arXiv:gr-qc/0610044 v1 10 Oct 2006

VANISHING COSMOLOGICAL CONSTANT IN MODIFIED GAUSS - BONNET GRAVITY WITH CONFORMAL ANOMALY

Iver Brevik^1 Department of Energy and Process Engineering Norwegian University of Science and Technology N-7491 Trondheim, Norway

John Quiroga Hurtado^2 Department of Physics Universidad Tecnológica de Pereira Colombia

October 2006

Abstract

We consider dark energy cosmology in a de Sitter universe filled with quantum conformal matter. Our model represents a Gauss-Bonnet model of gravity with contributions from quantum effects. To the General Relativity action an arbitrary function of the GB invariant, f(G), is added, and taking into account quantum effects from matter the cosmological constant is studied. For the considered model the conditions for a vanishing cosmological constant are considered. Creation of a de Sitter universe by quantum effects in a GB modified gravity is discussed.

PACS: 98.80.Hw,04.50.+h,11.10.Kk,11.10.Wx

1E-mail: iver.h.brevik@ntnu.no 2E-mail: jquiroga@utp.edu.co

There is a growing interest towards various studies of the reported acceleration of our observable Universe [1]. This is motivated by recent astrophysical data analyses, which hint to such a behavior. In order to explain it, the simplest possibility is to introduce a dark energy component, whose origin remains however uncertain.

The existence of such an energy, with almost uniform density distribution and a substantial negative pressure which completely dominates all other forms of matter, is inferred from recent astronomical observations [1]. In particular, according to recent astrophysical analysis, this dark energy seems to behave like a cosmological constant, and is responsible for the accelerating expansion of the universe. And there are reasons to believe that the answer to this question has much to do with the possibility to explain the physics of the very early Universe.

Models of dark energy are abundant. One of the proposed candidates for it is the phantom, called so because it implies a negative energy field. The peculiar properties of a phantom scalar (with negative kinetic energy) in a space with non-zero cosmological constant have been discussed in an interesting paper by Gibbons [2]. As indicated there, phantom properties bear some similarity with quantum effects [3]. An important property of the investigation in [2] is that it is easily generalizable to other constant curvature spaces, such as the Anti-de Sitter (AdS) space. There is presently considerable interest in such spaces, coming in particular from the AdS/CFT correspondence. According to it, the AdS space may have cosmological relevance [4], e.g. by increasing the number of particles created on a given subspace [5]. It could also be used to study a cosmological AdS/CFT correspondence [6]: the study of a phantom field in AdS space may give us a hint about the origin of such a field via the dual description. In the supergravity formulation, one may think of the phantom as a special RG flow for scalars in gauged AdS supergravity. (Actually, such an RG flow may correspond to an imaginary scalar.)

Another candidate for dark energy is the tachyon [7, 8]. This is an unstable field. The interest of models exhibiting a tachyon is motivated by its role in the Dirac-Born-Infeld (DBI) action as a description of the D-brane action [9, 10, 11]. In spite of the fact that the tachyon represents an unstable field, its role in cosmology is still considered useful as a source of dark matter [8, 12] and, depending on the form of the associated potential [13, 14, 15, 16, 17], it can lead to a period of inflation. On the other hand, it is important to realize that a tachyon with negative kinetic energy (yet another type of phantom) can be introduced [18]. In that phantom/tachyon model the thermodynamical parameter w is naturally negative. In this case the late time de Sitter attractor solution is admissible, and this is one of the main reasons why it can be considered as an interesting model for the dark energy [18]. Moreover, in order to understand the role of the tachyon in cosmology it is necessary to study its effects on other backgrounds, as in the case of an anti-de Sitter background [7].

On the other hand the origin of the so-called dark energy could be related with the problem of the cosmological constant. One of the most interesting approaches to this question is the modified gravity. Actually, it is not absolutely clear why standard General Relativity should be trusted at large cosmological scales. One may assume that, considering minimal modifications, the gravitational action contains some additional terms growing slowly in the presence of decreasing curvature [19, 20, 21, 22, 23] (for a review, see [24]), which could be responsible for the current acceleration. In such a scenario one of the most accepted approaches is the model of Modified Gauss-Bonnet Gravity. In these models these additional terms in the gravitational action are introduced by adding to the action a function depending on the scalar curvature R and the Gauss-Bonnet invariant G [25]. In this way it is possible to demonstrate that such models lead to a plausible effective cosmological constant, quintessence, or a phantom era. From these results one may conclude that as concerns the role of a gravitational alternative for DE, the modified GB gravity may be a very important candidate [26].

In the present paper we consider a Gauss-Bonnet model of gravity with contributions from quantum effects. To the General Relativity action an arbitrary function of the GB invariant, f(G), is added. Taking into account quantum effects from matter the cosmological constant is studied. The conditions for vanishing of the cosmological constant are studied, and their effects on the stability of the de Sitter universe via quantum effects are discussed.

Let us begin with the action for the modified gravity in the following form [26]: S = ∫ d^4x √ −g (F (G, R) + L_m) . (1)

Here G is the GB invariant: G = R^2 − 4R_{μν} R^{μν} + R_{μνξσ} R^{μνξσ} . (2) Varying over g_{μν} we get

0 = T^{μν} + 1 2 g^{μν} F (G, R) −2F_G(G, R)RR^{μν} + 4F_G(G, R)R^μ_ρR^{νρ} −2F_G(G, R)R^{μρστ} R^ν_{ρστ} − 4F_G(G, R)R^{μρσν} R_{ρσ} +2 (∇^μ∇^ν F_G(G, R)) R − 2g^{μν} ( ∇^2F_G(G, R) ) R −4 (∇_ρ∇^μF_G(G, R)) R^{νρ} − 4 (∇_ρ∇^ν F_G(G, R)) R^{μρ} +4 ( ∇^2F_G(G, R) ) R^{μν} + 4g^{μν} (∇_ρ∇_σF_G(G, R)) R^{ρσ} −4 (∇_ρ∇_σF_G(G, R)) R^{μρνσ} −F_R(G, R)R^{μν} + ∇^μ∇^ν F_R(G, R) −g^{μν} ∇^2F_R(G, R) , (3) T^{μν} being the matter-energy momentum tensor, and where the following expressions are used: F_G(G, R) = ∂F (G, R) ∂G , F_R(G, R) = ∂F (G, R) ∂R . (4)

The spatially-flat FRW universe metric is chosen as

ds^2 = −dt^2 + a(t)^2 3∑ i=1 ( dx^i )_2 . (5)

Quantum effects will be taken into account by including the contributions from the conformal anomaly T = b ( F + 2 3 ∇^2R ) + b^′G + b^{′′} ∇^2R , (6)

where T is the trace of T^{μν} and F is the square of 4-D Weyl tensor, F = R_{μναβ} R^{μναβ} − 2R_{μν} R^{μν} + 1 3 R^2 . (7)

Note that such a conformal anomaly may be related to a bulk de Sitter space (see [27]). Taking the trace of (3), we get the following equation

0 = T + 2F (G, R) − 1 3 R^2F_G(G, R) − R(∇^2F_G(G, R)) − 3∇^2F_R(G, R)) − RF_R(G, R). (8) We are interested in the de Sitter type solutions where the Ricci scalar, the Gauss-Bonnet invariant, and the square of 4-D Weyl tensor are constants:

R = R_0 G = G_0 = 1 6 R^2_0 F = 0 . (9)

Assuming the maximally symmetric metric solution, we get

0 = T +2F (G_0, R_0)− 1 3 R^2_0F_{G0} (G_0, R_0)−R(∇^2F_{G0} (G_0, R_0))−3∇^2F_R(G_0, R_0))−R_0F_R(G_0, R_0). (10) For the CA we get

T = b^′G_0 , (11) and Eq.(10) takes the form 1 2 R_0F_R(G_0, R_0) = F (G_0, R_0) − G_0F_{G0} (G_0, R_0) + b^′G_0. (12)

As an example let us consider case when F (G, R) = R + f(G), (here 2κ^2 = 16πG = 1); then one has

G_0f^′(G_0) − f(G_0) − b^′G_0 =

R_0 2 . (13)

In general, solving Eq. (12) in terms of R_0, one can rewrite the maximally symmetric solution as

R^0_{μν} =

R_0 4 g^0_{μν} = Λ_{ef f} g^0_{μν} , (14) which defines an effective cosmological constant. For the considered example, when F (G, R) = R + f(G), one has

Λ_{ef f} = 1 2 (G_0f^′(G_0) − f(G_0) − b^′G_0) . (15)

In particular by taking F (G, R) = R, we recover the well known result [29]

R^2_0 = − 12 b^′ Λ_{ef f} , R_0 = − 3 b^′ . (16)

It is important to note that the obtained result (Eq. (16)) leads us to the inflationary solution (for positive H) obtained first by Starobinsky in Ref. [28] using the renormalized EMT of conformal matter on the right-hand side of Einstein’s equations. This result shows the possibility of creation of a de Sitter inflationary universe from quantum effects in the way discussed in [29, 30, 31, 32, 33, 34].

Another interesting case is obtained by choosing f(G) = −αG^β . As a result one has

Λ_{ef f} = 1 2 αG^β_0 (1 − β + b^′) =

R_0 4 , (17)

and the solution for R_0 has the following form

R_0 = [ 2α (1 − β + b^′) ( 1 6 )_β ]^1_{1−2β} . (18)

Let us now consider several cases for solutions depending on the values of the parameter β in the function f(G).

First of all let us consider the situation where β is small. Then,

R_0 ≈ 2α(1 + b^′). (19) Neglecting b^′ in the above result, i.e. if quantum effects are omitted, we get R_0 ∼ α.

This result coincides with that obtained in [26] for modified Gauss - Bonnet gravity without quantum effects. Furthermore, since b^′ is negative from the above results we see that the solution for R_0 and therefore for Λ_{ef f} is lesser thanks to quantum effects for b^′ > −1. For b^′ = −1 the cosmological constant vanishes. In this way we conclude that the creation of the inflationary de Sitter universe occurs only when b^′ > −1.

Let us consider now the case where β = −^1_2 . Then one obtains for R_0 the following solution,

R_0 = (6)^{14} √ α (3 + 2b^′). (20) From Eq. (20) one sees that quantum creation of the de Sitter universe occurs when α > 0 only for b^′ > −^3_2 and the effective cosmological constant becomes

Λ_{ef f} = 1 4 (6)^{14} √ α (3 + 2b^′). (21)

However one can see that de Sitter universe may also occur even if b^′ < −^3_2 but in such a case α must be negative.

It is also of interest to see the behavior of the cosmological function depending on the value of the parameter β. One possibility is to evaluate this function taking, for the parameters b^′ and α, the values -0.5 and 1 respectively. As a result, from figure 1, it is clear that the cosmological constant is stable for any negative value of β and vanishes asymptotically when β goes to 0.5.

Figure 1: Cosmological Constant

The combination of quantum effects with modified gravity may thus solve the cosmological constant problem bringing the effective cosmological constant to an extremely small value.

As a final point, let us consider again the case f(G) = −αG^β . As noted above, G_0 =^1_6 R^2_0 for the de Sitter solution. If we now assume somewhat more generally that G is proportional to some power of R, we can write the action as S = ∫ d^4x √ −g ( R − α^′R^{β′} + L_m ) , (22)

α^′ and β^′ being new constants. Constructing the equations of motion by the variational procedure, putting T^{μν} on the right hand side as usual, one finds that the covariant divergence of the left-hand side is equal to zero. Energy-momentum conservation is accordingly a consequence of the field equations, just as in Einstein’s theory. This important property was demonstrated explicitly by Koivisto [35]. The form of action in Eq. (22) was also considered in [36] in connection with viscous modified gravity. This action means that we end up with the same energy-conservation equation as in Einstein’s theory:

∇^ν T_{μν} = 0. (23)

It means that we are permitted to use the generalized form of energy-momentum tensor corresponding to a viscous fluid, T_{μν} = ρU_μU_ν + (p − ζθ)h_{μν} , (24) where ζ is the bulk viscosity, θ the scalar expansion, and h_{μν} = g_{μν} + U_μU_ν the projection tensor (the shear viscosity is omitted). Physically, this means that we are working to the first order in deviation from thermal equilibrium. This property of the formalism supports the general consistency of the modified gravity theory.

Acknowledgments

We are grateful to S.D. Odintsov for very helpful discussions. The research of J.Q.H. at UTP has been supported by a Professorship from the Universidad Tecnológica de Pereira, Colombia.

References

[1] S. Perlmutter et al., Astrophys. J. 517, 565 (1999);

A. Riess et al., Astron. J. 116, 1009 (1998).

[2] G. Gibbons, hep-th/0302199.

[3] S. Nojiri and S.D. Odintsov, Phys. Lett. B562, 147 (2003), hep-th/0303117.

[4] M. Cvetic, S. Nojiri and S.D. Odintsov, Phys. Rev. D69, 023513 (2004), hep-th/0306031.

[5] S. Nojiri and S.D. Odintsov, JCAP 06, 004 (2003), hep-th/0303011.

[6] S. Nojiri and S.D. Odintsov, Phys. Lett. B494, 135 (2000), hep-th/0008160.

[7] E. Elizalde and J. Quiroga Hurtado, Int. J. Mod. Phys. D 14, 1439 (2005), gr-qc/0412106.

[8] S. Nojiri and S.D. Odintsov, Phys. Lett. B571, 1 (2003), hep-th/0306212.

[9] E. J. Copeland, M. R. Garousi, M. Sami, S. Tsujikawa, Phys. Rev. D 71, 043003 (2005), hep-th/0411192.

[10] A. Sen, JHEP 0204, 048 (2002); JHEP 0207, 065 (2002); Mod. Phys. Lett. A17, 1797 (2002); Physica Scripta T 117, 70 (2005), hep-th/0312153.

[11] A. Sen, JHEP 9910, 008 (1999); M. R. Garousi, Nucl. Phys. B584, 284 (2000); Nucl.

Phys. B 647, 117 (2002); JHEP 0305, 058 (2003); E. A. Bergshoeff, M. de Roo, T. C. de Wit, E. Eyras, S. Panda, JHEP 0005, 009 (2000); J. Kluson, Phys. Rev. D 62, 126003 (2000); D. Kutasov and V. Niarchos, Nucl. Phys. B 666, 56 (2003).

[12] G. W. Gibbons, Phys. Lett. B 537, 1 (2002); M. Fairbairn and M. H. G. Tytgat, Phys. Lett. B 546, 1 (2002); A. Feinstein, Phys. Rev. D 66, 063511 (2002); S. Mukohyama, Phys. Rev. D 66, 024009 (2002); D. Choudhury, D. Ghoshal, D. P. Jatkar and S. Panda, Phys. Lett. B 544, 231 (2002); G. Shiu and I. Wasserman, Phys. Lett. B 541, 6 (2002); L. Kofman and A. Linde, JHEP 0207, 004 (2002); M. Sami, Mod. Phys. Lett. A 18, 691 (2003); A. Mazumdar, S. Panda and A. Perez-Lorenzana, Nucl. Phys. B 614, 101 (2001); J. C. Hwang and H. Noh, Phys. Rev. D 66, 084009 (2002); Y. S. Piao, R. G. Cai, X. M. Zhang and Y. Z. Zhang, Phys. Rev. D 66, 121301 (2002); J. M. Cline, H. Firouzjahi and P. Martineau, JHEP 0211, 041 (2002); G. N. Felder, L. Kofman and A. Starobinsky, JHEP 0209, 026 (2002); S. Mukohyama, Phys. Rev. D 66, 123512 (2002); M. C. Bento, O. Bertolami and A. A. Sen, Phys. Rev. D 67, 063511 (2003); J. G. Hao and X. Z. Li, Phys. Rev. D 66, 087301 (2002); C. J. Kim, H. B. Kim and Y. B. Kim, Phys. Lett. B 552, 111 (2003); T. Matsuda, Phys. Rev. D 67, 083519 (2003); A. Das and A. DeBenedictis, Gen. Rel. Grav. 36, 1741 (2004), gr-qc/0304017; Z. K. Guo, Y. S. Piao, R. G. Cai and Y. Z. Zhang, Phys. Rev. D 68, 043508 (2003); G. W. Gibbons, Class. Quant. Grav. 20, S321 (2003); M. Majumdar and A. C. Davis, Phys. Rev. D 69, 103504 (2004), hep-th/0304226; E. Elizalde, J. E. Lidsey, S. Nojiri and S. D. Odintsov, Phys. Lett. B 574, 1 (2003), hep-th/0307177; D. A. Steer and F. Vernizzi, Phys. Rev. D 70, 043527 (2004); V. Gorini, U. Moschella and V. Pasquier, Phys. Rev. D 69, 123512 (2004); L. P. Chimento, Phys. Rev. D 69, 123517 (2004); M. B. Causse, astro-ph/0312206; B. C. Paul and M. Sami, Phys. Rev. D 70, 027301 (2004); G. N. Felder and L. Kofman, Phys. Rev. D 70, 046004 (2004); J. M. Aguirregabiria and R. Lazkoz, Mod. Phys. Lett. A 19, 927 (2004); L. R. Abramo, F. Finelli and T. S. Pereira, Phys. Rev. D 70, 063517 (2004), astro-ph/0405041; G. Calcagni, Phys. Rev. D 70, 103528 (2004), hep-th/0406006; J. Raeymaekers, JHEP 0410, 057 (2004); G. Calcagni and S. Tsujikawa, Phys. Rev. D 70, 103514 (2004), astro-ph/0407543; S. K. Srivastava, gr-qc/0409074; N. Barnaby and J. M. Cline, Int. J. Mod. Phys. A 19, 5455 (2004), hep-th/0410030.

[13] T. Padmanabhan, Phys. Rev. D 66, 021301 (2002).

[14] J. S. Bagla, H. K. Jassal and T. Padmanabhan, Phys. Rev. D 67, 063504 (2003).

[15] L. R. W. Abramo and F. Finelli, Phys. Lett. B 575, 165 (2003).

[16] J. M. Aguirregabiria and R. Lazkoz, Phys. Rev. D 69, 123502 (2004).

[17] Z. K. Guo and Y. Z. Zhang, JCAP 0408, 010 (2004).

[18] J.-G. Hao and X.-Z. Li, Phys. Rev. D68, 043501 (2003), hep-th/0305207; Phys. Rev.

D68, 083514 (2003), hep-th/0306033.

[19] S. Capozziello, Int. J. Mod. Phys. D 11, 483 (2002);

S. Capozziello, S. Carloni and A. Troisi, astro-ph/0303041;

S. M. Carroll, V. Duvvuri, M. Trodden and M. S. Turner, Phys. Rev. D 70, 043528 (2004), astro-ph/0306438.

[20] S. Nojiri and S. D. Odintsov, Phys. Rev. D 68, 123512 (2003), hep-th/0307288. [21] S. Nojiri and S. D. Odintsov, Gen. Rel. Grav. 36, 1765 (2004), hep-th/0308176;

S. Nojiri and S. D. Odintsov, hep-th/0608008;

S. Capozziello, S. Nojiri, S. D. Odintsov and A. Troisi, Phys. Lett. B639, 135 (2006), astro-ph/0604431;

X. Meng and P. Wang, Phys. Lett. B 584, 1 (2004), hep-th/0309062. [22] D. Easson, F. Schuller, M. Trodden and M. Wohlfarth, Phys. Rev. D 72, 043504 (2005), astro-ph/0506392.

[23] S. Nojiri, S. D. Odintsov and M. Sasaki, Phys. Rev. D 71, 123509 (2005), hep-th/0504052;

M. Sami, A. Toporensky, P. Trejakov and S. Tsujikawa, Phys. Lett. B619, 193 (2005), hep-th/0504154;

G. Calcagni, S. Tsujikawa and M. Sami, Class. Quant. Grav. 22, 3977 (2005), hep-th/0505193;

B. M. N. Carter and I. P. Neupane, Phys. Lett. B638, 94 (2006), hep-th/0510109; S. Nojiri, S. D. Odintsov and M. Sami, Phys. Rev. D 74, 046004 (2006), hep-th/0605034.

[24] S. Nojiri and S. D. Odintsov, hep-th/0601213.

[25] S. Nojiri and S. D. Odintsov, Phys. Lett. B631,1 (2005), hep-th/0508049.

S. Nojiri, S. D. Odintsov and O. Gorbunova, J. Phys. A 39, 6627 (2006), hep-th/0510183.

[26] G. Cognola, E. Elizalde, S. Nojiri, S. D. Odintsov and S. Zerbini, Phys.Rev. D 73, 084007 (2006).

[27] S. Nojiri and S. D. Odintsov, Phys. Lett. B 519, 145 (2001), hep-th/0106191. [28] A. Starobinsky, Phys. Lett. B 91, 99(1980).

[29] I. Brevik and S. D. Odintsov, Phys. Lett. B475, 247 (2000), hep-th/9912032. [30] I. Brevik and S.D. Odintsov, Phys. Lett. B455, 104 (1999), hep-th/9902184. [31] J. Quiroga and Y. A. Shaido, Gravitation & Cosmology 8, 294 (2002), gr-qc/0206065. [32] E. Elizalde and J. Quiroga Hurtado, Mod. Phys. Lett. A19, 29 (2004), gr-qc/0310128.

[33] J. Quiroga Hurtado, Mod. Phys. Lett. A 18, 1257 (2003), gr-qc/0305043. [34] I. Brevik and J. Quiroga Hurtado, Gen. Rel. Grav. 36, 1431 (2004), gr-qc/0311041. [35] T. Koivisto, Class. Quant. Grav. 23, 4289 (2006), gr-qc/0505128. [36] I. Brevik, Gen. Rel. Grav. 38, 1317 (2006), gr-qc/0603025.