arXiv:1105.0651v1 [astro-ph.CO] 3 May 2011

EMERGENT UNIVERSE FROM SCALE INVARIANT TWO MEASURES THEORY

Sergio del Campo^∗ Instituto de Física, Pontificia Universidad Católica de Valparaíso, Avenida Brasil 2950, Casilla 4059, Valparaíso, Chile.

Eduardo I. Guendelman^† and Alexander B. Kaganovich^‡ Physics Department, Ben Gurion University of the Negev, Beer Sheva 84105, Israel

Ramón Herrera^§ Instituto de Física, Pontificia Universidad Católica de Valparaíso , Avenida Brasil 2950, Casilla 4059, Valparaíso, Chile.

Pedro Labraña^¶ Departamento de Física, Universidad del Bío Bío, Avenida Collao 1202, Casilla 5-C, Concepción, Chile. (Dated: May 4, 2011)

The dilaton-gravity sector of a linear in the scalar curvature, scale invariant Two Measures Field Theory (TMT), is explored in detail in the context of closed FRW cosmology and shown to allow stable emerging universe solutions. The model possesses scale invariance which is spontaneously broken due to the intrinsic features of the TMT dynamics. We study the transition from the emerging phase to inflation, and then to a zero cosmological constant phase. We also study the spectrum of density perturbations and the constraints that impose on the parameters of the theory.

PACS numbers: 98.80.Cq, 04.20.Cv, 95.36.+x

As a way to address the cosmological constant (CC) problem [1]-[3], the accelerated expansion of the late time universe[4], the cosmic coincidence [5] (see also reviews on dark energy[6]-[8], dark matter [9] and references therein), many models have been proposed with the aim to find answer to these puzzles, for example: the quintessence[10], coupled quintessence[11], k-essence[12],[13].

One can add to the list of puzzles the problem of initial singularity[14],[15], including the singularity theorems for scalar field-driven inflationary cosmology[16], resolution of which is perhaps a crucial criteria for the true theory. The avoidance of the initial singularity will be the central question that we will address in this paper, exploring the idea of the ”emerging universe”, where the universe has a non singular origin, such that the Einstein Universe. Although the original proposal for the emerging Universe [17] suffered an instability, several proposals to formulate a stable model have been given [18], in particular one is obtained by invoking Jordan Brans Dicke models[19] In this paper we explore a model including gravity and a single scalar field ϕ in the framework of the so called Two Measures Field Theory (TMT)[20]-[25]. In TMT, many cosmological issues can be addressed: zero vacuum energy is obtained without fine tuning, the fifth force problem is resolved and the Einstein’s GR is restored when the local fermion matter energy density (i.e in the space-time regions occupied by matter) is much larger than the vacuum energy density. In this paper, we will address the existence and stability of the emerging universe in TMT. In a previous work, [26] in which a square curvature term was almost of the TMT structure (except for a contribution that gave rise to a cosmological term), an emergent universe was described.

TMT is a generally coordinate invariant theory, where the action has to be of the form[21]-[25] S = ∫ L_1Φd^4x + ∫ L_2 √ −gd^4x, (1) including two Lagrangians L_1 and L_2 and two measures of integration √ −g and Φ. One is the usual measure of integration √ −g in the 4-dimensional space-time manifold equipped with the metric g_{μν} . The other is the new

∗Electronic address: sdelcamp@ucv.cl †Electronic address: guendel@bgu.ac.il ‡Electronic address: alexk@bgu.ac.il §Electronic address: ramon.herrera@ucv.cl ¶Electronic address: plabrana@ubiobio.cl

measure of integration Φ in the same 4-dimensional space-time manifold. The measure Φ being a scalar density and a total derivative (see Ref.[27]) may be defined by means of four scalar fields φ_a (a = 1, 2, 3, 4), Φ = ε^{μναβ} ε_{abcd}∂_μφ_a∂_ν φ_b∂_αφ_c∂_β φ_d. (2) It is assumed that the Lagrangian densities L_1 and L_2 are functions of all matter fields, the dilaton field, the metric, the connection but not of the ”measure fields” (φ_a ). In such a case, i.e. when the measure fields enter in the theory only via the measure Φ, the action (1) possesses an infinite dimensional symmetry. In the case given by Eq.(2) these symmetry transformations have the form φ_a → φ_a + f_a(L_1), where f_a(L_1) are arbitrary functions of L_1 (see details in Ref.[21]). In this paper we will insist in keeping this symmetry and therefore the TMT structure.

We assume here that all fields, including also the metric, connection and the measure fields are independent dynamical variables. All the relations among them are results of the equations of motion. In particular, the independence of the metric and the connection means that we proceed in the first order formalism and the relation between connection and metric is not necessarily according to Riemannian geometry.

Varying the measure fields φ_a, we get B^μ_a ∂_μL_1 = 0 where B^μ_a = ε^{μναβ} ε_{abcd}∂_ν φ_b∂_αφ_c∂_β φ_d. Since Det(B^μ_a ) =^{4−4}_{4!} Φ^3 it follows that if Φ ≠ 0,

L_1 = sM^4 = const, (3)

where s = ±1 and M is a constant of integration with the dimension of mass.

We proceed now to discuss the question of scale invariance in the context of TMT. A dilaton field ϕ allows to realize a spontaneously broken global scale invariance[22]. We postulate that the theory is invariant under the global scale transformations:

g_{μν} → e^θg_{μν} , Γ^μ_{αβ} → Γ^μ_{αβ} , φ_a → λ_{ab}φ_b where det(λ_{ab}) = e^{2θ}, ϕ → ϕ − M_p α θ. (4) We choose an action which, except for the modification of the general structure caused by the basic assumptions of TMT, does not contain any exotic terms and fields as like as in the conventional formulation of the minimally coupled scalar-gravity system. Keeping the general structure (1), it is convenient to represent the underlying action of our model in the following form [24]: S = ∫ d^4xe^{αϕ/Mp} [ − 1 2 κ R(Γ, g)(Φ + b_g √ −g) + (Φ + b_ϕ √ −g) 1 2 g^{μν} ϕ_{,μ}ϕ_{,ν} − e^{αϕ/Mp} ( ΦV_1 + √ −gV_2 ) ] , (5)

where b_g represents the coupling constant of the curvature scalar and b_ϕ of the scalar kinetic term to √ −g, respectively.

We use κ = 8π/M^2_p where M_p is the four-dimensional Planck mass. In the equations of motion following from this action, we change the metric to the new one g̃_{μν} = e^{αϕ/Mp} (ζ + b_g)g_{μν} , (6) where ζ ≡^{Φ√}_{−g} . The conformal metric g̃_{μν} represents the ”Einstein frame”, since the connection becomes Riemannian. Notice that g̃_{μν} is invariant under the scale transformations (4). After the change of variables to the Einstein frame the gravitational equations take the standard GR form

G_{μν} (g̃_{αβ} ) = κ T^{ef f}_{μν} , (7)

where G_{μν} (g̃_{αβ} ) is the Einstein tensor. The energy-momentum tensor, T^{ef f}_{μν} , becomes T^{ef f}_{μν} = ζ + b_ϕ ζ + b_g ( ϕ_{,μ}ϕ_{,ν} − 1 2 g̃_{μν}g̃^{αβ}ϕ_{,α}ϕ_{,β} ) − g̃_{μν} b_g − b_ϕ 2(ζ + b_g) g̃^{αβ}ϕ_{,α}ϕ_{,β} + g̃_{μν} V_{ef f} (ϕ; ζ, M), (8) where the function V_{ef f} (ϕ; ζ, M) is defined as following: V_{ef f} (ϕ; ζ, M) = b_g [ sM^4e^{−2αϕ/Mp} + V_1 ] − V_2 (ζ + b_g)^2

, (9)

where V_1 and V_2 are two arbitrary constants. In order to have V_{ef f} > 0 the two constant, V_1 and V_2, should satisfy the inequality b_gV_1 > V_2 for ϕ → ∞.

The scalar field ζ is determined by the consistency of (7) with (3), which lead to the constraint (b_g − ζ) [ sM^4e^{−2αϕ/Mp} + V_1 ] − 2V_2 − δ · b_g(ζ + b_g)Z = 0, (10)

where Z ≡^1_2 g̃^{αβ} ϕ_{,α}ϕ_{,β} and δ =^{bg −bϕ}_{bg} .

The effective energy-momentum tensor (8) can be represented in a form of a perfect fluid T^{ef f}_{μν} = (ρ+p)u_μu_ν −pg̃_{μν} , where u_μ =^{ϕ,μ}_{(2Z)1/2} with the following energy and pressure densities resulting from Eqs.(8) and (9) after inserting the solution ζ = ζ(ϕ, Z; M) of Eq.(10) ρ(ϕ, Z; M) = Z + (sM^4e^{−2αϕ/Mp} + V_1)^2 − 2δb_g(sM^4e^{−2αϕ/Mp} + V_1)Z − 3δ^2b^2_gZ^2 4[b_g(sM^4e^{−2αϕ/Mp} + V_1) − V_2]

, (11) and p(ϕ, Z; M) = Z − ( sM^4e^{−2αϕ/Mp} + V_1 + δb_gZ )_2

4[b_g(sM^4e^{−2αϕ/Mp} + V_1) − V_2]

. (12)

Notice that if s and V_1 have different signs one might obtains a state with zero energy density.

We now want to consider the detailed analysis of The Emergent universe solutions and in the next section their stability in the TMT scale invariant theory. We start considering the Friedmann-Robertson-Walker closed cosmological solutions of the form

ds^2 = dt^2 − a(t)^2 ( dr^2 1 − r^2

+ r^2(dθ^2 + sin^2θdϕ^2) ) , ϕ = ϕ(t), (13)

where a(t) is the scale factor, and the scalar field ϕ is a function of the cosmic time t only, due to homogeneously and isotropy. We will consider a scenario where the scalar field ϕ is moving in the extreme right region ϕ → ∞. In this case, the expressions for the energy density ρ and pressure p are given by, ρ = A 2 ϕ̇^2 + 3Bϕ̇^4 + C, (14) and p = A 2 ϕ̇^2 + Bϕ̇^4 − C, (15)

respectively. Here, the constants A, B and C are given by,

A = 1 − 2δb_gV_1 4(b_gV_1 − V_2) , B = − δ^2b^2_g 4(b_gV_1 − V_2)

, and C =

V^2_1 4(b_gV_1 − V_2)

, (16)

respectively.

It is interesting to notice that all terms proportional to ϕ̇^4 behave like ”radiation”, since p_{ϕ̇}4 =^{ρϕ̇4}_3 is satisfied. In the same way, the terms proportional to ϕ̇^2 behave like ”stiff” matter, since p_{ϕ̇}2 = ρ_{ϕ̇}2 , and finally, the C constant term behaves like a ”cosmological constant”. The emerging universe can turn into inflation only if C > 0.

The equations that determines the static closed universe a(t) = a_0 = constant, in which ȧ = 0, ä = 0, gives rise to a restriction for ϕ̇_0 that have to satisfy in order to guarantee that the universe be static. Since, ä = 0 is proportional to ρ + 3p, we must require that ρ + 3p = 0, which leads to

3Bϕ̇^4_0 + Aϕ̇^2_0 − C = 0. (17)

This equation leads to two roots, given by

ϕ̇^2_{1,2} = ± √ A^2 + 12BC − A 6B . (18)

Defining the variable y =^{2δbg C}_{V1} , we see that A = 1 − y, BC = −^{y2}_{16} , so the condition that the discriminant be positive, i.e., that A^2 +12BC > 0 gives (1−y)^2 −^{3y2}_4 > 0 or^{y2}_4 −2y +1 > 0, which is satisfied for y < 2(2− √ 3) = 0.54 or y > 2(2 + √ 3) = 7.46. However, for C > 0 the constraint ϕ̇^2 > 0 is only satisfied for y < 0.54 and the other region y > 7.46 has to be discarded. Stability provides further constraints. In fact, as we will see, the second solution can never be stable.

It is also interesting to see that if the discriminant is positive the first solution yields automatically a positive energy density, if we require C > 0. The same requirement is to be adopted if we want the emerging solution to be able to turn into an inflationary solution. Since C > 0, we get that (b_gV_1 − V_2) > 0 in agrement with the fact that V_{ef f} > 0 as was mentioned previously, and therefore we get that B < 0. One can see that the condition ρ > 0 for the first solution reduces to the inequality w > (1 − √ 1 − w)/2, where w = −12BC/A^2 > 0 (recall that B < 0), and as long as w < 1, it is always true that this inequality is satisfied.

In the following we will study the stability of the static solution. Let us consider the perturbation equations. Considering small deviations for ϕ̇ from the static emergent solution (ϕ̇_0) and also the perturbation of the scale factor a, from Eq. (14) we obtain that

δρ = Aϕ̇_0δϕ̇ + 12Bϕ̇^3_0δϕ̇. (19)

At the same time δρ can be obtained from the perturbation of the Friedmann equation, i.e.

3 ( 1 a^2

+ H^2 ) = κρ, (20)

and since we are perturbing a solution which is static, i.e., H = 0, we obtain that − 6 a^3_0 δa = κδρ. (21) We also have the second order Friedmann equation,

1 + ȧ^2 + 2aä a^2 = −κp. (22) Applying to this equation the static emergent solution, i.e. p_0 = −ρ_0/3 and a = a_0, we get 2 a^2_0

= −2κp_0 = 2 3 κρ_0 = Ω_0κρ_0, (23)

where we have chosen to express our result in terms of Ω_0, defined by p_0 = (Ω_0 −1)ρ_0, which for the emerging solution has the value Ω_0 =^2_3 . Using this in Eq.(21), we obtain δρ = − 3Ω_0ρ_0

a_0 δa, (24) and equating the values of δρ as given by Eqs.(19) and (24) we obtain a linear relation between δϕ̇ and δa, which is given by

δϕ̇ = D_0δa, (25)

where

D_0 = −

3Ω_0ρ_0 a_0ϕ̇_0(A + 12Bϕ̇^2_0)

. (26)

We now consider the perturbation of the Eq.(22). In the right hand side of this equation we take that p = (Ω − 1)ρ, with

Ω = 2 ( 1 − U_{ef f} ρ ) , (27) where

U_{ef f} = C + B ϕ̇^4, (28)

and thus, the perturbation of the Eq.(24) leads to,

− 2δa a^3_0 + 2 δä a_0 = −κδp = −κδ[(Ω − 1)ρ]. (29) In order to evaluate this, we use Eqs.(27) and (28), and the expressions that relate the variations in a and ϕ̇ given by Eq.(25). Defining the ”small” variable β as (β ≪ 1)

a(t) = a_0(1 + β), (30)

we obtain

2β̈(t) + W^2_0 β(t) = 0 , (31)

where

W^2_0 = Ω_0 ρ_0 [ 24 B ϕ̇^2_0 A + 12 ϕ̇^2_0 B − 6 (C + B ϕ̇^4_0) ρ_0

− 3κΩ_0 + 2κ ] . (32)

Notice that the sum of the last two terms in the expression for W^2_0 , that is −3κΩ_0 + 2κ vanish since Ω_0 =^2_3 . For the same reason, we have that 6^{(C+B ϕ̇40)}_{ρ0} = 4, which brings us to the simplified expression

W^2_0 = 4 Ω_0 ρ_0 [ 6 B ϕ̇^2_0 A + 12 ϕ̇^2_0 B − 1 ] . (33)

For the stability of the static solution, we need that W^2_0 > 0, where ϕ̇^2_0 is defined either by Eq. (18) (ϕ̇^2_0 = ϕ̇^2_1) or (ϕ̇^2_0 = ϕ̇^2). Notice that since B < 0, 24 B ϕ̇^2_0 < 0, so that for W^2_0 > 0, we need A + 12 ϕ̇^2_0 B < 0. W^2_0 > 0 implies

6 B ϕ̇^2_0 A+12 ϕ̇^2_0 B > 1. Multiplying this inequality by the negative quantity A + 12

ϕ̇2_0 B < 0 and evaluating separately for ϕ̇2_0 = ϕ̇2_1 and ϕ̇2_0 = ϕ̇2 we get that the condition W 2_0 > 0 becomes 4√A2 + 12BC < 8√A2 + 12BC if we use the first solution and −4 √ A^2 + 12BC < −8 √ A^2 + 12BC if we use the second solution. Of course this means that the second solution can never be consistent with stability. For the first solution, we still have to verify that A + 12 ϕ̇^2_0 B < 0. Introducing the relevant expression for ϕ̇^2_0 appropriate for the first solution, and using again the variable y =^{2δbg C}_{V1} , we obtain now that y > 1/2. Putting all together, the existence, the stability previously defined, as well as a reasonable cosmological picture after the emerging phase (inflation), are satisfied for y < 1, to avoid negative kinetic terms during the slow roll phase of inflation. Therefore, in order to have a picture in which the emerge universe is stable and then pass to an inflationary phase is obtained if the following range is satisfied

0.5 < y < 0.54. (34)

The study of the stability of the static solution and the properties of the different equilibrium points could be done in a more systematic way by using a dynamical system approach. In this scheme we rewrite the Friedmann and the conservation of energy equations as an autonomous system in terms of the variables H = ȧ/a and x ≡ ϕ̇^2. In order to do so, we differentiate the Fridmann equation and after using the expressions for ρ and p, given by Eqs.(14), (15) and (22), we obtain: Ḣ = κ 3 [ C − 3B x^2 − A x ] − H^2, (35) and ẋ = −6 H A x + 4B x^2 A + 12B x , (36) where A = 1 − y, as before. The equations (35) and (36) are a two-dimensional autonomous system on the variables H and x.

In order to study the stability of the static solutions we look for critical points of the system (35) and (36). These points are { H = 0 , x = −A + √ A^2 + 12BC 6B } ; (37) { H = 0 , x = −A − √ A^2 + 12BC 6B } ; (38) { H = − √ Cκ 3 , x = 0 } ; { H = √ Cκ 3 , x = 0 } ; { H = − √_{(A2+16BC)κ} B 4 √ 3 , x = − A 4B } ; (39) { H = √_{(A2 +16BC)κ} B 4 √ 3 , x = − A 4B } . (40)

The critical points have different properties depending on the values of the parameters of the model (B and C). At this moment we are not going to give an exhaustive description of these properties for all the critical points, instead, we are going to focus on the particular critical points which are related with static universe. From the definition of the variables H and x we can note that only the first two critical points Eqs. (37) and (38) correspond to a static universe. In order to study the nature of these two critical points we linearize the equations (35) and (36) near these critical points. From the study of the eigenvalues of the system we found that the first critical point, Eq. (37), could be a center or a saddle point, depending on the values of the parameters of the model. On the other hand, the second critical point Eq. (38) is a saddle.

Stable static solutions correspond to a center. This imposes the following conditions for the parameters (B and C) in order that the critical point, Eq. (37), becomes a center.

B < 0 , − 1 64B < C < − √ 3 B^2 − 7 4B . (41)

These conditions also ensure that x > 0 and the positivity of the energy density. If we consider the definition of the parameters A, B and C given in Eq.(16) we can note that Eq. (41) is in agrement with the stability conditions that were found previously.

In Fig. 1 it is shown a phase portrait near the center critical point (H = 0, x = 0.0443) for three numerical solution to Eqs. (35) and (36). Also, in this figure we have included the Direction Field of the system in order to have a picture of how a general solution look like. In this figure we have used the values B = −1 and C = 0.016.

FIG. 1: Plot showing the Direction Field near the center critical point and three numerical solution. Here we have used unit where κ = 1.

Once a transition to a slow roll phase inflationary phase takes place, we then have to see if the resulting inflationary phase can provide enough e-foldings for the solution of the Big-Bang standard problems.

We consider the relevant equations in the slow roll regime, i.e. for ϕ̇^2/2 ≪ V (ϕ) and when the scalar field ϕ is large, but finite. Dropping higher powers of ϕ̇ in the contributions for the kinetic energy, we obtain, ρ = 1 2 γ(ϕ) ϕ̇^2 + V_{ef f} , (42) (43)

with

γ(ϕ) = 1 −

2δb_g(M^4e^{−2αϕ/Mp} + V_1) 4[b_g(M^4e^{−2αϕ/Mp} + V_1) − V_2]

, (44) and V_{ef f} (ϕ) = (M^4e^{−2αϕ/Mp} + V_1)^2 4[b_gV_1 − V_2] [ 1 +^{bg M 4 e−2αϕ/Mp} (b_g V_1 −V_2)

] . (45)

Here we have taken s = 1, b_g > 0 and V_1 < 0, then one obtains without fine tuning a vacuum state with zero energy density and thus V_{ef f} (ϕ̇ = 0, ϕ) ≥ 0.

In the slow roll approximation, we can drop the second derivative term of ϕ and the second power of ϕ̇ in the equation for H^2 and obtain,

3Hγϕ̇ = −V^′_{ef f} , and 3H^2 = κV_{ef f} , (46)

where V^′_{ef f} =^{dVef f}_{dϕ} . The relevant expression for V_{ef f} will be that given by Eq.(45), i.e., where all higher derivatives are ignored, consistent with the slow roll approximation.

We now display the relevant expressions for the asymptotic value of ϕ, these are V_{ef f} ≈ V_0 + V e^{−2αϕ/Mp} , (47) where

V_0 =

V^2_1 4(b_g V_1 − V_2) , V = V_1 M^4(b_gV_1 − 2V_2) 4(b_g V_1 − V_2)^2 , and γ ≈ [ 1 − δb_gV_1 2(b_gV_1 − V_2) ] + e^{−2αϕ/Mp} δb_gV_2M^4 2(b_gV_1 − V_2)^2

= γ_0 + γ_1 e^{−2αϕ/Mp} . (48)

Note that V < 0 since b_g > 0, V_1 < 0 and V_2 < 0.

At the end of inflation, where, ϕ = ϕ_{end}, the parameter ε, defined by ε = −^Ḣ_{H2} , takes an approximated value equal to one (analogous to ä ≃ 0 ). The condition under which inflation takes place can be summarized with the parameter ε satisfying the inequality ε < 1 (or ä > 0). Taking the derivative with respect to the cosmic time of the Hubble parameter and from Eq.(46), we obtain that the condition ε ≃ 1 gives

ε = 1 2κγ (V^′_{ef f} /V_{ef f} )^2 ≃ 1, (49)

working to leading order, setting γ ≈ γ_0, V_{ef f} ≈ V_0 and V^′_{ef f} ≈ −(2α/M_p) V exp(−2αϕ/M_p), we obtain e^{−2αϕend/Mp} ≃ V_0 M_p √ κ γ_0 √ 2 α | V | . (50)

We now consider ϕ_∗ and the requirement that this precedes ϕ_{end} by N e-foldings, N = ∫_{tend} t_∗ Hdt ≈ ∫_{ϕend} ϕ_∗ H ϕ̇ dϕ ≈ − ∫_{ϕend} ϕ_∗ 3H^2γ V^′_{ef f} dϕ. (51)

In the following, the subscripts ∗ and end are used to denote to the epoch when the cosmological scale exit the horizon and the end of inflation, respectively.

Solving H^2 in terms of V_{ef f} using Eq.(46), working to leading order, setting γ = γ_0 and integrating, we obtain that the relation between ϕ_∗ and N becomes

e^{2αϕ∗/Mp} ≈ α | V | √ κγ_0 V_0 M_p [√ 2 − 4α N √ κ γ_0 ] . (52)

We finally calculate the power of the primordial scalar perturbations. The power spectrum of the curvature perturbation in the slow-roll approximation for a not-canonically kinetic term becomes Ref.[28](see also Refs.[29])

P_S = k_1

H^2 c_s ε , (53)

where it was defined the ”speed of sound”, c_s, as c^2_s =^{P, Z}_{P, Z +2ZP, ZZ} , with P (Z, ϕ) function of the scalar field ϕ and the kinetic term, Z = (1/2)~g^{μν} ∂_μϕ∂_ν ϕ, and k_1 = (8πM^2_p )^{−1}. Here P_{, Z} denote the derivative with respect Z. In our case P (Z, ϕ) = γ(ϕ) Z − V_{ef f} , with Z = ϕ̇^2/2. Thus, from Eq.(53) we get

P_S = k_1

H^4 γ(ϕ)ϕ̇^2 . (54)

The scalar spectral index n_s is defined by

n_s − 1 = d ln P_S d ln k = −2ε − η − ξ, (55) where η =^{ε̇}_{ε H} and ξ =^{ċs}_{cs H} .

On the other hand, the generation of tensor perturbations during inflation would produce gravitational waves. The amplitude of the tensor perturbations was evaluated in Ref.[28]. In our case

P_T = 2 3π^2 ( 2ZP_{, Z} − P M^4_P ) , (56)

where the tensor spectral index, n_T , becomes n_T =^{d ln PT}_{d ln k} = −2ε, and they satisfy a generalized consistency relation given by r =^{PT}_{PS} = −8 c_s n_T .

Therefore, the scalar field (to leading order) that should appear in Eq. (54) should be √ γ_0ϕ and thus we have

P_S = k_1 ( H^2 √ γ_0ϕ̇

)_2 = κ^2 V_0 k_1 12 [√ 2 − 4α N M_p √ κ γ_0 ]_2 . (57)

This quantity should be evaluated at ϕ = ϕ_∗ given by Eq.(52).

In Fig.2 we show the dependence of the tensor-scalar ratio r on the spectral index n_s. From left to right α = 0.01 (solid line), α = 0.05 (dash line) and α = 0.1 (dots line), respectively. The dots represent the number of e-folds for the value N = 60. From Ref.[30], two-dimensional marginalized constraints (68% and 95% confidence levels) on inflationary parameters r and n_s, the spectral index of fluctuations, defined at k_0 = 0.002 Mpc^{−1}. The seven-year WMAP data places stronger limits on r. In order to write down values that relate n_s and r, we used Eqs.(55), (56) and (57). Also we have used the values y = 0.52, M = 1 and κ = 1, respectively. We noted that the parameter α, which lies in the range 1 > α > 0, the model is well supported by the data as could be seen from Fig.2.

The dilaton ϕ dependence of the effective Lagrangian appears only as a result of the spontaneous breakdown of the scale invariance. If no fine tuning is made, the energy density ρ(ϕ, Z) and the pressure p(ϕ, Z) depend quadratically upon the kinetic term Z. Hence TMT represents an explicit example of the effective k-essence resulting from first principles without any exotic term in the underlying action intended for obtaining this result. These non linearities in ρ(ϕ, Z) and p(ϕ, Z) play a crucial role in existence and stability of the emerging universe solutions. In this paper we have been successful in describing an emergent universe in a TMT sort of theory.

FIG. 2: The plot shows r versus ns for three values of α. For α = 0.02 solid line, α = 0.05 dash line and α = 0.1 dots line, respectively. Here, we have fixed the values y = 0.52, M = 1 and κ = 1, respectively. The dots represent the number of e-folds for the value N = 60. The seven-year WMAP data places stronger limits on the tensor-scalar ratio [30].

I. ACKNOWLEDGEMENTS

This work was supported by Comision Nacional de Ciencias y Tecnología through FONDECYT Grants 1110230 (SdC), 1090613 (RH). Also it was supported by Pontificia Universidad Catolica de Valparaiso through grants 123.787- 2007 (SdC) and 123.703-2009 (RH). One of us (E.I.G) would like to thank the astrophysics and cosmology group at the Pontificia Universidad Catolica de Valparaiso for hospitality and the Grant FSM0806 Programa MECE 2 Educacion Superior Fondo de Innovacion Visitas de Especialistas. P. L. is supported by FONDECYT grant N^0 11090410 and by Dirección de Investigación de la Universidad del Bío-Bío through Grant N^0 096207 1/R.

[1] S. Weinberg, Rev. Mod. Phys. 61, 1 (1989). [2] S. Weinberg, astro-ph/0005265;

[3] S.M.Carroll, Living Rev. Rel. 4, 1 (2001); J. Garriga, A. Vilenkin Phys.Rev.D64:023517,2001. [4] A. G. Riess et al., Astron. J. 116, 1009 (1998); S. Perlmutter et al., Astrophys. J. 517, 565 (1999); N. Bahcall, J.P. Ostriker, S.J. Perlmutter and P.J. Steinhardt, Science 284, 1481 (1999); D.N. Spergel, et al. [WMAP collaboration], Astrophys. J. Suppl. 148, 175 (2003); A. C. S. Readhead, et al. Astrophys. J. 609, 498 (2004); J. H. Goldstein et al., Astrophys.J. 599, 773-785 (2003); R. Rebolo, et al., Mon. Not. Roy. Astron. Soc. 353, 747 (2004); M. Tegmark, et al. Phys.Rev. D69, 103501 (2004); E. Hawkins et al., Mon.Not.Roy.Astron.Soc. 346, 78 (2003); W. L. Freedman, et al., Astrophys.J. 553, 47 (2001); R. Daly, S.G. Djorgovski, Astrophys.J. 597, 9, (2003).

[5] I. Zlatev, L Wang and P. Steinhardt, Phys. Rev. Lett. 82, 896 (1999).

[6] V. Sahni, A.A. Starobinsky Int.J.Mod.Phys.D9:373-444,2000; P.J.E. Peebles and B. Ratra, Rev. Mod. Phys. 75, 559 (2003);

T. Padmanabhan, Phys. Rep. 380, 235 (2003); N. Straumann, Mod. Phys. Lett. A 21, 1083 (2006) ; T. Padmanabhan, astro-ph/0603114.

[7] U. Alam., V. Sahni and A.A. Starobinsky, JCAP 0406:008 (2004) [8] E.J. Copeland, M. Sami, S. Tsujikawa, Int.J.Mod.Phys. D15, 1753 (2006).

[9] J.R. Ellis, Phil. Trans. Roy. Soc. Lond. A 361, 2607 (2003) ; J.R. Primack, Nucl.Phys.Proc.Suppl.124, 3 (2003). [10] C. Wetterich, Nucl. Phys. B302, 668 (1988). B. Ratra and P.J.E. Peebles , Phys. Rev. D37, 3406 (1988); P.J.E. Peebles and B. Ratra, Astrophys. J. 325, L17 (1988). R. Caldwell, R. Dave and P. Steinhardt, Phys. Rev. Lett. 80, 1582 (1998);

N. Weiss, Phys. Lett. B197, 42 (1987); Y. Fujii and T. Nishioka, Phys. Rev. D42, 361 (1990); M.S. Turner and M. White, Phys. Rev. D56, R4439 (1997); P. Ferreira and M.Joyce, Phys. Rev. Lett. 79, 4740 (1997); Phys. Rev. D58, 023503 (1998). E. Copeland, A. Liddle and D. Wands, Phys. Rev. D57, 4686 (1998); P. Steinhardt, L Wang and I. Zlatev, Phys. Rev. D59, 123504 (1999).

[11] L. Amendola, Phys. Rev. D62, 043511 (2000); L Amendola and D. Tocchini-Valentini, Phys. Rev. D 64, 043509 (2001) [12] T. Chiba, T.Okabe and M Yamaguchi, Phys.Rev.D62 023511 (2000); C. Armendariz-Picon, V. Mukhanov and P.J. Steinhardt, Phys.Rev.Lett. 85 4438, 2000; Phys.Rev.D63 103510 (2001); T. Chiba, Phys.Rev.D66 063514 (2002).

[13] J.K. Erickson, R.R. Caldwell, P.J. Steinhardt, C. Armendariz-Picon, V.F. Mukhanov, Phys.Rev.Lett. 88, 121301 (2002). [14] R. Penrose and S. W. Hawking, Proc. R. Soc. A314, 529 (1970); R. P. Geroch, Phys. Rev. Lett. 17, 445 (1966). [15] S. W. Hawking and G. F. R. Ellis, The Large Scale Structure of Space-time. Cambridge University Press, New York, 1973. [16] A. Borde, A. Vilenkin, Phys.Rev.Lett. 72, 3305 (1994); Int.J.Mod.Phys. D5, 813 (1996).

[17] G. F.R. Ellis, Roy Maartens, Class.Quant.Grav. 21, 223 (2004); G. F.R. Ellis, J. Murugan, C. G. Tsagas, ibid. 21, 233 (2004).

[18] D.J. Mulryne, R. Tavakol, J.E. Lidsey and G.F.R. Ellis, Phys. Rev. 71, 123512 (2005); A. Banerjee, T. Bandyopadhyay and S. Chaakraborty, Grav. Cosmol., 290 13 (2007); J.E. Lidsey and D.J. Mulryne Phys. Rev. 73, 083508 (2006); S. Mukherjee, B.C.Paul, S.D. Maharaj and A. Beesham, arXiv:qr-qc/0505103;S. Mukherjee, B.C.Paul, N.K. Dadhich, S.D. Maharaj and A. Beesham, Class.Quant.Grav. 23, 6927 (2006).

[19] S. del Campo, R. Herrera, P. Labrana, JCAP 0711:030, (2007); S. del Campo, R. Herrera, P. Labrana, JCAP 0907:026, (2009).

[20] E.I. Guendelman and A.B. Kaganovich, Phys. Rev. D53, 7020 (1996); Mod. Phys. Lett. A12, 2421 (1997); Phys. Rev.

D55, 5970 (1997); Mod. Phys. Lett. A12, 2421 (1997); Phys. Rev. D56, 3548 (1997); Mod. Phys. Lett. A13, 1583 (1998). [21] E.I. Guendelman and A.B. Kaganovich, Phys. Rev. D60, 065004 (1999). [22] E.I. Guendelman, Mod. Phys. Lett. A14, 1043 (1999). [23] E.I. Guendelman and O. Katz, Class. Quant. Grav., 20, 1715 (2003). [24] E.I. Guendelman, A.B. Kaganovich, Phys.Rev. D75:083505, (2007).

[25] E.I. Guendelman, A.B. Kaganovich, in Paris 2005, Albert Einstein’s century, p.875, Paris, 2006; hep-th/0603229. [26] S. del Campo, E.I. Guendelman, R. Herrera, P. Labrana, . JCAP 1006:026,2010.

[27] E.I. Guendelman, Class.Quant.Grav. 17, 3673 (2000); E.I. Guendelman, Phys. Rev. D63, 046006 (2002); E.I. Guendelman, A.B. Kaganovich, E. Nissimov, S. Pacheva, Phys. Rev. D66, 046003 (2002); E.I. Guendelman, A. Kaganovich, E. Nissimov, S. Pacheva, Phys.Rev. D72, 086011 (2005).

[28] J. Garriga and V. F. Mukhanov, Phys. Lett. B 458, 219 (1999).

[29] X. Chen, M. x. Huang, S. Kachru and G. Shiu, JCAP 0701, 002 (2007); D. Langlois and S. Renaux-Petel, JCAP 0804, 017 (2008).

[30] D. Larson et al., arXiv:1001.4635 [astro-ph.CO].