arXiv:1105.6165v2 [physics.gen-ph] 20 Jul 2011

Early and Late-time Cosmic Acceleration in Non-minimal Yang-Mills-f(G) Gravity

A. Banijamali^{a, 1} and B. Fazlpour^{b, 2}

a Department of Basic Sciences, Babol University of Technology, Babol, Iran

b Department of Physics, Ayatollah Amoli Branch, Islamic Azad University, P. O. Box 678, Amol, Iran

Abstract

In this paper we show that power-law inflation can be realized in non-minimal gravitational coupling of Yang-Mills field with a general function of the Gauss-Bonnet invariant in the framework of Einstein gravity. Such a non-minimal coupling may appear due to quantum corrections. We also discuss the non-minimal Yang-Mills-f(G) gravity in the framework of modified Gauss-Bonnet action which is widely studied recently. It is shown that both inflation and late-time cosmic acceleration are possible in such a theory.

Keywords: Inflation; Late-time acceleration; Non-minimal coupling; Gauss-Bonnet gravity.

PACS numbers: 11.25.-w, 95.36.+x, 98.80.cq

1a.banijamali@nit.ac.ir 2b.fazlpour@umz.ac.ir

1 Introduction

Inflation in the early time and acceleration in the current expansion of the universe are two periods of accelerated expansion in our universe which are confirmed by cosmological observations [1-4]. There are two ways to explain the current accelerated expansion of the universe. The first one is introducing some unknown matter, which is called dark energy [5] in the framework of general relativity and the second one is modified gravity. The modified gravity in the simplest type, uses an arbitrary function f of the Ricci scalar instead of R in Einstein-Hilbert action which is known as f(R) gravity (see [6-8] for reviews). There are also other modified gravity models which are the generalizations of f(R) gravity and among them, the modified Gauss-Bonnet (GB) gravity i.e. f(G) gravity, is more interesting [9,10]. In order to play some role in the Friedmann equation, it is required that the GB combination G, a topological invariant in four dimensions, couples to a scalar field ϕ or the Lagrangian density be a function of G i.e f(G). The GB coupling with a scalar field appears in the low energy effective action of string/M-theory [11] and the cosmological solution in such a theory have been studied in great details [12]. It was shown that, if the GB term is responsible for DE, this model does not satisfy local gravity constraints easily [13].

Furthermore, the modified f(G) gravity has the possibility to describe the inflationary era, a transition from a deceleration phase to an acceleration phase, crossing the phantom divide line and passing the solar system tests for a reasonable defined function f [14-16]. The f(G) models might be less constrained by local gravity constraints compared to the f(R) models [17]. Hence modified f(G) gravity represents a quite interesting gravitational alternative for dark energy (for a recent review see [8]).

The non-minimal coupling of the Ricci scalar and matter Lagrangian, can be seen as a source of inflation and late-time accelerated expansion of the universe [18-20]. Such a non-minimal coupling has been studied widely in the literature. For example, the non-minimal coupling between f(R)/f(G) gravity and the kinetic part of Lagrangian of a massless scalar field has been investigated in Ref. [21]. Non-minimal coupling of a viable model of f(R) gravity and electromagnetic Lagrangian has been considered in Ref. [22] and it has been shown that inflation and current cosmic acceleration can be explained in such a model. The coupling between scalar curvature and Lagrangian of the electromagnetic field arises in curved spacetime due to one-loop vacuum polarization effects in Quantum Electro Dynamics (QED) [23] and breaks the conformal invariance of the electromagnetic field, so that electromagnetic quantum fluctuations can be generated at the inflationary stage and they act as a source for inflation.

It has been shown that both inflation and late-time accelerated expansion of the universe can be realized in a modified non-minimal Yang-Mills-f(R) gravity [24]. Also, this result can be realized in a non-minimal vector-f(R) gravity in the framework of modified gravity [24]. Moreover, the conditions for the non-minimal gravitational coupling of the electromagnetic field in order to remove the finite-time singularities have been investigated in Ref. [25]. Ref. [26] has considered f(R) gravity coupling to non-linear electrodynamics. The criteria for the validity of a non-minimal coupling between scalar curvature and matter Lagrangian have been studied in [27-30].

Furthermore, realizing power-law inflation in non-minimal gravitational coupling of electromagnetic field with a general function of Gauss-Bonnet invariant has been done in [31]. Also, it has been demonstrated that both inflation and late-time acceleration of the universe can be realized in a modified Maxwell-f(G) gravity proposed in Ref. [32] in the framework of modified Gauss-Bonnet gravity.

In this paper we study early and late-time cosmic acceleration in non-minimal Yang-Mills-f(G) gravity in which Yang Mills (YM) field couples to a function of Gauss-Bonnet invariant. Non-minimal coupling appears in some string compactification where extra curvature terms exist in front of YM Lagrangian. Also, since the energy scale of the YM theory is higher than the electroweak scale, the existence of YM field with a non- minimal gravitational coupling might have influence on models of grand unified theories (GUT) [24]. In the past studies, the effective YM condensation as a candidate for dark energy has been proposed in [33,34] and the possibility for cosmic acceleration driven by a field with an anisotropic equation of state has been studied in [35]. We show that power-law inflation can be realized in non-minimal gravitational coupling of the YM field in the Einstein frame. Additionally, we demonstrate that both inflation and late-time acceleration of the universe can be realized in YM-f(G) model in the framework of modified Gauss-Bonnet gravity in which the function for f(G) is consistent with the solar system tests.

An outline of this paper is as follows. In section 2 we examine power-law inflation in a model of non-minimally coupled YM field with f(G) gravity in the general relativity (GR) framework. In section 3 we show that both inflation and late-time cosmic acceleration can be realized in such a model but in the framework of modified Gauss-Bonnet gravity proposed in [32]. Section 4 is devoted to our conclusion.

2 Power-law inflation in non-minimal Yang- Mills grav- ity Our starting action is as follows:

S = ∫ d^4x √ −g [ 1 2κ^2 R − 1 4 ( F^a_{μν} F^{aμν} + f(G)F^a_{μν} F^{aμν} )[ 1 + bg̃^2 ln | | −(1/2)F^a_{μν} F^{aμν} μ^4 | | ] ] , (1)

where g is the determinant of metric tensor g_{μν} , R is the Ricci scalar and f(G) is a general function of Gauss- Bonnet invariant, G, which is non-minimally coupled with YM Lagrangian. The effective YM Lagrangian up to one-loop order is as follows [36, 37]: − 1 4 ( F^a_{μν} F^{aμν} + f(G)F^a_{μν} F^{aμν} )[ 1 + bg̃^2 ln | | −(1/2)F^a_{μν} F^{aμν} μ^4 | | ] . (2)

The field strength tensor of YM Lagrangian is F^a_{μν} = ∂_μA^a_ν − ∂_ν A^a_μ + f^{abc}A^b_μA^c_ν , where A^a_μ is the SU(N) YM field and f^{abc} is the structure constants and completely antisymmetric [38].

Moreover, b is a constant and g̃ is also constant which is a function of field strength and μ is the mass scale of the renormalization point [37]. We note that the action (1) without the third term, corresponds to usual Einstein-YM theory. Varying the action (1) with respect to A^a_μ leads to the following equations of motion for SU(N) YM field, 1 √ −g ∂_μ [√ −g ( 1 + f(G) ) εF^{aμν} ] − ( 1 + f(G) ) εf^{abc}A^b_μF^{cμν} = 0, (3) where ε is the effective dielectric constant which depends on field strength [37]. Now variation of (1) with respect to the metric g_{μν} leads to 0 = 1 √ −g δS δg^{μν} = 1 2κ^2 ( 1 2 g_{μν} R − R_{μν} ) + T^{eff}_{μν} . (4) Here the effective energy momentum tensor T^{eff}_{μν} is defined by T^{eff}_{μν} = 1 2 (1 + f(G)) ( εg^{γδ}F^a_{μδ} F^a_{νγ} − 1 4 g_{μν} F^a_{γδ}F^{aγδ} B ) + 1 2 { f^′(G)F^a_{γδ}F^{aγδ}BR R_{μν} − 2f^′(G)F^a_{γδ}F^{aγδ} BR_μ^ρR_{νρ} + f^′(G)F^a_{γδ}F^{aγδ}BR_{μρσλ}R_ν^{ρσλ} + 2f^′(G)F^a_{γδ}F^{aγδ}BR_{μρσν} R^{ρσ} + [(g_{μν} ⊔⊓ − ∇_μ∇_ν )f^′(G)F^a_{γδ}F^{aγδ}B]R + 2[∇^ρ∇_μ(f^′(G)F^a_{γδ}F^{aγδ}B)]R_{νρ} + 2[∇^ρ∇_ν (f^′(G)F^a_{γδ}F^{aγδ}B)]R_{μρ} + 2[⊔⊓(f^′(G)F^a_{γδ}F^{aγδ} B)]R_{μν} − 2[g_{μν} ∇^λ∇^ρ(f^′(G)F^a_{γδ} F^{aγδ}B)]R_{λρ} + 2[∇^ρ∇^λ(f^′(G)F^a_{γδ}F^{aγδ}B)]R_{μρνλ} } , (5)

where B = [ 1 + bg̃^2 ln | | | −(1/2)F^a_{γδ}F^{aγδ} μ^4 | | | ] , (6) and ε = 1 + bg̃^2 ln | |e [−(1/2)F a_{γδ}F aγδ μ^4 ]| |. (7) In equation (5), f^′(G) =^{df(G)}_{dG} , ⊔⊓ = g^{μν} ∇_μ∇_ν is the d’Alembertian operator and e ≈ 2.72 is the Napierian number.

In a flat Friedmann-Robertson-Walker (FRW) spacetime with the metric

ds^2 = −dt^2 + a^2(t)(dr^2 + r^2dΩ^2), (8)

the components of the Ricci tensor R_{μν} and the Ricci scalar R are given by

R_{00} = −3 (˙ H + H^2 ) , R_{ij} = a^2(t) (˙ H + 3H^2 ) δ_{ij} , R = 6 (˙ H + 2H^2 ) , (9)

where H =^{ȧ(t)}_{a(t)} is the Hubble parameter and a(t) is the scale factor. Also the Gauss- Bonnet invariant in this background is G = 24 (˙ HH^2 + H^4 ) . (10)

The (0, 0) component and sum of (i, i) components of equation (4) in FRW spacetime have the following forms respectively

H^2 = κ^2 3 [ 1 2 ( 1 + f(G) )( bg̃^2X + εY ) + 6 ( f^′(G) (˙ HH^2 + H^4 )

− 24H^3 (¨ HH^2 + 2HḢ^2 + 4ḢH^3 ) f^{′′}(G) ) F^a_{γδ}F^{aγδ}B − 6H^3f^′(G) ∂ ∂t ( F^a_{γδ}F^{aγδ}B ) ] , (11) and 2Ḣ + 3H^2 = κ^2 [ 1 2 ( 1 + f(G) ) X ( − 1 3 ε + bg̃^2 ) + ( 6f^′(G) (˙ HH^2 + H^4 )

− 24 [ 2f^{′′}(G) ( 8ḦḢH^3 + 6Ḣ^3H^2 + 24Ḣ^2H^4 + 6ḦH^5 + 8Ḣ^2H^6 + ... HH^4 )

+ f^{′′′}(G) (¨ HH^2 + 2HḢ^2 + 4ḢH^3

)_2] ) F^a_{γδ}F^{aγδ}B − 4 [ f^′(G) ( HḢ + H^3 )

+ 24f^{′′}(G) (¨ HH^4 + 2Ḣ^2H^3 + 4ḢH^5 )] ∂ ∂t ( F^a_{γδ}F^{aγδ} B ) − 2f^′(G)H^2

∂^2 ∂t^2 ( F^a_{γδ} F^{aγδ}B ) ] , (12)

where we have neglected the second order spatial derivative of the quadratic quantity F^a_{γδ}F^{aγδ}. In addition, X and Y in above equations are given by [24],

X = |E^a_i (t)|^2 − |B^a_i (t)|^2, (13)

Y = |E^a_i (t)|^2 + |B^a_i (t)|^2, (14) and F^a_{γδ}F^{aγδ}B = −2X ( ε − bg̃^2 ) . (15)

Here E^a_i (t) and B^a_i (t) are proper electric and magnetic fields in the SU(N) YM theory respectively.

As a simple case our interest is the generation of large scale (YM) magnetic fields instead of (YM) electric fields, so we neglect terms in (YM) electric fields from this point and hence we have, X = −|B^a_i (t)|^2 and Y = |B^a_i (t)|^2. Furthermore, for more simplicity, we assume that only one component of (YM) magnetic fields is non-zero and the other two components are zero i.e. B^a_1 = B^a_2 = 0, B^a_3 ≠ 0. We note that by considering these conditions, the off-diagonal components of the last term on the right hand side of T^{eff}_{μν} are zero and so, all off-diagonal components of T^{eff}_{μν} are zero.

The amplitude of (YM) magnetic fields on a comoving scale L =^{2π}_k with the comoving wave number k in the position space is given by

|B^a_i (t)|^2 =

|B^a_0 |^2 a^4

, (16) where |B^a_0 | is a constant. Now substituting (16) in (11) and (12) and using equations (13)- (15) leads to

H^2 = κ^2 [ 1 6 ( 1 + f(G) )( ε − bg̃^2 ) + 4 ( f^′(G) (˙ HH^2 + H^4 )

− 24H^3 (¨ HH^2 + 2HḢ^2 + 4ḢH^3 ) f^{′′}(G) )( ε − bg̃^2 ) + 16H^4f^′(G)ε ] |B^a_0 |^2 a^4

, (17) and 2Ḣ + 3H^2 = κ^2 [ 1 6 ( 1 + f(G) )( ε − 3bg̃^2 ) + 2 ( 6f^′(G) (˙ HH^2 + H^4 )

− 24 [ 2f^{′′}(G) ( 8ḦḢH^3 + 6Ḣ^3H^2 + 24Ḣ^2H^4 + 6ḦH^5 + 8Ḣ^2H^6 + ... HH^4 )

+ f^{′′′}(G) (¨ HH^2 + 2HḢ^2 + 4ḢH^3

)_2] ) ( ε − bg̃^2 ) + 32 [ f^′(G) (3 2 H^2Ḣ − H^4 )

+ 24f^{′′}(G)H (¨ HH^4 + 2Ḣ^2H^3 + 4ḢH^5 )] ε + 64f^′(G)H^4bg̃^2 ] |B^a_0 |^2 a^4 , (18)

respectively. Then from equations (17) and (18) one can obtain Ḣ + ε ε − bg̃^2 H^2 = κ^2 [ 4f^′(G) { 7ḢH^2ε− [(5ε − 9bg̃2 ε − bg̃^2 ) ε−8bg̃^2 ] H^4 } +48f^{′′}(G) { 3ḦH^5(ε+bg̃^2)

−6H^4Ḣ^2(ε−3bg̃^2)+4ḢH^6(7ε−bg̃^2)− ( 8ḦḢH^3 +6Ḣ^3H^2 + ... HH^4 ) (ε−bg̃^2) } +24f^{′′′}(G) (¨ HH^2 + 2HḢ^2 + 4ḢH^3

)_2

(ε − bg̃^2) ] |B^a_0 |^2 a^4 . (19) From this point, we are going to consider ε as a constant. The reason for doing so, is that the dependence of ε on the field strength and therefore on time, is logarithmic as one can see from equation (7), while this is not the case for the other quantities in above equation. Now we examine the following function for f(G), which has been proposed in Ref. [21]: f(G) = G^n c_1G^n + c_2

, (20)

where c_1 and c_2 are constants and n is a positive integer. It is known [32] that such a model naturally leads to unification of the inflation with late-time acceleration being consistent with local tests and cosmological bounds. We can see in the late-time universe, the ordinary YM theory can be naturally recovered because the value of Gauss- Bonnet invariant in this time goes to zero.

To explore Power-Law inflation, we assume a = a_0t^{h0} , where h_0 is a positive constant. Therefore, we have H = h_0 t , Ḣ = − h_0 t^2 , Ḧ = 2h_0 t^3 , ... H = − 6h_0 t^4

. (21)

Note that the Gauss-Bonnet invariant in this case is as follows:

G = 24 h^3_0 t^4

(h_0 − 1). (22)

Also we use the following approximate relations which work at the inflationary epoch: f(G) ≈ 1 c_1 ( 1 − c_2 c_1 G^{−n} ) , (23) f^′(G) ≈ nc_2 c^2_1

G^{−(n+1)}, (24) f^{′′}(G) ≈ −n(n + 1)c_2 c^2_1

G^{−(n+2)}, (25) f^{′′′}(G) ≈ n(n + 1)(n + 2)c_2 c^2_1

G^{−(n+3)}. (26)

By substituting above approximate relations for f(G) and its derivatives and (21) in (19), one can obtain h_0 =

2n + 1 2 , (27)

a_0 = { (2 3 )_{(n+1)} 2n (2n + 1)^{3(n+1)}(2n − 1)^{(n+2)} c_2 c^2_1 αε^2 + βεbg̃^2 + γ(bg̃^2)^2 (4n^2 − 1)ε + 2(2n + 1)bg̃^2

|B_0|^2κ^2

} 1_4 , (28)

where α = 32n^5 + 384n^4 +^{2162}_3 n^3 +^{1685}_3 n^2 +^{607}_3 n +^{82}_3 , β = − ( 416n^5 + 1200n^4 +^{4564}_3 n^3 +

3106

3 n^2 +^{1088}_3 n +^{149}_3 ) and γ = 160n^5 + 480n^4 +^{2066}_3 n^3 +^{1589}_3 n^2 +^{607}_3 n +^{88}_3 .

We see that if n ≫ 1 then h_0 becomes very large and so the power-law inflation can be realized. From this discussion, we conclude that non-minimally coupled YM field with f(G) gravity can be seen as a source of inflation in the early universe. This result is the same as that of non-minimal Maxwell- f(G) gravity [31].

We note that in this paper we considered only the case in which the values of the terms proportional to f^′(G), f^{′′}(G) and f^{′′′}(G) in equations (17) and (18) are dominant to the values of the term proportional to ( 1 + f(G) ) . Among the terms proportional to f^′(G), f^{′′}(G) and f^{′′′}(G), the term proportional to f^′(G) is dominant and its value from equation (24) is of order f^′(G)H^4 ≈^{nc2}_{c21} H^4G^{−(n+1)}. Also using (21) and (22) one can see that G is of order 20H^4. Now the condition for dominance f^′(G) in the source term would be ( 1 + f(G) ) / [ f^′(G)H^4 ] ∼^{20}_n^{c1}_{c2} G^n ≪ 1. This leads to extremely small (_{c1} c_2 ) because at the inflationary epoch G ≫ 1 and n ≫ 1. In such a case, in equation (19) the value of right hand side which is order κ^2f^′(G)H^{4 |Ba0 |2}_{a4} can be order H^2. So, the right and left hand sides of equation (19) can balance each other and there is no contradiction between our result and equation (19). In the opposite case i.e. if the term proportional to ( 1 + f(G) ) is dominant, the power-law inflation cannot be realized. Our reasoning is as follows: in this case the equations (17) and (18) can be written approximately as H^2 ≈^{κ2}_6 ( 1 + f(G)

)_{|B}a_{0 |}2

a^4

and 2Ḣ + 3H^2 ≈^{κ2}_6 ( 1 + f(G)

)_{|B}a_{0 |}2

a^4 , respectively. Therefore one finds from equations (17)

and (18) that H^2 and 2Ḣ +3H^2 are of the same order and their difference 2Ḣ +2H^2 must be much smaller than H^2. Then in equation (19) the quantity ( Ḣ +^ε_{ε−bg̃2} H 2 ) must balance with

much smaller quantity than ( κ^2 ( 1 + f(G)

)_{|B}a_{0 |}2

a^4 ) , so ( Ḣ +^ε_{ε−bg̃2} H 2 ) /H^2 =^ε_{ε−bg̃2} −^1_{h0} ≪ 1 and this leads to h_0 ≪ 1 because ε, b > 0. One can see that power-law inflation cannot be realized. From above discussion we see that power-law inflation can be realized due to not the term proportional to ( 1 + f(G) ) but the term proportional to f^′(G) namely a nonminimal YM field coupling.

Finally, we note the following points. If one compares our result in equation (27) with those in non-minimal YM-f(R) gravity in Ref. [24] can see that in our model when n >^3_2 the universe is accelerating but in non-minimal YM-f(R) gravity the expansion of the universe is accelerating for n > 3. In addition, f(G) gravity is inspired from a fundamental theory such as string theory, so the non-minimal coupling of YM field with f(G) may induce more interest than YM-f(R) gravity.

3 Inflation and late-time acceleration in modified Gauss- Bonnet gravity framework

In this section, we consider a non- minimally coupled YM field in the framework of modified Gauss- Bonnet gravity proposed in Ref. [32]. We describe the model by the following action: S = ∫ d^4x √ −g [ 1 2κ^2 ( R + F (G) ) − 1 4 ( F^a_{μν} F^{aμν} + f(G)F^a_{μν} F^{aμν} )[ 1 + bg̃^2 ln | |−(1/2)F^aμν F^{aμν} μ^4 | |] ] , (29)

Note that in this case F (G) is the modified part of gravity and it is different from f(G) in the last term in the action (1). By choosing FRW metric (8), the (0, 0) component and sum of (i, i) components of equation of motion for g_{μν} , have the following forms respectively:

H^2 − 1 6 (GF^′(G) − F (G)) + 4H^3ĠF^{′′}(G) = κ^2 3 T^{eff}_{00} , (30) and 2Ḣ + 3H^2 + 1 2 (GF^′(G) − F (G)) − 4H^2(G̈F^{′′}(G) + Ġ^2F^{′′′}(G)) = −κ^2T^{eff}_{ii} , (31) where T^{eff}_{μν} is given by equation (5). As the previous section, we neglect the contribution of electric field and spatial derivatives of F^a_{μν} F^{aμν} . Therefore, from equations (30) and (31), one can obtain Ḣ+ ε ε − bg̃^2 H^2+ 1 6 (GF^′(G)−F (G)) (2ε − 3bg̃2 ε − bg̃^2 ) −2H^2F^{′′}(G) [ G̈+HĠ (ε − 3bg̃2 ε − bg̃^2 )]

−2H^2Ġ^2F^{′′′}(G) =

κ^2 [ 4f^′(G) { 7ḢH^2ε− [(5ε − 9bg̃2 ε − bg̃^2 ) ε−8bg̃^2 ] H^4 } +48f^{′′}(G) { 3ḦH^5(ε+bg̃^2)−6H^4Ḣ^2(ε−3bg̃^2)

+4ḢH^6(7ε − bg̃^2) − ( 8ḦḢH^3 + 6Ḣ^3H^2 + ... HH^4 ) (ε − bg̃^2) } + 24f^{′′′}(G) (¨ HH^2 + 2HḢ^2

+4ḢH^3

)_2 (ε−bg̃^2) ] |B^a_0 |^2 a^4 . (32) Here we take F (G) from Ref. [32],

F (G) =

(G − G_0)^{2n+1} + G^{2n+1}_0 c_3 + c_4 ( (G − G_0)^{2n+1} + G^{2n+1}_0

), (33)

where c_3, c_4 are constants and n is a positive integer. G_0 correspond to the present value of the Gauss-Bonnet invariant. The typical property of such theory is the presence of effective cosmological constant epochs in such away that early-time inflation and late-time cosmic acceleration are naturally unified within single model.

Since F^′(G) = 0 when G = G_0 and G = ∞, F (G) can be regarded as an effective cosmological constant. We may consider F (∞) as the cosmological constant for the inflationary stage and F (G_0) as that at the present time,

lim_{G→∞} F (G) = 1 c_4

= Λ, (34)

F (G_0) =

G^{2n+1}_0 c_3 + c_4G^{2n+1}_0

= 2G_0. (35)

From the above equations, we find

c_3 =

G^{2n}_0 2 − G^{2n+1}_0 Λ ≈ G^{2n}_0 2 , c_4 = 1 Λ , (36)

because^{G0}_Λ ≪ 1.

Also, f(G) is given by f(G) = − (G − G_0)^{2m+1} + G^{2m+1}_0 c_5 + c_6 ( (G − G_0)^{2m+1} + G^{2m+1}_0

), (37) where c_5, c_6 are constants and m is a positive integer. At the inflationary epoch we can use the following approximate relations: F (G) ≈ 1 c_4 [ 1 − c_3 c_4

(G)^{−(2n+1)} ] , (38) and f(G) ≈ − 1 c_6 [ 1 − c_5 c_6

(G)^{−(2m+1)} ] . (39)

Because G → ∞ at the inflationary stage and also lim_{G→∞} F (G) = Λ and lim_{G→∞} f(G) = const, equation (32) at this epoch is reduced to Ḣ + ε ε − bg̃^2 H^2 = Λ 6 (2ε − 3bg̃2 ε − bg̃^2 ) . (40)

It follows from above equation that a(t) ∝ exp( Λ 3 )^{12} t, (41)

Hence exponential inflation can be realized. Thus, we conclude that the terms in F (G) on the left hand side of Eq. (32) can be a source of inflation, in addition to f(G) on the right hand side of Eq. (32). Note that if we do not consider the contribution of the terms in F (G) to inflation, equation (32) is reduced to equation (19). In this case, substituting a = a_0t^{h′0} and the approximate expressions of f^′(G), f^{′′}(G) and f^{′′′}(G) derived from equation (39) into equation (32) leads to h^′_0 =^{4m+3}_2 . Hence if m ≫ 1, h^′_0 becomes much larger than unity and power-law inflation can be realized.

We emphasize that there are two sources of inflation in the present model, one from the modified part of gravity F (G) and the other from the non-minimal coupling of YM field with f(G). Indeed, in this model even if the value of Λ is so small that the modification of gravity cannot contribute to inflation then inflation can be realized due to the non-minimal gravitational coupling of the YM field. This is an important cosmological consequence of the present model.

At the present time, because G − G_0 ≪ 1, if m > n, f(G) becomes constant more rapidly than F (G) in the limit G → G_0. For such a case, when G → G_0 Eq. (32) leads to Ḣ + ε ε − bg̃^2 H^2 =

G_0 3 (2ε − 3bg̃2 ε − bg̃^2 ) , (42)

so, from this equation one can obtain a(t) ∝ exp( 2G_0 3 )^{12} t, (43)

so that the late-time acceleration of the universe can be realized. These results are also in agreement with the results of Ref. [31] where non-minimal Maxwell- F (G) gravity has been investigated. We mention that even if the value G_0 is so small that the modification of gravity cannot contribute to the late-time acceleration of the universe, the late-time accelerated expansion can be realized due to the non-minimal coupling of the YM field. Indeed our results are the generalization of the results for non-minimal Maxwell theory with the coupling of the electromagnetic field to a function of Gauss-Bonnet invariant [31].In here we considered a non-Abelian gauge field (the YM field) non-minimally coupled with f(G) gravity. The YM fields are indispensable to particle physics, there is no room for adjusting the functional form of the Lagrangian as it is predicted by quantum field theory. As a model for the cosmic dark energy, it has no free parameters except the present cosmic energy scale and the cosmic evolution only depends on the initial conditions [33].

4 Conclusion

To summarize, the non-minimal gravitational coupling of YM field with Gauss-Bonnet invariant function, f(G), has been considered in Friedmann-Robertson-Walker background metric. Such a non-minimal coupling has been examined in the framework of general relativity. We have shown that power law inflation can be realized due to non-minimal coupling of YM field in this model which is described by action (1). We have also studied cosmology in non-minimally coupled YM field in the framework of modified Gauss-Bonnet gravity, F (G). It has been shown that both inflation and late-time acceleration of the universe can be realized in such a model proposed in Ref. [32].

Clearly, more checks of this theory such as stability/instability of inflation should be done in order to conclude if the model is realistic or not. The conditions for stability of f(G) rarity have been derived in [17]. It has been shown that the condition^{d2f}_{dG2} > 0 needs to be fulfilled in order to ensure the stability of a late-time de-sitter solution as well as the existence of standard radiation and matter dominated epochs [17]. Studying stability/instability conditions for our model and models of this kind such as the Maxwell-f(G) model [31] will be our plan for future works.

It is also interesting to extend our formulation for more complicated theories. For instance one can investigate non-minimal coupling of YM Lagrangian with non-local f(G) gravity proposed in [39] or one can study our model in the case that instead of f(G) gravity an action with higher order string loop corrections replaced. This kind of superstring inspired action has been considered in [40].

Acknowledgements The authors are indebted to the anonymous referees for their comments that improved the paper drastically.

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] M. Li, X.-D. Li, S. Wang, Y. Wang, arXiv:1103.5870 [astroph. CO]. [6] S. Nojiri and S. D. Odintsov, Int. J. Geom. Meth. Mod. Phys. 4, 115 (2007). [7] S. Nojiri and S. D. Odintsov, arXiv:0801.4843 [astro-ph]; arXiv:0807.0685 [hep-th]; T. P.

Sotiriou and V. Faraoni, Rev. Mod. Phys. 82, 451 (2010); F. S. N. Lobo, arXiv:0807.1640 [gr-qc]; S. Capozziello and M. Francaviglia, Gen. Rel. Grav. 40, 357 (2008).

[8] S. Nojiri and S. D. Odintsov, arXiv:1011.0544 [gr-qc]. [9] S. Nojiri and S. D. Odintsov, Phys. Lett. B 631, 1 (2005).

[10] G. Cognola, E. Elizalde, S. Nojiri, S. D. Odintsov and S. zerbini, Phys. Rev. D 75, 086002 (2007).

[11] M. Gasperini and G. Veneziano, Astropart. Phys. 1, 317 (1993). [12] I. Antoniadis, J. Rizos and K. Tamvakis, Nucl. Phys. B 415, 497 (1994); M. Gasperini, M. Maggiore and G. Veneziano, Nucl. Phys. B 494, 315 (1997); R. Brustein and R. Madden, Phys. Rev. D 57, 712 (1998); C. Cartier, E. J. Copeland and R. Madden, JHEP 0001, 035 (2000); S. Tsujikawa, Phys. Lett. B 526, 179 (2002); S. Tsujikawa, R. Brandenberger and F. Finelli, Phys. Rev. D 66, 083513 (2002); K. i. Maeda and N. Ohta, Phys. Lett. B 597, 400 (2004); M. Sami et al., Phys. Lett. B 619, 193 (2005); Z. K. Guo, N. Ohta and S. Tsujikawa, Phys. Rev. D 75, 023520 (2007); R. Chingangbam et al., Phys. Lett. B 661, 162 (2008).

[13] L. Amendola, C. Charmousis and S. C. Davis, JCAP 0612, 020 (2006); JCAP 0710, 004 (2007).

[14] S. Nojiri, S.D. Odintsov, S. Ogushi, Int. J. Mod. Phys. A 17, 4809 (2002). [15] G. Cognola, E. Elizalde, S. Nojiri, S.D. Odintsov, S. Zerbini, Phys. Rev. D 73, 084007 (2006).

[16] B.M. Leith, I.P. Neupane, J. Cosmol. Astropart. Phys. 0705, 019 (2007). [17] A. De Felice, S. Tsujikawa, Phys.Lett.B 675,1-8 (2009). [18] S. Nojiri and S. D. Odintsov, Phys. Lett. B 599, 137 (2004). [19] S. Nojiri and S. D. Odintsov, PoS WC2004, 024 (2004).

[20] G. Allemandi, A. Borowiec, M. Francaviglia and S. D. Odintsov, Phys. Rev. D 72, 063505 (2005).

[21] S. Nojiri, S. D. Odintsov and P. V. Tretyakov, Prog.Theor.Phys.Suppl. 172, 81-89 (2008).

[22] K. Bamba and S. D. Odintsov, JCAP 0804, 024 (2008). [23] I.T. Drummond, S.J. Hathrell, Phys. Rev. D 22, 343 (1980). [24] K. Bamba, S. Nojiri and S. D. Odintsov, Phys. Rev. D 77, 123532 (2008). [25] K. Bamba, S. Nojiri and S. D. Odintsov, JCAP 0810, 045 (2008). [26] L. Hollenstein and F. S. N. Lobo, Phys.Rev.D 78, 124007 (2008). [27] O. Bertolami, C. G. Boehmer, T. Harko and F. S. N. Lobo, Phys. Rev. D 75, 104016 (2007).

[28] T. Koivisto, Class. Quant. Grav. 23, 4289 (2006). [29] V. Faraoni, Phys.Rev.D 76, 127501 (2007).

[30] O. Bertolami and J. Paramos, Phys.Rev.D 77, 084018 (2008). [31] M.R. Setare, J. Sadeghi and A. Banijamali, Eur. Phys. J. C 64,433-438 (2009). [32] S. Nojiri, S.D. Odintsov, Phys. Lett. B 657, 238 (2007).

[33] W. Zhao and Y. Zhang, Class. Quant. Grav. 23, 3405 (2006); Phys. Lett. B 640, 69 (2006); Y. Zhang, T. Y. Xia and W. Zhao, Class. Quant. Grav. 24, 3309 (2007).

[34] T. Y. Xia and Y. Zhang, Phys. Lett. B 656, 19 (2007).

[35] T. Koivisto and D. F. Mota, Astrophys.J. 679, 1-5 (2008); JCAP 0806, 018 (2008). [36] S. G. Matinyan and G. K. Savvidy, Nuc. Phys. B 134, 539 (1978). [37] S. L. Adler and T. Piran, Rev. Mod. Phys. 56, 1 (1984).

[38] M. E. Peskin and D. V. Schroeder, An Introduction to Quantum Field Theory Westviews Press, Boulder, Colorado, 1995).

[39] S. Capozziello, E. Elizalde, S. Nojiri and S. D. Odintsov, Phys. Lett. B 671, 193 (2009). [40] E. Elizalde, S. Jhingan, S. Nojiri, S. D. Odintsov, M. Sami and I. Thongkool, Eur. Phys.

J. C 53, 447 (2008).