arXiv:0903.4073v1 [hep-th] 24 Mar 2009

String Inspired Quintom Model with Non-minimally Coupled Modified Gravity

J. Sadeghi^{a∗} ,M. R. Setare^{b,c †}, A. Banijamali^{a‡}

a Sciences Faculty, Department of Physics, Mazandaran University,

P .O .Box 47415-416, Babolsar, Iran bDepartment of Science, Payame Noor University, Bijar, Iran

cResearch Institute for Astronomy and Astrophysics of Maragha, P. O. Box 55134-441, Maragha, Iran.

March 25, 2009

Abstract

In this paper we consider a quintom model of dark energy with non-minimal coupling between scalar field and modified gravity which is known f(R) gravity. The Lagrangian for scalar field has been inspired by tachyonic Lagrangian in string theory. Then we obtain the equation of state (EoS), and the condition required for the model parameters when ω crosses over −1. This model shows that for having ω across over -1, one doesn’t need to add some higher derivative operator in the tachyonic part of action ( the way that usually used to obtain crossing of the phantom divide line for EoS parameter ).

Keywords: Quintom model; Tachyon; Non-minimal coupling; Modified gravity.

∗Email: pouriya@ipm.ir †Email: rezakord@ipm.ir ‡Email: abanijamali@umz.ac.ir

1 Introduction

Nowadays it is strongly believed that the universe is experiencing an accelerated expansion, and this is supported by many cosmological observations, such as SNe Ia [1], WMAP [2], SDSS [3] and X-ray [4]. There are two ways to explain the current accelerated expansion of the universe. The first one is to introduce some unknown matter, which is called dark energy in the framework of general relativity. Although the nature and origin of dark energy could perhaps understood by a fundamental underlying theory unknown up to now, physicists can still propose some paradigms to describe it. The most obvious theoretical candidate for dark energy is the cosmological constant [5, 6, 7] which has the equation of state ω = −1. However, it leads to the two known difficulties [8], namely the “fine-tuning” problem (why is the current vacuum energy density so small), and the “cosmic coincidence” one (why are the densities of vacuum energy and dark matter nearly equal today since they scale very differently during the expansion history). In the other side the analysis of the properties of dark energy from recent observations mildly favor models with ω crossing -1 (phantom divide line) in the near past [9]. In the framework of general relativity, the crossing of the phantom divide line has been realized in the literatures in different approaches, such as scalar tensor theories with non-minimal coupling between scalar field and curvature [10], two scalar field models [11] string-inspired models [15] and so on. In this framework the general belief is that the crossing of the phantom divide is not admissible in simple minimally coupled models and its explanation requires models with non-minimal coupling between scalar field and gravity [16]. As it was indicated in the literature [14], the consideration of the combination of quintessence [12] and phantom [13] in a unified model, leads to the fulfillment of the aforementioned transition through the w = −1 divide. This model, dubbed quintom, can produce a better fit to the observational data.

The second way to account for the current accelerated expansion of the universe is to modify the gravitational theory and in the simplest case replace R with f(R) in the action which is well known as f(R) gravity. Here f(R) is an arbitrary function of scalar curvature (for recent reviews see [17, 18]).

Although there are some works with related subjects on crossing of the phantom divide line in the framework of modified gravity [17, 19, 20], but Ref.[21] was the first paper that has investigated a modified gravity model realizing ω across -1. The authors of Ref.[21] have shown an explicit model of modified gravity in which a crossing of the phantom divide can occur and relation between scalar field theories with property of ω crossing -1 and the corresponding modified gravity theories have been investigated.

In the present paper we would like to explore the consequence of possibility of a crossing of the phantom divide line in modified gravity non-minimally coupled with scalar field. In this model , the tachyon field in the world volume theory of the open string stretched between a D-brane and an anti-D-brane or a non-BPS D-brane plays the role of scalar field [22, 23]. Although crossing of the phantom divide line can be realized by using tachyonic matter, but it has been shown that one needs to add a higher derivative operator in the action and the extra term plays a important role for having ω across over -1. We will show that if we consider non-minimal coupling between modified gravity and tachyon matter the modification of tachyon action is not necessary and crossing of the phantom divide line can occur. An outline of this paper is as follows. In section 2 we introduce action for tachyon non-minimally coupled to modified gravity . In order to discuss the equation of state we derive the corresponding energy density and pressure for this model. By solving this equation we obtain the conditions required for the ω across -1. Section 3 is devoted to discussion of our results.

2 Non-minimally coupled modified gravity with tachyon field

We consider the following action for non-minimally coupled f(R) gravity and Born-Infeld type action for tachyon field, S = ∫ d^4x √ −g [ M^2_P 2 f(R)h(ϕ) − V (ϕ) √ 1 + α^′∇_μϕ∇^μϕ ] , (1)

where h(ϕ) is a function of the tachyon ϕ and corresponds to the non-minimal coupling factor. Here V (ϕ) is the tachyon potential which is bounded and reaching its minimum asymptotically. M_P =^{1√}_{8πG} is reduced Planck mass. The equation of motion of the scalar field is as follows;

α^′∇_μ( V (ϕ)∇^μϕ u ) − V_ϕ(ϕ)u +

M^2_P 2 f(R)h_ϕ(ϕ) = 0, (2)

where

V_ϕ(ϕ) = dV (ϕ) dϕ , h_ϕ(ϕ) = dh(ϕ) dϕ , u = √ 1 + α^′∇_μϕ∇^μϕ. By using the definition of the energy momentum tensor, δ_{gμν} S = − ∫ d^4x √ −g 2 T^{μν} δg_{μν} , (3) one can obtain the result as; T_{μν} = g_{μν} ( M^2_P 2 f(R)h(ϕ) − V (ϕ)u )

− M^2_P [f^′(R)h(ϕ)R_{μν} + (g_{μν} ⊔⊓ − ∇_μ∇_ν )f^′(R)h(ϕ)] + α^′V (ϕ)∇_μϕ∇^ν ϕ u , (4)

where f^′(R) =^{df(R)}_{dR} .

For a flat Friedman- Robertson- Walker (FRW) spacetime with the metric

ds^2 = −dt^2 + a^2(t)(dr^2 + r^2dΩ^2) (5) and a homogenous scalar field ϕ, the equation of motion can be written by the following equation,

ϕ̈ + 3Hϕ̇ = α^′ ϕ̇2ϕ̈ (1 − α^′ϕ̇^2) − V_ϕ(ϕ)ϕ̇^2 V (ϕ) − M^2_P 2α^′ f(R)h_ϕ(ϕ) V (ϕ) (1 − α^′ϕ̇^2)^{12} , (6)

while energy density, pressure and Friedman equation are ρ = V (ϕ) √ 1 − α^′ϕ̇^2 − M^2_P 2 [ f(R)h(ϕ) + 6H ∂ ∂t (f^′(R)h(ϕ)) − 6f^′(R)h(ϕ)(Ḣ + H^2) ] , (7)

p = −V (ϕ) √ 1 − α^′ϕ̇^2 + M^2_P 2 [ f(R)h(ϕ) + 4H ∂ ∂t (f^′(R)h(ϕ)) + 2

∂^2 ∂t^2 (f^′(R)h(ϕ)) − 2f^′(R)h(ϕ)(Ḣ + 3H^2) ] , (8)

H^2 = 1 3M^2_P V (ϕ) √ 1 − α^′ϕ̇^2 − 1 6 [ f(R)h(ϕ) + 6H ∂ ∂t (f^′(R)h(ϕ)) − 6f^′(R)h(ϕ)(Ḣ + H^2) ] . (9)

Where we have used the following components of R_{μν} in FRW spacetime,

R_{00} = −3(Ḣ + H^2), R_{0i} = 0, R_{ij} = (Ḣ + 3H^2)g_{ij} . (10)

H =^ȧ is the Hubble parameter and a is the scale factor.

One can express energy density and pressure in terms of derivatives of f(R) and h(ϕ) with respect to their arguments and time derivatives of R as follows, ρ = V (ϕ) √ 1 − α^′ϕ̇^2 − M^2_P 2 [ f(R)h(ϕ) − 6f^′(R)h(ϕ)(Ḣ + H^2) + 6HṘf^{′′}(R)h(ϕ) + 6Hϕ̇f^′(R)h_ϕ(ϕ) ] ,(11)

p = −V (ϕ) √ 1 − α^′ϕ̇^2 +

M^2_P 2 [ f(R)h(ϕ) − 2f^′(R)h(ϕ)(Ḣ + 3H^2) + 4HṘf^{′′}(R)h(ϕ)

+4Hϕ̇f^′(R)h_ϕ(ϕ) + 2Ṙ^2f^{′′′}(R)h(ϕ) + 2R̈f^{′′}(R)h(ϕ) + 4ϕ̇Ṙf^{′′}(R)h_ϕ(ϕ)

+ 2ϕ̈f^′(R)h_ϕ(ϕ) + 2ϕ̇^2f^′(R)h_{ϕϕ}(ϕ) ] , (12)

We now study the cosmological evolution of equation of state for the present model. The equation of state is p = ωρ. To explore the possibility of the ω across -1, we have to check

d dt (ρ + p) ≠ 0 when ω −→ −1.

From equations (11) and (12) one can obtain the following expression,

ρ + p = α^′V (ϕ)ϕ̇^2 √ 1 − α^′ϕ̇^2 + M^2_P 2 [ 4Ḣf^′(R)h(ϕ) − 2HṘf^{′′}(R)h(ϕ) + 2Ṙ^2f^{′′′}(R)h(ϕ) + 2R̈f^{′′}(R)h(ϕ)

+ 4ϕ̇Ṙf^{′′}(R)h_ϕ(ϕ) + 2ϕ̈f^′(R)h_ϕ(ϕ) − 2Hϕ̇f^′(R)h_ϕ(ϕ) + +2ϕ̇^2f^′(R)h_{ϕϕ}(ϕ) ] . (13)

Since ρ + p = (1 + ω)ρ, if we assume ϕ̇ = 0 when ω −→ −1 , the following condition take place, 4HḢf^′(R)h(ϕ) − 2H^2Ṙf^{′′}(R)h(ϕ) = − 2H ( Ṙ^2f^{′′′}(R)h(ϕ) + R̈f^{′′}(R)h(ϕ) + ϕ̈f^′(R)h_ϕ(ϕ) ) . (14)

By using above condition as well as ϕ̇ = 0, when ω crosses -1, one can obtain, d dt (ρ + p) ∼ h(ϕ) [ Ṙf^{′′}(R)(Ḣ − H^2) + 2f^′(R)(HḢ + Ḧ) + Ṙ^3f^{′′′′}(R) + 3ṘR̈f^{′′′}(R) + ...Rf^{′′}(R) ]

+ h_ϕ(ϕ)

[...

ϕ f^′(R) + 3Ṙϕ̈f^{′′}(R) ] . (15)

One can see from (15) that, even if ... ϕ = 0 and ϕ̈ = 0, crossing -1 can be happen. This result is in contrast with the result of Ref.[24], where the authors have added a term ϕ⊔⊓ϕ in the square root part of action (1) and concluded that for having crossing over -1 in case of ϕ̇ = 0, one needs ϕ̈ ≠ 0 and^d_{dt} ⊔⊓ϕ ≠ 0 which means ...ϕ ≠ 0 when ω crosses -1 . Also Ref.[25] considered a dimension-6 operator ⊔⊓ϕ⊔⊓ϕ in the Lagrangian of phantom field to propose a model which admits ω across over -1. In this note we haven’t added a higher derivative operator in the Lagrangian but we considered non-minimal coupling between matter and modified gravity. So, it seems that we don’t need to add some terms in square root part of action (1).

3 Conclusion

In this paper, we have considered a crossing of the phantom divide in modified gravity non-minimally coupled with tachyon matter. As a result we have shown that instead of modification in tachyonic square root action, the non-minimally coupled f(R) gravity can play an important role to realize EoS across over -1.

We assumed when crossing over -1 occur, ϕ̇ = 0 and concluded that even if ϕ̈ = 0 and ... ϕ = 0, our model can admit crossing of the phantom divide line. In this model we have shown that the modification of tachyon Lagrangian with higher derivative operator in Ref [24] is not require for crossing over −1 for equation of state. It will be interesting to examine this model for the special potential V (ϕ) , h(ϕ) and f(R) in Refs. [26, 27].

4 Acknowledgment

The work of M. R. Setare has been supported financially by Research Institute for Astronomy and Astrophysics of Maragha, Iran.

References

[1] S. Perlmutter et al. [Supernova Cosmology Project Collaboration], Astrophys. J. 517, 565 (1999).

[2] C. L. Bennett et al., Astrophys. J. Suppl. 148, 1 (2003).

[3] M. Tegmark et al. [SDSS Collaboration], Phys. Rev. D 69, 103501 (2004).

[4] S. W. Allen, et al., Mon. Not. Roy. Astron. Soc. 353, 457 (2004).

[5] A. Einstein, Cosmological considerations in the General Theory of Relativity, Sitzungsber Preuss, Akad. Wiss. Berlin (Math. Phys.), 142 (1917).

[6] S. Weinberg, Rev. Mod. Phys. 61, 1 (1989).

[7] V. Sahni and A. Starobinsky, Int. J. Mod. Phys. D 9, 373 (2000) [arXiv:astro-ph/9904398]; P. J. Peebles and B. Ratra, Rev. Mod. Phys. 75, 559 (2003) [arXiv:astro-ph/0207347].

[8] P. J. Steinhardt, Critical Problems in Physics (1997), Princeton University Press.

[9] S. Nesseris and L. Perivolaropoulos, JCAP 0701, 018 (2007); P. U. Wu and H. W.

Yu, Phys. Lett. B 643 315 (2006); H. K. Jassal, J. S. Bagla and T. Padmanabhan, astro-ph/0601389.

[10] L. Perivolaropoulos, JCAP 0510, 001 (2005).

[11] E. Elizalde, S. Nojiri and S. D. Odintsov, Phys. Rev. D 70, 043539 (2004) [arXiv:hep-th/0405034]; S. Capozziello, S. Nojiri and S. D. Odintsov, Phys. Lett. B 632, 597 (2006) [arXiv:hep-th/0507182]; E. Elizalde, S. Nojiri, S. D. Odintsov, D. Saez and V. Faraoni, Phys. Rev. D 77, 106005 (2008) [arXiv:0803.1311 [hep-th]] R. R. Caldwell and M. Doran, Phys. Rev. D 72, 043527 (2005); M. R. Setare Phys. Lett. B 644, 99, (2007).

[12] B. Ratra and P. J. E. Peebles, Phys. Rev. D 37, 3406 (1988); C. Wetterich, Nucl. Phys.

B 302, 668 (1988); R. R. Caldwell, R. Dave and P. J. Steinhardt, Phys. Rev. Lett. 80, 1582 (1998) [arXiv:astro-ph/9708069].

[13] R. R. Caldwell, Phys. Lett. B 545, 23 (2002); S. Nojiri and S. D. Odintsov, Phys. Lett.

B 562, 147 (2003) [arXiv:hep-th/0303117]; Y.H. Wei and Y. Tian, Class. Quant. Grav. 21, 5347 (2004) [arXiv:gr-qc/0405038]; M. R. Setare, Eur. Phys. J. C 50, 991 (2007).

[14] Z. K. Guo, et al., Phys. Lett. B 608, 177 (2005) [arXiv:astro-ph/0410654]; G.-B.

Zhao, J.-Q. Xia, B. Feng and X. Zhang, Int. J. Mod. Phys. D 16, 1229 (2007) [arXiv:astro-ph/0603621]; J.-Q. Xia, B. Feng and X. Zhang, Mod. Phys. Lett. A 20, 2409 (2005); B. Feng, M. Li, Y.-S. Piao and X. Zhang, Phys. Lett. B 634, 101 (2006); Y. -F Cai, T. Qiu, Y. -S Piao, M. Li, X. Zhang, JHEP 0710, 071, (2007); M. R. Setare, J. Sadeghi, and A. R. Amani, Phys. Lett. B 660, 299 (2008); M. R. Setare and E. N. Saridakis, JCAP 0809, 026, (2008); M. R. Setare and E. N. Saridakis, Phys. Lett. B 668, 177, (2008), [arXiv:0802.2595 [hep-th]]; M. R. Setare and E. N. Saridakis, [arXiv:0807.3807 [hep-th]]; M. R. Setare and E. N. Saridakis, Phys. Lett. B 671, 331, (2009).

[15] B. McInnes, Nucl. Phys. B 718, 55 (2005); I. Y. Aref’eva, A. S. Koshelev and S.

Y. Vernov, Phys. Rev. D 72, 064017 (2005) G. Kofinas, G. Panotopoulos and T. N. Tomaras, JHEP 0601, 107 (2006); I. Y. Aref’eva and A. S. Koshelev, JHEP 0702, 041 (2007); L. P. Chimento, R. Lazkoz, R. Maartens and I. Quiros, JCAP 0609, 004 (2006); P. S. Apostolopoulos and N. Tetradis, Phys. Rev. D 74, 064021 (2006); S. F. Wu, A. Chatrabhuti, G. H. Yang and P. M. Zhang, Phys. Lett. B 659, 45 (2008); J. Sadeghi, M. R. Setare, A. Banijamali and F. Milani, Phys. Lett. B 662, 92 (2008); M. R. Setare, J. Sadeghi , A. R. Amani, [arXiv:0811.3343 [hep-th]].

[16] A. A. Andrianov, F. Cannata and A. Y. Kamenshchik, Phy. Rev. D 72, 043531 (2005)

[17] S. Nojiri and S. D. Odintsov, Int. J. Geom. Meth. Mod. Phys. 4, 115 (2007) [arXiv:hep-th/0601213].

[18] S. Nojiri and S. D. Odintsov, arXiv:0801.4843 [astro-ph]; arXiv:0807.0685 [hep-th]; T.

P. Sotiriou and V. Faraoni, arXiv:0805.1726 [gr-qc]; F. S. N. Lobo, arXiv:0807.1640 [gr-qc]; S. Capozziello and M. Francaviglia, Gen. Rel. Grav. 40, 357 (2008).

[19] L. Amendola and S. Tsujikawa, Phys. Lett. B 660, 125 (2008).

[20] M. C. B. Abdalla, S. Nojiri and S. D. Odintsov, Class. Quant. Grav. 22, L35 (2005) [arXiv:hep-th/0409177]; M. R. Setare, Int. J. Mod. Phys. D 17, 2219, (2008).

[21] K. Bamba, C. -Q Geng, S. Nojiri and S. D. Odintsov, arXiv:0810.4296 [hep-th] [22] S. Alexander, Phys. Rev. D 65, 023507 (2002) [hep-th/0105032]; A. Mazumdar, S.

Panda and A. Perez-Lorenzana, Nucl. Phys. B 614, 101 (2001), [hep-ph/0107058]; G. Gibbons, Phys. Lett. B 537, 1 (2002), [hep-th/0204008].

[23] A. Sen, JHEP 9910, (1999) 008 , [hep-th/9909062]; E. Bergshoeff, M. de Roo, T. de Wit, E. Eyras and S. Panda, JHEP 0005, (2000) 009 [hep-th/0003221]; J. Kluson, Phys. Rev. D 62, (2000) 126003 [hep-th/0004106].

[24] Y.-F Cai, M. Li, J.-X Lu, Y.-S Piao, T. Qiu and X. Zhang, Phys. Lett. B 651, 1, (2007), [hep-th/0701016].

[25] M. Li, B. Feng, and X. Zhang, JCAP 0512, 002 (2005).

[26] S. Nojiri and S. D. Odintsov, Phys. Rev. D 68, (2003) 123512 [hep-th/0307288]. [27] T. Padmanabhan Phys. Rev. D 66, (2002) 021301.