arXiv:hep-th/0310075 v1 8 Oct 2003

hep-th/0310075 October 2003

Vacuum Polarization in an Anti-de Sitter Space as an Origin for a Cosmological Constant in a Brane World

Li-Xin Li

Harvard-Smithsonian Center for Astrophysics, Cambridge, MA 02138, USA

lli@cfa.harvard.edu

Abstract

In this Letter we show that the vacuum polarization of quantum fields in an anti-de Sitter space naturally gives rise to a small but nonzero cosmological constant in a brane world living in it. To explain the extremely small ratio of mass density in the cosmological constant to the Planck mass density in our universe (≈ 10^{−123}) as suggested by cosmological observations, all we need is a four-dimensional brane world (our universe) living in a five-dimensional anti-de Sitter space with a curvature radius r_0 ∼ 10^{−3}cm and a fundamental Planck energy M_P ∼ 10^9GeV, and a scalar field with a mass m ∼ r^{−1}_0 ∼ 10^{−2}eV. Probing gravity down to a scale ∼ 10^{−3}cm, which is attainable in the near future, will provide a test of the model.

Much attention has recently been paid to the idea that our universe is a four-dimensional brane (three dimensions of space plus one dimension of time) embedded in a five-dimensional bulk universe. This fact is mainly caused by the discoveries that by confining the standard model particles on a brane the extra dimensions can be larger than previously anticipated then the very large hierarchy between the electroweak and the Planck energy scales is relaxed [2, 1], and that on a brane embedded in a five-dimensional anti-de Sitter space Newton’s gravitational law can be recovered on distances larger than submillimeter as required by the gravity experiments that have been taken so far [3, 4, 5]. A lot of work has since then been done on brane cosmology, and people have shown that in the case when the bulk universe is empty away from the brane the cosmology on the brane deviates from that given by the standard general relativity only in the epoch before the cosmic nucleosynthesis when the energy density in the universe is sufficiently high ([6, 7, 8, 9, 10, 11, 12, 13] and references therein). Observational test of brane models by supernovae has also been discussed [14].

Despite the remarkable success of the brane model, the cosmological constant problem remains unsolved [13]. In the brane scenario, it is usually assumed that the tension of the brane exactly cancels the effect of the negative cosmological constant in the bulk universe, giving rise to a zero cosmological constant in the brane universe. However, observations of gravitational lensing, high redshift type Ia supernova, cosmic microwave background, and cluster counts consistently show that the universe is in all likelyhood flat and accelerating, with the present mass density being composed of about 70% of cosmological constant (or dark energy), 30% of dark and ordinary matter [15, 16, 17, 18, 19, 20, 21]. In Planck units ℏ = c = 1, the cosmological constant is extremely small: ρ_Λ/ρ_P ≈ 10^{−123}, where ρ_Λ is the mass density in the cosmological constant, ρ_P is the Planck mass density in our four-dimensional universe. The existence of such a small but nonzero cosmological constant is usually called the cosmological constant problem and continues to be a big mystery for modern cosmology and theories of elementary particles [22, 23, 24]. For current efforts toward solving this problem, see [25, 26, 27, 28, 29, 30, 31, 32, 33, 34, 35, 36] and references therein.

In this Letter we propose an explanation for the existence of a small but nonzero cosmological constant in the brane world scenario. For simplicity, we assume that the bulk spacetime is a five-dimensional anti-de Sitter space. We show that the vacuum polarization of a massive scalar field in the bulk spacetime has a stress-energy tensor that behaves like a small positive cosmological constant. As in the standard scenario of a brane world we assume that the brane tension cancels the effect of the bare cosmological constant in the anti-de Sitter space, then on the brane a small but nonzero cosmological constant exists, which we will show is consistent with cosmological observations if the mass of the scalar field is ∼ r^{−1}_0 where r_0 is the curvature radius of the anti-de Sitter space.

An anti-de Sitter space is a spacetime that has the maximal symmetry and a negative constant curvature, supported by a negative cosmological constant [37, 38]. For an Ndimensional anti-de Sitter space, its curvature radius is related to the cosmological constant by r_0 = [(N − 1)(N − 2)/(−2Λ)]^{1/2}. The Riemann curvature tensor is R_{abcd} = 2Λ(g_{ac} g_{bd} − g_{ad} g_{bc})/[(N − 1)(N − 2)]. The corresponding Ricci tensor R_{ab} = 2Λg_{ab}/(N − 2) satisfies the N-dimensional Einstein equation R_{ab} − (1/2) R g_{ab} + Λ g_{ab} = 8πM^{2−N}_P T_{ab} when the Ndimensional stress-energy tensor T_{ab} = 0, where R = g^{ab}R_{ab} = 2ΛN/(N − 2), M_P is the

N-dimensional Planck mass.

Quantum fields in an anti-de Sitter space have been studied extensively [39, 40, 41, 42, 43, 44, 45, 46, 38]. For a quantum state that is maximally symmetric (i.e., anti-de Sitterinvariant), the two-point function G(x, x^′) depends only on the geodesic distance μ(x, x^′) between x and x^′. For a massive scalar field ϕ(x) in an N-dimensional anti-de Sitter space of radius r_0, the two-point function for a maximally symmetric vacuum state, G(x, x^′) = ⟨0|ϕ(x)ϕ(x^′)|0⟩, is given by [42]

G(x, x^′) = G(μ) = A cosh^{−2α} ( μ 2r_0 ) F ( α, α − N 2 + 1; 2α − N + 2; cosh^{−2} μ 2r_0 ) , (1)

where α ≡ 1 2 [ N − 1 + √ (N − 1)^2 + 4m^2r^2_0 ] , A ≡ Γ(α) r^{2−N}_0 2^{2α+1}π^{(N −1)/2}Γ ( α −^N_2 +^3_2

) . (2)

Here F denotes the hypergeometric function, Γ denotes the Gamma function, and m is the mass of the scalar field particle.

The two-point function given by Eq. (1) satisfies the following two conditions: (a) falls off as fast as possible at spatial infinity μ^2 → ∞, and (b) has the same strength μ^2 → 0 singularity as in a flat space. It is worth to note that the two-point function so defined can be obtained from the continuation of a Euclidean Green function on H^N —an N-dimensional hyperbolic Euclidean space, but cannot be obtained from the continuation of a Euclidean Green function on S^N —an N-dimensional sphere [41, 43].

For N < 2 the limit μ → 0 in Eq. (1) is finite, and we have G(x, x) = Γ ( 1 −^1_2 N ) Γ(α) 2^N π^{N/2}Γ (α − N + 2) r^{2−N}_0 . (3)

G(x, x) is analytic in the complex N-plane apart from simple poles. Therefore, it may be extended throughout the whole complex N-plane [47] (see also [41, 45]). Especially, when N is odd, the G(x, x) given by Eq. (3) is finite and can be taken to be the regularized value for ϕ(x)^2, according to the dimensional regularization procedure [48].

For a vacuum state that is maximally symmetric the expectation value of its stress-energy tensor must be given by ⟨T_{ab}⟩ = T g_{ab}/N, where T = g^{ab}⟨T_{ab}⟩ is the trace [48]. For a massive scalar field whose G(x, x) is given by Eq. (3), which is finite and constant when N is odd, we have T = −m^2⟨ϕ(x)^2⟩ = −m^2G(x, x). Then we have ⟨T_{ab}⟩ = − Γ ( 1 −^1_2 N ) Γ(α) N2^N π^{N/2}Γ (α − N + 2) m^2r^{2−N}_0 g_{ab} , (4)

which is the renormalized stress-energy tensor when N is odd [46].^1 The stress-energy tensor in Eq. (4), which describes the vacuum polarization effect of a massive scalar field in an odd

1In this Letter we focus on the case when N is odd since we have assumed the bulk space has five dimensions. When N is even, further care must be taken to remove the poles in the Gamma function, see [47, 48, 41, 45].

N-dimensional anti-de Sitter space, corresponds to a cosmological constant

Λ^′ = Γ ( 1 −^1_2 N ) Γ(α) N2^{N −3}π^{(N −2)/2}Γ (α − N + 2) m^2 (M_Pr_0)^{2−N} . (5)

When N = 5—the case that is of particular interest in this Letter, we have

Λ^′ = m^2 15πM^3_Pr^3_0 ( 3 + m^2r^2_0 ) √ 4 + m^2r^2_0 , (6)

which is positive when m^2r^2_0 > 0 or −4 < m^2r^2_0 < −3, negative when −3 < m^2r^2_0 < 0, zero when m^2r^2_0 = 0, −3, or −4.

The gravitational equation on a brane in the five-dimensional anti-de Sitter space is then (see, e.g., [49]) (4)R_{ab} − 1 2 (4)R^{(4)}g_{ab} + 1 2 (Λ + Λ^′)^{(4)}g_{ab} = −

16π^2 3 M^{−6}_P σ^{2 (4)}g_{ab} +

32π^2 3 M^{−6}_P σ^{(4)}T_{ab}

+ [higher order terms] , (7)

where the index “(4)” on the left shoulder denote a quantity defined on the four-dimensional brane world, σ is the tension of the brane,^{(4)}T_{ab} is the stress-energy tensor of matter (with the tension term subtracted) on the brane, and “higher order terms” stands for terms quadratic in^{(4)}T_{ab} that are important only in sufficiently high energy regime. Following the standard procedure in the brane world scenario, let us set − 16π^2 3 M^{−6}_P σ^2 = 1 2 Λ , 32π^2 3 M^{−6}_P σ = 8πm^{−2}_P , (8)

where m_P = G^{−1/2} is the Planck mass in the four-dimensional space. Then, the standard Einstein equation (without a cosmological constant) is recovered if Λ^′ = 0 and higher orders terms are neglected. By the second equation of (8), σ must be positive, i.e. the brane must have a positive tension.

If Λ^′ ≠ 0 and is given by Eq. (6), then there is a cosmological constant in the brane world, whose value is

(4)Λ = m^2 30πM^3_Pr^3_0 ( 3 + m^2r^2_0 ) √ 4 + m^2r^2_0 . (9)

Of course, one can argue that Eq. (8) can be modified to cancel Λ^′ then the cosmological constant in the brane world will be zero. However, doing so would introduce more fine tune to the theory as Eq. (8) is already a fine tune. We think the true question is, for reasonable values of parameters, if the^{(4)}Λ given by Eq. (9) is consistent with the value of a cosmological constant that has been implied by the cosmological observations. In the rest of the Letter we will show that the answer to this question is “Yes”.

By construction, there are two fundamental energy scales in the five-dimensional antide Sitter bulk space: M_P and r^{−1}_0 . The four-dimensional Planck mass m_P and the brane tension σ are derived from M_P and r^{−1}_0 by Eq. (8):

m^2_P = M^3_Pr_0 , σ = 3 4π M^3_Pr^{−1}_0 , (10)

where Λ = −6/r^2_0 has been used. The requirement to recover Newton’s gravitational law down to scales of the submillimeter order (see [50, 51]) puts a stringent constraint on r_0: r_0 < 10^{−2}cm, which by Eq. (10) implies that M_P > 5.4 × 10^{−11}m_P ≈ 6.7 × 10^8GeV and σ > (2.8 × 10^{−16}m_P)^4 ≈ (3000GeV)^4.

The four-dimensional cosmological constant^{(4)}Λ depends on another parameter: the mass of the scalar field, m, which in principle should be constructed from M_P and/or r^{−1}_0 . Since M_P ≫ r^{−1}_0 [otherwise Eq. (10) would imply m_P ∼< M_P], a natural possibility would be m ∼ r^{−1}_0 , not m ∼ M_P.

An elegant argument for a discrete mass spectrum for a scalar field in an anti-de Sitter space was given by Allen and Jacobson [42]. In an anti-de Sitter space, which has topology S^1 × R^{N −1} and contains closed timelike curves, the two-point function should be invariant under the transformation μ → μ + i 2πr_0j,^2 where 2πr_0 is the timelike circumference at the “neck” of the anti-de Sitter space, j is any integer. From Eq. (1) we have

G(μ + i 2πr_0j) = exp(−i 2πjα) G(μ) , (11)

then α must be an integer so that G(μ + i 2πr_0j) = G(μ). Let α = n + 4, where n is an integer, then from Eq. (2) we have

m^2 = n(n + 4) r^2_0

, (12)

where we have set N = 5. When n = 0, −1, −2, −3, or −4, m^2 ≤ 0 and from Eq. (9) we have^{(4)}Λ = 0. When n ≥ 1 or n ≤ −5, m^2 > 0 and from Eq. (9) we have^{(4)}Λ > 0. Since m^2 < 0 leads to the existence of tachyons which are usually thought unphysical, we restrict our treatment to the case of m^2 ≥ 0 and assume n = 0, 1, 2, ... in Eq. (12). [Since Eq. (12) is invariant under the transformation n → −n − 4, n = −4, −5, −6, ... give same values of m^2 as n = 0, 1, 2, ....] The above argument supports the assumption that r^{−1}_0 is the natural scale for the mass m.

Of course, one can avoid closed timelike curves by “unwrapping” the S^1 dimension, or equivalently, considering the universal covering space of an anti-de Sitter space with topology R^N. Then, the mass spectrum of the scalar field will be continuous and Eq. (11) gives an explicit expression for G(x, x^′) when x and x^′ are separated by j sheets [42]. However, we point out that in the brane world scenario it is not necessary to go to the universal covering space to avoid closed timelike curves in the brane space where we live in. Since all ordinary matter is assumed to be trapped on the brane, ordinary particles and photons cannot leave

2Note, when x and x^′ are timelikely separated μ is an imaginary number.

the brane to enter orbits with closed timelike or null curves. So, the closed timelike curves in the bulk anti-de Sitter space will not bother us. (Certainly gravitons can leave the brane and enter the region with closed timelike curves.)

From Eq. (9) we obtain the ratio of the mass density in the cosmological constant to the Planck mass density in the brane universe

ρ_Λ ρ_P = f(mr_0) 40π^2

(M_Pr_0)^{−6} = f(mr_0) 40π^2 ( M_P m_P

)_{12} , (13)

where ρ_Λ =^{(4)}Λ/8πm^{−2}_P , ρ_P = m^4_P, and f(x) ≡ x^2 (1 + x^2/3) √ 1 + x^2/4 . Because of the high power dependence of ρ_Λ/ρ_P on M_P/m_P [ρ_Λ/ρ_P ∝ (M_P/m_P)^{12}], an extremely small ratio of ρ_Λ/ρ_P is easily generated if M_P/m_P ≪ 1. For example, if M_P/m_P ∼ 10^{−10} and f(mr_0) ∼ 1, then ρ_Λ/ρ_P ∼ 10^{−123}, in agreement with the observation value.

In Fig. 1, we plot M_P as a function of mr_0, by setting ρ_Λ/ρ_P = 10^{−123}, the value indicated by the observations (assuming the Hubble constant H_0 = 65 km s^{−1} Mpc^{−1}). The limit given by the current gravity experiment [51] is shown with a horizontal line, with an upward arrow indicating that is a lower bound. In [51] no deviation from Newton’s gravitational law was observed down to a distance of d = 108μm. We convert this distance to a limit on r_0 by r_0 = (3/2)^{1/2}d [5]. The circles on the curve in Fig. 1 correspond to the mass given by Eq (12), for n = 1, 2, 3, 4, 5, 6, and 10 (downward). For the case with a discrete mass spectrum, which corresponds to an anti-de Sitter space with closed timelike curves, the limit given by [51] excludes all solutions with n ≥ 5. For the case with a continuous mass spectrum, which corresponds to the universal covering space of an anti-de Sitter space without closed timelike curves, the limit given by [51] excludes all solutions with m > 6.3/r_0. In both cases the solutions being excluded would produce a too large cosmological constant if the limit from the gravity experiment is satisfied. However, Fig. 1 shows that, there exist a range of solutions that are within the limit given by the gravity experiment and give rise to a cosmological constant with ρ_Λ/ρ_P ≈ 10^{−123} in the brane universe. These solutions correspond to n = 1, 2, 3, or 4 for the case with a discrete mass spectrum, or m < 6.3/r_0 for the case with a continuous mass spectrum.

To conclude, we have shown that the vacuum polarization effect of quantum fields in an anti-de Sitter space naturally gives rise to a small but nonzero cosmological constant in a brane universe living in the anti-de Sitter space. If our four-dimensional universe is embedded in a five-dimensional anti-de Sitter space with a curvature radius r_0 ∼ 10^{−3}cm and a fundamental Planck mass M_P ∼ 10^9GeV, then the stress-energy tensor arising from the vacuum polarization of a scalar field with a mass m ∼ r^{−1}_0 ∼ 10^{−2}eV in the bulk antide Sitter space behaves like a cosmological constant in our brane universe with a value in agreement with that suggested by current cosmological observations. Probing gravity down to a scale ∼ 10^{−3}cm (which is becoming possible [51, 52]) will provide a test for the model presented in this Letter.

References

[1] N. Arkani-Hamed, S. Dimopoulos, and G. Dvali, Phys. Lett. B 429, 263 (1998). [2] I. Antoniadis, N. Arkani-Hamed, S. Dimopoulos, and G. Dvali, Phys. Lett. B 436, 257 (1998).

[3] L. Randall and R. Sundrum, Phys. Rev. Lett. 83, 3370 (1999). [4] L. Randall and R. Sundrum, Phys. Rev. Lett. 83, 4690 (1999). [5] J. Garriga and T. Tanaka, Phys. Rev. Lett. 84, 2778 (2000). [6] D. Ida, J. High Energy Phys. 9, 014 (1999). [7] P. Kraus, J. High Energy Phys. 12, 011 (1999).

[8] P. Binétruy, C. Deffayet, U. Ellwanger, and D. Langlois, Phys. Lett. B 477, 285 (2000). [9] H. Stoica, S. -H. H. Tye, and I. Wasserman, Phys. Lett. B 482, 205 (2000). [10] P. Bowcock, C. Charmousis, and R. Gregory, Class. Quantum Grav. 17, 4745 (2000). [11] J. Khoury, B. A. Ovrut, P. J. Steinhardt, and Neil Turok, Phys. Rev. D 64, 123522 (2001).

[12] D. Langlois, preprint gr-qc/0207047 (2002).

[13] P. Brax and C. Van de Bruck, Class. Quantum Grav. 20, R201 (2003). [14] M. P. Dabrowski, W. Godlowski, and M. Szydlowski, preprint astro-ph/0210156 (2002). [15] J. P. Ostriker and P. J. Steinhardt, Nature 377, 600 (1995).

[16] N. Bahcall, J. P. Ostriker, S. Perlmutter, and P. J. Steinhardt, Science 284, 1481 (1999). [17] L. Wang, R. R. Caldwell, J. P. Ostriker, and P. J. Steinhardt, Astrophys. J 530, 17 (2000).

[18] J. A. Peacock et al., Nature 410, 169 (2001).

[19] G. Efstathiou et al., Mon. Not. Roy. Astron. Soc. 330, L29 (2002). [20] K. Yamamoto, Mon. Not. Roy. Astron. Soc. 334, 958 (2002). [21] D. N. Spergel et al., preprint astro-ph/0302209 (2003). [22] S. Weinberg, Rev. Mod. Phys. 61, 1 (1989).

[23] P. J. E. Peebles and B. Ratra, Rev. Mod. Phys. 75, 559 (2003).

[24] T. Padmanabhan, Phys. Rep. 380, 235 (2003).

[25] N. Arkani-Hamed, S. Dimopoulos, N. Kaloper, and R. Sundrum, Phys. Lett. B 480 193 (2000).

[26] Ph. Brax and A. C. Davis, J. High Energy Phys. 5, 007 (2001). [27] J. Garriga and A. Vilenkin, Phys. Rev. D 64, 023517 (2001).

[28] E. Flanagan, N. Jones, H. Stoica, S. -H. H. Tye, and I. Wasserman, Phys. Rev. D 64, 045007 (2001).

[29] C. L. Gardner, Phys. Lett. B 524, 21 (2002). [30] A. Gupta, preprint hep-th/0210069 (2002). [31] J. W. Moffat, preprint hep-th/0210140 (2002).

[32] O. Corradini, A. Iglesias, and Z. Kakushadze, Int. J. Mod. Phys. A 18, 3221 (2003). [33] U. Guenther, P. Moniz, and A. Zhuk, Phys. Rev. D 68, 044010 (2003). [34] J. E. Kim, B. Kyae, and Q. Shafi, preprint hep-th/0305239 (2003). [35] A. Iglesias and Z. Kakushadze, preprint hep-th/0306297 (2003). [36] M. R. Setare, preprint hep-th/0308109 (2003).

[37] S. W. Hawking and G. F. R. Ellis, The Large Scale Structure of Space-Time (Cambridge University Press, Cambridge, England, 1973).

[38] L. -X, Li, Phys. Rev. D 59, 084016 (1999).

[39] S. J. Avis, C. J. Isham, and D. Storey, Phys. Rev. D 18, 3565 (1978). [40] C. Dullemond and E. van Beveren, J. Math. Phys. 26, 2050 (1985). [41] C. P. Burgess and C. A. Lütken, Phys. Lett. 153B, 137 (1985). [42] B. Allen and T. Jacobson, Commun. Math. Phys. 103, 669 (1986). [43] R. Camporesi, Phys. Rev. D 43, 3958 (1991). [44] R. Camporesi and A. Higuchi, Phys. Rev. D 45, 3591 (1992). [45] M. Kamela and C. P. Burgess, Can. J. Phys. 77, 85(1999). [46] M. M. Caldarelli, Nucl. Phys. B 549, 499 (1999). [47] P. Candelas and D. J. Raine, Phys. Rev. D 12, 965 (1975).

[48] N. D. Birrell and P. C. W. Davies, Quantum Fields in Curved Space (Cambridge University Press, Cambridge, England, 1982).

[49] T. Shiromizu, K. Maeda, and M. Sasaki, Phys. Rev. D 62, 024012 (2000). [50] C. D. Hoyle et al., Phys. Rev. Lett. 86, 1418 (2001). [51] J. C. Long et al., Nature 421, 922 (2003). [52] J. Chiaverini et al., Phys. Rev. Lett. 90, 151101 (2003).

Figure 1: Plot of M_P as a function of mr_0, by which the ratio ρ_Λ/ρ_P ≈ 10^{−123} is produced on the brane universe [see Eq. (13)]. The corresponding curvature radius of the bulk antide Sitter space, r_0 [related to M_P by Eq. (10)], is indicated on the right vertical axis. The horizontal line is the limit given by the gravity experiment in [51], with an upward arrow indicating that it is a lower bound. The circles on the curve show the mass m given by Eq. (12), for n = 1, 2, 3, 4, 5, 6, and 10 (downward).