arXiv:hep-th/0405281 v5 2 Aug 2005

AUE-04-01 hep-th/0405281

Holographic dark energy model with non-minimal coupling

Masato Ito^∗

Department of Physics, Aichi University of Education, Kariya, 448-8542, JAPAN

Abstract

We find that holographic dark energy model with non-minimally coupled scalar field gives rise to an accelerating universe by choosing Hubble scale as IR cutoff. We show viable range of a non-minimal coupling parameter in the framework of this model.

∗mito@auecc.aichi-edu.ac.jp

Recent astronomical observations indicate the facts that our universe has an accelerated expansion and that cosmological constant is not zero but extremely small and positive. Thus we live in de Sitter universe. From the point of view of particle physics, the origin of driving cosmic acceleration must be explained, furthermore we would like to understand reason why cosmological constant is positive. The positive energy with negative pressure, dark energy, gives rise to cosmic acceleration. Several dark energy models including scalar fields, such as quintessence or dilaton fields in string/M-theory, have been proposed.

Starting from a work of Fischler and Susskind based on holographic principle [1, 2], the idea of holography has been introduced in cosmology [5]. Motivated by Bekenstein entropy bound [3, 4], the authors of [6] have obtained the current cosmological constant by suggesting a specific relationship L^3Λ^4 <∼ LM^2_p , where UV cutoff Λ, IR cutoff L and M_p Planck scale. Furthermore it was argued that the holographic principle can provide a natural solution to the cosmological constant problem [7, 8]. This is because finite number of degrees of freedom within a region prevents quantum correction to vacuum energy from diverging. Remarkable paper of [9] has proposed the holographic dark energy model with dark energy given by

ρ_Λ =

3c^2 8πGL^2 , (1)

where G is the gravitational constant and c is the constant. The holographic dark energy models are established by choosing an IR cutoff scale such as Hubble scale, particle horizon and event horizon. The holographic dark energy model of Friedmann cosmology with the Hubble scale as IR cutoff, in absence of scalar field, cannot give rise to an accelerating universe due to dark energy without pressure [10]. On the other hand, papers of [9, 11, 12] had argued that holographic dark energy models with event horizon can produce an accelerating universe. Moreover the holographic dark energy model had been applied to Brans-Dicke theory as the extended version [13]. The model indicated that the choice of Hubble scale or particle horizon as IR cutoff is inconsistent with the conditions of accelerating universe. While the choice of event horizon as the IR cutoff gives rise to an accelerating universe with large Brans-Dicke parameter. Furthermore the model must receive constraints of the time-varying observations of G because the time dependence of scalar field in Brans-Dicke theory brings about the time variation of gravitational “constant” Ġ/G. However the estimation of Ġ/G isn’t performed in [13]. From our estimation, the model has acceptable value Ġ/G|_0 = αH_0 ∼ 10^{−14}yr^{−1} by comparing with several observations [19, 20, 21, 22], where the parameter α shown in [13] is α ∼ 10^{−3} and subscript 0 means the current value.

In this letter we study whether the holographic dark energy model with a nonminimally coupled scalar field realizes an accelerating universe. We consider viable range of non-minimal coupling parameter ξ from restrictions of both Brans-Dicke parameter and time-variation of gravitational constant. Theoretical restriction of ξ had been investigated by several authors [14, 15, 23, 24].

The action of the model considered here is given by [16, 17] S = ∫ d^4x √ −g ( 1 2κ^2 R − 1 2 ξϕ^2R − 1 2 g^{μν} ∂_μϕ∂_ν ϕ ) , (2)

where κ^2 and ϕ are a bare gravitational constant and a scalar field, respectively. The non-minimal coupling parameter between the scalar and the curvature is denoted by ξ. Following ref.[13], the action doesn’t have particular scalar potential. However we must make some comments. Although the possibility that vanishing scalar potential leads to singular universe is pointed, the serious problem is beyond the scope of this paper. In present paper we focus on the model of cosmic acceleration via holographic dark energy, we are going to discuss the point elsewhere.

From Eq.(2) the effective gravitational constant can be expressed as

8πG = κ^2 ( 1 − ξκ^2ϕ^2 )_{−1} . (3)

Here we take a flat four dimensional FRW metric ds^2 = −dt^2 + a^2(t)dx_idx^i, where a is the scale factor. We obtain field equations as follows [16, 17, 18]:

H^2 = κ^2 3 ( 1 − ξκ^2ϕ^2 )_{−1} ( ρ + ρ_Λ + 1 2 ϕ̇^2 + 6ξHϕϕ̇ ) , (4)

ϕ̈ + 3Hϕ̇ + 6ξ ( Ḣ + 2H^2 ) ϕ = 0 , (5) ρ̇ + ρ̇_Λ + 3H (ρ + ρ_Λ + p + p_Λ) = 0 , (6)

where H = ȧ/a is the Hubble parameter, p and ρ denote pressure and density coming from background field, respectively. The subscript Λ means component of dark energy.

We investigate a model of holographic dark energy with c = 1 in Eq.(1). Taking the Hubble scale as IR cutoff in order to obtain value of current cosmological constant [6], we have L^{−1} = H. Consequently Eqs.(1) and (3) lead to the holographic dark energy

ρ_Λ = 3 κ^2 ( 1 − ξκ^2ϕ^2 ) H^2 . (7)

In the absence of scalar field, ρ_Λ is obviously the critical energy density, as shown in ref [10], the conditions of accelerated expansion are violated. However, as mentioned later, non-minimally coupled scalar field appearing in Eq.(2) allows existence of the solution to the conditions of acceleration. Also, the addition of a non-minimal coupling between the scalar and the curvature had been justified in quintessence model [16, 17, 18].

In order to obtain solutions to field equations in Eqs. (4)-(6), we adopt power-law as specific solution. Taking a(t) = a_0t^r and ϕ(t) = ϕ_0t^s, Eq.(5) yields a relation between exponents r and s:

s(s − 1) + 3rs + 6r(2r − 1)ξ = 0 . (8)

Moreover we consider the simplest case of dark energy dominated universe, namely, ρ, p ≪ 1. Therefore, Eq.(4) leads to the following relation: s = −12ξr . (9) For ξ = 1/6 corresponding to conformal coupling, the solution satisfying Eqs.(8) and (9) is r = s = 0. The case isn’t almost interesting because scale factor and scalar field are constant. We consider the case of ξ ≠ 1/6. Combining Eqs.(8) and (9), consequently, we obtain

a(t) = a_0 t^{14(1−6ξ)} , (10) ϕ(t) = ϕ_0 t^{− 3ξ1−6ξ} . (11)

Here t = 1 means the present time. Requiring accelerating universe ä > 0, we get inequality as follows: ξ > 1 8 . (12)

In particular, for 1/8 < ξ < 1/6, scale factor a(t) and scalar field ϕ(t) are increasing function and decreasing function, respectively. For ξ > 1/6, a(t) and ϕ(t) are decreasing and increasing, respectively. For your information, the case of ξ < 1/8 corresponds to a decelerating universe. Below we perform more analyses from the range of 1/8 < ξ < 1/6.

From Eqs.(6) and (7), the equation of state for holographic dark energy is written as ω_Λ = p_Λ ρ_Λ = − 1 3 ( 24κ^2ξ^2ϕ^2_0 ( t^{6ξ1−6ξ} − ξκ^2ϕ^2_0 )_{−1} + 48ξ − 5 ) . (13)

Accordingly we obtain the current ω_Λ at t = 1:

ω_{Λ0} ≃ −

48ξ − 5 3 , (14)

where we assume that the current value of scalar field is extremely small, ξκ^2ϕ^2_0 ≪ 1. Restriction of −1 < ω_{Λ0} < −2/3 leads to the range of ξ: 7 48 < ξ < 1 6 . (15)

From Eq.(12), note that the range of ξ in Eq.(15) is supported by current accelerating universe.

Moreover the present model must receive constraint via experiments of time variation of gravitational constant. By performing differential of G with respect to t, Eq.(3) leads to the value of current Ġ/G under the assumption ξκ^2ϕ^2_0 ≪ 1: Ġ G | | | | |_0 ∼ −24ξ

2κ^2ϕ^2_0H_0 <∼ −ξκ^2ϕ^2_0 × 10^{−10} yr^{−1} , (16) where we used Eq.(15) and H_0 = (6 − 7) × 10^{−11}yr^{−1}. Thus positive ξ implies that G is a decreasing function with respect to t. Due to the assumption ξκ^2ϕ^2_0 ≪ 1, Ġ/G of the present model isn’t excluded by observations [19, 20, 21, 22]. According to ref.[17], the Brans-Dicke parameter is expressed as ω_{BD} ∼ (ξκ^2ϕ^2_0)^{−1} ≫ 1 under the assumption. Thus, in the present model, the non-minimal coupling parameter of limited range (0.146 <∼ ξ <∼ 0.167) provides an accelerating universe to be consistent with observations.

In contrast to the above assumption, we consider ξκ^2ϕ^2_0 ≫ 1. Eq.(13) leads to ω_{Λ0} ≃ −(24ξ − 5)/3, and the requirement of −1 < ω_{Λ0} < −2/3 yields 7/24 < ξ < 1/3 which is consistent with the condition of acceleration. Furthermore the time variation of G is given by Ġ/G|_0 ∼ 24ξH_0 <∼ 10^{−10}yr^{−1} which is allowable value if compared with the results of observations [19, 20, 21, 22]. On the other hand the Brans-Dicke parameter of this case is given by ω_{BD} ∼ −1/4ξ, namely this situation obviously conflicts with current ω_{BD} > 500. Consequently it turns out that the case of ξκ^2ϕ^2_0 ≫ 1 is ruled out. Since effective gravitational constant in Eq.(3) becomes negative, anti-gravity is explicitly excluded.

In conclusion, we pointed out a possibility that the holographic dark energy model with a non-minimally coupled scalar field gives rise to an accelerating universe. Ref [13] indicated that the holographic dark energy applied to Brans-Dicke theory cannot give rise to an accelerating universe by choosing Hubble scale as IR cutoff. However, despite of a choice of Hubble scale, it was shown that the Einstein-Hilbert action plus a non-minimal coupling between scalar and curvature can lead to cosmic acceleration. The viable range of the non-minimal coupling parameter to be consistent with the current observations is shown. Thus the holographic dark energy model can provide a new scenario of cosmological model.

References

[1] G. ’t Hooft, “Dimensional Reduction In Quantum Gravity,” arXiv:gr-qc/9310026.

[2] L. Susskind, “The World as a hologram,” J. Math. Phys. 36, 6377 (1995) [arXiv:hep-th/9409089].

[3] J. D. Bekenstein, “Black Holes And Entropy,” Phys. Rev. D 7 (1973) 2333.

[4] J. D. Bekenstein, “Generalized Second Law Of Thermodynamics In Black Hole Physics,” Phys. Rev. D 9 (1974) 3292.

[5] W. Fischler and L. Susskind, “Holography and cosmology,” arXiv:hep-th/9806039.

[6] A. G. Cohen, D. B. Kaplan and A. E. Nelson, “Effective field theory, black holes, and the cosmological constant,” Phys. Rev. Lett. 82, 4971 (1999) [arXiv:hepth/9803132].

[7] P. Horava and D. Minic, “Probable values of the cosmological constant in a holographic theory,” Phys. Rev. Lett. 85, 1610 (2000) [arXiv:hep-th/0001145].

[8] S. Thomas, “Holographic vacuum energy,” arXiv:hep-th/0010145. [9] M. Li, “A model of holographic dark energy,” arXiv:hep-th/0403127. [10] S. D. H. Hsu, “Entropy bounds and dark energy,” arXiv:hep-th/0403052. [11] Q. G. Huang and Y. G. Gong, “Supernova Constraints on a holographic dark energy model,” arXiv:astro-ph/0403590.

[12] Q. G. Huang and M. Li, “The holographic dark energy in a non-flat universe,” arXiv:astro-ph/0404229.

[13] Y. Gong, “Extended holographic dark energy,” arXiv:hep-th/0404030. [14] T. Muta and S. D. Odintsov, “Model Dependence Of The Nonminimal Scalar Graviton Effective Coupling Constant In Curved Space-Time,” Mod. Phys. Lett. A 6, 3641 (1991).

[15] S. Mukaigawa, T. Muta and S. D. Odintsov, “Finite grand unified theories and inflation,” Int. J. Mod. Phys. A 13, 2739 (1998) [arXiv:hep-ph/9709299].

[16] J. P. Uzan, “Cosmological scaling solutions of non-minimally coupled scalar fields,” Phys. Rev. D 59, 123510 (1999) [arXiv:gr-qc/9903004].

[17] T. Chiba, “Quintessence, the gravitational constant, and gravity,” Phys. Rev. D 60, 083508 (1999) [arXiv:gr-qc/9903094].

[18] O. Bertolami and P. J. Martins, “Non-minimal coupling and quintessence,” Phys.

Rev. D 61, 064007 (2000) [arXiv:gr-qc/9910056].

[19] J. D. Barrow and P. Parsons, “The behaviour of cosmological models with varying- G,” Phys. Rev. D 55, 1906 (1997) [arXiv:gr-qc/9607072].

[20] S. E. Thorsett, “The Gravitational Constant, the Chandrasekhar Limit, and Neutron Star Masses,” Phys. Rev. Lett. 77, 1432 (1996) [arXiv:astro-ph/9607003].

[21] J. P. Uzan, “The fundamental constants and their variation: Observational status and theoretical motivations,” Rev. Mod. Phys. 75, 403 (2003) [arXiv:hepph/0205340].

[22] O. G. Benvenuto, E. Garcia-Berro and J. Isern, “Asteroseismological bound on Ġ/G from pulsating white dwarfs,” Phys. Rev. D 69, 082002 (2004).

[23] G. Esposito-Farese and D. Polarski, “Scalar-tensor gravity in an accelerating universe,” Phys. Rev. D 63, 063504 (2001) [arXiv:gr-qc/0009034].

[24] B. Boisseau, G. Esposito-Farese, D. Polarski and A. A. Starobinsky, “Reconstruction of a scalar-tensor theory of gravity in an accelerating universe,” Phys. Rev. Lett. 85, 2236 (2000) [arXiv:gr-qc/0001066].