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Helder Chávez1 and Luis Masperi2†
1 Centro Brasileiro de Pesquisas Físicas, Dr Xavier Sigaud 150,
22290-180 Rio de Janeiro, Brazil
2 Centro Latinoamericano de Física, Av Venceslau Bráz 71 Fundos,
22290-140 Rio de Janeiro, Brazil
E-mail: masperi@cbpf.br

New Journal of Physics 4 (2002) 65.1–65.13 (http://www.njp.org/)
Received 23 May 2002
Published 22 August 2002

Abstract. The scattering and capture of right-handed neutrinos by an Abelian
cosmic string in the SO(10) grand unification model are considered. The
scattering cross section of neutrinos per unit length due to the interaction with
the gauge and Higgs fields of the string is much larger in its scaling regime than
in the friction regime because of the larger infrared cutoff of the former. The
probability of capture in a zero mode of the string accompanied by the emission
of a gauge or Higgs boson shows a resonant peak for the neutrino momentum
of the order of its mass. Due to the decrease in the number of strings per unit
of comoving volume in the scaling epoch, the cosmological consequences of the
superconducting strings formed in this regime will be much smaller than those
which may already be produced in the friction regime; in particular as possible
sources of ultraenergetic cosmic rays.

1. Introduction

It is possible that the early universe suffered a sequence of phase transitions breaking symmetries
of the grand unification theories (GUTs) and generating topological defects [1] such as the cosmic
strings.

Whereas other topological defects such as monopoles are unacceptable because they would
quickly give an excessive energy density to the universe, cosmic strings undergo certain dynamics
that may allow them to play a relevant cosmological rôle.
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Ordinary cosmic strings are formed by the gauge field corresponding to the symmetry
which is broken and the Higgs field responsible for spontaneous breaking. During the universe
expansion the decrease of the number of long strings compensates the increasing contribution
of each one leading to the so called scaling regime in which they represent a constant fraction
of the energy of universe.

These dynamics, however, are altered for the small part of strings which may become
superconducting by the incorporation of fermions and could give rise to astrophysical
phenomena [2]. In particular, closed superconducting loops called vortons are classically
stable [3] and might constitute a fraction of cold dark matter in the galactic halo that by a
slow quantum decay is a possible origin [4] of the ultra-high energy cosmic rays (UHECRs)
which are difficult to explain [5].

After their formation, the ordinary strings are in a bath of high-energy particles some of
which may be the heavy fermions that if captured would become massless and give rise to the
superconducting current. It is interesting to see whether the rate of this process is large enough
to form vortons before the density of ordinary strings has decreased too much to allow sizeable
astrophysical effects regarding cosmic rays.

In addition to the possibility of capture, the interaction with the string may produce scattering
of fermions which are partially Aharonov–Bohm in type.

This effect has been described [6] for the interaction with the string gauge field of fermions
of a charge which is one half that of the Higgs field responsible for the breaking of the Abelian
symmetry generating the defect.

The corresponding cross section diverges in the forward direction due to the long-
range nature of the interaction which gives contributions even for wavepackets passing at an
infinite distance from the string. However, the unitarity of the S matrix has been proved [7]
and the cross section can be taken as finite introducing a cutoff for the distance from
the string.

This cutoff has a physical motivation in the correlation length, ξ, between the strings. At the
beginning of the so called friction regime after their formation ξ � 1

λη
where λ is the coupling

constant of the Higgs potential which breaks the symmetry at the energy scale η. Afterwards, if
the scaling regime is achieved, ξ � t.

The purpose of our work is twofold. On one hand it is to include in the scattering the effect
of the string Higgs field whose order of magnitude has been estimated [8] without considering
the simultaneous interaction with the gauge field. On the other hand it is to evaluate the capture
of fermions by the string to form superconducting currents if there are bound zero modes for
the Dirac equation in the plane transverse to it [9]. With this last process fermion capture has
been considered [8] together with the emission of a Higgs particle, whereas we also include the
alternative emission of a gauge boson.

The simplest fermionic candidate suitable for our analysis is the right-handed neutrino νR,
which is a SU(5) singlet [10] in the representation 16 of SO(10) and that acquires mass through a
Majorana coupling with a SU(5) singlet Higgs in the representation 126 of SO(10), responsible
for the breaking of the Abelian Ũ(1) contained in the latter symmetry. Therefore νR is the only
fermion in this model which may form a zero mode when it is captured by the string generated
at the breaking of Ũ(1).

In section 2 we describe the Abelian string in SO(10) and the relevant fermionic field.
In section 3 the cross section for the scattering of the Majorana neutrinos is calculated
perturbatively in the approximation of large momentum both in the friction and scaling
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string regimes. Section 4 is devoted to the capture of fermions with emission either of
a Higgs or a gauge boson; finding in both cases a resonant peak for comparatively low
momentum values. This allows us to include in the cosmological implications of section 5
the larger influence of superconducting strings formed in the friction epoch as the origin
of UHECRs.

2. SO(10) Abelian cosmic strings and Majorana fermions

The first GUT symmetry which contains an Abelian group Ũ(1) additional to the electromagnetic
one is SO(10) which can be broken according to the scheme

SO(10) −→
45

SU(5) ⊗ Ũ(1) −→
126

SU(5) ⊗ Z2 −→
45

SU(3)C ⊗ SU(2)L ⊗ U(1)Y ⊗ Z2

−→
10

SU(3)C ⊗ U(1)em ⊗ Z2 (1)

where the representations of the relevant Higgs fields are indicated. The expectation value of
the Higgs field Φ in 126 breaks Ũ(1) producing Abelian strings which are topologically stable
because the conserved discrete symmetry Z2 avoids their fragmentation by monopoles. The
expectation value of Φ will be of the GUT order η � 1015 GeV and since its Ũ(1) charge is
10 whereas that of νR denoted by ψ is 5, a Majorana mass term coupling which violates lepton
number is possible in the Lagrangian

L = (Dµ Φ)�(Dµ Φ) − 1
4FµνFµν − 1

4λ(|Φ|2 − η2)2 + ψ†iσµDµψ − 1
2{igψ†Φψc + h.c.}, (2)

with Fµν = ∂µAν − ∂νAµ, Dµ Φ = (∂µ − ieAµ)Φ, Dµ ψ = (∂µ − 1
2 ieAµ)ψ, νc

R = iσ2ν�
R,

σµ = (I, σi). In the broken-symmetry vacuum where Φ = η and Aµ = 0 there is a generation
of masses MH =

√
λη and MA =

√
2eη for the bosons and Mo = gη for the fermion.

The string configuration in planar coordinates for unit winding number is

Φ = ηf(r) eiϕ, Aϕ =
1
e r

a(r) (3)

with the behaviour f (0) = a(0) = 0, f (∞) = a(∞) = 1.
The free quantum Majorana field of right chirality [11] is

ψ(x) =
1√
V

∑
p

1√
2po

[(c(p, +)e−ipµxµ + c†(p, −)eipµxµ)
√

po + pχ(p, +)

+ (c(p, −)e−ipµxµ − c†(p, +)eipµxµ)
√

po − pχ(p, −)], (4)

where χ are the helicity eigenstates

σ · pχ(p, ±) = ±pχ(p, ±), (5)

with p = |p|, being clear that for zero mass only the positive helicity survives in equation (4).
Having taken a finite normalization volume V , the anticommutation relation for the corresponding
annihilation and creation operators is

{c(p, ±), c†(p′, ±)} = δp,p′ . (6)

The phase between helicity states has been chosen to satisfy

±σ2χ�(p, ∓) = χ(p, ±). (7)
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Convenient bases for a fermion moving in the xy plane are

χ(p, +) =
1√
2

(
1

−1

)
, χ(p, −) =

−i√
2

(
1
1

)
, (8)

χ(p′, +) =
1√
2

(
eiθ/2

−e−iθ/2

)
, χ(p′, −) =

−i√
2

(
eiθ/2

e−iθ/2

)
, (9)

respectively, for the initial state when it comes from the positive x-axis and the final one where
it is scattered with angle θ.

3. Neutrino scattering by strings in friction and scaling regimes

From (2) the interaction of νR of mass Mo with the string is given by

Lint =
e

2
ψ†σµAµψ − Mo

2
ψ†σ2ψ�(1 − eiϕf(r)) − Mo

2
ψT σ2ψ(1 − e−iϕf(r)), (10)

where, because of the terms of the coupling with the classical Higgs field, the perturbative method
will be applicable for p > Mo.

In the string rest frame, the cross section due to an interaction time T will be

σ =
∑

final states

V
T

po

p
|Sfi|2, (11)

where the sum over final states includes the momenta and helicities.
For elastic scattering, the S-matrix elements will receive three contributions

Sfi = S
(1)
fi + S

(2)
fi + S

(3)
fi , (12)

where the first corresponds to the interaction with the classical gauge field which, due to the half
integer ratio of fermion and Higgs charges, is a Aharonov–Bohm type, and the others to do with
the Higgs field. For the perturbative evaluation of (12) we will approximate the behaviour of the
bosonic classical fields (3) of the string whose core radius is R � η−1 as

f(r) = a(r) = 0, r < R (13)

f(r) = a(r) = 1, r > R. (14)

The gauge field contribution to the scattering from positive to positive helicity fermion in a
first-order perturbation considering (4), (8), (9) gives

S
(1)
+,+ = i

∫
d4x 〈p′, +|e

2
ψ†σµAµψ|p, +〉 =

ieL
2V

√
(p′

o + p′)(po + p)
2po2po

2πδ(p′
o − po)A+,+, (15)

for a length L of the string along the z-axis and where

A+,+ =
∫

dr dϕ e−iQ·r ia(r)
2e

(eiθ/2+iϕ − e−iθ/2−iϕ). (16)

Using the expansion in plane waves

e−iQ·r =
∞∑

l=−∞
(−i)lJl(Q r)e−il(ϕ−β), (17)

where β is the angle between the momentum transfer Q = p′ − p and the x-axis, only the l = 1
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Figure 1. Contribution of the gauge field of the string to the + → + helicity
scattering cross section in the friction regime for different values of λ. The curves
represent the fit using (22).

contribution remains through the integration over ϕ in (16). The subsequent integration over r
considering the approximation of (13), (14) and taking an infrared cutoff ξ gives

A+,+ =
2πi
e

∫ ξ

R

dr J1(Qr). (18)

We thus obtain the differential cross section
dσ

dL dθ+−→+
=

π

8p

(
1 +

M2
o

4p2

)2[∫ 2pξ

2pR

dzJ1

(
z sin

θ

2

)]2

, (19)

which for p > Mo contains the ordinary relativistic Aharonov–Bohm effect taking ξ −→ ∞,
θ 	= 0 since ∫ ∞

2pR

dz J1

(
z sin

θ

2

)
=

J0(2pR sin θ
2)

sin θ
2

, (20)

and for vanishing string radius R = 0
dσ

dL dθ+−→+
� π

8p
1

sin2 θ
2

, (21)

which corresponds to the known result [6] in the limit of a small fermion charge.
The first stage following string formation is the friction regime at the beginning of which

the correlation length is ξ = 1
λη

. The total cross section per unit length can then be computed
numerically giving the results of figure 1. For large enough λ−1 > 8, and GUT scale
η = 1015 GeV, the curves can be fitted by

dσAB

dL
= 1.91ξ +

4.93
p

, (22)
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showing that the ordinary Aharonov–Bohm behaviour of the second term becomes overrun by
the cutoff contribution of the first one. It may be seen that in the friction regime, although the
cone in the forward direction which gives rise to the cutoff is very relevant, the non-forward
contribution cannot be neglected.

For a final state with negative helicity, it turns out that S
(1)
−,+ = 0 which could be expected

since the Aharonov–Bohm scattering conserves the helicity [12]. On the other hand the cross
section for negative to negative helicity is � (M2

o

2p2 )2 smaller than (19) due to the fact that νR is
essentially of positive helicity.

Regarding the contribution of the string Higgs field to the scattering of a positive to positive
helicity νR, using (8) and (9) gives

S
(2)
+,+ = −i

Mo

2

∫
d4x 〈p′, +|ψ†σ2ψ�(1 − eiϕf)|p, +〉

=
iMoL

2V

√
(p′

o + p′)(po − p)
2p′

o2po

2πδ(p′
o − po) cos(θ/2)�+,+, (23)

where

�+,+ =
∫

dϕ dr re−iQ·r(1 − eiϕf). (24)

The use of the expansion equation (17) and integration over ϕ leaves

�+,+ = 2π
∫

dr r[J0(Qr) + ifeiβJ1(Qr)] =
π

2p2 Ξ, (25)

where, together with the approximation equations (13), (14) and cutoff ξ,

Ξ =
∫ 2pξ

o

dz zJ0(z sin(θ/2)) + i eiβ
∫ 2pξ

2pR

dz z J1(z sin(θ/2)) = Ξo + i Ξ1eiβ. (26)

On changing from positive to negative helicity the calculation is analogous giving

S
(2)
−,+ = i

MoL

2V

√
(p′

o − p′)(po − p)
2p′

o2po

2πδ(p′
o − po) sin(θ/2)

π

2p2 Ξ. (27)

For the matrix element of S(3) without a change of helicity, again using (8) and (9) gives

S
(3)
+,+ = −i

Mo

2

∫
d4x 〈p′, +|ψT σ2ψ(1 − e−iϕf)|p, +〉

=
iMoL

2V

√
(p′

o − p′)(po + p)
2p′

o2po

2πδ(p′
o − po) cos(θ/2)G+,+, (28)

where now

G+,+ =
∫

dϕ dr re−iQ·r(1 − e−iϕf). (29)

With the same steps as above one gets

G+,+ = 2π
∫

dr r[J0(Qr) + ife−iβJ1(Qr)] =
π

2p2 (Ξo + ie−iβΞ1). (30)
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Figure 2. The contribution of the Higgs field of the string to the + → − helicity
scattering cross section in the friction regime for different values of λ. The curves
represent (34).

Analogously, for the change of helicity

S
(3)
−,+ =

iMoL

2V

√
(p′

o + p′)(po + p)
2p′

o2po

2πδ(p′
o − po) sin(θ/2)

π

2p2 (Ξo + ie−iβΞ1). (31)

Using these results

|S(2)
+,+ + S

(3)
+,+|2 �

(
Mo

p

)2

|S(2)
−,+ + S

(3)
−,+|2 (32)

indicating the fact that violation of helicity is favoured by Majorana coupling.
The dominant differential cross section is then

dσH

dL dθ+−→−
=

π

32p

(
Mo

p

)2

sin2 θ

2

(
Ξ2

0 + 2 cos
θ

2
Ξ0 Ξ1 + Ξ2

1

)
. (33)

The numerical computation of the total cross section is shown in figure 2 and can be
reproduced for λ−1 � 8 by the approximate behaviour for pξ 
 1

dσH

dL
= 1.04ξ

(
Mo

p

)2

[1 + 0.48 ln(pξ)], (34)

where the additional logarithmic dependence on the cutoff is a consequence of the phase of the
Higgs field in its interaction with the fermion as seen in (10).

For a later time after their formation, strings may reach [13] the scaling regime, due to

a correlation length ξ � t, when the universe cooled below Tsc � T 2
GUT

mPL
� 1011 GeV where
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mPL is the Planck mass. This occurred for the time t � 10−28 s, being the expansion of the
universe scale due to radiation a(t) ∝ t1/2. Therefore for momentum p > Mo, ξp 
 1 and
ξ 
 R so that now the cutoff contribution dominates clearly over the ordinary Aharonov–
Bohm term, it is possible to calculate the approximation for the cross section caused by the
gauge field

dσAB

dL
� 2

(
1 +

M2
o

4p2

)2

ξ, (35)

and obviously the contribution given by the string Higgs field is even better approximated
by (34) in the scaling regime. Since the correlation length is much larger in the scaling
regime than in the friction one, the above cross sections are correspondingly larger in the
former case.

4. Capture of fermions by strings with the emission of bosons

This process is analogous to the capture of an electron by a nucleus with the emission of a photon,
where the description is given in terms of the interaction of the electron with the quantized
radiation field in addition to the Coulomb attraction.

We thus add the quantum fluctuations to the classical configurations of the string Higgs and
gauge fields as

Φ = Φcl + Φ̂, Aµ = Acl
µ + Âµ. (36)

Thus we will have as the interaction with the additional quantum boson fields

Lquan = − ie
2

ψ†σµÂµψ − ig
2

(ψ†Φ̂ψc − ψc †
Φ̂†ψ), (37)

for which the conditions for the validity of the perturbation treatment are e � 1 and g � 1.
Now for the fermion field we must consider the free solutions and the zero-mode states

which can be formed with the background of the classical string configuration, i.e.

ψ = ψ̂free + ψ̂zm, (38)

where ψ̂free is given by (4) as before, whereas the zero-mode term will be

ψ̂zm =
∑
pz>0

[co(pz, +)Uo(pz, +) e−iωt + c†
o(pz, +)U�

o (pz, +) eiωt], (39)

with ω = pz, describing massless particles which move along the positive z-axis through the
anticommuting operators co. The zero-mode wavefunction [14] is given by

Uo(pz, +) =
M̃√
2πL

(
1
0

)
exp

(
−

∫ ρ

0

[
Mo

MH
f(ρ′) +

a(ρ′)
2ρ′

]
dρ′

)
exp(ipzz), (40)

where M̃−1 is its effective radius, ρ′ = MHr′ and the normalization is
∫

d3x |Uo(pz, +)|2 = 1/2.
It is clear that this requires a more detailed description of the classical fields inside the string
than that given by (13) and (14), i.e. [15]

f(ρ′) = foρ
′ a(ρ′) = aoρ

′2, ρ′ < 1, (41)
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ao and fo being constants that, from the normalization condition, give M̃ = MH

√
Mo

MH
fo + ao

2 .

The boson quantum fields are massive and given in terms of operators with the usual commutators
for the complex Higgs and real gauge fields as

Φ̂(x) =
∑

k

1√
2koV

(ake−ikµxµ + b†
ke

ikµ xµ), (42)

Âµ(x) =
∑

λ

∑
k

1√
2koV

(εµ(k, λ)a(k, λ)e−ikν xν + ε�
µ(k, λ) a†(k, λ)eikνxν ), (43)

with the polarization vectors satisfying

ε�
µ(k, λ)εµ(k, λ′) = −δλλ′ ,

∑
λ

εµ(k, λ)ε�
ν(k, λ) = −gµν +

kµkν

M2
A

. (44)

The capture of a neutrino with the emission of a superheavy Higgs particle νR → νzm + Φ
is produced by the second term of (37) giving with first-order perturbation theory the probability
amplitude

SzmΦ,νR
=

g

4
M̃

V
√

πkoL

√
po + p

2po

2πδ(po − ω′
o − ko)2πδ(p′

z + kz)Γ(Q), (45)

where

Γ(Q) =
1√
2

∫
d2x eixT ·Q exp

(
−

∫ ρ

0

[
Mo

MH
f(ρ′) +

a(ρ′)
2ρ′

]
dρ′

)
. (46)

This integral in the transverse plane of the string, with the momentum transferred to itQ = p−kT ,
can be calculated approximately [14] expanding the plane wave in Bessel functions to give∫

dϕ eixT ·Q = 2πJ0(Qr), (47)

which together with the form of the classical fields inside the string (41) (with their outside
contribution being negligible) gives

Γ(Q) �
√

2π
1

M̃2
exp

(
− Q2

2M̃2

)
. (48)

From (45) and (48) we get, in the limit of equal masses, the differential cross section for
the emission of a Higgs particle with scattering angle θ in the plane transverse to the string

dσ

dL dθ
=

g2

64πMo

(
1
y

+
1√

1 + y2

) ∫ y

0
dz z e−(y2−2yz cos θ+z2), (49)

where y = p/Mo.
The numerical evaluation of the corresponding capture total cross section is shown in

figure 3.
Regarding the capture with the emission of one gauge vector boson νR → νzm + A, the

first term of (37) gives the probability amplitude

SzmA,νR
=

ie
2V

M̃√
πL

√
po + p

2po2ko

2πδ(po − ko − ω′)2πδ(p′
z + kz)χ†

oσ
µε�

µ(k, λ) χ(p, +)Γ(Q),

(50)
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Figure 3. A comparison of the cross sections of the capture of νR to form zero
modes with the emission either of a Higgs or a vector massive boson.

where

χo =
(

1
0

)
, χ(p, +) =

1√
2

(
1

−1

)
and Γ(Q) is that of (46).

Considering the sum over the final polarizations, the differential cross section for emission
of a gauge boson turns out to be (again taking equal masses)

dσ

dL dθ
=

e2

32πMo

(
1
y

+
1√

1 + y2

) ∫ y

0
dz z

[
3
2

+
4 + z2y2 − y2 + 3z2

2(1 + y2)

− z(1 + z2)√
1 + y2

cos θ

]
e−(y2−2yz cos θ+z2). (51)

The numerical results for the total cross section of the capture taking [16] α−1
GUT = 4π

e2 = 26
are also presented in figure 3.

One sees that both cross sections show a resonant behaviour for values of the momentum
of νR of the order of its mass which is relevant for the following cosmological implications.

5. Cosmological implications and conclusions

We have analysed the possibility that fermions that acquired mass in the GUT epoch of the
universe evolution could have been captured by cosmic strings formed by the breaking of an
Abelian subgroup at this scale.

In the case that the GUT symmetry that contained this subgroup corresponded to SO(10),
the fermion to be considered is νR. These neutrinos captured by the string would produce a
superconducting current, even though they are neutral, in the sense that inside it they travel at
the velocity of light.
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This current stabilizes closed strings which otherwise would contract and disappear. The
superconducting microscopic loops might, among other models of superheavy relics [17], be
the origin of the hard component of UHECRs which has been observed without identification of
their astrophysical sources beyond the so called GZK cutoff [18].

To see which is the flux of UHECRs produced by these vortons, it is necessary to estimate
their density whose evolution with the temperature of universe T starting from their formation
at Tf will be (according to the dilution of stable objects)

nv(T ) = n(Tf )
(

T

Tf

)3

, (52)

bearing in mind [19] that n(Tf ) � (ξ(Tf ))−3.
During the friction regime an estimation [14] is

ξfr(T ) � (mPL)1/2TGUT

T 5/2 , (53)

so that for Tf = TGUT from (52) nfr
v (T ) � 10−6T 3, whereas for the formation at the end of this

period Tf � 1011 GeV nfr
v (T ) � 10−24 T 3.

Regarding the number of fermionic carriers in the loop [20]

N � ξ(Tf )TGUT , (54)

in the friction regime N fr � 100 if Tf = TGUT , and N fr � 1012 at the end of it when
Tf � 1011 GeV.

Looking now at the formation in the scaling regime valid for T � 1011 GeV where

ξsc � H−1 � mPL

T 2 , (55)

where H is the Hubble parameter, nsc
v (T ) � 10−24T 3 and N sc > 1012; both in agreement with

the limit of the friction epoch.
As a consequence the number of fermions in vortons per unit volume Nnv(T ) if incorporated

at the beginning of the friction regime is 10−4 T 3, whereas if incorporated at the beginning of
the scaling one will be 10−12 T 3. Therefore the ratio of these incorporated fermions per unit
comoving volume is 108, which is equal to the inverse ratio of the universe’s times of formation.
A similar analysis for the vorton formation during the scaling regime indicates that the density
of absorbed fermions per unit of comoving volume is t

−1/2
f .

It is obvious that the above ratio of fermions equals the one of the lengths of the original
closed strings which at formation will be ξ(Tf )ξ−3(Tf ). Therefore, with the probability of
capture per unit length being independent of time, the formation of vortons should be equally
probable in both friction and scaling regimes. However, if one includes the motion of the original
strings, which is different in both regimes, the formation of vortons during the scaling period is
less likely [21].

Even without this final consideration, from the above estimation of vortons density it is
clear that their relevance in UHECRs would be much more important if they were formed at the
beginning of the friction epoch.

Our calculation of the capture cross section indicates that it is likely that vortons can be
formed in the friction epoch. In fact, according to (54) one needs to incorporate one fermion per
Compton length λc. Multiplying the peak of dσ

dL
of figure 3 by λc and the flux of νR proportional

to its thermal density �η3 at the beginning of the friction regime, the number of incorporated
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fermions per unit time will be �10−2η. Since the duration of the friction period is ∆t � 108η−1,
the string may achieve suitable fermion density in the first part of this epoch. A similar conclusion
was reached by a simplified diffusion mechanism of the incorporation of fermions [22].

The example considered here of SO(10) is the simplest one since νR is the only non-ordinary
fermion and acquires mass on the GUT scale. In order to have exotic fermions electrically charged
with zero modes giving way to superconducting currents in the common sense of the word, we
should take the unification of interactions under a larger group as E6. In this case, however, the
addition of 11 fermions, apart from νR, would make the analysis of the problem much harder.

On regarding the scattering of fermions by straight and long strings one may note that to
the traditional Aharonov–Bohm effect due to the gauge potential, as in the solenoid case the
interaction with the Higgs field which generates the fermion mass must be also added. From our
calculation, one sees that this contribution to the total scattering cross section increases with the
separation among strings faster than that due to the gauge field by a logarithmic factor which is
related to the winding phase also present at large distances.

For these kinds of strings their density length will be �1/ξ2 and, subtracting the universe
expansion, the corresponding one per unit comoving volume in the scaling regime will be 1/t.
Since the cross section per unit string length for neutrino scattering increases at least as t, the
effect due to the targets in the unit comoving volume will be roughly constant.

To make the process of the generation of superconducting currents more realistic, one should
take into account the propagation of neutrinos in the plasma outside the string, the influence of
the motion of the latter and the fluctuations of the field equivalent to the electric one which could
produce jumps of the fermions from negative to positive energy states inside the core.
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