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We suggest a new mechanism for the generation of a large-scale magnetic field in the hot plasma of
the early Universe which is based on parity violation in weak interactions and depends neither on the
helicity of matter turbulence resulting in the standard « effect nor on general rotation. The mechanism
can result in a self-excitation of an (almost) uniform cosmological magnetic field.
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The large-scale magnetic field B self-excitation in
astrophysical bodies such as the Sun, stars, galaxies,
etc., is usually connected with the so-called « effect,
i.e., a specific term in the Faraday electromotive force
E=aB connected with a violation of the mirror symme-
try of a rotating stratified turbulence or convection: the
number of right-handed vortices systematically differs
from the number of left-handed vortices due to the
Coriolis force action. In this sense, « is determined by
the helicity of turbulent motions.

The differential rotation () usually participates with
the « effect in the dynamo action; however, the « effect
induced in a rigidly rotating turbulent body could lead to
a dynamo action alone (so-called a? dynamo) while
the differential rotation alone is unable to result in a
dynamo action [1]. The « effect is induced by the
Coriolis force which destroys the mirror symmetry of
turbulent motions.

The «a effect is impossible in electrodynamics of clas-
sical nonmoving media because of its mirror symmetry.
On the other hand, the mirror asymmetry of matter
happens at the level of particle physics and we can expect
that an a effect could be based on this asymmetry. The
aim of our Letter is to present such a mechanism based on
parity violation in weak interactions.

We recall that the main problem of most particle
physics mechanisms of the origin of seed fields is how
to produce them coherently on cosmological (large)
scales. There are many ways allowing the generation of
seed small-scale random magnetic fields in the early
Universe, e.g., at phase transitions [2], however, the fol-
lowing growth of the correlation length, e.g., in the
inverse cascade with the merging of such small-scale
fields [3], hardly could produce a substantial large-scale
field at the present time [4]. We do not consider an evolu-
tion of correlated domains and the corresponding growth
of correlation length considered, e.g., in the review [5],
and concentrate here on the generation of a mean mag-
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netic field (amplification of its strength) via an « effect if
such a mean field has been already seeded somehow from
small-scale magnetic fields.

Let us consider hot plasma of the early Universe after
electroweak phase transition, T < Tgy =~ 10° MeV,
when we may use pointlike (Fermi) approximation for
weak interactions and where at the beginning a weak
random magnetic field has a small macroscopic scale
comparing with the horizon, A < [y, while within a
domain of the volume ~A? such a magnetic field can be
uniform and directed along an arbitrary z axis, B =
(0,0, B). Obviously, this does not violate the isotropy of
the Universe as a whole with many randomly oriented
domains.

Within a domain with a uniform magnetic field obey-
ing the WKB limit |e|B < T? the single quantum (spin)
effect remains for electrons and positrons which popu-
late the main Landau level only and contribute to the
lepton gas magnetization, M;-”) = up(oyvsto) =
8, p(sgn g, ~ (sgn @)B; 6], where g = lel/2m,
is the Bohr magneton, ng, is the number density at the
main Landau level for the electrons and positrons (o =

e ,o=c¢et),
IelB - le| BT In2
Nog = Nog = f f( )( p)d 2 T A 2

The magnetization M; o) changes sign for electrons and
positrons, sgn o = *1, effectively due to the opposite
spin projections on the magnetic field at the main Landau
levels.

For a small magnitude of magnetic fields we neglect
the small polarization of other components: muons, tau-
leptons, quarks, or nucleons. Obviously, densities (1) are
Very small in comparison with the total lepton densities

f[d3p/(27r) ]fég)(s ) = 0.18373, ny, < n,. Here
og=e"; feq (sp) is the Fermi distribution; e, &, =
\Jp* + m2, T are the lepton electric charge, the energy,
and the temperature of lepton gas, correspondingly.

(D
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In a magnetized plasma the pseudovector M;”) enters
the weak interaction of the charged o-fluid component
with neutrinos (antineutrinos) through the axial part of
the pointlike current X current interaction Hamiltonian,

l(;l) = Gp M(tr) 5](1/)/#3’

where G is the Fermi constant, 8j) = j, — j, is the
neutrino current density asymmetry.

Such interaction provides a force FV [see below
Eg. (6)] that is additive to the Lorentz force ¢, (E + V, X
B) acting in magnetohydrodynamics (MHD) plasma on
charged particles of the kind o and obviously depends on
gradients of the interaction potential, (F¥°%), ~ —9, V(T ,
or for an uniform magnetization within a domain (M; =
constant) on derlvatlves of the neutrino current dens1ty
asymmetry, 9; 5]]

The electric field E being common for all charged
particles is obtained multiplying the motion equations
for each of the charged components by the corresponding
electric charge g, with the following summation over
components that leads to Y ¢%E in the Lorentz force
and the remarkable addition of ng, in the weak electro-
motive force term for electron-positron components,
EWeak =aB; ~ (ng+ + ng—), due to the independence of
the product G0,V ~ .G M(") 9; 6]5”)/,u on the
sign of the electric charge since M’ i ~sgn o. Such a
term violates parity and provides a new particle physics

origin of a effect for magnetic field generation, 9,B =
-V X Eweak'

38 px 1), ST Bx D)

()
d €
qUE feq ( p)
ot 0x J
)
Here weak forces F_,,

form

EV‘Qak = (sgn O')GF\/—ZC(V)[

F (4)

) =2£x0.5, c(A) = ¥0.5 are the vector and axial
couphngs correspondingly (upper sign for electron neu-
trino) where subindex a = e, u, 7 characterizes the kind
of neutrino, & = sin?#y, =~ 0.23 is the Weinberg parame-
ter; 84, is the neutrino four-current density asymmetry,

&Pk k-
Q2m)’ &

a

j':j,,,f)q(x) t) = (nva,i/a’ jva,ﬁ“) =

is the neutrino (antineutrino) four-current density;
on, =mn, —ny is the neutrino density asymmetry
that plays below an important role in the generation of
magnetic field.
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The pair motion equation in the one-component MHD
is derived after the summation of Euler equations for
comoving electrons and positrons for which the standard
(polar vector) electric field cancels since g, = *|e|. In
contrast, the standard Lorentz force |e[(V, — V_) X
B = rotB X B/4mn, arises while the weak force term
> 90 % depends in hot lepton plasma on the negligible
difference of densities, (ny, — ng_) as well as for the
neutrino axial vector potential V) describing a probe
neutrmo in the electron- positron plasma [7] when
) j ; —k; and the sum over o leads to VA =
GF\/_ (ng+ — no—)B-k/Bk.

Now we estimate the « effect originating in the early
Universe by particle effects. Let us note that in an exter-
nal large-scale magnetic field B a polarized equilibrium
lepton plasma is characterized by the density matrix,

Fotey) = 0 e + T

where ¢ is the Pauli matrrx b = B/B is the ort directed
along the magnetic field,; feq (g,) is the Fermi distribu-
tion; S(")(ap) = —(le|B/2¢ )dfgg)(a )/de, is the spin
equilibrium distribution that defines the number density
at the main Landau level (1), [d®p S(”)(s )/ 2m)? = ny,;
A = =1 is the spin projection on magnetic field.

Then we start from the linearized relativistic kinetic
equations (RKE) derived in the Vlasov approximation for
a magnetized lepton plasma in the standard model (SM)
of electroweak interactions after the summing over spin
variables as given in Eq. (30) of Ref. [6],

an (p, X, 1) () afeq (8 ) (A) 355:?(8,,) _
F ———+F———— =
op we op

3)

Ffmk that appear due to the generalization in SM of the standard Boltzman equation have the

98]
n, — A% 4y XV X 8j, } )
“ Jt ¢
. om, .
VXV X 8n, b+ V(a(p) - aJ,,a)} (5)
€p

Finally a(p) in the last term in (5) is the three-vector
component of the four-vector a, that is the analogue of
the Pauli-Lubanski four-vector a,(p) = Tr(pysy,)/
4m, = (p{/me,g + p(p {)/m (g, + m,)) with the
change of the spin { to b.

Notice that we can substitute the total number
density distribution function f(9)(p,x, 1) = feq (sp) +

8@ (p,x,t) normalized on the total density n,

[ @/ Ca)f D%, = [(@p/@mNFS into all
the terms of RKE in the first and second lines (3) restor-
ing its standard Boltzman form Equatlon (3) obeys
the continuity equation, dj ] P / dx, =0, where
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A& 1) = [dp(p,/e,)fp,x 1)/Q2m) is the lepton
four-current density.

Then we can use the standard method [8] for transition
from kinetic equations to the hydrodynamical ones.
Multiplying RKE (3) by the momentum p and integrating
it over d° p with the use of the standard definitions of the
fluid velocity V,, = n! fd3pvf(")(p X, 1)/(27)? and the
generalized momentum P, S [EppfDp,x, 1)/
(27)3 one obtains the Euler equatlon for the fluid species
o in plasma with the additive collision terms taken in the
T approximation,

\%
Lo~y 68, — (1, + 13, — L2
dt Ny
+ g,(E + [V, X B]) + Fyek, (6)
Here g = e_y ILL_’ T_’ qux qdy e (a_- = e+’ /.L+, T+’ QM’

4g - - - for antiparticles) enumerates the plasma compo-
nents; v$" is the electromagnetic collision frequency
which leads to the fast equilibrium in plasma and defines
plasma conductivity; v,,, v,; are the weak collision
frequencies providing the generation mechanism sug-
gested in [9] for neutrino scattering off electrons and
positrons before neutrino decoupling; p, is the fractional
pressure.

We isolate in the weak ponderomotlve force vector and
axial parts, ie., F¥& = FY) + F% The first term F
coming from (4) was found by the independent
(Lagrangian) method in [10] and is irrelevant to the
magnetic field generatlon mechanlsm considered here.
The axial vector force F appearmg from (5) due to
the polarization of lepton gas in a small mean magnetic
field B, is

F A) _ GF\/iaa'e (Sgn U)

aon
x Z o [n0ob 2% 4 N3, 96 53, |

a=e,u,T

)

Finally the relativistic polarization term N,

j £ )dp—[v@-v]
®)

in the nonrelativistic case tends to the lepton density at
the main Landau level given by Eq. (1), Ny, — ng,-
Obviously, the weak force (7) changes sign for positrons,
o — &, due to the signature function.

For the hot plasma multiplying the Euler equation (6)
by the electric charge g, summing over o and dividing
by Y ,q% = Q? we find the electric field E including all
known polar vector terms plus the new axial vector E ~
aB originated by electron-positron polarizations which
violates parity. This is similar to the derivation of E in
[10] for unpolarized plasma, and, in particular, from the
Lorentz force one obtains the term =Y (¢%/0*)V, X B
that obviously leads from the Maxwell equation 9,B =
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—V X E to the dynamo effect in Faraday equation. Thus,
we arrive to a governing equation for magnetic field
evolution

0B
— =V XaB + 9yV?B, 9
at
where we omitted the dynamo term neglecting any mac-
roscopic rotation in plasma of the early Universe.
Here we approximate the tensor «;; coming in E from

the axial vector force (7) by the ﬁrst dlagonal term:

GF Z (A) |:<n0_ + no+ \85n,,a i|
BT R A AT

a

In2 < 107°T )(51’1 >
, (10)
4\/—77 m )‘gru)ld v

where densities ng. are given by Eq. (1), equilibrium
densities obey n,/n, = 0.5, and we assume a scale of
neutrino fluid inhomogeneity ¢ ~ )\ff’md that is small com-
pared with a large A scale of the mean magnetic field B,

Aﬁfgid < A. Let us stress that the addition of positron and
electron contributions in « stems from the change of the
sign in the weak force (7).

The diffusion coefficient n = (471 X 137T)"! is given
by the relativistic plasma conductivity. We do not present
in Eq. (9) standard terms like differential rotation, etc.,
which seem to be not very important in the problem under
consideration.

This is our main result. We stress that Eq. (9) is the
usual equation for mean magnetic field evolution (see,
e.g., [11]) with « effect based on particle effects rather on
the averaging of turbulent pulsations. It is well known
(see, e.g., [1]) that Eq. (9) describes a self-excitation of a
magnetic field with the spatial scale A = n/a and the
growth rate a?/47.

Let us estimate these values for the early Universe. For
a small neutrino chemical potential w,, &, (T)=
w, (T)/T < 1, the neutrino asymmetry in the right-
hand side of Eq. (10) is the algebraic sum following the
sign of the axial coupling, c(eAV) = *0.5,

51’1,, o (A) (Sl’lya
= E Cey,
n, " n,,a

[fv (T) + ¢,(T) = £, ()]

(1

We take for crude estimations below ¢, (T)+ ¢, (T) —
&, (T) = —2¢, (T) because different chemical potentlals
almost compensate each other for high temperatures [12],
ie. £, (1) + £, (T) + £, (T) = 0.

As a result, we arrive at the following estimate of the «
coefficient (10):

95(3)

a=28X 10_34(T/MGV)6[ZV(T)//\§TJM]|‘fw|’

where a free parameter for our collisionless mechanism
scale )tﬂmd is normalized on the neutrino mean free path
1(T) =Ty' given by the weak rate I'y = 5.54 X
10_22(T/MeV)5 MeV.
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Substituting « into A = n/a we arrive now at the
estimate

A T \-5[AY.

2 =16X%X 10— Zfluid -1

I, 1.6 X 10 <MeV> [Z,,(T) }(EV(,(T)D , (12)
where 1y(T) = 2H)™! and = 4.46 X

10~22(T/MeV)?> MeV is the Hubble parameter

If the neutrino fluid inhomogeneity scale )tﬂ . 1s of the
order ,(T,)) ~ 4cm < [,(T,) ~ 10% cm, we have A/l =
1 at the beginning of the lepton era (T = T, ~ 10*MeV,
redshift z ~ 3 X 10'!), or more correctly, accounting for
the big bang nucleosynthesis (BBN) limit |£, | < 0.07
[12] obtained for Tpgy = 0.1 MeV, the mean magnetic
field will be uniform in the whole Universe, A/l = 1, at
T ~ 118 MeV. If this neutrino parameter would be
much smaller at high temperatures T, |£, (T,)| < 0.07,
one can choose another free neutrmo arameter Ay <<
1,(T,) in such a way that the ratio )uﬂmd/(l (T0)|§,,F(TO)|)
remains invariant and our conclusion about the tendency
to a global uniform field is still valid. Note that for the
neutrino gas the macroscoplc parameter /\ﬂmd varies in a
wide region 77! < )\ﬂuld = 1,(D).

The magnetic field time evolution is given by

L 204
B(r>=Bmexp[ f 477% } (13)

where B, is some seed value at the instant T, <<
TEW ~ 100 GeV (here we imbed the standard estimates
of a? dynamo into the context of an expanding universe).

For /\ﬂmd(T) ~ [,(T) we can estimate the index in the
exponent (13) substituting in the integrand the expansion
time #(T) = 3.84 X 10?'(T/MeV)*MeV~!/,/g* with the
effective number of degrees of freedom g* ~ 100 at the
temperatures 7 = 1.1 GeV. Then using the above values
of a(T) and n(T) with the change of the variable (T/2 X
10* MeV) — x one finds the fast growth of the mean field
(13) in hot plasma (x = 1) with a conservative estimate,

/
B(X) = Bmax exp|:25 f] <§6g—((),);)>2x/10dxl}’ (14)

given by the upper limit x,,, = 1, Tp.x = 20 GeV. Such
upper limit defines entirely the magnetic field amplifica-
tion due to the steep dependence on the temperature and
still obeys the pointlike Fermi interaction we rely on. As
in the case of magnetlc field scales (12) the second free
parameter )\ﬂmd can be chosen much smaller, /\ﬂmd <<
1,(T), providing the invariant ratio 1,(T)|¢, (T)|/ /\ﬂmd
for very small neutrino chemical potential £, (T) <
0.07 and resulting in an enhancement of a small mean
magnetic field B, < T2a/lel < T2y /lel by collective
neutrino-plasma interactions considered here in Eq. (14).

Note that the inflation mechanism (with a charged
scalar field fluctuations at super-horizon scales) explains
the origin of the mean field at cosmological scales; how-
ever, the value of this field is too small for seeding the
galactic magnetic fields [13].
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The amplification mechanism suggested in our Letter
can improve this very low estimate by a substantial factor
from Eq. (14).

Thus, while in the temperature region Tpy > T >
Ty = 10> MeV there are many small random magnetic
field domains, a mean magnetic field turns out to be
developed into the uniform global magnetic field. The
global magnetic field can be small enough to preserve the
observed isotropy of cosmological model [14] while
strong enough to be interesting as a seed for galactic
magnetic fields. This scenario was intensively discussed
by experts in galactic magnetism [15], however, until now
no viable origin for the global magnetic field has been
suggested. We believe that the &> dynamo based on the «
effect induced by particle physics solves this fundamental
problem and opens a new and important option in galactic
magnetism.
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