circular polarization of the GW spectrum is proportional to the magnetic helicity, the fully
helical runs result in the largest polarized GW signals. This is clearly seen in the case with
initially given magnetic fields. In the driven case, the larger efficiency for smaller fractional
magnetic helicity compensates for moderate values of the helicity, and the polarized signal is
comparable for all runs with |σM| ≥ 0.3. Moreover, in the inertial range, since the drop of GW
energy is larger for runs with larger helicity, we can observe that the helical GW spectrum
becomes smaller for larger values of |σM|. We observe that in the limit of a non-helical

17We find that magnetic energy densities of ∼75% the radiation energy density are required for a polarized
SNR of 10 with LISA if we assume that the scaling of ΩGW(f) with E2

M is still valid in the highly relativistic
limit and we use the results for magnetic fields that are initially driven; see figure 12. Our result is consistent
with the results reported in ref. [64], which require strong first-order phase transitions, i.e., α ∼ 1, for a
detectable polarized signal; see the first right panel of their figure (8). The strength of the transition α is the
ratio of vacuum to radiation energy density and it is related to the kinetic energy induced in the plasma by
the efficiency κ, which becomes ∼55% of the radiation energy density for α = 1 [10, 112].
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Figure 11. GW spectrum h2
0 ΩGW(f) for signals produced at the EWPT from magnetic fields with

Emax
M = 0.1 for the case with an initial given field (panel a), and the case with a driven field (panel b),

and with Emax
M = 0.05 for both cases (panels c and d). The PLS of the GW detectors assume a SNR

of 10 for LISA, Taiji, BBO, and DECIGO, for an observation duration of 4 years; see refs. [110, 113]
and figure 16.

magnetic field, i.e., σM = ±0.01, this is no longer the case since the helical spectrum is
proportional to the magnetic helicity. In all the cases, we observe that the degree of circular
polarization of the GW signals is not large enough to be detectable using the dipolar response
function of LISA due to our proper motion. However, the detection of circular polarization of
an isotropic GW background can be improved by cross-correlating two space-based detectors,
e.g., LISA and Taiji [80, 81], which are both planned to be launched around 2034 [7, 9]. We
have discussed this briefly in section 4.2, and in more detail in appendix B.4. The resulting
SNR of the cross-correlated channels of LISA and Taiji is given in equation (4.7). Figure 12
shows that the combined LISA-Taiji network could lead to the detection of parity-violating
signals produced from primordial magnetic fields around the electroweak scale. In the case of
an initial given magnetic field, the SNR is between 1 and 10 for the upper bound estimate of
Emax

M = 0.1, while for a driven magnetic field, the SNR is above 10. For smaller Emax
M , e.g.,

0.05, the former can only reach a SNR of 1, while the latter case yields values of the SNR
close to 10 in the case with moderate values of the fractional magnetic helicity.

– 24 –



J
C
A
P
0
4
(
2
0
2
2
)
0
1
9

10−3 10−2 10−1

f [Hz]

10−18

10−16

10−14

10−12

10−10

10−8
h

2 0|Ξ
G

W
(f

)|

Emax
M = 0.1

LISA Taiji

LISA–Taiji

(a)

σini
M = 0.1

σini
M = 0.3

σini
M = 0.5

σini
M = 0.7

σini
M = 1

10−3 10−2 10−1

f [Hz]

10−18

10−16

10−14

10−12

10−10

10−8

h
2 0|Ξ

G
W

(f
)|

Emax
M = 0.1

LISA Taiji

LISA–Taiji

(b)

σforc
M = ±0.01

σforc
M = 0.3

σforc
M = 0.5

σforc
M = 0.7

σforc
M = −1

Figure 12. Helical GW spectrum h2
0|ΞGW(f)| for signals produced at the EWPT from magnetic

fields with Emax
M = 0.1 for the case with an initial given field (panel a) and the case with a driven

field (panel b). The PLS to a polarized GW signal for LISA and Taiji correspond to SNR of 1 for an
observation duration of 4 years; see figure 16 and ref. [64]. The LISA-Taiji curves correspond to the
PLS with a SNR of 1 and 4 years of mission obtained by cross-correlating the LISA and Taiji channels;
see figure 16.

Figure 13 shows the helical GW spectrum h2
0 ΞGW(f) computed from the simulations

presented in ref. [65]. In this case, for Emax
M = 0.1, we find a SNR close to but still below

unity when only considering LISA self-correlations. The GW signals are larger in this case
because the forcing term is acting for longer times, leading to a larger GW production; see
figure 10. We observe that the kinetically dominated turbulence leads to larger values of the
helical GW spectrum than the magnetically dominated one around the spectral peak. This is
due to the larger production of GW amplitude in the kinetic case, since the degree of circular
polarization is larger at low wave numbers for the magnetic case; see figure (3) of ref. [65].
Hence, the helical inverse cascade is more efficient in the magnetically dominated case, leading
to larger PGW(f) at low frequencies for magnetically dominated turbulence. However, the
resulting GW signal ΩGW(f) is stronger for kinetically dominated turbulence in this range
of frequencies, compensating the stronger inverse cascade. This is not seen in figure (4) of
ref. [65], since the energy density of the turbulent sourcing Emax

i , with i = M or K, is not the
same for all runs (see their table II), and hence, the resulting GW spectra cannot be directly
compared. Note that this relies on the result that the GW spectrum scales with E2

i , which
the numerical simulations seem to indicate [65, 82, 83, 98, 99, 116].

5 Conclusions

In the present work, we have studied the generation of polarized stochastic GW backgrounds
produced by partially and fully helical turbulent sources, in particular, primordial magnetic
fields. Our numerical simulations have confirmed that there is a direct correspondence
between the magnetic helicity and the degree of circular polarization of the GWs produced
from the resulting magnetic stress. We have calculated the GW spectra, both the energy
density ΩGW(f) and the helicity ΞGW(f), that are produced by primordial magnetic fields
for different values of the fractional magnetic helicity, and assuming two types of turbulence
production. On the one hand, we have studied the production of GWs due to the presence of
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Figure 13. Similar to figure 12, helical GW spectrum h2
0|ΞGW(f)| for signals produced at the EWPT

from kinetically dominated (panel a), and magnetically dominated turbulence (panel b), using the
results from the numerical simulations presented in ref. [65], shifted to Emax

i = 0.1, with i = M or K.

a fully developed turbulent magnetic field at the initial moment of GW production with a
characteristic scale well defined by the turbulent process. On the other hand, we have studied
the production of GWs due to a primordial magnetic field that is driven by an electromotive
force that models magnetogenesis by injecting energy at a characteristic scale for a short
duration (around a 10% of one Hubble time). In both cases, the resulting magnetic energy
and helicity spectra are typical of fully developed turbulence, but their spectral shapes depend
on the type of turbulence and the fractional helicity.

5.1 Numerical GW spectra

Our work confirms a shallow GW spectrum in the subinertial range that was obtained in
previous numerical simulations [82]. We observe that the spectrum can instead possess even a
small negative slope, instead of the flat spectrum reported in ref. [82], especially for low values
of the helicity and for cases when the magnetic field is produced via turbulence forcing for a
short duration; see figures 1–3. Such spectral slopes have also been reported in other recent
numerical simulations which model the generation of magnetic fields via a forcing term [65, 99],
and in ref. [116], in which the magnetic field is produced by the chiral magnetic effect. As
suggested in ref. [99], this could be due to a finite size of the simulation domain or it could
indeed be physical due to inverse transfer, analogous to that in helical [117] and non-helical
hydromagnetic turbulence [118]. Additionally, it has been pointed out in refs. [96, 98] that
the spectrum of the stress becomes shallower than white noise when the magnetic (or velocity)
field is non-Gaussian, which would lead to a shallower GW spectrum. In the case when the
magnetic field is driven, the MHD evolution might indeed generate a stochastic magnetic
field with deviations from a Gaussian field. However, the exact shape of the GW spectrum at
large scales requires further study.

5.2 GW polarization spectrum of magnetic fields initially present

In the runs with an initially given magnetic field, we show that the magnetic spectral shape
does not depend on helicity, and the helicity spectrum has the same slopes as the magnetic
spectrum, with a strength proportional to its fractional helicity (see figure 1). Both EM(k)
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and kHM(k) are characterized by a k4 Batchelor spectrum below the peak at k∗ (taken to
be 600 in our simulations) and by a k−5/3 Kolmogorov spectrum in the inertial range. The
resulting GW spectrum EGW(k) (defined per linear wave number interval) has an inertial
range slope of −11/3, as was already shown in the numerical simulations of ref. [82], with a
spectral peak at around 2k∗, as expected, since GWs are sourced by the magnetic stress, which
is obtained by convolution of the magnetic spectrum with itself. The helical GW spectrum
HGW(k) also has a similar spectral shape as the GW energy density spectrum. The exception
is precisely at large scales (or low wave numbers), where we observe a decay of the helical
GW spectrum in the smallest modes of the simulation (affecting the second and/or third
largest wave numbers of the simulation). This becomes more noticeable for small values of the
fractional magnetic helicity |σM|. The reason for this is not clear, since this is not observed in
the magnetic helicity spectrum, but it might be due to the finite size of the domain. In figure 5,
we show that there are strong fluctuations at low wave numbers, which induce uncertainty
on the actual value of the circular degree of polarization PGW(k) that is much reduced for
larger wave numbers. In the case of an initial given magnetic field, the polarization degree
follows the description given in refs. [62–64], after a few minor modifications, for turbulence
dominated by helical transfer (HT), which assumes the same spectral slopes for the energy
and helicity spectra, and relies on the assumptions of stationary turbulence and short sourcing;
see figures 7 and 8. However, we showed that the polarization degree is not the same if
computed directly from the strains, Ph(k) = Ah(k)/Sh(k), or from the time derivatives of
the strains, PGW(k) = Aḣ(k)/Sḣ(k) = HGW(k)/EGW(k), the latter being the one that is
in better agreement with the analytical description. We find a linear relation between the
magnetic polarization degree PM and the resulting GW polarization PGW, both obtained as
the ratio of the total helicity of the magnetic or GW field to the total energy density; see
figure 6. The linear relation PGW ∼ PM, obtained from the numerical simulations, deviates
from the analytical model considered in appendix A; see figure 14. However, the model in
appendix A corresponds to a single-mode magnetic field of fractional magnetic helicity. Its
generalization to a three-dimensional fully developed turbulent field is used for the numerical
simulations; see equation (2.7).

5.3 GW polarization spectrum of magnetic fields initially driven

When the turbulence is forced for a finite duration, the situation changes drastically. Due
to the quasi-monochromatic sourcing, a spike appears in the magnetic spectrum EM(k) at
initial times. When the magnetic energy density has reached its maximum value Emax

M , and
it starts to decay (which is taken to be at tmax = 1.1, given in Hubble times), the spike has
smoothed around the spectral peak k∗ but it is still not completely gone; see figure 3. In
the subinertial range, we observe a Batchelor spectrum with slopes very close to 4, while in
the inertial range, the spectrum has negative slopes, steeper than −5/3 (which corresponds
to Kolmogorov turbulence). The spectrum of magnetic helicity HM(k) presents a similar
shape below and around the peak for all values of the fractional helicity above |σM| = 0.3
(shown in figure 3) with a fractional polarization of almost 1 in this range of wave numbers.
The exception to this is for almost non-helical runs; see figure 2, for which the spectrum
of helicity is negligible compared to the magnetic spectrum at all scales. At wave numbers
above the peak, the helicity spectrum shows a sharper decrease with k than the magnetic
energy density, which becomes less pronounced as we increase the helicity, such that in the
fully helical case the slopes of the magnetic and helicity spectra become very similar. This is
plausibly explained by a forward cascade of current helicity [119]. The GW spectrum EGW(k)
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shows a drop on amplitude at scales just below the peak that has also been observed in other
recent numerical simulations [82, 99] due to the finite sourcing of the magnetic field. This
drop appears also in the antisymmetric or helical spectrum of GWs HGW(k), as we show
in figure 3, and it does not depend on the fractional helicity. The GW degree of circular
polarization PGW(k) in this case is shown in figure 5, where we show that it reaches the
fully polarized case at the peak for large values of the fractional magnetic helicity |σM| and
then decays at large wave numbers. The case with different slopes of the magnetic and
helicity spectra was studied in previous analytical works [62–64], leading to a maximum
degree of circular polarization of 80%, underpredicting it when compared to our numerical
simulations. We compared in figure 9 the prediction of the polarization degree from the
analytical model with our numerical results, showing that the numerical simulations do not
follow the degree of circular polarization obtained by the analytical models in any of the
two models considered previously, i.e., helical Kolmogorov (HK) or HT turbulence. Previous
analytical assumptions were using a single power law for the magnetic energy and helicity
spectra that did not depend on the wave number, besides the assumptions used to model the
unequal time correlator and on the turbulence duration, as discussed in section 3.4. However,
we showed in figures 8 and 9 that the predictions by the analytical models are more accurate,
when compared to the numerical results, if we use the proper magnetic spectra obtained from
the numerical simulations and evaluate the analytical model to compute the GW polarization
degree using equations (3.2) and (3.3). This shows that the assumption of a single power
law for the magnetic spectra affects more strongly the resulting polarization degree than
the assumptions of short duration and stationary turbulence. We observe that in this case,
the analytical model yields values of unity for the polarization degree at the peak, larger
than those obtained in previous analytical estimations, and in agreement with the numerical
simulations. Reference [65] studied the case of stationary turbulence, and computed the
resulting GW degree of circular polarization. They also showed different values than previous
analytical estimations for sources forced during larger times (around two Hubble times). It is
unclear whether the discrepancies are due to the long duration of the forcing or due to the
consideration of a single power law for the magnetic spectra. This aspect is left for future
work. The precise form of the polarization degree can be important if one wants to infer
the magnetic helicity from circular polarization measurements of GWs. Cosmological causal
magnetic fields may well be close to fully helical because the magnetic helicity is a conserved
quantity while the magnetic energy decays (and the correlation length increases), so the ratio
always increases until it reaches nearly 100% if the magnetic field dynamically evolves for long
enough, with a fractional helicity growth rate depending quadratically on its initial value:
longer (shorter) period is needed for a field with smaller (higher) initial fractional magnetic
helicity to become fully helical [120].

5.4 Detectability of the GW polarization using space-based GW detectors

Finally, we have explored the potential detectability of the GW signals by future space-based
GW detectors if primordial partially or fully helical magnetic fields were present or produced
at the EWPT. The resulting GW energy densities (shown in figure 11) are detectable by
LISA with a SNR of 10 for magnetic energy densities of 10% of the radiation energy density if
the magnetic field is initially given, and magnetic energy density ratios of at least 3% and 2%
if the magnetic field is initially driven for a short (around 10% of the Hubble time) and a long
duration (about two Hubble times), respectively. Even smaller magnetic amplitudes yield GW
signals that can be detectable with second-generation space-based detectors, e.g., BBO and
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DECIGO. Using the dipole response induced by the proper motion of the solar system in the
LISA interferometer channels, as recently studied in refs. [64, 79], a detectable polarized GW
signal with a SNR of at least 10 requires magnetic energy densities above 10% of the radiation
energy density (as shown in figures 12 and 13), which marginally coincides with the upper
bound imposed by the BBN on the energy densities of additional relativistic components based
on the abundance of light elements [114, 115, 121]. This is consistent with other turbulent
sources; see, e.g., ref. [64], in which they require strong first-order phase transitions (α ∼ 1)
to obtain a SNR of 10; see their figure 8. We can reach a maximum SNR of unity in the limit
of 10% of energy density transformed in magnetic fields only in the case where the magnetic
field is fully helical and forced for a long duration, following the numerical results of ref. [65];
see figure 13. Therefore, using the dipole response function of a planar space-based GW
detector as LISA is not enough to detect the signals computed in the present work, although
we highlight that our investigation is limited by the consideration of sub-relativistic velocities,
which possibly leads to an underestimation of the signal strength [11]. In addition, following
ref. [81], we have computed the power law sensitivity corresponding to a polarized GW signal
by cross-correlating two space-based GW detectors, e.g., LISA and Taiji, which breaks the
coplanarity of the detectors and allows one to detect polarization in the monopole response
functions. We have shown that the GW degree of circular polarization produced by primordial
magnetic fields generated at the EWPT can yield polarization SNR up to 20 if they are
initially driven for a short time (about 10% of one Hubble time) with a maximum magnetic
energy density of 10%, as long as the fractional magnetic helicity is |σM| ≥ 0.3 or, equivalently,
|PM| ≥ 0.5; see figure 12. This is due to the fact that the resulting GW amplitudes are larger
for smaller values of the fractional helicity; see figure 10, which compensates for the decrease
in magnetic helicity. When the magnetic field is initially given, the polarization SNR of the
GW signal stays approximately between 1 and 5, such that its potential detectability is more
challenging.

Data availability. The source code used for the simulations of this study, the Pencil
Code, is freely available [84]. The simulation data are also available at ref. [122]. The
calculations, the simulation data, and the routines generating the plots are also available on
GitHub18 [123].
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A Analytical model for polarization

We present in the current section the calculations of the GW spectra, both the symmetric
EGW(k) and the antisymmetric HGW(k) functions, and the degree of circular polarization

18https://github.com/AlbertoRoper/GW_turbulence/tree/master/JCAP_2107_05356.
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PGW(k), for a magnetic field with arbitrary fractional helicity that varies in one spatial
direction, determined by the parameter σ = σM. This model allows one to show analytically
that fully helical magnetic fields induce circularly polarized GW signals, and to predict the
dependence of the GW amplitude and polarization on the magnetic amplitude and fractional
helicity. We start with a transverse magnetic field given as

B(x, t) =
√

2
1 + σ2B0 Θ(t− 1)

 0
σ sin k0x
cos k0x

 , (A.1)

where σ ∈ [0, 1] is a parameter that modifies the helicity of the magnetic field, k0 is the
characteristic wave number, and EM = 1

2〈B
2〉 = 1

2B
2
0 is the magnetic energy density, with B0

the magnetic field amplitude. The Heaviside function Θ(t− 1) is included to indicate that
this field is zero for t ≤ 1. This field is a monochromatic 1D simplification of the general
function used in the turbulence simulations; see equation (2.10). Note that when σ = ±1,
we have a Beltrami (fully helical) field, that was studied in ref. [83] in the context of GW
generation, and used to study numerical accuracy of the Pencil Code simulations. The
vector potential A is defined such that ∇×A = B,

A(x, t) =
√

2
1 + σ2

B0
k0

Θ(t− 1)

 0
sin k0x
σ cos k0x

+ Ag, (A.2)

where Ag is gauge-dependent, and the helicity of the magnetic field is

HM = 〈B ·A〉 = 2σ
1 + σ2

B2
0
k0
, (A.3)

which is not gauge-dependent. The magnetic energy density EM(k) and the helicity HM(k)
spectra are

EM(k, t) = 1
2

∫
Ω1

B̃(k, t) · B̃∗(k, t) dΩ1 = EM Θ(t− 1) δ(k − |k0|), (A.4)

HM(k, t) =
∫

Ω1
B̃(k, t) · Ã∗(k, t)dΩ1 = 2σ

1 + σ2
2EM
k0

Θ(t− 1)|k0| δ(k − |k0|), (A.5)

where Ω1 = 2 is the one-dimensional solid angle and δ(k) is the one-dimensional Dirac’s delta
function. The fractional magnetic helicity is

PM = k0〈B(x, t) ·A(x, t)〉
〈B2(x, t)〉 = k0HM

2EM
= 2σ

1 + σ2 , (A.6)

which reduces to +1, 0, and −1, for σ = +1, 0, and −1, respectively. The stress tensor of the
magnetic fields is

Tij(x, t) = −BiBj + 1
2δijB

2, (A.7)

with

B2(x, t) = 2EM Θ(t− 1)
(

1 + 1− σ2

1 + σ2 cos 2k0x

)
, (A.8)

– 30 –



J
C
A
P
0
4
(
2
0
2
2
)
0
1
9

and

−BiBj(x, t) = − 2EM
1 + σ2 Θ(t− 1)

 0 0 0
0 σ2(1− cos 2k0x) σ sin 2k0x
0 σ sin 2k0x 1 + cos 2k0x

 . (A.9)

Combining equations (A.8) and (A.9), we obtain the stress tensor

Tij(x, t) = EM Θ(t− 1)

 T11(x) 0 0
0 T22(x) T12(x)
0 T12(x) −T22(x)

 , (A.10)

with

T11(x) = 1 + 1− σ2

1 + σ2 cos 2k0x,

T22(x) = 1 + 1− σ2

1 + σ2 cos 2k0x−
2σ2

1 + σ2 (1− cos 2k0x) = 1− σ2

1 + σ2 + cos 2k0x,

T12(x) = − 2σ
1 + σ2 sin 2k0x, (A.11)

which becomes T11(x) = 1, T22(x) = cos 2k0x, and T12(x) = ∓ sin 2k0x in the fully helical
case (i.e., σ = ±1) studied in ref. [83]. Since GWs are produced by linear perturbations over
the metric tensor, and the stress tensor components are also perturbations over background
fields, constant modes (k = 0) do not produce GWs. For this reason, we can neglect the
terms that are homogeneous in space, and we write

TTT
ij (x, t) = EM

1 + σ2 Θ(t− 1)

 0 0 0
0 (1 + σ2) cos 2k0x −2σ sin 2k0x
0 −2σ sin 2k0x −(1 + σ2) cos 2k0x

 , (A.12)

where we noted that taking T11 to zero, the stress tensor becomes traceless and transverse
(TT), with the + and × modes,

T+(x, t) = EM Θ(t− 1) cos 2k0x, T×(x, t) = EMPM Θ(t− 1) sin 2k0x, (A.13)

where we have used PM, given in equation (A.6). In Fourier space, the resulting stress tensor
components are

T̃+(kx = ±2k0, t) = 1
2EM Θ(t− 1), T̃×(kx = ±2k0, t) = ∓1

2 iEMPM Θ(t− 1). (A.14)

The GW strains h̃+(kx, t) and h̃×(kx, t) are computed from the GW equation (2.2) with initial
condition h+,× = ∂th+,× = 0 at t = 1, and assuming flat non-expanding space-time for the
radiation-dominated epoch (see ref. [83] for more details),

h̃+(±2k0, t) = 3
k0

∫ t

1
T̃+(±2k0, τ) sin[2k0(t− τ)] dτ = 3

4k2
0
EM Θ(t− 1) (1− cos[2k0(t− 1)])

= 3
2k2

0
EM sin2[k0(t− 1)] Θ(t− 1), (A.15)

h̃×(±2k0, t) = 3
k0

∫ t

1
T̃×(±2k0, τ) sin[2k0(t− τ)] dτ

= ∓ 3i
2k2

0
PMEM sin2[k0(t− 1)] Θ(t− 1). (A.16)
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The spectral functions Sh(k, t) and Ah(k, t) are

Sh(2|k0|, t) =
∫

Ω1

[
h̃+(k, t)h̃∗+(k, t) + h̃×(k, t)h̃∗×(k, t)

]
dΩk

= 9
2k4

0

(
1 + P2

M

)
E2

M sin4[k0(t− 1)] Θ(t− 1), (A.17)

iAh(2|k0|, t) =
∫

Ω1

[
h̃+(k, t)h̃∗×(k, t)− h̃∗+(k, t)h̃×(k, t)

]
dΩk

= i
9
k4

0
PME2

M sin4[k0(t− 1)] Θ(t− 1), (A.18)

and zero for all the other values of the wave number k. The spectrum of the characteristic
amplitude hc(k, t), and its total value integrated over k, are

hc(2|k0|, t) =
√
kSh(k, t)

= 3
k2

0

√
|k0|

(
1 + P2

M
)
EM sin2[k0(t− 1)] Θ(t− 1), (A.19)

hc(t) =
(∫

Sh(k, t) dk
)1/2

= 3
k2

0

√
1
2
(
1 + P2

M
)
EM sin2[k0(t− 1)] Θ(t− 1). (A.20)

The characteristic amplitude averaged over oscillations in time is hc = 3
2

√
1
2(1 + P2

M)EM/k
2
0,

and the polarization Ph is
Ph = Ah(2|k0|, t)

Sh(2|k0|, t)
= 2PM

1 + P2
M
. (A.21)

The spectral functions Sḣ(k, t) and Aḣ(k, t) are

Sḣ(2|k0|, t) =
∫

Ω1

[˜̇h+(k, t)˜̇h∗+(k, t) + ˜̇h×(k, t)˜̇h∗×(k, t)
]

dΩk

= 9
2k2

0

(
1 + P2

M

)
E2

M sin2[2k0(t− 1)] Θ(t− 1), (A.22)

iAḣ(2|k0|, t) =
∫

Ω1

[˜̇h+(k, t)˜̇h∗×(k, t)− ˜̇h∗+(k, t)˜̇h×(k, t)
]

dΩk

= i
9
k2

0
PME2

M sin2[2k0(t− 1)] Θ(t− 1), (A.23)

such that PGW = Aḣ(k, t)/Sḣ(k, t) = Ah(k, t)/Sh(k, t) = Ph; see equation (A.21). The GW
spectrum ΩGW(k, t) and the total GW energy density are

ΩGW(2|k0|, t) = kSḣ(k, t)
6 = 3

2|k0|

(
1 + P2

M

)
E2

M sin2[2k0(t− 1)] Θ(t− 1), (A.24)

ΩGW(t) = 1
6

∫ ∞
0

Sḣ(k, t) dk = 3
4k2

0

(
1 + P2

M

)
E2

M sin2[2k0(t− 1)] Θ(t− 1). (A.25)

The GW energy density averaged over oscillations in time is ΩGW = 3
8(1 + P2

M)E2
M/k

2
0. The

energy ratio is ΩGW/EM = 1
2hc

√
1
2(1 + P2

M), which was reported in ref. [83] for the fully

– 32 –



J
C
A
P
0
4
(
2
0
2
2
)
0
1
9

0.0 0.2 0.4 0.6 0.8 1.0
σ

0.00

0.25

0.50

0.75

1.00

P
PM(
1 + P2

M

)
/2

2PM/
(
1 + P2

M

)

Figure 14. Functions 1
2 (1 +P2

M) and PM, that appear in the symmetric and antisymmetric functions
of the GW spectra, respectively, and degree of circular polarization PGW = 2PM/(1 + P2

M) obtained
for the 1D analytical model. We obtained the numerical fit PGW ∼ PM in the numerical simulations
of MHD turbulence; see figure 6.

helical field, i.e., PM = ±1. For larger (smaller) values of the fractional magnetic helicity
|PM|, this result predicts larger (smaller) amplitudes of the GW energy density by a factor
1 + P2

M ∈ [1, 2]; see figure 14. In turbulent simulations; see figure 10, we observe that ΩGW is
not noticeably dependent on PM if the magnetic field is initially given, and that it decreases
for larger values of |PM| if the magnetic field is initially driven.

We find that the symmetric functions Sh(k, t) and Sḣ(k, t), and hence the characteristic
amplitude hc(k, t) and the GW energy density ΩGW(k, t), are proportional to the function
1
2(1 + P2

M), while the antisymmetric functions Ah(k, t) and Aḣ(k, t), are proportional to PM.
These functions and the degree of circular polarization are shown in figure 14 compared to
the empirical relation PGW ≈ PM = 2σM/(1 + σ2

M), obtained from the numerical simulations;
see figure 6.

B LISA and Taiji interferometry

B.1 Time-delay interferometry

We derive here some of the expressions that are useful to compute the response functions
and sensitivity curves of LISA and Taiji. Both space-based GW detectors have triangular
configurations with three arms of the same length, L = 2.5 × 106 km for LISA [7], and
L = 3× 106 km for Taiji [124]. The combination of two arms with a common mass at their
vertices is a Michelson interferometer. Hence, the 3 arms of LISA or Taiji lead to three
interferometers that correspond to the physical channels X, Y , and Z. These channels are
linearly combined to obtain the time-delay interferometry (TDI) channels of LISA, commonly
known as A, E, and T [125], and we call C, D, and S, the analogous Taiji channels, as done
in ref. [81]. Following ref. [79], the time delay δt induced by a gravitational wave in each of
the detector arms is

σi = cδt

2L =
∑

λ=+,−

∫
h̃λ(k, t− L/c) eλab(k̂)Qabi (k), (B.1)
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where + and − are the helical polarization modes,19 e±ab(k̂) are the helical polarization basis
tensors,20 i indicates each of the interferometers i = 1, 2, 3, and Qabi (k) are the interferometer
response functions,21

Qab1 (k) = e−ikLk̂·x̂1
[
T (kL, k̂ · Û1) Û

a
1Û

b
1 − T (kL,−k̂ · Û3) Û

a
3Û

b
3

]
,

Qab2 (k) = e−ikLk̂·x̂2
[
T (kL, k̂ · Û2) Û

a
2Û

b
2 − T (kL,−k̂ · Û1) Û

a
1Û

b
1

]
,

Qab3 (k) = e−ikLk̂·x̂3
[
T (kL, k̂ · Û3) Û

a
3Û

b
3 − T (kL,−k̂ · Û2) Û

a
2Û

b
2

]
, (B.2)

with T being the i-th detector transfer function,

T (kL, k̂ · Û i) = e−
1
2 ikL(1+k̂·Û i) sinc

[
1
2kL(1− k̂ · Û i)

]
+ e+ 1

2 ikL(1−k̂·Û i) sinc
[

1
2kL(1 + k̂ · Û i)

]
, (B.3)

where sinc(x) = sin(x)/x. The vectors Û i are the unit vectors following the direction of the
arms, i.e., the vector pointing from spacecraft i to i + 1 (modulo 3), with i = 1, 2, 3. We
can define a reference frame in which the interferometer is located in the xz-plane, with the
three spacecraft located at x1 = (0, 0, 0), x2 = L(0, 0, 1), and x3 = 1

2L(
√

3, 0, 1), chosen for
simplicity. It can be shown that rotations of the plane do not affect the response function after
integrating over all directions in the sky [126]. Hence, the unit vectors along the arms are

Û1 = x̂2 − x̂1 = (0, 0, 1),
Û2 = x̂3 − x̂2 = 1

2(
√

3, 0,−1),
Û3 = x̂1 − x̂3 = −1

2(
√

3, 0, 1). (B.4)

We describe the wave vectors in spherical coordinates,

k = k(cosφ sin θ, sinφ sin θ, cos θ), (B.5)

with φ ∈ [0, 2π] and θ ∈ [0, π], such that the terms k̂ · x̂i that appear in the response functions
Qabi (k); see equation (B.2), are

k̂ · x̂1 = 0, k̂ · x̂2 = cos θ, k̂ · x̂3 = 1
2

(√
3 cosφ sin θ + cos θ

)
, (B.6)

19In the rest of the text we have used the linear + and × polarization modes, instead of the helical +
and − modes. The latter are useful in this section since the GW energy density and the helical spectra,
previously defined in the linear basis; see equations (2.19)–(2.22), can be expressed in the helical basis as
ΩGW(f) = Ω+

GW(f) + Ω−GW(f) and ΞGW(f) = Ω+
GW(f)− Ω−GW(f).

20The helical polarization basis tensors e±ab(k̂) are related to the linear polarization basis tensors e+,×
ab (k̂),

defined in equation (2.1), as [79, 95]

e±ab(k̂) =
√

1
2

(
e+

ab(k̂)± ie×ab(k̂)
)
.

21Reference [79] uses the convention ck = f , while in the present work we use ck = 2πf . Hence, equations (B.2)
and (B.3), when compared to their equivalents in ref. [79], present a factor of 2π dividing k.
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and the products k̂ · Û i that appear in the interferometer transfer functions T ; see equa-
tion (B.3), are

k̂ · Û1 = cos θ,

k̂ · Û2 = 1
2

(√
3 cosφ sin θ − cos θ

)
,

k̂ · Û3 = −1
2

(√
3 cosφ sin θ + cos θ

)
. (B.7)

The signals of the channels A, E, and T ,22 are obtained by linearly combining the X, Y , and
Z interferometer channels (or i = 1, 2, 3, in equation (B.1)),

ΣA = 1
3 (2σX − σY − σZ) , ΣE = 1√

3
(σZ − σY ) , ΣT = 1

3 (σX + σY + σZ) . (B.8)

Combining (B.1) and (B.8), we can define QabO (k) as a function of Qabi (k),

QabO (k) = 1
3

 2 −1 −1
0 −
√

3
√

3
1 1 1

Qabi (k), (B.9)

where O = A, E, and T .

B.2 Signal and response functions

The two-point correlation function of the signals that a stochastic GW background produces
in the time domain in two of the channels, O and O′, can be expanded as a function of the
peculiar velocity of the solar system, v/c = 1.23× 10−3 [79],

〈ΣO(t)ΣO′(t′)〉 = 1
8
∑

λ=+,−

∫
dk
[
Mλ

OO′(k)Sλh(k) cos
[
ck(t− t′)

]
+ v

c
DλOO′(k, v̂)

(
Sλh(k)− kdSλh(k)

dk

)
sin
[
ck(t− t′)

]
+O

(
v2

c2

)]
, (B.10)

where the strain spectral functions S±h (k),23 are defined using the + and − polarization basis,
such that Sh(k) = S+

h (k) + S−h (k) and Ah(k) = S+
h (k) − S−h (k). M±OO′(k) and D±OO′(k, v̂)

are the monopole and dipole quadratic interferometer response functions of the channels O
and O′,

M±OO′(k) = 4
∫ dΩk

4π e±ab(k̂)e±cd(−k̂)QabO (k)QcdO′(−k), (B.11)

D±OO′(k, v̂) = 4i
∫ dΩk

4π e±ab(k̂)e±cd(−k̂)QabO (k)QcdO′(−k) k̂ · v̂, (B.12)

22The following results and discussion are applicable to Taiji using C, D, and S, instead of A, E, and T .
23The autocorrelation function of the signal in equation (B.10) corresponds to equation (21) of ref. [79] in

terms of the spectral functions P±(k), defined as; see their equation (5),

〈h̃±(k, t)h̃±(k′, t)〉 = (2π)6δ3(k − k′)P±(k)
4πk3 .

In the present work we use the spectral functions S±h (k), defined as in equations (2.21) and (2.22), such that
we can relate them to each other with S±h (k) = 2P±(k)/k.
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where v̂ is the unit direction of the peculiar velocity, and the wave number is ck = 2πf due
to the GW dispersion relation, such that we can express the response functions in terms
of f . The dipole response function appears due to the anisotropies induced by the proper
motion of the solar system. It depends on the angle α between the orientation of the detector
plane and the peculiar velocity of the solar system. Expressing k in spherical coordinates, see
equation (B.5), we can perform the integral over the directions on the sky,

M±OO′(k) = 1
π

∫ 2π

0
dφ
∫ π

0
e±ab(k̂)e±cd(−k̂)QabO (k)Qcd,∗O′ (k) sin θ dθ, (B.13)

where we have used QcdO′(−k) = Qcd,∗O′ (k) [126]. The product e±ab(k̂)e±cd(−k̂) can be written
as [79]

e±ab(k̂)e±cd(−k̂) = 1
4
(
δac − k̂ak̂c ∓ iεacek̂e

) (
δbd − k̂bk̂d ∓ iεbdek̂e

)
, (B.14)

where δab is the Kronecker delta and εabc is the Levi-Civita tensor. It can be shown that
M+

OO′(f) =M−OO′(f), so the monopole responses to the + and − modes are the same, and
hence, polarization of the GW signals cannot be detected unless we consider the dipole response
or combine more than one GW detector to break the coplanarity, as we do in appendix B.4.
The responses of the LISA channels A and E are the same, i.e.,MEE(f) =MAA(f), and
MTT (f) is much smaller in the low frequency regime, being insensitive to gravitational wave
signals. For this reason, the T channel is known as the “Sagnac” or null channel and it is
used to identify and subtract noisy signals [125]. The response of the combined A and E
channels isMAE(f) = 0 [79]. Note thatMAA(f) corresponds to the LISA geometrical factor
R̃A(f), commonly defined in the LISA community; see, e.g., refs. [81, 110, 127, 128], which
can be well-fit for LISA and Taiji by

R̃(f) = 3
10
[
1 + 0.6 (2πfL/c)2

]−1
. (B.15)

The monopole and dipole response functions of LISA and Taiji are shown in figure 15. The
dipole response function can be expressed as a function of the angle α between the normal of
the detector and the velocity of the proper motion v̂. Since we integrate over all directions of
k̂ in the sky, we can define the vector v in the frame of reference in which we have defined
the detector (in the xz-plane), such that the normal n̂ is in the y-direction, and due to the
symmetry of the integration over k̂, we can neglect the projection of v on the detector plane,
and write v = v(0, cosα, 0), or k̂ · v̂ = cosα sinφ sin θ. This allows us to compute D±OO′(k, α)
as a function of the angle α [79],

D±OO′(k, α) = i

π
cosα

∫ 2π

0
sinφ dφ

∫ π

0
e±ab(k̂)e±cd(−k̂)QabO (k)Qcd,∗O′ (k) sin2 θ dθ. (B.16)

It can be shown that D+
OO′(k, α) = −D−OO′(k, α) for O, O′ = A, E, T , and D±AA(k, α) =

D±EE(k, α) = 0 [79]. Hence, the relevant contributions from the dipole response function
are D+

AE(k, α) = D+
EA(k, α) = −D−AE(k, α) = −D−EA(k, α), and we can write D±AE(k, α) =

±DAE(k) cosα.
At the present time t0, the observed GW energy density, defined in equation (2.14), by

the detector is [94]

ΩGW(t0) = 1
12H2

0
〈ḣphys
ij (x, t)ḣphys

ij (x, t)〉 = π2f2

3H2
0
〈hphys
ij (x, t)hphys

ij (x, t)〉

= 2π2f2

3H2
0
〈h2

+(x, t) + h2
−(x, t)〉, (B.17)
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Figure 15. Monopole response functions (left panel) of the LISA A and E channels,MAA(f), the
Taiji C and D channels,MCC(f), and the LISA T and Taiji S null channels,MTT (f) andMSS(f)
respectively, compared with the analytical fit of the LISA and Taiji geometric function R̃A,C(f).
Dipole response functions (right panel) induced by the peculiar velocity of the solar system in the
LISA correlated A and E channels, DAE(f), and the Taiji C and D channels, DCD(f).

whereH0 = 100h0 km s−1 Mpc−1 and h0 takes into account the uncertainties of the Hubble rate
at the present time [94]. We have used the relation 〈ḣphys

ij ḣphys
ij 〉 = c2k2〈hphys

ij hphys
ij 〉 and the GW

dispersion relation ck = 2πf . The resulting GW spectrum ΩGW(f) = Ω+
GW(f) + Ω−GW(f) is

Ω±GW(f) = 2π2f3

3H2
0
S±h (f), (B.18)

analogous to equation (2.19), defined such that ΩGW(t0) =
∫

ΩGW(f) d ln f .
The time delays induced by the GW background in the interferometers lead to the signal

function SOO′(f) of the channels O and O′, which corresponds to the Fourier transform of the
two-point correlation function of the signals; see equation (B.10), obtained by transforming
t→ f and t′ → f ′, and then setting f = f ′. The signal function, expressed in terms of the
GW energy density polarization spectra Ω±GW(f); see equation (B.18), is [64, 79]

SOO′(f) = 3H2
0

8π2f3

∑
λ=+,−

[
Mλ

OO′(f) Ωλ
GW(f)

− 4iv
c
DλOO′(f, α)

(
Ωλ

GW(f)− f

4
dΩλ

GW(f)
df

)
+O

(
v2

c2

)]
, (B.19)

where theM±OO′(f) and D±OO′(f, α) are the monopole and the dipole response functions in
frequency space, obtained from equations (B.13) and (B.16), using the dispersion relation
ck = 2πf . The signal functions of the LISA A and E channels are

SAA(f) = SEE(f) = 3H2
0

8π2f3MAA(f) ΩGW(f), (B.20)

since D±AA(f, α) = D±EE(f, α) = 0 and M±AA(f) = M±EE(f) = MAA(f) [79]; see figure 15.
The signal functions obtained correlating the A and E channels are

SAE(f) = SEA(f) = −4i 3H2
0

8π2f3
v

c
DAE(f) cosα

(
ΞGW(f)− f

4
dΞGW(f)

df

)
, (B.21)
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where we have used the propertiesM±AE(f) =M±EA(f) = 0 and D+
AE(f, α) = −D−AE(f, α) =

DAE(f) cosα [79]; see figure 15. The helical GW spectrum is ΞGW(f) = Ω+
GW(f)− Ω−GW(f).

B.3 Signal-to-noise ratio and power law sensitivity

The detectability of a GW signal is studied in terms of its signal-to-noise ratio (SNR). The
SNR of the detector to a GW background combining two channels O and O′ is [64, 79, 126]

SNROO′ =
√∫ T

0
dt
∫ ∞
−∞

df S
∗
OO′(f)SOO′(f)
POn (f)PO′n (f) =

√
2
∫ T

0
dt
∫ ∞

0
df S

∗
OO′(f)SOO′(f)
POn (f)PO′n (f) , (B.22)

where T is the duration of the observation and POn (f) is the noise power spectral density
(PSD) of the channel O. The noise PSD Pn(f) of the LISA interferometer channels X, Y ,
and Z is based on the results from LISA Pathfinder; see ref. [129], and refs. [110, 127] for its
explicit derivation,

Pn(f) = Poms(f) +
[
3 + cos

(4πfL
c

)]
Pacc(f), (B.23)

where Poms(f) is the optical metrology system noise and Pacc(f) is the mass acceleration
noise,

Poms(f) = P 2
[ pm
L

]2
Hz−1

[
1 +

(2 mHz
f

)4
]
, (B.24)

Pacc(f) = A2
[ fm
L

]2 [(L/c)
s

]4
Hz−1

[
1 +

(0.4 mHz
f

)2
]

×
[
1 +

(
f

8 mHz

)4]( c

2πfL

)4
, (B.25)

with P = 15 and A = 3 being the LISA noise parameters [129]. For Taiji, these parameters
are P = 8 and A = 3 [124]. The characteristic frequency of LISA is f0 = c/(2πL) = 0.019 Hz
and Taiji’s is f0 = 0.016 Hz. The function Pn(f) corresponds to the noise auto-correlation of
the channels X, Y , and Z, and the noise cross-correlation spectra of two different channels
XY , XZ, and Y Z, are [128]

P cross
n (f) = −1

2 cos
(2πfL

c

)
[4Pacc(f) + Poms(f)] . (B.26)

Using the noise correlations of the interferometer channels, we can compute the noise PSD of
the LISA A, E, and T channels,

PAn (f) = PEn (f) = 2
3 [Pn(f)− P cross

n (f)] , P Tn (f) = 1
3 [Pn(f) + 2P cross

n (f)] . (B.27)

We now define the sensitivities to the GW energy density signal, ΩA
s (f), and to the

helical GW signal, ΞAEs (f), shown in figure 16, as

ΩA
s (f) = 8π2

3H2
0
f3 PAn (f)
MAA(f) , (B.28)

ΞAEs (f) = 4π2

3H2
0
f3

√
PAn (f)PEn (f)

(v/c)|DAE(f)| = 4π2

3H2
0
f3 PAn (f)

(v/c)|DAE(f)| , (B.29)
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Figure 16. Sensitivities and PLS to GW energy density Ωs(f) (left panel) and helicity Ξs(f) (right
panel) of LISA (‘A’), Taiji (‘C’), and the combined LISA-Taiji network (‘comb’); see appendix B.4.
The PLS are computed for a SNR = 10 and T = 4 years of duration of the mission. The polarization
PLS are computed limiting the maximum slope of the power law ΞGW(f) = Cpol

β fβ to βmax = 2 and
3; see figure 17 for larger values of βmax. The sensitivities of the LISA T and Taiji S null channels
are much larger at low frequencies than the other channels, so they are insensitive to GW signals
(left panel). The cross-correlations between LISA and Taiji channels yield a monopole sensitivity to
a polarized GW background; see Ξcomb

s (f), which is smaller than the dipole sensitivity induced in
LISA, ΞAEs (f), and Taiji, ΞCDs (f) (right panel), while their sensitivity to the GW energy density,
e.g., ΩED

s (f), is much larger compared to those of the self-correlations of LISA, ΩA
s (f), and Taiji,

ΩC
s (f) (left panel). The combination of the last two, Ωcomb

s (f), does not enhance significantly the
detectability of a single detector. We show in green dots the PLS reported in ref. [110] (left panel); see
their figure (2), with a SNR of 10 and T = 4 yr. Note that ref. [110] uses the X LISA channel instead
of A.

such that the SNR to a stochastic GW background, defined in equation (B.22), is

SNR =
√

SNR2
AA + SNR2

EE = 2
√
T

[∫ ∞
0

df
(ΩGW(f)

ΩA
s (f)

)2]1/2

. (B.30)

Following ref. [110], we compute the power law sensitivity (PLS) that corresponds to the
power law GW spectrum that leads to a specific SNR, taken to be 10 in the present work, as
suggested in ref. [110]. First, we take ΩGW(f) = Cβf

β and compute, for a large range of β
(e.g., −20 to 20), the value of Cβ that yields a SNR of 10 for a duration of the mission of
4 years (the nominal duration of the LISA mission) [7],

Cβ = SNR
2
√
T

[∫
df f2β

[ΩA
s (f)]2

]−1/2

. (B.31)

Finally, we construct the PLS curve by taking at each frequency the maximum value of the
functions Cβfβ . Note that the previous discussion also applies to Taiji using C and D instead
of A and E in equations (B.28)–(B.31). The resulting PLS of LISA and Taiji are shown in
figure 16.

In the case of parity odd signals, observed via the induced dipole response function due
to our proper motion in the LISA A and E channels, the polarization SNR of a stochastic
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GW background with helical spectrum ΞGW(f) is computed by integrating SAE(f) in time
and frequency; see equation (B.21),

SNRpol =
√

SNR2
AE +SNR2

EA =
√

2SNRAE (B.32)

= 4
√
T1yr

∫ T/(1yr)

0
cos2α(x)dx

∫ ∞
0

df
(

ΞGW(f)− 1
4fdΞGW(f)/d lnf
ΞAEs (f)

)2
1/2

.

The integral in time of cos2 α(t) has been computed in ref. [79] assuming a circular orbit of
LISA, ∫ 1

0
cos2 α(x) dx = 5 + cos 2(θv)

16 ∈ (0.25, 0.375), (B.33)

where θv is the angle of the peculiar velocity. We take the minimum value of the integral, i.e.,
0.25. Introducing this value into equation (B.32), the resulting SNR is

SNRpol = 2
√
T

∫ ∞
0

df
(

ΞGW(f)− 1
4fdΞGW(f)/d ln f
ΞAEs (f)

)2
1/2

. (B.34)

To obtain the PLS of a polarized GW signal, as before, we consider a power law helical
spectrum ΞGW(f) = Cpol

β fβ . We find that a special case is β = 4, for which the polarization
SNR is identically zero, and hence, such a signal is not detectable, independently of its
amplitude. For values β 6= 4, the constant Cpol

β is

Cpol
β = SNRpol

2
√
T |1− β/4|

[∫
df f2β

[ΞAEs (f)]2

]−1/2

. (B.35)

Thus, we construct the PLS by taking the largest value of the function Cpol
β fβ in the range of

β. Note that the same result applies to Taiji using ΞCDs (f) in equations (B.32)–(B.35). The
resulting polarization PLS curves of LISA and Taiji are shown in figure 17. As the value of β
gets close to 4, the denominator in equation (B.35) becomes larger, yielding large amplitudes
of the PLS at a cutoff frequency that becomes smaller as we get closer to 4. We compute the
PLS curves for β ∈ (−20, βmax) with βmax ∈ [2, 4−10−6] and observe a change of slope toward
βmax at the cutoff frequency. For slopes β ≤ 3, the cutoff occurs at a frequency larger than the
sensitivity peak, such that the potential detectability is barely affected by the cutoff. However,
if the helical GW signal has a slope between 3 and 3.95, the SNRpol is close to zero and the
detectability at slightly larger frequencies than the sensitivity peak is more challenging; see
figure 17. At even larger slopes, between 3.95 and 4, the cutoff frequency is below the peak
sensitivity and the SNRpol goes asymptotically to zero. An analogous behavior is obtained
when computing the PLS to GW signals with slopes larger than 4, e.g., by taking a range
β ∈ (−20, 3) ∪ (βmin, 20) with βmin > 4. For slopes βmin ≥ 4.2, the change of slope occurs
at frequencies larger than 5 × 10−3 (same as for βmax = 3). Hence, for slopes β ≥ 4.2, the
potential detectability is again unaffected by the cutoff. The resulting PLS taking βmin = 5 is
shown in the right panel of figure 17, compared to the PLS of ref. [64]; see their figure 7.

In the present work, we used the resulting helical PLS of LISA, ΞAEPLS(f), and Taiji,
ΞCDPLS(f), obtained by taking power law spectra with slopes in the range β ∈ (−20, 3)∪(4.2, 20),
which is valid for helical GW signals with slopes that are not between 3 and 4.2. The resulting
PLS of LISA and Taiji are used in figures 12 and 13 to study the potential detectability of
the polarized GW signals produced by primordial magnetic fields, computed from numerical
simulations of MHD turbulence.
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Figure 17. PLS to helical GW signals of LISA, ΞAE
PLS(f) (left panel), and Taiji, ΞCD

PLS(f) (right panel),
computed for a SNRpol = 10 and T = 4 years of duration of the mission, assuming power law slopes
up to βmax = 2, 3, 3.7, 3.95, 3.999 ≡ 4− 10−3, and 3.999999 ≡ 4− 10−6. The SNRpol is identically 0
when β = 4, such that in the limit β → 4, the helical signal cannot be detected; see equation (B.34).
The PLS that would be obtained ignoring the dΞGW(f)/d ln f term, Ξ0

PLS(f), and the PLS obtained
by combining the cross-correlated channels of the LISA-Taiji network, Ξcomb

PLS (f); see appendix B.4, are
shown for comparison. The horizontal lines correspond to the flat spectra yielding a SNRpol = 10:
h2

0 ΞAEflat = 10−10, h2
0 ΞCDflat = 4.16× 10−11, and h2

0 Ξcomb
flat = 5.1× 10−13; see equations (4.10)–(4.12). The

helical PLS computed in ref. [64]; see their figure (7), is shown in blue dots (right panel), compared
to the PLS obtained considering β ∈ (−20, 2) ∪ (5, 20), which shows a change of slope from β = 2 to
β = 5 around 10−2 Hz.

B.4 LISA-Taiji network
We now consider the possible combination of a network of space-based GW detectors, e.g.,
LISA and Taiji, following ref. [81]. In first place, the total SNR obtained by combining the
self-correlations of the LISA and Taiji channels (i.e., the correlations between two channels of
the same detector) is

SNR =
√

SNR2
AA + SNR2

EE + SNR2
CC + SNR2

DD =
√

2(SNR2
AA + SNR2

CC)

= 2
√
T

[∫
df Ω2

GW(f)
( 1

[ΩA
s (f)]2 + 1

[ΩC
s (f)]2

)]1/2

= 2
√
T

[∫
df
( ΩGW(f)

Ωcomb
s (f)

)2]1/2

, (B.36)

where we have defined the GW sensitivity of the combined LISA-Taiji network Ωcomb
s (f)

(shown in figure 16),

Ωcomb
s (f) =

( 1
[ΩA

s (f)]2 + 1
[ΩC

s (f)]2
)−1/2

= ΩA
s (f) ΩC

s (f)√
[ΩA

s (f)]2 + [ΩC
s (f)]2

. (B.37)

We again construct the PLS of the combined LISA-Taiji network Ξcomb
PLS (f); see figure 16, and

see that the improvement is very small compared to the single detector (i.e., Taiji) PLS.
We now consider the cross-correlation response functions by combining different channels

of LISA and Taiji. Similar to ref. [81], we define the I and V monopole response functions
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OO′(f) of cross-correlated channels of LISA and Taiji, with

OO′ = AE, AD, EC, and ED, and symmetric response functionMI
ED(f) [81], shown for comparison.

(for the I and V Stokes parameters) as

MI
OO′(f) = 1

2

(
M+

OO′(f) +M−OO′(f)
)
, MV

OO′(f) = 1
2

(
M+

OO′(f)−M−OO′(f)
)
, (B.38)

with O and O′ = A, E, T , C, D, or S, such thatMI
OO′(f) andMV

OO′(f) contribute to the
response functions to the GW energy density spectrum ΩGW(f) = Ω+

GW(f) + Ω−GW(f) and
to the GW helicity spectrum ΞGW(f) = Ω+

GW(f)− Ω−GW(f), respectively. The contributions
to the energy density sensitivity of the cross-correlated symmetric responsesMI

OO′(f) are
negligible, since their response functions are approximately zero at frequencies above 10−3,
and smaller than the self-correlated responsesMV

OO′(f), shown in figure 18 withMI
ED(f) for

comparison. The energy density sensitivity of the cross-correlated channels OO′ = AE, AD,
EC, and ED; see equation (B.28), is

ΩOO′
s (f) = 8π2

3H2
0
f3

√
POn (f)PO′n (f)
MI

OO′(f)
, (B.39)

which is shown in figure 16 with OO′ = ED for comparison, where we can see that its
sensitivity is much larger than the auto-correlation sensitivities ΩA

s (f) and ΩC
s (f) so we can

omit their effect on the SNR and the PLS. Hence, the combination of LISA and Taiji does
not significantly improve the detectability of a stochastic GW background signal ΩGW(f).

We now consider the sensitivity of the combined channels to a polarized GW background
signal ΞGW(f). Figure 18 shows the V response functions obtained by cross-correlating LISA
and Taiji channels, such that the helical sensitivity can be defined as

ΞOO′s (f) = 8π2

3H2
0
f3

√
POn (f)PO′n (f)
MV

OO′(f)
, (B.40)
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with OO′ = AE, AD, EC, and ED. We define the combined LISA-Taiji sensitivity as

Ξcomb
s (f) =

( 1
[ΞACs (f)]2 + 1

[ΞADs (f)]2 + 1
[ΞECs (f)]2 + 1

[ΞEDs (f)]2
)−1/2

= ΞACs (f) ΞADs (f) ΞECs (f) ΞEDs (f)√
[ΞACs (f)]2 + [ΞADs (f)]2 + [ΞECs (f)]2 + [ΞEDs (f)]2

, (B.41)

such that the corresponding polarization SNRpol is

SNRpol =
√

2
(
SNR2

AC + SNR2
AD + SNR2

EC + SNR2
ED

)
= 2
√
T

[∫
df

( ΞGW(f)
Ξcomb

s (f)

)2]1/2

. (B.42)

The resulting helical GW sensitivity and PLS, Ξcomb
s (f) and Ξcomb

PLS (f), respectively, of the
combined LISA-Taiji network are shown in figure 16. We use the resulting PLS to study the
potential detectability of polarized GW signals produced by primordial magnetic fields in
section 4.3; see figures 12 and 13.

References

[1] D.V. Deryagin, D.Y. Grigoriev, V.A. Rubakov and M.V. Sazhin, Possible anisotropic phases in
the early universe and gravitational wave background, Mod. Phys. Lett. A 1 (1986) 593
[INSPIRE].

[2] D. Grasso and H.R. Rubinstein, Magnetic fields in the early universe, Phys. Rept. 348 (2001)
163 [astro-ph/0009061] [INSPIRE].

[3] L.M. Widrow, Origin of galactic and extragalactic magnetic fields, Rev. Mod. Phys. 74 (2002)
775 [astro-ph/0207240] [INSPIRE].

[4] C.J. Hogan, Gravitational radiation from cosmological phase transitions, Mon. Not. Roy.
Astron. Soc. 218 (1986) 629 [INSPIRE].

[5] L.M. Krauss, Gravitational waves from global phase transitions, Phys. Lett. B 284 (1992) 229
[INSPIRE].

[6] A. Kosowsky, M.S. Turner and R. Watkins, Gravitational waves from first order cosmological
phase transitions, Phys. Rev. Lett. 69 (1992) 2026 [INSPIRE].

[7] LISA collaboration, Laser Interferometer Space Antenna, arXiv:1702.00786 [INSPIRE].
[8] TianQin collaboration, TianQin: A space-borne gravitational wave detector, Class. Quant.

Grav. 33 (2016) 035010 [arXiv:1512.02076] [INSPIRE].
[9] W.-H. Ruan, Z.-K. Guo, R.-G. Cai and Y.-Z. Zhang, Taiji program: Gravitational-wave sources,

Int. J. Mod. Phys. A 35 (2020) 2050075 [arXiv:1807.09495] [INSPIRE].
[10] M. Kamionkowski, A. Kosowsky and M.S. Turner, Gravitational radiation from first order

phase transitions, Phys. Rev. D 49 (1994) 2837 [astro-ph/9310044] [INSPIRE].
[11] A. Kosowsky, A. Mack and T. Kahniashvili, Gravitational radiation from cosmological

turbulence, Phys. Rev. D 66 (2002) 024030 [astro-ph/0111483] [INSPIRE].
[12] R. Apreda, M. Maggiore, A. Nicolis and A. Riotto, Gravitational waves from electroweak phase

transitions, Nucl. Phys. B 631 (2002) 342 [gr-qc/0107033] [INSPIRE].

– 43 –

https://doi.org/10.1142/S0217732386000750
https://inspirehep.net/search?p=find+J%20%22Mod.Phys.Lett.%2CA1%2C593%22
https://doi.org/10.1016/S0370-1573(00)00110-1
https://doi.org/10.1016/S0370-1573(00)00110-1
https://arxiv.org/abs/astro-ph/0009061
https://inspirehep.net/search?p=find+J%20%22Phys.Rept.%2C348%2C163%22
https://doi.org/10.1103/RevModPhys.74.775
https://doi.org/10.1103/RevModPhys.74.775
https://arxiv.org/abs/astro-ph/0207240
https://inspirehep.net/search?p=find+J%20%22Rev.Mod.Phys.%2C74%2C775%22
https://inspirehep.net/search?p=find+J%20%22Mon.Not.Roy.Astron.Soc.%2C218%2C629%22
https://doi.org/10.1016/0370-2693(92)90425-4
https://inspirehep.net/search?p=find+J%20%22Phys.Lett.%2CB284%2C229%22
https://doi.org/10.1103/PhysRevLett.69.2026
https://inspirehep.net/search?p=find+J%20%22Phys.Rev.Lett.%2C69%2C2026%22
https://arxiv.org/abs/1702.00786
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1702.00786
https://doi.org/10.1088/0264-9381/33/3/035010
https://doi.org/10.1088/0264-9381/33/3/035010
https://arxiv.org/abs/1512.02076
https://inspirehep.net/search?p=find+J%20%22Class.Quant.Grav.%2C33%2C035010%22
https://doi.org/10.1142/S0217751X2050075X
https://arxiv.org/abs/1807.09495
https://inspirehep.net/search?p=find+J%20%22Int.J.Mod.Phys.%2CA35%2C2050075%22
https://doi.org/10.1103/PhysRevD.49.2837
https://arxiv.org/abs/astro-ph/9310044
https://inspirehep.net/search?p=find+J%20%22Phys.Rev.%2CD49%2C2837%22
https://doi.org/10.1103/PhysRevD.66.024030
https://arxiv.org/abs/astro-ph/0111483
https://inspirehep.net/search?p=find+J%20%22Phys.Rev.%2CD66%2C024030%22
https://doi.org/10.1016/S0550-3213(02)00264-X
https://arxiv.org/abs/gr-qc/0107033
https://inspirehep.net/search?p=find+J%20%22Nucl.Phys.%2CB631%2C342%22


J
C
A
P
0
4
(
2
0
2
2
)
0
1
9

[13] A.D. Dolgov, D. Grasso and A. Nicolis, Relic backgrounds of gravitational waves from cosmic
turbulence, Phys. Rev. D 66 (2002) 103505 [astro-ph/0206461] [INSPIRE].

[14] C. Grojean and G. Servant, Gravitational waves from phase transitions at the electroweak scale
and beyond, Phys. Rev. D 75 (2007) 043507 [hep-ph/0607107] [INSPIRE].

[15] T. Kahniashvili, A. Kosowsky, G. Gogoberidze and Y. Maravin, Detectability of gravitational
waves from phase transitions, Phys. Rev. D 78 (2008) 043003 [arXiv:0806.0293] [INSPIRE].

[16] M. Hindmarsh, S.J. Huber, K. Rummukainen and D.J. Weir, Gravitational waves from the
sound of a first order phase transition, Phys. Rev. Lett. 112 (2014) 041301 [arXiv:1304.2433]
[INSPIRE].

[17] D.J. Weir, Gravitational waves from a first order electroweak phase transition: A brief review,
Phil. Trans. Roy. Soc. Lond. A 376 (2018) 20170126 [arXiv:1705.01783] [INSPIRE].

[18] C. Caprini et al., Detecting gravitational waves from cosmological phase transitions with LISA:
An update, JCAP 03 (2020) 024 [arXiv:1910.13125] [INSPIRE].

[19] N. Seto, S. Kawamura and T. Nakamura, Possibility of direct measurement of the acceleration
of the universe using 0.1-Hz band laser interferometer gravitational wave antenna in space,
Phys. Rev. Lett. 87 (2001) 221103 [astro-ph/0108011] [INSPIRE].

[20] S. Phinney et al., The Big Bang Observer: Direct detection of gravitational waves from the birth
of the Universe to the present, NASA Mission Concept Study (2004).

[21] J. Crowder and N.J. Cornish, Beyond LISA: Exploring future gravitational wave missions, Phys.
Rev. D 72 (2005) 083005 [gr-qc/0506015] [INSPIRE].

[22] E. Witten, Cosmic separation of phases, Phys. Rev. D 30 (1984) 272 [INSPIRE].
[23] M. Signore and N.G. Sanchez, Comments on cosmological gravitational waves background and

pulsar timings, Mod. Phys. Lett. A 4 (1989) 799 [INSPIRE].
[24] S.E. Thorsett and R.J. Dewey, Pulsar timing limits on very low frequency stochastic

gravitational radiation, Phys. Rev. D 53 (1996) 3468 [INSPIRE].
[25] C. Caprini and D.G. Figueroa, Cosmological backgrounds of gravitational waves, Class. Quant.

Grav. 35 (2018) 163001 [arXiv:1801.04268] [INSPIRE].
[26] M. Kamionkowski, A. Kosowsky and A. Stebbins, A probe of primordial gravity waves and

vorticity, Phys. Rev. Lett. 78 (1997) 2058 [astro-ph/9609132] [INSPIRE].
[27] U. Seljak and M. Zaldarriaga, Signature of gravity waves in polarization of the microwave

background, Phys. Rev. Lett. 78 (1997) 2054 [astro-ph/9609169] [INSPIRE].
[28] A.A. Starobinsky, Cosmic background anisotropy induced by isotropic flat-spectrum

gravitational-wave perturbations, Sov. Astron. Lett. 11 (1985) 133 [INSPIRE].
[29] A.G. Polnarev, Polarization and anisotropy induced in the microwave background by

cosmological gravitational waves, Sov. Astron. 29 (1985) 607.
[30] L.A. Boyle and A. Buonanno, Relating gravitational wave constraints from primordial

nucleosynthesis, pulsar timing, laser interferometers, and the CMB: Implications for the early
Universe, Phys. Rev. D 78 (2008) 043531 [arXiv:0708.2279] [INSPIRE].

[31] Gaia collaboration, Gaia data release 2: Summary of the contents and survey properties,
Astron. Astrophys. 616 (2018) A1 [arXiv:1804.09365] [INSPIRE].

[32] Theia collaboration, Theia: Faint objects in motion or the new astrometry frontier,
arXiv:1707.01348 [INSPIRE].

[33] C.J. Moore, D.P. Mihaylov, A. Lasenby and G. Gilmore, Astrometric search method for
individually resolvable gravitational wave sources with Gaia, Phys. Rev. Lett. 119 (2017) 261102
[arXiv:1707.06239] [INSPIRE].

– 44 –

https://doi.org/10.1103/PhysRevD.66.103505
https://arxiv.org/abs/astro-ph/0206461
https://inspirehep.net/search?p=find+J%20%22Phys.Rev.%2CD66%2C103505%22
https://doi.org/10.1103/PhysRevD.75.043507
https://arxiv.org/abs/hep-ph/0607107
https://inspirehep.net/search?p=find+J%20%22Phys.Rev.%2CD75%2C043507%22
https://doi.org/10.1103/PhysRevD.78.043003
https://arxiv.org/abs/0806.0293
https://inspirehep.net/search?p=find+J%20%22Phys.Rev.%2CD78%2C043003%22
https://doi.org/10.1103/PhysRevLett.112.041301
https://arxiv.org/abs/1304.2433
https://inspirehep.net/search?p=find+J%20%22Phys.Rev.Lett.%2C112%2C041301%22
https://royalsocietypublishing.org/doi/10.1098/rsta.2017.0126
https://arxiv.org/abs/1705.01783
https://inspirehep.net/search?p=find+J%20%22Phil.Trans.Roy.Soc.Lond.A%2C376%2C20170126%22
https://doi.org/10.1088/1475-7516/2020/03/024
https://arxiv.org/abs/1910.13125
https://inspirehep.net/search?p=find+J%20%22JCAP%2C2003%2C024%22%20and%20year%3D2020
https://doi.org/10.1103/PhysRevLett.87.221103
https://arxiv.org/abs/astro-ph/0108011
https://inspirehep.net/search?p=find+J%20%22Phys.Rev.Lett.%2C87%2C221103%22
https://doi.org/10.1103/PhysRevD.72.083005
https://doi.org/10.1103/PhysRevD.72.083005
https://arxiv.org/abs/gr-qc/0506015
https://inspirehep.net/search?p=find+J%20%22Phys.Rev.%2CD72%2C083005%22
https://doi.org/10.1103/PhysRevD.30.272
https://inspirehep.net/search?p=find+J%20%22Phys.Rev.%2CD30%2C272%22
https://doi.org/10.1142/S0217732389000939
https://inspirehep.net/search?p=find+J%20%22Mod.Phys.Lett.%2CA4%2C799%22
https://doi.org/10.1103/PhysRevD.53.3468
https://inspirehep.net/search?p=find+J%20%22Phys.Rev.%2CD53%2C3468%22
https://doi.org/10.1088/1361-6382/aac608
https://doi.org/10.1088/1361-6382/aac608
https://arxiv.org/abs/1801.04268
https://inspirehep.net/search?p=find+J%20%22Class.Quant.Grav.%2C35%2C163001%22
https://doi.org/10.1103/PhysRevLett.78.2058
https://arxiv.org/abs/astro-ph/9609132
https://inspirehep.net/search?p=find+J%20%22Phys.Rev.Lett.%2C78%2C2058%22
https://doi.org/10.1103/PhysRevLett.78.2054
https://arxiv.org/abs/astro-ph/9609169
https://inspirehep.net/search?p=find+J%20%22Phys.Rev.Lett.%2C78%2C2054%22
https://inspirehep.net/search?p=find+J%20%22Sov.Astron.Lett.%2C11%2C133%22
https://doi.org/10.1103/PhysRevD.78.043531
https://arxiv.org/abs/0708.2279
https://inspirehep.net/search?p=find+J%20%22Phys.Rev.%2CD78%2C043531%22
https://doi.org/10.1051/0004-6361/201833051
https://arxiv.org/abs/1804.09365
https://inspirehep.net/search?p=find+J%20%22Astron.Astrophys.%2C616%2CA1%22
https://arxiv.org/abs/1707.01348
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1707.01348
https://doi.org/10.1103/PhysRevLett.119.261102
https://arxiv.org/abs/1707.06239
https://inspirehep.net/search?p=find+J%20%22Phys.Rev.Lett.%2C119%2C261102%22


J
C
A
P
0
4
(
2
0
2
2
)
0
1
9

[34] J. García-Bellido, H. Murayama and G. White, Exploring the Early Universe with Gaia and
THEIA, JCAP 12 (2021) 023 [arXiv:2104.04778] [INSPIRE].

[35] A. Neronov and I. Vovk, Evidence for strong magnetic fields from Fermi observations of TeV
blazars, Science 328 (2010) 73 [arXiv:1006.3504] [INSPIRE].

[36] T. Vachaspati, Progress on cosmological magnetic fields, Rept. Prog. Phys. 84 (2021) 074901
[arXiv:2010.10525] [INSPIRE].

[37] J. Ahonen and K. Enqvist, Electrical conductivity in the early universe, Phys. Lett. B 382
(1996) 40 [hep-ph/9602357] [INSPIRE].

[38] A. Brandenburg, K. Enqvist and P. Olesen, Large-scale magnetic fields from hydromagnetic
turbulence in the very early universe, Phys. Rev. D 54 (1996) 1291 [astro-ph/9602031]
[INSPIRE].

[39] A. Brandenburg, T. Kahniashvili, S. Mandal, A. Roper Pol, A.G. Tevzadze and T. Vachaspati,
Evolution of hydromagnetic turbulence from the electroweak phase transition, Phys. Rev. D 96
(2017) 123528 [arXiv:1711.03804] [INSPIRE].

[40] A. Brandenburg, T. Kahniashvili, S. Mandal, A. Roper Pol, A.G. Tevzadze and T. Vachaspati,
Dynamo effect in decaying helical turbulence, Phys. Rev. Fluids 4 (2019) 024608
[arXiv:1710.01628] [INSPIRE].

[41] D. Biskamp and W.-C. Müller, Decay laws for three-dimensional magnetohydrodynamic
turbulence, Phys. Rev. Lett. 83 (1999) 2195 [arXiv:physics/9903028].

[42] M. Christensson, M. Hindmarsh and A. Brandenburg, Inverse cascade in decaying 3D
magnetohydrodynamic turbulence, Phys. Rev. E 64 (2001) 056405 [astro-ph/0011321]
[INSPIRE].

[43] T. Vachaspati, Magnetic fields from cosmological phase transitions, Phys. Lett. B 265 (1991)
258 [INSPIRE].

[44] T. Vachaspati, Estimate of the primordial magnetic field helicity, Phys. Rev. Lett. 87 (2001)
251302 [astro-ph/0101261] [INSPIRE].

[45] J.M. Cornwall, Speculations on primordial magnetic helicity, Phys. Rev. D 56 (1997) 6146
[hep-th/9704022] [INSPIRE].

[46] M. Joyce and M.E. Shaposhnikov, Primordial magnetic fields, right-handed electrons, and the
Abelian anomaly, Phys. Rev. Lett. 79 (1997) 1193 [astro-ph/9703005] [INSPIRE].

[47] J. García-Bellido, D.Y. Grigoriev, A. Kusenko and M.E. Shaposhnikov, Nonequilibrium
electroweak baryogenesis from preheating after inflation, Phys. Rev. D 60 (1999) 123504
[hep-ph/9902449] [INSPIRE].

[48] J.M. Cornwall and A. Kusenko, Baryon number nonconservation and phase transitions at
preheating, Phys. Rev. D 61 (2000) 103510 [hep-ph/0001058] [INSPIRE].

[49] J. García-Bellido, M. Garcia Perez and A. Gonzalez-Arroyo, Symmetry breaking and false
vacuum decay after hybrid inflation, Phys. Rev. D 67 (2003) 103501 [hep-ph/0208228]
[INSPIRE].

[50] J. García-Bellido, M. Garcia-Perez and A. Gonzalez-Arroyo, Chern-Simons production during
preheating in hybrid inflation models, Phys. Rev. D 69 (2004) 023504 [hep-ph/0304285]
[INSPIRE].

[51] A. Diaz-Gil, J. García-Bellido, M. Garcia Perez and A. Gonzalez-Arroyo, Magnetic field
production during preheating at the electroweak scale, Phys. Rev. Lett. 100 (2008) 241301
[arXiv:0712.4263] [INSPIRE].

[52] M.M. Forbes and A.R. Zhitnitsky, Primordial galactic magnetic fields from domain walls at the
QCD phase transition, Phys. Rev. Lett. 85 (2000) 5268 [hep-ph/0004051] [INSPIRE].

– 45 –

https://doi.org/10.1088/1475-7516/2021/12/023
https://arxiv.org/abs/2104.04778
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A2104.04778
https://doi.org/10.1126/science.1184192
https://arxiv.org/abs/1006.3504
https://inspirehep.net/search?p=find+J%20%22Science%2C328%2C73%22
https://doi.org/10.1088/1361-6633/ac03a9
https://arxiv.org/abs/2010.10525
https://inspirehep.net/search?p=find+J%20%22Rept.Prog.Phys.%2C84%2C074901%22
https://doi.org/10.1016/0370-2693(96)00633-8
https://doi.org/10.1016/0370-2693(96)00633-8
https://arxiv.org/abs/hep-ph/9602357
https://inspirehep.net/search?p=find+J%20%22Phys.Lett.%2CB382%2C40%22
https://doi.org/10.1103/PhysRevD.54.1291
https://arxiv.org/abs/astro-ph/9602031
https://inspirehep.net/search?p=find+J%20%22Phys.Rev.%2CD54%2C1291%22
https://doi.org/10.1103/PhysRevD.96.123528
https://doi.org/10.1103/PhysRevD.96.123528
https://arxiv.org/abs/1711.03804
https://inspirehep.net/search?p=find+J%20%22Phys.Rev.%2CD96%2C123528%22
https://doi.org/10.1103/physrevfluids.4.024608
https://arxiv.org/abs/1710.01628
https://inspirehep.net/search?p=find+1710.01628
https://doi.org/10.1103/physrevlett.83.2195
https://arxiv.org/abs/physics/9903028
https://doi.org/10.1103/PhysRevE.64.056405
https://arxiv.org/abs/astro-ph/0011321
https://inspirehep.net/search?p=find+J%20%22Phys.Rev.%2CE64%2C056405%22
https://doi.org/10.1016/0370-2693(91)90051-Q
https://doi.org/10.1016/0370-2693(91)90051-Q
https://inspirehep.net/search?p=find+J%20%22Phys.Lett.%2CB265%2C258%22
https://doi.org/10.1103/PhysRevLett.87.251302
https://doi.org/10.1103/PhysRevLett.87.251302
https://arxiv.org/abs/astro-ph/0101261
https://inspirehep.net/search?p=find+J%20%22Phys.Rev.Lett.%2C87%2C251302%22
https://doi.org/10.1103/PhysRevD.56.6146
https://arxiv.org/abs/hep-th/9704022
https://inspirehep.net/search?p=find+J%20%22Phys.Rev.%2CD56%2C6146%22
https://doi.org/10.1103/PhysRevLett.79.1193
https://arxiv.org/abs/astro-ph/9703005
https://inspirehep.net/search?p=find+J%20%22Phys.Rev.Lett.%2C79%2C1193%22
https://doi.org/10.1103/PhysRevD.60.123504
https://arxiv.org/abs/hep-ph/9902449
https://inspirehep.net/search?p=find+J%20%22Phys.Rev.%2CD60%2C123504%22
https://doi.org/10.1103/PhysRevD.61.103510
https://arxiv.org/abs/hep-ph/0001058
https://inspirehep.net/search?p=find+J%20%22Phys.Rev.%2CD61%2C103510%22
https://doi.org/10.1103/PhysRevD.67.103501
https://arxiv.org/abs/hep-ph/0208228
https://inspirehep.net/search?p=find+J%20%22Phys.Rev.%2CD67%2C103501%22
https://doi.org/10.1103/PhysRevD.69.023504
https://arxiv.org/abs/hep-ph/0304285
https://inspirehep.net/search?p=find+J%20%22Phys.Rev.%2CD69%2C023504%22
https://doi.org/10.1103/PhysRevLett.100.241301
https://arxiv.org/abs/0712.4263
https://inspirehep.net/search?p=find+J%20%22Phys.Rev.Lett.%2C100%2C241301%22
https://doi.org/10.1103/PhysRevLett.85.5268
https://arxiv.org/abs/hep-ph/0004051
https://inspirehep.net/search?p=find+J%20%22Phys.Rev.Lett.%2C85%2C5268%22


J
C
A
P
0
4
(
2
0
2
2
)
0
1
9

[53] L. Campanelli and M. Giannotti, Magnetic helicity generation from the cosmic axion field,
Phys. Rev. D 72 (2005) 123001 [astro-ph/0508653] [INSPIRE].

[54] M.S. Turner and L.M. Widrow, Inflation produced, large scale magnetic fields, Phys. Rev. D 37
(1988) 2743 [INSPIRE].

[55] B. Ratra, Cosmological ‘seed’ magnetic field from inflation, Astrophys. J. Lett. 391 (1992) L1
[INSPIRE].

[56] W.D. Garretson, G.B. Field and S.M. Carroll, Primordial magnetic fields from pseudoGoldstone
bosons, Phys. Rev. D 46 (1992) 5346 [hep-ph/9209238] [INSPIRE].

[57] A. Dolgov, Breaking of conformal invariance and electromagnetic field generation in the
universe, Phys. Rev. D 48 (1993) 2499 [hep-ph/9301280] [INSPIRE].

[58] M. Gasperini, M. Giovannini and G. Veneziano, Primordial magnetic fields from string
cosmology, Phys. Rev. Lett. 75 (1995) 3796 [hep-th/9504083] [INSPIRE].

[59] R. Durrer and A. Neronov, Cosmological magnetic fields: Their generation, evolution and
observation, Astron. Astrophys. Rev. 21 (2013) 62 [arXiv:1303.7121] [INSPIRE].

[60] K. Subramanian, The origin, evolution and signatures of primordial magnetic fields, Rept. Prog.
Phys. 79 (2016) 076901 [arXiv:1504.02311] [INSPIRE].

[61] M. Giovannini, Magnetic knots as the origin of spikes in the gravitational wave backgrounds,
Phys. Rev. D 58 (1998) 124027 [gr-qc/9808052] [INSPIRE].

[62] T. Kahniashvili, G. Gogoberidze and B. Ratra, Polarized cosmological gravitational waves from
primordial helical turbulence, Phys. Rev. Lett. 95 (2005) 151301 [astro-ph/0505628] [INSPIRE].

[63] L. Kisslinger and T. Kahniashvili, Polarized gravitational waves from cosmological phase
transitions, Phys. Rev. D 92 (2015) 043006 [arXiv:1505.03680] [INSPIRE].

[64] J. Ellis, M. Fairbairn, M. Lewicki, V. Vaskonen and A. Wickens, Detecting circular polarisation
in the stochastic gravitational-wave background from a first-order cosmological phase transition,
JCAP 10 (2020) 032 [arXiv:2005.05278] [INSPIRE].

[65] T. Kahniashvili, A. Brandenburg, G. Gogoberidze, S. Mandal and A. Roper Pol, Circular
polarization of gravitational waves from early-Universe helical turbulence, Phys. Rev. Res. 3
(2021) 013193 [arXiv:2011.05556] [INSPIRE].

[66] N. Seto, Prospects for direct detection of circular polarization of gravitational-wave background,
Phys. Rev. Lett. 97 (2006) 151101 [astro-ph/0609504] [INSPIRE].

[67] N. Seto, Quest for circular polarization of gravitational wave background and orbits of laser
interferometers in space, Phys. Rev. D 75 (2007) 061302 [astro-ph/0609633] [INSPIRE].

[68] A.D. Sakharov, Violation of CP Invariance, C asymmetry, and baryon asymmetry of the
universe, Pisma Zh. Eksp. Teor. Fiz. 5 (1967) 32 [INSPIRE].

[69] V.A. Kuzmin, V.A. Rubakov and M.E. Shaposhnikov, On the anomalous electroweak baryon
number nonconservation in the early Universe, Phys. Lett. B 155 (1985) 36 [INSPIRE].

[70] M.E. Shaposhnikov, Possible appearance of the baryon asymmetry of the Universe in an
electroweak theory, JETP Lett. 44 (1986) 465 [INSPIRE].

[71] A.G. Cohen, D.B. Kaplan and A.E. Nelson, Weak scale baryogenesis, Phys. Lett. B 245 (1990)
561 [INSPIRE].

[72] A.G. Cohen, D.B. Kaplan and A.E. Nelson, Baryogenesis at the weak phase transition, Nucl.
Phys. B 349 (1991) 727 [INSPIRE].

[73] D.E. Morrissey and M.J. Ramsey-Musolf, Electroweak baryogenesis, New J. Phys. 14 (2012)
125003 [arXiv:1206.2942] [INSPIRE].

– 46 –

https://doi.org/10.1103/PhysRevD.72.123001
https://arxiv.org/abs/astro-ph/0508653
https://inspirehep.net/search?p=find+J%20%22Phys.Rev.%2CD72%2C123001%22
https://doi.org/10.1103/PhysRevD.37.2743
https://doi.org/10.1103/PhysRevD.37.2743
https://inspirehep.net/search?p=find+J%20%22Phys.Rev.%2CD37%2C2743%22
https://doi.org/10.1086/186384
https://inspirehep.net/search?p=find+J%20%22Astrophys.J.Lett.%2C391%2CL1%22
https://doi.org/10.1103/PhysRevD.46.5346
https://arxiv.org/abs/hep-ph/9209238
https://inspirehep.net/search?p=find+J%20%22Phys.Rev.%2CD46%2C5346%22
https://doi.org/10.1103/PhysRevD.48.2499
https://arxiv.org/abs/hep-ph/9301280
https://inspirehep.net/search?p=find+J%20%22Phys.Rev.%2CD48%2C2499%22
https://doi.org/10.1103/PhysRevLett.75.3796
https://arxiv.org/abs/hep-th/9504083
https://inspirehep.net/search?p=find+J%20%22Phys.Rev.Lett.%2C75%2C3796%22
https://doi.org/10.1007/s00159-013-0062-7
https://arxiv.org/abs/1303.7121
https://inspirehep.net/search?p=find+J%20%22Astron.Astrophys.Rev.%2C21%2C62%22
https://doi.org/10.1088/0034-4885/79/7/076901
https://doi.org/10.1088/0034-4885/79/7/076901
https://arxiv.org/abs/1504.02311
https://inspirehep.net/search?p=find+J%20%22Rept.Prog.Phys.%2C79%2C076901%22
https://doi.org/10.1103/PhysRevD.58.124027
https://arxiv.org/abs/gr-qc/9808052
https://inspirehep.net/search?p=find+J%20%22Phys.Rev.%2CD58%2C124027%22
https://doi.org/10.1103/PhysRevLett.95.151301
https://arxiv.org/abs/astro-ph/0505628
https://inspirehep.net/search?p=find+J%20%22Phys.Rev.Lett.%2C95%2C151301%22
https://doi.org/10.1103/PhysRevD.92.043006
https://arxiv.org/abs/1505.03680
https://inspirehep.net/search?p=find+J%20%22Phys.Rev.%2CD92%2C043006%22
https://doi.org/10.1088/1475-7516/2020/10/032
https://arxiv.org/abs/2005.05278
https://inspirehep.net/search?p=find+J%20%22JCAP%2C2010%2C032%22%20and%20year%3D2020
https://doi.org/10.1103/physrevresearch.3.013193
https://doi.org/10.1103/physrevresearch.3.013193
https://arxiv.org/abs/2011.05556
https://inspirehep.net/search?p=find+J%20%22Phys.Rev.Res.%2C3%2C013193%22
https://doi.org/10.1103/PhysRevLett.97.151101
https://arxiv.org/abs/astro-ph/0609504
https://inspirehep.net/search?p=find+J%20%22Phys.Rev.Lett.%2C97%2C151101%22
https://doi.org/10.1103/PhysRevD.75.061302
https://arxiv.org/abs/astro-ph/0609633
https://inspirehep.net/search?p=find+J%20%22Phys.Rev.%2CD75%2C061302%22
https://doi.org/10.1070/PU1991v034n05ABEH002497
https://inspirehep.net/search?p=find+J%20%22Pisma%20Zh.Eksp.Teor.Fiz.%2C5%2C32%22
https://doi.org/10.1016/0370-2693(85)91028-7
https://inspirehep.net/search?p=find+J%20%22Phys.Lett.%2CB155%2C36%22
https://inspirehep.net/search?p=find+J%20%22JETP%20Lett.%2C44%2C465%22
https://doi.org/10.1016/0370-2693(90)90690-8
https://doi.org/10.1016/0370-2693(90)90690-8
https://inspirehep.net/search?p=find+J%20%22Phys.Lett.%2CB245%2C561%22
https://doi.org/10.1016/0550-3213(91)90395-E
https://doi.org/10.1016/0550-3213(91)90395-E
https://inspirehep.net/search?p=find+J%20%22Nucl.Phys.%2CB349%2C727%22
https://doi.org/10.1088/1367-2630/14/12/125003
https://doi.org/10.1088/1367-2630/14/12/125003
https://arxiv.org/abs/1206.2942
https://inspirehep.net/search?p=find+J%20%22J.Phys.%2C14%2C125003%22


J
C
A
P
0
4
(
2
0
2
2
)
0
1
9

[74] T. Fujita and K. Kamada, Large-scale magnetic fields can explain the baryon asymmetry of the
Universe, Phys. Rev. D 93 (2016) 083520 [arXiv:1602.02109] [INSPIRE].

[75] K. Kamada and A.J. Long, Baryogenesis from decaying magnetic helicity, Phys. Rev. D 94
(2016) 063501 [arXiv:1606.08891] [INSPIRE].

[76] K. Kamada and A.J. Long, Evolution of the baryon asymmetry through the electroweak
crossover in the presence of a helical magnetic field, Phys. Rev. D 94 (2016) 123509
[arXiv:1610.03074] [INSPIRE].

[77] R.H. Kraichnan, Inertial-range spectrum of hydromagnetic turbulence, Phys. Fluids 8 (1965)
1385.

[78] S.S. Moiseev and O.G. Chkhetiani, Helical scaling in turbulence, Sov. Phys. JETP 83 (1996)
192.

[79] V. Domcke et al., Measuring the net circular polarization of the stochastic gravitational wave
background with interferometers, JCAP 05 (2020) 028 [arXiv:1910.08052] [INSPIRE].

[80] N. Seto, Measuring parity asymmetry of gravitational wave backgrounds with a heliocentric
detector network in the mHz band, Phys. Rev. Lett. 125 (2020) 251101 [arXiv:2009.02928]
[INSPIRE].

[81] G. Orlando, M. Pieroni and A. Ricciardone, Measuring parity violation in the stochastic
gravitational wave background with the LISA-Taiji network, JCAP 03 (2021) 069
[arXiv:2011.07059] [INSPIRE].

[82] A. Roper Pol, S. Mandal, A. Brandenburg, T. Kahniashvili and A. Kosowsky, Numerical
simulations of gravitational waves from early-universe turbulence, Phys. Rev. D 102 (2020)
083512 [arXiv:1903.08585] [INSPIRE].

[83] A. Roper Pol, A. Brandenburg, T. Kahniashvili, A. Kosowsky and S. Mandal, The timestep
constraint in solving the gravitational wave equations sourced by hydromagnetic turbulence,
Geophys. Astrophys. Fluid Dynam. 114 (2020) 130 [arXiv:1807.05479] [INSPIRE].

[84] Pencil Code collaboration, The Pencil Code, a modular MPI code for partial differential
equations and particles: multipurpose and multiuser-maintained, J. Open Source Softw. 6 (2021)
2807 [arXiv:2009.08231] [INSPIRE].

[85] D.A. Varshalovich, A.N. Moskalev and V.K. Khersonsky, Quantum theory of angular
momentum: Irreducible tensors, spherical harmonics, vector coupling coefficients, 3nj symbols,
World Scientific, Singapore (1988).

[86] W. Hu and M.J. White, CMB anisotropies: Total angular momentum method, Phys. Rev. D 56
(1997) 596 [astro-ph/9702170] [INSPIRE].

[87] L.P. Grishchuk, Amplification of gravitational waves in an isotropic universe, Zh. Eksp. Teor.
Fiz. 67 (1974) 825 [INSPIRE].

[88] A.S. Monin and A.M. Yaglom, Statistical fluid mechanics of turbulence, vol. 2, MIT press,
Cambridge, U.K. (1975).

[89] A.N. Kolmogorov, The local structure of turbulence in incompressible viscous fluid for very large
Reynolds numbers, Proc. USSR Acad. Sci. 30 (1941) 301.

[90] P.S. Iroshnikov, Turbulence of a conducting fluid in a strong magnetic field, Astron. Zh. 40
(1963) 742.

[91] W.-C. Muller and D. Biskamp, Scaling properties of three-dimensional magnetohydrodynamic
turbulence, Phys. Rev. Lett. 84 (2000) 475 [physics/9906003] [INSPIRE].

[92] H.K. Moffatt, Magnetic field generation in electrically conducting fluids, Cambridge University
Press, Cambridge, U.K. (1978).

– 47 –

https://doi.org/10.1103/PhysRevD.93.083520
https://arxiv.org/abs/1602.02109
https://inspirehep.net/search?p=find+J%20%22Phys.Rev.%2CD93%2C083520%22
https://doi.org/10.1103/PhysRevD.94.063501
https://doi.org/10.1103/PhysRevD.94.063501
https://arxiv.org/abs/1606.08891
https://inspirehep.net/search?p=find+J%20%22Phys.Rev.%2CD94%2C063501%22
https://doi.org/10.1103/PhysRevD.94.123509
https://arxiv.org/abs/1610.03074
https://inspirehep.net/search?p=find+J%20%22Phys.Rev.%2CD94%2C123509%22
https://doi.org/10.1063/1.1761412
https://doi.org/10.1063/1.1761412
https://doi.org/10.1088/1475-7516/2020/05/028
https://arxiv.org/abs/1910.08052
https://inspirehep.net/search?p=find+J%20%22JCAP%2C2005%2C028%22%20and%20year%3D2020
https://doi.org/10.1103/PhysRevLett.125.251101
https://arxiv.org/abs/2009.02928
https://inspirehep.net/search?p=find+J%20%22Phys.Rev.Lett.%2C125%2C251101%22
https://doi.org/10.1088/1475-7516/2021/03/069
https://arxiv.org/abs/2011.07059
https://inspirehep.net/search?p=find+J%20%22JCAP%2C2103%2C069%22%20and%20year%3D2021
https://doi.org/10.1103/PhysRevD.102.083512
https://doi.org/10.1103/PhysRevD.102.083512
https://arxiv.org/abs/1903.08585
https://inspirehep.net/search?p=find+J%20%22Phys.Rev.%2CD102%2C083512%22
https://doi.org/10.1080/03091929.2019.1653460
https://arxiv.org/abs/1807.05479
https://inspirehep.net/search?p=find+1807.05479
https://doi.org/10.21105/joss.02807
https://doi.org/10.21105/joss.02807
https://arxiv.org/abs/2009.08231
https://inspirehep.net/search?p=find+2009.08231
https://doi.org/10.1103/PhysRevD.56.596
https://doi.org/10.1103/PhysRevD.56.596
https://arxiv.org/abs/astro-ph/9702170
https://inspirehep.net/search?p=find+J%20%22Phys.Rev.%2CD56%2C596%22
https://inspirehep.net/search?p=find+J%20%22Sov.Phys.JETP%2C40%2C409%22
https://doi.org/10.1103/PhysRevLett.84.475
https://arxiv.org/abs/physics/9906003
https://inspirehep.net/search?p=find+J%20%22Phys.Rev.Lett.%2C84%2C475%22


J
C
A
P
0
4
(
2
0
2
2
)
0
1
9

[93] C.W. Misner, K.S. Thorne and J.A. Wheeler, Gravitation, W.H. Freeman, San Francisco,
U.S.A. (2017).

[94] M. Maggiore, Gravitational wave experiments and early universe cosmology, Phys. Rept. 331
(2000) 283 [gr-qc/9909001] [INSPIRE].

[95] C. Caprini, R. Durrer and T. Kahniashvili, The cosmic microwave background and helical
magnetic fields: The tensor mode, Phys. Rev. D 69 (2004) 063006 [astro-ph/0304556]
[INSPIRE].

[96] A. Brandenburg and S. Boldyrev, The turbulent stress spectrum in the inertial and subinertial
ranges, Astrophys. J. 892 (2020) 80 [arXiv:1912.07499] [INSPIRE].

[97] E.W. Kolb and M.S. Turner, The early Universe, vol. 69 (1990), [DOI] [INSPIRE].
[98] A. Brandenburg, G. Gogoberidze, T. Kahniashvili, S. Mandal, A. Roper Pol and N. Shenoy,

The scalar, vector, and tensor modes in gravitational wave turbulence simulations, Class. Quant.
Grav. 38 (2021) 145002 [arXiv:2103.01140] [INSPIRE].

[99] A. Brandenburg, E. Clarke, Y. He and T. Kahniashvili, Can we observe the QCD phase
transition-generated gravitational waves through pulsar timing arrays?, Phys. Rev. D 104 (2021)
043513 [arXiv:2102.12428] [INSPIRE].

[100] P. Niksa, M. Schlederer and G. Sigl, Gravitational waves produced by compressible MHD
turbulence from cosmological phase transitions, Class. Quant. Grav. 35 (2018) 144001
[arXiv:1803.02271] [INSPIRE].

[101] C. Caprini, R. Durrer and G. Servant, The stochastic gravitational wave background from
turbulence and magnetic fields generated by a first-order phase transition, JCAP 12 (2009) 024
[arXiv:0909.0622] [INSPIRE].

[102] C. Caprini, R. Durrer and X. Siemens, Detection of gravitational waves from the QCD phase
transition with pulsar timing arrays, Phys. Rev. D 82 (2010) 063511 [arXiv:1007.1218]
[INSPIRE].

[103] P. Binetruy, A. Bohe, C. Caprini and J.-F. Dufaux, Cosmological backgrounds of gravitational
waves and eLISA/NGO: Phase transitions, cosmic strings and other sources, JCAP 06 (2012)
027 [arXiv:1201.0983] [INSPIRE].

[104] G. Gogoberidze, T. Kahniashvili and A. Kosowsky, The spectrum of gravitational radiation from
primordial turbulence, Phys. Rev. D 76 (2007) 083002 [arXiv:0705.1733] [INSPIRE].

[105] N. Seto and A. Taruya, Measuring a parity violation signature in the early Universe via
ground-based laser interferometers, Phys. Rev. Lett. 99 (2007) 121101 [arXiv:0707.0535]
[INSPIRE].

[106] K. Martinovic, C. Badger, M. Sakellariadou and V. Mandic, Searching for parity violation with
the LIGO-Virgo-KAGRA network, Phys. Rev. D 104 (2021) L081101 [arXiv:2103.06718]
[INSPIRE].

[107] N. Seto and A. Taruya, Polarization analysis of gravitational-wave backgrounds from the
correlation signals of ground-based interferometers: Measuring a circular-polarization mode,
Phys. Rev. D 77 (2008) 103001 [arXiv:0801.4185] [INSPIRE].

[108] S.G. Crowder, R. Namba, V. Mandic, S. Mukohyama and M. Peloso, Measurement of parity
violation in the early Universe using gravitational-wave detectors, Phys. Lett. B 726 (2013) 66
[arXiv:1212.4165] [INSPIRE].

[109] C. Caprini et al., Science with the space-based interferometer eLISA. II: Gravitational waves
from cosmological phase transitions, JCAP 04 (2016) 001 [arXiv:1512.06239] [INSPIRE].

[110] C. Caprini et al., Reconstructing the spectral shape of a stochastic gravitational wave background
with LISA, JCAP 11 (2019) 017 [arXiv:1906.09244] [INSPIRE].

– 48 –

https://doi.org/10.1016/S0370-1573(99)00102-7
https://doi.org/10.1016/S0370-1573(99)00102-7
https://arxiv.org/abs/gr-qc/9909001
https://inspirehep.net/search?p=find+J%20%22Phys.Rept.%2C331%2C283%22
https://doi.org/10.1103/PhysRevD.69.063006
https://arxiv.org/abs/astro-ph/0304556
https://inspirehep.net/search?p=find+J%20%22Phys.Rev.%2CD69%2C063006%22
https://doi.org/10.3847/1538-4357/ab77bd
https://arxiv.org/abs/1912.07499
https://inspirehep.net/search?p=find+J%20%22Astrophys.J.%2C892%2C80%22
https://doi.org/10.1201/9780429492860
https://inspirehep.net/search?p=find+J%20%22Front.Phys.%2C69%2C1%22
https://doi.org/10.1088/1361-6382/ac011c
https://doi.org/10.1088/1361-6382/ac011c
https://arxiv.org/abs/2103.01140
https://inspirehep.net/search?p=find+J%20%22Class.Quant.Grav.%2C38%2C145002%22
https://doi.org/10.1103/PhysRevD.104.043513
https://doi.org/10.1103/PhysRevD.104.043513
https://arxiv.org/abs/2102.12428
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A2102.12428
https://doi.org/10.1088/1361-6382/aac89c
https://arxiv.org/abs/1803.02271
https://inspirehep.net/search?p=find+J%20%22Class.Quant.Grav.%2C35%2C144001%22
https://doi.org/10.1088/1475-7516/2009/12/024
https://arxiv.org/abs/0909.0622
https://inspirehep.net/search?p=find+J%20%22JCAP%2C0912%2C024%22%20and%20year%3D2009
https://doi.org/10.1103/PhysRevD.82.063511
https://arxiv.org/abs/1007.1218
https://inspirehep.net/search?p=find+J%20%22Phys.Rev.%2CD82%2C063511%22
https://doi.org/10.1088/1475-7516/2012/06/027
https://doi.org/10.1088/1475-7516/2012/06/027
https://arxiv.org/abs/1201.0983
https://inspirehep.net/search?p=find+J%20%22JCAP%2C1206%2C027%22%20and%20year%3D2012
https://doi.org/10.1103/PhysRevD.76.083002
https://arxiv.org/abs/0705.1733
https://inspirehep.net/search?p=find+J%20%22Phys.Rev.%2CD76%2C083002%22
https://doi.org/10.1103/PhysRevLett.99.121101
https://arxiv.org/abs/0707.0535
https://inspirehep.net/search?p=find+J%20%22Phys.Rev.Lett.%2C99%2C121101%22
https://doi.org/10.1103/PhysRevD.104.L081101
https://arxiv.org/abs/2103.06718
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A2103.06718
https://doi.org/10.1103/PhysRevD.77.103001
https://arxiv.org/abs/0801.4185
https://inspirehep.net/search?p=find+J%20%22Phys.Rev.%2CD77%2C103001%22
https://doi.org/10.1016/j.physletb.2013.08.077
https://arxiv.org/abs/1212.4165
https://inspirehep.net/search?p=find+J%20%22Phys.Lett.%2CB726%2C66%22
https://doi.org/10.1088/1475-7516/2016/04/001
https://arxiv.org/abs/1512.06239
https://inspirehep.net/search?p=find+J%20%22JCAP%2C1604%2C001%22%20and%20year%3D2016
https://doi.org/10.1088/1475-7516/2019/11/017
https://arxiv.org/abs/1906.09244
https://inspirehep.net/search?p=find+J%20%22JCAP%2C1911%2C017%22%20and%20year%3D2019


J
C
A
P
0
4
(
2
0
2
2
)
0
1
9

[111] J.D. Romano and N.J. Cornish, Detection methods for stochastic gravitational-wave
backgrounds: A unified treatment, Living Rev. Rel. 20 (2017) 2 [arXiv:1608.06889] [INSPIRE].

[112] J.R. Espinosa, T. Konstandin, J.M. No and G. Servant, Energy budget of cosmological
first-order phase transitions, JCAP 06 (2010) 028 [arXiv:1004.4187] [INSPIRE].

[113] K. Schmitz, New sensitivity curves for gravitational-wave signals from cosmological phase
transitions, JHEP 01 (2021) 097 [arXiv:2002.04615] [INSPIRE].

[114] V.F. Shvartsman, Density of relict particles with zero rest mass in the universe, Pisma Zh.
Eksp. Teor. Fiz. 9 (1969) 315 [INSPIRE].

[115] T. Kahniashvili, A.G. Tevzadze and B. Ratra, Phase transition generated cosmological magnetic
field at large scales, Astrophys. J. 726 (2011) 78 [arXiv:0907.0197] [INSPIRE].

[116] A. Brandenburg, Y. He, T. Kahniashvili, M. Rheinhardt and J. Schober, Relic gravitational
waves from the chiral magnetic effect, Astrophys. J. 911 (2021) 110 [arXiv:2101.08178]
[INSPIRE].

[117] U. Frisch, A. Pouquet, J. Léorat and A. Mazure, Possibility of an inverse cascade of magnetic
helicity in magnetohydrodynamic turbulence, J. Fluid Mech. 68 (1975) 769.

[118] A. Brandenburg and T. Kahniashvili, Classes of hydrodynamic and magnetohydrodynamic
turbulent decay, Phys. Rev. Lett. 118 (2017) 055102 [arXiv:1607.01360] [INSPIRE].

[119] A. Brandenburg and K. Subramanian, Minimal tau approximation and simulations of the alpha
effect, Astron. Astrophys. 439 (2005) 835 [astro-ph/0504222] [INSPIRE].

[120] A.G. Tevzadze, L. Kisslinger, A. Brandenburg and T. Kahniashvili, Magnetic fields from QCD
phase transitions, Astrophys. J. 759 (2012) 54 [arXiv:1207.0751] [INSPIRE].

[121] D. Grasso and H.R. Rubinstein, Revisiting nucleosynthesis constraints on primordial magnetic
fields, Phys. Lett. B 379 (1996) 73 [astro-ph/9602055] [INSPIRE].

[122] A. Roper Pol, S. Mandal, A. Brandenburg and T. Kahniashvili, Datasets for “Polarization of
gravitational waves from helical MHD turbulent sources” (v2021.09.24),
https://zenodo.org/record/5525504 (2021).

[123] A. Roper Pol, GitHub project “GW_turbulence,” https://zenodo.org/record/6045844.
[124] W.H. Ruan, C. Liu, Z.K. Guo, Y.L. Wu and R.G. Cai, The LISA-Taiji network, Nature Astron.

4 (2020) 108 [arXiv:2002.03603] [INSPIRE].
[125] M.R. Adams and N.J. Cornish, Discriminating between a stochastic gravitational wave

background and instrument noise, Phys. Rev. D 82 (2010) 022002 [arXiv:1002.1291]
[INSPIRE].

[126] N. Bartolo et al., Probing non-Gaussian stochastic gravitational wave backgrounds with LISA,
JCAP 11 (2018) 034 [arXiv:1806.02819] [INSPIRE].

[127] T. Robson, N.J. Cornish and C. Liu, The construction and use of LISA sensitivity curves,
Class. Quant. Grav. 36 (2019) 105011 [arXiv:1803.01944] [INSPIRE].

[128] R. Flauger, N. Karnesis, G. Nardini, M. Pieroni, A. Ricciardone and J. Torrado, Improved
reconstruction of a stochastic gravitational wave background with LISA, JCAP 01 (2021) 059
[arXiv:2009.11845] [INSPIRE].

[129] LISA Science Requirements Document, https://www.cosmos.esa.int/web/lisa/lisa-documents.

– 49 –

https://doi.org/10.1007/s41114-017-0004-1
https://arxiv.org/abs/1608.06889
https://inspirehep.net/search?p=find+J%20%22Living%20Rev.Rel.%2C20%2C2%22
https://doi.org/10.1088/1475-7516/2010/06/028
https://arxiv.org/abs/1004.4187
https://inspirehep.net/search?p=find+J%20%22JCAP%2C1006%2C028%22%20and%20year%3D2010
https://doi.org/10.1007/JHEP01(2021)097
https://arxiv.org/abs/2002.04615
https://inspirehep.net/search?p=find+J%20%22JHEP%2C2101%2C097%22%20and%20year%3D2021
https://inspirehep.net/search?p=find+J%20%22Pisma%20Zh.Eksp.Teor.Fiz.%2C9%2C315%22
https://doi.org/10.1088/0004-637X/726/2/78
https://arxiv.org/abs/0907.0197
https://inspirehep.net/search?p=find+J%20%22Astrophys.J.%2C726%2C78%22
https://doi.org/10.3847/1538-4357/abe4d7
https://arxiv.org/abs/2101.08178
https://inspirehep.net/search?p=find+J%20%22Astrophys.J.%2C911%2C110%22
https://doi.org/10.1017/s002211207500122x
https://doi.org/10.1103/PhysRevLett.118.055102
https://arxiv.org/abs/1607.01360
https://inspirehep.net/search?p=find+J%20%22Phys.Rev.Lett.%2C118%2C055102%22
https://doi.org/10.1051/0004-6361:20053221
https://arxiv.org/abs/astro-ph/0504222
https://inspirehep.net/search?p=find+J%20%22Astron.Astrophys.%2C439%2C835%22
https://doi.org/10.1088/0004-637X/759/1/54
https://arxiv.org/abs/1207.0751
https://inspirehep.net/search?p=find+J%20%22Astrophys.J.%2C759%2C54%22
https://doi.org/10.1016/0370-2693(96)00416-9
https://arxiv.org/abs/astro-ph/9602055
https://inspirehep.net/search?p=find+J%20%22Phys.Lett.%2CB379%2C73%22
https://zenodo.org/record/5525504
https://zenodo.org/record/6045844
https://doi.org/10.1038/s41550-019-1008-4
https://doi.org/10.1038/s41550-019-1008-4
https://arxiv.org/abs/2002.03603
https://inspirehep.net/search?p=find+2002.03603
https://doi.org/10.1103/PhysRevD.82.022002
https://arxiv.org/abs/1002.1291
https://inspirehep.net/search?p=find+J%20%22Phys.Rev.%2CD82%2C022002%22
https://doi.org/10.1088/1475-7516/2018/11/034
https://arxiv.org/abs/1806.02819
https://inspirehep.net/search?p=find+J%20%22JCAP%2C1811%2C034%22%20and%20year%3D2018
https://doi.org/10.1088/1361-6382/ab1101
https://arxiv.org/abs/1803.01944
https://inspirehep.net/search?p=find+J%20%22Class.Quant.Grav.%2C36%2C105011%22
https://doi.org/10.1088/1475-7516/2021/01/059
https://arxiv.org/abs/2009.11845
https://inspirehep.net/search?p=find+J%20%22JCAP%2C2101%2C059%22%20and%20year%3D2021
https://www.cosmos.esa.int/web/lisa/lisa-documents

	Introduction
	The model
	Gravitational signal from MHD turbulence
	Magnetic fields present at the initial time
	Magnetic fields forced at the initial time
	Characterization of stochastic magnetic and strain fields

	Numerical results
	Runs with decaying magnetic field at the initial time
	Runs with forced magnetic field at the initial time
	Degree of circular polarization
	Comparison to the analytical prediction of the spectrum of polarization

	Prospects of detecting signals from the electroweak phase transition
	Observable GW energy density spectra
	Interferometry of GW detectors LISA and Taiji
	Detectability of GW energy density and polarization

	Conclusions
	Numerical GW spectra
	GW polarization spectrum of magnetic fields initially present
	GW polarization spectrum of magnetic fields initially driven
	Detectability of the GW polarization using space-based GW detectors

	Analytical model for polarization
	LISA and Taiji interferometry
	Time-delay interferometry
	Signal and response functions
	Signal-to-noise ratio and power law sensitivity
	LISA-Taiji network


