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Lagrangian theory of structure formation in relativistic cosmology.
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We examine the relation between the Szekeres models and relativistic Lagrangian perturbation schemes,
in particular the relativistic Zel’dovich approximation (RZA). We show that the second class of the
Szekeres solutions is exactly contained within the RZA when the latter is restricted to an irrotational dust
source with a flow-orthogonal foliation of spacetime. In such a case, the solution is governed by the first
principal scalar invariant of the deformation field, proving a direct connection with a class of Newtonian
three-dimensional solutions without symmetry. For the second class, a necessary and sufficient condition
for the vanishing of cosmological backreaction on a scale of homogeneity is expressed through integral
constraints. Domains with no backreaction can be smoothly matched, forming a lattice model, where exact
deviations average out at a given scale of homogeneity, and the homogeneous and isotropic background is
recovered as an average property of the model. Although the connection with the first class of Szekeres
solutions is not straightforward, this class allows for the interpretation in terms of a spatial superposition of
nonintersecting fluid lines, where each world line evolves independently and under the RZA model
equations, but with different associated “local backgrounds”. This points to the possibility of generalizing
the Lagrangian perturbation schemes to structure formation models on evolving backgrounds, including

global cosmological backreaction.
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I. INTRODUCTION

In the Lagrangian formulation, the Newtonian theory is
paraphrased within the general relativity framework through
coframe fields, which constitute a formal generalization of
the deformation gradient in Newtonian cosmology [1-7].
Then, following Zel’dovich’s extrapolation idea, other var-
iables are functionally expressed in terms of this deformation
field (for details on the transformation of the 3 + 1 Einstein
equations to a system for spatial coframes, see Ref. [1], for
the average properties of the first-order scheme, see Ref. [2],
for the nth-order Lagrangian perturbation and solution
schemes, see Ref. [3], and for generalizations including
the tensor perturbations, Ref. [4], and including pressure
through a change of foliation, Ref. [5]).

The relativistic Zel’dovich approximation (RZA) forms
an extrapolation of the first-order scheme, as defined in [1].
It holds, by construction, nonlinearities encoded in the
functional dependence of variables on the coframe fields,
which accounts for the correct causal structure and
measurement of distances. However, despite approximate
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assumptions, it is remarkable that RZA contains as par-
ticular cases a subclass of the Szekeres solutions, furnish-
ing the most general exact solutions applicable to
cosmology. This was first noticed by M. Kasai in his
seminal work [6], and we now revisit and prove it using the
definition of RZA provided in the series of papers follow-
ing [1]. A further remarkable property of RZA is that its
spatial average also contains classes of averaged exact
solutions, e.g., the spatially flat Lemaitre-Tolman Bondi
(LTB) solution, further discussed below.

Szekeres models form a class of exact solutions to
Einstein’s equations, which, in general, present no sym-
metries [8,9] (but quasisymmetries). Their field source is an
irrotational but inhomogeneous dust fluid; the spacetime is
compatible with the inclusion of a cosmological constant (A)
[10-13]. The solution is classified into two classes, depend-
ing on whether the metric function f3; in their general line
element [see Eq. (20) below] is different or equal to zero
[11,12,14]. While the first class (class I: ; # 0) has been
successfully used in cosmology and astrophysics [15-38],
the second one (class II: ;= 0) has received much less
attention. Among the exceptions we find [33,39,40].

In this paper we aim at addressing the question of which
subclass of the Szekeres solutions is contained within RZA.

© 2021 American Physical Society
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We will call this subclass the “exact body of RZA.” The
importance of this result is twofold: first, the Szekeres
solutions can be used as a reference to test the accuracy of
the functional evaluation of RZA that goes beyond a mere
perturbative evaluation, and, second, RZA provides a guide
for reinterpreting the Szekeres arbitrary functions in terms
of generalized Newtonian quantities. To examine the
connection between the solutions, we analyze each class
of the Szekeres solutions separately. While the relation of
RZA to class I seems intricate and demands more future
work, class II is exactly contained within RZA, and
corresponds to a class of three-dimensional, locally one-
dimensional Newtonian solutions without symmetries
investigated in [41] (see also the same solution class
without a background [42], and the same class that includes
the cosmological constant in the background [43]).

The motivation underlying this work goes beyond these
technical clarifications. The relativistic generalization of
the Newtonian Lagrangian perturbation theory, with its
first-order member RZA, reveals the powerful property that
its average, [2], contains the spatially averaged exact
spherically symmetric LTB solution [44] [Sec. VII2], a
property that is unexpected since the local model contains a
class of plane-symmetric solutions and is expected to
perform best for highly anisotropic collapse. However,
this remark holds true for flat LTB solutions only and as
such it corresponds to the situation of Newton’s iron sphere
theorem. Thus, RZA appears to be a restricted answer to a
full relativistic generalization, and we aim at understanding
the class I Szekeres solutions as providing hints toward
such a generalization.

The plan of this article is as follows. We begin by
presenting the most fundamental properties of the relativistic
Zel’dovich approximation and Szekeres models in Secs. 1I
and III, respectively. Section I'V provides the general steps to
reformulate the Szekeres solutions in the language of rela-
tivistic Lagrangian perturbations. This reformulation is spe-
cialized to be compatible with RZA in Sec. V, with the result
that the whole class Il is exactly contained in RZA. Within this
section, we study the conditions under which deviations from
an FLRW (Friedmann-Lemaitre-Robertson-Walker) back-
ground solution average out on some scale of homogeneity,
Sec. VA, while in Sec. V B we present a lattice model made
up of consecutive cells with null backreaction on a particular
homogeneity scale, smoothly matched across suitable surfa-
ces. In Sec. V C we show that the RZA functionals reproduce
the correct Szekeres quantities and examine the correspon-
dence between class II and a class of three-dimensional
Newtonian solutions without symmetry. In Sec. VI we discuss
the relation of class I solutions to RZA, reinterpret the
dynamics as a set of independent world lines, and show that
each one follows the RZA model equations. Our results are
summarized and discussed in Sec. VIL

The main text is complemented with nine appendixes,
providing the necessary background material to keep the

paper as self-contained as possible: Appendix A contains
a detailed discussion about the relation between the
Szekeres-Szafron and Goode-Wainwright parametriza-
tions, which incidentally proves the compatibility of the
Goode-Wainwright formulation (of both classes I and II)
with the presence of a cosmological constant. As a
reference to the case with A =0, in Appendix B, we
show the Goode-Wainwright parametric solutions of the
Szekeres field equations. Appendix C presents the trans-
formations to Cartesian coordinates of some subcases of
the Szekeres solutions. The spatially averaged equations
for the volume-expansion and volume-acceleration are
shown in Appendix D. Appendix E contains the formal
proof of the Lemma 2 enunciated in Sec. VA, while the
proofs of Lemmata 3 and 4 are provided in Appendix F.
Supplementary calculations, based on the noncommuta-
tivity of averaging and evolution as well as cosmological
backreaction, aim at a better understanding of the class I
solutions and are presented in Appendix G. For better
readability, we have reserved for Appendix H the func-
tional evaluation of the relevant dynamical fields. Finally,
in Appendix I, we provide the formal relation between
LTB models and RZA, which supports the discussion
conducted in Sec. VIB.

II. THE RELATIVISTIC LAGRANGIAN
FORMULATION

In this section, we summarize the most important results
about RZA that are relevant to the subject of the paper.
Therefore, we will limit our exposition to the case of an
irrotational dust source with a flow-orthogonal foliation of
the spacetime (compatible with the restrictions obeyed by
the Szekeres solutions). For more details and generaliza-
tions including tensor perturbations (giving place to gravi-
tational waves) or pressure gradients see [1-5,45].

For comoving and synchronous observers, the metric
takes the form:

Wg = —dr@dr+ g with g =g,dX' ® dX/, (1)

where X' are Gaussian normal (Lagrangian) coordinates."
Following [2-5], the spatial metric is decomposed in terms
of the coframes as follows:

Clg = Gun* @ 1 gij = Gan® ", (2)
where the coframes are split into a trivial set and deviations
thereof:

' =n"dX' = a(1)(8 + P;)dX". (3)

"ndices i, J.k,--- denote coordinate indices, while indices
a,b,c--- are introduced as counters of components, e.g., of
vectors or differential forms. In this paper we use units where the
gravitational constant and the speed of light are setto G = ¢ = 1.
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The initial metric coefficients are encoded in Gram’s matrix
Gab:

Gab(X>5ai5b,‘ = G;;(X) = g;;(1;, X). 4)

Through the 3 + 1 formalism with a flow-orthogonal
foliation of spacetime, Einstein’s equations are transformed
into a system of 9 + 4 evolution equations (the 4 constraint
equations of general relativity are transformed to evolution
equations in the Lagrangian framework) for the 9 coframe
coefficient functions [1,4]. The complete system of equa-
tions reads:

Gapiiin” ;) = 0; (5a)

! ikl (7 . i i
ﬁ%bcdkl(ﬂaﬂ?bk'lcz) =-R';+ (4mo + A)d';;  (5b)

1 L R
Zeabce’”-”‘n“mn” M= =5+ Bre+ ) (5¢)

1 i 1 _—
<j€abc€lkl”aj”bkﬂcl> = <j€abc€lkl’7ai’7bk’/lcl> . (5d)
I|i lj

where the overdot stands for the covariant (here simply the
partial) time-derivative; the single and the double vertical
slash denote the ordinary partial derivative and the spatial
covariant derivative, respectively; J is the determinant of
the coframe matrix, see (13), and R;; is the spatial Ricci
tensor with trace R. (The expression of the Ricci tensor in
terms of coframes is left implicit, see [1].)

A. Relativistic Zel’dovich approximation

The 3 + 1 Lagrangian framework of Einstein’s equations
consists in considering the (nine functions of the) spatial
coframes as the only dynamical variables [1]. The relativ-
istic Lagrangian perturbation theory then only perturbs the
coframes, while their first-order member provides the RZA
coframes. The so linearized Lagrange-Einstein system
entitles us to evaluate any other field as a functional of
the linear coframe perturbations, leading to nonlinear
(functional) expressions for any relevant field. For instance,
in this approximation, the spatial metric is a quadratic form
of the deformation field,

gij = Gub’?ai’?bj (6a)
:a2(t>[Gij+Gab(5aipbj+5bjpai_i_Painj)]’ (6b)

which allows for correctly evaluating distances as well as
having the correct light cone structure in generic inhomo-
geneous matter distributions that correspond to the coframe
deformation at a given order.

Since the initial spatial metric is encoded in the Gram’s
matrix, the deformation field vanishes at some initial time
t;, and we have for the initial data (cf. e.g., [4]):

P(t;) = 0; (7a)

Pai(li) = Uui; U[U] = 0, (7b)

pai(ti) = W4 - ZH(Ii)Uai; W[ij] =0. (7C)

In the equations above, H = d/a is the Hubble function,
and the one-form fields U* and W* are the relativistic
generalizations of the initial Newtonian peculiar-velocity
and peculiar-acceleration gradients, with coefficients in
the exact coordinate basis dX’ denoted by U“; and W¢,,
respectively. They are subject to the (energy and momen-
tum) constraints of the Einstein equations, Egs. (5c¢) and
(5d), here imposed on the initial data:

H(1;)U = —@ -Ww; (8a)
(U“84) ) = (U84")) ;- (8b)

Above, U and W denote the traces of the Newtonian
peculiar-velocity and -acceleration gradients, respectively,
defined below in Eq. (10). For RZA the general constraint
equations are reduced to constraints on initial data due to
the space and time-separability of RZA. They therefore
hold throughout the evolution even in the approximate
regime [1,4]. For exact solutions, these constraint equations
propagate, also for nonseparable solutions, according to
well-known theorems.

B. Example: The solution for the trace

The solution is separated into spatial and temporal parts.
If we focus on the trace part, the time-dependence is
determined from Raychaudhuri’s equation [4],

P+ 2HP — 470, ()P = a=>W, 9)

where ¢, () is the background density, and the following
abbreviations were and will be used:

P=pi =8Py S UY=U S Wy =W.

(10)
Once a background model has been set, the growing and
decaying solutions of Eq. (9) determine the temporal

evolution. For an EdS (Einstein-de Sitter) background
model, we have:

P—§ Ut-|—§Wt2 AR
-5 AN

—(Ut,-—Wt,Z)G)_1 —%Wz%]. (11)

i

The relativistic correspondence to Zel’dovich’s approxi-
mation is obtained by subjecting the initial data to the
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slaving condition U = Wt,, cf. [41,46] for the Newtonian
case.

We emphasize that RZA also contains trace-free tenso-
rial parts that include nonperturbative models for gravita-
tional waves. We direct the reader to the detailed analyses
in [4].

C. Functional evaluation

Let us examine in more detail the functional evaluation
within RZA. As was pointed out previously, the crucial
aspect of the formalism relies on its very architecture,
linearizing the deformation field in the coframe set only. All
relevant fields are computed from their exact and, in
general, nonlinear functional expressions with no further
truncations. This extrapolation idea accounts for the intrin-
sic nonlinearity of the model, encoded in its predicted
fields—as in the example of the metric form (6), or the
implicit functional of the Ricci tensor/scalar in (5). In this
spirit, the nonlinear density field is evaluated through the
exact integral of the continuity equation:

o=0J", with J=g/VG, (12)

where the determinant, J, is given by
J =det(n%) = a*(1 +JV +J@ 4 g (13)
and the peculiar-determinant is defined through
J=J/d. (14)

In (13), we introduced the principal scalar invariants of the
perturbation matrix P¢;,

1 ,
J(l) = Eé‘abceukpai(sbjéck; (15&)
1 .
JC) =3 e PIPIS; (15b)
1 -
J(3) = geabceukpaipbjpck. (ISC)

The expression for the expansion tensor in terms of the
coframes follows from the one for the extrinsic curvature,
which in a flow-orthogonal foliation of spacetime reads:

1.
@,-j = _}Cij = Egij* (16)
. . ; 1 ;
Q' =em, with e',= §€abc€’k1ﬂbkﬂcz- (17)

Since we are interested in vorticity-free models, the
kinematic decomposition of the expansion tensor re-
duces to

@"jzaijJr%@éij, (18)
where the expansion scalar, ® = J /J, and the shear tensor,
o;;, are the trace and trace-free part of the expansion tensor,
respectively.

Finally, the three-dimensional spatial curvature and the
gravitoelectric and gravitomagnetic parts of the Weyl tensor
can be expressed in terms of coframes through the
following relations [4]:

1

_Rij = ﬂeabceikl(ﬁajﬂbkncl)‘ - (47TQ + A)(Sl/, (193)
R 1 mjkyra b ¢
= = 5y Cabc€™ i il i — (8m@ + A); - (19b)
! ik s:a ,b ¢ .
5 Cabc€ I ¢ = A —4rmo; (19¢)
i 1 iklssa b ¢ ! i
—E'; = o= €apc€™ij i’ " + 3 (4me — A)o'y; - (19d)
2J 3
T _
—Hj=5 Gap™ (i jym"x + 1), (19e)

where Eq. (19¢) follows by taking the trace of Eq. (19a) and
inserting Eq. (19b). See more details about the functional
evaluation within RZA in Sec. V C and Appendix H.

III. SZEKERES MODELS

The general line-element of the Szekeres solutions can
be cast into the form [9,13]:

ds? = —dP + 2d& + ¥ (A2 + dx?),  (20)

where the metric coefficients a(z,¢,x,&) and f(1, ¢, %, &)
are determined from the Einstein equations, with & =
(¢, %, &) being the comoving coordinates. For a compre-
hensive and detailed exposition of the Szekeres models see
[11,12,14].

The original Szekeres solution has been reparametrized
multiple times. However, the whole family can be invar-
iantly defined as an exact solution of the Einstein equations
with the following properties [12,47]:

(i) A geodesic and irrotational dust source.

(i) A purely gravitoelectric and Petrov D Weyl tensor.

(iii) A shear with two equal eigenvalues and degenerate
eigensurface coinciding with the one of the Weyl
tensor.

This coordinate-independent definition was furnished by
Barnes and Rowlingson [48].

A. Goode-Wainwright parametrization

In this paper, we use a representation introduced by
Goode and Wainwright (GW) in [49,50], which, as we will
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see below, is well-suited for establishing a formal con-
nection with RZA. In Appendix A, we discuss how this
parametrization relates to the Szekeres-Szafron’s one with a
nonvanishing cosmological constant. This analysis enhan-
ces the GW formulation of class I to include A # 0, which
to the best of our knowledge has thus far not been
(formally) considered. The compatibility of class I with
the cosmological constant is a natural result, previously
used in the literature without formal proof [33]. Here, we
validate and formalize it by analyzing not only the relation
between the arbitrary (spatial) functions but also the
model’s time-evolution (the ultimately A dynamical con-
tribution). The analogous generalization of class Il is due to
Meures and Bruni [40].

In the GW representation, the Szekeres line-element
reads:

ds?* = —di? + SH(GWPE + e (dg” + dx?)),  (21)

where the metric function S(z, &) satisfies

. 2 A
$ = —k0+§”+552. (22)

Here, ko = 0, %1, while g = u(&) is arbitrary. In general,
1 > 0 is needed to have a well-defined FLRW limit. Next,
G(&,¢.x) is given by

g - -A(g) - f([, 5)
- A(‘f) - ﬁ+f+ —-p_f-. (23)

A, e, W, B.(&) and p_(€) differ for each class, and f,
and f_ are the growing and decaying solutions of

LS. 3y
22F-Lr=0 24
F+ 8.7: 535’: , (24)

which can be traced back to the Raychaudhuri equation.
The energy-density takes the following simple form:

6uA 6 F
870(1,&) = SHTQ = S_/; <1 + E)' (25)

The solutions of (22) and (24) can be expressed in
parametric form in the cases of a vanishing cosmological
constant (see Appendix B), and for class II with k, = 0, but
A # 0, see [40].

The model is separated into two classes as follows:

1. Class I, ﬂwg #0in (20)
For this class,
S=38(¢&), with 8,5 #+0,
f:i: :fj:(tﬂg)’ T:T(f), /’4:”(‘5),

and

(26a)
(26b)

e’ = f(&)[co(&)(6* +?)
+2¢1(8)6 + 2c5(E)x + 3 (E)] 7

while f(£) is completely arbitrary, the ¢; functions are
subject to the conditions:

(26¢)

CoC3 — c% - c% =¢/4, e=0,=1; (26d)
A= fve—kop,, W? = (e = kof?)™"; (26e)
By =—kofue/(Bu),  Po=fTe (26f)

The present parametrization was originally formulated by
Goode and Wainwright by assuming A = 0. Since then, the
GW parametrization of class I has been restricted to the case
without a cosmological constant. In Appendix A, we provide
the formal proof that the GW parametrization is valid for
A # 0 as well, filling a gap in the literature on this topic.

Szekeres models predict an inhomogeneous initial (past)
singularity, the “big bang time,” 7 (), one of the free
functions of the model. Note that it is not correct to
associate this singularity with the physical big bang since
these dust cosmological models are not valid in a radiation-
dominated era. Due to the relation between 7 ; and the
decaying mode of structure [51], some authors assume a
simultaneous bang time condition to have a “purely
growing mode” [27,28,32]. The absence of the decaying
mode is motivated by its negligible contribution in the
matter-dominated era.’ However, for the sake of math-
ematical generality, we will not make any restricting
assumption on 7 in the present paper.

2. Class 11, ;=0 in (20)

This class has a much simpler mathematical structure
than the previous one:

S =35(1), fe=1r+(2), T,u =const.; (27a)
kp=0,£1, W=1; (27b)

koo o o]
e’ = l—i-z(g +°)| (27¢)

?As defined in (26f), our function 4_ differs by a factor of u
from its equivalent in the original GW parametrization,
p_ = fT £/ (6u). Since the solutions of Eq. (24) are determined
up to a multiplicative function of £, we have the freedom to
choose that function under the criterion of simplicity. The physics
of the solution is not contained in the function _ alone, but in the
expression for scale factor G = A — f_f_ — . f .. See Ref. 20 in
[49] and Appendix A.

“For RZA this is realized by the alignment between U¢ and W¢
after recombination (see the slaving condition imposed on initial
data that leads to the strict absence of the decaying mode in the
matter-dominated regime, Sec. II B). The analysis of the radia-
tion-dominated epoch shows that matter perturbations grow
logarithmically during this phase leading to this alignment or
slaving of the motion to the gravitational field [52].
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with

e {6”[00(5)( —5(P+2) + 1 (E)c + er(E)x] — ko for ko = %1
co(&) + c1(&)g + ca(E)x = (E)( + 27)/2,

c; and 3, are arbitrary functions of £. Here, the constant y
satisfies

3u = 4no,(1;), (28)

and 7 can be set to zero without loss of generality,4 setting
the initial singularity at + = 0 (for cosmological applica-
tions we are usually interested in # > ¢; > 0). Then, Eq. (25)
can be rewritten as follows:

o(1.8) = 0s(1) (1 n g) (29)

where we can identify the background density (¢,,) and its
exact “perturbation” (deviation: 6 = ¢/¢, — | = F/G, the
usual variable of cosmological perturbation theory).

As was noted by Goode and Wainwright [49], one of the
remarkable properties of the Szekeres solutions in this
representation is the role of equations (22) and (24)
governing the evolution. The first one is the well-known
Friedmann equation (for fixed £ in class I), while the
second one is the same equation that in standard linear
perturbation theory leads to the growing and decaying
modes. The latter admits a first integral in the form [40,49]:

S (ko—3u/S C .
7 —(0872"/)? =g with C=4. (30)
where the presence of an inhomogeneous term in the
differential equation is due to the growing contribution
of F, f,f.. The constant C arises as residual freedom of
the integration of (24) and its value cannot be determined
from the line-element alone. The condition C = /8, is more
than a mathematical simplification, it can be obtained from
the Einstein equations.’

Strictly speaking, the Goode and Wainwright formu-
lation does not fully cover the Szekeres models [49]. Since
the success of their reparametrization relies on expressing
the line-element in terms of the growing and decaying

“This assumption does not impose any restriction on the
decreasing mode. For class II, f_ is an arbitrary function, in
contrast to class I where f_ o« 7 .

As was shown in [40], C = p can be obtained directly from
the Einstein equations, and the term C/S? represents an inho-
mogeneous curvature. Although most of the analysis was
restricted to the case ko = 0 of the class II models, the steps
leading to (30) in Appendix B of [40] can be easily generalized to
the whole family of Szekeres models. See also [3] for similar first
integrals of Eq. (9) in RZA and [53] for a perturbative analysis.

(27d)
for ky = 0;

[
linear modes on an FLRW universe model, solutions with
an associated vacuum background (u = 0) are left out of
the description. Unless otherwise specified, in this paper,
we will refer to Szekeres class II as those solutions included
in the GW formulation, excluding the “PII” and “HIII”
cases of [54], which, however, exhibit interesting math-
ematical properties [55].

B. FLRW limit and Cartesian coordinates

We first note that &€ = (g, x, €) is the coordinate system in
which the Szekeres spatial metric is diagonal, but they are
not coordinates of any of the standard representations of the
FLRW solution. In fact, the FLRW models emerge in an
unfamiliar form in this coordinates when f, =p_ =0
(necessary and sufficient conditions for the Friedmann
limit) [11,12,49]. In é-coordinates, the FLRW line-element
is described by the following coframe set:

ij' = ae'dc; P =ae’d; P =afWredé,  (31)
for class I; and
7' =ae'dg; i =ae'dx; P = aAdé,  (32)

for class II. In the above expressions,
A= Alg, o, (33)

and we have replaced S by the FLRW scale factor, a(?).
An appropriate selection of the arbitrary functions can
lead to the FLRW limit in a more specific coordinate
system. In particular, the choices [11,12]
C1:C2:O; C3:4C0:1;

f=&=r (34
for class I, and,

C0:C2:0; C1:1, (35)
for class II, reduce the line-element to forms which can be
transformed to Cartesian coordinates by the changes of
coordinates (C3) and (C12) (see Appendix C). Thus, the
FLRW coframe set takes the trivial form 77/ = a(¢)dX".
One may wonder why not working in Cartesian coor-
dinates from the very beginning. There are two main
reasons for not doing so: first, in the diagonal coordinate
system, we can undertake the analysis without additional
non-diagonal terms hindering the interpretation of the
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results. Second, we do not have a global transformation to
take the FLRW model in the GW representation to
Cartesian coordinates. Instead, we need to impose addi-
tional assumptions [Egs. (34) and (35)]. Although we argue
that these assumptions can be seen as a particular choice of
coordinates of the FLRW limit, essential physics could be
lost. For instance, the Szekeres dipole of class I is related to
the functions c;; setting them to fixed values imposes
significant restrictions on the dipolar anisotropy.

C. One motivation of this work: Kasai’s statement

So far we have presented the most fundamental aspects
of RZA and Szekeres solutions by separating the respective
classes. Masumi Kasai [6] pointed out a relation, sug-
gesting that the trace-part of RZA is contained as a
particular case within the class II of Szekeres models with
ko = 0. Particularly, Kasai states that this subfamily sat-
isfies “the linearized constraint equation” of RZA, leaving
open the questions of whether such a relation holds exactly
or whether it is strictly linear, and also whether there are
other subcases of the Szekeres solutions contained within
RZA. Kasai has also restricted the RZA model to the
consideration of the coframe deformation, i.e., he does not
functionally extrapolate variables other than the density,
e.g., he proposes to linearize the metric functional (6). In
the following sections, we will address these issues by a
direct comparison of the line-elements.

IV. SZEKERES EXACT SOLUTIONS
AS RELATIVISTIC LAGRANGIAN
PERTURBATIONS

To relate the Relativistic Lagrangian formalism to the

Szekeres exact solutions, we will take the following steps:

(1) Find the set of coframes in the orthonormal Cartan
basis 77, where the metric is diagonal,

Cg = 6,01 @ 1" (36)

Here, these coframes can be considered, without loss
of generality, diagonal as well.

(2) Obtain the Gram’s matrix, identified with the initial
metric, cf. Appendix H:

Gup = 6cq F/ca|t=ti’~7db|t=t,-' (37)

Then, the coframes can be formally rewritten as in
(3), n*; = a(1)(6“; + P;),

g =6.471° @7 =Gy @n°.  (38)

(3) Split the spatial Szekeres metric into the initial
metric (G;;) and its exact deviation (h;;):

9ij = az(t)%j = a2<t)(Gij + hyj). (39)

Here, h;; vanishes at the initial time ¢;.
(4) Solve the equations for the deformation field,

hij = Gp(89:P"; + 8" ;P + PY.PY;),  (40)

resulting from equating the Szekeres and RZA

metric components in the &-coordinates.
Note that Step 1 leads to the coframes in the coordinates &,
where the FLRW line-element takes an unfamiliar form.
However, although the relationship between these and the
Cartesian coordinates is not straightforward, there exists a
spatial transformation taking the line-element from one
coordinate system to another, with the fluid’s 4-velocity
being in both cases a vector normal to the spatial
hypersurfaces.

To obtain the deformation field of the Szekeres model,
let us follow step by step the recipe proposed above.
Equation (36) provides a link between the coframes and the
Szekeres line-element,

il = [(77)]

where “[]” denotes the component of the element with no
summation implied, and the remaining (off-diagonal)
equations are identically satisfied with #/; =0 (j # i).
Then,

in é&-coordinates, (41)

' = Sevdc; i1? = Sevdux; i’ = SGwd¢,  (42)
where S, €%, G and VW were given in Sec. III for each class.

This is the farthest we can go without splitting the
analysis into the classes. The connection with RZA requires
a time-dependent conformal FLRW scale-factor, Eq. (6).
While in class II such a scale factor emerges naturally, in
class I, the conformal metric function depends on both
temporal and spatial coordinates, which notably hinders the
connection between both solutions, but also hints to a
possible generalization of RZA.

V. SZEKERES CLASS II AND RZA

We begin by examining the models of class II, because
their simple mathematical structure allows for a straightfor-
ward connection with RZA. In these spacetimes, the
surfaces {(#,&) = const.} have constant curvature; how-
ever, the plane, spherical or hyperbolic symmetry is lost for
an unrestricted set of the arbitrary functions, leading to the
characteristic absence of killing vectors in the Szekeres
solutions, but pointing to certain quasi-symmetries [8,11].
In what follows, we will denote S = a(r) to make more
explicit its relation to the Friedmannian scale factor. Also,
the time of the initial singularity (“bang time”’) will be set to
zero, 7 = 0.
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For class II, the coframes (42) take the following form:

i' = a(t)erdg; (43a)
i = a(f)e’dx; (43b)
i = a(t)gdé = a(t)(A - F)dé
= a(t)(A - F)de, (43c)
where
A=A-F, F=F-F, (44a)
with  F; = F(1;, ). (44b)

Next, Gram’s matrix is determined by substituting the
previous expressions into (37),

G,, = Diag[e®, e?, ;lz], (45)

with a(z;) = 1.

By comparing the line-elements (6) and (21) and using
(40), we find that the only nontrivial component of £;; is
given by

h33 - _2_21‘%—*—?2 - Gab(5u3pb3 + 5b3Pa3 + Pu3pb3)
= 24P + A*(P3,)2, (46)

which yields:
P, =—-F/A. (47)

Hence, P3; is the only nonvanishing element of the
deformation field in these coordinates. So far, this is just
a convenient ansatz. The connection with RZA not only
involves the decomposition of the spatial metric into a
bilinear quadratic form as in (6), but also the matching
of the temporal evolutions. To address this issue, we first
note that

P=Py=y fo—yfo—(rofs(t)—r_f-(1;). (48)

where we have defined y, = T4,/ A.

In this way, the temporal evolution of the Szekeres
deformation field is entirely contained in the functions
f+(), the growing and decaying solutions of (24). It is
remarkable that this equation differs from Eq. (9) only by a
nonhomogeneous term. However, from the theory of
second-order ODEs, the solution of the nonhomogeneous
equation (9) can be expressed as the sum of the general
solution of the homogeneous equation and a particular
solution of the nonhomogeneous one, f Pr

P=Cfr+C f-+fp (49)

The functions ¢ are constant in time, but can depend on
the spatial coordinates. The choice for f, that matches
RZA initial data is:

fp =W/ (4ne,(1;)). (50)

where W is the trace of the generalized Newtonian peculiar-
acceleration gradient, defined further below in terms of
Szekeres functions.

By a direct comparison of the trace-part evolution of the
deformation fields, Eq. (7) for RZA and (49)—(50) for
Szekeres, we find:

Co=ri==B/A  =—y_=—p_JA (5la)
vif () —y-f-(1;) = W/(4ney(1;));  (51b)
yofe(t) —y-f-(t;) = U (51c)

vif () =y f(t)=W=2H(1)U.  (51d)

The only nontrivial components of the generalized initial
peculiar-velocity and peculiar-acceleration gradients are
U5 and W35, so that U = U?; and W = W3;. These
initial data strictly obey the constraint equations (8), which
are propagated during the temporal evolution since the
Szekeres models are exact solutions.

At last, we are in the position to discuss the reasoning
behind the approach followed in this paper. The GW
formulation of the Szekeres solutions resembles the usual
formalism of cosmological perturbations: the solution splits
into a background and (exact) deviations thereof. Such
deviations obey the well-known equation for the evolution
of the linear modes on an FLRW background. This feature
was and will also be here exploited to establish a formal
relation between RZA and the Szekeres solutions.

The current analysis can be regarded as a reinterpretation
of the Szekeres solutions in terms of the initial metric
perturbations (Gram’s matrix) and a deformation field: the
RZA model variables. Aside from the associated back-
ground evolution, the nontrivial dynamics of Szekeres class
II is contained in the metric function G = A — F, where
F = 0 unequivocally determines the Friedmann limit. This
intuitively justifies why we have only one nontrivial
component of the deformation field. The results obtained
in this section show that RZA contains the whole class II of
Szekeres models as a particular case, and also provide
a reinterpretation of the Szekeres arbitrary functions in
terms of the generalized initial Newtonian peculiar-velocity
and -acceleration gradients.

It is worth noting that no assumption has been made
on the associated background, making the analysis
valid for any background, either curved, EdS, or ACDM.
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Our discussion proves and generalizes the remark made by
Kasai in [6], where he states that the Szekeres solution of
class II with an associated EdS background satisfies “the
linearized constraint equation” of RZA.

A. Example: Einstein-de Sitter background

For an Einstein-de Sitter associated background, the
conformal scale factor and the growing and decaying
solutions of (24) are given by

a(t) = (t/ti)%» fi= (t/ti)%’ fo=@/t)"" (52)

From the Szekeres deformation field we can identify the
arbitrary functions with the initial traces of the generalized
Newtonian peculiar-velocity and peculiar-acceleration gra-
dients,

2

-y, (53a)
3,

2 —

—(ygtz )y -y, (53b)

In Eq. (52), the constant #; remains undetermined as a
residual freedom of the integration of Eq. (24). In particu-
lar, the first integral (30) sets the arbitrary constant ¢,
to 12 =10/9.

B. A note on admissible initial data for class 11

In perturbative settings, where deviations off a preas-
sumed background are imposed, such deviations have
to obey certain integral constraints. In order to make sense
to speak of a background, the deviations thereof have to
average out on some large scale of homogeneity L.

We may begin to look at the following constraint on the
RZA coframe set (3):

/ PaIBX=0; J= V9.
Dy VG

where Dy denotes a spatial domain of averaging corre-
sponding to the homogeneity scale Ly, d*X = /Gd3E, and
Jd3X is the Riemannian volume element.

Applied to the class II of Szekeres models, it turns out
that the integral constraint (54), which is motivated by
perturbations on a flat space, J = 1 (see [56] [Eq. (26¢)]),
is not correct in a Riemannian space. One can con-
vince oneself of this fact by looking at the trace of the
integrand and noticing that it splits into @’ f;, Pd’X and

9X, ;) =G, (54)

@ [, P*d°X. The final expression is a sum of linearly
independent functions that vanishes if only if the defor-
mation field vanishes identically (valid in any coordinate
system).

The search for integral constraints on the initial data
takes us to the backreaction problem, i.e., the property
that deviations average out on the scale Ly is equivalent
to proving that the kinematical backreaction Qp, (see
Appendix D) vanishes, leading to our first lemma.

Lemma 1. Given a compact domain of homogeneity,
Dy, the vanishing of (P/ 3)p,, is a necessary and sufficient
condition for the absence of backreaction on Dy:

P
p, =0 & <;> =0 (forclassI). (55)
S/ oy

Here, we have introduced the spatial average of a scalar-
valued field on a compact domain D, which is defined as
[57]:

(Wyp = L

= YIPX,
VD D

(56a)

with  Vp = / J&X. (56b)
D

Proof. The backreaction source term (on an arbitrary
compact domain D) is given by [57]

0p =2(l)p -2 (1 (579

((8%)p = (©)1) = 2(c%)p. (57b)

W

where 6% = 16’0/, is the rate of shear, and © and ¢; are

the expansion scalar and shear tensor. Substituting their
functional expressions (Eq. (70a) and (70b) further below)
we obtain, cf. Appendix E:
Qp = —6(X)3 <0, (forclass 1), (58)

with = = —(1/3)(P/g). n

This lemma provides us with a workable integral
constraint for a domain of homogeneity, D = Dy:

Lemma 2. The vanishing of the average of P/J on
the homogeneity scale Ly is a necessary and sufficient
condition for the vanishing of P/J on Dy:

P P
<m> =0 o <N> =0 (forclassII). (59)
S/ oy S/ py

Proof. For this class, all relevant functions split into a
temporal and spatial dependence; then, the integral con-
straints (P/3)p, =0 and <P/3>DH =0 can be written
as I,q (t)+1_g_(t)=0 and I,.q.(t)+1_g_(1) =0,
respectively, where /. are constants arising from the spatial
integration. Since ¢, and ¢, are linearly independent
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functions, each constraint requires that /. = 0, which
ensures their simultaneous fulfillment and proves the
lemma. For an alternative and more formal proof based
on the commutation rule, see Appendix E. ]

These integral constraints can be traced back to the
assumption of setting the average values of density and
curvature equal to their FLRW values. We will show that
their subsequent propagation preserves these properties.
We formalize this in the Lemma below, providing a
physical meaning to the vanishing of kinematical back-
reaction for class IL

Lemma 3. The integral constraints (59) are equivalent
to the following conditions:

(i) {e)p, = on(1); (60a)
(i) (R, = 6%. (60b)

This lemma is proved in Appendix F. In the above
equations, ¢,(7) and k, are the Friedmannian quantities
appearing in the equation for the conformal scale factor.

The conservation law for the curvature is a natural result
of the vanishing of kinematical backreaction. Setting the
initial averaged curvature (on Dy) equal to the initial
FLRW constant value, its conservation law follows from
Qp, = 0 and the integrability condition, Eq. (D2d).

There is the freedom to assume corresponding offsets in
the model initial data, but if these offsets are set to zero, the
average values of density and curvature equal the FLRW
values at all times as a result of the conservation laws for
the average density and average curvature. However, if we
adopt the point of view that, at early stages, the Universe
can be considered as a perturbation of an FLRW model,
such offsets will not be justified.

Proposition 1. The integral constraint (54) finds its
generalization to the Szekeres class II geometry in

P
<m> =0 (forclassII). (61)
S/ py

If the deviation functions are integrable, i.e., if they are
exact one-form fields, P* = dF*“, then this integration
results in boundary terms. Such a procedure is commonly
imposed in Newtonian simulations, where the deviation
fields F“ are subject to periodic boundary conditions, i.e.
assuming a spatial 3-torus topology on the scale Ly [58].
Integration is then over the whole boundary-free space
Dy =:Z. Nonvanishing averages in the interior of the
3-torus model are commonly called cosmic variance.

The integrability of our deformation field can be easily
verified, if we take into account that the general expression,

P¢ = Pe,dX’, (62)

can be reduced to

P’ = PP3\/Gydé = ~(F — F,)dé
= —{B (1) = £ (1)
+B(E)(f-(1) = f-(1:)) e, (63)

Hence, the deviations are integrable, P* = dF¢, with
F!'= F?2 =0, and

P =~{r0-1.) [ p.(c0

LU0 -5-w) [ ﬂ_(é)dé}- (64

It is interesting that the same result was found for the RZA
model by employing Hodge—de Rham theory [4], while it
should be noted that the whole solution is not integrable
due to the nonintegrability of the initial metric, allowing for
nonvanishing curvature and curvature evolution.

C. Cosmological lattice model

The fulfillment of Eq. (61) in Proposition 1 can be
ensured by a proper choice of the initial conditions.
Once the integral constraint is satisfied at some initial
time, it propagates throughout the evolution, guaranteeing
the conservation of the total mass, Mp, = (Q)DHa%H, and

the Yamabe functional, Yp, = (R)p, a3, , on a certain

scale of homogeneity L, while matching the correspond-
ing FLRW evolution.

Referring back to the Szekeres variables introduced in
Sec. III, we find that (61) reduces to the vanishing of the
integrals of (&) on Dy.

Lemma 4. In Szekeres class II solutions, the necessary
and sufficient condition for zero backreaction on Dy is
expressed as

/ Bo(E)dE = 0, (65)
Dy

Appendix F provides the proof of Lemmata 3 and 4 at
one go. The conditions (65), (59), (60), and (61) are
equivalent, and they reduce the average model to the
FLRW background on the scale of homogeneity Ly.
Furthermore, the local requirement for the FLRW limit,
B.(E) = 0, finds in (65) its generalization to the Friedmann
limit of the average solution.

Given this integral property, we can build an idealized
but exact lattice model of the Universe by matching
periodic cells infinitely extended in ¢ and x but satisfying
(65) on [, git1)], see Fig. 1. Such cells can be matched
across hypersurfaces I'': & = £()) = const., described by the
comoving coordinates y° = (¢, ¢, x). Denoting the coordi-
nates of our four-dimensional manifold by x* = (¢, ¢, x, &),
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FIG. 1. Cosmological lattice model built from Szekeres class 11
solutions. Spatial cells comoving with a given background model,
and on a scale where the integral constraint is satisfied, can be
matched through & = const. surfaces. Each cell consists of a fully
inhomogeneous region described by the Szekeres class II exact
solution. The FLRW model emerges by construction from the
spatial average of the solution on the homogeneity scale L.

we find the induced metric on IV (first fundamental
form) [59]:

hcd = g;weﬂceyd (On Fi:ff = é(l) = COI’ISt.)
(12 a2
= Diag| -1, , ,
1452 4+52) 1452 45
ox*
with Y, = =&, 66
b oyb b (66)

where b, ¢, d =0, 1,2 and u, v = 0, 1, 2, 3. On the other
hand, the extrinsic curvature (second fundamental form)
identically vanishes on I':

Ko = ngd'ce?y =0, (onD').  (67)

Above, n is the unitary vector normal to I'/,
n, = a(t)Gs’,, (68)

where G, appearing in the coframe set (43c), was defined in
Sec. III.

Hence, both the first and second fundamental forms are
continuous across the matching hypersurfaces (I':: & = E0)
as long as we take the same associated background on the
whole manifold. Strictly speaking, our model comprises a
set of periodic deviations matched along surfaces of
constant comoving coordinates £ of a fixed background
model. Of particular relevance here is that such a back-
ground and the deviations altogether make up an exact
solution of the Einstein equations. Similar models, but in
the context of a generalized Szekeres class II solution with
heat flow, are examined in [60].

The cosmological lattice model introduced here has its
counterpart in the common architecture of Newtonian

simulations. The potential to analyze the large-scale proper-
ties of the Universe is, however, limited due to the
requirement of vanishing backreaction, as in Newtonian
torus-models [58]. However, in contrast to Swiss-cheese
models, there is no need to include FLRW regions to match
the inhomogeneous cells. Instead, the FLRW model
emerges as an average property of the solution. Each cell
is made up of expanding and collapsing regions (under-
going pancake collapse), whose dynamics are described by
the Szekeres exact solution reinterpreted in the language of
RZA (which provides a straightforward connection to
Newtonian models of structure formation).

D. Functional evaluation and correspondence with
Newtonian exact solutions

So far, our study has been restricted to comparing
the line-elements and examining their time evolution.
However, a complete and consistent program should
include an analysis of the functional evaluation, one of
RZA’s most powerful tools, where the Zel’dovich extrapo-
lation idea [61], is extended to all the relevant fields (not
only the density) [41,62].

One interesting feature of these models is the identically
vanishing of the second and third principal scalar invariants
of the deformation matrix, /) and J©®) in Egs. (13)—~(15);
then:

J=a1+JY)=d(1+P), (69a)

= J3=J/ad=1+P, (69b)
which includes only terms up to first-order in the defor-
mation field. This exclusive appearance of the first invari-
ant, known as “exact body of RZA,” is a characteristic of
the anisotropic pancake collapse as a result of the domi-
nance of the first invariant (see [63] [Appendix A] for a
detailed discussion). Note that the second and third
invariants do not vanish for a general RZA model.

Similar results are valid for the other functionals, where
the Szekeres quantities are linear in the deformation field,
P4, while retaining the determinant exact (linear in P%; as
well). In addition to the density ¢ = ¢;J~!, the functionals
of the scalar expansion and shear tensor read:

o
0=3%4+2, (70a)
a J
. L 1.
Particularly, the shear tensor simplifies to
o'; = X x Diag[1, 1,-2], (71a)
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Y=o, (71b)

The expansion tensor can be reconstructed from the
above expression for the expansion scalar (its trace) and the
shear tensor (its antisymmetric trace-free part),

‘ A aaa P
(’:‘)lj:Ulj+§®6l]:Dlag[E,E,E‘I‘g], (72)
which splits into the background and the exact deviation
contributions. As we will see throughout this section, this
feature is not exclusive to the expansion tensor but all the
relevant Szekeres functionals. The determinant and scalar
curvature have the same form, while the trace-free variables
(the trace-free part of the Ricci tensor, the shear and
gravitoelectric part of the Weyl tensor) only contain the
deviation contribution, since they vanish in the background.
However, focusing on the deviation and examining the
peculiar-expansion tensor, we find that it has only one
nontrivial component,

i = Diag[0,0, P/3), (73)

reinforcing our initial picture of a locally one-dimensional
deformation in a homogeneous universe model. Recall that
this is the description seen from the geodesic and irrota-
tional frame coinciding with the eigenframe of the expan-
sion tensor (and, in turn, coplanar with the gravitoelectric
Weyl tensor eigenframe).

While the gravitomagnetic part of the Weyl tensor
vanishes identically, the functional of the gravitoelectric
part is diagonal, and its only nonvanishing scalar reads:

E'; =¥, x Diag[1, 1, -2],

L (a. .
v, 7{23P+P}.
35| a

We remark that this could have been the starting point of
the paper: once we consider an irrotational dust fluid model
with a fluid-flow foliation and a locally one-dimensional
deformation field (as in this case), the above exact func-
tionals invariantly characterize the Szekeres solutions (see
the coordinate-independent definition of these solutions
enunciated in Sec. III).

On the other hand, the Ricci tensor and scalar curvature
are given by

(74a)

(74b)

Ve 3(3kb i B) imj=12
Rij=q24-232p4p), i=j=3 (79
0, otherwise,

and

ke 4 a-. .
R_6—g—;<33P+P>, (76)
as g\ a

from which we can determine the trace-free symmetric part
of the Ricci tensor:

. A D
7j =R =3R8; =T xDiag[l. 1,2, (77a)

1(&. )
—(3-P+P|.
38\ a

All of the above functionals are exact and yield the well-
known Szekeres quantities when the deformation field is
substituted by its expression in terms of the Szekeres
functions, see Appendix H. Note that these functional
expressions are not strictly linear, as could be interpreted
from Kasai’s discussion in [6] since we keep the determi-
nant exact (i.e., we do not linearize expressions of the form
1/3=(1+P)~' %1 — P). This fact is unexpected, since
RZA arises from a perturbative analysis, and gives strong
support to the functional extrapolation of the perturbed
coframes, defined for all variables in [1].

The vanishing of the second and third invariants implies
a local one-dimensional kinematical motion without three-
dimensional symmetry. With this property, the Szekeres
class II solutions are the relativistic analog of the three-
dimensional class of Newtonian solutions examined in
[41]. Both solutions correspond to a class of locally one-
dimensional flow models and lead to the same nonlinear
evolution of dust structures, governed by the following
equation for the density contrast § = (¢ —¢p)/0p;—1 <
0 < oo:

T

(77b)

.. . 2 .
5 + 2H5 —_ 4ﬂ'Qb(S - 1—_'_562 —_ 4ﬂ'Qb52 = 0, (78)

which acquires a Lagrangian linear form for the variable
A=(0—0,)/0=6/(1+08); —c0o < A <1 [64,65]:

A +2HA — 470,A = 0. (79)

For Szekeres models, the previous equation is obtained
from the Raychaudhuri equation, after using the corre-
sponding (exact) functional evaluations [33,39], see [41]
for details on the Newtonian solution.

The preceding discussion can be summarized in the
following theorem.

Theorem 1. The class II of the Szekeres solutions
forms the general-relativistic analog of the locally one-
dimensional Newtonian solutions of [41], that are kine-
matically characterized by the vanishing of the second and
third principal scalar invariants of the peculiar-expansion
tensor at a FLRW background.

Remark. The Newtonian class of three-dimensional
solutions without symmetries is restricted to initial data
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that are composed of sets of potential two-surfaces with
vanishing Gaussian curvature, see [41,42]. In applications
it is difficult to find initial data that have no initial
singularities beyond the trivial case of plane symmetry
that corresponds to cylinders as special cases of surfaces
with vanishing Gaussian curvature. In view of this it is
evident that the use of this form of the solutions for generic
initial data finds its natural realization in the RZA approxi-
mation, where still the first principal scalar invariant of the
expansion tensor is dominating, but the higher invariants
are nonvanishing. We also note that this restriction does
not apply to Szekeres class I solutions, where several
applications of realistic initial data are possible [15—
21,23,26-28,31-38].

VI. SZEKERES CLASS I AND RZA

Turning now to the class I models, we may point out that,
unlike class II, this class does not admit a decomposition in
terms of separable functions, a necessary condition to
express the Szekeres models in the language of RZA.
The presence of a general scale factor, S(z,&), and the
nonseparability of the solutions into space and time
functions break with the spirit of RZA. While the nine
coframe functions can still be considered as the only
dynamical field variables, their interpretation as a defor-
mation of a global background fails. We consider this fact
as a constructive hint on how the relativistic Lagrangian
perturbation scheme would have to be extended. This
extension points to the consideration of average properties
in order to define a “background” that interacts with the
inhomogeneities, i.e., that will include backreaction.

Despite these observations, we will stick to the math-
ematical structure explained in Sec. II and reinterpret the
field P¢; as a local generalization of the RZA deformation
field in what follows.

For this aim, let us consider a formal coframe decom-
position of the class I line-element. With the proviso of the
spatial dependence of S and f, the coframes (42) can be
written in a similar form to those of class II:

ii' = Sevdg; (80a)
i’ = Sevdx; (80Db)

i’ = SGWAE = S(A — F)Wd¢
= S(A - F)wde, (80c)

where, as for class I, A= A — F,; and F = F — F; with
Fi = F(t;, &) and Gram’s matrix is obtained from (37), but
here it is understood to relate to the initial metric by

Si(§)Gap (&) = g,;(1:, ),

G, = Diag[e®, e2, AW?]. (81)

For this class, it is not in general possible to set the initial
scale factor to unity (as for class II), but instead, S(t;, &) is a
generic function of &, S;(&). Next, Eq. (40) leads to the
expression of the only nonvanishing component of the
“generalized” deformation field,

P33 - _ﬁ/.;l, (82)

which is formally equivalent to its homolog of class II.

So far, this approach is only an ansatz that resembles
RZA. To analyze its physical content, we can take
advantage of the silent property of Szekeres models, under
which each world line evolves independently of the others
and is characterized by local quantities.6 Then, for any
arbitrary world line (labeled by the comoving coordinates
£), the conformal scale factor,

S(I) = S([7 §)|§:const.’ (83)

satisfies the Friedmann equation of an associated “local
background” with initial density,

4”Qh(ti) = 3M(§)|§:const.’ (84)
and k(. Consequently, the functions
fj:(t) Ef:l:(t’ §)|§:consl.v (85)

can be identified as the growing and decaying modes of
structures on this “local background.” Remarkably, the
local quantities characterizing the world lines (density,
scalar expansion, shear and spatial parts of the Weyl
curvature) can be obtained from their respective functionals
of RZA.

This result gives rise to a corollary of Theorem 1 for the
class I solutions.

Corollary 1. The dynamics of the Szekeres class I
solutions corresponds to a constraint superposition of
nonintersecting world lines, each one being solution of
the “exact body” (i.e., Szekeres class II) of RZA, but with
different “local backgrounds”. Consequently, all relevant
quantities have the same local functional expressions as in
class II.

By “constraint superposition” we mean that this super-
position has to be globally consistent with FEinstein’s
equations: the energy and momentum constraints have to
be satisfied at some initial hypersurface and propagated in
time. In this sense, all silent solutions are nonlocal. Locally,
these solutions are generated from the free function p(&)
which, for each fixed value of &, sets an associated “local
background” with its own local parameters, as well as the
“local growing and decaying modes.” A priori, there is no
global background, but we may construct one through a
suitable averaging operation.

®The silent property has been exploited to perform cosmo-
logical simulations beyond the Szekeres models [66—68].
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Finally, let us notice that for this class the growth of
structure is suppressed when a flat associated “local
background” is assumed, see Eq. (26f). We can avoid this
shortcoming by considering k, # 0, which would not
necessarily be in contradiction with a flat global back-
ground. To understand this, we may see the GW formu-
lation as a reparametrization of the original Szekeres
solution, where (in class I) the parameter &, arises from
a rescaling of an arbitrary function k(&): k(&) = kod*(&);
see Appendix A. Since Szekeres models admit regions with
positive and negative k(&) matched by others with
k(&) = 0, this property remains valid (although somewhat
hidden) in the GW parametrization.

A. Functional evaluation

The discussion and formulas presented in Sec. V C apply
equally to class I, with the proviso that the results are only
valid for each fluid-element world line. As was discussed
above, these models can be reinterpreted as a superposition
of local solutions of RZA with space-dependent or asso-
ciated “local backgrounds.”

Remark. In class I, all relevant fields have locally the
same functional expressions as in class II.

The functional evaluation is carried out as in class II: it is
only necessary to replace the global scale factor a(r) by the
space-dependent scale factor S(z,&) in (69)—(77). Here as
well, all functionals are exact and yield the well-known
Szekeres quantities when the deformation field is substi-
tuted by its expression in terms of the Szekeres metric
functions, see Appendix H.

Notably, for this class, the density contrast satisfies an
equation equivalent to (78), but in terms of averaged
quantities [33,39,69], indicating again that averaging could
play a key role in evaluating these models.

B. A note on admissible initial data for class I

As we have seen, in contrast to class II, the class I
dynamics cannot be expressed in terms of a deformation
field with respect to a global background. The nontrivial
spatial dependence of the conformal scale factor introduces
another degree of freedom, spoiling the basic architecture
of Lagrangian perturbations.

To gain a better insight into this issue, let us examine the
backreaction term and try to impose integral constraints on
the deformation field (as we did for the class II). Using the
kinematical functionals for the class I (which have the same
mathematical structure as their equivalents of class II), we
obtain for the backreaction functional:

o= (),

+ 2<§>D<Z>D = 2<§2>D. (86)

In analogy to class II, a natural choice for an integral
constraint could be, (X)p, = (P/3 )p, = 0, removing only
two backreaction terms in (86) on the homogeneity scale
L. But, this constraint does imply the vanishing of neither
(P/3)p, =0, (P/J)p, =0 nor (P/J)DH = 0. However,
by inspecting the commutation rule, we can convince
ourselves that none of these conditions leads to the
vanishing of the remaining terms in Qp, .

All this suggests that we have to follow a more general
approach for class I, where constraints are imposed on the
entangled set of independent functions. An illustrative
example comes from the parabolic LTB model (a subclass
of the Szekeres class I solutions) averaged on a spherical
domain B, for which Q;z = 0, but neither (X)z = 0 nor the
independent terms in (86) trivially cancel, see Appendix I.

VII. CONCLUDING REMARKS

We have thoroughly investigated the connection of the
Szekeres exact solutions with relativistic Lagrangian per-
turbation theory in terms of its first-order member RZA.
For the analysis, we restricted the RZA models to those
with an irrotational dust source and a fluid-orthogonal
foliation of the spacetime, necessary conditions to be
compatible with the standard formulations of the
Szekeres irrotational dust solutions. In particular, we
employed a formulation of these solutions due to Goode
and Wainwright, where the metric is written in terms of an
associated background and exact deviations thereof.

Within this framework, we found that the class II
solution is exactly contained in RZA as a particular case
known as “exact body,” where the second and third
principal scalar invariants of the deformation matrix iden-
tically vanish, and the dynamics is characterized by the
exclusive appearance of the first invariant. A similar result
holds for the peculiar-expansion tensor. Remarkably, this
class constitutes the general-relativistic analog of the
locally one-dimensional Newtonian solutions introduced
in [41], which are likewise characterized by the vanishing
of the second and third principal scalar invariants of the
peculiar-expansion tensor.

All Szekeres relevant fields are reproduced by the exact
body functionals of RZA. This reinforces our initial
assertion that the RZA functional evaluation, an extension
of the Zel’dovich extrapolation idea to any dynamical
quantity, is more than a mere perturbative evaluation.
The nonlinearities encoded in the functional definitions
allow to cover exact nonlinear Szekeres solutions.

For class TI, the integral constraint (P/3)p, =0 is a
necessary and sufficient condition for the vanishing of
kinematical backreaction on a domain of homogeneity Dy,
providing sense to a physical background solution and
exact fluctuations. This constraint can be traced back to the
conservation laws for the FLRW density and curvature,
which are also properties of the inhomogeneous class II
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model on Dy. The presence of the backreaction term (58),
is thus, for this class, a consequence of an offset in the
model initial data, which in the context of the early
Universe requires fine-tuning of initial conditions. It turns
out that spatial cells satisfying the integral constraint can be
smoothly matched across surfaces of constant comoving
coordinates. Proceeding along these lines, we obtained a
cosmological lattice model that mimics the Newtonian
periodicity conditions, where the average of periodic
(exact) fluctuations cancels at a certain scale of inhomo-
geneity (Ly), giving place to an isotropic and homo-
geneous background solution.

These assertions are not valid for class I, which has a
more complex mathematical structure. Despite this more
general property, the global solution can be thought of as a
superposition of world lines, where each one obeys the
RZA model equations. For a clear understanding of this
interpretation, it is essential to bear in mind that Szekeres
models belong to the family of silent solutions of general
relativity, where the evolution of each world line is local.
Since fluid lines are decoupled from each other, one may
look at the solution as a set of independent world lines,
which globally satisfy the Einstein equations’ constraints.
In this sense, we have paraphrased the ‘silence property’ in
the language of RZA. Consequently, all relevant fields
have the same functional expressions as in class II, their
evaluation is strictly local, and it is carried out along each
world line.

We highlighted in several places that spatial averaging
may provide the key to construct an effective background
and deviations thereof also for class I. Such a “background”
is then expected to interact with the local structure
formation along the lines of the investigation in [65]. If
successful, such a construction would also provide clues on
how to generalize the Lagrangian perturbation solutions
with the aim to also include Szekeres class I solutions as
well as their exact averages.

Finally, let us summarize in a theorem the most relevant
result of the article.

Theorem 2. For a suitable set of initial conditions, the
exact body subcase of RZA corresponds to the Szekeres
class II exact solution of the Einstein equations.

The proof of the theorem is implicit throughout Sec. V,
and by suitable initial conditions we mean the initial values
of Szekeres functionals. This result goes further than a
simple reformulation of the Szekeres class II solution in the
RZA language, where the nontrivial evolution is repre-
sented by a single dynamical variable, i.e., the deformation
field. It strengthens RZA, as formulated in [1-5], as
the correct generalization of the Newtonian Zel’dovich
Approximation to relativistic cosmology.

Possible implications point to two main directions. First,
RZA provides a consistent framework to generalize the
Szekeres class II exact solution to more general cosmol-
ogies, namely the inclusion of a nontrivial Weyl magnetic

part [4] and to more general fluids [S]. On the other hand,
the known exact generalizations of the Szekeres solution
can provide clues on the extension of RZA to more general
scenarios containing heat-flow [60,70-72], viscosity
[73,74], and electromagnetic fields [75,76] (see [11] for
a summary of the generalizations of Szekeres solutions).

Second, the structure of Szekeres class I solutions, as
elucidated in Corollary 1, paves the way of a possible
strategy to arrive at a more general form of a Lagrangian
structure formation theory. We have demonstrated that the
tools developed for the spatially averaged RZA in [2] can
be directly employed to perform an averaging operation of
a structure formation model corresponding to Szekeres
class I solutions, where the “local background” has to be
included into the averaging process. It is to be expected
that such a model includes backreaction that in turn leads
to an interaction between structure and the evolving
average model. Through a construction via the structure
of Szekeres class I solutions, such a model and its
correspondent approximation would contain nontrivial
exact solutions. e.g., the averaged LTB model with
curvature.
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APPENDIX A: RELATION BETWEEN SZAFRON
AND GOODE-WAINWRIGHT
PARAMETRIZATIONS

This appendix shows the relation between the GW and
Szekeres-Szafron parametrizations with kp(z) = —A. Our
presentation generalizes the one followed by Krasifiski
([Sect. 2.5] [11]) and Plebanski and Krasinski ([Sect. 19.8]
[12]), whose modifications account for the inclusion of the
cosmological constant. This fills a gap in the literature,
enhancing the GW formulation of class I to include A # 0.
For Class II, such a generalization is due to Meures and
Bruni [40].

The plan is to reproduce the steps in [11,12] to relate the
arbitrary functions of one parametrization to the arbitrary
functions of the other, and then confirm that the scale factor
e” in Eq. (20) can be written as
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e* =WSG=WS(A-F). (A1)
But, instead of showing by direct substitution that the
parametric expressions for F, valid only for A = 0, satisfy
(24), we will verify that F, as defined in (Al), can be
expressed as a linear combination of the growing and
decaying modes on a general background [77]:

. P . , _
N { (8/8) [§S dS, growingmode: f., (A2)

(8/8), decaying mode f_.

In our case, S denotes the scale factor of the “associated
background,” interpreted as “local” when the spatial
dependence of class I is considered (the terms “associated”
and “local backgrounds” were introduced in the main text,
see Sec. VI). Hence, f. are the growing and decaying
solutions of

a S, 3
Jragi-Gr=0. (A3)

where S obeys Eq. (22).
1. The f ¢ # 0 subfamily

In the Szekeres-Szafron parametrization, the line-
element reads [11,12]:

ds? = —dr* + e**d&? + e? (dg® + dx?);  (Ada)

ef = ®(1.£)e"); (A4b)

et = h(E)P(1, )P s =h(&)(Ps+Pbe);  (Ade)
e =Vo(8)(¢® + %) + 2V1 (&g

+2V,(&)x + V5(&), (A4d)

where @ satisfies a Friedmann-like differential equation,

® @’ k()
26+@—A+?—0, (A5)
and the following relation holds:
4(VoVs = Vi =V3) = [1/h(£)* + k(§)].  (A6)

For this class, k, Vg, V;, V,, and V5 are arbitrary functions
of £ to be specified in the initial data.

a. Case k #0

To obtain the Szekeres solutions in the GW parametri-
zation, we normalize k(&) by introducing an auxiliary
function, ¢ (&),

k(@) =kot*(Q) = =K'

so that ky = +1. Next, the scale function § is defined as

(A7)
P = ¢S. (A8)

Substituting (A7) and (AS8) into (A5), we obtain a second-
order differential equation for S:

28/S+8%/82 — A +ky/S* =0, (A9)
which can be integrated to yield Eq. (22):
. 2u A
S =—kg+ L+ 28 A10
ot S + 3 (A10)

In this equation, u(&) is an integration constant, which in
the main text was identified as the initial energy density of
the associated local background, 47g,(t;) = 3u(&) along
the world line labeled by & = const.
Next, we introduce another auxiliary function, { (&),
defined by
s =[1/0° +kog?] =4(VoVs = Vi = V3),  (All)

with € = 0, £1. Then,

otherwise.

[ { /(&) + k(@)|'2,if 1/h*() + k(£) #0,
t ¢ # 0and arbitrary,
(A12)

The functions ¢;, f and W arise from the reparametriza-
tions

(co.c1.¢a, 03, f) = Vo Vi, Vo, V3. ) ST

From (A13) and (A1l), it is evident that Eq. (26d) in the
text holds:

(A13)

coc3 — €1 —c3 =¢/4. (A14)

The metric function e~?, in (A4), takes the following form
in the new variables:

e = leo(e® +32) + 2¢16 + 200 + 3]

- ? [co(c? + %*) + 2¢1¢ + 2¢ax + ¢35
= e, (A15)
where we have defined [as in Eq. (26c)],
e’ = fleo(¢? + %) +2ci16+ 20 + 371 (A16)

Next, the function WV is defined as
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W = .. (A17)

To obtain its final form, Eq. (26e), note that the first
equality in Eq. (A11) implies that

= (&7 — kogp?)™! (A1B)
then,
22 1 1
WZ = h2 % — s — — .
STkl k@G ekl
(A19)

Using (A8) and (A15), we express the metric function e in
(A4b) in terms of the GW variables,

ef = ®e? = (pS)(p~'e’) = €*S. (A20)

On the other hand, we need (A13) (= f = ¢&;') and
(A17) to find e* in the GW parametrization:

e =h(®;+ @) = hp(Ss+ Svz)
= <Z_"&> (ﬁ(s,g + Sl/’.f) = W(?) (S,f + Sl/’g)
=WF(S;+ Svz) = SW <f% + f%:)
= SWG. (A21)

In the last term of the above equation we have defined the
metric function G,

g f + fl/ £ (AZZ)

which splits into a time-independent and a time-dependent
part. Let us focus on the time-dependent part: S:/S; f(&)
will be considered at the end.

First, we note that (A10) has a formal integral of the

form,
/ -
0 (

where 7 (£) is the time of the initial singularity, and

. 2 A\ 12
S= |-k —&? .
(ko + % +55)

dS 3
ko +%+48%)'

t—=T(&),

(A23)

(A24)

To find an equation for S, let us differentiate (A23) and
use (A24) to rewrite some terms conveniently,

s ~
S 0 §(8)

After some algebra and using the Friedmann-like equation

for S multiple times, the integral in the equation above
results in

This expression allows rewriting (A25) as follows:

S sda8  (8\
Yo-reiile [f2A(5) e
S 3u 0 (8)? S

hence, we obtain:

ﬁ_ He

s- " @*k ey <§/S<§)+w

where the terms in parentheses are the growing and
decaying solutions of (A3) [and (24)]. Then, in (A22), G
is given by

(A28)

g f ‘l‘ fIJ§
k
- ( %)Jﬁ ~(fT 2)f-

ESSATAR)

P
+f3/,t +fl/’é

() v o). (A29)
which can be rewritten as
g= (f’/,g - k0ﬂ+) - <ﬂ+f+ + ﬁ—f—)- (A30)
Above, we have introduced the functions
po=- kg’:f Bo=fTe  (A3D)

The first term of Eq. (A30) corresponds to the time-
independent part of G in (A22),
A= frg—

kop ... (A32)

proving the first equation in (26e), while the second term of
Eq. (A30) is the time-dependent part of G and satisfies (24)
[and (A3)] for any local background,

F=pifs+P-S- (A33)
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Some comments are in order. The solutions of Eq. (24) (or
(A3) are undetermined by a multiplicative function that is
constant in time (a function of £ in our case). Goode and
Wainwright took advantage of this freedom to simplify the
parametric solutions, and chose that constant to be propor-
tional to y. Consequently, they defined the f_ function as
p- = fT :/(6u). We have omitted the denominator since
we are not interested in analyzing the parametric solution,
and its presence is not necessary. The physics of these
equations is contained in the whole term A(€) — F (1, &).

b. Case k=0
Things are much simpler when k(&) = 0. First, in this

case we cannot use Eq. (A7) to define ¢ or f. Thus, we take

d=ul (A34)

From (AS8),

O =438, (A35)
we find that S satisfies (22) with k=0 and p=1.
Consequently, for k =0 we can take y = const. in the
Friedmann-like equations, and then use the arbitrary
function ¢ to set the parametrization. Proceeding along
these lines, the rest of the equations remains the same as in
the previous paragraph. We only would like to highlight
that, as defined in (A22), the solutions of F only contain
the contribution of A_, so that we can assume f, = 0. Note
that our definitions of 4. in the previous class, Eq. (A31),
are compatible with the results for ky = 0. Hence, the
parametrization (A31) is valid for the whole class 1.

Let us illustrate this point with some equations. To write
out Eq. (A22), we need to differentiate (A23); for
u = const., Eq. (A25) reduces to

S:/S=-T,. (A36)

And, from the definition of G, Eq. (A22), we have

S .
G= fg*f + fre=—fT (S/S) + fu,

=fre—p-f-. (A37)
Hence, for ky = 0, we have
A=frg F=p_f Po=fTg pr=0.
(A38)
2. The f ;=0 subfamily
The solution for this family is given by [11,12]:
ds? = —dr* + €2*d&* + ¥ (dg? + di?); (A39a)

el = @(1)e; (A39Db)

e* = ®(t)o(g, %, &) + AL, €); (A39c¢)
c=é" BU(S)(gz +2) + V1 (€)¢

+V(E)x + 22(5)] ; (A39d)

e =1+ %k(gz +x3). (A39e)

In the above equations, k is a constant, and @ and 4
satisfy the following equations:

20P + d* — AD? + k = 0; (A40a)
AD 4+ AD + 1D — AAD =U +kZ,  (A40b)
which admit integrals of the form,
. 2u 1
D’ = —k + = + - AD?; A4l
ktg T7A0% (Adla)
.. /1/4 A 5
DD 4= I = U+ k2)D+ X(£), (Adlb)

where y is a constant. Equation (A41b) can be solved by
quadrature as follows:

A= é(/%d@ + y(g)). (A42)

Here, ® denotes the square root of the right-hand side
of (Adla).

Finally, note that when k # 0, it can be set to +1 by
rescaling the coordinates and the arbitrary functions.
Below, we will replace k by k.

a. Case k=ky==+1
For class II models with &, # 0, it is always possible to
drop the right-hand side term of (A40b) by redefining 4, U/,
and Z, which will be assumed throughout this section,

U+ koZ = 0. (A43)

In the GW formulation the metric functions are reparame-
trized as follows:

@ = S(1); el = Se¥; (Ad4a)
U= —kogco/2: 2 =co/2; (A44b)
Vi=ci Vy =, (Ad4c)
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which implies

: w1
&= —kg+E 4 SAS, (A45)

S

and

k
c=¢e" [(30(1 —Zo(gz —1—}{2)) +cic+ sz]. (A46)

To reparametrize the remaining metric coefficient, let us
proceed as in the previous class,

6“280'4—/1:5(&—1-0')58@ (A47)

S

Considering the formal solution for 4, Eq. (A42), under the
assumption (A43):

i8S s d8
§:§<XA 3§3+y>

S(x s d8 S\ 7!
_3{3/4 {kol (3‘)3+<§> ]er}

L))
n O3,u S Jo (3)3 S 3u

X X
= ko — -+ —.
03ﬂf++yf "‘3”

(A43)

Above, we used (A26) to rewrite the integral in the third
line, and (A2) to substitute the growing and decaying
modes by f.

As for class I, we split G=.A—F into its time-
dependent (F) and time-independent (A) parts,

Q=§+0

ceon()- (o)

= (o —koBy) = (Bof+ +B-_f-). (A49)

In the last line we can identify A = o — kyf,, which
coincides with the first equation in (27d), and
F=p.f,+p_f_, solution of (24). Since X(£) and
V(&) are arbitrary functions of & f, =—koX/(3u)
and f_ = —) are arbitrary as well. In contrast to class I,
f. and f_ are only time-dependent functions (u is constant
for this class).

b. Case k=ky,=0
When ky =0, ¢ =1, ® = S(¢), ¢/ =S, and

e = S(g + a) = SG, (A50)

the term 1/S can be rewritten in the following form:
A S{[SUS+X .
—== ——dS
G < /0 5 4S5+ y(é))

_“@f@ +y<cf)<§> +%

X

(A51)

Defining . = —U and _ = —)), we can verify that G =
A-F with F=p.f,. +p_f_ and A=0+ X/(3p).
The final form of A, Eq. (27d), follows from the para-
metrizations V| = ¢, Vo, = co and X'/ (3u) + 22 = ¢p. As
in the previous case, the functions f, and f_ (and c)
inherit the arbitrariness from X and )/, and F is a solution
of (24) with f, = f. (7).

APPENDIX B: PARAMETRIC SOLUTIONS
FOR THE A =0 CASE

For completeness, we show the parametric solutions
found by Goode and Wainwright in [49], considering
A =0. As we mentioned in Sec. IIl A and discussed in
Appendix A, our definition of f_ differs from the one
introduced in [50]. The GW solution (valid for both classes)
is given by [11,12,49]:

dh(t
s=u®D T =), (B
T
with
T—sint, ko=+I1,
h(z) =< sinht—17, ko= -1, (B1b)
T3/6, k() =0.

For A = 0, the solutions of (24) can be cast into the form:

(6p/S)[1 = (z/2)cot(z/2)] = 1, ko= +1,
fo= 4 /)1 = (2/2) coth(e/2)] + 1, ko =1,
72/10, ko =0,
(B2a)

023513-19



ISMAEL DELGADO GASPAR and THOMAS BUCHERT

PHYS. REV. D 103, 023513 (2021)

and
(6u/S)cot(z/2), ko= +1,
f- =< (6u/S)coth(z/2), ky=-1, (B2b)
24/7, ko = 0.

APPENDIX C: FLRW LIMIT AND CARTESIAN
COORDINATES

When p, = p_ =0, the FLRW limit emerges in the
“Goode and Wainwright representation of the FLRW
models” [11,12,49].

For class II:

ds? = —dr® + a()?[A2dE + e*(d + di?));
1 -1
el = |:1 +Zk0(g2 +}{2):| 5

A= ev{co(g) [1 - %ko(gz + 12)]

+ (et el ©
Above, we have substituted the scale factor S(f) by the
FLRW function a(t). Since (22) is nothing more than the

Friedmann equation, its solution is the FLRW scale factor.
The choice ¢y = ¢, =0 and ¢; =1 yields [11,12]:

(1)
[+ 1ko(s +2))?

ds? = —di* + (SdE + de* + di?).
(C2)

The transformation

c=r=1/x*+y, x =z, fzqozarctan(%),
(C3)

takes (C2) to Cartesian coordinates:

(1)

ds? = —df> +
[T+ Lko(x? +y* + 22))?

(dx? + dy? + dz?).
(C4)

For class I:
ds® = —d* + a> V2 f2%dE + e*(dg® + di?)]. (C5)
Setting ¢; =c¢, =0, ¢3=4cy =1, and identifying

f = ¢&=r, the O(3) orbits of the FLRW class correspond
to spheres of the Szekeres spacetime [11,12]:

ds? = —d? + a? { dr? + e*(d¢* + d}fz)] . (Co)

1 —k0r2

where ¢’ = m. (C7)

The FLRW line-element in spherical coordinates,

dr?
1 - k0r2

ds? = —d? + a*(1) [ + r*(d9* + sin219d(p2)] :
(C8)

is obtained from the transformation

3 3
¢ =2cot <§) cos @, x =2cot <§) sing.  (C9)

Then, the metric in Cartesian coordinates, Eq. (C4), is
recovered after identifying

7z = Fcosd,

(C10)

with ?:(l—w/l—korz)/(korﬂ). (C11)

The successive change of variables (C9)—(C10) can be
summarized in one transformation:

x = Fsind cos ¢, y = 7sindsin ¢,

XYtz Xtz X
¢ =2x"—F—, x=2y=——, S=—71—>
Xy )(xy 1+Zk0)(

(C12)

where we have used y and y,, as shorthands for

VX2 +y? 4722 and /X2 + %

APPENDIX D: SPATIALLY AVERAGED
EQUATIONS

The kinematic expansion and acceleration laws of an
FLRW spacetime find their generalization in a general,
neither homogeneous nor isotropic, spacetime through
exact volume-expansion and volume-acceleration laws
[44,57].

Defining the volume scale factor as

ap = (VD/VD,-)%; Vp, = Vp(t;). (D1)
the spatially volume-averaged energy constraint,
Raychaudhuri’s equation, and mass conservation form a
set of exact balance equations that include averaged
curvature invariants as backreaction terms:
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ip\ 2 1 1
3(22) = A+ 8n(e)o - 5 (PR)p -3 0 (D

390 = A - 4n(o)p + Opy (D2b)
ap

) ap
(0)p = -3—(0o)p; (D2c)

dap

1 1 ,
6 <QDG6D>D + > <<3)R02D>D = 0, (DZd)
ap ap

where the last equation (D2d) is redundant in this set; it
follows from the time-derivative of (D2b) to yield (D2a).

The rate of change of the volume scale factor, ap/ap,
represents the volume Hubble expansion rate, Hp, and Op
is the kinematical backreaction term. Op is expressed
through invariants of the expansion tensor (defined as
minus the extrinsic curvature of the spatial hypersurfaces),
Eq. (57a). In the absence of vorticity (our case), it reduces
to Eq. (57b). The implementation of this formalism in the
LTB subcase of the Szekeres class I solutions was recently
examined in [78].

We have checked that the equations (D2) become
identities for the exact functionals of the Szekeres
solutions.

APPENDIX E: PROOF OF LEMMA 2

To proof Lemma 2 in Sec. VA, we introduce the rule of
noncommutativity (or merely the commutation rule) for the
spatial averaging of a scalar field [57],

<‘P>°D - <qj>D = <®T>D - <®>D<T>D’

where © is the expansion scalar, Eq. (70a).
Let us consider the commutation rule for ¥ = P/J

under the assumption (P/ 3)v, =0,
Gl (G))
3/ v, SYNE
P
~(03) -e)n,(
S/ oy

Writing out each term separately,

(E1)

>DH. (E2)

Cel ™

(&), =)

and substituting into (E2), we obtain:

P\’ P
<:> =0 = <;> = const. (E4)
S Dy d Dy

Since the deformation field is initially null, the constant in
the above equation is equal to zero. Hence, we have already
proven the first part of the lemma:

<§> —0 = <§> 0
) Dy d Dy

To proof the second part, let us assume that (P/J)p =
and examine the commutation rule again. The first and last
terms of Eq. (E2) are identically zero: the averaged quantity
(P/3)p, can be considered a (constant) function of time,
q(t) =0, so that ¢(¢) = 0. Then:

(ES)

P\ P P
(G5, = @,
3} Dy S/ py S/ py
which proves the second part of the lemma:
P P
S Dy d Dy

Collecting all results together, we obtain the statement of

Lemma 2:
P P
B+ (e
S/ py S/ oy

APPENDIX F: PROOF OF LEMMATA 3 AND 4

(E8)

In this section, we will first prove Lemma 4 and then
Lemma 3, altering the order of their presentation in the
main text. Let us start by considering the integral constraint
(61), which implies

)l
:‘K{L -
_ _V“;{ M ez’“dgdx} MJ (}“—}"i)dé] } (F1)

where we have used (45), (54), (47), d*X = v/Gd’€, and ¢*
was defined in (27¢). Since a, Vp, , and the first integral in
the last line between square brackets are strictly positive,
the equality holds, if and only if the second integral
vanishes for all #, which can be rewritten as follows:
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0=q.(1) A B (8)dE+q_(1) A p-(§dé.  (F2)

In the above equation, we introduced ¢.(7) = f.(7)—
f+(#;); since they are linearly independent functions, the
integral constraint holds for all ¢, if and only if the
conditions (65) are satisfied. This proves Lemma 4.
Turning now to the first part of Lemma 3, and keeping in
mind that the density, Eq. (29), can be split into the
background term and an exact deviation, we have:

o(18) = Qbm(l +§) — ()1 +5(1.8).  (F3)

Taking the average, we find that (¢)p, = 0, (), if and only
if (6)p, = (F/G)p, = 0, which gives

0= (d)p, = Vo /.7-"62”61g

el el

As before, the equality above holds, if and only if
fDH Fdé = 0. Then, writing out this equation, we get an
expression similar to (F2), indicating that (65) is a
necessary and sufficient condition for the fulfillment
of Eq. (60a).

The second part of the lemma is proved by proceeding
along the same lines: considering the curvature functional
(76), it splits into the FLRW term and an exact deviation,

given by —2[34P + Bl = 4[5, (1 + ko) + kopf_)/
(A= F)], see Eq. (H11) further below. Then, (R)p =
6ky/a?, if and only if the average of the curvature deviation
vanishes. Once again this leads to (65) as the necessary and
sufficient condition for Eq. (60b).

APPENDIX G: COMMUTATION RULES
FOR CLASS I

The spatial dependence of the conformal scale factor
makes the commutation rules quite different for class L.
Since, in this case, we cannot take the scale factor out of the
integral, P/J is not trivially related to P/ . To illustrate this
point, let us examine their commutation rules and some
particular cases.

1. Commutation rule for ¥=P/J
Taking ¥ = P/J in (E1) we obtain:

@O =55)0), @

From this expression, we highlight the following cases:

() If (P/J)p =0, then:

(P/])p =

(i) If (P/J)p = 0, then:

2. Commutation rule for ¥=P/J
Applying the commutation rule to ¥ = P/ we obtain:

B,
GBI,

Similarly to the previous case, we consider the vanishing of
(P/3)p and (P/3)p:

() If (5),, =0, then:
P Sp
=) =-3(22) . G5
(5= (s3)y
(i) If (§) =0, then:
P\" Sp S\ /P
= 3 -3(Z) () . (G6
<3>D <Sd> <S>D<3>D (G6)

At first glance, none of these cases provides a useful
relation that would render Qp = 0 in Eq. (86).

APPENDIX H: FUNCTIONAL
EVALUATION IN RZA

This appendix complements Sec. V C with some for-
mulas and results that, for better readability of the main
text, were not included there. Although we will mainly
focus on class II, all the results here apply to class 1.

First, we provide the form of the equations (19) spe-
cialized to our coframe set, needed to obtain the curvature
functionals,

J=a*(1+P); (Hla)
€apc€™ i i1 1, = 2aa[3(1 + P)a + 2aP);  (H1b)
pe€® it i, = 2a*2a P +3(1 + P)i + aP);  (Hlc)
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2a[2(1 + P)&® + aaP + a(1 + P)dl,

eabceikl(’;/ajnbkrlcl). =
0,

2a%4(1 + P),

iklsza ,b .
eahcel 77“]77 krlcl -

0’

In what follows, we will prove that all the functionals
provided in the main text, reduce to the Szekeres quantities
when we substitute the expression for the deformation field
in terms of the Szekeres functions.

Let us start by writing out the functionals for the

peculiar-determinant and P/ 3,

~ - _}'—]-',-_A—J”-"_
J=1+P=1 A-F —A-F (H2)
E_(_ F )(Af)_w
3 \A-F)\A-F) g ‘
(H3)

Then, our functionals reproduce the correct results for the
energy density,

o(t;) o5(ti) F
47TQ = 471'? =4 ba3 (1 + g> y (H4)

the expansion scalar and the shear tensor (see (2.19)—(2.20)
in [49]),

a P a B f+pf-
® 3a+g 3a A_f ; ( Sa)
2011 = 20'22 = —633 =2¥ = _gi

2P, f1 +B-f-

3 A-F (H5D)

In equation (H4) above, 3u = 4mo,(1;) and o(t;) =
on(t:)(1 + Fi/G).
The only nontrivial Weyl scalar, ¥,, is rewritten as

I Y A G V2o R
‘P2_33{2aP+P}— a3{ G } (H6)

where we have used equation (24) to get (H6). The final
gravitoelectric part of the Weyl tensor reads (which is the
same as Eq. (2.21) in [49]):

i=j=12,
2a[2(1 4+ P)d® + 4aaP + a((1 + P)i+ aP)], i=j=3, (H1d)
otherwise;
i=j=12,
2a22aP + (1 + P)i +aP), i=j=3, (Hle)
otherwise.
|
2
2!, —2E22_—E33———/;{M%}. (H7)
a

To obtain the expressions for the curvature, let us first
rewrite the following quantity in terms of the Szekeres
functions,

L a. .
—(3%Zp+h
o a

:_ﬁ+<f++3§f+)‘g|'ﬂ—(f—+3§f—)‘ (HB)

This equation coincides with the one obtained for the
components of the trace-free spatial Ricci tensor in the
original Goode-Wainwright paper—see appendix B of
[49], taking into account that 7°; = —%(3%1'.J + P). To
work it out toward a simpler expression, without time-
derivatives, we need to introduce the first integral of (24),
Eq. (30), rewritten below as follows:

. 3
aaf, — <k0 - :>f+ =5 (H9a)

(HOb)

Using (H9), the terms in parentheses in (H8) can be
rewritten as

fi+3gfi :fi+2gfi +gfi = (kof+ +as)a™?,
(H10)

where o, = 1 and a_ = 0. Then,

i (3315”3) _ _Bltkf ) B

Y an

Substituting this expression into (76) and (77), we arrive at
the final expressions for the spatial Ricci scalar and the
trace-free Ricci tensor,
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6
R— %+ mmmm+Wf§-wn
21'11 = 2T22 = —1'33

2
= —3ag P+ kof ) + ko] (HI3)

APPENDIX I: LTB SUBCASE

The LTB solution emerges from the Szekeres-Szafron
parametrization, as a subcase of the quasispherical models
of class I, when the free functions A(¢), By (&), B,(&) and
C(¢) are all constants [v : = 0 in (A4d)], the coordinate £ is
identified with the radial comoving coordinate r, k - —2FE,
® — R, and (¢, x) are transformed to the angular coor-
dinates (9,¢) by a stereographic transformation—see
[26,34] for suitable parametrizations from where the
LTB solution arises in more straightforward ways.

Instead of obtaining the spherically symmetric limit
directly from the GW formulation, we can identify the
LTB deformation field by tracing back the metric coef-
ficients from one parametrization to the other. If we factor
out the function @ in the metric coefficient gz of the
Szekeres-Szafron parametrization, then we can associate A
(in the GW parametrization) with v, (in the Szekeres-
Szafron parametrization). Since they both vanish in the
LTB limit, the contribution of A will either vanish or be
absorbed by the scale function reparametrization. The
remaining terms will contribute to the Gram’s matrix or
be wiped out by the stereographic transformation. Thus, F
will be associated to the quotient of the scale factor and its
derivative: F — R'/R, see Eq. (A22).

The above reasoning is supported by what we get
directly from the LTB line-element:

2

2 L R2dO2
1+2Edr + R-d

ds®> = —dt* +

2
— P R
1 +2FE

dr? + d£22>, (1)

with ' = R'/R.

1. LTB solution in the language of RZA

The deformation field and Gram’s matrix associated with
the LTB solution are given by:

F_ F-F, TI'-T;
F):})3 = —_-== l—) l, 12
; o @
and
2 )
= D1 L i 1]. I
G, iag L +2E,sm 9, ] (13)

Substituting (I2) into the ‘“exact body functionals” for
expansion scalar and shear tensor, and taking into account

that
PoR_RY o 1P L(R_BY
3 R R 33 3\R R)’
we obtain the correct results for the LTB scalar expansion
rate and shear tensor:

R R
O=2—+—;
R+R’

0 _opr — g 2 (R_EY
26y =207, o', =

(15a)

ACENT (I5b)

The volume element takes its well-known form:

J&@X = R*(1 + P)VGd’x
' T;sind 3%
—RI__ 7
T, (1+2E)12
sin
= R*R ——d3x. 16
(1+2E) 72" (16)

2. Some general features of the LTB models

The integration of the Einstein equations reduces to a
nonlinear ordinary differential equation that resembles the
equation of movement in a Newtonian Coulomb potential
(for a comprehensive and detailed exposition of the LTB
solution see Sec. 18 of [12] and Sec. 2.1 of [14]). Including
the cosmological constant, we have

2M(r) AR?
R T30 )

R* =2E(r) +

where the function M(r) is arbitrary.

The model is characterized by three free parameters:
E(r), M(r) and 1, (r). The latter, the “big bang time,” arises
from the integration of (I7),

t—t,(r

(I8)

/ \/ZE

In order to have a regular solution, the arbitrary free
functions should satisfy the following regularity conditions
at the symmetry center (origin of coordinates):

2
+AR

R(.0) =0 A M(0) =0, with (19)

RxM'3NExM?? atr—0. (110)
Additionally, the gradients of M(r), E(r) and t,(r) iden-

tically vanish at r = 0.
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In these coordinates, the FLRW solution results from the
limit,
1

E—=——k,
2 "o”

where M, and k, denote arbitrary constants.

M = Myr3, t, = const., (I11)

3. Averaging and backreaction in LTB models

We can reconstruct the expansion tensor from the above
expressions for the shear and scalar expansion, ©®'; =

6'; +1©5' ;. Then, its principal scalar invariants read:

R R
[0 =2— —I—R/, (112a)
. R* _RR
0(O) = 5+ 25 (I12b)
. RR

Averaging over a spherical, compact domain B we
obtain:

dr (15 0 (RR2)
Dp=— dr; I13a
D o VT 2E (113

s 0 (R2 )
I ———dr; 113b
ms =3 | s (T138)

4z [rs O (R3)
I 13c
We=3v, )y viz2e®

where
s R2R’

Ve=24 ———dr 113d
E=Y ), VTi2E (1134)
In general, this set of integrals cannot be evaluated

explicitly except for some special cases. Below, we discuss
two important specializations of the arbitrary functions that
lead to the vanishing of the backreaction term on B.

a. Case E =0 (parabolic models)
For parabolic solutions, the integrals (I13) yield:

4
VB:?HR%, and (I14a)

s 2 )’
Dp=3—; Mz;=3 ; Mhpy=(—-—]),
mo=3ps ws=3()%  ame= ()
(114b)

with Rz = R(t, rz). These relations result in the vanishing
of the kinematical backreaction on B:

Qs = 2l =3 (0 = 0. (113)

b. Case R=wy(t) - x(r) (type-class-II
or separable solution)

The separable solutions of the LTB models, with

R=y(1)- (). (116)
correspond to another case with no backreaction (on an
arbitrary compact domain B). However, what is somewhat
surprising is that this solution is nothing more than the
FLRW solution in a nonstandard coordinate system. To
verify this statement, let us note that the separable ansatz
corresponds to a shear-free model. Substituting (I16) into
the expression for the degenerate eigenvalue of the shear
tensor, we obtain:

. . .

:l<5_5/> ! (ﬂ_%) —0. (@7
3\R R 3\wr wx

Its identification as the FLRW model directly follows from

a coordinate-independent definition of this class (Plebafski

and Krasinski [12]); the necessary and sufficient conditions

for a solution to be included in the FLRW class can be

enunciated as follows:

(1) Itis an exact solution of the Einstein equations with

a perfect fluid source.
(i) The fluid flow has neither rotation, acceleration,
nor shear.
For the general LTB model, the vanishing of the shear
tensor is the only one of these conditions that is not
identically satisfied. However, in our case, 6%, =0 is a
consequence of the additional separability assumption,
which renders the solution a FLRW model.

Overall, the vanishing of Qj is only true for the parabolic
case that corresponds to the Newtonian “iron sphere
theorem”. For LTB models with curvature, as well as for
Szekeres class I models, a closed-form expression for the
kinematical backreaction functional, e.g., in terms of the
volume, is an open question.

For some further discussions of average properties of
LTB solutions in relation to RZA, see [Sec. VII] [44], and
of silent universe models, see [Sec. 6.2] [79].

4. More on the evaluation of Qg
for parabolic LTB models

In this appendix, we aim at complementing the dis-
cussion in Sec. VIB by showing that for parabolic LTB
models, the vanishing of the kinematical backreaction does
not reveal any trivial relation between the variables in the
expression (86) for Op.

Averaging the parabolic solution on 3, we obtain the
following relations:

R\? 3 [rs. 3
(7)o
R B RB 0 RB
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R 3 [ 3
= :—S/ERR’Rdr:—312; (118b)
R/z  Rg.Jo Ry

(I18¢)

(1184)

where, in general, neither of these terms vanish. In the
above equations we have defined:

_ "B o g _ B .
I, = R°R'dr; I, = RR'Rdr;
0 0

rg o152 . rs . .
13:/ R'R-dr; 14:/ RR'Rdr.
0 0

To make clear that these equations reduce to (I15), we
have to manipulate some of the integrals above. Integrating
by parts leads to the following relations:

(I19a)

(119b)

I, = RyRg —21,; Iy = RgR% — 21,,  (120)
which yields for the backreaction term:
1 R\? R\’
— — — —_ (= - 2
2= (@) ).~ (&)~
R R
+ 2<—> (Z)g — 2<—2>
R/ 5 R /5
I, +21)R? = (I3 + 21,)?
R

Let us calculate each of the terms above for the case with a
vanishing cosmological constant, where the analytical
solution reads:

1/3

R(r,t) = BM(F)(t —1,(r))? (122)
Carrying out the integrals in (I18),
R\? aM=2 [ Eedy 4 M-2T
(&))" L (123a)
R) /g 9 M(t—t,,) 9M(t—tb)

(t—t,)M'dy — 2 |38 Mt,dy

(.55

M(t—1,)?
2 IT,-2T
=-2 =3 (123b)
3M(t— tb)
R 4 4 T
- i ”b - L (123c)
R /3 9M(t—th) OM(t—t,)
2 fEMidy 2 I
X = = 0% - _—___ - 123d
s 3M(t—1,)2 3M(t—1,)? (123d)
where
s Mt, "
7, :/5 b dy; 7, :/B(t—tb)M’d;(; (I24a)
o I—1 0
I = Mrt,dy; Vg =6xM(r)(t—1,(r))%. (124b)
0
For the backreaction term we then obtain:
1 4 1 (Z, —15)?
z -~ — , 125
§% =5 (ar i y)

where the numerator of the last term in parentheses
simplifies to

s s
1-2 —I3 = / ([ - tb)M/d)( - / Mt;’d)(
0 0

_ /O (1= ty)M)dy = M(t—1,).  (126)
Hence,
1. 4 1 (M(t—1,))?
6= 9 ((t —1,)? M- :,,)4>
4/ 1 1
“5(e=mrwmap) o @)

Alternatively, we can arrive at the same result directly from
the invariants of the expansion tensor. Carrying out (I13),
we obtain:

2
s == (128a)
1 4 1
(g =7 TETAE (D; (128b)
8 1
(M) = 55 (TN 03, (128c¢)

These relations lead to the same result for the back-
reaction term, Qi = 2(Il)z —% ()% = 0.
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