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Primordial Magnetic Fields, Anomalous Matter-Antimatter Fluctuations,
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We show that the presence of primordial stochastic (hypercharge) magnetic fields before
electroweak phase transition (EWPT) induces baryon-antibaryon inhomogeneities. Depending o
magnetic field spectrum and on the particle physics parameters (such as the strength of the EWP
electron Yukawa couplings), these fluctuations may survive until the big bang nucleosynthesis (B
Their length scale and magnitude can be so large that sizable antimatter domains are present
provides the possibility of a new type of initial conditions for nonhomogeneous BBN or string
bounds on primordial magnetic fields. [S0031-9007(97)04920-X]
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Large scale magnetic fields in diffuse astrophysical pla
mas represent a well established observational fact fo
few decades. It has been realized through the years
magnetic fields coherent over diverse length scales at d
ferent epochs may have a variety of quite interesting ph
nomenological consequences. Magnetic fields coher
today over scales of the order of 30 kpc are measured
and have an important role in the dynamics of the galax
for example, in confining cosmic rays [2]. Magnetic field
at the nucleosynthesis epoch, even if not directly obse
able, could change the reaction and the expansion rat
that time.

There are neither compelling theoretical arguments n
motivated phenomenological constraints which could e
clude the existence of magnetic fields prior to the n
cleosynthesis epoch. Moreover, to explain the origin
the galactic magnetic fields some authors often invoke t
dynamo mechanism which might amplify the primordia
“seed” magnetic field. It is a challenge to produce larg
scale seeds, and different ideas were aimed at this purp
The energy scales involved vary from,100 MeV for the
QCD phase transition [4] to,100 GeV in the case of
the electroweak (EW) physics [5,6] and even closer to t
Planck energy scale for inflation or string cosmology [7,8

The purpose of this Letter is the study of the implica
tions of the primordial magnetic fields which existed eve
before the EW scale (i.e., for temperatures*100 GeV).
The origin of these seeds is not essential for us, and c
sequently we simply assume that they were generated
some mechanism before the EW phase transition. O
main point is that these fields produce baryon and le
ton number inhomogeneities (isocurvature fluctuation
which could have an impact on the standard BBN.

Let us start from some qualitative considerations.
unique property of “unbroken” U(1) gauge interaction i
the absence of mass of its corresponding vector partic
Static “magnetic” fields are never screened (in the absen
of monopoles) and thus homogeneous fields can surv
in the plasma for infinite time. Under normal condition
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(i.e., small temperatures and small densities of the differ
fermionic charges) the SUs2d 3 Us1dY symmetry is “bro-
ken” down to Us1dEM, the massless field correspondin
to Us1dEM is the ordinary photon, and the only long-live
field in the plasma is the ordinary magnetic one. At su
ficiently high temperaturesT . Tc, the SUs2d 3 Us1dY

symmetry is “restored,” and nonscreened vector mod
Ym correspond to the Us1dY hypercharge group. Hence
if primordial fields existed atT . Tc, they did corre-
spond to hypercharge rather than Us1dEM. There are essen
tial differences between the interactions of magnetic fie
and the ones of hypermagnetic fields with matter. T
ordinary electromagnetic field has a vectorlike coupli
to the fermions, while the coupling of the hypercharg
fields is chiral. Thus, if hyperelectrics $EY d and hyper-

magnetic s $HY d fields are present simultaneously, the
cause a variation of the fermionic number according

the anomaly equation,≠mjm , sg02y4p2d $
HY ? $EY (here

g0 is the hypercharge gauge coupling constant). Now,
presence ofnonhomogeneoushypermagnetic fields in the
EW plasma with (hyper-) conductivitysc always implies
the existence of a related electric field,$EY , s1yscd $= 3

$HY . Since for a general stochastic magnetic backgrou

ks $HY ? $= 3 $HY d2l fi 0, the nonuniform hypermagnetic
field must produce baryon and lepton density perturbatio
because of the anomaly equation. In what follows we co
pute the amplitude of isocurvature fluctuations induced
this mechanism and discuss their physical relevance.

The starting point of our discussion will be the gene
alization of the magnetohydrodynamics (MHD) equatio
(valid for ordinary electromagnetic plasmas) to the ca
of hypermagnetic fields with anomalous coupling to t
fermionic degrees of freedom (see also [6]). These eq
tions have to be used forT . Tc. We are interested in
a slow dynamics, and we then assume that most of
particle reactions are in thermal equilibrium in the e
panding Universe (the list of those include all perturb
tive strong and weak processes, strong and EW sphaler
© 1997 The American Physical Society
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Yukawa interactions ofm, t, ands, c, b, t quarks). The
particle physics processes crucial for our purposes
those related to the Us1dY anomaly and to the slowest pe
turbative reactions with right electron chirality flip (e.g
eR 1 Higgs ! eL 1 W ). Thus, our variables are th

space-dependent hypermagnetic and electric fields$HY ,
$EY , and right electron chemical potentialmRs $xd. The

generalized Maxwell equations in a Friedmann-Roberts
Walker metric with scale factorastd are

≠ $HY

≠t
 2 $= 3 $EY ,

≠ $EY

≠t
1 $JY  4ma $HY 1 $= 3 $HY ,

$= ? $HY  0, $= ? $EY  0 ,
(1)

$JY  s $EY , astd dt  dt

s $EY  a2 $EY ; $HY  a2 $
HY ; $JY  a3 $jY ; s  scad. A

new term, proportional to the right electron chemic
potential, comes from the anomaly contribution to t
effective Lagrangian of hypercharge gauge fields [9],

dLY ,eR  meijkY ijYk , m 
g02

4p2
mR ,

Yab  ≠faYbg .
(2)

Since the EW plasma conductivity is large,sc , s0T
with s0 . 70–100 [10], the time derivatives of the electr
fields in Eq. (1) can be neglected (in the MHD conte
this is known as “resistive” approximation [11]). Thi
observation allows one to express the induced electric fi
in terms of the magnetic one,

sc
$EY  $jY . s4m $HY 1 $= 3 $HY d , (3)

and derive an equation for$HY only. It is interesting to
note that the presence of the fermionic chemical poten
induces an electric field parallel to the magnetic one.

The set of Eq. (1) has to be supplemented by the kin
equation for the right electron chemical potential, whi
accounts for anomalous and perturbative nonconserva
of the right electron number,

≠

≠t

µ
mR

T

∂
 2

783
88

g02

4p2scT3
$

HY ? $= 3
$

HY

2 sG 1 GH d
mR

T
, (4)

whereG is the chirality changing rate and

GH 
783
22

a02

scp2

j
$

HY j2

T 2 , a0 
g02

4p
(5)

(the numbers783y88 and783y22 come from the relation-
ship betweeneR number density and chemical potenti
[6]). An interesting consequence of Eqs. (4) and (5)
that in the presence of nonzero uniform magnetic field
right electron number is nonconserved (ifG  0), even
for anAbeliananomaly (cf. Ref. [12]).

Now we are ready to compute baryon number fluctu
tions produced in our scenario. We notice that at the te
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perature of the EW phase transition,100 GeV, Gt ¿ 1.
Then, since reactions with right electron chirality flip are
in the thermal equilibrium, the adiabatic approximation
can be used, and from Eq. (4) we have

mR

T
. 2

783
88

a0

pscT3

$HY ? $= 3 $HY

G 1 GH

. (6)

Clearly, a nonuniform distribution of the right electron
chemical potential induces baryon and lepton numb
perturbations of the same order of magnitude. We a
not going to write the explicit formulas since there is an
important “storage” effect which amplifies the estimate
of Eq. (6) by many orders of magnitude. Equations (3
(4), and (6) imply that

$
HY ? $EY .

G

G 1 GH

1
sc

$
HY ? $= 3

$
HY fi 0 . (7)

Now, the change of Abelian Chern-Simons (CS) num
ber is given by the time integral of (7). At the EW
phase transition the hypermagnetic fields are convert
into ordinary magnetic fields. The latter do not have cou
pling to the anomaly. Thus the CS number has to b
transformed into fermions according to Eq. (4). In or
der to estimate the produced baryon inhomogeneities
T  Tc the full coupled system given by Eqs. (1) and (4
has to be solved for every specific hypermagnetic fie
configuration [13]. However, if the typical scale of the
hypermagnetic field configuration is larger than the hy
permagnetic diffusivity scalefLs  s1yT d

p
M0ysc g the

hypermagnetic field evolves glued to the EW plasma el

ment as j
$

HY j , 1ya2 (i.e., j
$

HY j , const). So, the
chemical potential of Eq. (6)is approximately constant in
time (but not in space). Thus, from Eq. (7) keeping trac
of the numerical factor we obtain our main result,

d

µ
nB

s

∂
s $x, tcd 

a0

2psc

nf

s

$HY ? $= 3 $HY

G 1 GH

GM0

T 2
c

(8)

[nB and s are the baryon and entropy densities,s 
s2y45dp2NeffT 3, Neff is the effective number of massless
degrees of freedom (106.75 for minimal standard mode
M0  Mply1.66

p
Neff . 7.1 3 1017 GeV]. Notice that

in Eq. (8) there is an enhancement by a factor,GM0yT 2
c

arising from the time integration of the anomaly term
Some comments are now in order.

(i) For the correctness of Eq. (8) the EW phase trans
tion should be strongly first order. Moreover, a necessa
condition for EW baryogenesis [14] must be satisfied. I
the opposite case all baryon number fluctuations will b
erased by SU(2) sphalerons as it happens in the minim
standard model (MSM) [15], while this is not necessarily
the case for the supersymmetric and other extensions
the standard model [16].

(ii) Besides the primordial hypermagnetic field, an es
sential quantity which fixes the amplitude of the isocurva
ture fluctuations is the rate of perturbative right electro
chirality flip G. For GH * G the amplitude of baryon
number fluctuationsdoes not depend on the magnitude o
23
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the magnetic field fluctuations,and it is determined just by
their spectral slope. ForGH & G the rate of right electron
chirality flip cancels out, and the isocurvature fluctuation
are fixed both by the magnitude and by the spectral slo
of the primordial magnetic fields. In the MSM the rateG

depends crucially upon the electron Yukawa coupling a
is known to beG  TsTRyM0d, whereTR . 80 TeV is
the freezing temperature [17] of the right electrons. Th
number appears to be too small to allow any interestin
fluctuations. However, in the extensions of the standa
model the rateG is naturally larger than in MSM. For ex-
ample, in the MSSM the right electrons Yukawa couplin
is larger by a factor1y cosb, which may increase the
value ofTR by 3 orders of magnitude for experimentally
allowed tansbd , 50. Cosmologically interesting fluctua-
tions arise atTR . T p . 105 TeV [13].

We will assume now thatG * GH , but similar conclu-
sions hold true for the caseG & GH and TR . T p (for
details see [13]). In order to compute the amplitude an
the spectrum of the baryon number fluctuations we w
also suppose that the Fourier modes of the magnetic fie
are stochastically distributed, leading to a rotationally an
parity invariant two-point function

Gijsrd  kHis $xdHjs $x 1 $rdl , (9)

where k. . .l denotes an ensemble average. In this ca
kdsnBysd s $x, tdl  0 [18], but Dsr , tcd fi 0, where

Dsr , tcd 

sø
d

µ
nB

s

∂
s $x, tcdd

µ
nB

s

∂
s $x 1 $r , tcd

¿
. (10)

The two-point function of Eq. (9) in Fourier space is:

Gijskd  k2fskd sdij 2 kikjyk2d . (11)

For fskd a power spectrum [modified by the typica
exponential decay of small scale magnetic fields given
Eq. (1)] is assumed

fskd 
1
k

µ
k
k1

∂241e

exp

∑
22

µ
k

ks

∂2∏
,

ks  T
r

sc

M0
,

(12)

where k1 characterizes the strength of magnetic field
and e is the slope of the spectrum. A physically re
alistic situation corresponds to the case in which th
Green functions of the magnetic hypercharge fields d
cay at large distance [i.e.,e . 0 in Eq. (12)]. In k
space the magnetic energy density per logarithmic inte
val of frequency is defined [7,8] asrskd  drH yd ln k
[where rH  Tr Gijskd]. Therefore in our caserskd ,
k4skyk1d241e which implies that Green’s functions decay
ing at large distances correspond to either “blue”se $ 0d
or “violet” se ¿ 1d logarithmic energy spectra. The cas
of “red” logarithmic energy spectrase , 0d will then be
left out of our discussion. The case of flat logarithmi
energy spectrumse ø 1d may quite naturally appear in
string cosmological models [8]. The explicit result fo
24
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Eq. (10) at the EW phase transition temperature is

Dsr , tcd 
45nfa0

p2Neffs0

M0

Tc

j42eCsed
srTcd11e

f1 1 Osldg

Csed 
2e2s3y2dGse

2 d

Gs 32e

2 d

s
pese 1 2d

s3 2 ed
, (13)

l ,
µ

G

GH

∂2

sksrd22e

[whereGszd is the Euler gamma function andj  k1yTc].
For a flat spectrum of magnetic fieldsse ø 1d baryon
number fluctuations may be rather large. For examp
if the energy sitting in the background magnet
field is comparable with the energy density of th

photons, k $H
2

Y l , T 4 then for the smallest possible
scale r , 1yks , 1029 3 sEW horizon. 3 cmd we
get, from Eq. (13),dsnBysd , sa0yNeffd

p
M0ysc , 103.

This number exceeds considerably the measure of
baryon asymmetry of the UniversenBys , 10210, thus
small size matter-antimatter domains are possible at
EW scale. At the same time, for even larger scales (p
sibly relevant for structure formation), the fluctuations
Eq. (13) are quite minute (since their amplitude decrea
with the distance as1yr11e) and may be safely neglected

We consider now the question whether the fluctuatio
we found are able to affect the standard BBN. This d
pends upon the scale of fluctuations atT  Tc. Short scale
fluctuations (well inside the EW horizon) have dissipat
by the nucleosynthesis time [19] through the combined
tion of neutrino inflation and neutron diffusion. Baryo
number fluctuations affect BBN provided they are sizab
enough over the neutron diffusion scales3 3 105 cmd at
the onset of nucleosynthesissTNS . 100 kevd [19]. The
neutron diffusion scale, blueshifted toTc . 100 GeV, be-
comesLdiffsTcd  0.3 cm. Taking again the flat spec
trum for magnetic fields and assuming that their ener
is ,T4 we obtain for the baryon number fluctuations
that scaledsnBysd , 1025 ¿ 10210. If magnetic fields
are large enough, domains of matter and antimatter m
exist at the scales 5 orders of magnitude larger than
neutron diffusion length. To our best knowledge, the
were no studies of nonhomogeneous BBN with this ty
of initial conditions. It would be very interesting to se
whether this may change BBN bounds on the baryon
photon ratio by changing the related predictions of the lig
element abundances. This possible analysis will not
attempted here.

A more conservative attitude is to derive bounds on t
magnetic fields from the requirement that homogeneo
BBN is not spoiled, i.e.,DsLdiff, tcd , nBys which be-
comes in terms of the parameters (j and e) defining the
hypermagnetic background
log j

,
log sc

Tc
2 6.26 1

1
2 log e 1 14.88e 1 logfVBh2

100g
4 2 e

.

(14)
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FIG. 1. We compare the bound (14) imposed by the absen
of matter-antimatter domains in the standard BBN scenario (f
line) with the constraint (15) imposed by the rate of univers
expansion at the same epoch (dashed line). We also report
completeness the critical density bound (dot-dashed line). T
bound given in Eq. (14) (shaded region) is more constrainin
for e , 1 than the other two bounds. The plot is in the cas
VBh2

100  0.01, h100  0.6, andscyTc  70.

We plot it in Fig. 1 for a typical choice of the parame
ters and0.05 & e & 1 (for scyTc . 70–100,VBh2

100 .
0.1–0.01, and0.4 , h100 , 1, this bound does not change
significantly). Equation (14) represents a quite stron
bound for blue spectra (i.e.,0 , e , 1). For growing
logarithmic spectra [e . 1 in Eq. (13)] the fluctuations are
parametrically smaller thansnBysd at the neutron diffusion
scale and then practically unconstrained by BBN. In o
der not to affect the Universe expansion at BBN it shou
hold (see, for instance, Kernanet al. in Ref. [3]) thatrH ,

0.27rn [whererH is the magnetic energy density define
after Eq. (12) andrn is the energy density contributed by
the standard three light neutrinos forT , 1 MeV]. There-
fore from Eqs. (9) and (12) we have

log j ,
s11.30 2

1
2 log sc

Tc
de 1 log e 2 0.2

4 2 e
. (15)

On the other hand, the critical density bound imposes th
rHstd ,

p2

30 NeffT 4 at any given time and, in particular, for
T  Tc. These bounds are reported in Fig. 1. The boun
of Eq. (14) turns out to be more stringent (by 2 orders
magnitude for logarithmic spectra withe ø 1) than the
bounds provided by the Universe expansion at the BB
time [3,20].
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