arXiv:hep-th/0412002 v1 1 Dec 2004

Constraints on Dirac-Born-Infeld type dark energy models from varying alpha

Mohammad R. Garousi^1, M. Sami^2 and Shinji Tsujikawa^3 1 Department of Physics, Ferdowsi University, P.O.Box 1436, Mashhad, Iran and Institute for Studies in Theoretical Physics and Mathematics IPM P.O.Box 19395-5531, Tehran, Iran 2 IUCAA, Post Bag 4, Ganeshkhind, Pune 411 007, India and 3 Department of Physics, Gunma National College of Technology, 580 Toriba, Maebashi, Gunma 371-8530, Japan (Dated: December 1, 2004)

We study the variation of the effective fine structure constant alpha for Dirac-Born-Infeld (DBI) type dark energy models. The DBI action based on string theory naturally gives rise to a coupling between gauge fields and a scalar field responsible for accelerated expansion of the universe. This leads to the change of alpha due to a dynamical evolution of the scalar field, which can be compatible with the recently observed cosmological data around the redshift z̃ <∼ 3. We place constraints on several different DBI models including exponential, inverse power-law and rolling massive scalar potentials. We find that these models can satisfy the varying alpha constraint provided that mass scales of the potentials are fine-tuned. When we adopt the mass scales which are motivated by string theory, both exponential and inverse power-law potentials give unacceptably large change of alpha, thus ruled out from observations. On the other hand the rolling massive scalar potential is compatible with the observationally allowed variation of alpha. Therefore the information of varying alpha provides a powerful way to distinguish between a number of string-inspired DBI dark energy models.

I. INTRODUCTION

One of the most remarkable discoveries in cosmology is attributed to the late time acceleration of universe which is supported by supernova observations [1] and receives independent confirmation from CMB and galaxy clustering studies. The current acceleration may be accounted for by supplementing an exotic form of energy density with a negative pressure, popularly known as dark energy (see Refs. [2] for reviews). It was earlier thought that this could originate from a cosmological constant, but the idea is fraught with an extreme fine-tuning problem.

This problem is alleviated in scalar-field models in which the energy density of dark energy dynamically changes such that it remains sub-dominant during the radiation and matter dominant eras and becomes dominant at present. In recent years, a wide variety of dark energy models have been proposed, including Quintessence [3], K-essence [4], Chaplygin gas [5], modifications of gravity [6], Born-Infeld scalars (rolling tachyon [7], massive scalars [8]), with the last one being originally motivated by string theoretic ideas [9]. The common feature of these models is that they operate through an undetermined field potential which in principal can incorporate any priori assigned cosmological evolution, thus lacking predictive power at the fundamental level [7]. These models should be judged by their physical implication and by the generic features which arise in them. There is tremendous degeneracy in this description and it is therefore important to find other physical criteria which can constrain these models. One such criterion can be provided by the variation of the effective fine structure constant alpha on cosmological scales.

The old idea of time-varying fundamental physical constants [10] has recently attracted much attention in cosmology (see Ref. [11] for review). In fact the Oklo natural fission reactor [12] found the variation of alpha with the level −0.9 × 10^{−7} < Δα/α < 1.2 × 10^{−7} at the redshift z̃ ∼ 0.16. The absorption line spectra of distance quasars [13, 14, 15] suggests that Δα/α = (−0.574±0.102)×10^{−5} for 0.2 < z̃ < 3.7 [16]. The recent detailed analysis of high quality quasar spectra [17] gives the lower variation of alpha, Δα/α = (−0.06 ± 0.06) × 10^{−5} over the redshift range 0.4 < z̃ < 2.3.

It is well known that the interaction of scalar fields with gauge fields can lead to the variation of the effective fine structure constant. Typically the coupling is chosen to be arbitrary and ad hoc in most of the scalar-field dark energy models [18, 19, 20, 21, 22, 23, 24, 25, 26, 27, 28, 29, 30, 31, 32, 33], reflecting the fact that the coupling of a quintessence field ϕ to matter and radiation is not fixed by the standard model of particle physics (see Refs. [34] on the proposal of the least coupling principal). Assuming specific forms of the interaction and tuning the coupling parameters along with the appropriate choice of field potentials may lead to a desired change in the effective fine structure constant. However it looks unsatisfactory to work with several arbitrary functions and parameters to produce a physically well-motivated result; such models have a limited predictive power. It is, therefore, necessary to look for the possibilities of obtaining these couplings from a fundamental theory which could fix the above mentioned arbitrariness in the models. Such couplings can be consistently derived from an effective D-brane action.

D-branes are extended dynamical objects in string theory on which the end points of open strings live. Their tree level action is given by the Dirac-Born-Infeld (DBI) type action which contains gauge fields and scalar fields (tachyons [9], massless scalars [35] and massive scalars [36]) . The DBI action naturally gives rise to the coupling of the Born-Infeld scalars with gauge fields, which can account for the variation of the electromagnetic coupling over cosmological time scales. As extensively studied in Refs. [7, 37, 38, 39] the tachyon field might be responsible for accelerated expansion of the universe at late times (see Refs. [40] for the cosmological general dynamics of tachyon). In this paper we study the variation of alpha in the presence of the Born-Infeld scalar coupled to gauge fields and place constraints on the model parameters. In fact this provides us a powerful way to distinguish several different tachyon potentials.

The paper is organized as follows. In section II we examine the DBI action to derive the form of the coupling between the tachyon and gauge fields and set up the frame work for our analysis. Then we study the variation of alpha together with the background cosmological evolution for several different tachyon potentials–(i) exponential (Sec. III), (ii) inverse power-law (Sec. IV) and (iii) rolling massive scalar (Sec. V). We investigate the evolution of alpha both analytically and numerically for arbitrary mass scales of the potentials and then proceed to the case in which the mass scale is constrained by string theory. We show that the information of varying alpha provides important constraints on tachyon potentials. Section VI concludes our results.

II. DBI MODEL

We start with a Dirac-Born-Infeld type effective 4- dimensional action S = − ∫ d^4x Ṽ (φ) √ − det(g_{μν} + ∂_μφ∂_ν φ + 2πα^′F_{μν} ) , (1) where Ṽ (φ) is the potential of a scalar field φ and F_{μν} ≡ 2∇_{[μ}A_{ν]} is a Maxwell tensor with A_μ the four-potential. α^′ is related to string mass scale M_s via α^′ = M^{−2}_s . We are interested in a situation in which brane is located in a ten-dimensional spacetime with a warped metric [8]

ds^2_{10} = βg_{μν} (x)dx^μdx^ν + β^{−1}g̃_{mn}(y)dy^m dy^n , (2)

where β is a warped factor. Note that the first term on the r.h.s. of Eq. (2) corresponds to the metric on the brane.

The action (1) for this metric yields S = − ∫ d^4x β^2Ṽ (φ) × √ − det(g_{μν} + β^{−1}∂_μφ∂_ν φ + 2πα^′β^{−1}F_{μν}).(3)

Introducing new variables ϕ = φ/ √ β , V (ϕ) = β^2Ṽ ( √ βϕ) , (4) the action (3) can be written as S = − ∫ d^4x V (ϕ) √ − det(g_{μν} + ∂_μϕ∂_νϕ + 2πα^′β^{−1}F_{μν} ) . (5) The warped metric (2) makes the mass scale on the brane from the string mass scale M_s = 1/ √ α^′ to an effective mass which is m_{eff} = √ βM_s. In what follows we shall consider cosmological dynamics and the variation of alpha for the action (5).

We adopt a spatially flat Friedmann-Robertson-Walker (FRW) metric on the brane with a scale factor a(t) (t is cosmic time). We also account for the contributions of non-relativistic matter and radiation, whose energy densities are ρ_m and ρ_r , respectively. Then the background equations of motion are

Ḣ = − 1 2 ϕ̇2V √ 1 − ϕ̇^2

+ ρ_m + 4 3 ρ_r , (6) ϕ̈ 1 − ϕ̇^2

+ 3Hϕ̇ + V_ϕ V = 0 , (7)

ρ̇_m + 3Hρ_m = 0 , (8) ρ̇_r + 4Hρ_r = 0 , (9)

together with a constraint equation for the Hubble rate H ≡ ȧ/a : 3M^2_p H^2 = V (ϕ) √ 1 − ϕ̇^2

+ ρ_m + ρ_r , (10)

where M_p is the reduced Planck mass (M^{−2}_p = 8πG). In the above equations we assumed the condition, |F_{μν}| ≪ m^2_{eff} .

If the energy density of the field ϕ dominates at late times and it leads to the acceleration of the universe, we can employ the following slow-roll approximation:

3M^2_p H^2 ≃ V (ϕ) , 3Hϕ̇ ≃ − V_ϕ V . (11)

The slow-roll parameter for the DBI-type scalar field is defined by [40] ϵ ≡ − Ḣ H^2 = M^2_p 2 ( V_ϕ V )_2 1 V . (12)

We rewrite the above equations in an autonomous form. Following Ref. [41] we define the following dimensionless quantities: x ≡ ϕ̇ = Hϕ^′ , y ≡ √ V (ϕ) HM_p , z ≡ √ ρ_r √ 3HM_p , (13) where a prime denotes the derivative with respect to the number of e-folds, N = ln a. Then we obtain the following equations (see Refs. [38, 39] for related works):

x^′ = −(1 − x^2)(3x − λy) , (14)

y^′ = y 2 ( −λxy − √ 1 − x^2 y^2 + z^2 + 3 ) , (15)

z^′ = z ( −2 − 1 2 √ 1 − x^2 y^2 + 1 2 z^2 + 3 2 ) , (16) λ^′ = −λ^2xy ( Γ − 3 2 ) , (17)

where λ = − M_pV_ϕ V^{3/2}

, Γ = V V_{ϕϕ} V^2_ϕ

. (18)

We note that λ is related to ϵ by the relation λ^2 = 2ϵ. Therefore one has |λ| ≪ 1 when the slow-roll condition ϵ ≪ 1 is satisfied. We also define

Ω_ϕ ≡ ρ_ϕ ρ_{cr} = y^2 3 √ 1 − x^2

, (19)

Ω_r ≡ ρ_r ρ_{cr}

= z^2 , (20)

Ω_m ≡ ρ_m ρ_{cr}

= 1 − y^2 3 √ 1 − x^2

− z^2 , (21)

where ρ_{cr} ≡ 3M^2_p H^2 is a critical energy density. Note that these satisfy the constraint equation Ω_ϕ +Ω_r +Ω_m = 1. The expansion of the action (5) to second order of the gauge field, for arbitrary metric, becomes S ≃ ∫ d^4x [ − V (ϕ) √ − det(g_{μν} + ∂_μϕ∂_ν ϕ) + (2πα^′)^2V (ϕ) 4β^2 √ −g Tr(g^{−1}F g^{−1}F ) ] . (22)

There are many other terms that are the second order of the gauge field. They involve the derivative of the field ϕ which we are not interested in. Comparing the above action with the standard Yang-Mills action, one finds that the effective fine-structure ‘constant’ α is

α ≡ g^2_{YM} = β^2M^4_s 2πV (ϕ) . (23)

The present value of fine structure constant is α = 1/137. Since the potential energy of ϕ at present is estimated as V (ϕ_0) ≃ 3H^2_0 M^2_p , one finds

β^2 ≃ 6π 137 ( H_0 M_s )_2 ( M_p M_s )_2

. (24)

If the string mass scale is the same order as the Planck mass (M_s ≃ M_p), we obtain

β ≃ 10^{−61} , (25) where we used H_0 ∼ 10^{−42} GeV. This property holds independent of the form of the scalar-field potential.

The variation of α compared to the present value α_0 is given as Δα α ≡ α − α_0 α_0 = V (ϕ_0) V (ϕ) − 1 , (26)

where ϕ_0 is the present value of the field. In the case of the exponential potential V (ϕ) = V_0e^{−μϕ}, we obtain Δα α = e^{μ(ϕ−ϕ0 )} − 1 ≃ μ(ϕ − ϕ_0) , (27)

where the last equality is valid for |μ(ϕ − ϕ_0)| ≪ 1. This corresponds to the choice (2.14) in Ref. [27]. The authors in Ref. [27] chose the coupling of the type Δα/α ∝ Δϕ phenomenologically for any potentials of the field ϕ. In our case, however, this is dependent on the form of V (ϕ).

For the inverse power-law potential V (ϕ) = M^{4−n}ϕ^{−n} considered in Refs. [7, 37, 38, 39], one gets Δα α = ( ϕ ϕ_0 )_n − 1 , (28)

and for the massive rolling scalar potential V (ϕ) = V_0e^{12 M 2ϕ2} considered in Refs. [8], we have Δα α = e^{− 12 M 2(ϕ2−ϕ20)} − 1 . (29)

In subsequent sections we shall study the variation of alpha for several different tachyon potentials and place constraints on the parameters of the models. Recently tachyon potentials are classified in three ways [39]– (i) λ = const, (ii) λ → 0 asymptotically and (iii) |λ| → ∞ asymptotically. The case (i) corresponds to an inverse square potential V (ϕ) ∝ ϕ^{−2}, which gives the border of acceleration and deceleration (see Refs. [7, 37, 42]). The case (ii) gives rise to an accelerated expansion at late times. An example is provided by inverse powerlaw potential V (ϕ) ∝ ϕ^{−n} with n < 2. The potential V (ϕ) = V_0e^{12 M 2ϕ2} of a rolling massive scalar field also belongs to this class. The case (iii) corresponds to a deceleration at late times, but with a possible stage of transient acceleration. The exponential potential V (ϕ) = V_0e^{−μϕ} belongs to this class.

In Sec. III we shall consider the exponential potential as an example of the case (iii). In Sec. IV the inverse power-law potential V (ϕ) ∝ ϕ^{−n} with 0 ≤ n ≤ 2 is studied as examples of the cases (i) and (ii). The rolling massive scalar potential V (ϕ) = V_0e^{12 M 2ϕ2} is discussed in Sec. V, since this has somewhat different property compared to other potentials in which the field rolls down toward infinity.

III. EXPONENTIAL POTENTIALS

We first consider the exponential potential

V (ϕ) = V_0e^{−μϕ} , (30) where μ has a dimension of mass. The exponential potential may appear in the context of the D_3 anti-D_3 cosmology [43]. The tachyon potential for the coincident D_3 anti-D_3 is twice the potential for non-BPS D_3-brane [44]. The latter is given by V (ϕ) = 2β^2T_3/ cosh( √ βM_sϕ) [45], where β is a warp factor at the position of the D_3 anti-D_3 in the internal compact space, T_3 is the tension of branes. Then the potential behaves as V (ϕ) ∼ β^2T_3e^{−√βMsϕ} at sufficiently late times (ϕ → ∞), which has a correspondence

V_0 = β^2T_3 , μ = √ βM_s , (31)

in Eq. (30). Therefore V_0 and μ are not free parameters if we restrict to string theory. In what follows we will consider cosmological constraints on the exponential potential (30) in general and then proceed to the case in which the potential is motivated by string theory.

By Eq. (12) the slow-roll parameter is given by ϵ = μ^2M^2_p e^{μϕ}/2V_0. The accelerated expansion occurs for ϵ < 1, but this stage eventually ends for ϕ > ϕ_f ≡ (1/μ)log (2V_0/μ^2M^2_p ). Therefore the current acceleration of the universe corresponds to transient quintessence for exponential potentials. Let us employ the slow-roll approximation (11) around the redshift z̃ <∼ O(1) under the condition that the energy density of the universe is dominated by ρ_ϕ. Then the slow-roll parameter ϵ is simply written as ϵ ≃ μ^2 6H^2_0

. (32)

This means that accelerated expansion occurs for μ <∼ H_0.

The evolution of the field ϕ is given by [48] e^{−μϕ0 /2} − e^{−μϕ/2} = μ^2M_p 2 √ 3V_0

(t − t_0) , (33)

where ϕ_0 and t_0 are the present values. Under the condition with |μ(ϕ−ϕ_0)| ≪ 1, which is actually required from the observational constraint |Δα/α| ≪ 1 in Eq. (27), we have that ϕ − ϕ_0 ≃ μM_pe^{μϕ/2}/ √ 3V_0(t − t_0). Since the redshift is given by z̃ ≃ −H_0(t − t_0) for small z̃, we find that the time-variation of alpha is approximately written as Δα α ≃ − μ^2 3H^2_0 z̃ . (34)

In order to obtain |Δα/α| = 10^{−6}-10^{−5} around z̃ = O(1), the mass scale μ is constrained to be μ/H_0 = 10^{−3}-10^{−2}. In this case the accelerated expansion actually occurs, since ϵ is much smaller than 1 by Eq. (32).

We need to caution that slow-roll analysis we used is not necessarily valid in presence of the background energy density. In order to confirm the validity of the above analytic estimation, we numerically solved the background equations (14)-(17) together with Eq. (26). Figure 1 shows one example of the variation of alpha for

FIG. 1: The variation of Δα/α as a function of the redshift z̃ for the exponential potential (30) with μ = 8.65 × 10^{−3}H0. Initial conditions are chosen to be xi − 1 = −1.0 × 10^{−12} , yi = 2.5 × 10^{−10} , zi = 0.99 and λ = 5.0 × 10^{−3} at z̃ = 10^6. The present epoch (z̃ = 0) corresponds to Ωϕ ≃ 0.7 and Ωm ≃ 0.3.

FIG. 2: The evolution of the energy densities ρϕ, ρr and ρm for the exponential potential (30) with μ = 8.65 × 10^{−3}H0. Initial conditions are the same as in Fig. 1.

μ = 8.65 × 10^{−3}H_0. Initial conditions of the variables x, y and z are chosen so that a viable cosmological evolution can be obtained starting from the radiation dominant era. We begin integrating around from the redshift z̃ = 10^6 with ϕ̇^2 very close to 1. In Fig. 2 we find that ρ_ϕ decreases similarly to ρ_m around 10^3 <∼ z̃ <∼ 10^5, which comes from the fact that the tachyon behaves as a pressureless dust for ϕ̇^2 ∼ 1. This is followed by a stage with slowly changing energy density ρ_ϕ that behaves as an effective cosmological constant. The tachyon evolves very slowly during this stage (ϕ̇^2 ≪ 1), which leads to the accelerated expansion once the energy density ρ_ϕ becomes dominant. In the case of Fig. 1 we have Ω_ϕ = 0.7 and Ω_m = 0.3 at present (z̃ = 0) with ϵ = λ^2/2 ≪ 1. The universe will eventually enter a phase with a decelerated expansion in future after λ grows of order unity.

In Fig. 1 we find |Δα/α| ≃ 10^{−6}-10^{−5} around the redshift z̃ = O(1), thus showing the validity of our analytic estimation based on the slow-roll approximation. Since one has Δα/α ≃ −2ϵz̃ by Eqs. (32) and (34), the slowroll condition, ϵ ≪ 1, is crucially important to provide an appropriate level of the variation of the effective fine structure constant (|Δα/α| ≪ 1). It is intriguing that the condition for an accelerated expansion is compatible with that for varying alpha around z̃ <∼ O(1). We note that pure cosmological constant does not give rise to any variation of alpha. In this sense the information of varying alpha is important to distinguish between the cosmological constant and the DBI dark energy model.

If we consider the exponential potential motivated by string theory, the mass μ may be replaced by μ = √ βM_s [see Eq. (31)]. Then by Eqs. (24) and (34) we find Δα α ≃ − √ 2π 411 M_p H_0 z̃ ≃ −10^{59} z̃ . (35)

This gives |Δα/α| ≫ 1 for z̃ = O(1), which completely contradicts with observational values. Therefore the mass scale μ given in Eq. (31) is too large to account for the small variation of alpha (Δα/α| ≪ 1). This means that exponential potentials of the tachyon are ruled out from the information of varying alpha if we adopt the mass scale μ motivated by string theory.

IV. INVERSE POWER-LAW POTENTIALS

The model based upon exponential potentials involves very small mass scales (μ ≪ H_0) and suffers from a severe fine tuning problem. We now consider a class of inverse power-law potentials for which the problem of the fine tuning may be considerably reduced. The potentials are of the form:

V (ϕ) = M^{4−n}ϕ^{−n} , (36)

where M has a dimension of mass.

Here again we should emphasize that M is not necessarily a free parameter if we restrict to string theory. If ones takes the tachyon potential Ṽ (φ) = M^{4−n}_s φ^{−n} in the original DBI action (1), we obtain the potential (36) in the action (5) with M = √ βM_s . (37)

We shall first consider arbitrary values of M and then proceed to the case in which the relation (37) is used.

As shown in Ref. [37, 39] the accelerated expansion occurs at a later stage for 0 ≤ n ≤ 2. Employing the slowroll approximation (11), we get the following solution

A_n(t − t_0) = ϕ^{(4−n)/2} − ϕ^{(4−n)/2}_0 ,

A_n = n(4 − n)M^{(n−4)/2}M_p 2 √ 3 , (38)

where t_0 and ϕ_0 are present values. Around the region t ∼ t_0 we can expand the solution as

ϕ = ϕ_0 [1 + B_n(t − t_0)] , B_n = nM_p √ 3(ϕ_0M )^{(4−n)/2}

. (39)

In order for this expansion to be valid, we require |B_n(t− t_0)| ≪ 1.

Then Eq. (28) gives Δα α = nB_n(t − t_0) = − n^2M_p √ 3(ϕ_0M )^{(4−n)/2}H_0 z̃ . (40)

Using the slow-roll approximation 3H^2_0 M^2_p ≃ M^{4−n}ϕ^{−n}_0 around z̃ <∼ O(1), we find Δα α = − n^2 3^{1−2/n} ( M M_p )_{2−8/n} ( H_0 M_p )_{4/n−2} z̃ . (41)

For example one has Δα/α = −4(M/M_p)^{−2}z̃ for n = 2. By Eq. (41) we can constrain the mass scale M by using the information of varying alpha: M M_p = [| | | | Δα α | | | 1 n^2z̃ ( M_p √ 3H_0 )_{(4−2n)/n}]n/(2n−8) . (42)

Let us first consider the case of n = 2 whose cosmological evolution was investigated in Ref. [7, 38]. When we use the constraint |Δα/α| <∼ 10^{−6} for z̃ = O(1), we have M >∼ 10^3M_p by Eq. (42). Such a large mass is obviously problematic since we expect general relativity itself to break down in such a regime. In order to obtain the mass scale M that is smaller than M_p, Δα/α needs to be much greater than unity, thus incompatible with observations.

The problem of the super-Planckian mass scale can be circumvented by considering the class of less steeper potentials with n smaller than 2. In Fig. 3 we plot M/M_p as a function of n for several different values of |Δα/α| at z̃ = 1. The allowed mass scale corresponds to the region which is above the borders shown in this figure. We then have M <∼ M_p for n <∼ 1.9 and M/M_p ∼ 10^{−19}

FIG. 3: The mass scale M/Mp determined by the varying alpha constraint in terms of the function of the power n. Each case corresponds to (a) |Δα/α| = 10^{−5} , (b) |Δα/α| = 10^{−6} , and (c) |Δα/α| = 10^{−7} at z̃ = 1. The curve (d) is the bound which is determined by the condition for accelerated expansion, see Eq. (45).

for n = 1. The mass M has a minimum around n = 0.57. In the limit n → 0 one has M → M_p by Eq. (42). This corresponds to a cosmological constant M^4 with a Planck energy density. Therefore the constraint from varying alpha gives high energy scales around n = 0, which does not provide a realistic dark energy scenario.

Let us consider the evolution of Δα/α together with the background cosmological dynamics. The slow-roll parameter for the field ϕ is ϵ = n^2 2 ( M_p M )_2 1 (ϕM )^{2−n} . (43)

This is constant for n = 2, i.e., ϵ = 2(M_p/M )^2. In order to get an accelerated expansion at late times, we require M > √ 2M_p in this case. The mass scale which is constrained from the information of varying alpha (M/M_p >∼ 10^3) satisfies the condition for acceleration.

When n < 2 the condition for accelerated expansion, ϵ < 1, yields ϕM > ( n √ 2 M_p M )_{2/(2−n)} . (44)

The initial value of the field in the radiation dominant epoch needs to be chosen so that it satisfies the condition (44) at late times. For example one has ϕM > 5.0 × 10^{37} for n = 1 and M/M_p = 10^{−19}. We can place another constraint on the mass scale M . The present potential energy is approximated by V (ϕ_0) = M^4/(ϕ_0M )^n ≃ ρ_c ≃ 10^{−47}GeV^4 with ϕ_0 satisfying Eq. (44). Then we obtain the relation M M_p > [( ρ_c M^4_p

)_{1−} n_2 ( n √ 2 )_n]1/(4−n) . (45)

In Fig. 3 this bound is plotted as a curve (d). We find that the varying alpha bound (42) provides a severer constraint compared to (45) coming from the condition of accelerated expansion. Therefore it is important to take into account the information of varying alpha when we constrain the inverse power-law potential.

We shall numerically study the evolution of Δα/α in order to confirm the analytic estimation based on the slow-roll approximation. First of all, we checked that the inverse square potential (n = 2) can explain the required variation of α (|Δα/α| = 10^{−6}-10^{−5}) provided that the mass M is much larger than the Planck mass. However this mass scale is unacceptably large from the viewpoint of the validity of general relativity.

Let us proceed to the case with n < 2. By Eq. (43) the slow-roll parameter decreases as the field evolves toward larger values. We can consider two situations which lead to the acceleration of the universe at late times. The first is the case in which the slow-roll condition ϵ ≪ 1 is satisfied even for z̃ > O(1) [we call this the case (a)]. In this case the field ϕ evolves slowly (ϕ̇^2 ≪ 1) during the transition from the matter-dominant era to the scalar field dominant era. The second corresponds to the case in which the slow-roll parameter is larger than 1 for z̃ >∼ 1 but becomes less than 1 for z̃ <∼ 1 [we call this the case (b)]. Since the transition from the non slow-roll phase to the slow-roll stage occurs around z̃ ∼ 1 in this case, one can not necessarily employ the approximation (11) in this region.

In both cases one can obtain a viable cosmological evolution which reaches Ω_ϕ ≃ 0.7 and Ω_m ≃ 0.3 at present. In Fig. 4 we plot the evolution of Ω_ϕ, Ω_m and Ω_r for n = 1 and M = 3.79 × 10^{−19} with the present value ϕ_0M = 1.50 × 10^{44} [corresponding to the case (a)]. In this case the slow-roll parameter ϵ is much smaller than unity and is nearly constant even for z̃ > O(1), as plotted in Fig. 5. When ϵ becomes less than unity only near to the present [the case (b)], we numerically checked that a viable cosmological solution that leads to the late-time acceleration can be obtained as well.

We can distinguish the above two different cases by having a look at the evolution of the effective fine structure constant. Figure 6 shows that |Δα/α| is kept to be small (|Δα/α| ∼ 10^{−6}) even for z̃ < O(1) in the case (a). This reflects the fact that the field ϕ evolves very slowly because of a small slow-roll parameter (ϵ ≪ 1). On the other hand the situation is different in the case (b). Since the evolution of the field ϕ is not described by a slow-roll for z̃ >∼ 1, this leads to a larger variation of alpha com-

FIG. 4: The evolution of Ωϕ, Ωm and Ωr as a function of the redshift z̃ for the inverse power-law potential with n = 1 and M = 3.79 × 10^{−19} . This case satisfies Ωϕ = 0.7 and ϕ0M = 1.50 × 10^{42} at z̃ = 0. This cosmological evolution corresponds to the case (a) in which the slow-roll condition ϵ ≪ 1 is satisfied for z̃ > O(1).

pared to the one derived by the slow-roll analysis. This property is clearly seen in Fig. 6.

The above results indicate that the field ϕ needs to satisfy the condition (44) in the matter-dominant era prior to the accelerating phase in order for the variation of α to be compatible with observations. Together with the minimum mass scale M determined by Eq. (42), the information of varying alpha places a constraint on the initial condition of ϕ. In the case (a) which gives |Δα/α| = 10^{−6}-10^{−5} around z̃ = O(1) the variation of alpha is small even for z̃ ≫ 1, thus satisfying the nucleosynthesis constraint |Δα/α| < 2×10^{−8} around z̃ = 10^8- 10^{10} [46] (see Fig. 6).

Let us finally consider the case in which the mass scale is constrained by Eq. (36) from string theory. Figure 3 indicates that M/M_p > 10^{−25} from the requirement of varying alpha. Using Eqs. (25) and (36) we find that the string mass scale is unacceptably large, i.e., M_s/M_p >∼ 10^5. In order to obtain M_s <∼ M_p we require the condition |Δα/α| ≫ 1, which is incompatible with observations. Therefore the inverse-power law potential is disfavored from the information of varying alpha when we use the mass scale M motivated by string theory.

FIG. 5: The evolution of the slow-roll parameter ϵ for the inverse power-law potential with n = 1 and M = 3.79×10^{−19} . Each case corresponds to (a) ϕ0M = 1.50 × 10^{42} and (b) ϕ0M = 3.98 × 10^{36} at z̃ = 0. In the case (a) ϵ is nearly constant with ϵ ≪ 1. Meanwhile ϵ becomes smaller than 1 only near to the present in the case (b).

FIG. 6: The variation of alpha as a function of the redshift z̃ with same model parameters and initial conditions as in Fig. 5. The case (a) shows a small variation of alpha, whereas the case (b) gives large values of |Δα/α|.

V. ROLLING MASSIVE SCALAR POTENTIAL

Let us finally study the rolling massive scalar potential [8] V (ϕ) = V_0e^{12 M 2ϕ2} , (46)

where V_0 and M are constants. If one considers the potential V (φ) = T_3e^{12 M 2s φ2} in the original action (1), one obtains the potential (46) in the action (5) with correspondence

V_0 = β^2T_3 , M = √ βM_s , (47)

The cosmological dynamics for this potential was investigated in the context of inflation [8] and dark energy [39]. In both cases we require small warp factor β (≪ 1) to satisfy observational constraints.

In our scenario we recall that the warp factor is constrained by Eq. (24) from the present value of alpha. In this case it is easy to confirm that the potential (46) with V_0 = β^2T_3 and |ϕM | ≪ 1 can account for the the present value of the Hubble constant H_0, provided that the string mass scale M_s is the same order as T^{1/4}_3 . In what follows we shall study a situation in which the field evolves close to the potential minimum at present (|ϕ_0M | ≪ 1).

The evolution equation for the massive DBI scalar is ϕ̈ 1 − ϕ̇^2

+ 3Hϕ̇ + M^2ϕ = 0 . (48)

The Hubble rate at present is approximately given by H_0 ≃ √ V_0/(3M^2_p ). We wish to consider the case with V_0 and M given by Eq. (47). Then the mass M is much larger than H_0 as long as M_s is not too much smaller than M_p, so the friction term is negligible around the potential minimum. When ϕ̇^2 ≪ 1 the solution for Eq. (48) may be given by

ϕ ≃ Φ cos(M t) , (49)

where Φ is the field amplitude. In fact we numerically checked that the field ϕ oscillates as in Eq. (49) for M ≫ H_0 and ϕ̇^2 ≪ 1.

In the oscillatory regime, the condition for acceleration for the DBI scalar is

⟨ϕ̇^2⟩ = M^2Φ^2 1 T ∫_T 0 sin^2(M t)dt < 2/3 , (50)

where T is the period of oscillations. This gives

M^2Φ^2 < 4/3 . (51)

Let us consider the situation with M^2Φ^2 < 4/3. Then by Eq. (29) the variation of α is approximately given by Δα α ≃ − 1 2 M^2(ϕ^2 − ϕ^2_0) . (52)

Since |ϕ^2 − ϕ^2_0| <∼ Φ^2, we obtain | | | | Δα α | | | | <∼ 1 2 M^2Φ^2 . (53)

It is possible to have |Δα/α| ∼ 10^{−6}-10^{−5} if |M Φ| is of order 10^{−3}-10^{−2}. We recall that the condition for acceleration is satisfied in this case. When M ≫ H_0 the time scale of the oscillation of the field ϕ is much smaller than the cosmological time corresponding to the redshift z̃ = O(1). For the choice (47), M is much larger than the Hubble rate H around z̃ = O(1), which means that the above estimation for alpha is valid even for z̃ = O(1). The field oscillates coherently for many times while the universe evolves from z̃ = O(1) to z̃ = 0. In this case we have an interesting possibility to explain the oscillation of alpha which is actually seen in observational data [17, 32].

In Ref. [8] the potential (46) was used for the inflation in early universe, in which case the warp factor is constrained to be β ∼ 10^{−9} from the COBE normalization (in this scenario the problem of reheating is overcome by accounting for a negative cosmological constant that may come from the stabilization of the modulus). This warp factor is very different from the one given in Eq. (25). In the so-called KKLT scenario [47], one may try to link the quintessential anti-D3 brane with the primordial inflationary anti-D3 brane. To this end, one should think of a mechanism which explains the reduction of β from β ∼ 10^{−9} to β ∼ 10^{−61} at some time after a reheating epoch. The warp factor at the tip of the Klebanov- Strassler throat in which the anti-D3 branes live is given by [49]

β ∼ exp ( − 4πN 3g_sM ) , (54)

where g_s is the string coupling constant, and the integers M, N denote the R-R and NS-NS three form fluxes, respectively, in the Calabi-Yau manifold of the compact space. The warp factor has its minimum value at this point in the KS throat. This minimum can be extremely small for suitable choice of fluxes. The RR flux annihilation [50] may then explain the reduction of the warp factor at the tip of the KS throat.

We have found that the effective mass on anti-D3 branes is m_{eff} = √ βM_s ∼ 10^{−12} GeV. This makes all massive excitations of the branes to be quite light. However, massive strings stretching between two nearly coincident such light branes which may play the role of W-bosons need not to be light. In fact the mass of stretched open string between two branes with separation ℓ and in the warped metric Eq. (2) is given by M^2_W = ℓ^nℓ^mg_{nm} = β^{−1}ℓ^2 ∼ 10^{61}ℓ^2. For small enough ℓ one can find a suitable W-boson mass.

VI. CONCLUSIONS

In this paper we have studied the variation of the electromagnetic coupling in the frame work of Dirac-Born-

Infeld (DBI) type dark energy models. Since the Born- Infeld scalar field is generally coupled to gauge fields, the cosmological evolution of it naturally leads to the change of the effective fine structure constant. This can provide an interesting possibility to explain the observational data of the variation of alpha (|Δα/α| = 10^{−5}- 10^{−6}) around the redshift z̃ <∼ O(1).

We adopted a configuration that branes are located in a ten-dimensional spacetime with a warp factor β. Then we find that the effective fine structure constant is given by α = β^2M^4_s /(2πV (ϕ)), where M_s is the string mass scale and V (ϕ) is the potential of the field ϕ. Since the potential energy at present is related with the Hubble constant H_0 ∼ 10^{−42} GeV, one can estimate the warp factor β by using the present value of alpha (α = 1/137). This is found to be β ≃ 10^{−61} when M_s is the same order as the Planck mass M_p. If one attempts to use the DBI field for the inflation in early universe, the COBE normalization gives β ≃ 10^{−9} for exponential type potentials [8]. Therefore we can not use the single DBI field both for inflation and dark energy unless some specific mechanism makes the value of β smaller after inflation.

Since α is inversely proportional to V (ϕ), the variation of alpha is dependent on the forms of the DBI potentials. We have considered three different potentials–(i) exponential: V (ϕ) = V_0e^{−μϕ} (Sec. III), (ii) inverse powerlaw: V (ϕ) = M^{4−n}ϕ^{−n} (Sec. IV) and (iii) rolling massive scalar: V (ϕ) = V_0e^{12 M 2ϕ2} (Sec. V). We performed numerical calculations as well as analytic estimations in order to confirm the validity of slow-roll approximations.

For the exponential potential transient acceleration occurs when the quantity λ defined in Eq. (18) is less than unity [39], while the asymptotic solution is dust-like. We found that both conditions of varying alpha and accelerated expansion are satisfied for μ/H_0 = 10^{−3}-10^{−2}. However if we adopt the mass scale μ motivated by string theory [see Eq. (31)], this gives unacceptably large variation of alpha (|Δα/α| ≫ 1), which contradicts with observations.

The inverse power-law potential gives rise to an accelerated expansion at late times for n ≤ 2. Note that the inverse square potential (n = 2) corresponds to the cosmological scaling solution that marks the border of acceleration and deceleration. We placed constraints on the mass scale M from the information of varying alpha, see Fig. 3. Although M needs to be much larger than M_p for n = 2, this problem is circumvented when n is less than 2. We have numerically confirmed that it is possible to have |Δα/α| = 10^{−6}-10^{−5} provided that the slow-roll parameter ϵ is nearly constant with ϵ ≪ 1 around the redshift z̃ = O(1). Nevertheless this potential is again disfavored observationally if we use the mass scale M constrained by string theory.

The rolling massive scalar potential leads to the acceleration of the universe when the amplitude of the oscillation of ϕ is small. For the mass scale M constrained by string theory (M = √ βM_s) the field ϕ oscillates coherently with a time scale M^{−1} much smaller than H^{−1}_0 . If the amplitude Φ satisfies the condition |M^Φ| = 10^{−3}- 10^{−2}, it is possible to obtain |Δα/α| = 10^{−6}-10^{−5} for the redshift z̃ < O(1) together with the condition for accelerated expansion. Then this potential is favoured observationally unlike exponential and inverse power-law potentials.

We thus found that the varying alpha provides a powerful tool to constrain several different DBI potentials motivated by string theory. It is of interest to extend our analysis to the case in which the constraints coming from CMB and structure formation are taken into account.

ACKNOWLEDGMENTS

We are grateful to T. Padmanabhan for valuable guidance throughout the work and D. V. Ahluwalia- Khalilova, M. Alishahiha, H. Chand, E. J. Copeland, N. Dadhich and T. Qureshi for useful discussions.

[1] A. G. Riess et al. [Supernova Search Team Collaboration], Astron. J. 116 (1998) 1009; S. Perlmutter et al. [Supernova Cosmology Project Collaboration], Astrophys. J. 517 (1999) 565; N. A. Bahcall, J. P. Ostriker, S. Perlmutter and P. J. Steinhardt, Science 284 (1999) 1481.

[2] V. Sahni and A. A. Starobinsky, Int. J. Mod. Phys. D 9, 373 (2000); T. Padmanabhan, Phys. Rept. 380, 235 (2003).

[3] I. Zlatev, L. M. Wang and P. J. Steinhardt, Phys. Rev.

Lett. 82, 896 (1999); P. J. Steinhardt, L. M. Wang and I. Zlatev, Phys. Rev. D 59, 123504 (1999); L. Amendola, Phys. Rev. D 62, 043511 (2000).

[4] C. Armendariz-Picon, V. Mukhanov and P. J. Steinhardt, Phys. Rev. Lett. 85, 4438 (2000); Phys. Rev. D 63, 103510 (2001); T. Chiba, T. Okabe and M. Yamaguchi, Phys. Rev. D 62, 023511 (2000).

[5] A. Y. Kamenshchik, U. Moschella and V. Pasquier, Phys.

Lett. B 511, 265 (2001); N. Bilic, G. B. Tupper and R. D. Viollier, Phys. Lett. B 535, 17 (2002); M. C. Bento, O. Bertolami and A. A. Sen, Phys. Rev. D 66, 043507 (2002).

[6] G. R. Dvali, G. Gabadadze and M. Porrati, Phys.

Lett. B 485, 208 (2000); C. Deffayet, G. R. Dvali and G. Gabadadze, Phys. Rev. D 65, 044023 (2002); V. Sahni and Y. Shtanov, JCAP 0311, 014 (2003); S. M. Carroll, V. Duvvuri, M. Trodden and M. S. Turner, Phys. Rev. D 70, 043528 (2004).

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

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

[8] M. R. Garousi, M. Sami and S. Tsujikawa, Phys. Rev. D 70, 043536 (2004); M. R. Garousi, M. Sami and S. Tsujikawa, Phys. Lett. B to appear [arXiv:hep-th/0405012].

[9] A. Sen, JHEP 9910, 008 (1999); JHEP 0204, 048 (2002);

JHEP 0207, 065 (2002); M. R. Garousi, Nucl. Phys. B 584, 284 (2000); Nucl. Phys. B 647, 117 (2002); JHEP 0304, 027 (2003); JHEP 0305, 058 (2003); JHEP 0312, 036 (2003).

[10] P. A. M. Dirac, Nature, 139, 323 (1937). [11] J. P. Uzan, Rev. Mod. Phys. 75, 403 (2003). [12] Y. Fujii et al., Nuc. Phy. B 573, 377 (2000). [13] M. P. Savedoff, Nature 178, 688-689 (1956); J. N. Bahcall, W. L. W. Sargent and M. Schmidt, Astrophys. J. 149, L11-L15 (1967).

[14] A. M. Wolf, R. L. Brown and M. S. Roberts, Phys.

Rev. Lett. 37, 179(1976); L. L. Cowie and A. Songaila, Astrophys. J. 453, 596 (1995); D. A. Varshalovich, V. E. Ivanchik and A. V. Ivanchik, Astron. Lett, 22, 6 (1996).

[15] M. T. Murphy, J. Webb, V. Flambaum and J. X. Prochaska and A. M. Wolfe, Mon. Not. R. Soc. 327, 1237 (2001).

[16] V. A. Dzuba,V. V. Flambaum, J. K. Webb, Phys. Rev.

Lett. 82, 888 (1999); J. K. Webb et al., Webb, J. K., Phys. Rev. Lett. 87, 091301 (2001); M. T. Murphy, J. K. Webb and V. V. Flambaum, Month. Not. R. Astron. Soc. 345, 609 (2003).

[17] H. Chand, R. Srianand, P. Petitjean and B. Aracil, Astron. Astrophys. 417, 853 (2004); R. Srianand, H. Chand, P. Petitjean and B. Aracil, constant Phys. Rev. Lett. 92, 121302 (2004).

[18] J. D. Bekenstein, Phys. Rev. D 25 (1982) 1527. [19] M. Livio and M. Stiavelli, Ap. J. Lett. 507 (1998) L13. [20] G. R. Dvali and M. Zaldarriaga, Phys. Rev. Lett. 88, 091303 (2002).

[21] T. Chiba and K. Kohri, Prog. Theor. Phys. 107 (2002) 631.

[22] S. J. Landau and H. Vucetich, Astrophys. J. 570, 463 (2002).

[23] H. B. Sandvik, J. D. Barrow and J. Magueijo, Phys. Rev.

Lett. 88, 031302 (2002); J. D. Barrow, H. B. Sandvik and J. Magueijo, Phys. Rev. D 65, 063504 (2002); J. D. Barrow, J. Magueijo and H. B. Sandvik, Phys. Lett. B 541, 201 (2002).

[24] K. A. Olive and M. Pospelov, Phys. Rev. D 65, 085044 (2002).

[25] C. Wetterich, Phys. Lett. B 561, 10 (2003). [26] L. Anchordoqui and H. Goldberg, Phys. Rev. D 68, 083513 (2003).

[27] E. J. Copeland, N. J. Nunes and M. Pospelov, Phys. Rev.

D 69, 023501 (2004).

[28] N. J. Nunes and J. E. Lidsey, Phys. Rev. D 69, 123511 (2004).

[29] D. Parkinson, B. A. Bassett and J. D. Barrow, Phys.

Lett. B 578, 235 (2004).

[30] D. S. Lee, W. Lee and K. W. Ng, arXiv:astro-ph/0309316.

[31] M. Byrne and C. Kolda, arXiv:hep-ph/0402075. [32] Y. Fujii and S. Mizuno, arXiv:astro-ph/0404222. [33] S. Lee, K. E. Olive and M. Pospelov, arXiv:astro-ph/0406039.

[34] T. Damour and K. Nordtvedt, theories,” Phys. Rev. Lett.

70, 2217 (1993); T. Damour and K. Nordtvedt, Phys. Rev. D 48, 3436 (1993); D. S. Lee, W. Lee and K. W. Ng, astro-ph/0309316; T. Damour and A. M. Polyakov, Nucl. Phys. B 423, 532 (1994); Gen. Rel. Grav 26, 1171 (1994).

[35] R.G. Leigh, Mod. Phys. Lett. A 4, 2767 (1989); C.G.

Callan, C. Lovelace, C.R. Nappi, S.A. Yost, Nucl. Phys.

B 308, 221 (1988); A. Abouelsaood, C.G. Callan, C.R. Nappi, S.A. Yost, Nucl. Phys. B 280, 599 (1987); A.A. Tseytlin, arXiv:hep-th/9908105.

[36] M.R. Garousi, JHEP 0312, 035 (2003) [arXiv:hep-th/0307197].

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

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

[39] E. J. Copeland, M. R. Garousi, M. Sami and S. Tsujikawa, arXiv:hep-th/0411192.

[40] 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); A. V. Frolov, L. Kofman and A. A. Starobinsky, Phys. Lett. B 545, 8 (2002); M. Sami, Mod. Phys. Lett. A 18, 691 (2003); M. Sami, P. Chingangbam and T. Qureshi, arXiv: hep-th/0301140; 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, arXiv: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, arXiv:hep-th/0304226; S. Nojiri and S. D. Odintsov, Phys. Lett. B 571, 1 (2003); E. Elizalde, J. E. Lidsey, S. Nojiri and S. D. Odintsov, Phys. Lett. B 574, 1 (2003); D. A. Steer and F. Vernizzi, Phys. Rev. D 70, 043527 (2004); V. Gorini, A. Y. Kamenshchik, U. Moschella and V. Pasquier, Phys. Rev. D 69, 123512 (2004); L. P. Chimento, Phys. Rev. D 69, 123517 (2004); M. B. Causse, arXiv: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, arXiv:astro-ph/0405041; G. Calcagni, arXiv:hep-th/0406006; J. Raeymaekers, JHEP 0410, 057 (2004); G. Calcagni and S. Tsujikawa, Phys. Rev. D 70, 103514 (2004) [arXiv:astro-ph/0407543]; S. K. Srivastava, arXiv:gr-qc/0409074; K L. Panigrahi, Phys. Lett. B 601, 64 (2004); N. Barnaby and J. M. Cline, arXiv:hep-th/0410030; P. Chingangbam, S. Panda and A. Deshamukhya, arXiv: hep-th/hep-th/0411210.

[41] E. J. Copeland, A. R. Liddle and D. Wands, Phys. Rev.

D 57, 4686 (1998).

[42] F. Piazza and S. Tsujikawa, JCAP 06, 005 (2004);

S. Tsujikawa and M. Sami, Phys. Lett. B 603, 113 (2004); M. Sami, N. Savchenko and A. Toporensky, arXiv:hep-th/0408140.

[43] S. Kachru, R. Kallosh, A. Linde, J. Maldacena, L. McAllister and S. P. Trivedi, JCAP 0310, 013 (2003).

[44] A. Sen, Phys. Rev. D 68, 066008 (2003); M.R. Garousi, arXiv:hep-th/0411222.

[45] N. Lambert, H. Liu and J. Maldacena, arXiv:hep-th/0303139.

[46] L. Bergstrom, S. Iguri and H. Rubinstein, Phys. Rev. D 60, 045005 (1999).

[47] S. Kachru, R. Kallosh, A. Linde and S. P. Trivedi, Phys.

Rev. D 68, 046005 (2003).

[48] M. Sami, P. Chingangbam, T. Qureshi, Phys. Rev. D 66, 043530 (2002).

[49] S. Giddings, S. Kachru and J. Plchinski, Phys. Rev. D 66, 106006 (2002).

[50] S. Kachru, J. Pearson, H. verlinde, JHEP 0206, 021 (2002) [arXiv:hep-th/0112197].