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Electroweak origin of cosmological magnetic fields
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Magnetic fields may have been generated in the electroweak phase transition through spontaneous symmetry
breaking or through the subsequent dynamical evolution of semiclassical field configurations. Here | demon-
strate explicitly how magnetic fields emerge spontaneously in the phase transition also when no gradients of
the Higgs field are present. Using a simple model, | show that no magnetic fields are generated, at least
initially, from classical two-bubble collisions in a first-order phase transition. An improved gauge-invariant
definition of the electromagnetic field is advocated which is more appropriate in the sense that it never allows
electrically neutral fields to serve as sources for the electromagnetic field. In particular, semiclassical configu-
rations of theZ field alone do not generate magnetic fields. The possible generation of magnetic fields in the
decay of unstabl& strings is discussedS0556-282(98)05414-9

PACS numbgs): 98.80.Cq, 11.15.Ex, 11.2%d, 12.15.Ji

I. INTRODUCTION the covariant derivatives of the Higgs field in causally dis-
connected regions must be uncorrelated. The electric current
It is known that our galaxy and many other spiral galaxiesthat produces these fields can receive contributions from gra-
possess a large-scale correlated magnetic field with dients of the phases of the Higgs field and charged vector-
strength of the order of 1¢ G[1]. In each case the direction boson currents or both, depending on which gauge is used.
of the field seems to accord with the rotation axis of theRecently the electric current from the Higgs field was calcu-
galaxy, which suggests that it was generated by a dynamiated in Ref.[13] and was found always to be zero. For this
mechanism in which an initial field was amplified by the reason, it was claimed that no coherent magnetic fields are
turbulent motion of matter during the epoch of galaxy for-generated by the rolling Higgs field in the electroweak phase
mation[2]. This mechanism usually requires a seed field oftransition. | will show below that these statements are incor-
the order of 102! Gauss or larger which is primordial in rect.
nature(see, however, Ref3] for an alternative possibilify A useful tool in the investigation of magnetic phenomena
Various cosmological explanations for such a seed field havand magnetogenesis is the gauge-invariant definition of the
been suggestefi—12). The present paper focuses on sce-electromagnetic field tensor introduced in RES]. It has
narios in which a strong magnetic field of magnituderecently been employed by Grasso and Rid&¢ in the
10?°-10?° Gauss was generated during the electrowealstudy of semiclassical configurations of tAeand W fields.
phase transition and was thenceforth diluted by the expanfhey discovered a set of puzzling paradoxes in which the
sion of the universe to values appropriate for a seed field aglectrically neutralZ field appears to act as a source for
the time of onset of galaxy formation. magnetic fields. In particular, it seemed that a magnetic field
There have been several models proposed in which th@ould always be present along the internal axis of an elec-
strong magnetic field is produced by the turbulence of th&roweakZ string.
conductive plasma during the phase transifiérp]. In con- These surprising and counterintuitive results have
trast, | shall restrict myself to mechanisms where the magprompted me to reexamine the gauge-invariant definition of
netic field would be generated directly from the dynamics ofthe electromagnetic field tensor. | find that it is indeed not
the order parametefthe Higgs field and from the gauge suited to situations where the magnitude of the Higgs field
fields in the process of breaking the electroweak symmetryjeviates from its vacuum value. | propose a different defini-
SU(2).XU(1)y to U(1)gy. Such mechanisms include the tion of this tensor which, in addition to resolving the para-
spontaneous generation of magnetic fields, collisions ofloxes, proves to be a potent calculational tool. For example,
bubbles of broken phase in a first-order phase transition, and follows immediately that no magnetic field is generated
the formation and dynamics of nontopological defects. Ininitially from the classical dynamics of the Higgs field in a
addition, there are scenarios in which magnetic fields areollision between two bubbles in a first-order electroweak
produced by bound pairs of monopoles in standard and exhase transition.
tended electroweak modd]g], but | shall not consider them The paper is organized as follows. In Sec. Il | describe the
here. problems with the conventional gauge-invariant definition of
Vachaspat{8] has suggested that strong magnetic fieldsthe electromagnetic field tensor and argue why it should be
may emerge spontaneously in the phase transition becausgodified. | then present an improved definition and describe
its general properties. In Sec. Il | point out that the contri-
bution to the electric current from the Higgs field actually
*Present address: DAMTP, Univ. of Cambridge, Silver Street,does not vanish. | go on to demonstrate that in an arbitrary
Cambridge CB3 9EW, United Kingdom. Electronic address:gauge one can always construct electrically charged field di-
O.Tornkvist@damtp.cam.ac.uk rections in the Lie algebra and corresponding charged vector-
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boson fields. The current resulting from these fields is inaMAv_ayAw whereA ,=sing,, W2 + coss,, Y, . This holds
general nonzero and will give rise to electromagnetic fieldsy,,a however only when the mggnitudés a constant. For

In Sec. IV | present an alternative description of the spon-, generalpositive p=p(x), it is easy to show that
taneous generation of magnetic fields where the unitary ’

gauge is imposed. In this gauge there are no angular degrees FeM—A 2 tand,(Z,d, In p—Z,3, In p)

of freedom of the Higgs field. Instead, the magnetic fields pro R ey e

arise from SW2) and U1) vector potentials that were present (unitary gauge) (2
already in the ground state of the symmetric phase. As the

SU(2). X U(1)y symmetry breaks, the vector potentials find with Z ,=cost,, Wi—sinﬁw Y,

themselves having random nonvanishing components along While such a definition certainly is possible, its physical
new physical directions of the Lie algebra which are theconsequences become highly disturbing when one considers
eigenstates of mass and electric charge. This reinterpretatiahe dynamical equation fdf 7 in this gauge, which takes
confirms Vachaspati's original proposal that magnetic fieldshe form[9]

can be generated spontaneously in the electroweak phase

transition[8]. I*FSh=—ie[W*(D,W,~D,W,)—(D,W,
In Sec. V, | show that no magnetic field is generated : ) . .
initially from the classical dynamics of the Higgs field in a —D,W,)'WK]—ied*(W,W,—W,W,)

collision between two bubbles in a first-order electroweak
— I —

phase transition. This is shown for arbitrary difference and 2 tandy, 0"[Z,9,In p(X)=Z,d,In p(x)]
relative orientation of the phases of the Higgs field in the two (unitary gauge). (3)
bubbles. The result is in stark contrast to that of the Abelian
U(1) model, in which a field strength is present from the HereWL and WME(Wi_iWi)/ﬁ are the charged vector
instant of collision[14,15. bosons, and,W,=(3,,— igWo)W

. . . 1 14 M v*

In Sec. VI the field configurations of the electroweak From Eq.(3) one would infer that an electromagnetic field
string[16] andW string[17] are investigated, using the re- coy|d be generated from currents involving the fielgsand
deflﬂed eIectror_na?nlt(ejtlc field ;tens_or. | verify that they_carryp_ From most points of view such a result seems absurd
neither magnetic fields nor electric currents. In R&fl it gjnce, in the unitary gaug&, andp are electrically neutral.
was suggested that magnetlc fields may be gengrated in the fact, the charge operatot£ 73)/2 annihilates (0p) ™ and
decay of electroweak strings. In the case of:ﬂwetrlng, the  commutes with theZ direction in the Lie algebraT,
source of the magnetic field would be charged fields co2h,°—sirf4, 1. The fieldsZ, and p remain neutral
which are initially present in the decay. By constructing the, g \whery is coordinate dependent because the form of the
unstableW mode responsible for the decay, | verify explic- charge operator can depend only on the choice of gauge. The
itly that a magnetic field is indeed generated. Estimates of:hange fromp=const to p=p(x) does not constitute a

the strength and correlation length of the generated mag”etifhange of gauge, since no angular degrees of freedom of the
field are provided, for each mechanism separately, at the eqqiggs field are involved.

of Secs. IV, V, and VI, respectively. The definition(1) thus implies that electromagnetic fields

can be produced by neutral currents. A more reasonable and
[l. GAUGE-INVARIANT DEFINITION practical definition should exclude this possibility.
OF THE ELECTROMAGNETIC FIELD Through a slight modification of a definition given by 't
Hooft [18] for the SA3) Georgi-Glashow model one obtains
an improved gauge-invariant definition of the electromag-
netic field tensor

The conventional gauge-invariant definition of the elec-
tromagnetic field tensor in the SU(ZU(1) Yang-Mills-
Higgs system is given bj8]

N — i y Y
Fem=—sing,, $*F2,+cos,, F, =" Siby $°F,+cosh, F,
sing, 2 T T S a0, 0, @)
13 ﬁ[(pﬂq’) D,®—(D,®)'D,P], g
(1)  where D#fﬁ)a: a#§ba+ geamWf’Lfi)C. This definitjon depends
h on the Higgs field only through the unit vectgf which is
where independent of the magnituge=(®'®)%2 Therefore, the
t a , problematic terms in Eq$2) and(3) involving gradients of
a2 TP 9 apeidy =5 —ia p will not appear in the unitary gauge, where the field tensor
© © we

ofp Pu=d0u713 2 * now always reduces to the familiar expressigfj;=A,, .
An intricate interplay between the first and last term in Eq.
This definition ofFfLT has the attractive property that, in a (4) ensures that the electrically charged (3Uvector fields
“unitary” gauge whered=(0,p) ", ¢*= — 523, with p real ~ cancel(in any gaugg leaving only the neutral component

and positive, it reduces to the usual expressidp,= —sing,, Egsa(aﬂw‘;‘—aywj;). The definition(4) has been pro-
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posed earlier by Hindmargi9], but has not been applied Ill. A NONVANISHING ELECTRIC CURRENT
before in the study of magnetic fields in the electroweak

phase transition It was originally suggested by Vachaspa] that electro-

. - e em magnetic fields may emerge in the electroweak phase transi-
_ (;t_can t'b?' Zhown thﬁt the B|antch|| |dent|ty|‘ d IéaV}—aﬁ ion through the process of spontaneous symmetry breaking.
IS salistied everywhere except along world fines arounGryq principal idea is that as the Higgs field magnityde
which ¢* takes “hedgehog” configurationfl8]. This en- = (@ ') becomes nonzero in the phase transition, the co-

sures that there is no magnetic charge or magnetic current §fyriant derivativeD d=(d,—iA,)® cannot remain every-
the absence of magnetic monopoles. The conventional defighere zero, because that would imply an inexplicable corre-
nition, Eq. (1), does not have this property. _ lation of phases and gauge fields over distances greater than
Repeating the calculation done in Rgg] for the field  the causal horizon distance at the time of the phase transi-
tensor of Eq.(1), one may derive the field equation for the jgn.
redefined field tenSQFZT USing the equations of motion for In the much Simp|er case of a g|oba(1) Symmetry(i_e_,
F%, andF), and a few Fierz identities. One thus obtains  with the gauge potentiah, set to zerg, an instructive anal-
ogy can be made with the phase transition in superfluiti He
. [20]. When such a system is rapidly quenched, the complex
5“7:2?:1? field ® emerges from the falsé=0 ground state attempting
L u o aca to find a new true minimum on the circlgb|=v but is
=—sin 6(D*¢)°F,, forced to assign values for its phase more quickly than the
in 6, A A . time it takes information to propagate across the container
" €°°¢7(D ,$)°(D, )], (5  (given by the speed of “second sound Gradients of the
phase thus appear and, because the fluid velocity is propor-
tional to the gradient of the phase, a flow is generated.
The analogy with the superfluid has sometimes led to the
misinterpretation that magnetic fields in the electroweak
hase transition are generated only by gradients of the phases
of the Higgs field. Recently, it was claimgd3] that the

S
+

wherej? is the gauge-invariant electric current.
It should be remarked that no physics is affected by usin
one definition of the electromagnetic field rather than th

other. In fact, in any chosen gauge the field configuration igyjo ic current resulting from Higgs gradients is always
completely specified by the componeig, andY, of the ;o5 ang that for this reason no magnetic field would be
gauge potentials, as defined by their occurrence in the COVaioduced during the phase transition due to spontaneous
riant derivativeD,, , together with the four real components symmetry breaking. As | will explain below, these conclu-
of the Higgs field. Two observers, using different definitionsgjons were contingent upon using an incomplete expression
(1) and(4) of the electromagnetic field, may then disagree oroy the electric current from the Higgs field as well as ne-
whether this same field configuration constitutes an eleCtroglecting the electric current from charged vector bosoims.
magnetic field or not. Clearly, this does not affect the subsegenera| the electric current receives contributions both from
quent evolution of the field configuration. In the absence o harged vector fields and from gradients of the phases of the
topological defects, it will evolve into a state with uniform Higgs field. For example, in Sec. IV it is shown that mag-
magnitude of the Higgs field, where the two definitions co-petic fields emerge spontaneously in the electroweak phase

incide. _ o , transition also when no gradients of the Higgs field are
The choice of definition is, however, important for the yacent.

interpretation, description, and understanding of physical |t s begin by considering the gauge-covariant charge
processes whenevdr'® is not constant. In particular, one operator proposed in Ref13],

should be aware that it may be meaningless to make strong

claims about the presence or absence of magnetic fields in ‘ a
situations that involve a nonuniform magnitude of the Higgs _ EAa a X Aa_q) TP
field, unless one is careful to specify which definition of the Q= 2¢ T ¢= oTP
electromagnetic field tensor is used.

In this paper, | adopt the modified definitidd) which i .
ensures that there is no magnetic charge or magnetic curreW{1ere I_deflne the hyperchargeof the Higgs dOUb.lEt to be
+1. This operator has the property tl@at¥h =0, which can

and that no electromagnetic field is generated from electri-
understood as follows. Due to gauge freedom, one may

cally neutral sources. Even so, one should remember th ; : . o
there is no exact standard by which definitidh would be represent the Higgs field of the vacuum state in any “coor-
incorrect dinate system” of choice through applying a gauge transfor-
. . T . . .
In Ref.[9] it was stated that, because of the last term ofnation to (Op)". This would not constitute an active,
physical change of the state, but merely a change of basis of

Eq. (3), the formation of a magnetic field is always associ- . . . .
ated to the appearance of a semiclassicabnfiguration. As the Lie algebra and its representations. In the unitary gauge
ﬁgg vacuum state is represented by

is seen from the above arguments, such a statement depe
on the definition of the electromagnetic field. In the view of

the modified definition, Eq(4), no magnetic field would ac-

company the neutral-charge configuration. The latter point was also made in RE4].

: (6
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0 [Q!Tt]:iTii [Q!T3]:[Ql]]:0! (11)
Dy= E A,=d NX)Q, AeR,
[T31Tt]: iT: ' [T+ !T—]:2T31 (12)
1
Q=Qo=5(1+77), (7 where
_idt-2THt i 2D)T
where the (1) “pure-gauge” form ofA , is the most general T+E( o) @ , T_Eq)(”' ®) =T.T,
expression for whictD,®, and the field tensor§,, and d'P o'P
FZV vanish. This vacuum state can be equivalently reex-
pressed as 1o A2P .
© Te=-3 s (13)
(I)OZWU’ o (x) arbitrary,
(P'D) andQ=T3+Y/2. ThusT, andT_ are the generators of the
Lie algebra corresponding to charged field directions. Using
A,=3d,MX)Q—i(d,V)V! (8) T.=T;+iT, we can write
through a gauge transformatiabhy— V®, with Ve SU(2) ~ g9~ )
defined by ° ° A=gWiT+ S Yult I NX)Q—i(a,VIV', (19
_ 1 [(i2D)* @] ) whereW? =Y ,=0 corresponds to the vacuum, E8). Un-
(DTP)L/2 ' der an SW2) gauge transformatio® —U® the generators

T,,a=1,2,3,(+,—), transform according to the adjoint rep-
Under this transformationQ,—Q=VQ,V'. It can be resentationT,—UT,U", and it can be shown that the fields
checked that this definition d agrees with Eq(6). W2 are gauge invariant. Furthermore, the field tensor com-
) We See that when _the charge opera_Qb'rs defined cova- ponentsﬁay=2Tr(Ta}‘ ,)/g are invariant under general
riantly as in Eq(6), ® is always proportional to the vacuum SU(2)x U(#l) gauge trgnsformations.

Higgs field®, with a real factor. Thusp in this formulation The important point is that, in general, there will be

is always electrically neutral. The end result is a reformula- P PR S R oot
tion of the unitary gauge in an arbitrary basis. charged vector-boson field#/, = (W, —iW})/y2 and W,

Let us now focus on the issue of the electric current. InPresent reg.ardless of what gauge we choos_e for the vacuum,
Ref. [13] a current involving the Higgs field was derived S°'responding to the components of the Lie algebra along
using the relation j'=—dLly/dA,, where Ly T+ andT_. | shall now show that these charggd f_|elds give
= (D,®)'D*d is the Higgs kinetic term in the Lagrangian M€ to an electric current and ther_efo_re magnetic flelds_. First,
andAﬂ is the Lie-algebra component alo@y The resulting let us evaluate the electromagnetic field te_nsor. Insgrtmg the
expre;sion components ofA, and F,,=d,A,—d,A,—i[A,,A,] into

' Eq. (4), one finds after rather lengthy calculations that the
j"=ie[®TQD"®— (D"®)'Qd], (10) derivativesa.MTa in the first term cancel against the last term,

and we retrieve

is zero by virtue oQ®d =0. This current, however, is not the ~ _
electric current, because t#g, used here is not the vector Fom=sindy(d,Ws—3, W) +cosg,, F . (15
potential whose curl giveg". A vector potential with such
a property can in fact be constructi2il]. The electric cur-  Turning next to the field equation fof:), Eq.(5), insertion
rent corresponding t&™%" is given by Eq/(5) and includes a  and yet more algebra produces
contribution from gradients of the phases of the Higgs field.
Therefore, magnetic fields can be produced by the classically ~ #“F 5= —ie[W*'(D,W,~D,W,)—(D,W,
evolving Higgs field in the electroweak phase transition. .

Magnetic fields also arise from charged vector-boson cur- —D,W,,) W]~ 'e‘?M(WLWV_WIWM)’
rents in the absence of gradients of the Higgs field. In the (16)
remainder of this section | shall construct the charged vector
fields for an arbitrary choice oP in Eq. (8) and proceed to where, as a final step, the tildes were omitted. This is exactly
show that they give rise to an electric current which in gen-the expressiofi3) obtained in the unitary gauge, but without
eral is nonzero. the objectionable last term, as was discussed in the previous

The charged vector-boson fields can be found by detersection.
mining the SU(2)XU(1) Lie-algebra eigenstates under the | have thus established that the treatment of IRES] is
adjoint action of the gauge-covariant charge oper@oAf- equivalent to a treatment in the unitary gauge, where the
ter some algebra and using a series of Fierz identities, onldiggs field possesses no angular degrees of freedom. These
can readily verify that degrees of freedom are absorbed into the vector bosons.
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However, the current from charged vector bosons was omitwhen( is restricted to the embedded cirdle=e**Q asx
ted in Ref.[13]. In general this current, given by E(L.6), is  covers space. For other choices 8f, for example, )
nonzero and will give rise to electromagnetic fields. In the—gic7 it s easy to check that there will be physical,

next section we shall see an example of how this can happegiectrically chargedvV-boson fields present immediately af-
ter the phase transition. The ensuing state is a coherent semi-
IV. SPONTANEOUS GENERATION classical field configuration which cannot be constructed
OF MAGNETIC FIELDS from the new vacuum by perturbative means.

. - £ th Let us now look at a concrete example of how the mag-
_ Previous descriptionf8,13] of the spontaneous genera- yeyic field is generated. The condition
tion of magnetic fields in the electroweak phase transition

have borrowed from the analogy with superfluids in that they 0=F3=(aW3— 5,W3) + g(WAW2—WW2) (18
: it ; I KWV = W) T W WY I Wi
attribute the magnetic fields to the presence of gradients of
phases of the Higgs field. | present here an alternative dezan be satisfied if both the first term and the second term are
scription of magnetogenesis where the unitary gauge is imnonzero but cancel exactly. The first term enters in the

posed. In this gauge, there are no angular degrees of freedamitary-gauge definition of the magnetic field in the broken
of the Higgs field. Instead, the magnetic fields arise fromphase:

SU(2) and U1) vector potentials that were already present in

the ground state of the symmetric phase. As the SU(2) A= Ssind, (W2 — 9 W) + costy, Fy, (19

X U(1)y symmetry breaks, these vector potentials find them-

selves having random nonvanishing components along newhere in our cast(,:O.

physical directions of the Lie algebra which are the eigen- The emerging magnetic field can therefore be traced to a

states of mass and electric charge. “random” partitioning of fields into the two cancelling
When the symmetry breaks, unstable nontopological determs of Eq.(18). In the symmetric phase, these terms had

fects such a®V strings andZ strings typically form carrying no independent physical meaning, and fields could be moved

large fluxes of gauge fields. In the core of these defects thtstom one to the other through arbitrary gauge transforma-

Higgs field® goes to zero, at which points the unitary gaugetions while keeping:EI zero. When the symmetry is broken,

is ill defined. For now, | shall consider a region of spacethe terms take on a new physical meaning. The first term in

where such defects are absent. Nontopological defects wilkq. (18) has components alond,, as well as along

be considered in more detail in Sec. VI. Zy=hZ — dZ. The second term in E418) can be written
In the symmetric phase, the vacuum state of the elec-
troweak model is characterized by=0, F3 =F) =0. ig(WEW, — W W) (20)

Surely, in the high-temperature electroweak plasma there

will be fluctuations around the vacuum values, but thesdn terms of the chargeW fields. It is now apparent that there
fluctuations are expected to have a small correlation lengtian be no spontaneous generation of magnetic fields in the
of the order (2rT) "1, and we are primarily interested in a electroweak phase transition without the simultaneous gen-
mechanism that may generate magnetic fields correlated onegation of chargedV-boson currents which act as the only
larger scale. The macroscopic spatial averagé=pf and ~ Source(in the unitary gaugefor that magnetic field. In fact,
FY_ on such a scale will also vanish, and therefore the Liethe field equation for the electromagnetic field in the unitary

algebra valued vector potential is a Maurer-Cartan form  9auge, wheerV:O, is’

Ay=—i(0,0)0=—i[a,U(x)]U(X)+a,x(x)], PPy =~ R (WLW,— WIW,). (21)

1
@7 The term on the right-hand side of this equation is the mag-

whereQ) e SU(2)x U(1), U e SU(2), andy € R. The group- netization current corresponding to the anomalous magnetic
valued functionQ maps to the group manifol@®x S, the ~ dipole moment of th&V boson[22-24. The initial magnetic
direct product of a three-sphere and a circle, and is combeld can therefore be viewed as being entirely comprised of
pletely arbitrary. Because the energy is independent of thEagnetization of the vacuum dueWdbosons. This state has
space dependence 6f(x), there is no reason th& should previously been investigated in the context of the QCD
be uniform over space. vacuum(25]. -

Let us now consider the process of symmetry breaking, Letus now see explicitly how the two terms of Hd8)
and for simplicity use the unitary gauge in the broken stateObtain nonzero values from a random vector potential in the
We shall assume that the temporal componkgis a con- ~ Symmetric ground state. Becausé,=F,,=0 the initial
tinuous function of the space coordinates and require in adgauge potential must be given by H@7). The most general
dition that the “electric fields”F3, andFy; be everywhere SU(2)XU(1)-valued function(} can be written
finite. Then the spatial components, i =1,2,3, are continu-
ous functions of time, and the initial; immediately after the
phase transition are given by Ed.7). In generalA; will not %It should be noted that when the two terms in Etg) are non-
be aligned with the vector potential of the broken-symmetryzero, a state with? ,=0 does not remain an exact solution in the
vacuum, Eq(7). This would happen only in the special case broken phase because of the mass terms that appear there.
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eM2=Plcosw —el(«"M2gjn ¢ tial Ap=—i[a(VTA)I(VIA)'==i(5,0)QT, where Q
=VTA. Let us now show that the magnetic field resulting
_ from A, is gauge invariant.
=My, UeSu2). (22 Under a general gauge transformatigngiven by g
=e'¥2U with UeSU(2), wehave thatA—gA, while V
The su2) algebra part of the gauge potential is given by € SU(2) transforms a¥—gVh', whereh=¢'*? is an elec-
W272= — (2i/g)(a,U)U". The curl of its components can be tromagnetic W1) gauge transformation. He@=(1+ 7°)/2.
calculated from Therefore, under the full gauge transformatin-h(). The
electromagnetic part of the vector potential then changes
2i only by a pure gradient, corresponding to the remaining
Wff] raz—(ﬁ[#U)(av]UT), (23 gauge symmetry of the broken phase. Furthermaig,is
9 invariant under the transformatiohk— AM for constantM,
o ) o ) so this ambiguity in the definition ok has no significance.
where[ - - - v]blnd|cabtes antisymmetrization, using the trace The resulting magnetic field, obtained from E4g2) and
identity Tr 7°7°=246". One then finds (25) with Q=V'A, is therefore independent of which gauge
was used originally to express, and the Higgs field.
Given a gauge potential,, of the form(17) in a unitary
gauge, withQ) given by Eq.(22), we may conversely set the
gauge potential to zero by means of a gauge transformation
= — g(WiW{ — Wi W), (24 with group elemenf) . The phases will then reappear in
the Higgs field, which becomes
where a comma denotes partial differentiation. Here we see '
that the two terms of Eq18) have the opposite sign and in e'“ sinw
general assume non-zero values that vary as one changes the e=p e 18 cosw)
group-valued functio). One of these terms gives rise to the
magnetic field, according to E¢L9):

Q(x :ei)x/Z ) ] .
0 gl(M2=a)gjn ¢, el(B=Meog

Nu

2
&kW|3—¢9|Wi=§SIn 2w (w[yka,”-l—w[’kﬁ'”—w[’k7\,|])

(26)

The phase\N does not appear here because the broken
_ vacuum still has the electromagneti¢lly symmetry.
A _2sin 6, in2 + o) Therefore, as long aB},, can be considered to vanish,
W="g  Shhee (op ket oyl = opd. ) one can give twaquivalentdescriptions of magnetogenesis
(25 in two different gauges(a) In a gauge where all vector po-
tentials are identically zero, the magnetic field arises sponta-
Thus, in this semiclassical description it is a random vectofeously from the angular degrees of freedom of the Higgs
potential in the symmetric phase that gives rise to a magnetitield and is given by the last term of E@). (b) In the
field in the broken phase. In this sense, the magnetic fieltinitary gauge, withb=(0,p) ', the initial magnetic field is
was already present in the ground state of the symmetrithe result of SU(2X U(1) vector-potential remnants of the
phase, but took on a different physical meaning after thesymmetric phase whose associated field tensor finds itself
symmetry was broken and eigenstates of mass and electiéith a nonzero projection along the electromagnetic field
charge became well defined. after symmetry breaking.
We must now address the issue of gauge invariance. So There are several reasons to prefer the second gauge. One
far we have used the unitary gauge to calculate the magnetis that in this gauge the constant opera@s (1+ 7%)/2 de-
field resulting from a vector potential, expressed as the fines simple charge eigenstates for all fields, while in the first
Maurer-Cartan form(17). This potential is, however, gauge gauge there is no simple global definition of electric charge.
dependent, so it is necessary to show that the magnetic fieMore importantly, the equivalence of gauges holds only as
generated is independent of our choice of gauge. long as Ffw=0. As soon as the symmetry breaks, mass
Let us therefore pick an arbitrary gauge in which the vecterms appear for the charg&d bosons and for th& field,
tor potential in the symmetric phase is some particular funcand the fields will start evolving into states with nonzero
tion Ay=—i(dA)AT with A e SU(2)XU(1). Then A is Ffw. Vector-field degrees of freedom of this type can no
uniquely determined up to right multiplicatiodd(—=AM) by  longer be transferred into the Higgs field by a gauge trans-
an arbitrary constant group elemekit. By continuity, the  formation. Even in the simplest case of 41\ symmetry,
vector potential is the same in the broken phase immediatelgnly the longitudinal degree of freedom of the vector field
after the phase transition. In addition, we obtain in the bro-can be exchanged with a phase of the Higgs field, while the
ken phase some isospin orientation of the Higgs field, whicliransverse degrees of freedom are unaffected by gauge trans-
in the same gauge can be characterized by the matriformations. The vector fields thus contain more dynamical
Ve SU(2) defined by Eq9), such thatb=V (0,p)". Now  degrees of freedom than does the Higgs field. Therefore,
we can evaluate the magnetic field, either directly from thereating the issue of generation of magnetic fields from the
gauge-invariant definitiori4), or equivalently by making a point of view of the vector-boson fields is more appropriate.
gauge transformation to the unitary gauge using th¢2gU Having shown that a magnetic field can be generated
elementv'=V~1, In this gauge we obtain the vector poten- spontaneously in the phase transition, it remains to determine
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the initial strength and correlation length of the field. Esti- T2 T2 4g VAR
mates of these two quantities are required in order to predict —z’~ —°2 —_— —‘2’ (29
the properties of the magnetic seed field at the onset of gal- Te M\ ¥ SN bw M7,

axy formation.
To begin with, let us assume that the phase transition ighus, except in the case of a very high value of the Higgs-

second order with critical temperatufe, so that the Higgs ©b0oson massTg/T is not near unity, and masses at tempera-

expectation value fof <T, has the generic temperature de- ture Tg are well approximated by their values at zero tem-

pendence (T)=v(1—T#T2)Y? wherev=174.1 GeV, and perature.

100 Ge\=T.=300 GeV. The magnetic field will “freeze If the phase transition is first order, magnetic fields can

out,” i.e., become insensitive to thermal fluctuations, atStill be generated spontaneously within the bubbles of broken

some temperatur€z<T., WhereT is to be determined in phase. The masses for< T are close to their values at zero

what follows. temperature. From the conditigiiB?/2~ T we obtain for a
Although the correlation length and strength of the mag-irst-order phase transition

netic field can be calculated from the gauge-invariant expres-

sion (5), the computations simplify considerably in the uni- y sin 6,, M3

tary gauge, where one may use E#6) with F;)=A,,. B\ " 49 M2

Since the electromagnetic field, is massless, no natural w

scale emerges from the homogeneous part of the equatioRis temperature approximates that of E29) in the limit of

Q“Auv;g- The_co(rjreblatiﬁn lengtl of the mfagnetic field is 3 jow Higgs-boson mass. Note that the magnetic freeze-out
instead determined by the source terms of B6). Because  omperatureTy is generally lower than the Ginzburg tem-

- , .
they are at least quadratic in the charged fisMsandW,,,  perature, which may be very close to the critical temperature
anfll since the correlation length of each of these fields igg] This is to be expected, since the magnetic field contains
My (Tg) at the temperature Tz, we find &  only part of the energy released by the Higgs potential in the

2
My . (30)

=[2My(Tg)] ™" phase transition and thus may be destroyed by smaller ther-
Next, let us estimate the magnetic field strength. As thenal fluctuations.
temperature is lowered fromi; to Tg, the Higgs potential In summary, for spontaneously generated magnetic fields

energy density decreases by the amourtv(Tg)]" in either a first- or second-order electroweak phase transition,

=[v(Tg)1’[Mu(Tg)]%/4, where\ is the quartic Higgs cou- the above estimates of the magnetic field strertiand
pling. The lost potential energy is redistributed to the othercorrelation length¢ give

positive definite terms in the energy density. Let us assume
that each such term receives approximately the same fraction

My
y~10"! of the energy density. In particular, we then have Bsp~

2
L — 2 ~10"2 1
100 Ge\l X107 G, £4~1072 Gev L

(31)

1
_ 2T .22 2 4
[P Wi = Py Wil 29 (Te) Wi |*~ MA[o(Te))®, Tpese estimates are in rough agreement with those derived in
27)  Ref.[8].

where indices enclosed in parentheses indicate that there is\, MAGNETIC EIELDS FROM BUBBLE COLLISIONS

no summation. Her&V, andD,W, are defined below Eq.

(3). Inserting these estimates and the expressior¢ forto Let us now consider the possibility of forming magnetic

Eq. (16) we obtain fields in the collision of two bubbles of broken vacuum in a
first-order electroweak phase transition. Such collisions were
investigated in Ref427,9] for some special cases. Using the

YME(Tg). (28)  same model as those references for the initial evolution, |
shall show here that no magnetic field is generated for arbi-

. e trary difference and relative orientation of the Higgs phases
In Ref.[26] it was argued that magnetic fields becomeOf the two bubbles.

né,

Si
B~
g

2 .00
and ®f(x)=ex |7nf"ra

stable to thermal flugtuations when the temperature drops For initial times, the Higgs field configurations of two
below the so-called Gln.zburg temperatilig, .defmed as the disjoint bubbles of arbitrary shape and size are, respectively,
temperature below which thermal fluctuations become too

weak to restore the symmetry locally. Here we shall provide 0

a more conservative estimate, and assume that the magnetip,l(x):( ( )

field freezes out at a temperatufg<Tg when the typical ' p1(X) p2(X)

energy of thermal fluctuations drops below the magnetic (32)
field energy contained within a correlated domain of ap- ~

proximate volumet3. Hence, Ty is determined by the con- wheren=(n*,n%n3) is a constant unit vector. The phases
dition ¢3B%/2~Tg. Inserting the characteristic temperature and orientations of the Higgs field within each bubble have
dependence of the masses, we obtain for a second-ordeguilibrated to constant values. A constant U ijctore'¢o
phase transition was excluded from¢>i2, since ¢, can be absorbed into
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6,n/2. Becausen®7® is the only Lie-algebra direction in- ously within each bubble by the mechanism described in the
volved, one may write the initial complete Higgs field[2F] previous section. When the presence of the plasma is taken
into account, other processes may lead to the creation of
0 magnetic fields. In particular, magnetic fields may stem from
( ) (33 the motion of dipole charge layers that develop on bubble
p(x) walls because of the baryon asymmefB). It is also pos-
sible that bubble collisions give rise to field configurations

Furthermore, the authors of Ref27,9 have assumed \icp, indirectly produce magnetic fields. This will be inves-
that all gauge potentials and their derivatives vanish '”'t'a"y'tigated in Sec. VI.

As we learned in the preceding section, one is free to choose Let us now provide some coarse estimates of the strength

such a gauge as long as the field tense}s and Fiv @S0 and correlation length of the magnetic field, assuming only
vanish. that it arises from some mechanism directly associated with
Proceeding as the references, we assume that the aboygpple collisions. The growth of nucleated bubbles in the
expressions are valid until the two bubbles collide. One mayjectroweak phase transition has recently been studied nu-
easily evaluate¢® which may be written asp=cosd ¢, merically by Kurki-Suonio and Laing29], using model pa-
+singnx o+ 2 sirf(82) (- ¢ho)nN wWhere ¢p=(0,0—1)". rameters obtained from lattice computations. For a weak
Then a#a}a takes the particularly simple forrﬁ”[ﬁ: 9,0 first-order transition withM,;>68 GeV, they find that the

Ax @. The last term of the electromagnetic fie}ﬁ‘ZT [Eq. average radius of the bubbles at the time of collisiorRis

: : v <10 "tgy~10° GeV 1, wheretg, is the Horizon scale at
(4)] thus V?‘”'Shes' af?d smd:—‘@_,, e_mdFW are zero, the elec- the time of the phase transition. Under the assumption that
tromagnetic field vanishes. Similarly, the electric currét

: the magnetic field is coherent on the scale of a bubble radius,
vanishes.

S . . . we may takeé{~R as the correlation length. One can then
. Itis Instructive to check this result.by transforming the derive a naive estimate of the magnetic field strength, using
ngg_s field into the “T“tafy gauge, using the grOUp'VaIUEngAidxi as the expression for the magnetic flux enclosed by a
function O =U =exgd —in?726/2]. This leads to a vector po- loop the size of a bubble. Noting that~ 3, 9/g for some
tential of the form(17). It follows easily from Eqs(23), or angle 9 on the Higgs vacuum manifolds3l and that the
alternatively from Eqs(22) and (25), that their contribution average difference in the value of betwee,n two adjacent
to the magnetic field is zero. From the latter of these equ

i i t that the bh f bl th ial 3ubbles is of the order of, we obtainBR?~ 7r/g, and thus
lons 1t is apparent that theé phases ot buare rather special, o 5\yer phound on the magnetic field=10° Gauss. The
and that there in general would be a magnetic field. Th

o 4 orrelation length of this field is much larger, and the
absence of a magnetic field can be traced directly to the fa rength much smaller, than for fields arising from other

that the unit vecton is a constant or, more precisely, that the mechanisms described in this article. Nevertheless, the re-
Higgs phases depend on only one parametén Ref.[27] it syits of Ref.[29] indicate that an even weaker first-order
was proven that the Higgs field in any two-bubble collision phase transition leads to smaller bubbles, and hence a larger
can be written in the form(33) for constantn® We thus magnetic field.
conclude that no magnetic field is generated from the initial  On the other hand, taking into account the effects of the
classical evolution of the Higgs field in an electroweak two-finjte conductivity of the plasma after two of the bubbles
bubble collision. One should remember, though, that the expaye initially touched, Ahonen and Enqv[4i5] argue, sub-
pression(33) is probably too simplistic to describe what ject to some approximations, that diffusion causes magnetic
takes place once the bubbles overlap significantly. Magnetifux to become concentrated around the expanding circle of
fields could then emerge gradually nif develops a spatial most recent intersection of the two bubbles. In this way, they
dependence. predict a correlation length @f~10* GeV ! and a magnetic
The present result is in stark contrast to that of the Abefield strength o8B~ 10%° G.
lian U(1) model[14,15, in which a field strength is present ~ We see that the presence of the plasma may have a dra-
from the instant of collision. The principal difference is that matic effect on the order of magnitude of the magnetic field.
the U(1) vector field in that model is massive and the corre-A numerical field-theory simulation of multibubble colli-
sponding field strength is generated as a result of the couwions in the full electroweak theory is currently in progress,
pling of the U1) field to the Higgs field. In contrast, the initially neglecting the plasma. Once the results of this simu-
electromagnetic (1) field in the broken electroweak theory lation are known and understood, the various plasma effects
is distinguished as that direction of the Lie algebra that doesan be incorporated. It should then become possible to pro-
not couple to the Higgs field. vide more precise predictions of the strength and correlation
In the electroweak theory, in order to generate a magnetifength of magnetic fields that arise in electroweak bubble
field already at the instant of bubble collision, one wouldcollisions.

need an initial configuration in which has a spatial depen-
dence, i.e., where the I_-|iggs phases are .generated by at least VI. MAGNETIC FIELDS
two elements of the Lie aIgebra: The simplest example of FROM NONTOPOLOGICAL DEFECTS
this would be a three-bubble collisiga8].
If one relaxes the assumption that the gauge potentials are It was recently suggested by Grasso and Rip®bthat
zero initially, magnetic fields may also emerge spontanemagnetic fields may arise from nontopological defects
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formed in the electroweak phase transition, sucl a&ings mo(r)/ 0 &'? ~ ie'd sinme
[16] andW strings[17]. These are stringlike embedded vor- A\‘;V=—( _is ) PVW= p(l’)( )
tex solutions of the electroweak theory characterized by the r\e 0 cosme @5

winding of a phase of the Higgs field around a core where
the Higgs field goes to zero. The core encloses a flux quan-
tum of one of the gauge-field components which attains conwherer,¢ are cylindrical coordinatess is an arbitrary real
siderable field strength, since the characteristic width isyumber labeling a family of gauge-equivaléft vortex so-
given by the inverse vector-boson mass. In @)umodel, lutions, andm is the integer winding number. Because of its
these defects are topologically stable, but in the electroweajarticular phase singularity at=0, there is no nonsingular
theory the phase can unwind by slipping over the simplyexpression for theV vortex in a gauge, where the upper
connected vacuum manifold, and the defect decays to theomponent of the Higgs field is zef80].

vacuum. . For theZ-string configuration, we obtaig?= — 52, and
Saffin and Copelan{i27] have shown thaw-string and  thys the last term of Eq4) vanishes. The first two terms
Z-string configurations may be generated during bubble colgompine to give sif, 9, ,W3 +cosi, F¥,=0 and soFe"
lisions in the SU(2)*XU(1)y theory. In terms of the nota- ; : L 0] WA - b
ISI : X H)y theory. ; _ vanishes. With the electric current, E¢(p), we find that
tion of the previous section, this occurs in the two special

_ o ) (D*¢)3=F},=F%,=0, and the last term is just a derivative
cases when the unit vectoris perpendicular or parallel to ¢ tha term we previously found to be zero, so there is no

fbo, respectively. In these cases, the effective symmetrglectric current.

group of the problem reduces td1), for which vortex pro- Next, let us investigate thé/-string solution. It is conve-

duc'qon mlbubble colll§|ons has been_ studied eaflidr;,15. nient to recognize that it is of the form :mnaTa;(r)/r

In simulations the strings form as circular loops along the _ . a ~ T e~ o

circle of intersection of the two bubbles, with the axis of thegndd)—exp[lmcpn 710p(r)] for. n= (cos&,.—sm 50). U§

loop coinciding with the line through the two bubble centers.ing the method of the previous section, we fing
There are three important questions that need be answeredcos(ane) ¢y, + Sin(2me)N X ¢+ 2sirt(me)(n- )N Where

in connection with the possible generation of magnetic fieldsg,=(0,0,~1)". The only nonzero field-tensor components
from nontopological defectq1l) Do the defects themselves areFf‘q,:[mE’(r)/r]na. Becausmaff)az nabe:O, we have

carry magnetic fields®2) Do the defects contain electrically ~ara . .
charged fields which could produce electric curreri@are  that the term¢”F/ =0 in Eq. (4) vanishes. In the last term
electromagnetic fields generated when these unstable defe@bthis equation, one of the factors dg°/gr =0. Thus 77’
decay? | shall defer the last question to the end of this sectiovianishes.
and begin instead to address the first two questions. For a The issue of whether there is an electric current is more
reasonable set of definitions, and in the absence of magnetiateresting in the case of th& string, since its gauge fields
monopoles, they should be equivalent. involve charged fieId;Wi andWi. On the other hand, also

In defiance of such expectations, some surprising resultthe phases of the Higgs field are charged, as compared with
were recently obtained in Ref9]. The results seemed to the unitary-gauge vacuum. We find the last term of the cur-

indicate that a magnetic field would always be present alongent (5) to be zero as before. Siné@?/ or =0 and there is no
the internal axis of & string, which is known to contain radial component), , only ther component of the current
only_neultral fields. This mtzrpfr_e;a}tlon \:cvars] ba?ed on the cONmay be nonvanishing. We now make use of the relation
ventional gauge-invariant definition of the electromagnetic, 4 _, o 4 004 o0 write D) = 2miT 140 () 1Urh
field tensor, Eq.(1), which led to the inclusion of the last ‘Ffb . b i R 0, %) {[1+0( A)]a }a
term of Eqs.(2), (3) in the unitary gauge. X ¢ This is perpend!cular ta, ar_1d so the term@ ,¢) For

As we have learned in Sec. II, there exist alternative defi¥anishes, and there is no electric current.
nitions of the electromagnetic field tensor which coincide Although this section has so far only confirmed what was
only when the magnitude of the Higgs field is constant. |expected, it has served as a nice illustration of the properties
have argued that the definitions of the field tensor and elec@d apphcabg:Tt]y of the new definition of the electromagnetic
tric current given in Eqs(4) and(5) are more appropriate, in flelq tensor¥ . We have estabhsheq that it works and that
that Fe" always reduces td\,, in the unitary gauge and it gives results that are reasonable in cases where the con-

"

v uv . .. s
electrically neutral fields never serve as sources for the ele¢entional definition appears to lead to absurdities.
Finally, | shall discuss the suggestion made in Réi.

tromagnetic field. Indeed, with the new definitions every- N .
thing becomes perfectly consistent with naive expectationdnat magnetic fields may be generated in the decay of
In order to illustrate this, let us investigate the field configu-StTings. It is well known that the unstable string decays
rations for theZ andW strings in some detail. They can be initially through chargedV-boson field§31,30. The idea is

written in the form that thesew fields form a “condensz_ite”_ which then in turn
would act as a source of magnetic fields. One extremely
, Mo(r)[cos 26, O . 0 important caveat is that the presenceViffields is highly
A= r 0 E Oe=p(r) eime transient, as th& string is known to decay to a vacuum

(34) configuration[32]. It is conceivable, however, that the large
conductivity of the plasma in the early univerg211,33
and may cause the magnetic field lines to freeze into the fluid so
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that it remains preserved at later times. The growth ofW fields, and therefore of a correlated mag-
The instability of theZ string is a result of the occurence netic field, is limited to the region wherg;, is large and
in the energy density of a term ®Td is small. These regions have characteristic Wi(M’ESl
. + + andL,, respectively, wheré ;*=min(M,2M) [34,30.
ig cosdy, Zyo( Wy W,o—WoW,) (30 The correlation length of the magnetic field is thgs

~min(M;* L)~M5h).

In summary, for magnetic fields generated by decaying
1.nontopological defects, we obtain the following numerical
estimates:

which couples the field strength,,= d,Z,— d,Z; with the
magnetic dipole moment of th& boson. The energy is low-
ered through a suitable alignment of this magnetic momen
corresponding t&W; = —iW,=W for Z,,>0. The instability

is greatest at the center of the vortex, wheggis largest and Briop=<10?* Gauss, &nop~1072 GeV L, (41)
where theW mass term is reduced by the vanishing of the
Higgs field. Let us make the simplified assumption thatis
approximately uniform in the core of the vortex. This is ac-
tually justified if the Higgs-boson mass is considerably larger
than theZ-boson mass. In such a case, the unstable modes ?e];
the W field are well known22,23. The mode that peaks in
the center of the vortex is given by

VII. CONCLUSIONS

The main results of this paper are as follows: | have es-
blished that magnetic fields are indeed generated classi-
cally from Higgs and gauge fields in the electroweak phase
transition through the mere process of spontaneous symme-
1 try breaking, as was originally suggested by Vachaditi
W(r)=W(O)ex;< - ZgCr2>, (37) Reformulating the problem in the unitary gauge, | have ex-
plicitly constructed the magnetic field thus generated. Previ-

whereC=cos#é,, Z;,. For this mode, it is easy to check that ous claims that no su_ch .magr_netic figld is _produced were
FL=F2=0. This is in fact true for any unstable mode based on an investigation in which an incomplete expression
ij ij .

[22.23. Neglecting back reactions on the Higgs field, Wefor the electric current from the Higgs field was used, and
; ~ 2 currents from charged vector bosons were neglected.

still hazve¢. =—06%. The last term of Eq(4) evaluates to Moreover, | have shown that no magnetic field results

Zeﬂn\M which cancels against parts of the first term, leavingnitia|ly from the classical evolution of the Higgs field in a

Fij =Ajj as usual. In the current E@5) something more  cojlision of two bubbles in a first-order electroweak phase

interesting happens. Sinc®{#)3=0, we are left only with  transition. This was shown for arbitrary difference and rela-

the last term, and the equation for the magnetic field can béve orientation of the phases of the Higgs field. The reason

written is that only one constant direction in the Lie algebra is in-
volved. Nevertheless, one should not exclude the possibility
di(Fi5—2e|W|?)=0. (38)  that later evolution of the fields could give rise to magnetic
) o ) ) fields. These issues are currently being investigated.
The (nonuniform) magnetic fieldB=F73 is thus entirely Furthermore, | have pointed out that the notion of an elec-

comprised of the magnetization from tiW bosons. It is  tromagnetic field tensor is ambiguous whenever the magni-
apparent that th® bosons initially present in the decay of tyde of the Higgs field is not constant. With the conventional
the Z string do indeed generate a magnetic field. gauge-invariant definition, Eq1), electrically neutral cur-
Let us now compute the strength and correlation length ofents may give rise to electromagnetic fields. In particular,
the magnetic field produced by this mechanism. An uppemagnetic fields may be present inside electrically neutral
bound on the magnitude ¢fv| can be obtained by studying configurations such as tfzstring. In order to remedy this, |
the growth of theW field in a fixed Z-string background, have proposed a different gauge-invariant definition of the
which is limited by the quartic term in the energy density, electromagnetic field, Eq4), which ensures that no electro-
92|WIW,—WJW;, |42, The instability ceases at a maximal magnetic fields are generated from neutral sources and which
value |W|%2=cos#,, Z;,/g. From Eq.(38) one then obtains coincides with the other definition for constant Higgs-field
the bound magnitude.
. The issue of the definition of the electromagnetic field
B=sin,, Z;5. (39  tensor is important for the interpretation and description of
) ) ... physical phenomena, but should have no bearing on the
To find an ezs'umate foZ,, one can use the flux quantization pysics, as the various fields evolve independently of how
condition fd“xZ;,=4 cos#,/g, which arises from requir- \ve interpret them. One particular example concerns the si-
ing the covariant derivative of the Higgs field to vanish as-yjtaneous collision of multiple similar-sized bubbles at the
ymptotically. The integral here is evaluated over a surfacgjne of percolation, after which the Higgs magnitude is ex-
perpendicular to th& string. Assuming that the flux is con- pected to fluctuate violentl}35]. In the presence o fields
fined to an approximate cross-sectional an#d; *, we find  gne would then conclude from E¢g), which follows from

Z,,~4 cosf, MZ/g, and therefore definition (1), that electromagnetic fields are created from the
2 ) gradients of this magnitude. In such a context it is important
B= 8 COS by SiN by, M2 (40  torealize that any statement about the presence or absence of
-~ Z . . . . . . wge
g electromagnetic fields will depend on which definition of the
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electromagnetic field tensor is used, and agreement will onlgmaller than the magnetic diffusion lendth~10? GeVv 2.

be reached if the evolution of all fields is traced to a laterrnis remains true also when enhancement due to Alfve
time when the Higgs magnitude has assumed a unifornyayes is taken into account. In order to evolve into a seed
value. Nevertheless, if one makes the assumption that thgs|q of sufficient correlation length and strength at the onset
Higgs field relaxes to a uniform value without exciting any of galaxy formation, fields of such weak correlation may
new dynamics in the angular degrees of freedom, the newequire, depending on how the root-of-mean-square average
definition (4) has the property that it predicts the same magf the magnetic field is calculatefB7], some additional
netic field during the fluctuating stage as it does after thgnechanism which stretches the correlation length, such as
fluctuations of the Higgs magnitude have subsided. nonlinear inverse cascad0].

_ Finally, 1 have verified that a magnetic field is produced |y the case of bubble collisions it is still an open question
in the initial decay of theZ string, as was suggested in Ref. yhether one may produce a correlated, strong magnetic field
[9]. Although such a field is transient in the pure Yang-Mills- yithout the need to invoke complicated models of magneto-
Higgs model, it is conceivable that it may survive until later hygrodynamic turbulence such as nonlinear inverse cascade.
times due to the high conductivity of the plasma in the earlyThjs issue is likely to be resolved with the results from cur-

universe. _ rent and future computer simulations of bubble collisions in
Estimates of the strength and correlation length of thehe electroweak theory.

initial magnetic field have been provided for each of the
three mechanisms of production: Spontaneous generation,
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