Published by Institute of Physics Publishing for SISSA/ISAS Received: October 11, 2002 Revised: August 22, 2003 Accepted: September 18, 2003

Real and imaginary mass generation in the presence of external fields and axions

Eduardo I. Guendelman

Physics Department, Ben Gurion University Beer Sheva, Israel E-mail: guendel@bgumail.bgu.ac.il

Stefano Ansoldi and Euro Spallucci

Dipartimento di Fisica Teorica, Università di Trieste and INFN, Sezione di Trieste Strada Costiera, 11 — 34014 Miramare, Trieste, Italy E-mail: ansoldi@trieste.infn.it, spallucci@trieste.infn.it

Abstract: Small fluctuations around a constant electric or constant magnetic field F are analyzed in a theory with pseudo scalar ϕ with a coupling gϕF F̃ . It is found that a magnetic external field leads to mass generation for the small perturbations, while an electric field suffers from a tachyonic mass generation in the case in which the field strength is higher than a critical value (related to the pseudo scalar mass). The vacuum energy can be exactly evaluated and it is found that an imaginary part is present when the external electric field exceeds its critical value.

Keywords: Nonperturbative Effects, Spontaneous Symmetry Breaking.

© SISSA/ISAS 2003 http://jhep.sissa.it/archive/papers/jhep092003044 /jhep092003044 .pdf

Contents

1. Introduction 1 1.1 Preliminary considerations 1 1.2 A “naive” demonstrative approach 3

2. General analysis of the small perturbations 4 2.1 Path integral 4 2.2 The signature of the mass generation: ordinary versus tachyonic 5

3. Path integral quantization of small perturbations: propagator and vacuum energy 8

4. Evaluation of the vacuum energy and of its imaginary part 9

5. Discussion and conclusions 10

A. Eigenvectors and eigenvalues of D^{−1μν} (k) 12

B. Determination of the propagator 13

C. Explicit computation of the vacuum energy integral 14 C.1 Infrared limit 15 C.2 Ultraviolet limit 17 C.3 Result for I(r = Λ, ρ = Λ; κ, m_A) − lim_{(r,ρ)→(0,0)} I(r, ρ; κ, m_A) 20

1. Introduction

1.1 Preliminary considerations

A dynamical mechanism providing mass to vector gauge bosons is instrumental to match theoretical models of fundamental interactions with the particle spectrum observed in high energy experiments. A blueprint of dynamical mass generation is given by the Schwinger Model, or QED_2, where fermions quantum fluctuations induce a mass term for the twodimensional photon. Extension of this non-perturbative quantum effect to four-dimensional gauge theories has still to come because the gauge field effective action cannot be computed exactly in 4D. In the meanwhile, the archetypal mechanism for gauge field theory mass generation is Spontaneous Symmetry Breaking, induced either by classical tachyonic mass terms [1] or by quantum radiative corrections [2]. The Coleman-Weinberg breaking of gauge symmetry avoids classical tachyonic mass terms and gives raise to a non-vanishing vacuum expectation value for massless scalar fields through radiative quantum corrections. In this

– 1 – paper we are going to discuss a “complementary” mechanism, where mass follows from the breaking of rotational invariance induced by a classical background configuration of the gauge field strength. A real, or tachyonic, mass is obtained according with the magnetic, or electric, nature of the background field. The model implementing this effect consists of a scalar field ϕ non-minimally coupled to a U(1) gauge vector (non-abelian extensions of this model are planned for future investigations) through an interaction term of the form:

L_I = g 8 ϕϵ_{μναβ} F^{μν} F^{αβ} . (1.1) The interaction term L_I has a long history dating back to the celebrated ABJ anomaly and neutral pion electromagnetic decay [3]. Moreover by keeping fixed the form and varying the strength of the coupling constant, L_I is equally well suited to describe the axion field currently appearing in many astrophysical and quantum field theoretical problems [4].

In what follows we are going to analyze the case in which the electromagnetic field is a purely electric or purely magnetic background, with special interest about the dynamics of its fluctuations. Before embarking this program and before giving a more detailed account of the main aspects of our approach, it is worth to recall some important steps already taken in the past in this direction. In the main part of this work we will stress more carefully analogies, as well as differences, with what we are proposing in this paper. In particular the fact that an external magnetic field modifies the dispersion relation of photons coupled to (pseudo)scalars was already discussed, for example, in [5]; there the authors have in mind an experimental set-up for the detection of pseudoscalars coupled to two photons based on the fact that the photon effective mass provided by the pseudoscalar coupling is responsible for an ellipticity in an initially linearly polarized beam.^1 Concerning the situation in which a background electric field is present, recently this problem has been analyzed in [8], where the authors show under which conditions an external electric field decays to pseudoscalars and discuss some particular configurations in which their results can be applied. Postponing a deeper analysis to what follows, we think that an important point to be stressed already at this early stage, is the fact that in the above studies the discussion is perturbative whereas, in the present paper, we are going to analyze a second order effective approximation for the dynamics of the fluctuations of the electromagnetic field, only after a full, non-perturbative treatment of the pseudoscalar.

Before developing this part, we will shortly present some interesting features of the model in a naive form. We remember that, indeed, it is a special feature of the coupling (1.1) to generate physical masses, or tachyonic instabilities, when an appropriate classical configuration of the scalar field ϕ is turned on: performing an integration by parts in the action associated with (1.1), we end up with an interaction term of the form

L_I = g 8 (∂_βϕ) ϵ^{μναβ} F_{μν} A_α . (1.2) We can then consider a background configuration selecting a preferred spacelike direction, e.g. ⟨ϕ⟩ = const. · δ^3_μx^μ, so that (1.2) gives a (2 + 1)-dimensional, Chern–Simons type,

1This set-up is now a fully working project, PVLAS, at the I.N.F.N. Legnaro laboratories, taking data since May 1999: about this we refer the interested reader to [6] and references therein, as well as to [7] for a more direct connection with axion experiments.

– 2 – mass term [9]. The resulting massive Chern–Simons model is embedded into a (3 + 1)- dimensional theory. Thus, rotational invariance in embedding space is broken [10]. It is interesting to compare this result with the case in which the background field is time dependent only, i.e. ⟨ϕ⟩ ≡ φ(t). The resulting Chern–Simons model is endowed with a tachyonic mass term [11], meaning that this type of background field is unstable. This kind of instabilities could play a role in baryogenesis, as it has been argued in [11], [12]. Moreover, a time dependent axion field may also affect the growth of primordial magnetic fields [13], produce effective Lorentz and parity violating modifications of electrodynamics and affect the polarization of radiation coming from distant galaxies [14].

1.2 A “naive” demonstrative approach

In this paper we want to explore “the other side of the Moon”, that is what happens if the gauge field strength F_{μν} , and not the scalar/axion field ϕ, acquires a non-vanishing background value. As an example, suppose ⟨F_{μν} ⟩ = Bδ_{[μ|2}δ_{ν]3}, i.e. ⟨F_{μν} ⟩ is a constant magnetic field along the x^3 direction. This choice is not ad hoc as it could appear: we are trying to mimic the QCD vacuum, where a constant, color, magnetic field lowers the energy density with respect to the perturbative Fock vacuum, where no gluons are present [15]. By introducing the proper kinetic term for ϕ and the fluctuation field f_{μν} , we see that (1.2) turns into L = − 1 4 f_{μν} f^{μν} + 1 2 ∂_μϕ∂^μϕ + g 4 Bϕϵ_{23αβ}f^{αβ} . (1.3) Equation (1.3) shows as ϕ couples only to the f^{01} component of the fluctuation field strength. Accordingly, we can write the following effective lagrangian in the (0 − 1)-plane:

L_{01} ≡ − 1 2 f_{01}f^{01} + 1 2 ∂_μϕ∂^μϕ + g 4 Bϕf^{01} . (1.4)

By freezing the x^2, x^3 dependence of the fields in (1.4) we get the bosonized Schwinger model [16] and solving the classical field equation for ϕ we obtain the non-local effective action for the dimensionally reduced, massive, electromagnetic field

L_{01} ≡ − 1 2 f_{01}f^{01} − g^2B^2 32 f^{01} 1 □ f_{01} , (1.5)

where the generated mass square is proportional to g^2B^2. Of course the full spectrum of excitations will contain more general types of spacetime dependence, so that we expect here an anisotropic mass generation effect.

We can repeat the same calculations with an electric background, e.g. ⟨F_{μν} ⟩ = Eδ_{[μ|0}δ_{1|ν]} . Then, instead of (1.5), we obtain for the small excitations in the (2 − 3)-plane L = − 1 2 f_{23}f^{23} + g^2E^2 32 f^{23} 1 □ f_{23} . (1.6)

By comparing (1.6) with (1.5), we see that in the electric case there is a different sign in front of the non-local term, i.e. the generated mass is tachyonic. This situation for the

– 3 – electric background can be partially cured providing a non vanishing mass m_A to the axion field, so that the tachyonic mass generation sets in only around the critical electric field gE ∼ m_A. As we will see in the next sections, the theory can be solved beyond the two dimensional truncated sectors mentioned here. Furthermore, it is possible to compute the vacuum energy resulting from small fluctuations around the chosen background. The vacuum energy develops an imaginary part for electric fields bigger than some critical value, of the order of m_A/g. It can be worth now to remark a difference with respect to the instability in two dimensional QED. Both effects are triggered by an external electric field, but the standard Schwinger mechanism operates for any value of the constant electric field, provided it extends to sufficiently large distances. Even with a weak field, one can perform enough work to create a new pair. By contrast, in our case, the effect is present only for field strengths bigger than a critical one, regardless of whether it extends over a large region of space or not.

The paper is organized as follows. In subsection 2.1 we set up the “sum over histories” formulation for the system under study: in particular we show how an effective lagrangian for small fluctuations around a pure electric/magnetic background can be obtained, as a quadratic approximation, after integrating out exactly (and non-perturbatively) the scalar field and neglecting higher order terms. The next subsection 2.2 deals in more detail with the mass generation effect, fully exploiting the difference between the electric and the magnetic case and determining the propagator and its spectrum in momentum space. Then in section 3 the expression of the vacuum energy is introduced together with the exact expression for the propagator. The main steps in the computation of the free energy are outlined in section 4 and the emergence of an imaginary part in the pure electric case is analyzed. Discussion and conclusions are in section 5, with particular emphasis about the relation between the tachyonic mass-generation effect and a possible instability of homogeneous electric fields above some threshold. Three appendices follow, where technical details can be found about the solution of the eigenvalue equation for the momentum space propagator (appendix A), the determination of the propagator itself (appendix B) and the explicit computation of the free energy (appendix C), with particular attention at the behavior in the infrared and ultraviolet limits.

2. General analysis of the small perturbations

2.1 Path integral An effective technical framework to investigate quantum fluctuations around an external background configuration is provided by the Feynman path integral formalism. The partition function(al) encoding the dynamics of the interacting ϕ and A_μ fields reads Z ≡ ∫ [Dϕ][DA] exp { −ı ∫ d^4xL } , (2.1)

where L = − 1 4 F_{μν} F^{μν} + g 8 ϕ ϵ^{μνρσ} F_{μν} F_{ρσ} + 1 2 ∂_μϕ ∂^μϕ + m^2_A 2 ϕ^2 (2.2)

– 4 – and both the gauge fixing and ghost terms are, momentarily, understood in the functional measure [DA]. For the sake of generality, we assigned a non-vanishing mass to the pseudo scalar field ϕ. Since the path integral (2.1) is gaussian in ϕ, the scalar field can be integrated away exactly, i.e. ∫ [Dϕ] exp { −ı ∫ d^4x [ 1 2 ∂_μϕ∂^μϕ + g 8 ϕε^{μνρσ} F_{μν} F_{ρσ} + m^2_A 2 ϕ^2 ]} = = [ det ( □ + m^2_A μ^2 )]_{−1/2} exp { ı g^2 128 ∫ d^4xϵ^{μνρσ} F_{μν} F_{ρσ} 1 □ + m^2_A ϵ^{αβγδ}F_{αβ} F_{γδ} } , (2.3)

where μ is a mass scale coming from the definition of the measure [Dϕ]. Integrating out the ϕ field induces a non-local effective action for the A field. We stress that this effective action, being obtained at the non-perturbative level, takes into account (as an effective action for A) all the effects due to the presence of the pseudoscalars at all perturbative orders. This is a crucial difference with many of the previous works on the subject. As is clear from (2.3), the resulting path integral is quartic in A but, even if it cannot be computed in a closed form, the background field method provides a reliable approximation scheme to deal with this problem. We thus split F_{μν} in the sum of a classical background ⟨F_{μν} ⟩ and a small fluctuation f_{μν} :

F_{μν} = ⟨F_{μν} ⟩ + f_{μν} . (2.4)

In the case of a pure electric or a pure magnetic background we have ϵ^{μναβ} ⟨F_{μν} ⟩⟨F_{αβ} ⟩ = 0 . (2.5) Thus, expanding L up to quadratic terms and dropping a total divergence, we obtain for the effective lagrangian of the fluctuations of the electromagnetic field

L^{(2)} = − 1 4 ⟨F_{μν} ⟩⟨F^{μν} ⟩ − 1 4 f_{μν} f^{μν} − g^2 16 ϵ^{μναβ} ⟨F_{μν} ⟩ϵ^{ρσγδ} ⟨F_{ρσ} ⟩f_{αβ} 1 □ + m^2_A f_{γδ} . (2.6)

As we will see in a while, there is an important sign difference between the magnetic and the electric case.

2.2 The signature of the mass generation: ordinary versus tachyonic

In this subsection we turn to the analysis of the contribution ϵ^{μναβ} ⟨F_{μν} ⟩ϵ^{ρσγδ} ⟨F_{ρσ} ⟩ (2.7) of equation (2.6), which will be responsible for ordinary or tachyonic mass generation according to whether ⟨F_{μν} ⟩ represents an external magnetic or electric field. We notice that our results are not inconsistent with those that can be deduced from [8, equation (31)], from which it is clear that the sign of the contribution from the interaction lagrangian changes in the case of purely electric or purely magnetic background.

– 5 –

Let us now start from the case of a constant magnetic field B. Then, without loosing generality, we can rotate the reference frame to align an axis, say x^1, with B. Accordingly, ⟨F_{μν} ⟩ = Bδ_{[μ|2}δ_{ν]3}, so that ϵ^{μναβ} ⟨F_{μν} ⟩ϵ^{ρσγδ} ⟨F_{ρσ} ⟩ = 4B^2ϵ^{23αβ} ϵ^{23γδ} . (2.8) It is clear thus that α, β, γ and δ in (2.8) can take only the values 0, 1. Denoting by^{(2)}η^{αβ} the 2 × 2 Minkowski tensor, we must then have that

ϵ^{αβ23}ϵ^{γδ23} = A

(_{(2)}

η^{αγ (2)}η^{βδ} −^{(2)}η^{αδ(2)}η^{βγ} )

= A ( P^{αγ}_{(10)}P^{βδ}_{(10)} − P^{αδ}_{(10)}P^{βγ}_{(10)} ) , (2.9)

where P^{αγ}_{(10)} is the projector onto the (0 − 1)-plane, i.e. P^{αγ}_{(10)} =^{(2)}η^{αγ} . Contracting in relation (2.9) the couples of indices (^{αγ} ) and (^{βδ}) we obtain

ϵ^{αβ23}ϵ_{αβ}^{23} = A(2 × 2 − 2) = 2A ;

since in lowering the indices αβ there is the time involved, ϵ^{αβ23}ϵ_{αβ}^{23} = −2, so that A = −1.

Analogously in the electric case we can take F_{μν} = Eδ_{[μ|0}δ_{1|ν]}. Then ϵ^{αβμν} ⟨F_{μν} ⟩ϵ^{γδρσ} ⟨F_{ρσ} ⟩ = 4E^2ϵ^{αβ01}ϵ^{γδ01} , (2.10) with the indices α, β, γ, δ taking only the spatial values 2, 3. Now, following the same procedure and observing that no minus signs are involved in lowering spatial indices, we find ϵ^{αβ01}ϵ^{γδ01} =

(_{(2)} δ^{αγ (2)}δ^{βδ} −^{(2)}δ^{αδ (2)}δ^{βγ} ) = P^{αγ}_{(23)}P^{βδ}_{(23)} − P^{αδ}_{(23)}P^{βγ}_{(23)} ;

again we introduced the projector notation P^{μν}_{(23)} ≡^{(2)}δ^{μν} , where^{(2)}δ^{μν} is the 2×2 Kronecker delta.

We can now write the equation of motion for the fluctuations, which from the action (2.6) turns out to be ∂_μf^{μβ} = 8g^2ϵ^{μναβ}⟨F_{μν} ⟩ 1 □ + m^2_A ϵ^{ρσγδ} ⟨F_{ρσ}⟩∂_αf_{γδ} . (2.11) The above equation can then be expressed, for both the electric and magnetic case, in Fourier space and in terms of the vector potential of the fluctuations, which we will call a_μ. Since f_{μν} = ∂_μa_ν − ∂_ν a_μ, we have

k_μ (k^μa^ν − k^ν a^μ) = κ k^2 − m^2_A (¯ k^2ḡ^{μν} − k̄^μk̄^ν ) a_μ . (2.12)

Here and in what follows we define

ḡ^{μν} = P^{μν}_{(··)} (2.13) k̄^μ = P^{μα}_{(··)} k_α = ḡ^{μα}k_α (2.14)

– 6 –

Eigenvalues Eigenvectors 0 k_μ

k^2 − κk̄^2 k^2 − m^2_A k̃_μ = ϵ^{μα01}k_α in the electric case

ϵ^{23μα}k_α in the magnetic case

k^2 k̃^⊥_μ = ϵ_{μναβ}k̄^νk̃^αk^β

k^2 E^μ = ϵ^{μνρσ}k_νk̃_ρk̃^⊥_σ

Table 1: Eigenvalues and eigenvectors of D^{−1μν} (k). and P^{μα}_{(··)} = P^{μα}_{(10)} , κ = +32g^2B^2

in the magnetic case, or P^{μα}_{(··)} = P^{μα}_{(23)} , κ = −32g^2E^2

in the electric case. Equation (2.12) can be written also as

D^{−1μν} (k)a_μ = 0 ,

where we have defined D^{−1μν} (k) = ( k^2g^{μν} − k^μk^ν ) − κ k^2 − m^2_A (¯ k^2ḡ^{μν} − k̄^μk̄^ν ) . (2.15)

The operator in (2.15) can be diagonalized^2 as shown in appendix A. Four linearly independent physical states satisfy the eigenvector equation of D^{−1μν} (k); we will call them k_μ, k̃_μ, k̃⊥_μ , Eμ. Their definitions and corresponding eigenvalues are enlisted in table 1. There are, thus, two non-zero eigenvalues and one of them, k^2, has degeneracy two; moreover the “gauge” eigenvector is associated to the zero eigenvalue. This last results changes if we study the problem in the covariant α-gauge, when the eigenvector k^μ is then associated to a non-zero (but still background independent) eigenvalue, 1/α (the corresponding inverse propagator will be called D^{−1μν} (k; α) as defined in what follows).

As promised above, we can now compare the obtained results with those derived in previous works on the subject. Again, we observe that a key point in our derivation is the (non-perturbative) path-integral procedure used to obtain equation (2.3): in this way all the effects due to the quantum fluctuations of the pseudoscalar field, at all orders, are taken into account. In particular, if we concentrate on the purely magnetic case, it is then clear that this constitutes a generalization of the results obtained in [5], where the secular equation is obtained considering plane wave solutions to the classical equations of

2We will summarize here the final result about eigenvectors and the corresponding eigenvalues with all the relevant definitions, referring the reader to the mentioned appendix for the detailed computation.

– 7 – motion associated to the Maxwell + Klein-Gordon action for the coupled electromagnetic and pseudoscalar fields. An analogous result for the electric case in presence of massless pseudoscalars can, for instance, be found in [17]: here the dispersion relations are obtained under physically very sensible restrictions but are, anyway, of perturbative character. Also the more detailed analysis of [18] uses a different kind of approximation with respect to the one employed in our calculation since the starting lagrangian in [18, equation (1)] is different from (2.6), our quadratic approximation to the full, non-perturbative, effective result in equation (2.3). We can thus trace back the differences between our results for the eigenvalues of the propagator and the one already derived in the literature on the subject, to the fact that we have taken into account the effects due to the pseduscalar fields in a substantially non-perturbative way.

3. Path integral quantization of small perturbations: propagator and vacuum energy

To compute the vacuum energy we proceed further in the covariantly quantized fashion we started in the previous section. In a covariant α-gauge the path integral for the partition function can be rewritten, using (2.15) and going to euclidean space, as Z = [ det ( □ + m^2_A )]_{−1/2} ∫ [Df] ∫ [DA_μ]δ [∂_μA^μ − f] e^{− 12α} ∫ f^2d^4x × det [∂2] ×

× exp { − ∫ d^4k (2π)^4 A_μ(k) [ ( k^2g^{μν} − k^μk^ν ) − κ (¯ k^2ḡ^{μν} − k̄^μk̄^ν ) k^2 − m^2_A ] A_ν (k) } . (3.1)

Here we have already performed the functional integration over ϕ, we remember that we are approximating the higher order lagrangian up to the second order in the fluctuations and understand the path-integrals in the euclidean sector. The functional integration over f can now be done and we get

Z = det [ ∂^2 ] ∫ [DA_μ] exp { − ∫_{d4k} (2π)^4 Aμ(k)D −1μν (k; α)A ν (k) } [ det ( □ + m^2_A

)]_{1/2} , (3.2)

where D^{−1μν} (k; α) = ( k^2g^{μν} − k^μk^ν ) − κ k^2 − m^2_A (¯ k^2ḡ^{μν} − k̄^μk̄^ν ) + 1 α k^μk^ν = D^{−1μν} (k) + 1 α k^μk^ν . In order to solve (3.2) we have to find the eigenvalues, λ_k, of D^{−1μν} (k; α): Z equals then the product of these eigenvalues. The requested eigenvalues are those related to the physical polarizations found in section 2.2, i.e. k̃_μ, k̃^⊥_μ , E_μ, with eigenvalues k^2 − κk̄^2/(k^2 − m^2_A), k^2 and k^2 respectively. As already discussed at the end of the previous section, the eigenvector k^μ has now a non-zero eigenvalue 1/α.

The vacuum energy, or free energy, is then

W = ln Z = 1 2 ∑ j ln λ_j = V T 2 ∑ ∫ d4k (2π)^4 ln(λ_k) ,

– 8 – so that W = V T 2 ∫ d^4k (2π)^4 ln ( k^2 − κk̄^2 k^2 − m^2_A ) + V T ∫ d^4k (2π)^4 ln ( k^2 ) + + V T 2 ∫ d^4k (2π)^4 ln ( k^2 − m^2_A ) . (3.3)

The propagator, i.e. the inverse of D^{−1μν} (k; α), can also be found exactly, as shown in appendix B, and results to be

D^{μν} (k; α) = 1 k^2 ( g^{μν} − k^μk^ν k^2 ) + κk̄^2ḡ^{μν} k^2 ( k^2 ( k^2 − m^2_A ) − κk̄^2 ) + − κk̄^μk̄^ν k^2 ( k^2 ( k^2 − m^2_A ) − κk̄^2 ) + α k^μk^ν (k^2)^2

. (3.4)

4. Evaluation of the vacuum energy and of its imaginary part

To compute the vacuum energy, apart from more standard contributions, we have to compute the following integral

I_0(k, k̄; κ, m_A) ≡ ∫ d^4k (2π)^4 ln ( k^2 − κk̄^2 k^2 − m^2_A ) . (4.1)

It can be evaluated in closed form and we first rewrite it as

I_0(k, k̄; κ, m_A) = I(k, k̄; κ, m_A) − ∫ d^4k (2π)^4 ln ( k^2 − m^2_A ) , (4.2)

so that we can separate the second common contribution, from the first one, i.e. I(k, k̄; κ, m_A) = ∫ d^4k (2π)^4 ln [ k^2(k^2 − m^2_A) − κk̄^2 ] . (4.3)

Using (4.2) for the right hand side of (4.1) appearing in (3.3), we get for the free energy W = V T 2 I(k, k̄; κ, m_A) + V T ∫ d^4k (2π)^4 ln ( k^2 ) . (4.4)

The computation of I(k, k̄; κ, m_A) is performed in appendix C. The infrared behavior is then extracted in appendix C.1. Ultraviolet divergences are regularized by a cut-off Λ and the leading contributions to the free energy are computed in appendix C.2. Thus the final result for the vacuum energy density is obtained multiplying (C.25) by 1/(4π^2) (because of (C.1)) and substituting for I(k, k̄; κ, m_A) in (4.4), where the second contribution can also be exactly evaluated. The final result is W = V T 8π^2 [ I^{(4)}_Λ Λ^4 + I^{(4)}_{ln Λ}Λ^4 ln Λ + I^{(2)}_Λ Λ^2 + I^{(2)}_{ln Λ}Λ^2 + I^{(0)} + I^{(0)}_{ln Λ} ] , (4.5)

– 9 – where the various contributions are defined at the end of appendix C. We will be especially interested in V T I^{(0)}/(8π^2), which, according to equation (C.26), is

I^{(0)} = V T 8π^2 [ 49κ^2 + 132κm^2_A + 132m^4_A 576 + κ^2 + 3κm^2_A + 3m^4_A 48 ln 2 − − (κ + m^2_A)^3 24κ ln ( κ + m^2_A ) + (m^2_A)^3 24κ ln ( m^2_A )] . (4.6)

From this expression we see that the vacuum energy acquires an imaginary part in the case κ + m^2_A < 0, i.e. when the tachyonic modes are present. If we make use of the prescription κ + m^2_A → κ + m^2_A + ıϵ, the value of the imaginary part is −π V T 8π^2 ( κ + m^2_A

)_3 24κ . (4.7)

Notice that, as opposed to the real part, the imaginary part of the vacuum energy is cut-off independent. This is so because only the infrared region of the integrand in (4.3) contributes to the imaginary part.

We also observe that all contributions in (4.5) are finite in the limit of vanishing external field, i.e. when κ → 0. This is immediately evident for the terms I^{(4)}_Λ , I^{(4)}_{ln Λ}, I^{(2)}_Λ , I^{(2)}_{ln Λ} and I^{(0)}_{ln Λ}, from their expressions at the end of appendix C. Concerning the contribution I^{(0)}, the two divergent terms of opposite sign in the second line of (4.6) give a finite contribution in the limit, as shown in (C.12).

The cut-off dependent parts are regularization dependent, as it is known from general experience with the regularization of divergent integrals. In particular subleading divergences (i.e. the Λ^2 terms in (4.5)) are highly dependent upon the regularization scheme and may vanish in certain of them. In the present problem, due to the complexity of the integrand in (4.3), other regularization schemes, like ζ-function regularization or dimensional regularization, are difficult to implement.

5. Discussion and conclusions

In this paper we have discussed effects of mass generation in an external magnetic field and of tachyonic mass generation in an external electric field in the case in which there is a pseudo scalar field with a pseudo scalar coupling gϕF_{μν}F̃^{μν} . The effects due to the presence of the psedo scalars are fully considered: indeed in the derivation of an effective theory for the fluctuations of the electromagnetic field, the contributions from quantum fluctuations of the pseudo scalars are taken into account using a non-perturbative approach.

In the purely magnetic case the mass production for the electromagnetic fluctuations can be interpreted as in the cited works already present in the literature: the differences that we find in the eigenvalues of the propagator can be traced back to the non-perturbative character of our approach, as opposed to the perturbative analysis performed elsewhere.

A more careful discussion is instead required for the purely electric background, in connection with what we have called tachyonic mass generation. Indeed the appearance of an imaginary part in the free energy suggests the presence of an instability for homo-

– 10 – geneous electric fields beyond some threshold due to pseudo scalar coupling. This means that the vacuum state must be redefined, to obtain a correct ground state for the theory. The analysis of what becomes the true ground state, a genuinely non perturbative effect, is beyond the scope of this manuscript. Nevertheless we would like, at least, to suggest a possible and simple, although incomplete, answer to this question. Indeed an analysis of Cornwall [22] indicates that in the case of a 3-dimensional, euclidean, tachyonic mass term (which in our discussion is generated by the time dependent scalar field of equation (1.2) but can have also another origin) the final result is the formation of an inhomogeneous state. Then, properly generalizing to our set-up the results described in [8], where inhomogeneous electromagnetic fields are shown to decay in pseudoscalars, it is not unreasonable to understand under what we have called tachyonic mass generation a real “tachyonic instability of the vacuum”.

From the result of equation (4.6) it is possible to see that the free energy is well-defined in the limit of vanishing background fields (κ → 0). Thus our effect is a genuinely nonperturbative one and does not relate to a particular choice of the regularization scheme. Moreover it is worth pointing out again that this “tachyonic instability of the vacuum” for fluctuations around a constant external electric field, is characterized by a threshold effect, i.e. the tachyonic mass generation is switched on for electric fields high enough, so that κ + m^2_A < 0. In the case of the neutral pion, we can obtain the value of the effective pion-photon coupling, defined by equation (1.2), from the observed value of the neutral pion lifetime [20] and from the value of the decay rate given the coupling (1.2) [21]. This gives us the values

g = 2.53 · 10^{−5} MeV^{−1} , m_π = 134.97 MeV , =⇒ E_{crit.} = (1 GeV)^2 . (5.1)

This is a very high electric field, not available in normal laboratory conditions. Furthermore, if it were available, it would reveal the composite structure of the pion and the effective gϕF_{μν}F̃^{μν} coupling, used here, would not be applicable any more.

A different question would be then the study of this effect in the case of hypothetical axion particles. In this case, the threshold for the tachyonic mass generation to be set up becomes lower as lower values for the mass of the axion are considered.

Apart from the purely electric case, which is more subtle and, maybe, more exciting because of the exotic tachyonic mass term, it could be interesting a more detailed analysis of the magnetic case in connection with the set-up of PVLAS a presently running experiment at the Legnaro I.N.F.N. laboratories, near Venice, Italy.

Finally a totally different role for these effects, could be in the context of QCD. There, it is known that an external chromo-magnetic fields presents tachyonic instability. If we were to add a particle with coupling to ϵ^{μναβ} F^a_{μν} F^a_{αβ} (this particle could represent a pseudo scalar bound state of quark and anti-quark pairs), we know that the effect of the external chromo-magnetic field together with the pseudo scalar coupling is of generating mass. The interplay of these two effects could then be an interesting subject for further research.

– 11 –

Acknowledgments

We would like to thank Prof. John Cornwall for very interesting comments and remarks about this work and Prof. Zvi Bern and Prof. P. Gaete for conversations about the topics disussed here. We also thank the referee for rising some points concerning the relation between the results obtained in this paper and the ones already present in the literature on the subject and for helping us, with his/her observations, in finding a mistake in the first version of the paper. One of us, E.I.G., would like to thank University of Trieste and U.C.L.A. for hospitality and I.N.F.N. for support.

A. Eigenvectors and eigenvalues of D^{−1μν} (k)

We will now find the solutions to the eigenvector equation

D^{−1μν} (k)a_ν = λ_ka^μ , (A.1)

where D^{−1μν} (k) is defined in equation (2.15).

Firstly, there is a “trivial” gauge solution a_μ = H(k)k_μ, since k_μ is orthogonal to both terms enclosed in round brackets in the definition (2.15) of D^{−1}; this can be seen from the relations ( k^2g^{μν} − k^μk^ν ) k_μ = 0 and (¯ k^2ḡ^{μν} − k̄^μk̄^ν ) k_μ = 0

using the properties ḡ^{μν} k_ν = ḡ^{μν}k̄_ν and k̄^ν k_ν = k̄^νk̄_ν .

A second, non trivial polarization is k̃^μ = ϵ^{μα01}k_α in the electric case (k̃^μ = ϵ^{23μα}k_α in the magnetic case), since k̃^μk_μ = 0 = k̃^μk̄_μ thanks to equations (2.13) and (2.14); a_μ = k̃_μ is associated to the eigenvalue

k^2 − κk̄^2 k^2 − m^2_A

. (A.2)

Then, remaining independent physically relevant polarizations must be orthogonal to both k_μ and k̃_μ, hence they can be parametrized as

a^μ = ϵ^{μναβ} d_νk̃_αk_β ; (A.3)

since a^μ given by (A.3) is not affected by the “gauge transformation”

d_ν −→ d_ν + λ_1k̃_ν + λ_2k_ν ,

it then follows that only two components of d_ν are physically relevant. One of these, which we will call k̃^⊥_μ , is obtained when d_ν = k̄_ν : it is thus orthogonal to k^μ, k̄^μ, k̃_μ and corresponds to the eigenvalue k^2. This is the same eigenvalue of the last eigenvector, E^μ, which is given by E^μ = ϵ^{μνρσ}k_νk̃_ρk̃^⊥_σ .

– 12 –

This can be verified by inserting it into (2.12) and observing that

k̄^2ḡ_{μν} − k̄_μk̄_ν ∝ k̃_μk̃_ν .

The above equality holds because k̄^2ḡ_{μν} − k̄_μk̄_ν

is a projector onto the space orthogonal to k̄_μ in the 2-dimensional subspace, where the direction orthogonal to k̄_μ is nothing but k̃_ν .

B. Determination of the propagator

To determine the propagator in the covariant α-gauge, D^{−1μν} (k; α), with the four dimensional quantities that are at our disposal we consider the ansatz: A ( g^{μν} − k^μk^ν k^2 ) + Bḡ^{μν} + Ck̄^μk̄^ν + D k^μk^ν (k^2)^2 . To determine the coefficients A, B, C, D we can now compute D^{−1μν} (k; α)D^{−1}_{να}(k; α): D^{−1 μν} D_{να} = [ ( k^2g^{μν} − k^μk^ν ) − κ k^2 − m^2_A (¯ k^2ḡ^{μν} − k̄^μk̄^ν ) + 1 α k^μk^ν ] × × [ A ( g_{να} − k_ν k_α k^2 ) + Bḡ_{να} + Ck̄_νk̄_α + D k_ν k_α (k^2)^2 ]

= Ak^2δ^μ_α − Ak^μk_α − κA k^2 − m^2_A (¯ k^2δ̄^μ_α − k̄^μk̄_α ) + A α k^μk_α − − Ak^μk_α + Ak^μk_α + κA k^2 − m^2_A (¯ k^2 k^2 k̄^μk_α − k̄2 k^2 k̄^μk_α ) − A α k^μk_α +

+ Bk^2δ̄^μ_α − Bk^μk̄_α − κB k^2 − m^2_A (¯ k^2δ̄^μ_α − k̄^μk̄_α ) + B α k^μk̄_α +

+ Ck^2k̄^μk̄_α − Ck̄^2k^μk̄_α − κC k^2 − m^2_A (¯ k^2k̄^μk̄_α − k̄^2k̄^μk̄_α ) + C α k̄^2k^μk̄_α + + D k^μk_α k^2 − D k^μk_α k^2 − κD k^2 − m^2_A (¯ k^2 (k^2)^2 k̄^μk_α − k̄2 (k^2)^2 k̄^μk_α ) + D α k^μk_α k^2 . Now comparing terms with the same tensorial character

δ^μ_α : Ak^2 = 1

k^μk_α : D α 1 k^2 = A δ̄^μ_α : Bk^2 − κ(A + B) k̄2 k^2 − m^2_A = 0 k^μk̄_α : −B − Ck̄^2 = 0 k̄^μk̄_α : Ck^2 − κ(B + A) k^2 − m^2_A

= 0 .

– 13 –

An independent subset of (four of) these gives (consistently with the remaining equation) the final result for the coefficients: A = 1 k^2 B = κk̄^2A k^2 ( k^2 − m^2_A ) − κk̄^2 = κk̄^2 k^2 ( k^2 ( k^2 − m^2_A ) − κk̄^2 ) C = − κ k^2 ( k^2 ( k^2 − m^2_A ) − κk̄^2 ) D = α , so that we can finally write

D^{μν} (k; α) = 1 k^2 ( g^{μν} − k^μk^ν k^2 ) + κk̄^2ḡ^{μν} k^2 ( k^2 ( k^2 − m^2_A ) − κk̄^2 ) − − κk̄^μk̄^ν k^2 ( k^2 ( k^2 − m^2_A ) − κk̄^2 ) + α k^μk^ν (k^2)^2 .

C. Explicit computation of the vacuum energy integral

We concentrate in this appendix on the computation of the contribution I(k, k̄; κ, m) of equation (4.3). Of course since the integral is divergent, it must be properly regularized and we choose to do that by putting an infrared (ϵ) and an ultraviolet (Λ) cutoff on the modulus of the momentum k and of its projection k̄, exploiting some of the arbitrariness in the choice of the regularization scheme. Thus integrals written with implicit integration domain, like ∫ d^4k(. . .), are to be understood as performed in the domain of the variables (k_0, k_1, k_2, k_3), which is the inverse image of the domain ϵ ≤ r ≤ Λ, 0 ≤ ϑ < 2π, ϵ ≤ ρ ≤ Λ, 0 ≤ ϖ < 2π in the variables (r, ρ, ϑ, ϖ) under the following change of variables in euclidean space: k^4 k^1 k^2 k^3 = T (r, ϑ, ρ, ϖ) = r cos ϑ r sin ϑ ρ cos ϖ ρ sin ϖ with jacobean J T = cos ϑ −r sin ϑ 0 0 sin ϑ r cos ϑ 0 0 0 0 cos ϖ −ρ sin ϖ 0 0 sin ϖ ρ cos ϖ ,

whose determinant is det (J T ) = rρ

so that d^4k = rρdrdρdϑdϖ .

– 14 –

We thus have I(k, k̄; κ, m_A) = = ∫ d^4k (2π)^4 ln [ k^2(k^2 − m^2_A) − κk̄^2 ]

= 1 (2π)^4 ∫_{2π} 0 dϑ ∫_{2π} 0 dϖ ∫_Λ ϵ dr ∫_Λ ϵ dρ det (J T ) × ln [ (r^2 + ρ^2)(r^2 + ρ^2 − m^2_A) − κρ^2 ]

= 1 4π^2

∫_Λ ϵ dr ∫_Λ ϵ dρ rρ × ln [ r^4 + (2ρ^2 − m^2_A)r^2 + ρ^2(ρ^2 − m^2_A − κ) ]

≡ 1 4π^2 J(r, ρ; κ, m_A)|^{r,ρ=Λ}_{r,ρ=ϵ} . (C.1) We have thus the problem of computing J(r, ρ; κ, m_A), which can be calculated in closed form: the final result can be expressed as J(r, ρ; κ, m_A) = ρ^2 [ κ + 3(m^2_A − 6r^2 − ρ^2) ] 24 + + B^{3/2} 48κ ln ( C − √ B C + √ B ) − A^{3/2} 48κ ln ( κ + C − √ A κ + C + √ A ) +

+ [ κ^2 + 3κ(m^2_A − 2r^2) + 3(m^4_A + 2D) ] 48 ln ( −κρ^2 + D ) (C.2)

if we set

A = A(r; m_A, κ) ≡ (κ + m^2_A)^2 − 4κr^2 B = B(ρ; m_A, κ) ≡ 4κρ^2 + m^4_A C = C(r, ρ; m_A) ≡ m^2_A − 2(r^2 + ρ^2)

D = D(r, ρ; m_A) ≡ (r^2 + ρ^2)^2 − m^2_A(r^2 + ρ^2) =

C^2 − B 4 + κρ^2 .

The final stage consists in evaluating it in the infrared (ϵ → 0) and ultraviolet limits. In this case this is equivalent to the computation of lim (r,ρ)→(0,0) J(r, ρ; κ, m_A) and the extraction of the divergent contribution in

J(r = Λ, ρ = Λ; κ, m_A)

when Λ → ∞. This is done in the next subsections.

C.1 Infrared limit

In this subsection we consider the infrared limit and in the following we will use the symbol “∼=” to imply that two expression are equivalent in the infrared limit, i.e. they have the same limit. Moreover we will get rid of the square roots by means of the following

– 15 – results √ 1 − 4κr^2 (κ + m^2_A)^2

∼= 1 − 2κr^2 |κ + m^2_A|^2

(C.3) √ 1 + 4κρ^2 m^4_A

∼= 1 + 2κρ^2 m^4_A

. (C.4)

We now turn to the contributions in the various lines of equation (C.2). The first one gives no problem: ρ^2 [ κ + 3(m^2_A − 6r^2 − ρ^2) ] 24 ∼= 0 . (C.5)

The second one has a well behavior in the B term; more care has to be paid in the logarithm: B^{3/2} 48κ ln ( C − √ B C + √ B ) ∼= m^6A 48κ ln m^2_A − 2(r^2 + ρ^2) − √ 4κρ^2 + m^4_A

m^2_A − 2(r^2 + ρ^2) + √ 4κρ^2 + m^4_A

∼= m^6A 48κ ln m^2_A − 2(r^2 + ρ^2) − m^2_A ( 1 +^{2κρ2}_{m4A} )

m^2_A − 2(r^2 + ρ^2) + m^2_A ( 1 +^{2κρ2}_{m4A} )

∼= m^6A 48κ ln [ −m^2_A(r^2 + ρ^2) − κρ^2 ] − m^6_A 48κ ln [ (m^2_A)^2 ] . (C.6)

The last term on the second line of (C.2) again gives troubles only inside the logarithmic term, which can be elaborated as follows

ln ( κ + C − √ A κ + C + √ A ) = ln κ + m^2_A − 2(r^2 + ρ^2) − √ (κ + m^2_A)^2 − 4κr^2

κ + m^2_A − 2(r^2 + ρ^2) + √ (κ + m^2_A)^2 − 4κr^2

∼= ln κ + m^2_A − 2(r^2 + ρ^2) − |κ + m^2_A| ( 1 −^{2κr2}

|κ+m^2_A|^2 )

κ + m^2_A − 2(r^2 + ρ^2) + |κ + m^2_A| ( 1 −^{2κr2}

|κ+m^2_A|^2 )

∼= ln [_{−(r2+ρ2)+ κr2} κ+m2A (κ+m^2_A)−(r^2 +ρ^2)−^{κr2}_{κ+m2A} ] if κ + m^2_A > 0

ln (_{−(r2+ρ2)+ κr2} κ+m2A (κ+m^2_A)−(r^2+ρ^2)−^{κr2}_{κ+m2A} )−1 if κ + m^2_A < 0

∼= ln

−(r^2 + ρ^2) +^{κr2}_{κ+m2A}

(κ + m^2_A) − (r^2 + ρ^2) −^{κr2}_{κ+m2A}

Sign(κ+m^2_A)

∼= Sign(κ + m^2_A){ln[−m^2_A(r^2 + ρ^2) − κρ^2]−ln[(κ + m^2_A)^2]} . (C.7)

Since we also have A^{3/2} 48κ ∼= |κ + m^2A|^3 48κ , (C.8)

– 16 – the two previous results, (C.8) and (C.7), combine in a neat way: the sign in the first factor exactly combines with the absolute value of the second factor

|κ + m^2_A|^3Sign(κ + m^2_A) ,

so that A^{3/2} 48κ ln ( κ + C − √ A κ + C + √ A ) ∼= (κ + m^2A)^3 48κ ln [ −m^2_A(r^2 + ρ^2) − κρ^2 ] − − (κ + m^2_A)^3 48κ ln [ (κ + m^2_A)^2 ] . (C.9)

For the last term in (C.2) we do not have too much work. The factor before the logarithm has no problems and we can simply forget about the r and ρ dependent parts. Instead inside the logarithm we can neglect higher order terms in the limit we are interested in, so that [ κ^2 + 3κ(m^2_A − 2r^2) + 3(m^4_A + 2D) ] 48 ln ( −κρ^2 + D ) ∼ = ∼= κ^2 + 3κm^2A + 3m^4A 48 ln [ −m^2_A(r^2 + ρ^2) − κρ^2 ] . (C.10)

The desired result, J(0, 0; κ, m_A) is then (C.5) + (C.6) − (C.9) + (C.10), i.e.

J(0, 0; κ, m_A) = m^6_A 48κ { ln [ −m^2_A(r^2 + ρ^2) − κρ^2 ] − ln [ (m^2_A)^2 ]} + − (κ + m^2_A)^3 48κ ln [ −m^2_A(r^2 + ρ^2) − κρ^2 ] + + (κ + m^2_A)^3 48κ ln [ (κ + m^2_A)^2 ] + + κ^2 + 3κm^2_A + 3m^4_A 48 ln [ −m^2_A(r^2 + ρ^2) − κρ^2 ]

= (κ + m^2_A)^3 24κ ln ( κ + m^2_A ) − (m^2_A)^3 24κ ln ( m^2_A ) . (C.11)

As also pointed out in the main text this contribution is finite in the case of vanishing external field (κ → 0), since

lim_{κ→0} [ (κ + m^2_A)^3 24κ ln ( κ + m^2_A ) − (m^2_A)^3 24κ ln ( m^2_A ) ] = m^4_A 24 [ ln(m^6_A) + 1 ] . (C.12)

C.2 Ultraviolet limit To tackle the problem of the ultraviolet behavior of the energy density, we analyze the limit in which r → ∞, ρ → ∞. As already discussed we will first set r = ρ = Λ and then approximate the various quantities as Λ → ∞. For the relevant expressions, already encountered above, we get^3

A = −4κΛ^2 ( 1 − (κ + m^2_A)^2 4κΛ^2 ) , A^2 ∼ 16κ^2Λ^4 ( 1 − (κ + m^2_A)^2 2κΛ^2 ) , . . . (C.13)

3We now use the ∼ symbol to imply the same behavior in the ultraviolet limit.

– 17 –

B = 4κΛ^2 ( 1 + m^4_A 4κΛ^2 ) , B^2 ∼ 16κ^2Λ^4 ( 1 + m^4_A 2κΛ^2 ) , . . . (C.14)

C = −4Λ^2 ( 1 − m^2_A 4Λ^2 ) , κ + C = −4Λ^2 ( 1 − κ + m^2_A 4Λ^2 ) , (κ + C)^{−1} ∼ − 1 4Λ^2 ( 1 + κ + m^2_A

4Λ^2 ) , . . . (C.15)

D = 4Λ^4 ( 1 − m^2_A 2Λ^2 ) , log(−κ ρ^2 + D) ∼ log(4Λ^4) − κ + 2m^2_A

4Λ^2 − (κ + 2m^2_A)^4 32Λ^2

. (C.16)

Moreover we also have the well known expansions

Arctanh (x) = x + x^3 3 + x^5 5 + O(x^7) (C.17)

arctan (x) = x − x^3 3 + x^5 5 + O(x^7) , (C.18)

which we are going to use in the following. In particular we can consider in generality the expansion of the following expression − w^{3/2} 2 ln ( z − w^{1/2} z + w^{1/2} ) = w^{3/2}Arctanh ( w^{1/2} z )

=

|w|^{3/2}Arctanh ( |w|^{1/2} z ) if w > 0

⇒ w^{1/2} = |w|^{1/2} and w^{3/2} = |w|^{3/2}

−ı|w|^{3/2}Arctanh ( ı|w|^{1/2} z ) if w < 0

⇒ w^{1/2} = ı|w|^{1/2} and w^{3/2} = −ı|w|^{3/2}

= |w|^{3/2}Arctanh ( |w|^{1/2} z ) if w > 0

−ı|w|^{3/2}ı arctan ( |w|^{1/2} z ) if w < 0

= |w|^{3/2}Arctanh ( |w|^{1/2} z ) if w > 0

|w|^{3/2} arctan ( |w|^{1/2} z ) if w < 0

= |w|^{3/2} [( |w|^{1/2} z ) − sign(w) 1 3 ( |w|^{1/2} z )_3 +

+ 1 5 ( |w|^{1/2} z )_5

− sign(w) ( |w|^{1/2} z )_7 + · · · ] ,

– 18 – so that − w^{3/2} 2 ln ( z − w^{1/2} z + w^{1/2} ) = w^2 [_{0,∞} ∑ n w^n (2n + 1)z^{2n+1} ] . (C.19)

From the above result, if we identify w ←→ B , z ←→ C and we consider an overall 1/(24κ) factor, using properly (C.14) and the first equation of (C.15), we get B^{3/2} 48k ln ( C − √ B C + √ B ) ∼ κΛ^2 6 + κ^2 + 3κm^2 + 6m^4 72 (C.20)

for the second term in (C.2). In the same way, starting again from result (C.19), together with the identifications w ←→ A , z ←→ κ + C and taking into account an overall −1/(24κ), (C.13) and (C.15), we obtain for the third term in (C.2) − A^{3/2} 48κ ln ( κ + C − √ A κ + C + √ A ) ∼ − κΛ^2 6 + 4κ^2 + 9κm^2 + 6m^4 72 . (C.21)

The last term in (C.2) has also a logarithmic part and, using (C.16), can be approximated as 1 48 [ κ^2 + 3κm^2_A − 6κr^2 + 3m^4_A + 6D ] ln ( −κρ^2 + D ) ∼ ∼ κ^2 + 3κm^2_A + 3m^4_A 48 ln ( 4Λ^4 ) − κ + 2m^2_A 8 Λ^2 ln ( 4Λ^4 ) + Λ^4 2 ln ( 4Λ^4 ) + + (κ + 2m^2_A)^2 64 − κ + 2m^2_A 8 Λ^2 . (C.22)

We are now concerned with the easiest term in (C.2), namely the first, for which we get

ρ^2 ( κ + 3 ( m^2_A − 6r^2 − ρ^2 )) 24 ∼ κ + 3m^2_A 24 Λ^2 − 7 8 Λ^4 . (C.23)

Summing up equations (C.20), (C.21), (C.22), (C.23), we obtain

Λ^4 [ 2 ln Λ + ln 2 − 7 8 ] + Λ^2 [ − 2κ + 3m^2_A 24 − κ + 2m^2_A 4 (2 ln Λ + ln 2) ] + (C.24) + 5κ^2 + 12κm^2_A + 12m^4_A 72 + (κ + 2m^2_A)^2 64 + κ^2 + 3κm^2_A + 3m^4_A 48 (2 ln Λ + ln 2) .

– 19 –

C.3 Result for I(r = Λ, ρ = Λ; κ, m_A) − lim_{(r,ρ)→(0,0)} I(r, ρ; κ, m_A)

From the results (C.11), (C.24) of the two previous subsections we obtain what we are interested in,

J(r = Λ, ρ = Λ; κ, m_A) − lim_{(r,ρ)→(0,0)} J(r, ρ; κ, m_A) ∼

∼ Λ^4 [ 2 ln Λ + ln 2 − 7 8 ] + Λ^2 [ − 2κ + 3m^2_A 24 − κ + 2m^2_A 4 (2 ln Λ + ln 2) ] + + 5κ^2 + 12κm^2_A + 12m^4_A 72 + (κ + 2m^2_A)^2 64 + κ^2 + 3κm^2_A + 3m^4_A 48 (2 ln Λ + ln 2) − − (κ + m^2_A)^3 24κ ln ( κ + m^2_A ) + (m^2_A)^3 24κ ln ( m^2_A ) . ∼ ( I^{(4)}_Λ − ln 2 + 3 4 ) Λ^4 + (I^{(4)}_{ln Λ} − 2)Λ^4 ln Λ + I^{(2)}_Λ Λ^2 + I^{(2)}_{ln Λ}Λ^2 + I^{(0)} + I^{(0)}_{ln Λ} , (C.25)

where for convenience in the last line we have used the following definitions:

I^{(4)}_Λ = 2 ln 2 − 13 8 I^{(4)}_{ln Λ} = 4

I^{(2)}_Λ = −

2κ + 3m^2_A 24 − κ + 2m^2_A 4 ln 2

I^{(2)}_{ln Λ} = − κ + 2m^2_A 2 I^{(0)} =

49κ^2 + 132κm^2_A + 132m^4_A 576 + κ^2 + 3κm^2_A + 3m^4_A 48 ln 2 − − (κ + m^2_A)^3 24κ ln ( κ + m^2_A ) + (m^2_A)^3 24κ ln ( m^2_A )

I^{(0)}_{ln Λ} = κ^2 + 3κm^2_A + 3m^4_A 24 . (C.26)

References

[1] P.W.B. Higgs, Broken symmetries, massless particles and gauge fields, Phys. Lett. 12 (1964) 132; Broken symmetries and the masses of gauge bosons, Phys. Rev. Lett. 13 (1964) 508; Spontaneous symmetry breakdown without massless bosons, Phys. Rev. 145 (1966) 1156; G.S. Guralnik, C.R. Hagen and T.W.B. Kibble, Global conservation laws and massless particles, Phys. Rev. Lett. 13 (1964) 585;

P.W. Anderson, Plasmons, gauge invariance, and mass, Phys. Rev. 130 (1963) 439; F. Englert and R. Brout, Broken symmetry and the mass of gauge vector meson, Phys. Rev. Lett. 13 (1964) 321.

[2] S. Coleman and E. Weinberg, Radiative corrections as the origin of spontaneous symmetry breaking, Phys. Rev. D 7 (1973) 1888.

[3] S.L. Adler, Axial vector vertex in spinor electrodynamics, Phys. Rev. 177 (1969) 2426;

J.S. Bell and R. Jackiw, A PCAC puzzle: π^0 → γγ in the sigma model, Nuovo Cim. 60A (1969) 47.

– 20 –

[4] R.D. Peccei and H.R. Quinn, CP conservation in the presence of instantons, Phys. Rev. Lett.

38 (1977) 1440; Constraints imposed by CP conservation in the presence of instantons, Phys. Rev. D 16 (1977) 1761; S. Weinberg, A new light boson?, Phys. Rev. Lett. 40 (1978) 223; F. Wilczek, Problem of strong P and T invariance in the presence of instantons, Phys. Rev. Lett. 40 (1978) 279;

J.E. Kim, Weak interaction singlet and strong CP invariance, Phys. Rev. Lett. 43 (1979) 103; M. Dine, W. Fischler and M. Srednicki, A simple solution to the strong CP problem with a harmless axion, Phys. Rev. Lett. 104 (1981) 199.

[5] L. Maiani, R. Petronzio and E. Zavattini, Effects of nearly massless, spin zero particles on light propagation in a magnetic field, Phys. Lett. B 175 (1986) 359.

[6] E. Zavattini et al., The PVLAS collaboration: experimental search for anisotropy of the phase velocity of light in vacuum due to a static magnetic field, in proceedings of QED2000, G. Cantatore ed., AIP Conf.Proc. 564 (2001) 77.

[7] K. van Bibber and D. Kinion Review of dark-matter axion experiments, Nucl. Phys. 91 (Proc. Suppl.) (2001) 376;

Y. Semertzidis et al., Limits on the production of light scalar and pseudoscalar particles, Phys. Rev. Lett. 64 (1990) 2988;

R. Cameron et al., Search for nearly massless, weakly coupled particles by optical techniques, Phys. Rev. D 47 (1993) 3707.

[8] J.A. Grifols, E. Massó, S. Mohanty and K.V. Shajesh, Production of light pseudoscalars in external electro- magnetic fields by the Schwinger mechanism, Phys. Rev. D 65 (2002) 055004 [hep-ph/9912485].

[9] S. Deser, R. Jackiw and S. Templeton, Three-dimensional massive gauge theories, Phys. Rev.

Lett. 48 (1982) 975; Topologically massive gauge theories, Ann. Phys. (NY) 140 (1982) 372, erratum ibid. 185 (1988) 406;

J.F. Schonfeld, A mass term for three-dimensional gauge fields, Nucl. Phys. B 185 (1981) 157.

[10] E.I. Guendelman and D.A. Owen, Pion condensates: photon mass generation in presence of heavy ions, Phys. Lett. B 251 (1990) 439; Pion condensates: multiple photon mass generation in presence of heavy ions, Phys. Lett. B 252 (1990) 113.

[11] E.I. Guendelman and D.A. Owen, Axion driven baryogenesis, Phys. Lett. B 276 (1992) 108.

[12] R. Brustein and D.H. Oaknin, Electroweak baryogenesis induced by a scalar field, Phys. Rev.

Lett. 82 (1999) 2628 [hep-ph/9809365].

[13] W.D. Garretson, G.B. Field and S.M. Carroll, Primordial magnetic fields from pseudogoldstone bosons, Phys. Rev. D 46 (1992) 5346 [hep-ph/9209238]; G.B. Field and S.M. Carroll, Cosmological magnetic fields from primordial helicity, Phys. Rev. D 62 (2000) 103008 [astro-ph/9811206];

M.S. Turner and L.M. Widrow, Inflation produced, large scale magnetic fields, Phys. Rev. D 37 (1988) 2743.

[14] S.M. Carroll, G.B. Field and R. Jackiw, Limits on a Lorentz and parity violating modification of electrodynamics, Phys. Rev. D 41 (1990) 1231;

S.M. Carroll and G.B. Field, The Einstein equivalence principle and the polarization of radio galaxies, Phys. Rev. D 43 (1991) 3789;

S.M. Carroll and G.B. Field, Is there evidence for cosmic anisotropy in the polarization of distant radio sources?, Phys. Rev. Lett. 79 (1997) 2394 [astro-ph/9704263].

– 21 –

[15] S.G. Matinian and G.K. Savvidy, Vacuum polarization induced by the intense gauge field, Nucl. Phys. B 134 (1978) 539;

G.K. Savvidy, Infrared instability of the vacuum state of gauge theories and asymptotic freedom, Phys. Lett. B 71 (1977) 133;

P. Olesen, On the QCD vacuum, Physica Scripta 23 (1981) 1000; H.B. Nielsen and P. Olesen, A quantum liquid model for the QCD vacuum: gauge and rotational invariance of domained and quantized homogeneous color fields, Nucl. Phys. B 160 (1979) 380;

H.B. Nielsen and M. Ninomiya, A bound on bag constant and nielsen-olesen unstable mode in QCD, Nucl. Phys. B 156 (1979) 1.

[16] The original paper by J. Schwinger is J. Schwinger, Gauge invariance and mass, II, Phys.

Rev. 128 (1962) 2425;

The bosonized equivalent was found in S. Coleman, R. Jackiw and L. Susskind, Charge shielding and quark confinement in the massive Schwinger model, Ann. Phys. (NY) 93 (1975) 267.

[17] A.A. Anselm, Experimental test for arion ↔ photon oscillations in a homogeneous constant magnetic field, Phys. Rev. D 37 (1988) 2001.

[18] G. Raffelt and L. Stodolsky, Mixing of the photon with low mass particles, Phys. Rev. D 37 (1988) 1237.

[19] V.V. Skobelev, Axion-mass shift and two photon axion decay in a strong magnetic field, Phys. Atom. Nucl. 61 (1998) 2124 [Yad. Fiz. 61 (1998) 2236];

L.A. Vasilevskaya, N.V. Mikheev and A.Ya. Parkhomenko, Axion selfenergy in a magnetic field, Phys. Atom. Nucl. 64 (2001) 294 [Yad. Fiz. 64 (2001) 342].

[20] Particle Data Group collaboration, D.E. Groom et al., Review of particle physics, Eur.

Phys. J. C 15 (2000) 1, (or online at http://pdg.lbl.gov/).

[21] S. Weinberg The quantum theory of fields: Modern applications, Cambridge University Press, Cambridge 1996, vol. 2, ch. 22, pp. 359–360.

[22] J.M. Cornwall, Speculations on primordial magnetic helicity, Phys. Rev. D 56 (1997) 6146 [hep-th/9704022].

– 22 –