arXiv:gr-qc/0110025 v1 4 Oct 2001

Equilibrium Configurations in the Dynamics of Irrotational Dust Matter

Carlos F. Sopuerta

Relativity and Cosmology Group, School of Computer Science and Mathematics, University of Portsmouth, Portsmouth PO1 2EG, England E-mail: carlos.sopuerta@port.ac.uk

Abstract. Irrotational dust solutions of Einstein’s equations are suitable models to describe the general-relativistic aspects of the gravitational instability mechanism for the formation of cosmic structures. In this paper we study their state space by considering the local initial-value problem formulated in the covariant fluid approach. We consider a wide range of models, from homogeneous and isotropic to highly inhomogeneous irrotational dust models, showing how they constitute equilibrium configurations (invariant sets) of the dynamics. Moreover, we give the characterization of such configurations, which provides an initial-data characterization of the models under consideration.

PACS numbers: 04.20.-q, 04.40.Nr, 98.80.Hw

1. Introduction

Current theories of the formation of cosmic structure explain structure as the outcome of the amplification of small energy density fluctuations left after the inflationary epoch. The usually proposed mechanism for amplification is gravitational instability, which is essentially the tendency of the self-gravity of a density fluctuation to induce collapse. Within the framework of Newtonian Cosmology several successful techniques have been set up to describe this dynamical process (see [1, 2] and references therein). Some remarkable and illustrative results are: (i) The Jeans instability [3]. For small density fluctuations there is a critical wavelength, the Jeans wavelength λ_J , such that fluctuations with a greater wavelength will grow with time producing collapse, whereas fluctuations with a smaller wavelength will be dispersed as sound waves. (ii) The Lin- Mestel-Shu instability [4]. Given a self-gravitating, uniform, non-rotating, and pressurefree distribution of matter at rest, spherically-symmetric collapse takes place through a series of spherically-symmetric states. However, the slightest departure from sphericity is systematically magnified, giving rise to an instability. In particular, if the initial distribution is composed of oblate spheroids, the system will approach an infinitely thin disk (pancake formation), whereas if it is composed of prolate spheroids, the system will

Equilibrium Configurations in the Dynamics of Irrotational Dust Matter 2

approach an infinitely thin cylinder (filament formation). Other similar studies can be found, e.g., in [5, 6]. (iii) The Zel’dovich approximation [7]. This perturbative approach and its improvements (see, e.g., [1, 2]) allow one to follow analytically the growth of density fluctuations into the non-linear regime and until caustics form. It predicts that the generic outcome of collapse is the formation of pancakes, although other structures like filaments or clumps (point-like singularities) can also form, but this is less probable.

However, despite the fact that Newtonian Cosmology provides a wide-ranging picture of the dynamical process of the formation of cosmic structures, there are situations in which it cannot make reliable predictions. Of particular importance is the evolution of superhorizon inhomogeneities, where the causal structure of the Newtonian theory (in which the gravitational interaction is transmitted instantaneously) is not suitable (see, e.g., [2, 8]). Another interesting issue for which the relativistic approach is needed is the generation of gravitational waves by non-linear perturbations [9]. Therefore, the relativistic study of the gravitational instability mechanism is well motivated. On the other hand, the relativistic theory involves approaches that, from a technical point of view, are very different from the Newtonian ones. For instance, in order to use numerical methods with a fluid approach we would need to consider an initial-value problem formulation and to build a numerical code for the evolution equations. In the Newtonian theory we would need to solve Poisson’s equation at each time whereas in General Relativity we only need to solve the constraints initially and this ensures that they will be satisfied for all later times.

Most of the relativistic approaches make assumptions on the geometric structure of the spacetime, like the imposition of symmetries (e.g., spherical symmetry), that make it impossible to obtain generic results like those described above within the Newtonian framework. In this sense, the covariant fluid approach [10, 11] is an adequate starting point since it deals only with physical variables. Several studies have appeared within this framework. In [12], Irrotational Dust Models (IDMs) were studied assuming only that the magnetic part of the Weyl tensor, H_{ab} , was negligible. The dynamical analysis favoured the spindle as the generic outcome of the collapse [13], in contrast to the Newtonian prediction, the pancake. However, the study of the dynamical consistency of the constraints led to a conjecture that only some known models were included [14] [the Friedmann-Lemaître-Robertson-Walker (FLRW), Bianchi I, and Szekeres dust models], leaving this question open. In [15] it was shown that if we relax the condition H_{ab} = 0 , assuming instead H_{ab} to be transverse, D^bH_{ab} = 0, the whole set of constraints is, in general, unstable (a chain of infinite new constraints appears). The main conclusion we can extract is that the dynamics of the gravitational instability mechanism is non-local (see also [16]), and hence we must be careful when imposing conditions on E_{ab} and H_{ab} [14, 15, 17] (other studies in this direction can be found in [18]).

This suggests that the use of exact analytic approaches to understand the gravitational instability mechanism is quite unrealistic. Therefore, we should consider perturbative and/or numerical methods. The aim of this paper is to contribute to the development of the latter. To that end, we will consider IDMs. Thus, we assume that

Equilibrium Configurations in the Dynamics of Irrotational Dust Matter 3

pressure is negligible and that the matter fluid flow is irrotational. These assumptions are analogous to those made in the original Zel’dovich approximation [7]. Here, we will study equilibrium configurations of the dynamics (IDMs constitute an infinitedimensional dynamical system), as we will call the invariant sets of the dynamics. We will see that some exact IDMs, from homogeneous and isotropic to inhomogeneous models, constitute equilibrium configurations and we will find their characterization. On one hand, this study provides a deeper knowledge of the dynamics, especially of the role of the gradients in the evolution equations, responsible for the non-locality of the dynamics, and which were neglected in most of the particular models considerer until now in the literature. On the other hand, the characterization of particular IDMs as equilibrium configurations is at the same time an initial-data characterization. Then we know the initial data whose development corresponds to those IDMs, which provides interesting examples to check numerical codes and also information about what kind of data we must not prescribe if we want to study new behaviours. Moreover, it can be used to identify attractors, repellers or asymptotic states in the dynamics. Furthermore, an initial-data characterization provides also a solution of the constraint equations, the solving of which presents in general strong difficulties, especially if we are interested in prescribing generic initial data. This is even more important in cosmology, where we do not have physically reasonable boundary conditions in order to get a well-posed elliptic problem from the constraints. In that respect, the information that our study provides can be useful for solving the constraints in other situations.

The plan of the paper is as follows: In Sec. 2, using the covariant fluid approach and tetrad methods, and following [19, 20], we introduce a local Initial-Value Problem (IVP) formulation for IDMs. In Sec. 3, using this formulation, we see that a wide range of exact IDMs constitute equilibrium configurations of the dynamics. Moreover, we find the characterization of those states, which will provide an initial-data characterization of the irrotational dust models considered. We end with some comments and remarks in Sec. 4. The notation we use in this paper follows that of previous works, especially [21]. We use units in which 8πG = c = 1, round brackets enclosing indices denote symmetrization and square brackets antisymmetrization. Throughout the paper we use coordinate charts as well as tetrads in order to express tensorial components. The conventions for indices are the following: we denote spacetime coordinate indices by the lower-case Latin letters a, . . . , l = 0, 1, 2, 3, and spacetime indices with respect to an arbitrary basis {e_0, e_1, e_2, e_3} by the remaining of lower-case Latin letters m, . . . , z = 0, 1, 2, 3. When we choose a basis adapted to the dust velocity field, i.e., e_0 = u, we will denote indices with respect to a spatial basis {e_1, e_2, e_3} by lower-case Greek letters α, . . . , λ = 1, 2, 3 and spatial coordinate indices by the remaining of lower-case Greek letters μ, . . . , ω = 1, 2, 3.

Equilibrium Configurations in the Dynamics of Irrotational Dust Matter 4

2. An initial-value problem description of irrotational dust models

Irrotational dust solutions of Einstein’s equations are models suitable for describing the gravitational instability mechanism and the dynamics of the Universe in the matterdominated era. Their energy-momentum distribution is completely described by the fluid velocity u and the energy density associated with it, ρ, the energy-momentum tensor then being T_{ab} = ρu_au_b , u^au_a = −1 , ρ > 0 . The fluid flow is irrotational (u_{[a}∇_bu_{c]} = 0), i.e. u generates orthogonal spacelike hypersurfaces, and geodesic (u^b∇_bu^a = 0) by virtue of the vanishing of the pressure and the energy-momentum conservation equations. Hence, there is locally a function τ (x^a) such the fluid velocity is given by ⃗u = ∂ ∂τ , u = −dτ . Then, τ is at the same time the proper time of the matter and the label of the hypersurfaces orthogonal to u, Σ(τ_1) ≡ {τ (x^a) = τ_1 : constant} . Choosing three independent first integrals of u, y^μ(x^a) (u^a∂_ay^μ = 0), {τ, y^μ} is a set of comoving geodesic normal coordinates. The line element in such a coordinate system has the following form ds^2 = −dτ^2 + h_{μν} (τ, y^σ)dy^μdy^ν , (1) where h_{μν} (τ, y^σ) are the non-zero components of the orthogonal projector to the fluid velocity, h_{ab} ≡ g_{ab} + u_au_b, whose restriction to a hypersurface Σ(τ ) coincides with its first fundamental form.

In order to establish an IVP for IDMs in terms of variables with a clear physical and geometrical meaning, it will be very convenient to describe them in terms of the covariant fluid approach introduced by Ehlers [10] (see [11] for more details) and using an orthonormal basis adapted to the fluid velocity, {e_0 = u, e_1, e_2, e_3} [e_m · e_n = η_{mn} ≡ diag(−1, 1, 1, 1)]. We can partially fix the freedom in the choice of the triad {e_α} by requiring it to be parallely propagated along the fluid flow ė_α^a = u^b∇_be_α^a = 0 .

This choice makes the local angular velocity vanish Ω^α ≡^1_2 ε^{αβδ}e_β · ė_δ = 0 .

The advantage of this choice is that we avoid having as a variable Ω^α, which is not a dynamical quantity since there is no evolution equation for it.

The variables that we will use to describe IDMs can be divided into five groups (see [22, 23] and references therein for details): (i) Metric variables. The components of the triad vectors in adapted coordinates {τ, y^μ} [see Eq. (1)], e_α^μ . (ii) Connection variables. The spatial commutators, γ^α_{βλ}, defined by the commutation relations between the triad vectors, [⃗e_β ,⃗e_λ] = γ^α_{βλ}⃗e_α , γ^α_{[βλ]} = γ^α_{βλ} . (2)

Equilibrium Configurations in the Dynamics of Irrotational Dust Matter 5

In this work we will also use the equivalent variables introduced by Schücking, Kundt and Behr (see [24] and references therein)

γ^α_{βλ} = 2a_{[β} δ^α_{λ]} + ε_{βλδ}n^{αδ} ⇐⇒ a_α =^1_2 γ^β_{αβ} , n^{αβ} =^1_2 ε^{λδ(α}γ^{β)}_{λδ} .

(iii) Kinematical variables. The expansion Θ (≡ ∇_au^a) and the shear tensor of the fluid worldlines. The shear is a symmetric and trace-free spatial [25] tensor

σ_{ab} ≡ h_{(a}^ch_{b)}^d∇_du_c − (Θ/3)h_{ab} = ∇_au_b − (Θ/3)h_{ab} .

It is worth noting that the restriction of the quantity

K_{ab} ≡ (Θ/3)h_{ab} + σ_{ab} , (3)

to a hypersurface Σ(τ ) coincides with its second fundamental form. In this work we will consider as variables the expansion, Θ and the five independent components of the shear in a triad, σ_{αβ} , or their following representation:

σ_+ ≡ −^3_2 σ_{11} , σ_− ≡^{√3}_2 (σ_{22} − σ_{33}) , σ_1 ≡ √ 3 σ_{23} , σ_2 ≡ √ 3 σ_{13} , σ_3 ≡ √ 3 σ_{12} . (4)

(iv) Matter variables. Apart from the fluid velocity, the only matter variable in our case is the energy density ρ (= T_{00}). The Ricci tensor is then determined through Einstein’s equations

R_{ab} −^1_2 Rg_{ab} + Λg_{ab} = ρ u_au_b , (5)

where Λ denotes the cosmological constant. (v) Weyl tensor variables. The Weyl tensor C_{abcd} describes the spacetime curvature not determined locally by matter. Its ten independent components can be divided into two spatial, symmetric and trace-free tensors E_{ab} = C_{acbd}u^cu^d , H_{ab} = ∗C_{acbd}u^cu^d (∗C_{abcd} ≡^1_2 η_{ab}^{ef} C_{cdef} ) , where η_{abcd} is the spacetime volume 4-form. Using the analogy with electromagnetism, they are called the gravito-electric and -magnetic fields respectively. Whereas the gravito-electric field produces tidal forces having a Newtonian analogue (the tracefree part of the Hessian of the Newtonian potential), the gravito-magnetic field has no Newtonian analogue. The five independent components of the gravito-electric and -magnetic fields can be represented by the quantities (E_+, E_−, E_1, E_2, E_3) and (H_+, H_−, H_1, H_2, H_3), which are defined as in (4).

The equations governing the behaviour of these quantities come from the Ricci identities applied to u, the second Bianchi identities, Einstein’s equations (5) and the Gauss equations applied to the foliation {Σ(τ )} (see [11] for details). In the covariant fluid approach the covariant derivative ∇_a is decomposed into a time derivative along the fluid velocity, Ȧ^{a···}_{b···} ≡ u^c∇_cA^{a···}_{b···}, and a spatial covariant derivative tangent to the hypersurfaces Σ(τ ), D_cA^{a···}_{b···} ≡ h^a_e · · · h^f_bh_c^d∇_dA^{e···}_{f ···}, where A^{a···}_{b···} is an arbitrary tensor field. It will be useful to introduce the spatial divergence and curl of an arbitrary 2-index tensor A_{ab} [26] (see [21] for details on this notation)

div (A)_a ≡ D^bA_{ab} , curl(A)_{ab} ≡ ε_{cd(a}D^cA_{b)}^d ,

Equilibrium Configurations in the Dynamics of Irrotational Dust Matter 6 where ε_{abc} ≡ η_{abcd}u^d (ε^{abc}ε_{def} = 3!h^{[a}_dh^b_eh^{c]}_f ) is the volume 3-form of the hypersurfaces Σ(τ ). The projection of these definitions onto a triad {e_α} gives‡ curl(A)_{αβ} = ε^{λδ}_{<α}(∂_{|λ|} − a_{|λ|})A_{β>δ} +^1_2 n^δ_δA_{αβ} − 3n_{<α}^δA_{β>δ} , div(A)_α = (∂_δ − 3a_δ)A^δ_α − ε_α^{βδ}n_β^λA_{λδ} , where ∂_α ≡ e_α^μ∂_yμ . Finally, we define the commutator of two spatial symmetric tensors, A_{ab} and B_{ab}, as [A, B]_{ab} ≡ 2A_{[a}^cB_{b]c} , [A, B]_a ≡^1_2 ε_{abc}[A, B]^{bc} = ε_{abc}A^b_dB^{cd} . The set of dynamical equations can be divided into two groups: (i) Evolution equations, which give the rate of change of our variables along the fluid world-lines. (ii) Constraint equations, which are relations only between spatial derivatives of our variables. The form of these equations, written in an orthonormal basis adapted to the fluid velocity, is the following Evolution equations ė_α^μ = −

(_1

3 Θδ_α^β + σ_α^β ) e_β^μ , (6) γ̇^δ_{αβ} =

(_1

3 Θδ^ϵ_{[α} + σ^ϵ_{[α} ) γ^δ_{β]ϵ} + 2δ^{δϵ}δ_{λγ} δ^{(κ}_{[α}σ^{λ)}_{β]}γ^γ_{ϵκ} − ε_{αβϵ}H^{δϵ} , (7) Θ̇ = −^1_3 Θ^2 − σ^{αβ}σ_{αβ} −^1_2 ρ + Λ , (8) σ̇_{αβ} = −^2_3 Θσ_{αβ} − σ_{<α}^δσ_{β>δ} − E_{αβ} , (9) ρ̇ = −Θρ , (10) Ė_{αβ} − curl(H)_{αβ} = −ΘE_{αβ} + 3σ_{<α}^δE_{β>δ} −^1_2 ρσ_{αβ} , (11) Ḣ_{αβ} + curl(E)_{αβ} = −ΘH_{αβ} + 3σ_{<α}^δH_{β>δ} , (12)

Constraint equations C^0_{αβ}^μ ≡ γ^δ_{αβ}∂_δy^μ − [∂_α, ∂_β]y^μ = 0 , (13) C^1_α ≡ div(σ)_α −^2_3 ∂_αΘ = 0 , (14) C^2_{αβ} ≡ curl(σ)_{αβ} − H_{αβ} = 0 , (15) C^3_α ≡ div(E)_α − ε_{αβδ}σ^{βϵ}H^δ_ϵ −^1_3 ∂_αρ = 0 , (16) C^4_α ≡ div(H)_α + ε_{αβδ}σ^{βϵ}E^δ_ϵ = 0 , (17) C^5 ≡ ρ −^1_3 Θ^2 +^1_2 σ^{αβ}σ_{αβ} −^1_2^3R + Λ = 0 , (18) C^6_{αβ} ≡ E_{αβ} −^3S_{αβ} + σ_{<α}^δσ_{β>δ} −^1_3 Θσ_{αβ} = 0 . (19)

‡ Angled brackets on indices denote the spatially projected, symmetric and tracefree part: A_{⟨αβ⟩} = A_{(αβ)} − (A^λ_λ/3)δ_{αβ} .

Equilibrium Configurations in the Dynamics of Irrotational Dust Matter 7

In these equations,^3R and^3S_{αβ} are the scalar curvature and the trace-free part of the Ricci tensor of the hypersurfaces Σ(τ ) respectively. They must be understood as given in terms of γ^δ_{αβ} and their derivatives, through the expression

3R_{αβ} = ∂_λ(Γ^λ_{αβ}) − ∂_β(Γ^λ_{αλ}) + Γ^ϵ_{αβ} Γ^λ_{ϵλ} − Γ^ϵ_{αλ}Γ^λ_{ϵβ} + Γ^λ_{αϵ}γ^ϵ_{βλ} ,

where Γ^α_{βδ} ≡ e^α · (∇e_δ e_β ) are the Ricci rotation coefficients associated with the triad {e_α}, related to γ^α_{βδ} by δ_{αϵ}Γ^ϵ_{βλ} = δ_{αϵ}γ^ϵ_{λβ} + δ_{βϵ}γ^ϵ_{αλ} + δ_{λϵ}γ^ϵ_{αβ} .

Now, we will study the evolution equations (6-12) to show that they form a firstorder symmetric hyperbolic system of partial differential equations (general accounts of this subject can be found in [27], and specializations in general relativity related with this work in [28, 29]). Following [20] we can write the evolution equations (6-12) in matrix form as

M^a∂_aU = N , (20)

where we have grouped the variables (38 in all) into the vector U U = (U_{basis}, U_{connection} , U_{kinematical}, U_{matter}, U_{W eyl} )^T , (21) where the superscript^T stands for the transpose of a row vector, and where

U_{basis} = (e_1^μ, e_2^μ, e_3^μ)^T ,

U_{connection} = (a_1, a_2, a_3, n_{11}, n_{12}, n_{13}, n_{22}, n_{23}, n_{33})^T , U_{kinematical} = (Θ, σ_+, σ_−, σ_1, σ_2, σ_3)^T , U_{matter} = (ρ) , U_{W eyl} = (E_+, E_−, E_1, E_2, E_3, H_+, H_−, H_1, H_2, H_3)^T .

The right-hand side of (20) is the principal part of the system of equations, whose form is determined by the matrices M^a, which in our case are (see also [20])

M^0 =

Id_9 · · · · · Id_9 · · · · · Id_6 · · · · · 1 · · · · · Id_{10}

, M^α =

0_9 · · · · · 0_9 · · · · · 0_6 · · · · · 0 · · · · · W^α ,

where Id_N and 0_N denote the N × N identity and zero matrices respectively, and where the matrices W^α are given by

W^1 = ( 0_5 A −A 0_5 ) , W^2 = ( 0_5 B −B 0_5 ) , W^3 = ( 0_5 C −C 0_5 ) , where

A = · · · · · · · 1 · · · -1 · · · · · · ·^{−1}_2 · · ·^1_2 · B = · · ·^{√3}_2 · · · ·^{−1}_2 · · · · ·^1_2 − √ 3 2 1 2 · · · · ·^{−1}_2 · · C = · · · ·^{−√3}_2 · · · ·^{−1}_2 · · ·^{−1}_2 · · ·^1_2 · · √ 3 2 1 2 · · · .

Equilibrium Configurations in the Dynamics of Irrotational Dust Matter 8

As we can see, A, B, and C are antisymmetric, and hence the matrices W^α are symmetric. Moreover, N is a vector which depends analytically on the variables U .

This formulation shows that the evolution system (20) satisfies the conditions to be a first-order symmetric hyperbolic system (FOSHS) of partial differential equations (see [19, 20]). Indeed, the matrices M^a are symmetric, and there is a 1-form t such that t_aM^a is a positive definite matrix; this is immediate upon taking t = −u (for more details see [27]). Moreover, if every 1-form t satisfying the last property is pastdirected, the system is said to be causal. We can check that (20) is causal (see also [20]). Furthermore, as we have said before, FOSHSs admit a well-posed IVP [27], which implies that given smooth initial data_oU ≡ U |_{Σ(τo)} , there exists a unique smooth solution_∗U .

Now let us consider the constraints. First of all, we have to point out that not all of them are independent. We find the following relationships between them

C^3_α =^1_3 ΘC^1_α −^1_2 σ_{αβ}C^{1β} + [σ, C^2]_α + div(C^6)_α −^1_3 D_αC^5 ,

C^4_α =^1_2 curl(C^1)_α − div(C^2)_α .

The last one was already given in [21, 30]. This means that if constraints C^1_α, C^2_{αβ}, C^5, and C^6_{αβ} are satisfied, constraints C^3_α and C^4_α will be satisfied automatically. Another important point concerning the constraints is their consistency with evolution. In [21, 30], consistency was proved for analytical initial data. In [29], a general treatment for perfect fluids is given and consistency has also been shown for smooth initial data, but the constraints have not been split according to the variables used. In our treatment, we can construct a closed system of evolution equations for V = (U , C ≡ (C^A)). It is worth noting that spatial derivatives only appear in the equations for C^3_α and C^4_α, and they have essentially the same principal part as Maxwell’s equations. Therefore, the evolution equations found for V form a FOSHS. Then, given smooth initial data_oU satisfying the constraints (C^A[_oU ] = 0), and with_∗U being the only solution of (20), it is clear that (_∗U, 0) is a solution, and is unique.

3. Equilibrium configurations and their characterization

We have just seen that the dynamical equations for IDMs constitute a symmetric hyperbolic system, which means we can formulate a well-posed IVP for irrotational dust matter. As a dynamical system, one important question is the study of equilibrium configurations in the state space, or in a more technical terminology (see, e.g., [31]), the study of invariant sets in the evolution. Here we will look for such configurations, associated with particular IDMs, finding the relations that characterize them, which also characterize the associated IDMs in terms of initial data.

Let us start by introducing some ideas, concepts and the procedure that we will use systematically. First, the state of the system will be described by the dynamical variables contained in the vector U [Eq. (21)], which we will call the state vector. Then, we will say that the state of the system at a time τ_1 is determined by U on Σ(τ_1), i.e. U|_{Σ(τ1)}. On

Equilibrium Configurations in the Dynamics of Irrotational Dust Matter 9

the other hand, by configuration we will mean sets of states characterized by relations which do not involve explicitly time or time derivatives. That is, relations of the form R^A[U, ∂_αU, ∂_α∂_βU , . . .] = 0 . (22) For instance, the constraints [Equations (13-19)] have this form. Then a particular configuration whose characteristic relations (22) are preserved by the evolution will be called an equilibrium configuration (an invariant set). For these, R^A|_{Σ(τ1)} = 0 implies that R^A = 0 for τ > τ_1. The constraints are again a good example. A consistent set of relations of the form (22), and defined in an open domain of the spacetime, determines a particular IDM in this domain. Therefore, this set of relations constitutes both a spacetime and an initial-data characterization of that IDM.

An interesting example is the configuration defined by the vanishing of the gravitoelectric and -magnetic fields:

R^1_{ab} ≡ E_{ab} = 0 , R^2_{ab} ≡ H_{ab} = 0 .

As is well-known, the vanishing of these two tensors in an open domain of the spacetime implies that the metric there is a FLRW metric. However, assuming that these quantities vanish only on an open domain of a hypersurface Σ(τ_1), E_{ab}|_{Σ(τ1)} = H_{ab}|_{Σ(τ1)} = 0, this does not imply the vanishing of these quantities at a different time. This is a consequence of the evolution equations (11,12): from (11) we see that when ρ ≠ 0 the shear acts a source generating gravito-electric field E_{ab}, and from (12) we see that curl(E)_{ab} acts as a source for the gravito-magnetic field H_{ab}. Therefore, we conclude that E_{ab} = H_{ab} = 0, which is a spacetime characterization of the FLRW models, is not an equilibrium configuration. This reflects the obvious fact that a spacetime characterization is not in general an initial-data characterization. On the other hand, the vacuum configuration, defined by R ≡ ρ = 0 , is an equilibrium configuration as we can see from the evolution equation (10).

To study whether a particular IDM determines an equilibrium configuration we will look for a set of relations (22), R ≡ (R^A), satisfied by that IDM, and such that they are preserved by the evolution. To that end, we will consider the relations R as new variables and will study their evolution. For all the particular IDMs we are going to consider in this paper, we will look for evolution equations having the following form Ṙ + O^α[U , R]∂_αU + P^α[U, R]∂_αR = X[U, R] . (23) and with the property

O^α[U, 0] = 0 , X[U, 0] = 0 .

As is clear, this property implies that R = 0 is a solution. Then, if we can show that this is the only possible solution, it follows that the relations in R determine an equilibrium configuration. One way to tackle this question is to consider the variables V ≡ (U, R) and their evolution equations (20,23). In all the cases we will consider here,

Equilibrium Configurations in the Dynamics of Irrotational Dust Matter 10

the coefficients appearing in these equations are analytic functions of the variables V . Therefore, the system (20,23) for V will satisfy the conditions of the Cauchy-Kowaleski theorem, which does not assume hyperbolicity at all (a statement of this theorem can be found, e.g., in [27]), and hence, the uniqueness of the solution R = 0 is ensured for analytical initial data (assuming, of course, this initial data_oU is such that_oR = 0). In the cases where the complete system (20,23) is symmetric or strongly [32] hyperbolic (see, e.g., [27]) we will get a characterization also valid for smooth initial data. The constraints constitute again an example since we obtain a FOSHS for them.

In what follows we will apply this procedure to the following IDMs: In Sec. 3.1, to the FLRW models. In Sec. 3.2 to the spatially homogeneous IDMs and the Bianchi I subcase. In Sec. 3.3 to the Szekeres models. Finally, in Sec. 3.4, to the IDMs in which the hypersurfaces Σ(τ ) are flat. In all these cases we will give the dynamical system for V that shows explicitly that R = 0 is a solution of the evolution equations for the relations (22) which determine the equilibrium configuration. However, in some cases this system for the variables V will not provide a well-posed IVP for smooth initial data. In these cases we can use the fact that the relations R are defined in terms of U , and hence we can get several different systems of evolution equations for R. Moreover, we can also use the fact that equations (20) are not coupled with the equations for R, and that given smooth initial data_oU , there exists a unique smooth solution_∗U (τ, y^α) such that_∗U |_{Σ(τo)} =_oU. Then given a system of equations for R , we can substitute U for_∗U in them so that we get a linear system of partial differential equations Ṙ + Q^μ[τ, y^ν]∂_μR = Y [τ, y^ν , R] , where all the coefficients are smooth. If we can obtain a system like this such that it admits the formulation of a well-posed IVP for smooth initial data, and if we can show that R = 0 is a solution, then we would have shown that it is the solution. Therefore, our characterization would be also valid for smooth initial data. We have applied this procedure successfully to some of the cases enumerated above. For the sake of brevity, we will not write down explicitly these alternative systems, especially since in most cases they can be obtained by making a few changes in the systems (23) for R . Finally, it is important to remark that the initial-data_oU in each case must satisfy, apart from the relations (22), the constraints. Taking this into account, the characterizations of the different equilibrium points that we are going to give will consist of the minimum conditions that, added to the constraints, imply the relations defining such configurations.

3.1. FLRW dust models

The FLRW models [33] are the standard cosmological models. They are motivated by the so-called Cosmological Principle in the sense that they are homogeneous and isotropic cosmological models (they have a six-dimensional group of motions). In the case of dust, the line element can be expressed in terms of elementary functions as

Equilibrium Configurations in the Dynamics of Irrotational Dust Matter 11

follows (see, e.g., [34]):

ds^2 = −dτ^2 +

R^2(τ ) ( 1 +^k_4 r^2 )_2 δμν dy^μdy^ν (r^2 ≡ δ_{μν} y^μy^ν ) , where R = (E/3)(cosh t − 1) , τ = (E/3)(sinh t − t) , if k < 0 , R = t^2 , τ =^1_3 t^3 , if k = 0 , R = (−E/3)(1 − cos t) , τ = (−E/3)(t − sin t) , if k > 0 , E is an arbitrary constant such that sign(E) = −sign(k), and the hypersurfaces Σ(τ ) have constant curvature (^3R = 6kR^{−2} ). There are several covariant spacetime characterizations of the FLRW models, and in particular of the dust subcase (see, e.g., [35]). Here, we will be concerned with the following two characterizations:

(i) The kinematical characterization. In terms of the kinematical quantities a dust FLRW model is characterized simply by the vanishing of the shear

σ_{ab} = 0 .

(ii) The Weyl tensor characterization. The FLRW dust models can be characterized by the vanishing of the Weyl tensor, or equivalently, by the vanishing of the gravitoelectric and -magnetic fields

E_{ab} = H_{ab} = 0 .

From these spacetime characterizations we can see that the FLRW dust models constitute an equilibrium configuration in the dynamics of the IDMs, finding at the same time an initial data characterization for these models. To that end, we need to consider the following relations

R^1_{ab} ≡ σ_{ab} = 0 , R^2_{ab} ≡ E_{ab} = 0 , R^3_{ab} ≡ H_{ab} = 0 .

Their evolution follows directly from (6-12) Ṙ^1_{αβ} = −^2_3 ΘR1_{αβ} − σ_{<α}δR1_{β>δ} − R2_{αβ} ,

Ṙ^2_{αβ} − curl(R^3)_{αβ} = −ΘR^2_{αβ} + 3σ_{<α}^δR^2_{β>δ} −^1_2 ρR1_{αβ} ,

Ṙ^3_{αβ} + curl(R^2)_{αβ} = −ΘR^3_{αβ} + 3σ_{<α}^δR^3_{β>δ} .

As is clear, R = 0 is a solution, and since the equations for (U, R) constitute a FOSHS, it is the only one. To sum up, we can say that if the initial state belongs to the configuration characterized by the vanishing of the shear and the gravito-electric field, the system will remain in this configuration. Moreover, the resulting spacetime belongs to the FLRW class. In this statement we have not taken into account the vanishing of the gravito-magnetic field because, as we have said before, we assume that the constraints hold. Apart from the vanishing of H_{ab}, the constraints imply

D_aΘ = 0 , D_aρ = 0 , (24)

that is, Θ and ρ must be constant on the hypersurfaces Σ(τ ).

Equilibrium Configurations in the Dynamics of Irrotational Dust Matter 12

We can find another initial-data characterization of the FLRW models, equivalent to that given above, in terms of geometrical quantities only. It is based on the equations (3) and (18,19), and the relations that characterize it are

R^1_{ab} ≡ K_{ab} −^1_3 h_{ab}K = 0 , R^2_{ab} ≡^3S_{ab} = 0 , R^3_{ab} ≡ curl(K)_{ab} = 0 .

As before, R^1_{ab}, R^2_{ab} and the constraints imply R^3_{ab}. The remaining conditions imposed by the constraints, which are equivalent to (24), are

K|_{Σ(τ )} = constant ,^3R|_{Σ(τ )} = constant .

All these relations together, tell us that the initial hypersurface Σ(τ_o) must be of constant curvature and the second fundamental form (which describes how it is immersed in the spacetime manifold) must be proportional to the first fundamental form, with the proportionality factor the trace K of K_{ab} , which is a constant.

3.2. Spatially homogeneous IDMs

This well-known class of spacetimes is characterized by the existence of a threedimensional group of motions (G_3) simply transitive on the hypersurfaces orthogonal to the fluid velocity, {Σ(τ )}. These models were studied systematically in [24], where a classification was given. Following this work we can see that a spacetime characterization of these models is the following: “a perfect-fluid cosmological model contains a threedimensional group of motions simply transitive on three-surfaces orthogonal to the fluid velocity u if and only if there exits an orthonormal basis {e_0 = u, e_α} such that the commutators satisfy

γ^n_{pq} = γ^n_{pq}(τ ) ⇐⇒ ∂_αγ^n_{pq} = 0 .”

The triad {e_α} spans the surfaces of transitivity of the group.

Starting from the above characterization we will prove the following statement: If the initial state is such that the quantities_oγ^α_{βδ},_oΘ, and_oσ_{αβ} are constant, the system will stay in this configuration. The cosmological models constructed from the development of initial data satisfying these conditions will correspond to spatially homogeneous (Bianchi) dust models. To show this, let us consider the following relations

R^{1λ}_{αβδ} ≡ ∂_αγ^λ_{βδ} = 0 , R^2_α ≡ ∂_αΘ = 0 , R^3_{αβδ} ≡ ∂_ασ_{βδ} = 0 , (25)

R^4_α ≡ ∂_αρ = 0 , R^5_{αβδ} ≡ ∂_αE_{βδ} = 0 , R^6_{αβδ} ≡ ∂_αH_{βδ} = 0 . (26)

Whereas the relations in (25) will implement the characterization, the relations in (26) are auxiliary conditions needed for the proof, but they can be derived from (25) and the constraints (15-19). Using the evolution and constraint equations and the commutators of spatial derivatives (2) we obtain the following system of evolution equations for R Ṙ^{1λ}_{αβδ} = −(^1_3 Θδ_αϵ + σ_αϵ)R1λ_{ϵβδ} + (^1_3 Θδϵ_{[β} + σϵ_{[β})R1λ_{|α|δ]ϵ} + γλ_{ϵ[β} (^1_3 δϵ_{δ]}R2_α + R3_{|α|δ]}ϵ) +2δ^{λκ}δ_{ηγ}γ^γ_{κϵ}δ^{(ϵ}_{[β}R^3_{|α|δ]}^{η)} + 2δ^{λκ}δ_{ηγ} δ^{(ϵ}_{[β}δ^{η)}_{δ]}R^{1γ}_{ακϵ} − ε_{βδϵ}R^6_α^{λϵ} , Ṙ^2_α = −(Θδ_α^ϵ + σ_α^ϵ)R^2_ϵ − 2σ^{βδ}R^3_{αβδ} −^1_2 R4_α ,

Equilibrium Configurations in the Dynamics of Irrotational Dust Matter 13

Ṙ^3_{αβδ} = −^2_3 σ_{βδ}R^2_α − (Θδ_α^ϵ + σ_α^ϵ)R^3_{ϵβδ} − 2σ_{⟨β}^ϵR^3_{|α|δ⟩ϵ} − R^5_{αβδ} ,

Ṙ^4_α = −ρR^2_α − (^4_3 Θδ_αϵ + σ_αϵ)R4_ϵ ,

Ṙ^5_{αβδ} = −E_{βδ}R^2_α −^1_2 ρR^3_{αβδ} + 3E_{⟨β}^ϵR^3_{|α|δ⟩ϵ} −^1_2 σ_{βδ}R^4_α − (^4_3 Θδ_α^ϵ + σ_α^ϵ)R^5_{ϵβδ} +3σ_{⟨β}^ϵR^5_{|α|δ⟩ϵ} + γ^ϵ_{αλ}ε^{λκ}_{⟨β} R^6_{|ϵ|δ⟩κ} + ε_{λκ⟨β}∂^λR^6_{|α|δ⟩}^κ , Ṙ^6_{αβδ} = −H_{βδ}R^2_α + 3H_{⟨β}^ϵR^3_{|α|δ⟩ϵ} − (^4_3 Θδ_αϵ + σ_αϵ)R6_{ϵβδ} + 3σ_{⟨β} ϵR6_{|α|δ⟩ϵ} −γ^ϵ_{αλ}ε^{λκ}_{⟨β}R^5_{|ϵ|δ⟩κ} − ε_{λκ⟨β}∂^λR^5_{|α|δ⟩}^κ . As we can see, only the two last equations contain spatial derivatives, and their structure is essentially the same as that of equations (11,12). Then the extended system for (U , R) is a FOSHS, with R = 0 the only solution. This shows that Bianchi models constitute an equilibrium configuration characterized by (25).

This result provides an initial-data characterization of the dust Bianchi models within the class of IDMs, but it says nothing about the particular classes of Bianchi models (see [24] for a classification). We can study which kind of equilibrium configurations particular Bianchi models may constitute by refining the characterization given in expressions (25,26). To that end, we will have to add more conditions depending on the class of Bianchi models under consideration. As an example, let us consider the Bianchi I dust models [36], in which the G_3 group is Abelian and the line-element is given by

ds^2 = −dτ^2 + 3∑ α=1 τ^{2pα} (τ −_oτ )^{2(2/3−pα)}(dy^α)^2 , (27)

where_oτ , p_α are constants such that

∑_3

α=1 p_α =

∑_3

α=1 p^2_α = 1. These models can be characterized by adding the following conditions:

R^7_α ≡ a_α = 0 , R^8_{αβ} ≡ n_{αβ} = 0 , R^9_{αβ} ≡ H_{αβ} = 0 .

Here R^9_{αβ} is a consequence of R^3_{αβδ} [Eq. (25)], R^7_{αβ}, R^8_{αβ} and the constraint (15). We can obtain the following evolution equations for these quantities: Ṙ^7_α = −^1_3 ΘR^7_α +^1_2 σ_α^β R^7_β −^1_2 ε_α^{βδ}σ_β^λR^8_{δλ} , Ṙ^8_{αβ} = −^1_3 ΘR8_{αβ} − σ_{<α}λR8_{β>λ} + δ_{αβ}σλδR8_{λδ} +^1_2 σ_{αβ}R8λ_λ + σ_λ<αεβ>λδR7_δ − R9_{αβ} , Ṙ^9_{αβ} = −ΘR^9_{αβ} + 3σ_{<α}^λR^9_{β>λ} − ε^{λδ}_{<α}R^5_{|λ|β>δ} . The whole system of evolution equations for the quantities U and R^I (I = 1, . . . , 9) still constitutes a FOSHS, and R^I = 0 is a solution, the only possible one. Therefore, we can say that conditions (25) and (R^7_{αβ}, R^8_{αβ}) determine an equilibrium configuration in the dynamics of the IDMs, which corresponds to the Bianchi I dust models. In a similar way and using the information given in [24] we can study which equilibrium configurations come from the other classes of Bianchi models.

Equilibrium Configurations in the Dynamics of Irrotational Dust Matter 14

The characterizations given above do not have a covariant translation. However, in some cases it is possible to get a covariant characterization, an example being Bianchi I IDMs. As in previous cases we start from covariant spacetime characterizations. For Bianchi I models two such characterizations follow from [37]. The first one is determined by the vanishing of the spatial covariant derivative of the shear D_aσ_{bc} = 0 .

The second one says that an IDM belongs to the class of the Bianchi I dust models if and only if the hypersurfaces Σ(τ ) are flat 3R_{ab} = 0 , and E_{ab} (or equivalently σ_{ab}) is non-degenerate (algebraically general). Taking this into account, a covariant initial-data characterization of the Bianchi I dust models is given by R^1_{abc} ≡ D_aK_{bc} = D_a(σ_{bc} +^1_3 Θh_{bc}) = 0 , R^2_{ab} ≡^3R_{ab} = 0 . (28) The evolution equations for these relations form a closed system: Ṙ^1_{abc} = −KR^1_{abc} − K_{bc}R^1_{ad}^d − K_a^dR^1_{dbc} − 2K_{(b}^dR^1_{c)ad} + 2K_{d(b}R^{1d}_{c)a} −D_aR^2_{bc} +^1_4 h_{bc} ( D_aR^2_d^d + 2KR^1_{ad}^d − 2K^{ed}R^1_{aed} ) , Ṙ^2_{ab} = −KR^2_{ab} + K_{(a}^cR^2_{b)c} −^1_2 K_{ab}R2_cc + curl[ε_{cd(a}R1c_{b)}d] +h_{ab} (_1

6 KR^2_c^c − K^{cd}R^2_{cd} ) , where K_{ab} must be understood as given in terms of the expansion and shear (3). Again, R = 0 is a solution, but now the system of evolution equations we have for (U , R) is not a FOSHS. However, using the procedure described above we can show that R = 0 is the only possible solution, showing that (28) constitutes a stationary configuration associated with the Bianchi I models (27).

3.3. Szekeres dust models The Szekeres dust cosmological models [38] are inhomogeneous models. As was shown in [39], they do not have in general any Killing vector field. From this point of view they can be considered to be generic cosmological models, but from other points of view, as for instance the algebraic classification of spacetimes, they are not so generic since they are Petrov type D models, a special algebraic case. The line element can be written in the following diagonal form ds^2 = −dτ^2 + Σ^{−2}U(τ, y^1)(dy^1)^2 + A^2(τ, y^α) [ (dy^2)^2 + k^2(y^2, y^3)(dy^3)^2 ] , (29) where Σ coincides with the repeated shear eigenvalue σ^2 = σ^3. From their spacetime characterization (see [35] and references therein) [σ, E]_a = 0 , H_{ab} = 0 , E_{ab} (or σ_{ab}) degenerated , (30)

Equilibrium Configurations in the Dynamics of Irrotational Dust Matter 15 we can see that the evolution equations (6-12) become local equations [12], that is, the spatial derivatives disappear (there are no fields propagating in these spacetimes). Hence, the evolution equations are ordinary differential equations.

We can obtain an initial-data characterization of these models starting from the spacetime characterization (30). Taking into account the form of the third condition in (30), the use of an orthonormal basis adapted to the fluid velocity simplifies considerably the relations we will use to get the characterization. These relations are R^1_{−,1,2,3} ≡ (σ_−, σ_1, σ_2, σ_3) = 0 , R^2_{11,22,33,23} ≡ (n_{11}, n_{22}, n_{33}, n_{23}) = 0 , (31) R^3_{−,1,2,3} ≡ (E_−, E_1, E_2, E_3) = 0 , (32) R^4_{αβ} ≡ H_{αβ} = 0 ⇐⇒ R^4_{+,−,1,2,3} ≡ (H_+, H_−, H_1, H_2, H_3) = 0 , (33) R^5_{αβ} ≡ M_{αβ} = 0 ⇐⇒ R^5_{+,−,1,2,3} ≡ (M_+, M_−, M_1, M_2, M_3) = 0 , (34) R^6_{αβ} ≡ N_{αβ} = 0 ⇐⇒ R^6_{+,−,1,2,3} ≡ (N_+, N_−, N_1, N_2, N_3) = 0 , (35) where we have introduced the following definitions M_{ab} ≡ curl(E)_{ab} , and N_{ab} ≡ curl(H)_{ab}, which become new constraints C^7_{ab} ≡ curl(E)_{ab} − M_{ab} = 0 , (36) C^8_{ab} ≡ curl(H)_{ab} − N_{ab} = 0 .

For these quantities we did not give evolution equations, but we can find them using the evolution equations (6-12). The result can be expressed as follows: Ṁ_{ab} = −^4_3 ΘM_{ab} +^3_2 σ_{<a}c[σ, H]_{b>c} −^1_2 ρH_{ab} + 3E_{<a}cH_{b>c} + curl(N)_{ab} + F 1_{ab} , Ṅ_{ab} = −^4_3 ΘN_{ab} + 3H_{<a}cH_{b>c} − curl(M)_{ab} + F 2_{ab} , where F^1_{ab} ≡^3_2 ε_{cd<a}E_{b>}^cD_eσ^{de} +^3_2 ε_{cd<a}σ_{b>}^cD_eE^{de} +3curl (σ·E)_{ab}−σ_e^cε_{cd<a}D^eE_{b>}^d +CC_{ab} , (37) F^2_{ab} ≡^3_2 ε_{cd<a}H_{b>}^cD_eσ^{de} + 3curl (σ · H)_{ab} − σ_e^cε_{cd<a}D^eH_{b>}^d + CC^′_{ab} , and (σ · E)_{ab} ≡ σ_{<a}^cE_{b>c} , (σ · H)_{ab} ≡ σ_{<a}^cH_{b>c} . (38) Moreover, the quantities CC_{ab} and CC^′_{ab} represent combinations of the constraints, which vanish when the constraints hold. Here, we have used the well-known fact that adding combinations of the constraints to the evolution equations does not change the dynamics, but they can be useful for technical reasons and can modify the type of differential equations that we obtain. We will use this fact to find the initial-data characterization of the Szekeres models. Now we are ready to compute the evolution equations for the quantities R^I . They can be expressed in the following form Ṙ^1_− = −^2_3 (Θ + σ_+)R1_− −^1_{2√3} (σ_2R1_2 + σ_3R1_3) − R3_− ,

Equilibrium Configurations in the Dynamics of Irrotational Dust Matter 16 Ṙ^1_1 = −^2_3 (Θ + σ_+)R^1_1 −^1√_3 σ_2R^1_3 − R^3_1 , Ṙ^1_2 = −^1_3 (2Θ + σ_+ + √3σ_−)R^1_2 −^1√_3 σ_1R^1_3 − R^3_2 , Ṙ^1_3 = −^1_3 (2Θ − σ_+ + √3σ_−)R1_3 −^1_{√3} σ_1R1_2 − R3_3 ,

Ṙ^2_{11} = −^1_3 (Θ + σ_+)R^2_{11} +^1√_3 σ_−(R^2_{22} − R^2_{33})

+^{1√}_3 (n_{12}R^1_3 + n_{13}R^1_2 + 2n_{23}R^1_1) +^{1√}_3 (a_3R^1_3 − a_2R^1_2) +^2_3 R^4_+ , (39) Ṙ^2_{22} =^1_6 (2Θ − σ_+ − √3σ_−)R2_{22} −^1_{2√3} (√3σ_+ − σ_−)(R2_{11} − R2_{33})

+^{1√}_3 (n_{12}R^1_3 + n_{23}R^1_1 + 2n_{13}R^1_2) +^{1√}_3 (a_1R^1_1 − a_3R^1_3) −^1_3 (R^4_+ + √ 3R^4_−) , (40) Ṙ^2_{33} = −^1_6 (2Θ − σ_+ + √3σ_−)R2_{33} −^1_{2√3} (√3σ_+ + σ_−)(R2_{11} − R2_{22})

+^{1√}_3 (n_{13}R^1_2 + n_{23}R^1_1 + 2n_{12}R^1_3) +^{1√}_3 (a_2R^1_2 − a_1R^1_1) −^1_3 (R^4_+ − √ 3R^4_−) , (41) Ṙ^2_{23} = −^1_3 (Θ + σ_+)R^2_{23} −^1_2√_3 (n_{13}R^1_3 + n_{12}R^1_2 − n_{11}R^1_1) −^1_2^√_3 (2a_1R^1_− − a_2R^1_3 + a_3R^1_2) −^{1√}_3 R^4_1 , (42) Ṙ^3_− = −(Θ − σ_+)R^3_− −^{√3}_2 (σ_2R^3_2 − σ_3R^3_3) + (E_+ −^1_2 ρ)R^1_− + R^6_− , Ṙ^3_1 = −(Θ − σ_+)R^3_1 +^{√3}_2 (σ_2R^3_3 + σ_3R^3_2) + (E_+ −^1_2 ρ)R^1_1 + R^6_1 ,

Ṙ^3_2 = −[Θ +^1_2 (σ_+ + √3σ_−)]R^3_2 +^{√3}_2 (σ_3R^3_1 + σ_1R^3_3)

−^1_2 (E_+ + √ 3E_− + ρ)R^1_2 + R^6_2 , Ṙ^3_3 = −[Θ +^1_2 (σ_+ − √3σ_−)]R3_3 +^{√3}_2 (σ_2R3_1 + σ_1R3_2)

−^1_2 (E_+ − √ 3E_− + ρ)R^1_3 + R^6_3 , Ṙ^4_{αβ} = −ΘR^4_{αβ} + 3σ_{<α}^δR^4_{β>δ} − R^5_{αβ} ,

Ṙ^5_{αβ} = −^4_3 ΘR5_{αβ} +^3_2 σ_{<α}δ[σ, R4]_{β>δ} −^1_2 ρR4_{αβ} + 3E_{<α}δR4_{β>δ} + curl(R6)_{αβ} + F 1_{αβ} ,

Ṙ^6_{αβ} = −^4_3 ΘR6_{αβ} + 3H_{<α}δR4_{β>δ} −^3_2 div(σ)δε_{δγ<α}R4_{β>}γ + 3curl(σ · R4)_{αβ} −σ_γ^δε_{δκ<α}D^γ R^4_{β>}^κ − curl(R^5)_{αβ} .

The main point is to show that R = 0 is a solution for this system of equations. As we can see, this question depends only on the form of the different terms that make up the tensor F^1_{αβ} [see Eq. (37)]. The explicit expressions for its components are given in Appendix A, where the combination of constraints CC_{ab} has been chosen in the following way: CC_+ = CC_− = CC_1 = 0, and [see Eqs. (15) and (36)] CC_2 =^3_2 E_+C^2_2 +^{11}_2 σ_+C^7_2 , (43) CC_3 =^3_2 E_+C^2_3 +^{11}_2 σ_+C^7_3 . (44)

Equilibrium Configurations in the Dynamics of Irrotational Dust Matter 17

With this choice we have shown in Appendix A that F^1_{αβ} = 0 when R^I = 0. In the case of the evolution equation for R^6_{αβ} we have not added any constraint, i.e., we have chosen CC^′_{αβ} = 0. To sum up, we can find a system such that R^I = 0 is a solution. The whole system of evolution equations for (U, R) is not a FOSHS system, but following the discussion above in this section we can modify the system for R to show that R^I = 0 is the only possible solution. The conclusion is given in the following statement: If the initial state of the matter fluid belongs to the configuration defined by the following covariant conditions

[σ, E]_a = 0 , H_{ab} = 0 , E_{ab} (or σ_{ab}) degenerate , curl(E)_{ab} = 0 , (45)

then it will belong to the configuration for all later time. It is worth noting that conditions (31-35) have a covariant translation. Apart from defining an equilibrium configuration, conditions (45) provide an initial-data characterization of the Szekeres models (the Szafron models [40] with constant pressure in the case of a non-zero cosmological constant). The remaining conditions are auxiliary, since they follow from (45) and the constraints, or they can be obtained just by fixing the remaining freedom in the choice of the triad {e_α} .

On the other hand, we can have a covariant characterization equivalent to (45) expressed only in terms of geometrical quantities. It is given by the following relations

[K,^3R]_a = 0 , curl(K)_{ab} = 0 , C_{ab} = 0 , (46)

where C_{ab} is proportional to the conformally-invariant Cotton-York curvature tensor [41] associated with the hypersurfaces Σ(τ ), β̃^{ab}. The proportionality factor is given by β̃^{ab} = h^{5/3}C^{ab} , h ≡ [det(h_{ab})]^{1/2} .

One can check that C_{ab} can be expressed in terms of the trace-free part of the Ricci tensor of the hypersurfaces Σ(τ ) as follows

C_{ab} = curl(^3S)_{ab} .

C_{ab} has essentially the same properties as the Cotton-York tensor: i) It is spatial, symmetric and trace-free. ii) It is transverse (divergence-free): D_aC^{ab} = 0. iii) It vanishes if and only if the hypersurfaces Σ(τ ) are locally conformally-flat. The vanishing of this tensor has been sometimes related with the absence of gravitational waves [42]. For the Szekeres models this interpretation seems to be correct since C_{ab} vanishes, and as we have said before, there is an absence of propagation signals in these models (the evolution equations are completely local).

The first two conditions in (46) are clearly a direct translation of the first two conditions in (45). Therefore, to show this equivalence we only have to show that the third conditions are equivalent. To that end, we can use the constraint (19) to write C_{ab} in the following form

C_{ab} = curl(E)_{ab} −^1_3 ΘH_{ab} + σ^d_eε_{cd<a}D^eσ_{b>}^c +^3_2 ε_{cd<a}σ_{b>}^cD_eσ^{de} ≡ curl(E)_{ab} −^1_3 ΘH_{ab} + T_{ab} . (47)

Equilibrium Configurations in the Dynamics of Irrotational Dust Matter 18

Then the problem reduces to checking that the terms in T_{ab} vanish when the relations (31-35) hold. From (47), T_{ab} contains only the shear and its first derivatives and hence we only have to check that its components do not contain any term of the type σ_+∂_ασ_+ or Γ σ^2_+ , where Γ = a_α , n_{12} , or n_{13} . Since the terms contained in T_{ab} have the same structure as those in F^1_{ab}, we can use the calculations done for F^1_{ab} (see Appendix A). For the components T_+ , T_− , and T_1 , it is a matter of algebra to check that the terms of the type mentioned above do not appear, and for the components T_2 and T_3 we need to use the components 2 and 3 of the constraint C^2_{ab} [Eq. (15)] to see that they cancel. These calculations finish the proof that the conditions (46) provide an initial-data characterization of the Szekeres models equivalent to that given in (45).

3.4. IDMs with flat hypersurfaces

The spacetime characterization of these models is obvious; they are defined by the vanishing of the Ricci tensor of the hypersurfaces Σ(τ ), i.e.,

3R_{ab} = 0 . (48)

From a geometrical point of view these models can be considered as inhomogeneous generalizations of the standard Einstein-de Sitter cosmological model [43]. Their relevance is enhanced by recent observations [44], which suggest that the spatial geometry of the local universe is close to flat. For the case of a vanishing cosmological constant (Λ = 0), the IDMs satisfying (48) were determined in [37]. There are two classes of solutions, both having a vanishing gravito-magnetic field, H_{ab} = 0. The first one consists of the Bianchi I dust models (27), which are Petrov type I models. The second class, which has a degenerate gravito-electric tensor (Petrov type D), is the subclass of the Szekeres models [38] satisfying (48), which were given in [45]. Since we have already studied the first class, we will focus here on the second class, which is composed of two families of solutions. The line element of the first family is given by [(y^α) = (x, y, z)]

ds^2 = −dτ^2 + [(1 + Ay + Bz)τ + C]^2 τ^{− 2}3 dx^2 + τ^43 (dy^2 + dz^2) , (49)

where A, B and C are arbitrary functions of x. The line element of the second family is

ds^2 = −dτ^2 +

V^2[∂_x(ln U)]^2

(τ −_oτ )^23 [ τ −_oτ + 2 3 ∂_x(_oτ ) ∂_x(ln U)

]_2

dx^2 + U^2(τ −_oτ )^43 (dy^2 + dz^2) , (50)

where U = V W , W = { a [ y^2 + z^2 ] + 2by + 2cz + d }_{−1} , and (a, b, c, d), V and_oτ are any functions of x such that ad − b^2 − c^2 = 1. Remarkably, despite the particular character of these two solutions, both share the property of having no Killing vectors fields in general, like the generic Szekeres metric (29).

Equilibrium Configurations in the Dynamics of Irrotational Dust Matter 19

Now we will show that the IDMs (49,50) constitute an equilibrium configuration in the dynamics of IDMs, and we will also find its characterization. To that end, we need to consider the following relations: (31), (33) and the alternative to (32),

R^3_{ab} ≡^3R_{ab} = 0 ⇐⇒ R^{3a}_a ≡ R^3 =^3R = 0 and R^3_{<ab>} ≡ S^3_{ab} =^3S_{ab} = 0 .

The evolution equations for them are given by the equations (39-42), which do not change, and by the equations Ṙ^1_{−,1,2,3} = −ΘR^1_{−,1,2,3} − S^3_{−,1,2,3} ,

Ṙ^3 = −^2_3 ΘR^3 − 2σ^{αβ}S^3_{αβ} ,

Ṡ^3_{αβ} = −^2_3 ΘS 3_{αβ} + σ_{<α}δS 3_{β>δ} −^1_6 σ_{αβ}R3 + curl(R4)_{αβ} ,

Ṙ^4_{αβ} = −^4_3 ΘR4_{αβ} + 3σ_{<α}δR4_{β>δ} − curl(S 3)_{αβ} + T_{αβ} ,

where T_{αβ} is defined by Eq. (47). Therefore, we have a closed system for which R^I = 0 is a solution, which can be shown to be unique. Then we can say that if initially the spatial geometry is flat, the gravito-magnetic field vanishes and the shear is degenerate, the system will stay in this configuration. Again, we have been able to extract a covariant initial-data characterization from the relations that define the equilibrium configuration.

4. Remarks and discussion

In this paper we have considered the general dynamics of IDMs from an Initial-Value Problem perspective. The equations governing these models constitute an infinitedimensional dynamical system due to the presence of spatial gradients. We have seen that a variety of well-known models, from the homogeneous and isotropic FLRW spacetimes to the inhomogeneous Szekeres cosmological models, constitute equilibrium configurations of the dynamics (invariant sets). It remains to find the characterizations of some important IDMs, as the remaining Bianchi classes of IDMs and the Lemaître- Tolman-Bondi dust models (the initial-value problem approach made in [46] could lead to such characterization). Moreover, we have found the relations characterizing these configurations, which in most cases can be expressed in a covariant way. At the same time, these relations provide an initial-data characterization of the IDMs considered. The information obtained together with the study of the evolution of the different physical quantities clarifies what the dynamical content of these IDMs is, as well as the role of the different variables and the spatial gradients.

This work must be considered as a first step towards the implementation of a more general programme to understand the full dynamics of the gravitational instability mechanism. In that respect, two interesting issues to be elucidated are the question of how a triaxial configuration will evolve in collapse (among the models treated in this paper, only homogeneous models have an algebraically general shear and gravito-electric field), and the role of non-local effects due to the appearance of the curls of the gravitoelectric and -magnetic fields. Such a programme would entail a method to prescribe

Equilibrium Configurations in the Dynamics of Irrotational Dust Matter 20

generic initial data. This means finding solutions of the constraints for any possible initial distribution of matter. The programme would also include a numerical code to evolve this initial data, i.e. to construct its development, and capable of extracting the physical information. The development of these two points, which does not seem an easy task, could be complemented by the information coming from studies based on perturbative methods (perturbations of a background or iterative approaches such as the long wave-length approximation scheme).

The results of this paper provide useful information for the development of such a programme. First, they can help us in the prescription of initial data: we know the role of the variables and what kind of initial data we have to avoid in order to study new behaviours. Moreover, since the characterizations given are solutions to the constraints, this information can be helpful in solving them for other different cases. On the other hand, we can use the characterizations to check numerical codes and to identify attractors, repellers and asymptotic states of the evolution.

Finally, it is worth noting that the present work can be extended to models with a more general energy-momentum content. In this sense, a straightforward generalization would be the study of irrotational perfect-fluid models, including in this way the effects of the pressure and hence, the inclusion of sound propagation. Furthermore, it would also be interesting to consider fluids with rotation to study their effects in the gravitational instability mechanism. This would require introducing a spacelike foliation of the spacetime not related with the fluid velocity, since in that case it does not generate orthogonal hypersurfaces.

Acknowledgments

I wish to thank Professor R. Maartens for a careful reading of the manuscript and M.Á.G. Bonilla and Professors D. Kramer and R. Maartens for interesting discussions. I wish also to thank the Alexander von Humboldt Foundation for financial support and the Institute for Theoretical Physics of the Jena University for hospitality during the first stages of this work. Currently, the author is supported by the European Commission (contract HPMF-CT-1999-00149).

Appendix A. Explicit expressions for the components of F^1_{ab}

To complete the proof of the characterization of the Szekeres cosmological models in terms of initial data given in subsection 3.3, we need to show that the quantity F^1_{ab} [see Eq. (37)] vanishes when R^I = 0 . To that end we have to work out the components of F^1_{αβ}, the projection of F^1_{ab} with respect to the orthonormal triad {e_α}. The terms CC_{ab} and CC^′_{ab}, denoting combinations of the constraints, have been chosen as follows: CC^′_{ab} = 0 , CC_+ = CC_− = CC_1 = 0, and CC_2 and CC_3 are given in Eqs. (43,44).

In order to simplify the large expressions for the components of F^1_{ab} we will use

Equilibrium Configurations in the Dynamics of Irrotational Dust Matter 21

the following notation: For any components A_+ and A_− of a tensor A_{αβ} Â_± ≡ √ 3 A_+ ± A_− , Ã_± ≡ (A_+ ± √ 3 A_−)/ √ 3 . The components of the tensor (σ · E)_{ab} ≡ P_{ab} [see Eq. (38)] can be written as P_+ = −^1_3 (σ_+E_+ − σ_−R^3_−) −^1_6 (σ_2R^3_2 + σ_3R^3_3 − 2σ_1R^3_1) ≡ −^1_3 σ_+E_+ + Q_+ , P_− =^1_3 (E_+R^1_− + σ_+R^3_−) −^1_2^√_3 (σ_2R^3_2 − σ_3R^3_3) , P_1 =^1_3 (σ_+R^3_1 + E_+R^1_1) +^1_2^√_3 (σ_3R^3_2 + σ_2R^3_3) ,

P_2 = −^1_2^√_3 (σ̃_+R^3_2 + Ẽ_+R^1_2 − σ_3R^3_1 − σ_1R^3_3) ,

P_3 = −^1_2^√_3 (σ̃_−R^3_3 + Ẽ_−R^1_3 − σ_2R^3_1 − σ_1R^3_2) .

As we can see, the quantities Q_+ , P_− , P_1 , P_2 , and P_3 vanish when R^1_I = R^3_I = 0 .

Taking all these definitions into account, the components of F^1_{ab} can be written as follows F^1_+ =^3_4 {[(∂_2 − 3a_2)σ̃_+ + n_{13}σ̂_− + (n_{11} − n_{33})σ_2 + n_{12}σ_1 − n_{23}σ_3]R^3_2− [(∂_3 − 3a_3)σ̃_− − n_{12}σ̂_+ − (n_{11} − n_{22})σ_3 − n_{13}σ_1 + n_{23}σ_2]R^3_3 + 2[∂_1σ_{[3} + ∂_{[3}σ_{|1|} − 3(σ_1a_{[3} + a_1σ_{[3})]R^3_{2]} + (σ ↔ E , R^3 ↔ R^1) } + 3 √ 3 2 {(∂_3 − a_3 + n_{12})P_3 − (∂_2 − a_2 − n_{13})P_2 − 2n_{23}P_1 − 3P_+R^2_{11}− P_−(R^2_{22} − R^2_{33}) } + 1 2 { σ̃_+[∂_2R^3_2 + (a_1 + n_{23})R^3_1 + (a_3 − n_{12})R^3_3 +^1_2Ê_−(R^2_{11} − R^2_{22} + R^2_{33})]− σ̃_−[∂_3R^3_3 + (a_1 − n_{23})R^3_1 + (a_2 + n_{13})R^3_2 −^1_2Ê_+(R^2_{11} + R^2_{22} − R^2_{33})] − [2(∂_{[2}E_{3]} + √ 3 n_{23}E_+ + a_1E_−) + (a_2 + n_{13})E_3 − (a_3 − n_{12})E_2 + n_{11}E_1]R^1_1 − [∂_1E_3 − (a_2 − n_{13})Ê_+ − (a_3 + n_{12})E_1 +^1_2 (n_{11} − n_{22} − n_{33})E_2]R^1_2 + [∂_1E_2 − (a_3 + n_{12})Ê_− − (a_2 − n_{13})E_1 −^1_2 (n_{11} − n_{22} − n_{33})E_3]R^1_3 } ,

F^1_− = −^{√3}_4 {[(∂_2 − 3a_2)σ̃_+ + n_{13}σ̂_− + (n_{11} − n_{33})σ_2 + n_{12}σ_1 − n_{23}σ_3]R^3_2+ [(∂_3 − 3a_3)σ̃_− − n_{12}σ̂_+ − (n_{11} − n_{22})σ_3 − n_{13}σ_1 + n_{23}σ_2]R^3_3 − 4[(∂_{(2} − 3a_{(2})σ_{3)} −^{1√}_3 (∂_1 − 3a_1)σ_+ + n_{23}σ_− −^1_2 (n_{22} − n_{33})σ_1 + +^1_2 (n_{13}σ_3 − n_{12}σ_2)]R^3_1 + 2[(∂_1 − 3a_1)σ_{(2} + (∂_{(2} − 3a_{(2})σ_{|1|}]R^3_{3)} + (σ ↔ E , R^3 ↔ R^1) } − 3 2 {(∂_3 − a_3 − 3n_{12})P_3 + (∂_2 − a_2 + 3n_{13})P_2 − 2(∂_1 − a_1)P_1− √ 3P_+(R^2_{22} − R^2_{33}) + P_−(R^2_{11} − 2R^2_{22} − 2R^2_{33}) } − 1 2 √ 3 {_{4√} 3 σ_+[∂_1R^3_1 + (a_2 − n_{13})R^3_2 + (a_3 + n_{12})R^3_3 − (n_{11} − n_{22} − n_{33})R^3_−]+ σ̃_+[∂_2R^3_2 + (a_1 + n_{23})R^3_1 + (a_3 − n_{12})R^3_3 +^1_2Ê_−(R^2_{11} − R^2_{22} + R^2_{33})] + σ̃_−[∂_3R^3_3 + (a_1 − n_{23})R^3_1 + (a_2 + n_{13})R^3_2 −^1_2Ê_+(R^2_{11} + R^2_{22} − R^2_{33})] +

Equilibrium Configurations in the Dynamics of Irrotational Dust Matter 22

[2(∂_{(2}E_{3)} + √ 3 a_1E_+ + n_{23}E_−) − (n_{22} − n_{33})E_1 − (a_3 − n_{12})E_2 − (a_2 + n_{13})E_3]R^1_1 + [(∂_1 + 2a_1 − 2n_{23})E_3 − (2∂_3 + a_3 + n_{12})E_1 − (a_2 − n_{13})Ê_+ + 4(a_2 + n_{13})E_− −^1_2 (n_{11} + 3n_{22} − n_{33})E_2]R^1_2 + [(∂_1 + 2a_1 + 2n_{23})E_2 − (2∂_2 + a_2 − n_{13})E_1 − (a_3 + n_{12})Ê_− − 4(a_3 − n_{12})E_− + 1 2 (n_{11} − n_{22} + 3n_{33})E_3]R^1_3 } , (A.1)

F^1_1 =^{√3}_4 {[(∂_2 − 3a_2)σ̃_+ + n_{13}σ̂_− + (n_{11} − n_{33})σ_2 + n_{12}σ_1 − n_{23}σ_3]R^3_3− [(∂_3 − 3a_3)σ̃_− − n_{12}σ̂_+ − (n_{11} − n_{22})σ_3 − n_{13}σ_1 + n_{23}σ_2]R^3_2 − 4[(∂_{(2} − 3a_{(2})σ_{3)} −^{1√}_3 (∂_1 − 3a_1)σ_+ + n_{23}σ_− −^1_2 (n_{22} − n_{33})σ_1 + 1 2 (n_{13}σ_3 − n_{12}σ_2)]R^3_− − 2[(∂_1 − 3a_1)σ_{[2} + (∂_{[2} − 3a_{[2})σ_{|1|}]R^3_{3]} + (σ ↔ E , R^3 ↔ R^1) } + 3 2 {(∂_3 − a_3 − 3n_{12})P_2 − (∂_2 − a_2 + 3n_{13})P_3 + 2(∂_1 − a_1)P_−− 2 √ 3P_+R^2_{23} + (n_{11} − 2n_{22} − 2n_{33})P_1 } + 1 2 √ 3 {_{4√} 3 σ_+[∂_1R^3_− + (a_2 − n_{13})R^3_3 − (a_3 + n_{12})R^3_2 + (n_{11} − n_{22} − n_{33})R^3_1]+ σ̃_+[∂_2R^3_3 + (a_1 + n_{23})R̂^3_+ − (a_3 − n_{12})R^3_2 +^1_2 (n_{11} − n_{22} + n_{33})R^3_1] − σ̃_−[∂_3R^3_2 + (a_1 − n_{23})R̂^3_− − (a_2 + n_{13})R^3_3 −^1_2 (n_{11} + n_{22} − n_{33})R^3_1] − [(∂_2 − a_2 − n_{13})E_2 − (∂_3 − a_3 + n_{12})E_3 + √ 3n_{11}E_+ + (n_{22} − n_{33})E_− + 2n_{23}E_1]R^1_1 + [(∂_1 − 2a_1 + 2n_{23})E_2 − 2∂_3E_− + (a_3 + n_{12})Ê_− − (3a_2 + 5n_{13})E_1 −^1_2 (n_{11} + 3n_{22} − n_{33})E_3]R^1_2 + [(∂_1 + 2a_1 + 2n_{23})E_3 − 2∂_2 E_− − (a_2 − n_{13})Ê_+ + (3a_3 − 5n_{12})E_1 − 1 2 (n_{11} − n_{22} + 3n_{33})E_2]R^1_3 } , (A.2)

F^1_2 =^{√3}_4 { [2(∂_{(1} − 3a_{(1})σ_{2)} + (∂_3 − 3a_3)σ̃_− − n_{12}σ̂_+ − (n_{11} − n_{22})σ_3 + n_{23}σ_2− n_{13}σ_1]R^3_1 − 2[(∂_{(2} − 3a_{(2})σ_{3)} −^{1√}_3 (∂_1 − 3a_1)σ_+ + n_{23}σ_− −^1_2 (n_{22} − n_{33})σ_1 + 1 2 (n_{13}σ_3 − n_{12}σ_2)]R^3_3 − Ê_−[2(∂_{(1} − 3a_{(1})R^1_{3)} + (∂_2 − 3a_2 − n_{13})R^1_− + (n_{11} − n_{33})R^1_2 + n_{12}R^1_1 − n_{23}R^1_3] − √ 3E_+[(∂_2 − a_2 − 3n_{13})R^1_− + (∂_3 − a_3 + 3n_{12})R^1_1 − (∂_1 − a_1 − 3n_{23})R^1_3 − (n_{22} − 2n_{11} − 2n_{33})R^1_2] + 1√ 3 [(∂_2 − 3a_2 + 3n_{13})σ_+]R^3_− + (σ ↔ E , R^3 ↔ R^1) } + 3 2 { (∂_2 − a_2 − 3n_{13})( √ 3Q_+ − P_−) − (∂_3 − a_3 + 3n_{12})P_1 + (∂_1 − a_1 − 3n_{23})P_3− (n_{22} − 2n_{11} − 2n_{33})P_2} −^1_6 {3(∂_2E_+)R^1_− + 9E_+R^4_2 + 11σ_+R^5_2} + 1 2 √ 3 { σ̃_−[∂_3R^3_1 − 2(a_2 + n_{13})R̂^3_− − (a_1 − n_{23})R^3_3 +^1_2 (n_{11} + n_{22} − n_{33})R^3_2]+ σ̃_+[∂_2R^3_− − 2(a_3 − n_{12})R̂^3_1 + 2(a_1 + n_{23})R^3_3 + 2(n_{11} − n_{22} + n_{33})R^3_2] + 1√ 3 σ_+[(3∂_1 − a_1 − 3n_{23})R^3_3 − (∂_2 + a_2 − 5n_{13})R^3_− − (∂_3 + a_3 + 5n_{12})R^3_1 −

Equilibrium Configurations in the Dynamics of Irrotational Dust Matter 23

(n_{11} + 3n_{33})R^3_2] − [∂_3Ê_− − (∂_2 + 2a_2 + 2n_{13})E_1 − 2(a_3 − n_{12})E_− − (3a_1 − 5n_{23})E_2 +^1_2 (3n_{11} + n_{22} − n_{33})E_3]R^1_1 + [(∂_1 + a_1 − n_{23})E_1 − (∂_3 − a_3 − n_{12})E_3 + 2n_{13}E_2 + (n_{11} − n_{22} − n_{33})E_− − 1 2 (n_{11} + n_{22} − n_{33})Ê_+]R^1_2 − [∂_1Ê_− − (∂_2 − 2a_2 + 2n_{13})E_3 + (a_1 + n_{23})Ê_+ + (3a_3 + 5n_{12})E_2 −^1_2 (n_{11} − n_{22} − 3n_{33})E_1]R^1_3 } , (A.3)

F^1_3 = −^{√3}_4 { [2(∂_{(1} − 3a_{(1})σ_{3)} + (∂_2 − 3a_2)σ̃_+ + n_{13}σ̂_− + (n_{11} − n_{33})σ_2 + n_{12}σ_1− n_{23}σ_3]R^3_1 − 2[(∂_{(2} − 3a_{(2})σ_{3)} −^{1√}_3 (∂_1 − 3a_1)σ_+ + n_{23}σ_− −^1_2 (n_{22} − n_{33})σ_1 + 1 2 (n_{13}σ_3 − n_{12}σ_2)]R^3_2 − Ê_−[2(∂_{(1} − 3a_{(1})R^1_{2)} − (∂_3 − 3a_3 + n_{12})R^1_− − (n_{11} − n_{22})R^1_3 + n_{23}R^1_2 − n_{13}R^1_1] + √ 3E_+[(∂_3 − a_3 + 3n_{12})R^1_− − (∂_2 − a_2 − 3n_{13})R^1_1 + (∂_1 − a_1 + 3n_{23})R^1_2 − (n_{33} − 2n_{11} − 2n_{22})R^1_3] − 1√ 3 [(∂_3 − 3a_3 − 3n_{12})σ_+]R^3_− + (σ ↔ E , R^3 ↔ R^1) } − 3 2 { (∂_3 − a_3 + 3n_{12})( √ 3Q_+ + P_−) − (∂_2 − a_2 − 3n_{13})P_1 + (∂_1 − a_1 + 3n_{23})P_2− (n_{33} − 2n_{11} − 2n_{22})P_3} −^1_6 {3(∂_3E_+)R^1_− + 9E_+R^4_3 + 11σ_+R^5_3} − 1 2 √ 3 { σ̃_+[∂_2R^3_1 + 2(a_3 − n_{12})R̂^3_− − (a_1 + n_{23})R^3_2 −^1_2 (n_{11} − n_{22} + n_{33})R^3_3]+

σ̃_−[∂_3R^3_− + 2(a_2 + n_{13})R̂^3_1 − 2(a_1 − n_{23})R^3_2 + 2(n_{11} + n_{22} − n_{33})R^3_3] + 1√ 3 σ_+[(3∂_1 − a_1 + 3n_{23})R^3_2 + (∂_3 + a_3 + 5n_{12})R^3_− − (∂_2 + a_2 − 5n_{13})R^3_1 +

(n_{11} + 3n_{22})R^3_3] − [∂_2Ê_+ + (∂_3 − 2a_3 + 2n_{12})E_1 + 2(a_2 + n_{13})E_− − (3a_1 + 5n_{23})E_3 −^1_2 (3n_{11} − n_{22} + n_{33})E_2]R^1_1 − [∂_1Ê_+ + (∂_3 + 2a_3 + 2n_{12})E_2 + (a_1 − n_{23})Ê_− + (3a_2 − 5n_{13})E_3 + 1 2 (n_{11} − 3n_{22} − n_{33})E_1]R^1_2 + [(∂_1 − a_1 − n_{23})E_1 − (∂_2 − a_2 + n_{13})E_2 + 2n_{12}E_3 − (n_{11} − n_{22} − n_{33})E_− −^1_2 (n_{11} − n_{22} + n_{33})Ê_−]R^1_3 } . (A.4)

Expressions (A.1-A.4) show explicitly that F^1_{ab} = 0 when R^I = 0 .

References

[1] Shandarin S F and Zel’dovich Ya B 1989 Rev. Mod. Phys. 61 185 Padmanabhan T 1993 Structure formation in the universe (Cambridge: Cambridge University Press) Coles P and Lucchin F 1995 Cosmology. The Origin and Evolution of Cosmic Structure (Chichester:

John Wiley & Sons) [2] Sahni V and Coles P 1995 Phys. Rep. 262 1 [3] Jeans J H 1902 Phil. Trans. R. Soc. 199A 1 [4] Lin C C, Mestel L and Shu F H 1965 Astrophys. J. 142 1431 [5] Icke V 1973 Astron. & Astrophys. 27 1 [6] White S D M and Silk J 1979 Astrophys. J. 231 1 [7] Zel’dovich Ya B 1970 Astron. & Astrophys. 5 84 [8] Peacock J A 1999 Cosmological Physics (Cambridge: Cambridge University Press)

Equilibrium Configurations in the Dynamics of Irrotational Dust Matter 24

[9] Matarrese S 1996 Proceedings of the Laredo Advanced Summer School on the Universe at High-z, Large-scale Structure and the Cosmic Microwave Background ed E Martínez-González and J L Sanz (Lecture notes in physics, Springer Verlag) (astro-ph/9601192) [10] Ehlers J 1961 Akad. Wiss. Lit. Mainz. Abhandl. Math.-Nat. Kl. 11 793 (Engl. transl. Ehlers J 1993 Gen. Rel. Grav. 25 1225) [11] Hawking S W 1966 Astrophys. J. 145 544

Ellis G F R 1971 General Relativity and Cosmology ed R K Sachs (New York: Academic) p 104 Ellis G F R 1973 Cargèse lectures in physics ed E Schatzman (New York: Gordon & Breach) p 1 Ellis G F R and van Elst H 1999 Theoretical and Observational Cosmology ed M Lachièze-Rey (Dordrecht: Kluwer) p 1 [12] Matarrese S, Pantano O and Saez D 1993 Phys. Rev. D 47 1311

Matarrese S, Pantano O and Saez D 1994 Phys. Rev. Lett. 72 320 [13] Bruni M, Matarrese S and Pantano O 1995 Astrophys. J. 445 958 [14] Sopuerta C F 1997 Phys. Rev. D 55 5936

van Elst H, Uggla C, Lesame W M, Ellis G F R and Maartens R 1997 Class. Quantum Grav. 14 1151 [15] Sopuerta C F, Maartens R, Ellis G F R and Lesame W M 1999 Phys. Rev. D 60 024006 [16] Kofman L and Pogosyan D 1995 Astrophys. J. 442 30 [17] Maartens R, Lesame W M and Ellis G F R 1998 Class. Quantum Grav. 15 1005 [18] Eardley D, Liang E and Sachs R 1972 J. Math. Phys. 13 99

Bertschinger E and Jain B 1994 Astrophys. J. 431 486 Croudace K M, Parry J, Salopek D S and Stewart J M 1994 . Astrophys. J. 423 22 Matarrese S and Terranova D 1996 Mon. Not. Roy. Astron. Soc. 283 400 Mutoh H, Hirai T and Maeda K 1997 Phys. Rev. D 55 3276 Buchert T 2000 Gen. Rel. Grav. 32 105 [19] Friedrich H 1996 Class. Quantum Grav. 13 1451

Friedrich H 1998 Phys. Rev. D 57 2317 [20] van Elst H and Ellis G F R 1998 Phys. Rev. D 59 024013 [21] Maartens R 1997 Phys. Rev. D 55 463 [22] MacCallum M A H 1973 Cargèse lectures in physics ed E Schatzman (New York: Gordon & Breach) p 61 van Elst H and Uggla C 1997 Class. Quantum Grav. 14 2673 [23] Wainwright J and Ellis G F R 1997 Dynamical systems in cosmology (Cambridge: Cambridge University Press) p 51 [24] Ellis G F R and MacCallum M A H 1969 Commun. Math. Phys. 12 108 [25] Spatial means orthogonal to the fluid velocity in all indices [26] These definitions are analogous to those for vector fields: div(A) ≡ D_aA^a and curl(A)_a ≡ ε_{abc}D^bA^c [27] Courant R and Hilbert D 1966 Methods of mathematical physics (Vol II) Partial differential equations (New York: Interscience Publishers, John Wiley & Sons) John F 1982 Partial differential equations (New York: Springer Verlag) Garabedian P R 1986 Partial differential equations (New York: Chelsea Publishing Company) [28] Fischer A E and Marsden J E 1972 Commun. Math. Phys. 28 1

Geroch R 1996 General relativity ed G S Hall and J R Pulham (Bristol and Philadelphia: I.O.P.

and S.U.S.S.P.) p 19 (gr-qc/9602055) Estabrook F B, Robinson R S and Wahlquist H D 1997 Class. Quantum Grav. 14 1237 Anderson A, Choquet-Bruhat Y and York J W Topology Methods in Nonlinear Analysis (grqc/9710041);

Reula O A 1998 Hyperbolic Methods for Einstein’s Equations [online article in Living Reviews in Relativity] (http://www.livingreviews.org/Articles/Volume1/1998-3reula/) Bonilla M Á G 1998 Class. Quantum Grav. 15 2001 [29] Friedrich H and Rendall A D 2000 Einstein’s Field Equations and their Physical Interpretation ed

Equilibrium Configurations in the Dynamics of Irrotational Dust Matter 25

B G Schmidt (Berlin: Springer) (gr-qc/0002074) [30] Velden T 1997 Diplomarbeit (University of Bielefeld) [31] Arrowsmith D K and Place C M 1990 An introduction to Dynamical Systems (Cambridge:

Cambridge University Press) Jordan D W and Smith P 1999 Nonlinear Ordinary Differential Equations. An introduction to Dynamical Systems (Oxford: Oxford University Press) [32] A system of the form (20) is said to be strongly hyperbolic if there is a 1-form t such that all the eigenvalues of the matrix t_aM^a are real and it has a complete set of eigenvectors [33] Friedmann A 1922 Z. Phys. 10 377

Lemaître G 1933 Ann. Soc. Sci. Bruxelles I A53 51 Robertson H P 1993 Rev. Mod. Phys. 5 62 Walker A G 1944 J. London Math. Soc. 19 219 [34] Hawking S W and Ellis G F R 1973 The large scale structure of space-time (Cambridge: Cambridge University Press) [35] Krasiński A 1997 Inhomogeneous cosmological models (Cambridge: Cambridge University Press) [36] Schücking E and Heckmann O 1958 Onzieme Conseil de Physique Solvay (Brussels: Editions Stoops) p 149 Robinson B B 1961 Proc. Nat. Acad. Sc. (Washington) 47 1852 Jacobs K C 1968 Astrophys. J. 153 661 [37] Sopuerta C F 2000 Class. Quantum Grav. 17 4685 [38] Szekeres P 1975 Commun. Math. Phys. 41 55 [39] Bonnor W B, Sulaiman A H and Tomimura N 1977 Gen. Rel. Grav. 8 549 [40] Szafron D A 1977 J. Math. Phys. 18 1673 [41] York J W 1971 Phys. Rev. Lett. 26 1656 [42] Berger B K, Eardley D M and Olson D W 1977 Phys. Rev. D 16 3086 [43] Einstein A and de Sitter W 1932 Proc. Nat. Acad. Sc. (Washington) 18 213 [44] de Bernardis P et al 2000 Nature 404 955 [45] Bona C, Stela J and Palou P 1987 J. Math. Phys. 28 654 [46] Sussman R A and Trujillo L (gr-qc/0105081)