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Primordial Magnetic Fields, Right Electrons, and the Abelian Anomaly
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In the standard model there are charges with Abelian anomaly only (e.g., right-handed electron
number) which are effectively conserved in the early Universe until some time shortly before the
electroweak scale. A state at finite chemical potential of such a charge, possibly arising due to
asymmetries produced at the grand unified theory scale, is unstable to the generation of hypercharge
magnetic field. Quite large magnetic fields (0> G at T ~ 100 GeV with typical inhomogeneity
scale~1Tl6) can be generated. These fields may be of cosmological interest, potentially acting as seeds
for amplification to larger scale magnetic fields through nonlinear mechanisms. Previously derived
bounds on exoti®@ — L violating operators may also be evaded. [S0031-9007(97)03866-0]

PACS numbers: 98.80.Cq, 11.10.Wx, 11.30.Fs, 98.62.En

It is usually assumed that the early Universe at temgrand unified theory (GUT) baryon asymmetry by anoma-
peratures above the electroweak scale and below, salpus electroweakB and L nonconserving reactions was
10'2-10'® GeV (depending on the model of inflation) con- realized in Refs. [5,7,8].] Suppose now that an excess of
sists of an (almost) equilibrium primordial plasma of ele-right electrons over positrons was created by some means
mentary particles, in which any long-range fields areatT > Tk (e.g., by a GUT mechanism for baryogenesis).
absent. One exception is in the context of the problem oNow the right electron number currey is violated in
generating galactic magnetic fields, which may require théhe minimal standard model (MSM) as described by the
presence of primordial seed magnetic fields which are sutenomaly equation
sequently amplified by a galactic dynamo mechanism (see, g"y3

e.g., [1]). The creation of long range magnetic fields re- 9MJ';€L =~ 64772fwf“”, )

quires that conformal invariance be broken in the couplin ~ .
of the electromagnetic field to gravity [2], and a number OgNheref(f) are thely (1) hypercharge field strengths (and

:geir duals), respectivelys’ is the associated gauge cou-

mechanisms based on different ideas about this breakin ing. andve — —2 is the hvpercharae of the riaht elec-
have been proposed to date [2,3]. In this Letter we art 9 Th YR b f 1h yp ht el 9 hg f
gue that there may be a relation between the appearancet - e number of the right electrome therefore
magnetic fields in the early Universe and two other, appar9 anges W'.th the Chern-_Slmons (CS)1 r12umber O.f the hy-
ently completely unrelated, phenomena: (i) The smallnesBércharge field conflgug:mon a8k = 3ykANcs with
of the electron Yukawa coupling constant, and (ii) possible _ _ 3>
lepton asymmetry of the early Universe. Nes 3272 ] & xeijif ik @

In short, the logic goes as follows. There are threewhereb, is the hypercharge field potential.
exact conservation laws in the standard electroweak the- One can now see qualitatively that there is an instabil-
ory. The associated conserved charges can be written ig in hot matter with an excess of right electrons toward
N, =1L; — %B, whereL; is the lepton number ath gen-  formation of hypercharge fields with CS number as fol-
eration andB is the baryon number. The fourth possiblelows. (The line of reasoning presented here is similar to
combinationB + Y, L; is not conserved because of elec- the consideration of cold fermionic matter with anomalous
troweak anomalous processes, which are in thermal equéharges in [9].) The energy density “sitting” in right elec-
librium in the range100 < T < 10'2 GeV [4]. Now, trons with a chemical potentialy is of the orderuk T2,
if h, =0, whereh, is the right electron Yukawa cou- and their number density of ordgtz72. On the other
pling constant, then the electroweak theory on the clashand, this fermionic number can be absorbed by a hyper-
sical level shows a higher symmetry, associated with theharge field of ordeg’kb?, with energy of orderk?b?,
chiral rotation of the right electron field. For the small where k is the momentum of the classical hypercharge
actual value of the Yukawa coupling(= 2.94 X 107° field andb is its amplitude. Therefore, & > T /g’> and
in the MSM), this symmetry has an approximate charack ~ uz7T?/g’?b?, the gauge field configuration has the
ter. At temperatures higher thdfx = 80 TeV perturba- same fermion number as the initial one, but smaller en-
tive processes with right electron chirality flip are slowerergy. An instability to generation of hypercharge mag-
than the expansion rate of the Universe [5], and therenetic field, which tends to “eat up” real fermions, results.
fore this symmetry may be considered as an exact onk is important here that at temperaturés> T the elec-
on the classical level & > T [6]. [The importance of troweak symmetry is “restored,” and that the U(1) hy-
this symmetry for the consideration of the washout of thepercharge magnetic field is massless at that time. (No
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term like m}b? is generated in any order of perturbation is given by} = oE, whereo is the conductivity of the
theory in abelian gauge theory at high temperature [10]plasma andE is the (hyper-)electric field. We have also
the lattice study in [11] confirmed this expectation for dropped the termE /dt since (as we will see below) the
SU(2) X U(1) EW theory beyond perturbation theory.) If fields always evolve on a time scale which is much longer
the hypercharge magnetic fields survive until the time Ofthan o—!. 'In the expanding Friedman-Rodman-Walker
the EW phase transitiori’(~ 100 GeV), they will give  yniverse with scale factar, the equations have exactly the
rise to ordinary magnetic fields because of electroweakame form in conformal time coordinates= [a ' (1)dt,
mixing. In the rest of this Letter we present quantitativepyt with the replacemenjsg — wga ando(x T) — ca.
estimates of the (hypercharge) magnetic fields which mayhe fieldse and & are those given by their standard defi-

be produced by this effect. o ~nitions in the conformal frame which will be related to the
Let us discuss first the possible origin and the magnltud%hysicm fields at the appropriate point below. We also

of the required right electron number asymmeély =  have the following kinetic equation fqug:

er/s, wheres = %72T3Neff is the entropy density with

Netr = Ny + §N; = 106.75 the total effective number 1 duga) _ _a'783 1 E-H — Tx(ura), (6)

of degrees of freedom of the MSM. In principigg a Ot 7 88 a’T? ’

produced by out of equilibrium decay at the GUT scale
can be as large as1072-10"* (for a review see, e.g.,
[12]). This is quite consistent with the magnitude of the
final baryon asymmetr§z being that observed since there . o . T

is no sir¥1ple g)(/eneral 3?elationgbetween the two numberd!iP €lectron chirality W'thnthe ratel'r = 3,7 (_MO -

In theories like those discussed in [5,8] withviolating Mp1/1-667\/8§veff = 7.1 X 10°* GeV). The numerical co-
processes at intermediate scales one Bas- &z, at efficient <3 comes from the relationship between right
least in the case that the violating processes go out electron chemical potential and right electron number
of equilibrium before theey violating ones come into asymmetry (in terms of which the anomaly is expressed)
e_quili_brium. I_n [8] the case is considered where the ) 783 201 15

violation continues for just long enough to reduce they, = —WZNeff[—gR — =8 + —(5, + 53)}1
final 65 to the observed one from an initially larger 45 88 88 22

value fixed bysg. And, in a simple GUT-like SU(S) in  yhich is obtained from a local thermal equilibrium calcu-
which the charge&/; = L; — 3B are conserved, we can |ation in the EW theory with three fermionic generations
have6; = 0 at the electroweak scale irrespective of thegng one scalar doublet, with the conserved charges as-
value of 6z during the time it is effectively conserved. gymed to beV;(= 8;5) andeg(= Sgs).

In the rest of this Letter we will simply assume the \with a Fourier mode decompositidﬁ(i) - fd37< %
existence of a primordial density ef, with its chemical F(R)e % with F(F) = hié;, wherei = 1,2, &2 = 1
potential as a free input parameter, assumed only smaﬂ PN hl ’IZ 7 4’ d’ 5
enough to be treated perturbatively. We also assume tht k=0, ¢ - e =0, the linear equations (4) and (5)

in which the first term describes the change in the chemi-

cal potential due to the anomalyf f o« E - ﬁ), and the
second the change due to the perturbative processes which

no hypercharge magnetic fields existed before the righ ecome
electron excess is generated. 2 4i p k|
The effect of the anomaly on the gauge field dynamics drhy + ;hl - h, =0,
is given through the term in the effective Lagrangian 5 . )
g"? ah2+k—h2+wh1=o
oL = mMREijkfijbk, (3 T oa o ’

which is obtained by integrating out the fermions at finite

) i X i - whereu = %,LLR. The mode
chemical potential [13]. It simply describes how winding

the gauge fields to give CS number changes the energy of s, (7, k) = —ih (7, k)
the system because it changes the number of fermions as .
described by the anomaly equation. Adding this term to = — Z[(0,k) + ihs(0, k)] exdA+(7)], (8)
the ordinary Lagrangian for the gauge fields leads to the 2
equations of motion where
oH > >
at +VXE=0, “) Ae(T) = — L(kr = 4] dT',ud) 9)
. 1= - 4a - ad 0
B (Vi i), ® o |
o ™ is an unstable mode which is growing at conformal time

wherea’ = g”/4m. These are simply Maxwell's equa- 7 if k < 4u(7)a(r). It has the propertyE (k) = = X
tions with the additional term due to the anomalyu(r H)  (—|k| + 4ua)H (k). (The other orthogonal mode decays
and the assumption that the total (hypercharge) currerat any|k|.)
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Consider now the approximation in which the chemicalis good, one expects that the growth will rapidly turn into
potentialu is a constant. The growing instability starts to decay asu is damped. Within a few expansion times

develop atl" ~ T, where we defind’, to be the growth will be undone as the maximally growing
w1 M, modek ~ 2ua now decays with exponent (k?/o)ar.
<?> o/T T_g = (10)  what about the case when this linear approximation

breaks down? To treat this case we must analyze the
full nonlinear set of Egs. (4)—(6). We have done this
humerically with the simplifying assumption that the
distribution of right electron number is homogeneous in
space. Then the two linear equations (4) and (5) can be

for the instability to develop is thaft, > Tk, since if this
is not satisfied the second term in (6) will rapidly reduce

,uiovzart(:].zero. 'Tgnila;ea thl)oa6m|n|_mum Xaggt; forsolved exactly for any time dependept the solution
= 7, this require erie = (Usingo ~ inserted in (6), and the averaging over thermal initial

[14]). Ford < deie N0 nontrmal dyna_mlca result from ?onditions performed. The resulting equation is
the presence of such a chemical potential since the unstable

modes are frozen on the relevant time scales ¥ 8., pa _ <01_’>2E 1 fmdkkz

the evolution of the instability fof” < T, will be given aT ) 88 327w2ca’T Jo

by the simple growth factor above, until the time at which < (k — 4 exd2.

the growth becomes significant enough that the first term {« pa) X2 (7]

in (6) is important. To estimate when this is and what — (k + dpa)exd2a-(n)]},  (12)

th? almtpllttl;decosf the fLeId IS atfthatt.tlme f'tt.'s suf}‘;qen'; © with A+(7) given by (9). Our results show that the chemi-
caicuiate the NUMDET as a function ot time. LIS given., potential, typical physical momentum of the magnetic
(per comoving volume) by

» field configuration, and the magnetic field energy scale as
nes(r) = = 2 {euf u(n)bi(r) pr ko Hpny (z )

b T T TfO\T,
g pra 2 Képa i) o . _ _ _
~ fo dke” = k"f(k), (11) in the rangeT, > T > Tx. This behavior can be easily

64t o ¢ east
neglecting all but the growing mode. We have also taker%mderStOOd qualitatively as follows. As the instability

> 5 20 develops, the linear approximation breaks down and

<bi(k_’ )b, (1, 7) = lr—0 = 8%k —_1)5,-.,‘ < b2(.k)>0’ as"  starts significantly decreasing. This shifts the growth of
suming translatlonal and rotational invariance of Fhemodes to longer wavelengths. This procedure continues,
initial perturbatlon_s,.and _assumed that t_he perturbatlonarowth of any mode eventually turning itself off and
are thermal in Or'?'n' with the approprlate; norm""“Z""'increasing the growth coefficient of modes at larger scales.
tions, (b*(k))o = zg7yf (k), wheref(k) = (e™ — 1)™"  The minimum value ofx which can be reached at
is the bosonic distribution function and, the tem- any given timer (and, correspondingly, the maximum
perature at which we define, = L Defining € by  physical scale for the sourced fields) is simply that
syRncs = €Aera®, where Aeg = 74573, ie., the given by (10), solved foru with T, replaced by the
difference between the right electron density in the initialtemperatureT'(7); i.e., it is just the minimal chemical
state and theur = 0 state, the linear approximation potential required to drive a growing mode at that time
breaks down where ~ 1. Evaluating the integral in in the linear approximation. The parametric dependence
(11) we find e = 2 X 10*65%6a where « = T,/T  on the temperature observed follows from the fact that
with 7, as in (10). Thus for a few expansion times the chemical potential and maximally growing mode trace
after the mode starts growing at temperatifg we these values. The dependence of the magnetic field
havee < 1 and the linear approximation is valid. The energy follows from the expression we derived in the
corresponding physical magnetic field,,, can be es- prev?ous paragraph by setting the_ CS number of the
timated by putting |ncs| =~ %;kbz - %eAeReﬂ and configuration to cancel the total fermion number, but now

using kb = a’Hyny, wherek ~ 2ua (i.e., assuming the taking the appropriate scaling fégy, itself.
maximal growing mode to dominate). Putting in the EVOlVing the system forward fronfy to the elec-

numbers this gives a physical magnetic field of strengtiffoweak scald, we see the damping of the fields for
5 Fom 2 ] in the linear regime anticipated above, as the perturbative
Hppy = 2 X 10°y/e67T° at a physical length scale processes erase the chemical potential driving the growth.

oy = (%)‘1 ~ % Fors ~ 5 X 107° we are in the As § increases, however, this damping becomes less ef-

e =
Ii?]gar regime untilTx ~ 80 TeV and at that point there- ficient, and ford > 2 X 10~* we find that the damping
fore have a magnetic field of strengthy,, ~ 6 X 10°° G has not set in at all by the electroweak scale. The rea-
(1 GeV? = 1.95 X 10*° G) at a length scale 0of10°/T  son for this behavior is also simple. For a mode which
(compared to a horizon scale ofl10'3/T). evolves in the linear regime, the growth and decay expo-
How do the fields evolve fof < Tx? In the case that nents are effectively the same for the modes which grow

the linear (i.e., constant chemical potential) approximatiorsignificantly. Once we enter the nonlinear regime this is
1195
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no longer true, since the maximally growing mode car-survives remains in the condensate until the electroweak
ries the integrated effect of growth until any given time; scale, any bound on the strength of exotic interactions can

i.e., it has grown with exponet [ @dﬂ, which is much be evaded. Irrespective of the effect of ahy- L viola-

greater than(];—ar. Put another way, the mode has beention until that point, the remaining CS number will be con-

able to grow on a scale significantly larger than the diﬁ;u_verted into quarks and leptons carrying net baryon number

sion length for magnetic field at the relevant time, and it2t e electroweak phase transition. The final baryon

takes some time after the end of the growth for the lattePSYmmetry will depend on the initial value éfand the

scale to catch up and undo the effect of the instability. FofXact strength of the phase transition (which will deter-

8 in this region we also see that the typical scale of mag[nlne how the violating processes turn off). Conversely,

netic fieldsk and value of the chemical potential&s, do given detailed knowledge of the phase transition, it will be
L 2y A 10° possible to place an upper bound on the initial valué of
not depend on initial asymmetry;~ = -+ = —. The

. oz NG in the very early Universe, and on the strength of the mag-
amplitude 9‘; magnetic field scalegZ&Soc o and, e.9., petic fields resulting at the electroweak phase transition.
for 6 = 107 we find H = 4 X 10~ G. This is as we
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