
            

OPEN ACCESS

Discussing cosmic string configurations in a
supersymmetric scenario without Lorentz
invariance
To cite this article: C N Ferreira et al 2010 New J. Phys. 12 053029

 

View the article online for updates and enhancements.

You may also like
Single-photon blockade in quasichiral
atom–photon interaction: simultaneous
high purity and high efficiency
Yu-Wei Lu, Jing-Feng Liu, Runhua Li et al.

-

Spin current pumped by confined
breathing skyrmion
Chunlei Zhang, Jianing Wang, Chendong
Jin et al.

-

One-dimensional modelling of limit-cycle
oscillation and H-mode power scaling
Xingquan Wu, Guosheng Xu, Baonian
Wan et al.

-

This content was downloaded from IP address 3.14.253.221 on 06/05/2024 at 22:11

https://doi.org/10.1088/1367-2630/12/5/053029
https://iopscience.iop.org/article/10.1088/1367-2630/ac6a46
https://iopscience.iop.org/article/10.1088/1367-2630/ac6a46
https://iopscience.iop.org/article/10.1088/1367-2630/ac6a46
https://iopscience.iop.org/article/10.1088/1367-2630/ab83d6
https://iopscience.iop.org/article/10.1088/1367-2630/ab83d6
https://iopscience.iop.org/article/10.1088/0029-5515/55/5/053029
https://iopscience.iop.org/article/10.1088/0029-5515/55/5/053029


T h e  o p e n – a c c e s s  j o u r n a l  f o r  p h y s i c s

New Journal of Physics

Discussing cosmic string configurations in a
supersymmetric scenario without Lorentz invariance

C N Ferreira1, J A Helayël-Neto2 and C E C Lima2

1 Núcleo de Estudos em Física, Instituto Federal de Educação, Ciência e
Tecnologia Fluminense Rua Dr Siqueira, 273, Campos dos Goytacazes,
Rio de Janeiro, CEP 28030-130, Brazil
2 Centro Brasileiro de Pesquisas Físicas, Rua Dr Xavier Sigaud 150,
Urca, Rio de Janeiro, CEP 22290-180, Brazil
E-mail: crisnfer@pq.cnpq.br, helayel@pq.cnpq.br and ceclima@ig.com.br

New Journal of Physics 12 (2010) 053029 (14pp)
Received 19 January 2010
Published 18 May 2010
Online at http://www.njp.org/
doi:10.1088/1367-2630/12/5/053029

Abstract. The main goal of this work is to pursue an investigation of cosmic
string configurations focusing on possible consequences of Lorentz-symmetry
breaking by a background vector. We analyze the possibility of cosmic strings
as a viable source for fermionic cold dark matter particles. Whenever the latter
are charged and have mass of the order of 1013 GeV, we propose they could
decay into usual cosmic rays. We have also contemplated the sector of neutral
particles generated in our model. Indeed, being neutral, these particles are hard to
detect; however, by virtue of the Lorentz-symmetry breaking background vector,
it is possible that they may present electromagnetic interaction with a significant
magnetic moment.
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1. Introduction

The mechanisms for breaking symmetries in theories of fundamental physics may yield many
interesting spectral relations among particles. In quantum field theory, important invariances
appear in connection with the Standard Model for particle physics. These symmetries are the
Lorentz, CPT [1]3 and supersymmetry (SUSY) [2] invariances. Lorentz- and CPT-symmetry
breakings [3, 4] can occur if we consider processes at energy scales close to the Planck
mass [5, 6]. In quantum electrodynamics, there are a number of works that present constraints
on Lorentz-symmetry violating parameters [7, 8]. One of the most important processes for
which the breaking of Lorentz symmetry may be measurable is related to high-energy γ -rays
from extragalactic sources. The idea in the works that treat this question is that the γ -rays are
absorbed during their interaction with the low-energy photons of intergalactic radiation [7, 9];
there occurs annihilation into electron–positron pairs in intergalactic space. This sort of physical
process imposes constraints on the Lorentz-invariance violation (LIV) parameters, which can
also yield bounds from the astrophysical tests [7, 10, 11].

To study these phenomena, some authors proposed alternative models that can describe
Lorentz-symmetry breakings and their effects [4, 6, 12]. The other symmetry we study in our
work is SUSY, which is the main ingredient of new theories, such as the Physics Beyond the
Standard Model; it appears as a viable framework that solves some problems of the Standard
Model and gives us possible candidates for dark matter (DM). The astronomical evidence
for additional, non-luminous matter, or DM, strengthens our motivations to consider SUSY.
Another motivation to adopt SUSY is the fact that this symmetry appears as the main ingredient
of string theory [13]. In the Minimally Supersymmetric Standard Model (MSSM), the breaking
of SUSY is soft, which is an attractive way of solving the hierarchy problem and linking the
electroweak scale to physics close to the Planck scale. This soft SUSY breaking can be related to
LIV in the study of vortex superfluids [14], where LIV is realized by a Kalb–Ramond field [15].

The Kalb–Ramond and dilaton fields appear in heterotic string theory and can couple
to the Yang–Mills–Maxwell–Chern–Simons field as the result of a quantum effect. The
Kalb–Ramond field can play the role of a background field in [16, 17]. In another context,
vortex configurations may be studied in the brane-world framework [18] and present important
results in a supersymmetric scenario [19]–[23]. These motivations are the basis for this
work, where we consider a rather general set of background fields that induce LIV in
connection with possible supersymmetric cosmic string configurations. Structures like cosmic
strings [24]–[30], probably produced during phase transitions [31], appear in some grand-
unified gauge theories and carry a huge energy density [29]. They have been studied to
provide a possible origin for the seed density perturbations, which became the large-scale
structure of the universe observed today [32]. These fluctuations would leave their imprint in
the cosmic microwave background radiation (CMBR), which would act as seeds for structure
formation and, then, as builders of the large-scale structures in the universe [33]. However,
they have presently been discarded as only responsible for structure formation. They have re-
acquired renewed phenomenological interest in connection with string theory [34, 35]. They
may also help to explain the most energetic events in the universe, such as ultra-high-energy
cosmic rays [36]–[38] above the Greisen–Zatsepin–Kusmin (GZK) cutoff, that lie on energies
of the order of 5 × 1010 GeV [39]. In this work, we analyze the possible consequences of
supersymmetric cosmic strings interacting [19, 40] with a vector background responsible for

3 For experimental tests, see Barnett et al [1].
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the Lorentz breaking effect [41]. This scenario may yield consequences to particle creation, and
this is an issue we devote special attention to in the present paper.

The outline of this work is as follows. In section 2, we start by presenting a simple model
with a Lorentz-symmetry breaking contribution formulated in terms of superfields. In section 3,
we study vortex configurations and discuss the physical implications of this Lorentz-symmetry
violation. We also analyze the potential, magnetic flux and currents induced by LIV. In section 4,
we compute the propagator for excitations in the gauge sector of the model and comment on
the role of the Lorentz-symmetry breaking additional terms. Section 5 is devoted to the study
of fermionic charged fields that can be ejected from cosmic strings. We consider the possibility
that these fields may be interpreted as responsible for charged cold dark matter (CDM) particles.
In section 6, we set up the part of the model that accounts for neutral particles that may
appear as (neutral) CDM particles. We especially discuss here the possible magnetic moment
interactions of these neutral particles. Finally, in section 7, we draw our general conclusions
with a discussion on the phenomenological aspects of our model.

2. Supersymmetric cosmic string model with LIV

In this section, we present the general features of a supersymmetric model that may produce
cosmic string configurations with LIV. To accommodate cosmic strings in a supersymmetric
context, we need a family of chiral scalar superfields, 8i(φi , ξi ,G i). These superfields contain
the complex physical scalar fields, φi , their fermionic partners, ξi , and complex auxiliary fields,
G i ; they can be written as θ -expansions according to the parameterization below:

8i = e−iθσµθ̄∂µ[φi(x)+ θaξia(x)+ θ 2G i(x)] , (1)

where the label i represents the flavors of the superfields needed for the correct description of the
cosmic string. The other fundamental ingredient for a cosmic string configuration is the gauge
field, Hµ. To accommodate this field, we consider a gauge superfield, VH , which also contains a
fermionic gauge partner, χ , and a real auxiliary field, D. The superfield VH is already assumed
to be in the Wess–Zumino gauge, with a θ -expansion as follows:

VH = θσµθ̄Hµ(x)+ θ 2θ̄ χ̄ (x)+ θ̄ 2θχ(x)+ θ θ̄2 D(x) . (2)

The cosmic string Lagrangian, LCS , that is U(1)-gauge symmetry invariant and presents N = 1
SUSY is

LCS = 8̄i e
2qi V
8i |θθ θ̄ θ̄+αH

αHα|θθ+ W |
θθ

+ h.c., (3)

where α is a real parameter, h.c. is the Hermitian conjugate and the field-strength superfield,
Ha, is written as Ha

= −
1
4D̄

2DaVH . The SUSY covariant derivatives are given as Da = ∂a −

iσµaȧ θ̄
ȧ∂µ and D̄ȧ = −∂ȧ + iθaσ

µ
ȧa∂µ, where the σµ-matrices read as σµ ≡ (1; σ i), the σ i ’s being

Pauli matrices.
To realize the U(1)-gauge symmetry breaking responsible for the cosmic string vacuum,

we consider a superpotential, W , as given by

W = β80

(
8+8− − η2

)
, (4)

where η and β are real parameters. Then, we consider in (3), i = 0, +, − with q0 = 0 related
to the neutral superfield, q+ = 1 to the chiral supermultiplet and q− = −1 to the anti-chiral
supermultiplet.
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In a scenario with SUSY, this structure is sufficient to obtain a cosmic string [20]; but,
in our case, we wish to study this phenomenon in connection with LIV. This fact changes the
cosmic string configuration, giving us new features.

Models with LIV without SUSY have already been studied [40]; nevertheless, if we
consider events that occur in the early universe, as the cosmic string formation, we need
to include SUSY. In this analysis, we consider the cosmic string in the presence of the
supersymmetric version of the Maxwell–Chern–Simons term; hence, we need another gauge
superfield, VA , that has the same form as the one given in equation (2) and is also taken in the
Wess–Zumino gauge:

VA = θσµθ̄ Aµ(x)+ θ 2θ̄ λ̄(x)+ θ̄ 2θλ(x)+ θ θ̄ 2 D̃(x) . (5)

Also, we have to add a dimensionless chiral superfield, �(ω,ψ, I ), given by

�= e−iθσµθ̄∂µ[ω(x)+ θaψa(x)+ θ 2 I (x)], (6)

which carries a complex scalar field, ω, a fermionic partner, ψ , and an auxiliary field, I . The
Lagrangian that accommodates the LIV term reads

LMCS = FaFa|θθ +HaFa�|
θθ

+ h.c. (7)

The Lagrangian LMCS is written in terms of a field-strength superfield, Fa
= −

1
4D̄

2DaVA ,
that accommodates the electromagnetic field, Aµ, the photino, λ, and a real auxiliary field, D̃.

For a detailed description of the component fields and degrees of freedom displayed in (5),
the reader is referred to the paper of Belich et al [41]. As can be readily checked, this action is
invariant under Abelian gauge and SUSY transformations [19]. The SUSY transformations act
upon the string bosonic configuration, and the fermionic zero-mode excitations turn out to be

ξ±

a = i
√

2σµaȧ ε̄
ȧ Dµφ

± +
√

2εaG±,

ξ 0
a = i

√
2σµaȧ ε̄

ȧ∂µφ
0 +

√
2εaG0,

χa = σ
µν
aȧ ε

ȧ Hµν + iεa D,

ψa = i
√

2σµaȧ ε̄
ȧ∂µω,

λa = σ
µν
aȧ ε

ȧ Fµν + iεa D̃.

(8)

The physical interpretation of the Lagrangian LMCS is that the dimensionless superfield,�,
represents the background that can give us information about the early universe when cosmic
strings were formed. In this context, LIV can become an important ingredient for cosmic string
appearance. This cosmic string is superconducting and has a different characteristic with respect
to the usual and Witten’s cosmic strings [42].

3. Cosmic string interactions in a framework with LIV

In this section, let us analyze cosmic string configurations. We study the equations of motion and
show that it is possible to find solutions in our model. In components, we have a U(1)× U(1)′

mixing term [43], which can be diagonalized by considering the following field reshufflings:

Hµ → (1 − ρ2)−1/2 Hµ, (9)

Aµ → Aµ − ρ(1 − ρ2)−1/2 Hµ, (10)
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where we write the real part of ω as (ω +ω∗)≡ ρ. The mixing term comes from the Lagrangian
of equation (7).

In this work, we choose the condition α + 2ρ = 1, to specify the background field
configurations for the ω-field, in such a way that we have ρ = constant. The constant ρ is, in
our analysis, a physical parameter and cannot be completely scaled away in the presence of the
Lorentz-breaking interaction. In string theory [13], the ρ-field may exhibit interaction with the
gauge potential; here, with a LIV environment, it freezes at a constant value in the background.

For the on-shell version of the present model, we have the bosonic Lagrangian

LB = 2Dµφ[Dµφ]∗ −
1
4 HµνHµν

−
1
4 FµνFµν + 1

2(1−ρ2)
−1/2
ε
µαβν

vµ Hαβ

[
ρ(1 − ρ2)

−1/2
Hν+Aν

]
−U,

(11)

where the Lorentz-symmetry breaking term that contains the antisymmetric part of ω is written
as (ω−ω∗)= i1. The form of 1 is fixed in terms of the LIV parameter, since we define
vµ = i∂µ1 as a constant. This ansatz for ρ and vµ is possible whenever we consider a static
background.

The bosonic fields, in polar coordinates, may be parameterized as (axially symmetric
ansatz)

φ0 = 0, (12)

φ+ = φ∗

−
= f (r)einθ

= φ, (13)

Hµ = Hθ(r)δ
θ
µ, (14)

G± = D = 0, (15)

G0 = µ
(
η2

− f (r)2
)
, (16)

where G±, D and G0 are the auxiliary fields introduced in the previous section.
We impose as boundary conditions

f (r)= 0, r = 0, f (r)= η, r → ∞. (17)

The gauge covariant derivative is

Dµφ = [∂µ + ie(1 − ρ2)−1/2 Hµ]φ. (18)

The potential turns out to be

U = β(φ̄+φ̄− − η2)(φ+φ− − η2)+βφ̄0φ0

(
φ̄+φ+ + φ̄−φ−

)
. (19)

With the ansatz (16) for the cosmic string, U can be split according to

U = β
(
|φ|

2
− η2

)2
. (20)

Now, let us analyze the charge induced by the Lorentz-symmetry breaking in the cosmic
string core. The field equations imply that φ and Hµ are solutions to the following differential
equation:

∂µ∂
µφ + e2(1 − ρ2)−1 HµHµ

−
∂V (φ)

∂φ
= 0, (21)

which yields

1

r

d

dr

(
r

d f

dr

)
−

[(n

r
− e(1 − ρ2)−1/2 H

)2
− 2β( f 2

− η2)
]

f = 0. (22)
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The equations for the gauge fields are given by

∂µHµν
= J ν +J ν

top, (23)

where the four-dimensional current density, Jν , is related to the cosmic string fields according to

Jµ = −ie
[
φ∗∂µφ−φ(∂µφ)

∗
]

+ 2e(1 − ρ2)−1
|φ|

2 Hµ. (24)

Let us consider the Lorentz-symmetry violating vector, vµ = (0, 0, 0, v), being so chosen
that whenever µ= z, it is connected with the charge Q. The J µ

top is the topological current, with
the extra gauge field, Aµ, given by

J µ
top = −(1 − ρ2)−1/2εµναβvνFαβ . (25)

The equation for the gauge potential along the angular component is

Bz =
1

r

d

dr
(r H(r)) , (26)

dBz

dr
+ 2e(1 − ρ2)−1/2

[n

r
+ e(1 − ρ2)−1/2 H

]
f 2 + v(1 − ρ2)−1/2 E = 0, (27)

where the magnetic field is defined as Bk = εi jk H i j and the electric field is given by F0r = −E .
The equation for the gauge field, Aµ, is given by

∂µFµν
= (1 − ρ2)−1/2ενκαβvκHαβ . (28)

In terms of the magnetic and electric fields, we have

1

r

d

dr
(r E(r))= v(1 − ρ2)−1/2 Bz(r). (29)

The magnetic flux is quantized as below:

φMag =

∮
Hir dx i

= −2
π

e
n(1 − ρ2)1/2. (30)

The region of validity for ρ (ρ < 1; actually, ρ is a very small parameter) ensures that the
magnetic flux is non-vanishing and conserved, as depicted in figure 1, in terms of the variation
of the parameter ρ.

The solution to this problem is the change of the cosmic string configuration to include
At 6= 0 in the vz case. In figure 2, we plot the solution of the electric field, E , magnetic field, B,
and scalar, f , in terms of the dimensionless radial coordinate. This graph is important to analyze
the convergence of the fields, which illustrates the stability of our cosmic string solution. The
comparison between our solutions and the ordinary cosmic string solution shows that an electric
field appears and falls off as 1/r , when r → ∞. This is compatible with the vortex configuration.

It is relevant to analyze the fact that this cosmic string is charged and the symmetry whose
breaking is involved here is Lorentz invariance, different from Witten’s superconducting cosmic
string. In Witten’s framework, the superconductivity is given by the breaking of U(1)-gauge
symmetry in the core, which gives the current and the preserved gauge symmetry in the vacuum
that responds to the long-range behavior of the electromagnetic field, Fµν . This mechanism
includes two complex scalar fields that interact through a more complicated potential. In our
approach, the unique gauge symmetry that is broken is the U(1)-group concerned with the
cosmic string configuration; for this reason, the potential includes only the cosmic string field, φ.
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Figure 1. Plot of the behavior of the electric and magnetic fields of the cosmic
string with mixing parameter, ρ. We consider v = 0.03.

Figure 2. The point curve shows the behavior of the cosmic string with parameter
v. The solid curve is the ordinary cosmic string solution, i.e. v = 0 and ρ = 0.
The parameter of the other curves is ρ = 10−11.

4. The cosmic string propagator

Another important ingredient that we have to analyze is the propagator of the gauge-field
sector. There is a mixing of the Aµ- and Hµ-potentials given by the LIV term. The poles of
the propagator and their corresponding residues allow us to infer about the spectrum of spin-0
(longitudinal) and spin-1 (transverse) excitations: we have to be sure that neither tachyonic poles
nor ghost-like states are present in the model. Especially now that both Aµ and Hµ are mixed
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and an external background vector, vµ, appears that may, in general, yield massive poles, we
must guarantee that the gauge-field sector is not plagued by unphysical modes.

With this purpose, we parameterize φ as φ = [φ̃(x)′ + η]ei6(x), where φ̃′ is the quantum
fluctuation around the ground state, η. We concentrate on the bosonic Lagrangian in terms of
the physical fields, φ̃′, Hµ and Aµ, and adopt the unitary gauge for the broken U(1)′-factor
(associated with Hµ). This gauge choice 6 = 0 is in perfect agreement with the Wess–Zumino
gauge adopted in equation (2) of section 2. By fixing this gauge, we remove compensating fields
introduced by SUSY. We are still left with the usual gauge freedom, so that we have the freedom
to fix the unitary gauge. To read off this propagator, we refer to the bosonic Lagrangian (11).
We first write it in a more convenient form:

L=
1

2

∑
αβ

AαOαβAβ, (31)

where Aα = (Aµ, Hµ, Aµ) and Oαβ is the wave operator. We note that 6 mixes with Aµ.
However, we adopt the t’Hooft Rξ -gauge and they decouple from each other. So, the 6–6
propagator can be derived independently from the propagator for the (Aµ, Hµ) sector. We apply
the usual procedure to invert the operator O−1

αβ in order to find the gauge-field propagator of this
problem.

To read off the gauge-field propagator, we use an extension of the spin-projection operator
formalism presented in [44]. The new aspect in this work is that, describing the LIV terms
in connection with the cosmic string fields, we have to add other new operators arising from
the Lorentz-symmetry breaking terms and the cosmic string interactions. Then, we need the
usual two operators 2µν and 0µν , being respectively the transverse and longitudinal projection
operators, given by 2µν = ηµν −0µν and 0µν =

∂µ∂ν

�
. In order to find the inverse of the wave

operator, let us calculate the products of operators for all nontrivial combinations involving the
projectors. The relevant multiplication rules are listed in table 1, where the new spin operator
arising from the Lorentz-breaking sector is �µν , defined in terms of the Levi-Civita tensor as

�µν = εαβµνv
α∂β, (32)

and the operator fµν , which we find by squaring �, gives us

fµν ≡�µα�
α
ν = M70µν + M83µν + M96µν, (33)

so that we have to define other operators such as

6µν = vµ∂ν, (34)

λ≡6µ
µ = vµ∂

µ, (35)

3µν = vµvν. (36)

The operators 6µν and λ project the longitudinal part of a vector field along the vµ-direction,
while 3µν projects the whole vector field (longitudinal plus transverse) along vµ.

We write below the explicit expressions for the propagator we are interested in:

〈AA〉 =
i

M1
2µν +

i

(M2 − M2
3 M−1

4 M7)
0µν −

i

M2
3 M−1

4 M8

3µν −
i

M2
3 M−1

4 M9

6µν (37)

〈H H〉 =
i

M4
2µν +

i

(M5 − M2
3 M−1

1 M7)
0µν −

i

M2
3 M−1

1 M8

3µν −
i

M2
3 M−1

1 M9

6µν, (38)
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Table 1. Multiplicative table for spin operators.

θαν 0αν �αν 3α
ν 6α

ν 6α
ν

θµα θµν 0 �µν 3µν −
λ
�
6µν 6µν − λ0µν 0

0µα 0 0µν 0 λ
�
6νµ λ0µν 6νµ

�µα �µν 0 fµν 0 0 0
3µα 3µν −

λ
�
0µν

λ
�
6µν 0 v23µν v26µν λ3µν

6µα 0 6µν 0 λ1µν λ6µν 3µν�

6αµ 6νµ − λ0µν λ0µν 0 v26νµ v2�0µν λ6νµ

where the first term in both equations is the transverse part of the propagator, the second is the
longitudinal part, the other two terms are related to LIV, and M1, . . . ,M9 are quantities that read
as follows:

M1 = M8 =�, M2 = −
1

ε
�, M3 = M6 = −

1

(1 − ρ2)1/2
,

M4 =
1

2
�+ 2e2(1 − ρ2)η2, M5 = 2e2(1 − ρ2)η2,

M7 = [−v2�− λ2], M9 =
λ

2
,

(39)

where λ is the momentum space expression for operator (35).
In our notation, 〈AA〉 represents the propagator for the gauge field Aµ and 〈H H〉 stands

for the propagator between the gauge fields Hµ that is connected with the cosmic string.
By analyzing the 〈AA〉 propagator, we can show that the transverse part is given by M1.

It has a trivial pole, this field describes a massless excitation and its U(1)- symmetry does not
break down. This analysis is important because it gives us information on the range of the field.
The fact that the field Aµ presents an exact U(1)-gauge symmetry gives us the interpretation that
is associated with a long-range interaction. This propagator displays a pole at k2

= 0 also in the
3µν-sector, which indicates the presence of a massive excitation along the background vµ. This
is not the case for the 3µν-sector of the 〈H H〉 propagator. It is interesting to note that the 〈AA〉

and 〈H H〉 propagators present a pole of the type vµkµ = 0, which points to an excitation that
propagates orthogonally to vµ.

As for the propagator (38), the transverse part presents a mass given by 4e2(1 − ρ2)η2.
We note that this mass presents a parameter ρ, connected with LIV. This parameter is very
important for understanding the range of the gauge field Hµ. If ρ = 1, the field is free, but the
vortex disappears because, in this limit, we have, by equation (30), a zero magnetic flux. Then,
the parameter ρ is important to give us a fine-tuning of the interaction.

5. Fermionic charged particles from cosmic string configuration

In this section, we consider the sector of fermionic excitations that propagate on the background
established by the bosonic cosmic string configuration. Let us consider the Lagrangian for the
4-field:

LCC = i4̄+γ
µDµ4+ + i4̄−γ

µDµ4− + i4̄0γ
µ∂µ40, (40)
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where LCC is the Lagrangian piece that contains the charged fermionic fields written down in
terms of four-component Majorana spinors as follows:

4± ≡41 ± i42, (41)

where 41 and 42 have the form 4(x)=

(
ξa(x)
ξ̄ ȧ(x)

)
. The gauge covariant derivatives are

Dµ4+ = (∂µ + ie(1 − ρ2)−1/2 Hµ)4+,
(42)

Dµ4− = (∂µ − ie(1 − ρ2)−1/2 Hµ)4−.

The Yukawa Lagrangian is given as

LY = β (φ−404+ +φ+404−)+ h.c. (43)

We propose that the fermionic solution, in the inner region of the cosmic string, displays, in
cylindric coordinates, the form

4i =4(r, θ)i e
αi (z−t), (44)

where αi(z − t) represents the left-moving superconducting currents flowing along the string
at the speed of light, because in the core of the cosmic string the fermions do not have mass
because φi = 0. In this case, the Lagrangian (40) gives us the zero modes inside the string.

The other important aspects are the currents inside the string: they are conserved currents.
One of them is the Noether current, given by

J a
(4)

= −
e

(1 − ρ2)1/2

[
4̄+γ

a4+ − 4̄−γ
a4−

]
. (45)

This current only involves the fermionic SUSY partners of the cosmic string scalar fields. Inside
the string, SUSY is broken in the range of 1011–1013 GeV and there appears a fermionic current.
This current, described by (45), can be in the z-direction, carrying an electric field, Ez. The
dynamics of the current can be given by

dJz

dt
=

e2

(1 − ρ2)
Ez . (46)

We note that the variation of the current has a dependence on the LIV parameter ρ.
This current grows until produced particles are ejected from the cosmic string. These charged
fermion particles acquire masses from the breaking of the U(1)-gauge symmetry where the
scalar cosmic string field 〈|φ±|〉 has a vacuum value, η. The fermionic particle masses studied
here are described by Yukawa’s term that reads, after gauge symmetry breaking,

LY = βη (404+ +404−) . (47)

The physical interpretation of these particles could be formulated in the context of ultra-
energetic cosmic rays, above the GZK cutoff of the spectrum, and we propose that they originate
from decays of superheavy long-living CDM particles. These particles may have been produced
in the early universe from our cosmic string after inflation and may constitute a considerable
fraction of CDM. These CDM particles are supersymmetric fermionic particles that can be
produced by some cosmic string mechanism. In some cases, induced isocurvature density
fluctuations can leave an imprint in the anisotropy of CMBR. The fermionic mass outside the
string is given by (47): MF = βη. We consider that the masses of these CDM particles are of
the order of 1013 GeV [39] and in a range compatible with supersymmetric scales. We have a
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coupling parameter, µ= 10−3, and the cosmic string gauge field breaking parameter is of the
order of η = 1016 GeV, which corresponds to the energy scale at the end of the inflation. This
parameter can work as a constraint for the coupling constant of the superpotential term (4).

6. Fermionic neutral particles and magnetic moment coupling

Now, we pay attention to the neutral particles present in our model and focus on their magnetic
moment interaction. These particles, like the charged particles of the previous section, can
be considered as DM. According to astronomical observations, there is clear evidence for
additional, non-luminous matter (or DM) in gravitational interactions; we however do not yet
understand their nature, for instance, their masses and other quantum numbers. Therefore, it
is important to analyze their properties and other possible interaction mechanisms they may
exhibit. These particles are a relic of the early universe (for this reason, in many cases their
masses are very heavy), but there are alternative production scenarios, where very light particles
can also act as CDM, as in the case of the axion [45]. In our framework, we have SUSY
scales that give us huge masses. However, these particles are hard to detect. It is possible
to have some ways of doing that. The particles considered here are non-charged, but can
interact electromagnetically to some extent. For instance, the neutron is a neutral particle with
a significant magnetic moment. Thus, we wish to work on the possibility that DM has a small
electromagnetic coupling via its magnetic moment and this moment is a by-product of LIV, as
we shall see.

The Lagrangian that contains the non-charged fields is

LNC = iX̄γ µ∂µX + i3̄γ µ∂µ3, (48)

where the spinor X is a partner of Hµ and 3 is a partner of Aµ,

X (x)=

(
χa(x)
χ̄ ȧ(x)

)
, 3(x)=

√
2

(
λa(x)
λ̄ȧ(x)

)
. (49)

We consider the expansion of the fermionic field9 in the3 and X basis as9 = g3+ gρX ,
where the background field is given by

9(x)=

(
ψa(x)
ψ̄ ȧ(x)

)
. (50)

Adopting the basis for the physical gauge fields defined as in (10), we find that the neutral
fields have an interesting coupling to the electromagnetic fields as given below:

LI =
(
g3̄σµνHµν3+ gρ X̄σµνFµνX

)
, (51)

where g is a real constant and the term responsible for the decay is

Ldecay = g3̄σµνFµνX. (52)

These fields present a mass term given by the coupling to the background density
according to

LM
NC = −m(X̄ X + 3̄3), (53)

where m = (8ρ2
|9|

2/(1 − ρ2)2). The Lagrangian (53) has the form of a mass term, where |9|
2

can be interpreted as the density. To understand the interaction Lagrangians (48), (51) and (53),
let us analyze the equation of motion for the fermionic field X , given by(

iγ µ∂µ + ρσµνFµν
− M

)
X = 0, (54)
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where the mass particle is M = m/gρ. We now have a physical interpretation for the behavior of
these neutral particles in connection with the magnetic moment. Aharonov and Casher proposed,
in 1984, an experiment where they showed that there exists a phenomenon, in analogy with the
Aharonov–Bohm effect, that involves the dynamics of a magnetic dipole moment in the presence
of an external electric field [46]. We can show, with the help of the Lagrangian (51), that the
cosmic string may be the source of the magnetic moment [47] of the neutral supersymmetric
massive particles that interact with the electric field, giving us an equation of motion as in (54).

By analyzing the electric and magnetic fields generated in our system, we find that the
electric field outside the string is given by E = −Q/4πε0r for vz 6= 0 and Bz = −µ0 J/4πr
for vt 6= 0. This result shows that the breaking of Lorentz symmetry yields both electric charge
and current associated with the magnetic flux related with the z-projection in the electric case
and the t-projection in the magnetic case of the violating background vector. The interesting
point to be analyzed here is the fact that the parameters µ0 and ε0 are related to the Lorentz-
symmetry breaking parameter ρ, which represents the fixed background. Considering only the
electric field and using the same procedure, we find that the magnetic moment in an external
electric field gives us the Hamiltonian HNR = (1/2M)(Ep − EE × Eµ)2 −µ2 E2/M , where, in the
second term, there appears the correction induced by the electric dipole moment. The notation
we used is µ= 2ρ = κ e/2M , which, for consistency, gives us m/g = κe/4, where κ is the
gyromagnetic ratio.

7. General conclusions and remarks

In this work, we have contemplated the possibility of the formation of a cosmic string
configuration in a supersymmetric scenario where there is Lorentz-symmetry violation. We
have also considered its implications in a cosmological context. As we have discussed, the
astronomical observations provide compelling evidence for additional, non-luminous matter, or
DM, and the most plausible theory that governs these particles should be based on SUSY. On the
other hand, there is evidence that the high-energy events in our universe can point to a LIV. Also,
there are observations of excess emission amplitude that gives us an agreement in temperature
density fluctuation with the cosmic microwave background, showing that the universe may be
different from what has been proposed until now [48]–[50]. It may happen that, in some era
of the universe, LIV should not be discarded. With these implications, it is very important to
analyze the theoretical and experimental aspects of this scenario.

We show that, with our model, it is possible to have a discussion on the fermionic charged
supersymmetric massive particles. These particles appear as SUSY partners in the same chiral
scalar superfields that accommodate the cosmic string scalar fields. Their masses originate from
their Yukawa couplings, and so they are connected with the cosmic string breaking scale, given
by the scalar field vacuum expectation value, η, of the order of 1016 GeV. In our approach, we
use the Yukawa coupling constant (µ) of the order of 103 to give us particles with an energy
compatible with 1013 GeV. The parameter µ can be interpreted as being responsible for the
fine-tuning and can be adjusted with experimental data.

We have chosen this mass scale to take into account experimental evidence of highly
energetic cosmic rays, above the GZK cutoff of the spectrum, that could originate from decays of
superheavy long-living X -particles [39]. These particles could be produced in the early universe
from vacuum fluctuations during (and, in our case, after) the inflation, when cosmic string
formation and SUSY breaking took place. There is another fine-tuning parameter in our model,
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given by LIV, that we have denoted by ρ; it parameterizes the magnetic flux and has nontrivial
consequences on the analysis of the range of the gauge fields.

Another contribution of this work is the study of the magnetic moment of neutral DM
particles. This magnetic moment could be a way of detecting these particles. The idea is that
these particles can present electromagnetic interactions to some extent. We know of particles
of SM in a similar situation: for instance, the neutron, which does not present electric charge
but has a significant magnetic moment [51]. In our model, we show that the Aharonov–Casher
effect may occur and electric interaction with the magnetic moment of neutral particles can take
place. This is a feature of LIV consequences in a supersymmetric framework.

In our discussion, we may consider that our model can describe the axino. After a period
of inflationary expansion, the Universe established a full thermal equilibrium at temperature TR.
In the Large Hadron Collider (LHC) measurements, we can determine the temperature, TR, in
terms of the mass of DM particles. Astrophysical and cosmological observations determine the
relic density of cold DM in the range of 0.104 ± 0.009 [52]. These results may be adopted to
impose constraints on the LIV parameters. This question is under consideration, and we shall
report on it in a forthcoming paper.
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