arXiv:1212.3030v2 [hep-th] 22 Dec 2012

Particle production and dissipation caused by the Kaluza-Klein tower

Tomohiro Matsuda Laboratory of Physics, Saitama Institute of Technology, Fukaya, Saitama 369-0293, Japan

Two-step dissipation is studied in supersymmetric models in which the field in motion couples to bulk fields in the higher dimensional space. Since the Kaluza-Klein tower of the intermediate field changes its mass-spectrum during the evolution, there could be back-reaction from the tower. Then the system may eventually cause significant dissipation of the kinetic energy if the tower is coupled to light fields in the thermal bath. To see what happens in the higher dimensional theory, we consider three models for the scenario, which are carefully prepared. In these models the extension is obvious but it does not disturb the original set-ups. The third model suggests that the evolution of the volume moduli may feel significant friction from the Kaluza-Klein tower.

PACS numbers: 98.80Cq

I. INTRODUCTION AND THE MODEL

The study of the nonequilibrium dynamics, when a background field is time-dependent, can be motivated in many different physics of interest. Focusing on the cases of cosmology, one can find vast variety of applications in which cosmological events are studied using nonequilibrium dynamics. For instance in the inflation cosmology, nonequilibrium particle production has been studied for particle production after and during inflation [1–3], and for the dissipative process in warm inflation [3–6].

The nonequilibrium dynamics that leads to dissipative process during inflation can be studied assuming that the system is coupled to the thermal bath, or alternatively assuming physical decay factor in the propagator, to make the local approximation valid for the calculation. These studies have been developed using various techniques of the quantum field theory and the quantum statistical mechanics. A plausible scenario of dissipation has been studied in Ref. [4, 5] for the two-step model, using the methods of the quantum field theory when the local approximation can be applied. In this paper we will study the dissipation in the two-step model, when the Kaluza-Klein tower of the intermediate field changes its spectrum when a field moves.

Sometimes the dissipative equation of motion has been discussed specifically for the warm inflation scenario and thus there might be confusion between the criticism of the specific inflation scenario and the one for the calculation of the dissipative coefficients. In this paper we will not assume specific inflation background during dissipation, since the assumption of inflation requires additional (model-dependent) conditions for the system, to keep the thermal equilibrium a good approximation during the evolution. Indeed, dissipative equations may play significant role in non-inflating cosmological scenarios such as the curvaton [7] or the Affleck-Dine baryogenesis [8, 9]. The purpose of this paper is to show a clear example in which the Kaluza-Klein tower causes significant two-step dissipation in the low-temperature limit (i.e, when the temperature of the thermal bath is lower than the mass of the intermediate Kaluza-Klein mode.).

Model-dependent analyses are avoided in this paper. Previous studies on string-motivated models can be found in Ref.[10], in which the strategies are different from ours.

Let us start with the plain model. Consider the fourdimensional supersymmetric model with the interaction given by the superpotential [4, 5]:

W = W (Φ) + gΦX^2 + hXY^2, (1)

where Φ, X and Y are superfields that contains bosonic components ϕ, χ and y, respectively [11]. In this model, X is the intermediate field that can decay into light field Y . The effective mass of the intermediate field is timedependent because Φ is moving. The time-dependent mass of the intermediate field causes particle creation and the dissipation of the kinetic energy. We are considering the effective equation of motion for the field ϕ, which may contain the dissipative term when the local approximation is valid for the nonequilibrium dynamics. The superpotential W (Φ) is not mandatory, since the potential could be obtained from a supersymmetry breaking term that lifts a flat direction of the supersymmetric theory. The auxiliary field equation of the field X gives

F^∗_X + 2gΦX + hY^2 = 0, (2)

which leads to interactions ∼ (ghϕ)χy^2 and ∼ g^2ϕ^2χ^2. These terms are necessary for the later calculation of the dissipative coefficients.

Then, as far as the local approximation is valid, the dissipative term appears in the equation as

ϕ̈ + (3H + γ)ϕ̇ + V_ϕ = 0, (3)

where the subscript of the scalar potential V (ϕ) denotes the derivative with respect to the field. Here γ is the dissipative coefficient calculated in Ref.[5]. In the low-T regime (T/m_χ ≪ 1), the coefficient is given by [4, 5]

γ ≃ g^2h^4 ∑ i=R,I ( gϕ m_{χi} )_4 T^3 m^2_{χi} , (4)

where m_{χR} and m_{χI} are the mass of the real and the imaginary parts of the bosonic component χ. We will have m_{χR} ≃ m_{χI} since the split is usually negligible. Here the interaction ∼ hmχy^2 (m ≡ gϕ in the above model) is crucial for the leading-order calculation^1.

The model realizes the typical two-step dissipative process and avoids several difficulties of the warm inflation scenario. We thus consider the supersymmetric two-step scenario as a reference model. Inflation background is not necessary for the process.

In this paper we will consider the higher dimensional extension of the above two-step model. For the effective action that describes interaction with the Kaluza-Klein tower, we will consider the higher dimensional supersymmetry in the four-dimensional superspace [12], in which we can introduce a Gaussian distribution for the localization in the fifth dimension [13]:

f_G(y) = 1 √ 2πl_s e^{− y} 2 2l2s , (5)

where l^{−1}_s determines the width of the localization. The localization is needed to discuss the interaction between fields on the brane (boundary) and the fields in the bulk. The above Gaussian function is useful since it can explain the natural cut-off for the Kaluza-Klein tower [13]. However, just for the simplicity of the calculation, we will use δ(y) instead and consider a simple cut-off at m_{KK} ≃ M_∗ ≃ l^{−1}_s . The replacement may affect numerical coefficients but does not change the qualitative result.

A. Intermediate fields in the bulk

We consider a five-dimensional space time metric with the fifth dimension being compactified on a S^1/Z_2 orbifold. The strategy is usually considered for obtaining four-dimensional MSSM from the flat five-dimensional action [12]. For the first model, we will place the intermediate field (X) in the bulk while localizing Φ and Y on the boundary.

From a four-dimensional perspective, the Kaluza-Klein towers of the intermediate field X can be rearranged in the form of N = 2 hypermultiplets. Choosing Z_2 parity of the five-dimensional fields one can break the N = 2 supersymmetry to N = 1 supersymmetry. In N = 1 four-dimensional superspace, the five-dimensional hypermultiplet consists of the four-dimensional chiral superfields X(y) and X^c(y), which are both labeled by y (the coordinate of the fifth dimension). The free action is given by [12] S = ∫ d^5x {[¯ X^cX^c + X̄X ] θ^2θ̄^2 + (X

c∂_yX|_θ2 + h.c) } . (6)

1 See Ref.[5] for the details of the calculation.

We will introduce the superpotential W = [ gΦX^2 + hXY^2 ] δ(y), (7) which involves the bulk-boundary interactions. The auxiliary fields for the intermediate field X and X^c are computed to be: F^∗_X = −2gΦXδ(y) − hY^2δ(y) − ∂_yX^c F^∗_X c = ∂_yX. (8)

We assume the Fourier expansion on S^1/Z_2: χ = 1 √ πR χ^0 + √ 2 πR ∑ n=1 cos [ ny R ] χ^{(n)}

χ^c = √ 2 πR ∑ n=1 sin [ ny R ] χ^{c,(n)}, (9) which suggests that the 0-mode appears only in χ.

After integration, the effective four-dimensional superpotential for the KK state can be written in the form W = ∑ m,n W^{(m,n)}, where

W^{(m,n)} = g^{(m,n)}Φ ( X^{(m)}X^{(n)}

)_2

+ h^{(n)}X^{(n)}Y^2.(10)

If the matrix “were” diagonal (g^{(m,n)} ≃ g^{(n)}), the leading order calculation for the Kaluza-Klein tower (n ≥ 1) gives the dissipative coefficient

γ_{KK} ∼ n_{M ax}∑

n=1 (g^{(n)})^2(h^{(n)})^4 [ g^{(n)}ϕ m^{(n)}χ ]_4 T^3 [ m^{(n)}_χ ]_2 ,

(11)

where n_{Max} ≃ RM_∗ gives the cut-off at m_{KK} ∼ M_∗. The off-diagonal elements may contribute to the multiplicity of the diagram. Let us examine the corrections from the off-diagonal elements.

If one assumes^2 gϕ ≪ 1/R, the mass eigenstates can be approximated by the pure KK modes and then one immediately finds γ_{KK} ∼ n_{M ax}∑

n=1 n_{M ax}∑

m=1 (g^{(m,n)})^6(h^{(n)})^2(h^{(m)})^2T^3 ( m^{(n)}_{KK} )_3 ( m^{(m)}_{KK} )_3 ϕ^4

∼ g^6h^4T^3R^6ϕ^4 n_{M ax}∑

n=1 n_{M ax}∑

n=1 1 n^3m^3

∼ g^6h^4T^3R^6ϕ^4 < γ_0, (12)

2 This condition is not mandatory since the extra dimension could be large (R > M^{−1}_∗ ). This possibility will be considered later in this section.

where γ_0 ≡ C_0h^{4 T 3}_{ϕ2} is the dissipative coefficient for the intermediate 0-mode. Therefore, in the above limit (gϕ ≪ 1/R) the Kaluza-Klein tower gives negligible contribution to the dissipative coefficient. As a result, we find γ ≃ C_0h^4

T^3 ϕ^2

+ C_{KK} g^6h^4T^3R^4ϕ^2 ∼ γ_0, (13)

where C_0 and C_{KK} are numerical coefficients.

Significant enhancement is possible in the opposite limit, when gϕ ≫ R^{−1}. However, replacing the Gaussian function by δ(y), one will find off-diagonal elements of g^{(m,n)}, which are exactly the same size as the diagonal ones. For later use, we first estimate the contribution from the diagonal elements. Here we consider

W^{(n)} = g^{(n)}Φ ( X^{(n)}

)_2 + h^{(n)}X^{(n)}Y^2. (14)

The leading-order contribution gives γ_{KK} ∼ n_∗h^4 T^3 ϕ^2 ∼ gRh^4 T^3 ϕ , (15)

where n_∗ ∼ gRϕ is not the usual cut-off (n_{Max}) of the Kaluza-Klein tower, but obtained from the condition m_{KK} < gϕ. The previous calculation for gϕ ≪ m^{(1)}_{KK} suggests that the Kaluza-Klein states in n ≥ n_∗ is negligible and does not contribute to the dissipation. Finally, we find

γ ∼ C_0h^4

T^3 ϕ^2 + Ĉ_{KK} gRh^4 T^3 ϕ . (16)

The above result suggests that there could be an interesting critical point ϕ_c, where the dissipation becomes strong due to the Kaluza-Klein tower. We can calculate ϕ_c as ϕ_c ≃ C_0 gĈ_{KK} R^{−1}. (17)

What is the consequence of ϕ_c? If ϕ is rolling down on a hilltop potential, it may feel significant friction when ϕ is small^3. In that case the friction-dominated motion can be prolonged by the Kaluza-Klein states. In that way the hilltop inflation [16] (or the hilltop curvaton [17]) could be affected by the Kaluza-Klein tower. On the other hand, if the field is moving toward the origin, the Kaluza- Klein enhancement ceases toward ϕ_c. This may affect the starting point of the curvaton oscillation and/or the Affleck-Dine baryogenesis after inflation [7–9].

3 However, ϕ must be larger than the temperature of the thermal bath so that the low-temperature approximation is valid for the calculation.

In the above scenario, the field ϕ is localized on the boundary, which means that the vacuum expectation value of the field is bounded from above (ϕ ≤ M_∗). Therefore, the significant Kaluza-Klein enhancement is possible only when the extra dimension is large (RM_∗ ≫ 1) and ϕ is moving in the region ϕ_c < ϕ < M_∗.

Here, our concern is the contributions from the offdiagonal elements. To understand the physics related to the off-diagonal elements, let us consider 2-field model with the superpotential

W = gΦ (X_1 + X_2)^2 + h (X_1 + X_2) Y^2. (18)

Then one can choose X_± ≡ (X_1 ± X_2)/ √ 2 to obtain

W = (2g)ΦX^2_+ + ( √ 2h)X_+Y^2. (19)

For the field X_+, the dissipation coefficient is multiplied by ( √ 2h/h)^4. Applying the same multiplicity, we find

γ_{KK} ∼ n^2_∗h^4

T^3 ϕ^2 ∼ (gR)^2h^4T^3. (20)

Note however the weak-coupling expansion is not valid when g_{eff} ≡ n_∗g ≥ 1 or h_{eff} ≡ √ n_∗h ≥ 1. Therefore, a modest argument would be that Eq.(20) certificates significant dissipation, but the higher order contributions could be larger than the above result. At this moment we do not calculate the higher contributions in the strong limit because it is not suitable for the purpose of this paper.

B. Φ and X in the bulk

Second, assume that Φ and X are both in the bulk while Y is localized on the boundary [15]. We will introduce the superpotential for the interaction W = [ gΦX^2 + hXY^2 ] δ(y), (21)

where the “point interaction” is assumed for the Yukawa coupling gΦX^2. This assumption could be removed, however the conventional Yukawa interaction is forbidden in the N = 2 supersymmetry. The effective fourdimensional superpotential that contains the 0-mode Φ^{(0)} and the Kaluza-Klein state is thus given by

W^{(m,n)} = g^{(m,n)}Φ^{(0)} ( X^{(m)}X^{(n)}

)_2

+ h^{(n)}X^{(n)}Y^2.

(22)

The above superpotential involves the interactions that are required for the two-step dissipation. Only the 0- mode of ϕ is moving in that model. All the other fields are supposed to have negligible vacuum expectation values.

The significant difference appears not in the “calculation” but in the “condition” that constrains the maximum value of ϕ. In contrast to the previous model, in which Φ is localized, one is not forced to put the condition ϕ ≤ M_∗. Therefore, for the diagonal elements we find γ_{KK} ∼ Ĉ_{KK} gRh^{4 T 3}_ϕ . Again, including the possible multiplicity from the off-diagonal elements, we find γ_{KK} ∼ Č_{KK} (gR)^2h^4T^3, where Č_{KK} is the numerical coefficient.

C. Dissipation when radius changes

Note first that m^{(n)}_{KK} is basically the function of R, which could be a dynamical parameter in the early Universe. Then a natural question arises: what is the consequence of the Kaluza-Klein tower that is changing its spectrum due to the dynamical moduli?

In this section we will define the moduli field Φ ≡ M^2_∗ R and consider the motion of Φ. For simplicity, the canonical kinetic term is assumed for the field Φ, however this assumption is not mandatory. X^c and X are in the bulk as usual, and Y is localized on the boundary. Consider the Sherk-Schwartz (SS) boundary condition [14] that replaces n → n + ω in the Fourier expansion of the bosonic field. We will introduce the interaction

W = hX^cY^2δ(y − πR), (23)

which leads to the auxiliary field equation

F^∗_X c = −hY^2δ(y − πR) + ∂_yX. (24)

The superpotential gives the interaction required for the two-step dissipation at the leading order. The crucial interaction is

L_{int} ∼ h^{(n)}m^{(n)}_{KK} χ^{(n)}y^2, (25)

where m^{(n)}_{KK} (Φ) ≃ nM^2_∗ /Φ is the Kaluza-Klein mass expressed using Φ. Again, we find the dissipative coefficient γ_{KK} ∼ n_{M ax}∑

n=1 (m^{(n)}_{KK} )^2 Φ^2 h^4

T^3

(m^{(n)}_{KK} )^2 ∼ h^4 T^3 M_∗Φ

, (26)

where n_{Max} ∼ RM_∗ ∼ Φ/M_∗ is used in the last line.

Note that the spectrum of the tower is changing whenever the moduli is time-dependent. There is no need to consider additional interaction between Φ and X.

The above model might be a reminiscence of Casimir force [18, 19]. However, in the present model the creation of the light field causes irreversible process. They must be discriminated.

II. CONCLUSIONS AND DISCUSSIONS

In this paper we considered two-step dissipation for the supersymmetric model in which the intermediate field X is placed in the bulk of the fifth dimension. In the effective action, the intermediate field has the tower of Kaluza-Klein states that are coupled to the light fields on the boundary.

We first considered a simple generalization of Ref.[5]. We first estimated the contribution from the diagonal interactions. The Kaluza-Klein tower of the intermediate field X enhances the dissipative coefficient when ϕ > ϕ_c ≡^{C0}_{gĈKK} R^{−1}. In that way the dissi-

pative coefficient changes from γ_0 = C_0h^{4 T 3}_{ϕ2} to γ ∼

C_0h^{4 T 3}_{ϕ2} + Ĉ_{KK} gRh^{4 T 3}_ϕ for the diagonal elements, and

to γ ∼ C_0h^{4 T 3}_{ϕ2} + Č_{KK} (gR)^2h^4T^3 when the multiplicity from the off-diagonal elements are included. More enhancement is expected in the strong (g_{eff} , h_{eff} > 1) limit.

Then we considered a model with a moving moduli, in which the moduli determines the mass of the Kaluza- Klein states. The result suggests that the back-reaction from the Kaluza-Klein tower could be crucial for the dynamics of the expanding extra dimension.

We have some comments about the simplification. In this paper we have disregarded the Kaluza-Klein graviton, which might be important for the dynamics. We have also disregarded the decay from the higher to the lower Kaluza-Klein states. Both of those may enhance the dissipative process.

Warped extra dimension has not been considered in this paper. In that model the fields on the brane can change their mass when the brane moves along a throat.

III. ACKNOWLEDGMENT

T.M thanks N. Maekawa and S. Enomoto for many valuable discussions.

[1] L. Kofman, A. D. Linde and A. A. Starobinsky, “Reheating after inflation,” Phys. Rev. Lett. 73, 3195 (1994) [hep-th/9405187]; L. Kofman, A. D. Linde and A. A. Starobinsky, “Towards the theory of reheating after inflation,” Phys. Rev. D 56, 3258 (1997) [hep-ph/9704452].

[2] T. Matsuda, “Generating the curvature perturbation with instant preheating,” JCAP 0703, 003 (2007) [hep-th/0610232]; T. Matsuda, “Generating curvature perturbations with MSSM flat directions,” JCAP 0706, 029 (2007) [hep-ph/0701024]; T. Matsuda, “Cosmological perturbations from inhomogeneous preheating and multifield trapping,” JHEP 0707, 035 (2007) [arXiv:0707.0543 [hep-th]].

[3] L. Kofman, A. D. Linde, X. Liu, A. Maloney, L. McAllister and E. Silverstein, “Beauty is attractive: Moduli trapping at enhanced symmetry points,” JHEP 0405, 030 (2004) [hep-th/0403001]; T. Matsuda, “Spotted Inflation,” JCAP 1011, 036 (2010) [arXiv:1008.0164 [hepph]].

[4] For a review see A. Berera, I. G. Moss and R. O. Ramos, “Warm Inflation and its Microphysical Basis,” Rept. Prog. Phys. 72, 026901 (2009) [arXiv:0808.1855 [hepph]] and M. Bastero-Gil and A. Berera, “Warm inflation model building,” Int. J. Mod. Phys. A 24, 2207 (2009) [arXiv:0902.0521 [hep-ph]]. The two-step dissipation (“indirect decay model”) is proposed in A. Berera and R. O. Ramos, “The Affinity for scalar fields to dissipate,” Phys. Rev. D 63, 103509 (2001) [hep-ph/0101049]. For recent works see; R. Cerezo and J. G. Rosa, “Warm Inflection,” arXiv:1210.7975 [hepph]; S. Bartrum, A. Berera and J. G. Rosa, “Gravitino cosmology in supersymmetric warm inflation,” arXiv:1208.4276 [hep-ph]; M. Bastero-Gil, A. Berera, R. O. Ramos and J. G. Rosa, “General dissipation coefficient in low-temperature warm inflation,” arXiv:1207.0445 [hep-ph]; M. Bastero-Gil, A. Berera, R. O. Ramos and J. G. Rosa, “Warm baryogenesis,” Phys. Lett. B 712, 425 (2012) [arXiv:1110.3971 [hep-ph]]; M. Bastero-Gil, A. Berera and J. G. Rosa, “Warming up brane-antibrane inflation,” Phys. Rev. D 84, 103503 (2011) [arXiv:1103.5623 [hep-th]].

[5] I. GMoss and C. Xiong, “Dissipation coefficients for supersymmetric inflatonary models,” hep-ph/0603266.

[6] T. Matsuda, “Remote Inflation as hybrid-like sneutrino/MSSM inflation,” Nucl. Phys. B 822, 88 (2009) [arXiv:0905.4328 [hep-ph]]; T. Matsuda, “Remote Inflation: Hybrid-like inflation without hybrid-type potential,” JCAP 0907, 003 (2009) [arXiv:0904.2821 [astroph.CO]].

[7] T. Matsuda, “Aspects of warm-flat directions,” Int. J.

Mod. Phys. A 25, 4221 (2010) [arXiv:0908.3059 [hepph]]; T. Matsuda, “Evolution of the curvature perturbations during warm inflation,” JCAP 0906, 002 (2009) [arXiv:0905.0308 [astro-ph.CO]]; T. Matsuda, “Curvaton paradigm can accommodate multiple low inflation scales,” Class. Quant. Grav. 21, L11 (2004) [hep-ph/0312058].

[8] I. Affleck and M. Dine, “A New Mechanism for Baryogenesis,” Nucl. Phys. B 249, 361 (1985).

[9] T. Matsuda, “Affleck-Dine baryogenesis after thermal brane inflation,” Phys. Rev. D 65, 103501 (2002) [hep-ph/0202209]. T. Matsuda, “Affleck-Dine baryogenesis in the local domain,” Phys. Rev. D 65, 103502 (2002) [hep-ph/0202211]; T. Matsuda, “Baryon number violation, baryogenesis and defects with extra dimensions,” Phys. Rev. D 66, 023508 (2002) [hep-ph/0204307];

T. Matsuda, “Enhanced baryon number violation due to cosmological defects with localized fermions along extra dimension,” Phys. Rev. D 65, 107302 (2002) [hep-ph/0202258].

[10] A. Berera and T. W. Kephart, “The interaction structure and cosmological relevance of mass scales in string motivated supersymmetric theories,” Phys. Lett. B 456, 135 (1999) [hep-ph/9811295]; A. Berera and T. W. Kephart, “The Ubiquitous Inflaton in String- Inspired Models,” Phys. Rev. Lett. 83, 1084 (1999) [hep-ph/9904410]; M. Bastero-Gil, A. Berera, J. B. Dent and T. W. Kephart, “Towards Realizing Warm Inflation in String Theory,” arXiv:0904.2195 [astro-ph.CO].

[11] J. Wess and J. Bagger, “Supersymmetry and supergravity,” Princeton, USA: Univ. Pr. (1992) 259 p [12] N. Arkani-Hamed, T. Gregoire and J. G. Wacker, “Higher dimensional supersymmetry in 4-D superspace,” JHEP 0203, 055 (2002) [hep-th/0101233].

[13] M. Bando, T. Kugo, T. Noguchi and K. Yoshioka, “Brane fluctuation and suppression of Kaluza-Klein mode couplings,” Phys. Rev. Lett. 83, 3601 (1999) [hep-ph/9906549]; A. Delgado, G. von Gersdorff, P. John and M. Quiros, “One loop Higgs mass finiteness in supersymmetric Kaluza-Klein theories,” Phys. Lett. B 517, 445 (2001) [hep-ph/0104112]; A. Delgado and M. Quiros, “Supersymmetry and finite radiative electroweak breaking from an extra dimension,” Nucl. Phys. B 607, 99 (2001) [hep-ph/0103058];

[14] A. Delgado and M. Quiros, “Supersymmetry and finite radiative electroweak breaking from an extra dimension,” Nucl. Phys. B 607, 99 (2001) [hep-ph/0103058].

[15] T. Matsuda, “Kaluza-Klein modes in hybrid inflation,” Phys. Rev. D 66, 107301 (2002) [hep-ph/0209214].

[16] L. Boubekeur and D. .H. Lyth, “Hilltop inflation,” JCAP 0507, 010 (2005) [hep-ph/0502047]; K. Kohri, C. -M. Lin and D. H. Lyth, “More hilltop inflation models,” JCAP 0712, 004 (2007) [arXiv:0707.3826 [hep-ph]]; J. C. Bueno Sanchez, M. Bastero-Gil, A. Berera and K. Dimopoulos, “Warm hilltop inflation,” Phys. Rev. D 77, 123527 (2008) [arXiv:0802.4354 [hep-ph]].

[17] K. Dimopoulos, K. Kohri, D. H. Lyth and T. Matsuda, “The inflating curvaton,” JCAP 1203, 022 (2012) [arXiv:1110.2951 [astro-ph.CO]]; T. Matsuda, “Hilltop curvatons,” Phys. Lett. B 659, 783 (2008) [arXiv:0712.2103 [hep-ph]].

[18] H. B. G. Casimir, “On the Attraction Between Two Perfectly Conducting Plates,” Indag. Math. 10, 261 (1948) [Kon. Ned. Akad. Wetensch. Proc. 51, 793 (1948)] [Front. Phys. 65, 342 (1987)] [Kon. Ned. Akad. Wetensch. Proc. 100N3-4, 61 (1997)].

[19] T. Matsuda, “Casimir force for cosmological domain walls,” Phys. Rev. D 84, 023501 (2011) [arXiv:1106.3186 [astro-ph.CO]].