arXiv:1103.2919v3 [hep-th] 29 Aug 2011

IPM/P-2011/006

DBI Lifshitz Inflation

Mohsen Alishahiha,^∗ Hassan Firouzjahi,^† and Mohammad Hossein Namjoo^‡ School of Physics, Institute for Research in Fundamental Sciences (IPM), P. O. Box 19395-5531, Tehran, Iran Abstract

A new model of DBI inflation is introduced where the mobile brane, the inflaton field, is moving relativistically inside a Lifshitz throat with an arbitrary anisotropic scaling exponent z. After dimensional reduction to four dimension the general covariance is broken explicitly both in the matter and the gravitational sectors. The general action for the metric and matter field perturbations are obtained and it is shown to be similar to the classifications made in the effective field theory of inflation literature.

∗Electronic address: alishah(AT)ipm.ir †Electronic address: firouz(AT)ipm.ir ‡Electronic address: mh.namjoo(AT)ipm.ir

I. INTRODUCTION

Cosmic Inflation [1, 2] has emerged as a leading theory for the early universe and structure formation which is strongly supported by recent observations [3]. In simple models of inflation, the inflaton field is minimally coupled to gravity with potential flat enough to obtain a long enough period of inflation to solve the flatness and the horizon problems. Simple models of inflation predict almost scale invariant, almost Gaussian and almost adiabatic curvature perturbations which are in very good agreement with observations. However, with the advance of data in coming years, it is expected that a small but non-zero amount of non-Gaussianities can be detected. This can be used to rule out simple models of inflation such as single field chaotic scenarios.

During last decade there have been extensive efforts to embed inflation in string theory, for a review see [4–9]. Brane inflation is an interesting realization of inflation from string theory [10–13]. In its original form, the scenario contained a pair of D3 and anti D3 branes moving in the Calabi- Yau (CY) compactification. The inflaton field is the radial distance between the pair so in this sense the inflaton field has a geometric interpretation in string theory. Inflation ends when the distance between the brane and anti-brane reaches the string length scale where a tachyon develops in the open strings spectrum stretched between the pair. Inflation ends soon after tachyon formation and the energy stored in branes tensions are released into closed string modes [4]. However, it was soon realized that the potential between the pair of brane and anti-brane is too steep to allow a long enough period of slow-roll inflation. To flatten the potential, it was suggested to put the pair of brane and anti-brane inside a warped throat [14–16], where the potential between D3 and D3 is warped down as in Randall-Sundrum scenario [17–23]. Dirac-Born-Infeld (DBI) inflation [24, 25] (see also [26]) is a specific model of brane inflation where the mobile brane, the inflaton field, is moving ultra relativistically inside an AdS throat. A novel feature of DBI inflation is the production of large non-Gaussianities which has significant observational implications to constrain the model parameters. This has attracted considerable interests in literature, for a review of DBI inflation and its implications for non-Gaussianities see [27–31] and the references therein.

In this work we extend the idea of DBI inflation to the background which is not an AdS throat. More precisely we will consider the case where the mobile brane is moving in a Lifshitz background. This geometry has attracted considerable attentions recently in the context of nonrelativistic AdS/CFT correspondence where it may provide a gravity description for Lifshitz fixed point. We note that Lifshitz fixed points appear when we are dealing with a physical system at critical point with anisotropic scale invariance.

Actually at critical points the physics is usually described by scale invariant phenomena. Typically the scale invariance arises in the conformal group where we have t → λt, x_i → λx_i. (1) Here t is time and x_i’s are spatial directions of the spacetime.

We note, however, that in many physical systems the critical points are governed by dynamical scaling in which the space and time scale differently. In fact spatially isotropic scale invariance is characterized by the dynamical exponent z as follows [32] t → λ^zt, x_i → λx_i. (2) The corresponding critical points are known as Lifshitz fixed points.

In light of AdS/CFT correspondence [33] it is natural to seek for gravity duals of Lifshitz fixed points. Indeed the gravity descriptions of Lifshitz fixed points have been first considered in [34] where a metric invariant under the scaling (2) where introduced. The corresponding geometry is given by^1

ds^2 = − ( r L )_{2z} dt^2 + ( r L )_2 dx^2 + ( L r )_2 dr^2 (3)

where L is the curvature radius of the metric and r is the radial coordinate of the “Lifshitz throat”. The action of the scale transformation (2) on the metric is given by t → λ^zt, x_i → λx_i, r → λ^{−1}r. (4) As it has been mentioned in [34] although the metric is nonsingular, it is not geodesically complete and in particular an in-falling object into r = 0 feels a large tidal force.

Since at z = 1 the metric reduces to that of AdS, it is interesting to see how physical models are affected when we replace an AdS geometry with Lifshitz metric. In particulate in this paper we would like to study this effect in a cosmological model. Indeed fast moving branes in an AdS throat may lead to interesting distinctive inflationary models [24, 25]. Therefore it is natural to look for inflationary models where the brane moves inside a Lifshitz throat. Since in this case the background has a free parameter, z, one may find interesting observational predictions when we vary z.

1 Lifshitz metric typically is a solution of a gravitational theory coupled to gauge fields [34]. Lifshitz metric may also be a solution of pure gravity modified by curvature squared terms [35].

We note, however, that unlike AdS geometry which can be easily obtained in the context of string theory^2, it is far from obvious how to embed a Lifshitz geometry in string theory. Nonetheless, it is worth mentioning that string theory realizations of Lifshitz geometries have been studied in [36] in the context of strange metallic holography, see also [37–40]. Actually the present work is motivated by this paper where the authors have studied the dynamics of a probe D-brane in the background (3). The action of the D-brane probe is given by the DBI action.

It is important to mention that due to lack of a rigorous realization of Lifshitz geometries in string theory, one can not treat the model as a top-down approach for inflationary model building. In particular we anticipate that as long as the string embedding of Lifshitz geometries is absent, our model suffers from two important shortcomings when compared to standard DBI inflation. First of all we do not know how the model allows to have the right coupling between brane and the Ramond- Ramond (RR) C_{(4)} potential which is necessary to get the correct slow-roll limit for the probe brane moving in the background. Secondly one does not know how to obtain the potential term for the inflaton field which is necessary to support inflation. In standard DBI inflation the potential term can originate from the couplings of the mobile D-brane to background RR fluxes, supplemented by any coupling of the D-brane to the compactification degrees of freedom, including quantum generated effects (see[24] for detail discussions on this point). Despite the above mentioned caveats, we consider our treatment as a phenomenological approach for inflationary model building with some motivations supported from string theory for the form of the potential or couplings required to support inflation.

The rest of paper is organized as follows. In section II we present the action of mobile brane in a Lifshitz background. In section III we promote this action to a cosmological set up and look into background inflation and the cosmological perturbations. In section IV we obtain the general four-dimensional action with arbitrary matter field and metric perturbations and speculate on its cosmological predictions. The discussion and conclusions are summarized in section V. The details of the gravitational dimensional reduction are relegated into the Appendix.

2 An AdS throat may be obtained in type II B string theory compactified on a Calabi-Yau 3-fold by putting large enough D3 branes on top of each other at a point on the Calabi-Yau. Of course the throats arising from IIB flux compactification are not AdS at all length scales, but nevertheless can look approximately AdS in some scale of energy.

II. D3-BRANES IN LIFSHITZ BACKGROUND

In this section we outline our setup of DBI inflation in Lifshitz background. Before we present our setup, we shall briefly review the conventional models of brane inflation, for a review of brane inflation see [4–9] and references therein. We will heavily borrow the well-developed ideas and techniques in these models into our background.

In conventional models of brane inflation [10–13, 18–23] branes are moving in an AdS background [14–16]. The action of the mobile branes is given by DBI action supplemented by the Chern-Simons term coming from the coupling of the mobile branes to the background fluxes. In the slow-roll models of warped brane inflation, the inflaton field is the distance between a pair of brane and anti-brane. The anti-brane is dynamically attracted towards the bottom of the AdS throat, the IR region, where the mobile D3-brane is moving slowly towards it from the UV region. The inflationary potential is given by the mutual Coloumbic force between D3 and D3-branes. In this picture inflation ends when the distance between D3 and D3 becomes at the order of string scale l_s where a tachyon develops in the open string spectrum and the branes are annihilated. The energy released from the tensions of the colliding branes can be thought as the source of reheating. In the DBI brane inflation [25, 27–31] the mobile brane is moving ultra relativistically inside the throat reaching the asymptotic speed limit. Due to non-standard form of kinetic energy from DBI action, the sound speed in cosmological perturbation theory can be much less than unity. This can have interesting observational consequences such as producing significant amount of non-Gaussianities [27].

Here we would like to generalize the above picture of DBI inflation into Lifshitz background. In light of the above picture of brane inflation, here are the key assumptions we make in our analysis. First, we assume that the Lifshitz background can actually be embedded in string theory. Second, we assume that the concept of D3-branes with the right coupling to Ramond-Ramond four form potential C_{(4)} actually exists in this picture

As mentioned previously these are non-trivial assumptions which have yet to be justified in a rigorous string theory set up. Besides these two assumptions, there are other assumptions which are common in models of brane inflation. We assume that all complex structure moduli and the volume moduli are stabilized consistently. There can be back-reactions of volume modulus, background fluxes and branes to the mobile branes. In our effective field theory action, these are interpreted as corrections into the inflationary potential. As in conventional DBI inflation we shall take the phenomenological approach and parametrize the potential appropriately for the inflationary analysis. As usual in brane inflation, one can not avoid the issue of fine-tuning on the mass parameters or couplings [18–20, 23, 41–46]. On these issues our position is the same as in conventional models of brane inflation.

A. The Action

In the Lifshitz background, the Lorentz symmetry in higher dimensions is broken with the metric in the following form

ds^2 = − ( r L )_{2z} dt^2 + ( r L )_2 dx^2 + ( L r )_2 dr^2 + L^2dΩ^2 . (5)

Here dΩ^2 represents the metric in the angular directions which we left unspecified. r is the radial coordinate in the “Lifshitz throat” with the characteristic length scale L. This setup is similar to AdS throat with z = 1 where L represents the AdS length scale of the throat. We keep the parameter z undetermined taking value in the range z ≥ 1^3 . All models of brane inflation so far focused on the AdS background with z = 1.

As explained before, we assume that the mobile brane is moving in this background governed by the standard DBI and Chern-Simons actions. With this assumption, the action of the mobile D3 brane in background (5) is given by

S = −T_3 ∫ d^4x ( r L )_{3+z} √ 1 − ( L r )_{2+2z} ṙ^2 − 1 . (6)

Here T_3 is the tension of the D3-brane and a dot here and below indicates derivative with respect to t. The first term in the bracket, containing the square root, is from the DBI part whereas the second term in the bracket originates from the Chern-Simons term. As before, this form of the action is motivated from the action of D3-brane in AdS throat where there is a specific relation between the background RR four form potential and the warp factor of the throat. This particular relation in AdS construction reflects the BPS or no-force condition of a mobile D3-brane in the background of AdS geometry in the limit where the brane is moving slowly.

We will be mostly interested in the DBI limit of the action (6) where the brane is moving ultra relativistically in the Lifshitz throat and one can not expand the square root in Eq. (6) perturbativly. However, it would be interesting to look into the slow-roll limit of Eq. (6) when one

3 For the model considered in [34] which supports metrics of Lifshitz form the reality condition on the fluxes requires z ≥ 1. Although in the present paper we do not consider a specific gravitational model admitting Lifshitz geometry, we still assume that this is the case too.

can expand the square root perturbativly. In this limit one finds that the action reduces to that of free field with the action S =^1_2 ∫ d^4x ϕ̇^2 where the normalized field ϕ is defined via ϕ̇ ≡ √ T_3 ṙ ( r L ) 1−z_2 . (7)

We note that in the AdS limit with z = 1 this gives the well-defined normalization that ϕ = √ T_3r.

For general value of z the above differential equation can be integrated easily to yield

ϕ = μ_z ( r L ) 3−z_2 if z ≠ 3

μ_3 ln( r L ) if z = 3 (8)

where we have defined the parameters μ_z and μ_3 via

μ_3 ≡ √ T_3L , μ_z ≡ 2μ_3 3 − z = 2 √ T_3 3 − z L . (9)

Note that for z > 3, μ_z is negative so ϕ < 0. Also for the case of z = 3, if we start with r < L, then ϕ < 0. However, in our picture that the brane inside the throat is moving from the UV region towards the IR region, then ϕ is always decreasing for all value of z. Also we see that the relation between the physically normalized field ϕ and the radial coordinate r is distinctly different for the case with scaling z = 3.^4

Having obtained the physically normalized field ϕ in the slow-roll limit, the action (6) can be rewritten in more compact form which can be applicable to the general case when the brane is moving relativistically S = − ∫ d^4xf^{−1} (√ 1 − fϕ̇^2 − 1 ) , (10)

where

f(ϕ) = T^{−1}_3 (_{μz} ϕ )_α if z ≠ 3

T^{−1}_3 e^{− 6ϕμ}3 if z = 3

(11)

and α ≡ 2(3 + z) 3 − z . (12)

4 In general d-dimensional space-time, the case z = d − 2 is special such that ϕ ∼ ln r whereas for other values of z ≥ 1 the relation between ϕ and r is a power law.

Note that in the case of AdS background we have α = 4 and f ∼ ϕ^{−4} as expected. Interestingly, the form of the D3-action given in Eq. (10) is identical to the standard form of DBI inflation. This will be a great help in performing the cosmological analysis in next sections and we can borrow many formulae from the standard DBI inflation in AdS background. However, we note that despite this formal similarity, there are important physical differences as one varies the scaling parameter z.

III. DBI LIFSHITZ COSMOLOGY

Having presented our background, we promote it into a cosmological set up. We couple the world volume of the mobile branes to the FRW metric

ds^2 = −dt^2 + a(t)^2dx^2 , (13)

where a(t) is the cosmological scale factor at the background isotropic and homogeneous level. In the cosmological background, the action of D3-brane in Eq. (6) is transferred into S = − ∫ d^4x a^3 [ f^{−1} (√ 1 − fϕ̇^2 − 1 ) + V (ϕ) ] . (14)

We have added the potential V (ϕ) needed for inflation by hand. As in standard brane inflation, there are many corrections to the dynamics of mobile branes in a throat. This includes the backreactions from Kahler modulus, background fluxes or branes. Even for the case of a mobile brane in an AdS throat it is a non-trivial task to calculate all these corrections from string theory [41– 44]. At the phenomenological level, one may add the potential term to take into account these back-reactions. We follow the same phenomenological prescription here and absorb the unknown back-reactions into V (ϕ). Whether or not these back-reactions provide the right potential to sustain a long enough period of inflation is the infamous problem of fine-tuning in brane inflation [18–20, 23, 41–46]. Our position here is the same as in conventional models of brane inflation where it is assumed that the parameters of potential can be tuned, at least in principle, so one can obtain a successful period of inflation.

The form of potential is not determined either. For the branes moving in a throat, one may expect a power law potential in term of its radial coordinate, V ∼ r^n with unknown number n, which can be either fractional or integer [43]. For our model where the brane is moving towards the IR region of the throat we take n to be a positive number. For z ≠ 3, the scaling between r and ϕ given in Eq. (8) yields V ∼ r^n ∼ ϕ^{2n/3−z}, i.e. a power law inflation potential for ϕ. On the other hand, for the case with z = 3, Eq. (8) indicates that V ∼ r^n ∼ e^{nϕ/μ3} , i.e. an exponential potential for the inflaton field. These suggest that for our phenomenological investigations we can take the inflaton potential to have the following form

V (ϕ) =

V_0 (_ϕ μ_z )_p if z ≠ 3 V_0 e^{nϕμ}3 if z = 3

(15)

where p ≡ 2n 3 − z . (16)

The unknown parameter n and the energy scale V_0 are left undetermined and should be tuned to support long enough period of inflation and satisfy the WMAP constraints.

In our phenomenological treatments, we have assumed that the form of potential is determined as a function of r, such as V ∼ r^n assumed above, and obtained the corresponding form of V (ϕ). Instead, we could have chosen to start with a fixed phenomenological potential V (ϕ) and read off its corresponding form V (r). However, the latter approach is less natural. In our setup with arbitrary value of z, the relation between r and ϕ is non-linear so if we start with V (ϕ) then the form of V (r) would be completely different for the cases of z = 3 and z ≠ 3. The naturalness in starting with V (r), as we employed above, originates from the fact that to calculate V (r) one has to incorporate the effects of background fluxes and volume moduli of string compactification. In this picture r, being a real string theory coordinate, is more natural and the resulted potential from the back-reactions is expected to be a function of r in the form of V (r).

We note that the case z = 1, n = 2 corresponds to conventional model of DBI inflation with the potential m^2ϕ^2/2 which is vastly studied in the literature. In the analysis below, we consider the cosmological predictions of our model for different values of z and n.

A. Background Cosmology

We couple the action (14) to the effective four-dimensional gravity and write down the background cosmological equations. In the analysis below we mostly follow [29] in notations and methods.

As usual the Friedmann equation and the energy conservation equation are

3H^2 = ρ M^2_P

, ρ̇ + 3H(ρ + p) = 0 . (17)

Here H =^ȧ is the Hubble expansion rate, ρ and p respectively are the energy density and the pressure

ρ = f^{−1}(γ − 1) + V , p = f^{−1}(1 − γ^{−1}) − V , (18)

in which γ is the so called “Lorentz factor” defined by γ ≡ 1 √ 1 − fϕ̇^2

. (19)

The modified Klein-Gordon equation for the inflaton field is

ϕ̈ + 3Hγ^{−2}ϕ̇ + 3 2 f^′ f ϕ̇^2 − f^′ f^2

+ γ^{−3} ( V^′ + f^′ f^2 ) = 0 . (20)

Following [29], one can cast these equations into Hamilton-Jacobi forms which are more suitable for analytical purposes. Since ϕ is monotonically decreasing as time goes by, we can use ϕ as the clock and express the physical parameters in terms of ϕ. This yields

3M^2_P H(ϕ)^2 = V (ϕ) + f^{−1}(γ(ϕ) − 1) γ(ϕ) = √ 1 + 4M^4_P f(ϕ)H^′ (ϕ)^2 ϕ̇(ϕ) = −2M^{2P} H^′ γ(ϕ) (21) where H^′ = ∂H/∂ϕ. We are interested in the limit where the brane is moving ultra relativistically inside the throat with γ ≫ 1. This corresponds to brane “speed limit” where ϕ̇ ≃ −^{1√}_f . For z = 3 this yields ϕ_{speed} → − μ_3 3 ln ( 3t L ) (z = 3) (22)

This indicates that the speed limit is reached only logarithmically in time, much slower than the case of AdS background with z = 1 where ϕ_{speed} ∼^1_t [24]. Note that the brane is moving towards the IR region where r < L so that ϕ_{speed} < 0 as seen above.

On the other hand, for z ≠ 3, we obtain ϕ_{speed} → μ_z ( zt L )_{(z−3)/2z} (z ≠ 3) (23)

In particular, with z = 1 we obtain ϕ_{speed} ∼^1_t as expected for standard DBI inflation. Note that for z > 3, ϕ and μ_z are negative so as time goes by |ϕ| increases. This is indicated by the fact that the speed limit is speeding up with a positive power of t. On the other hand, for 1 ≤ z ≤ 3, ϕ is positive so a negative power of t above indicates that ϕ → 0^+. Of course this picture will terminate if we want to have a graceful exit from inflation. In our picture, we assume that there is an anti-brane at the bottom of the throat, r = r_0. Once the distance between the mobile brane and anti-brane reaches at the order of string length scale then the system becomes tachyonic and inflation ends quickly after brane and anti-brane annihilation. So the speed limit described above is in the idealistic limit where the Columbic force between brane and anti-brane is neglected and the brane is moving indefinitely towards the bottom of the throat in the absence of anti-branes.

It is also instructive to look into the number of e-folding, N. To solve the flatness and the horizon problem we assume N = 60. Using dN = Hdt, one obtains N = ∫_{ϕi} ϕ_f dϕ H(ϕ) √ f(ϕ) , (24)

where ϕ_i and ϕ_f respectively represent the initial and the final value of the inflaton field. In the speed limit one can easily integrate this expression and find N as a function of ϕ_i and ϕ_f . However, it turns out that the results can be expressed more easily in terms of r-coordinate

N = √ V_0μ^2_3 3M^2_P T_3 2 n−2z (_r L ) n−2z_2 |^{ri}_{rf} ( z ≠^n_2 ) ln (_{ri} r_f ) ( z =^n_2

) (25)

where r_i and r_f , respectively, are the initial and the final values of the mobile brane’s coordinates.

Here we pause to address the issue of ending inflation where N is an increasing function of r_f as in the case of n < 2z in Eq. (25). Interestingly this situation indicates that inflation, or a dS solution, is attractor towards the IR region of the throat. As the brane is moving towards the IR region, inflation proceeds indefinitely. However, as mentioned above, inflation ends in this situations when the distance between brane and anti-brane, located at the bottom of throat r = r_0, reaches at the order of string scale. Using the metric (5) the physical distance d between the brane and anti-brane is d = L ln (r_f /r_0) where r_f is the final value of the brane position. Setting d = l_s for l_s being the string length scale results in

r_f = r_0 exp ( l_s L ) . (26)

For the case z = 3, this results in

ϕ_f = μ_3 [ l_s L − ln ( L r_0 )] . (27)

Depending on the sign of the term inside the bracket, ϕ_f can be either positive or negative. However, one can easily arrange such that L/r_0 is exponentially large as in GKP construction [15] such that ϕ_f is typically expected to be negative. On the other hand, for z ≠ 3 the value of ϕ_f is obtained to be

ϕ_f = μ_z exp [ 3 − z 2 ( l_s L − ln ( L r_0 ))] . (28)

As expected, for L/r_0 exponentially large, ϕ_f → 0^+ for 1 ≤ z < 3 whereas for z > 3 ϕ_f decrease towards more negative values.

After reviewing the background cosmology, we turn to perturbations in general DBI Lifshitz inflation.

IV. DIMENSIONAL REDUCTION AND COSMOLOGICAL PERTURBATIONS

Having presented our background inflationary solution, it is time to address the question of cosmological perturbations in this model. As we shall see below, the perturbations in this model is drastically different than the standard DBI inflation model. The reason is that after dimensional reduction from 5D into 4D, the general covariance is lost explicitly in 4D. The loss of general covariance is explicit both in the field theory sector and in the gravitational sector. This is because we start from a theory in higher dimension which breaks Lorentz invariance explicitly when z ≠ 1. Having this said, one may worry that the lack of 4D general covariance may destroy the effective FRW cosmology which we have obtained at the homogeneous and isotropic level. Here we verify that this is not a problem for the background cosmology. To see this, let us uplift metric (3) into a homogeneous and isotropic FRW background

ds^2 = −N(t)^2 ( r L )_{2z} dt^2 + ( r L )_2 a(t)^2dx^2 + ( L r )_2 dr^2 (29)

where as usual N(t) is the lapse function added in order to find the Friedmann constraint equation. Calculating the five-dimensional Ricci scalar^{(5)}R from metric (29) we have

(5)R = ( L r )_{2z} R_{F RW} − 1 L^2 ( 12 + 6z + 2z^2 ) (30)

where R_{F RW} is the four-dimensional Ricci scalar constructed from the four-dimensional FRW metric R_{F RW} ≡ 6 N^2 ( ä d + ( ȧ a )^2 − ȧ a Ṅ N ) . (31)

Note that the last term in bracket in Eq. (30) has no dynamics in terms of the four-dimensional metric and contributes only to the effective cosmological constant which can be canceled by similar terms from other fields (such as the massive gauge fields which we do not consider here). As a result, the four-dimensional gravitational action,^{(4)}S_{gr}, is (4)S_{gr} ⊂ 1 2κ^2 ∫ d^5x √ −G^{(5)}R =

M^2_P 2 ∫ d^4xNa(t)^3R_{F RW} (32)

with the identification

M^2_P ≡ 1 κ^2 ∫ V dr ( r L )_{2−z} , (33)

where κ is the five-dimensional gravitational coupling and the integration over the compact volume V is supposed to be finite in order to obtain a finite four-dimensional gravitational coupling. As usual, this can be achieved by gluing the Lifshitz throat into the bulk of CY compactification. Eq. (32) clearly demonstrates that we recover the standard FRW action for the isotropic and homogeneous cosmology and our results for the background cosmology coupled with the matter sector given in Eq. (14) is indeed justified.

Now we would like to uplift metric (3) into a generic cosmological background where the effective 4D metric, once the extra r-coordinate is integrated out, is given by g_{μν} = {g_{00}, g_{0i}, g_{ij} }. The natural ansatz is

ds^2 = g_{00} ( r L )_{2z} dt^2 + g_{ij} ( r L )_2

dx^idx^j + 2g_{0i} ( r L )_κ dt dx^i + ( L r )_2 dr^2 (34)

Here g_{00}, g_{ij} and g_{0i} are arbitrary functions of 4D space-time coordinates x^μ. We have left the arbitrary scaling parameter κ in the 0i component of the metric. However, demanding that the scaling (4) still to hold requires that κ = z + 1.

Before we proceed with the perturbations it should be stressed that the ansatz (34) may not be a solution of the five-dimensional Einstein equation. In principle there are other fields, such as a massive gauge field, which should be added into the action in order to support the Lifshitz geometry (3). To study the perturbations one should also study the perturbations of these non-gravitational fields. In our analysis below we shall concentrate only on the gravitational sector, given by the usual Einstein-Hilbert term √ −|G_{MN} |^{(5)}R, and the inflaton perturbations. The ansatz (34) with only the metric and inflaton perturbations are rich enough to demonstrate the nature of perturbations in our analysis.

A. Matter Action

Now we obtain the matter sector Lagrangian with the metric perturbations given in Eq. (34). The Lagrangian for the matter sector is obtained by considering a probe brane moving inside the

Lifshitz background whose embedding X^M is a general function of 4D space-time coordinates

X^M = (x^μ, r(x^ν )) (35)

where r(x^ν ) indicates the brane position inside the throat.

The induced metric on the brane, ḡ_{μν} , is given by

ḡ_{μν} = ∂X^M ∂x^μ ∂X^M ∂x^μ G_{MN} , (36)

where G_{MN} is the 5D background metric given by Eq. (3). One obtains

ḡ_{00} = g_{00} ( r L )_{2z} + ( L r )_2

ṙ^2 ḡ_{ij} = g_{ij} ( r L )_2 + ( L r )_2 ∂_ir∂_j r ḡ_{0i} = g_{0i} ( r L )_{z+1} + ( L r )_2

ṙ ∂_ir . (37)

To obtain the matter sector action we are interested in calculating √ −|ḡ_{μν} |. After some long calculations one obtains |ḡ_{μν} | = |g_{μν} | ( r L )_{z+3} [

1 + g^{00} ( r L )_{−2(z+1)}

ṙ^2 + ( r L )_{−4} g^{ij} ∂_ir∂_j r + 2 ( r L )_{−(z+3)} g^{0i}ṙ ∂_ir ] . (38)

Note that here g^{μν} is the inverse of metric g_{μν} in the usual sense. This equation has a very interesting structure. We note that in the limit where z = 1, the 4D theory becomes general covariant in the matter sector as expected. However, for arbitrary z ≠ 1 the general covariance is lost in the field theory. In order to connect it to our background inflation analysis, we introduce the physical field ϕ as before ϕ̇ ≡ √ T_3 ṙ ( r L ) 1−z_2 . (39)

Working with ϕ(x^α), the DBI action becomes − T_3 √ −|ḡ_{μν} | = − √ −|g_{μν} |f(ϕ)^{−1} [ 1 + f(ϕ)g^{00} (∂_tϕ)^2 + h(ϕ)g^{ij} ∂_iϕ∂_j ϕ + 2ℓ(ϕ)g^{0i}∂_tϕ∂_iϕ ]_{1/2} (40)

in which for the case z ≠ 3 we have

f(ϕ) ≡ T^{−1}_3 ( μ_z ϕ )_α , h(ϕ) ≡ T^{−1}_3 ( μ_z ϕ )_α′ z ≠ 3 (41)

with α ≡ 2(3 + z) 3 − z , α^′ ≡ 2(5 − z) 3 − z . (42)

On the other hand, for z = 3 one has

f(ϕ) ≡ T^{−1}_3 e^{− 6ϕμ}3 , h(ϕ) ≡ T^{−1}_3 e^{− 2ϕμ}3 , z = 3 (43)

Very interestingly, in both cases one has ℓ(ϕ) = √ f(ϕ)h(ϕ). Now adding the Chern-Simons part and demanding that the theory reduces to a free field theory in the slow-roll limit the total brane action is

L_{D3} = − √ −|g_{μν} |f(ϕ)^{−1} {[ 1 + f(ϕ)g^{00} (∂_tϕ)^2 + h(ϕ)g^{ij} ∂_iϕ∂_j ϕ + 2ℓ(ϕ)g^{0i}∂_tϕ∂_iϕ ]_{1/2} − 1 } . (44)

This is an interesting theory. It clearly shows that the general covariance is lost in the matter sector. One can restore the general covariance only when z = 1 and f(ϕ) = h(ϕ) = ℓ(ϕ).

Now that the matter sector breaks the general covariance explicitly, we expect that the general covariance is also lost in 4D gravitational theory.

B. Gravitational Action

In this subsection we would like to calculate the four dimensional gravitational action √ −|g_{μν} |^{(4)}R from the five-dimensional gravitational action √ −G^{(5)}R where G_{MN} is given by Eq. (34). To start, from Eq. (34) we have √ −|G_{MN} | = √ −|g_{μν} | (_r L )_{z+2} . It is interesting that the 4D and 5D determinants are proportional to each other. One can check that this is possible if one takes κ = z + 1 as we did.

Now we consider the gravitational dimensional reduction. One key observation is that although the four-dimensional diffeomorphism is expected to be broken explicitly but the metric (34) is still invariant under the three-dimensional diffeomorphism and time rescaling given by

t → t̃ = t̃(t) , x^i → x̃^i = x̃^i(x^j , t) . (45)

As a result the dimensionally reduced gravitational action is expected to be written in such a way that the three-dimensional diffeomorphism invariance is explicit. In general one expects that the result to be expressed in terms of the intrinsic three-dimensional Ricci scalar^{(3)}R and the extrinsic curvature K_{ij} which describes the curvature of the three-dimensional surface t = constant in four dimension.

To find K_{ij} it is better as usual to employ the ADM formalism where the metric (34) is written as ds^2 = −( r L )^{2z}N^2dt^2 + g_{ij} [ ( r L )dx^i + N^i( r L )^z dt ] [ ( r L )dx^j + N^j ( r L )^zdt ] , (46) so g_{00} = −N^2 + g_{ij} N^iN^j , g_{ij} =^{(3)} g_{ij} , g_{0i} = g_{ij} N^j . (47)

Note that we use G_{MN} for the 5D metric while g_{μν} is the 4D metric as defined in (34). One can

also check that

g^{00} = − 1 N^2

, g^{ij} =^{(3)} g^{ij} − N^iN^j N^2

, g^{0i} = N^i N^2

(48)

It is important to note that we consider a general metric perturbations so N = N(t, x, y, z), i.e.

a “non-projectable” metric [47] which is still consistent with the time rescaling and the three-

dimensional diffeomorphism given in Eq. (45).

The extrinsic curvature is given by K_{ij} = 1 2N ( ġ_{ij} −^{(3)} ∇_iN_j −^{(3)} ∇_jN_i ) (49)

where^{(3)}∇ represents the three-dimensional covariant derivative constructed from the metric^{(3)}g_{ij} .

We relegate the details of the gravitational dimensional reduction analysis into Appendix A and

quote the final results. After neglecting terms which are either total derivatives or contribute only

to the effective cosmological constant term such as the last term in Eq. (30) one obtains √ −|G_{MN} |^{(5)}R → ( r L )_{2−z} √ −|g_{μν} | [_{(4)}

R + Ω^{(3)}R ] (50)

where

Ω ≡ ( r L )^{2(z−1)} − 1 . (51)

In the limit where z = 1 and Ω = 0 we recover the standard four dimensional gravity which is

general covariant. However, for non-zero value of Ω the 4D general covariance is broken into three-

dimensional general covariance. This is also in light with the loss of the 4D general covariance in

the matter sector, Eq. (44). Note that for the FRW background with^{(3)}R = 0, Eq. (50) reproduces

Eq. (30) as expected. On the other hand noting that^{(4)}R =^{(3)} R + K^2 − K_{ij} K^{ij}, we can replace

(3)R in terms of the extrinsic curvature to obtain √ −|G_{MN} |^{(5)}R → ( r L )_{2−z} √ −|g_{μν} | [ (1 + Ω)^{(4)}R + Ω ( K^2 − K_{ij} K^{ij} )] (52)

Now we perform the compactification. Performing the integral over the internal manifold volume

V one obtains 1 2κ^2 ∫ d^5x √ −G^{(5)}R → ∫ d^4x √ −|g_{μν} | M^2_P 2 [_{(4)}

R + Ω̄^{(3)}R ]

= ∫ d^4x √ −|g_{μν} | M^2_P 2 [ (1 + Ω̄)^{(4)}R + Ω̄ ( K^2 − K_{ij} K^{ij} )] , (53) where M_P is defined as in Eq. (33) and Ω̄ ≡ 1 κ^2M^2_P ∫ V dr Ω ( r L )_{2−z} = 1 κ^2M^2_P ∫ V dr ( r L )_{2−z} [ −1 + ( r L )_{2(z−1)}] . (54)

Eq. (53) is our final result for the gravitational dimensional reduction.

One natural question is the magnitude and the sign of the parameter Ω̄ which measures the extent of the 4D general covariance breaking. To estimate Ω̄ one has to know the details of the compactification. As in conventional models of brane inflation suppose the Lifshitz throat is extended between the radial coordinate r_0 < r < R so r_0 is the IR end of the throat while R is the UV region where the Lifshitz throat is assumed to be glued smoothly to the bulk of the CY compactification. Using Eq. (33) to eliminate κ^2M^2_P we obtain Ω̄ = −1 + ∫ V dr (_r L )_z ∫ V dr (_r L )_{2−z} . (55)

To calculate Ω̄ we consider the cases z < 3, z = 3 and z > 3 separately. For z < 3 and assuming that r_0 ≪ R, we obtain Ω̄ ≃ −1 + 3 − z z + 1 ( R L )_{2(z−1)} z < 3 . (56)

Depending on the value of the ratio R/L, Ω̄ can be either positive or negative. Defining R_c as when Ω̄ = 0, we obtain

R_c = L ( 3 − z z + 1 )_{1/2(z−1)} . (57)

So for R < R_c(R > R_c) one has Ω̄ < 0(Ω̄ > 0). Interestingly at R = R_c, Ω̄ vanishes although we have z ≠ 1. This means that the 4D theory is general covariant in the gravitational sector if the Lifshitz throat is glued to the CY compactification at the critical radius R = R_c. For generic value of R and assuming that R/L typically is order of few, we expect that the magnitude of Ω̄ to be order of few.

On the other hand for z > 3, we have Ω̄ ≃ −1 + z − 3 z + 1 ( R L )_{2(z−1)} ( r_0 R )_{z−3} z > 3 . (58)

We know that r_0/R is exponentially small [15], so for values of R ≲ L we expect to have Ω̄ < 0. However, by choosing R to be much bigger than L one can tune Ω̄ to cross zero and become positive too.

Finally for z = 3, we obtain Ω̄ ≃ −1 + (^{RL} )^4 4 ln(^R_{r0} ) z = 3 . (59)

As for the case z < 3, one can find a critical value R_c where Ω̄ = 0. Assuming that typically ln R/r_0 is order few, we conclude that R_c ∼ L. For R < R_c(R > R_c) we have Ω̄ < 0(Ω̄ > 0).

Having obtained the action for the matter and the gravitational sectors, Eqs. (44) and (53), the total action, S = ∫ d^4xL_{total}, therefore is L_{total} = √ −|g_{μν} | M^2_P 2 [_{(4)} R + Ω̄^{(3)}R ]

− √ −|g_{μν} |f(ϕ)^{−1} {[ 1 + f(ϕ)g^{00} (∂_tϕ)^2 + h(ϕ)g^{ij} ∂_iϕ∂_j ϕ + 2ℓ(ϕ)g^{0i}∂_tϕ∂_iϕ ]_{1/2} − 1 } (60)

Eq. (60) indicates an interesting theory where the general covariance is broken explicitly both in the matter and the gravitational sectors. This action is similar to the classifications employed in effective field theory of inflation (EFTI) literature [48]. In EFTI studies the 4D general covariance is broken because the inflaton field introduces preferred three-dimensional time foliation slices. This is also the case for our matter sector where the non-trivial ϕ-dependences break explicitly the 4D general covariance. However, the lack of 4D covariance in gravitational sector is more non-trivial. It originates from the fact that the higher-dimensional theory breaks the Lorentz invariance at the level of solution. After compactification, this manifests itself with an extra scalar field degree of freedom. This is reminiscent of the extra scalar degree of freedom in Horava-Lifshitz theory of gravity [47, 49–52].

Having presented our total action in Eq. (60) one can look into the cosmological perturbation theory in details and check the observational predictions. Specifically the model seems to have interesting predictions for non-Gaussianities. Note that already in standard DBI inflation with Ω̄ = 0 one has significant non-Gaussianities. Now due to explicit breakdown of four-dimensional diffeomorphism one naturally expects to obtain non-Gaussianities with different shapes. The situation here is to some extent similar to the EFTI literature on non-Gaussianities, for example see [48, 53–56] and references therein. We would like to come back to the questions of cosmological perturbations and non-Gaussianities in a future publication.

V. SUMMARY AND DISCUSSIONS

In this paper a new model of DBI inflation is presented where the mobile brane is moving ultra relativistically inside a Lifshitz background with arbitrary scaling exponent z. This is a generalization of standard DBI inflation inside an AdS throat with z = 1.

This work is mainly at the phenomenological level. As expressed previously, we do not have a rigorous construction of our Lifshitz throat within string theory set up. It is an open question as how one can embed the Lifshitz background rigorously in string theory. Furthermore, the concept of brane with the right RR coupling is not well-understood in this set up. We have employed the phenomenological approach that the Lifshitz throat with mobile branes, as required for brane inflation, can be embedded in principle in string theory. Furthermore, as in standard brane inflation, we assumed that one can obtain the inflationary potential from the back-reactions of the mobile branes with the background fluxes and volume modulus. Whether or not the potential has the right form and the right couplings to support long enough period of inflation is the question of fine-tuning and on this issue our model is on the same footing as conventional models of brane inflation.

In this work we have not studied the slow-roll brane inflation. This is because the potential between brane and anti-brane required for slow-roll inflation, as in [18], is not understood for arbitrary value of z in Lifshitz background. It would be interesting to calculate the inter-brane potential for generic value of z so both slow-roll and fast-roll brane inflation can be combined for a more richer inflationary model building in this set up.

After dimensional reduction we found that the four-dimensional general covariance is broken explicitly both in the matter and the gravitational sectors. The reason is that we start from a theory where the Lorentz invariance is broken at the level of solution. Performing the dimensional reduction to four dimension, this manifests itself in parameter Ω̄ which measures the level of 4D diffeomorphism breaking. Depending on how Lifshitz throat is glued to the bulk of CY compactification, we find that Ω̄ can have either signs and can be order of few. The total action, including the general metric and matter perturbations, is obtained in Eq. (60). One expects the model has interesting cosmological predictions, specially for the magnitude and the shapes of the non-Gaussianities. We would like to come back to these question in a future publication.

Acknowledgement

We would like to thank P. Creminelli, R. Fareghbal, J. Maldacena, A. Nicolis, L. Senatore and E. Silverstein for useful discussions. We also thank M. M. Sheikh-Jabbari and the anonymous JCAP referee for the comments on perturbations in the earlier version of the draft. We specially thank Kazuya Koyama for many insightful discussions and comments. H.F. would like to thank ICG for the hospitality during the revision of this work.

Appendix A: Gravitational Dimensional Reduction

In this appendix we provide the details of the gravitational dimensional reduction. As mentioned in subsection IV B, the metric (34) is invariant under three-dimensional time-dependent diffeomorphism defined in Eq. (45). As a result we expect the dimensionally reduced gravitational action to be written in terms of geometric quantities such as^{(3)}R and K_{ij} which respect this symmetry. Furthermore, due to the three-dimensional diffeomorphism invariance we can go to a coordinate system (gauge) where g_{0μ} = 0 which simplifies the calculations considerably. After obtaining the results in this gauge, we express them in terms of three-dimensional covariant quantity such as K_{ij} which ensure the validity of the results independent of the coordinate system.

In the gauge where g_{0μ} = 0 one can check that

(5)R_{00} =^{(4)}R_{00} − Ω [ −∂^{(4)}_i Γ^i_{00} + 2^{(4)}Γ^i_{00}^{(4)}Γ^0_i −^{(4)} Γ^i_{00}

(_{(4)} Γ^0_i +^{(4)} Γ^j_{ij} )] − ( r L )^{2z} z^2 + 3z L^2 g_{00} (5)R_{ij} =^{(4)}R_{ij} + ( r L )_{−2(z−1)} Ω [ −∂^{(4)}_0 Γ^0_{ij} +^{(4)} Γ^0_{il}^{(4)}Γ^l_{0j} +^{(4)} Γ^l_{0i}^{(4)}Γ^0_{lj} −^{(4)} Γ^0_{ij}(^{(4)}Γ^0_0 +^{(4)} Γ^l_{0l}) ]

− ( r L )^2 z + 3 L^2 g_{ij} (5)R_{55} = −

3 + z^2

r^2

(A1)

Here^{(4)}Γ^μ_{νκ} is calculated from the four-dimensional metric g_{μν} and Ω is given via Eq. (51) Note that in the limit where z = 1, Ω vanishes. As we shall see below Ω measures the degree of the lack of the four-dimensional diffeomorphism invariance.

With some efforts one can check that

(5)R = ( r L )_{−2z} [_{(4)}

R + Ω ( g^{ij (4)}R_{ij} − a_0 + a_1 )] − 1 L^2 ( 12 + 6z + 2z^2 ) (A2)

where

a_0 ≡ g^{00} [ −∂_i^{(4)}Γ^i_{00} + 2^{(4)}Γ^i_{00}^{(4)}Γ^0_i −^{(4)}Γ^i_{00}(^{(4)}Γ^0_i +^{(4)}Γ^j_{ij}) ]

a_1 ≡ g^{ij} [ −∂_0^{(4)}Γ^0_{ij} +^{(4)}Γ^0_{il}^{(4)}Γ^l_{0j} +^{(4)}Γ^l_{0i}^{(4)}Γ^0_{lj} −^{(4)}Γ^0_{ij}(^{(4)}Γ^0_0 +^{(4)}Γ^l_{0l}) ] (A3)

To get better insight about the forms of different terms above, we go to the ADM formalism defined in Eq. (46). With the gauge g_{0μ} = 0 we have N^i = 0 while N and g_{ij} are arbitrary functions of space and time. Calculating a_0 explicitly one can check that

a_0 = 1 N ∇^2N (A4) where ∇^2 is constructed from g_{ij} . On the other hands, many terms in a_1 and^{(4)}R_{ij} cancel out and one obtains

g^{ij (4)}R_{ij} + a_1 =^{(3)}R + 1 N ∇^2N . (A5)

Combining all terms together, we obtain

(5)R = ( r L )_{−2z} [_{(4)}

R + Ω ( (3)R + 2 N ∇^2N )] − 1 L^2 ( 12 + 6z + 2z^2 ) (A6)

Considering the addition factor of N coming from √ −|G_{MN} |^{(5)}R = N √ |g_{ij} | (_r L )_{z+2 (5)} R the term ∇^2N/N is transformed into a total derivative term integrated over three-dimensional space which can be discarded. Also neglecting the last term in Eq. (A6) which contributes into the effective cosmological constant and will be canceled by the contributions from other field in the bulk, yield √ −|G_{MN} |^{(5)}R → ( r L )_{2−z} √ −|g_{μν} | [_{(4)}

R + Ω^{(3)}R ] (A7)

This is our final result for the gravitational dimensional reduction. Note that in the limit where Ω = 0, one recovers the standard four-dimensional gravitational theory which is general covariant. However, with a non-zero value of Ω, the general covariance is broken in 4D. Also note that for the FRW background, Eq. (A7) reduces to Eq. (30) as expected.

Alternatively, one can use the Gauss-Codazzi equation^{(4)}R =^{(3)} R − K^2 + K_{ij} K^{ij} to eliminate (3)R in terms of extrinsic curvature and obtain √ −|G_{MN} |^{(5)}R → ( r L )_{2−z} √ −|g_{μν} | [ (1 + Ω)^{(4)}R + Ω ( K^2 − K_{ij} K^{ij} )] (A8)

References

[1] A. H. Guth, “The Inflationary Universe: A Possible Solution To The Horizon And Flatness Problems,” Phys. Rev. D 23, 347 (1981);

K. Sato, “First Order Phase Transition of a Vacuum and Expansion of the Universe,” Mon. Not. Roy. Astron. Soc. 195, 467-479 (1981).

[2] A. D. Linde, “A New Inflationary Universe Scenario: A Possible Solution Of The Horizon, Flatness, Homogeneity, Isotropy And Primordial Monopole Problems,” Phys. Lett. B 108, 389 (1982); A. Albrecht and P. J. Steinhardt, “Cosmology For Grand Unified Theories With Radiatively Induced Symmetry Breaking,” Phys. Rev. Lett. 48, 1220 (1982).

[3] E. Komatsu et al., “Seven-Year Wilkinson Microwave Anisotropy Probe (WMAP) Observations: Cosmological Interpretation,” arXiv:1001.4538 [astro-ph.CO].

[4] S. H. Henry Tye, “Brane inflation: String theory viewed from the cosmos,” Lect. Notes Phys. 737, 949 (2008) [arXiv:hep-th/0610221].

[5] J. M. Cline, “String cosmology,” arXiv:hep-th/0612129.

[6] C. P. Burgess, “Lectures on Cosmic Inflation and its Potential Stringy Realizations,” PoS P2GC, 008 (2006) [Class. Quant. Grav. 24, S795 (2007)] [arXiv:0708.2865 [hep-th]].

[7] L. McAllister and E. Silverstein, “String Cosmology: A Review,” Gen. Rel. Grav. 40, 565 (2008) [arXiv:0710.2951 [hep-th]].

[8] D. Baumann and L. McAllister, “Advances in Inflation in String Theory,” arXiv:0901.0265 [hep-th]. [9] A. Mazumdar and J. Rocher, “Particle physics models of inflation and curvaton scenarios,” arXiv:1001.0993 [hep-ph].

[10] G. Dvali and S.-H.H. Tye, ”Brane Inflation”, Phys. Lett. B450 (1999) 72, hep-ph/9812483. [11] S. H. S. Alexander, “Inflation from D - anti-D brane annihilation,” Phys. Rev. D 65, 023507 (2002) [arXiv:hep-th/0105032].

[12] C. P. Burgess, M. Majumdar, D. Nolte, F. Quevedo, G. Rajesh and R. J. Zhang, JHEP 07 (2001) 047, hep-th/0105204.

[13] G. R. Dvali, Q. Shafi and S. Solganik, “D-brane inflation,” hep-th/0105203. [14] I. R. Klebanov and M. J. Strassler, “Supergravity and a confining gauge theory: Duality cascades and chiSB-resolution of naked singularities,” JHEP 0008, 052 (2000), hep-th/0007191.

[15] S. B. Giddings, S. Kachru and J. Polchinski, “Hierarchies from fluxes in string compactifications,” Phys. Rev. D 66, 106006 (2002), hep-th/0105097.

[16] K. Dasgupta, G. Rajesh and S. Sethi, “M theory, orientifolds and G-flux,” JHEP 9908, 023 (1999) [arXiv:hep-th/9908088].

[17] L. Randall and R. Sundrum, “A large mass hierarchy from a small extra dimension,” Phys. Rev. Lett.

83, 3370 (1999) [arXiv:hep-ph/9905221].

[18] S. Kachru, R. Kallosh, A. Linde, J. Maldacena, L. McAllister and S. P. Trivedi, ” Towards inflation in string theory”, JCAP 0310 (2003) 013, hep-th/0308055.

[19] H. Firouzjahi and S.-H. H. Tye, “Closer towards inflation in string theory,” Phys. Lett. B 584, 147 (2004), hep-th/0312020.

[20] C. P. Burgess, J. M. Cline, H. Stoica and F. Quevedo, “Inflation in realistic D-brane models,” JHEP 0409, 033 (2004), hep-th/0403119.

[21] A. Buchel and R. Roiban, “Inflation in warped geometries,” Phys. Lett. B 590, 284 (2004) [arXiv:hepth/0311154].

[22] N. Iizuka and S. P. Trivedi, “An inflationary model in string theory,” Phys. Rev. D 70, 043519 (2004), [arXiv:hep-th/0403203].

[23] H. Firouzjahi and S.-H. H. Tye, “ Brane inflation and cosmic string tension in superstring theory,”

JCAP 0503, 009 (2005), hep-th/0501099.

[24] E. Silverstein and D. Tong, “Scalar Speed Limits and Cosmology: Acceleration from D-cceleration,” Phys. Rev. D 70, 103505 (2004) [arXiv:hep-th/0310221].

[25] M. Alishahiha, E. Silverstein and D. Tong, “DBI in the sky,” Phys. Rev. D 70, 123505 (2004) [arXiv:hepth/0404084].

[26] A. Kehagias, E. Kiritsis, “Mirage cosmology,” JHEP 9911, 022 (1999). [hep-th/9910174]. [27] X. Chen, M. x. Huang, S. Kachru and G. Shiu, “Observational signatures and non-Gaussianities of general single field inflation,” JCAP 0701, 002 (2007) [arXiv:hep-th/0605045].

[28] X. Chen, “Multi-throat brane inflation,” Phys. Rev. D 71, 063506 (2005) [arXiv:hep-th/0408084]. [29] S. E. Shandera and S. H. Tye, “Observing brane inflation,” JCAP 0605, 007 (2006) [arXiv:hepth/0601099].

[30] R. Bean, X. Chen, H. Peiris and J. Xu, “Comparing Infrared Dirac-Born-Infeld Brane Inflation to Observations,” Phys. Rev. D 77, 023527 (2008) [arXiv:0710.1812 [hep-th]].

[31] R. Bean, S. E. Shandera, S. H. Henry Tye and J. Xu, “Comparing Brane Inflation to WMAP,” JCAP 0705, 004 (2007) [arXiv:hep-th/0702107].

[32] J. A. Hertz, “Quantum critical phenomena,” Phys. Rev. B 14, 1165 (1976). [33] J. M. Maldacena, “The large N limit of superconformal field theories and supergravity,” Adv. Theor.

Math. Phys. 2, 231 (1998) [Int. J. Theor. Phys. 38, 1113 (1999)] [arXiv:hep-th/9711200]. [34] S. Kachru, X. Liu and M. Mulligan, “Gravity Duals of Lifshitz-like Fixed Points,” Phys. Rev. D 78, 106005 (2008) [arXiv:0808.1725 [hep-th]].

[35] E. Ayon-Beato, A. Garbarz, G. Giribet and M. Hassaine, “Analytic Lifshitz black holes in higher dimensions,” JHEP 1004, 030 (2010) [arXiv:1001.2361 [hep-th]].

[36] S. A. Hartnoll, J. Polchinski, E. Silverstein and D. Tong, “Towards strange metallic holography,” JHEP 1004, 120 (2010) [arXiv:0912.1061 []].

[37] K. Balasubramanian, K. Narayan, “Lifshitz spacetimes from AdS null and cosmological solutions,” JHEP 1008, 014 (2010). [arXiv:1005.3291 [hep-th]].

[38] A. Donos, J. P. Gauntlett, “Lifshitz Solutions of D=10 and D=11 supergravity,” JHEP 1012, 002 (2010). [arXiv:1008.2062 [hep-th]].

[39] R. Gregory, S. L. Parameswaran, G. Tasinato, I. Zavala, “Lifshitz solutions in supergravity and string theory,” JHEP 1012, 047 (2010). [arXiv:1009.3445 [hep-th]].

[40] D. Cassani, A. F. Faedo, “Constructing Lifshitz solutions from AdS,” JHEP 1105, 013 (2011).

[arXiv:1102.5344 [hep-th]].

[41] D. Baumann, A. Dymarsky, I. R. Klebanov, J. M. Maldacena, L. P. McAllister and A. Murugan, “On D3-brane potentials in compactifications with fluxes and wrapped D-branes,” JHEP 0611, 031 (2006) [arXiv:hep-th/0607050].

[42] C. P. Burgess, J. M. Cline, K. Dasgupta and H. Firouzjahi, “Uplifting and inflation with D3 branes,” JHEP 0703, 027 (2007) [arXiv:hep-th/0610320].

[43] D. Baumann, A. Dymarsky, I. R. Klebanov and L. McAllister, “Towards an Explicit Model of D-brane Inflation,” JCAP 0801, 024 (2008) [arXiv:0706.0360 [hep-th]].

[44] F. Chen and H. Firouzjahi, “Dynamics of D3-D7 Brane Inflation in Throats,” JHEP 0811, 017 (2008) [arXiv:0807.2817 [hep-th]].

[45] J. M. Cline, L. Hoi and B. Underwood, “Dynamical Fine Tuning in Brane Inflation,” JHEP 0906, 078 (2009) [arXiv:0902.0339 [hep-th]].

[46] L. Hoi, J. M. Cline, “How Delicate is Brane-Antibrane Inflation?,” Phys. Rev. D79, 083537 (2009).

[arXiv:0810.1303 [hep-th]].

[47] D. Blas, O. Pujolas, S. Sibiryakov, “Consistent Extension of Horava Gravity,” Phys. Rev. Lett. 104, 181302 (2010). [arXiv:0909.3525 [hep-th]].

[48] C. Cheung, P. Creminelli, A. L. Fitzpatrick, J. Kaplan, L. Senatore, “The Effective Field Theory of Inflation,” JHEP 0803, 014 (2008). [arXiv:0709.0293 [hep-th]].

[49] P. Horava, “Quantum Gravity at a Lifshitz Point,” Phys. Rev. D79, 084008 (2009). [arXiv:0901.3775 [hep-th]].

[50] C. Charmousis, G. Niz, A. Padilla, P. M. Saffin, “Strong coupling in Horava gravity,” JHEP 0908, 070 (2009). [arXiv:0905.2579 [hep-th]].

[51] M. Li, Y. Pang, “A Trouble with Horava-Lifshitz Gravity,” JHEP 0908, 015 (2009). [arXiv:0905.2751 [hep-th]].

[52] D. Blas, O. Pujolas, S. Sibiryakov, “On the Extra Mode and Inconsistency of Horava Gravity,” JHEP 0910, 029 (2009). [arXiv:0906.3046 [hep-th]].

[53] L. Senatore, K. M. Smith, M. Zaldarriaga, “Non-Gaussianities in Single Field Inflation and their Optimal Limits from the WMAP 5-year Data,” JCAP 1001, 028 (2010). [arXiv:0905.3746 [astro-ph.CO]].

[54] N. Bartolo, M. Fasiello, S. Matarrese, A. Riotto, “Large non-Gaussianities in the Effective Field Theory Approach to Single-Field Inflation: the Bispectrum,” JCAP 1008, 008 (2010). [arXiv:1004.0893 [astroph.CO]].

[55] N. Bartolo, M. Fasiello, S. Matarrese, A. Riotto, “Large non-Gaussianities in the Effective Field Theory Approach to Single-Field Inflation: the Trispectrum,” JCAP 1009, 035 (2010). [arXiv:1006.5411 [astroph.CO]].

[56] D. Baumann, D. Green, “Equilateral Non-Gaussianity and New Physics on the Horizon,” [arXiv:1102.5343 [hep-th]].