arXiv:1110.1492v2 [hep-th] 28 Nov 2011

Preprint typeset in JHEP style - HYPER VERSION Nikhef 2011-025

A no-go for no-go theorems prohibiting cosmic acceleration in extra dimensional models

Rik Koster^{a,b} and Marieke Postma^a

a Nikhef, Science Park 105, 1098 XG Amsterdam, The Netherlands. b Department of Physics and Astronomy, VU University, De Boelelaan 1081, 1081 HV Amsterdam

Abstract: A four-dimensional effective theory that arises as the low-energy limit of some extra-dimensional model is constrained by the higher dimensional Einstein equations. Steinhardt & Wesley use this to show that accelerated expansion in our four large dimensions can only be transient in a large class of Kaluza-Klein models that satisfy the (higher dimensional) null energy condition [1]. We point out that these no-go theorems are based on a rather ad-hoc assumption on the metric, without which no strong statements can be made.

Contents

1. Introduction 1

2. Einstein’s equations and the null energy condition 3 2.1 The metric 4 2.2 A-averaging and the Einstein frame 5 2.3 Einstein’s equations 6 2.4 No-go theorem 8

3. Assumptions 9 3.1 Brane worlds 10

4. The metric restriction 12 4.1 Lifting the metric restriction 14 4.1.1 Static extra dimensions 15 4.1.2 Generalized restriction 15 4.1.3 No warping 16

5. Conclusions 16

1. Introduction

There is compelling evidence that both the early universe as well as our present-day universe went or is going through a phase of accelerated expansion, referred to as inflation and dark energy respectively. The evolution of the universe is sourced by the energy-density in it; acceleration requires the energy-density to be dominated by vacuum energy. This cannot be achieved by ordinary matter, however, an (effective) scalar field whose kinetic energy is negligible will work. In the context of extra-dimensional models such a four-dimensional (4d) scalar can either arise from higher dimensional matter, or as components of the extradimensional metric (called moduli fields). The higher dimensional fields should satisfy the higher dimensional Einstein equations. This puts constraints on the matter properties of the low-energy effective four-dimensional theory.

In Ref. [1] (and also in the earlier Refs. [2, 3]) Steinhardt and Wesley use these constraints to derive stringent no-go theorems on four-dimensional accelerated expansion in models with extra dimensions. It was for example shown that if the higher dimensional theory satisfies the null energy condition (NEC), accelerated expansion can only last for a couple of e-folds.

– 1 –

Models that do violate the NEC can yield accelerated expansion, but the time and spatial dependence of the NEC violating elements is heavily constrained. To derive these theorems, it is assumed that both the higher dimensional and the 4d compactified theory are described by general relativity (up to small corrections). The metric is taken block-diagonal, with the extra-dimensional part Ricci flat or conformal Ricci flat. This form is motivated by many models that exist in the literature, such as the original Kaluza-Klein model, Randall-Sundrum models [5, 6], and string compactifications on (warped) Calabi-Yau manifolds [7, 8, 9, 10].

The no-go theorems derived in Ref. [1] seem to forbid dark energy and inflation^1 in many motivated extra-dimensional models. However, every no-go theorem is as good as the assumptions that go into it. In this paper we point out some of these assumptions, which are non-trivial and key ingredients in the derivation of the no-go theorems. None of these are mentioned explicitly in Ref. [1], although they can be found in some form in the earlier works[2, 3].

First of all, the theorems derived in Ref. [1, 2, 3] only apply to Kaluza-Klein (KK) type compactifications, and not to a set-up with branes or, more generally, localized matter sources. There are two instances where brane sources may violate the assumptions made. First, the theorems are formulated using a partial integration, where it is assumed the boundary term vanishes: ∫ ∂M e^{(2+A)Ω}(⃗∇Ω).d⃗Σ = 0.

Here Ω is the warp factor, ⃗∇ the gradient constructed from the extra-dimensional metric, A a constant, and ⃗Σ the oriented boundary of compactified space M. This is automatic if M is closed and has no boundaries (for orbifold compactification, if the covering space has no boundaries), as in KK compactifications. However, if M is bounded by branes, boundary terms as the above are generically non-zero, as they are sourced by the brane localized energymomentum, and the no-go theorems do not apply [4]. Second, it is assumed that the metric of our universe g^{vis}_{μν} equals the metric g^E_{μν} that brings the dimensionally reduced 4d Einstein- Hilbert action in canonical form. This is not automatic in brane world models. Indeed, if the standard model matter is localized on a brane instead of living in the bulk the induced metric on the brane, which is the metric of our universe, is

g^{vis}_{μν} = e^{2Ω(ybr,t)}g^E_{μν} ,

with the warp factor evaluated at the position of the brane y_{br}. We can normalize this to Ω(y_{br}, 0) = 1 by rescaling the the 4d coordinates. Only if the warp factor is time-independent the two metrics coincide at all times. Otherwise accelerated expansion in our universe is not the same as accelerated expansion in the canonical metric. The two metrics enter because matter is localized to the brane, whereas gravity lives in the bulk.

Secondly, even for KK type compactifications the theorems are not as general as suggested in Ref. [1], as an additional restriction is put on the metric, which relates the warp factor to

1If during inflation the corrections to the Friedmann equation in the dimensionally reduced theory are large, the theorems may be avoided.

– 2 – the volume modulus of the extra dimensional space. Although it is presented as a necessary condition (which is enforced by hand) in earlier work [2, 3], it should really be viewed as an additional assumption. This metric restriction is motivated in that an extra constraint is needed to eliminate modes with a wrong-sign kinetic term in the four-dimensional effective action. However, the off-diagonal Einstein equations, which are not taken into account in the derivation of the no-go theorems, can provide exactly such constraints. Another argument given is that it is merely a gauge choice in the “moduli space approximation” [2]. But this approximation breaks down in a time-dependent set-up, which is exactly what we are interested in when looking for 4d accelerated expansion. That the metric restriction is indeed unnecessary is confirmed by an explicit counter example: the solution of the five-dimensional Einstein equations found in Ref. [11] violates it.

No-go theorems forbidding a 4d de Sitter (dS) space already exist for a long time [12, 13, 14]. These initial works showed that string theory or supergravity compactifications on a smooth time-independent extra-dimensional manifold cannot give a 4d cosmological constant if the original theory satisfies the strong energy condition. Since then much work has been done to generalize and extend these results. Negatively curved extra-dimensions are discussed in [15]. Theorems forbidding dS solutions in string theory constructions with orientifold planes, which break the null energy conditions, have recently been formulated in [16, 17]. In [18, 19, 20, 21, 22] it was shown that supergravity compactifications to dS often are unstable as they have a tachyon in the spectrum. Theorems restricting a period of 4d inflation can be found in [23, 24]. All these theorems are formulated in a string theory or supergravity context, and supersymmetry and/or knowledge of the matter content in string theory (e.g. on the form of the Kähler potential) is used to derive them. The approach of [1] is orthogonal in a way, as it does not rely on supersymmetry, nor on the form of the matter in the theory except that it satisfies the null energy condition. Given that it is stated so general, it may be no surprise that extra assumptions, such as the metric assumption mentioned above, are needed to derive no-go theorems.

This paper is organized as follows. We start in the next section reviewing the no-go theorems of [1]. To do so we use Einstein’s equations to relate the NEC in the higherdimensional theory to the metric moduli and four-dimensional scale factor. In section 3 we take a step back, and list all the assumption that went into the derivation. We discuss in some detail how brane world models generically evade one or more of the assumptions. In section 4 we discuss the restriction put on the metric in Ref. [1, 2, 3], that relates the warp factor to the volume modulus of the extra dimensional space. We argue that it should be viewed as an assumption rather than a necessary restriction. We further show that without this assumption no general no-go theorems that can be derived. We end with some concluding remarks.

2. Einstein’s equations and the null energy condition

In this section we review the no-go theorems of [1]. As a preliminary we introduce the metric

– 3 – and define the 4d Einstein frame, and define an averaging procedure. We then use the Einstein equations to relate the average NEC violation in the higher dimensional theory to the 4d scale factor and moduli fields. We use a slightly different gauge than [1], setting ϕ = 0 in their equations, to make the derivations as transparant as possible.

2.1 The metric

We assume the metric to be of the block-diagonal form

ds^2 = g^{(D)}_{MN} dX^M dX^N = e^{2Ω(t,y)}g^E_{μν} (t)dx^μdx^ν + g^{(d)}_{mn}(t, y)dy^mdy^n, (2.1)

with coordinates X^M = (x^μ, y^m). Here (M = 0, .., D − 1) runs over all D dimensions, whereas (μ = 0, .., 3) labels our four large space-time dimensions and (m = 4, ..., D − 1) the d = D − 4 extra dimensions. The four-dimensional Einstein frame metric g^E_{μν} is of the Friedmann-Robertson-Walker (FRW) form

g^E_{μν} (t)dx^μdx^ν = −n(t)^2dt^2 + a^2(t)d⃗x^2, (2.2)

appropriate to describe (accelerated) expansion in a homogeneous and isotropic universe. We assume that the universe is flat, in agreement with observations [31]. In this metric n(t) is the lapse function and a(t) the scale factor. Accelerated expansion is defined by (taking a > 0) ä a = Ḣ + H^2 > 0 (2.3)

with H = ȧ/a the Hubble constant. The extra-dimensional metric is taken of the form

g^{(d)}_{mn}(t, y) = e^{−2Ω̄(t,y)}ḡ^{(d)}_{mn}(t, y), (2.4)

with the scalar curvature constructed from the barred metric vanishing R[ḡ^{(d)}_{mn}] = 0. The metric is Ricci flat (RF) if Ω̄ is constant (can be set to zero by a redefinition of ḡ^{(d)}_{mn}), and conformal Ricci flat (CRF) if Ω̄ = Ω equals the warp factor. The Ricci scalar of the extradimensional space is R[g^{(d)}_{mn}] = 0 for a RF metric, and

R[g^{(d)}_{mn}] = 2(d − 1)∇^2Ω + (d − 1)(d − 2)(∇_mΩ)^2, (2.5)

for CRF. Here ∇^2 = ∇_m∇^m, with ∇_m the covariant derivative constructed from g^{(d)}_{mn}.

A generic coordinate transformation X^M → X^M (X^{′N} ) will alter the form of the metric, in particular it will generate off-diagonal terms g_{μm}dx^μdy^m. Hence the block-diagonal form of the metric (2.1) fixes most of the gauge. Residual invariance is left of the form t → t(t^′), ⃗x → ⃗x(⃗x^′), y^m → y^m(y^{′n}). The first transformation can be used to set n(t) = 1, which we will do in the following. The second can be used to fix the scale factor at a particular time, it is customary to set the scale factor today to unity a(t_{now}) = 1. We discuss the third below.

We decompose the (time-derivative) of the extra dimensional metric according to [1] 1 2 ∂_tg^{(d)}_{mn}(t, y) = 1 d ξ(t, y) g^{(d)}_{mn}(t, y) + σ_{mn}(t, y), (2.6)

– 4 – with g^{(d)mn}σ_{mn} = 0 traceless. The trace factor ξ parametrizes the change in volume: ∂_t ln √ g^{(d)} = ξ. Under a time-independent coordinate transformation y^m → y^m(y^n), which keeps the metric in block-diagonal form, ξ is invariant whereas σ_{mn} transforms as a tensor. The non-invariance of σ_{mn} will not be important for the derivation of the no-go theorems, as this quantity only appears in a covariant contraction in the equations. However, if we want to solve the constraint equations arising from the off-diagonal components of Einstein’s equations, we do have to worry about gauge invariance.

2.2 A-averaging and the Einstein frame

It will be useful to define an A-averaging procedure via Q_A(t) ≡ ⟨Q(t, y)⟩_A = ∫ Qe^{AΩ} √ g^{(d)}d^dy ∫ e^{AΩ} √ g^{(d)}d^dy

, (2.7)

where the weight of the average is set by A. Using this average any quantity can be split in a y-independent zero-mode piece and the fluctuations around it

Q(t, y) = Q_A(t) + Q_{A⊥}(t, y) (2.8)

with ⟨Q_{A⊥}⟩_A = 0. Splits using different values of A only differ by a time-dependent function: Q_A(t) = Q_B (t) + f_{AB}(t). The averaging procedure is time-dependent, and in general the time-derivative of an average differs from the average of a time-derivative:

∂_t⟨Q⟩_A = ⟨Q̇⟩_A + ⟨Q(AΩ̇ + ξ)_{A⊥}⟩_A. (2.9)

The Einstein frame is found by integrating the action over the extra dimensions S = 1 2κ^2_D ∫ d^DX √ −g^{(D)}R[g^{(D)}_{MN} ] = 1 2κ^2_D ∫ d^4x √ −g^E (∫ e^{2Ω} √ g^{(d)}d^dy ) R[g^E_{μν} ] + ... (2.10)

with κ^{−2}_D = M^{D−2}_D with M_D the D-dimensional Planck scale. For g^E_{μν} to be the fourdimensional Einstein metric we need 1 κ^2_D (∫ e^{2Ω} √ g^{(d)}d^dy ) = 1 κ^2_4

, (2.11)

with κ^{−2}_4 = m^2_p. By definition, the Planck mass is constant in the Einstein frame. Taking the time-derivative of the above equation implies

⟨2Ω̇ + ξ⟩_2 = 0. (2.12)

Note that the above relation is only valid for what we will call the “canonical average”, with A = 2. Demanding g^E_{μν} to be the Einstein frame metric completely fixes Ω via (2.11). There is no freedom left to rescale Ω → Ω + c(t) and g^E_{μν} → e^{−2c(t)}g^E_{μν} .

– 5 –

2.3 Einstein’s equations

Both the higher and four-dimensional energy and momentum are defined in their respective Einstein frames g^{(D)}_{MN} and g^E_{μν} . The definition of the D-dimensional energy density and pressure are κ^2_D ρ = −g^{00}G_{00}, κ^2_D p_3 = 1 3 g^{ij} G_{ij} , κ^2_D p_d = 1 d g^{mn}G_{mn} (2.13)

with as before D = 4 + d the total number of dimensions. A possible higher-dimensional cosmological constant is absorbed in the energy and pressure. The extra dimensions do not need to be homogeneous or isotropic, and thus the extra dimensional part of the energymomentum tensor may have off-diagonal entries. Only the trace is used for the theorems, but all components are needed to fully solve Einstein’s equations. The off-diagonal equations, which provide constraints, are not used in the derivation of the theorems of Ref. [1].

We can dimensionally reduce the theory to four dimensions. If the system is to describe our universe today, this should yield general relativity plus corrections that encode its extradimensional origin. Hence, we get the usual Friedmann equations relating the scale factor a(t) to the effective energy and pressure plus corrections that are small in the low energy limit: ( ȧ a )_2 = κ^2_4 3 ρ^E + ..., ( ä a ) = − κ^2_4 6 ρ^E (1 + 3w^E ) + ..., (2.14)

where we introduced the equation of state parameter p^E = w^E ρ^E . The energy and pressure is the total four-dimensional energy and pressure, which includes the dimensional reduction of any matter added in the higher dimensional theory (possibly localized on e.g. a brane), as well as the energy and pressure of the metric moduli fields.

At low energies, the scales being probed are large compared to the typical size of the extra dimensions, and the corrections to the FRW equations (denoted by the ellipses) are small. We know from observations that during nucleosynthesis, when the temperature in the universe was about an MeV, the corrections to the Friedmann equations should be small. Extrapolating, they are completely negligible today. It then follows that accelerated expansion requires dark energy with an equation of state parameter w_E < 1/3. However, this is not necessary the case for inflation, as this period of accelerated expansion takes place well before nucleosynthesis where the corrections to the Friedmann equations may be large. For example, in RS models there is an additional ρ^2 term on the right-hand-side of the first Friedmann equation which may play a rôle during inflation [32, 33, 34, 35]. In this regime statements on the scale factor or Hubble parameter (as in (2.3)) cannot be straightforwardly translated in a statement on the equation of state parameter. For this reason we will state our theorems in terms of the scale factor, rather than the equation of state parameter.

The D-dimensional null energy condition (NEC) states that T_{MN} n^M n^N ≥ 0 for any null vector n^M . The NEC is satisfied by all unitary two-derivative quantum field theories. Although NEC violating theories in general suffer from difficulties with unitarity, superluminal expansion or instabilities [36, 37, 38, 39, 40], NEC violating objects such as negative tension branes or orientifold planes can be introduced without such problems. In terms of energy and

– 6 – momentum, NEC is violated if ρ + p_3 < 0 or ρ + p_d < 0 at any time or point in space. Equally well one could use the A-average of the above equations to probe NEC violation [1, 2]. Using the D-dimensional Einstein equations (2.13) we can then relate NEC violation to the metric moduli and the 4d Hubble parameter

κ^2_D e^{2Ω}(ρ + p_3) = −2Ḣ − σ^2 − 1 d ξ^2 + 2ξΩ̇ + 2Ω̇^2 + (H − ∂_t)(2Ω̇ + ξ), (2.15)

κ^2_D e^{2Ω}(ρ + p_d) = −3(Ḣ + H^2) − σ^2 + d + 2 d ξΩ̇ + 3H( ξ d − Ω̇) − ∂_t ( 3Ω̇ +

(d − 1) d ξ )

+ (d − 4) d e^{2Ω}∇^2Ω +

4(d − 1) d e^{2Ω}(∇_mΩ)(∇^mΩ) + 1 d e^{2Ω}R[g^{(d)}_{mn}], (2.16)

with σ^2 = σ_{mn}σ^{mn}. We now take the A-average of the above equations, using that

⟨2Ω̇ + ξ⟩_A = 0, with { A = 2, (no restriction), ∀A, (metric restriction),

(2.17)

to simplify the equations. If no further restrictions are put on the metric, the above equation is valid only for the canonical average A = 2, and follows from the definition of the Planck mass (2.12). However, with the extra metric restriction (2.23) discussed in section 4, the equation is valid for all values of A. Using this freedom allows to derive stronger no-go theorems. We further split the fields in a zero mode plus perturbations Q = Q_A + Q_{A⊥} as in (2.8). The time derivatives of the metric function can be rewritten with (2.9). The Ricci scalar of the extra-dimensional manifold is given in (2.5). The result is:

κ^2_D ⟨e^{2Ω}(ρ + p_3)⟩_A = −2Ḣ − ⟨σ^2⟩_A −

(2 + d) 2d ⟨ξ^2⟩_A + ⟨(2Ω̇ + ξ)_{A⊥} ( 1 2 (2Ω̇ + ξ)_{A⊥} + (AΩ̇ + ξ)_{A⊥} )⟩_A, (2.18)

κ^2_D ⟨e^{2Ω}(ρ + p_d)⟩_A = −3(Ḣ + H^2) − ⟨σ^2⟩_A + (d + 2) 2d [ −⟨ξ^2⟩_A + (3H + ∂_t)ξ_A + (2 − A)⟨(Ω̇ξ)_{A⊥} ⟩_A ]

+ 3 2 ⟨(2Ω̇ + ξ)_{A⊥} (AΩ̇ + ξ)_{A⊥} ⟩_A − C_1(A, d)⟨e^{2Ω}(∇Ω)^2⟩_A + B.T. (2.19)

To obtain the last term we performed a partial integration

⟨e^{2Ω}∇^2Ω⟩_A = −(2 + A)⟨e^{2Ω}(∇Ω)^2⟩_A + B.T. (2.20)

In the derivation of the no-go theorems it is assumed that the boundary term B.T. = ⟨1⟩^{−1} ∫ ∂M √ g^{(d)}e^{(2+A)Ω} ⃗ΔΩ · d⃗Σ (2.21)

vanishes. Here ⃗Σ is a directed (d−1)-area element of the boundary surface ∂M. The constant in (2.19) is

C_1(A, d) = 1 d × { A(d − 4) − 2d − 4, (RF), 3A(d − 2) − d^2 + 5d − 10, (CRF),

(2.22)

– 7 – depending on whether the extra-dimensional space is Ricci flat (RF) or conformal Ricci flat (CRF). The equations are written in such a form that it is straightforward to specialize to the two cases of interest, namely A = 2 which is valid for a generic metric, and ⟨2Ω + ξ⟩_A = 0 and generic A for the metric with extra restriction.

2.4 No-go theorem To derive the no-go theorem of [1] we assume the “metric restriction” (its motivation and validity is discussed in section (4)):

(2Ω̇ + ξ)_{2⊥} = 0. (2.23)

Combining with the requirement of a constant Planck mass (2.12) gives (2Ω̇ + ξ) = 0, and thus also (2.17) is trivially satisfied for all A. The equations (2.18, 2.19) simplify

κ^2_D ⟨e^{2Ω}(ρ + p_3)⟩_A = −2Ḣ − |X|, (2.24) κ^2_D ⟨e^{2Ω}(ρ + p_d)⟩_A = −3(Ḣ + H^2) − |X| − C_1(A, d)⟨e^{2Ω}(∇Ω)^2⟩_A − C_2(A, d)⟨ξ^2_{A⊥} ⟩_A + (2 + d) 2d ∂_t(a^3ξ_A)

a^3

, (2.25)

with |X| = ⟨σ^2⟩_A +^{(2+d)}_{2d} ξ^2_A ≥ 0, C_1 given by (2.22), and C_2 =^{(2+d)}_{4d} (4 − A). The Ddimensional matter violates the null energy condition if the left-hand-side of one of the above equations is negative. Depending on the number of extra dimensions and whether the metric is RF or CRF, we can choose A such that the constants C_i are non-negative and derive strong no-go theorems. In a nutshell, 4d accelerated expansion (2.3) implies that the first term on the right-hand-side of (2.25) is negative; NEC can only be satisfied if this is compensated by the last term and ∂_tξ > 0. However, the growth of ξ is limited, as otherwise |X| grows so large that the right-hand-side of (2.24) becomes negative and NEC is violated after all. Note that −Ḣ ≥ 0 for a scale factor that grows as a power law or exponentially.

The arguments can be made more precise. If only C_1 ≥ 0 and C_2 arbitrary, then a fourdimensional de Sitter universe with Ḣ = 0 is incompatible with the NEC. Indeed, it follows from (2.24) Ḣ = 0 is only possible for static extra dimensions ξ, σ = 0. But this leads to a contradiction in (2.25) if C_1 ≥ 0, which can only be resolved if NEC is violated. Choosing an appropriate value for A, C_1 can always made positive or zero except for d = 4 respectively d = 2 in RF and CRF. This gives the theorem:

• Theorem 1: Given (1) NEC, and (2) d ≠ 4 (2) for RF (CRF), compactification to 4d dS space is impossible.

Stronger constraints can be derived if C_2 ≥ 0 as well, for example the duration of 4d accelerated expansion can be bounded. This requires d < 4 or d ≥ 10 in RF, while for CRF only d = 2 and d > 14 is excluded. Accelerated expansion corresponds to H^2 + Ḣ ≥ 0 (2.3). Then (2.24) bounds ξ^2_A < H^2. The first term of (2.25) is negative, which can only be positive by a positive time-derivative a^{−3}∂_t(a^3ξ_A) ≳ Ḣ + H^2 (2.26)

– 8 –

In the limit that Ḣ + H^2 ≈ 0 positive but arbitrarily small, only a slow growth of ξ_A may be sufficient for the right-hand-side of (2.25) to be positive, and it may take many efolds before ξ_A exceeds H and NEC is violated. Hence, the period of accelerated can only be significantly constrained if Ḣ + H^2 ∼ H^2 differs significantly from zero. If the 4d theory is general relativity to a good approximation (as is the case when discussing dark energy, but not necessarily during inflation — see the discussion below (2.14)), this translates to the statement that strong bounds can be derived only when the equation of state parameter is considerably smaller than −1/3 but not in the limit w^E → −1/3. Assuming the r.h.s. of (2.26) is O(H^2), we can integrate this equation to get: ξ_A ≳ H^2t + O(HḢt). Plugging in (2.24) it follows that after a time t ∼ H^{−1} the NEC is violated. We can thus formulate the following theorem:

• Theorem 2: (1) Given NEC, (2) Ḣ + H^2 ∼ H^2, and (3) d < 4 or d ≥ 10 for RF and d ≠ 2 and d < 15 for CRF, 4d accelerated expansion is only possible for a limited O(1) number of e-folds.

Allowing for explicit NEC violation does not imply that accelerated expansion is automatic. Additional theorems can be derived that constrain the spatial and/or temporal distribution of the NEC violating component in the energy-momentum tensor, see Ref. [1] for details.

3. Assumptions

Any no-go theorem is as good as the assumptions that go into it. Let us therefore step back for a moment and list the assumptions that went into the derivation of the no-go theorems in section 2.4. They are:

(i) The higher dimensional theory is described by general relativity.

(ii) The metric (2.1) is block-diagonal, with the higher dimensional manifold either R-flat (RF) or conformal R-flat (CRF).

(iii) The 4d metric in the Einstein frame is of the FRW form with zero spatial curvature.

(iv) The metric satisfies the restriction (2.23).

(v) The boundary term (2.21) vanishes.

(vi) The A-average is finite for all finite A.

(vii) The Einstein metric that brings the 4d Einstein-Hilbert action in canonical form is the metric of our universe.

Condition (i) states that we do not consider higher order curvature invariants in the higher dimensional action (or consider them negligibly small). It also excludes possible other

– 9 – modifications of gravity. We note that dS solutions violating this assumption have been constructed, for example, in [25, 26, 27, 28].

It is impossible to derive no-go theorems for generic metrics. Assumption (ii) simplifies the metric considerably. The restriction to RF or CRF metrics allows to determine the sign and size of the Ricci-scalar in (2.16). In general, a positive/negative extra-dimensional curvature will reduce the right-hand-side of (2.16), making it easier/harder to satisfy the NEC. Many models discussed in the literature have a metric of the form (2.1). The original Kaluza-Klein (KK) model, Randall-Sundrum (RS) models [5, 6] and all five-dimensional models are RF, flux compactifications on conformal Calabi-Yau manifolds in string theory [7, 8, 9, 10] are CRF. We note that dS solutions in set-ups with a more general extra-dimensional metric exists, see for example[29, 30].

Condition (iii) is motivated by observations. Our universe is nearly homogeneous and isotropic on large scales, and indistinguishable from flat [31]. It excludes set-ups in which 4d Lorentz symmetry is (weakly) violated. In [1] the additional assumption was made that the dimensionally reduced 4d theory is described by general relativity with negligible small corrections. This assumptions is only needed to express the theorems in terms of the equation of state parameter ω^E rather than directly in terms of the Hubble constant, such as we did in Theorem 2, and as such can be lifted.

The metric is still too general to derive no-go theorems and further assumptions, such as (iv) are needed. This assumption is discussed in detail in section 4 below. As discussed in the next subsection, the theorems only apply to Kaluza-Klein compactifications, as brane world models generically violate one or more of the assumptions (v)-(vii). Moreover, models with negative tension branes or orientifold planes, such as RS1 and flux compactifications, violate the higher dimensional NEC.^2

3.1 Brane worlds

To arrive at the Einstein equation (2.19) a partial integration is done, where it is assumed that the boundary term (2.21) vanishes, which is assumption (v). This is automatic if M is compact and closed, and thus has no boundaries (for orbifold compactification, if the covering space has no boundaries), as in KK compactifications. However, if M is bounded by branes, boundary terms as the above are generically non-zero, as they are sourced by the brane localized energy-momentum. The partial integration is a crucial step in deriving the no-go theorems of section (2.4). First of all, by doing so one d.o.f. is removed as ∇^2Ω-terms (whose sign is undetermined) are eliminated from the equations. Secondly, the coefficient in front of the (∇Ω)^2-term becomes A-dependent, and can be made negative choosing a suitable A. Without the partial integration, there is no such freedom.

In co-dimension one brane worlds, for which the brane extends in D − 1 space-time dimensions and the warp factor only depends on the remaining coordinate, the boundary

2If NEC violation only occurs at the boundary of spacetime, as in RS1, one could still try to apply the theorems to bulk matter only. However, this approach fails in general because the boundary term is non-zero and assumption (v) is violated.

– 10 – terms are given by the Israel-junction conditions, and can be calculated explicitly. For a higher number of co-dimensions it it is much harder to formulate the boundary conditions, and explicit solutions to the Einstein and matter equations only exist for co-dimension two brane worlds. Recently the matching conditions for co-dimension two sources in arbitrary dimensions were formulated [4, 45]. Specific examples of co-dimension one and two brane worlds are 5d RS1 models and 6d “football shaped” models [41, 42, 43, 44] respectively. In both cases, the boundary terms can be related to the energy-momentum localized at the boundary branes, and the boundary term appearing in the Einstein equation (2.19) is positive B.T. > 0. Hence, the boundary term can compensate negative terms on the right-hand-side of this equations, thereby invalidating attempts at deriving a no-go theorem. Although these results are for particular set-ups, it is clear that in models where space is bounded by branes (or more generally, localized sources of energy-momentum) the boundary terms generically do not vanish, and its value is very model dependent; consequently no general no-go theorems can be derived.

As a side remark, in the older Ref. [2] no-go theorems were derived under the “boundedness” assumption, which requires e.g. the A-average ⟨e^{2Ω}R⟩_A to be bounded in the A → ±∞ limit (the sign depending on the number of dimensions). This is in place of the RF or CRF assumption used in [1]. As was already noted in [2] boundedness is violated by the 6d football shaped models which have the property that the curvature diverges at the brane position. We here note that neglecting the boundary term (2.21) is another assumption that fails for these models, and that was used in the derivation of the theorems. This loop hole in the no-go theorems was addressed for co-dimension two branes in [4].

The extra dimension do not need to be compact and closed for the boundary term to vanish. It may also be that the extra dimensions are infinite or end in a singularity, such as in RS2 and soft-wall models respectively [46] (where branes/domain walls are localized inside the bulk, but not at the boundary), but that the boundary terms vanish because of the strong warping. However, in this case we have to be careful that the A-average remains finite, and assumption (vi) is satisfied. This is automatic for the canonical A = 2 average, but not for arbitrary (but finite) A > 2. Compactifying to an effective four-dimensional theory only makes sense if the effective 4d Planck mass (2.11) is finite, which is assured if the warped extra-dimensional volume — the integral appearing in (2.11) — is bounded. The Planck mass is defined in terms of the canonical A = 2 average (2.7). If we consider arbitrary A-average, this only makes sense if the integrals are finite ⟨Q⟩_A < ∞. This is only assured for values A > 2 (or A > 0 if any amount of warping is sufficient to kill off the boundary terms — but this is a model dependent question).

Assumption (vii) states that the metric of our universe g^{vis}_{μν} equals the metric g^E_{μν} that brings the dimensionally reduced 4d Einstein-Hilbert action in canonical form. This is not automatic in brane world models. Indeed, if the standard model matter is localized on a brane instead of living in the bulk the induced metric on the brane, which is the metric of

– 11 – our universe, is g^{vis}_{μν} = e^{2Ω(ybr,t)}g^E_{μν} (3.1)

with the warp factor evaluated at the position of the brane y_{br}. The two metrics enter because matter and gravity “see” a different number of dimensions. We can normalize this to Ω(y_{br}, 0) = 1 by rescaling the the 4d coordinates. Only if the warp factor is time-independent the two metrics coincide at all times. Otherwise accelerated expansion in our universe is not the same as accelerated expansion in the canonical metric. Writing a^{vis} = e^{Ω(t)}a^E, then H^{vis} = H^E + Ω̇ and Ḣ^{vis} = Ḣ^E + Ω̈ in the Einstein equations (2.18,2.19). The extra terms can make the r.h.s. of these equations positive, thereby circumventing the need for NEC violation.

Finally, we would like to mention that in co-dimension one brane worlds, it follows from the Israel-Junction conditions that if a brane or domain wall is located somewhere in the bulk, and if it carries energy-momentum other than a pure brane tension, 4d Lorentz symmetry is necessarily broken [47, 48]. If the Lorentz symmetry breaking is small, the model may still be phenomenologically acceptable. However, since assumption (iii) is broken, the no go theorems do not apply. It may be interesting to see how general this phenomenon of 4d Lorentz symmetry breaking is in general brane world models.

Given all the considerations of this section, it may be hard if not impossible, to extend the no-go theorems to also include (classes of ) brane world models.

4. The metric restriction

The “metric restriction” (iv) is not listed as an explicit assumption in Ref. [1], but it should be viewed as such. Combining (2.23) with the requirement of a constant Planck mass (2.12) gives (2Ω̇ + ξ) = 0, and thus (2.17) is trivially satisfied for all A. The restriction simplifies Einstein’s equations, as it removes one degree of freedom. Moreover, it allows to write the equations unambiguously in terms of the generalized A-average, which provides additional power as a suitable A can be chosen to make certain terms negative.

Ref. [1] argues that the metric restriction is a consequence of coordinate invariance “in the adiabatic limit”. It is unclear how to interpret this statement, as ξ and Ω are time-derivatives of the metric functions, and thus also vanish in the adiabatic limit (which makes the restriction trivially satisfied). Since the goal is to derive no-go theorems that constrain time-dependent metrics, to be precise metrics that give accelerated expansion in 4d, the adiabatic limit does not seem applicable. In the full time-dependent set-up the restriction cannot be enforced merely by gauge invariance, as there is in general no coordinate transformation that can set (2Ω̇ + ξ)_{2⊥} = 0^3 while keeping the metric in the original block-diagonal form (2.1).

Another argument given for the metric restriction is that it removes one linear combination of the moduli fields which in the compactified theory has a wrong sign kinetic term. The

3This generically requires a time-dependent transformation y^m → y^m + δy^m(t, y^n), which introduces an off-diagonal ∝ dydt term in the metric.

– 12 – dimensionally reduced Einstein-Hilbert plus matter action has kinetic terms of the form

S_{kin} = ∫ d^4x √ −g^E 1 2κ^2_4 [ −6H^2 + d + 2 2d ξ^2_0 − d − 1 d ⟨ξ^2_⊥⟩_2 − 6⟨ξ_⊥Ω̇_⊥⟩_2 − 6⟨Ω̇^2_⊥⟩_2 ] + ... (4.1)

where the average is the canonical A = 2 average (2.7). The ellipses denote possible matter kinetic terms. Diagonalizing the kinetic terms, there is one linear combination of Ω̇_⊥ and ξ_⊥ that has a negative kinetic term, corresponding to a ghost mode. A constraint equation relating the fields will remove one degree of freedom, and thus may eliminate the ghost mode. However, it is by no means clear that the restriction (2.23), which is not unique and is imposed by hand, is really needed to remove the ghost. Indeed, a theory that is well defined in the extra dimensions cannot develop a pathology merely by compactifying, that is, by integrating over the extra dimensions. The off-diagonal components of the Einstein equations make this happen. They provide the necessary constraints on the system — they contain no second order time derivatives of the metric functions, and thus must be imposed on the system at all times. Only for special metrics will the restriction (2.23) be a solution of the full Einstein equations.

For the metric (2.1) the non-zero off-diagonal Einstein equations are the {mn}-equation, and {0m}: κ^2_D T_{0m} = ∇_pσ^p_m +

(1 − d) d ∇_mξ + (d + 2) d ξ(∇_mΩ) − 3∂_t∇_mΩ + 2(∇_pΩ)σ^p_m. (4.2)

The number of degrees of freedom left after gauge fixing (or alternatively, rewriting the equations in explicitly gauge invariant form) and applying the constraint equations depends on the symmetries of the extra dimensional manifold. The {0m}-equation equation will always remove one linear combination of Ω, ξ, σ. Actually, as soon as Ω and/or ξ depend on the extra-dimensional coordinates, they necessarily mix with some combination of σ and possible additional matter fields, and the restriction is more complicated than (2.23).

We can check whether the metric restriction (2.23) applies to explicit time-dependent solutions of extra dimensional models that exist in the literature. Einstein’s equations are nonlinear partial differential equations, and explicit solutions are known only for simple metrics. Most solutions assume a separable form of the metric, in which all metric components can be written in the form f(t, y) = f_1(t)f_2(y). This greatly simplifies the system, as it transforms the Einstein equations into ordinary differential equations. If in addition there is only one extra dimension the equations can be solved relatively straightforwardly. Consider then a 5d metric, which is of the general form (2.1),

ds^2 = e^{2Ω(t,y)}g^E_{μν} (t)dx^μdx^ν + b(t, y)^2dy^2. (4.3)

Translating to the notation of (2.6) gives ξ = ḃ/b. Ref. [49] tries to find solutions for Ω = Ω(y) and b = b(t). Since Ω̇ = 0 vanishes by assumption, and one can only define the Einstein frame at all times if ξ = 0 as well (2.12), the metric restriction (2.23) is satisfied trivially. Also for

– 13 – the solutions in Ref. [50, 51], which has Ω = Ω(y) and b = b(y), the restriction is automatic. The solution found in [48] violates assumption (iii) as 4d Lorentz symmetry is broken.

We have found only one explicit solution in the literature in which the metric components have a non-separable and non-trivial form [11]. In this case the off-diagonal Einstein equation (4.2) and the metric restriction (2.23) are inconsistent, providing an explicit counter example to the validity of the metric restriction. Hence (2.23) should indeed be viewed as an extra assumption rather than a necessary condition. Ref. [11] considers a metric of the form

ds^2 = c^2(y, τ)(−dτ^2 + d⃗x^2) + b^2(y, τ)dy^2 = e^{2Ω(y,t)}(−dt^2 + a^2(t)d⃗x^2) + b^2(y, t)dy^2. (4.4)

with adτ = dt with τ conformal time. The split of c^2 = e^{2Ω}a(t)^2 is chosen such that Ω satisfies (2.12), and a is the Einstein frame scale factor. In addition the model has a bulk scalar with an appropriate potential, such that all Einstein’s equations, including the constraint equation (4.2), are satisfied. A family of solutions is found

b^2 = ϵ^2c^2, c(τ, y) = [(λ(y + τ))^{2k} + 1]^{−1/(2k)}, (4.5)

with ϵ, λ, k constants that enter the potential for the bulk field. For this metric (4.4) ξ = ḃ/b = ċ/c, and Ω̇ = ċ/c − ȧ/a. Since a depends only on time, it contributes to the zero mode ⟨Ω̇⟩_2, but drops out of the fluctuations. We find

(Ω̇)_{2⊥} = ξ_{2⊥} = ( ċ c ) 2⊥ ⇒ (Ω̇ − ξ)_{2⊥} = 0. (4.6)

And thus the restriction (2.23) is not satisfied for this solution. We checked that the Planck mass (2.11) for this solution is finite, and thus a sensible 4d theory can be defined. Since pathologies cannot arise merely by integrating over the 5th dimension (unless some invalid approximations are made), the ghost mode has been removed by the constraint equation (4.2).

4.1 Lifting the metric restriction The strong no-go theorems derived in section 2.4 depend on the metric restriction (2.23) in two essential ways. First of all, the extra constraint on the metric removes one degree of freedom. Secondly, the power of generalized A-averaging can be used to choose a suitable A which sets C_i ≥ 0. Without the metric restriction it is not possible to derive powerful no-go theorems, except for some simplified forms of the metric.

Lifting the metric restriction of assumption (iv) the Einstein equations are only valid for A = 2; they become:

κ^2_D ⟨e^{2Ω}(ρ + p_3)⟩ = −2Ḣ − |X| +

(d − 1) d ⟨ξ^2_⊥⟩ + 6⟨Ω̇_⊥ (Ω̇ + ξ)_⊥ ⟩, (4.7)

κ^2_D ⟨e^{2Ω}(ρ + p_d)⟩ = −3(Ḣ + H^2) − |X| +

(d − 1) d ⟨ξ^2_⊥⟩ + 6⟨Ω̇_⊥ (Ω̇ + ξ)_⊥ ⟩ + (d + 2) 2d ∂_t(a^3ξ_0) a^3

− C_1⟨e^{2Ω}(∇Ω)^2⟩, (4.8)

– 14 – where we dropped the subscript A = 2 from the averages, and introduced the notation Q_0 = ⟨Q⟩. As before |X| = ⟨σ^2⟩ +^{(2+d)}_{2d} ξ^2_0 . Using A = 2 in (2.22) gives C_1 = −12/d for RF and C_1 = (−d^2 + 11d − 22)/d for CRF; only in the latter case and for 3 ≤ d ≤ 8 is C_1 ≥ 0 non-negative.

No general no-go theorems can be derived. NEC requires the left-hand-side of the above equations to be positive. Accelerated expansion implies the first term on the right-hand-side of (4.8) is negative; but this can now always be compensated by large Ω̇_⊥ or ξ_⊥ contributions, and for RF also by the (∇Ω)^2 term. We can only derive theorems if we make additional assumptions on the metric, such that these contributions are limited.

4.1.1 Static extra dimensions

From the work of Maldacena and Nuñez [14] we already know that with time-independent extra dimensions the strong energy condition has to be violated to get 4d accelerated expansion. Can we extend this to the weaker NEC condition? For static extra dimensions |X| = ξ = σ_{mn} = 0. For CRF the warp factor enters the extra-dimensional metric and Ω̇ = 0 as well. In this case the metric restriction (2.23) is trivially satisfied, and the Einstein equation for generic A (2.24, 2.25) apply. If C_1(A, d) > 0, which only excludes d = 2, the right-hand-side of (2.25) is negative for 4d accelerated expansion and NEC is violated.

For RF it is harder to derive theorems as Ω̇ does not need to vanish. The warp factor is constrained by the off-diagonal Einstein equations, which simplify enormously for static extra dimensions. By tuning the energy-momentum sources it may be possible to satisfy these equations even for a time-dependent warp factor. If T_{0m} = 0 the warp factor needs to be time-independent Ω̇ = 0, the metric restriction applies, and strong theorems can be formulated.

• Theorem: Given (1) NEC, (2) static extra dimensions, (3) CRF with d ≠ 2 or RF with d ≠ 4 and Ω̇ = 0, accelerated expansion ä > 0 is impossible.

4.1.2 Generalized restriction

Consider metrics for which the warp factor and volume modulus are related via

(Ω̇)_⊥ = fξ_⊥ = 0 (4.9)

with f a (time-dependent) constant. This includes the restriction imposed by Ref. [1] quoted in (2.23) for which f = −1/2, as well as the solution (4.6) for which f = 1 [11]. The equations (4.7, 4.8) become

κ^2_D ⟨e^{2Ω}(ρ + p_3)⟩ = −2Ḣ − |X| − C_3⟨ξ_⊥^2⟩ (4.10)

κ^2_D ⟨e^{2Ω}(ρ + p_d)⟩ = −3(Ḣ + H^2) − |X| +

(d + 2) 2d ∂_t(a^3ξ_0) a^3 −C_3⟨ξ_⊥^2⟩ − C_1⟨e^{2Ω}(∇Ω)^2⟩ (4.11)

– 15 – with |X| = ⟨σ^2⟩ +^{(2+d)}_{2d} ξ^2_0 . The coefficient C_3 = (2 + d)/(2d) − (3/2)(2f + 1)^2, and C_1 is given as before by (2.22). If both C_1, C_3 ≥ 0 strong theorems analogous to those in section 2.4 can be derived. This is the case for CRF with 3 ≤ d ≤ 8 and −3d − √ 3(d^2 + 2d) 6d ≤ f ≤ −3d + √ 3(d^2 + 2d) 6d (4.12)

which includes the case of the metric restriction f = −1/2 discussed in section 4. The allowed interval for f ranges from {−0.87, −0.13} for d = 3 to {−0.82, −0.18} for d = 8. For RF C_1 < 0 independent of the number of dimensions. We can formulate the following theorem:

• Theorem: Given (1) NEC, (2) Ḣ + H^2 ∼ H^2, (3) extra dimensions that satisfy the generalized restriction (4.9) with (4.12), and (4) are CRF with d ≥ 3, 4d accelerated expansion can only last for a few O(1) efolds.

Of course for the special case of f = −1/2 the stronger theorems derived in section 2.4 apply.

4.1.3 No warping The unwarped metric is a special case of the generalized restriction. It corresponds to Ω = Ω(t) and thus ∇_mΩ = Ω̇_⊥ = 0. This gives the equations above (4.10, 4.11) with f = 0 and the term proportional to C_1 vanishes. Strong theorems can be derived if C_3 ≥ 0, which is only the case for d = 1 but not for higher dimensions. The off-diagonal Einstein equations generically also do not help to constrain the system. Hence

• Theorem: Given (1) NEC, (2) Ḣ + H^2 ∼ H^2, (3) no warping, and (4) 5d (d = 1), 4d accelerated expansion ä > 0 can only last for a few O(1) efolds.

5. Conclusions

In this work we revisited no-go theorems forbidding accelerated expansion in our four large space-time dimensions in the context of extra-dimensional models. The metric was taken to be of block-diagonal form, with the extra dimensions either Ricci flat or conformal Ricci flat. This metric allows for a non-trivial warp factor, and applies to many of the motivated examples in the literature. The time-evolution of the four-dimensional Einstein metric is constrained, as the full set-up has to satisfy the higher-dimensional Einstein equations.

To derive the no-go theorems some rather technical and innocent looking assumptions were made, such as the vanishing of the boundary term (2.21). Nevertheless they have far reaching consequences. Indeed the theorems only apply to Kaluza-Klein compactifications. As we discussed, brane world models, or more generically set-ups with localized sources of energy-momentum, generically violate one of the assumptions made.

But even for KK compactifications, no-go theorems can only be derived for simple metrics, which satisfy additional restrictions. In Ref. [1] Steinhardt and Wesley (silently) assumed the

– 16 – a relation between the warp factor and the volume of the extra dimensions. With this metric restriction strong no-go theorems can be derived. For example, if the higher dimensional NEC is satisfied 4d accelerated expansion can only last for a couple of e-folds.

In Ref. [2] the metric restriction was presented as a necessary condition to get a welldefined four-dimensional theory. We argue, though, that it should rather be viewed as an additional assumption on the metric. The restriction is ad-hoc and put in by hand. Moreover, it may be inconsistent with the constraints coming from the off-diagonal Einstein equations. Indeed, the work of Ref. [11] provides an explicit solution to the 5d Einstein equations that does not satisfy the metric restriction.

Any no-go theorem is as strong as the assumptions that go into it. To obtain 4d accelerated expansion requires to violate the assumptions made in Ref. [1]. The easiest way is to add branes or domain walls to the system. For KK compactifications, our work shows that another way around the theorems is to look for solutions that do not satisfy the metric restriction.

Acknowledgments

The authors are supported by a VIDI grant from the Dutch Science Organization NWO. We thank Damien George for useful discussions and a careful reading of an earlier draft.

References

[1] P. J. Steinhardt, D. Wesley, “Dark Energy, Inflation and Extra Dimensions,” Phys. Rev. D79 (2009) 104026 [arXiv:0811.1614 [hep-th]];

[2] D. H. Wesley, “Oxidised cosmic acceleration,” JCAP 0901 (2009) 041, [arXiv:0802.3214 [hep-th]];

[3] D. H. Wesley, “New no-go theorems for cosmic acceleration with extra dimensions,” [arXiv:0802.2106 [hep-th]].

[4] C. P. Burgess, A. Maharana, L. van Nierop, A. A. Nizami, F. Quevedo, [arXiv:1109.0532 [hep-th]].

[5] L. Randall, R. Sundrum, “A Large mass hierarchy from a small extra dimension,” Phys. Rev.

Lett. 83 (1999) 3370-3373. [hep-ph/9905221].

[6] L. Randall, R. Sundrum, “An Alternative to compactification,” Phys. Rev. Lett. 83 (1999) 4690-4693. [hep-th/9906064].

[7] S. B. Giddings, S. Kachru, J. Polchinski, “Hierarchies from fluxes in string compactifications,” Phys. Rev. D66 (2002) 106006. [hep-th/0105097].

[8] S. Kachru, R. Kallosh, A. D. Linde, S. P. Trivedi, “De Sitter vacua in string theory,” Phys. Rev.

D68 (2003) 046005. [hep-th/0301240].

[9] V. Balasubramanian, P. Berglund, J. P. Conlon, F. Quevedo, “Systematics of moduli stabilisation in Calabi-Yau flux compactifications,” JHEP 0503 (2005) 007. [arXiv:hep-th/0502058 [hep-th]].

– 17 –

[10] I. R. Klebanov, M. J. Strassler, JHEP 0008 (2000) 052. [arXiv:hep-th/0007191 [hep-th]]. [11] M. Giovannini, “Time-dependent gravitating solitons in five dimensional warped space-times,” Phys. Rev. D 76 (2007) 124017 [arXiv:0708.1830 [hep-th]].

[12] G. W. Gibbons, in F. del Aguila, J. A. de Azcárraga, L. E. Ibánez (eds), “Supersymmetry, supergravity, and related topics”, World Scientific, Singapore, 1985.

[13] B. de Wit, D. J. Smit, N. D. Hari Dass, “Residual Supersymmetry of Compactified D=10 Supergravity,” Nucl. Phys. B283 (1987) 165.

[14] J. M. Maldacena, C. Nunez, “Supergravity description of field theories on curved manifolds and a no go theorem,” Int. J. Mod. Phys. A16 (2001) 822-855. [hep-th/0007018].

[15] M. R. Douglas, R. Kallosh, “Compactification on negatively curved manifolds,” JHEP 1006 (2010) 004. [arXiv:1001.4008 [hep-th]].

[16] G. Shiu, J. Xu, [arXiv:1108.0981 [hep-th]].

[17] S. R. Green, E. J. Martinec, C. Quigley, S. Sethi, [arXiv:1110.0545 [hep-th]]. [18] M. Gomez-Reino, C. A. Scrucca, “Locally stable non-supersymmetric Minkowski vacua in supergravity,” JHEP 0605 (2006) 015. [hep-th/0602246].

[19] M. Gomez-Reino, C. A. Scrucca, “Constraints for the existence of flat and stable non-supersymmetric vacua in supergravity,” JHEP 0609 (2006) 008. [hep-th/0606273].

[20] L. Covi, M. Gomez-Reino, C. Gross, J. Louis, G. A. Palma, C. A. Scrucca, “de Sitter vacua in no-scale supergravities and Calabi-Yau string models,” JHEP 0806 (2008) 057. [arXiv:0804.1073 [hep-th]].

[21] T. Wrase, M. Zagermann, Fortsch. Phys. 58 (2010) 906-910. [arXiv:1003.0029 [hep-th]]. [22] S. B. Giddings, “The Fate of four-dimensions,” Phys. Rev. D 68 (2003) 026006 [arXiv:hep-th/0303031].

[23] L. Covi, M. Gomez-Reino, C. Gross, J. Louis, G. A. Palma, C. A. Scrucca, “Constraints on modular inflation in supergravity and string theory,” JHEP 0808 (2008) 055. [arXiv:0805.3290 [hep-th]].

[24] M. P. Hertzberg, S. Kachru, W. Taylor, M. Tegmark, “Inflationary Constraints on Type IIA String Theory,” JHEP 0712 (2007) 095. [arXiv:0711.2512 [hep-th]].

[25] C. -M. Chen, P. -M. Ho, I. P. Neupane, N. Ohta, J. E. Wang, JHEP 0310 (2003) 058.

[arXiv:hep-th/0306291 [hep-th]].

[26] K. -i. Maeda, N. Ohta, Phys. Lett. B597 (2004) 400-407. [hep-th/0405205]. [27] K. -i. Maeda, N. Ohta, Phys. Rev. D71 (2005) 063520. [hep-th/0411093]. [28] K. Akune, K. -i. Maeda, N. Ohta, Phys. Rev. D73 (2006) 103506. [hep-th/0602242]. [29] I. P. Neupane, Phys. Lett. B 683 (2010) 88 [arXiv:0903.4190 [hep-th]]. [30] I. P. Neupane, Class. Quant. Grav. 28 (2011) 125015. [arXiv:1006.4495 [hep-th]].

– 18 –

[31] E. Komatsu et al. [ WMAP Collaboration ], “Seven-Year Wilkinson Microwave Anisotropy Probe (WMAP) Observations: Cosmological Interpretation,” Astrophys. J. Suppl. 192 (2011) 18. [arXiv:1001.4538 [astro-ph.CO]].

[32] P. Binetruy, C. Deffayet, D. Langlois, Nucl. Phys. B565 (2000) 269-287. [hep-th/9905012]. [33] J. M. Cline, C. Grojean, G. Servant, Phys. Rev. Lett. 83 (1999) 4245. [hep-ph/9906523]. [34] C. Csaki, M. Graesser, C. F. Kolda, J. Terning, Phys. Lett. B462 (1999) 34-40.

[hep-ph/9906513].

[35] A. Lukas, B. A. Ovrut, D. Waldram, [hep-th/9812052].

[36] S. M. Carroll, M. Hoffman and M. Trodden, Phys. Rev. D 68 (2003) 023509 [arXiv:astro-ph/0301273].

[37] S. D. H. Hsu, A. Jenkins and M. B. Wise, “Gradient instability for w ¡ -1,” Phys. Lett. B 597 (2004) 270 [arXiv:astro-ph/0406043].

[38] J. M. Cline, S. Jeon, G. D. Moore, “The Phantom menaced: Constraints on low-energy effective ghosts,” Phys. Rev. D70 (2004) 043543. [hep-ph/0311312].

[39] S. Dubovsky, T. Gregoire, A. Nicolis, R. Rattazzi, “Null energy condition and superluminal propagation,” JHEP 0603 (2006) 025. [hep-th/0512260].

[40] R. V. Buniy, S. D. H. Hsu, B. M. Murray, “The Null energy condition and instability,” Phys.

Rev. D74 (2006) 063518. [hep-th/0606091].

[41] Y. Aghababaie, C. P. Burgess, S. L. Parameswaran, F. Quevedo, JHEP 0303 (2003) 032.

[hep-th/0212091].

[42] S. M. Carroll, M. M. Guica, [hep-th/0302067].

[43] Y. Aghababaie, C. P. Burgess, S. L. Parameswaran, F. Quevedo, Nucl. Phys. B680 (2004) 389-414. [hep-th/0304256].

[44] A. J. Tolley, C. P. Burgess, D. Hoover, Y. Aghababaie, JHEP 0603 (2006) 091.

[hep-th/0512218].

[45] A. Bayntun, C. P. Burgess, L. van Nierop, New J. Phys. 12 (2010) 075015. [arXiv:0912.3039 [hep-th]].

[46] A. Falkowski, M. Perez-Victoria, JHEP 0812 (2008) 107. [arXiv:0806.1737 [hep-ph]]. [47] D. P. George, M. Trodden, R. R. Volkas, JHEP 0902 (2009) 035. [arXiv:0810.3746 [hep-ph]]. [48] P. Binetruy, C. Deffayet, U. Ellwanger and D. Langlois, “Brane cosmological evolution in a bulk with cosmological constant,” Phys. Lett. B 477 (2000) 285 [arXiv:hep-th/9910219].

[49] S. Ghosh and S. Kar, “Bulk spacetimes for cosmological braneworlds with a time–dependent extra dimension,” Phys. Rev. D 80 (2009) 064024 [arXiv:0812.1666 [gr-qc]].

[50] H. B. Kim, H. D. Kim, Phys. Rev. D61 (2000) 064003. [hep-th/9909053]. [51] P. Kanti, S. c. Lee and K. A. Olive, “Stable, time-dependent, exact solutions for brane models with a bulk scalar field,” Phys. Rev. D 67, 024037 (2003) [arXiv:hep-ph/0209036].

– 19 –