Published by Institute of Physics Publishing for SISSA/ISAS Received: November 29, 2004 Accepted: December 13, 2004

Majorana zero modes

Rachel Jeannerot

Instituut-Lorentz for Theoretical Physics Niels Bohrweg 2, 2333 CA Leiden, The Netherlands E-mail: jeannerot@lorentz.leidenuniv.nl

Marieke Postma

NIKHEF Kruislaan 409, 1098 SJ Amsterdam, The Netherlands E-mail: mpostma@nikhef.nl

Abstract: We derive the zero mode solutions for a Majorana fermion in the background of a cosmic string and contrast it with the zero mode solution for a (neutral) Dirac fermion. A Majorana zero mode carries no vector or axial charge, and it cannot be bosonised. We study the implications for vorton formation and stability. In the massless limit stability of the zero mode is guaranteed by energy-momentum conservation. However, zero modes obtain an effective mass on string loops. It is found that the conditions under which current formation can be effective are exactly those for which zero mode decay is most likely to occur.

Keywords: Solitons Monopoles and Instantons, Supersymmetry Phenomenology, Cosmology of Theories beyond the SM, Beyond Standard Model.

© SISSA/ISAS 2005 http://jhep.sissa.it/archive/papers/jhep122004032 /jhep122004032 .pdf

Contents

1. Introduction 2

2. Dirac and Majorana spinors 3

3. Chiral currents 5 3.1 Zero modes solution 5 3.2 Quantisation and conserved currents 7 3.3 Dimensional reduction 9 3.4 Bosonisation 11 3.5 Discussion 11

4. Vortons 12 4.1 Effective zero mode mass 13 4.2 Current formation 15 4.3 Current stability 17

5. Conclusions 19

A. Notation 20

B. Spinor conventions 21 B.1 Free Dirac spinor 21 B.2 Zero mode spinors 22 B.3 Interactions in the string background 23

C. Zero mode decay 24 C.1 Decay of massless particle 24 C.2 Decay of the zero mode 25 C.3 Decay of massive bound state 26

D. Zero mode trapping 26 D.1 Zero mode from string scattering 26 D.2 Four fermion scattering 28

– 1 –

1. Introduction

The existence of Majorana mass terms is particularly important for particle-physics phenomenology in the context of neutrino physics [1]. Indeed, the see-saw mechanism [2], which can naturally explain the smallness of the observed left-handed neutrino masses [3], relies on the existence of a Majorana mass term for a standard model singlet, the righthanded neutrino. Right-handed neutrinos and the see-saw mechanism are a prediction of unified theories which are left-right symmetric, such as Patti-Salam and SO(10) grand unified theories (GUTs). After breaking of the gauged U(1)_{B−L} symmetry a Majorana mass for the the right-handed neutrino is generated through the Higgs mechanism.

In the context of cosmology, GUTs predict the existence of cosmic strings [4, 5]. If the Higgs field which form the string breaks U(1)_{B−L}, B −L cosmic strings are produced [6, 7]. They can be important for baryogenesis [6, 8]. Cosmic strings can also contribute to the cosmic microwave background anisotropies and they produce gravitational waves [9]. Further, fermions coupling to the string forming Higgs field can be trapped on the string, travelling along the string at the speed of light [10]. Such fermionic zero modes can give rise to superconducting strings [11]. Conserved fermionic currents can stabilise cosmic string loops against gravitational collapse, resulting in the formation of vortons which are potentially cosmologically catastrophic [12]. It was shown, however, that if there are fermionic zero modes which travel in opposite directions on the string they could scatter with each other, thereby strongly reducing the current [13, 14]. Hence, string loops with chiral currents are the best vorton candidates. In an anomaly free theory, chiral zero modes have to be neutral; they can either be Dirac or Majorana.

In this paper we will be interested in chiral zero modes and in particular in zero modes for Majorana fermions. Such zero modes arise naturally in B − L cosmic strings, as the U(1)_{B−L} breaking Higgs field gives a Majorana mass to the right-handed neutrino [6]. They can produce the observed lepton asymmetry of the universe, independently of the reheating temperature after inflation [6, 7]. We will discuss the difference between Majorana and Dirac zero modes. Neutral Dirac currents are persistent by virtue of a conserved quantum number, whereas Majorana currents are persistent for kinematical reasons. The difference between the two currents shows up when the zero-mode obtains an effective mass. Decay and annihilation of Dirac zero modes can be suppressed or forbidden by virtue of lepton number conservation; no such suppression exists for Majorana fermions. We apply our results to vortons. Neutrinos zero modes were discussed before in a slightly different context [15].

This paper is organised as follows. In the next section we will give a brief introduction to Majorana and Dirac spinors. In section 3 we present the zero mode solutions for both the Dirac and Majorana spinors in the presence of a Nielsen-Olesen string. We quantise the string in section 3.2, and compute the conserved currents. Moreover, a description of the effective theory in 2D is given. We apply our results to vortons in section 4. Both current condensation and stability is discussed, highlighting the difference between Dirac and Majorana currents. We end with some concluding remarks.

– 2 –

2. Dirac and Majorana spinors

In the early Universe when particles are still massless, there is no distinction between Dirac and Majorana fermions. All fermions and anti-fermions can be described by twocomponent Weyl spinors. In grand unified theories fermions and anti-fermions are in the same representation and therefore must be described by spinors with the same chirality. By convention, we use left-handed Weyl spinors.^1 Weyl spinors in 4-dimensions have two on-shell degrees of freedom.

Fermions get masses via the Higgs mechanism. The mass term involves a coupling between a fermion bilinear and a scalar field ϕ which acquires a non-vanishing vacuum expectation value (VEV). The mass term must be invariant under all symmetries of nature, and in particular, it must be invariant under Lorentz transformations.

Given two left-handed Weyl spinors ψ_L and χ_L, the Lorentz invariant bilinear which can be constructed is of the form

χ^T_LC̃ψ_L + χ_LC̃ψ_L^T . (2.1)

If the Weyl spinors transform under some symmetry, the above term is in addition gauge invariant if ψ_L and χ_L are charge conjugate of each other, i.e., if χ_L = ψ^c_L. The bilinear term given in eq. (2.1) then becomes:

(ψ^c_L)^T C̃ψ_L + h.c. = (C̃ψ_R^T )^T C̃ψ_L + h.c. = χ_RC̃^T C̃χ_L + h.c. = ψ_Rψ_L + ψ_Lψ_R . (2.2)

This leads to the standard Dirac mass term

L_D = −ψ_Rm_Dψ_L − ψ_Lm^†_Dψ_R (2.3)

with m_D = λϕ and λ a Yukawa coupling. The two Weyl spinors ψ_L and ψ_R = C̃ψ^c_L^T combine to make a Dirac spinor ψ_D = ψ_L + ψ_R , (2.4)

and if m_D is real, the mass term can be written as L_D = −m_Dψ_Dψ_D. A Dirac spinor has on shell four real degrees of freedom corresponding to particle/antiparticle and positive/negative helicities. The Dirac mass term is invariant under a global U(1) transformation; this implies the existence of a quantum number (such as lepton number) which enables to distinguish particles from antiparticles. A Dirac mass term can be written for both neutral and charged particles.

Now starting with a single neutral Weyl spinor, i.e., a particle which does not carry any quantum number under any unbroken symmetry, we can also construct, by setting χ_L = ψ_L in eq. (2.1), the following Lorentz invariant:

ψ^T_L C̃ψ_L + ψ_LC̃ψ_L^T = ψ^c_Rψ_L + ψ_Lψ^c_R . (2.5)

We can then write down what is called a Majorana mass term

L_M = − 1 2 ψ^c_Rm_M ψ_L − 1 2 ψ_Lm^†_M ψ^c_R , (2.6)

1Our notation and conventions are detailed in the appendix.

– 3 –

Dirac ϕ ψ_L χ_L X r n p = −n − r Q 0 q −q Majorana ϕ ψ_L X r −r/2 Q 0 0

Table 1: Charges of the Higgs field ϕ and of the fermion fields ψ_L and χ_L, which acquire respectively Dirac and Majorana mass by coupling with ϕ, under the broken U(1)_X and any unbroken U(1)_Q. Here r, n ≠ 0, but q can either be zero or non-zero.

where m_M = λϕ and the factor half is conventional. Analogously to the Dirac spinor, a 4-component Majorana spinor can then be defined

ψ_M = ψ_L + C̃ψ^c_L^T = ψ_L + ψ^c_R = ψ_{M,L} + ψ_{M,R} . (2.7)

If m_M is real, the mass term simplifies to L_M = −^1_2 m_M ψ_M ψ_M . A Majorana mass term is not invariant under a global U(1) transformation, and there is no quantum number which allows to distinguish particles from antiparticles (for instance, lepton number cannot be defined for a Majorana neutrino). A Majorana spinor is made of a single Weyl spinor and it has on shell two real degrees of freedom corresponding to the two helicity states. It satisfies the Majorana condition ψ^c_M = ψ_M , (2.8)

that is, a Majorana particle is its own antiparticle.

Majorana masses are particularly important in understanding the smallness of the neutrino masses via the see-saw mechanism [2]. Indeed, the latter relies on the existence of a superheavy Majorana mass term for the right-handed neutrino on top of a standard Dirac mass term which arises from the coupling of both left and right-handed neutrinos to the standard model Higgs. In principle there can also be a small Majorana mass for the lefthanded neutrino. There are then two distinct mass eigenstates which are both Majorana: a state with a tiny mass which is a superposition of mostly left-handed neutrino with a small admixture of the right-handed neutrino, and a superheavy state which is mostly composed of the right-handed neutrino. In the context of topological defects, we will be interested in a Majorana mass for the right-handed neutrino which arises as a consequence of gauge symmetry breaking.

In summary, massive charged fermions are always Dirac fermions whereas neutral fermions can either be Dirac or Majorana. Which mass terms can be constructed depends on the quantum numbers of the fermions and the scalar fields of the model. To be explicit, consider a U(1)_X ×U(1)_Q gauge symmetry, possibly embedded in a larger gauge group. The U(1)_X symmetry is broken by the non-vanishing vacuum expectation value of a complex Higgs field ϕ, while U(1)_Q remains unbroken. Given two left-handed Weyl fermions ψ_L and χ_L, Dirac and Majorana mass terms involving the bilinear term given in eq. (2.1) multiplied by the Higgs field ϕ can be constructed if the charges of the fields are as given in table 1. Let’s call X and Q the charges of the fields under U(1)_X and U(1)_Q respectively. ϕ breaks U(1)_X and keeps U(1)_Q unbroken, hence X(ϕ) = r ≠ 0 and Q(ϕ) = 0. Let X(ψ_L) = n and X(χ_L) = p. Then the Yukawa term is gauge invariant only if n + p + r = 0 and Q(ψ_L) = −Q(χ_L). We distinguish three cases:

– 4 –

1. If Q(ψ_L) = −Q(χ_L) ≠ 0, we have a Dirac mass term. The spinors ψ_L and χ_L combine to form a Dirac spinor which has four on shell degrees of freedom. It describes a charged fermion.

2. If Q(ψ_L) = 0 and n = −r/2, we have a Majorana mass. A Majorana spinor is formed out of ψ_L, it has two on-shell degrees of freedom. It describes a Majorana fermion, a particle which is its own antiparticle.

3. Now if Q(ψ_L) = 0 and n ≠ r/2, we have a Dirac mass term for a neutral particle. In this case, ψ_L and χ_L combine to form a Dirac spinor. Note that in this case always a global charge can be defined which distinguishes particles from antiparticles. If there is a second Higgs field with charge X = −2X(ψ), respectively X = −2X(χ), a Majorana mass term can be constructed for ψ (respectively χ). There are then two distinct mass eigenstates which are Majorana.

3. Chiral currents

3.1 Zero modes solution

In this section, we write down the fermionic equations of motion in the background of a cosmic string. We give the zero mode solutions for both Dirac and Majorana fermions, and compare the results. We only discuss abelian cosmic strings; our results can be generalised straightforwardly to non-abelian strings.

Consider a U(1)_X gauge symmetry which is broken down to the identity by a Higgs field ϕ, when the latter acquires a non-vanishing VEV. Since π_1(U(1)_X ) ≠ 0, cosmic strings form at the U(1)_X breaking scale according to the Kibble mechanism [4]. For a straight infinite cosmic string lying along the z-axis, the Higgs field ϕ and gauge field A have the form

ϕ = ϕ_0f(r)e^{inθ}, (3.1) A_θ = −n g(r) er , A_z = A_r = 0 , (3.2)

with ϕ_0 the Higgs VEV in the vacuum, and n ∈ N the string’s winding number. In the following we will concentrate on the minimum energy configuration corresponding to |n| = 1. The profile functions f(r) and g(r) must satisfy the following boundary conditions

f(0) = g(0) = 0, (3.3) lim_{r →∞} f(r) = lim_{r →∞} g(r) = 1 . (3.4)

The exact form of the functions f(r) and g(r) depends on the Higgs potential [9], which we do not specify.

We first discuss the well known zero mode solution [10] for a Dirac fermion getting its mass by coupling to ϕ^∗ [11]. The lagrangian is

L_D = ψ_Liγ^μD_μψ_L + ψ_Riγ^μD_μψ_R − λϕ^∗ψ_Rψ_L − λϕψ_Lψ_R , (3.5)

– 5 – with D_μ = ∂_μ + iqA_μ, λ the Yukawa coupling, and q the charges of ψ_{L,R} under U(1)_X . Note that q_ϕ − q_L + q_R = 0; in general q_L and −q_R can be different. The equations of motions are: iγ^μD_μψ_L = λϕψ_R, iγ^μD_μψ_R = λϕ^∗ψ_L . (3.6)

From Jackiw and Rossi [10], and an index theorem [16], we know that there is one normalisable zero mode solution ψ^0 (a static solution) which is z and t independent. The zero mode solution are eigenvectors of the projection operator [11]

γ^0γ^3ψ^0 = nψ^0 (3.7)

with n = 1 for a vortex and n = −1 for an anti-vortex. With our choice of gamma matrices (see the appendix) the zero mode solutions are

ψ^0_{n=+1} = 0 α_+(r, θ) β_+(r, θ) 0 , ψ^0_{n=−1} = α_−(r, θ) 0 0 β_−(r, θ) , (3.8)

for a vortex and an anti-vortex respectively. The wave functions α_±(r, θ) and β_±(r, θ) are of the form f(r)e^{ilθ} with l an integer and f(r) a real function localised on the string. We define

α_± = ∫ rdrdθ α_±(r, θ) , β_± = ∫ rdrdθ β_±(r, θ) . (3.9) The ratio α_±/β_± is determined by the equations of motion, more specifically, by the charges q_L and q_R. Further the sum (α^2_± + β^2_±) is set by the spinor normalisation. Hence there is no freedom in choosing the (relative) magnitudes of α_± and β_±. We normalise

ψ^0_n^†ψ^0_n = 1 =⇒ α^2_± + β^2_± = 1 . (3.10)

The 4-dimensional solutions of the Dirac equation are of the form^2

ψ_D = ψ^0_ne^{±iE(t−nz)} , (3.11)

where we have set E = k = k_z, with k > 0, for a string aligned along the z-axis. The zero-modes are massless excitations which travel at the speed of light along the string. Fermions trapped on a vortex (anti-vortex) travel in the +z (−z) direction. Note that both particles and anti-particles move in the same direction along the string, the direction

2For a Dirac particle, let’s call it η, getting its mass by coupling to ϕ instead of ϕ^∗, the zero mode solutions are η^0_{n=1} = ψ^0_{n=−1} and η^0_{n=−1} = ψ^0_{n=1}. It follows that for a vortex a fermion zero mode due to Yukawa coupling to ϕ moves in opposite direction as a fermion zero mode due to Yukawa coupling to ϕ^∗.

– 6 – being determined by whether the Yukawa coupling in eq. (3.5) is to a vortex or anti-vortex. The projection operator in eq. (3.7) singles out one helicity state (determined in terms of α_+ and β_+ or α_− and β_−). The zero mode solution has thus only two real degrees of freedom which correspond to particle and anti-particle. It is effectively a 2-dimensional Weyl fermion.

Now consider a Majorana fermion getting its mass by coupling to ϕ^∗. The lagrangian reads L_M = ψ_Liγ^μD_μψ_L − 1 2 λϕψ^c_Rψ_L − 1 2 λϕ^∗ψ_Lψ^c_R . (3.12)

The equations of motions are iγ^μD_μψ_L = λϕψ^c_R , iγ^μD_μψ^c_R = λϕ^∗ψ_L . (3.13)

Normalising the U(1)_X charge of ϕ to unity, the charges of ψ_L and ψ^c_R are q_L = −q^c_R = −1/2. The two equations of motion are not independent, rather the second equation in eq. (3.13) can be obtained from the first one by charge conjugation. The solution to the equation of motion is

ψ^{zm}_M = 1 √ 2 (ψ^0_n(r, θ)e^{−iE(t−nz)} + ψ^{0∗}_n (r, θ)e^{+iE(t−nz)}) (3.14) with ψ^0_n as given in eq. (3.8) with the additional constraint that

α_±(r, θ) = ∓β_±(r, θ) . (3.15)

The Majorana solution is just a linear combination of the Dirac solutions given in eq. (3.11) which satisfies the reality constraint of eq. (2.8). There is only one solution corresponding to one real degree of freedom, which is half the number of degrees of freedom of the Dirac solution. The zero mode is effectively a 2 dimensional Majorana-Weyl fermion. A consequence of eq. (3.15) is that both the vector and axial currents are zero. Nevertheless there is energy-momentum flowing along the string.

3.2 Quantisation and conserved currents In this section we quantise the Dirac and Majorana zero mode fields, and evaluate the conserved charges and energy-momentum.

As before, we start with the Dirac spinor. We use the classical wave solutions to the Dirac equation, eqs. (3.8), (3.11), to write the quantised field

ψ_n = ∫_∞ 0 dk (2π) ( a(nk)ψ^0_ne^{−ik(t−nz)} + b^†(nk)ψ^0_ne^{ik(t−nz)} ) , (3.16)

with as before k ≡ k_z . Note that k > 0 always. Thus a(k < 0) are annihilation operators for states moving in the −z direction, which can only be exited for an anti-vortex (n = −1). Likewise a(k > 0) are annihilation operators for states moving in the +z direction, which can only be exited for a vortex (n = 1). The wave function ψ^0 is k-independent by virtue of separation of variables in the equation of motion; the normalisation is also momentum independent.

– 7 –

Imposing the equal time anti-commutation relations {ψ(x, y, z), ψ^†(x, y, z^′)} = δ(z − z^′)ψ_0ψ^†_0 , (3.17) it follows that the operators a, b satisfy the anti-commutation relations {a(k), a^†(k^′)} = {b(k), b^†(k^′)} = 2πδ(k − k^′). One can construct a Fock space in the usual way [17].

The vector current j^μ = ψ̄γ^μψ and axial current j^{μ5} = ψ̄γ^μγ^5ψ are identically zero for μ = 1, 2. The non-zero components for μ = 0, 3 are related, j^3 = nj^0 and j^{35} = nj^{05}, by virtue of eq. (3.7). The conserved charges corresponding to the vector and axial currents, Q = ∫ d^3x⟨ :j^0 : ⟩ and Q^5 = ∫ d^3x⟨ :j^{05} : ⟩ respectively, are Q = ∫_∞ 0 dk 2π ⟨a^†(k)a(k) − b^†(k)b(k)⟩ = N − N̄ , (3.18)

Q^5 = ∫_∞ 0 dk 2π ⟨(−α^2 + β^2)a^†(k)a(k) + (α^2 − β^2)b^†(k)b(k)⟩

= (α^2 − β^2)(−N + N̄) . (3.19)

where, to avoid notational cluttering, we have dropped the subscript n to indicate whether it concerns a vortex or anti-vortex. Here : : denotes normal ordering, i.e., putting all annihilation operators to the left; this procedure automatically subtracts the zero point contributions.

The energy momentum tensor T_{μν} = ψ̄iγ_μ∂_ν ψ − η_{μν}ψ̄iγ^σ ∂_σψ (3.20) is likewise only non-zero for μ, ν = 0, 3. The various components are related: T_{00} = T_{33} = −nT_{03} and lead to the zero mode contribution to the energy per unit length of the string (respectively to the tension):

E_F = −T_F = ∫_∞ 0 dk 2π k⟨a^†(k)a(k) + b^†(k)b(k)⟩ , (3.21) The quantisation of the Majorana field goes analogous. We write

ψ_n = ∫_∞ 0 dk (2π) ( a(nk)ψ^0_ne^{−ik(t−nz)} + a^†(nk)ψ^0_ne^{ik(t−nz)} ) , (3.22)

supplemented by the anti-commutation relation {a(k), a^†(k^′)} = 2πδ(k − k^′). The creation and annihilation operators for the particle and the antiparticle are now identical. Formally the Majorana zero mode can be obtained from the Dirac zero mode by setting β_± → ∓α_± and b(k) → a(k).

The calculation of the conserved currents gives the following. As for any Majorana particle, the vector current vanishes (a Majorana mass term is not invariant under a vector U(1)). The axial current is also zero, by virtue of eq. (3.15): the amount of left-chiral and right-chiral fields exited for each zero mode is equal. We thus find

Q = 0 , Q^5 = 0 . (3.23)

– 8 –

This can also be found from eq. (3.19), by substituting b(k) → a(k) and β → α, as appropriate for a Majorana spinor. However, the energy-momentum tensor is non-zero for μ, ν = 0, 3, as can be seen from eqs. (3.20), (3.21). This gives a non-zero contribution to the string energy per-unit-length and the string tension proportional to the number of Majorana particles trapped on the string:

E_F = −T_F = ∫ k>0 dk 2π k⟨a(k)^†a(k)⟩ . (3.24) Before we go to a discussion of the effective 2 dimensional theory, a word on notation/nomenclature. In the following we will refer to Q as particle number, the number of particles minus anti-particles (it is zero in the Majorana case). The term excitation number will be reserved for the total number of excitations, particles plus anti-particles. The excitation number does not correspond to a conserved current. It can be inferred from energy-momentum.

3.3 Dimensional reduction

The zero-mode solutions effectively live in 2 dimensions. In this section we discuss how to dimensionally reduce from 4 to 2 dimensions.

Define the matrices

Γ^{0±} = 1 2 (±γ^0 + γ^3), Γ^{1±} = 1 2 (γ^1 ± iγ^2) . (3.25)

They satisfy the algebra {Γ^{i+}, Γ^{j−}} = δ^{ij} and {Γ^{i±}, Γ^{j±}} = 0, and thus act as creation and annihilation operators. Define the ground state ζ as the state which is annihilated by Γ^{i−}ζ = 0 for all i. We can then construct all states in the spinor representation by acting with creation operators on the vacuum. In 4D these states can be labelled by (s_0, s_1), with s_i = ±1/2, corresponding to the state

ζ^{(s)} = (Γ^{0+})^{s0+1/2}(Γ^{1+})^{s1+1/2}ζ . (3.26)

The zero mode solutions ψ^0_±, see eq. (3.8), in this language are

ψ^0_+ = α_+ ( − 1 2 , − 1 2 ) + β_+ ( − 1 2 , + 1 2 )

ψ^0_− = α_− ( + 1 2 , + 1 2 ) + β_− ( + 1 2 , − 1 2 ) . (3.27)

Under dimensional reduction from 4 to 2 dimensions

SO(3, 1) → SO(1, 1) × SO(2) ∼ SO(1, 1) × U(1) (3.28)

the spinor decomposes as 4 → 2+2. The 2’s are spinor representation of SO(1, 1), which are charged under the action of the global U(1). We can construct the 2D spinor representation analogous to the 4D construction. There is only one pair of creation/annihilation operators, given by Γ̃^{0±} = 1 2 (±γ̃^0 + γ̃^1) . (3.29)

– 9 –

Here and in the following we denote all 2D quantities by a tilde. For the 2D gamma matrices we use γ̃^0 = σ_1 and γ̃^1 = iσ_2. The 2D spinors are labelled by (s_0). Explicitly, (1/2) = (1 0)^T which corresponds to a right moving fermion, and (−1/2) = (0 1)^T corresponding to a left moving fermion.

We dimensionally reduce (s_0, s_1) → (s_0)_{s1} , so that right/left moving in 4D corresponds to right/left moving in 2D. The s_1 labels the charge under the global U(1).^3 Applying this to the zero mode wave function we get

ψ^0_+ → ψ̃^0_+ = α_+ ( 0 1 ) −1/2 + β_+ ( 0 1 ) +1/2

ψ^0_− → ψ̃^0_− = α_− ( 1 0 ) +1/2 + β_− ( 1 0 ) −1/2 (3.30)

Each zero mode has 2 degrees of freedom (particle/antiparticle), and can be described by a single 2D complex Weyl fermion.

The quantised Weyl spinor is

ψ̃_W = ∫_∞ 0 dk 2π ( ψ̃^0_nã(nk)e^{−ik(z−nt)} + ψ̃^0_nb̃^†(nk)e^{ik(z−nt)} ) (3.31)

with ψ̃^0_n given in eq. (3.30). We can now compute the 2D conserved charges. It is important to distinguish between 2D and 4D chirality. In D dimensions, chirality refers to left and right-handed particles, eigenstates of P_{L,R} = (1_D ± γ^5_D)/2. The zero mode solution is a superposition of both 4D chiralities. In 2D γ̃^5 = diag(−1, 1). Hence, 2D chirality is equivalent to left and right moving particles, which is unrelated to the chirality concept in 4D. In 2D the vector and axial currents are related j̃^{μ5} = ϵ_{μν}j̃^ν . The two conserved charges are

Q̃_{n=1} = N_{L̃} − N̄_{L̃} and Q̃5_{n=1} = −(N_{L̃} − N̄_{L̃}) or Q̃_{n=−1} = N_{R̃} − N̄_{R̃} and Q̃^5_{n=−1} = N_{R̃} − N̄_{R̃} (3.32)

with L̃, R̃ denoting 2D chiralities, i.e., left/right moving. In 4D left/right moving is related to fermion getting their mass via coupling to ϕ or ϕ^∗. 2D particle number Q̃ corresponds to 4D particle number Q. The 4D axial current corresponds to the 2D global U(1) current, under which states with different s_1 are charged differently. Furthermore, the 2D energy and momentum are equivalent to the 4D expressions.

The 2D Majorana fermion is obtained by setting α = β in eq. (3.30). It has 1 real d.o.f., corresponding to a Majorana-Weyl fermion. The 2D charge conjugation matrix is C = 1_2. In addition, under charge conjugation also s_1 ↔ −s_1. There is no global U(1) symmetry, no vector or axial charges but there is a non-zero energy and momentum.

3This can formally be implemented by introducing a matrix U = (12 σ1)^T such that U^†Γ^{0+}U = Γ̃^{0+}. Then ψ̃ = Uψ is the same operation as (s0, s1) → (s0). Helicity eigenstates, i.e., eigenstates of γ^0γ^3γ^5ψ = ±ψ, have s1 = ±1/2.

– 10 –

3.4 Bosonisation

If is well know that a 2D fermionic theory with Dirac fermions is equivalent to a 2D bosonic theory. Here, we remind the reader how fermionic superconductivity can be discussed in terms of bosonic superconductivity [11].

If there are both left and right moving fermionic zero modes the theory is anomaly free if the sum of charges of the left moving particles is equal to those of the right moving particles. A theory with two zero modes of 4D Dirac particles moving in opposite directions is effectively equivalent to two 2D Weyl fermions with opposite chirality with the same charge. These combine to form a single 2D Dirac fermion. Such a theory can be bosonised. If the fermion is charged with charge e, it is equivalent to a massive scalar boson with mass e/ √ π. If on the other hand there is only a left (or right) moving Dirac zero mode, which is necessarily neutral, the effective theory consists of a single 2D Weyl fermion which has 2 real degrees of freedom. It is equivalent to a free massless chiral boson with an action

L_B = 1 2 ∂_μϕ∂^μϕ . (3.33)

subject to the constraint:

(∂_t ± ∂_z)ϕ = 0 . (3.34)

The bosonic action in eq. (3.33) is invariant under ϕ → ϕ + n, with n integer (the integer comes from the integer valued fermion current). Hence, ϕ is an angular variable. A topological invariant can be constructed for a string loop Q = ∫ dl(∂_zϕ) [11]. The topological invariant Q corresponds to particle number Q = N −N̄ of the fermionic system.

A Majorana zero mode has only one real d.o.f. and can be described by a 2D Majorana- Weyl fermion. Bosonisation is not possible, as a Majorana-Weyl spinor has central charge c = 1/2, whereas a chiral boson has central charge c = 1 — the degrees of freedom do not match. Vortons studies are commonly done in terms of the bosonic description and it is not clear that this is adequate for a Majorana.

3.5 Discussion

The difference between the neutral Dirac current and the Majorana current is the following.

For the Dirac case particle number is non zero and flowing along the string. It is a conserved quantum number. Current conservation is guaranteed by an (accidental) U(1) quantum number (such as lepton number). Two leptons cannot pair annihilate, and one lepton cannot decay into a state without lepton number. A left (right) moving zero mode can be described by a left (right) moving Weyl fermion. The action can be bosonised, and is equivalent to a chiral boson. One can define a winding number which is conserved. This topological invariant can be defined for the boson field which corresponds to particle number in the fermionic description.

If there is only one fermionic zero mode the string is chiral. This can only happen for neutral fermions, otherwise there would be an anomaly. Although the current might be persistent, it does not correspond to superconductivity, in the sense that there is no

– 11 –

Meisner effect. Moreover, in the fermionic language, there are no cooper pairs. Cooper pairs are bound states of fermions with opposite spin and momenta, which therefore can only form if there are both left and right moving currents [18].

For the Majorana case, there is no chiral or vector charge. Thus no-topological invariant can be defined. This is related to the fact that a 2D theory with an odd number of Majorana-Weyl fermions cannot be bosonised. Particle number is zero but in principle there can be a non-vanishing number of particles: there is then an energy-momentum flow. Since the Majorana does not carry a conserved quantum number, the number of Majorana excitations is not a conserved quantity in general. However, massless excitations cannot decay, neither pair annihilate (as they do not scatter), and thus the current is stable for kinematical reasons in the massless limit.

Note that the masslessness of the zero mode is only a good approximation for an infinitely long straight string. String curvature and string oscillations will induce an effective mass. This will be discussed in more detail in the next section in the context of vorton formation. The other issues we want to address is whether a non negligible amount of chiral fermions can actually be trapped as transverse zero modes on the string, and contribute to the string energy-tension, and what is the actual difference between a flow of Majorana-Weyl fermions and a current of neutral Weyl fermions.

4. Vortons

In this section we discuss fermionic superconductivity in cosmic strings. The first ingredient we need is a fermionic zero mode. In the previous section, we have discussed the zero mode in detail for both Dirac and Majorana particles. Once we have a model which admits zero mode solutions, we need to know whether these zero modes can be exited or can be trapped so as to generate a current. Then finally, we must check for the classical and quantum stabilities of these currents.

In the case of charged particles, a current can be generated as the string moves through a magnetic field [11]. This is not possible for neutral particles. The only way that a large loop current can be generated is if there is an initial tiny current. As the loop collapses, the line integral of the current remains constant so that the current grows as the inverse of the loop length. In the case of charged particles, there are both left and right moving modes in order to cancel anomaly; charged fermions can thus scatter and this process strongly limits the current [13]. In the case of a neutral particle, there is only left or right moving modes, and the scattering process is absent [13]. Therefore large currents may only occur if there is an asymmetry between left and right moving modes. This chiral asymmetry can only happen for neutral fermions which can either be Dirac or Majorana.

Neutral currents cannot induce any (large scale) electric or magnetic field. Their cosmological interest lies solely in the conjecture that fermionic currents can stabilise string loops against gravitational collapse. Such stable, superconducting string loops are called vortons [12]. Vortons contribute to the dark matter in the universe. The requirement that they do not overclose the universe can put strong constraints on the underlying particle physics [19].

– 12 –

Vortons can be understood semi-classically [12, 14]. Consider a fermionic current flowing along a string loop. Assume that the loop curvature does not significantly alter the zero mode spectrum obtained in the limit of zero curvature. To simplify all formulas, we further assume that for the Dirac current N ≫ N̄.^4 The zero mode energy levels are ϵ_n = n/R, with R the radius of the string loop. Each level can be occupied by at most one fermion and one anti-fermion, in accordance with Pauli exclusion principle. In the ground state, the highest occupied level has Fermi energy ϵ = N/R. The total fermionic energy is obtained by summing over all occupied levels. The total energy of string is the sum of energy in bosonic and fermionic excitations E = E_B + E_F: E = 2πμR + N^2 2R (4.1)

where we have set N(N + 1) → N^2, valid in the limit N ≫ 1. Further μ ∼ ϕ^2_0 is the string energy per unit length. As the loops shrinks under gravitational action the bosonic energy decreases, but the fermionic energy increases due to an increasing spacing between energy levels. The vorton radius, the radius for which the energy is minimised, is

R_0 = N √ 4πμ . (4.2)

The above semi-classical description is valid for a loop radius larger than the string width and than the Compton wavelength of the zero mode. In particular, the last requirement, R_0 > m^{−1}_ψ , gives N > λ^{−1} , (4.3)

with λ the Yukawa coupling, see eqs. (3.5), (3.12). We will discuss current formation and stability for Dirac and Majorana currents, which may result in vorton formation, in the rest of this section.

4.1 Effective zero mode mass

To understand vorton formation, to understand current formation and stability, it is important to realise that the strings in the early universe are not infinitely long straight strings. Rather, the strings vibrate and curve, there are cusps and intersections. The zero-mode, which is a strictly massless excitation (in the sense that it travels at the speed of light) only for an infinitely long straight string, obtains an effective mass under such conditions. Processes which are absent for massless zero modes, decay is an obvious example, become possible. It goes without saying therefore, that an effective mass for the zero mode can alter the formation and stability of the fermionic currents considerably. Before considering these processes in more detail, we will first discuss under which conditions the zero mode gets effectively massive.

4For N ∼ N̄ we find that the Fermi level is ϵ = max[N, N̄]/R and fermionic energy E_f = (N^2 +N̄^2)/(2R), results which only differ by order unity from those for N ≫ N̄. In the literature vortons are often discussed in bosonised language, in which the only quantum number is particle number Q = N − N̄ , which can be substantially different from N + N̄.

– 13 –

The zero-mode lives in a potential well of height E = m_ψ. At the bottom of the well the excitation is massless. What keeps the zero mode in a circular orbit for a string loop is that as the mode strays off the centre of the vortex (bottom of the well) it becomes massive. There is a restoring force (the centripetal force) −∂V/∂r ∼ −δm/δr to keep it in orbit. The effective mass of the zero mode excitation can be estimated as follows [20]. The acceleration of a particle going at the speed of light around a circle with radius R is |k̇| = k/R. Setting this equal to the centripetal force, and reminding that δr ∼ m^{−1}_ψ with m_ψ the vacuum fermion mass (since the zero mode wave function falls off as e^{−mψ r} at large r) we get m ∼ k̇ m_ψ ∼ k Rm_ψ . (4.4)

The higher the momentum of the mode the larger the effective mass.

Another way to see that string curvature induces an effective mass (alters the dispersion relation to E ≠ |⃗k|) is to consider the solutions to the fermionic equations of motion. Consider a string loop with radius R lying in the xy-plane, with its centre at the origin. Define also spherical coordinates (r^′, θ^′) which parameterise the plane transverse to the string, with the origin at the string core. This plane is characterised by ⃗r^′ × ⃗θ^′ ‖ ⃗k, and A_⊥ = 0. The zero mode solution is schematically of the form ψ = e^{±i(Et+⃗k·⃗x)}ψ_0(r^′, θ^′) . (4.5) Note that both ⃗k and ⃗r^′ × ⃗θ^′ are functions of time, since as the zero mode travels along the string loop ⃗k/|⃗k| changes. As a result the ∂_t operator in the equation of motion not only brings down a factor E, but also terms proportional to k̇/k. This gives a dispersion relation of the form E ∼ k + k̇ k . (4.6)

Expanding E = √ k^2 + m^2 ≈ k + m^2/k valid for m ≪ k, and setting k̇ ∼ mm_ψ equal to the centripetal force, this gives the same mass correction as the classical argument leading to eq. (4.4).

Another string configuration which leads to an effective mass for the zero modes is a vibrating string. Consider a string extended along the z-direction, which moves with some velocity in the x-direction. The dispersion relation for the zero mode is E^2 = k^2_x + k^2_z . By performing a Lorentz transformation we can go to a frame in which the string is at rest, and E = k_z. However, for a vibrating string we cannot go to a frame in which the string is at rest at all times, as k̇ ≠ 0. Just as for the case of a string loop, the dispersion relation picks up a term k̇/k, see eq. (4.6). For string loops the natural vibration frequency is ω ∼ 1/R, whereas for string vibrations the natural scale is ω ∼ √ μ ∼ ϕ_0. The former case gives an effective mass as in eq. (4.4), whereas the latter gives a mass which is larger by a factor ϕ_0R.

Finally, effective mass terms are generated if locally components of the gauge field other than A_θ are excited, or if the Higgs field profile deviates from its cylindric symmetric form. The string profile can be disturbed in string intersections or in cusps. A non-zero

– 14 –

A_z or A_0 component leads to a dispersion relation of the form

E = k + qA , (4.7)

and the effective mass is m^2 = qAk. A non-zero A_r (or non-cylindrical component of ϕ) will appear as an effective mass term in the r, θ dependent part of the equation of motion. It can be removed from the equation of motion by multiplying the zero mode wave function by a factor e^{iqAz}. It thus likewise gives a dispersion relation of the form eq. (4.7). In cusps and intersections A ∼ 1/r ∼ m_f in eq. (4.7), and the effective mass is large m ∼ k.

The fermionic currents back react on the gauge field. This creates an effective mass for non-chiral strings but not for chiral strings. [17]

4.2 Current formation

We consider chiral strings only (as appropriate for Majorana currents) and thus chargeless current carriers only. There is no possibility of current creation through spectral flow, as in the original Witten model, as the fermionic zero modes are neutral. Hence, any net current must be the result of fermions getting trapped/condensing on the string. Currents may be created in thermal or non-thermal settings.

Thermal trapping. Let’s first consider the case in which the string is emerged in a thermal bath with a reheat temperature larger than the vacuum fermion mass T_R > m_ψ. Whatever the specifics of the trapping mechanism, it is expected to be inefficient at high temperature T ≫ m_ψ. The reason is that the typical energies involved in the trapping reactions are much higher than the binding energy of the zero mode E_b = −m_ψ, and trapping is suppressed. Fermions that do get captured by the string have typical momenta k ≫ m_ψ and can escape easily at cusps and intersections. Furthermore, any zero mode present with k ≲ m_ψ can be easily scattered off the string. Hence, at high temperature we expect the number of zero modes to be negligible small. Current condensation has to take place at temperatures T ≲ m_ψ.

On the other hand, at temperatures T ≪ m_ψ capturing processes are also suppressed. For processes with one or more free fermions ψ in the in-state this is obvious, as their number density is Boltzmann suppressed. But also if the initial state contains only light particles there is a suppressions factor. The reason is that the typical wavelength probed in the reaction is much larger than the width of the zero mode, and the overlap between the zero mode wave function and those of the initial particles is small. As a result reaction rates are smaller by a factor (E/m_ψ)^2 compared to the rate expected on dimensional grounds, with E ∼ T the typical interaction energy (see appendix [21, 22, 23]).

We thus conclude that current formation, interactions in which zero modes are captured/produced, has to take place at m_ψ ∼ T .

Let us now consider the possible processes in which zero modes can be produced. The first interaction that comes to mind is a fermion scattering off the string to produce a zero mode final state, that is, the reaction ψ → ψ_{zm} in the string background. The string is just a static background, it cannot exchange longitudinal momentum or spin with the fermionic

– 15 – states. Therefore energy and longitudinal momentum cannot be conserved in the reaction if the mass of the incoming fermion is larger than the effective mass m of the zero mode, see eq. (D.9). And thus zero mode production in fermion-string scattering does not occur.

But there are other reactions possible through which zero modes can be produced. If the only interactions present in the theory are those given in eqs. (3.5), (3.12), these are of the form ψ + ψ → ψ_{zm} + ψ.^5

In the limit T ∼ m_ψ the capturing and scattering rate are of the same order of magnitude, and if the reaction is sufficiently fast, a thermal equilibrium distribution of zero modes will be established. We thus define the number of zero modes on a loop of length L by N ∼ N + N̄ = p L ξ . (4.8)

with ξ ∼ T^{−1} the thermal correlation length. The efficiency factor p is of order unity if thermal equilibrium is reached, and p ≃ 0 if trapping reactions are frozen out at T ∼ m_f . The average particle number over many loops is zero ⟨N − N̄⟩ = 0. However, the variance, which gives the order of magnitude of particle number on the individual loop is non-zero: √ ⟨(N − N̄)^2⟩ ∼ √ N. Thermal equilibrium can be established if the reaction rate is sufficiently fast compared to the Hubble rate Γ ∼ n_ψσ > H. The thermal fermion density is n_ψ ∼ T^3 ∼ m^3_ψ at the temperature of interest. The cross section for the four-fermion interaction at energies T ∼ m_ψ is derived in appendix D.2. It is

σ ∼ g^4_X A^6 m^2_ψ max[m_X , m_ψ]^4

. (4.9)

As discussed in the appendix we expect the amplification factor A to be of order unity. If the reaction is mediated by the Higgs field m_X = m_ϕ and g_X = λ is the Yukawa, whereas if the reaction is gauge mediated we have m_X = m_A and g_X = g the fermion gauge coupling. The reaction rate exceeds the Hubble rate for m_X g_X A^{3/2}

< (m^3_ψM_{pl})^{1/4} =

3 × 10^{16} GeV for m_ψ ∼ 10^{16} GeV 1 × 10^{15} GeV for m_ψ ∼ 10^{14} GeV 3 × 10^{13} GeV for m_ψ ∼ 10^{12} GeV

(4.10)

If m_X < m_ψ, one should replace m_X → m_ψ in the above equation. If indeed A ∼ 1 and g_X ≲ 1 this becomes impossible as m_ψ → 10^{16} GeV.

It is possible that the zero mode fermion ψ couples to lighter fermions χ, for example, through an interaction L_I = hHψ̄_Rχ_L + h.c. This is of the form of the coupling of the right-handed neutrino to the left-handed one. Such a coupling allows for trapping reactions χ + χ → ψ_{zm} + ψ mediated by a light Higgs field.^6 At energies T ∼ m_ψ (threshold energy) the cross section is σ ∼ h^4m^{−2}_f . This is of course of the same form as the cross section eq. (4.9) in the limit m_X < m_f , and thus the bound on h derived below applies also to g_X in

5An interaction such as ψ + ϕ → ψzm, possible at T ∼ m_ψ if m_ϕ < m_ψ has infinitely small phase space as the spin of the incoming fermion has to match that of the zero mode.

6The reaction f^′ + h → fzm is phase space suppressed, as the incoming light fermion needs to have the same spin as the zero mode.

– 16 – this limit. The trapping rate is Γ ∼ h^4m_ψ, which exceeds the Hubble rate at temperatures T ∼ m_ψ for h > ( m_ψ M_{pl} )_{1/4} = 0.3 for m_ψ ∼ 10^{16} GeV 0.1 for m_ψ ∼ 10^{14} GeV 0.03 for m_ψ ∼ 10^{12} GeV

(4.11)

Large couplings are needed for effective current formation.

We conclude that thermal current condensation can only takes place at T ∼ m_ψ, and only if the trapping reactions are fast enough. This last requirement is hard to satisfy in the limit m_ψ < m_A, m_ϕ and in the absence of large Yukawa couplings to light fermions. If large Yukawa are present in the theory, current formation is expected to happen for m_ψ sufficiently small, with the number of zero modes given by eq. (4.8).

For Dirac spinors lepton number is substantially less than the the total number of zero modes: Q = N − N̄ ∼ √ N + N̄. Since massless particles do not annihilate, the current description should be in terms of excitation rather than particle number. In the literature, vorton formation is often discussed in bosonised language in which the only quantum number is lepton number. The bosonic language strictly only applies if all particle anti-particle pairs have already annihilated, which would mean zero current for the Majorana case.

Non-thermal capturing Fermionic current condensation can also happen non-thermal-ly. If there is a large amount of energy released inside the string, this will create bosonic excitations (A and ϕ), which decay into fermions. If decay is immediate, Γ_{dec} > H evaluated at the time of the energy release, the bosons decay inside the string, and the decay fermions may be captured as zero-modes. This was first discussed in [24], where they assume the energy-release is due to an internal (only inside the string) phase transition. This needs a complicated Higgs sector, and we will not discuss it further.

One could also consider the case T_R < m_ψ. Before decay the Higgs field oscillates in its potential. If ẇ < w^2 with w = k^2 + m^2_{eff} (ϕ) for all particles coupling to the Higgs field (ϕ, A, ψ), then the oscillation is adiabatic. The string profile function and the fermion zero modes change adiabatically to adapt to the changing background fields. However, in the opposite limit, the evolution is non-adiabatically. Parametric resonance leads to explosive particle production. The fermions thus produced inside the string (from direct amplification, or from decay of the bosonic fields) can be trapped. It is not clear whether this mechanism can be efficient. One suppression factor is that only soft quanta are exited during preheating with typical wave numbers k_∗ much larger than the string width. Trapping is then suppressed by factors (k_∗/m_ψ).

To summarise, chiral currents which are necessarily neutral cannot be created by spectral flow. Current formation can still take place, either thermally or non-thermally. However, both processes are not obvious, and require special circumstances.

4.3 Current stability

The effect of an (momentum dependent) effective mass opens up the possibility for zero modes leaving the string, for pair annihilation, and for zero mode decay. We will discuss these processes in turn.

– 17 –

Classically, the zero mode cannot leave the string as long as m < m_ψ. Conservation of angular momentum requires the massive mode outside to take away all the momentum of the zero mode. Consequently, there is an energy barrier if m < m_ψ, but not in the opposite limit. As first noted in [20], the generation of an effective mass as in eq. (4.4) puts a maximum on the current. For a vorton loop m ∼ k/(R_0m_ψ) with R_0 given in eq. (4.2). Using that the zero mode momentum is typically of the order of the Fermi momentum k_f ∼ N/R_0, the typical mass is m ∼ 4π N ϕ^2_0 m_ψ ∼ 10^{14} GeV ( 10^5 N ) ( ϕ_0 10^{16} GeV

)_2 (

10^{14} GeV m_ψ ) . (4.12)

Requiring m < m_ψ so that the current is classically stable gives

λ^2N > 4π , (4.13)

where we have used that m_ψ = λϕ_0. For perturbative couplings this gives a stronger constraint than eq. (4.3). Although classically the zero mode cannot leave the string if m < m_ψ, there is a non-zero tunnelling probability for this process to happen [14]. The extra energy needed to overcome the energy barrier can be provided by the string: enlarging the loop radius will increase the bosonic energy, see eq. (4.1). The current is stable against tunnelling processes (lifetime longer than age of the universe) for [14] N ≳ 100 α^{3/2} (4.14)

with α = g^2/(4π) the fine-structure constant of the broken U(1)_X .

Another consequence of a non-zero mass is the possibility of zero mode decay. As we have seen, thermal current formation is most effective if the zero mode has a large, order unity, coupling to light particles. Decay is kinematically allowed if the zero mode is heavier than the decay products. The decay rate for a coupling h, see Eq (C.13), then is Γ ∼ h^2m^3 m^2_ψ ( 1 + O ( m m_ψ )_2) . (4.15)

For m ≪ m_ψ the Compton wavelength m^{−1} is much smaller than the width of the zero mode, and the wave function overlap of the zero mode and the decay products is small. This gives a suppression factor (m/m_ψ)^2. For order one couplings and masses m ≳ 10 GeV, decay occurs before big bang nucleosynthesis (BBN). It follows that current stability can only be assured if the decay is kinematically forbidden and m < m_{dec}.

A lower bound on the decay width comes from gravitational decay Γ ∼ m^3 M^2_{pl} ( m m_ψ )_2 (4.16)

where we have again included a suppression factor (m/m_ψ)^2. Decay happens before BBN, and thereby evading all bounds from vorton overdensities, if

m ≳ 10^8 GeV ( m_ψ 10^{14} GeV )_{2/5} . (4.17)

– 18 –

This is generically satisfied for high scale phase transitions unless N is extremely large. Decay of Majorana particles cannot be suppressed by invoking symmetries; decay of Dirac particles can be suppressed by lepton number conservation, although it is believed that gravity violates all global symmetries.

A third effect of a non-zero mass is that different modes travel at different velocities and can scatter off each other. Particles and anti-particle states (Dirac case) or two particles can pair annihilate (Majorana case) into decay products whose masses are lighter than the Fermi energy. The typical centre of mass energy is of the order of the zero mode mass. Thus annihilation is only possible if the mass of one of the zero modes is larger than the masses of the decay products. If eq. (4.13) is violated, not only can zero modes leave the string, also the reaction ψ_{zm} + ψ_{zm} → ψ + ψ becomes possible. Scattering into lighter particles, ψ_{zm} + ψ_{zm} → X is kinematically accessible for m_X < m_ψ. The conditions under which scattering is effective are similar to those under which zero mode decay occurs. Note that pair annihilation into light particles cannot be forbidden by lepton number. If it does happen, the Majorana current is destroyed, whereas a Dirac current can subsist if there is a net lepton number.

To summarise, the zero-modes obtain an effective mass from string loop curvature, string vibrations, and string perturbations making escape, pair annihilation and decay of the zero modes possible. Escape can be prohibited for large enough N. Annihilation and decay processes might be suppressed or forbidden for Dirac fermions by conservation of lepton number (though gravity is believed to violate global quantum numbers), but not for Majorana fermions. Decay and annihilation can occur at relatively low Fermi levels if the zero modes couple to light fermions — which is precisely the favoured condition for thermal current formation. But even in the absence of light fermions, gravitational decay happens before nucleosynthesis unless N is very large or the string forming phase transition happens at low scale. Vorton formation does not look probable, especially for Majorana fermions.

5. Conclusions

In this paper we have derived the zero mode solution for a Majorana neutrino and compared it with its Dirac counterpart. The Majorana zero mode has one degree of freedom, one less than the Dirac zero mode. Both the vector and axial currents are zero. It is therefore impossible to bosonise the 2D effective action for a Majorana zero mode.

No conserved quantum number can be defined to assure the stability of a Majorana zero mode. This is in contrast with Dirac fermions, for which always the analogue of lepton number can be introduced. However, massless zero modes are stable for kinematical reasons. And in the massless limits there is thus no difference between the stability of Majorana and Dirac zero modes.

The zero mode is only strictly massless for infinitely long straight strings. The cosmic strings in our universe are expected to be curved, to vibrate, to fold and to intersect. Under such conditions an effective mass for the zero mode is generated. Needless to say that an effective mass alters the stability properties of a zero mode. We have studied these issues in the context of vortons, string loops stabilised by a fermionic current.

– 19 –

Neutral fermionic currents can only be formed if zero modes are somehow trapped on the string. A massive fermion outside cannot simply be trapped through scattering with the string, as this would violate energy-momentum conservation. Interactions in which more than two initial/final state particles participate are needed. Such interactions can only be efficient if the zero mode couples to light particles with large, order one, couplings.

The fermionic current on a string loop increases as the loop contracts. The effective zero mode mass, which is proportional to the loop curvature, increases in this process, opening up the possibility of zero mode decay. The decay width is large if the zero mode has a large coupling to light particles, precisely the conditions under which current formation is effective. We expect that vortons will not form unless the string scale is low. This is especially true for Majorana neutrinos which can pair annihilate, and whose decay cannot be protected by a conserved quantum number.

Acknowledgments

We wish to thank Eugene Akhemedov, Lubo Musongela, Ilja Dorsner, Valery Rubakov, Goran Senjanovic and Alexei Smirnov for usefull discussions. R.J. is supported by The Dutch Organisation for Scientific Research [NWO].

A. Notation

We use the Minkowski metric η_{μν} = diag(1, −1, −1, −1). For the gamma matrices we take chiral basis:

γ^μ = ( 0 σ^μ σ̄^μ 0 ) , γ^5 = ( −1 0 0 1 ) (A.1)

with σ^μ = (1, σ^i) and σ̄^μ = (1, −σ^i), and σ^i the Pauli matrices:

σ^1 = ( 0 1 1 0 ) , σ^2 = ( 0 −i i 0 ) , σ^3 = ( 1 0 0 −1 . ) (A.2)

In this basis, the projection operators P_{L,R} are defined by

ψ = ψ_L + ψ_R = P_Lψ + P_RΨ =

1 − γ^5 2 ψ + 1 + γ^5 2 ψ . (A.3)

The charge conjugate of a spinor is defined as

ψ^c = Cψ^† = C̃ψ̄^T and ψ^c = ψ^T C̃ , (A.4)

with C = iγ^21, , C̃ = C(γ^0)^T = iγ^2γ^0 . (A.5)

– 20 –

The latter matrix has the properties C̃ = −C̃^{−1} = −C̃^† = −C̃^T . The charge conjugate field ψ^c acts similarly as the hermitian conjugate field ψ̄ = ψ^†γ^0: it creates particles and annihilates anti-particles. The chiral projections of ψ^c are given by ψ^c_{L,R} = C̃ψ̄^T_{R,L} and ψ̄^c_{L,R} = ψ^T_{R,L}C̃ . (A.6) Note that ψ^c_L ≡ (ψ^c)_L = P_Lψ^c = P_LC̃ψ̄^T = C̃P_Lψ̄^T = C̃(ψ̄P_L)^T = C̃ψ̄^T_R = (ψ_R)^c is a left-handed spinor, not to be confused with (ψ_L)^c = (P_Lψ)^c = C̃ψ̄^T_L = (ψ^c)_R ≡ ψ^c_R which is a right-handed spinor.

B. Spinor conventions

In this appendix we list our spinor conventions. The normalization is slightly different from that used in the paper.

B.1 Free Dirac spinor We first give the results for a free massive Dirac spinor. The positive and negative frequency solutions of the Dirac equation are u(p, s) = (√ p · σξ_s √ p · σ̄ξ_s ) , v(p, s) = ( √ p · σξ_s − √ d · σ̄ξ_s ) , (B.1)

with r = ± corresponding the two independent helicity/spin states. In our conventions ξ_+ =

(_1 0 ) and ξ_− =

(_0 1 ) . The spinors are normalized to u^†(p, s)u(p, r) = v^†(p, s)v(p, r) = 2E_pδ_{rs} , (B.2) ū(p, s)u(p, r) = −v̄(p, s)v(p, r) = 2mδ_{rs} , (B.3) u^†(p, s)v(−p, r) = v^†(−p, s)u(p, r) = 0 , (B.4) ū(p, s)v(p, r) = v̄(p, r)u(p, r) = 0 . (B.5) The quantized field is ψ(x) = ∫ d^3p (2π)^3 1 √ 2E_p ∑ s ( a_s(p)u(p, s)e^{−ip·x} + b^†_s(p)v(p, s)e^{ip·x} ) . (B.6)

Imposing an equal-time anti-commutation relation for ψ gives the anti-commutation relations for the creation and annihilation operators:

{ψ, ψ^†} = δ^3(⃗x − ⃗y)1_4 =⇒ {a_s(p), a^†_r(k)} = {b_s(p), b^†_r(k)} = (2π)^3δ^3(⃗p − ⃗k)δ_{rs} (B.7)

with 1_4 the unity matrix. We define the one-particle state as |ps⟩ = √ 2E_pa^†_s(p)|0⟩ . (B.8)

so that ⟨ps|kr⟩ = 2E_p(2π)^3δ^3(⃗p − ⃗k)δ_{rs} (B.9) where we have used that the vacuum is normalized to unity ⟨0|0⟩ = 1. Our renormalization choice eq. (B.8) corresponds to a wave function normalization of 2E_p particles per unit volume. The wave function is ⟨0|ψ|ps⟩ = u(p, s)e^{−ip·x} . (B.10)

– 21 –

B.2 Zero mode spinors

The classical zero mode solution to the wave equation is (we consider only n = 1, and coupling to ϕ^∗)

ψ^0(p) = ( α √ p · σξ_− β √ p · σ̄ξ^+ ) . (B.11)

This is the solution for both positive and negative frequencies. Further we require ∫ dx dy (α^2 + β^2) = 1 (B.12)

so that the spinors are normalized ∫ dx dy ψ^{0†}(p)ψ^0(p) = 2E_p

ψ̄0(p)ψ0(p) = ψ0^†(p)ψ0(−p) = 0 . (B.13)

We approximate the profile functions by α = −β = M √ π e^{−Mr} , (B.14)

satisfying the normalization condition eq. (B.12). The zero modes for a vortex/anti-vortex with |n| = 1 are independent of the angular variable θ. The width of the wave function is set by the fermion mass outside the string M = m_ψ,^7 as the solution to the Dirac equation at large r is ∝ e^{−mψ r}.

The quantized zero mode field is

ψ_{zm} = ∫ dp 2π 1 √ 2E_p ( a_pψ^0_pe^{−ip(t−z)} + b^†_pψ^0_pe^{ip(t−z)} ) (B.15)

with p ≡ |⃗p_L| = E_p with ⃗p_L the momentum longitudinal to the string. The field anticommutator reads ∫ dx dy {ψ, ψ^†} =⇒ {a(p), a^†(k)} = {b(p), b^†(k)} = (2π)δ^1_L(⃗p − ⃗k) (B.16) with ¯1_4 = diag(0, 1, 1, 0). The delta function involves only the momentum aligned with the string. The matrix ¯1_4 instead of the unity matrix appears because the zero mode has only one spin state, there is no summation over two independent spin states as for the free Dirac field. The one-particle state following from it can be defined analogous to the free Dirac field eqs. (B.8), (B.9). The one-particle state is |p, s⟩ = √ 2E_pa^†_s(p)|0⟩ . (B.17)

so that ⟨ps|qr⟩ = 2E_p(2π)δ^1(p − k)δ_{rs} (B.18) 7We introduce M so that in the interaction rate the origin of the different factors can be traced easily.

– 22 –

The renormalization choice eq. (B.17) corresponds to a wave function normalization of 2E_p particles per unit length; it reads ⟨0|ψ|ps⟩ = ψ^0_{ps}e^{−ip·x} = u^0 M √ π e^{−Mr−ip·x} , (B.19) where we have defined u^0 through

ψ^0 ≡ u^0α = u^0 M √ π e^{−Mr} (B.20)

The product u^0ū^0, which is needed in the calculation of the squared amplitude |A|^2, in the frame in which the string is aligned with the z-axis and the zero mode has 4-momentum p^μ = (p, 0, 0, p), is

u^0ū^0 = 2p

0 0 0 0 −1 0 0 1 1 0 0 −1 0 0 0 0

. (B.21)

Similar expressions exist for the anti-particle zero mode.

B.3 Interactions in the string background

The interaction rate for some processes involving a zero mode will be calculated explicitly in the next two appendices. Here we will give some general remarks.

Following [21, 22, 23] interactions in the string background are calculated using the approximation that the incoming and outgoing non-bound states are asymptotically free. That is, we use a free plane wave expansion for these states. The plane wave expansion can then be matched to an angular mode expansion, which is more natural in the string background (as is done in eq. (C.9) below). As the zero mode is bound to the string, it is a good approximation to keep only the the lowest angular modes. Possible amplification factors, due to an amplification of the fermion wave functions of the non-bound states near the string core, will be added by hand, see eq. (D.15) and further.

The main difference between interaction rates involving only asymptotically free states, and interaction rates involving zero modes are the following.

1. The zero mode has only one spin state. This gives factors of order one difference, but does not lead to large quantitative or qualitative differences.

2. Conservation of transverse momentum is violated in the string background. For typical interaction energies E ≲ m_ψ this has no big consequences.

3. The interaction rate is suppressed by a factor (E/M)^2 if the typical interaction energy E ≲ M with M ∼ m_ψ the width of the zero mode. The reason is that the overlap between the zero mode wave function, and the wave functions of the other states is small [22].

– 23 –

4. Non bound states can have wave functions which are enhanced near the string core compared to the plane wave. This factor is model dependent as it depends on the core structure, the fractional flux and the fermion charges. This can lead to large amplifications of the reaction rate [21, 23].

C. Zero mode decay To set the ground and to introduce the notation we start with a discussion of the decay rate of a massless, asymptotically free fermion.

C.1 Decay of massless particle Consider the decay ψ_R(k, r) → H(p^′)χ_L(k^′, r^′), mediated by a term in the interaction lagrangian L_I = hHψ̄P_Lχ + h.c. = hHψ̄_Rχ_L + h.c. (C.1) Decay is kinematically allowed only if the decay products are massless, and if their momenta are collinear (and aligned with the momentum of the decaying particle ψ_R). The phase space is infinitesimal small. Since all products p · k vanish, with p, k the 4-momenta of the particles involved in the decay process, all Mandelstam variables are zero. The amplitude is A = ∫ d^4x ⟨k^′r^′; p^′|L_I |kr⟩ = (−ih) ∫ d^4x ū(k^′, r^′)P_Lu(k, r)e^{−i(k−k′−p′)} = (2π)^4δ^4(k − k^′ − p^′)(−ih)u(k^′, r^′)P_Lu(k, r) . (C.2) Here k is the momentum of the initial state fermion, k^′ that of the final state fermion, and p^′ that of the final state boson. We use box normalization. The interaction rate per unit volume can than be defined through Ṗ = |A|^2 V T ≡ (2π)^4δ^4(k − k^′ − p^′)|M|^2 (C.3)

with A = (2π)^4δ^4(k − k^′ − p^′)iM. The decay rate then is Γ = 1 2E_k ∫ dω_k′ dω_p′ (2π)^4δ^4(k − k^′ − p^′)|M|^2 (C.4)

with dω_p the invariant 3-volume

dω_p = d^3p (2π)^32E_p

. (C.5)

Averaging over initial spin states and summing over final states, the matrix element becomes

|M|^2 = h^2 2 ∑ r,r^′ Tr [ū_k′_r′ P_Lu_{kr}ū_{kr}P_Ru_k′_r′ ]

= h^2(k · k^′) = 0 (C.6) where the last equality applies for massless collinear particles. Hence, the decay rate for a massless fermion is zero.

– 24 –

C.2 Decay of the zero mode Consider now decay of the massless zero mode through the same channel eq. (C.1). We have seen that the decay width for a massless free particle is proportional to k · k^′, which vanishes for massless collinear particles. Processes involving the zero mode do not conserve momentum transverse to the string. This is a consequence of the fact that Lorentz symmetry (translations in the plane transverse to the string) is broken by the presence of the string. Therefore, the decay products of the zero modes can acquire transverse momentum and do not need to be collinear. Can this result in a non-zero decay width?

Let’s calculate. The matrix element for ψ_{zm}(k, r) → ψ(k^′, r^′) is ⟨k^′r^′|ψ̄P_Lψ_{zm}|kr⟩ = ū_k′_r′ P_Lψ^0e^{−i(k−k′)LxL} e^{−ik′T xT} = ū_k′_s′ P_Lu^0_ke^{−i(k−k′)LxL} M √ π e^{ik′T xT −Mr} (C.7) where in the last line we have used eq. (B.20). The subscript L and T denote space-time longitudinal (including the time-coordinate) and transverse to the string respectively. For the zero mode k_T = 0. The decay amplitude for the process ψ_{zm}(k) → H(p^′)ψ(k^′, s^′) then is A = −ih ∫ d^4x⟨k^′r^′|ψ̄P_Lψ_{zm}|kr⟩⟨p^′|H|0⟩ = (2π)^2δ^2_L(k − k^′ − p^′)(−ih)ū_k′_r′ P_Lu^0_{kr} g(q_T ) M (C.8)

with q_T = (k^′ + p^′)_T . In the last line we have introduced the dimensionless function g through g(q_T ) M = ∫ d^2x_T M √ π e^{ik′T xT −Mr} ≈ M √ π 2π ∫ drrJ_0(q_T r)e^{−Mr} = 2 √ π M ( 1 + q^2_T M^2 )_{−3/2} (C.9)

where in the first step we have only kept the lowest angular mode. There is no delta function imposing conservation of transverse momentum. Rather the integration over transverse coordinates lead to a distribution which has maximum g ∼ 2 √ π for q_T = 0 and decreases (power law) for q_T ≫ M. There is a non-zero probability for the decay products to acquire transverse momentum.

Using box normalization we can define the interaction rate per unit length as Ṗ = |A|^2 LT = (2π)^2δ^2_L(k − k^′ − p^′)|M|^2 . (C.10)

The decay width then is Γ = h^2 2E_k ∫ dω_k′ dω_p′ (2π)^2δ^2_L(k − k^′ − p^′) ( g(q_T ) M )_2 ∑ r^′ |ū_k′_r′ P_Lu^0_k|^2 . (C.11)

The delta function in the decay width can only be satisfied for massless decay products, with their longitudinal momentum in the same direction as the zero mode momentum. In

– 25 – particular, it implies E_k′ = k^′ and q_T = 0. Since the decay product are then collinear just as in the decay of a non-bound fermion, we also expect the zero mode decay width to vanish. Indeed, the spinor factor, evaluated in the frame where the string is aligned with the z-axis so that the zero mode momentum is k^μ = (k, 0, 0, k), is ∑ r^′ |ū_k′_r′ P_Lu^0_{kr}|^2 = Σ_s′ Tr [ ū^′P_Lu^0ū^0P_Ru^′ ] = 2k(E_k′ − k^′_z) = 0 , (C.12)

where in the second step we have used eq. (B.21), and the equivalent for the massless free spinor Σ_s′ u^′ū^′ = /k^′.

Energy-momentum conservation in the longitudinal plane assures that a massless zero mode does not decay.

C.3 Decay of massive bound state

If the zero mode gets an effective mass m no longer E_k = k, and thus no longer necessarily E^′_k = k^′, and the decay width can be non-zero. We will assume that the zero mode spinor is unaffected by the effective mass, only the frequency part is altered. The cross section is most easily evaluated in the center of mass frame, where the zero mode is at rest. The spin sum give ∑ s^′ |ūk^′s^′ PLu 0 ks|^2 ∼ m^2. Introducing an extra delta function the decay width eq. (C.11) then becomes Γ ∼ h^2m M^2 ∫ dω_k′ dω_p′ d^2q_T (2π)^2δ^4_L(k + q_T − k^′ − p^′)g(q_T )^2 ∼ h^2m M^2 ∫_m 0 d^2q_T g(q_T )^2 ∼ h^2m^3 M^2 ( 1 + O ( m M )_2) . (C.13)

Here, as before, q_T = (k^′ + p^′)_T is the transverse momentum provided by the string. The integration over k^′ and p^′ can be done in the usual way, and impose energy-momentum conservation in the longitudinal plane. Energy conservation restricts q_T ≲ m. In the last step we have taken the limit m ≪ M ∼ m_ψ, with m_ψ the fermion vacuum mass, to arrive at the final result. For m ≪ M there is a wave function suppression. The reason is that then the Compton wavelength m^{−1} is much smaller than the width of the zero mode.

D. Zero mode trapping

We are interested in processes with in the initial state free fermion(s), and in the final state a zero mode. If such reactions are fast compared to the Hubble rate at T ∼ m_ψ, zero modes are trapped, and chiral currents form.

D.1 Zero mode from string scattering

We first consider the process ψ(k, r) → ψ_{zm}(k^′, r^′) (D.1)

– 26 – in the background of the string. The interaction can take place via either the string Higgs or gauge field. As we will see, the reaction rate is zero as a consequence of energy-momentum conservation.

The amplitude for ψ(k, r) → ψ_{zm}(k^′, r^′) through a fermion-Higgs coupling of the form L = λϕψ̄ψ . (D.2) is A = ∫ d^4x⟨S^′; k^′r^′|L_I |S; kr⟩ = ∫ d^4x⟨k^′r^′|ψ̄ψ|kr⟩⟨S^′|Φ|S⟩ (D.3) with S denoting the string state. If the back-reaction is small, if the string is not much altered by the scattering, then S^′ ≈ S. Here Φ = ϕ − ϕ_0, the field shifted by the VEV outside the string. We approximate

⟨S^′|Φ|S⟩ = { ϕ_0, r < m^{−1}_ϕ , 0, r > m^{−1}_ϕ . (D.4)

The amplitude then becomes A ∼ (2π)^2δ^2_L(k − k^′)(−iλ)ū^{′0}uδ_{rr}′ Mϕ_0 m^2_ϕ

(D.5)

where we have used that ∫_m−1_ϕ 0 d^2x_T ϕ_0 M √ π e^{−ikT ·xt−Mr} ∼ Mϕ_0 ∫_m−1_ϕ 0 rdrJ_0(k_T r)e^{−Mr} ∼ Mϕ_0 m^2_ϕ ( 1 + O ( k_T m_ϕ , M m_ϕ )) (D.6)

The integration over longitudinal momentum gives a delta function enforcing energymomentum conservation in the longitudinal (t, z) plane. The string is just a stationary background, with no longitudinal string momentum. Note however, that the string can provide transverse momentum so that q_T ≲ E can be non-zero, with E the typical interaction energy.

Energy momentum conservation in the longitudinal plane, which reads explicitly E_k = E^′_k = k^′ and k_3 = k^′_3 = k^′, is only possible if the incoming fermion is also massless. The same conclusion follows from the Dirac delta in eq. (D.5). The spin of the incoming fermion should be equal to the spin of the zero mode fermion. Only for massless incoming fermions is this possible. The massless spin states outside the string are chiral eigenstates and only in this case is it possible to write the zero mode wave function ψ^0 as a superposition of the fermion states outside the string.^8 We conclude that the process eq. (D.1) to capture zero modes is impossible if the fermions are massive outside the string.

8The zero mode spinor is of the form u^0 = √ 2k(0 1 1 0)^T and the two massless free states are u+ = √ 2k(0 0 1 0)^T and u− = √ 2k(0 1 0 0)^T . It follows u^0 = u− + u+.

– 27 –

We will show here that the cross section is also zero for massless incoming fermions. The cross section per unit length is dσ dl ∼ λ^2 E ∫ dk^′ (2π)2k^′ δ^2_L(k − k^′) 1 2 δ_{rr}′ |ū^{′0}u|^2 ( Mϕ_0 m^2_ϕ

)_2 . (D.7)

Evaluating the spin term in the frame where the zero mode momentum is k^{′μ} = (k^′, 0, 0, k^′) gives

δ^2_L(k − k^′)δ_{rr}′ |ū^0(k^′)u(k, s)|^2 = δ^2_L(k − k^′)2k^′(E_k − k_3) = 0 (D.8)

String scattering through the interaction term L = iqψ̄γ^θA_θψ gives similar expression. It can easily be checked that also in this case the cross section is zero.

Can string scattering lead to zero mode capture if the zero mode is effectively massive? Energy momentum conservation in the longitudinal plane gives k^2_T +m^2_ψ = m^2, with k_T the transverse momentum of the incoming particle, m_ψ the vacuum mass, and m the effective zero mode mass. It follows that zero mode capture through eq. (D.1) is impossible for

m_ψ > m (D.9)

which is the case of interest.

D.2 Four fermion scattering

Consider ψ(k, r) + ψ̄(p, s) → ψ_{zm}(k^′) + ψ̄(p^′, s^′) (D.10)

mediated by either a Higgs or gauge boson. Since the zero mode wave function For simplicity we consider only s-channel Higgs mediation explicitly; other diagrams and interference terms give similar contributions. The amplitude for this process is A = (−iλ)^2 ∫ d^4x_1d^4x_2v̄(p, s)u(k, r) 1 q^2 + m^2_ϕ ū^0(k^′)v(p^′, s^′)e^{−i(k+p−q)·x1−i(q−k′−p′)·x2−Mr} ∼ (2π)^2δ^2_L(k + p − k^′ − p^′) (−iλ)^2 m^2_ϕ v̄(p, s)u(k, r)ū^0(k^′)v(p^′, s^′) g((q − p^′)_T ) M (D.11)

where we have assumed that the interaction takes place a distance r < m^{−1}_f away from the string core. In the opposite limit r ≪ m^{−1}_f the zero mode wave function approaches zero exponentially fast, and the cross section is zero. In the second line we have specialized to interaction energies q = k + p ≪ m_ϕ. The function g is defined in eq. (C.9). The cross section (for interactions taking place within a distance r < m^{−1}_f from the string center, is

σ ∼ λ^4 m^4_ϕ ∫ dω_p′ dω_k′ d^2q_T δ^4_L(q − k^′ − p^′) 1 4 Σ_{r,s,s}′ |v̄uū^{0′} v^′|^2 g(q_T )^2 M^2

(D.12)

– 28 – with dω_p′ given in eq. (C.5), and dω_k′ = dk/(4πk). The spin sum is evaluated in the frame in which the zero-mode momentum is k^{′μ} = (k^′, 0, 0, k^′): 1 4 Σ_{r,s,s}′ |v̄uū^{0′} v^′|^2 = 4k^′ ( (k_0 − k_3)(m^2 − p · p^′) − (p^′_0 − p^′_3)(m^2 − k · p) ) (D.13)

which is non-zero for massive fermions (so that |k_0| ≠ |k_3| and |p^′_0| ≠ |p^′_3|). For interaction energies q ∼ m_ψ the cross section then is σ ∼ λ^4 m^4_ψ m^4_ϕM^2 ∫ d^2q_T g^{2 M∼mψ}−→ λ^4 m^2_ψ m^4_ϕ

(D.14)

For m_ψ ≪ M there is a (m_ψ/M)^2 suppression as the Compton wavelength m^{−1}_ψ is much smaller than the width of the zero mode. In this calculation we have use that the free particles are of the plane wave form. However their wave function may be amplified on the scale of the typical interaction length m^{−1}_ψ . Defining

A = |ũ(r = m^{−1}_ψ )| |u(r = m^{−1}_ψ )| (D.15)

with ũ the wave function in the string background and u, as before, the plane wave. The cross section corrected by these amplification factors becomes

σ_{amp} ∼ A^6λ^4 m^2_ψ m^4_ϕ

. (D.16)

The amplification factor depends on the core profile and on the fractional flux. We expect the amplification factor to be A ∼ ( 1 kr )_p ≲ ( m_ψ k ) ∼ 1 (D.17)

with the coefficient p ≤ 1.^9

References

[1] E. Majorana, Theory of the symmetry of electrons and positrons, Nuovo Cim. 14 (1937) 171.

[2] M. Gell-Mann, P. Ramond and R. Slansky, in Supergravity, P. van Nieuwenhuizen and D. Freeman eds., North Holland, Amsterdam 1979;

T. Yanagida, Horizontal gauge symmetry and masses of neutrinos, Prog. Theor. Phys. 64 (1980) 1103;

R.N. Mohapatra and G. Senjanovic, Neutrino mass and spontaneous parity nonconservation, Phys. Rev. Lett. 44 (1980) 912;

J. Schechter and J.W.F. Valle, Neutrino masses in SU(2) × U(1) theories, Phys. Rev. D 22 (1980) 2227.

9In [23] string scattering is discussed and A is evaluated at r ∼ m^{−1}_ϕ , resulting in a factor which can be as large as (m_ϕ/k). The four fermion interaction we discuss takes place at r ∼ m^{−1}_ψ and we expect amplification to be minimal.

– 29 –

[3] Super-Kamiokande collaboration, Y. Fukuda et al., Measurement of a small atmospheric ν_μ/ν_e ratio, Phys. Lett. B 433 (1998) 9 [hep-ex/9803006]; Study of the atmospheric neutrino flux in the multi-GeV energy range, Phys. Lett. B 436 (1998) 33 [hep-ex/9805006]; Neutrino-induced upward stopping muons in super-Kamiokande, Phys. Lett. B 467 (1999) 185 [hep-ex/9908049]; Measurement of the flux and zenith-angle distribution of upward through-going muons by super-kamiokande, Phys. Rev. Lett. 82 (1999) 2644 [hep-ex/9812014]; τ neutrinos favored over sterile neutrinos in atmospheric muon neutrino oscillations, Phys. Rev. Lett. 85 (2000) 3999 [hep-ex/0009001].

[4] T.W.B. Kibble, Topology of cosmic domains and strings, J. Phys. A 9 (1976) 1387.

[5] T.W.B. Kibble, G. Lazarides and Q. Shafi, Strings in SO(10), Phys. Lett. B 113 (1982) 237.

[6] R. Jeannerot, A new mechanism for leptogenesis, Phys. Rev. Lett. 77 (1996) 3292 [hep-ph/9609442].

[7] R. Jeannerot, Inflation in supersymmetric unified theories, Phys. Rev. D 56 (1997) 6205 [hep-ph/9706391].

[8] N. Sahu, P. Bhattacharjee and U.A. Yajnik, B-L cosmic strings and baryogenesis, Phys. Rev.

D 70 (2004) 083534 [hep-ph/0406054].

[9] A. Vilenkin and E.P.S. Shellard, Cosmic strings and other topological defects, Cambridge Monographs on Mathematical Physics, Cambridge University Press, Cambridge 1994; M.B. Hindmarsh and T.W.B. Kibble, Cosmic strings, Rept. Prog. Phys. 58 (1995) 477–562 [hep-ph/9411342].

[10] R. Jackiw and P. Rossi, Zero modes of the vortex-fermion system, Nucl. Phys. B 190 (1981) 681.

[11] E. Witten, Superconducting strings, Nucl. Phys. B 249 (1985) 557.

[12] R.L. Davis and E.P.S. Shellard, The physics of vortex superconductivity, 2, Phys. Lett. B 209 (1988) 485; Cosmic vortons, Nucl. Phys. B 323 (1989) 209.

[13] S.M. Barr and A.M. Matheson, Weak resistance in superconducting cosmic strings, Phys.

Rev. D 36 (1987) 2905.

[14] R.L. Davis, Semitopological solitons, Phys. Rev. D 38 (1988) 3722.

[15] G. Starkman, D. Stojkovic and T. Vachaspati, Zero modes of fermions with a general mass matrix, Phys. Rev. D 65 (2002) 065003 [hep-th/0103039].

[16] E.J. Weinberg, Index calculations for the fermion-vortex system, Phys. Rev. D 24 (1981) 2669.

[17] C. Ringeval, Equation of state of cosmic strings with fermionic current-carriers, Phys. Rev.

D 63 (2001) 063508 [hep-ph/0007015].

[18] S.C. Davis, Cosmic strings and Cooper pairs, Phys. Lett. B 497 (2001) 117 [hep-ph/0010071].

[19] B. Carter and A.-C. Davis, Chiral vortons and cosmological constraints on particle physics, Phys. Rev. D 61 (2000) 123501 [hep-ph/9910560];

C.J. A.P. Martins and E.P.S. Shellard, Limits on cosmic chiral vortons, Phys. Lett. B 445 (1998) 43 [hep-ph/9806480];

R.H. Brandenberger, B. Carter, A.-C. Davis and M. Trodden, Cosmic vortons and particle physics constraints, Phys. Rev. D 54 (1996) 6059 [hep-ph/9605382].

– 30 –

[20] S.M. Barr and A.M. Matheson, Limiting currents in fermionic superconducting strings, Phys.

Lett. B 198 (1987) 146.

[21] R.H. Brandenberger, A.-C. Davis and A.M. Matheson, Callan-Rubakov effect for strings, Nucl. Phys. B 307 (1988) 909.

[22] S.C. Davis, W.B. Perkins and A.-C. Davis, Cosmic string current stability, Phys. Rev. D 62 (2000) 043503 [hep-ph/9912356].

[23] W.B. Perkins, L. Perivolaropoulos, A.C. Davis, R.H. Brandenberger and A. Matheson, Scattering of fermions from a cosmic string, Nucl. Phys. B 353 (1991) 237.

[24] S.M. Barr and A.M. Matheson, Mechanism for current generation in strings and internal phase transitions in strings, Phys. Rev. D 39 (1989) 412.

– 31 –