arXiv:1207.2568v1 [gr-qc] 11 Jul 2012

A Galileon Design of Slow Expansion: II

Zhi-Guo Liu and Yun-Song Piao College of Physical Sciences, Graduate University of Chinese Academy of Sciences, Beijing 100049, China

We parameterize the evolutions of the slow expansion, which emerges from a static state in infinite past, into different classes. We show that the scale invariant adiabatical perturbation may be generated during these evolutions, and the corresponding evolutions can be realized with generalized Galileon Lagrangians, in which there is not the ghost instability.

PACS numbers:

I. INTRODUCTION

How to apprehend the beginning of the hot “big bang” model has been still a significant issue. The inflationary scenario [1],[2],[3] is the current paradigm of the early universe, which not only homogenizes the universe but provides the scale invariant primordial perturbation responsible for the observable universe [4]. However, the universe still requires a beginning, since in inflationary scenario any backward null or timelike geodesic has a finite affine length [5].

The idea of the emergent universe is interesting [6],[7], in this scenario the universe originates from a static state in the infinite past. In emergent universe scenario, it seems that there might be not a beginning, since the affine length of backward null or timelike geodesic is classical infinite. However, for the model, in which the initial static state is constructed by applying a positive curvature, the static universe will inevitably collapse quantum mechanically [8],[9].

In Refs.[6],[7], after the universe emerges from the static state, the inflation will be required to set the initial conditions of “big bang” model, i.e.the homogenizing and the scale invariant primordial perturbation.

However, when the universe emerges, or begins to deviate from static state, it might be slowly expanding. In Ref.[10], it has been for the first time observed that the slow expansion might adiabatically generate the scale invariant curvature perturbation, see [11] for that induced by the entropy perturbation. Thus it might be imaginable that in emergent universe scenario, the initial state of “big bang” evolution could be set during this slowly expanding period. During the slow expansion, ϵ < 0 is required [10],[12]. Thus in Ref.[10], the phantom has been applied for a phenomenological studying.

Recently, the cosmological application of Galileon, [13], or its nontrivial generalization [14],[15],[16], has acquired increasing attentions, e.g. see [14],[17] for dark energy, [15],[18] for inflation, [19] for curvaton and [20] for bouncing universe, in which ϵ < 0 can be implemented stably, there is not the ghost instability.

The models of the emergent universe scenario can be realized with Galileon, e.g.[21], and also [22]. However, in Refs.[21],[23], the adiabatic perturbation is not scale invariant, thus the obtaining of the scale invariant curvature perturbation has to appeal to the conversion of the perturbations of other light scalar fields, i.e. the mechanism similar to that in Refs.[24],[25]. However, we showed that actually the scale invariant curvature perturbation may be adiabatically generated [22]. Here, with Ref.[5], we will make the relevant scenario clearer.

Here, we will parameterize the evolutions of the slow expansion, which emerges from a static state in infinite past, into different classes, and clarify how the adiabatical perturbation generated could be scale invariant for these parameterizations. When the slow expansion phase ends, the universe reheats and the evolution of “big bang” model begins. We have showed in Ref.[22] that one of these parameterizations can be realized by applying a generalized Galileon. Here, we will show that the other parameterization can be also realized similarly, and the results may be consistent with the observations.

II. AS A GENERAL RESULT

A. The parameterization of “emergence” or slow expansion

That in infinite past the universe is a static state, in which l_{init} > l_P is constant, l_P = 1/M_P and l_{init} is the physical size of initial universe, requires H −→ 0, when t −→ −infinity. (1) Thus the corresponding evolutions can be parameterized as H ∼ 1 β^b(t_∗ − t)^{b+1}

, (2) or e^{−β(t∗−t)}, (3) where t < t_∗, and b > 0 and β ∼ 1/|t_∗| > 0 are constant. Thus in infinite past the behavior of H −→ 0 is power law or is exponential. However, of course, the behavior of H could be also double exponential H ∼ e^{−eβ(t∗−t)} , (4) or higher exponential. (5)

Here, we will be only limited to (2) and (3). Thus a = e^{∫ Hdt} is given by

a ∼ e^{1/[βb(t∗−t)b]}, (parameterization I) (6)

or e^{e−β(t∗−t)} , (parameterization II), (7) where a_{init} = 1 is set in the infinite past. When t_f ≃ O(1)t_∗, a ≃ e for (6) and a ≃ e^{1/e} for (7). Thus in the regime −infinite < t < t_f , the universe is slowly expanding. Thus we may define the “emergence” as a period of slow expansion, which emerges from a static state in infinite past.

In Ref.[5], it has been showed that in a cosmological scenario, if H_{average} > 0, this scenario will be incomplete in the infinite past, since any backward null geodesic will have a finite affine length, i.e. a beginning is required. Here, H_{average} is an average over the affine parameter, and is defined as [5] H_{average} = ∫_{tf} H(λ)dλ ∫_{tf} dλ < 1 ∫_{tf} dλ , (8)

where λ is the affine parameter of the backward null geodesic, dλ = adt/a(t_f ), which gives ∫_{tf} H(λ)dλ = ∫_{a(tf )} da < 1. (9) Eq.(8) is universal, independent of models. Thus with (9), H_{average} > 0 implies that the affine length ∫ dλ must be finite.

We can calculate the affine length of the backward null geodesic for the slow expansion, which is parameterized as (6) or (7), which is ∫_{tf} dλ = ∫_{tf} a a(t_f ) dt, ∼ e^{x1} x^{1+1/b} 1 |^{x1f}_0 + ∫_{x1f} 0 1 x^{2+1/b} 1 e^{x1} dx_1, (10) or e^{x2} x_2

|^{x2f}_0 + ∫_{x2f} 0 1 x^2 e^{x2} dx_2, (11)

where

x_1 = 1 β^b(t_∗ − t)^b , x_2 = e^{−β(t∗−t)}. (12) We see that both affine lengths are diverged, which indicates that the emergent universe scenario, parameterized as (6) or (7), could be complete in the infinite past, and there is not the beginning. When b ≫ 1, the result of (11) is the same with that of (10), thus the affine length of the backward null geodesic in parameterization (6) is same with that in parameterization (7), which implies that (7) is actually the limit case of (6).

Here, the definition of ϵ is^d_{dt} (1/H). Thus in the slowly expanding phase ϵ < 0, since H is rapidly increasing. In infinite past,

|ϵ| ∼ β^b(t_∗ − t)^b, for parameterization I, (13)

or e^{β(t∗−t)}, for parameterization II (14)

is diverged. This is actually a result of the condition (1), i.e. in infinite past the universe is a static state, in which l_{init} > l_P is constant.

What if ϵ is not divergent. When |ϵ| > 0 tends to be constant in infinite past, we have H ∼ 1 |ϵ|(t_∗ − t) −→ 0, in infinite past, (15)

which seems satisfy (1). However, a ∼ e^{∫ Hdt} ∼ 1 (t_∗ − t)^{1/|ϵ|} −→ 0 (16)

in the meantime, which is not consistent with the requirement of l_{init} > l_P . In principle, l_{init} should be larger than l_P , thus a −→ 0 in infinite past in certain sense implies that the corresponding evolution requires a beginning.

When |ϵ| −→ 0 in infinite past, we have b < 0 for the parameterization (6), thus a ∼ e^{−|b|β|b|(t∗−t)|b|} −→ 0, in infinite past, (17) which is also not consistent with the requirement of l_{init} > l_P , as has been argued.

The parameterization (6) has been implemented by applying Galileon Lagrangians. In Refs.[12],[22], it has been showed that the adiabatical perturbation is scale invariant requires b = 4, i.e. a behaviors as

a ∼ e^{1(t∗ −t)4} . (18)

In Ref.[21], a ∼ e^{1(t∗−t)2} , thus the adiabatic perturbation is not scale invariant.

While for the parameterization (7), e^{−β(t∗−t)} ∼ 0 in infinite past i.e. β(t_∗ − t) ≫ 1, thus we have a ∼ e^{e−β(t∗ −t)} ∼ 1 + e^{β(t−t∗)}, (19) which is just that in original emergent universe scenario [6],[7], in which the initial static state is constructed by introducing a positive curvature. In Ref.[6], initially β(t_∗ − t) ≫ 1, the universe is slowly expanding from the static state, after the slowly expanding phase ends, a period of inflation is required, and the scale invariant adiabatical perturbation is generated during inflation. Here, we will show that the scale invariant adiabatical perturbation may be actually generated during the slow expansion without the help of inflation and the corresponding evolutions can be realized with generalized Galileon Lagrangians.

B. How the adiabatic perturbation is scale invariant ?

We will clarify how the adiabatical perturbation generated during the slow expansion, parameterized as (6) or (7), could be scale invariant. The quadratic action of the curvature perturbation R is [26],[14],[15],

S_2 ∼ ∫ dηd^3x a^2M^2_P Q c^2_s ( R^{′2} − c^2_s(∂R)^2 ) , (20)

FIG. 1: The evolutions of a, the Hubble horizon and the R horizon during the “emergence” given by the parameterization (7). ainit = 10 is set. During this phase, due to the rapid decreasing of 1/H and 1/H_{f reeze}, the adiabatical perturbation mode initially deep inside both horizons, i.e. λ ∼ a ≪ 1/H_{f reeze} ≪ 1/H, will leave the horizons, and becomes the primordial perturbation responsible for the observable universe.

where Q > 0 and c^2_s > 0 should be satisfied for the avoidance of the ghost and gradient instabilities.

Q = M^2_P ϵ for P (X, ϕ) [26], but Q is complicated for Galileon [14],[15]. However, as has been confirmed in Ref.[22] and will be confirmed again here, Q ∼ |ϵ| for the slow expansion with ϵ < 0.

The equation of R is

ũ^{′′}_k + ( k^2 − z̃^{′′} z̃ ) ũ_k = 0, (21)

after defining ũ_k ≡ z̃R_k, where^′ is the derivative for y = ∫ c_sdη, z̃ ≡ a √ 2M^2_P Q/c_s. When k^2 ≪ z̃^{′′}/z̃, the solution of R given by Eq.(21) is

R ∼ C is constant mode (22) or D ∫ dy z̃^2 is changed mode, (23)

where D mode is increasing or decaying dependent of the evolution of z̃.

The scale invariance of R requires^{z̃′′}_{z̃} ∼^2_{(y∗−y)2} , which implies z̃ ∼ a √ Q c_s ∼ 1 y_∗ − y for constant mode (24)

or (y_∗ − y)^2 for increasing mode (25)

has to be satisfied. In principle, a, Q and c_s can be changed, all together contribute the change of z̃. When a is rapidly changed while others are hardly changed, the inflationary background and the contraction dominated by the matter [27],[28] are obtained, respectively.

When Q is rapidly changed while a is hardly changed, the scale invariant adiabatical perturbation can be induced similarly by either its constant mode [30], also criticism for it [31], or its increasing mode [12].

We have showed that for the parameterization (6), the scale invariance of adiabatical perturbation requires [12],[22],

a ∼ e^{1(t∗ −t)4} , (26)

i.e.|ϵ| ∼ (t_∗ − t)^4, in which c^2_s is constant.

Here, we will detailed clarify how to obtain scale invariant adiabatical perturbation for the parameterization (7). The scale invariance of the increasing mode of R requires Q ∼ c_s a^6 (∫ c_sdt )_4 , (27)

where dt ∼ dη, since a is almost constant. Thus

c^2_s ∼ e^{25 β(t∗−t)}, (28)

where Q ∼ |ϵ| and (14) are applied. This implies that c^2_s has to be infinite large in infinite past, and then rapidly decreased.

In Ref.[32], it has been observed that the rapid running of c^2_s helps to obtain the scale invariant adiabatical perturbation in noninflationary background. In Refs.[33],[34], this issue is estimated again. In Ref.[35], it has been argued that the adiabatical perturbation in the model of the slow expansion with rapidly decreasing c^2_s is not scale invariant. However, in their settings, the adiabatical perturbation is dominated by its constant mode, while here the perturbation is dominated by its increasing mode.

When k^2 ≃ z̃^{′′}/z̃, the perturbation mode of R leaves its horizon, which is called the R horizon

a/H_{f reeze} = √| | | z̃ z̃^{′′} | | | ≃ ∫ c_sdt ∼ 5 β e^{15 β(t∗−t)}. (29)

While the Hubble horizon is 1/H. Thus the evolutions of the R horizon and the Hubble horizon are different. We have a/H_{f reeze} ∼ (1/H)^{1/5} . (30) In Ref.[22], it has been showed how the scale invariant adiabatical perturbation is obtained for (6), the result also implies (30) is satisfied. The evolutions of both the R horizon and the Hubble horizon are same only when a is rapidly changed and |ϵ| is unchanged, e.g.inflation, since z^{′′}/z ∼ a^{′′}/a. When k^2 ≫ z̃^{′′}/z̃, i.e. the perturbation is deep inside the R horizon, ũ_k oscillates with a constant amplitude.

The quantization of ũ_k is well defined since Q ∼ |ϵ| > 0, which gives its initial value. ũ_k ∼ 1 √ 2k e^{−ik ∫ csdt}. (31) Thus initially

k^{3/2}R = k^{3/2} | | | ũ_k z̃ | | | ∼ k √ c_s Q ∼ ke^{− 45 β(t∗−t)} −→ 0. (32) This insures that initially the background of static state is not spoiled by the perturbations. Thus in slow expansion scenario [10],[22],[29], the primordial perturbation must be induced by the increasing mode, or it is hardly possible to consistently define the initial perturbation in the infinite past.

When k^2 ≪ z̃^{′′}/z̃, ũ_k is

ũ_k = √ π 2 e^{iπ} √ −k ∫ c_sdtH^{(1)}_{3/2}(−k ∫ c_sdt)

≃ 1 √ 2k ( −k ∫ c_sdt )_{−1} . (33)

Thus the amplitude of perturbation spectrum is P^{1/2}_R ≃ √ k^3 | |^ũk_{z̃} | |. The perturbation is given by the increasing mode (23), which implies that the spectrum of R should be calculated around t_f . Thus

P^{1/2}_R ∼ 1 M_p ∫ c_sdt √ c_s Q ∼ β M_p . (34)

The universe will reheat around or after t_f , which has been studied in [22]. Hereafter, the evolution of hot “big bang” model begins, the perturbation mode outside of horizon will preserve constant.

Thus during the slow expansion, which emerge from a static state in infinite past, the initial conditions of hot “big bang” evolution could be set.

III. A GALILEON DESIGN OF SLOW EXPANSION:II

In Ref.[22], we have showed that the parameterization (6) can be realized in the effective field theory setting, in which there is not the ghost instability and the perturbation spectrum is consistent with the observations. Here, we will show the parameterization (7) can be also realized similarly.

A. The background

We consider a generalized Galileon as follows L ∼ − φ^5 M^5 X + 1 M^{10}

X^{7/2} − 1 M^7

X^2□φ, (35)

FIG. 2: We numerically solve Eqs.(36) and (37), in which the parameter M = 0.01. The solid line is the evolution of a and the dashed line is the evolution of 1/H.

where the sign before^{φ5}_{M5} X is ghostlike, however, as will be showed that there are not the ghost and gradient instabilities, since Q > 0 and c^2_s > 0. The evolution of background is determined by − φ^5 M^5 φ̈ + 3 ( 7 M^{10}

X^{5/2} + 8 M^7 Hφ̇X ) φ̈ + 3 ( − φ^5 M^5 + 7 2M^{10}

X^{5/2} ) Hφ̇ + ( − 5φ^4 M^5 + 6Ḣφ̇^2 M^7 + 18H^2φ̇^2 M^7 ) X = 0, (36)

3H^2M^2_P = − φ^5 M^5 X + 6 M^{10}

X^{7/2} + 6 M^7

Xφ̇^3H. (37)

We require^{φ5}_{M5} X ≃^{6X 7/2}_{M10} in Eq.(37), which gives φ = φ_∗e^− √ 2 61/5 M(t_∗−t). (38) Thus H ≃^{φ̇5}_{M7M 2P} ,

a ∼ e^{∫ Hdt} = e 2φ5∗61/5 15M3 M 2P e −5 √ 2 61/5 M(t∗ −t) (39)

is induced. Thus for β =^{5√2}_{61/5} M, Eq.(7) is obtained, which is just required evolution.

We have Hφ̇ ≪ φ̈ for β(t_∗ − t) ≫ 1, since H ∼ φ̇^5 ∼ e^{−5} √ 2 61/5 M(t_∗−t) ≪ e−^{√2}_{61/5} M(t_∗−t). (40) Thus Eq.(36) is approximately ( − φ^5 M^5 + 21 M^{10}

X^{5/2} ) φ̈ − 5φ^4 M^5

X ≃ 0, (41)

which is consistent with the solution (38).

The numerical solutions of Eqs.(36) and (37) are plotted in Fig.2, which is consistent with (39) and will be applied to the numerical calculations for the power spectrum of the adiabatical perturbation plotted in Fig.3.

B. The curvature perturbation

R satisfies Eq.(21). We follow the definitions and calculations in Ref.[15], and will only list the calculating results in term of the Lagrangian (35) with the solutions (39) and (38) of the background and field. The calculating steps are the same with section III.B in Ref.[22], which will be neglected here.

We have, for β(t_∗ − t) ≫ 1, Q ≃ 4M^3M^2_P 6^{1/5} √ 2φ^5_∗ e^5 √ 2 61/5 M(t_∗−t) ∼ e^{β(t∗−t)}. (42) Thus Q ∼ |ϵ| > 0, which is just required here, satisfies Eq.(14). The c^2_s is given by

c^2_s ≃ 16 6^{4/5}(14 √ 2 − 3)

M^2 φ^2_∗ e^2 √ 2 61/5 M(t_∗−t) ∼ e^{25 β(t∗−t)}. (43) Thus c^2_s > 0 is also just required, and satisfies Eq.(28). Thus there are not the ghost and gradient instabilities, the effective field theory is healthy.

Thus the spectrum of R is scale invariant. The amplitude of spectrum is given by Eq.(34)

P^{1/2}_R ∼ M M_P . (44)

Thus P^{1/2}_R ∼ 10^{−5} requires M ∼ 10^{−5}M_P , which implies that the only adjusted parameter in this model is set by the observation. There is not other finetuning.

The universe will reheat after the “emergence” or the slowly expanding phase ends. The reheating mechanism has been discussed in Refs.[22],[36]. Hereafter, the evolution of hot “big bang” model begins, the perturbation mode outside of horizon will preserve constant.

We can reformulate Eq.(21) as u^{′′}_k + ( c^2_sk^2 − z^{′′} z ) u_k = 0, (45)

where^′ denotes the differential with conformal time, and u_k ≡ zR_k and z ≡ a √ 2M^2_P Q/c_s. We numerically solve Eq.(45) with the numerical solutions of Eqs.(36) and (37), and plot the evolution of the amplitude of the adiabatical perturbation in Fig.3.

We can see that the perturbation spectrum is scale invariant, which is consistent with analytical result. The amplitude of perturbation is increasing with the time, however, only is its amplitudes increasing but the shape of the spectrum is not altered [37],[38].

IV. DISCUSSION

The idea of the emergent universe, i.e.the universe might originate from a static state in the infinite past,

FIG. 3: The spectrum of curvature perturbation at different times with respect to k, M = 0.01. The long dashed, dot dashed and solid lines are the spectra at different times t = −100, −10, −1, respectively. We see that the perturbation spectrum is scale invariant, while the amplitude of perturbation is increasing with the time, however, only is its amplitude increasing but the shape of the spectrum is not altered.

is interesting. It is generally thought that after the universe emerges from the static state, a period of inflation will be required, which sets the initial conditions of hot “big bang” evolution.

However, when the universe begins to deviate from static state, it might slowly expanding. We parameterize the evolutions of this slowly expanding phase or the “emergence” into different classes, and show that the scale invariant adiabatical perturbation could be generated, i.e.the initial conditions of “big bang” model could be set, during the corresponding slowly expanding period. After the slowly expanding phase ends, the universe reheats and the evolution of hot “big bang” model begins.

In the effective field theory setting, the physics yielding the “emergent” phase has been not still understood well, since generally the evolution of “emergence” or the slow expansion emerging from static state in infinite past requires ϵ ≪ −1, as has been argued, and usually ϵ < 0 implies the corresponding effective field theory has the ghost instability. Here and in Ref.[22], we have showed that the evolutions of the “emergence”, which sets the initial conditions of “big bang” model, can be realized by applying generalized Galileon Lagrangians, in which there is not the ghost instability, the effective field theory is healthy.

In Refs.[15],[18], the inflation scenario has been implemented by applying the generalized Galileon, in which the scale invariant spectrum of curvature perturbation can also adiabatically induced. After the universe emerges from the initial static state, if a period of inflation happens, the initial conditions of hot “big bang” model will be set by the inflation scenario, as in original Refs.[6],[7]. This issue is also interesting for exploring.

Here, we only bring one of all possible implements of the slow expansion. In principle, there might be other effective actions which could give similar results. It is obviously significant to find a Lagrangian with a better theoretical motivation, which is interesting for investigating.

Acknowledgments This work is supported in part by NSFC under Grant No:10775180, 11075205, in part by the Scientific Research Fund of GU- CAS(NO:055101BM03), in part by National Basic Research Program of China, No:2010CB832804.

[1] A. Guth, Phys. Rev. D23,347(1981).

[2] A. D. Linde, Phys. Lett. B108, 389 (1982); A. J. Albrecht and P. J. Steinhardt, Phys. Rev. Lett. 48, 1220 (1982).

[3] A. A. Starobinsky, Phys. Lett. B91, 99 (1980). [4] V. Mukhanov and G. Chibisov, JETP 33 549 (1981); A.

Guth and S.Y. Pi, Phys. Rev. Lett. 49, 1110 (1982); S.W. Hawking, Phys. Lett. B115,295 (1982); A.A. Starobinsky, Phys. Lett. B117 175 (1982); J.M. Bardeen, P.J. Steinhardt and M.S. Turner, Phys. Rev. D28 679 (1983).

[5] A. Borde, A. H. Guth and A. Vilenkin, Phys. Rev. Lett.

90, 151301 (2003).

[6] G. F. R. Ellis and R. Maartens, Class. Quant. Grav. 21, 223 (2004).

[7] G. F. R. Ellis, J. Murugan and C. G. Tsagas, Class.

Quant. Grav. 21, 233 (2004).

[8] A.T. Mithani, A. Vilenkin, JCAP 01 (2012) 028. [9] M. P. Dabrowski, A. L. Larsen, Phys. Rev. D 52, 3424 (1995).

[10] Y.S. Piao and E. Zhou, Phys. Rev. D 68, 083515 (2003). [11] Y.S. Piao, Phys. Rev. D76, 083505 (2007). [12] Y. S. Piao, Phys. Lett. B 701, 526 (2011). [13] A. Nicolis, R. Rattazzi, E. Trincherini, Phys. Rev. D79, 064036 (2009).

[14] C. Deffayet, O. Pujolas, I. Sawicki, A. Vikman, JCAP 1010, 026 (2010).

[15] T. Kobayashi, M. Yamaguchi, J. Yokoyama, Phys. Rev.

Lett. 105, 231302 (2010); T. Kobayashi, M. Yamaguchi, J. Yokoyama, Phys. Rev. D83, 103524 (2011).

[16] C. Deffayet, X. Gao, D.A. Steer, G. Zahariade, Phys.

Rev. D84, 064039 (2011).

[17] N. Chow and J. Khoury, Phys. Rev. D80, 024037 (2009);

A. De Felice, S. Tsujikawa, JCAP 1007, 024 (2010); A. De Felice, S. Mukohyama, S. Tsujikawa, Phys. Rev. D82, 023524 (2010); A. De Felice, S. Tsujikawa, Phys. Rev. Lett. 105, 111301 (2010); S. Nesseris, A. De Felice, S. Tsujikawa, Phys. Rev. D82, 124054 (2010); A. De Felice, R. Kase, S. Tsujikawa, Phys. Rev. D83, 043515 (2011); De Felice, Shinji Tsujikawa, JCAP 1202, 007 (2012); N. Shirai, K. Bamba, S. Kumekawa, J. Matsumoto, S. Nojiri, arXiv:1203.4962; R. Gannouji and M. Sami, Phys. Rev. D82, 024011 (2010); A. Ali, R. Gannouji, M. Sami, Phys. Rev. D82, 103015 (2010).

[18] C. Burrage, C. de Rham, D. Seery, A.J. Tolley, JCAP 1101, 014 (2011); P. Creminelli, G. D’Amico, M. Musso, J. Norena, E. Trincherini, JCAP 1102, 006 (2011); F.P Silva, K. Koyama, Phys. Rev. D80, 121301 (2009); S. Mizuno, K. Koyama, Phys. Rev. D82, 103518 (2010).

[19] H. Wang, T. Qiu, Y.S. Piao, Phys. Lett. B707, 11 (2012). [20] T. Qiu, J. Evslin, Y.F. Cai, M.Z. Li, X.M. Zhang, JCAP 1110, 036 (2011); D.A. Easson, I. Sawicki, A. Vikman, JCAP 1111, 021 (2011).

[21] P. Creminelli, A. Nicolis, E. Trincherini, JCAP 1011, 021 (2010).

[22] Z. G. Liu, J. Zhang and Y. S. Piao, Phys. Rev. D 84, 063508 (2011).

[23] L.P. Levasseur, R. Brandenberger, A.C. Davis, Phys.

Rev. D84, 103512 (2011); Y. Wang, R. Brandenberger, arXiv:1206.4309.

[24] V. Rubakov, JCAP 0909, 030 (2009); M. Libanov, V.

Rubakov, arXiv:1107.1036.

[25] K. Hinterbichler, J. Khoury, JCAP 1204, 023 (2012);

K. Hinterbichler, A. Joyce, J. Khoury, JCAP 1206, 043 (2012).

[26] J. Garriga, V.F. Mukhanov, Phys. Lett. B458, 219 (1999).

[27] F. Finelli, R. Brandenberger, Phys. Rev. D65, 103522 (2002); D. Wands, Phys. Rev. D60, 023507 (1999).

[28] A.A. Starobinsky, JETP Lett. 30, 682 (1979). [29] Y.S. Piao, Phys. Lett. B606, 245 (2005); Y.S. Piao, Y.Z.

Zhang, Phys. Rev. D70, 043516 (2004).

[30] J. Khoury, P.J. Steinhardt, Phys. Rev. Lett. 104, 091301 (2010); J. Khoury, G.E.J. Miller, Phys. Rev. D84, 023511 (2011); A. Joyce, J. Khoury, Phys. Rev. D84, 023508 (2011).

[31] A. Linde, V. Mukhanov, A. Vikman, JCAP 1002, 006 (2010).

[32] C. Armendariz-Picon and E. A. Lim, JCAP 0312, 002 (2003); C. Armendariz-Picon, JCAP 0610, 010 (2006); Y. S. Piao, Phys. Rev. D75, 063517 (2007); Phys. Rev. D79, 067301 (2009); J. Magueijo, Phys. Rev. Lett. 100, 231302 (2008); J. Khoury, F. Piazza, JCAP 0907, 026 (2009); D. Bessada, W.H. Kinney, D. Stojkovic, J. Wang, Phys. Rev. D81, 043510 (2010).

[33] G. Geshnizjani, W.H. Kinney, A.M. Dizgah, arXiv:1107.1241;

[34] A. Joyce, J. Khoury, Phys. Rev. D84, 083514 (2011). [35] G. Geshnizjani, W.H. Kinney, A.M. Dizgah, arXiv:1110.4640.

[36] Y.S. Piao, Y.Z. Zhang, Phys. Rev. D70, 063513 (2004). [37] Y.S. Piao, Phys. Lett. B677, 1 (2009); arXiv:1001.0631. [38] J. Zhang, Z.G. Liu, Y.S. Piao, Phys. Rev. D82, 123505 (2010)