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Abstract We study a matter turbulence caused by strong
random hypermagnetic fields (HMFs) that influence the
baryon asymmetry evolution due to the Abelian anomalies
in the symmetric phase in the early Universe. Such a matter
turbulence is stipulated by the presence of the advection term
in the induction equation for which a fluid velocity is dom-
inated by the Lorentz force in the Navier–Stokes equation.
For random HMFs, having nonzero mean squared strengths,
we calculate the spectra for the HMF energy and the HMF
helicity densities. The latter function governs the evolution
of the fermion asymmetries in the symmetric phase before
the electroweak phase transition (EWPT). In the simplest
model based on the first SM generation for the lepton asym-
metries of eR,L and νeL , we calculate a decline of all fermion
asymmetries including the baryon asymmetry, given by the
‘t Hooft conservation law, when one accounts for a turbu-
lence of HMFs during the universe cooling down to EWPT.
We obtain that the stronger the mean squared strength of
random initial HMFs is, the deeper the fermion asymmetries
decrease, compared to the case in the absence of any turbu-
lence.

1 Introduction

The origin of the baryon asymmetry of the Universe (BAU)
is a long standing issue. One of the scenarios for the baryo-
genesis implies the production of a lepton asymmetry first.
Then, this lepton asymmetry is converted into BAU owing
to the B/3 − L conservation in the standard model (SM).
The numerous models of the leptogenesis are reviewed in
Ref. [1].

Many models of the leptogenesis are based on the par-
ticle physics beyond SM, where the lepton number is vio-
lated generically. There is, however, another approach which

a e-mail: maxdvo@izmiran.ru (corresponding author)
b e-mail: semikoz@yandex.ru

implies the presence of helical hypermagnetic fields (HMFs)
in plasma of the early Universe before the electroweak
phase transition (EWPT). The nonzero hypermagnetic helic-
ity affects the lepton asymmetry evolution owing to the ana-
log of the Adler anomaly for HMFs. The lepton asymmetry, in
its turn, contributes the hypermagnetic fields evolution owing
to the analog of the chiral magnetic effect (the CME) [2].
One has to account for chirality flip processes due to direct
(inverse) Higgs decays and sphaleron transitions which vio-
late the left lepton number and wash out BAU.

The scenario of the baryogenesis, previously proposed
in Ref. [3], assumes the presence of a nonzero right elec-
tron asymmetry LeR(T ) = (neR − nēR)/s �= 0 long before
the electroweak phase transition (EWPT), T > TRL �
10 TeV � TEWPT � 100 GeV. Here s is the entropy den-
sity and n(e,ē)R are the number densities of right electrons
and positrons. In this case, the influence of sphalerons, that
could wash out BAU, B = (nB−nB̄)/s → 0, was minimized
since sphalerons are left chirality objects.

As we mentioned above, the observed value of BAU �
10−10, can be produced in HMF before EWPT, T ≥ TEWPT.
This possibility was first proposed in Refs. [4,5]. These fields
are the drivers of the leptogenesis through Abelian anomalies
for HMF. The growth of the total lepton number, e.g., for the
first generation Le = LeR + LeL + LνeL , where La = (na −
nā)/s, means the growth of the BAU due to the ‘t Hooft’s
conservation law for the baryon number B − 3Le = const.

In the scenario, where the right electron asymmetry sup-
ports the BAU alone at temperatures T > TRL � 10 TeV,
the following universe cooling leads to a nonzero mixing
between the left and right lepton asymmetries of electrons
and neutrinos. It happens since Higgs bosons decays become
faster than the universe expansion, �RL ∼ T > H ∼ T 2.
Thus, the production of left leptons starts at T = TRL. It
results in the self-consistent evolution of the right and the
left electron asymmetries at T < TRL through the corre-
sponding Abelian anomalies in SM in the presence of a seed
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HMF [6]. We choose below t0 = (2H)−1 = M̃Pl/2T 2
RL as

the initial time in our problem, where M̃Pl = 7 × 1017 GeV
is the effective Planck mass and H is the Hubble parameter.

The hypermagnetic helicity evolution proceeds in a self-
consistent way with the lepton asymmetry growth. The role of
sphaleron transitions, decreasing the left lepton number, turns
out to be negligible in given scenario. The hypermagnetic
helicity plays a key role in lepto- and baryogenesis in our
scenario. The closer HMF to a maximally helical one is,
the faster BAU grows up the observable value, (BAU)obs �
10−10.

Although the precise estimate of BAU can be made only
by solving all evolution equations for the all fermion and the
Higgs boson asymmetries numerically (see, e.g., Refs. [7,8]),
the qualitative behavior of the BAU evolution in HMFs can
be more easily understood in the simplified model developed
in Ref. [6]. For example, in Ref. [6], we could account for
the correction to the helicity parameter αY, associated with
the left fermions asymmetry (see Eq. (3) below). Recently,
the BAU production was discussed in Ref. [9], where the
temperature range 100 GeV ≤ T ≤ 10 TeV was considered.
Moreover, the configuration of HMF which includes both
helical (Ba, Bb) and non-helical (Bz) components, as well
as the plasma vorticity, were accounted for in Ref. [9] to
follow the evolution of the matter-antimatter asymmetry in
the symmetric phase of the early Universe.

The goal of the present work is the study of the influence
of the matter noise, or the turbulent motion of plasma, to
the evolution of BAU and HMFs, both the HMF energy and
the HMF helicity densities, in the symmetric phase before
EWPT. The turbulent matter motion and random HMFs, hav-
ing 〈BY〉 = 0, are related to each other. We rely below on
the simplified solution of the Navier–Stokes equation for the
fluid velocity v as suggested, e.g., in Ref. [10],

v = τd(∇ × BY) × BY

p + ρ
. (1)

It allows one to express the advection (dynamo) term ∇×(v×
BY) in the induction (Faraday) equation using the explicit
form in Eq. (1) through HMFs. Here p = ρ/3 is the equation
of state in relativistic plasma, τd � lfree = (σcolln)−1 is
the drag time given by the free path for leptons (including
neutrinos) that interact each other via “Coulomb” collisions,
σcoll � α′2/T 2 is the corresponding cross-section [11], α′ =
g′2/4π = (137 cos2 θW)−1 is the analog of the fine structure
constant given by the hypercharge g′ = e/ cos θW in SM,
and n ∼ T 3 is the particle density.

In a strong HMF, the Lorentz force FL � (∇ × BY) ×
BY prevails other terms in the Navier–Stokes equation. The
Larmor period becomes much shorter than the drag time,
TLarm  τd . It means that the matter fluid is accelerated
∂tv ∼ FL before any Coulomb collision happens.

Our paper is organized as follows. In Sect. 2, we con-
sider the matter noise influence via Eq. (1) for the spectra of
HMF energy and helicity densities in the symmetric phase
of the early Universe. In Sect. 3, we reconsider the kinetic
equations for the particle density asymmetries based on the
first lepton generation in SM that are valid in the symmetric
phase at T > TEWPT. In Sect. 3.1, we check the validity of a
marked CME imbalance μ5(η) = [ξeR(η) − ξeL(η)]/2 �= 0
coming from the symmetric phase just before the EWPT. In
Sect. 4, we complete the set of the kinetic equations for the
HMF spectra, the lepton and higgs boson asymmetries. In
Sect. 4.1, we formulate the initial condition for the derived
kinetic equations. In Sect. 5, we explore the noise matter
influence both the BAU and lepton asymmetries. Finally, we
discuss the validity of our approach for the BAU generation
within SM in Sect. 6.

2 Matter noise influence the evolution for spectra of
HMF energy and helicity densities

We start from the induction (Faraday) equation for the HMF
BY,

∂BY

∂t
= ∇×v×BY +γD∇2BY +γω∇×ω+αY∇×BY, (2)

where ω = ∇ × v is the fluid vorticity, the coefficients

γD = 1

σcond
, γω = g′

8π2σcond
(μ2

eR − μ2
eL),

αY = g′2

4π2σcond

(
μeR − μeL

2

)
, (3)

are the functions of time during the radiation era, t =
(2H)−1 = M̃Pl/2T 2, σcond = σcT � 100T is the plasma
conductivity. The analogue of Eq. (2) for Maxwell’s fields is
given in Ref. [12].

In order to derive evolution equations for the binary func-
tions: (i) the HMF energy density ρBY ∼ B2

Y and (ii) the
HMF helicity density hY ∼ Y · BY where BY = ∇ × Y, we
use also the corresponding equation for the potential Y,

∂Y
∂t

= v × BY − γD∇ × BY + γωω + αYBY. (4)

Using Eqs. (2) and (4), one can obtain the evolution equations
for the real binary products in the Fourier representation,
∂tEBY(k, t) ∼ [ḂY(k, t) · B∗

Y(k, t) + Ḃ∗
Y(k, t) · BY(k, t)]

where

EBY(t) = 1

2V

∫
d3k

(2π)3 |BY(k, t)|2

=
∫

dkEBY(k, t) = B2
Y(t)/2 (5)

123



Eur. Phys. J. C (2021) 81 :1001 Page 3 of 8 1001

is the hypermagnetic energy density, and ∂tHY(k, t) ∼
[Ẏ(k, t) · B∗

Y(k, t) + Y(k, t) · Ḃ∗
Y(k, t)], where

HY(t) = 1

V

∫
d3k

(2π)3 [Y(k, t) · B∗
Y(k, t)] =

∫
HY(k, t)dk

(6)

is the hypermagnetic helicity density. We use below the con-
formal variables with the time η = M̃Pl/T , where M̃Pl =
MPl/1.66

√
g∗, MPl = 1.2 × 1019 GeV is the Planck mass,

g∗ = 106.75 is the number of relativistic degrees of freedom
in the hot plasma before EWPT.

In order to get the kinetics for the conformal HMF spec-
tra, H̃BY ≡ H̃BY(k̃, η) and ẼBY ≡ ẼBY(k̃, η), we modify the
system in Eq. (3.11) in Ref. [13] written there for Maxwell’s
fields in the broken phase, T < TEWPT, to the case of hyper-
magnetic fields in the symmetric phase, T > TEWPT,

∂ ẼBY

∂η
= − 2k̃2η̃eff ẼBY + α̃+k̃2H̃BY ,

∂H̃BY

∂η
= − 2k̃2η̃effH̃BY + 4α̃−ẼBY , (7)

where ẼBY = a3EBY and H̃BY = a2HBY are the dimension-
less spectra.

The dimensionless kinetic coefficients in Eq. (7), η̃eff (η) is
the diffusion one and αY(t) = �(t)/σcond is the hypermag-
netic helicity coefficient, are modified due to the presence of
a matter noise,

η̃eff =ηeff

a
= σ−1

c + 4

3

(α′)−2

ρ̃ + p̃

∫ k̃max

k̃min

dk̃ẼBY , α′ = g′2

4π
,

α̃± =α± = αY(η) ∓ 2

3

(α′)−2

ρ̃ + p̃

∫ k̃max

k̃min

dk̃k̃2H̃BY . (8)

Here we changed the pseudoscalar helicity parameter in
CME for Maxwellian fields applied in Ref. [13], αCME(t) =
�(t)/σcond = 2αemμ5(t)/πσcond, to the scalar helicity
parameter αY for HMFs in the symmetric phase,1

αY(η) = �(t)

σcond
= α′

πσc

[
ξeR(η) − ξeL(η)

2

]
. (9)

In Eq. (9), we correct sign in the ξeL/2 term compared to
the misleading one in Ref. [14]. The thermodynamics term
in the denominators in Eq. (8), p̃ + ρ̃ = 2π2g∗/45, is given
by the equation of state p = ρ/3 where ρ = (2π2/30)g∗T 4

is the matter density.

1 In fact, we change the total helicity parameter αY(η) =
α′/(πσc) (ξeR(η) − ξeL(η)/2 + 3ξB(η)/2) derived in Ref. [8] neglect-
ing a small baryon contribution compared to the lepton asymmetries,
ξB  ξeR,eL

Note that the effective magnetic diffusion coefficient η̃eff

and the helicity parameters α̃± were studied in Ref. [15].
The form of α̃±, obtained in Ref. [15], is different from that
in Eq. (8). However, the numerical simulations (see Sect. 5
below) demonstrate that our main results are insensitive to
this change of α̃±.

Let us stress that the vorticity ω = ∇ × v does not
contribute to the kinetic Eqs. (7) after substitution the drag
velocity in Eq. (1) since the odd number of random HMFs
appears in the kinetic equations for the spectra, EBY andHBY .
Namely, ∼ B3

Y comes from the term ω for those binaries.
Therefore, such a term vanishes after the application of the
Wick theorem for the statistical averaging 〈BYB∗

Y . . . 〉. The
statistical averaging of multiple BY-products is based on the
canonical two-point correlator [16],

〈Bi (k, t)Bj (p, t)〉 = (2π)3

2
δ(3)(k + p)

×
[
(δi j − k̂i k̂ j )S(k, t) + iei jk k̂k A(k, t)

]
. (10)

In Eq. (10), the form factors S(k, t) and A(k, t) are related to
the spectra, EBY(k, t) = k2S(k, t)/(2π)2 and HBY(k, t) =
k A(k, t)/(2π)2, obeying the kinetic Eq. (7) written there in
conformal variables.

The limit k̃min in the integrals in Eq. (8) depends on the
inverse conformal time η−1, or the inverse horizon size, being
chosen as k̃min = η−1

0 at the initial temperature T0. The upper
limit k̃max, k̃max � k̃min, is an arbitrary momentum at the
lowest scale L(min)

BY
= k−1

max for given HMFs.
The kinetic Eq. (7) for the HMF spectra should be solved

self-consistently with the evolution equations for the fermion
density asymmetries in the background matter, η f (t) =
n f (t) − n f̄ (t).

3 Kinetic equations for the particle density asymmetries
in the symmetric phase

The fermion density asymmetries in a hot uniform plasma ,
n f (t) − n f̄ (t) = T 3ξ f (t)/6, are characterized by the asym-
metry parameter ξ f (t). We shall study its evolution in the
conformal time, ξ f = ξ f (η).

For the first generation of the lepton asymmetries ξeL(η) =
ξνeL(η) and ξeR(η) accounting for the spin-flip L ↔ R due
to Higgs decays given by the rate [3],

�(η) = 2a�RL = 242

ηEW

[
1 −

(
η

ηEW

)2
]

,

ηEW = M̃Pl

TEW
= 7 × 1015. (11)

The sphaleron transition rate is �sph = 25α5
W, where αW =

g2/4π = αem/ sin2 θW [17]. The system of the kinetic equa-
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tions reads (compare with Eqs. (13) and (14) in Ref. [14]),

dξeR

dη
= − 3α′

π

∫ k̃max

k̃min

dk̃
∂H̃BY(k̃, η)

∂η

− �(η)[ξeR(η) − ξeL(η) + ξ0(η)], (12)

dξeL

dη
=3α′

4π

∫ k̃max

k̃min

dk̃
∂H̃BY(k̃, η)

∂η

− �(η)

2
[ξeL(η) − ξeR(η) − ξ0(η)] − �sph

2
ξeL(η),

(13)

dξ0

dη
= − �(η)

2
[ξeR(η) + ξ0(η) − ξeL(η)] . (14)

Here we generalized the system of the kinetic equations
derived in Ref. [14] by adding the kinetic Eq. (14) for the
Higgs boson density asymmetry, nϕ(0) − nϕ̃(0) = ξ0T 3/3,
described by the parameter ξ0(η) = μ0/T when account-
ing for decays and inverse decays of the Higgs doublet,
H = (ϕ(+)ϕ(0))T: ēReL ↔ ϕ(0) and ēRνeL ↔ ϕ(+), as well
as eR ēL ↔ ϕ̃(0) and eRνeL ↔ ϕ(−) for antiboson decays.

The ‘t Hooft’s law B/3 − L = const, where L = LeR +
LeL+LνeL is the total lepton number in our scenario, provides
the evolution of the baryon number dB/dη given by the lep-
togenesis in the kinetic Eqs. (12) and (13). The corresponding
solution for the baryon asymmetry BAU(η) = (nB − nB̄)/s
takes the form (see Eq. (18) in Ref. [14]),

BAU(η) = 5.3 × 10−3
∫ η

η0

dη′
{

dξeR(η′)
dη′

+ �(η′)[ξeR(η′) − ξeL(η′)]
}

− 6 × 107

ηEW

∫ η

η0

ξeL(η′)dη′. (15)

The matter noise influence on the BAU evolution in Eq. (15)
is expected from the binary product for the HMF helicity
density H̃BY ∼ Y · BY entering Eqs. (12) and (13).

3.1 Generation of the chiral imbalance in the symmetric
phase

Subtracting Eq. (13) from Eq. (12), one gets the kinetic equa-
tion for the chiral imbalance μ̃5(η) = μ5/T = [ξeR(η) −
ξeL(η)]/2,

d(ξeR − ξeL)

dη
= −15α′

4π

∫ k̃max

k̃min

dk̃
∂H̃BY(k̃, η)

∂η

−3�(η)

2
(ξeR − ξeL + ξ0) + �sph

2
ξeL.

(16)

One can see that the important CME parameter μ̃5 depends
explicitly on the Higgs boson asymmetry parameter ξ0 while
the latter influences the baryon asymmetry in Eq. (15)
through the lepton asymmetries only.

Let us remind that, in the absence of HMFs and cor-
responding Abelian abomalies for leptons, the equilibrium
condition ξeR − ξeL + ξ0 = 0 is implemented at T ∼
1 TeV < TRL = T0 = 10 TeV (see Eq. (4.2) and Fig. 2(b) in
Ref. [18]). In the presence of HMFs, this equilibrium fails,
ξeR − ξeL + ξ0 �= 0, and the boson asymmetry evolves as
well, starting, e.g., from zero, ξ

(0)
0 = 0, and getting a nega-

tive value ξ0 < 0, as it should be for bosons.

4 Complete set of the kinetic equations

Collecting evolution equations for HMF spectra in Eq. (7), for
the lepton and higgs boson asymmetries in Eqs. (12)–(14),
one obtains the complete system of self-consistent kinetic
equations,

∂ ẼBY

∂η
= − 2k̃2ηeff ẼBY + α+k̃2H̃BY ,

∂H̃BY

∂η
= − 2k̃2ηeffH̃BY + 4α−ẼBY ,

dξR

dη
= − 3α′

π

∫ k̃max

k̃min

dk̃
∂H̃BY

∂η
− �(ξR − ξL + ξ0),

dξL

dη
=3α′

4π

∫ k̃max

kmin

dk̃
∂H̃BY

∂η

− �(ξL − ξR − ξ0)/2 − �sph

2
ξL,

dξ0

dη
= − �(ξR + ξ0 − ξL)/2. (17)

Here �(T ) = �0(1 − T 2
EW/T 2) is the rate of the chiral-

ity flip due to Higgs boson decays and �0 = 242/ηEW.
In the radiation era, t = (2H)−1 = M̃Pl/2T 2, the confor-
mal time η can include any constant due to its definition
dη = dt/a = d(M̃Pl/T ) for the scale a = 1/T . We choose
η = M0/T + η0 where η0 = −M̃Pl/TRL = const. There-
fore, at the initial temperature TRL = 10 TeV, we substitute
the initial conformal time η(TRL) = 0, while at EWPT we
substitute ηEW ≈ M̃Pl/TEW = 7 × 1015 since TEW  TRL.

Then we introduce the new variables,

ẼBY(k̃, η) = k̃maxπ
2

6α′2 R(κ, τ ),

H̃BY(k̃, η) = π2

3α′2 H(κ, τ ), ξR,L,0(η̃) = π k̃max

α′ MR,L,0(τ ),

τ = 2k̃2
max

σc
η, k̃ = k̃maxκ, (18)
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where κm < κ < 1, κm = k̃min/k̃max, and τ ≥ 0 is the new
dimensionless time.

In new variables, we recast finally the complete system of
kinetic equations in our problem:

∂R

∂τ
= − κ2

(
1 + 2σck̃2

maxπ
2

9α′4( p̃ + ρ̃)

∫ 1

κm

dκ ′R(κ ′, τ )

)
R

+ κ2

(
MR − ML

2
− 2σck̃2

maxπ
2

9α′4( p̃ + ρ̃)

∫ 1

κm

dκ ′κ ′2H(κ ′, τ )

)
H,

∂H

∂τ
= − κ2

(
1 + 2σck̃2

maxπ
2

9α′4( p̃ + ρ̃)

∫ 1

κm

dκ ′R(κ ′, τ )

)
H

+
(
MR − ML

2
+ 2σck̃2

maxπ
2

9α′4( p̃ + ρ̃)

∫ 1

κm

dκ ′κ ′2H(κ ′, τ )

)
R,

dMR

dτ
=

∫ 1

κm

dκ ′κ ′2H(κ ′, τ ) −
(
MR − ML

2

) ∫ 1

κm

dκ ′R(κ ′, τ )

− �′(MR − ML + M0),

dML

dτ
= − 1

4

∫ 1

κm

dκ ′κ ′2H(κ ′, τ )

+ 1

4

(
MR − ML

2

)∫ 1

κm

dκ ′R(κ ′, τ )

− �′(ML − MR − M0)/2 − �′
s

2
ML,

dM0

dτ
= − �′(MR + M0 − ML)/2, (19)

where �′
s = σc�sph/2k̃2

max,

�′(τ ) = σc�0

2k̃2
max

⎛
⎝1 − T 2

EW

T 2
RL

[
1 + TRL

M0

σc

2k̃2
max

τ

]2
⎞
⎠ , (20)

and �0 = 242/ηEW.
Then we recast BAU in Eq. (15) in these new variables,

BAU(τ )=1.76 × k̃max

∫ τ

0
dτ ′

{
dMR

dτ ′ + �′(τ ′)
[
MR(τ ′) − ML(τ ′)

]}

− 10−4

k̃max

∫ τ

0
ML(τ ′)dτ ′, (21)

where the rate of the chirality flip due to Higgs decays,
�′(τ ′), is given by Eq. (20). One can see in Eq. (21) that
BAU increases for small-scale (random) HMFs, when k̃max

increases. The sphaleron transition influence in last line of
Eq. (21) reduces with a growth of k̃max.

Finally we rewrite the kinetic Eq. (16) for the chiral imbal-
ance MR − ML ∼ μ5,

d

dτ
(MR − ML) = −5

4

∫ 1

κm

dκ
∂H(τ, κ)

∂τ

−3

2
�′(MR − ML + M0) + �′

s
ML

2
, (22)

that should be solved self-consistently with the all kinetic
equations in Eq. (19) including that for the Higgs boson
asymmetry M0.

4.1 Initial condition

We choose the same initial conditions from Eqs. (9)-(11) in
Ref. [14]. Namely,

Ẽ(k̃, 0) ∼ k̃nBY , H̃(k̃, 0) = 2qẼ(k̃, 0)/k̃, 0 ≤ q ≤ 1.

(23)

The initial condition in Eq. (23) can be rewritten in the new
variables in Eq. (18) as

H(κ, 0) = q
R(κ, 0)

κ
. (24)

Adopting the initial HMF Kolmogorov energy density spec-
trum, one gets that

R(κ, 0) = AκnBY , nBY = −5/3, (25)

where the normalization constant A,

A = 3α′2(1 + nBY)[B̃(0)
Y ]2

π2k̃2
max(1 − κ

1+nBY
m )

, (26)

and

B̃(0)
Y =

[
2

∫ k̃max

k̃min

dk̃ẼBY(k̃, 0)

]1/2

(27)

is a seed HMF. The parameter k̃min = l̃−1
H (τ = 0) � 10−14

corresponds to the maximum scale of HMF at η = τ = 0,
whereas k̃max is an arbitrary wave number k̃max � k̃min in
our causal scenario.

Other parameters, entering the kinetic equations, have the
following values: α′ = g′2/4π = αem/ cos2 θW = 9.5 ×
10−3, �sph = 8×10−7 is the dimensionless rate of sphaleron
transitions, i.e. the rate multiplied by the temperature T . The
dimensionless spin-flip rate �(η) in Eq. (11) is very small,
�(η)  �sph, because of the multiplier, 242/ηEW = 3.4 ×
10−14. However, in the kinetic equations, the huge sphaleron
transition rate is multiplied by a small ξeL(η), for which we
choose the following initial conditions,

ξeL(τ = 0) = ξ0(τ = 0) = BAU(τ = 0) = 0. (28)

We can start from the non-zero right electron asymmetry
ξeR(τ = 0) = 10−10, or MR(τ = 0) = (α′/π k̃max)10−10 at
the level of BAU expected at ηEW = 7 × 1015. In Ref. [14],
we probed ξeR(η0) in the range from a very small ξeR(η0) =
10−14 up to ξeR(η0) = 10−6.
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5 Matter noise influences BAU and ξeR evolutions

We claim in Sec. 1, that BAU results from nonzero HMFs
via the Abelian anomaly for eR as pointed in Refs. [4,5].
The matter turbulence can influence BAU in a different way.
These matter perturbations are connected in the symmetric
phase with strong HMFs.

The strong seed HMFs B(0)
Y = 1.4 × 10−2T 2

0 and B(0)
Y =

1.4 × 10−1T 2
0 are used in our numerical simulations.2 Such

HMFs do not violate Friedmann law, since their HMF energy
densities obey B2

Y/2  ρ = g∗π2T 4/30 . For sure these
HMFs do not violate the BBN limit on primordial mag-
netic fields, derived in Ref. [19], BBBN ≤ 1011 G, at the
temperature TBBN ∼ 0.1 MeV, since T0/TBBN � 108 or
BY ∼ 1027 G for [T0/TBBN]2 � 1016.

Firstly, a matter turbulence caused by random HMFs
diminishes all fermion asymmetries including the BAU in
Fig. 1 and the right lepton asymmetry ξeR in Fig. 2. The
decline of the fermion asymmetries when accounting for a
matter noise are seen in all plots below.

In Fig. 1a and c, the fully helical HMFs with q = 1 provide
a greater increase of BAU comparing with a small q = 0.1
in Fig. 1b and d, for which BAU reduces at least one order of
magnitude. This BAU increase is especially noticeable near
TRL = 104 GeV; cf. Fig. 1c and d. It is also remarkable that
noiseless (dashed) curves in Fig. 1c and d begin coincide for
early times ∼ TRL−T  TRL near the ends of curves , during
a few tens GeV for the initial HMFs B(0)

Y = 7 × 1025 G and

B(0)
Y = 7 × 1026 G.
The similar dependence in the evolution of noiseless

(dashed) curves and solid (blue and red) curves under a matter
turbulence is seen in Fig. 2 for the right electron asymme-
try ξeR. Of course, for the higher helicity q = 1 in Fig. 2a
and c, the asymmetry ξeR is one order of magnitude bigger
comparing that for q = 0.1 in Fig. 2b and d.

We have also explored the evolution of ξeL versus T for the
same initial condition as in Fig. 2. It turns out to be much less
than ξeR for all range of the temperature variation, as it was
predicted in Ref. [18]. Therefore, we omit the corresponding
results.

5.1 Scales of strong BY relevant to matter turbulence and
sensitive to ohmic losses

The noise matter influence becomes noticeable at sufficiently
strong HMFs correspondingly to their small-scale values
L(min)

BY
= k−1

max relevant to the ohmic diffusion for such hyper-
magnetic fields. We remind that large-scale HMFs, LBY �
L(min)

BY
, survive versus ohmic dissipation. Then we consider

2 Here the initial temperature T0 = 10 TeV corresponds to the HMF
strength T 2

0 = 5 × 1027 G.

non-dissipative HMFs for which even a minimal scale L(min)
BY

is large enough, L(min)
BY

≥ (2Hσcond)
−1/2. The latter criterion

follows from the obvious comparison of the expansion time
during the radiation era, t = (2H)−1, and the ohmic dif-
fusion time tdiff = σcond[L(min)

BY
]2, t < tdiff , or (2H)−1 ≤

σcond[L(min)
BY

]2. Substituting σcond = 100T we obtain the

upper bound kmax ≤
√

200T 3/M̃Pl, or k̃max ≤ √
200/η. The

latter criterion for the survival of HMFs changes within the
range k̃max ≤ (10−7 − 10−6) correspondingly to conformal
times ηEW > η0 in the symmetric phase.

Thus, for a wide maximum range k̃max = (10−2 − 10−5)

for which we selected the only momentum k̃max = 10−3

in our plots, the ohmic dissipation is presented for HMFs
together with the matter noise influence. For a smaller k̃max ≤
(10−7 −10−6), the noise matter disappears while HMFs sur-
vive versus ohmic diffusion.

6 Discussion

We consider a novel scenario for the BAU generation in
the symmetric phase in the early Universe, for which ran-
dom HMFs, 〈BY〉 = 0, being small-scale at distances
rD � 10/T  L(min)

BY
� 103/T , where rD is the Debye

radius, dominate and motivate a turbulent matter involve-
ment. Conversely to small-scale distances ∼ L(min)

BY
the

majority of matter spread upon a rather large-scale HMFs,
L(min)

BY
 L(max)

BY
≤ 1014/T , within the temperature region

T ≤ T0 does not feel a turbulent motion at all.
This situation resembles the representation of a mag-

netic field in a star in the standard magnetic hydrodynamics
(MHD), H = B + b, combined from the mean field term B
and a random field b, obeying the condition 〈b〉 = 0. The
random magnetic field b evidently gets a strong value in its
amplitude,

√
b2 > B, for example, within the convection

zone in the Sun (see, e.g., Ref. [20]). The random HMF BY

is also quite strong in the considered problem and can be
treated here as the analogue for b in the standard MHD.

We considered the turbulent matter appearance through
the dynamo term ∇ ×(v×BY) entering the induction Eq. (2)
due to the change of a such an advection contribution via
the Lorentz force which dominates over the fluid velocity
in Eq. (1). Certainly, for the evolution of the binary spectra
ρBY ∼ B2

Y and hY ∼ Y · BY, the additional terms that are
proportional to ∼ B4

Y arise originally due to advection term
∇ × (v × BY) ∼ B3

Y in the Faraday Eq. (2). Then, a such
term, ∼ B3

Y, is multiplied by B∗
Y leading to the evolution

of the binary spectra. Namely, these matter noise terms ∼
B4

Y appear in the evolution Eq. (7). They arise due to the

additional integrals ∼ ∫ k̃max

k̃min
dk̃ẼBY and ∼ ∫ k̃max

k̃min
dk̃k̃2H̃BY

presented in the parameters in Eq. (8), which compete there

123



Eur. Phys. J. C (2021) 81 :1001 Page 7 of 8 1001

Fig. 1 BAU growth in the
symmetric phase within the
temperature range TRL =
10 TeV ≤ T ≤ TEW = 100 GeV
for k̃max = 10−3, ξ

(0)
eR = 10−10,

ξ
(0)
0 = 0, and ξ

(0)
eL = 0. Solid

lines account for the noise
contribution, whereas dashed
lines are without noise. Red
lines correspond to the initial
HMF strength
B̃(0)

Y = 1.4 × 10−1 or

B(0)
Y = 7 × 1026 G and blue

lines correspond to
B̃(0)

Y = 1.4 × 10−2 or

B(0)
Y = 7 × 1025 G. The curves

a correspond to the fully helical
HMF in Eq. (24), q = 1; in b
the less helicity q = 0.1 was
substituted. c The same as in a
for small evolution times
10−6 GeV < TRL − T <

10 GeV. d The same as in b for
small evolution times
10−5 GeV < TRL − T <

102 GeV

(a) (b)

(c) (d)
Fig. 2 The evolution of the
right electrons asymmetry in the
temperature range TRL =
10 TeV ≤ T ≤ TEW = 100 GeV
for k̃max = 10−3, ξ

(0)
eR = 10−10,

ξ
(0)
0 = 0, and ξ

(0)
eL = 0. Solid

lines account for the noise
contribution, wheres dashed
lines are without noise. Red
lines correspond to
B̃(0)

Y = 1.4 × 10−1 or

B(0)
Y = 7 × 1026 G and blue

lines correspond to
B̃(0)

Y = 1.4 × 10−2 or

B(0)
Y = 7 × 1025 G. The curves

a correspond to the fully helical
HMF in Eq. (24), q = 1; in b
the less helicity q = 0.1 was
substituted. c The same as in a
for small evolution times
10−6 GeV < TRL − T <

10 GeV. d The same as in b for
small evolution times
10−5 GeV < TRL − T <

102 GeV

(a) (b)

(c) (d)
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with noiseless conductivity terms σ−1
c in ηeff and αY(η) ∼

σ−1
c in the coefficients α±.

Finally, these matter turbulence terms ∼ B4
Y crucially

depend on a range for a varying limit kmax = [L(min)
BY

]−1

discussed in the beginning of this section. In the numeri-
cal simulations, we selected k̃max = 10−3 to feel difference
between the matter turbulence influencing the BAU gener-
ation and a noiseless regime neglecting such turbulence as
shown by dashed lines in Figs. 1 and 2.

To resume, for the first time, we have considered the matter
turbulence before the EWPT, T > TEW, caused by strong
HMFs in the symmetric phase in the early Universe. This
matter noise diminishes fermion asymmetries including the
BAU generation and may be crucial for a future refinement
of the simplest SM model suggested here.
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