arXiv:hep-th/0612155v3 30 Apr 2007

Casimir pistons with hybrid boundary conditions

Xiang-hua Zhai and Xin-zhou Li^∗ Shanghai United Center for Astrophysics(SUCA), Shanghai Normal University, 100 Guilin Road, Shanghai 200234, China (Dated: May 1, 2007)

The Casimir effect giving rise to an attractive or repulsive force between the configuration boundaries that confine the massless scalar field is reexamined for one to three-dimensional pistons in this paper. Especially, we consider Casimir pistons with hybrid boundary conditions, where the boundary condition on the piston is Neumann and those on other surfaces are Dirichlet. We show that the Casimir force on the piston is always repulsive, in contrast with the same problem where the boundary conditions are Dirichlet on all surfaces.

PACS numbers: 03.70.+k, 11.10.-z

1. Introduction

Casimir predicted that an attractive force should act between two plane-parallel uncharged perfectly conducting plates in vacuum[1]. The force is due to the disturbance of the vacuum of the quantized electromagnetic field under the existence of the boundary conditions. This effect has now been verified by precise measurements[2] and has been applied to the fabrication of microelectromechanical systems(MEMS)[3]. Casimir energies and forces have been calculated theoretically in various different configurations including stratified media, rectangular cavities, wedge, sphere, cylinder, sphere(lens) above a disk and other[4]. The calculations indicated that the Casimir energy may change its sign depending not only on the boundary conditions but also on geometry and topology of the configuration. About the dependence of the Casimir force on the boundary conditions, we have known that the Casimir force is still attractive for two parallel infinitely permeable plates(associated to Neumann-Neumann boundary conditions), which is identical to Casimir’s original result. However, the Casimir force between a perfectly conducting plate and an infinitely permeable one (associated to Dirichlet-Neumann boundary conditions) is repulsive[5]. Due to this peculiar aspect, the Casimir effect with hybrid boundary conditions(Dirichlet-Neumann) has been considered recent years[6]. As for the influence of geometry and topology of the configuration to the Casimir force, it has been claimed that the Casimir energy inside rectangular cavities can be either positive or negative depending on the ratio of the sides[7]. But the security of the conclusion needs to suspect at least for two reasons: First, the calculations ignore the divergent term associated with the boundary. With the term thrown out, the cut-off technique can get the same finite result as what is obtained by zeta function regularization which renormalizes the surface term to zero. But physically, such a term cannot be eliminated by a renormalization of the parameters of the theory[8]. Second, it does not take into account the nontrivial contribution to the vacuum energy from the outside region of the box. Actually, these problems exist in the calculation of Casimir energy of any single body. In contrast, there is no such problems for the case of two rigid bodies if one only interested in the force between them.

Two years ago, a modification of the rectangle-”Casimir piston”-was introduced to avoid the above two problems[9]. The two-dimensional Casimir piston consists of a single rectangle divided into two by a partition(the ”piston”). The Casimir force on the piston is a well-defined finite force because the position of the piston is independent of the divergent terms in the internal vacuum energy and the external region. For a scalar field obeying Dirichlet boundary conditions on all surfaces, when the separation between the piston and one end of the cavity approaches infinity, the force on the piston is towards another end(the closed end), that is, the force is attractive. Later, the attractive Casimir force on the piston again obtained for a three-dimensional electromagnetic field with the perfect-conductor conditon[10] and for a three-dimensional scalar field with Dirichlet boundary conditions on all surfaces[11]. But attraction does not occur in all Casimir piston scenarios. In a recent paper[12], the Casimir piston in a cylinder for a weakly reflecting dielectric was considered and it was shown that the force could switch from attraction to repulsion with the plate separation increasing. Again, some examples of repulsive Casimir pistons have been simply discussed in a recent preprint[13].

On the other hand, it may be worth emphasizing that the Hurwitz zeta function ζ(ν; s) is the direct zeta function

∗Electronic address: kychz@shnu.edu.cn

associated with the hybrid boundary conditions, while the Riemann zeta function ζ(s) is the direct zeta function associated with the Dirichlet boundary condition. ζ(ν; s) is a generalization of ζ(s) defined by

ζ(ν; s) = ∞∑ n=0 1 (n + ν)^s

, (0 < ν ≤ 1, Res > 1) (1)

It is obvious that ζ(s) = ζ(1; s). For Res > 0, one has[14]

Γ(s) = (n + ν)^s ∫_∞ 0 x^{s−1}e^{−(n+ν)x}dx (2) Therefore,

ζ(ν; s) = 1 Γ(s) ∫_∞ 0 x^{s−1}e^{−(ν−1)x} e^x − 1 dx (3) if the inversion of the order of summation and integration can be justified; and this is guaranteed by the absolute convergence if Res > 1. Now one can consider the integral

ζ(ν; s) = −e^{iπs}Γ(1 − s) 2πi ∫ C z^{s−1}e^{−νz} 1 − e^{−z} dz (4) where the contour C starts at infinity on the positive real axis, encircles the origin once in the positive direction excluding the point ±2iπ, ±4iπ, · · ·, and returns to positive infinity. We can take C to consist of real axis from +∞ to r (0 < r < 2π), the circle | z |= r, and the real axis from r to +∞. On making r → 0, we have obtained Eq.(4). Eq.(4) provides the analytic continuation of ζ(ν; s) over the whole plane, and ζ(ν; s) is regular everywhere except for a simple pole at s = 1 with residue 1. Expanding the loop to infinity, the residues are at ±2miπ; hence, if Res < 0, we have

ζ(ν; s) = 2Γ(1 − s) (2π)^{1−s} [ sin 1 2 πs ∞∑ m=1 cos2mπν m^{1−s} + cos 1 2 πs ∞∑ m=1 sin2mπν m^{1−s} ] (5) In this paper, we consider Casimir pistons for a massless scalar field with hybrid boundary conditions. That is, on the surface where the piston lies, the boundary condition is Neumann, and the boundary conditions are Dirichlet on other surfaces. We discuss one to three dimensional pistons using generalized zeta function regularization technique. Due to the existence of hybrid boundary conditions, Hurwitz zeta functions and Epstein zeta functions emerge naturally. In one dimensional case, it is very easy to get the analytic result by regularizing Hurwitz zeta function directly. In two and three dimensional cases, we need to do the calculation numerically after the regularization. In all of the three cases, we show that the Casimir force on the piston with hybrid boundary conditions are repulsive. With the separation increasing, the force on the piston decreases rapidly.

2. One-dimensional piston

Consider a quantized scalar field constrained in the interval L on the real line(See Fig.1). There is a point in the interval where the piston lies. The piston divides the interval into two labeled A and B. The distance between the piston and the left point is a. The total energy of the vacuum for the system can be written as the sum of three terms:

E = E^A(a) + E^B (L − a) + E^{out} (6)

where E^A(a) and E^B (L − a) are given by the results through cut-off technique, which consist of divergent terms and finite terms, where the finite terms are the same as what are obtained by zeta function regularization denoted E^A_R (a) and E^B_R (L − a). The divergent terms and the energy from the exterior region in the total energy are independent of the position of the piston[9], so the Casimir force on the piston is as follows:

F = − ∂ ∂a [E^A_R (a) + E^B_R (L − a)] (7)

With Dirichlet boundary condition on one point and Neumann on the other point, the eigenfrequencies in interval A are

ω_n = ( n +^1_2 ) π a , n = 0, 1, 2, · · · (8) So the vacuum energy is given by(h̄ = c = 1 where c is the speed of light)

E(a) = 1 2 ∞∑ n=0 (n + 1 2 ) π a (9) Using zeta function regularization, we start with the function

E(a; s) ≡ π 2 ∞∑ n=0 [( n + 1 2 ) 1 a ]_{−s} (10)

which is defined for Re(s) > 1. We will see in the following that its analytic continuation to the complex s-plane is well-defined at s = −1. So we can write the regularized Casimir energy as E^A_R (a) = E(a; −1).

Eq.(10) can be rewritten as

E(a; s) = πa^s 2 ζ( 1 2 ; s) (11)

Using Mellin transformation one can find

Γ ( s 2 ) π^{−s/2}(2^s − 1)^{−1}ζ(s) = Γ (1 − s 2 ) π^{(s−1)/2}(2^{1−s} − 1)^{−1}ζ(1 − s) (12)

Taking s = −1, we get

ζ( 1 2 ; −1) = 1 12π^2 ζ( 1 2 ; 2) = 1 24 (13)

and so

E^A_R (a) = E(a; −1) = π 48a (14)

The corresponding expression for interval B is

E^B_R (L − a) = π 48(L − a) (15)

Thus, taking the limit L → ∞, we obtain the repulsive Casimir force on the piston

F = π 48a^2

(16)

The result is the same as what was obtained in [13] where an exponential cutoff technique was used.

3. Two-dimensional piston

As illustrated in Fig. 2, the rectangle is divided into two by the piston. The boundary condition on the piston is Neumann, and those on other surfaces are Dirichlet. Similar to one-dimensional case, the Casimir force acting on the piston is:

F = − ∂ ∂a [ E^A_R (a, b) + E^B_R (L − a, b) ] (17)

The vacuum energy of area A is

E(a, b) = 1 2 ∞∑ m=0 ∞∑ n=1 √( m + 1 2 )_2(π a )_2 + (nπ b )_2 (18)

In order to calculate the summation E(a, b), we can consider the more general expression E(a, b; s) as follows

E(a, b; s) ≡ π 2 ∞∑ m=0 ∞∑ n=1 [( m + 1 2 )_2( 1 a )_2 + (n b )_2]_{−s/2}

= π 8 ∞ ′∑ m,n=−∞ [[( m 2a )_2 + ( n b )_2]_{−s/2} − [( m a )_2 + (n b )_2]_{−s/2}] − πa^s 4 ζ( 1 2 ; s) = π 8 [ Z_2 ( 1 2a , 1 b ; s ) − Z_2 ( 1 a , 1 b ; s )] − πa^s 4 ζ( 1 2 ; s) (19)

Where Z_p(a_1, · · ·, a_p; s) is Epstein zeta function which is defined as Z_p(a_1, · · ·, a_p; s) ≡ ∑_{∞ ′} n_1,···,n_p=−∞ [ (n_1a_1)^2 + · · · +

(n_pa_p)^2

]_− s_2 and the prime means that the term n_1 = n_2 = · · · = n_p = 0 has to be excluded. Applying the reflection formulae

(a_1 · · · a_p)Γ ( s 2 ) π^{−s/2}Z_p(a_1 · · · a_p; s) = Γ (p − s 2 ) π^{(s−p)/2}Z_p( 1 a_1 · · · 1 a_p ; p − s) (20)

and taking s = −1, we get

E^A_R (a, b) = E(a, b; −1) = − ab 32π [ 2Z_2(2a, b; 3) − Z_2(a, b; 3) ] − π 96a (21)

When a > b, we can reexpress the Epstein zeta function as[15]

Z_2(a, b; 3) =

2π^2 3a^2b + 16π ab^2 ∞∑ m,n=1 n m K_1 ( 2πmn a b ) + 2ζ(3) b^3

(22)

Where K_n(z) is modified Bessel function . Substituting Eq.(22) and the corresponding expression for Z_2(2a, b; 3) into Eq. (21), we get

E^A_R (a, b) = − ζ(3)a 16πb^2 − 1 2b ∞∑ m,n=1 n m [ K_1 ( 4πmn a b ) − K_1 ( 2πmn a b )] (23)

Inserting Eq. (23) and the corresponding expression for E^B_R (L − a, b) into Eq. (17) and taking L → ∞, we obtain the following result for the Casimir force on the piston

lim_{L→∞} F = π b^2 ∞∑ m,n=1 n^2 [ 2K^′_1 ( 4πmn a b ) − K^′_1 ( 2πmn a b )] (24)

Where K^′_1(z) = dK_1(z)/dz. The numerical calculation tells us that the force is positive and decreases rapidly with the ratio a/b increasing.

In the case that a < b, Eq. (22) changes to

Z_2(a, b; 3) =

2π^2 3b^2a + 16π ba^2 ∞∑ m,n=1 n m K_1 ( 2πmn b a ) + 2ζ(3) a^3

(25)

and the resulted force on the piston is

lim_{L→∞} F = 3bζ(3) 32πa^3 − π 96a^2 − ζ(3) 16πb^2 + πb 4a^3 ∞∑ m,n=1 n^2 [ K_0 ( πmn b a ) − 4K_0 ( 2πmn b a )] (26)

It can also be shown that the force is repulsive and decreases with the value a/b increasing. Furthermore, one can know from the numerical computation that Eq. (24) and Eq. (26) are connected that they have the same value of the force when a = b.

4. Three-dimensional piston

Similarly, the results of two-dimensional pistons can be extended to those of three-dimensional pistons. The threedimensional piston is depicted in Fig. 3, where again the boundary condition on the piston is Neumann and those on other surfacee are Dirichlet. For simplicity, we take the base as a square. The vacuum energy in cavity A is

E(a, b, b) = 1 2 ∞∑ m=0 ∞∑ n_1,n_2=1 √( m + 1 2 )_2(π a )_2 + (n_1π b )_2 + (n_2π b )_2 (27)

When a > b, we get the regularized vacuum energy in cavity A as

E^A_R (a, b, b) = − aβ(2) 48b^2 + ζ(3)a 16πb^2 + 1 2b ∞∑ m,n_1 ,n_2=1 √ n^2_1 + n^2 m [ K_1 ( 2πm √ n^2_1 + n^2 a b ) − K_1 ( 4πm √ n^2_1 + n^2 a b )] (28)

where β(2) is a Dirichlet series defined as β(s) ≡ ∑_∞ n=0(−1)^n(2n + 1)^{−s} which comes from the relation Z_2(1, 1; s) = 4ζ(s)β(s)[16] during the regularization. Substituting Eq.(28) and the corresponding expression for the regularized vacuum energy in cavity B into the following expression for Casimir force on the piston

F = − ∂ ∂a [ E^A_R (a, b, b) + E^B_R (L − a, b, b) ] (29)

and taking L → ∞, we obtain the force on the piston as

lim_{L→∞} F = π b^2 ∞∑ m,n_1,n_2=1

(n^2_1 + n^2) [ 2K^′_1 ( 4πm √ n^2_1 + n^2 a b ) − K^′_1 ( 2πm √ n^2_1 + n^2 a b )] (30)

The force is positive from the result of numerical calculation and it approaches zero with the ratio of a/b approaching infinity.

In the case that a < b, the regularized vacuum energy in cavity A can be reexpressed as

E^A_R (a, b, b) = 7π^2b^2 11720a^3 − 3ζ(3)b 64πa^2 + π 192a + 1 4a ∞∑ m,n=1 m n [ K_1(πmn b a ) − 2K_1(2πmn b a ) ]

+ b^{1/2} 2a^{3/2} ∞∑ m,n=1 (m n )_{3/2}[ K_{3/2}(2πmn b a ) − √ 2 4 K_{3/2}(2πmn b a ) ]

+ b^{1/2} 2a^{3/2} ∞∑ m,n_1,n_2 =1 ( m √ n^2_1 + n^2 )_{3/2}[ K_{3/2}(2πm √ n^2_1 + n^2 b a ) − √ 2 4 K_{3/2}(2πm √ n^2_1 + n^2 b a ) ] (31)

FIG. 1: Casimir piston in one dimensions.

Then the force on the piston is

lim_{L→∞} F =

7π^2b^2 3840a^4 − 3ζ(3)b 32πa^3 + π 192a^2 − β(2) 48b^2 + ζ(3) 16πb^2 − πb 4a^3 ∞∑ m,n=1 m^2 [ K_0(πmn b a ) − 4K_0(2πmn b a ) ] − πb^{3/2} a^{7/2} ∞∑ m,n=1 m^{5/2} n^{1/2} [ K_{1/2}(2πmn b a ) − √ 2 8 K_{1/2}(πmn b a ) ]

− πb^{3/2} a^{7/2} ∞∑ m,n_1,n_2 =1 m^{5/2} (n^2_1 + n^2)^{1/4} [ K_{1/2}(2πm √ n^2_1 + n^2 b a ) − √ 2 8 K_{1/2}(πm √ n^2_1 + n^2 b a ) ] (32)

The force is again repulsive and decreases with the ratio a/b increasing (see Fig.4).

For the special case that a = b, which means cavity A is a cube, we find from both Eq. (30) and Eq. (32) that the force on the piston is (in unit h̄c) F =^{0.00041244}_{b2} .

5. Conclusion

We discuss one to three-dimensional Casimir pistons for a massless scalar field with hybrid boundary conditions, where the boundary condition on the piston is Neumann and those on other surfaces are Dirichlet. We find the forces on the pistons are always repulsive, in contrast with the same problem where the boundary conditions are Dirichlet on all surfaces.

The problem of hybrid boundary conditions we study here is in analogue with the problem in electromagnetic field that the piston is an infinitely permeable plate and the other sides of the cavity are perfectly conducting ones or the opposite case that the piston is a perfectly conducting plate and the other sides are infinitely permeable ones. This problem may be connected with the study of dynamical Casimir effect and may be applied to the fabrication of MEMS, which needs further investigation.

ACKNOWLEDGEMENT: This work is supported by National Nature Science Foundation of China under Grant No. 10671128 and Shanghai Municipal Education Commission(No 06DZ005).

[1] H. B. G. Casimir, Proc. K. Ned. Akad. Wet. 51, 793(1948).

[2] S. K. Lamoreaux, Phys. Rev. Lett. 78, 5(1997); U. Mohideen and A. Roy, Phys. Rev. Lett. 81, 4549(1998); A. Roy, C. Y.

Lin and U. Mohideen, Phys. Rev. D 60, 111101(1999); G. Bressi, G. Garugno, R. Onofrio and G. Ruoso, Phys. Rev. Lett. 88, 041804(2002).

FIG. 2: Casimir piston in two dimensions.

FIG. 3: Casimir piston in three dimensions.

FIG. 4: Casimir force F (in units h̄c/b^2) on a three-dimensional piston versus a/b where a is the plate separation and b is the length of the sides of the square base.

[3] F. M. Serry, D. Walliser and G. J. Maclay, J. Microelectromech. Syst. 4, 193(1995); H. B. Chan, V. A. Aksyuk, R. N.

Kleiman, D. J. Bishop and F. Capasso, Science 291, 1941(2001).

[4] M. Bordag, U. Mohideen and V. M. Mostepanenko, Phys. Rep. 353, 1(2001); H. Gies and K. Klingmuller, Phys. Rev. Lett.

96, 220401(2006).

[5] T. H. Boyer, Phys. Rev. A 9, 2078(1974); V. Hashwater, Am. J. Phys. 65, 381(1997).

[6] O. Kenneth, I. Klich, A. Mann and M. Revzen, Phys. Rev. Lett. 89, 033001(2002); D. Iannuzzi and F. Capasso, Phys.

Rev. Lett. 91, 029101(2003); O. Kenneth, I. Klich, A. Mann and M. Revzen, Phys. Rev. Lett. 91, 029201(2003); A. C. A. Pinto, T. M. Britto, R. Bunchaft, F. Pascoal and F. S. S. da Rosa, Braz. J Phys. 33, 860(2003); D. T. Alves, C. Farina and E. R. Granhen, Phys. Rev. A 73, 063818(2006).

[7] W. Lukosz, Physica 56, 109(1971); F. Caruso, N. P. Neto, B. F. Svaiter and N. F. Svaiter, Int. J. Mod. Phys. A 14, 2077(1999); S. Hacyan, R. Jauregui and C. Villarreal, Phys. Rev. A 47, 4204(1993); X. Z. Li, H. B. Cheng, J. M. Li and X. H. Zhai, Phys. Rev. D 56, 2155(1997) ; X. Z. Li and X. H. Zhai, J. Phys. A 34, 11053(2001);A. Edery, J. Math. Phys. 44, 599(2003).

[8] G. Barton, J. Phys. A 34, 4083(2001); N. Graham, R. L. Jaffe, V. Khemani, M. Quandt, M. Scandurra and H. Weigel, Phys. Lett. B 572, 196(2003); N. Graham, R. L. Jaffe, V. Khemani, M. Quandt, O. Schroeder and H. Weigel, Nucl. Phys. B 677, 379(2004).

[9] R. M. Cavalcanti, Phys. Rev. D 69, 065015(2004).

[10] M. P. Hertzberg, R. L. Jaffe, M. Kardar and A. Scardicchio, Phys. Rev. Lett. 95, 250402(2005); V. N. Marachevsky, Phys.

Rev. D 75, 085019(2007).

[11] A. Edery, arXiv:hep-th/0610173. [12] G. Barton, Phys. Rev. D 73, 065018(2006). [13] S. A. Fulling and J. H. Wilson, arXiv:quant-ph/0608122.

[14] X. Z. Li and X. Shi, Phys. Rev. D 44, 560(1991); I. Brevik, E. Elizalde and R. Sollie, J. Math. Phys. 40, 1127(1999). [15] J. Ambjørn and S. Wolfram, Ann. Phys. 147, 1(1983). [16] I. J. Zucker, J. Phys. A 9, 499(1976).