arXiv:1103.0501v2 [astro-ph.CO] 23 Jun 2011

Exact nonlinear inhomogeneities in ΛCDM cosmology

Nikolai Meures^∗ and Marco Bruni^† Institute of Cosmology and Gravitation, University of Portsmouth, Portsmouth PO1 3FX, UK (Dated: June 27, 2011)

At a time when galaxy surveys and other observations are reaching unprecedented sky coverage and precision it seems timely to investigate the effects of general relativistic nonlinear dynamics on the growth of structures and on observations. Analytic inhomogeneous cosmological models are an indispensable way of investigating and understanding these effects in a simplified context.

In this paper, we develop exact inhomogeneous solutions of general relativity with pressureless matter (dust, describing cold dark matter) and cosmological constant Λ, which can be used to model an arbitrary initial matter distribution along one line of sight. In particular, we consider the second class Szekeres models with Λ and split their dynamics into a flat ΛCDM background and exact nonlinear inhomogeneities, obtaining several new results. One single metric function Z describes the deviation from the background. We show that F , the time dependent part of Z, satisfies the familiar linear differential equation for δ, the first-order density perturbation of dust, with the usual growing and decaying modes. In the limit of small perturbations, δ ≈ F as expected, and the growth of inhomogeneities links up exactly with standard perturbation theory. In particular, we exhibit an exact conserved curvature variable, necessary for the existence of the growing mode, which is the nonlinear extension of the first-order curvature perturbation. We provide analytic expressions for the exact nonlinear δ and the growth factor in our models. For the case of overdensities we find that, depending on the initial conditions, the growing mode may or may not lead to a pancake singularity, analogous to a Zel’dovich pancake. This is in contrast with the Λ = 0 pure Einstein-de-Sitter background where, at any given point in comoving (Lagrangian) coordinates pancakes will always occur. Analyzing the covariant variables associated with the space-time, we derive the associated dynamical system, which we are able to decouple and reduce to two differential equations, one for ΩΛ representing the background dynamics and one for δ describing the dynamics of the inhomogeneities. Our models are Petrov type D, which we show by explicitly deriving the only nonzero Weyl scalar Ψ2, which does not depend on Λ. Since this is the only Weyl contribution to the geodesic deviation equation, Λ can only contribute to lensing through its contribution to the background expansion.

I. INTRODUCTION

From the very beginning of modern cosmology (see Einstein in [1] and the account in [2]), the guiding idea behind the construction of models has been what later became known as the Cosmological Principle (cf. [2–5] and Refs. therein): the assumption that the Universe is, at any given time, homogeneous and isotropic on large scales is translated mathematically into a Robertson- Walker metric, i.e. a metric that is assumed to represent a space average and it is therefore exactly homogeneous and isotropic. In addition, the nontrivial hypothesis is made that this metric should be a solution of Einstein’s equations, thereby giving rise to a Friedmann- Lemaitre-Robertson-Walker (FLRW) universe model. In other words, general relativity (GR) is assumed to be the correct theory describing gravitational interactions between galaxies and clusters of galaxies. While it follows logically that a Universe that is statistically homogeneous and isotropic should be described on average by the Robertson-Walker metric, it is not at all obvious that this metric should satisfy Einstein’s equations: given the nonlinear nature of the latter, averaging the equations

∗ nikolai.meures@port.ac.uk † marco.bruni@port.ac.uk

is not the same as considering the equations satisfied by the average (see [6–9] for this “averaging problem”).

The Universe is however inhomogeneous. Even if it becomes homogeneous above a certain scale (see e.g. [10]), the size of this “fair sample” [2] depends on how we measure it and what we mean by “statistical homogeneity” (cf. [11] and [12] for alternative views). In any case, having assumed the Cosmological Principle, the growth of inhomogeneities and their effects are typically modeled with perturbation theory about a “background” FLRW model. Within this framework, the formation of nonlinear structures at smaller scales is treated assuming a Newtonian approximation, with N-body simulations [13]. Most observations are interpreted assuming this Friedmannian framework; in particular, distances are computed assuming a FLRW distance-redshift relation, i.e. completely neglecting inhomogeneities (cf. [14] for an attempt to include them).

In the last three decades, the combination of cosmic microwave background (CMB) radiation, large scale structure (LSS) and supernova type Ia observations has provided support for a flat FLRW universe model currently undergoing an accelerated phase under the action of a dark energy component [15, 16]. Consequently, the flat ΛCDM model [17, 18] has emerged as the standard concordance model of cosmology [19, 20]. GR is assumed to be the correct theory of gravity, with cold dark matter (CDM) and a cosmological constant Λ dominating the dynamics of the late Universe. CDM is responsible for structure formation, with Λ making up the balance to have a spatially flat Universe and driving what is inferred to be, within this conceptual framework, cosmic acceleration. Currently no other model can explain observations equally well while being statistically favored, simply because any alternative introduces more parameters, with not enough advantages (e.g. see [21–24]).

Einstein’s equations were constructed to automatically satisfy the energy-momentum conservation equation, thus they must include a Λ term for full mathematically generality [1]. Therefore, one can argue [25] that Λ is a free parameter of the theory to be determined by observations, to be treated on the same footing as the coupling of gravity to matter - Newton’s constant G. However, this view is not very popular and many alternatives to Λ are considered in the literature [6, 8, 16, 26, 27] in order to explain the effects that, within the homogeneity and isotropy assumption, are interpreted as acceleration [28].

We may divide these alternatives into two main groups, each with two subgroups. In the first, the Cosmological Principle is maintained, thus there is an acceleration but the cause is not a cosmological constant: i) either Λ is replaced by an unknown dark energy [16, 26, 27] (or both CDM and Λ are replaced by unified dark matter, see [29–32] and Refs. therein) or, ii) an alternative theory of gravity is assumed [33, 34]. The second alternative is to maintain GR and i) either consider possible dynamical back-reaction effects of structure formation on the overall expansion, in order to construct an average model with acceleration [6, 8], or ii) consider inhomogeneous exact solutions of GR [35, 36] and study the effects of inhomogeneities on observations [5]. In the latter case, the idea is that what is normally interpreted as acceleration is at least partly due to observational effects of inhomogeneities. It turns out that, within very special models, one can even eliminate Λ entirely, for instance for observers near the center of a spherically symmetric model (see [37] and references therein). However, it is an open question whether this can be achieved in inhomogeneous models which exhibit an average homogeneity on the scales on which it seems to be observed [10], i.e. models in which the cosmological principle is preserved.

Given the above arguments, it is of great interest to consider simple models where nonlinearities and inhomogeneities are fully taken into account while, at the same time, a FLRW background can be clearly identified. A very interesting class of models was introduced long ago by Lindquist and Wheeler [38] and revised by Redmount [39], which has then been recently reconsidered and generalized by Clifton and Ferreira [40], where pointlike masses (represented by Schwarzschild black holes) are distributed in a lattice and the overall expansion is described by the Friedmann equation. The main motivation of Clifton and Ferreira in following the Lindquist and Wheeler construction is the observation that indeed the Universe largely consists of galaxies and clusters of galaxies surrounded by vacuum. The question they address is how observations and measurements of the cosmological parameters are affected in a highly inhomogeneous universe whose overall dynamics is homogeneous and isotropic. However, this lattice construction is only an approximate solution to Einstein’s equations, with “no man’s land” in between the matched spheres and, perhaps even more importantly, where the inhomogeneities are strongly nonlinear at all times.

Having in mind the same type of questions addressed in [40], in this paper we adopt a milder approach to the construction of models of nonlinear inhomogeneities in a clearly identifiable FLRW background. Specifically, we consider exact solutions of GR where, starting from standard small perturbations of a FLRW universe, the matter distribution is continuous and can evolve to a highly nonlinear stage. In the process, the inhomogeneities can either form a distribution of large voids or over-densities, or a mixture of the two, with over-densities possibly even forming pancakes as in the Zel’dovich approximation in Newtonian cosmology. The benefit of our model is therefore two-fold: i) we consider exact solutions of Einstein’s equations, therefore avoiding any possible problem associated with approximations and matching and ii) these exact solutions describe nonlinear inhomogeneities growing on top of a FLRW background, with the possibility of modeling a rather arbitrary distribution of both voids and over-densities. It should be noted that there is no restriction on the inhomogeneities to have a zero average in any sense, thus the FLRW background may or may not be representative of an average; we shall not particularly address this issue here, leaving it for a future analysis [41].

We do not necessarily expect that considering observational effects of nonlinear inhomogeneities can eliminate - entirely or in part - the need for dark energy. On the contrary, the study of the nonlinear growth of perturbations and the effects they may have on observations is a topic of the greatest interest in the context of ΛCDM cosmology. Therefore we include a cosmological constant Λ in our models. The exact solutions we are considering are a generalization with Λ of the pure dust models of Szekeres [42] and are perse not new, as they were first found by Barrow and Stein-Schabes [43], who used them to prove a nonlinear version of the cosmic no-hair theorem^1. However, what is new is the form in which we present this solution, which allows for a clear distinction between inhomogeneities and the FLRW background. In doing this, we generalize to the Λ ≠ 0 case the work

1 The cosmic no-hair conjecture states that, for all solutions of Einstein’s equations with Λ > 0 and matter satisfying the weak energy condition, the future asymptotic state is stationary inside the cosmological event horizon of any future inextendible timelike curve. Dynamically, this states that de Sitter space-time is the future attractor; see [43, 44] and references therein.

by Goode and Wainwright [45], focusing on the particular subclass of solutions that admit a flat FLRW background. Through the split between FLRW background and inhomogeneities, we achieve many new results. In this paper, we present the solutions and their properties, while we leave the analysis of the observational effects of inhomogeneities in these models to a second paper [41].

In order to avoid any confusion with approximate solutions, in this paper we refer to deviations (from the background) rather than perturbations, even in the case of standard variables such as the dimensionless density inhomogeneity δ = (ρ − ρ̄)/ρ̄, where ρ and ρ̄ respectively indicate the density in the inhomogeneous universe and in the FLRW background. We choose the latter to be spatially flat, see Eq. (15) for the metric where, in synchronous comoving coordinates, Z is the single metric function that characterizes the deviations from this background. The main results of our analysis are:

• generalizing the Goode and Wainwright [45] formalism to the Λ ≠ 0 case^2, we exhibit exact solutions for the growing and decaying modes of the metric deviation Z, assuming a flat ΛCDM background;

• as for the Λ = 0 case, the second order ordinary differential equation (ODE) for the growing and decaying modes of Z is linear, and is the same equation that it is satisfied by δ in the linear regime;

• therefore, as for δ in the linear regime in a flat ΛCDM background, the growing mode in Z asymptotically approaches a constant value;

• given that the equation for the metric deviation Z is linear, Z satisfies a superposition principle even in the nonlinear regime, while δ does not;

• we explicitly show that the second order ODE satisfied by Z admits a first integral; this results in a conserved curvature deviation, d, which turns out to be strictly related to the growing mode, i.e. d = 0 implies a purely decaying mode;

• we eliminate the residual gauge freedom from the form of the metric in [45], so that Z = 1 immediately corresponds to the FLRW background;

• we exhibit the exact analytic solution for the nonlinear δ, showing the analogy to the Newtonian Zel’dovich pancake for the case of over-densities;

• we discuss the formation of singularities at any given comoving point^3 and find that, for the case

2 In this paper we restrict our generalization to the second class of Szekeres-like metrics considered in [45].

3 Our synchronous comoving coordinates should be thought of as the equivalent of Lagrangian coordinates in a Newtonian description.

of over-densities, pancakes may form in the future, while the past singularity is a FLRW-like Big-Bang for purely growing modes in Z, and spindlelike (cigar, or Kasner-like) if a decaying mode is present in Z;

• given that the growing mode in Z evolves to a constant, at any given point pancakes do not form if appropriate initial conditions are chosen at that point, unlike the Λ = 0 case where pancakes are unavoidable;

• we explicitly work out the analogy between our formalism and that of perturbation theory, exploiting the linearity of the equation for Z and the conserved curvature variable d; the latter plays the role of the conserved linear curvature perturbation;

• we explicitly give an analytic expression for the growth factor of the density deviation δ, valid into the nonlinear regime;

• we reconsider the dynamical system characterizing our models (cf. [46–48]) in terms of density ρ, expansion Θ, shear σ_{ab} and Electric Weyl tensor E_{ab} and, introducing new dimensionless variables, we decouple the system of ODEs, reducing the dynamics to 2 equations, one for Ω_Λ describing the background and one for δ describing the inhomogeneities;

• we verify that our solutions are of Petrov type D [49], explicitly finding the null tetrad that makes Ψ_2 the only nonvanishing Weyl scalar, which we show does not directly depend on Λ: it follows that in our models Λ can only affect lensing indirectly, through the coupling of the dynamics of the background to that of the inhomogeneities.

From this list, it is clear that some of our results are directly related to astrophysical cosmology, while others are more in the domain of relativistic cosmology. The reader more interested in the former can first read Secs. II, III A and IV, leaving the other sections for a second reading.

The plan of the paper is as follows. In Sec. II we present a summary of our analysis of Einstein’s field equations (EFEs); full details are given in Appendix B. After choosing a flat ΛCDM background, we present explicit solutions for the growing and decaying modes of the metric deviation Z.

We give a physical interpretation to our models in Sec. III A, looking at what kind of nonlinear density distributions are possible. In Sec. III B we present an analysis of the singularities: in particular, we look at when pancakes form or do not form, depending on the initial conditions. The space-time is analyzed using the Petrov classification scheme in Sec. III C.

In Sec. IV, we analyze the analogy between our exact solutions and cosmological perturbation theory. In particular, in our model density inhomogeneities can grow highly nonlinear; however, we would like to use initial conditions as they are used in standard perturbation theory and hence we show how, in the linear regime, the two are related.

In Sec. V, we consider the dynamical system associated with a set of covariant variables. First, in Sec. V A, we relate the covariant variables with the metric functions. Then, in Sec. V B, we show how the dynamical system for the covariant variables can be reduced to only two ODEs, and we present a phase plane analysis.

In Appendix A, we demonstrate how the continuity equation directly implies the form of the density and density deviation in our model. In Appendix B, we give details on how we solved the EFEs, with the dimensions of all the variables and parameters given in Appendix D. Finally, in Appendix E, we demonstrate how we can obtain axial symmetry in our model, depending on how we choose the free functions.

Throughout the paper, we choose units c = 8πG = 1.

II. SOLVING THE EFES

A. Setup

In this paper we shall consider the second class Szekeres-type metrics [42], in the form that Goode and Wainwright [45] introduced

ds^2 = −dt^2 + S^2 [ e^{2α(x)} ( dx^2 + dy^2 ) + Z^2dz^2 ] , (1)

where S = S(t) and Z = Z(x, t). We will generalize their analysis, including a cosmological constant Λ in Einstein’s equations [43]: G_{ab} = T_{ab} − Λg_{ab}. (2) The matter content, a pressureless dust component, represents CDM. Fluid elements move along geodesics and, in the synchronous coordinates in the metric (1), these geodesic flow lines are orthogonal to the cosmic time t hyper-surfaces, with 4-velocity

u^a = [1, 0, 0, 0]. (3)

The coordinates in Eq. (1) are therefore also comoving and the fluid flow is irrotational. The energy-momentum tensor T_{ab} only has one nonzero component, which is

T^{00} = ρ, (4)

where ρ is the energy-density of the dust. It follows directly from the conservation equation T^{ab}_{;b} = 0 (see Appendix A) that in general for this metric ρ = M(x) S^3Z

, (5)

where for now M is a general function of space, which will be restricted by the EFEs later on.

It should already be clear that S = S(t) in the metric (1) acquires the role of a FLRW scale factor. In any case, a simple interpretation of the metric (1) is immediately obtained if we consider the generalization of the Hubble expansion law [5, 50]. Consider two fundamental comoving observers moving with 4-velocity u^a and connected, at any given time t, by a vector X^a (thus orthogonal to u^a). For the components of X^a we find Ẋ^{x,y} = HX^{x,y}, (6a) Ẋ^z = ( H + Ż Z ) X^z, (6b)

where H = Ṡ/S. Hence we deduce that the Hubble law along the x- and y-axis is unmodified, i.e. the same as that of a FLRW background, whereas along the z-axis it is changed by the inhomogeneities encoded in Z. As we shall see in Section V, θ = Ż/Z is precisely the deviation of the expansion (scalar) from that of the background, H. Thus in our synchronous comoving representation, which is the relativistic analog of a Newtonian Lagrangian description, fluid elements occupy a fixed coordinate position, but the physical distance between any pair of them along the z-axis is modified by Z. As we shall see, this may even lead to pancakes, when Z → 0, in analogy of the Zel’dovich pancakes of the Newtonian-Lagrangian description.

B. Summary of the calculations

The details of our analysis of the EFEs for the metric (1) are given in Appendix B. From this analysis, we obtain the following equation for the dimensionless scale factor^4 S(t): ( Ṡ S )_2 = 1 3 ρ̄ + 1 3 Λ + K S^2

, (7)

which we recognize as the Friedmann constraint equation for ΛCDM, where we have defined the homogeneous energy-density

ρ̄ = ρ̄_0 S^3

; (8)

ρ̄_0 and S_0 = 1 are the values of ρ̄ and S today. The curvature constant K has dimensions and is either vanishing,

4 In the main part of the paper we use an over-dot to denote differentiation with respect to t. In the Appendix, however, we use a subscript t, for uniformity with the space derivatives in EFEs. The latter are completely solved with respect to space coordinates, hence only ODEs with respect to t need to be analyzed in the main part of the paper.

positive or negative for a flat, closed or open universe respectively (see e.g. [5]); it is linked to the metric through the relation

e^α = 1 1 +^1_4 K(x^2 + y^2)

. (9)

The function Z in the line element (1) can be split as

Z(x, t) = F (z, t) + A(x), (10)

where A can be written in the form^5

A(x) = a(z) + b(z)x + c(z)y + d(z)(x^2 + y^2), (11)

and F obeys the following linear homogeneous ODE

F̈ + 2 Ṡ S Ḟ − ρ̄ 2 F = 0. (12)

This equation is well known: as it was noted in [45], it is indeed the equation satisfied by the first-order density perturbation in a dust (CDM with or without Λ) FLRW universe (see for instance [2]). Less well known is that this equation admits a first integral (see Appendix C for a derivation) Ṡ S Ḟ + ρ̄ 2 F − 2d S^2

= 0, (13)

where, through the field equations, the conserved quantity turns out to be the curvature variable d, appearing in A, Eq. (11). Clearly Eq. (12) admits two linearly independent solutions:

F (z, t) = β_+(z)f_+(t) + β_−(z)f_−(t), (14)

where f_+(t) represents the so called growing mode and f_−(t) the decaying mode. Alternatively, f_−(t) is the solution to the homogeneous part of Eq. (13) and f_+(t) is the particular solution. We will explore in more detail the significance of the functions S, f_+, f_− and the conserved quantity d in the following sections.

C. Solving for the metric functions

We focus our attention on the K = 0 case (i.e. a flat background) and therefore, the metric can be written in the form

ds^2 = −dt^2 + S(t)^2 [ dx^2 + dy^2 + Z(x, t)^2dz^2 ] . (15)

Using Eq. (8), Eq. (7) for the K = 0 case gives

Ṡ^2 = ρ̄^0 3S + Λ 3 S^2, (16)

5 Note that this expression for A will not be used in following Sections, since it contains gauge functions, which will be fixed in Sec. II C.

which enables us to embed our space-time (15) in a FLRW background through the scale factor S(t). Therefore the metric (15) can be seen as describing an exact inhomogeneity, specified by Z, in the ΛCDM background described by S(t) and parameterized by Ω_m = ρ̄_0/(3H^2_0 ) and Ω_Λ = Λ/(3H^2_0 ), where H_0 is the Hubble parameter and Ω_m = 1 − Ω_Λ. Solving Eq. (16) then gives S(t) = ( 1 − Ω_Λ Ω_Λ )_{1/3} sinh^{2/3} ( 3 2 H_0 √ Ω_Λt ) , (17)

where we have set to zero an integration constant which would only shift the time of the initial singularity. With this, the age of the Universe today is

t_0 =

2H^{−1}_0 3 √ Ω_Λ arcoth ( Ω^{−1/2}_Λ ) ; (18)

it is easy to check that inserting this expression into Eq. (17) yields S(0) = S_0 = 1, as it should. Now, defin-

ing the dimensionless variable τ =

√_{3Λ} 4 t, the differential equation (12) for F simplifies to

F^{′′} + 4 3 coth(τ)F^′ − 2 3 1 sinh^2(τ)

F = 0, (19)

where a dash denotes the derivative with respect to τ. The two linearly independent solutions are

f_− = cosh(τ) sinh(τ)

, (20a)

f_+ = cosh(τ) sinh(τ) ∫ sinh^{2/3}(τ) cosh^2(τ) dτ. (20b) The function S(t) in Eq. (17) is the scale factor of the ΛCDM background model. The differential equation (19), obeyed by F , is exactly the one obeyed by the firstorder density perturbation in this background (for an in depth discussion, see e.g. [2]). The two independent solutions for F are shown in Fig. (1).

It should be noted that the same formalism applies in the Λ = 0 case [45], where the FLRW background is an Einstein-de-Sitter model. The main difference is that the growing mode f_+ grows linearly with the scale factor S for Λ = 0, whereas in our case (see top panel in Fig. (1)), f_+ asymptotically approaches a constant value.

Now, we would like to remove some residual arbitrariness in the free functions of z appearing in Z (a, b, c, d, β_+ and β_−). First, Eq. (13) can be used to express the conserved curvature d as a function of F and S: d = SṠ 2 Ḟ + ρ̄^0 4S F. (21)

Then, one can substitute the general solution for F , which has been computed earlier; after some algebra one finds

d(z) = Bβ_+(z), (22)

FIG. 1. Plots of the growing (top panel) and decaying (bottom panel) modes of the solution for F , as derived from Eq. (12). The solutions plotted here are given in Eqs. (20a) and (20b).

where we have defined B = 1 4 ( ρ̄^2_0Λ )_{1/3} = 3 4 H^2_0 [ Ω_Λ(1 − Ω_Λ)^2 ]_{1/3} , (23)

as the constant which gives dimensions of L^{−2} to d. This can be substituted into A to obtain

A(x) = a(z) + b(z)x + c(z)y + Bβ_+(z)(x^2 + y^2). (24)

Hence there are still 5 free functions of z remaining in the line element (a, b, c, β_+ and β_−). This freedom can be further reduced by one order by transforming the zcoordinate. First of all, however, let us introduce two new functions γ and ω; with no loss of generality, we can write

b(z) = 2γ(z)Bβ_+(z), (25a) c(z) = 2ω(z)Bβ_+(z). (25b)

Then, substituting these in Eq. (24) we find

A = a + Bβ_+ [ (x + γ)^2+ (y + ω)^2 − (γ^2+ ω^2) ] . (26)

Now we have to make a transformation in the z coordinate and rescale β_+ and β_−. We choose

z̃ = ∫ { a(z) − Bβ_+(z) [ γ^2(z) + ω^2(z) ]} dz, (27) β̃_+(z) = β^+(z) a(z) − Bβ_+(z) [γ^2(z) + ω^2(z)]

, (28)

β̃_−(z) = β^−(z) a(z) − Bβ_+(z) [γ^2(z) + ω^2(z)]

. (29)

With this coordinate transformation and rescaling of β_+ and β_−, we obtain the simplification

A(x, y, z̃) = 1 + Bβ̃_+(z̃) { [x + γ(z̃)]^2 + [y + ω(z̃)]^2 } , (30) and Z(t, x, y, z̃) = β̃_+(z̃)f_+(t) + β̃_−(z̃)f_−(t) + Ã(z̃). (31)

With these we can now drop all the tildes and write our metric in the final form

ds^2 = −dt^2 + S(t)^2 [ dx^2 + dy^2 + ( 1 + β_+(z)f_+(t) + β_−(z)f_−(t) + Bβ_+(z) { [x + γ(z)]^2 + [y + ω(z)]^2 })_2 dz^2 ] . (32)

We have thus reduced the freedom in the metric to four free functions (γ, ω, β_+ and β_−). This expression also clarifies the meaning of the coordinate transformation we have just performed: in essence we have completely fixed the gauge, such that when β_+ and β_− are equal to zero, which implies F = 0 and Z = 1, our metric exactly takes the form of the background FLRW space-time. Given these arguments, we will henceforth be using Eq. (30) as the expression for A(x, y, z).

III. INTERPRETING AND CLASSIFYING THE SOLUTION

A. Visualization of simple solutions

In this section we would like to give some intuitive understanding of what kind of energy-density distributions are possible in the developed space-time. We can see from Eq. (A10) and (B28) that

A(x) =

M(x) ρ̄_0

, (33) therefore we can rewrite expression (5) for the density, eliminating the dependence on M ρ = M S^3Z = ρ̄_0A S^3(F + A)

. (34)

Defining as usual the dimensionless density deviation from the background density ρ̄ (Eq. (8)) δ ≡ ρ − ρ̄ ρ̄ , (35)

we obtain δ = − F F + A = − F Z . (36)

Using the decompositions of F and A derived earlier, we can write

δ(x, y, z, t) = − β_+(z)f_+(t) + β_−(z)f_−(t) 1 + β_+(z)f_+(t) + β_−(z)f_−(t) + Bβ_+(z) {[x + γ(z)]^2 + [y + ω(z)]^2}

. (37)

In general, the density field in (37) can represent, at any given space point x, either an over-density or an underdensity, depending on the values of β_+ and β_−. However, for the case of over-densities, at any given time, there exist points where (37) necessarily implies a pancake singularity. In essence, this is due to the vanishing of the function Z in the denominator of (36)-(37). We will discuss the existence and properties of these singularities in more detail in the next section. However, it is important to note here already that these pancake singularities are only due to the continuous description of matter in our models, i.e. they are shell crossing singularities (see e.g. [35]) and are analogous to Zel’dovich pancakes in Newtonian gravity.

The structure of the density distribution (37) is hard to visualize in the general case γ ≠ 0 and/or ω ≠ 0, which also implies the absence of Killing vectors for our space-time. Purely for illustrative purposes, we now consider the restricted case γ = ω = 0, which implies axial symmetry, see Appendix E.

As a first example of the inhomogeneous density distribution (37), we consider in Fig. (2) a purely under-dense growing mode, β_+ > 0, with β_− = γ = ω = 0. In this case there are no pancakes and the density field is regular everywhere. The function β_+ has been chosen to take the form β_+ ∝ [1 − sin(kz)] for k = 1Mpc^{−1} and we are plotting the density deviations at an arbitrary value of t. On this plot, one can see that the center of inhomogeneities runs along the z-axis, which is due to the condition γ = ω = 0. In general, this center can take any path around the z-axis, set by the two functions γ(z) and ω(z).

A distribution of over- and under-densities (or pure over-densities) can be simulated, if one only considers the space-time ”close” to the z-axis, in order to avoid pancakes. An example of this is shown in Fig. (3). We will discuss this case in more detail in the next section.

FIG. 2. The δ profile of an under-density at an arbitrary time t in a ΛCDM background with ΩΛ = 0.75 and H0 = 72kms^{−1}Mpc^{−1}. We assume a purely growing mode with β+ ∝ [1 − sin(kz)] for k = 1Mpc^{−1} and β− = γ = ω = 0. In this case the space-time is axially symmetric, so r is the distance from the z-axis, r = √ x^2 + y^2. All distances are comoving and given in Mpc.

FIG. 3. The δ profile for a distribution of over- and underdensities at an arbitrary time t in a ΛCDM background with ΩΛ = 0.75 and H0 = 72 kms^{−1}Mpc^{−1}. We assume a purely growing mode with β+ ∝ sin(kz) for k = 1Mpc^{−1} and β− = γ = ω = 0. As in Fig. (2), r is the distance from the zaxis, r = √ x^2 + y^2. The increasing behavior of the overdensities away from the z-axis is due to singularities located at a certain r∗, beyond the boundaries of the plot. All distances are comoving and given in Mpc.

B. Classification of singularities

The cosmological model we are considering contains only irrotational dust: singularities in these space-times have been studied for a long time [51], see also [48]. Therefore, the types of singularities we encounter in our model are well known, however it is essential to understand if and when they occur.

Considering the fact that f_+, f_− ≥ 0, we can see from Eq. (37), that if β_+(z) and β_−(z) assume some negative values, we have a singularity in δ if the denominator (Z) goes to zero. This also causes a singularity in ρ. This issue has been considered in great detail for the case without a cosmological constant by Goode and Wainwright [52]. We define our metric functions slightly differently, such that β_+(z) and β_−(z) have opposite signs to the definitions in [52]. The analysis of the singularities for the case Λ ≠ 0 gives different results than for Λ = 0, which can be exploited to model inhomogeneities in a physically meaningful way.

First of all, let us introduce some formalisms. We define the variables l_α through

ds^2 = −dt^2 + 3∑ α=1 l^2_α (dx^α)^2 , (38)

where in our space-time we find that l_1 = l_2 = S and l_3 = SZ. Using these variables, one can classify singularities into three different types (see e.g. [48]):

1. a pointlike singularity when all three l_α → 0 ,

2. a cigar or spindle singularity if two l_α → 0 and the other one diverges,

3. a pancake singularity if one l_α → 0 and the other two converge to a finite value,

as we approach the singularity. We remind the reader that we use synchronous comoving coordinates, so that in the following “fixed space point” refers to these coordinates.

We find that the initial singularity at t = 0 can only be either a pointlike singularity or a cigar singularity depending only on β_−: if β_− ≠ 0 we get a cigar singularity and if β_− = 0 we get a pointlike singularity. In other words, if a decaying mode is present then the initial singularity is velocity dominated (see [51], cf. also [53] and references therein) and Kasner-like, while when we only have a growing mode, the initial singularity is matter dominated and effectively isotropic: in approaching the singularity, the growing mode decreases and our spacetime becomes FLRW with a small perturbation.

As we argued earlier, there can also be singularities at some time t_∗ > 0, where we find divergences in the density field. We find that these singularities can only be pancake singularities. We present the singularities in Table I for the case of β_− < 0 and in Table II for the case of β_− ≥ 0.

To analyze the case β_− < 0, we need a more in depth understanding of the behavior of several functions. The two time dependent functions f_− and f_+ exhibit an asymptotic behavior for large values of t, as it can be seen from Fig. 1. We find f_− → 1 and f_+ → f^∞_+ as t → ∞, where f^∞_+ is a finite and positive number. This is significantly different from the Λ = 0 case, where f_+ does not asymptote to a finite value for large t. Since f_− and f_+ have an asymptotic value, it follows that for every fixed space point F and hence Z have a finite asymptotic value as well, see Eqs. (10) and (30) for the definition of Z. We therefore introduce the new parameter Z_∞, which is the asymptotic value of Z at a given space point. We would now like to deduce that Z always has a maximum value for β_− < 0 and β_+ < 0. At early enough times, the decaying mode f_− dominates over f_+ and so Ż ≈ β_−ḟ_−, which is positive, since β_− was assumed to be negative and f_− is a strictly decaying function. At late enough times, we can rearrange Eq. (13) to give Ż ≈ 2Bβ_+/(ṠS), which is negative, since B, S and Ṡ are strictly positive and we have assumed β_+ to be negative. We therefore find that Ż changes sign, from positive to negative and hence must have a maximum, which we call Z_M . Analyzing the parameters Z_M and Z_∞ aids the distinction between different cases in Table I.

In the case of β_− ≥ 0 we find a splitting between different cases, depending on a new parameter. Since Z is positive initially (1 + β_−f_− being positive and dominating at early times), we find that if Z_∞ is positive, Z has no zeros and hence we find no pancakes. This distinction between cases turns out to depend on the value of β_+. Clearly, if β_+ is positive (and hence Z is positive for all t),

TABLE I. Classification of singularities occurring at some finite time t∗ > 0 for β− < 0.

β+ ZM Z∞ number of pancake singularities < 0 = 0 < 0 1 < 0 < 0 < 0 0 < 0 > 0 ≥ 0 1 < 0 > 0 < 0 2 ≥ 0 – < 0 0 ≥ 0 – > 0 1

we only have under-densities and hence no singularities. If β_+ is negative, we find a critical value, which divides the cases of singularities and no singularities. This value occurs when

Z_∞ = 1 + |β_−| − |β_+| { f^∞_+ + B [ (x + γ)^2+ (y + ω)^2 ]} , (39) vanishes. For a fixed space point (and hence given values of β_−, x, γ, y and ω), we can find this critical value |β^∗_+| to be

|β^∗_+| = |β_−| + 1 f^∞_+ + B [(x + γ)^2 + (y + ω)^2]

. (40)

This parameter is used in Table II to decide whether a given point in space will have a future singularity.

TABLE II. Classification of singularities occurring at some finite time t∗ > 0 for β− ≥ 0.

β+ number of pancake singularities ≥ 0 0 < 0, |β+| < |β^∗_+| 0 < 0, |β+| > |β^∗_+| 1

The second case in Table II, where β_+ < 0 and |β_+| < |β^∗_+|, is the most interesting from a pragmatic point of view. Given a certain point in space, we can always find a value |β^∗_+|, such that for |β_+| < |β^∗_+| there will be no future singularity at this point. This is distinctly different from the Λ = 0 case where this is not possible. In practice this means that if we would like to model some density distribution on a certain space region without incurring in a pancake, we need to find the maximum |β^∗_+| within this region, which will restrict the maximum over-density we can model. ”Close” to the zaxis this restriction (for β_− = γ = ω) turns out to be fairly weak. For instance, using initial conditions at recombination, we can start with initial values even greater than the measured power spectrum amplitude [28] and have no future pancakes in a finite region around the z-axis.

C. Petrov classification

The Petrov classification is used to distinguish different types of space-time metrics by analyzing algebraic properties of the Weyl tensor (for a discussion of the Weyl scalars and the Petrov classification, see [54, 55]). A main point to be noted is that these properties are purely geometrical and unrelated to the theory of gravity considered. However, an understanding of these properties helps the physical interpretation, especially in those cases where the space-time can be seen as a nonlinear perturbation of some background. Such physical interpretation was given for instance by Szekeres in [56], and is based on the so called Weyl scalars. These are defined by

Ψ_0 = C_{abcd}k^am^bk^cm^d, (41a) Ψ_1 = C_{abcd}k^am^bk^cl^d, (41b) Ψ_2 = −C_{abcd}k^am^bl^cm̄^d, (41c) Ψ_3 = C_{abcd}l^am̄^bl^ck^d, (41d) Ψ_4 = C_{abcd}l^am̄^bl^cm̄^d, (41e)

where C_{abcd} is the Weyl tensor and k, l, m and m̄ is a complex null tetrad. These five complex scalars represent, in four dimensions, the ten components of the Weyl tensor. In essence, the Petrov classification of a certain space-time involves finding the complex null tetrad such that the number of Weyl scalars reduce to a minimal set. If one can find a tetrad such that the only non-vanishing Weyl scalar is Ψ_2, then the space-time is said to be Petrov type D. Well known examples are Schwarzschild and Kerr. A space-time containing gravitational waves necessarily has nonzero Ψ_0 and Ψ_4, e.g. a perturbed Kerr [54, 57, 58]. For this reason, an analysis of the Weyl scalars can be used in extracting gravitational waves in numerical relativity, see e.g. [59–61]. On the other hand, Ψ_0 and Ψ_4 can be nonzero in a space-time with no gravitational waves, e.g. as in the case of a stationary rotating star [62]. Clearly, a Petrov type D space-time does not contain any gravitational radiation.

The general result that Szekeres space-times are Petrov type D is well known, see e.g. [49, 55], therefore there are no gravitational waves. Naively, without the knowledge of the Petrov type and its meaning, this is counterintuitive: since we have time dependent matter inhomogeneities, one would expect gravitational radiation to be present^6. Since our metric (15) has the Szekeres form, it must also be Petrov type D. We now want to show this explicitly, especially to analyze the FLRW limit of our model. For a derivation of the complex null tetrad, see Section V A. Using this basis, we obtain that the only

6 Another way to conclude that no gravitational radiation is present in Szekeres space-times is that the the magnetic Weyl tensor vanishes [49], see Section V.

nonzero Weyl scalar is^7

Ψ_2 = − 1 6 ( Ṡ S Ż Z + Z̈ Z + Z_{xx} S^2Z ) . (42)

This expression is derived from the metric alone and so contains only geometric information. In particular this shows that our space-time has a single independent Weyl component. Using the EFEs, we can now relate this expression to the matter content and we find

Ψ_2 = M 6S^3Z − ρ̄_0 6S^3 = 1 6 ρ̄δ. (43) In the case of under-densities, it follows from Eq. (37) that this expression goes to zero for large x^2 + y^2 and large t. In the case of over-densities, at any given space point, Ψ_2 will diverge when a pancake forms, except in the second case in Table II, where there is no pancake and Ψ_2 → 0 for large t. However, in approaching the pancake at t_∗ it turns out that

Ψ_2 Θ^2 ≃ − 1 6 ρ̄_0 S^3 F Z Ż2 ; (44)

see Eq. (57) below for a definition of Θ. At t_∗ all quantities in this expression have a finite value, while Z = 0; therefore this dimensionless measure of the Weyl curvature vanishes at the pancake. A space-time with only a nonzero Ψ_2 is Petrov type D and a space-time with all Weyl scalars identically zero is type O, i.e. conformally flat. This means that we have a type D space-time in general. For all cases without a pancake, the space-time tends to a type O and FLRW space-time for large values of x^2 + y^2 or large values of t. We notice from Eq. (43) that Ψ_2 does not explicitly contain Λ. Since Ψ_2 is the only Weyl contribution to the geodesic deviation equation [60], this shows that there is no direct contribution to lensing from the cosmological constant through the Weyl curvature^8.

IV. RELATION TO PERTURBATION THEORY

Cosmological perturbation theory concerns itself with the dynamics of small deviations from a homogeneous FLRW background and the corresponding approximate treatment of Einstein’s equations. In the covariant approach to perturbation theory [64], the variable Δ is introduced to analyze the behavior of density perturbations, see [65, 66]. This gauge-invariant variable reduces to the density perturbation δ in the comoving gauge and

7 Z_{xx} represents the second derivative of Z with respect to the x coordinate, see Appendix B.

8 The issue of a direct contribution from Λ to gravitational lensing has been the subject of recent investigations, see e.g. [63] and references therein.

to the corresponding gauge-invariant variable Δ derived, in Fourier space and within the metric perturbation approach, by Bardeen^9 [67] and Kodama-Sasaki [68]. It can also be used in perturbative studies of the behavior of inhomogeneities and anisotropies in the neighborhood of isotropic singularities for more general space-times such as Bianchi models, see e.g. [69, 70].

The second order differential equation governing the evolution of Δ for pressureless dust is

Δ̈ + 2 Ṡ S Δ̇ − 1 2 ρ̄Δ = 0. (45)

The same equation is satisfied by δ in Newtonian theory [2]. In general, the dynamical content of the second order equation (45) can be reexpressed by a system of two firstorder equations, coupling Δ to either C or Z, due to the constraint

C = −4ṠSZ + 2S^2ρΔ, (46)

where Z and C represent the spatial variation of the expansion scalar Θ (57) and the 3-Ricci scalar respectively [65]. Since we are considering irrotational dust, the system for Δ and C takes the form {_Ṡ S Δ̇ +^1_2 ρ̄ Δ =^C_{S2} , Ċ = 0, (47)

therefore, clearly, C is a quantity representing a conserved curvature perturbation, with dimensions L^{−2}.

For the metric developed in this paper, we find the background expansion to be given by S. The other time dependent function F represents the deviation from homogeneity. The second order differential equation which describes its evolution is derived in Appendix B and given in Eq. (12). We now notice that this is exactly the same equation as the one satisfied by Δ in Eq. (45). The same tactic of reducing the second order equation to a set of two first-order equations can then be employed for this variable and we find {_Ṡ S Ḟ +^1_2 ρ̄ F =^{2Bβ+}_{S2} ,

(2Bβ_+)˙ = 0,

(48)

where B is the constant defined in Eq. (23). From a dynamical system perspective, it is interesting to note that the first equations in the systems (47) and (48) are, respectively, first integrals of Eq. (45) and Eq. (12), with C and 2Bβ_+ the corresponding conserved quantities; see Appendix C for the explicit integration.

It is striking that the differential equations for Δ and F take the same form. We can make the analogy even more apparent by considering the limit in which δ is small. From Eq. (36) we can solve for F in general F = − Aδ δ + 1

, (49)

9 In Bardeen notation this variable is ϵ_m.

so that for small values of δ, F ≈ −Aδ. This can be substituted into the differential equation for F to obtain {_Ṡ S δ̇ +^1_2 ρ̄ δ =^Q_{S2} , Q̇ = 0, (50)

i.e. system (47), where we have defined Q = −^{2Bβ+}_A . In the limit of small δ we have thus retrieved the differential equations governing the growth of density perturbations in cosmological perturbation theory, as one would expect. However, the strength of our model is that Eqs. (12) or (48) can be used to evolve F into the nonlinear regime, with Eq. (36) giving the corresponding δ. Moreover, we have not only found the analogy of the growth of perturbations to cosmological perturbation theory, but we have also found a conserved quantity into the nonlinear regime in our system - 2Bβ_+. The systems of differential equations admit a decaying solution only for a zero conserved quantity, C and 2Bβ_+ respectively for the linear and exact nonlinear regimes. This shows that the growing mode solution for F or δ corresponds to a particular solution to the respective equations, generated by a nonzero conserved curvature inhomogeneity, either the exact 2Bβ_+ or the perturbation C, respectively.

Finally, using (20b) and (36) and neglecting the decaying mode, we can write the exact nonlinear growth factor for the density inhomogeneity in our model. Defining D_+ = δ/δ_i, we find

D_+ = z_if_+ { 1 − δ^0_i z_iB [ (x + γ)^2+ (y + ω)^2 ]} 1 − δ^0_i z_i {f_+ + B [(x + γ)^2 + (y + ω)^2]}

, (51)

which, for ω = γ = x = y = 0, simplifies to

D_+ = δ δ^0_i = z_if_+ 1 − δ^0_i z_if_+

, (52)

where z_i is the redshift of the initial condition δ_i and B is defined in Eq. (23). We have substituted the dependence on β_+ for −δ^0_i z_i, where δ^0_i is the initial density perturbation along the z-axis. In our model we are only free to choose the distribution of δ along the z-axis, with the distribution of the density along the x- and y-axis then being given by the metric. This is easily understood by considering the fact that all free functions in the metric are only function of the z-coordinate. The only function in the metric containing x and y is A with its dependence being fixed (see Eq. (30)).

V. COVARIANT VARIABLES

A. Deriving the variables from the metric

We now consider the covariant fluid flow description of our space-times [48, 50, 64, 66, 71]. For the metric (15) the magnetic part of the Weyl tensor H_{ab} is known to be zero [49] and our dust flow is irrotational, ω_{ab} = 0, therefore the only variables we need to consider in this section are the expansion scalar, the shear tensor and the electric part of the Weyl tensor. They are defined as, respectively,

Θ = u^a_{;a}, (53a)

σ_{ab} = u_{(a;b)} − 1 3 Θh_{ab} + u̇_{(a}u_{b)}, (53b) E_{ab} = C_{acbd}u^cu^d, (53c) where u_a is the fluid 4 velocity

u_a = [−1, 0, 0, 0], (54)

and we define

u̇_a = u_{a;b}u^b, (55) h_{ab} = g_{ab} + u_au_b (56)

and C_{abcd} is the Weyl tensor.

From the above definition and using the metric (15), we find

Θ = 3 Ṡ S + Ż Z . (57)

To analyze the shear and Weyl tensors, we need some definitions. As expected [49], from the metric we find that H_{ab} = ω_{ab} = 0 and hence we are considering models in the “silent universes” class [72], i.e. cosmological models where there is no communication between fluid elements. Since the equations evolving ρ, Θ, σ_{ab} and E_{ab} are ODEs, each fluid element evolves independently^{10}. For an analysis of the dynamical systems for these covariant variables in “silent models”, see [46] and [47], for the case with and without Λ, respectively (see also [48]).

Exact solutions in the “silent universes” class include Bianchi I and Szekeres models, as proved in [49]. The existence of more general “silent” exact solutions of Petrov type I is unlikely for Λ = 0 (see [73] and references therein), but few exist for Λ ≠ 0 [74]. However, the “silent” approximation with H_{ab} = ω_{ab} = 0 holds true for first-order scalar perturbations [65] and at second order outside the horizon [75]. It also corresponds, in the covariant description, to the so called long wavelength approximation in gravitational collapse (see [76] and references therein), with H_{ab} only becoming non-negligible in between different Kasner phases [53].

In “silent universes”, according to [49], σ_{ab} and E_{ab} have a common eigenframe. We can thus expand them as E_{ab} = 3∑ α=1 E_αe_{αa}e_{αb}, σ_{ab} = 3∑ α=1 σ_αe_{αa}e_{αb}. (58) The orthonormal tetrad e_{αa} can be found to be e_{1a} = Sδ^1_a, e_{2a} = Sδ^2_a and e_{3a} = SZδ^3_a. From this tetrad, we

10 Obviously, initial conditions have to satisfy spatial constraints, but here we are only concerned with the local time evolution.

can now find the complex null tetrad required to compute the Weyl scalars in Section III C. The procedure outlined in [77] has been followed and the complex null tetrad we find is

m_a = (0, S √ 2 , −i S √ 2 , 0), (59a)

l_a = (− 1 √ 2 , 0, 0, − SZ √ 2 ), (59b)

k_a = (− 1 √ 2 , 0, 0, SZ √ 2 ), (59c)

and m̄_a is the complex conjugate of m_a. Returning to the shear and electric part of the Weyl tensor, they are trace free and so we write 3∑ α=1 E_α = 3∑ α=1 σ_α = 0. (60)

We can then define σ_+ =^1_2 (σ_1 + σ_2), σ_− =^1_2^√_3 (σ_1 − σ_2) and E_+ =^1_2 (E_1 + E_2), E_− =^1_2^√_3 (E_1 − E_2) as a convenient set of dynamical variables, which determine the dynamics of the shear tensor and the electric part of the Weyl tensor completely. Using these definitions, we find σ_+ = − 1 3 Ż Z , σ_− = 0, (61) and E_+ = ρ̄_0 6S^3 − M 6S^3Z = − 1 6 ρ̄δ, E_− = 0, (62)

where in the last equation for E_+ we also used the EFEs. Comparing with Eq. (43) we see that Ψ_2 = −E_+.

B. Phase plane analysis

The complete set of ODEs governing the dynamics of our models is given by

σ̇_+ = − 2 3 Θσ_+ + σ^2_+ − E_+, (63a)

Ė_+ = −ΘE_+ − 3σ_+E_+ − 1 2 ρσ_+, (63b) ρ̇ = −Θρ, (63c) Θ̇ = − 1 3 Θ^2 − 6σ^2_+ − 1 2 ρ + Λ. (63d)

This system of ODEs is the subset, for σ_− = E_− = 0, of that considered in [47, 48] for “silent models” with Λ.

As in the previous sections, our aim is to decouple the dynamics of the background from that of the inhomogeneities. The problem is that the variables ρ and Θ incorporate both a background and an inhomogeneous part. On the other hand, the shear and the electric Weyl tensor vanish in an FLRW space-time; for this reason they are first-order gauge-invariant variables [64, 65, 78] and here represent exact inhomogeneities. For Θ and ρ we can write Θ = Θ̄ + θ, (64) ρ = ρ̄(1 + δ), (65) where, using Eq. (57), we define

Θ̄ = 3 Ṡ S = 3H, (66) and θ = Ż Z , (67)

and from comparing with Eq. (61), we find θ = −3σ_+.

Given expressions for Θ and σ_+ from the line element, one can use Eqs. (63) to find the evolution equations for S and Z. Also, in finding E_+ there is an integration constant, which corresponds to ρ_0, yet here one finds this function to be space dependent in general. However, we can find another expression for E_+ from the differential equation for σ_+. We find

E_+ = 2 3 Ṡ S Ż Z + 1 3 Z̈ Z . (68)

The aim here is to describe the full dynamics of our models with as few variables and differential equations as possible. We will now need to split the covariant variables into background and inhomogeneities. To analyze the system, we start from the Friedmann equations for a flat universe; this will eventually reduce our system by one order. We start from Ḣ + H^2 + 1 6 ρ̄ − 1 3 Λ = 0, (69a)

H^2 = 1 3 ρ̄ + 1 3 Λ. (69b)

Combining the two equations, one finds the continuity equation for the background (see also Appendix A) ˙ρ̄ = −3Hρ̄. (70)

Changing variables to

Ω_Λ = Λ 3H^2

, (71a)

Ω_m = ρ̄ 3H^2

, (71b)

we can rewrite Eq. (69b) as 1 = Ω_m + Ω_Λ. (72) Then, using Eq. (69a), we find Ω^′_Λ = 3Ω_Λ (1 − Ω_Λ) , (73)

where ()^′ has been defined as ()^′ =^1_H ˙(). Eq. (73) encodes the dynamics of the background variables. From the definitions (64) and (65) and continuity equation (63c), we obtain

δ^′ = − θ H (1 + δ). (74)

Reexpressing the evolution equation for σ_+ (63a) in the new time and background variables we obtain

σ^′_+ = −2σ_+ + 3 H σ^2_+ + H 2 (1 − Ω_Λ)δ. (75)

We now define the new variable

Σ_+ = σ_+ H = − θ Θ̄, (76)

which represents an expansion normalized velocity deviation. Note here that this variable Σ_+ is different to the one used in reference [48], where the normalization of σ_+ is given by Θ. We have chosen this normalization as it leads to a separation of background and perturbation variables. In addition, H being a monotonic function describing the expansion of the background, the time derivative ()^′ =^1_H ˙() is uniquely defined across turnaround, when θ = −Θ̄. Now, consider the system

Ω^′_Λ = 3Ω_Λ (1 − Ω_Λ) , δ^′ = 3Σ_+(1 + δ), Σ^′_+ =^1_2 Σ_+(3Ω_Λ + 1) − 3Σ^2_+ −^1_2 (1 − Ω_Λ)δ.

(77)

We can further reduce the order of this dynamical system using the conserved quantity d = β_+B: using Eq. (13), we can find the constraint

Σ_+ = 1 2 (Ω_Λ − 1) δ − β_+ 2A (δ + 1) ( Ω^{1/2}_Λ − Ω^{3/2}_Λ )_{2/3} , (78)

where β_+ and A have been defined in Eqs. (14) and (10) respectively. Using this constraint, we can decouple the two differential equations for δ and Σ_+. Then, our dynamical system takes the final form

Ω^′_Λ = 3Ω_Λ (1 − Ω_Λ) ,

δ^′ = −^3_2 [ (1 − Ω_Λ) δ +^{β+}_A (δ + 1) ( Ω^{1/2}_Λ − Ω^{3/2}_Λ )_{2/3}] (1 + δ).

(79)

Therefore, we have reduced the system of four coupled differential equations to a system of two differential equations, where the background evolution has decoupled from the deviations. The reduction in order has been due to the assumption that K = 0 and the result that the curvature deviation is constant in our space-time, ḋ = 0. The decoupling has been made possible by choosing a suitable set of variables to work with. The system is now fully characterized by the differential equations for Ω_Λ and δ. Σ_+ can then easily be found using the constraint equation (78). The dynamics of the variables can be shown in compressed form by doing a phase plane analysis. Plots of this analysis are shown in Fig. (4) for the simple case of under-densities. In the plots we have suppressed the decaying mode of F for clarity.

In both the figures, the initial conditions were set very close to the Ω_Λ = δ = Σ_+ = 0 point and again for clarity, we have plotted a single trajectory for each value of β_+. This point is associated with Einstein-de-Sitter (EdS) space. The different evolutions are due to different values of β_+ and all trajectories in both figures tend to de Sitter (dS) space. In the first plot, dS space is represented by all values of δ along the Ω_Λ = 1 line, i.e. each point on this line is a fixed point^{11}. In the second plot dS space is just represented by the Ω_Λ = 1, Σ_+ = 0 point. Therefore

11 Notice that when δ is a constant, the total density ρ scales with the background ρ̄ ∼ S^{−3} and therefore tends to zero at late times, cf. [44] for a general second order analysis of the asymptotic evolution of perturbations in ΛCDM and the cosmic no-hair theorem that follows.

we see that dS is always the late time attractor for all solutions, consistently with the analysis in [43].

VI. CONCLUSION

The cosmological constant problem has lead to the investigation of alternatives to the concordance ΛCDM model, considering other forms of dark energy or theories of gravity alternative to GR. However, the consequences of Einstein’s equations and their nonlinearity have not yet been fully explored in cosmology. We typically use a homogeneous isotropic FLRW background plus perturbations, treating nonlinear structure formation with the Newtonian approximation. Most observations are interpreted assuming this Friedmannian framework, even completely neglecting inhomogeneities, as we normally do in determining distances on the base of a FLRW distance-redshift relation, cf. [14].

So far there is good observational support for a ΛCDM cosmology build in this way, when compared with alternative theories of gravity under the same Friedmannian assumptions (see e.g. [79–81]), i.e. using a post-Friedmannian approach (see [82–85] and references therein). At a time when galaxy surveys and other observations are reaching unprecedented sky coverage and precision it seems however timely to investigate, in parallel with this linear cosmology approach to alternative gravity theories, the effects of nonlinear general relativistic dynamics on the growth of structures and on observations. Analytic inhomogeneous cosmological models are

FIG. 4. Phase planes for the inhomogeneity variables δ and Σ+ versus the background variable ΩΛ, for the case of underdensities, β+ > 0. In each plot we only consider the growing mode and, for clarity, we plot a single trajectory for each value of β+.

indispensable to analyze and understand these effects in a simplified context.

Assuming GR, in this paper we have found and analyzed exact solutions of Einstein’s equations describing an inhomogeneous universe with pressureless dust (representing CDM) and a cosmological constant Λ. Our models are of the Szekeres class II type, generalized to the Λ ≠ 0 case; these solutions were previously obtained in the original Szekeres form of the metric by Barrow and Stein-Schabes [43]. We obtained our models using the metric form (1) previously used for the Λ = 0 case by Goode and Wainwright [45]. The great advantage of this form of the metric is that it allows to split the dynamics of the model into a part that describes a ΛCDM FLRW background, which we have taken to be flat, and a part describing an inhomogeneous deviation from this background, represented by a single function Z in the line element (1). The coordinates in the metric (1) are synchronous and comoving, the relativistic analog of Newtonian Lagrangian coordinates, thus Z represents the extra change - with respect to the general Hubble expansion - of the physical distance between pairs of fluid elements along the z-axis. Einstein’s equations dictate that Z = A(x) + F (t, z), where the dependence of Z (A) on the x, y coordinates is fixed, while the dependence on z is arbitrary. The density deviation from the background has the simple form δ = −F/Z. This can be then used to model an arbitrary initial matter distribution along one line of sight. The coordinates in the metric (1) are synchronous and comoving, the relativistic analog of Newtonian Lagrangian coordinates, thus Z represents the extra change - with respect to the general Hubble expansion - of the physical distance between pairs of fluid elements along the z-axis.

A very useful property of the Z function is that its time dependent part, F , satisfies the same linear second order ordinary differential equation (12) that δ satisfies at first perturbative order in Newtonian theory [2]. This same equation is satisfied by a Δ variable in gauge-invariant perturbation theory [64–68], where Δ reduces to δ in any comoving synchronous gauge (see [67, 68]). This linearity property of Z implies that it satisfies a superposition principle, i.e. we can build an arbitrary initial matter distribution along the z-axis, e.g. adding up Fourier modes, and define a spatial average. The Z inhomogeneity does not need to have zero average along z, thus in this sense the FLRW background may or may not be representative of an average. This could be used to study a simple example of averaging leading the a redefinition of the background; we leave this and other issues for a future analysis [41]. For instance, also worth of study is that the linear superpositions of modes in Z leads to mode coupling in the nonlinear δ = −F/Z.

The two linearly independent solutions for F are the well known growing and decaying modes for δ in perturbation theory [2]. We have shown that a crucial quantity is a conserved curvature inhomogeneity, which is a first integral of the dynamics: this generates the growing mode, in complete analogy with perturbation theory. Assuming a vanishing decaying mode, we have given an exact formula for the nonlinear growth factor in our model.

We have also studied the local formation of singularities in our model, finding in particular that, at any given comoving point (i.e. for a fixed fluid element), for δ > 0 pancake may form, similar to the Zel’dovich pancakes of Newtonian theory. Unlike for the Λ = 0 case, pancakes are not unavoidable, given that the growing mode in Z for Λ ≠ 0 tends to a constant value. Therefore, at any given point in our synchronous comoving coordinates, initial conditions may be found such that the pancake never forms.

The models studied here belong to the “silent” class [46] with Λ studied in [47] (cf. [48] and [53]). A patch in our model not evolving to a pancake unavoidably asymptotically approaches de Sitter [46] (cf. [43]), satisfying the cosmic no-hair theorem. With respect to [47, 48] we have greatly simplified the dynamical system analysis, introducing new variables that lead to a decoupling of the system, so that two variables only are needed: Ω_Λ describing the background and δ (or a shear variable) describing the inhomogeneity.

It is known [49] that the Szekeres metric is of Petrov type D: since this is an algebraic property of the geometry (the metric), it is unaffected by the particular form of the field equations. We have computed explicitly Ψ_2, the only non-vanishing Weyl scalar (in a specific null tetrad) for Petrov type D space-times, showing that it does not depend on Λ. The issue of the contribution of Λ to lensing has been a subject of debate recently, see [63] and references therein. Ψ_2 is the only Weyl contribution to the geodesic deviation equation and Λ contributes to the FLRW background part of the metric but not to the inhomogeneous part of the Ricci tensor. It then follows that Λ can only contribute to lensing indirectly, through its effect on the background expansion.

Finally, it is worth noticing that in the setting we use, of a FLRW background plus exact inhomogeneous deviations, the question arises of the gauge-invariance of these deviations, and the relation that exist to the perturbative gauge-invariance (or variance). Clearly, we have used a δ that is defined in our synchronous comoving coordinates: while ρ itself is a scalar field on the inhomogeneous spacetime and as such is invariant, defining δ requires a map between the background and the inhomogeneous spacetime. As it was shown in [86] (see also [87]), it turns out that scalars that vanish in the background, and that are therefore gauge-invariant at first-order [64, 88, 89], are also gauge-invariants of the exact theory^{12}. The Weyl scalar Ψ_2 mentioned above is therefore an exact gaugeinvariant description of the deviation between the background FLRW and the exact inhomogeneous space-time.

Having developed and analyzed our model, we would like to use it in a future work [41] to study more in the detail the growth of nonlinear density inhomogeneities and light propagation through them, to see how observations may be affected. In particular, we would like to investigate whether the distance-redshift relation is the same in an inhomogeneous space-time as in FLRW or whether non-negligible corrections need to be made. In this respect, the aim will be to produce an analysis of this problem based on exact solutions with a continuous inhomogeneous distribution of matter; such a study will be complementary to the work by Clifton and Ferreira [40], who used an approximate model where all matter

12 An important subtlety is that in general a field that vanishes in the background, and that is thus gauge-invariant at first-order, is not gauge-invariant at higher order, although is gauge-invariant for the exact theory: perturbations “live in the background”, the exact deviations are fields on the inhomogeneous space-time, see [86, 87] and [87–89].

is concentrated in a pointlike lattice distribution. Our models are certainly well suited for this task, as we have shown that nonlinear structures can be modeled along one line of sight without having to resort to any approximations. Clearly, our model can also be used to study the growth of nonlinear structures. Indeed, at least at an initial time, we can specify an arbitrary matter distribution along one direction. Simulating the growth of large over-densities can result in pancake singularities in the density field after a certain time. This is not an issue though, if one tries to simulate realistic density profiles, as we find that - in a typical ΛCDM cosmology - this problem only occurs when the perturbations during the epoch of recombination are set to be much larger than 10^{−4}. Therefore simulating structure formation and performing light tracing along one line of sight using realistic initial conditions, based on a typical perturbation power spectrum, is well within the scope of our model.

Appendix A: The continuity equation

In this Appendix we look at the continuity equation, at first with no assumptions on the theory of gravity and the field equations, but assuming the line element (1). First of all, let us derive the general form of ρ. We must solve

ρ̇ = −Θρ, (A1)

where an expression for Θ in terms of metric functions is given in Eq. (57). Using this expression, we modify this equation to find ρ̇ ρ = − ( S^3Z ) ˙ S^3Z

. (A2)

Hence we can find the general solution for the density: ρ = M(x) S^3Z

, (A3)

which is exactly the form stated in Eq. (5).

Given that S = S(t), we now assume that ρ can be written as

ρ = ρ̄(1 + δ), (A4)

where ρ̄ = ρ̄(t) is assumed to be the homogeneous density of a FLRW space-time with scale factor S(t). Under this assumption ρ̄ = ρ̄_0S^{−3} and δ is the dimensionless density deviation from the background ρ̄. Substituting this decomposition of ρ into the continuity equation (A1) yields

˙ρ̄ + 3 Ṡ S ρ̄ + ρ̄ ( Ż Z + δ̇ 1 + δ ) = 0, (A5)

where we identify ˙ρ̄ = −3^Ṡ ρ̄ as the background continuity equation. Subtracting this off and rearranging, we obtain − δ̇ 1 + δ = Ż Z . (A6)

Integrating this equation we find δ = (1 + δ_i)Z_i − Z Z , (A7)

where δ_i and Z_i are arbitrary initial values.

If we now assume the EFEs, it follows that Z(t, x) = F (z, t)+A(x), see Eq. (B3) below, such that Z_i = F_i +A. With this, we can substitute into (A7) to obtain δ = − F F + A , (A8)

which is exactly the same form of δ as presented in Eq. (36). Note that in obtaining (A8), we have assumed

δ_i = − F_i F_i + A

. (A9)

Knowing that F has a decaying mode f_− = f_−(t) and a growing mode f_+ = f_+(t) (see Appendix B below), with the latter such that f_+(0) = 0, we have chosen the relation between initial conditions (A9) such that, in the case of a purely growing mode, δ(0) = 0. Vice versa, assuming δ(0) = 0 implies Eq. (A9).

Finally, with the choice (A9), it follows from (A8), (A3) and (A4) that

M = ρ̄_0A, (A10) which we used in Eq. (34).

Appendix B: Details on solving the EFEs

In this Appendix we solve EFEs (2) for the line element (1) with the energy momentum tensor given in (4). Since we are only considering irrotational dust and a cosmological constant, we can use the off-diagonal terms of G_{ab} as constraints. We start by finding G_{tx} = − Z_{xt} Z = 0, (B1) G_{ty} = − Z_{yt} Z = 0. (B2)

This implies that we can write

Z(x, t) = F (z, t) + A(x). (B3)

Furthermore we find G_{tz} = 2α_zZ_t Z = 0, (B4)

and since we know that Z will change with time we find that

α(x) = α(x, y). (B5) The last restriction from off-diagonal terms is given by the G_{xy} term. It dictates −Z_{xy} + α_yZ_x + α_xZ_y Z = 0; (B6)

we will use this constraint later. The four diagonal terms give the equations

G_{tt} = 2^{St}_S^{Zt}_Z + 3 (_{St} S )_2 −^1_{S2e2α} (_{Zxx} Z +^{Zyy}_Z + α_{xx} + α_{yy} ) = ρ + Λ, (B7a) G_{xx} S^2

=2^{Stt}_S + (_{St} S )_2 + 3^{St}_S^{Zt}_Z +^{Ztt}_Z +^1_{ZS2e2α} (α_yZ_y − α_xZ_x − Z_{yy}) = Λ, (B7b) G_{yy} S^2

=2^{Stt}_S + (_{St} S )_2 + 3^{St}_S^{Zt}_Z +^{Ztt}_Z +^1_{ZS2e2α} (α_xZ_x − α_yZ_y − Z_{xx}) = Λ, (B7c) G_{zz} S^2Z^2

= 2^{Stt}_S + (_{St} S )_2 −^1_{S2e2α} (α_{yy} + α_{xx}) = Λ. (B7d)

From this system, one can see that by subtracting Eqs. (B7b) and (B7c) from each other, one obtains

− 2α_xZ_x + 2α_yZ_y + Z_{xx} − Z_{yy} = 0. (B8)

Multiplying Eq. (B7d) by S^2S_t gives

2S_{tt}SS_t + S^3_t − S_t e^{2α} (α_{xx} + α_{yy}) = ΛS^2S_t. (B9)

Together with Eq. (B5), given that S = S(t), this shows that the term e^{−2α}(α_{xx} + α_{yy}) is a constant in space and time. Integrating this equation with respect to time then gives SS^2_t − S e^{2α} (α_{xx} + α_{yy}) = 1 3 ΛS^3 + C, (B10)

where C is an integration constant. Rearranging this equation one finds ( S_t S )_2 = C S^3 + 1 3 Λ + K S^2

, (B11) which is the Friedmann constraint equation for ΛCDM. We have defined K ≡ −e^{−2α}(α_{xx} + α_{yy}), (B12) the constant term found in (B9). This differential equation admits the solution

e^α = 1 1 +^1_4 K(x^2 + y^2)

. (B13)

Thus we find for K = 0 that e^α = 1 and therefore α_x = α_y = α_{xx} = α_{yy} = 0. From now on we restrict our attention to a flat universe.

In the Friedmann equation (B11), we identify the term C/S^3 with the energy-density term ρ̄/3. This satisfies the background continuity equation (see Appendix A) that gives

ρ̄ = ρ̄_0 S^3

, (B14)

and therefore we identity our constant C as

3C = ρ̄_0. (B15)

Since we are only considering a flat universe, we find

Z_{xy} = 0, (B16) and Z_{xx} = Z_{yy}, (B17)

from Eqs. (B6) and (B8) respectively. We can thus reduce the system Eqs. (B7a)-(B7d) to 2 S_t S Z_t Z + 3 ( S_t S )_2 − 2 Z_{xx} ZS^2 = ρ + Λ, (B18a) 2 S_{tt} S + ( S_t S )_2 + 3 S_t S Z_t Z + Z_{tt} Z − Z_{yy} ZS^2 = Λ, (B18b) 2 S_{tt} S + ( S_t S )_2 = Λ. (B18c)

The combination (B18b) +^1_2 (B18c) −^1_2 (B18a) gives 3 S_{tt} S + Z_{tt} Z + 2 S_t S Z_t Z = − ρ 2 + Λ. (B19)

Combining Eqs. (B11), (B15) and (B18c) yields S_{tt} S + ρ̄_0 6S^3 − Λ 3 = 0, (B20)

which is the Friedmann equation for ΛCDM. Subtracting 3 times (B20) from (B19) gives Z_{tt} Z + 2 S_t S Z_t Z + M 2S^3Z − ρ̄_0 2S^3

= 0, (B21)

where we have used Eq. (A3). Substituting the decomposition of Z we found in Eq. (B3), we find

S^3F_{tt} + 2S^2S_tF_t − ρ̄_0 2 F = − M 2 + ρ̄_0 2 A. (B22)

Clearly the LHS is a function of time and z only and the RHS is a function of x, y and z only. Hence both sides must be equal to a function of z only. Call this function g(z): then F satisfies the differential equation

F_{tt} + 2 S_t S F_t − ρ̄_0 2S^3 F = g(z) S^3

. (B23)

This ODE has two homogeneous and one particular solution. We denote the homogeneous solution F^h = F^h(z, t). The particular solution is easily spotted to be

F^p = − 2g(z) ρ̄_0

. (B24)

This gives the form

F = F^h(z, t) − 2g(z) ρ̄_0

. (B25)

Also, from Eq. (B22) we find A = 2g(z) ρ̄_0 + M ρ̄_0

, (B26)

which implies

Z = F^h(z, t) + M ρ̄_0

. (B27)

This shows that the metric is completely independent of the function g(z). This can be understood by looking back at Eq. (B3). There we have decomposed the function Z into two separate functions A and F , but both those functions are functions of z, which means that there is always a certain arbitrariness in the choice of F and A. We could easily add g(z) to F and subtract it from A and still end up with the same function Z. Thus, we can choose here the function g(z) to be equal to zero without loss of generality, which gives A = M ρ̄_0

. (B28)

Keeping the function g(z) would not change any results but would merely clutter the equations. In other words, we only need the homogeneous part of Eq. (B23) to completely specify our solution. From now on therefore, we will assume that F satisfies the equation

F_{tt} + 2 S_t S F_t − ρ̄_0 2S^3

F = 0. (B29)

As first pointed out in [45], this linear ODE is the equation satisfied by first-order density fluctuations in a perturbed dust FLRW universe.

Since this equation has two linearly independent solutions, which exhibit growing and decaying behavior, we can write F as

F (z, t) = β_+(z)f_+(t) + β_−(z)f_−(t), (B30) where f_+(t) and f_−(t) are the growing and decaying solutions respectively and β_+(z) and β_−(z) are free functions of z. Using this decomposition of F and Eqs. (B16) and (B17) we can find the functional form of A, obtaining A(x) = a(z) + b(z)x + c(z)y + d(z)(x^2 + y^2). (B31) Looking at the system of differential equations, Eqs. (B18a)-(B18c), we can see that we have only extracted two equations out of this system, so we should be able to get more information out of it. Subtracting Eq. (B18b) from Eq. (B18c) we find 3 S_t S Z_t Z + Z_{tt} Z − Z_{xx} ZS^2 = 0, (B32)

which can be brought into a slightly different form by using the relation between Z and F , 3 S_t S F_t + F_{tt} − Z_{xx} S^2

= 0. (B33)

Using Eq. (B29) and noting that Z_{xx} = 2d, we find S_t S F_t + ρ̄_0 2S^3 F − 2d S^2

= 0. (B34)

This equation really takes the form of a first integral equation of Eq. (B29), see Appendix C below. We discuss the form of this equation in more detail in Sec. IV, on perturbation theory.

Appendix C: The relation between the first and second order equations for F

We have found two different differential equations for F , one first-order (B34) and one second order (B29). We explicitly show here that the first-order equation is the first integral of the second order equation when K = 0. We start by modifying Eq. (B29) to obtain S_t S F_{tt} + 2 ( S_t S )_2 F_t − S_t S ρ̄ 2 F = 0. (C1)

From Eqs. (B11) and (B20) we can find 2 ( S_t S )_2 = ρ̄ 2 + S_{tt} S + ( S_t S )_2

. (C2)

Using this expression, we can rewrite Eq. (C1) as SS_tF_{tt} + SS_{tt}F_t + S_tS_tF_t + ρ̄_0 2S F_t − ρ̄_0 2S^2

F S_t = 0, (C3)

which can easily be integrated to obtain S_t S F_t + ρ̄_0 2S^3 F − C S^2

= 0, (C4)

where C is a constant in time. This equation takes the same form as Eq. (B34). However the function C here cannot be related to the metric, whereas, when this differential equation is derived using the EFEs, we can find that C = d(z), which features in the metric itself.

Appendix D: Dimensional Analysis

We add this Appendix to aid the reader in gaining some physical interpretations of some of the variables.

In this section L^n denotes the dimension of length to the power of n; assuming c = 8πG = 1, we find [Z] = L^0, (D1)

[t] = L, (D2)

[,_t ] = L^{−1}, (D3)

[x] = [y] = [z] = L, (D4)

[S] = L^0, (D5)

[ρ̄_0] = L^{−2}, (D6)

[Λ] = L^{−2}, (D7)

[B] = L^{−2}, (D8)

[τ] = L^0. (D9)

Appendix E: Symmetries

We would like to show here that for certain choices of the free functions of the metric, we find axial symmetry. From the line element Eq. (15), we find the metric

g_{ab} = −1 0 0 0 0 S(t)^2 0 0 0 0 S(t)^2 0 0 0 0 S(t)^2Z(t, x, y, z)^2

. (E1)

Clearly this metric is dependent on all 4 space-time variables. We can decompose Z(t, x, y, z) as

Z = 1 + F (z, t) + Bβ_+ [ (x + γ)^2 + (y + ω)^2 ] , (E2) where β_+ = β_+(z), γ = γ(z) and ω = ω(z). If we choose γ = ω = 0 (choosing γ = c_1 and ω = c_2 gives the same result) we find Z(x, y, z) = 1 + F (z, t) + Bβ_+(z) ( x^2 + y^2 ) . (E3) By making the coordinate transformation x = ρ sin(ϕ), y = ρ cos(ϕ), (E4) we can rewrite Z as

Z(ρ, z) = 1 + F (z, t) + Bβ_+(z)ρ^2. (E5) In the new coordinates (t, ρ, ϕ, z) we find

g_{ab} = −1 0 0 0 0 S(t)^2 0 0 0 0 S(t)^2ρ^2 0 0 0 0 S(t)^2Z(t, ρ, z)^2

. (E6)

The metric does not depend on ϕ, hence, for γ = ω = 0, the solution has an axial symmetry about the z-axis.

[1] H. Lorentz, A. Einstein, and H. Minkowski, The principle of relativity: a collection of original memoirs on the special and general theory of relativity (Dover Publications, 1952).

[2] P. J. E. Peebles, The large-scale structure of the universe (Princeton University Press, 1980).

[3] S. Weinberg, Gravitation and Cosmology (Wiley, 1972). [4] P. Peter and J. P. Uzan, Primordial Cosmology (Oxford University Press, 2009).

[5] G. F. R. Ellis, R. Maartens, and M. A. H. Mac- Callum, Relativistic Cosmology (Cambridge University Press, 2011).

[6] S. Räsänen, JCAP, 11, 3 (2006), arXiv:astro-ph/0607626. [7] S. Räsänen, arXiv:astro-ph/1102.0408.

[8] T. Buchert, General Relativity and Gravitation, 40, 467 (2008), arXiv:gr-qc/0707.2153.

[9] J. Larena, J.-M. Alimi, T. Buchert, M. Kunz, and P.-S. Corasaniti, Phys. Rev. D, 79, 083011 (2009), arXiv:0808.1161.

[10] P. Sarkar, J. Yadav, B. Pandey, and S. Bharadwaj, Mon. Not. Roy. Astron. Soc., 399, L128 (2009), arXiv:astro-ph/0906.3431.

[11] N. Turok, ed., Critical Dialogues in Cosmology (World Scientific, 1997).

[12] F. S. Labini and L. Pietronero, J.Stat.Mech., 1011, P11029 (2010), arXiv:astro-ph/1012.5624.

[13] V. Springel et al., Nature, 435, 629 (2005), arXiv:astro-ph/0504097.

[14] T. Okamura and T. Futamase, Prog. Theor. Phys., 122, 511 (2009), arXiv:astro-ph/0905.1160.

[15] A. Blanchard, Astronomy and Astrophys. Rev., 18, 595 (2010), arXiv:astro-ph/1005.3765.

[16] L. Amendola and S. Tsujikawa, Dark Energy (Cambridge University Press, 2010).

[17] P. J. E. Peebles, Astrophys. J., 284, 439 (1984). [18] G. Efstathiou, W. J. Sutherland, and S. J. Maddox, Nature, 348, 705 (1990).

[19] D. N. Spergel et al. (WMAP), Astrophys. J. Suppl., 148, 175 (2003), arXiv:astro-ph/0302209.

[20] M. Tegmark et al. (SDSS), Phys. Rev., D69, 103501 (2004), arXiv:astro-ph/0310723.

[21] A. Balbi, M. Bruni, and C. Quercellini, Phys. Rev., D76, 103519 (2007), arXiv:astro-ph/0702423.

[22] T. M. Davis et al., Astrophys. J., 666, 716 (2007), arXiv:astro-ph/0701510.

[23] S. February, J. Larena, M. Smith, and C. Clarkson, Mon. Not. Roy. Astron. Soc., 405, 2231 (2010), arXiv:astro-ph/0909.1479.

[24] M. P. Hobson, A. H. Jaffe, A. R. Liddle, P. Mukeherjee, and D. Parkinson, Bayesian Methods in Cosmology (Cambridge University Press, 2010).

[25] E. Bianchi and C. Rovelli, (2010), arXiv:astro-ph/1002.3966.

[26] E. J. Copeland, M. Sami, and S. Tsujikawa, Int.J.Mod.Phys., D15, 1753 (2006), arXiv:hep-th/0603057.

[27] D. Sapone, International Journal of Modern Physics A, 25, 5253 (2010), arXiv:astro-ph/1006.5694.

[28] E. Komatsu et al., Astrophys. J. Supp., 192, 18 (2011), arXiv:astro-ph/1001.4538.

[29] D. Bertacca, N. Bartolo, and S. Matarrese, (2010), arXiv:astro-ph/1008.0614.

[30] O. F. Piattella, D. Bertacca, M. Bruni, and D. Pietrobon, JCAP, 1001, 014 (2010), arXiv:astro-ph/0911.2664.

[31] D. Bertacca, M. Bruni, O. F. Piattella, and D. Pietrobon, (2010), arXiv:astro-ph/1011.6669.

[32] E. A. Lim, I. Sawicki, and A. Vikman, (2010), arXiv:astro-ph/1003.5751.

[33] R. Durrer and R. Maartens, “Dark energy: Observational & theoretical approaches,” (Cambridge University Press, 2010) Chap. Dark Energy and Modified Gravity, pp. 48– 91, arXiv:astro-ph/0811.4132.

[34] K. Koyama, Gen.Rel.Grav., 40, 421 (2008), arXiv:astro-ph/0706.1557.

[35] A. Krasinski, Inhomogeneous Cosmological Models (Cambridge University Press, 1997).

[36] K. Bolejko, M.-N. Celerier, and A. Krasinski, (2011), arXiv:astro-ph/1102.1449.

[37] C. Clarkson and R. Maartens, Class.Quant.Grav., 27, 124008 (2010), arXiv:astro-ph/1005.2165.

[38] R. W. Lindquist and J. A. Wheeler, Rev. Mod. Phys., 29, 432 (1957).

[39] I. H. Redmount, Mon. Not. Roy. Astron. Soc., 235, 1301 (1988).

[40] T. Clifton and P. G. Ferreira, Phys. Rev. D, 80 (2009), arXiv:astro-ph/0907.4109.

[41] N. Meures and M. Bruni, In preparation. [42] P. Szekeres, Communications in Mathematical Physics, 41, 55 (1975).

[43] J. D. Barrow and J. Stein-Schabes, Phys. Lett., A103, 315 (1984).

[44] M. Bruni, F. C. Mena, and R. Tavakol, Classical and Quantum Gravity, 19, L23 (2002), arXiv:gr-qc/0107069.

[45] S. W. Goode and J. Wainwright, Phys. Rev. D, 26, 3315 (1982).

[46] M. Bruni, S. Matarrese, and O. Pantano, Astrophys. J., 445, 958 (1995), arXiv:astro-ph/9406068.

[47] M. Bruni, S. Matarrese, and O. Pantano, Physical Review Letters, 74, 1916 (1995), arXiv:astro-ph/9407054.

[48] J. Wainwright and G. F. R. Ellis, Dynamical Systems in Cosmology (Cambridge University Press, 2005).

[49] A. Barnes and R. R. Rowlingson, Classical and Quantum Gravity, 6, 949 (1989).

[50] G. F. R. Ellis, in General Relativity and Cosmology, Proc.

Int. School of Physics ‘Enrico Fermi’ (Varenna), Course XLVII, edited by R. K. Sachs (New York: Academic Press, 1971) pp. 104–182.

[51] D. Eardley, E. Liang, and R. Sachs, Journal of Mathematical Physics, 13, 99 (1972).

[52] S. W. Goode and J. Wainwright, Mon. Not. Roy. Astron.

Soc., 198, 83 (1982).

[53] M. Bruni and C. F. Sopuerta, Classical and Quantum Gravity, 20, 5275 (2003), arXiv:gr-qc/0307059.

[54] S. Chandrasekhar, The mathematical theory of black holes (Oxford University Press, 1992).

[55] H. Stephani, D. Kramer, M. MacCallum, C. Hoenselaers, and E. Herlt, Exact solutions of Einstein’s field equations, 2nd ed. (Cambridge University Press, 2003).

[56] P. Szekeres, J. Math. Phys, 6, 1387 (1965). [57] S. A. Teukolsky, Astrophys. J., 185, 635 (1973). [58] J. M. Stewart and M. Walker, Royal Society of London

Proceedings Series A, 341, 49 (1974).

[59] C. Beetle, M. Bruni, L. M. Burko, and A. Nerozzi, Phys.

Rev. D, 72, 024013 (2005), arXiv:gr-qc/0407012. [60] A. Nerozzi, C. Beetle, M. Bruni, L. M. Burko, and D. Pollney, Phys. Rev. D, 72, 024014 (2005), arXiv:gr-qc/0407013.

[61] A. Nerozzi, M. Bruni, V. Re, and L. M. Burko, Phys.

Rev. D, 73, 044020 (2006), arXiv:gr-qc/0507068. [62] E. Berti, F. White, A. Maniopoulou, and M. Bruni, Mon. Not. Roy. Astron. Soc., 358, 923 (2005), arXiv:gr-qc/0405146.

[63] W. Rindler and M. Ishak, Phys. Rev. D, 76 (2007), arXiv:astro-ph/0709.2948.

[64] G. F. R. Ellis and M. Bruni, Phys. Rev. D, 40, 1804 (1989).

[65] M. Bruni, P. K. S. Dunsby, and G. F. R. Ellis, Astrophys.

J., 395, 34 (1992).

[66] C. G. Tsagas, A. Challinor, and R. Maartens, Phys.

Reports, 465, 61 (2008), arXiv:astro-ph/0705.4397. [67] J. M. Bardeen, Phys. Rev. D, 22, 1882 (1980). [68] H. Kodama and M. Sasaki, Progress of Theoretical Physics Supplement, 78, 1 (1984).

[69] P. K. Dunsby, N. Goheer, M. Bruni, and A. Coley, Phys.

Rev. D, 69, 101303 (2004), arXiv:hep-th/0312174. [70] K. N. Ananda and M. Bruni, Phys. Rev. D, 74, 023524 (2006), arXiv:gr-qc/0603131.

[71] G. F. R. Ellis and H. van Elst, in NATO ASIC Proc. 541:

Theoretical and Observational Cosmology (1999) pp. 1– 116, arXiv:gr-qc/9812046.

[72] S. Matarrese, O. Pantano, and D. Saez, Physical Review Letters, 72, 320 (1994), arXiv:astro-ph/9310036.

[73] L. Wylleman and N. Van den Bergh, Classical and Quantum Gravity, 23, 329 (2006), arXiv:gr-qc/0508092.

[74] N. van den Bergh and L. Wylleman, International Journal of Modern Physics A, 20, 2316 (2005).

[75] S. Matarrese, O. Pantano, and D. Saez, Mon. Not. Roy.

Astron. Soc., 271, 513 (1994), arXiv:astro-ph/9403032. [76] N. Deruelle and D. Langlois, Phys. Rev. D, 52, 2007 (1995), arXiv:gr-qc/9411040.

[77] H. Stephani, Relativity : an introduction to special and general relativity (Cambridge University Press, 2004).

[78] S. W. Goode, Phys. Rev. D, 39, 2882 (1989). [79] S. F. Daniel et al., Phys. Rev., D81, 123508 (2010), arXiv:astro-ph/1002.1962.

[80] S. F. Daniel and E. V. Linder, Phys. Rev., D82, 103523 (2010), arXiv:astro-ph/1008.0397.

[81] R. Bean and M. Tangmatitham, Phys. Rev., D81, 083534 (2010), arXiv:astro-ph/1002.4197.

[82] M. Tegmark, Phys. Rev. D, 66, 103507 (2002), arXiv:astro-ph/0101354.

[83] E. Bertschinger, Astrophys.J., 648, 797 (2006), arXiv:astro-ph/0604485.

[84] M. Kasai, Prog.Theor.Phys., 117, 1067 (2007), arXiv:astro-ph/0703298.

[85] P. G. Ferreira and C. Skordis, Phys. Rev., D81, 104020 (2010), arXiv:astro-ph/1003.4231.

[86] M. Bruni and S. Sonego, Class.Quant.Grav., 16, L29 (1999), arXiv:gr-qc/9906017.

[87] C. F. Sopuerta, M. Bruni, and L. Gualtieri, Phys. Rev.

D, 70, 064002 (2004), arXiv:gr-qc/0306027.

[88] M. Bruni, S. Matarrese, S. Mollerach, and S. Sonego, Class.Quant.Grav., 14, 2585 (1997), arXiv:gr-qc/9609040.

[89] S. Sonego and M. Bruni, Commun.Math.Phys., 193, 209 (1998), arXiv:gr-qc/9708068.