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It is shown that in a simple cosmic-string-forming extension of the standard electroweak theory
and for some particular values of the underlying parameters, electric currents can be spontaneously
generated in cosmic strings, without the need of any external field (e.g., electric or magnetic) as

is required in most models.

This mechanism is then shown to break spontaneously the Lorentz

invariance along the initially Goto-Nambu string. The characteristic time needed for the current to
build up is estimated and found to lowest order to depend only on the mass of the intermediate W

vector boson and the fine structure constant.

PACS number(s): 98.80.Cq, 11.27.4+d, 12.60.Cn

I. INTRODUCTION

Cosmic strings [1] are linear vortex defects predicted
to be formed at a cosmological phase transition during
which the vacuum manifold would not be simply con-
nected. The first interest in studying them comes from
the fact that since a typical grand unified theory (GUT)
predicts a few phase transitions (whose order, as far as
the strings are concerned, does actually not matter [2]),
and because the vacuum structure needed to form strings
happens to be generically realized, one can, following
Vilenkin [3], reasonably assume that cosmic strings have
an existence probability of at least % Although they
are not the only possible topological defects that could
be formed in such phase transitions, they have the ad-
vantage, as compared for instance with domain walls and
monopoles which must be somehow inflated away [1,4], to
be at present compatible (as are as well the textures [5])
with all existent cosmological data [6], while being also
possibly responsible for the formation of large scale struc-
ture [7] and the observed anisotropies in the cosmic mi-
crowave background (CMBR) [8]. Most models based
on these strings assume that they are generated at the
GUT phase transition, so that the dimensionless param-
eter GU, with G the Newton constant and U the energy
per unit string length, giving the expected relative or-
der of magnitude of any gravitational effect due to these
strings (e.g., light deflection [9] or CMBR temperature
fluctuations [6]), was assumed to be ~ 107°.

Another kind of string was proposed by Witten [10]
in 1985 who pointed out the possibility that bosonic or
fermionic superconducting currents could be trapped in
the strings, thereby inducing many electromagnetic ef-
fects, such as, for instance, a new scenario for structure
formation [11]. Shortly thereafter, it was shown by Davis
and Shellard [12] and independently by Carter [13] that,
although the regular strings cannot be potentially re-
sponsible for a cosmological catastrophe (i.e., the rem-
nant mass density would not exceed the critical den-
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sity) because of gravitational radiation and the absence
of any stabilizing mechanism, the situation was com-
pletely different for current carrying string loops since in
the latter case, there exists centrifugally supported equi-
librium configurations (called vortons [12] or rings [13])
which would overfill the Universe [14] by many orders of
magnitude if they were stable (a point which still de-
mands further clarification and is presently under in-
vestigation [15]), this stabilizing mechanism being en-
hanced when electromagnetic corrections are taken into
account [16], and should not be confused with the much
less efficient “spring” or magnetostatic support mecha-
nism [11,17,18].

The Witten mechanism to produce currents in cosmic
strings has been studied by many authors, interested in
particular by their internal microscopic structure [17],
and who exhibited clearly the characteristic features of
what should be expected in these objects, such as the ex-
istence of a maximum (spacelike) current (or the current
quenching phenomenon) and a phase frequency threshold
(for timelike currents). Independently, a “macroscopic”
formalism [19] was derived that allows one in principle
to evaluate the dynamics of any current carrying string
configuration once its equation of state, relating the en-
ergy per unit length U to the tension T, is given. This
equation of state, for the Witten simple model describing
strings, and whose properties are believed to be qualita-
tively (if not quantitatively) similar to more complicated
(and realistic) strings models, was indeed obtained (al-
beit unfortunately only numerically), so that it has now
become possible to study realistically the cosmological
importance of superconducting cosmic strings, and their
astrophysical, gravitationally induced, signature, since
the structure of the spacetime surrounding a string of
any kind is also known [20].

The purpose of this article is to show that there exists
yet another mechanism by which a string can become not
only superconducting, but also current carrying without
invoking any extra external field (e.g., electromagnetic),
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hence the name spontaneous current generation for this
mechanism, comparable in many respects to a similar
mechanism existing in 3He vortex lines [21]. This phe-
nomenon occurs for particular values of the underlying
microscopic parameters, when the current-carrier field is
neither a scalar nor a fermionic field (these cases being
essentially equivalent due to the two-dimensional descrip-
tion of the vortex), but a charged-coupled vector field
such as the intermediate W in the electroweak theory.
To illustrate this mechanism in the most realistic pos-
sible way, we shall consider a simple string-forming ex-
tension [22] of the standard electroweak theory [23] (this
latter model being string free since its vacuum manifold,
isomorphic to the three-sphere $3, is simply connected).
Other motivations [24] such as supersymmetry or super-
strings inspired models also lead, generally as a low en-
ergy limit, to the model we wish to consider, namely,
that in which an extra-U(1) is gauged, this new symme-
try being spontaneously broken. It is interesting to no-
tice that because of the large number of experimentally
testable phenomenological consequences of such a model,
the energy scale of the symmetry breaking involved E3z:,
say, and thus the energy per unit length of the corre-
sponding strings is in fact constrained to exceed [25] 300-
500 GeV (depending on the couplings), which is actually
close to the upper limit provided by the vorton mecha-
nism [12,14], namely, Ez: < 10 TeV.

We shall first introduce our string-forming model, as
well as the vortex solutions themselves, in the simple
case to begin with where no current is flowing in the
strings, i.e., the so-called Nielsen-Olesen [26] solutions or
Kibble-type vortices. Then we go on the spontaneous
current generation itself which is shown to be be due to
an electromagnetic instability of the vacuum for massless
W field at zero temperature, and finally discuss how the
phenomenon is responsible for a spontaneous breaking of
the Lorentz boost symmetry along the initially Kibble-
like string.

II. KIBBLE VORTICES BEYOND THE
ELECTROWEAK MODEL

The electroweak theory [23] is based on the sponta-
neous breaking of the SU(2)r x U(l)y symmetry by
means of an SU(2) doublet Higgs field H down to
the electromagnetic U(1) symmetry. This means that
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the vacuum has the topology of the quotient group
SU(2)xU(1)/U(1), which is isomorphic to SU(2); i.e.,
it has the topology of the three-sphere and is there-
fore simply connected. As a result, topologically sta-
ble cosmic strings are not present in this model (and in
fact, due to the experimental bound on the Higgs mass
Mpy 2 65 GeV [25], even stringlike solutions in this model
are dynamically unstable [27,28]). In order to investi-
gate the structure of cosmic strings in a realistic model
that would take the electroweak theory into account, it
is thus necessary to modify this theory first. There are
basically two different approaches that can be followed
to extend this model. The first one consists in assum-
ing the Higgs realization of the symmetry breaking not
to be fundamental, and to consider instead dynamical
symmetry breaking such as in the chiral approach [29]
involving the SU(2)L x SU(2)r symmetry. This leads
to the existence of semitopological defects [because only
one direction of SU(2)g is actually gauged], which may
be shown [30] to be dynamically stable and moreover su-
perconducting. The second approach, the one we shall
follow, is to regard the Higgs representation, and thus
the Higgs field H itself, as fundamental, and to extend
the gauge group. It turns out that the most simple such
extension one can think of, consisting in an extra U(1),
also generates topologically stable (and superconducting)
cosmic strings [22].

The string-forming model we shall now examine is
the following (this section is essentially useful to fix
the notation used throughout): Imitially, the symmetry
SU(2)L x U(1)y x U(1)F (with F the extra hypercharge)
is broken down to SU(2); x U(1)y by means of a Higgs
field ®, and this is followed by the usual electroweak
phase transition. The model is minimal in the sense that
we assign a vanishing F' hypercharge for the H field, and
symmetrically assume @ to be an SU(2) singlet. We shall
altogether neglect the fermionic sector of the model, but
it may be remarked that the hypercharge F', with the
previous assignment made on the Higgs fields, coincides
with B-L (up to a normalization factor absorbable in
the fermionic fields) in this sector, and that even though
U(1)F is broken, the baryonic and leptonic numbers B
and L are conserved. Also the model will be anomaly
free provided one includes a right-handed neutrino.

We therefore start with the Lagrangian density (again,
without the fermions)

(D.H)'D*H — (D,®)*D"® — V(H, ®), (1)

where the (classical) potential between the Higgs fields is (we assume that both phase transitions are second order,
and so we neglect the logarithmic corrections [2,31] in this zero temperature effective theory; see, however, Ref. [32]

on that point)

2 2
V(H,3) = Ag (HTH - UTH) + A (|<1>|2 -
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and we have set the covariant derivative

. F
—iq-Cy, (3)

Y
-A, —ig' =B, 5

. T
D,=0,—ig— 5

2
with T the generators of SU(2) in the representation
of the particle upon which the derivative acts, g, g’ and
g the gauge coupling constants of SU(2)r, U(1)y, and
U(1)F, respectively, and the kinetic terms of the gauge
vectors are expressed through

F}, = 0,A}, — 0, A}, + ge* A A%, (4)

G, =90,B,—-08,B,, H, =09,C, —0,C,. (5)
The Higgs doublet is understood as H = (H™, H°), and
its vacuum expectation value (VEV) is experimentally
known to be \/(|H|?)o = vy /v2 ~ 174 GeV.

We are now interested in a vortex solution of this
model, of the kind proposed by Nielsen and Olesen [26],
for the @ field. Since we are concerned with classical so-
lutions, it is necessary that we fix the gauges. For the
string-forming fields, there is a particularly convenient
gauge choice: If the vortex solution is taken to be aligned
along the z axis (which is always possible since the cur-
vature effects can be locally neglected), we can choose
a cylindrical coordinate system, and in this system, the
phase of the ® field is identified with the angular coor-
dinate 8. The Nielsen-Olesen vortex solution then takes
the simple form

® = ¢(r) exp(ind), (6)

with n the winding number [1,2,4].

Let us now turn to the electroweak fields. Because of
the disjoint structure of the initial invariance, we have
not lost any freedom in going to the vortex gauge. We
can thus choose the most convenient gauge with regard to
the subsequent interpretation, namely, the unitary gauge,
in which only the neutral component of H is considered:
H = [0,h(r)/v/2]. Before going any further in the resolu-
tion of the Euler-Lagrange equations for this system, we
wish to examine in more detail what occurs in the strings
core.

The string solution is defined as the set of points in
space where ® = 0. Moreover, the vacuum (or the false
vacuum in the case of the strings core) should represent
a minimum of the potential (2). Varying this potential
for h and ¢, we see that the extremization yields two
differents possibilities, namely, far from the strings core,
i.e., in the usual vacuum,

h = v, and <p:v¢/\/§, (7)

whereas close to the strings core, h should satisfy (not
taking the kinetic terms into account for the moment)
v2 2

Y fe” (8)

h2:’U2 + ,
H 2y Al

with ¢ = 0 in the strings core; this equation shows that
two cases may occur in principle. The first case, already
studied elsewhere [22], is for f > fet, with

2
fcrit = —)‘H (%) ) (9)

which corresponds to a shift in the SU(2) doublet Higgs
VEV at r = 0. The second case, to which we now turn
definitely, is for f < fci¢. If the underlying parameters
are such that this inequality is satisfied, then there is
no real solution to Eq. (8). Thus, one finds that the
real minimum of the potential is now at h = 0 as long
as © < Qmin, Where @2 = v2/2 — Agv/|f| [given by
assuming a nonzero value for ¢ into Eq. (8) and solving
instead for h = 0].

Figure 1 illustrates the internal string structure which
is obtained when the kinetic terms are included. This
figure represents a solution of the field equations derived
from the Lagrangian (1) under the gauge assumptions
and with the vortex solution (6), with zero vector fields
A;, and B,. This solution was obtained by means of a
successive over relaxation method [33], and the distances
are in units of the inverse ® mass (Ayvg)~!. More de-
tails concerning the numerical procedure itself and the
stability of the solution can be found in Ref. [22], but
here, and in particular in the next section, we shall be
mainly interested in what occurs close to the strings core,
namely, the symmetry restoration. For the time being,
let us just remark that since the Higgs field h is real,
there is no associated current with it, and so the fact
that it is trapped in the string, its VEV varying from
r = 0 to 7 — oo, merely changes the actual value of
the string’s energy per unit length, but otherwise does
not break the Lorentz boost invariance along the string.
Therefore, setting the stress-energy tensor in the form

™ = Uu*u” — To*v", (10)

with v and v two unit timelike and spacelike vectors,
respectively, tangent to the string’s world sheet, U being

Higgs fields configuration around the vortex
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FIG. 1. Field configuration around the vortex exhibiting
the SU(2)xU(1) restoration for ¢ < @min. This picture was
drawn using a large value for |f| in order to have a large
symmetry restoration region.
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the energy per unit length and T the tension, the Lorentz
invariance requires, whether there is a Higgs condensate
or not, that the equation of state be that of Goto and
Nambu, i.e., U = T = const [4,19]. This is important
because once the current-generation mechanism which we
will investigate in the next section has been at work,
this degeneracy in the stress-energy tensor eigenvalues is
spontaneously raised, and so the Lorentz invariance is
spoiled.

1II. INTERMEDIATE BOSON INSTABILITY

The electroweak vacuum surrounding a cosmic string
of the kind we just investigated is in fact not stable.
This can be seen as follows: In the standard vacuum,
the W¥ particles are charged and massive because of
the Higgs field H VEV. Now, close to the string core,
as we have just seen, this VEV actually vanishes, and
so the W particles become charged and massless. As
a result, they can be created by pairs through any fluc-
tuation of the electromagnetic field, but since they are
charged, they can actually be considered themselves as

|

1 WZQZ 2Q12
— _hIZ 12
U 2 +¢°+ 2 + 2g2

FIW LW A + W+W “"+%(A’ZZ+AQ2+Z;2+

2
+ 2B (02— )+ («ﬂ—”—"*) 310 — o) (e? — 2)
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the sources for these electromagnetic fluctuations. More
precisely, as will be shown in this section, fluctuations
in the W field yield a corresponding nonvanishing A and
Z, with nonzero gradients. This implies nonzero electric
and magnetic fields which are used as negative masses
for the W particles. The vacuum surrounding a cosmic
string is thus unstable and there is a spontaneous current
generation in the form of W flowing along the strings.
To see how this phenomenon actually occurs, let us
concentrate on the stress-energy tensor T*¥ given by

TH = _2 po  vo 6L

9 5ga0 +g*L, (11)

and in particular on the energy density U = T*. Setting
as usual (17] Q(r) = n— 19Co, WF = (A1, Fid2,)/V?2,

w = cAs, — sB,, A, = sAs3, +cB,, s = sinfw, ¢ =
cosfw, tanfw = g¢'/g, and using the vortex ansatz (6)
gives, if one considers only a configuration where radial
electric and orthoradial magnetic fields are present [i.e.,
with A,(r), A¢(r), Z,(r), and Z;(r) the only nonvanish-
ing components of the photonic and the Z fields],

2

2

2
zZP) + g—2h2(23 + Z2)

+2ig{Wm [W; (A + cZ") — WH(s A, + th)] + W [W*“(sAt +cZy) — Wit (sA* + cZ“)] }

+- zg{W+ [ “V(sAM + cZM) — WH(sAY + cZ”)] +W, [W“‘(sA" +cZ¥) — WHE(sAY + cZ")] }

+192h2(|Wr|2 + ]WZ|2
+ig((sA] + cZ) (W, W

1
+ 5 |Wol* + W[)
-WoW) +

2
—92{ ‘(SAZ +¢Z, )W} + (sA¢ + th)WtJ“‘
+1(W+W‘ - W Wi)?

L [ovwy -

(s 4} + cZ}) (W Wi

- W W)

1 1
S WEWE = W W) 4 (W WS — W W)

+ (W:Wo— - Wz_We+)2 + (Wt+W9— - Wt_W;)z]

2
S+ WL+ WP + W) (54, + 2.+ (se 2] | (12)
—
where a prime means differentiation with respect to the s 1 5.5
. . . . mi = =g“h (14)
radial coordinate r. Let us now consider the quadratic 17 9 ’

terms in W that are present in Eq. (1
tive mass matrix M7, defined by

2), i.e., the effec-

ou

Mi=2——— .
YT SW W lwp=o=ak=2n

(13)

Because of the coupling between the W fields and the
gradients of the photon and the Z fields, this mass ma-
trix is in fact nondiagonal, and one can easily derive the
eigenvalues as

1
mi = igzh2 + 29/ (A, + cZ1)2 + (sA} + cZ' + t)2,

(15)

wN

a*h? — 29\/(sAL + cZL)? 1 (sA} + cZ' + 1)2,

(16)
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where, to first order in g, the eigenvectors are

Wi = —— (BW — AW, ),

VBE+ 57

(17)

1 )
Wy = Wy — ——(B.W- + 8w,
: ¢§[, T 4 (18)
_ 1 _ 1 _ _
Wi = ﬁ |:W,. + W(@W}, + W, ):l \ (19)

and we have set 8, = g(s4], + cZ.), a = z,t the radial
(orthoradial) component of the electric (magnetic) field.

It can be remarked on Egs. (14), (15), and (16) that
W3 has a nonpositive definite mass, which is not the case
for all other components of this gauge field. Therefore,
since we are seeking a minimum energy configuration, it
seems safe to assume W; = Wy = 0 = Wy. Setting, for
simplicity, W3+ = W, one has

‘W—%W (20)

Wi = —iﬁL—-W (21)
ToVeAE )

W= P (22)

= = W,
V2(B% + B7)

where now (3, and f3; are arbitrary. We recover the pre-
vious results [22]) W,m = £¢W or W7 = +iW,” for the
purely magnetic or electric cases respectively (i.e., when
only one component of A and Z is explicitly considered).

J

9 {r [4°7 +igs (WoW P - W=PW*)]} = rigs (W=0W; — WP,
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Under the assumptions given by Egs. (20), (21),
and (22), it is now simple to derive the effective potential
for the W field, namely,

VW) = SmdW+ AW, (23)

and so this field effectively behaves as a Higgs “scalar”
in the region of parameter space where its squared mass
is negative. This is indeed possible close to the string
core since there, as we have seen, still in the case where
f < ferit, the Higgs field h vanishes, and so to first or-
der in g, Eq. (16) implies that m2 is actually negative.
Thus, any fluctuation in W, the latter being coupled with
the photon, will generate a small fluctuation in A4,, A4,
Z,, and Z;, which, if the initial perturbation was ax-
isymmetric, will produce an electric or a magnetic field.
Since W is effectively massless in the core of the string,
the energy in the electromagnetic perturbation is already
sufficient to create a pair W W ~, which can in turn be
seen as the source for the electromagnetic fields. Since
these electromagnetic fields are necessary to support the
W condensate in the string core, one is led to the con-
clusion that a current has been spontaneously generated.
We shall now investigate in more details this mechanism.

IV. SPONTANEOUS CURRENT GENERATION

To exhibit the instability of the electroweak vacuum
surrounding a Nielsen-Olesen string (6), we turn to
the Euler-Lagrange equations derivable from the La-
grangian (1), which we expand to first order in the cou-
pling constant g and to lowest order in the various fields
involved to consider the case of a perturbation in Wj;
[given by Eq. (19)]. For the photon, we have

(24)

a similar equation applying for the Z field with sin @y replaced by cos fy, and so also similar conclusions can actually

be drawn for both fields, and

Bg{r{W“’ﬁ —igW = *(sAP + cZP) + igW P (sA® + CZQ)} } =rigs I:W_BQ(SA[a +cZg)

+(sAP 4 cZ'B")W‘;], (25)

close to the string core, in the symmetry restoration region where h = 0. In fact, because there h = 0, neglecting a
possible back reaction due to outer region couplings, we see that the background Nielsen-Olesen string is essentially

unaffected by the inclusion of the W, A, and Z fields.

We shall now examine a perturbation in W3 = W in the form W = |W (r)|e*!. Inserting this form into Eq. (24)

yields

0%A, B 0% A, B 0%A, O0O%A, — 0o (26)
0z0r  Otor 022 atz

8%A, B 0%4, _ 8% A, + 8%A, 1614, B lc‘)Az _ gsp. Brw 1 W — 3|W|d|W| (27)

0z0r or? 020t ot2 r 0z r or \/ﬁf + B2 \/,33 +3 T dr |’

0%A, 0%A, 0%A, O0%A, 104, 10A, 955 Bew 1 d|\Ww

- - T 1 =D )wp —aw U )
grot  or? 020t 022 r 8t ror |\ /prypZ|\.\pBz4pE T dr |’
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equations in which we shall assume for now on that 9,
is ignorable, and we will denote the differentiation with
respect to the radial coordinate r by a prime, whereas a
dot will mean a derivative with respect to time. We shall
also work in the Lorentz gauge V,A* = 0 since in this
gauge the equations for the various components of A are
decoupled. Actually, the gauge condition together with
the field equation (26) with 8, ignorable yields, upon
differentiation with respect to r,

T
and inserting this into Eq. (26) yields
A " 1 ! 1
A=A+ -A, - 5 A, (30)
r r

so that setting A, = f(t)g(r) gives

SPONTANEOUS CURRENT GENERATION IN COSMIC STRINGS
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f Azg 1 2

o
fT g ’

with o a constant and A, the two-dimensional Laplacian
in the transverse plane. So f o e'*, and the radial-
dependent part obeys a Schrédinger equation

(31)

—Ba2g + - : —9 =a’g, (32)
with a positive definite potential »=2. Therefore, the
eigenvalues a? of Eq. (32) are all positive and the string
state is stable against A, perturbations. Thus, neglecting
A, in the resulting stationary configurations is justified
and we shall consistently set A, = 0 in what follows.
Inserting Eq. (29) into Eq. (28) is the last step toward
the definite equations describing the dynamics of A, and
A; when a perturbation in Wj is applied, and we find

1 w1, gsB. Bew 1 d|W|
A, - A" — -4 = - — 3w 33
r VB2 + B2 [(x/ﬁ3+ﬂ? T)' Sl ] (#)
X 7 1 ' gsﬁt ﬂtw 1 2 dIWI
A, — A, — -A, = — — | |W|* = 3|W
AN E (x/ﬁzﬂf? r)' e ] .

out of which the spontaneous current mechanism can be
clearly exhibited.

The linearized field equations (33) and (34) have a first
immediate consequence, namely, that 3; A, = B,A,. It
turns out that this relation is still valid when the whole
set of classical field equations are used, and so the over-
all field configuration is in fact determined by the value
of the ratio 8,/0;. We will return to that point later.
Moreover, Egs. (33) and (34), being inhomogeneous be-
cause of the source term due to the W field [a direct
consequence of the non-Abelian nature of SU(2)xU(1)],
the configuration (A, = 0 and A; = 0) is not solution
of the field equations, and more generally there is also

B —
B2 +
g(SAZ + CZ;) [\/ﬁ
Bt
VB2 + B}

262 + B}
B2 + B}

2
LA
t

S:w/rdrdt{

+ g(SAt + CZt) [

2g

\/ﬂ" + B¢

no solution with vanishing gradient. But this is precisely
the condition for the squared mass m2 to be nonpositive
definite. Thus, we know that there exist unstable modes
in Eq. (25). These modes will grow exponentially, as we
shall now show, as will also A; and A,, until they reach
an equilibrium configuration where the quadratic terms
become large enough to stop the instability.

To examine the W instability, we note first that
Eq. (25) is not well adapted since it was written for the
usual components of W#. Instead, we write an equivalent
linearized action [obtained by retaining only the lowest
order tems in the Lagrangian (1)] for the field W = W,
alone, namely,

whose variations yield the following Euler-Lagrange equation:

a (W” + %W’) + (6’ + %6>W —iSW 4 bW — W — 2ieW = oW,
r

e N g i |2 + ﬂ;ﬁj_ = (W'W* _ WW’*)
(WI*W + W*WI) ﬁiﬁzﬁ;t (WW* _ W*W)]
(W™W + W*W') + i 25::5: (Ww* — W*W)]
(B:(sA} + cZ.) — Bi(sA} + cZ})] |W|2}, (35)
(36)
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where we have set a = (82 — 82)/(B2 + %), b = —(2B% +
B2/ (B2 + B8), ¢ = Be/ /B2 + B¢,

§(r,t) = —\/—ﬂ{_:;ﬁ? (8. (sA. + ¢Z.) — By(sAs + ¢Zy)],
(37)
B0 28. + B
e(r,t) = ﬁ(sﬁb +cZ,) - gﬁfTﬂt;(SAi + Z4),
(38)
and
2
o(r) = ﬁ[ﬁz(s/ﬂz +eZl) + Bu(s A + cZ))].
(39)

Although it is impossible to solve Eq. (36), some infor-
mation regarding the transition from the nonconducting
state to the current-carrying state can be obtained from
it if one makes an “adiabatic” hypothesis, namely, as-
sumes that the transition is slow enough that the time
derivative in the gauge fields can be neglected compared
to their spatial gradients. In this hypothesis, setting
W = £(t)p(r) into Eq. (36) yields

b oo m it (Crae) - nf = o
r T

p'+pr
¢ ¢ ¢

p
(40)

where the function ¢ depends on the radial coordinate

r only. Thus, the oscillatory modes £ x e™! satisfy a
dispersion relation
1 \
w2—f<f+26)w+£:0, (41)
b \r b

whose solutions have an imaginary part for ¢ > J;(¢/r +
2¢)2, i.e., in the low frequency limit (thereby justifying
the “adiabatic” hypothesis). In the limit of zero fre-
quency (w — 0), we can estimate roughly, in order of
magnitude, the expected value of the time scale neces-
sary for the string to become current carrying (namely,
T ~w™): Assuming the current-carrier field to have an
amplitude [17] |[W| ~ Mw, and taking r¢ to be the typ-
ical distance over which the fields vary, then Egs. (33)
and (34) give A, ~ gsroME,, and we find

7 ~ (eMw)™ ", (42)

i.e., a time independent of the string thickness, an ex-
pected result since the background string and the elec-
troweak fields are decoupled in the core (again, neglecting
back reaction). It should be mentioned that for coupling
values f > ferit, the same mechanism actually applies,
but that in this case, the initial configuration is only
metastable and although the current will definitely be
spontaneously generated, it will be through tunneling.
As a result, the lifetime of the noncurrent-carrying con-

figuration is in fact increased by a factor depending on
the string thickness and the value of h at r = 0, these
giving the order of magnitude of the expected potential
barrier and its width: The standard WKB approximation
then gives an extra exponential factor in Eq. (42).

V. INTERNAL STRING STRUCTURE

The spontaneous current generation mechanism we
have just discussed has in fact many interesting conse-
quences, including, we believe, cosmological (notably in
the framework of the vorton problem [12] which becomes
even more unavoidable in this context), and in this sec-
tion, we wish to emphasize a particular effect, namely,
that generating a current this way breaks the Lorentz
boost invariance along the string spontaneously. The ba-
sic reason that this occurs is that the particle that gets
trapped in the string is in fact a Wf, i.e., a vectorial
particle, and a nonvanishing VEV for a vector picks a
privileged direction in space time. Also we shall exhibit
the internal microscopic structure of the string and com-
pare it with what is obtained in the simple Witten [10,17]
bosonic toy model.

As was already said, the current generation phe-
nomenon will spontaneously break the Lorentz boost
symmetry along the string: Before the W condenses in
the string core, the energy per unit length and the ten-
sion are both equal, and so a boost in the z direction
does not change the physics of the system. Now, when a
perturbation in W is applied, as we have just seen, the
W and A field VEV’s increase exponentially, and so the
degeneracy of the stress energy tensor is raised exponen-
tially as time passes by, until again the system reaches a
stationary configuration. It is therefore an actual spon-
taneous mechanism because it does not require any ex-
ternal field and it need not even exist in an expanding
universe (as is the case for the usual symmetry-breaking
Higgs mechanism).

A stationnary configuration obtained this way consists
in a W field together with, as argued before, any value for
the ratio 3,/03;. In fact, it turns out that the only thing
to know to determine (nearly) entirely the configuration
is whether this ratio is less or greater than unity, for once
this is known, it suffices to apply a boost along the string
to remove one of the fields 4, or 4;. As a result, the only
interesting cases are the magnetic case for which one can
always set 3y = 0 and A; = Z; = 0, the electric case
having 3, = 0 and A, = Z, = 0, and the null or lightlike
case with 3, = 5, =08, A. = A, = A,and Z, = Z; = Z,
as can be seen in Egs. (33) and (34). It can then be
shown [17,22] that the most general configuration will be

W = T(T)eiw(z,t), (43)

where, without lack of generality [17], the phase function
1 could be chosen as ¥» = wt — kz. The “energy per unit
length” is then
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where the quotes [and the subsequent tildes in Egs. (44) and (45)] in the previous denominations for the energy per
unit length and tension come from the fact that the stress tensor also has a nondiagonal part
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and this part can be removed by choosing the reference
frame in which either 8; or 3, vanishes, which is always
possible provided they are not equal, i.e., provided the
current is not lightlike. In this case, however, the eigen-
vectors u* and v* of the stress-energy tensor (10) are
both null and the definition of the eigenvalues as energy
per unit length and tension becomes unclear. Investiga-
tion of such lightlike currents in strings is postponed for
future work [34].

Therefore, in general, as was already discussed in
Ref. [22], the knowledge of the energy per unit length
and the tension in the particular cases 3; = 0, 3, > 0
and 3, = 0, B; > 0 will be sufficient for macroscopic ap-
plications. For these two cases, it turns out that U and T
(without the tilde, i.e., after diagonalization of the stress
tensor, this operation corresponding to choosing [3, = 0,
9.9 = 0] or [B; = 0, ¢y = 0]) actually depend on the
gauge fields A, and Z, only through the new field func-
tions

vP(r) = 0,¢ + g(sAs + ¢Zy) (47)

and the orthogonal field
VR(F) = —S0u + g(sZ4 — cAq). (48)
S

where a denotes either z or ¢ depending on whether one
considers a magnetic or an electric state, respectively,
and where the parameter v is not in fact arbitrary since
it is given by v/ = —cv/s. As aresult, the realistic string
model given by the Lagrangian (1) is nearly as simple as
the Witten [10,17] bosonic toy model in the sense that
out of the initial 18 field functions (¢, h, C,, Wﬂi, A,
and Z,), the internal microscopic structure is fully de-
termined by the knowledge of six field functions [p(r),
h(r), Q(r), Y(r), P(r), and R(r)] and two free param-
eters, namely, the winding number n and the state pa-
rameter v. This is to be compared to the original Witten
bosonic model whose structure needs the knowledge of
already four field functions and the same two free param-
eters, and with very similar field equations. Thus we be-
lieve that, apart from the spontaneous current generation
mechanism discussed in the present article, most qualita-
tive conclusions regarding this simple model should apply
as well to this more realistic model.

VI. CONCLUSIONS

In examining the internal structure of cosmic strings
arising in the most simple string-forming extension of
the standard electroweak model, we have found that, be-

cause of the non-Abelian nature of SU(2)xU(1), the field
W can condense spontaneously in a string core if the
coupling constant between the string-forming Higgs field
and the usual SU(2) doublet Higgs is less than a critical
value. This phenomenon can be understood in the fol-
lowing way: For certain values of the coupling constants
between the string-forming Higgs field ® and the SU(2)
doublet Higgs field H, the latter has a vanishing VEV
close to the string core, and so the initial SU(2)xU(1)
symmetry is restored. Therefore, the intermediate vec-
tor bosons, just like the photon, remains massless in this
region. Any excitation of the photon field will thus have
enough energy to generate a pair W*W ™ through vac-
uum fluctuations. In turn, the effectively massless W
particle, being charged, is responsible for the existence
of a nonvanishing electromagnetic field. This turns out
to be in fact an unstable fluctuation mode, and nonzero
VEV’s for W and the photon therefore build up sponta-
neously.

By using the field equations for the electroweak fields
in the symmetry-restored region, we have been able to
exhibit explicitly this instability, and to estimate what
we believe to be a lower bound on the time necessary for
the current to be generated. This time scale is, as ex-
pected, independent of the underlying string parameters
provided the latter are such that the symmetry restora-
tion mechanism actually occurs. It should be remarked
that because the phenomenon here described is essen-
tially electromagnetic and involves only the W particle,
the time scale found could have been deduced on dimen-
sional grounds, namely, 7 ~ (eMyw )~ !. Although this is
a huge time compared to the characteristic length of the
string if the underlying string-forming theory is at the
GUT scale, it is still sufficiently short to be irrelevant
for cosmological considerations. Thus, current-carrying
strings seem quite generic in string-forming GUT models
since the potential (2) is in fact very general even as a
low energy limit and, as we have seen, the current forma-
tion mechanism is independent of the background string
structure.

Considering the results of Ref. [22] and the present cal-
culation, it can be concluded that for any value value of
the coupling between the string-forming theory and the
electroweak fields, the resulting strings are superconduct-
ing in the sense of Witten, whether the current builds up
through tunneling (high frequency metastability [22]) or
instability. Thus, if cosmic strings exist, and if they are
not arbitrarily decoupled from the low energy physics
(a requirement of “naturalness”), then they are super-
conducting. Since the present knowledge in high energy
physics tells us that approximately half of the plausible
GUT theories contains cosmic strings, it means that we
can estimate the existence probability of superconducting
cosmic strings to be also of the order 1/2.

A final remark seems appropriate at this point: The
current generation we have exhibited here relies in fact
entirely on the non-Abelian nature of SU(2). This means
that for a string-forming GUT, it will exist as well since
GUT models usually involve large unifying groups with
non-Abelian couplings, and various Higgs bosons. There-
fore, gauge bosons having masses of the order of the GUT
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scale should spontaneously condense in the string core,
within a time scale given this time by 7 ~ (¢Mgut) ™,
where g is the GUT group coupling constant. The cosmo-
logical relevance of such effects is then obvious since many
of these gauge bosons are responsible for baryon number
violation, so that in particular, these strings would en-
hance the primordial baryon number asymmetry.
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