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Electric charge asymmetry of the Universe and magnetic field generation
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If at an early stage of the evolution of the Universe the gauge symmetry of electromagnetism was
spontaneously broken, an electric charge asymmetry would develop. After restoration of gauge invari-
ance, the asymmetry should disappear so that the net electric charge density must vanish, the compen-
sating charge being produced from the Higgs vacuum in the form of heavy charged particles. Energetic
products of their decay would create an electric current and a local charge asymmetry. Alternatively,
such an asymmetry could be created even if the electric current was always conserved but an asymmetry
in another nonconserved charge existed. The primary currents which created the asymmetry as well as
those damping it via plasma discharge could generate chaotic magnetic fields on astronomically interest-
ing scales. These fields might be large enough to seed the observed magnetic fields in galaxies via a pro-
togalactic dynamo.

PACS number(s): 98.35.Ac, 95.30.Qd, 98.62.Ai, 98.62.Ra

Spiral galaxies are known to possess magnetic fields
with a characteristic length scale of the order of the disk
scale length and amplitude of about 10 G. The origin
of galactic magnetic fields remains an unsolved problem,
although there are several interesting proposals of mech-
anisms for field generation on galactic scales (for a re-
view, see [1]). The scenario of field amplification by the
dynamo mechanism [2,3] needs for its realization a seed
field which is not easy to create over galactic scales. It
was shown in Ref. [4] that magnetic fields would be gen-
erated in the primeval plasma if there were primordial
vorticity perturbations, but the origin of the latter is un-
clear. The suggestion has recently been made [5] that
vorticity can be generated by cosmic strings. An alterna-
tive proposal utilizes ejecta from primordial massive stars
which may carry stellar dynamo-generated fields that are
amplified in scale via interaction and dispersal of super-
nova remnants to yield a seed field on 100 pc scales [6].
Several scenarios of magnetic field creation by inhomo-
geneities arising in the course of the phase transitions
occurring during cooling down of the very early Universe
have been considered [7—9], as well as those produced by
macroscopic manifestations of parity violation in the pro-
cess of black hole evaporation [10], by explicit breaking
of electromagnetic gauge invariance due to coupling with
gravity [11], and by nonminimal coupling of the elec-
tromagnetic field tensor to the inflaton field [12]. The
challenge for all of these models is to generate seed fields
whose energy density is a significant fraction of the
cosmological energy density at early epochs: Galactic
magnetic fields have an energy density approximately
equal to that of the cosmic microwave background radia-
tion.

Here we propose a new mechanism for creation of
galactic magnetic fields which can potentially explain the

observed features. Under certain conditions, an electric
generator (battery) might be operating in the Universe,
creating electric currents and a local charge asymmetry
on cosmological or galactic scales. There are at least two
possible mechanisms for this process. One explores the
idea that electric charge was not conserved in the early
Universe. To achieve this, electromagnetic gauge invari-
ance should be (spontaneously) broken early in the course
of the evolution of the Universe and restored later at
lower temperatures. This assumption was put forward
about a decade ago in Ref. [13] in order to solve the mag-
netic monopole problem.

During the period of broken gauge invariance, an elec-
tric charge asymmetry of the Universe could, or rather
should, be generated in the same way as baryon asym-
metry. Indeed, all of the essential ingredients for creation
of charge asymmetry such as C and CP breaking, thermal
nonequilibrium, and last but not least, charge nonconser-
vation could be naturally realized in the phase of broken
gauge invariance. It is essential for our model that the
resulting electric asymmetry is generically spatially
nonuniform. Consideration of the baryon asymmetry of
the Universe (for a review, see Ref. [14]) shows that in
many models baryon asymmetry could be spatially inho-
mogeneous over astronomically large scales. We believe
that any type of charge asymmetry in the Universe was
generated by essentially the same physical phenomena:
charge nonconservation, C and CP breaking, and devia-
tion from thermal equilibrium (though, as was under-
stood relatively recently, none of them is obligatory).
Hence one may expect that an electric or any other kind
of charge asymmetry should possess the same kind of in-
homogeneities which are inherent for baryon asymmetry.
It is noteworthy that the scale of the inhomogeneities
could be much larger than the horizon scale at an early
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stage, if the conditions for their generation were prepared
during inAation.

Since the gauge invariance is broken spontaneously,
some remnants of it always existed. This demands in par-
ticular that the charge asymmetry in the sector of physi-
cal particles be accompanied by an asymmetry in the vac-
uum that is equal in amplitude but opposite in sign. The
latter, however, remains unobservable while U(1), is
broken. When the gauge invariance is restored, electric
charge which was hidden in the vacuum reappears in the
form of charged (and heavy) Higgs bosons and so the net
electric charge density becomes zero. In this sense, the
present scenario resembles the scenario of baryogenesis
with conserved baryonic charge proposed in Ref. [15] (see
also [14]). However, there is more to the present story.
Although the charge density became zero everywhere
after the gauge invariance U(1), was restored, the num-
ber density of heavy charged Higgs particles was not
homogeneous. The latter should be unstable unless spe-
cial care is taken to ensure their stability. If the masses
of these Higgs particles are high enough so that the mean
free path of their decay products is larger than the typical
wavelength of the inhomogeneity, the decays would
create electric currents carried by energetic light parti-
cles. This current, however, does not produce a magnetic
field in a homogeneous plasma in the approximation
when the current is created by a superposition of spheri-
cally symmetric noninteracting sources. Inhomogeneities
in the primeval plasma would distort the high symmetry
of the current and give rise to a nonzero magnetic field B.
These inhomogeneities might be the usual density inho-
mogeneities which initiated large-scale structure forma-
tion. The scattering on inhomogeneities might be small
for the currents created by the energetic particles from
the charged Higgs boson decays because the scattering
cross section is inversely proportional to the square of the
energy. After the Higgs bosons decayed and their relativ-
istic decay products left the regions of higher Higgs bo-
son number density, these regions would acquire some
net charge excess that can be either positive or negative.
This charge excess would be neutralized by the process of
electric discharge in the primeval plasma. Thus there
should be two types of currents in the plasma: the origi-
nal ones created by the energy of the decays and the
secondary ones of usual electromagnetic origin which are
generated by the electrostatic forces induced by the inho-
mogeneities in the electric charge distribution. The latter
appear due to the original inhomogeneities in number
density of the charged Higgs bosons. The secondary
currents would be probably more effective in magnetic
field generation since they are proportional to the plasma
conductivity which is not uniform due to the density in-
homogeneities in the primeval plasma. The size of these
inhomogeneities as well as those in the Higgs boson num-
ber density could be comparable to or larger than galactic
scales since both kinds of inhomogeneities were presum-
ably formed during the inflationary stage. Because of the
inhomogeneous conductivity, the secondary currents
were not as symmetric as the original currents, possessing
a nonzero curl, and could create a magnetic field. As we
will argue in what follows, this might be a promising

d„P ie(B„A—)P 2ieA„d„g e—A +dU/8—/*=0, (2)

where J"' is an external electromagnetic current created,
say, by fermions and U is the potential energy of P which
may include contributions from other fields and, in par-
ticular, from the coupling to fermions (PP, Pz+H. c. ).
Here the electric charge of P is equal to the difference be-
tween the charges P, and Pz. Such an interaction would
make the electromagnetic current of fermions noncon-
served in the state with nonzero vacuum expectation
value of the charged field P, and a charge asymmetry can
then develop in the fermionic sector. Note that the total
current

J„"'=ie(d„Q*Q P*'d„P)+J„'"' 2e —
~P~ A„— (4)

is always conserved because B„J„"'=B„Bg„=0,and

mechanism for generation of stochastically distributed
primordial magnetic fields which can serve as seeds of
magnetic fields in galaxies.

Spontaneous breaking of gauge U(1) symmetry of elec-
tromagnetism can be realized by the usual Higgs mecha-
nism. Contrary to the standard scenario, however, we
need the symmetry to remain unbroken at low tempera-
tures. Usually, the temperature corrections resulting
from, say, the self-coupling A,P of the Higgs field give a
positive contribution to the effective mass of
$,5m =A, T, since A, is assumed to be positive to ensure
the stability of the theory. If, however, there exists a
coupling to another scalar field P' of the form A, ~~P~

the constant A.
' is not necessarily positive and the corre-

sponding temperature corrections to the mass of P may
be negative. This would induce symmetry breaking at
high temperature [16,17]. If the zero-temperature mass
of P is positive, the symmetry should be restored at low
temperatures.

In the realistic electroweak model, the gauge symmetry
of electromagnetism U(1) is included in the larger sym-
metry group SU(2)zU(1)i, and the realization of our
scenario may be slightly more complicated. One interest-
ing possibility is that the electroweak gauge symmetry
was always broken both at low (as in the standard ap-
proach) and high temperatures (as proposed here). It
would inhibit, in particular, electroweak baryon noncon-
servation and might save a preexisting baryon asymmetry
from being destroyed. In this way, the conclusion of Ref.
[18] that all initial (B+L) asymmetry was reduced to
zero by B-nonconserving processes above the electroweak
phase transition can be avoided.

Let P, be the ratio of electric charge density generated
at the epoch of broken U(1) to the entropy density:

P, =N, /S .

The analogous quantity characterizing the baryon asym-
metry is measured to be Ps =Ns IS= 10 —10 ' . Once
electric charge asymmetry is generated, it is exactly com-
pensated by the electric charge stored in the vacuum. To
show this, let us consider the field equations for the cou-
pled charged scalar and electromagnetic fields:
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thus the total charge density remains zero even after a
charge asymmetry in the fermionic sector has developed.
It is interesting that in the static case the total electric
charge should vanish in the broken-symmetry phase with
nonzero ( P ) . The easiest way to see this is to use the un-
itary gauge in which 1m/=0, and correspondingly the
equations of motion take the form

BP—e A /+Re =0,aU
P

2[y[2 g gext (6)

If there is a nonzero external electric charge density

J'"' =50~, (r) (7)

and (P} is spatially constant, the solution of Eq. (6) for
the Coulomb-like potential is

The medium behaves like a (super)conductor with an ex-
cess of charge driven to the surface.

When the symmetry is restored and the potential of P
eff'ectively takes the form U (P }=m

& ~ P ~, the equations
of motion in the homogeneous case have the solution

A„=5o„m~/e,
~/~2= J "'/2e g =J'"'/2em

(10)

This solution would be more transparent if the gauge
transformation AO~AO —m~/e =0 and
P~ ~/~exp(immit) is made. It shows that the mean charge
density is zero (as expected) and that the electric charge
stored in fermions is compensated by the charge pro-
duced from the vacuum in the form of real P particles.
Thus, when the gauge symmetry was restored, the heavy
P particles should be created, although the temperature
might be well below their mass. A natural expectation is
that these particles would almost instantly decay into en-
ergetic charged fermions, although one cannot exclude
that there is a mechanism inhibiting the decay so that
their lifetime is very large. In what follows, we will con-
sider both possibilities.

It is possible and perhaps even more promising to
make a cosmological electric battery without any electric
charge nonconservation. Assume that there exists a new
nonconserved charge Y corresponding to a global symme-
try group Gz. We assume for definiteness that the parti-
cles possessing this charge are rather heavy and not yet
observed. One would expect that Y asymmetry of the
Universe was generated at an early stage as happened
with the baryon asymmetry. We assume also that the Y
asymmetry manifests itself in a nonzero density of heavy
and long-lived X particles ( Yx&0}. Since the symmetry
Gz is assumed to be only approximately valid, X particles
should be generically unstable and their lifetime can be

(r) = J e r p, (r'), (&)
4~ fr' —rf

where m
~
=&2e

~ P ~
is the photon mass in this phase.

Now it can be easily verified that

Q„,= J d r[JO"'(r) —2e ~P~ Ao(r)]=0 .

evaluated by rescaling the proton lifetime in grand
unified models. The lifetime scales inversely proportion-
ally to the fifth power of mass of the decaying particle.
Thus, with the proton lifetime around 10 sec, the life-
time of X would be about 10 (mx/m~) sec. This esti-
mate is clearly very approximate since the decay mecha-
nisms and the masses of the intermediate bosons are most
probably different in these two cases. Moreover, X might
be a boson in contrast to a proton, but the hint is clear
that the lifetime of X's possessing approximately con-
served quantum number Y may be sufficiently large to
satisfy the constraints presented below.

It is not essential for what follows if X is electrically
neutral or charged. In the latter case, the electric asym-
metry created by the X's should be compensated by, say,
electrons or quarks. If the X's are electrically charged,
the scenario of current generation is essentially the same
as in the previous case. As we see in what follows, the
effectiveness of the battery is substantially higher if X de-
cays into heavy charged particles (the requirement for the
mass of the latter is presented below).

If the X's are electrically neutral, they could still pro-
duce the battery in the case when they decay, say, into
the channel X ~X++l, where X+ is a heavy and
(quasi)stable new charged particle and 1 is a light one
such as a charged lepton or quark (we have chosen here a
particular sign convention that is X ~X++l, while
X ~X +l+). In this case, the current is created due to
different mean free paths of heavy and light fermions in
the plasma. The mean free path of a charged particle in
the primeval plasma is determined by Compton scatter-
ing or by e+e -pair production. In the ultrarelativistic
limit, the cross section for Compton scattering on parti-
cles with mass m and charge e (e =4ma=4m/137) is
given by the expression

277CX Sc= ln
m

(12)

where s = (p +k) =6ET, with E being the energy of the
charged particle and co=3T being the thermally averaged
photon energy. The cross section is dominated by back-
ward scattering when all the energy of the relativistic
charged particle is transferred to the photon. The mean
free path of the charged particles in these conditions is

lt„,=(ocN~) '=E/(a T lns/m ) .

It is larger than or comparable to the horizon size lh = t if
E ~ (10 —10 )mp„ i.e., the mass of the decaying parti-
cle should be in the grand unification range. However,
the energy of the decay products is redshifted down, and
this invalidates the condition lf„,) l& in a few Hubble
times. Hence, to create the electric currents on scales of
interest for galactic magnetic field formation, the lifetime
of the P or X particles should be sufficiently high, td ) 10
sec, and correspondingly the temperature at the moment
of the decay should be sufficiently low, Td &10 MeV.
Note that for an early decay the galactic scale is much
larger than the horizon at the moment of the decay. This
makes it difficult to generate magnetic fields at the galac-
tic scale.
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If one demands that the energy density contained in
the particles creating the electric current be smaller than,
say, 10%%uo of the energy density in the radiation, then this
condition together with the lower bound on E mentioned
above implies a strong upper limit on the charge asym-
metry,

P, &T/E=10 " (13)

Otherwise, there might be excessive distortions in the
spectrum of the background radiation.

The limit (13) on 13, could be nonvalid if the mass of
the charged decay products is sufIiciently high,
m &s —m =6ET, although the particles in the comov-
ing reference frame were still relativistic, E &)m. In this
case, the cross section of the photon elastic scattering is
given by the Thomson limit o.&=8m.a /3m, and more-
over the stopping power is further reduced by the factor
(pjco) »1 where p is the momentum of the charged par-
ticle and ~ is the energy of the background photons in
the comoving frame.

Another dangerous process is that of e+e -pair
creation through the reaction X++y —+X++e++e
with a cross section which does not decrease with energy,
o„„,=a ln (s jm, )/m, . However, for sufficiently heavy
X+, this process is not effective since the threshold for
pair production is E~=mz(m, /3T) and is not reached
for mz and T in the range of interest. To summarize,
this range is determined by the conditions

6m&T &m2,

Pm, &T,
T &30m2(mt/mp))'

(14a)

(14b)

(14c)

where m, is the mass of the decaying particle and m2 is
the mass of the heavy decay product. The first condition
implies that the cross section of the interaction with the
plasma is given by the Thomson limit. The second condi-
tion means that the energy density of the decaying parti-
cles is below the energy density of the radiation, and the
third inequality ensures the large mean free path of the
decay products. In particular, with m, and mz in the
range 10 —10 GeV, it is possible to satisfy all these re-
strictions with P=10 "—10

In both cases considered above, the initial value of the
electric charge density was identically zero immediately
after symmetry restoration and prior to the decays of P's
or X's. However, the number density of the heavy decay-
ing particles might be different at different space loca-
tions due to possible inhomogeneities in P, =P, (r) or
Pr(r) (in what follows, we will not distinguish between P,
and Pr and between P and X since both mechanisms
operate essentially along similar lines at this stage).
When P decayed and the decay products streamed away
from the region of higher P density, an inhomogeneous
distribution of electric charge would have been created.
The charge distribution is determined by two factors: by
the current of particles from the P decays (it is not of
electromagnetic origin) and by the electric discharge
tending to restore the neutrality of the plasma. The
characteristic time and space scales of the discharge are

determined by the plasma conductivity It. The local (in
space and time) relation between the electric field and the
current density, J=~K, can be used here since the
characteristic frequency of the field variation is small in
comparison with the plasma frequency, and the mean free
path of the charged particles in the plasma is small in
comparison with the distance over which the field
changes considerably. The Maxwell equations governing
these processes can be written as

V XB=4~J'"'+4m'(x)E+ BtE,
B,B=—VXE,
V E=4~p,
V.B=0,

(15)

(17)

where J'"' is the current induced by the P decays. This
current is transported by particles moving practically
with the speed of light and is equal to

J'"'= e5P, (R )S, (19)

where 5P, (R) is the inhomogeneity of the charge asym-
metry on scale R and 5= T is the entropy density. This
expression is valid on the boundary of this region; at a
larger distance l, the current decays as (R/l) . The time
duration of this pulse of current is of the order of R (we
use the natural system of units with c =lt /2m =k =1).
After the decays of et mesons, their energetic decay prod-
ucts started to stream from the regions with an excess of
P's. This created a deficit of charge in this region with
electric charge density p, . In turn, it gave rise to the elec-
tric field E forcing the restoration of the plasma neutrali-
ty. The charge density p, satisfies the equation

B,p, +4m', = —3;J "'—E;3;]c . (20)

5 Jext( t)

4m~
(21)

The induced charge density is inversely proportional to
the conductivity, and the time necessary to reach the sta-
tionary state is small in comp ari.son with R,
lt t=(4m.v) '. This expression determines in particular
the limiting value of the charge asymmetry that could be
developed by the P decays. The electrostatic potential in-
duced by the nonzero charge density in the plasma
should not exceed the energy of the decay products:

1 3 1

R 4mxR
—f d r p= f d r B,J,'"'=e5P, T R/a &m

(22)

In a realistic cosmological plasma, the conductivity a is
rather large, while its variation 5~/~ is small. If they are
due to the usual density inhomogeneities which gave rise
to the large-scale structure formation, one would expect
5K/K 10 . This allows neglect of the second term on
the right-hand side (RHS) of Eq. (20), and we obtain the
solution

p, (t) =exp( 4~et) f dt—'t3, J,'"t(t')exp(4vritt )
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If all the other quantities also reached their stationary
values (although we see in what follows that this is not
the case), the magnetic field would be determined by Eqs.
(15)—(18) with B,E=B,B=O, which reduce to

"d; (irE; ) = —8,J,'",
VXE=O .

(23)

(24)

The solution may be conveniently presented in the form

E—
( Jcxt /~ ) +E( 1 ) (25)

with

a, (~E,'")=0 (26)

and

Jext
(VXE"'), = — VX

J'" a~I n=
~iIn %0.

K K
(27)

Note that V XJ'"'=0 and a nonzero RHS of Eq. (27)
emerges from inhomogeneities in the conductivity ~. We
can evaluate E'" in order of magnitude as
E"'=( J'"' /v)( 51'/Ir), where 5~(R) is the variation of the
conductivity on scale R. Now, from Eq. (15), it follows
that

B =4vr(5v/ir) J'"'R

With J'"' given by Eq. (19), we obtain

B/T =4rre(5'/ir)5P, (R)(RT) .

(28)

(29)

Note the presence of the enormous enhancement factor
RT, which permits generation of magnetic field B=T
and energy density ps =pr even with 5P, ( 10 on
galactic scales. Unfortunately, there is not sufficient time
to reach the stationary limit of B [Eq. (29)], as can be seen
from Eq. (16), and hence the maximum possible value of
B should be much smaller. Nevertheless, since the seed

magnetic field can be amplified by the galactic dynamo
mechanism by a factor of up to 10' (or even higher) and
the value of p, could be as large as 10 ", there is ample
room to retreat below the estimate (29).

Let us turn now to the nonstationary case. The time
evolution of B is governed by Eq. (16) where E is deter-
mined by the equation

a'E, +4~~a, Ei = —4~aip, —4~a, J,'" . (30)

a E(1)—
t i

a Jext
a,

477K K

Jext
+(8,—8 ) (31)

Together with Eq. (20), this forms the complete set of
equations determining E and p, . These equations can be
solved perturbatively in the cosmologically interesting
case of large, slowly varying ~(x). It is evident that the
time scale for variation of E is the same as that of the
charge density and is equal to h, t =(4rrir) '. The solution
can again be written in the form (25) with E'" satisfying
the equation

and its curl is smaller than that of (J'"'/ir) at least by a
factor (t/R)(vR) ' ((1. This means that we can neglectE"' in estimating the time evolution of the magnetic
field,

a,B, =;I Jl"'a (32)

and hence during the time interval t=R, B can rise at
most up to

B =5P, T ——2t T5~
R

(33)

The time during which this acceleration is efficient is ap-
proximately tf' = lf"/( ur ), where uT =(3T/m, )' is
the thermally averaged electron velocity. Hence the drift
velocity under the inhuence of the electric field E is
Uz =eEtf'/m„and the conductivity is

1/2
eN uF v'3 N, m,

(35)E 8~+ X T
J,

Kc E m, .

This expression is valid for sufficiently weak electric fields
such that the energy gained by an electron on its mean
free path due to the acceleration in the electric field is
smaller than its thermal energy (see, e.g. , Ref. [19], pp.
139—140) or, in other words, that there are no runaway
particles. We shall check the validity of this assumption
on the final result.

If one literally takes the same expression for the proton
conductivity with the substitution of m instead of m„
one finds that the latter is ir = 10 Ir, (N /N, ). This is not
true, however, because of the Coulomb scattering of pro-
tons on electrons (and positrons). Note that the number
density of electrons and positrons X, could be much
larger than Nz 3&10 Xy and still N, «X~ in the
temperature range near m, /15.

The proton conductivity can be found essentially along
the same lines as above with some complications connect-
ed with the long-range character of the Coulomb force.
The resulting expression can be found, e.g. , in Refs.
[19,20]:

This is much smaller than the estimate (29) of B if the sta-
tionary state were reached. Since the magnetic field is
much smaller than the electric field, we can neglect the
inhuence of the former on the conductivity at this stage.

This result strongly depends upon the plasma conduc-
tivity, and in what follows we evaluate it for difterent
values of the temperature T. The electron-positron con-
ductivity is controlled by scattering on the electromag-
netic radiation with the Thomson cross section
o.T„=8~a /3m, . It is assumed that the temperature is
below the electron mass. At higher temperatures, the
cross section of ey interactions is -a /T and the con-
ductivity is very large, ~=T/a. The mean free path of
electrons in the radiation bath is equal to
lf"=(o.ThN&) '. Under the infiuence of the electric field,
electrons are accelerated in accordance with the equation

m UE eE (34)

thus, E'" can be evaluated as

E"'=5P, T ( Tllr)(t/R)(Rv)
K

m e lnA
(36)
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The minimum value of the total plasma conductivity,
a.= 5 X 10 T, is achieved at T =m, /15 and corre-
spondingly X, /Xz =1.7X10 and X /N, =1.7X10
(for N /N~=3X10 ' ). It means that the most favor-
able conditions for magnetic field generation are realized
for wavelength R equal to the horizon l& at T = T . In
terms of the comoving scale, it is equal approximately to
3 kpc. The amplitude of the magnetic field, as given by
Eq. (33), is B/T =10"(5~/~)5f3, Thi.s does not mean, of
course, that the magnetic field is largest on this scale be-
cause the result depends also on the fluctuation spectrum
5P, (R) and 5~(R) and upon the details of the subsequent
field amplification by the adiabatic compression and/or
by the galactic dynamo. The scale R is rather low be-
cause the galaxies themselves do not follow the average
Hubble expansion, and to get the present-day galactic
size we need a scale two to three orders of magnitude
larger. A magnetic field of the appropriate wavelength
should be generated at T=10 m, when the horizon was
about lh =4X10 sec. The plasma conductivity at that
time was dominated by proton conductivity, and to ob-
tain the right amplitude of the magnetic field at the galac-
tic scale with the subsequent dynamo amplification by,
say, ten orders of magnitude, one needs

5P, (5a/a) ) 3 X 10 (37)

Now we test the validity of the assumption of the ab-
sence of runaway particles. The amplitude of the
discharge current in the plasma is close to that of the
original one from P decays, J "=J'""=e5P,N . This
means that the drift velocity of the particles participating
in J " is vE =5f3, (N /Nti ) =5P, //3z (here Pti =3 X 10
is the baryon asymmetry of the Universe). The kinetic
energy of the drift in the electric field should be smaller
than the thermal energy, mvz/2 (3T/2. It is satisfied if

(38)
m P~

Comparing this with the condition (37), we find that for
successful magnetic field generation the inhomogeneities
in the plasma conductivity should be rather high:
(5a/~)) 10 for T=10 m, and (5~/a)) 3X 10 for
T=m, /15. Note, however, that the above mechanism
might be operative even if the condition (38) is not valid.

An interesting possibility is the generation of magnetic
field after hydrogen recombination at T ~ T„,=0.35
eV=4000 K. Though v, [Eq. (35)] rises as T '~, the ra-
tio N, /N~ drops by 10 at recombination so that

~, =5X10 (T„,/T)' T„, .

The horizon volume during recombination includes

where lnA is the so-called Coulomb logarithm which
comes from the integration of the Rutherford cross sec-
tion. A is equal to the product of the average momentum
transfer Ap = T and the Debye screening length
A,D =(T/47raN, )' . Thus

InA=0. 51n(N /aN, )=10—20 .

10 —10 potential galaxies, and so the scale of the mag-
netic field is sufficiently large. At this stage one should
expect larger variations in the plasma conductivity due to
rising density inhomogeneities (up to 5~/a- I). Since the
galactic size lg, &

is much smaller than R =lh, the time
duration of the electric current pulse corresponding to
the inhomogeneity of P, on the scale R is also much
longer than /, ~

and this permits the enhancement of the
magnetic field amplitude by the factor t/ls, ~

-—10 [see
Eq. (33)]. In the most optimistic case, one can get
(B/T ) = 10 5/3, (R ).

These results suggest that the proposed mechanism can
create large enough seed fields for the generation of the
observed galactic magnetic fields. It is noteworthy that
magnetic fields generated by the present mechanism are
correlated with the inhomogeneities in the energy density
of the primeval plasma so that the field amplitude should
be larger in regions with higher matter density. Magnetic
fields in the early universe could create a nonzero local
vorticity because of the different interactions of protons
and electrons with the radiation. Particles infalling into
the region of higher matter density due to the gravita-
tional attraction would acquire a nonzero angular
momentum in the magnetic field (if it exists). The angu-
lar momentum gained by protons would be equal in mag-
nitude and opposite in sign to that gained by the elec-
trons. So, for a neutral Aux of noninteracting particles,
the net angular momentum should be zero. However, the
much smaller friction force acting on the protons from
the background radiation would destroy the balance.
This process is in fact inverse to the one considered in
Ref. [4] where it was assumed that magnetic fields were
generated by vorticity in the early Universe. Note also
that the decays of P bosons could create energetic cosmic
rays with characteristic energy

m&/(zd+1)=3X10 GeV (100 GeV/Td)(m&/mp~);

here, (zd+1)= Td/To and TO=3 K is the present-day
temperature of the relic background radiation.

It is of interest to note that observations of global mag-
netic fields in spiral galaxies cannot yet distinguish be-
tween two rival hypotheses for field origin that appeal ei-
ther to a dynamo that leads to a closed axisymmetric field
[21,22] or to an open bisymmetric spiral configuration
[23]. Both types of field configuration are observed, and
since with reconnection even a primordial field can pro-
duce closed magnetic structures, it is not possible to
make any definitive assertions about the required degree
of amplification of primordial fields [24]. Without a
dynamo, diA'erential rotation accounts for —100 wind-
ings of the primordial field, suggesting that the primordi-
al field was about —10 G, while a proto galactic
dynamo may succeed even if the pregalactic field is
10—15 orders of magnitude lower. A more direct obser-
vation of early galactic fields comes from observations of
the extragalactic component of Faraday rotation toward
quasars, which appears to be associated with intervening
metal-line absorption systems [25], generally presumed to
be metal-poor clouds in galaxy halos. Equipartition field
strengths are inferred at a redshift z = 1 —2, implying that
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a relatively ordered field already was present in galaxy
halos.

In conclusion, we have shown that an electric battery
might be operating at an early stage of the evolution of
the Universe. It should lead to creation of chaotic
cosmological magnetic fields with length scale and ampli-
tude appropriate for the explanation of seeds for the ob-
served magnetic fields in galaxies. The spectral distribu-
tion of the magnetic field depends on the details of the
electrogenesis and can be practically arbitrary starting
from a scale-free form to one having a prominent peak at
some particular wavelength. The spectrum should be
considerably modified in the course of cosmological evo-
lution, and in particular the fields in galaxies should be
enhanced both due to operation of a protogalactic
dynamo and because of the anticipated correlation with
the matter inhomogeneities. The model is most easily

realized if there are new quasistable neutral or charged
particles with mass around 100 TeV as well as charged
long-lived or even stable particles with mass an order of
magnitude smaller. The latter, if they are stable, were
proposed [26] as bearers of the hidden mass of the
Universe. The search for charged dark matter [27] allows
their existence in the desired region. The decays of X
into Y and the subsequent decay of Y (if it is unstable)
could give rise to observable features in the microwave
background radiation.
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