arXiv:1305.4754v1 [astro-ph.CO] 21 May 2013

Preprint typeset in JHEP style - HYPER VERSION

Novel aspects of C-theories in Cosmology

Tomi S. Koivisto

Institute of Theoretical Astrophysics, University of Oslo, 0315 Oslo, Norway David F. Mota

Institute of Theoretical Astrophysics, University of Oslo, 0315 Oslo, Norway Marit Sandstad

Institute of Theoretical Astrophysics, University of Oslo, 0315 Oslo, Norway

Abstract: The field equations in FRW background for the so called C-theories are presented and investigated. In these theories the usual Ricci scalar is substituted with f(R) where R is a Ricci scalar related to a conformally scaled metric ĝ_{μν} = C(R)g_{μν} , where the conformal factor itself depends on R. It is shown that homogeneous perturbations of this Ricci scalar around general relativity FRW background of a large class of these theories are either inconsistent or unstable.

Keywords: palatini, modified gravity, cosmology, C-theories.

Contents

1. Introduction 1

2. The C-theory defined 2

3. Cosmology in the two-scalar formulation 4 3.1 Equations of motion and field equations 4 3.2 Equations of motion and field equations in an FRW background 5 3.3 Reformulated equations in e-folding time 6

4. Linearised equations 8 4.1 A special case close to GR 8 4.2 The linearised palatini case 11 4.3 The difference between C-theory and f(R) 12

5. Conclusions 13

1. Introduction

When the first supernovae results [1, 2] were published in the late nineties, it was official: The universe seemed to be dominated by something that was giving it an accelerated expansion. The most recent observational data from supernova [3, 4], baryonic accoustic oscillations [5, 6, 7, 8, 9] and CMB measurements [10, 11] provide strong and consistent support for a ΛCDM concordance model of cosmology, which provides the mathematically simplest explanation for this.

However, the ΛCDM has problems. From a theoretical point of view the cosmological constant [12, 13] poses a serious challenge to reconcile its magnitude with naturalness arguments. If it should have come from a particle physics vacuum energy, its value is about 55 orders of magnitude too small [13]. Observational anomalies have also been detected for instance in the CMB data [14, 15], though the severity of these issues are much smaller.

These problems combined with scientific curiosity have lead to a wide variety of alternative theories that attempt to explain the observational results. The most obvious way of changing the model is perhaps to use a form of dynamical dark energy [16, 17, 18] instead of a cosmological constant. The number of such theories are vast as can be seen from recent reviews on the subject [19, 20, 21, 22, 23].

A second way of responding to these problems could be to consider the assumptions that lead to the postulation of a cosmological constant or dark energy component. One

– 1 – possibility could be to question the hypothesis of a homogenous and isotropic underlying geometry, which is at least wrong at sufficiently small scales, see for instance [24] and references therein. Another approach would be to modify the theory of general relativity on scales where it has not been vigourously tested. In recent years the study of such modified gravities and their effects on cosmology has attracted considerable attention, for recent reviews see [25, 26, 27]. For a slightly older review, but which includes comparison to dark energy models see [28]. [29] is a recent review which goes through all the above mentioned alternatives explaining the accelerated expansion.

Many of the alternative approaches to the accelerated expansion have been ruled out after their introduction to the community. Thorough examination of stability and cosmological viability of any new proposal is necessary in order to see if the new model should be excluded or if more data is necessary to break the degeneracy between it and other models in explaining observables. This paper is an attempt at making a small contribution to this process for one particular class of modified gravity models.

[30] introduced a general modified gravity framework called the C-theories which unifies the Einstein and Palatini gravities^1 In addition to introducing a wide class of completely new theories, it contains a smooth transition of theories between the Einstein and Palatini variational principles for f(R) gravities.^2 The post Newtonian (PPN) parameters for the theory were calculated in [43] and application of a similar theory to inflation was considered in [44]. Applications to cosmological evolution in the late universe was made in [45]. In the recent paper [46] it was shown that a certain subset of these theories are equivalent with a certain class of conformal non-local gravity theories first described in [47, 48, 49].

In this paper we present the field equations for this theory in an FRW background. We reformulate these equations in a way useful for further investigation. We use this new formulation to study linearised versions of classes of sub-theories close to GR and show that many of these are unstable or inconsistent close to GR.

The paper is divided into four sections following this introduction. Section 2 gives an introduction to the theory. In section 3 we give the field equations in general and in particular on an FRW background. The equations are also reformulated in order to facilitate numerical work or linearised study. Section 4 holds a study of the linearised version of certain subclasses of the theory in FRW and finds them to be inconsistent or unstable for use in cosmology. It is also shown that this inconsistency naturally vanishes when viewing traditional f(R) theories in the C-theory framework. In section 5 the results are reviewed, and implications for future work are discussed.

2. The C-theory defined

The model introduces a conformal factor C which is a function of the Ricci curvature scalar R. That is we have two metrics one unhatted and one hatted, conformally related in the

1For a recent review on the Palatini variational principle see [31]. For some of its applications to modified gravities and physical implications see [32, 33, 34, 35, 36, 37, 38]. Other alternative variational principles for gravity can be be described within a generalised version of this framework as was shown in [39]. For another type of interpolation between Palatini and metric theories, see [40, 41].

2For a brief review on f(R) and related modified gravity theories see [42].

– 2 – following way:

ĝ_{μν} = C(R)g_{μν} (2.1)

where:

R = g^{μν}R̂_{μν} (2.2) R̂_{μν} is the normal Ricci tensor in the hatted metric. Using equation (2.1) we can get expressions for the hatted quantities in terms of the unhatted ones and C:^3

Γ̂^γ_{αβ} = Γ^γ_{αβ} + 1 2 ( 2δ^γ_{(α}δ^λ_{β)} − g_{αβ} g^{γλ} ) ∇_λ ln C (2.3) R = R − (D − 1)

4C^2 [ 4C□C + (D − 6) (∂C)^2 ] (2.4)

where D is the number of dimensions.

The action for the theory is then taken to be: S = ∫ d^Dx √ −g [f(R) + 16πGL_m (Ψ, ∇_αΨ, g_{μν} )] (2.5)

To get an action for this which is a bit easier to variate, we treat the two metrics as independent and use a Lagrange multiplier λ^{μν} to impose the conformal relation (2.1): λ ≡ g_{μν} λ^{μν} λ̂ ≡ ĝ_{μν} λ^{μν} (2.6) S = ∫ d^Dx √ −g [ f (R) + λ̂ − C (R) λ + 16πGL_m (Ψ, ∇_αΨ, g_{μν} ) ] (2.7)

As was shown in the original paper [30], there is also a scalar tensor formulation of this with L_g the Lagrangian density of the (modified) gravitational part of the action:

L_g = f(ϕ) + λ̂ − Cλ + ξ (R − ϕ) (2.8)

where ξ is a new Lagrangian multiplier, ensuring that ϕ = R. By using the equation of motion for ϕ, we can solve for ϕ in terms of ξ and λ. Variating the action with respect to λ_{μν} allows us to get rid of the hatted metric entirely. In the end the tensor structure of λ does not contribute and we get an action with two scalar fields ξ and λ given by the Lagrangian density:

L_g = ξR + D − 1 4C^2 [ 4Cg^{μν} ξ_{,μ}C_{,ν} − (D − 2) ξ (∂C)^2 ] − ξϕ + f (ϕ) (2.9)

where ϕ = ϕ (ξ, λ) and C = C (ϕ (ξ, λ))

Looking more closely at equation (2.9) we realise that λ only enters indirectly in expressions for ϕ upon which the function C is defined. This means that the dynamics are equal to what they would have been if one just considered the ϕ and ξ fields, hence this is what we do.

In passing we mention that by implementing the constraint on the connections (one then needs a three-index lagrange multiplier), instead of the underlying metrics, would result in an equivalent theory. We omit the proof here.

3There was a typo in the equation for the Christoffel symbol corresponding to equation 2.3 in the original article [30].

– 3 –

3. Cosmology in the two-scalar formulation

We want to develop a framework in which to study the cosmology of these theories. To do this we will be working in the scalar tensor formulation with the Lagrangian density given by equation (2.9). We will also assume minimal coupling to the matter fields, that is we are working in the Jordan frame. We of course also restrict our search to four spacetime dimensions.

To recapitulate our action becomes S = ∫ d^4x √ −g [ ξR + 3g^{μν} ξ_{,μ}C_{,ν} C − 3 2 ξ (∂C)^2 C^2 − ξϕ + f(ϕ) ] + S_m (3.1)

or using the fact that C = C(ϕ) to get the derivatives of ϕ explicitly: S = ∫ d^4x √ −g [ ξR + 3g^{μν} ξ_{,μ}ϕ_{,ν} C^′ C − 3 2 ξ ( C^′ C )_2 (∂ϕ)^2 − ξϕ + f ] + S_m (3.2)

where we from now on denote functions of ϕ such as f(ϕ) and C(ϕ), simply as f and C.

3.1 Equations of motion and field equations We variate the action with respect to the metric to get the field equations: 8πGT_{μν} = ( R_{μν} − 1 2 g_{μν} R ) ξ + 3 C^′ C [ ϕ_{,μ} ( ξ_{,ν} − 1 2 C^′ C ξϕ_{,ν} ) − 1 2 g_{μν} g^{αβ} ϕ_{,α} ( ξ_{,β} − 1 2 ξ C^′ C ϕ_{,β} )]

+ 1 2 g_{μν} (ξϕ − f) − (∇_μ∇_ν − g_{μν} □) ξ (3.3) with trace: 8πGT^μ_μ = −Rξ − 3 C^′ C [ g^{αβ} ϕ_{,α} ( ξ_{,β} − 1 2 C^′ C ξϕ_{,β} )] + 2 (ξϕ − f) + 3□ξ (3.4)

We then find the equations of motion for ξ and ϕ. Seeing as we are working in the Jordan frame, the matter components do not contribute to these. Starting with the one for ξ, we get: R + 3 2 (∂C)^2 C^2 − 3 □C C − ϕ = R + 3 2 ( C^′ C )_2 (∂ϕ)^2 − 3 C^{′′} C (∂ϕ)^2 − 3 C^′ C □ϕ − ϕ = 0 (3.5)

Then the one for ϕ

0 = f^′ − ξ − 3 C^′ C □ξ + 3g^{μν} ξ_{,μ}ϕ_{,ν} ( C^′ C )_2

+ 3ξ (∂ϕ)^2 C^′ C ( C^{′′} C − ( C^′ C )_2)

+ 3ξ ( C^′ C )_2 □ϕ (3.6)

Using the trace of the field equation (3.4) to get rid of the □ξ term:

0 = f^′ − ξ − C^′ C { 8πGT^μ_μ + Rξ + 3 C^′ C [ g^{αβ} ϕ_{,α} ( ξ_{,β} − 1 2 C^′ C ξϕ_{,β} )] + 2 (f (ϕ) − ξϕ) }

+3g^{μν} ξ_{,μ}ϕ_{,ν} ( C^′ C )_2

+ 3ξ (∂ϕ)^2 C^′ C ( C^{′′} C − ( C^′ C )_2) + 3ξ ( C^′ C )_2 □ϕ

= −ξ ( 1 − ϕ C^′ C ) + f^′ − 2 C^′ C ( f + 4πGT^μ_μ ) − C^′ C ξ [ R + 3 2 ( C^′ C )_2

(∂ϕ)^2 − 3 C^{′′} C (∂ϕ)^2 − 3 C^′ C □ϕ − ϕ ]

(3.7)

– 4 – and finally the equation of motion for ξ (3.5) takes care of the last parenthesis yielding: ξ = Cf^′ − 2C^′ (f + 4πGT^μ_μ ) C − ϕC^′ (3.8)

this means that we can reduce to a theory of only one field in vacuum as was shown in [43].

3.2 Equations of motion and field equations in an FRW background To find the impact of this theory on the cosmological history at the background level, we need to look at the equations in the homogenous and isotropic case. That is ϕ = ϕ(t), ξ = ξ(t) and we assume the Friedmann Robertson Walker metric. We also take the universe to be flat:

ds^2 = −dt^2 + a^2(dx^2 + dy^2 + dz^2) (3.9) In this case the equation of motion for ξ (3.5) becomes: 6 ( ä a + H^2 ) − 3 2 ( C^′ C )_2

ϕ̇^2 + 3C^{′′} C ϕ̇^2 + 3C^′ C ( ϕ̈ + 3Hϕ̇ ) − ϕ = 0 (3.10)

The equation of motion for ϕ stays the same (3.8) and we want a couple of the Einstein equations. A convenient choice will be the 00 component, giving the first Friedmann equation:

8πGρ = 3H^2ξ + 3 2 C^′ C [ ϕ̇ξ̇ − 1 2 C^′ C ξϕ̇^2 ] + 1 2 (f − ξϕ) + 3Hξ̇ (3.11)

As our second choice we pick the Raychaudri equation given by −^1_6 times the 00 part plus the spatial trace: ä a ξ = − 4πG 3 (ρ + 3P ) + C^′ C ϕ̇ξ̇ − 1 2 ( C^′ C )_2 ξϕ̇^2 + 1 6 (ξϕ − f) − 1 2 ξ̈ − 1 2 Hξ̇ (3.12)

From this we define a ρ_ϕ and a P_ϕ stemming from the C-theory. We do this by interpreting equations (3.11) and (3.12) as:

3H^2 = 8πG (ρ + ρ_ϕ) (3.13) ä a = 8πG ( − 1 6 (ρ + 3P ) − 1 6 (ρ_ϕ + 3P_ϕ) ) (3.14)

We then find that:

ρ_ϕ = 1 8πG [ 1 2 (ξϕ − f) − 3 2 C^′ C ϕ̇ ( ξ̇ − 1 2 C^′ C ξϕ̇ ) − 3Hξ̇ − 3H^2ξ + 3H^2 ] (3.15)

P_ϕ = 1 8πG [ − 1 2 (ξϕ − f) − 3 2 C^′ C ϕ̇ ( ξ̇ − 1 2 C^′ C ξϕ̇ ) + ξ̈ + 2Hξ̇ + ( 2Ḣ + 3H^2 ) (ξ − 1) ]

(3.16)

We observe that for theories with regimes dominated by the first term (proportional to ξϕ − f), w_ϕ =^{Pϕ}_{ρϕ} will approach −1. For theories dominated by the second term (proportional to ξ̇ −^1_2^{C′}_C ξϕ̇) it will go to w_ϕ = 1. Hence we see that there is at least potential for accelerated expansion-like solutions from this, which we of course expect since this encompasses f(R)-gravities.

– 5 –

3.3 Reformulated equations in e-folding time

The equations (3.10) to (3.12) will not be analytically solvable in the general case, and we need to simulate the background evolution of the universe. To get a general idea of what is going on, it can be useful first to linearise the equations close to GR. To do both of these things it will be convenient to consider the equations in terms of e-folding time^d_{dt} → H^d_{d ln a} . The different matter components of the universe will follow their usual adiabatic expansion equations

ρ̇_i = −3 (1 + w_i) ρ_i (3.17)

where ρ̇_i now denotes the e-folding time derivative^d_{d ln a} of the density of particle species i. The notation^d_{d ln a} = ˙ will be used alongside the notation^d_{dt} = ˙. The former for a while now, and notice will be given whenever the notation is changed.

Since the evolutions of the energy densities is given for each value of the conformal time, given the initial conditions, there are three different quantities for which we need to set up a set of three coupled differential equations. These are ϕ, ϕ̇ and H. For ϕ of course, the differential equation wil be completely trivial, ϕ̇ = ϕ̇.

To get an equation for Ḣ, we simply solve for this quantity in the e-folding time version of equation (3.10):

Ḣ = ϕ 3H − H ( 4 +^{C′}_C ( ϕ̈ + 3ϕ̇ ) + ϕ̇^2 ( C^{′′} C −^1_2 (_{C′} C )_2))

2 +^{C′}_C ϕ̇

(3.18)

For the purposes of getting a cleaner starting point for a linearised analysis or a possible simulation of the equations, we need an equation for ϕ̈ which does not depend on Ḣ. One way of doing this is by equating the expressions for 6 (_ä a + H^2 ) ξ given in equation (3.10) with that from a combination of equations (3.11) and(3.12), and then get rid of the remaining Ḣ (stemming from the redefinition to e-folding time) by using equation (3.18). The first part is done working with^d_{dt} = ˙:

6 ( ä a + H^2 ) ξ = 3 2 ( C^′ C )_2 ξϕ̇^2 − 3 C^{′′} C ξϕ̇^2 − 3 C^′ C ( ϕ̈ξ + 3Hϕ̇ξ ) + ϕξ = 8πG (ρ − 3P ) + 3 C^′ C ϕ̇ξ̇ − 3 2 ( C^′ C )_2 ξϕ̇^2 + 2ξϕ − 2f − 3ξ̈ − 9Hξ̇ 0 = −8πGT^μ_μ + ξϕ − 2f + 3 ( d dt + 3H ) ( C^′ C ϕ̇ξ − ξ̇ ) (3.19)

To get further we need the expressions for ξ̇ and ξ̈:

ξ̇ = 1 1 − ϕ^{C′}_C [ ϕ̇ [ f^{′′} − C^′ C f^′ − 2 C^{′′} C ( f + 4πGT^μ_μ ) + ϕ C^{′′} C ξ ] − 8πG C^′ C Ṫ^μ_μ ] (3.20)

– 6 – ξ̈ = 1 1 − ϕ^{C′}_C { ϕ̇^2 [ ϕ C^{′′}_C 1 − ϕ^{C′}_C ( f^{′′} − C^′ C f^′ − 2 C^{′′} C ( f + 4πGT^μ_μ ) + ϕ C^{′′} C ξ ) + f^{′′′} − C^′ C f^{′′} − 2 C^{′′′} C ( f + 4πGT^μ_μ ) − 2 C^{′′} C f^′ + C^{′′} C ξ + ϕ C^{′′′} C ξ ] + ϕ̈ [ f^{′′} − C^′ C f^′ − 2 C^{′′} C ( f + 4πGT^μ_μ ) + ϕ C^{′′} C ξ ] + ϕ̇ [ ϕ C^{′′} C ξ̇ − 16πGC^{′′} C Ṫ^μ_μ − 8πG Ṫ^μ_μ^{C′}_C ϕ^{C′′}_C 1 − ϕ^{C′}_C ] − 8πG C^′ C T̈^μ_μ } (3.21)

We insert this and the expression for ξ (3.8) into equation (3.19) and change to e-folding time derivatives (˙ =^d_{d ln a} ). The result we obtain solving for ϕ̈ is:

ϕ̈ = 1 A ( Bϕ̇^3 + Cϕ̇^2 + Dϕ̇ + E ) (3.22)

where: A = −f^{′′} + ( 2 C^′ C − C^{′′} C ϕ 1 − ϕ^{C′}_C ) f^′ + 2 (_{C′′} C 1 − ϕ^{C′}_C − ( C^′ C )_2) ( f + 4πGT^μ_μ ) − 4 ( C^′ C )_2 πGṪ^μ_μ

B = 1 2 C^′ C f^{′′′} − [ 1 2 C^{′′} C + 1 4 ( C^′ C )_2 − C^{′′} C ϕ^{C′}_C 1 − ϕ^{C′}_C ] f^{′′} + [( C^′ C )_3 − C^{′′} C 1 − ϕ^{C′}_C ( C^′ C + C^{′′} C ϕ + 1 2 ( C^′ C )_2 ϕ − 2 C^{′′} C C^′ C ϕ^2 1 − ϕ^{C′}_C ) + C^{′′′}C^′ C^2 ϕ 1 − ϕ^{C′}_C ] f^′ 2 + [( C^{′′} C )_2 − 1 2 ( C^′ C )_4 − C^{′′′}C^′ C^2 1 − ϕ^{C′}_C − C^{′′}C^′ C^2 1 − ϕ^{C′}_C ( 1 2 C^′ C + C^{′′} C ϕ + 2 C^{′′} C C^′ C ϕ^2 1 − ϕ^{C′}_C )] ( f + 4πGT^μ_μ )

C = f^{′′′} − C^′ C f^{′′} + C^{′′} C ϕ 2f^{′′} 1 − ϕ^{C′}_C − C^{′′} C f^′ + 2 ( C^′ C )_2 f^′

− 2C^{′′} C − C^{′′′} C ϕ − 2 (_{C′′} C )_2

ϕ^2 1 − ϕ^{C′}_C f^′ 1 − ϕ^{C′}_C − 2 ( − C^{′′}C^′ C^2 + ( C^′ C )_3) ( f + 4πGT^μ_μ )

−2 C^{′′′} C + 2 (_{C′′} C )_2 ϕ 1 − ϕ^{C′}_C f + 4πGT^μ_μ 1 − ϕ^{C′}_C − C^′ C 4πGṪ^μ_μ ( C^{′′} C − 1 2 ( C^′ C )_2 + 2 C^{′′} C ϕ^{C′}_C 1 − ϕ^{C′}_C )

D = ϕ 3H^2 [ 1 2 f^{′′} + (( C^′ C )_2 − C^{′′} C + C^′ Cϕ ) ( f + 4πGT^μ_μ ) − 3 2 C^′ C f^′ + C^{′′} C ϕ 1 2 f^′ −^{C′}_C (f + 4πGT^μ_μ ) 1 − ϕ^{C′}_C ]

+f^{′′} − 2 ( C^{′′} C − ( C^′ C )_2) ( f + 4πGT^μ_μ ) − 2 C^′ C f^′ + C^{′′} C ϕ f^′ − 2^{C′}_C (f + 4πGT^μ_μ ) 1 − ϕ^{C′}_C +8πGṪ^μ_μ [( C^′ C )_2 − 2 C^{′′} C 1 − ϕ^{C′}_C ] − 4πGT̈^μ_μ ( C^′ C )_2

E = 1 3H^2 [ 2 ( f + 4πGT^μ_μ ) − ϕ ( f^′ + C^′ C 4πGṪ^μ_μ )] − 8 C^′ C πG ( Ṫ^μ_μ + T̈^μ_μ ) (3.23)

– 7 –

It will be useful to have an expression for the energy-momentum tensor and its derivatives. It is defined as:

T^μ_μ = −ρ + 3p = ∑ i (−ρ_i + 3p_i) = ∑ i (−1 + 3w_i) ρ_i (3.24)

where we sum over the independent universe components i with equations of state w_i. From equation (3.17) we then find that: Ṫ^μ_μ = = ∑ i 3 (1 − 3w_i) (1 + w_i) ρ_i (3.25)

T̈^μ_μ = −9 ∑ i (1 − 3w_i) (1 + w_i)^2 ρ_i (3.26)

For a universe containing matter, radiation and a cosmological constant this becomes:

T^μ_μ = −

3H^2_0 8πG (Ω_m + 4Ω_Λ) Ṫ^μ_μ =

9H^2_0 8πG Ω_m T̈^μ_μ = −

27H^2_0 8πG Ω_m (3.27)

where for later convenience we have introduced the density parameters Ω_x =^{8πG}_{3H20} ρ_x, which retain the dependencies on e-folding time of the densities, i.e. Ω_m ∝ e^{−3x}, Ω_γ ∝ e^{−4x}and Ω_Λ is constant.

4. Linearised equations It is interesting to study whether different types of C-theories are stable around the usual general relativity. We then assume that the theory can be set very close to general relativity and linearise the equations to find stability conditions. Since the equations are quite involved we first list the definitions we have chosen for the linearised versions of the different functions: ϕ = R = R + δϕ f (ϕ) = f(R) + f^′(R)δϕ C (ϕ) = C (R) + C^′ (R) δϕ (4.1)

where R should be interpreted as the pure GR solution for the Ricci tensor.

When higher derivatives of the functions f and C are involved we must always go one order up to obtain the linearised term:

f^{(n)} (ϕ) = f^{(n)}(R) + f^{(n+1)}(R)δϕ (4.2)

etc.

4.1 A special case close to GR As the full linearised version of equation (3.22) turns out to be quite complicated, we will make some assumptions on f and C. One particularly simple scheme for the linearisation

– 8 – will then be: ϕ = R = R + δϕ f (ϕ) = ϕ = R + δϕ C^′ (ϕ) C (ϕ) = α (4.3)

where α is a parameter that we consider to be small and of the same order as δϕ. Since the coefficient A in equation (3.22) is first order in this quantity, we will need to go to second order in the small parameters in the coefficients to obtain results for δϕ̈. We assume first then that the equations above are exact identities even to second order, and that: C^{(n)} C = α^n (4.4)

Then the coefficients in (3.23)read A = α [ 2 − αR − 4απGṪ^μ_μ ] B = 0 C = −α^2 D = α [( 8πGT^μ_μ + αR^2 ) 6H^2 − 2 + αR − 8απGṪ^μ_μ − 4απGT̈^μ_μ ]

E = 1 3H^2 [ δϕ − 4παGṪ^μ_μ (R + δϕ) ] − 8απG ( Ṫ^μ_μ + T̈^μ_μ ) (4.5)

where we have also used that for GR R = −8πGT^μ_μ . Putting all this together like in equation (3.22) we get this: R̈ + δϕ̈ = −α 2 Ṙ^2 + ( 4πGT^μ_μ 3H^2

− 1 +

(2πG)^2 αT^μ_μ Ṫ^μ_μ 3H^2 − αR 2 − 6απGṪ^μ_μ − 2απGT̈^μ_μ ) Ṙ

+ ( 4πGT^μ_μ 3H^2 − 1 ) δϕ̇ + 1 6H^2 [ δϕ α − 4πGṪ^μ_μ (R + δϕ) ] − 4πG ( Ṫ^μ_μ + T̈^μ_μ )

− 1 6H^2 [ δϕ ( R 2 + 2πGṪ^μ_μ ) − 4παGṪ^μ_μ R ( R 2 + 2πGṪ^μ_μ )]

−4απG ( Ṫ^μ_μ + T̈^μ_μ ) (R 2 + 2πGṪ^μ_μ ) (4.6)

separating the equation, we realise that the zeroth order equation becomes an equation for δϕ: δϕ = α [ 3H^2 ( R̈ + Ṙ ) + RṘ 2 ] (4.7)

which proves that δϕ is order α small in this setup. The first order part then yields: δϕ̈ = α 2 ṘR̈ + α 2 Ṙ^2 − α 2 RṘ − ( R 6H^2 + 1 ) δϕ̇ + αṘ^2R 16H^2

(4.8)

– 9 –

We can now take the double derivative of δϕ as given in equation (4.7) to check if we obtain consistent results. To do this we make use of the fact that in GR Ḣ =^R_6 − 2H^2

δϕ̇ = α [ H ( R − 12H^2 ) (¨ R + Ṙ ) + 3H^2

(... R + R̈ ) + Ṙ2 2 + RR̈ 2 ]

δϕ̈ = α [ ( R − 12H^2

)_2 6 ( R̈ + Ṙ ) + H ( Ṙ − 4HR + 48H^2 ) ( R̈ + Ṙ ) +

2H ( R − 12H^2 ) (... R + R̈ ) + 3H^2 (

.... R + ... R) + 3 2 ṘR̈ + R ... R 2 ] (4.9)

equating the two expressions (4.8, 4.9) for δϕ̈ we get:

0 = R̈ ( Ṙ + R ) + RṘ 2 + R 12H^2 ( Ṙ2 4 + RR̈ ) − H ( R + 12H^2 )˙ R + R^2 6H ( R̈ + Ṙ ) + 4RH ( R̈ + ...R ) − 24H^3 ( 2 ... R + 3R̈ )

+ ( R̈ + Ṙ ) (R2 6 − 8RH^2 + 72H^4 + ṘH )

+3H^2

(....

R + 2 ... R + R̈ ) + R ... R (4.10)

As the time derivatives here are with respect to e-folding time, it is not difficult to rephrase this as a constraint on the universe content of the theory. For convenience we state the value the GR background Ricci scalar should take in terms of universe components, seeing as we assume it to be a GR solution. We also assume that the universe contains only matter, radiation and a cosmological constant:

R = −8πGT^μ_μ = 3H^2_0 (Ω_m + 4Ω_Λ) and H^2 = H^2_0 (Ω_γ + Ω_m + Ω_λ) (4.11)

What values its e-folding derivatives take can now easily be found from equation (3.27).

Before applying all these formulas to equation (4.10) we note that the equation will always be fulfilled if Ω_{m0} is zero. This is not a realistic late time universe model.^4 If this is not the case, the equation will give a complicated constraint on the relation between the universe components. Assuming the universe to be flat, we already have one constraint on the components, that is that they should sum to 1 at the time of definition denoted by 0. In a universe with no dark energy Ω_Λ = 0, this constraint would then fully constrain the parameters. Otherwise some freedom is left, but probably not enough to satisfy constraints

4However, if one considered the C-theory instead to be important at very early times, this might not be problematic.

– 10 – from late time experiments. In this case the constraint becomes:

0 = Ω_m [ 12Ω_γ − 7 2 Ω_m − 14Ω_Λ +

3 (Ω_m + 4Ω_Λ) 4 (Ω_m + Ω_γ + Ω_Λ) ( 5 4 Ω_m + 4Ω_Λ )

+H_0 √ Ω_m + Ω_γ + Ω_Λ (28Ω_γ + 15Ω_m) +

H_0 (Ω_m + 4Ω_Λ)^2 √ Ω_m + Ω_γ + Ω_Λ

+H^2_0 ( 33Ω^2_m + 24Ω_mΩ_Λ + 80Ω_mΩ_γ + 32Ω_ΛΩ_γ + 48Ω^2_γ ) ] (4.12)

We note, that though we chose a particular model in this case, the analysis bears a somewhat wider generality. As long as f(R) is linear in R to zeroth order in some linearisation parameter, and C(R) is constant in R to zeroth order, none of which are entirely farfetched constraints for theories close to GR, the zeroth order of equation (3.22) will result in an equation for δϕ which is independent of δϕ̇ and δϕ̈, but that will contain terms of order up to R̈. The second derivative in time of this equation, will hence yield an equation of up to

....

R for δϕ̈ which will not be trivially identical to the first order linearised version of (3.22). From equating the two expressions, in general a constraint on the universe content for such a C-theory to be consistent will emerge, which in generic cases will render the theory inconsistent. Hence one must look for theories further away from GR, or with functions C and f that are far from the naive close to GR guesses to find consistent C-theories.

4.2 The linearised palatini case

Another set of assumptions for linearisation which is interesting to consider is the one given below: ϕ = R = R + δϕ C (ϕ) = 1 + αϕ = 1 + αR f^′ (ϕ) = C (ϕ) i.e. f = R + δϕ + α 2 R^2 (4.13)

where again α is a parameter that we consider to be small and of the same order as δϕ. This is the linearised version of the Palatini f(R) theories. We will take it that the assumption of C being a linear function in ϕ is exact, though the main points of the analysis will not change significantly if this assumption is lifted. Again our assumptions also include that R is the exact GR response to the universe content, so that R = −8πGT^μ_μ . The coefficients in equation (3.23) then become: A = α [ 1 − αR + α 2 Ṙ ] B = 0 C = α^2 D = α [ R 6H^2

(αR − 1) − 1 + α ( R − Ṙ + R̈ 2 )]

E = 1 3H^2 [ δϕ + α 2 (R + δϕ − αR) Ṙ ] + α (1 − αR) ( Ṙ + R̈ ) (4.14)

– 11 – as in the previous case, we realise that the zeroth order expression is an equation for δϕ: 0 = δϕ α (4.15)

meaning that δϕ must be exactly zero, which means you in this case are not allowed to deviate from GR. This means that the theory must in fact be an exact f(R) theory for C to be close to constant in this scheme. Going back to the assumptions above, it is in fact enough that they take the form described above to first order for this to hold true. To be completely precise the expression (4.15) means that δϕ is zero to first order in α so δϕ could be a second order perturbation. We must then go to first order in α in equation (3.23) to get an expression for its value. Here all the other δϕ and derivatives of it disappear as they are second order small, and the equation (3.23) becomes an expression for δϕ. We can do a double derivative of that expression and compare to the second order expansion of equation (3.23), and the results will again not be identical unless some constraints on the matter content is satisfied as seen in the previous section hold.

4.3 The difference between C-theory and f(R) The question now is, what happens if we assume C to be exactly constant, that is we revert to a normal f(R) theory? The assumptions then become:^5

ϕ = R = R + δϕ C = 1 f(R) = R + δf (4.16)

Again we take R to be the exact GR response to the underlaying universe components, rather than the Ricci tensor of the geometry. We then essentially have two cases. Either f^{′′}(R) = 0 or it is not.^6 In the first case A is exactly zero and it makes no sense to divide by it. This is because the expression we had for ϕ̈ actually has no ϕ̈ term, and the equations from which they stem yield equations only for ϕ̇ and ϕ. Assuming that f^{′′′} is also zero the resulting equation just becomes:

0 = δϕ + 2δf − (R + δϕ) δf^′ (4.17)

To first order this just means that δϕ makes up for whatever constant shift f may have from being a linear function in R, which is fine.

If δf^{′′} and δf^{′′′} are first order perturbations, the equation comes out as: R̈+δϕ̈ = δf^{′′′} δf^{′′} ( Ṙ^2 + 2Ṙδϕ̇ ) + ( R + δϕ 6H^2 + 1 ) ( Ṙ + δϕ̇ ) + 1 3H^2δf^{′′} ( 2δf − Rδf^′ + δϕ − δf^′δϕ ) (4.18) to first order. Separating the zeroth and first equations they become respectively: R̈ = δf^{′′′} δf^{′′} R̈ + ( R 6H^2 + 1 ) Ṙ + 2δf − Rδf^′ + δϕ 3H^2δf^{′′} δϕ̈ = 2 δf^{′′′} δf^{′′} Ṙδϕ̇ + Ṙ δ ϕ̇ 6H^2 + ( R 6H^2 + 1 ) δϕ̇ + δf^′δϕ 3H^2δf^{′′} (4.19)

5Multiplying C by a constant can in this case be put into f and/or a redefinition of the Planck mass therefore we simply assume it to have unit value.

6The first case can be exchanged with f^{′′}(R) being 0 to second order.

– 12 –

Here we again see that the zeroth order equation shows how the change in δϕ must be there to make up for the change in f, δf. Therefore we do not get δϕ only in terms of the GR quantities, and the theory does not give constraints for the universe content as was seen in the cases where C was not constant.

5. Conclusions

In this note we presented the general field equations of C-theories, as well as the FRW equations. We gave a reformulation of these which could be applicable to numerics and linearisation. When looking at linearised theories close to GR we found that many of these are unstable or lead to inconsistencies like constraints on the possible universe components. Though these findings are not completely generic we found that they will hold for quite a wide range of theories close enough to GR. Whether this generalises further should be a subject for further study.

Though this seems to put strong constraints on the applicability of the theories, there might still be opportunities for these theories formulated seemingly much further from their GR limits. Whatever the result of further generalised studies, this makes numerical work on what may remain of viable theories difficult as making appropriate choices for at the same time stable and physically meaningful initial conditions may be challenging.^7 For the theories already discussed in their close to GR limit, this may even be impossible.

Because of these inconsistencies close to GR, we have not made a numerical study of the cosmological evolution of this theory. Such a study was done in [45], with results that appear to qualitatively agree with our conclusions.

Acknowledgments

D.F.M. thanks the Research Council of Norway FRINAT grant 197251/V30. D.F.M. is also partially supported by project CERN/FP/123618/2011 and CERN/FP/123615/2011. TK is supported by the Research Council of Norway.

References

[1] A. G. Riess, A. V. Filippenko, P. Challis, A. Clocchiatti, A. Diercks, P. M. Garnavich, R. L.

Gilliland, C. J. Hogan, S. Jha, R. P. Kirshner, B. Leibundgut, M. M. Phillips, D. Reiss, B. P. Schmidt, R. A. Schommer, R. C. Smith, J. Spyromilio, C. Stubbs, N. B. Suntzeff, and J. Tonry, Observational evidence from supernovae for an accelerating universe and a cosmological constant, The Astronomical Journal Vol. 116 (1998) 1009–1038.

[2] S. Perlmutter, G. Aldering, G. Goldhaber, R. A. Knop, P. Nugent, P. G. Castro, S. Deustua, S. Fabbro, A. Goobar, D. E. Groom, I. M. Hook, A. G. Kim, M. Y. Kim, J. C. Lee, N. J. Nunes, R. Pain, C. R. Pennypacker, R. Quimby, C. Lidman, R. S. Ellis, M. Irwin, R. G. McMahon, P. Ruiz-Lapuente, N. Walton, B. Schaefer, B. J. Boyle, A. V. Filippenko, T. Matheson, A. S. Fruchter, N. Panagia, H. J. M. Newberg, W. J. Couch, and T. S. C.

7Note, however, that this is only important to this theory if applied as a late time component to cosmology. If the interest is focused towards inflation, the relative stability close to GR is not necessary.

– 13 –

Project, Measurements of ω and λ from 42 high-redshift supernovae, The Astrophysical Journal Vol. 517, No. 2 (1999) 565–586.

[3] A. Conley, J. Guy, M. Sullivan, N. Regnault, P. Astier, C. Balland, S. Basa, R. G. Carlberg, D. Fouchez, D. Hardin, I. M. Hook, D. A. Howell, R. Pain, N. Palanque-Delabrouille, K. M. Perrett, C. J. Pritchet, J. Rich, V. Ruhlmann-Kleider, D. Balam, S. Baumont, R. S. Ellis, S. Fabbro, H. K. Fakhouri, N. Fourmanoit, S. González-Gaitán, M. L. Graham, M. J. Hudson, E. Hsiao, T. Kronborg, C. Lidman, A. M. Mourao, J. D. Neill, S. Perlmutter, P. Ripoche, N. Suzuki, and E. S. Walker, Supernova Constraints and Systematic Uncertainties from the First Three Years of the Supernova Legacy Survey, The Astrophysical Journal Supplement 192 (Jan., 2011) [arXiv:1104.1443].

[4] N. Suzuki, D. Rubin, C. Lidman, G. Aldering, R. Amanullah, K. Barbary, L. F. Barrientos, J. Botyanszki, M. Brodwin, N. Connolly, K. S. Dawson, A. Dey, M. Doi, M. Donahue, S. Deustua, P. Eisenhardt, E. Ellingson, L. Faccioli, V. Fadeyev, H. K. Fakhouri, A. S. Fruchter, D. G. Gilbank, M. D. Gladders, G. Goldhaber, A. H. Gonzalez, A. Goobar, A. Gude, T. Hattori, H. Hoekstra, E. Hsiao, X. Huang, Y. Ihara, M. J. Jee, D. Johnston, N. Kashikawa, B. Koester, K. Konishi, M. Kowalski, E. V. Linder, L. Lubin, J. Melbourne, J. Meyers, T. Morokuma, F. Munshi, C. Mullis, T. Oda, N. Panagia, S. Perlmutter, M. Postman, T. Pritchard, J. Rhodes, P. Ripoche, P. Rosati, D. J. Schlegel, A. Spadafora, S. A. Stanford, V. Stanishev, D. Stern, M. Strovink, N. Takanashi, K. Tokita, M. Wagner, L. Wang, N. Yasuda, H. K. C. Yee, and T. Supernova Cosmology Project, The Hubble Space Telescope Cluster Supernova Survey. V. Improving the Dark-energy Constraints above z > 1 and Building an Early-type-hosted Supernova Sample, The Astrophysical Journal 746 (Feb., 2012) [arXiv:1105.3470].

[5] W. J. Percival, B. A. Reid, D. J. Eisenstein, N. A. Bahcall, T. Budavari, J. A. Frieman, M. Fukugita, J. E. Gunn, Ž. Ivezić, G. R. Knapp, R. G. Kron, J. Loveday, R. H. Lupton, T. A. McKay, A. Meiksin, R. C. Nichol, A. C. Pope, D. J. Schlegel, D. P. Schneider, D. N. Spergel, C. Stoughton, M. A. Strauss, A. S. Szalay, M. Tegmark, M. S. Vogeley, D. H. Weinberg, D. G. York, and I. Zehavi, Baryon acoustic oscillations in the Sloan Digital Sky Survey Data Release 7 galaxy sample, Monthly Notices of the Royal Astronomical Society 401 (Feb., 2010) 2148–2168, [arXiv:0907.1660].

[6] N. Padmanabhan, X. Xu, D. J. Eisenstein, R. Scalzo, A. J. Cuesta, K. T. Mehta, and E. Kazin, A 2 per cent distance to z = 0.35 by reconstructing baryon acoustic oscillations - I. Methods and application to the Sloan Digital Sky Survey, Monthly Notices of the Royal Astronomical Society 427 (Dec., 2012) 2132–2145, [arXiv:1202.0090].

[7] F. Beutler, C. Blake, M. Colless, D. H. Jones, L. Staveley-Smith, L. Campbell, Q. Parker, W. Saunders, and F. Watson, The 6dF Galaxy Survey: baryon acoustic oscillations and the local Hubble constant, Monthly Notices of the Royal Astronomical Society 416 (Oct., 2011) 3017–3032, [arXiv:1106.3366].

[8] C. Blake, E. A. Kazin, F. Beutler, T. M. Davis, D. Parkinson, S. Brough, M. Colless, C. Contreras, W. Couch, S. Croom, D. Croton, M. J. Drinkwater, K. Forster, D. Gilbank, M. Gladders, K. Glazebrook, B. Jelliffe, R. J. Jurek, I.-H. Li, B. Madore, D. C. Martin, K. Pimbblet, G. B. Poole, M. Pracy, R. Sharp, E. Wisnioski, D. Woods, T. K. Wyder, and H. K. C. Yee, The WiggleZ Dark Energy Survey: mapping the distance-redshift relation with baryon acoustic oscillations, Monthly Notices of the Royal Astronomical Society 418 (Dec., 2011) 1707–1724, [arXiv:1108.2635].

– 14 –

[9] L. Anderson, E. Aubourg, S. Bailey, D. Bizyaev, M. Blanton, A. S. Bolton, J. Brinkmann, J. R. Brownstein, A. Burden, A. J. Cuesta, L. A. N. da Costa, K. S. Dawson, R. de Putter, D. J. Eisenstein, J. E. Gunn, H. Guo, J.-C. Hamilton, P. Harding, S. Ho, K. Honscheid, E. Kazin, D. Kirkby, J.-P. Kneib, A. Labatie, C. Loomis, R. H. Lupton, E. Malanushenko, V. Malanushenko, R. Mandelbaum, M. Manera, C. Maraston, C. K. McBride, K. T. Mehta, O. Mena, F. Montesano, D. Muna, R. C. Nichol, S. E. Nuza, M. D. Olmstead, D. Oravetz, N. Padmanabhan, N. Palanque-Delabrouille, K. Pan, J. Parejko, I. Pâris, W. J. Percival, P. Petitjean, F. Prada, B. Reid, N. A. Roe, A. J. Ross, N. P. Ross, L. Samushia, A. G. Sánchez, D. J. Schlegel, D. P. Schneider, C. G. Scóccola, H.-J. Seo, E. S. Sheldon, A. Simmons, R. A. Skibba, M. A. Strauss, M. E. C. Swanson, D. Thomas, J. L. Tinker, R. Tojeiro, M. V. Magaña, L. Verde, C. Wagner, D. A. Wake, B. A. Weaver, D. H. Weinberg, M. White, X. Xu, C. Yèche, I. Zehavi, and G.-B. Zhao, The clustering of galaxies in the SDSS-III Baryon Oscillation Spectroscopic Survey: baryon acoustic oscillations in the Data Release 9 spectroscopic galaxy sample, Monthly Notices of the Royal Astronomical Society 427 (Dec., 2012) 3435–3467, [arXiv:1203.6594].

[10] C. L. Bennett, D. Larson, J. L. Weiland, N. Jarosik, G. Hinshaw, N. Odegard, K. M. Smith, R. S. Hill, B. Gold, M. Halpern, E. Komatsu, M. R. Nolta, L. Page, D. N. Spergel, E. Wollack, J. Dunkley, A. Kogut, M. Limon, S. S. Meyer, G. S. Tucker, and E. L. Wright, Nine-Year Wilkinson Microwave Anisotropy Probe (WMAP) Observations: Final Maps and Results, ArXiv e-prints (Dec., 2012) [arXiv:1212.5225].

[11] Planck Collaboration, P. A. R. Ade, N. Aghanim, C. Armitage-Caplan, M. Arnaud, M. Ashdown, F. Atrio-Barandela, J. Aumont, C. Baccigalupi, A. J. Banday, and et al., Planck 2013 results. XVI. Cosmological parameters, ArXiv e-prints (Mar., 2013) [arXiv:1303.5076].

[12] S. Weinberg, The cosmological constant problem, Reviews of Modern Physics Vol. 61 No.

1(1989) (1989).

[13] J. Martin, Everything You Always Wanted To Know About The Cosmological Constant Problem (But Were Afraid To Ask), Comptes Rendus Physique 13 (2012) 566–665, [arXiv:1205.3365].

[14] C. Bennett, R. Hill, G. Hinshaw, D. Larson, K. Smith, et. al., Seven-Year Wilkinson Microwave Anisotropy Probe (WMAP) Observations: Are There Cosmic Microwave Background Anomalies?, Astrophys.J.Suppl. 192 (2011) 17, [arXiv:1001.4758].

[15] Planck Collaboration Collaboration, P. Ade et. al., Planck 2013 results. XXIII. Isotropy and Statistics of the CMB, arXiv:1303.5083.

[16] C. Wetterich, Cosmology and the Fate of Dilatation Symmetry, Nucl.Phys. B302 (1988) 668.

[17] B. Ratra and P. Peebles, Cosmological Consequences of a Rolling Homogeneous Scalar Field, Phys.Rev. D37 (1988) 3406.

[18] R. Caldwell, R. Dave, and P. Steinhardt, Quintessential cosmology: Novel models of cosmological structure formation, Astrophys.Space Sci. 261 (1998) 303–310.

[19] E. J. Copeland, M. Sami, and S. Tsujikawa, Dynamics of dark energy, Int.J.Mod.Phys. D15 (2006) 1753–1936, [hep-th/0603057].

[20] J. Frieman, M. Turner, and D. Huterer, Dark Energy and the Accelerating Universe, Ann.Rev.Astron.Astrophys. 46 (2008) 385–432, [arXiv:0803.0982].

– 15 –

[21] M. Li, X.-D. Li, S. Wang, and Y. Wang, Dark Energy, Commun.Theor.Phys. 56 (2011) 525–604, [arXiv:1103.5870].

[22] D. Polarski, Dark energy, AIP Conf.Proc. 1514 (2012) 111–117.

[23] S. Tsujikawa, Quintessence: A Review, ArXiv e-prints (Apr., 2013) [arXiv:1304.1961]. [24] L. Andersson and A. Coley, Inhomogeneous cosmological models and averaging in cosmology:

overview, Classical and Quantum Gravity 28 (2011), no. 16 160301.

[25] T. Clifton, P. G. Ferreira, A. Padilla, and C. Skordis, Modified gravity and cosmology, Phys.

Rept. 513 (2012) 1–189, [arXiv:1106.2476].

[26] S. Nojiri and S. D. Odintsov, Unified cosmic history in modified gravity: from f(r) to lorentz non-invariant models, Phys Rept. 505 (2011) 59–144, [arXiv:1011.0544].

[27] S. Capozziello and M. De Laurentis, Extended theories of gravity, Phys Rept. 509 (2011) 167–321, [arXiv:1108.6266].

[28] R. Durrer and R. Maartens, Dark Energy and Modified Gravity, arXiv:0811.4132. [29] J. Yoo and Y. Watanabe, Theoretical Models of Dark Energy, Int.J.Mod.Phys. D21 (2012) 1230002, [arXiv:1212.4726].

[30] L. Amendola, K. Enqvist, and T. Koivisto, Unifying Einstein and Palatini gravities, Phys.

Rev. D83 (2011) 044016, [astro-ph/10104776].

[31] G. J. Olmo, Palatini approach to modified gravity: f(r) theories and beyond, Int. J. Mod.

Phys. D. 20 (2011) 413–462, [arXiv:1101.3864].

[32] T. Koivisto and H. Kurki-Suonio, Cosmological perturbations in the palatini formulation of modified gravity, Class.Quant.Grav. 23 (2006) 2355–2369, [astro-ph/0509422].

[33] B. Li, D. F. Mota, and D. J. Shaw, Microscopic and Macroscopic Behaviors of Palatini Modified Gravity Theories, Phys.Rev. D78 (2008) 064018, [arXiv:0805.3428].

[34] B. Li, D. F. Mota, and D. J. Shaw, Indistinguishable Macroscopic Behaviour of Palatini Gravities and General Relativity, Class.Quant.Grav. 26 (2009) 055018, [arXiv:0801.0603].

[35] T. Koivisto, Viable Palatini-f(R) cosmologies with generalized dark matter, Phys.Rev. D76 (2007) 043527, [arXiv:0706.0974].

[36] B. Li, J. D. Barrow, and D. F. Mota, The Cosmology of Ricci-Tensor-Squared gravity in the Palatini variational approach, Phys.Rev. D76 (2007) 104047, [arXiv:0707.2664].

[37] M. Amarzguioui, O. Elgaroy, D. Mota, and T. Multamaki, Cosmological constraints on f(r) gravity theories within the palatini approach, Astron.Astrophys. 454 (2006) 707–714, [astro-ph/0510519].

[38] T. S. Koivisto, Bouncing Palatini cosmologies and their perturbations, Phys.Rev. D82 (2010) 044022, [arXiv:1004.4298].

[39] T. Koivisto, On new variational principles as alternatives to the Palatini method, Phys. Rev.

D 83 (Oct, 2011) 101501, [arXiv:1103.2743].

[40] T. Harko, T. S. Koivisto, F. S. Lobo, and G. J. Olmo, Metric-Palatini gravity unifying local constraints and late-time cosmic acceleration, Phys.Rev. D85 (2012) 084016, [arXiv:1110.1049].

– 16 –

[41] T. S. Koivisto and N. Tamanini, Ghosts in pure and hybrid formalisms of gravity theories: a unified analysis, arXiv:1304.3607.

[42] S. E. P. Bergliaffa, An Overview of f(R) theories, arXiv:1107.5183 (2011). [43] T. Koivisto, The post-Newtonian limit in C-theories of gravitation, arXiv:1109.4585v1 (2011). [44] K. Enqvist, T. Koivisto, and G. Rigopoulos, Non-metric chaotic inflation, JCAP 05 (May, 2012) [astro-ph/1107.3739].

[45] A. Finke, C-gravity and the expanding universe, 2012.

[46] M. Sandstad, T. S. Koivisto, and D. F. Mota, Non-locality of the C- and D-theories, ArXiv e-prints (May, 2013) [arXiv:1305.0695].

[47] T. Biswas, A. Mazumdar, and W. Siegel, Bouncing universes in string-inspired gravity, JCAP 03 (2006) 009, [hep-th/0508194].

[48] Göttlober, Stefan and Schmidt, Hans-Jurgen and Starobinsky, Alexei A. , Sixth-order gravity and conformal transformations, Class. Quantum Grav. 7 (1990) 893–900.

[49] H.-J. Schmidt, Variational derivatives of arbitrarily high order and multi-inflation cosmological models, Class. Quantum Grav. 7 (1990) 1023–1031.

– 17 –