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Résumeé

Le modele standard de la cosmologie suppose que les inhomogénéités a petite échelle
n’affectent pas l'expansion des plus grandes échelles. Cependant, un tel phénomene,
appelé rétroaction, pourrait exister et étre suffisamment important pour expliquer
I’énergie noire. Alors que la plupart des études sur la rétroaction se sont concentrées
sur sa relation avec la formation des structures, peu de choses ont été faites pour
comprendre sa dépendance a la topologie de notre Univers. Ma these de doctorat
vise a combler cette lacune en suivant deux stratégies.

Dans un premier temps, j'essaie de définir une extension non-euclidienne de la
théorie de Newton a partir de la relativité générale et de généraliser le théoreme
de Buchert-Ehlers, qui stipule que la rétroaction est nulle en gravité newtonienne.
Comme premiere étape vers cette définition, je montre que la cosmologie newtoni-
enne peut étre obtenue a partir de la théorie de Newton-Cartan. Dans ce cas,
I’expansion apparait comme un champ fondamental de la théorie. Je propose en-
suite deux “théories newtoniennes non-euclidiennes” basées sur le formalisme de
Newton-Cartan. La premiere théorie comporte une rétroaction, tandis que 'autre
n’en a aucune. Enfin j'essaye de justifier I'une d’entre elles en utilisant la limite
galiléenne de la relativité générale. Je montre que pour permettre des géométries
non-euclidiennes a la limite, un terme supplémentaire lié a la courbure spatiale doit
étre ajouté dans le tenseur énergie-impulsion d’un fluide géodésique. L’une des con-
séquences de cette modification est que le systeme d’équations a 'ordre dominant
n’est pas fermé, laissant ouverte la question de la “bonne” théorie newtonienne non-
euclidienne compatible avec la relativité générale.

Dans un deuxiéme temps, j'étudie la possibilité de faire des simulations cos-
mologiques relativistes dans des géométries non-euclidiennes. Les simulations rela-
tivistes commencent a étre utilisées en tant que nouvelle méthodes indépendantes
pour quantifier la rétroaction. Cependant, jusqu’a maintenant elles ont toutes été
réalisées dans une géométrie euclidienne et reposent toutes sur le formalisme BSSN
pour résoudre 1’équation d’Einstein. Je montre que ce schéma numérique pourrait
ne pas étre adapté aux géométries non-euclidiennes et je suggere d’utiliser sa version
covariante.



Abstract

The Standard Model of Cosmology assumes that the small scale inhomogeneities do
not affect the expansion of the largest scales. However, such a phenomenon, named
backreaction, could exist and be significant enough to explain the dark energy. While
most of the studies about the backreaction focused on its relation with structure
formation, little has been done to understand its dependence on the topology of our
Universe. My PhD thesis aims at filling this gap, following two strategies.

Firstly, I try to define a non-Euclidean extension of Newton’s theory from gen-
eral relativity and to generalise the Buchert-Ehlers theorem, which states that the
backreaction is zero in Newton’s theory. As a first step towards this definition I show
that the Newtonian cosmology can be derived from the Newton-Cartan theory. In
this case, the expansion arises as a fundamental field of the theory. I then propose
two ‘non-Euclidean Newtonian theories’ based on the Newton-Cartan formalism.
The first theory features a backreaction, while the other features none. Finally I try
to justify one of them using the Galilean limit of general relativity. I show that to
allow for non-Euclidean geometries in the limit, an additional term related to the
spatial curvature needs to be added to the energy-momentum tensor of a geodesic
fluid. One of the consequence of this modification is that the system of equations
at leading order is not closed, leaving open the question of the ‘right’ non-Euclidean
Newtonian theory compatible with general relativity.

Secondly, I study the possibility of making relativistic cosmological simulations
in non-Fuclidean geometries. Relativistic simulations are starting to be used as new
independent methods to quantify the backreaction. However, until now they have
all been done in an Fuclidean geometry, and have all relied on the BSSN formalism
to solve the Einstein equation. I show that this numerical scheme might not be
appropriate for non-Euclidean geometries and I suggest to use its covariant version.
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Notations

References

When available the bibliography style features three different links associated with
three different colors: links to the journal/editor website or to a numerical version
of the paper are in red, links to the ADS website are in blue and links to the arXiv
website are in green.

Acronyms

CDM  Cold-Dark-Matter
CPAE  Collected Papers of Albert Einstein (url)
CMB Cosmic Microwave Background

cst constant
ACDM A-Cold-Dark-Matter
lhs left hand-side

LTB Lemaitre-Tolman-Bondi

NEN Non-Euclidean Newtonian

rhs right hand-side

SMC Standard Model of Cosmology

Results

<The important passages of the thesis are highlighted in grey boxes. >

Mathematical conventions

We denote a tensor of any type, except scalars, in bold (example: g). In the case
where the type is of importance, a tensor of type (n, m) will feature n over-bars and
m under-bars [example: g for a type (0, 2)-tensor].

We define the symmetric part T{4), the antisymmetric part Tj, and the sym-


https://einsteinpapers.press.princeton.edu

Notations 2

metric traceless part T, of a rank-2 tensor T' as

1 1
T(ab) = 5 (Tab + Tba) ; ﬂab] = 5 (Tab - Tba) ;
T
T(ab) = T(ab) - Bgaba

where g is the metric of the manifold on which T is defined and D the dimension
of this manifold.

An antisymmetrisation over three indices is defined as

1
T‘[abc} =3 (Ta[bc} + Tc[ab] + Tb[ca}) . (1)

3

An index which should not be included in a antisymmetrisation (over two or three
indices) or a symmetrisation is denoted between vertical bars. For instance, in the
case of two indices antisymmetrisation:

1

ﬂa\b|c} = 5 (Tabc - cha) . (2)

The Lie derivative on a manifold M of a tensor T along a vector field A is denoted
LAT. The Lie derivative does not commute with the metric, so for instance, for a
rank-1 tensor B, g(LaB,-) # L4B. We will then use £4B%, respectively £4B,, to
denote the coordinate components of £4B, respectively £4B.

Then for a vector A and a tensor T' on a manifold M, we have

LaTY = AchTalmlnn- ¥

where V is any connection on M. The f notation means that c is the i*" index.

Finally, we denote indices running from 0 to 3 by Greek letters («, 3, v, ...) and
indices running from 1 to 3 by Roman letters (a, b, ¢, ...).



Notations

Variables

Lorentzian metric (-+-++)

Spacetime connection (Lorentzian or Galilean)

Spacetime Riemann curvature tensor (Lorentzian or Galilean)
Spacetime Ricci curvature tensor (Lorentzian or Galilean)
Spacetime scalar curvature (Lorentzian or Galilean)

Time metric

Spatial metric

Spatial connection related to h

Spatial Riemann curvature tensor

Spatial Ricci tensor

Spatial scalar curvature

Extrinsic curvature

Expansion tensor

Vorticity tensor



Foreword

and summarised by Finstein, 1916), he published in the same time his paper on

the “explanation of the perihelion motion of Mercury from general relativity”
(Einstein, 1915¢), thus providing a first evidence of the coherence of the theory on
solar system scales. However, it was crucial for him to determine whether or not the
theory leads to contradictions if applied on higher scales. For this purpose he devel-
oped the first relativistic cosmological model (Einstein, 1917): modern cosmology
was born.

IN 1915, when Einstein finalised his theory of general relativity (Einstein 1915a,b,d

At that time, for him, the Universe was necessarily static, i.e. not in expansion,
and due to his interpretation of Mach’s principle it was also closed. His model then
represented a static, closed Universe with an uniform distribution of matter. For
the solution to be non-null, he had to introduce an additional fundamental constant
to the field equations of general relativity: the cosmological constant. While he was
never convinced about this modification of the theory (see O'Raifeartaigh & Mitton,
2018, for a historical analysis of Einstein’s “biggest blunder”), it is only years later
he accepted to remove the constant. This followed from the theoretical work of
Friedmann (1922) and Lemaitre (1927) and the observations of Hubble (1929) who
proved that the spiral nebulae (shown to be recessing by Slipher, 1917; Wirtz, 1918)
were in fact extragalactic objects moving away from the solar system, thus providing
a clear evidence for the expansion of the Universe. Neither the cosmological constant,
nor the closed nature of the Universe (needed for the static model of Einstein) was
anymore needed in the cosmological models.

The only energy sources of these models were radiation, ordinary matter and
dark matter which was later introduced to account for the observations of Zwicky
(1933) and Rubin et al. (1980). This additional type of matter is only subject to
the gravitational force, is decoupled from the other interactions and dominates in
proportions the baryonic matter. Until the 80s, the model which prevailed was
the Cold-Dark-Matter model (CDM model) describing an homogeneous expanding
Universe with these sources of energy and without cosmological constant. The model
was definitely adopted with the discovery of the Cosmic Microwave Background
by McKellar (1941); Penzias & Wilson (1965) which confirmed that the Universe
expanded from a very dense state.
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With the growing amount of observations, it appeared clear in the late 80s and
90s that the measured matter density implied an age of the Universe, predicted un-
der the hypothesis of the CDM model, which was too young compared to certain
astronomical objects (e.g. Efstathiou et al.; 1990). In 1998, the observation of dis-
tant supernovae with the newcomer Hubble telescope (Perlmutter et al.; 1999; Riess
et al., 1998) showed that the local scale factor of our Universe was accelerating,
which, under the hypothesis of a homogeneous model, corresponds to an accelera-
tion of the expansion of the Universe: something impossible with the CDM model.
Among the proposed solutions to solve this problem, were the introduction of a new
energy source named dark energy, acting against gravitational collapse, and which
appeared compatible with the reintroduction of a positive cosmological constant
(e.g. Efstathiou et al.; 1990; Riess et al., 1998): this is the A-Cold-Dark-Matter
model (ACDM model).

One remarkable thing is that the energy budget associated to this constant is of
the same order as the one of the dark matter. Because the cosmological constant is
unconstrained by general relativity and that its energy density is constant over time
in the ACDM model, this requires fined-tuned initial conditions of the early Universe
to fit today’s expansion, which also seems to indicate that we live in a special epoch of
cosmic evolution. This is the so-called coincidence problem formulated by Steinhardt
(1997). To tackle this problem other models of dark energy have been proposed,
eventually addressing in the same time the problem of dark matter, and removing
the cosmological constant. This includes models with a fundamental quintessence
scalar field whose energy density ‘tracks’ the one of dark matter (e.g. Steinhardt
et al.; 1999) so that they are comparable today; or alternative theories of gravity
modifying the Einstein equation (e.g. Poptawski, 2006).

Another approach is to consider a more general class of cosmological solutions
of Einstein’s equation, especially solutions removing the hypothesis of homogeneity
generally kept in the previous models. General relativity is left untouched and no
new source of ‘dark’ energy is added. This approach accounts for the large inhomo-
geneities in the distribution of matter in the Universe. It was originally proposed
by Einstein (1931) to tackle a problem on the determination of the age of the Uni-
verse. But at that time, this was solved with a better measurement of the local
expansion rate, while still keeping the homogeneous Lemaitre’s model. It is only
in the 80s, with Ellis (1984), that a renewed interest arrived for inhomogeneous
relativistic solutions for cosmology. This approach also has the advantage of solv-
ing another formulation of the coincidence problem (e.g. Buchert, 2008; Buchert &
Réasanen, 2012; Roukema et al.; 2013): the fact that the apparent acceleration of the
expansion coincides with the formation of the large-scale structures of the Universe,
known as the cosmic web.

In the standard model of cosmology, expansion and structure formation are de-
coupled and the latter is studied as a perturbation around a homogeneous expand-
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ing background given by the ACDM model. This view is idealised and in reality a
‘backreaction’ of the structures on the expansion is a priori expected. The field of
inhomogeneous cosmology tries to quantify this coupling and to understand whether
or not it is sufficient to explain the apparent acceleration found by (Perlmutter et al.,
1999; Riess et al., 1998): this is the problem of backreaction in cosmology (see e.g.
Buchert, 2008). Inhomogeneous cosmology also aims at explaining current ‘tensions’
between the standard model and observations (see Buchert et al., 2016, for a review
on this topic), such as the tension on the local measurement of the expansion rate
(Riess, 2019; Heinesen & Buchert, 2020).

A popular approach to the backreaction problem is the Buchert formalism, based
on an averaging over ‘space’ of scalar quantities. Under this formalism the average
properties of the inhomogeneities become an effective energy source for the appar-
ent acceleration of the expansion. The Buchert formalism has the advantage of
being able to be used in the framework of general relativity (Buchert, 2000, 2001),
or Newtonian gravitation (Buchert & Ehlers; 1997). But while in general relativ-
ity, there is a priori no constraint on the backreaction, in Newtonian cosmology,
Buchert & Ehlers (1997) showed that it is exactly zero if expanding periodic bound-
ary conditions are chosen (that can be interpreted as a closed Universe in terms
of its topology): this is the Buchert-Ehlers theorem. Because such conditions are
necessary for analytical or numerical models, a first consequence of this theorem is
to imply that the study of backreaction needs to be done in general relativity (if
this theory is considered to be the genuine theory of gravitation). But it also shows
that the backreaction might be highly dependent on the topology of the Universe.
While the question of the dependence of the backreaction on the kinematical prop-
erties of the matter fluid has been widely studied (e.g. Wiegand & Buchert, 2010;
Buchert et al.,; 2013; Vigneron & Buchert, 2019), little has been made to study its
dependence on topology (see Brunswic & Buchert, 2020, for a recent study).

During my PhD thesis under the direction of Thomas Buchert, I have been
working within the field of inhomogeneous cosmology. My main focus has been the
study of the effect of the topology of the Universe on the backreaction. The main
strategy I have been following is to define a non-Euclidean extension of Newton’s
theory from general relativity. This follows from Kaiser’s interpretation (Kaiser,
2017; Buchert, 2018) of the Buchert-Ehlers theorem: an implication of the theorem
might be that a universe with a locally Newtonian dynamics should have negligible
backreaction. As the local dynamics of our Universe appears to be compatible
with Newtonian dynamics, this would imply that the backreaction of structures on
the expansion cannot explain dark energy. However this statement can be true
only if the Universe is locally and globally Newtonian, which corresponds to the
hypothesis needed to apply the Buchert-Ehlers theorem. By globally Newtonian,
we mean having a topology which is the one on which Newton’s theory is defined,
i.e. an Euclidean topology. But while we can consider the fluid dynamics to be
approximately Newtonian on domains small compared with the size of the Universe,
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i.e. locally, we cannot consider the topology to be approximately FEuclidean. As
general relativity allows for non-Euclidean topologies, this global condition is then
a strict condition that has to be respected by the relativistic description of the
Universe, and not in a certain limit. From this, there are no reasons that we could
not consider an universe which is locally Newtonian, but with a non-Euclidean
topology. For such an universe, Newton’s theory could not be used to study the
global dynamics, i.e. the expansion; the Buchert-Ehlers theorem would not apply;
and backreaction might not be negligible anymore. This is the main idea I want
to develop in this thesis, and the first stage is the definition of a non-Euclidean
Newtonian theory. This approach lead to two papers (Vigneron, 2020, 2021).

Studying the backreaction can also be made with relativistic cosmological simu-
lations. Such simulations are starting to be used as new, independent cosmological
tests (e.g. Giblin et al., 2016; Macpherson et al.,; 2019). However, as for now, they
all rely on the assumption of an Euclidean topology: the 3-Torus. In the view of
understanding the behaviour of the backreaction under different topologies, it is
essential to be able to perform relativistic simulations on non-Euclidean topologies.
This is the study of my second project.

Outline of the thesis

This manuscript is divided into 6 chapters. Chapter 1 details the theoretical back-
ground of the thesis, and notably the 14+3/3+1 formalisms of general relativity along
with the averaging procedure for the backreaction. Chapters 2 to 4 constitute the
different stages in the development of a non-Euclidean Newtonian theory, aiming
at generalising the Buchert-Ehlers theorem. Chapter 2 is a proof that Newtonian
cosmology, on which the theorem is based, arise from the Newton-Cartan theory; in
chapter 3 I review the only existing non-Euclidean Newtonian theory, and proposes
two new ones based on the preceding chapter. Chapter 4 aims at developing a non-
Euclidean Newtonian limit from Einstein’s theory, using an existing Lorentzian to
Galilean structure limit. As a complementary approach to the issues of topology and
backreaction, chapter 5 discusses the recent relativistic cosmological simulations and
proposes a numerical scheme allowing for future non-Euclidean relativistic numeri-
cal simulations. Finally, chapter 6 concludes this thesis and details the perspectives
for future investigations.
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Chapter 1

Introduction

tion problem are the 3+1 and 143 formalisms of general relativity. They

will also be used for the construction of a non-Euclidean Newtonian the-
ory. We will therefore firstly present them in section 1.1. Then the standard model
of cosmology will be introduced in section 1.2 and the Buchert’s approach in sec-
tion 1.3. We will also detail the Newtonian approach to cosmology in section 1.4.
This will be especially important to understand how and why we must generalise
the Buchert-Ehlers theorem.

THE mathematical formalisms used for the Buchert approach to the backreac-

1.1 The 3+1 and 1+3 formalisms of general rela-
tivity
1.1.1 The ingredients of general relativity

1.1.1.1 The Einstein equation

One of the main principle that drove Einstein to the construction of general relativity
from special relativity, is the equivalence principle.' It demands that test observers
only subject to gravitation cannot perform any experiment that would allow them
to determine whether or not they are subject to gravitation. This principle implies,
under the framework of differential geometry used in special relativity, that any
free-falling particle follows the geodesics of the spacetime (see Weinberg, 1972, for
a derivation of the geodesic motion from the equivalence principle). In this view
the (flat) Minkowski spacetime of special relativity was not suited anymore as its
geodesics are straight lines, not influenced by the gravitational content. Then the
general theory of relativity that Einstein wanted required a curved spacetime the
curvature of which depends on the gravitational field, and therefore on the mass
content. With the knowledge of the relation between mass and energy obtained
in special relativity, Einstein went even further by demanding that the curvature

1See the Apollo 15 experiment for a beautiful illustration of this principle.
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should depend on the whole energy content of the spacetime. The theory of general
relativity he finally defined in 1915 describes the local coupling of the energy content
of the Universe with its spacetime geometrical (curvature) properties.

A physical system studied under this theory is associated to a 4-dimensional
(4D) differentiable manifold M, which is equipped with a Lorentzian metric g, i.e.
a symmetric (0,2)-tensor of rank 4 and signature (—,+,+,+), and a torsion-free
compatible connection V (with coefficients denoted I');), called the Levi-Civita
connection. The geometrical properties of (M, g, V) are encoded in the Riemann
curvature tensor Riem of the connection V., defined as

R”agvAa = (V5V7 - V’YVg) Au, (1.1)

where RF,s, are the coordinate components of Riem and A is any vector on M.
From the Riemann tensor we also define the (symmetric) Ricci curvature tensor R,
with components R.g := RV,,s and the scalar curvature R := g""R,,,.

By analogy with the Maxwell energy-momentum tensor in classical electrody-
namics (see section 1.1.1.2), the energy-momentum tensor in general relativity is a
symmetric (2,0)-tensor, denoted T'. As a second fundamental principle of general
relativity, the energy needs to be conserved, which implies that T is divergence free:

v, T = 0. (1.2)

Then, under the framework defined above, coupling the energy content with the
geometrical properties of spacetime means giving an equation linking the tensors T’
and Riem, while ensuring the property (1.2). The ‘simplest’ equation, i.e. involving
only first order terms of the curvature tensors, is

1
R — §Rg + Ag = 87GT, (1.3)

where GG is the gravitational constant, and A is a constant called the cosmological
constant. We assumed the speed of light ¢ to be ¢ := 1. This equation was first
proposed by Einstein (1915); Hilbert (1915), and was later shown by Lovelock (1972)
to be the only possible equation relating a tensor featuring first order curvature terms
and the energy-momentum tensor, while conserving the latter.

1.1.1.2 Energy sources in general relativity

When solving the Einstein equation, one has to specify the sources that compose the
energy-momentum tensor. Most of the sources considered in cosmology are either
matter fluids, radiative fluids or scalar field fluids.
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1.1.1.2.a Matter fluids. Such fluids are composed of massive particles, which can
eventually interact via non-gravitational forces. The 4-velocity of a fluid element is
a time-like vector w and the energy-momentum tensor takes the form

Top = €uqug + pbag + 2qatg) + Tag, (1.4)

where € is the energy density, p the pressure, g the heat flux and 7 the anisotropic
stress of the fluid as measured in its rest frames. b is the projector on the rest frames
of the fluid, with b :== g + u ® u. By definition, g,u* = 0 and 7,3 = 7(4g) with
Tauut =0 and 7,/ =

The variables p, ¢ and 7 take into account eventual collisions and the non-
gravitational interactions. However, due to velocity dispersion of the fluid particles
inside a fluid element, a matter fluid composed of particles only subject to gravity
will not necessarily have p = 0, ¢ = 0 and 7w = 0. The fluid 4-velocity can even be
non-geodesic, while the particles are. Therefore we distinguish two types of purely
gravitational matter fluid:

(i) the non-relativistic fluids, or dust fluids, where velocity dispersion inside a

fluid element is negligible. Their energy-momentum tensor is Té%usﬂ = €ULUB,

and the 4-velocity u is geodesic.

(ii) the ultra-relativistic fluids, where velocity dispersion inside a fluid element

approximates the speed of light. Their energy-momentum tensor is To(l;ltm) =

€uaug + 5bap, and the 4-velocity u is not necessarily geodesic.

The process of averaging the 4-velocities of the particles inside a small space-
time volume, or fluid element, may be ill-defined (see the relativistic kinetic theory
in section 5.4 of Ellis et al.; 2012, for a proposed framework). Numerical schemes
which mix a fluid description of matter with a particle description have been devel-
oped (Daverio et al., 2019; Barrera-Hinojosa & Li, 2020), but they are not based
on a well-defined mathematical framework. Furthermore, the velocity dispersion
depends on the precise scale of the fluid element, or mesoscopic scale, which, in a
cosmological context, is difficult to assess. That is why the relevance of the dust
energy-momentum tensor for a Universe only filled with gravitationally interacting
non-relativistic particles is still debated (see Wiltshire, 2011; Coley & Wiltshire,
2017, and references therein). A solution would be to solve the Einstein equation
in vacuum, assuming the matter is described by a distribution of infinitely small
and dense particles. This requires either black hole singularities for each particle
[see the method of geometrostatics in Lindquist & Wheeler (1957) and its applica-
tion to cosmology (e.g. Clifton, 2015)], or surgery on the manifold M to prevent
these singularities. However such methods are hardly tractable for a cosmological
model representative of our Universe. In this thesis, we will not be concerned with
such issues and we will only take either T4 or T when considering a purely
gravitational matter fluid.
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1.1.1.2.b  Radiative fluid. An electro-magnetic fluid, or radiative fluid, is a fluid
described by the electro-magnetic energy-momentum tensor:

rad 1 1 v
Ta(,b’ )= % <FauFMB - ZQQBFWFM > ) (1.5)

where F' is the Maxwell electro-magnetic tensor.

In general no preferred time-like vector can be attributed to such a radiative
fluid. However it is still possible to decompose (1.5) with respect to a family of
observers described by a time-like vector field o as follows

To(érﬁad) = (rad)eoaoﬁ +25(a0p) + 0ag, (1.6)

where S,0* = 0, 0*0,, = 0 and o#, = —e™d. The variables ™9 S and o are
respectively the energy density, the Poynting vector and the Maxwell stress tensor
of the electro-magnetic fluid as observed by the family of observers o.

1.1.1.2.c  Scalar fields. In the standard model of cosmology, the description of
inflation, dark energy, or even dark matter is often made with scalar fields. They
are generally chosen to be minimally coupled with a potential V' (®), the scalar field
being denoted ®, and therefore are described by an energy-momentum tensor in the
form

1
>
'Y =V, V0 - 5 Vu@V P+ V(®)| gas. (1.7)
Its conservation leads to the Klein-Gordon equation
VvV, Vi — V(@) = 0. (1.8)

If V& is time-like, it can be considered as the (non-normalised) 4-velocity of the
scalar field.

1.1.2 The 3+1 formalism of general relativity

Under the theory of general relativity, a cosmological model is generally built using a
split of the spacetime manifold M into a family {¥; };cr of spatial 3-dimensional (3D)
hypersurfaces >; which properties are parametrised by the time ¢. This is the 3+1
picture of general relativity. It is especially suited for a Newtonian interpretation of
the Einstein equation, where spatial properties are evolved with time. But while this
construction follows from the Newtonian idea of an absolute time and an absolute
space, it is still compatible with Einstein’s theory. The split is however not unique
and other such families can be defined in the same manifold M.

The 3+1 split can be performed on the Einstein equation itself, giving 3D-
equations parametrised by time, called the 3+1-Finstein equations. In the following
sections, we will present these equations, but also their construction as this will be
adapted for the Newton-Cartan theory in chapter 2.
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1.1.2.1 Foliation variables

The family {¥; };cr of hypersurfaces in M is called a foliation and can be uniquely
defined by the level surfaces of a smooth scalar field £ in M. In order to be able
to interpret {¥;}icr as a space-like hypersurface evolving with time, each ¥; needs
to be a Cauchy surface: a space-like hypersurface which is intersected by all the
time-like or light-like curves in M only once. Having a Cauchy foliation in M is
allowed only if M is globally hyperbolic, which we will suppose from now.

The 3+1-Einstein equations are the projections of the Einstein equation onto and
normal to the foliation {¥,; };cg. To be able to perform these projections one has to
define a normal unit vector field to the family of hypersurfaces. The gradient V# of
the scalar field # naturally defines a normal timelike vector field to the hypersurfaces.
In general this vector is not a unit vector. We then define the timelike unit vector
field to the hypersurfaces ¥, as

n = -NVi, (1.9)

where N = (—Vuf V“f)_l/Q is called the lapse, is positive by convention, and is a
property of the foliation. The global minus sign in the definition of n is a convention
imposing this vector to be future oriented with respect to the time scalar field #.
The 3+1-Einstein equations we will get do not depend on this convention.

The projection operator onto the hypersurfaces is the tensor
h=g+n®n. (1.10)

This tensor also corresponds to metric on ¥; induced by g. A spatial tensor is
defined as having no normal part with respect to the hypersurfaces ;. The spatial
covariant derivative D applied on a spatial tensor T is defined as

D,uTalmBL.. = hgu (halul"') (hulﬁl“') VJTM.“VL--' (1'11)

We define two more spatial rank-2 tensors: the intrinsic Ricci curvature R of the
hypersurfaces ¥;, defined like R but with respect to D instead of V; and the extrin-
sic curvature K of the hypersurfaces »; embedded in M. The extrinsic curvature
makes the link between the geometrical properties of the hypersurfaces ¥; and the
ones of M. We can write the components of K as

Kaﬂ = —h“ah”ﬁvynu, (112)
or
Koy = —— L (1.13)
af — IN Nn'btag- .

The negative sign is a convention. Because m is proportional to a gradient, K is a
symmetric tensor. Then the gradient of the normal vector can be decomposed as

Vanﬁ = —Kga - na"ag, (114)

where "a is the 4-acceleration of the normal vector with "a, = n*V, n, = DyIn N.
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1.1.2.2 341 decomposition of the spacetime Ricci tensor

The Einstein equation (1.3) features the Ricci curvature tensor R. We then give in
the present section its decomposition onto and orthogonal to the foliation. R being
a symmetric tensor, we will have 10 projection equations. Details for the derivation
of these equations can be found in Gourgoulhon (2012).

The two times projection onto ¥, gives the 34+1-Ricci® equation

1 1
W ol s Ry = = 5:LxnKas = 1:DaDaN + Rap + KKop = 2Kau K5, (115)

where K is the trace of K. Note that this equation features only spatial tensors
as the Lie derivatives of a spatial tensor along Nn (or along m) is a spatial tensor.
The spatial and orthogonal projection gives the 3+1-Codazzi equation

"R, = DK — D, K",. (1.16)
The twice orthogonal projection gives the 3+1-Raychaudhuri equation

1 1
n'n”R,, :NEN"K — K, K" + NDMD#N' (1.17)

Combining the trace of the 34+1-Ricci equation (1.15) with the 3+1-Raychaudhuri
equation (1.17) we obtain the 3+1-Gauss equation

R+2R,n'n" =R+ K?>— K, K". (1.18)

Note that 3+1-Gauss is redundant with the 34+1-Ricci and 341-Raychaudhuri equa-
tions together, it is however essential when solving the Cauchy problem in general
relativity.

1.1.2.3 The 3+1-Einstein equations

We consider now that (M, g, V) is solution of the Einstein equation (1.3). The
energy-momentum tensor T' can be decomposed with respect to the foliation {¥; };cg,
i.e. with respect to the observer n, as

Taﬁ =F NeNg + Phoé/g + QQ(ang) + Haﬁ. (1.19)

The variables E, P, Q, IT are respectively the energy density, the pressure, the heat
flux, and the anisotropic stress of the energy content as measured by an observer
whose 4-velocity is n. We call such an observer an Fulerian observer. By definition
Qun* =0 and s = [l (45 with II,,n* = 0 and II,” = 0.

2We name the equations with the suffix ‘341’ to distinguish them from their equivalent in the
143 formalism of general relativity presented in section 1.1.3.
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The 3+1-Einstein system of equations is obtained from equations (1.15)—(1.18)
when introducing the previous matter variables. Written as a Cauchy system it is
composed of 6 evolution equations, obtained from the 341-Ricci equation,

1
NENVLKQB =4rG [— (E - P) hag — Qnag] - Ahag (120)
1

NDQDBN + Raﬁ + KKaB - 2Ka,uK'u67

and two constraint equations, the momentum constraint (1.21) (or 341-Codazzi
equation) and the Hamilton constraint (1.22) (or 3+1-Gauss equation):

—81GQn = Do K — D,K",,, (1.21)
167GE +2A =R + K* — K, K". (1.22)

Like in the previous section, combining the 3+1-Ricci equation (1.20) and the Hamil-
ton constraint (1.22), we get the 3-+1-Raychaudhuri equation

1 1
LnnK == 4nG (E+3P) + A+ K, K" — D, D"N. (1.23)

While this last equation is not part of the Cauchy problem of the 3+41-Einstein
equations, we keep it as it will be useful later in this thesis.

1.1.2.4 The 3+41-conservation equations

Solving the set of equations (1.20)—(1.22) is sufficient to solve the Einstein equation.
It is however of physical relevance to give two additional equations, that is the 3+1-
energy conservation and the 3+1-momentum conservation, both coming from the
projections of the conservation equation V,T#* = 0 with respect to {3;}cr. The
34+1-energy conservation is

1
NﬁNnE =K(E+P) - D,Q" —-2Q"D,In N + K, 11", (1.24)
and the 3+1-momentum conservation is

1
FLva@Q" =~ (E+P)D"InN — D"P + KQ" +2Q"K};
— D, 11" —11"*D,, In N. (1.25)

1.1.2.5 Matter fluid in 3+1

We assume the energy content is a matter fluid as described by the energy-momentum
tensor (1.4). For a general foliation, n # w and the fluid variables measured in its
rest frames (e, p, q, 7) are different from the ones measured by the Eulerian observer
(E, P, Q, II). The nature of the matter fluid is however given by the variables mea-
sured in its rest frames. Therefore it is often useful to express the variables measured
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by n [defined in (1.19)] as function of the ones measured by w [defined in (1.4)].
For this we introduce the tilt velocity w of the fluid 4-velocity with respect to the
foliation as

w=—u-—"n, 1.26
5 (1.26)

where v := (1 — uJMu;“)_l/2 is the Lorentz factor. w is spatial by definition. We then

have the following relations:

E=vc+ (v = 1) p+ 2utq, + v, (1.27)
P= (v =1)e+ (v +2) p+ 2w'q, + w'w T, (1.28)
Qo = 7 (e + p) wa + Y0 quwa +7h"agy — W qw'm,, (1.29)
s = Y ewqws + p (haﬂ + 72waw5) + 27w hg gy + ha'hg T — Phag, (1.30)

which, in the case of a dust fluid, become

Eldust) — ~2¢ (1.31)
2 _
pldust) — 7316, (1.32)
QLdust) — 'YQE'UJM, (133)
7 -1
HL(IIIUSt) =€ <">/2’I.UNQU,/ — Bhw,> . (134)

1.1.2.6 Foliation adapted coordinates

While the 3+1-Einstein equations (1.20)—(1.23) are spatial equations, they are still
defined on the 4-manifold M. Using specific coordinates, it is possible to write them
as equations defined on a 3-manifold ¥, thus completing the 3+1-picture. We detail
this final construction in the present section.

1.1.2.6.a  Shift vector and classes of adapted coordinates. Until now we wrote the
3+1-Einstein equations for any coordinate system. We however often want to intro-
duce one, and especially one which is adapted to the foliation. In such a coordinate
system, the coordinate vector basis {04 }a—0.123 features three spatial vectors: 9y,
0, and 83. The 0-coordinate is chosen to correspond to the scalar field f. We then
write 8, = 8y and call it the time vector. By definition, 8, is not spatial.’

In general, 8, # n, and we have 9;/n, = —N. We then define the shift vector B
as

B =8, — Nn. (1.35)

3This does not imply that 8; is timelike (see section 5.2 in Gourgoulhon, 2012).
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Figure 1.1: Scheme of the foliation related to n in M. The different slices are curved
in M due to the extrinsic curvature K. The time vector "8, and shift vector 3 of
an adapted coordinate system are also represented.

=

By definition B is spatial. Reversing the definition (1.35): to a spatial vector
corresponds a time vector

"8% = Nn+ B. (1.36)
But instead of defining a single adapted coordinate system in M, the shift vector
defines a class of coordinate systems adapted to the foliation {3;}er in M. We
write this class Xg. By definition, any coordinate system in Xjg can be obtained
from a coordinate system having 8 as shift vector with a time independent spatial
change of coordinates, i.e. (t — t,2% — y°(2%))ap=123. This relation between the
shift vector and the choice of coordinates is especially important for the comparison
between Newton’s theory and general relativity which will be done in chapter 2.

The class with a zero shift, denoted XF* and its time vector "8, is said to be
comoving with respect to the Eulerian observer. We call these coordinates Fulerian
comoving coordinates. Then any shift 8 corresponds to the coordinate velocity
vector of the class Xg" with respect to these coordinates.

1.1.2.6.b  Pull-back. Once we chose an adapted coordinate system {t,2%},—123,
characterised by its shift 8, it is possible to write the 3+1-Einstein equations (1.20)—
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(1.23) with indices running from 1 to 3. This comes from the fact that the 4D-
components T g of any spatial tensor T' are totally determined by the spatial
components 7%, and by the spatial components 3¢ of the shift. Note that the
shift is only needed for covariant components.

For instance, in a class X, the contravariant components of a vector A are A% =
(0,V*), and its covariant components are V,, = (°V,,V,). The spatial covariant
components can be obtained from the contravariant ones by lowering with the spatial
components hy, of the spatial metric, i.e. V, = V°h,.. The same can be done with
an order 2 tensor T

o 0] 0 BB e | BTa
T8 = ( 0 T“b> ; Top = < Tacﬁcd 7 (1.37)

The operation T,g — Tg is called a pull-back. It links spatial tensors on M
to tensors on a single 3-manifold ¥. The components of the pulled-back tensor T°
on Y are T,,. As for each hypersurface ¥; corresponds a pull-back to ¥, the global
pull-back from M to ¥ is said to be parametrised by time. This implies that the
properties of the 3-manifold ¥ and the tensors defined on it are parametrised by time.
This situation is similar to the classical formulation of Newton’s theory (presented
in section 1.4).

Applying the pull-back operation on the 3+1-Einstein equations (1.20)—(1.23)
allows us to have equations living on the 3-manifold ¥ and parametrised by time.

1.1.2.6.c 3+1-FEinstein equations on . To write the 3+1-equations on ¥ we
need to make to pull-back operation on each term of these equations. It is only
not trivial for the Lie derivative Ly, present in the 3+1-Ricci (1.20) and 3+1-
Raychaudhuri (1.23) equations, as it still explicitly features a non-spatial tensor, i.e.
n. To remove this dependence, we use the definition of the shift (1.35) and the fact

that L"aq Tor g = "8t|ﬁ T . Then for a spatial (n, m)-tensor T', the spatial
B
components of Ly,T are
(‘CNnT)(m...blm — naﬂﬂTalmbl... _ EﬂTalmbl‘..- (138)

Remark. LgT%, . corresponds to the spatial components of the spatial projection of
LT3, . The latter is however not necessarily spatial (see appendix A.1).

/Equations (1.37) and (1.38) allow us to write the 3+1-Einstein equations as )
equations living on the 3-manifold ¥ parametrised by the time t. Then the
3+1-Einstein equations become:

1

(i) the 3+1-Raychaudhuri evolution equation:
1
—®Lg) K = —4nG (E +3P) + A + KoK* — S DD°N, (1.39)

v (72
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(ii) the 8+1-Ricci evolution equation:

v 1
N( = EQ,)KGI, = 47G [~ (E = P) hay — M) — Ay — x-DaDyN
+ Ry + K Koy — 2K 0K, (1.40)

(iii) the 3+1-Codazzi equation (or 3+1-momentum constraint):

—87GQ, = DoK — D K°,. (1.41)

Equations (1.39) and (1.40) give the 34+1-Gauss equation (or 3+1-Hamilton
constraint)

167GE +2A = R+ K? — K K. (1.42)

This system needs to be completed by the relation between the extrinsic curva-
ture and the spatial metric:

1 n b
K, = _W( s — “Ls) hab. (1.43)

-

This concludes the construction of the 34 1-Einstein equations on a time-parametrised
3-manifold ¥ from the Einstein equation.

1.1.2.7 Discussion

The Choquet-Bruhat & Geroch theorem (Choquet-Bruhat & Geroch, 1969) states
that from an initial condition, given as a Cauchy hypersurface, and solution of
the two constraint equations (1.41) and (1.42), the solution of the 3+1-Einstein
equations exists and is unique. This shows that the 3+1-formalism is a powerful
tool to solve the Einstein equation.

It allows for the description of a Lorentzian spacetime solution of the Einstein
equation into spatial properties evolving with time via the introduction of a spatial
foliation. But due to our incapacity of observing a spatial hypersurface, because of
the speed limit of information, the properties of such a foliation will never completely
correspond to our observations. This does not mean that the 3+1-formalism prevents
the prediction of observations as one can still reconstruct the light-cone of any event
from a solution of the 3+1-Einstein equations.

As the formalism allows for an interpretation of the Einstein equation, and its
solutions, close to the Newtonian picture of spacetime, it is still interesting to look
at the spatial properties given by the foliation {¥;};cg, even if these are not totally
representative of observations. The main problem arising when one follows this
line of interpretation is related to the arbitrariness of the choice of foliation: one
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could choose another Cauchy family in M, and have different spatial properties
from the same solution of the Einstein equation. The physical interpretation of the
solution is therefore dependent on the choice of foliation. From this point, one could
seek for a preferred foliation which would be the most representative of physical
observations (see Buchert et al.,; 2018, 2020, for a detailed study of the foliation
choice and especially its consequence for the backreaction in cosmology). A natural
choice would be to take the foliation related to the fluid 4-velocity itself: n = wu,
as it would directly probe the physics of the fluid. This is however not possible in
general as a vector defines a foliation if and only if its vorticity (definition given
below in section 1.1.3.1) is zero: this is the Frobenius theorem.

Despite these issues, it is still possible to perform a split of the Einstein equations
with respect to the fluid 4-velocity. This split, called the 1+3-split of general rela-
tivity, is however different from the 3+1-split. It allows to obtain similar equations,
called the 1+43-Einstein equations, which cannot be ‘spatialised” with a pull-back
as in section 1.1.2.6. These equations does not suffer from an arbitrary choice of
foliation and are only functions of the fluid physical properties. In this sense they
are particularly suited for the study of a matter fluid in a cosmological context. We
present the 14+3-formalism in the next section.

1.1.3 The 143 formalism of general relativity

In this section we present the 1+3-formalism of general relativity. However, we will
not give its full derivation as in the previous section for 3+1. A detailed description
of this formalism can be found in (Ellis, 2009; Roy, 2014).

The 1+3-Einstein equations are obtained similarly as the 3+1-Einstein equations
by projecting the Einstein equation along and orthogonal to w. But instead of
the extrinsic curvature, the 143-Einstein equations involve the expansion and the
vorticity tensors of the fluid, known as the kinematical variables, and presented
below.

For this section only, we reintroduce the speed of light ¢, as it will be useful for
chapter 4.
1.1.3.1 Kinematical variables

The expansion tensor ® and the vorticity tensor 2 of the fluid correspond respec-
tively to the symmetric and antisymmetric parts of the 4-velocity gradient Vu
projected on the rest frames of the fluid:

604,8 = bu(abyg)vuu,,, (1.44)
Qaﬂ = b"[ab”ﬂ]vﬂuw (145)
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The 4-velocity gradient can be decomposed as

Ugag

. (1.46)

Vats = Oag +{ag — —
where “a® = u'V,u® is the 4-acceleration of the fluid. We also define the trace
0 = @“” and the shear tensor o: 0,3 = O4p — gbag.

In the case of a flow orthogonal foliation, i.e. m = w, we have the following
relation between the extrinsic curvature and the expansion tensor, K = —@, and
the fluid is necessarily irrotational, with €2 = 0.

1.1.3.1.a Interpretation of ® and €2. To understand what is the physical interpre-
tation of these tensors, let us assume that the world lines related by w correspond to
galaxies. We consider one such galaxy denoted O, and its neighbour galaxies which
form a small volume §V around O on the rest frames of w. Then 6 corresponds
to the rate of change (as function of the proper time of O) of the volume 0V; the
shear o characterises the distortion (without change of volume or rotation) of 6V/;
the vorticity €2 represents a pure rotation of the volume 0V, without distortion or
expansion. This is schematised in figure 1.2. But while the shear preserves the
volume, it does not preserve the distances, and one direction might be expanding,
while another might be contracting. This is not the case for the vorticity tensor
which both preserve distances and volume. That is why the whole tensor ®, and
not just its trace, is called the expansion tensor. See sections 4.5 and 4.6 of Ellis
et al. (2012) for more details on the interpretation of the kinematical quantities.

1.1.3.2 Rest frame spatial derivative and rest frame curvature

A tensor T is said to be a rest frame tensor if its projection along w is null. We
note the rest frame covariant derivative “D applied on a rest frame vector T' as

“D T =1, (5, ) (07, ) VT, (1.47)

While D in 341 is related to a metric on a spatial hypersurface, this is not the case
for “D, as the rest frames do not correspond in general to spatial hypersurfaces.
The main consequence is that “D features torsion:

u u 1
D[a Dg]gb = gQaﬂ quﬂqﬁ 7é O, (148)

for a scalar field ¢. The torsion tensor “T' is given by

«

2
"Tap = =5 apt’. (1.49)

The definition of the Riemann tensor “Riem associated to “D, called the rest
frames Riemann tensor, with components denoted “R’” 5, is

YR g0 = (“Do Dy — "D Do) v + b7, T 5 V07, (1.50)

87



1. Introduction 24

Vs

6 v
/ R
v

lu—
Gv
N /
1% K 6V Q
/
v

p QV):é\/
Vi gv §v =SV gt/ =30
U sf g T

>

Figure 1.2: Scheme of the deformation underwent by the small volume 6V due to 6,
o and €.

and the rest frames Ricci curvature tensor “R is
“Raﬁ = "”R“auﬁ. (1.51)

The rest frames scalar curvature is denoted “R = “R,, g". Because of the torsion,
the first and second Bianchi identities are only recovered if the fluid is irrotational.
Furthermore, the rest frames Ricci tensor is not symmetric anymore. These addi-
tional properties can be found in Roy (2014).

Remark. In chapter 4, we will see that in the Galilean limit the rest frames are hypersur-
faces; the torsion tensor vanishes; and the rest frames Riemann curvature tensor retrieves
all the symmetries of an usual Riemann tensor and can be related to a spatial metric.

1.1.3.3 The 1+3-Einstein equations

Projecting the Ricci tensor R along and orthogonal to u allows us to obtain the
14-3-Einstein equations:

( The 1+4-3-Einstein equations: )

(i) The 1+3-Raychaudhuri equation:

U, UM
a,-a

. (152)

3
Eug = —47TG (6 + _]2?> - @;,w@”y + Q;,LVQHV + uDuua“ + 2
£ c
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(ii) The 1+3-Ricci equation:
LuOns = 471G Ke _ g) + 2”6“5] 4 Abas + “Diaag + ua(z:a"’)
— "R o) — 09as — 20" (.8p),, — 20% (o Q),, (1.53)
(iii) The 1+3-Codazzi equation (or 14+3-momentum constraint):
uDeg — uD, (% + Q) + zua’gw - 8:2an. (1.54)

We can also project the first Bianchi identity for Riem, giving an evolution
equation and a constraint equation for the vorticity:

(iv) the 1+3-vorticity evolution equation:

,CuQaﬂ = uD[auaﬂ], (155)

(v) the 1+3-vorticity constraint equation:

apilag

“Diyag = (1.56)

e
These last equations are geometrical constraints and does not require the Ein-
stein equation to be valid. Finally the conservation equation V,T%, = 0 for the
fluid energy-momentum tensor gives:

(vi) 1+3-energy conservation:

u v
a,q" _ O,

9
02 2

L6 =—0 <€ + g) -V, — (1.57)

c
(vii) the 1+3-momentum conservation:

b Lug" = — (6 + Z) Ya® —"D*(p) — 0¢* — 2¢" (©,% + Q%) — 6>, V, 7.
(1.58)

This system can be supplemented by the 1+3-Gauss equation (or 14+3-Hamilton
constraint), which is redundant with equations (1.52) and (1.53):

N 'R + 6% — 0,,0M + Q0 = 167Ge + 2A. (1.59)

)

25
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1.2 The standard model of cosmology

1.2.1 The cosmological principle

The standard model of cosmology (SMC) is based on the cosmological principle
which states that there exists a family of free-falling observers for which the Universe
looks the same in all directions. The main observation from which this principle
results is the Cosmic Microwave Background radiation (CMB). This is an isotropic
constant flux of radiation (presented in more details in section 1.2.3) the properties
of which, especially its spectrum, are isotropic. Assuming that we do not occupy a
privileged place in the Universe (this is the Copernican principle), we can therefore
suppose that we are part of a family of observers seeing the same isotropic radiation.
Consequently, any observation will be equivalent for all the members of this family,
implying that the Universe is homogeneous for these observers.

The apparent homogeneity is also an observed feature of our Universe. Using
catalogues of galaxies, it appears that from a scale between 70 Mpc/h and 150
Mpc/h* (e.g.  Gongalves et al.,; 2018; Avila et al., 2018, and references therein)
the distribution of matter is statistically homogeneous. But this result may vary
as function of the set of data (galaxy catalogues, quasar catalogues, ...), and the
method used to derive it (see Heinesen, 2020, and references therein). Therefore,
the value of the homogeneity scale and even its existence are still under debate.

1.2.2 Homogeneous and isotropic solutions
1.2.2.1 The Friedmann equations

The cosmological principle is equivalent as saying that there exists a time-like vector
field m in the Universe manifold M, such that it is geodesic and vorticity-free.
Furthermore, the hypersurfaces of the space-like foliation orthogonal to m, along
with the energy-momentum variables defined on this foliation [see equation (1.19)]
have isotropic properties (see section 6.3 in Chrusciel, 2019, for a mathematical
approach to the cosmological principle). We derive in this section solutions to the
Einstein equation that satisfy this cosmological principle.

The presence of the time-like vector m in M as described above implies the
following relations for the 3+41-variables related to it:

Q=0 ; II=0, (1.60)
K
Rz?h . K=Sh i N=1 (1.61)

and the remaining scalar quantities X, R, E and P all depend only on the time .
This time is also the proper time of n and is called the cosmic time.

4The parameter h ~ 70 is the dimensionless factor (Hy/100) km/s/Mpc, where Hy is the local
measured expansion rate (presented in section 1.2.2).
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Following the interpretation made in section 1.1.3.1, the tensor —K corresponds
to the expansion tensor related to the observer n. Because we have K = %h, the
expansion between two world lines of n is the same everywhere on the hypersurfaces
>; and does not depend on the direction: expansion is homogeneous and isotropic.
Then we introduce the scale factor a(t), such that K = —3%. It corresponds to the
spatial distance between two world lines of n as function of time, and from K is
defined up to a constant factor.

Using the relation (1.43) in the class of coordinates A, i.e. comoving with n,
we can show that the space-time line element takes the form

ds? = —dt2 + a*(t) hap(2')dzda?, (1.62)

where the Ricci curvature tensor R related to the metric b is R = %ﬁ, with the
scalar curvature R being a space-time constant. The line element (1.62) is called
the Friedmann-Lemaitre-Roberston-Walker (FLRW) line element, or Friedmann-
Lemaitre- Roberston- Walker metric for the related metric components. The scalar
curvature R(t) can therefore be written as:

R;
a?(t)’

where R; is the value of R(t) at an initial time ¢;, and where we choose a(t;) = 1.

R(t) = (1.63)

/Finally, the 3+1-Raychaudhuri equation (1.39) and the Hamilton constraint (1.4»
become respectively:

33 — —47G (E + 3P) + A, (1.64)
Q R,
3 (5) = 8TGE — - 5 + A, (1.65)

These equations are called the Friedmann equations. We can complement them
by the conservation of the energy-momentum tensor with

E+3g (E+ P) =0. (1.66)

The Friedmann equations are evolution equations for the scale factor a(t). They
relate the expansion, which can be totally determined by the expansion rate
H =%, as function of the energy content of the Universe (with E and P) and
\the geometrical content (with R). )

1.2.2.2 Sources in the standard model

The only unknowns remaining in the Friedmann equations are the energy density
E and pressure P, especially their dependance on time. To determine them, we
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need to specify the sources in the energy-momentum tensor. In the SMC, several
sources are considered, which do not interact. The total energy-momentum tensor
can therefore be decomposed as

Tog= > T(ig), with VvV, T+ =0 Vn € {sources}. (1.67)

ne{sources}

(n

This implies that each source comes with its energy density E™ and pressure P,

which are conserved with (n)+3% (E (n) 4 P(”)) = 0. Most of the sources considered

in the SMC can be described by a linear equation of state, P = w™ E®  with
w™ = ¢st. This implies that

EM = F,(m =30+ (1.68)

where F;™ is the value of E™ at the initial time ;.

In the SMC, the following sources are considered

e w™ = 0: this corresponds to a dust fluid. In this case, the energy E@") o ¢—3

corresponds to the rest mass density of the fluid, and the 4-velocity w of
the dust fluid coincides with the one of the fundamental observer, u = n.
This equation of state can be used to describe either the cold dark matter
(non-relativistic dark matter), or non-relativistic baryonic matter when non-
gravitational interactions can be neglected.

e w™ = 1. this corresponds to a radiative fluid as described in section 1.1.1.2.
In this case E(?Y o ¢=* corresponds to the elecro-magnetic energy density as
observed by the fundamental observer nm. Such an equation of state can also
describe a fluid of ultra-relativistic particles (ultra-relativistic with respect to
the fundamental observer), such as neutrinos.

The curvature and cosmological constant terms in the Friedmann equations can
be seen as coming from an effective fluid with energy density end pressure:

R R/3
R._ _ . pR._ R _ _
ER = e P*: 16 (w 1/3), (1.69)
A A
Er=_—— ; Pl=—"0 (W=-1) 1.
8rG 8rG (w ) (1.70)

1.2.2.3 Dynamics of the expansion

We introduce the (dimensionless) cosmological parameters, or (2-parameters, defined
as

B 8rGE™

Yoy = gz

(1.71)
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and similarly for the curvature and the cosmological constant. The Friedmann
equations (1.64) and (1.65) may be rewritten as

1= Q(dust) + Q(rad) + QR + QAa (172)
aa 1
q = _E = 5 (Q(dust) + Q(rad) - QA) ) (173)

where the parameter ¢ quantifies the deceleration of the expansion. From the knowl-
edge of the cosmological parameters and the expansion rate H at a time tj, the
expansion rate at any time ¢ can be known. The measured made by the Planck
collaboration (Planck Collaboration et al., 2020) lead the following values of the
cosmological parameters at the current cosmological epoch:

Hy = (67.4 £ 0.5) km/s/Mpc, ( )
sy = 0.3111 £ 0.0056, (1.75)
Vpaay ~ 1077, (1.76)
Q% = 0.001 =+ 0.002, (1.77)
Q% = 0.6889 %+ 0.005. (1.78)

Then under the SMC, the Universe energy content is currently dominated by the
cosmological constant and the dust matter, which is decomposed into baryonic mat-
ter with QY ~ 0.0490 and dark matter with Q3  ~ 0.261. The value of the curvature
term is compatible with a spatially flat Universe, which is generally assumed. As
the radiation, matter and A terms evolve respectively as a=*, a2 and a constant,
and because today’s expansion rate is positive, we can infer from the Friedmann
equations that a(t) — 0 at a finite time in the past, implying a ‘Big Bang’ Three
different areas also appear: a radiation dominated area at early times, when the
scale factor can be approximated by a(t) o< v/t; a matter dominated area; and an
area in accelerated expansion dominated only by the cosmological constant. Assum-
ing the SMC model, our Universe is currently in transition between the matter and
the A areas.

1.2.2.4 Inflation area

In the model described above, the deceleration parameter is always positive, except
at late times. It can be shown that with a never negative ¢, for any observer there
will always be a part of the Universe which will never be causally related to this
observer, implying a ‘causal horizon’. At the time of emission of the CMB, the size
of this horizon was much smaller than the distance between the two ends of the last
scattering surface. And yet the observation of the CMB suggests that these two ends
should have been correlated at early times. This is known as the horizon problem. To
solve it, Guth (1981); Starobinsky (1982); Linde (1983) proposed that the radiative
area was preceded by an accelerating area, called inflation, where ¢ < 0 such that
the observed Universe was entirely in causal contact at early times. However, there
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is no consensus on the mechanism behind this phase of acceleration, and several
models are competing. The need for inflation to solve the horizon problem can also
be questioned (e.g. Triay, 2003).

1.2.2.5 What means ‘dark energy’?

The reintroduction of the cosmological constant results from the measure of a nega-
tive go by Perlmutter et al. (1999); Riess et al. (1998), corresponding to an acceler-
ation of the scale factor. However, other proposals have been suggested to explain
this observation. Most of them consist of a ‘quintessence’ scalar field with energy-
momentum tensor as described in section 1.1.1.2. The origin of this scalar field can
be either phenomenological, or it can arise from quantum gravity theories. Some
studies also try to explain dark matter in the same time (Sahni & Wang, 2000;
Matos & Arturo Urena-Lépez, 2001). In any case, the SMC requires an additional
unknown energy source, fundamental with quintessence fields, or effective with A,
to explain gy < 0, which is called the dark energy.

Remark. Perlmutter et al. (1999); Riess et al. (1998) observed an acceleration of the local
scale factor, i.e. along the light-cone. However, talking about an acceleration of the spatial
expansion, and even about dark energy, is model dependant. Therefore, in the remaining
of the thesis, when talking about an observed acceleration or about the dark energy, we
will refer to the acceleration of the local scale factor.

1.2.3 The Cosmic Microwave Background

The fact that a(t) — 0 at a finite time suggests that the Universe was initially very
dense and hot, with non-negligible interactions between matter and radiation. As the
Universe expanded, the density of photons and baryons became low enough so that
the formers did not scatter anymore with the latters and became free. After this
decoupling between mater and radiation, the Universe has remained transparent.
The remanent of the last scattered emission of photons, called the last scattering
surface, can be seen in microwave length. This is the Cosmic Microwave Background.

As shown in figure 1.3, this radiation is very homogeneous with a temperature
contrast of the order 107°. Its analysis allows us to determine the value of the
cosmological parameters presented above. As the matter-dominated area begins
after the emission of the CMB, it can be used to construct initial conditions for
the formation of the matter structures. However such structures cannot be studied
within the class of FLRW solutions. This is usually done either using perturbative
approach around the FLRW geometry within the framework of general relativity, or
using Newton’s theory of gravitation (see section 1.2.5).
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oo T N 50 K

Figure 1.3: Map of the temperature fluctuations around the mean temperature
(~ 2.7 K) of the CMB and without the dipole moment. The areas encircled by
grey lines correspond to the removed contribution of the Milky way and the nearby
(dwarf) galaxies. Credits: ESA, Planck collaboration.

1.2.4 Cosmic topology
1.2.4.1 The Thurston geometries

The Thurston geometrisation conjecture (Thurston, 1982), proven by Perelman
(2002, 2003a,b), is a classification of the closed (i.e. compact with no boundary)
3-manifolds. It states that any closed 3-manifold can be decomposed into pieces that
each has one of the eight Thurston geometric structures: the spherical geometry, the
Euclidean geometry, the hyperbolic geometry, the geometry of S x R, the geometry
of #? x R, the geometry of SL(2,R), the Nil geometry, and the Sol geometry. The
precise mathematical definition of these structures can be found in Lachieze-Rey &
Luminet (1995).

Remark. The notion of geometry used in this classification is a bite more restrictive
than the notion of topology. We will however use both terms, as it is often the case in
cosmology.

1.2.4.2 Representations of a topology

A 3-manifold with a single Thurston geometry can be represented in three different
ways, which are summarised in figure 1.4 for the 2-torus:

e The 3-manifold can be embedded in R", with 3+1 <n < 3%241, but at the
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(b) (c)

Figure 1.4: Scheme of the three ways of representing the flat 2-dimensional
torus 72. (a) T? is embedded into £3 and possesses an extrinsic curvature.
(b) Fundamental domain of T2. This is a square in which we identify the
opposite faces. T? is a multi-connected space since the closed loop £ cannot
be contracted continuously into a point. (c) Tiling of the universal covering
space £2 by the fundamental domain (the square) using the holonomy group.
We clearly see in this representation that the loop £ is an infinite line, but
closed in the fundamental domain. It cannot be contracted into a point.

cost of distortions, via an extrinsic curvature.

e The space can be defined by its fundamental domain® which is a polyhedron
for which we identify properly the faces together. For T?, the fundamental
domain is a square with opposite sides identified.

e The space can be represented as a tiling by the fundamental domain of a
simply connected space, which is then called the universal covering space M.
The tiling is realised with the holonomy group I'. Thus a point at the center
of a fundamental domain will be at the center of all the fundamental domains
tiling the covering space. Taking the example of the Poincaré space (spherical
geometry): in this case we tile the 3-sphere & with 120 dodecahedrons for
which the opposite faces are identified with a rotation of 7/10. Mathematically,
we define the topological 3-space M as M = M/ r.

5The fundamental domain is not necessarily unique and can be position dependent.
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1.2.4.3 The spatial geometry of the SMC

Once we suppose global hyperbolicity, the question of the topology of M narrows
to the topology, or Thurston geometry, of the hypersurfaces of any spacelike Cauchy
foliation. The Einstein equation being a local equation, it does not give constraints
on this geometry. Therefore, such constraints can only come from the initial condi-
tions. In certain cases, there can also be a simple relation between the Ricci tensor
R of the hypersurfaces ¥; and their geometry, which is the same for any of these
hypersurfaces. This is the case for the FLRW solutions, where the Ricci tensor
R = %h allows only for three types of 3-spaces:

e R > 0: ¥ has a spherical geometry. The spatial manifold is necessarily closed.

e R = 0: X is the Euclidean space E?, and if it is closed has an Euclidean
geometry,

e R < 0: X is the hyperbolic space H3, and if it is closed has an hyperbolic
geometry.

However, the FLRW metric does not constraint the precise topology within a
type, and it can be either simply connected or multi-connected, open or closed
(except for the spherical case). The expansion law is also independent of this precise
topology, which therefore, in a strictly homogeneous model, is degenerate.

1.2.4.4 Method of observation of the spatial geometry

Once we consider the inhomogeneities in the matter distribution of the Universe,
it is theoretically possible to determine the precise topology within a type. The
following methods exist:

e The cosmic crystallography (Lehoucq et al.; 1996): this method is based on the
correlation in the distribution of galaxies. The topology is determined by the
spikes in the separation histogram of objects in catalogues of galaxies. Using
the third representation [panel (c) in figure 1.4], the spikes appear because of
the presence of image galaxies in the covering space.

e Circles in the CMB (e.g. Luminet & Roukema, 1999; Luminet et al., 2003):
this method is based on the correlation of temperature fluctuations in the
CMB. For a closed topology smaller than the size of the CMB, identical circles
could be found in the CMB map lying in different directions. The size and
place of these circles determine the precise topology. However, if the Universe
is closed but bigger than the size of the CMB, no circle is visible.

As for now, these methods only give a lower bound for the volume of the Universe,
of around 10 to 20 (Gpc/h)? (Aurich et al., 2004; Aurich, 2008; Roukema et al.,
2014; Planck Collaboration et al., 2020).
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( These two methods are all based on the correlation of the matter in a single\
slice 2J;. In this sense they can be called ‘static methods’ However, while in the
FLRW solution the precise topology does not play a role on the dynamics of the
Universe, it might be possible that once the inhomogeneities are considered, a
lift a degeneracy occurs. In this case, the dynamics of the structures or even
the expansion could be probes for the measurement of the topology. The non-
FEuclidean Newtonian theory we want to develop in this thesis will be a tool to

\understand the effects of specific topologies on the dynamics of the Universe. Y,

1.2.5 Inhomogeneities under the standard model

The study of inhomogeneities in the Universe (CMB anisotropies and structure for-
mation) cannot be done under the FLRW solution of general relativity. In the SMC,
the CMB anisotropies are studied using perturbations of the metric around a FLRW
background (Bardeen, 1980). In this approach, the spatial metric is decomposed into
a scalar, a vector and a tensor part which can be measured using the CMB map.

Regarding the formation of the structures after the surface of last scattering, it is
often assumed that they can be described with Newtonian gravitation, due to their
low velocity dispersion. That is why most of the simulations of structure formation
are done using Newtonian cosmology (e.g. Alimi et al.; 2012; Nelson et al., 2015),
which is presented in section 1.4. A downside of this approach is that it might miss
relativistic effects not related to spatial (dispersion) velocities, but to the spatial
curvature (Buchert & Carfora, 2008; Vigneron & Buchert, 2019; Roukema & Os-
trowski, 2019). Furthermore, as we shall see in section 1.4 and in chapter 2, the
(isotropic) expansion law in Newtonian cosmology is necessarily given by the Fried-
mann equations (this is the Buchert-Ehlers theorem, Buchert & Ehlers, 1997), and
this for any inhomogeneous solutions. This contrasts with the purely relativistic
case (presented in section 1.3), which features an additional effective source term in
the Friedmann equations, coming from the inhomogeneities: the global backreaction
term Qy. This global effect is necessarily missing in the Newtonian simulations. Fi-
nally, the Newtonian approach imposes the simulated Universe to have an Euclidean
geometry, which is a restriction with respect to general relativity.

In section 1.3, we introduce a formalism which allows for the description of the
relativistic effects of inhomogeneities on the expansion. This formalism is based
on a scalar averaging of the Einstein equation and was first introduced by Buchert
(2000). In section 1.4 we present how cosmology is studied under Newton’s theory,
and we outline the strategy of the thesis in section 1.5.
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1.3 The backreaction of inhomogeneities

1.3.1 The backreaction problem in cosmology

The cosmological principle asserts that there exists a scale above which the Universe
can be considered as homogeneous and isotropic. The SMC then assumes that the
inhomogeneities under this scale do not affect the dynamics of domains of size bigger
than the homogeneity scale. This implies that the expansion of such domains is
given by the (homogeneous) FLRW solution of general relativity, and the Friedmann
expansion laws. That is why the dynamics of structure, under the SMC, is generally
solved as a deviation around a FLRW background expansion.

This assumption is not a consequence of the cosmological principle, and is an
additional hypothesis. In reality the inhomogeneities (with scale necessarily smaller
than the homogeneity scale) might affect the expansion at large scales. This effect
is called the backreaction. The main question surrounding this phenomenon is to
know whether or not it could be important enough to explain the recent acceleration
of the local scale factor, and if the dark energy could be entirely explained by the
inhomogeneities. This is the problem of backreaction in cosmology (see Buchert,
2008).

A way to tackle this problem is by averaging the 3+41-Einstein equations on
a spatial domain supposedly bigger than the homogeneity scale, and derive the
expansion law of this domain. This approach was followed by Buchert (2000) for
irrotational dust fluids, Buchert (2001) for irrotational perfect fluids, and by Buchert
et al. (2020) for general fluids. In the following sections we present the case of an
irrotational dust fluid.

1.3.2 Averaging procedure

As we seek for information on the average properties of the fluid, this requires the
use of equations featuring the kinematical variables related to this fluid. These
equations correspond to the 1+3-Einstein equations. We also want to perform an
average over a spatial domain, which requires the introduction of a foliation and the
use of the 3+1-Einstein equations. A way to deal with both of these systems is to
assume that the fluid is a Cauchy fluid, i.e. irrotational and such that the foliation
it defines is a Cauchy foliation. We will then perform the spatial average on this
foliation. We also take a dust fluid, which is generally assumed for the description of
the Universe after the surface of last scattering. Therefore, we have N =1, n = u,
K =-0, Q =0, and € = p the rest mass density.

Let us consider a compact domain D on the fluid orthogonal spatial hypersur-
faces, which is propagated between each slice along the fluid flow. It is defined as a
time independent domain in the comoving class of coordinates &j', i.e. a Lagrangian
domain. This ensures that the total fluid rest mass in D is conserved through time.
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We define the spatial average on the domain D of a scalar field v as:

W) 0= 3 [ v/denlha)ia, (1.79)

where Vp(t) :== [p1/det(hqp)d3x is the volume of D. This definition ensures that for
a spatially constant scalar 1 (t), we have (¢), = 1.

The averaging procedure (1.79) is only well defined for scalar fields. For tensor
fields, it would require the comparison of the components of the tensor at different
points in ¥;, which would depend on the coordinates, and therefore would not be
covariant. The problem of averaging procedures on tensors, see Zalaletdinov (1992)
for a proposed formalism, will not be addressed in this thesis.

1.3.3 Averaged expansion laws and the backreaction
1.3.3.1 Commutation rule

A key point in the emergence of backreaction is the non-commutativity of averaging
and dynamics (Ellis, 1984; Ellis & Buchert, 2005): the averaging operator (-), do
not commute with the Lagrangian evolution operator “0, (this notation is defined
in section 1.1.2.6). The commutation rule is (Buchert & Ehlers; 1997; Buchert, 2000)

(W)p — () = (00)p — (O)p (W) (1.80)

where we denote 1) = * o V- Applied for ) = 1, the commutation rule leads to

Vo

=7 (1.81)

{O)p
Therefore (6),, corresponds to the expansion rate of the volume of the domain D.

1.3.3.2 Averaged expansion law
We introduce the dimensionless ‘effective’ scale factor

Vo \
= 1.82
w=(12) (182

with Vp; the (initial) reference volume.

The expansion laws for the effective scale factor are obtained by taking the aver-
age of the 14-3-Einstein equations. We are only able to perform this average on
the scalar equations of the 14-3-system (1.52)—(1.59), i.e. on the Raychaudhuri
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equation, the Gauss equation and the energy conservation. We obtain
372 = —4nGp+ A+ Qp, (1.83)
ap
. 2 R
3 (“—D) _ 872G (o) + A — D+ 9D (1.84)
ap 2
. ap
{(P)p = =3—(p)p, (1.85)
ap
where we defined
2 2 .
Op = 5 <<92>D - (G)D) - <ch0 d>D. (1.86)
The averaged conservation equation (1.85) leads to (Vp (p)p) = 0 which corre-
sponds to the conservation of the total rest mass Mp = Vp (p)p, in D.

- )

From equations (1.83)—(1.84), one can derive the integrability condition:
: ap ) ap
Op+6—09p+ (R)p +2— (R)p, =0. (1.87)
ap ap

1.3.4 Averaged equations VS Friedmann equations

We can see that the equations (1.83) and (1.84) are similar to the Friedmann equa-
tions (1.64) and (1.65). But important differences also appear:

e All the terms (except A) depend on the averaging region,

e The curvature term % does not necessarily behave as o< ap’ like in the
R

FLRW case. We introduce the curvature backreaction Wp = (R)p — ZQ%
D

which quantifies the deviation of the dynamics of the average curvature with
respect to the one of a FLRW solution.

e There is an additional term Qp. It compares two positive contributions of the
inhomogeneities: the variance of the volume expansion ((02>D - <9>%> and

the shear expansion <aaba“b>

. Furthermore it influences the dynamics of the
expansion. Therefore Qp quantifies the backreaction of the inhomogeneities on
the volume expansion of the domain D. We call it, the kinematical backreaction

term.’

6The term ‘kinematical’ distinguishes with the ‘dynamical’ backreaction term, which is an
additional term present in the case of non-dust perfect fluids (Buchert, 2001).
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Following section 1.2.2.2, we introduce the effective backreaction energy density e’
and pressure pZ; as:

p_ QtWo o p Q-3

ot = T gpGg 0 P T 167G

Remark. Using the integrability condition (1.87), a vanishing Qp is necessary and sufficient

(1.88)

to have a Friedmannian effective scale factor.

1.3.5 Backreaction, dark energy and dark matter

From the expansion law (1.83) we can see that the kinematical backreaction term
is an additional source for the acceleration. Therefore if Qp > 0, the effect of the
backreaction on the expansion of D is an acceleration. In this sense it can mimic
the behaviour of the dark energy.

While the motivation for the introduction of the backreaction was the quantifi-
cation of the effects of the small scale inhomogeneities on the homogeneity scale,
the formalism described above and the related averaged expansion laws do not de-
pend on the existence of such a homogeneity scale. Therefore we are not obliged
to assume that (Vp)l/ 3 is bigger than this homogeneity scale, and we can study the
backreaction of small scale inhomogeneities on intermediate scale inhomogeneities.
In such cases, if Qp < 0 the kinematical backreaction can mimic dark matter as it
slows down the expansion of the domain (e.g. Buchert & Carfora, 2008; Wiegand &
Buchert, 2010; Vigneron & Buchert, 2019).

1.3.6 Caveats of this approach to the backreaction problem

One of the caveats of the above approach to the backreaction problem at large scales,
is the arbitrariness of the domain D. A natural way to deal with this problem is to
consider a spatially closed universe ¥ and to take the domain D to be X. In this case,
the backreaction variables Qs and Wk quantify the effect of all the inhomogeneities
of this universe on its expansion. In this thesis, we will assume that our Universe
is closed, and will only study the backreaction on its whole volume. Note that this
might be a restriction to the study of the backreaction as the current acceleration
of the scale factor could be a local effect, only needing a backreaction on medium
scales.

Because the average procedure can only be done on the scalar equations, part of
the dynamics is lost in the average process. As a consequence, the equations (1.83)—
(1.85) are not closed: there are four variables (ap, (p)p, Qp, (R)p) for three equa-
tions. Therefore closure conditions are generally assumed using cosmological mod-
els. Another way to deal with this problem would be to assume that our Universe
is well described by Newtonian gravitation, and study the backreaction under the
Newtonian cosmology. This is presented in the next section.
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1.4 Newtonian cosmology

Cosmology within Newton’s theory, and especially the description of expansion was
developed after general relativity by Heckmann & Schiicking (1955, 1956). The
general expansion law was finally derived by Buchert & Ehlers (1997).

1.4.1 Kinematical variables in Newton

The classical Newton system of equations describes the time evolution of a fluid
characterised by a scalar field p, the fluid density, and a vector field v, the fluid
velocity. These two tensors are defined in a 3-dimensional manifold, denoted XN,
equipped with a flat Riemannian metric A" and are parametrised by the time ¢.
The system of equations is composed of two evolution equations, one for the scalar
p and one for the vector v, and two constraint equations. Given a fixed coordinate
basis vector {e,}q—123 on YN i.e. the vectors e, are not parametrised by time, the
evolution equations in the corresponding coordinate system {x%},—1 23 are

(i) the mass conservation equation

(O +v°D.) p = —pD.°, (1.89)

(ii) the Fuler equation

(0; + v°D.) v = g* + o (1.90)

where D, are the components of the Levi-Civita connection of h, and g is the
gravitational vector field constraint by the following equations:

(i) the Newton-Gauss equation

D.g¢ = —4nGp + A, (1.91)

(ii) the Newton-Faraday equation

Diagy = 0. (1.92)

The vector @g,y corresponds to the non-gravitational acceleration.

Due to the equivalence principle, the Euler equation (1.90) can be seen as a def-
inition of the gravitational vector field. Then apart from this equation, the Newton
system can be written independently of g. To do so, we introduce the expansion

"The only requirement on LN is to be Euclidean, but its topology is not necessarily R3.



1. Introduction 40

tensor ® and the vorticity tensor €2 of the vector field v being respectively the
symmetric and the antisymmetric part of the velocity gradient Dv, with®

@ab = D(avb) ; Qab = D[avb], (1.93)

and we note the trace ©. =: §. The interpretation of these two tensors is the same
as for the ones introduced in general relativity (see section 1.1.3.1).

Rewriting equation (1.89), (1.91) and (1.92), we obtain the kinematical Newton
system:

(i) the mass conservation:

(O + L) p = —pb, (1.94)

(ii) the Raychaudhuri equation:

(0 + Ly) 0 = —47Gp + A — 040 + Qeg Q™ + Doty (1.95)

(iii) the vorticity conservation:

(825 + Lv) Qab = D[a(ayégrav)b]- (196)

These equations need to be completed by the definition (1.93) of ©® and €. Then,
the system (1.93)—(1.96) is closed and equivalent to the system (1.89)—(1.92). The
gravitational vector field g is defined as

ga = (8t + »C'u) v+ 0° (@ca + Qca) - (a'?fgraV)a‘ (197)

Introducing the Lie derivative in this last equation allows us to have the same
differential operator acting on p, ©,, and {2,;,. Furthermore, this formulation of g is
closer to the general one we will give in chapter 2.

Remark. While the expansion and vorticity tensors are explicitly covariant under any
change of coordinates, parametrised by time or not, the differential operator J; is not. In
appendix B we derive the form of the kinematical Newton system in any time-parametrised
frame, i.e. for any time-parametrised coordinate system. This generalised system features
a shift freedom similar to the 34+1-Einstein system.

1.4.2 Homogeneous deformation

For the above system to be well defined, closing conditions need to be added. There
are two possibilities:

8Here we adopt the sign convention g = +D|qvp). This implies the relation: curlv, = €aca?
where €404 is the Levi-Civita tensor. The inverse relation is Qg = %eabccurl vE.
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(i) the system is isolated, and fall-off conditions are taken at infinity, i.e. p ~—— 0
and v === 0. This situation is used for astrophysical flows.

(ii) the velocity v is decomposed into a homogeneous deformation velocity vy with
v == H.(t) z° (in Cartesian coordinates) where H¢, are only functions of ¢,
and a peculiar-velocity P: we have v = vy + P. The peculiar-velocity is
periodically defined on the absolute Euclidean space £2. This situation is used
in cosmology.

In the second choice, the periodicity of the peculiar-velocity corresponds to a cubic
domain, denoted T?, in the comoving coordinates {#°},—123, which are defined as

7= A2 (1.98)

with AL (t) = fé H_.“dt. These coordinates follow the flow of the velocity vy. The
domain T? is distorted by the homogeneous deformation H,’ in the absolute Eu-
clidean space £3:

o H = %Hcc corresponds to the volume expansion of the domain T3,
e H, corresponds to an anisotropic expansion of T? in &2,
e Hyy corresponds to the rotation of T* in the Euclidean space £3.

Because the absolute Euclidean space is periodically tiled with the domain T3, a
natural interpretation of the homogeneous deformation is to represent an effective
flat 3-torus which is expanding (covering space representation, see section 1.2.4.2
and figure 1.4), i.e. a closed Universe. That is why this approach is well suited for
cosmology. In this interpretation, once the homogeneous deformation is introduced,
the spatial velocity which describes the fluid is considered to be the peculiar-velocity
P. The evolution equations for this velocity are called the cosmological Newton
equations. We derive them in what follows.

1.4.3 The cosmological Newton equations

We can show the following relation between the time partial derives 8, and 9, = atli
(see section B.1.2 in appendix B for the derivation):

Oy = 0y + Ly, (1.99)
This relation is valid when applied to tensors of any types.
The expansion and vorticity tensor can be rewritten as:
Ouw = Hapy + 704 5 Qup = Hyay + T, (1.100)

where we introduced the expansion "0, = D(, P, and vorticity 'Q,, = D}, Py of
the peculiar-velocity.
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The homogeneous deformation H,” being an additional unconstrained field in the
Newton system, we need evolution equations for its different parts (trace, symmetric
traceless part, antisymmetric part). As H,% is only a function of time (in Cartesian
coordinates), we can obtain these evolution equations by spatially averaging the
kinematical Newton system on the periodic domain. We use the same average
operator as for backreaction in general relativity [defined in equation (1.79)].

As the periodic boundary conditions defining T? are expanding, the volume Vis
depends on time with the relation

10, Vs
3 Vi

= H(t). (1.101)

The average of the Newton-Raychaudhuri equation (1.95) gives an evolution equa-
tion for H, i.e. an expansion law, while the average of the vorticity conserva-
tion (1.96) gives an evolution equation for Hp,.” However, it is not possible to
obtain an evolution equation for the anisotropic expansion H g, which remains
free.

( The cosmological Newton equations are: )
(i) the mass conservation:
(& + /CP) p=—3Hp— PQP (P = %a (1.102)
where M, is the total mass in T?.
(ii) the cosmological Newton-Gauss equation:
D.Pg¢ = —47Gp — Hiog He) + Hiog HTod) (1.103)
where ¢ == ) — () s
(iii) the cosmological Newton-Faraday equation:
Dy gy = — Oy Hiapy, (1.104)
where we introduced the peculiar (periodic) gravitational field as
Pg* = (0 + P°Dc) P* + 2P°H," — (Gtgray)”, (1.105)

9The average of the vorticity equation is performed in Cartesian coordinates.
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(iv) the expansion law:
3|0H + H?] = —47G (p)qs + A — (Hiea H)_, + (Hieq H),_ . (1.106)

To get this last equation we used the fact that divergences of functions of P
averaged over a periodic domain T? are zero due to Stokes’s theorem.

(v) the evolution equation of Hiy:

\_ Oy Hgp) + Hiep) H,® + Higq Hy® = 0. (1.107)/

1.4.3.1 Backreaction in Newtonian cosmology

The formalism developed in section 1.3 can also be used to describe the backreaction
in Newton’s theory. We end up with a similar kinematical backreaction, which
features an additional term related to the vorticity:

00 = 2((#) ~{0) ~ (oo™ (), (1109

In the case of the Newtonian cosmology, and assuming we average over the periodic
domain T?, this expression becomes:

Ops = — (Hiey HY)_ + (Hieq H*Y)__, (1.109)
and the expansion law (1.106) can be rewritten as
3|0 H + H?| = —47G (p)ps + A + Q. (1.110)

1.4.3.2 Interpretation

Equation (1.106) is similar to the Friedmann equation (1.64). However, it fea-
tures two additional terms: <H<Cd>H <Cd)>T3 and <H e H [Cd]>T3. This means that
the anisotropic expansion and the global rotation corresponds to additional effective
source terms in the Friedmann equation. As both terms are positive, the anisotropic
expansion source creates a deceleration of the volume expansion, whereas the global
rotation source creates an acceleration. Furthermore, equation (1.104) shows that
the global rotation Hj,) also corresponds to a gravitomagnetic field for the pe-
culiar gravitational field Pg. Gravitomagnetism is generally considered to be a
post-Newtonian effect, and in this sense it is generally assumed to be zero in the
cosmological Newton system.

Remark. In chapter 4 we will show that when the cosmological Newton system is derived
from general relativity, the global rotation is necessarily zero.

The system (1.102)—(1.107) is used in the Newtonian cosmological simulations.
Because the anisotropic expansion is unconstrained, and because there is no evidence
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for such feature in the expansion of our Universe, H . is assumed to be zero. In
this case the expansion law (1.106) is equivalent to the Friedmann equation. This
means that the expansion of the periodic domain T? in Newton is equivalent to the
expansion of a homogeneous Universe in general relativity, whatever the distribution
of matter and peculiar-velocities in the domain T®. In other words, there is no
backreaction of the inhomogeneities on the (isotropic) expansion of the domain T?
(Qrs = 0). This result is called the Buchert-Ehlers theorem, and was first derived
by Buchert & Ehlers (1997).

1.4.4 Caveats of the Newtonian cosmology

The main consequence of the Buchert-Ehlers theorem is to imply that the study of
the backreaction of inhomogeneities on the expansion of a closed universe needs to
be made in general relativity: the backreaction is a relativistic effect.!”

However, the Buchert-Ehlers theorem relies on the interpretation of the homoge-
neous deformation made in section 1.4.2, in particular on the fact that we considered
the universe represented by the cosmological Newton system to be an expanding 3-
torus. In reality the topology of the spatial manifold is still R?, and the torus is
only an interpretation of the periodic boundary conditions imposed on the peculiar-
velocity. This contrasts with general relativity, where we can assume the spatial
manifold to be a (closed) 3-torus which is expanding. In this sense, the physics
described by the cosmological Newton system might not necessarily be compatible
with general relativity.

Another caveat of the Buchert-Ehlers theorem and its interpretation is that it
imposes the geometry of the model universe to be Euclidean. As general relativity
allows for all the Thurston geometries, this is a clear restriction with respect to
this theory. This raises the following question: can we generalise the Buchert-
Ehlers theorem to non-Euclidean geometries ? Answering this question re-
quires a generalisation of Newton’s theory to non-Euclidean geometries. If this is
possible and that the backreaction is still zero in these geometries, this would def-
initely show that this effect is a purely relativistic effect. Otherwise, if there is a
non-zero backreaction in non-Euclidean geometries, this would show that the topol-
ogy plays a major role on the expansion of our Universe.

10G¢trictly speaking, only the backreaction on an entire closed universe is relativistic. As shown
in section 1.4.3.1 it is also possible to have a backreaction on smaller domains in Newton (Buchert
et al., 2000).
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1.5 Strategy of the thesis

( Generalising the Buchert-Ehlers theorem to non-Euclidean geometries is the\
main goal of this thesis. To do it I will pursue the following strategy:

(i) I will first show that the Newtonian cosmology and the interpretation in
terms of a spatially closed manifold is compatible with general relativity.
This is done in chapter 2 using the Newton-Cartan theory, as it can be
derived via a well defined geometrical limit of general relativity.

(ii) Generalising the Buchert-Ehlers theorem requires the definition of a non-
Euclidean Newtonian (NEN) theory. In chapter 3, I review the existing
approaches to such a theory, and I propose two new ones based on the
results of chapter 2. I also derive the generalised Buchert-Ehlers theorem
for each of these approaches.

(iii) The final stage aims at justifying one of my proposed NEN theories from
a limit of general relativity. This is done in chapter 4.

As a complementary approach to study of the relation between topology and
global backreaction, I will investigate in chapter 5 the possibility of doing rela-
\tivistic numerical simulations in non-Euclidean geometries. Y,
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Chapter 2

14+3-Newton-Cartan system and
Newton-Cartan cosmology

2.1 Why Newton-Cartan?

in a Galilean 4-manifold. The structure on this manifold, called a Galilean

structure, follows from Newton’s ideas of absolute time and absolute space.
Similarly to general relativity, the goal behind the Newton-Cartan formulation is to
describe the gravitational force with a spacetime connection. The physical equations
constraining this connection, called the Newton-Cartan equations, are equations
relating the Riemann tensor associated to this connection and the energy content.

THE Newton-Cartan theory is a formulation of Newton’s theory of gravitation

This theory, originally introduced as a spacetime geometrisation of Newton’s
theory by Cartan (1923, 1924), has then been developed to study the Newtonian
limit (e.g. Kiinzle, 1976) and to define post-Newtonian approximations to general
relativity (e.g. Dautcourt, 1997; Tichy & Flanagan, 2011). Ehlers (1981); Ehlers
(2019) also proposed a unification of Newton-Cartan theory and general relativity,
within his frame theory.

The limit allowing to derive the Newton-Cartan theory from general relativity
is a well defined limit of a 1-parameter family of solutions to the Einstein equation.
The limit is also covariant, i.e. it is not performed in a specific coordinate system.
Therefore we can consider that the Newton-Cartan theory, firstly, is compatible with
general relativity, and secondly corresponds to the ‘true’ formulation of Newton’s
theory. This second statement will be strengthened by the results we will obtain at
the end of this chapter. In this sense Newton-Cartan provides the right framework
to study the compatibility of the Newtonian cosmology with general relativity. To
do it, we first perform a covariant 143-split of the Newton-Cartan equations with
respect to the fluid 4-velocity, similarly to the 143 and 3+1 split in general relativity
presented in sections 1.1.2 and 1.1.3. The resulting system of equations will be called
the 1+3-Newton-Cartan system. We will show that this system is equivalent to the
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cosmological Newton system of section 1.4.3. This will complete the work of Ruede
& Straumann (1997) who also studied the Newton-Cartan cosmology, but only for
homogeneous solutions.

In section 2.2 we recall the definition and properties of Galilean spacetimes.
Section 2.3 presents the construction of the 1+3-Newton-Cartan equations. We
solve the system of equations in section 2.4 and show that space expansion arises
as a fundamental field of the theory. In section 2.5, we define the gravitational
field and rewrite the 1+3-NC system so that it features the Cosmological Newton-
Gauss equation. Then we compare with the cosmological Newton equations (1.102)—
(1.107). Finally we define different observers in section 2.6. Note that the limit of
general relativity to Newton-Cartan will only be detailed (and needed) in chapter 4.

This chapter is based on my paper, Vigneron (2021).

2.2 Galilean spacetimes

2.2.1 Galilean structure

This section is largely inspired by the nice presentation of Galilean spacetimes by
Kinzle (1972), which, to my opinion, should be considered as the reference paper
for the Newton-Cartan theory.

2.2.1.1 Definition

A Galilean spacetime is a 4-dimensional differentiable manifold M equipped with
a Galilean structure (T, f_r,, V), where T is an exact 1-form, h is a symmetric (2,0)-

tensor of rank 3, with h*#7, = 0, and V is a connection compatible with 7 and h,
called a Galilean connection:

Va3 =0 ; Vb =0. (2.1)

A vector w is called a unit timelike vector if u*7, = 1, and an (n,0)-tensor T is

[e3

called spatial if 7, T b = 0 for all @ € [1,n]. The exact 1-form 7 defines a foliation
{Z:}ter in M, where ¥, are spatial hypersurfaces in M defined as the level surfaces
of the scalar field ¢, with 7 = dt. In this chapter we will not use a Lorentzian
connection. So V and I'}; will always refer to the Galilean connection and its
coefficients.

No spacetime metric, i.e. a symmetric (0,2)-tensor of rank 4, is part of the
Galilean structure. Furthermore it is not possible to define a spacetime metric
compatible with the connection (2.1) (see chapter 12 of Misner et al., 1973). Thus
raising and lowering indices is not possible a priori. Then, to avoid confusion when
defining new tensors for the first time, we will use the over and under bars notation
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introduced in the beginning of this thesis. Once they have been defined, we will
however return to the simpler bold notation.

The time metric 7 and the space metric h define what we can call an absolute
(or preferred) time and an absolute (or preferred) space. This is the Newtonian
picture of spacetime.

Remark. The structure defined above is called ‘Galilean’ because the components of the
tensors 7 and h are invariant under a local Galilean transformation. We can also show
that the set of local Galilean transformations is totally determined by a Galilean structure
(see Kiinzle, 1972). Therefore such structures are the most general structure which are
invariant under Galilean transformations.

2.2.1.2 Properties

From the knowledge of 7 and h, the connection V is not unique. TIts coefficients
') 5 are defined up to a unit timelike vector B and a two form & as follows:

[os = PThs + 27k, (2:2)

where 1
BFZB = h¥ (a(aBbg)u — 2(9MBba5> + Bva(oﬂ'ﬂ), (23)

and where 2 b is the projector orthonormal to the vector B with
BbouB" =0 ; Bv,,n? =0, —-71,B" (2.4)
We have the following properties
BBy, B =0 ; W8y, B =0, (2.5)
where PV is the connection associated with the coefficients Brls.

The connection coefficients (2.2) naturally define a Riemann tensor R?,g, with
the usual formula

The Ricci and Bianchi identities are still satisfied for this Riemann tensor:
R 48, = 0, (2.7)
ViuBRai8y) = 0. (2.8)

The definition (2.1) leads to the following additional relations:

Tulapy =0, (2.9)
heR? ., =0. (2.10)

The Ricci tensor R,p is defined as R.g == Ry 5.
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2.2.2 Coordinates in a Galilean spacetime

In this section, we define objects which will be used in the construction of the 1+43-
Newton-Cartan equations.

2.2.2.1 Adapted coordinate systems

A coordinate system {z®},—0123, which is associated with the coordinate basis
vectors {50[}&:0717273, is said to be adapted to the foliation {¥;},cg if the three
vectors {éa}a:m,g are spatial and 8, is unit timelike." Such coordinates are not
unique and are determined up to the spatial vector freedom in the definition of the
unit timelike vector 8y. In any adapted coordinate system

To = 0p 3 TO1n = T0ngin gon, (2.11)

where T is a spatial tensor.

2.2.2.2 Pull-back

The relation (2.11) shows that any spatial tensor T is totally determined by its com-
ponents T in an adapted coordinate system. We can then consider that 7%
are the components of a tensor living in a Riemannian 3-manifold > whose metric
contravariant components are h%, thus defining a pull-back 7@1~®n — T1-an

As ¥ is a Riemannian manifold, indices of tensor components on this manifold
can be raised and lowered with the metric h on X. Then, we define T, ,, as

Tal...an = TClmcnhclal hcnana (212)

where hg, is the inverse matrix of A%’ and corresponds to the covariant components
of the Riemannian metric on X.

2.2.2.3 Classes of adapted coordinates

Given a unit timelike vector u, one can characterise with respect to this vector any
adapted system {8, }a—01.23 by introducing a vector 8 as

B =08y — u. (2.13)

The vector B is spatial and is called the shift vector of the system {éa}azo’LQ’g with
respect to u. The shift vector defines a class of adapted coordinate systems, denoted
Xg. This class is the set of all adapted coordinate systems whose shift vector with
respect to u is 8. The systems inside a class are related by time-independent spatial
changes of coordinates.

1 Actually 8¢ only needs not to be spatial, i.e. timelike in Newton-Cartan. But by convention
we take it to be unit timelike.



2. 1+3-Newton-Cartan system and Newton-Cartan cosmology 53

2.2.2.4 Spatial covariant derivative

In an adapted coordinate system, the spatial projection I'}, of the connection coef-
ficients (2.2) are

1
I, = §7he (a(ahb)d - 23dhab> : (2.14)

for any unit timelike vector B chosen in the relation (2.2). This comes from the fact
that Bb,, = hg, for any unit timelike vector B. The coefficients (2.14) correspond
to the coefficients of the Levi-Civita connection D of the metric h on . Then the
pull-back of hﬁVVVTO”'"O‘" on X with T a spatial tensor gives

RPN T om — Dbaran (2.15)
and the pull-back of the divergence V,T%7%" gives

VWTal..-’Ywan — DCTa‘l"‘C‘“a‘”‘ (216)

2.3 The 143-Newton-Cartan equations

2.3.1 The Newton-Cartan equations
The Newton-Cartan (NC) equations are:

v, T* =0, (2.17)
R.p = o713 (4nG1, 7, T* — A), (2.18)
heRA o =0, (2.19)

where A is the cosmological constant and T is symmetric and corresponds to the
energy-momentum tensor of the matter.

Equation (2.17) is the energy and momentum conservation; equation (2.18) is
the equivalent to the Einstein equation and links the geometry of M to its energy
content; equation (2.19) is the Trautman-Kiinzle condition.

Remark. In all the literature, the condition (2.19) is called the Trautman condition, citing
Trautman (1963).> However Trautman originally gave the condition h“[aRB]Mm =0, i.e.
without the symmetrisation. This original condition is stronger than (2.19). In particular
it already implies the proportionality R,s o 7,73, i.e. equation (2.18). Based on a
count of the remaining degrees of freedom in the Riemann tensor, Kiinzle (1972) proposed
instead the condition (2.19). It has the advantage of still implying the irrotationality of the
gravitational field and the closeness of k, i.e. the original reasons for the introduction of
the condition by Trautman in 1963, but without the stronger proportionality implication.
That is why I propose to call this condition the Trautman-Kiinzle condition.

2Paper written in French and available on the website of the Bibliotheque Nationale de France
at the following web page: https://gallica.bnf.fr/ark:/12148/bpt6k4007z/£639.image.
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2.3.2 Matter fluid

For the remainder of this paper, we will only consider that the energy-momentum
tensor describes a matter fluid,® the 4-velocity of which is a unit timelike vector u
such that:

T = pu®u® + ph®® + 2¢*u® + 7%F, (2.20)

where p is the mass density, p the pressure, g the heat flux and 7 the anisotropic
stress of the fluid. By definition ¢#7, = 0, 7#“7, = 0 and “b,, ™" = 0.

2.3.3 143 split in Newton-Cartan

The basics behind the 143 split of the NC equations is to decompose the Ricci
tensor along and normal to the fluid velocity w. This is similar to the 14-3-split in
general relativity (section 1.1.3), but also to the 3+1 split (section 1.1.2) as we will
be able to write the final equations on the 3-manifold . To do so, we first introduce
the kinematical variables of the fluid in section 2.3.3.1 and then realise the split in
section 2.3.3.2.

2.3.3.1 The kinematical variables

Similar to general relativity, we introduce the expansion tensor © and the vorticity

tensor € of the fluid as the projection orthogonal to the fluid of the 4-velocity
gradient Vu:

@aﬁ — upl(lﬁhoé)ﬂvluu’/ ; Qaﬁ = uP[VBhaMVHUV, (2'21)

with “P'fé = “bwhﬁﬂ =6, — 1, u’. We denote 0 := “b,,©". We also introduce the
acceleration “a of the fluid 4-velocity u as

“a® = u'V u”. (2.22)

The tensors “a, ©® and € are all spatial. We have the following additional relation

1
0 = —§Luh"‘ﬂ. (2.23)

Remark. Relation (2.23) was originally introduced by Toupin (1957) as the definition for
©®. Note that the relation ““bq~“bg, 077 = %ﬁu”ba[g” given by Kiinzle (1976) is incorrect.

3For an electromagnetic fluid in the NC theory, see Kiinzle (1976).
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2.3.3.2 1+43-Newton-Cartan equations

In this section we project the NC equations (2.17)—(2.19) with respect to 7, u, “b
and h. The conservation equation (2.17) projected along “b and T gives

Lyp=—pt —V,q", (2.24)
pu(la = —huav,up — v“ﬂ_,ua - [ﬁuqa + qae + 2ubuuqﬂ (@Va + QV&)] : (225)

The NC equation (2.18) projected respectively twice along w, along w and h, and
twice along h gives:

L0 = —47Gp+ A + V,"a" — “bay,"bs, 0P O + b, b5, QP QM (2.26)
h*V .0 — V, (0% + Q) =0, (2.27)
h*h"’ R, = 0. (2.28)
In the Trautman-Kiinzle condition (2.19), the indices a and § are purely spatial.

Then only the indices v and ¢ need to be projected along w and h. The condition
projected respectively twice along u, along w and h, and twice along h gives:

L0 = 4%, 01 | prlag vgf), (2:29)
hu[aquﬁ’Y] =0, (230)
hu'yhuahC[aRﬁ] (e = 0. (231)

For the system to be closed, the relation (2.23) needs to be added.

2.3.4 The equations

The 1+3-NC equations (2.23)—(2.31) are all scalar or spatial equations on M. By
pulling them back they become 3D-equations living on a Riemannian 3-manifold .
A pull-back is defined for each ¥, i.e. each time ¢. This implies that the geometrical
properties (Riemann tensor and metric) of the manifold X, as long as all the other
tensors defined on it, are parametrised by the time.

In section 2.2.2.4, we detailed the pull-back of the spatial derivative, but to
fully write the 1+3-NC equations as 3D-equations, there remains to pull-back the
operator L, present in the evolution equations. This is done by introducing a class
Xjg of coordinates. Then L, applied on a spatial tensor T' becomes, under the
pull-back,

LT — (0p — Lg) T, (2.32)

where the Lie derivative LgT% % applied on the spatial components of a spatial
tensor corresponds to the Lie derivative on Y. Then, the pull-back of the sys-
tem (2.23)-(2.31) on X gives:
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(- The 14+3-Newton-Cartan equations: )
e Evolution equations:
(8 — Ls) p = —pf — Degt, (2.33)
(0r — Lg) hap = 2 O, (2.34)
(8, — L) 0 = —4wGp + A + D "a® — ©“04 + QO (2.35)
(8t — ‘Cﬁ) Qab = D[a“ab], (236)
e Constraint equations:
D. (0% + Q%) — D =0, (2.37)
Dioflyg = 0, (2.38)
R® =0, (2.39)
Rlabd — g, (2.40)
where Riem and R are the Riemann and Ricci curvature tensors of the spatial
metric h, and with
Yq? = —D*P — D.m* — [(0: — Lg) ¢° + 0 + 2g. (©° + Q)] . (2.41)

P
- J/
Equation (2.40) is the Bianchi identity for Riem, and thus is not a constraint.
The shift vector B is not physical and corresponds to a choice of coordinates (as in

3+1-Einstein). In the section 2.6 we will see what choice of B leads to a Galilean
coordinate system.

Remark. We show in Vigneron (2020), see appendix B, that even in the classical formu-
lation of Newton’s theory, the choice of time-parametrised coordinate systems is charac-
terised by a vector, similar to a shift vector.

2.3.5 Discussion

In the 1+3-NC system, the expansion and vorticity tensors are not defined as the
symmetric and antisymmetric gradient of a spatial vector. Instead, they are defined
via the constraints (2.37) and (2.38). This is a major difference with the classical
definition of Newton’s equations (see section 1.4.1). In section 2.4.1, we will see
what are the consequences for those two tensors.

The 14+3-NC system is nearly formally equivalent to the 14-3-Einstein system
of equations (section 1.1.3.3). This was also spotted by the seminal paper on the
comparison between Newton’s theory and general relativity (Ellis, 1967). However
in that paper, ® and € were not defined via the constraints (2.37) and (2.38), but
directly as the gradients of a spatial vector.
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The main difference between the 1+3-NC and 14-3-Einstein systems is the miss-
ing of the 1+3-Ricci equation in the former. It is replaced by the flatness of space,
i.e. equation (2.39). Vigneron (2020) showed that this results from the fact that this
equation becomes a relation for the second order, in 1/c¢?, of the spatial curvature
in the Newtonian limit (appendix C).

The 1+3-NC system does not suffer from the lack of the Hamilton constraint of
general relativity. This is because this constraint is needed when only the 143-Ricci
equation is considered, without the Raychaudhuri equation. As the latter equation
is present, only the 1+3-Ricci equation is missing.

The term D.¢° in equation (2.33) implies that the mass of a fluid element is
not conserved, but the total mass inside ¥ is still conserved [see equation (2.60)].
Therefore this term should be zero if we want to recover the classical mass con-
servation equation. In this chapter we will keep it non-zero to keep the study of
the NC-equations the most general possible. However, we will drop it in the next
chapter. Also, in chapter 4, we will show that it still possible to consider a non-zero
heat-flux q while locally conserving the mass.

The 1+3-NC system does not feature a dependence on the choice of Galilean
connection. This is discussed in section 2.6.4.

2.4 Space expansion in Newton-Cartan

In order to derive the expansion law (in section 2.4.2), we first need solve the con-
straint equations (2.37) and (2.38) (in section 2.4.1).

2.4.1 Solving the constraint equations

Equation (2.38) implies that the 2-form €2 is closed, which translates into
Qab = D[awb] + Wab, (242)

where w is a harmonic 2-form on X, i.e. D Dy, = 0.

Because the metric h on the 3-manifold ¥ is flat [with equation (2.39)], we can use
the decomposition theorem showed by Straumann (2008) to uniquely decompose the
expansion tensor into scalar, vector and tensor parts (hereafter SVT decomposition)
as

@ab = Xhab + D(a’l)b) + Eab, (243)

with x a scalar field and E is a transverse-traceless (TT) tensor , i.e. Z.° = 0
and D.= = 0. The theorem is valid for a Riemanian metric of constant scalar
curvature, with zero traceless Ricci curvature. Fall-off conditions at infinity or com-
pactness of ¥ also have to be added.
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The link between the vectors in the expansion and vorticity tensors is made by
the momentum constraint (2.37), which becomes, with the decomposition (2.43),

2D,x = D* (D[cva] - D[cwa]) ) (2'44)

using the fact that Dw,., = 0 for a harmonic 2-form. The right-hand side (hereafter
rhs) is divergence free, whereas the left-hand side (hereafter lhs) is vorticity free.
Then the Hodge decomposition implies that

Dax =0 ; D°(Dpvs — Dywy) =0. (2.45)

The first equation implies that x is only a function of time. The second equation
implies that the 2-form (Dy.vg — D[Cwa]) is co-closed, but as it is also exact, it is
zero. We finally have

Oun = X(t)hab + D(avb) + =20 ; Qu= D[avb] + Wap- (2.46)

We see that in general, the tensor ® is not the gradient of a vector, but also
features non-zero scalar and tensor parts. The same applies for the vorticity tensor
which features a non-zero harmonic part w. The physical role of these terms will be
discussed in the next section.

Remark. From the NC equations (2.17)—(2.19), there are no more constraints on the har-
monic 2-form w. However, if one derives these equations from a limit of general relativity,
an additional constraint appears on the Galilean connection, which eventually implies
w = 0. Then, the only physical choice on w that is compatible with general relativity is
w = 0. This is shown in chapter 4. As we did not consider the NC theory as a limit of
general relativity in the present chapter, we will keep w # 0.

2.4.2 Space expansion in the Newton-Cartan theory

The expansion rate H(t) of ¥ is defined as

H(t) = 1O

1
=30 = 300, (2.47)

where (o), == V% [5. ®\/det(hq)d3x is the spatial average over the whole manifold ¥
and Vs = [ y/det(hg)d3z is the volume of ¥. Equation (2.46) implies

H(t) = x(1), (2.48)
which means that y corresponds to the expansion rate of X.

As we explained in the previous section, the scalar y enters in the SVT decom-
position of the expansion tensor ®. This tensor, along with the vorticity tensor,
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characterises the fluid. Then any part of the decomposition of ® corresponds to
a physical fundamental field characterising the fluid. In particular, equation (2.48)
shows that the expansion, through vy, is a fundamental physical field of the 14+3-NC
system (2.33)—(2.41).

This system does not explicitly feature an evolution equation for the scalar y.
Such an equation can be obtained by taking the spatial average of the Raychaudhuri
equation (2.35), which gives

3 [H + Hﬂ =—47G (p)y, + A — <ECdECd>E + <chw6d>2 )

To get this equation we used the fact that divergences averaged over a closed domain
are zero due to Stokes’ theorem. This expansion law is equivalent to the one in
Newtonian cosmology [equation (1.106)]: we retrieved the Buchert-Ehlers theorem.

While we have an evolution equation for y, this is not the case for the TT
tensor E and the harmonic 2-form w which are totally free, in their space and time
dependence. We call E the transverse shear, and w the Coriolis field. The reason
for this name will be given in section 2.6.3.

2.4.3 Spatial metric separability

The time dependence of the spatial metric is given by equation (2.34). Using the
class of coordinates X™ . the equation becomes

Othay — 2H (t)hap = 2 Zp, (2.49)
which, in the case 2 = 0, leads to

hap(t, ) = a2 (t) hap(2), (2.50)
where h is a flat metric.

Equation (2.50) shows that the metric components can be separated into space
and time dependence. This is a major property as it ensures that in the coordinates
XY, we can solve the 14+3-NC system assuming a time-independent background
flat metric h, or comoving background metric.

In the case 2 # 0, the equation (2.49) does not lead to the separation of the
metric components. Because 2 is a symmetric traceless-transverse tensor, it cannot
be written as the symmetric gradient of a vector. This means that there is no coor-
dinate system in which equation (2.34) becomes 9, hay + 2H (t)hay, = 0. Therefore,
the space and time separation of h is only possible if 2 = 0.
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2.5 Gravitational field and cosmological equations
in Newton-Cartan

2.5.1 The gravitational field

In the literature concerning the Newton-Cartan theory, the gravitational field is
often defined using the coefficients I'); of the Galilean connection as (e.g. Ehlers,
1981; Ehlers, 2019; Dautcourt, 1990a)

“g% = T8 (2.51)

This definition is however only valid in a specific adapted coordinate system (defined
by a time vector 8;) such that
gBt = B,

where B is the vector freedom in the definition of the Galilean connection of equa-
tion (2.2). The definition (2.51) implies that the gravitational field is the opposite
of the 4-acceleration of B, with B*V,B* = —g®, and that it is solution of the
cosmological Poisson equation (equation (16) in Dautcourt, 1990a).

In this chapter, we are interested in giving a purely coordinate independent
definition of g. We propose the following definition:

ga = (8t — »C,B) v® + 20° (@Ca + Qca) - UCDCUG — “a”. (252)

In the following and in section 2.6.2 we will see that it is coherent with the standard
definition (2.51).

This definition could be used as a covariant definition of the gravitational field
in GR, as it uses the same kinematical variables ® and €. However it requires
the knowledge of the vector v defined from ® using the SVT decomposition. This
decomposition is a priori not possible in general in GR as the curvature orthog-
onal to the fluid is not necessarily zero. Thus it seems non-trivial to adapt the
definition (2.52) in this theory.

2.5.2 The cosmological equations

We can introduce the gravitational field (2.52) in the 143-NC system. The vortic-
ity equation (2.36) becomes the Newton-Faraday equation, and the Raychaudhuri
equation (2.35) becomes the Newton-Gauss equation when subtracting the expan-
sion law. Then the 1+3-NC system can be rewritten in a form equivalent to the
cosmological Newton system in section 1.4.3:
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( The cosmological system in Newton-Cartan: The gravitational field is given by\

g% = (0y — L) v* + v°Dev® + 20° (H"* + Z.* + we?) — (azgrav)®,  (2.53)

Dog® = —4nGp — ScB + oo, (2.54)
D[agb] - (at - Eﬂ—i—v) Wab, (255)

where ¢ == 1) — (1)s.. These equations are completed by

Rap =0, (2.56)
(0 — Lg) hap = 2 (H(t)hay + Diaviy + Ea ), (2.57)
(0 — Lg) p=—p(3H + Devf), (2.58)

and the averaged equations

3(H + H?) = —47G (p)y, + A + Ox, (2.59)
. Mtot
{p)s = At (2.60)
with
Q5 = — (ZeaE) _ + {weaw™)_. (2.61)

\We recall that B is a traceless-transverse tensor and w is a harmonic 2-form. Y,

Remark. Equations (2.54) and (2.55) were also obtained from NC by Ehlers (1981); Ehlers
(2019); Dautcourt (1990b). But these studies neither assume expansion, nor transverse

shear and therefore do not have the term Z.4Z°¢ and the averages given by the operator
e in the gravitational field source equation (2.54).

2.5.3 Newton-Cartan cosmology VS Classical Newtonian cos-
mology

The expansion and vorticity tensors in the classical theory with homogeneous de-
formation can be written as

@ab = H(t>hab + D(an) =+ H(ab) ; Qab = D[cpa] + H[ab]-

These expressions are equivalent to those in NC [equation (2.46)], if we make the
following associations:

P—v;, H—x; Hauw—Zw; Hau — Wae.

As H,, is only a function of time in Cartesian coordinates, this implies: firstly, that
H 4 is divergence-free and falls into the class of TT-tensors, and secondly, that
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Hia) is harmonic. This justifies the last two associations. Furthermore, because
the Newton-Gauss and Newton-Faraday equations are formally the same as in the
classical Newtonian cosmology [equations (2.54) and (2.55) in NC; equations (1.103)
and (1.104) in classical Newton|, we can make the following association for the
gravitational field:

Pg = g.

Then, with these associations, the equations governing P, H,,, and Fg are exactly
the cosmological Newton-Cartan equations of section 2.5.2 in a closed space. This
shows that the solutions to the classical cosmological Newton system are equivalent
to the solutions of Newton-Cartan, and that the interpretation of the expanding
periodic boundary conditions in terms of an expanding closed space is correct.

2.5.4 Interpretation of =
2.5.4.1 Anisotropic expansion

From the association — Hy — Zq we can interpret the transverse shear E as an
anisotropic expansion if its components are spatially constant in Cartesian coordi-
nates. This requires the following condition: D.=, = 0. This is more restrictive
than the TT condition of Z (see the study of the TT tensors in flat spaces by Tafel,
2018), which allows for non-constant components in Cartesian coordinates. For in-
stance, we can assume that in the Galilean class of coordinates X", (see section 2.6.2)
the metric can be written as

hay = diag | A*(t); B*(t); C*(1)] .

This metric represents an anisotropic expansion of 3: the edges of the cubic domain
(of the 3-torus) have different lengths and expands differently. From this metric we
obtain

A C
H== el
3 A—i— —1—0, | |
—H;E—H;Q—H .

B
B
A
A B C

= = diag

But while H(t) has an evolution equation, the two degrees of freedom of E are
unconstrained.

Remark. The condition D =, = 0 is equivalent to the one imposed on H, in classical
Newtonian cosmology. However, we could also have defined the homogeneous deformation
to be only divergence free, and not gradient free. In this case the Newtonian cosmology is
equivalent to the NC cosmology.
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2.5.4.2 Gravitational waves from =

As E is a TT tensor corresponding to the time derivative of the spatial metric,
we could consider that it also encompasses gravitational waves phenomenon, which
are described by the same kind of tensors. This is not incompatible with Newton’s
theory as shown by Ehlers (1997). However, while general relativity provides an
evolution equation, in the form of a wave equation, for [, &, this is not the case a
priori in Newton-Cartan. Therefore we need to impose E to represent a gravitational
wave, for instance by taking (in the class X™,)

a b 0
EpxX | b —a 0 |sinfw(t—2z/c)] (2.62)
0 0 0

where a and b are constant amplitudes and w is the pulsation frequency of the wave.
This ansatz represents a plane wave propagating in the z-direction.

From equation (2.54), we see that even in vacuum, i.e. p = 0, a gravitational

field is created by the gravitational wave due to the term = 4=¢d:

—

Dog® = —Zog=ed, (2.63)

This term corresponds to an effective energy density of the wave, similar to the one
defined in general relativity.

Looking at the expansion law (2.59), the average energy density of the gravita-
tional waves has a deceleration effect on the spatial expansion. It might be inter-
esting to know how <EchCd>Z scales as function of the scale factor a(t), to see if

additional expansion scenarios, with respect to FLRW solutions, are possible.

2.5.4.3 Dark matter?

Following what we just said concerning the effect of = on the gravitational field and
the expansion, the transverse shear might play the role of dark matter:

° <ECdECd>E acts as an additional effective mass in the expansion law,

—

o =2 affects the gravitational field in the Newton-Gauss equation,

e a test particle undergoes an additional force due to the transverse shear (see
section 2.6.3) of the form ‘—2V°¢ 4 =.%"

It remains to find if there exists a 2 which reproduces the dark matter observations,
and if it can be justified other than empirically.
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2.6 Observers in the Newton-Cartan theory

2.6.1 General observers

An observer, or family of observers, in the NC theory is described by a unit timelike
vector o, as in general relativity. A choice of coordinates can be associated to a
choice of observer whose unit timelike vector is the time basis vector, i.e. 0 = 0. In
this sense, solving the NC equations (2.33)—(2.40) in such coordinates corresponds
to solving the dynamics of the fluid w with respect to the observer o.

For a general observer o # u, and we define the spatial vector V' as
V=0o—u+wv. (2.64)
We have V' = B + v. The acceleration °a of this observer can then be written as
°a =—g"4+ (0 — L+yp) V*+ VDV 42V (0. + Q. — Dv?), (2.65)
which simplifies into

% = —g* + OV + VDV + 2V (x6." + Z + w,”) . (2.66)

2.6.2 Galilean observers

When the observer is chosen such that V' = 0, then
°a = —g". (2.67)

This corresponds to an observer whose acceleration is the opposite of the gravita-
tional field created by the fluid w. Such an observer is called a Galilean observer. A
class of coordinates associated to a Galilean observer is called a Galilean class.

With the above definition, there seems to be a unique Galilean observer, i.e. the
observer o = u — v. However, this is true only if v is unique from the knowledge
of ®. This is not the case as v is defined up to a spatial vector A whose spatial
gradient D, A, is zero. For a flat space, the solution to the equation D,A, = 0 is
a ‘constant’ spatial vector, i.e. corresponding to a global translation. Thus v is
defined up to a global translation, and therefore a Galilean observer is also defined
up to a global translation. This is an expected freedom of Galilean coordinates.

However once we choose the vector v this fixes the Galilean observer. We denote
this observer with the vector G, where G := u — v. Then the vector V = 0 — G of
a general observer o corresponds to its spatial velocity with respect to the Galilean
observer G. Therefore, the vector v = u — G is the spatial velocity of the fluid with
respect to the Galilean observer. General and Galilean observers are represented
with respect to the fluid in figure 2.1.
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Figure 2.1: Representation of the different vectors involved in the definition of the
fluid u, the Galilean observer G and a general observer o. These vectors are repre-
sented with respect to a slice ¥, of the foliation {¥;}cg. In black are the vectors
defining the fluid; in green are the vectors defining a general observer. Note that
because there is no global metric in the structure of the embedding Galilean mani-
fold M, the orthogonality on the figure between the unit timelike vector w and the
slice 3; has no signification and is just a representation convention.

If the Galilean connection is chosen such that B = G, then in the coordinate
class X%, ie. 8y = G, we retrieve the usual definition (2.51) present in Ehlers
(1981); Ehlers (2019); Dautcourt (1990a) for the gravitational field. Therefore, we
can consider that equation (2.67) is also a definition of the gravitational field in
Newton-Cartan. This definition only requires the SVT decomposition of ® to be
valid, i.e. so that we can uniquely define Dv from ®, and does not depend on the
NC equations. This will be especially important in the next chapter, when defining

non-Euclidean Newtonian theories.

2.6.3 Test observers

We define a test observer with unit timelike vector T' as a geodesic observer, i.e.
Ta = 0. The equation of motion of these observers with respect to the Galilean
observer, i.e. the evolution equation for V, is

OV + VDV = g* =2V (x0." + E* + w.*). (2.68)

This corresponds to the second law of Newton with the velocity acceleration on the
lhs and three non-inertial terms on the rhs: —2 V%, —2V°=.* and —2V“w.*. The
first one corresponds to an expansion force; the second one to an anisotropic force
resulting from the transverse shear; the third one is a Coriolis force created by the
field w, hence the name ‘Coriolis field’.
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The term —2V“w.* corresponds to the Coriolis force created by a global rotation
only if the Coriolis field components w,;, are constants in Cartesian coordinates. As
w is harmonic along with compactness or fall-off conditions at infinity, this is the
case. This confirms the result of Dautcourt (1990b). Note that Ehlers (1981); Ehlers
(2019) does not suppose closing conditions, but instead adds an additional constraint
to the NC system in order for w to be a global rotation: the “law of existence of
absolute rotation” (equation (23) in Ehlers; 1981; Ehlers, 2019). However, this
equation does not have a relativistic equivalent, and therefore cannot be obtained
from a Newtonian limit.

We emphasise that while w is called a Coriolis field, it differs from the Coriolis
field introduced in the classical formulation of Newton’s theory, as the force —2V“w,.®
cannot be removed by a change of coordinates. This is because w is harmonique
and cannot be written as the anti-symmetric gradient of a spatial vector.

2.6.4 Choice of Galilean connection

Throughout this chapter we made no assumption on the choice of Galilean connec-
tion, i.e. choice of B and k in equation (2.2). However once we wrote the 143-NC
equations and pulled them back on ¥, the Galilean connection disappears. Then the
intrinsic freedom on the definition of this connection disappears too. As in most of
the literature on NC, reasoning is often made with B and k, we detail in the present
section the relation between these two tensors and the kinematical variables.

We have
0% = peBy P, (2.69)
0 = pleBy WPl 4 bk, b (2.70)
Uq® = ut BV u® + 2ut K, h. (2.71)
If we choose B = u, then using equation (2.5) we have
Q% = prevy P (2.72)
QO = Wk, WP, (2.73)
Ya® = 2u Ky, R, (2.74)

In this choice of connection, we see that the spatial projection of k is the vorticity of
the fluid. Then this projection cannot be taken to zero as this would be a physical
restriction to the fluid.

Only if B # u, one is allowed to take h*®k,,h?" = 0 without loss of generality.
But in any case, the tensors B and k do not appear in the 14+3-NC equations
on X, and thus their choice, in addition to having no physical implications, is not
relevant to the solving of these equations. Only the choice of adapted coordinates
via B, defining the partial time derivative, i.e. the choice of observer, plays a role in
equations (2.33)—(2.41), or equivalently in the cosmological system (2.53)—(2.61).
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2.7 Conclusion

This chapter aimed at presenting the equations resulting from a covariant 1+4-3-split
of the Newton-Cartan equations, called the 1+3-Newton-Cartan equations [equa-
tions (2.33)—(2.41)], along with the cosmological system (2.53)—(2.61), featuring the
gravitational field. The main results are:

(i) The 14-3-Newton-Cartan equations have the same algebraic structure as the
14-3-Einstein evolution and constraint equations (apart for the 14+-3-Ricci equa-
tion). In particular, as in the relativistic theory, a choice of adapted coordi-
nates in Newton-Cartan corresponds to a choice of shift vector.

(ii)) We give a covariant definition of the gravitational field [equation (2.52) in
section 2.5.1],

(iii) We exactly retrieve the cosmological Newton system [equations (2.53)—(2.61)].

(iv) When solving the constraint equations, the space expansion arises as a fun-
damental physical field in the theory. It corresponds to the expansion of a
real closed manifold. This contrasts with the Newtonian cosmology where the
expansion is only a construction corresponding to the expansion of periodic
boundary conditions, and the manifold is still R3.

(v) We retrieve the Buchert-Ehlers theorem in the Newton-Cartan theory, with
the expansion law (2.59).

(vi) We saw that 2 can describe gravitational waves with an effective energy den-

—

Sity EchCd.

These results show that the Newtonian cosmology and especially its interpre-
tation in terms of a spatially closed manifold is compatible and equivalent to the
Newton-Cartan theory, itself compatible with general relativity. Thus, we can con-
sider that the 14-3-NC equations (or equivalently the cosmological equations) are
the ‘true’ 3D-formulation of Newton’s theory. Then from now, we will refer to the
Newton-Cartan cosmological system (2.53)—(2.61) when talking about Newtonian
cosmology.

An interesting feature of the Newton-Cartan cosmology, which requires to be
extensively studied, is the transverse shear =2, especially whether or not it can explain
the dark matter problem.

In the next chapter, we will tackle the second point of our strategy presented in
section 1.5: defining non-Euclidean-Newtonian theories.
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Chapter 3

On non-Euclidean Newtonian
theories and their global
backreaction

theorem needs to be derived from general relativity with a well defined limit:

a non-Euclidean Newtonian limit. Finding such a limit is not an easy task as
we will see in chapter 4. A preliminary approach to the definition of a NEN theory
is to stay under the framework of the Newton-Cartan theory and assume we change
the spatial curvature such that non-Euclidean geometries are allowed. While this
approach is not justified from general relativity a priori, it gives a first insight in to
what could be the right NEN theory.

THE non-Euclidean Newtonian theory required to generalise the Buchert-Ehlers

In this chapter, we will first review the only approach of the literature aiming at
defining a NEN theory (Roukema & Roézanski, 2009; Barrow, 2020). Then we will
propose new ones based on Kiinzle (1976) and the 14+3-Newton-Cartan equations
developed in the previous chapter. The expansion law, and therefore, the generalised
Buchert-Ehlers theorem, will be derived in each case. The results are summarised
in table 3.1.

3.1 Introduction of a spatial Ricci curvature

As seen in chapter 2, the spatial geometry in Newton’s theory is Euclidean because
the spatial Ricci curvature R is zero. Such a curvature is not the only possible one
in Euclidean geometries, i.e. in an Euclidean 3-manifold it is possible to define a
metric whose Ricci curvature is non-zero. However, the null curvature is the one
which requires the less parameters to be determined, i.e. zero. As we want to
introduce a non-zero Ricci curvature for our NEN theories, to face the problem
of the choice of this curvature, we can assume that we take the one with the less
parameters to determine.

70
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In this thesis we will mostly be interested in either the spherical or hyperbolic
geometries. Therefore, following the restriction we made above for the curvature
choice, we assume that

R = R?Et)h. (3.1)

We can see with the above formula that there is only one unknown parameter: the
scalar curvature. It depends only on t as a consequence of the contracted Bianchi
identity.

The main reasons to consider either spherical or hyperbolic geometries are the
following:

e These are the ‘simplest’ geometries after the Euclidean geometry.

e They are the only geometries where the SVT decomposition of symmetric 2-
tensors has been proven to be unique (the derivation of the theorem requires an
isotropic Ricci curvature: Straumann, 2008). As seen in the previous chapter,
this decomposition is required to define a spatial velocity v from the expansion
tensor ®. This will also be the case in this chapter.

Remark. The ‘most simple’ Ricci tensor for the other five Thurston geometries can be
found in section 5.1 of Lachieze-Rey & Luminet (1995). For these Ricci tensors, the SVT
decomposition cannot be used a priori. However, it might possible that a generalisation
exists, especially for the Ricci curvatures proposed in Lachieze-Rey & Luminet (1995).

3.2 Poisson equation approach

In the NEN theory defined in Roukema & Roézanski (2009) and Barrow (2020), the
Newton-Gauss equation, or equivalently the Poisson equation, is considered as a
fundamental feature of Newton’s theory. For this reason their approach is to keep
the algebraic structure of this equation while changing the metric such that it has
a non-zero Ricci curvature of the form (3.1). Therefore, they have:

R(t)

—— Nap, (3.2)

D.g° = —4nGp ; Ruyp = 3

where the spatial connection D is related to the metric with the above Ricci curva-
ture.

Remark. This approach is similar to the way quantum fields are treated in curved spaces:
the field equations are kept in their algebraic form, and the Minkowski metric is changed
for a ‘curved metric’, not influenced by the fields.
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3.2.1 The mass point gravitational field

The gravitational field created by one mass point M is given by the spherical solution
of equation (3.2) with p = dx, where dy, is the Dirac distribution of the manifold X.
The solution can be found when choosing hyperspherical coordinates, in which the
line element takes the form:

di? = R?[dg? + sinn® (¢) (d6? + sin® 0dy)| (3.3)
where

sinh (§), if R <0 (hyperbolic)

sin (§), if R > 0 (spherical) (3.4)

sinn (§) = {

where £ € [0,7] if R > 0 and £ € R if R < 0, and R. = /6/|R| is the cur-
vature radius of the spherical or hyperbolic space. In these coordinates, r = R &
corresponds to the distance to the origin (0,0, 0).

We supzaose that the point mass is located at the origin. Then the gravitational

field g¢ = (¢¢,0, O) it creates is
#, if R < 0 (hyperbolic)
o = RZ Slzh (€) (3.5)
m, if R > 0 (spherical)

with A a constant. To be compatible with the (Euclidean) Newton theory close to
the point mass, one must retrieve ¢*(¢§ ~ 0) ~ —GM/r?. Thus we need to take
A=—-GM.

We see that in the case of a spherical geometry, the gravitational field diverges
at the point mass position (£ = 0) as expected, but also at the pole opposed to this
position (¢ = 7). The field around this pole is given by:

FlEmm) = =+ 00). (35)

This field points in direction of the origin, i.e. outwards from the pole & = 7, which
means that this pole corresponds to a white hole, i.e. a repulsive gravitational field.

Remark. Because there are two divergences at £ = 0 and & = 7, the equation we solved is

not the one with “p = §(£)”, but with p = §(§) — 6(§ — 7).

3.2.2 Caveats of the approach
The NEN theory defined above has two major caveats:
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e The Poisson equation (3.2) requires that the total mass must be zero in a
closed space. This can be derived when averaging the equation over the whole
space, and using Stoke’s theorem. This explains why the point mass solution
in spherical geometry (necessarily closed) has two diverging points: one cor-
responding to an attractive (positive) mass and one to a repulsive (negative)
mass, such that the sum if these two masses gives zero. This solution is not
physical as a spherical Universe described by this NEN theory would be full
of white holes.

e The proposed NEN theory cannot account for the spatial expansion, which, as
we saw in the previous chapter, should be a fundamental field present in the
equations.

As we saw in the previous chapter, the cosmological and 14-3-NC systems both
arise from a more fundamental formulation of the theory, where all the physics is
put into a spacetime connection. Then it might seem more natural to start from
this formulation to construct the NEN theory by a change of spatial curvature.
This approach also ensures that the Galilean invariance of spacetime, which could
be considered as a fundamental principle of Newton’s theory, is kept. This was
proposed by Kiinzle (1976). However, the expansion law, along with the full 3D-
system of equations, were not derived. This is done in the next sections.

3.3 The Newton-Cartan approach

3.3.1 A curvature in Newton-Cartan

As we saw in chapter 2, the NC equation (2.18) implies that the spatial Ricci cur-
vature is necessarily zero. To allow for R # 0, Kiinzle (1976) proposed' to modify
the NC equation (2.18) by adding a ‘curvature term’:

EBbag = 7,73 (4G, T — A), (3.7)

Rap — 3

where B is a unit timelike vector. When projected twice along h®, this equation
indeed leads to R® = Eh. This is the simplest modification of the NC equation
allowing for a non-zero spatial Ricci curvature. In chapter 4, we will try to justify
it from general relativity.

In the NC theory, any orthonormal projector Bb,s can play the role of a twice
covariant spatial metric. This is because in any adapted coordinate system we have
Bbay = hap, With hy, the inverse matrix of h%. That is why the additional term in
equation (3.7) features Bb,5. As a consequence there is a freedom on the choice of
the vector B, i.e. on the choice of observer to which the curvature term is related.

Kiinzle claims to give references for the modification (3.7), but these are unrelated to this
equation. We can therefore consider Kiinzle (1976) to be the first occurrence of this modification.
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We can choose B to be a ‘preferred’ unit timelike vector. Following the previous
chapter, two such vectors can be chosen:

e B = wu: the curvature term is related to the fluid observer.

e B = G: the curvature term is related to the Galilean observer. Its definition
(G = u — v, see section 2.6.2) only requires that ® has a SVT decomposition
(so that the spatial velocity v can be uniquely defined from ©), which is the
case as the spatial Ricci curvature is of the form R = %h.

In the following sections we will develop the NEN theory in both cases: we will
derive the 1+3-system (similarly as in chapter 2), and the cosmological system, i.e.
featuring the gravitational field and the expansion law. The backreaction will be
given, thus generalising the Buchert-Ehlers theorem in both cases.

3.3.2 NEN theory I: Fluid observer curvature term

In this section, we consider B = u.

3.3.2.1 The system of equations

The derivation of the 3D-system of equations is done by projecting the modified
NC equation with respect to w and h. We will not detail its full derivation, which
is similar to the one made in section 2.3.3. The main difference comes from the
projections of the additional curvature term in the NC equation. We have

Eubwjh(zuhbu — Ehab : Eub

av Ru v
3 3 3 wt'h” =0 5 —="b,u'u” =0. (3.8)

3

Then the 3D-system of equations corresponds to: the following evolution equa-
tions

(0 = Lg) p = —pt — Deg", (3.9)
(Or — Lg) hay = 2 Ogp, (3.10)
(0h — Lg) 0 = —47Gp+ A+ D,"a® — 0%0 4 + Q0 (3.11)
(0r — L) Qap = Dig"ay), (3.12)

and constraint equations

D. (0% + Q%) — D =0, (
D[ach} =0, (
R
Rab — 7hab
37 (
(

Rd[abc] -0 ’
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with
pla®=—D*P — D — [(0; — Lg) ¢" + ¢"0 + 2q. (0°* + Q)] (3.17)
We recall that “a plays the role of agray.
The only difference with the (Euclidean) 14+3-NC equations (2.33)—(2.41) is the
curvature equation (3.15).

3.3.2.2 Solving the constraint equations

While the constraint equations are algebraically the same as in the Euclidean case,
because the spatial curvature is not zero anymore, their solution is different. The
constraint (3.14) still implies that €2 can be written as

with w a harmonic 2-form. In the case of a spherical geometry, w is necessarily zero.

The Ricci curvature (3.15) still allows us to use the Straumann theorem (Strau-
mann, 2008), implying that the SVT decomposition (2.43) for © is still valid. Then
the momentum constraint implies

R
D20, — 2Dy — Vg =0, (3.19)

where AQab = Djywy — Dyvy. We introduce the Hodge decomposition on wv:
v = D®, + curlA + A\, where ®, and A are respectively the scalar potential and the
vector potential of v, and X is a harmonic 1-form. As the term D, is vorticity-free
and the term D°2Q_, is divergence-free, we have

R
D,y = D, <6<1>U) : (3.20)
cA R c pd
DA, =5 (acaD°A? + Aa) - (3.21)

We see that, contrary to the Euclidean case, the first equation (3.20) does not imply
anymore that y is only a function of time. Instead we have

(it 2) = est(t) + Rét)cpv(t, 7). (3.22)

This can be interpreted as an inhomogeneous volume expansion. The second equa-
tion (3.21) shows that v # w in general. This is a radical difference with the
Euclidean case: the vectors inside the expansion and vorticity tensors are different.
We finally have

@ab - X(t7 xi)hab + D(avb) + Eab ; Qab - D[cva] + AQab + Wap- (323)
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3.3.2.3 The cosmological system

The system of equations (3.9)—(3.17) of the present NEN theory can be rewritten to
feature the gravitational field and the analogue to the Newton-Gauss equation. The
gravitational field is still defined as the opposite to the 4-acceleration of the Galilean
observer and is given by the formula (2.52). Then, accounting for the expression
of ® and € in equation (3.23), the cosmological system takes the form (defining

T =2Q 4 w):

(1 Non-Euclidean-Newtonian theory I: The gravitational field is given by )

= (0 — L) v* + v°Dv® + 20° (x0.* + Zc* + T2%) — (argrav)?, (3.24)

Deg® = —4nGp— Bua 4 TulT™ — v’ (3.25)
—3[(8 — Lg) x + x> — v°Dex] ,
Diagy) = = (0 — L) Tab, (3.26)
with
t
X = cst(t) + %@v, (3.27)
R
Dcﬁa = g (‘/a - Daq)v) . (328)

where @, is the scalar potential of v, and T a closed 2-form. These equations
are completed by

Rab = @haby (3.29)
(3 — L5) hav = 2 (Xhas + D(at) + ) , (3.30)
(0 + Eg) p=—p(BH + D), (3.31)
and the averaged equations
3(H+ H?) = —47G (p)y + A+ Ox, (3.32)
(p)s, = "Z t(‘;t), (3.33)

with H(t) == (x)y, and where

— —cd cd R c 2 2
\ Qs = — <‘—'cd‘—' >ZJ + <72d7- >2 - 5 <UcU >2 + = <<q)v>2 - <(I)v>2) : (3'34)/
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3.3.2.4 Gravitomagnetism

In the above system we introduced the closed 2-form T = “Q + w. This field
corresponds to a gravitomagnetic field which Newton-Faraday equation is equa-
tion (3.26) and which Newton-Ampeére equation is equation (3.28). The later does
not feature any displacement current. The analogue to the current density is

Jo =B (V, = D,®,).

3.3.2.5 Expansion law or generalised Buchert-Ehlers theorem

The backreaction term (3.34) in the expansion law (3.32) features additional terms
with respect to the Euclidean case. These terms depend on the scalar curvature,
the velocity v, and the gravitomagnetic field 7~. This shows that the backreaction
depends on the type of geometry, via R, but also on the dynamical properties of the
fluid, via v and T. Especially the term R(t) (v°v.)y” shows that the total bulk
velocity of the fluid affects the backreaction.

We expect this bulk velocity to be more important in the late Universe when
structure formation increases. Then, the formula (3.34) suggests that the struc-
ture formation might play a major role on the global expansion of our Universe if
the geometry is non-Euclidean. It also shows that the Universe might have a local
Newtonian dynamics, but a global dynamics which differs from the one of an homo-
geneous Universe. However, quantifying the bulk velocity remains difficult because
it depends on the mesoscopic scale, which is not well defined in cosmology.

3.3.2.6 Space—time separation of the spatial metric?

Because y depends on time and space, there does not exist a coordinate system in
which the spatial metric components take the form (2.50), even if 2 = 0. Instead
we can only have the conformal form (which is valid in the Galilean coordinates:
B =—v): )

hap(t, ') = 2 (t, 1) hgy(2"), (3.35)

where 0yt /1) := x. We can still define a background metric h independent of time,
but its Ricci curvature tensor R has a traceless part, and its scalar curvature R
is not constant anymore (see the conformal relation (7.42) in Gourgoulhon, 2012).
Such a feature makes the equation hardly tractable, which is something we don’t
expect for a (non-Euclidean) Newtonian theory.

The only way to have a complete separation is to suppose D®, = 0. But in that
case the vector v, which is interpreted as the spatial velocity of the fluid, is purely
rotational. Therefore it is difficult to consider that the proposed NEN theory can
be called ‘Newtonian’
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3.3.2.7 Advantages and caveats of the approach

The advantages are:

e The approach is based on the NC formulation and a minimal modification of
the NC equation.

e The additional curvature term in the NC equation is defined with respect to
the fluid 4-velocity.

The caveats are:

e There is a gravitomagnetic field which cannot be taken to be zero without loss
of generality on v.

e The vectors inside © and €2 are different.

e The spatial metric cannot be separated in space and time without loss of
generality on v. No ‘simple’ background metric can be defined, and the system
of equations is hardly tractable.

e There is no N-body description, because the Newton-Gauss equation (3.25)
is not linear and does not only feature the gravitational field, but also the
velocity.

3.3.3 NEN theory II: Galilean observer curvature term

In this section, we consider B = G.

3.3.3.1 The system of equations

The system of 3D-equations is obtained by projecting the modified NC equation
with respect to w and h. The main difference comes from the projections of the
additional curvature term in the NC equation. We have
R R R
%, —%p

wpav a .
JuPhY = —o®

3

R R
— wuHu” = —v“v”GbW.
(3.36)
Then the 3D system of equations corresponds to: the following evolution equa-
tions

E bej R hbu — hab :
3

(0r — Lg) p=—pb — Deg", (3.37)
(6 — L5) hay = 2O, (3.38)
(0y —Ls)0 = —4nGp+ A+ D “a® — 0“0, + QO — ., (3.39)
(8t - Eﬁ) Qab = D[a“ab}, (340)
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and constraint equations

D. (8% + Q) — D9 = 73%@ (3.41)
DiaS2g =0, (3.42)
Rab _ 732hab’ (3.43)
Rilabd _ () (3.44)
with
pUa® = —D°P — D — [(0; — L) ¢" + q°0 + 24, (0°* + Q)] (3.45)

With respect to the first proposed NEN theory, this system of equations fea-
tures additional term sin the momentum constraint (3.41) and in the Raychaudhuri
equation (3.39). These terms will radically change the solutions to the constraint
equations and the expansion law, as presented in the following section.

3.3.3.2 Solving the constraint equations

Following the same logic than in section 3.3.2.2 for the first NEN theory, the mo-
mentum constraint implies

Dyx =0, (3.46)
DAQ,, = 0. (3.47)

This is equivalent to the Euclidean case in chapter 2. Therefore xy depends only on
t, and 2Q = 0. We finally have

@ab = H<t)hab + D(avb) + Zab ) Q0Lb = D[cva] + Wab, (348)

with H = (x)y, = X

3.3.3.3 The cosmological system

The cosmological system is obtained when rewriting the system (3.9)—(3.17) as func-
tion of the gravitational field, and accounting for the expression of ® and €2 in
equation (3.48):

(1 Non-Euclidean-Newtonian theory II: The gravitational field is given by )

g% = (0y — L) v* + v°Dv® + 20° (H* + =" + we?) — (azgrav)®,  (3.49)

D.g® = —4AnGp — Eca= + weqw*, (3.50)
Diagy = — (0r — Lptv) Wap- (3.51)
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These equations are completed by

Rab = R?()t) Pab, (3.52)
(9 = £5) hap = 2 (H(t)has + Diavey + Es) (3.53)
(O + Lg)p=—p(3H + D), (3.54)
and the averaged equations
3(H+ H?) = —4nG (p)5 + A — (Eca=*)_ + (weaw™)_, (3.55)
(s = 725 (3.56)

where we recall that 8 corresponds to the choice of coordinates (see section 2.2.2.3)
\ E is a traceless-transverse tensor and w is a harmonic 2-form. Y,

3.3.3.4 Expansion law or generalised Buchert-Ehlers theorem

The expansion law is the same as for the (Euclidean) Newton theory [equation (2.59)].
Therefore, the same conclusions apply: the expansion law for 2 = 0 = w is given
by the acceleration Friedmann equation (1.64), and this for any inhomogeneous so-
lutions. This means that there is no global backreaction of the inhomogeneities on
the isotropic expansion. If 2 # 0 and w # 0, the backreaction is

Qp = = (Baa=), + (weaw™),. (357)

The fields 2 and w are totally free, and especially they are decoupled from the fluid
spatial velocity v, so unless there is a hidden (from general relativity for instance)
condition relating these tensors to v, it is not clear to me if we can consider that
equation (3.57) corresponds to a physical backreaction. Still a discussion on the
role(s) of B is made in section 2.5.4.

If this NEN theory is the right one, then an Euclidean, spherical or hyperbolic
universe, the dynamics of which is locally Newtonian, has no global backreaction.
For such a universe dark energy cannot be described by the global backreaction.

Remark. In equation (3.57), the backreaction Qy is defined as the deviation with respect
to the Friedmann equation: i.e. Qy =3 (H + H2> + 471G (p)y, — A. Because the Ray-
chaudhuri equation (3.39) features an additional term, it is not algebraically equivalent
to the Raychaudhuri equation (2.35) in (Euclidean) Newton’s theory, and thus the for-
mula (1.108) is not valid anymore. Instead the definition Oy, =3 (H + H2) +47G (p)s.—A
leads to

Qr = (<02> n <9>%) B <UCdUCd>E T <QCdQCd>2 N % <UCUC>E ’

w\w
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3.3.3.5 Space—time separation of the spatial metric

Taking equation (3.53) in the class of coordinates where 8 = —v (Galilean coordi-
nates), the equation becomes

Oy hay — 2H (t)hap = 2=, (3.58)
which, in the case 2 = 0, leads to

hay(t,2') = () hay(2), (3.59)

where the Ricci curvature tensor R related to the metric h is R = ?liz

Equation (3.59) shows that the metric components can be separated into space
and time dependence, which was also the case in (Euclidean) Newton’s theory. This
is a major property as it ensures that in the coordinates 8 = —wv, we can solve the
system (3.52)(3.56) assuming a time-independent background metric f.

In the case E # 0, the equation (3.58) does not lead to the separation of the
metric components. Because = is a symmetric traceless-transverse tensor, it cannot
be written as the symmetric gradient of a vector. This means that there is no coor-
dinate system in which equation (3.53) becomes 9, ha, + 2H (t)hay, = 0. Therefore,
the space and time separation of h is only possible if 2 =

3.3.3.6 N-body description

A major strength of Newton’s theory is the fact that its system of equations can
be written either as a partial differential system (fluid description), or as an ordi-
nary differential system (particle description). This results from the linearity of the
Newton-Gauss equation. In the present proposed NEN theory, the same applies:
the particle description is obtained when solving equation (3.50) for p = dy. Then
the second law of Newton is retrieved when introducing a particle position y*(¢) and
writing v* = y*: equation (3.49) becomes

7+ 20" (H6." 4+ Ze® + we®) = g, + (azgrav)”, (3.60)

where g, is the gravitational field created by the set of particles.

3.3.3.7 The mass point gravitational field

The N-body description requires the mass point solution of the cosmological Newton-
Gauss equation which corresponds to the solution of

Deug® = —dnG [5 - M} , (3.61)
Vs
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where Vi, is the volume of the spatial manifold and M the mass of the Dirac field.
We assumed E = 0 = w. Choosing the hyperspherical coordinates (3.3), and the
particle placed at the origin, we obtain

M
—G,72, if R <0 (hyperbolic)
R2sin? (§)
¢* = \ ., (3.62)
_ R [coté + e f] , if R > 0 (spherical)
with R.(t) = a(t)Re;-
In the case of a spherical geometry, the behaviour at the poles is
GM GM
(6~ D) = — — O 3.63
FE~0) = s ~ g + OO (3.63)
2GM
S ~m)=— — _ )3
FE~m) =3 (T=O+0|r -9, (3.64)

We see that the first caveat of the proposition of Roukema & Rézanski (2009) and
Barrow (2020) is solved, i.e. the field at the opposite pole & = 7 does not diverge
anymore. It is still a repulsive field, but which tends to zero when & — 7. This is
physically coherent.

The second term in the rhs of equation (3.63) is an additional term with respect
to Newton’s gravitational law. It is called topological acceleration. Such a zeroth
order term is also present in the (Euclidean) Newton theory (but in a different form)
in the case ¥ is a 3-torus (Roukema et al.; 2007). Therefore it is not necessarily
linked to non-Euclidean geometries, but also to non-trivial topologies.

Remark. It is also possible to consider a mass point at the center of a spherical multi-
connected topology. This was done in Roukema & Rézanski (2009) for the topologies which
fundamental domains are platonic solids. The method is to consider that the 3-sphere is
tilted with the fundamental domain of the topology, i.e. the covering space representation
(see section 1.2.4.2 and figure 1.4). Then, as the Newton-Gauss equation is linear, the
gravitational field is given by the sum of the spherical mass point solution (3.62) over all
the tilling mass points. However, is one wants to use this method for closed hyperbolic
geometries, then the solution is not a sum of the first equation in (3.64), because M = 0
for this solution.

3.3.3.8 Advantages and caveats of the approach

The advantages are:

e The approach is based on the NC formulation and a minimal modification of
the NC equation.
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e As for the Euclidean case in section 2.4.3; equation (3.53) in Galilean coor-
dinates, along with & = 0, leads to the space-time separation of the spatial
metric.

e N-body description is possible.

e There is no gravitomagnetic field if w = 0, which is expected from general
relativity.

The caveats are:

e The additional curvature in the NC equation is not defined with respect to
the fluid 4-velocity: the starting point is less ‘natural’ (but the final form of
the cosmological system is more ‘natural’).

3.4 Lorentzian manifold from a solution of the
Newton’s equations

This section presents the results of the second part of my paper Vigneron (2020).
This study is slightly on the margin of the main research line of this thesis. It
was a first stage in the construction of the NEN theory. However, it was a dead-
end and failed at giving this theory. Furthermore, the study was done before the
development of the 14+3-NC equations, and therefore only considers the classical
Newton equations. While the results presented in this study are still correct, the
approach became obsolete compared to the one presented in chapters 2 and 3 which
uses the Newton-Cartan theory and Galilean spacetimes. For these reasons, in this
section, I will only summarise the methods and results of this study. The full paper
is put in appendices B and C.

3.4.1 The main results

In chapter 2 and in appendix B, we showed that Newton’s equations are (nearly)
algebraically equivalent with the 1+3-FEinstein equations. Furthermore, the degrees
of freedom on the choice of spatial coordinates is also equivalent: it depends on
a vector, called the shift vector. Using these similarities between Newton’s theory
and general relativity, we show in section C.1 that we can construct a Lorentzian
manifold MY equipped with a Lorentzian structure (g, V) from a solution of the
classical Newton equations. This is performed with a push-forward of the 1+43-
Newton equations, which is the reverse of the construction of the 3+41-Einstein
equations presented in section 1.1.2. The Lorentzian metric g, obtained from a
spatial velocity v solution of the kinematical Newton system, is

[ —1T+v° ‘ Up

Va




3. On non-Euclidean Newtonian theories and their global backreaction 84

in Eulerian coordinates with h,, a flat metric. Because this construction was done
before the 1+3-NC equations, it lacks the fundamental expansion field .

The goal of this construction was to be able to compare directly a Newtonian
solution to a GR solution. For both solutions to be said ‘equivalent’, the relativistic
solution needs to be given by the metric (3.65). In section C.1, we show that this
is the case only if the fluid is irrotational and has a vanishing rest frames Ricci
curvature.

As an example, we then show in section C.2.5 that the Schwarzschild geometry
corresponds to such a solution: the Schwarzschild metric written in Gullstrand-
Painlevé coordinates (MaclLaurin, 2019), i.e. related a parabolic free-falling test

fluid/observer, is exactly of the form (3.65), with v* = (:l: 2GM (), O).

T

As a side result of the construction, a Newton-to-GR dictionary is also defined
in section C.2.4.

3.4.2 What was expected next

The next step was to use these results to find the NEN theory: I expected that, as for
the (Euclidean) Newton theory, there should exist solutions of GR which are exact
NEN solutions in the sense given above. The guess was to say that these solutions
would have a metric of the form (3.65), but with a positive/negative spatial scalar
curvature (for spherical or hyperbolic geometries).

We can however show that a metric of this form, solution of the Einstein equation,
and in spherical symmetry (LTB solutions), is necessarily homogeneous (Lasky et al.,
2007), i.e. v = 0. This means that with this guess, the spherical solutions of the
NEN theory would necessarily be homogeneous, i.e. with a zero spatial velocity,
which is obviously not expected.

Then I stopped searching the NEN theory in this direction, and focused on the
Newton-Cartan approach, which ultimately lead to the NEN limit presented in the
next chapter. This limit will be a powerful tool to study the link between Newton’s
theory and general relativity, and in fact my entire paper (Vigneron, 2020) could be
redone in an easier way and even be generalised using this tool.

3.5 Conclusion

In this chapter we presented two novel approaches to define a non-Euclidean New-
tonian theory, based on the simplest modification of the Newton-Cartan equation,
allowing for a non-zero Ricci curvature. We derived the expansion law in each case,

2The Newton-Cartan formalism provides a better definition of this equivalence. This will be
presented in chapter 4.
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thus generalising the Buchert-Ehlers theorem. In the first approach, a backreaction
appears which depends, in particular, on the averaged bulk velocity of the fluid (an
expected feature of backreaction), and also on the type of geometry. The second
approach has the same expansion law as in (Euclidean) Newton’s theory. We also
studied the possibility of doing N-body calculations in each case, along with the pos-
sibility of separating the spatial metric in space and time, i.e. having a background
description. These results are summarised in table 3.1.

None of the proposed theories is directly derived from general relativity. This
has to be done using a limit, which is presented in chapter 4.
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Chapter 4

Galilean limit of general relativity

a non-Euclidean Newtonian limit of general relativity, aiming at recovering

one (or another) of the NEN theories proposed in chapter 3. The strategy I
followed was to adapt an existing limit to allow for non-Euclidean geometries: the
Galilean limit of general relativity (Kinzle, 1976). 1 will first give the motivations
for this choice (section 4.1), then I will present the limit itself and its properties in
section 4.2. Section 4.3 presents the Euclidean case, i.e. the Newtonian limit, and
section 4.4 presents the non-Euclidean case.

THE final step in the generalisation of the Buchert-Ehlers theorem is to develop

4.1 Motivations

4.1.1 The classical Newtonian limit and its limitations

The Newtonian limit is generally defined as a weak field limit of general relativity,
where the Lorentzian metric g is a perturbation of the Minkowski metric 1 as g, =
Nap + fap Where | fops] < 1 and |0, f,5] < 1. The Einstein equation is then linearised
at first order in f,g and its derivatives. Details of how the Poisson equation is
recovered from this limit can be found, e.g., in chapter 4 of Chrusciel (2019).

This approach to the Newtonian limit has many drawbacks. First it is not a well-
defined limit of a 1-parameter family of solutions of the Einstein equations. There
is only an implicit small parameter € with respect to which the metric is expanded.
So it is difficult to assess which properties the relativistic solutions should have so
that they admit such a limit. The limit is also built such that the Poisson equation
is recovered. However, we saw in chapter 2 that the complete Newton theory should
feature the cosmological Poisson equation (2.54), and that the classical Poisson
equation (1.91) is only valid for isolated systems in R3. So the limit does not allow
us to recover the full Newton theory.

Because the perturbation is defined with respect to the Minkowski metric, the
limit is also necessarily Euclidean for the spatial sections. One way to allow for

87



4. Galilean limit of general relativity 88

non-Euclidean sections would be to replace n by an FLRW metric. This is the
approach of the standard perturbation theory in cosmology (Bardeen, 1980). This
would imply by definition that the spatial expansion is necessarily given by the
Friedmann equations. This is obviously not appropriate as we want to derive the
expansion law rather than assuming it as a background. This means that we need
to perform a perturbation around a metric that we do not know a priori, which is
difficult to define.

4.1.2 The ‘right’ definition of a NEN theory

Another way to tackle the problem of a non-Euclidean Newtonian limit is to rede-
fine what we called a non-Euclidean Newtonian theory. In the previous chapters, we
defined such a theory as a theory whose equations should reduce to Newton’s equa-
tions on scales small with respect to the spatial curvature (curvature introduced to
allow for non-Euclidean geometries). This was indeed the case for the NEN theories
proposed in chapter 3. However this is not a precise mathematical definition because
it does not give any information on the theory before this small-curvature limit is
taken. Furthermore we saw in chapter 2 that Newton’s theory is best formulated,
and argued that it must be, in its geometrised form, i.e. the Newton-Cartan theory.
In particular, we saw that from this formulation, the expansion arises as an emerg-
ing field of the theory. Another fundamental aspect of this formulation is that the
Galilean invariance of spacetime is taken as a fundamental principle on which the
theory is based. We can therefore redefine a NEN theory as follows:

Definition. A non-Euclidean Newtonian theory is a Galilean theory whose
spatial sections have a non-Fuclidean geometry.

where we define

Definition. A Galilean theory is a theory defined on a Galilean manifold. It is
given by an equation relating the Riemann tensor of the Galilean structure to the
energy content.

Remark. The Galilean invariance at the origin of the definition of Galilean structures is
defined as a local invariance between frames (see Kiinzle, 1972), whereas a global invariance
would necessarily require a flat Euclidean space. That is why Galilean manifolds can have
non-Euclidean spatial sections.

It comes from this definition that the NEN limit of general relativity can be

defined as a limit of structures: from a Lorentzian structure (M, g, %) solution
of the Einstein equation, to a Galilean structure (M, h, 7, V) with non-Euclidean
sections. More generally, we call Galilean limit of general relativity, such a limit of
structures, but without assumptions on the geometry of the spatial sections. Thus
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the Newtonian and the NEN limits are special cases of Galilean limits of general
relativity.

Remark. A priori, the Newtonian and NEN limits do not cover all the possible Galilean
limits, because one could conceive a Galilean limit which is Euclidean, but with non-zero
spatial Ricci curvature, hence being different from the Newtonian limit.

There remains to find a 1-parameter family of structures (g, %) solution of the
Einstein equation, which corresponds to a Galilean structure at leading order. Such
a family was constructed by Kiinzle (1976) and Dautcourt (1964)" to derive the
(Euclidean) Newton-Cartan theory from general relativity. In this chapter we will
see to what extent it can be used for non-Euclidean geometries.

4.2 Galilean limit of Lorentzian structures

We present in this section the limit, and its properties, of a Lorentzian structure to
a Galilean structure. For now we will not assume that the Lorentzian structure is
solution of the Einstein equation. This will be done in sections 4.3 and 4.4.

4.2.1 The limit

g Main hypothesis of the limit: We consider a 4-manifold M and a 1—parameter\

family of smooth Lorentzian metrics {ﬁ} A>0 on M that depends smoothly on
A, such that

g°% = h*P + Xg* + O(N?), (4.1)

where h is a positive semi-definite tensor field of rank 3 on M, i.e. its signature

\is (0,4,+,+). Y,

From this hypothesis, it can be shown that the covariant components ﬁag of the
Lorentzian metric are decomposed with respect to A as follows

1
Lf\]ag = _XTOZT/B + §a5 + O()\), (4.2)
where the 1-form 7 lies in the kernel of f:L, ie. 7,h** =0, and such that TMTl,gl]’“’ = —1.

The proof is given in section D.1 of appendix D.

By definition we have ﬁ““ﬁw = ¢4, which implies that h““&uﬂ = 05 — 3B,
where we denote B® = —Tué’w‘. Then we can write §a5 as

5a,8 = Bbag — 2¢Ta7'@, (43)

Kiinzle (1976) claimed that his limit was an improvement of the original limit proposed by
(Dautcourt, 1964). However, I was not able to get access to the latter paper, and therefore I cannot
present the original version of the limit.
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where ¢ is an arbitrary scalar and Bb, is defined in equation (2.4) and corresponds

to the projector orthogonal to B with respect to the metrics 7 and h. Then,
. . N . A
computing the Levi-Civita connection of g, we find

1

I, = s (ma0lume) + 75007a)) + (007" + §7) (Ta0luTs) + T80)7a))

1
+ hH (3(aBbﬁ)M - 2(9#Bba5> + Bﬁ/a(oﬂ'/g) + TaTgh7“8“¢ + O()\) (44)

A
If the 1-form 7 is closed, which we will suppose from now, the connection Flﬁ has a
regular limit for A — 0, which correspond to a Galilean connection compatible with

7 and h:

1, =17, + 0
=PI, + 1amh™0,0 + O(N). (4.5)

[0}

This Galilean connection is not general as the 2-form k. [see equation (2.2)] nec-
essarily takes the form k.5 = 7,0p)0.

A
This shows that the Lorentzian structure (g, I'3) becomes at leading order the

= 0
Galilean structure (7, h, I')5).

4.2.2 Some remarks

We defined a 1-parameter family of Lorentzian structures on a 4-manifold M which
becomes at leading order a Galilean structure on M. The only additional hypothesis

made after the definition of the family {(3, ﬁ;ﬂ)} A>0 is the closedness of the 1-form
T.

This is a covariant limit, as it does not require to be done in a specific coordinate
system.

While the limit of the covariant components of the Lorentzian metric is not
regular, i.e. the leading order is a ‘-1’ order, the Lorentzian connection is regular

A
for A — 0, which implies that the Riemann tensor R,z is also regular.

Under the framework of this limit, the manifold M is the same, only the structure
changes with the parameter A. This contrasts with perturbation approaches where a

1-parameter family of 4-manifolds {./\jl} A>0 is also defined (e.g. Bardeen, 1980; Ellis
& Bruni, 1989; Green & Wald, 2012).

As the computation of spacetime distances is made using the metric(s) of the
structure, this means that, if the Lorentzian structure is well approximated by its
leading order, physical measures of distances in M can be made using a Galilean
structure, i.e. by assuming a prefered space and time.
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A condition for the existence of this limit given a 4-manifold M is that there
must exist a time and space orientable Lorentzian structure in this manifold, or in

other words M must be orientable and non-compact [see section 3 of Kiinzle (1972)
and Kiinzle (1976)].

At leading order the contravariant and covariant components of the Lorentzian
metric are not each others inverse anymore.

4.2.3 Interpretation of A

The Minkowski metric, in coordinates where z° has the dimension of a time, can
be written as 7,5 = diag(—c?,1,1,1), where ¢ is the speed of light. Its inverse is
n*® = diag(—c~2,1,1,1). Then assuming ¢ — oo these two matrices become

Nag “~° diag(—c?,0,0,0),
7 % diag(0,1,1,1).

These leading orders for ¢ — oo have the same form as the leading order of g
for A — 0: in coordinates adapted to the foliation given by 7, i.e. 7, = §° and
hof = b we have §*° = he® and ¢ = diag(—1/A,0,0,0). This shows that the limit

A — 0 can be seen as a limit ¢ — oo where A = ¢ 2.

Remark. The leading order of 7% can be seen as a qualitative justification of the initial
hypothesis we made for the Galilean limit.

Another way to interpret X is to say that the speed of light related to a Lorentzian
metric g of the family {f\]} A>0 depends on A\ and is given by

C\ = )\_1/2. (46)

This means that the family {a} a>o of Lorentzian metrics defines a family of light-

cones at each events of M. The light-cone related to a metric 3 will be more open
A

than the one related to a metric g if \; < X,. This is represented in figure 4.1.

If one wants to set the speed of light to be 1, which corresponds to choosing a
coordinate system such that 2% = ct, this is only possible for one Lorentzian metric
g. For all the other metrics, the speed of light in this coordinate system will differ
from 1. This property is really important as it tells us that when we will consider
equations which should feature the speed of light, we cannot take ¢ = 1, and are
obliged to take ¢ = A\~'/2. This will be the case for the norm of timelike vectors and
for the Einstein equation.

Remark. As the light-cones represent the causality of the spacetime structure, the param-
eter A was also called causality constant by Ehlers (1981); Ehlers (2019).
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Figure 4.1: Scheme of three light-cones of the family {g)j} A0 of Lorentzian metrics at
an event X in M. The smaller A is, the more open the light-cone is: A\; < Ay < As3.
The slice corresponds to the only hypersurface member of the foliation defined by
T and passing through X. We see that the limit of the family of light-cones is
this hypersurface. The red vector represents the 4-velocity of the event X and is
proportional to 7. The green vector is an example of a 7-timelike vector which is

g-timelike for the Lorentzian metric /\gl, but g-spacelike for /\92 and /E’

4.2.4 Limit of timelike and lightlike vectors

Because the notion of timelike vectors is defined in both structures, but is not
equivalent, to distinguish between the two, we will call g-timelike vectors the ones
related to the Lorentzian structure, and 7-timelike vectors the ones related to the
Galilean structure. This notation will also be applied for the other common notions.

Let us consider a g-timelike vector w which is ‘unit’ for every member of the
family {6},\>0, i.e. wu’g,, = —1/\. If we assume that this vector does not depend
on A, then for a sufficiently small A we have (u*7,)? = 1. As @ is any unit g-timelike
vector, this cannot be possible. So, u needs to depend on A\. We write it u (more

precisely we define a family {'ﬁ} A>0 of vectors). Because it is unit for all g then we
have
U = U + M + O(N),
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. 0 1 0,,0;,,0 . . A
with uf7, = 1, and u*7, = jufu”g,,. Concerning the covariant components of ,

we have:

1
Uy = ﬁ“?]lm = —XTa + Uy + (’)(/\2),

0 0,0 0,, 0,0 0 0, A
where 1, = u"g,0 — %u“u”gWTa. Note that 1, # u"§uq-

This result means that a unit g-timelike vector for all members of {é} A>0 COT-
responds to a unit 7-timelike vector at the limit A — 0. However, the reverse is
not possible: a 7-timelike vector can never correspond to a g-timelike vector for all
A. This can easily be seen using figure 4.1: for a given A-independent vector, there
always exists a Ay such that, for all A > \j, the vector lies outside of the lightcone
given by g.

A
Let us consider the case of lightlike vectors. We define a family vector w such

that ﬁ“ﬁ“éw — 0 for all \. Then if we assume that @ can be decomposed into
Laurent series of A\, then each term in this series would be zero. This means that
we cannot define the limit of a lightlike vector. In other words, a Galilean structure
has no equivalent of the lightlike vectors of Lorentzian structures.

Remark. A possibility would be to consider non-integer powers of \.

4.2.5 Limit of the Riemann tensor

A
The family {6} A>0 defines a family of Riemann tensors {Riem},-o on M. Using
the expression of the Riemann tensor in terms of the coefficients of the connection,

A A A A
R0 = 201, + 209, 1%

ple

(4.7)

T2
A
we easily see that the development of Riem takes the form
>\0' 00'
R yap = R%5ap + O\,

0
where 7.,z is the Riemann tensor associated to the Galilean connection coefficients

0 A
I')5. It comes from this that the leading order of the Ricci tensor coefficients Rapg
correspond to the Ricci tensor of the Galilean connection:

0

Rag = Rag + O(N).

We recall that the Riemann and Ricci tensors of Galilean connections are only
defined by the connection commutation (1.1) as, respectively, a (1,3)-tensor and
a (0,2)-tensor. This is because Galilean structures do not feature non-degenerate
metrics to raise and lower indices. For instance we have

A A A 0
R7ap = R 05" = R uash® + O(N).
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The limit of the spacetime scalar curvature is

A A L 1y 2 L 9

Ri= Rud™ = "R+ A <g“ Ry + b RW) o),
where "R and "R®? are respectively the spatial scalar curvature and the spatial

Ricci tensor of the 7-foliation induced by the Galilean structure, i.e. related to the
spatial metric h. The limit of the Einstein tensor is

1 ["R 1
éa,@ = X [2Ta75] + Rgaﬁ - 5 [hnéaﬁ - (éuyﬁiuu + h"“’éw,> TaTﬁ} + O()‘z)’
(4.8)
Ao o & R o
h
Qo8 _ hpaB _ fhaﬁ +OW), (4.10)

1
where R,p depends on the first order of the Lorentzian connection (not specified
here).

Because the contracted Bianchi identity features raised Riemann tensor indices,
it is not defined for Galilean structures. Its limit is

A A 0 0 o MR
VG = W Rya = Vg + ON) = 0. (4.11)

The same applies for the interchange symmetry relation, which follows from the first
A A
Bianchi identity, R* °, = RF,* :

0 0
W R, —WPR +O(\) =0. (4.12)

The leading order of this equation is equivalent to the Trautman-Kiinzle condi-
tion (2.19). Therefore this condition, which was initially added to Newton-Cartan
to obtain the conservation of vorticity and close the system of equations (see the
remark in section 2.3.1), naturally follows from the Galilean limit of Lorentzian
structures. As in the relativistic case, it is a purely geometrical condition as it does
not require the Einstein equation.

Remark. The condition under this form is also used by Ehlers in his frame theory. But it
is miswritten in the original paper Ehlers (1981); Ehlers (2019) [see equation (7)], while it
is under the right form in Ehlers (1997).

Apart for the leading orders of the Bianchi identities, no other constraint on the
Galilean structure appears. In particular, from this limit alone, the spatial Ricci
curvature "R is totally free. Contraints on this tensor can only appear once we
assume the Lorentzian structures to be solutions of the Einstein equation.
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4.3 The (Euclidean) Newtonian limit

4.3.1 Limit of the energy-momentum tensor

The (Euclidean) Newtonian limit is obtained when we consider the Lorentzian struc-
tures to be solutions of the Einstein equation and that the energy-momentum (2,0)-
tensor is regular for A — 0. In the present chapter, we will assume this tensor to be
related to a matter fluid as described by equation (1.4) in section 1.1.1.2. We then
have R N

T8 = 2408 + 29\ “4”) + pb*P + 2P (4.13)

where the expansion of “l;aﬁ in terms of A\ can be found in section D.2 of appendix D.
Because the g-timelike vector & ‘moves’ with ), its rest frames also depend on A,
i.e. its orthogonal projector depends on A. Therefore, any tensor which is defined
as being orthogonal to & will also ‘move’ with A. That is why the heat flux and the
anisotropic pressure depend on .

As §°, 28 and b lar, then do = ¢#b,, and a5 = #47ub v
s ¢%, 7 and "b,5 are regular, then g, = ¢""b,, and Tap = T, "b,5 are
also regular for A — 0. We have

798 = 28008 1 2§@8B) 1 Bupad 4§98 4 O(N), (4.14)
1
1)31045 — X [_g&aTﬁ . quTﬁ] + O()\), (4.15)
1 1
f’aﬁ =z {607'0(7'5} + 3 [ETaTﬁ — eT(allg) — 2q0(a7j3)} + O(1), (4.16)
1
Ty, — 5 {g} + [é + 3]8] + O, (4.17)

with qO“TM =0 and 7(%“0‘7'” = 0. The variable € corresponds to the rest mass density p
of the fluid, and ¢ to an internal energy density. Therefore if we consider only a dust
fluid, the energy density € is only a zero order term. The other orders depend on
the type of fluid. For a perfect fluid, we expect’é = 0 and p = 0 for all n > 1, so
that the additional source of energy is only internal.

4.3.2 Limit of the Einstein equation

The Einstein equation (1.3) features two constants: the cosmological constant A and
the gravitational constant G. From the Einstein equation alone these constants do
not have, a priori, a preferred dimension. For instance, if we consider A to have the
dimension of a curvature, then we will have the term Aﬁaﬁ in the Einstein equation.
Instead, if we consider that it has the dimension of a time™2, then we will have
AAﬁag. However, only the second choice leads to the Newton-Cartan equations at
the limit. Concerning the gravitational constant in front of the energy-momentum
tensor, it must appear as 87GA? to lead to the right limit. Therefore we consider
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that the Lorentzian metrics {g} -0 are solutions of the following Einstein equations:

A N 2 A
Gaﬁ + )\Agag == 87TG)\ Taﬁ, (418)
or equivalently in the form
A 9 (2 1, N
Rag = 8&8rGA (Tag — 2Tga5> + )\Aga/g. (4.19)

Using the contravariant form of equation (4.18) along with equation (4.9) we
immediately see that the regular hypothesis of the energy-momentum tensor (4.13)
implies that the spatial Ricci curvature "R of the Galilean structure is necessarily
zero. While this is expected for a (Euclidean) Newtonian limit, this is a problem if
we want a non-Euclidean spatial geometry. In section 4.4 we will see what are the
solutions to tackle this problem.

Using the Einstein equation in the form (4.19) we obtain

0

R.p = (4nGp — N) 1473, (4.20)

which corresponds to the Newton-Cartan equation (2.18). The other two equa-
tions (2.17) and (2.19) correspond respectively to the contracted Bianchi iden-
tity (4.11) and the first Bianchi identity (4.12). In particular, the former written in
terms of fluid variables and projected along 7, leads to the conservation of the mass
density (2.24):

V, (&) = v, (4.21)

Then as discussed in section 2.3.5, we must take ¢® = 0 so that the mass of a fluid
element is conserved.

The conservation of the internal energy € is obtained by taking the next order of
the conservation of the energy-momentum tensor. It features the first order of the

1
connection Fyaﬁ which, in this equation, can be expressed as function of 4 and f]ag
which are known. We do not present the calculation in the present study.

This concludes the derivation of the Newton-Cartan equations from the Einstein
equation using the Galilean limit of Lorentzian structures.

4.3.3 Constraint on the Coriolis field

Contrary to the general Galilean structure considered in chapter 2, the one obtained
from general relativity is constrained: equation (4.5) implies that the vorticity tensor
Q8 of the fluid 4-velocity u®, defined as

QoF = pley, 4P, (4.22)
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reduces to 3
Q% = ple By, (4 - B) (4.23)

b
As 4* — B* is spatial, then Q2 = Dl (& — BC> }, which means that Q% is exact. This
shows that the harmonic 2-form w, called Coriolis field in chapter 2, is necessarily
zero when the Newton-Cartan equations are derived as a limit of general relativity.

4.3.4 Preferred foliation?

One criticism we can make about the Galilean limit is that it seems to imply a
preferred foliation in the manifold M, the 7-foliation, on which the limit must be
taken. This would mean that only a certain class of solutions to the Einstein equation
would be suited for a Newtonian limit. However, this interpretation of the limit is
a priori wrong. To understand why, one can take the example of the Schwarzschild
metric in two coordinate systems adapted to two different foliations:

(i) the Schwarzschild coordinates (corresponding to an accelerated observer at
fixed distance from the singularity):

—1
¢’ = diag [— (1 — 2GM) : (1 — AQGM> : 1 1] . (4.24)

r2’ r2gin4

A r r
1 2GM 2G M\ !
Jap = diag [— ()\ _ ) : (1 —A G ) % r?sin® 81 ) (4.25)
r r

(ii) the Gullstrand-Painlevé coordinates (corresponding to a geodesic observer in
parabolic radial free-fall):

—A =AM 0 0
2GM 2GM
éaﬁ — +A = 1— )\T 0 0 , (426)
0 0 L0
0 0 0 g

(1 —2M) £/ 0 0

s s

2GM
dap=| TV 1 00 . (4.27)

0 0 r? 0
0 0 0 r2sin%6

In both cases the coefficients §*° reduce to diag [O; 1; T,%; Wlnge} at leading order,

and fyaﬁ to diag [—%; 0; 0; O}, which both correspond to the leading orders of the
Galilean limit. The time and space metric are however related to a different foliation.

This shows that the Galilean limit of the Schwarzschild metric can be performed
in at least two different foliations, i.e. there is no preferred foliation in which we
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need to perform this limit. So in the end, the only requirement to be able to perform
the Newtonian limit from a solution of the Einstein equation is on the manifold M:
its topology needs to be ¥ x R where ¥ has an Euclidean geometry.

4.4 The non-Euclidean Newtonian limit

It is always assumed that Einstein’s theory must contain Newton’s theory in some
limit, and this because the later works quite well in several situations. That is how,
using the Newtonian limit, we can derive the constant 8:—4G in front of the energy-
momentum tensor in the Einstein equation, and the form T' = pu ® u for a dust
fluid. However the situations in which Newton’s theory was tested to be valid does
not rule out Galilean theories (for instance, the second NEN theory of chapter 2)
with spatial curvature small in front of the size of the domain of test. In this sense,

general relativity should also contain any Galilean theory in some limit. But as
shown above, once we suppose that f“ﬁ is regular for A — 0, the spatiale curvature
of the Galilean limit is necessarily zero. In particular this is also true if we assume a
dust fluid, where the energy-momentum tensor reduces to 7o = pucud + O(N). So
it seems that the only way to obtain a non-flat and non-Euclidean Galilean theory
at the limit is to add non-regular terms in the energy-momentum tensor. We follow
this possibility in the following section.

4.4.1 Non-regular energy-momentum tensor

We assume that the fluid variables ¢, ¢, p, #°? are not regular for A — 0. Using the
Einstein equation in the form (4.18) and relations (4.8) and (4.9) we obtain that

, 1] "R 0
o1 "R 1.
_ L L 4.2
D )\2[ 6*8WG1+)\p—l—p+(’)(A), (4.29)
1 [PR(aB) 1,
raf ~lap 0 af 4
T v [ e ] + T + 7+ O(N). (4.30)

The Einstein equation does not allow us to specify fol and 7 in terms of the two
leading orders of the Lorentzian metric.

A A
Using the conservation of the energy-momentum tensor V,T"* = 0 projected
along ., we obtain that the leading order of the heat flux needs to be a -1 order:

1.
q* = qu + 4+ 00N, (4.31)

with Z]]”TM = 0 and that

4V e+ V4 (€+p) + Vg + V7 =0, (4.32)
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which can also be written as
hR _
BVIR 4 V4 167G V0 + 29,8, R = 0, (4.33)

As for pand 77, the leading order ¢® cannot be specified in terms of the two leading
orders of the Lorentzian metric.

4.4.1.1 Limit of the 14 3-Einstein equations
It is also possible to retrieve the above Laurent expansion series of the fluid variables
from the 143-Einstein equations (section 1.1.3.3). For this we need the leading order

A A
of the expansion tensor © and vorticity tensors of £ of the fluid 4-velocity w. Using
appendix D.2, we obtain

A

0% =0 + O()), (4.34)

(0 = Q% 4+ O(N), (4.35)
where 0% and Q% correspond to the expansion and vorticity tensors of the vector

u® as defined by the Galilean structure [see equation (2.21)].

A A
Concerning the rest frame connection “D,, defined in equation (1.47), it reduces
to the spatial connection D,, related to h®?:

i), =D, + O (4.36)

In particular the torsion of the rest frame connection, defined in equation (1.49), is
a first order term, and thus vanishes at leading order.

The rest frame Ricci curvature, defined in equation (1.50), reduces to the spatial
Ricci curvature related to h®:

A
iRef — PROS 1 O()). (4.37)
In particular, &7%“6 is symmetric at leading order.

Then the lhs of the 14+-3-Gauss equation (1.59), features a -1 order (the curvature
term) implying that the rhs, which corresponds to the energy density ¢, needs to
feature a -1 order of the form (4.28). The developments (4.29) of p and (4.30) of
7% are obtained similarly using the 1+3-Ricci equation (1.53).

For ¢, the development (4.31) is obtained when considering the 14+3-momentum
constraint (1.54) which is at leading order:

D*0 — D, (0% + Q%) = 87G ¢".

From this equation, and the knowledge we gained in chapter 2 and 3 on the role of
the momentum constraint on the space-time separation of the spatial metric, we see
that we necessarily need Z]b = 0 for this separation to be possible. The momentum
constraint needs to be of the form (3.41).
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4.4.1.2 The 143-Galilean system

(] From the Laurent expansion series of the fluid variables, the Einstein equa—\
tion (4.19) becomes at leading order

b hpudy 4 Lo, o it
Rap — "RM"b,,"b,5 = 871G [5 <6 + Sp\) TaTp — 24", Ty | — ATaTs. (4.38)

The projection along and orthogonal to  if this equation, along with the Bianchi
identities, gives the 1+3-Galilean system

"R
(0, — L) "R = ——50- D.qt — O "R, (4.39)
(0, — Lg) h*® = —20, (4.40)
(0 — Lg) 0 = —47G (€4 3p) + A + D."a® — 00,4 + QQ,  (4.41)
(0 — L) Qap = Dig"ay), (4.42)
with the constraint equations
D, (0% + Q%) — D@ = 87Gq", (4.43)
D = 0, (4.44)
"R =R, (4.45)
hRdlebel — . (4.46)

We see that the NEN theory depends on the unknown fluid variables f)l, ZJh
and 7%, This means that without additional hypothesis on these variables, the

\system is not closed. Y,

As a natural hypothesis we can assume that the spatial Ricci curvature is purely
scalar, implying the 7-sections to have either spherical or hyperbolic geometries. In
this case 7% = 0, then 7P is spatial and we have an additional equation linking
¢, p and 78

(8, — Lg) ¢" + 0¢" + 2¢°0." + h*Dp + D7 = 0. (4.47)

It comes from the conservation of the energy-momentum tensor. To obtain it, we
_ 1 _
used that fact that pzdepends only on ¢ implying the term “b““(f)upf which should be

present in the above equation, to vanish.
4.4.1.3 Interpretation of the non-regular energy-momentum tensor

We saw that all the fluid variables need to have negative leading orders, related to
the spatial curvature, so that a non-Euclidian limit is possible. This means, that
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even for a dust fluid, or geodesic fluid, the energy momentum tensor needs to be of
the form R R
T8 = pu0P + RTP, (4.48)

A
where the leading orders of the decomposition of RT* with respect to 4* are equa-
tions (4.28)-(4.30).

Interpretation of the additional curvature term: We can interpret the additional

A
term ®7T°? as a term we missed when extrapolating the energy-momentum
tensor of a dust fluid from Newton’s theory, because we only had the knowledge
of an Euclidean Newtonian theory.

For this interpretation to be valid, the fluid described by (4.48) needs to be
geodesic, i.e. a dust fluid. This geodesic nature of 4* needs to be implied by the

A
conservation of 7°%: NN N
vV, 1" =0 — 0"V ,a% = 0. (4.49)
In this sense we can see (4.48) as a generalisation of the energy-momentum tensor

A
for a geodesic fluid: generalisation in the sense that 7% = pti®4” is not the unique
energy-momentum tensor implying that the fluid is geodesic.

Remark. As an additional requirement, we can also suppose that R%aﬁ is decoupled from
pti®0? so that both terms as subject to the contracted Bianchi identity independently.
This is less general, but would imply, in addition to the geodesic equation for u, the
conservation of the density p.

4.4.1.4 The main issue

While the above interpretation justifies the additional term, it does not provide a
way to determine it. So we need to guess what is the full order form of Rpas,
This is where the main issue in obtaining the NEN theory arises: there is a priori
not a unique possibility for Rpaf which both leads to the right leading orders and
preserves the geodesic nature of the fluid. Then there is not a unique choice for f)l, 7]11
and 7%, which means that closing the 1+3-system of section (4.4.1.2), i.e. obtaining
the NEN theory, is not unique.

A
As for now, I have tried a lot of guesses for the term *7'*? to see if there is a

‘more natural one’, but without success...

4.4.2 Specific choices of the non-regular terms

Both NEN theories proposed in chapter 3 can be retrieved by specific choices of the
non-regular terms:
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e the NEN theory I is retrieved with

_ _ "R (1) _ _
=0 p=- ;=0 ; é+3p= 4.50
m D P eea @ ; et3p=np, (4.50)
e the NEN theory II is retrieved with
_ 2 "R (t _ "R 1 2 "R
7_‘_20(5:0 : p= () . b « g_+_3p:p+7 UCUC,
T

S 6%87G g :_3*87TGU ;
(4.51)

with v? the vector in the SVT decomposition of ©%.

In both cases, it is not clear to me how the conservation of p can be retrieved. It
corresponds to the second leading order of the 14-3-conservation equation (1.57) and

1
requires the knowledge of Fgﬂ and ¢

While we still do not know what is the right choice for these non-regular terms,
requiring the space—time separability of the spatial metric seems to be physically
relevant. This is done by assuming E]b 3*8 V. Without further hypothesis on
the other non-regular terms, the expansion law of Z is in this case

3(H+H) = —4nG ((¢) +3(p) ) + A+ 7; (0%, (4.52)

But as we do not know a priori what is the expression of € and ﬁlas function of p, v
and "R, we cannot know the deviation of this expansion law with the FLRW one,
and we cannot answer the main question of this thesis.

4.5 Backreaction from post-Newtonian terms

We focused until now on the leading order of the Einstein equation. Deriving the
next order might be mterestmg for the study of the global backreaction, and this even
in the Newtonian case with T 0B = puau5 Indeed, we can consider that the global
backreaction in Newton is the zeroth order of the full relativistic backreaction. Then
accounting for I') 5 and u®, we can derive ©*% and Q*®. The first order backreaction

1
QZ 1S

1 4 1 1 1 1
QZ = — <<900> — <90> <0> ) <Ucd0 -+ O' dOO'Cd> -+ <&ch8d -+ ch&6d>
3 ) 2 ) s )
(4. 53)
This backreaction depends on F op Which requires the knowledge of G*? and gag
These are post-Newtonian corrections to the Lorentzian metric and come with their

own equations (see Dautcourt, 1997; Tichy & Flanagan, 2011).
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4.6 Conclusion

This chapter aimed at studying the possibility of obtaining Galilean theories with
non-zero spatial Ricci curvature from the Einstein equation. The main results are
the following:

(i) The Galilean limit allows, as expected, to recover the Newton-Cartan equa-
tions.

(ii) In order to have non-zero spatial Ricci curvature at the limit, the energy-
momentum (2,0)-tensor must be non-regular for A — 0.

(iii) We interpreted the non-regular orders as coming from an additional term *7*#
in the energy-momentum tensor of a dust fluid. This interpretation is valid if
the conservation of 7% = pu®u® + ®T*# implies the geodesic equation for u®.

(iv) The NEN theory depends on the second leading order of this term, which is
not known.

What is the full order form of ®7T*% remains an open question, as well as what is
the ‘right’ NEN theory compatible with general relativity. A lot of questions remain
to be solved to arrive at that goal:

e Did we use the most general way to make a Galilean limit of a Lorentzian
structure?

e [s there a way to justify the non-regular terms other than with the Galilean
limit?

o A priori the limit allows for an Euclidean Galilean limit with non-zero spatial
curvature. Is this case physical?

While the goal of this chapter was to derive the global backreaction at leading
order in non-Euclidean geometries, the tools we developed can be used to compute
the first order global backreaction in the Euclidean case (section 4.5). This is left
for a future study.
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Chapter 5

Towards non-Euclidean relativistic
simulations

either Newtonian gravity or general relativity. The former is the most common

kind of simulations. They are usually used to create mock catalogues for dif-
ferent observables, such as weak lensing signals, X-ray luminosity or statistics on
galaxy clusters (see e.g. Springel et al.; 2006; Angulo et al., 2012). As all these
simulations use the Newtonian cosmology with an isotropic expansion, the Buchert-
Ehlers theorem prevents them to study the global backreaction of structures on the
expansion. That is why, in the past decade, the field of numerical cosmology has
seen the growth of non-perturbative general relativistic simulations. Various meth-
ods have been used, from approximate or non general schemes to exact schemes
using an exact resolution of the Einstein equation. But while most of them aim at
probing the backreaction effect, the issue of topology is generally not studied, and
the flat 3-torus topology is generally assumed.

IN numerical cosmology, two kinds of simulations are usually conducted, using

The only non-Euclidean cosmological simulations known to me lie in the field of
lattice cosmological models. These are solutions of the vacuum Einstein equation
which can be interpreted as representing the evolution of black holes in S3. As
we will see, they are hardly representative of our Universe. Still this method is
conceptually interesting and will be presented in section 5.1. We will then focus on
relativistic numerical cosmology with fluid models. Section 5.2 presents the current
status of such numerical studies. We will see that they allow for a first quantification
of the backreaction in a relatively realistic model universe. However, the numerical
formalism used in these simulations, the BSSN formalism, is not adapted for non-
Euclidian geometries. In section 5.3, after introducing this formalism, we will see
how it can be adapted to allow for non-Euclidian geometries.

This chapter does not aim at providing a full numerical simulation; it is rather
a feasibility study.

105



5. Towards non-Euclidean relativistic simulations 106

5.1 Lattice cosmology

The exact relativistic approach for describing a lattice of black holes in &% has
been extensively studied the past decade (e.g. Clifton et al., 2012; Bentivegna &
Korzynski, 2013; Clifton et al., 2013; Clifton, 2014; Korzynski, 2014; Bentivegna,
2014; Clifton, 2015; Durk & Clifton, 2017; Bentivegna et al., 2018). It is based on
the initial work of Misner (1963) who studied exact solutions of the 3+1-constraint
equations in vacuum, i.e. in terms of initial conditions of the Cauchy problem,
representing a lattice of black holes with asymptotically flat space at infinity. The
formalism used is called geometrostatics. If applied to cosmology, it allows for the
definition of exact inhomogeneous initial conditions, which can be evolved subse-
quently. I introduce the geometrostatics in section 5.1.1 and describe how it can be
applied to cosmology in section 5.1.2. Finally, in section 5.1.3, I present an overview
of the literature on lattice cosmological models.

5.1.1 Principle of geometrostatics

The geometrostatics is a method to find more easily initial conditions fulfilling the
3+1-constraint equations [equations (1.41) and (1.42)]. It is generally used in vac-
uum and is based on the Lichnerowicz-York equations, which are obtained from the
Gauss-Codazzi constraints with a conformal transformation of the spatial metric:

hab = 1/}4}~7Jab7 (51>

where h is called the conformal metric and v is a never vanishing scalar field called
the conformal factor. We also define the conformal traceless extrinsic curvature

Aab = ¢2K(ab>a
and its contravariant components, which are raised with the conformal metric
Aab o A d'flcaiLdb _ ¢—10K(ab>
— C — .

Then introducing the conformal traceless extrinsic curvature and the conformal met-
ric in the 3+1-constraints, we obtain:

( The Lichnerowicz-York equations (in vacuum): )
- R, OK? 1. o
I N ZA Acd -7 _ )
Ay - Ry B i Ly =0, 5:2)
_ 9 .
D A% — gwacavcf( =0, (5.3)

where A, R and D; are respectively the Laplace-Beltrami operator, the scalar
curvature and the covariant derivative associated with hgp,.

The goal of making the conformal transformation (5.1) is to transform the
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Hamilton constraint into a constraint on a single scalar which is the conformal
factor. Hence, it is possible to set the conformal metric and then solve equa-
tion (5.2) for ¢. In this way, if the initial condition we want is a conformal
equivalent of a given metric 7;;, the Lichnerowicz-York equations give a ‘simple’
way to find the full physical metric h. To simplify the system even more, it is
also generally assumed that the initial condition is time-symmetric, i.e. Kg, = 0,
which leads to the linear equation

- R
N Ry — ¢ =0. (5.4)

Misner (1963) made a first application of equation (5.4) in the case of a confor-
mally flat manifold, i.e. Ay = diag[1, 1,1], which implies R, = 0. He wanted to find
an initial condition with a lattice of black holes in an asymptotically flat manifold.
Since this equation is linear in v, the solution for a lattice of black holes is the sum
of the solution for one black hole, i.e. a sum of spherically symmetric solutions. It
takes the form

N,
v (z) = X::l TR

where NN is the number of black holes, M, are their mass, x,, is the position of the
n®™ black hole and d [z, x,] is the distance (computed with the conformal metric)
between the n'" black hole and the point of coordinates .

This is the strength of the lattice method: we just have to solve a linear equation,
and since it is exact, the non-linearity of the Einstein equation is conserved.

Remark. While the resolution of equation (5.4) was done with the conformal metric, the
physical metric is still h := 1*h. Then the physical distances need to be computed using
the following line element:

N 4
dF:(Z M, ) {dm2+dy2—|—dz2}.

= d [z, zy)

5.1.2 Application to cosmology
5.1.2.1 Lattice for conformally spherical spaces

Initially the lattice method was developed for asymptotically flat spaces with a
compact distribution of matter, i.e. a finite number of black holes in R3. If one
wants to apply this method to cosmology, a first solution is to consider an infinite
regular distribution corresponding to the images in R? of one black hole in T3 (the
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covering space representation, see section 1.2.4.2):

z)= >

zn Ecell(T3)

M
dlz, x,]’

where the sum is over the images of the black hole in R3. However, the spatial
average, with respect to b, over T? of the Laplacian in equation (5.4) implies that
M must be zero. Or in other words, the above sum diverges, unless M = 0. This re-
sults from the fact that there exists non time-symmetric hypersurfaces, i.e. Ky, =0,
for spacetimes with closed Euclidean spatial sections (see Bentivegna et al., 2018).
A similar problem arises if we consider a conformally hyperbolic geometry and im-
pose Rap = Bhab, with R < 0. A solution would be to drop the time-symmetry
hypothesis, but the Lichnerowicz-York equations could not be solved analytically
anymore.

As shown in Bentivegna et al. (2018), the application of the lattice method to
cosmology can only be done in conformally spherical spaces, i.e. where Ry, = %hab
with R > 0. In this case, the conformal factor can be written as

N
5.5
Z 1 R.sin d[z ‘T"] (5:5)

where R, := /6/R is the curvature radius and the physical spatial line element is

4
1 N m
9 n 2 .9 2 .29 12
dl—R2 (;W) {dx+8m X(d9+81n ngp)}. (5.6)
A representation of such an initial condition is given in figure 5.1 in the case of 8
black holes regularly placed on the 3-sphere.

5.1.2.2 Interpretation

While we assumed the conformal metric to be spherical, with Rap = %Eab, this does
not mean that the topology of the initial condition is S3. Actually, the physical
spatial metric h, related to the line element (5.6), implies that the volume of each
singularity is infinite and that the spatial Ricci curvature R, tends to zero. There-
fore, each singularity corresponds to an asymptotically infinite flat space. This is
represented in figure 5.1 for the top singularity.

To be able to interpret this initial condition as a lattice of black holes in S, and
hence as a cosmological model, each singularity must have horizons which causally
separate the spatial slice so that the domain delimited by the set of horizons is
compact and non-null. The location of these horizons corresponds to the marginally
outer trapped surfaces which technical details can be found in Gibbons (1972). We
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Figure 5.1: Representation of a lattice of 8 black holes in &3 (from Clifton, 2015).
It shows a 2D slice of the initial condition, passing by 6 black holes and embedded
in R3. The infinite asymptotic flat space of the top singularity is represented. The
black areas correspond to the horizons of each singularity.

can show that the non-null and compactness condition is fulfilled once we have more
than 3 singularities.! In figure 5.1, the horizons are represented by the black thick
circles. They delimit a compact space.

Remark. To my knowledge, the marginally outer trapped surface gives the exact position
of the horizon for static spacetimes. Therefore, it remains well suited for an estimation
of this position on a time-symmetric initial slice, i.e. K, = 0. However, it is not clear
to me at which point this estimation remains correct during the evolution of this slice.
As the interpretation of the model, in terms of black holes in 83, is based on the domain
delimited by the set of horizons, this questions the validity of this interpretation during
the evolution.

5.1.2.3 Multi-connected spherical topologies

Once we make the above interpretation, the effective topology the initial condition
represents can be any multi-connected spherical topology, and not necessarily S°.
For this, the black holes need to be regularly placed in 8% so that their position
correspond to the multiple images of the desired topology in the covering space S3.

For two singularities, the two horizons coincide (see figure 1 in Clifton, 2014), and the topol-
ogy corresponds to a wormhole between two asymptotically flat spaces. Actually this solution
corresponds to the spatial sections of the Schwarzschild spacetime in isotropic coordinates.
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For instance, if we consider one black hole in the center of the spherical torus, i.e.
the spherical space which fundamental domain is a cube, then the images in S® of
this black hole are at the positions {(0,0,0), (m,0,0), (3,0,0), (g,ﬂ,()), (g, 5 ),
(g, g,ﬂ), (g, 5 g), (g, 5 37“)}, in hyperspherical coordinates (see section 3.2.1).
The cases in which fundamental domain is one of the other platonic solids are given
by Clifton et al. (2012).

5.1.2.4 Evolution of the initial condition

Once the initial condition is set, it remains to evolve it through time with the 3+1-
Ricci equation (1.40). This can only be done numerically. As will be presented
in section 5.2 and 5.3 of this chapter, there exists no implemented algorithm that
allows to simulate non-Euclidean spaces. However, the geometry of the above initial
conditions is not spherical because the other side of each singularity is an infinite
flat space. Therefore it is possible, by a change of coordinates, to ‘open-up’ one
singularity so that the spatial metric becomes conformally flat and the slice repre-
sents N — 1 blackholes in R3. From this new coordinate system it is then possible
to perform the evolution of the initial condition using existing codes (the details of
this method can be found in Korzynski, 2014).

To conclude on the method of geometrostatics, we saw that it allows to build
cosmological models which can be evolved with existing codes, but which can repre-
sent (effective) spherical geometries. In this sense it might be a powerful tool for the
study of the influence of topology on the global backreaction. In the next section,
we review the literature on this topic.

Remark. For a while I tried to find the NEN theory using the lattice cosmology method.
The main reason for which it failed is that this method does not provide the ggog components
of the spacetime metric, which should lead to the gravitational potential in the classical
Newtonian limit.

5.1.3 Overview of the literature on lattice cosmologies

The following studies solved the 3+1-Einstein equations with the initial conditions
presented above. The evolution was done with the BSSN formalism, which will be
presented in section 5.3.2. Though there is no fluid in the lattice cosmology approach
because the Einstein equation is solved in vacuum, it is still possible to define an
effective density arising from the black holes masses and compare the expansion
of the 3-sphere with the one predicted for a homogeneous universe. Bentivegna &
Korzynski (2013) performed the simulation for a lattice of 8 black holes regularly
placed on the sphere. Clifton et al. (2013) tested all other possible regular lattices
of black holes on &3, i.e. 5, 8, 16, 24, 120 and 600. These setups are equivalent to
solving the dynamics of one black hole in the respective topology, i.e. in the spherical
spaces which fundamental domains are a tetrahedron, a cube, an octahedron or a
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dodecahedron (see Cavicchioli et al., 2009, 2010, for the classification of all compact
topologies from Platonic solids).

Both Bentivegna & Korzynski (2013) and Clifton et al. (2013) found little dis-
crepancies with respect to the spherical FLRW evolution for any number of black
holes they tested, implying a negligible backreaction. However their very symmetric
and simple setup makes difficult the interpretation of these results as representative
of the Universe. But still, these studies paved the way for the first exact numeri-
cal quantification of the backreaction in non-Euclidean geometries. A more realistic
test would be to conduct the same simulations but with a randomly placed increased
number of black holes. This would allow to probe the influence of virialisation on
the expansion. To my knowledge, it is not possible to perform the full evolution
with such number of black holes in a reasonable time. However, it is still possible to
analyse the properties of the initial slice with this increased number of black holes,
as done by Durk & Clifton (2017). It is also possible to study the continuum limit
when this number tends to infinity (Korzynski, 2014).

This limitation in the use of the lattice cosmology to model the Universe implies
that reproducing the formation of large scale structures and their influence on the
global expansion requires a fluid approach.

5.2 Relativistic numerical cosmology with fluid
models

In this section we present an overview of the literature on the relativistic numerical
cosmology using exact fluid schemes. We will focus on the studies which aimed at
probing the global backreaction.

5.2.1 Exact fluid schemes

A growing number of papers using an exact relativistic fluid scheme for cosmological
simulations have been released the past decade (e.g. Bentivegna, 2014; Torres et al.,
2014; Rekier et al., 2015; Bentivegna & Bruni, 2016; Giblin et al., 2016a; Mertens
et al., 2016; Giblin et al., 2016b; Macpherson et al., 2017, 2018, 2019). Most of
them do not assume any specific local symmetry during the evolution.” However,
they all conduct their simulation in a cubic box with periodic boundary conditions,
thus implicitly assuming the topology of a 3-torus for their spatial sections. The
main reason for this choice of topology is because it is possible to define a spatial
reference metric of the form hy,, = &4, which is needed for the numerical scheme

20nly Torres et al. (2014) and Rekier et al. (2015) assume spherical symmetry, which reproduces
the Lemaitre-Tolman-Bondi class of solutions (Lemaitre, 1933; Tolman, 1934; Bondi, 1947). But
these do not seek to probe the backreaction, especially Torres et al. (2014) who focuses on the
influence of exotic matter on structure formation.
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they use (see section 5.3.3). The main difference between these simulations resides
in the power spectrum they take for their initial conditions.

Bentivegna (2014) focuses on solving the Einstein constraints, i.e. the Hamilton
and the momentum constraints, in compact periodic spaces allowing to properly set
the initial conditions. This study is then used in Bentivegna & Bruni (2016) to
evolve a dust fluid using the BSSN formalism. The initial density fluctuation is a
1% order harmonic, with initial density contrast of dp; = 1072. The time span of the
simulation corresponds to a relative increase in the scale factor of 100, compared
to the usually estimated ~1000 relative increase between the CMB time and the
current epoch. They found negligible backreaction with an evolution of Qp o i,
consistent with the expected first order behaviour (e.g. Buchert et al., 2000; Kolb
et al., 2005). While there is no specific symmetry in their setup, the simple harmonic

they took for the initial condition is not realistic.

Giblin et al. (2016a); Mertens et al. (2016) are the first exact relativistic simula-
tions reproducing structure formation.” They have a richer initial power spectrum
than Bentivegna & Bruni (2016) but it is still not fully realistic since they cut it at
high frequencies (kmay ~ 40 Mpc™!) preventing the smaller structures to form before
current epoch. Moreover the density contrast they take is smaller than the expected
one using the Planck data and the simulation is only run between redshifts z = 2
and z = 0. While the expansion of their spatial sections are close to the FLRW solu-
tion, they cannot probe the backreaction of the small scale structures because their
power spectrum is cut at high frequencies, and their resolution is limited (Axz ~ 16
Mpc).

Because all observations are made in the past light-cone of the Earth, there
could be an acceleration of the redshift growth (as observed by Riess et al., 1998;
Perlmutter et al.,; 1999) without an acceleration of the spatial expansion. Therefore
it is also important to analyse the deviation properties of the light-cone around the
expectation of the Standard Model of Cosmology. A first study is made in Giblin
et al. (2016b), who found little deviations. They use the simulations of Giblin et al.
(2016a) and Mertens et al. (2016), and thus have the same limitations in terms of
accuracy and realism.

Giblin et al. (2017) developed a scheme aiming at improving this accuracy and
the efficiency of simulations using the BSSN formalism for cosmological setups. They
use a reference analytical solution to define the numerical variables as deviations (not
necessarily small) from this solution. However the introduction of a homogeneous
reference solution could imply a gauge (or foliation) dependence (see Bardeen, 1980;
Ellis & Bruni, 1989).

In a series of papers, Macpherson et al. (2017), Macpherson et al. (2018) and
Macpherson et al. (2019) performed the most realistic cosmological relativistic sim-

3The code used in this series of papers is not currently publicly available.
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ulations to date. As with the previous studies they use the BSSN formalism for
the evolution of the spatial variables. Their time span is from the CMB time to
the current epoch, and they have a resolution of ~4 Mpc in a 3-torus of 1 Gpc
edges (compared to the 2 Gpc edges and ~16 Mpc resolution of Giblin et al.; 2016a;
Mertens et al., 2016). The power spectrum is the full power spectrum of the CMB
up to the spatial precision of their grid code. They found little global backreaction,
with QF ~ QF ~ —107®. While this is the first realistic numerical evaluation of the
backreaction on large scales, we cannot assert that they closed the problem. Indeed,
there is place for improvement in many aspects of their simulations and analysis:

i eir time step is at constant conformal time, meaning that the late universe
i) Their ti tep is at tant fi 1 ti ing that the lat i
(when backreaction is expected to be the highest) is not well resolved in time.

(ii) They have a violation of the Hamilton constraint several orders bigger than
the measured backreaction.

(iii) As their fluid is rotational, they cannot use the formalism of Buchert (2000,
2001) to calculate the backreaction. They used the formalism of Larena (2009)
which is based on an average of the extrinsic curvature of the chosen foliation
(necessarily different from the fluid orthogonal rest frames). This formalism
is highly dependent on the foliation, and a better choice would have been the
one proposed by Buchert et al. (2020), which is based on an average of the
fluid variables, as the original papers (Buchert, 2000, 2001).

5.2.2 Relativistic fluid/N-body schemes

The previous simulations were all dust: the pressure related to the velocity dispersion
inside a fluid element is neglected. But while the energy density associated with
this pressure is small in front of the mass density, the velocity dispersion, via shell-
crossing, still plays a major role on the stabilisation of structures in the late Universe.
In this sense, the pure dust simulation might not capture all the physics of structure
formation, and especially the backreaction. That is why schemes mixing a fluid and
an N-body approach in general relativity have been developed (Adamek et al., 2016;
Daverio et al., 2019; Barrera-Hinojosa & Li, 2020). However, the numerical schemes
used in these studies are not exact, and generally assume small perturbations of the
spatial metric.

An exact way to deal with N-bodies in general relativity is to consider black
holes and the lattice cosmological models of section 5.1. However, it is only possible
to simulate a small number of black holes which is far less than the 10° — 10% needed
number to fully account for structure formation (Barrera-Hinojosa & Li, 2020).
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5.2.3 The issue of topology

In general relativity, any type of geometry can be considered. For now only the
3-torus has been investigated, mainly for simplicity reasons and because the goal of
these studies was not to probe the effect of topology. However, a similar theorem
as the Buchert-Ehlers theorem could exist in general relativity. Though it would
not imply a strictly zero global backreaction in closed spaces, it could prevent it
to grow significantly. Since I was not able to define a non-Euclidean Newtonian
theory, it is not possible to have an insight on a possible extension of this theorem
in non-Euclidean spaces. This justifies the need for probing the effect of cosmic
topology on the global backreaction using relativistic cosmological simulations with
fluid matter models.

The studies presented in section 5.2.1 all use the BSSN formalism. However, in
its original form introduced by Shibata & Nakamura (1995); Baumgarte & Shapiro
(1999), it is best suited for Euclidean geometries. We will see in section 5.3.4 how
it can be adapted to allow for other types of geometries.

5.3 Probing the effect of topology with the BSSN
formalism

The field of numerical relativity was born in the 60s with the first proposed numer-
ical scheme to solve the Einstein equations (Hahn & Lindquist, 1964). From then
various schemes have been proposed, solving either approximately or exactly these
equations. We will only focus on exact schemes.

5.3.1 Numerical schemes in general relativity

Most of the numerical scheme in general relativity are based on the 3+1 formal-
ism in which the 4D space-time is decomposed into space-like hypersurfaces which
are evolved with time. However, using the 3+1-equations (or ADM equations) in
the form presented in section 1.1.2.6.c [equations (1.40)-(1.43)] as a free evolution
scheme, i.e. by solving the constraints only initially, has proven to be numerically
unstable, leading the constraint violating modes. That is why other formalisms
have been developed, generally based on the ADM equations, but which introduce
additional evolution variables in order to stabilise the numerical resolution. We can
quote the constrained scheme of Bonazzola et al. (2004). Among the free-schemes,
the most popular are the Bona-Masso formalism (Bona et al.; 1995), the NOR
formalism (Nagy et al.,; 2004) | and the BSSN formalism (Nakamura et al.; 1987,
Shibata & Nakamura, 1995; Baumgarte & Shapiro, 1999). The latter has proven to
be really stable for a wide range of physical problems. It is used by the recent rela-
tivistic cosmological simulations of Bentivegna & Bruni (2016); Giblin et al. (2016a);
Macpherson et al. (2019), and is the one we will be concerned with in this chapter.
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Apart for the recent cosmological applications, these numerical schemes have
until now only been tested for isolated systems, i.e. with asymptotic flatness on
the spatial hypersurfaces. Thus most of the stability studies concerning either the
specific scheme used or the foliation choice (also called slicing condition) concern
those kinds of systems. Removing the asymptotic flatness condition and changing
the topology could affect the reasons why the code is stable. Thus it is important
to study whether or not the usual numerical schemes and the standard foliation
choices are suited for any topology. We discuss this issue for the BSSN formalism
in section 5.3.4.

5.3.2 The BSSN formalism
5.3.2.1 The BSSN equations

The BSSN formalism is based on the 34+1-Einstein equations but uses a different set
of variables. As for the lattice cosmology, it introduces a conformal decomposition

of the spatial metric: )
hab = ¢4hab7 (57)

along with the conformal traceless extrinsic curvature flz-j:
Ayj = 0 K . (5.8)
However, a condition is imposed on the conformal factor

Y = det (ha)'™ (5.9)

which leads to the following constraint on the conformal metric: det (EZ]) =1. As

we will see in section 5.3.3, the condition (5.9) implies that the new variables Bij
and 1 are not tensors but tensor densities.

The heart of the BSSN formalism is the introduction of the conformal connection

functions ) o )
= h*re, = —9.h, (5.10)

with .
o = ihak (&:hdk + Ogher, — 3khcd) .

Standard slicing conditions are usually based on this variable.

Then the set of independent variables used in the BSSN formalism is
o5 o hy s Koo Ay o T N o B

The set evolution and constraint equations of these variables is obtained when in-
serting them in the 3+41-Einstein equations.
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/ The BSSN equations: )
Evolution equations:
Y k
Bot) =5 (NK - ax8"), (5.11)
- - ~ 9.

Aohij — 2hy;0;)8F = —2NA;; — ghijakﬂ’f, (5.12)
K — A (DkalN 128, Inv 8ZN>
-1

+N {477 (E + 3P) + Ay AF + 3K2} : (5.13)

BOAij — QAk(iaj)ﬁk = Q/)_4 [—biajN aF 48@ In ¢ aj)N + N (RZ] aF R;@ — STFHZ']')}
~ - - 92 .
+ NKA;; —2NhF A Ay — gAijakﬁ’f (5.14)
hi; S =
= ?]1/}_4 [—hkl (DkalN + 40, Iny BlN)
+N (R +RY - 247r1/}4P>] ,
.. ‘ . e 2. .
oL + %9, = 2N <6A”“8k Iny + AMTE, — §h’k‘akK — sw‘lpZ) (5.15)
- A - 2.
+ hM 90,8 + ghdalf)kﬁk —2A%9,N + grlakﬁ’f,
with the constraint equations
—4 (5 St 2 i Aij
v (R+RY) + “K? — A;;AY = 16r5, (5.16)
- e . 2. )
O A* 4 AMTY 4 6 A% Inop — gh”“akK = 81 Q, (5.17)

where 9y == 9, — 8%0;. D, Rij and R are respectively the covariant derivative and
the Ricci tensor and scalar of the conformal metric. We also have

Bl = (aiaj Iny — I8, In ¢) — 2 hH (akal Iny — I™,0, In ¢)

+ 40;In4) 9 Inyp — 4h;ih*0), In < 9y Inep (5.18)
RY = RMRY = —8 M (akal Inv — 7,0, Inv + O Inv ;I 1/1) . (5.19)
The conformal Ricci tensor and scalar are
Rig = — 5 M 0k0ihs + a0y + Q5 (R, R (5.20)
R =080k + %Bklakﬁijalﬁij + k7 Qy; (h, 0R), (5.21)
with
Qi (ﬁ, aiz) = —Ophy 0 R + %fka,cf}ij — kT (5.22)
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5.3.2.2 Stability of the BSSN formalism

When deriving the evolution equation for I the ‘divergence’ of 9, A™* appears, i.e.
D;0, A, The standard BSSN equations use the momentum constraint to remove
this divergence. This is a key point for the stability of this numerical scheme.
Alcubierre et al. (2000) showed that this is likely due to the constraint violating
modes which are damped if we perform this analytical trick. Removing the Ricci
scalar in the evolution of K is also essential for the system of equations to be strongly
hyperbolic. In other words, the scheme is more stable if, instead of the trace of the
3+1-Ricci equation, the 3+1-Raychaudhuri equation is used to evolve K.

The introduction of the I functions allows to write a wave equation for the con-
formal spatial metric (see section 11.4.3 in Gourgoulhon, 2012). The time derivative
of equation (5.12) along with equation (5.14) lead to

2

N2, - - . N2, -
h“@kal] hij = F (hij, Ohij, ), K, Aiy) + 2Ehk(iaj)rk, (5.23)

(0 — Lp)* — o
where F is a function which does not depend on second derivatives of ﬁij. The left
hand-side of this equation is a wave operator in the limit where lNzZ-j is a perturbation
around the Euclidean metric in Cartesian coordinates. The right hand-side can be
interpreted has a source term of the wave equation as it features no second spatial
derivatives of Bij.

Obtaining this wave equation for the conformal metric is a key point which
participates to the numerical stability of the BSSN formalism (Gourgoulhon, 2012).
This has been made possible with the introduction of I as a new independent
variable by Shibata & Nakamura (1995); Baumgarte & Shapiro (1999).

Remark. Tt is also possible to define I without introducing the conformal transformation.
This is the NOR formalism of Nagy et al. (2004).

5.3.3 Coordinate system in the BSSN formalism

As quoted previously, 1, ﬁij, Aij and T are tensor densities because of the con-
straint (5.9). A tensor density of weight w, denoted “T*1;, . is an object which,
under a coordinate transformation, transforms as

ey, = ()t (5.24)
V...

where J is the determinant of the Jacobian of the coordinate transformation and
OT" is the tensor in the new coordinate system if it had a weight of zero.

Remark. Due to this difference of transformation with standard tensors, the covariant and
Lie derivatives have extra terms depending on the weight w of the tensor density they are
applied on (see appendix A.2). Thus care must be taken when writing the BSSN equations
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with the covariant and Lie derivative notations as quoted in Baumgarte & Shapiro (1999)
and Alcubierre et al. (2003). In section 5.3.2.1, all the equations are written in a way that
avoids this confusion, i.e. the only times covariant derivatives appear, they are applied on
true tensors.

So because most of the variables are tensor densities, the BSSN equations are
not covariant. This in itself is not necessarily a major problem as these equations
are still general and can be used in any coordinate system. But in practice, some
limitations appear:

e Dealing with tensor densities makes it difficult to compare evolutions done
with the same slicing conditions but different spatial coordinate systems.

e In cosmology, the initial condition for the spatial metric is usually set as a con-
formal perturbation around a flat metric (e.g. Giblin et al.; 2016a; Macpherson
et al., 2019), i.e. with hap = Oap for Cartesian coordinates. This is compatible
with the condition det (ﬁzy) = 1 imposed in section 5.3.2.1. However, if one
wants to use non-Cartesian coordinates, or even a non flat conformal metric,
it appears difficult to keep this condition (see Alcubierre & Mendez, 2011).

e A third drawback linked to the non-covariance of the BSSN equations concerns
the numerical stability of the scheme. The stability analysis of Alcubierre et al.
(2000) relies on a perturbation of the spatial metric around a flat metric in
Cartesian coordinates. Such a perturbation requires the spatial sections to
have an Euclidean geometry, so that it is possible to define a flat metric. But
in the case we want to impose a non-Euclidean spatial geometry, it is not sure
at which point the stability of the BSSN equations is kept. Furthermore, we
saw in section 5.3.2.2 that part of the stability is also due to the presence of
equation (5.23) which becomes a wave equation for the conformal metric if
fzab is a perturbation around a flat metric in Cartesian coordinates (otherwise
there is not anymore a Laplace-Beltrami operator in the lhs). Then, again,
assuming a non-Euclidean spatial geometry might lead to a loss of stability.

To get rid of these problems, Brown (2009) proposed a covariant formulation of
the BSSN formalism. It does not deal anymore with tensor densities, the condition
det (izw> =1 is not present and the wave equation can be obtained in any consid-
ered geometry. As a side effect, Alcubierre & Mendez (2011) showed that using this
covariant formulation also allows them to get rid of most of the coordinate singular-
ities and poles of this coordinate system. These artificial singularities could indeed
be difficult to treat numerically. In the next section we detail the equations of the
covariant BSSN formalism.
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5.3.4 The covariant BSSN formalism

5.3.4.1 The reference metric

The key difference with the standard BSSN formalism is the introduction of a ref-
erence metric, denoted h. At first, the only requirement on this metric is to be
compatible with the spatial geometry of the numerical setup.

Remark. In the literature on the covariant BSSN formalism, h is called the background
metric (e.g. Brown, 2009; Alcubierre & Mendez, 2011; Gourgoulhon, 2012). But because
this name already has a definition in cosmology, which generally implies perturbations
around h (which is not the case here), I prefer the name ‘reference metric’.

Then the condition (5.9) is replaced by

Y= <h> " : (5.25)

where we denote h = det h,, and h = det fzab. This relation implies h = det ﬁab = h.
The gamma functions are also redefined to be

I = Dyh*, (5.26)

where D is the connection associated with the reference metric . With these new
definitions, the variables 1, hyp, Ag, and I'* are now true tensors, and not tensor
densities anymore.

Then the set of independent variables used in the covariant BSSN formalism is

v o5 o hy 3 Ko Ay o5 0 N ;B hy
There is one additignal variable which is the reference metric. The standard formal-
ism correspond to hgp = dgp.

Without additional hypothesis, the variables ha, B and N have no evolution
equations. As already stated, such an equation for the last two variables is called a
slicing condition and corresponds to a choice of foliation. However, with the intro-
duction of the reference metric we need an additional evolution equation compared
with the standard BSSN formalism.

5.3.4.2 Equations without condition choice

We write in this section the 3+1-Einstein equations with the previous variables,
without specifying an evolution equation for hg:
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Evolution equations:

(O — L) = Jé’ [NK + 20— L) B} ,
(& ,C/j) = —QNA” + ghw (&g - Eﬁ) In iL,

~ ~ IO K2
(0, — Lg) K = —y~*hM (Dk&N + 20, In 9 alN) + N [zm (S+p) + A ;A7 + 3] :
(0 — Lg) Aij = 4 [=Did;N + 403 Ind;)N + N (Ri; + Rl — 87S5;)]
E —4 |7kl (T I pDY 4
3 Y [ (~DydN + 40y ON) + N (R + RY — 8745 |
~ -~ o~ 1~ ~
+ NKA” — 2Nh,klAikAlj + gAU (@ - £,3> In h,
~ . ~. ~ . 2. . - A A
(0, — Lg) " =2N <6A1k8k Iny + AMAT, — gh’“akK - sw‘lpl) + "Dy Dy
+ Bllﬁlﬁkﬁk — 2121”“6,6]\[ -+ ﬁniLkléiknl — ]NI/A)'Z(K)[f‘ikZ
1~., ~ ~ 1~. ~
+ §h”ka (0 — Lg)Inh] - L (@ = Lo)nh.
Constraint equations:
-4 (D pv 200 % Aij
v (R+R )+§K — Ay AY = 16mp,
Dy A* + AFMAY 4+ 6A™9, Ineh — fh““(‘?k = 8mlp
with
AZl = f‘?'cl - f;d;
R}, = —2D;0;In ¢ — 2hy;h™ D0y In ¢ + 40; Invp 0; In ¢ — 4hy;h* 9y In v 9 Inep,
RY == hMRY = —8 M (akal In — I, Inv + d; Intp 9 In qp) .

Conformal Ricci and scalar curvature:

Rij —*hleleh” + hk D Fk + sz ( i’/) + E'n(iﬁklﬁnkj)lu

=5
Il

D,TF + h’“leh”Dlh +1'7Q;; (h, DR) + " R,

with
~ A~ A o~ A~ 1~, ~ ~
Qyj (h. Dh) = —DyhiDyyh* + ST Dihiy — A A'.
The coloured terms are additional terms compared with the standard BSSN formal-

ism: the blue terms are related to the reference determinant, the green terms to
the time derivative of the reference connection coefficients and the red terms to the
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Riemann curvature of the reference metric. In addition to these additional terms,
the partial derivatives of the standard formulation are replaced by the reference
covariant derivative.

Remark. Brown (2009) defines a reference connection 1'%y, without the introduction of
a reference metric. This is possible as hap only appears in the above system with its
determinant h, which can be replaced by h (this slightly differs from our approach which
corresponds to the one proposed by Gourgoulhon, 2012). He imposes that this reference
connection is independent of time. Hence he only has the additional blue and red terms.

5.3.4.3 Equations with condition choice

For the sake of generality we wrote the covariant BSSN equations without giving
an evolution equation for the reference metric. However, in practice the reference
metric is always assumed to be independent of time (e.g. Bonazzola et al., 2004;
Alcubierre & Mendez, 2011; Gourgoulhon, 2012), i.e. atizl-j = 0, essentially because
there is no numerical reasons to take a more complex evolution equation. With
this choice the reference metric coefficients are constant along the flow lines of the
time basis vector, and we have 9,I w = 0and &;Inh = 0. Then the 3+1-Einstein

equations written in terms of ¥, h;;, K, Ay, T, N, 8% and hy; become:
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/C X . \

ovariant BSSN formalism with “0;h;; = 0”: Evolution equations:

~ 1 N
(0 — L) = f% <NK = Dkﬁk—iﬁg In h) , (5.27)
(8t — ﬁlg) iLij = —QNAU — giLZ]Dkﬁk—éiLwﬁ/g In iL, (5.28)
B — Lg) K = —p~*RM (DkBZN 1201 In % 8ZN)
. ... K?

(00 — L) Aij = ™ [~ Didy N + 403 n ;)N + N (Ri; + RY; — 87115

hij [im (7 5, B 4
o [h (—DkﬁlN 140, 1n¢81N> N (R L RY — 241 P)]
~ g~ o~ 2 . - 1 - ~
+ NKA;; —2NhF Ay Ay — gAijDkﬁk—gAzjzﬁ In A, (5.30)

- . _ ) 2. . A A
(8; — Lg)T" =2N (GA’kak Iny 4+ AMAL — §hknakK — 87rw4pz) + R® Dy D, 8
1 n o . 2. . A
-+ gh“Dleﬁk —2A%9, N + §F’Dkﬂk + B RM R,
1/~ ~. A
= (0 = B*y.) Lg . (5.31)

Constraint equations:

. . 9 o
v (R+RY) + “K? — ;A7 = 1675, (5.32)
A s _ ‘ . 2., ‘
DA% 4 AMAY + 6A%9;, Iny — thkakK = 81t QY (5.33)
with
Ay =T} - T, (5.34)
RY, = —2D;0;Intp — 2h;; /¥ Dy In o + 40; In 9 95 In ) — 4hy;h™ 9y In v ) Iny,
(5.35)
RY = RHRY = _ghM (akal Ine — I8, In v + 8 Inv 9 In zp) : (5.36)
Conformal Ricci and scalar curvature:
- 1oia A~ ~ A =~ e AN~ ga
Ry= _ihlelehij + I DT + Qi (h, Dh) + R hF R ), (5.37)
R = D% + WD R Difyy + 9 Qy (R, DR) + i i (5.38)
k 9 k 1ig ij > b nks g
with ]
Qi (B, f)ﬁ) = —Dyhy Dy ™ + §fkf)khij — AR AT (5.39)
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This system of equations ensures to keep the numerical stability of the BSSN
scheme, along with allowing for non-Euclidean spatial geometries. In particular,
one reason for which we introduced the reference metric was to recover the wave
equation (5.23) in non-Euclidean geometries. In the case of the covariant BSSN
formalism, this equation becomes

2

~ A

i heaDyT*, (5.40)

N?- o~ o ]- S A <

2

(0 — Lg)" — wh“Dle] hij = F (hij, Dhyj, 0, K, Aij) + 2
where the lhs indeed corresponds to a wave operator if we assume that hay is a
perturbation around hy.

5.3.5 Slicing conditions

In the 3+1-Einstein equations, the lapse and the shift are non-dynamical variables
as they do not have an evolution equation. Imposing such an equation for N and 3
is called a slicing condition and corresponds to choosing a foliation and an adapted
coordinate system in the spacetime manifold. Many different conditions can be
chosen depending on what we want to simulate and the degree of accuracy we need
to keep during the numerical evolution (see chapter 10 of Gourgoulhon, 2012). The
situations in which the different slicing conditions have been studied are generally
black holes or Euclidean cosmological simulations. But none of them are in non-
Euclidean spaces. Therefore it is important to assess whether or not we need to
adapt the usual slicing conditions as function of the topology. Such a study is
beyond the scope of this thesis.

5.4 Which topology to choose?

Two factors drive the choice of topology for the first non-Euclidean cosmological
simulation:

(i) The practical factor: the topology should be implementable on existing soft-
wares (which aim at numerically solving the Einstein equation) without major
modifications of the code. Ideally, the main modification should only concern
the evolution equations, without changing the type of coordinate system and
the shape of the domain of simulation, which is generally cubic.

(ii) The physical factor: as a first requirement, the space needs to be orientable. A
reason for this is that in a non-orientable space in which cosmic neutrinos could
have travelled at least once the whole Universe, we could observe both helicities
for these particles, which is not the case for now.* Furthermore, for simplicity,
and because there are no observational reasons for another choice, we focus on

4This argument only work if the size of the Universe is smaller than the CMB.
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globally isotropic topologies, i.e. topologies for which each axis of symmetry is
equivalent. This concerns all the topologies in which the fundamental domain
is a Platonic solid, which is only possible for either spherical, Euclidean or
hyperbolic geometries (Cavicchioli et al., 2009, 2010). Ideally, the volume of
the simulated universe should be compatible with actual constraints giving a
lower bound of around 10 to 20 (Gpc/h)? (see section 1.2.4.4). But in practice,
we will only be able to simulate up to a 1 Gpc® size universe in a reasonable
time (Giblin et al., 2016a; Macpherson et al., 2018).

Remark. Because the size of the simulation can only be around 1 Gpc?, the scalar curvature
is expected to be much higher than the one of our Universe. If the backreaction effect is
amplified by this curvature, as is the case for the first NEN theory in chapter 3, I expect
this phenomenon to be overestimated by this simulation. This should not be a major
problem: firstly it would allow for a more robust detection of the curvature dependence
of the backreaction, and secondly, by applying a scaling law, we could estimate the value
of the backreaction in a non-Euclidean universe compatible with observations, i.e. with a
smaller scalar curvature.

We could think about the 3-sphere to be the first non-Euclidean geometry that
should be tested, essentially because it is the only simply-connected closed topology,
and hence could be called the ‘simplest’ closed topology. However the main drawback
of this choice is that there exists no non-singular coordinate system on this manifold.
Therefore the necessary coordinate singularities require regularisations which need
to be studied and developed specifically for the chosen coordinate system (as done
for spherical coordinates by Alcubierre & Mendez, 2011). Instead I propose the
spherical torus,” i.e. the well known quaternionic space §?/(229) (the manifold M3 in
Cavicchioli et al., 2009, Freudet, 2020). The reasons for this choice are the following:

e For the same volume (or size), the scalar curvature is smaller smaller than
that of S3. In this sense for a 1 Gpc? size spherical torus, the corresponding
scalar curvature is closer to the restrictions given by the Planck data (Planck
Collaboration et al., 2020) than the curvature of a 1 Gpc?® 3-sphere.

e There exists a non-degenerate coordinate system defined everywhere on the
manifold.

e The fundamental domain is a cube. This implies that there exists a coordinate
system (as for now I have not found it) for which the interval of definition of the
coordinates is a cube (in R3), i.e. the interval of definition of one coordinate is
independent of the other coordinates. This makes the adaptation of existing
codes (like Finstein ToolKit) simpler, as the already implemented domain is
generally a cube.

o All the axes of symmetry of the spherical torus are equivalent. This is not
the case of the lens space L(8, 3) (the manifold M2 in Cavicchioli et al., 2009),

5T am not sure at which point ‘spherical torus’ is a used name for this 3-manifold in mathematics.
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which is also a spherical 3-manifold for which one of the choices of fundamental
domain is a cube, but whose face associations are different and not equivalent.

A hyperbolic geometry could not fulfil the third point because there exists no hyper-
bolic 3-manifold for which the fundamental domain is a cube (see Cavicchioli et al.,
2009, 2010, for a classification of hyperbolic 3-manifolds for which the fundamental
domain is a platonic solid).

5.5 Conclusion

The goal of this chapter was to present an overview of the literature concerning
relativistic cosmological simulations, along with an analysis on how to perform such
simulations in non-Euclidean geometries. We saw that while there is an increas-
ing precision of exact relativistic cosmological simulations (Mertens et al., 2016;
Macpherson et al.; 2018, being the most realistic simulations to date) allowing them
to give a first numerical value of the backreaction, they are still limited for two main
reasons:

e The matter model is a dust fluid. Hence, they cannot account for the shell-
crossing and the virialisation, i.e. the stabilisation of the structures.

e The geometry is always Euclidean, with the 3-torus.

The first point is important as an expected behaviour of the backreaction is
to be dominant during virialisation of the structures. A solution to account for
shell-crossing is to perform simulations mixing a fluid and an N-body approach as
proposed by Adamek et al. (2016); Daverio et al. (2019); Barrera-Hinojosa & Li
(2020). However, the numerical schemes used in these studies are not exact, and
generally assume small perturbations of the spatial metric.

The second point is also a major issue because the global backreaction might
be highly dependent on the topology, as explained throughout this thesis. We first
saw how it is possible to perform numerical simulations of spherical topologies using
geometrostatics: this is the method of lattice cosmology. However, it is limited as
it cannot describe small structures, and the topology is only ‘effectively’ spherical.
Secondly we analysed why the most widely used (in cosmology) relativistic fluid
scheme, called BSSN formalism, can only simulate Fuclidean geometries. To remedy
this problem, we showed that the covariant BSSN formalism (introduced by Brown,
2009) is the solution, and we provided the system of equations [equations (5.27)—
(5.39)].

Finally we argued that the spherical torus, i.e. the topological space 83/ (222) 5
should be the simplest spherical geometry for a first exact non-Euclidean relativistic
cosmological simulation.
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Chapter 6

Conclusion and perspectives

inhomogeneous cosmology. More particularly, I have put a strong emphasis on

the construction of a non-Euclidean Newtonian theory in order to generalise the
Buchert-Ehlers theorem. In what follows I present a summary of the main results
and the perspectives for future works.

IN this PhD thesis I developed tools aiming at studying the effects of topology in

In chapter 1, I presented the context of this thesis. We saw that the current
Standard Model of Cosmology suffers from a major hypothesis: the global expansion
of our Universe is supposed to be not affected by its small scale inhomogeneities.
This neglected phenomenon, called backreaction, could actually play a major role in
cosmology (Buchert, 2008), and possibly explain the dark energy problem and the
discrepancy in the measure of the Hubble constant (Riess, 2019). While most of the
studies concerning the backreaction focused on its relation with structure formation,
little has been made to understand its dependence on the topology of our Universe.
To tackle this problem I followed two different strategies:

(i) developing a non-Euclidean Newtonian theory from general relativity (chap-
ters 2 to 4). While such a theory would still allow for the encoding of the
non-linearities and all the global conditions (i.e. topology) of general relativ-
ity, it would also be simpler to use.

(ii) proposing a numerical relativistic scheme allowing for the simulation of non-
Euclidean universes (chapter 5).

At the end of chapter 1 we saw that the Newtonian cosmology lacks a clear justifi-
cation from general relativity. Especially, the way it deals with the spatial expansion
relies on the interpretation of expanding periodic boundary conditions as a represen-
tation of a closed Euclidean space. Then justifying the Newtonian cosmology from
general relativity was an important step in the definition of a non-Euclidean New-
tonian theory. This was the work presented in chapter 2. I used the Newton-Cartan
theory which can be derived with a well-defined covariant limit of general relativity.
I performed a 143 split of the Newton-Cartan equations, which resulted in a system
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of equations similar to the 1+3-Einstein system: the 1+3-Newton-Cartan system
lequation (2.33)—(2.41)]. When introducing the gravitational field to this system, I
retrieved the Newtonian cosmological equations [equation (2.53)—(2.61)]. However,
a major difference of the Newton-Cartan approach is the expansion which arises as
a fundamental emerging field of the theory. The equations also feature an additional
unconstrained transverse shear, which can model an anisotropic expansion. We re-
trieve the Buchert-Ehlers theorem, stating in particular that in Newton’s theory the
isotropic expansion of a closed universe is given by the Friedmann equations for any
inhomogeneous solution.

In chapter 3, I used the tools developed for what precedes to define two non-
Euclidean Newtonian theories. They are based on a suggestion of Kiinzle (1976) to
allow for a non-zero spatial curvature with a minimal modification of the Newton-
Cartan equations. If this modification is made with respect to the fluid observer,
this leads to the non-Euclidean Newtonian theory of section 3.3.2. It features a non-
zero global backreaction which depends on the spatial geometry, through the spatial
curvature, and on the average bulk velocity of the fluid, an expected behaviour of
the backreaction. The main drawback of this approach is the fact that the spatial
vectors in the vorticity and expansion tensors are different, making difficult the
interpretation of the theory. To my opinion, this disqualifies this proposal to be
physically relevant. The second non-Euclidean Newtonian theory does not suffer
from this problem. In this case the modification of the Newton-Cartan equation is
made with respect to the Galilean observer (section 3.3.3). The cosmological system
of this theory [equations (3.49)—(3.56)] is algebraically equivalent to the cosmological
Newton equations, but with a non-zero spatial scalar curvature. Hence the Buchert-
Ehlers theorem also applies and no backreaction appears if the expansion is isotropic.
This approach also improves the one of Roukema & Roézanski (2009); Barrow (2020)
as the gravitational field at the opposite pole of a mass point in S is not divergent
anymore [equation (3.64)].

Chapter 4 is the final stage in the construction of a non-Euclidean Newtonian
theory. I try to derive it using the Galilean limit of general relativity (IKiinzle, 1976)
which is a limit of structures, from a Lorentzian to a Galilean structure. We saw
that to obtain a non-zero spatial Ricci curvature at the limit, allowing for non-
Euclidean spatial geometries, an additional source term needs to be added in the
energy-momentum tensor. I interpreted it as a generalisation of this tensor for a
geodesic, or dust, fluid. While the Galilean limit provides the leading orders of the
additional term, its full order form is unknown and needs to be extrapolated. We
then saw that the non-Euclidean Newtonian theory depends on this extrapolation,
and therefore is unknown as for now.

In chapter 5, I studied the possibility of performing numerical relativistic sim-

ulations of non-Euclidean geometries in cosmology. We saw that the method of
lattice cosmology allows for such simulations (Clifton, 2015), but at the cost of a
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low resolution of the structures as they are modelled with black holes which can be
evolved only in few number. Then I presented the most popular relativistic scheme,
the BSSN formalism, which is used in the recent cosmological simulations of Giblin
et al. (2016); Macpherson et al. (2018). In its original form, this formalism is not
suited for non-Euclidean geometries. I showed that the covariant BSSN formalism
of Brown (2009), the equations of which are presented in section 5.3.4.3, is the right
choice to simulate such geometries. Finally I argued that the spherical torus should
be the best choice for a first exact non-Euclidean relativistic cosmological simulation.

While we tackled successfully most of the issues we raised in the beginning of
this thesis (justifying the Newtonian cosmology, proposing non-Euclidean Newto-
nian theories, finding a non-Euclidean Newtonian limit, finding a non-Euclidean
relativistic numerical scheme), other questions appeared which I intend to study:

e What can model the transverse shear? In addition to gravitational waves, I
suggested that the dark matter might be included in Z. To understand if this
is possible, a first investigation is to try to reproduce existing models of dark
matter.

e [s the additional energy-momentum curvature term imposed by the Galilean
limit physical? We could search for a justification of this term through a vari-
ational principle. In this view, maximally coupled scalar fields (see Madsen,
1988) appear as an interesting approach.

e What is the first order, i.e. first post-Newtonian correction, of the backreac-
tion? Computing it would provide an estimation of the relativistic contribution
to the backreaction using Newtonian calculations.

The question of the ‘right” non-Fuclidean Newtonian theory remains also open, as
well as the generalisation of the Buchert-Ehlers theorem. To my opinion, the second
proposed theory in chapter 3 should be this ‘right” one due to its simplicity in terms
of modifications of the Newton-Cartan equations and of its cosmological equations.
In this sense the extrapolation of the additional term in the energy-momentum
tensor should be made so that we retrieve this theory. Then, performing N-body
simulations with this theory would provide a first insight into the effects of topology
on structure formation in cosmology.

Concerning my study on non-Euclidean relativistic schemes, the logical next step
is to implement the covariant BSSN formalism. This could be done using softwares
such as Finstein ToolKit. The final step would be to compare non-Euclidean sim-
ulations made using this scheme with the ones of Giblin et al. (2016); Macpherson
et al. (2018).


https://einsteintoolkit.org
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Appendix A

Formulas

A.1 Lie derivative in 3+1

We consider a foliation {X,;};cr in a Lorentzian manifold (M, g, V). Let A and
T be a spatial vector and a spatial tensor with respect to this foliation. Then the
Lie derivative of T along A is not necessarily spatial. It is spatial if T' has only
contravariant indices. In general we have the relation

Under the formalism of the 34+1-Einstein equations in section 1.1.2, given a class of
adapted coordinates Xg', this means that L£gK,p is not a spatial tensor in general.
This implies that #9;K,s are not the spacetime components of a spatial tensor
(contrary to what is stated in section 5.3.1 of Gourgoulhon, 2012). However because
the Lie derivative Ly, = P9, — L applied on a spatial tensor is spatial, then
PO K, — LsK,p remains spatial, and the pull-back P9, K5 — LsKag — PO Kap —
Lz Ky is correct.

The normal part of the partial time derivative 9, K., is

n? POK, 0 = 4K "V (,8). (A.2)

A.2 Tensor densities

We consider a tensor density “7T# — of weight w. The covariant derivative on this
tensor is defined as

Vo T, =0V T T, T (A.3)

140 po?
where "V, refers to the usual covariant derivative on a tensor of weight 0. The Lie
derivative of “T*1 — along a vector u is defined as

LT, = 0L, T, w TR, Vol (A.4)

vi.. V1

where °L,, refers to the usual Lie derivative on a tensor of weight 0.
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Appendix B

Shift freedom in the classical
formulation of Newton’s theory

As shown in chapter 2, the degrees of freedom associated with the choice of coordi-
nates in the Newton-Cartan theory corresponds to a vector, called the shift vector.
The work presented in this appendix is a first derivation of this shift freedom but in
case of the classical formulation of Newton’s theory. It was done before obtaining
this result in Newton-Cartan and appears in the first part of my paper Vigneron
(2020).

B.1 General form of the Newton system

B.1.1 In fixed coordinates

We only consider dust fluids, implying the pressure and the non-ideal fluid terms to
be zero.

The Newton system of equations describes the time evolution of a fluid charac-
terised by a scalar field p, the fluid density, and a vector field v, the fluid velocity.
These two tensors are defined in a 3-dimensional flat manifold denoted XN and are
parametrised by the time t. They are thus function of ¢ and the position on XN, The
metric on XN is denoted h. The system of equations is composed of two evolution
equations, one for the scalar p and one for the vector v, and two constraint equa-
tions. Given a fixed coordinate basis vector {e;}i—1 23 on YN i.e. the vectors e; are
not parametrised by time, the evolution equations in the corresponding coordinate
system {x'};_ 23 are

e the mass conservation equation

(5t|1 + Uka) p = —pDyv*, (B.1)
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e the Euler equation
(9, + 0" D) v’ = ¢, (B.2)
where D; are the components of the Levi-Civita connection on XN in the coordinates
2 and g is the gravitational vector field constraint by the following equations:

e the Newton-Gauss equation

Dipg® = —47Gp + A, (B.3)

e the Newton-Faraday equation

with A the cosmological constant.

Due to the equivalence principle, the Euler equation (B.2) can be seen as a def-
inition of the gravitational vector field. Then apart from this equation, the Newton
system can be written independently of g. To do so, we introduce the expansion
tensor ® and the vorticity tensor €2 of the vector field v being respectively the
symmetric and the antisymmetric part of the velocity gradient Dwv, with

and we note the trace ©," = 6. The indices are lowered and raised by the metric
h. We can then rewrite equations (B.1), (B.3) and (B.4) respectively as

(91, + L£2) p = =8, (B.6)
(9h, + Lo) 0 = —47Gp + A — 0,07 + Q07 (B.7)
(9, + Lo) Qi = 0. (B.8)

The gravitational vector field g is defined as
g = (O, + Lo) v' + 0" (04 + ') . (B.9)

Introducing the Lie derivative in this last equation allows us to have the same
differential operator acting on p, ©;; and 2;;.

The system (B.5)-(B.8) is closed and equivalent to the system (B.1)-(B.4).

While the expansion and vorticity tensors are explicitly covariant under any
change of coordinates, parametrised by time or not, the differential operator dy
is not. In the next section we will see how it changes as function of the time
parametrisation of the coordinate transformation. This will allow us to write the
Newton system for any time parametrised coordinate system.
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B.1.2 In general parametrised coordinates — v description

We consider a coordinate vector basis {€,}q=123 on YN If the vectors e, are
parametrised by time, the coordinate system they define is called a parametrised co-
ordinate system. We consider such a coordinate system on XN and note it {Z%}az123-
For this section, any component of a tensor in the fixed coordinates z* will use the
Roman letters ¢, j, k, [, etc (example: T;;) and the same applies for the partial deriva-
tives with 0, :== 0, and 0; = 0,:; any component of a tensor in the parametrised
coordinates 7% will be denoted with a tilde and will use the Roman letters a, b, ¢,
d, etc (example: Tab) and the same applies for the partial derivatives with 9, = 0%

and 511 = Fa .

To be able to write the Newton equations in the 2% coordinates from the equations
in the ¢ coordinates, we need to consider the coordinate transformation between
2' and 2% This allows us to write #* as functions of z° and ¢, and inversely
as functions of 2% and ¢t. The Jacobian matrix J?, of this transformation, and its
inverse J;“, are then

J o= 0,2t o J% = 0,5

Because the change of coordinates 2 — 2% depends on time, in general the Jacobian
will also depend explicitly on time.

The components 7% ., of any tensor T in XN are related to the components
T, of that same tensor by

T = (Ji“Jjb ) T . (chjld ) :

We consider now a tensor W whose components in the {e;},—1 23 basis are

Wi = 0,9 with T a parametrised tensor. As mentioned in the previ-
ous section, because the derivative J; is not explicitly covariant under the change of
coordinates x* — 7%(t, 2%), the relation W, = 9,7 ;.. does not hold

in general. It only holds if the 2 coordinates do not depend on time. Instead we
have the relation

(i) 0 (T, ) (JFe ') = (B.10)
5tTabmcd_.. . ‘CUTabmcd,_.7

where U is the coordinate velocity vector of the ¢ coordinates with respect to the
2' coordinates and is defined such as

U' = o', (B.11)

which implies U® = —9,&* using (B.10).

Proof. For simplicity we show the proof for a rank-1 tensor; it can easily be
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generalised for any tensor. Making use of 9, = O, — 5txk8k, we have
T 0T, = T (0T, - 0ia*o,T,)
= 0T, — Ti0pJ's — J' U 0,T,
Wy — J'a (T OU* + UOLT,)
tTa - Jia (EUCZ_“’)Z

t - LUTa- O

(I
QD QO

I
2
2

S}

We can then write the system (B.6)-(B.9) in the coordinates % This gives the
generalised Newton equations for the fluid velocity vector v in a time parametrised
coordinate system:

(O + Lov) p=—pb, (B.12)
(O + Lov) 0 = —47Gp + A — 0,40 + 20sQ, (B.13)
(00 + Lo-v) Qea = 0, (B.14)

and the definition of the gravitational field
3" = (0 + Lov) 0" +7° (0. "+ Q. ). (B.15)

These equations, while written for any parametrised coordinate system, still
require reference coordinates, i.e. the fixed coordinates z*, to be able to define the
tensor U. This is discussed in section B.1.4.

The system (B.12)-(B.15) depends on the vectors U and v. The latter can be
called the velocity of the fluid with respect to the fixed coordinates. However when
taking a non-zero coordinate velocity U, it might be useful to work with the velocity
vector V' of the fluid with respect to the parametrised coordinates defined as

V=v-U. (B.16)

In the next section we develop the Newton equations as functions of U and V.

B.1.3 In general parametrised coordinates — V' description

We introduce the expansion tensors V@ and Y@, and the vorticity tensors V€ and
YQ of the vectors V and U as

Véab = D(a%) ) Uéab = D(an) ;
VQab = D[a%] ; UQab = D[an},

and their trace V6 := VO ¢ and V0 := VO °.
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We can then write the system (B.12)-(B.15) as function of V and U. This gives
the generalised Newton equations for the fluid coordinates velocity vector V in a
time parametrised coordinate system:

(O +Lv)p=—p("0+"0), (B.17)
(O +2v) (V0 +Y0) = —4xGp + A (B.18)
_ (Vécd + Uécd) (Vécd + Uécd)

+ (Vﬁcd + Uﬁcd) (Vch + Uch) :

(O +Lv) (Y + Y0) =0, (B.19)
and the definition of the gravitational field
g =0+ Lv) (Vo +0°) (B.20)

+ (f/c + UC) (Véca +U0 2+ VO + UQC“) .

B.1.4 Class of coordinates
We define the following mathematical object:

Definition. Given a coordinate system {y*},-1 23, parametrised or not, we define the
class of y coordinates, denoted X, , as the ensemble of coordinate systems which
can be obtained from the system {y®},—123 with a time-independent coordinate
transformation.

The equations developed in sections B.1.1, B.1.2 and B.1.3 were defined, directly
or indirectly, with respect to a chosen fixed coordinate system {z'};—1 93 on XN.
They however do not depend on this system as all these equations are invariant
under a time-independent change of coordinates. Instead, any system of coordinates
in the class of fixed coordinates can be chosen. The same applies for the definition
of the vector U, and so of the vector V.

Proof. ~ We consider two fixed coordinate systems {z'};—; 23 and {y’};—123 and
a parametrised coordinate system {Z%},—123. The components of a tensor in the
y! coordinates will be denoted with capital Roman letters I, J, ... Let U be the
coordinate velocity vector of the coordinates * with respect to the coordinates x’.
Then

Ut = @xi
= 5txi(yl)
= O™ 8ymci.
d,xx’ is the Jacobian of the coordinate transformation between z* and y*. Then

U! := 9,y’. This means that the definition of U is unchanged if the fixed system of
reference is {y’}1—123. O
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The choice of parametrised coordinates ¢ then defines uniquely the vector
U. The opposite is wrong: defining a vector field U on ¥V does not determine
uniquely a parametrised system {Z},—123. Instead U uniquely defines a class of
parametrised coordinate systems which we can write Ay;. Then U is the coor-
dinate velocity of any system in A}, with respect to any system in &), where A& is
the class of fixed coordinates.

The Newton system (B.12)-(B.15), or equivalently the system (B.17)-(B.20),
then corresponds to the original Newton system (B.6)-(B.9) written in any class of
coordinates. It is the most general writing of the original equations (B.6)-(B.9),
assuming the time parameter is unchanged.

But while the original set of equations required the definition of only one vector
field, the fluid velocity vector v, the general equations of section B.1.2 require the
definition of a second vector field, the coordinate velocity vector U of the chosen
class of coordinates to work in. If one chooses the point of view of section B.1.3, the
pair of vectors (v, U) is replaced by the pair (V,U). However only v is physical as
it is the fluid velocity vector and does not depend on a chosen class of coordinates:
taking v = 0 changes the generality of the equations as it implies 9,p = 0, while U
or V' can be taken to 0 without loss of generality.

A non-trivial choice of U can however be of physical interest depending on
the physical system studied. In the next section we present specific examples of
parametrised coordinates.

B.2 Specific choices of coordinates

In this section we will always use the Newton equations in the same class of co-
ordinates as the vector U we will choose. We can then omit the tilde notation.
The partial time derivative will also always be partial time derivative at fixed Xy
coordinates, we will note it J;,, !

B.2.1 Galilean coordinates

Galilean coordinates are the classes of coordinates for which 9, U* = 0 and VU =
0, i.e. the coordinates Ay are uniformly moving with respect to the class of fixed
coordinates. If one chooses the fluid description in terms of (v,U), then the corre-
sponding Newton system (B.12)-(B.15) is not equivalent for all Galilean coordinates
due to the terms U°D,. The Galilean invariance only appears in the (V,U) descrip-
tion of the fluid as the corresponding equations (B.17)-(B.20) are formally equivalent
for all Galilean coordinates.

1To avoid possible confusions, we precise that this notation does not imply 8t|U U*=0.
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This shows that the description in terms of the fluid coordinate velocity is more
appropriate when U is non-zero as it will encode the non-inertial effect due to U.
Indeed, we can rewrite the Euler equation (B.20) to feature the non-inertial terms
acting on V

(0 + VD)V = g* = (8y, + UD,) U (B.21)

v (V0,4 U0
We see that the acceleration of V', on the left-hand side of the equation, is affected
by the gravitational field and the non-inertial terms, depending on U. We however

recall that these effects are only gauge effects as the true dynamics of the fluid is
given by wv.

B.2.2 Globally translating and rotating coordinates

In classical mechanics, the most general coordinates are usually globally rotating and
translating with respect to Xy. In this case they are called frames. They correspond
to all the classes of coordinates where U can be decomposed as

U — Utr + Urot, (B22)

where DU, = 0, U(amt = 0 and €,.qDp DU, ‘f)t = 0 where € is the Levi-Civita tensor.

T

The condition DU, = 0 ensures that Uy, is a global translation of the Ay
coordinates with respect to the Galilean classes of coordinates; Y@, , = 0 ensures

that U, is only rotational. The rotation vector of the frame is w® = eacchUr‘f)t.
Then ebcdDaDCU;‘ét = D,wp = 0 ensures that this rotation is also global.

In these conditions, the Euler equation (B.21) becomes
(04 + VD) VO = g = 0y, Ul — 0y, Usl, (B.23)
— (Ui +Uf) Q" = 2vebQ.”.

The term 0, U + Oy, Uy + (U + Ury) Q0" is the centrifugal acceleration, and
2VeUQ, “ is the Coriolis acceleration. We retrieve the usual Euler equation in a
non-inertial frame where the vorticity of U corresponds to the global rotation of
that frame with respect to a Galilean frame. There is however no contribution of
the expansion tensor of U in that case, as it is zero. In the next section we will
show to what corresponds a non-zero V0.

B.2.3 Homogeneous deformation

The expansion tensor of the coordinate velocity vector U can be linked to the time
variations of the metric in the Xy coordinates. We have the following relation:

1

5 %1 hav = Yo, (B.24)

lu
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Proof.  For this proof only we reintroduce the tilde and untilde notations of sec-
tion B.1.2 concerning parametrised and fixed coordinates. Using property (B.10),
we have

Jia*]jbaﬂo h” — <8t|U - EU) iLaba
- atlUiLab - Q.D(an).

9y, 1s the time derivative with respect to the fixed coordinate class. Because z’ are
fixed coordinates, 8t\0hij = 0. Then Qmﬁab — ZE(an) =0. O

Remark. In a frame coordinate system, i.e. globally translating and rotating, the metric
is static as V@ = 0.

Relation (B.24) implies that with a change of coordinates from fixed coordinates,
we can simulate space expansion. This expansion is always a gradient expansion, i.e.
%@‘U has is the gradient of a vector. Taking Y® such that D Y® = 0 implies that the
expansion is global: this is called a homogeneous deformation. Furthermore, when
it is isotropic, the coordinate velocity vector corresponds to the position vector, i.e.
in Cartesian coordinates U® o x®. In this case this is called a Hubble flow. However
one has to remember that the physical vector is v. Therefore the expansion due to
Y@ is strictly speaking a fluid expansion and not a space expansion.

The main consequence of the gradient expansion is that no global expansion is
possible if the 3D-manifold ¥ has a compact topology.” Indeed in such a topology
x® cannot be the components of a tensor as they do not respect the global symmetry
of a compact space. So strictly speaking, Newtonian cosmological simulations, said
to be realised in a 3-torus with global isotropic expansion, are actually simulating
an infinite 3D-manifold. The 3-torus symmetry is only set on V' and not U, thus
the physical vector v lies in an infinite 3D-manifold.

B.2.4 Lagrangian coordinates

We saw that the physical dynamical properties of the fluid are encoded in v. By
working in parametrised coordinates, we split these properties into U and V. Then,
taking V' = 0 implies that the coordinate velocity U is the velocity of the fluid v.
Coordinates such as V' = 0 are called Lagrangian coordinates as they follow the fluid
flows given by v. In Lagrangian coordinates, part of the fluid dynamics, the pure
expansion ¢ and the shear o, = O of v, is put into the time variation of the
metric. The other part, the vorticity of v, does not affect the metric.

2The only possible compact oriented topology is the flat 3-torus T2 up to a finite covering.
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B.3 Similarities with the 3+1 and 143 formalisms
of general relativity

In section B.1, we derived the Newton system of equations in an arbitrary class
of coordinates. We saw that the freedom associated with a choice of class is a
vector U. Furthermore the difference between two partial time derivatives is a Lie
derivative. These two properties resemble the properties of the shift freedom in the
3+1 formalism of general relativity (see section 1.1.2). We could add that Newton’s
equations live on a time-parametrised 3D-manifold® which is the same situation as
for the 3+1-Einstein equations.

This shows that apart from the known formal equivalence between the Newto-
nian system (B.6)-(B.8) and the 14-3-Einstein equations explained in Ellis (2009),
Newton’s theory also features similarities with the 3+1 construction of the Einstein
equation.
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Appendix C

Newton’s equations on a
Lorentzian manifold

This appendix is the second part of my paper Vigneron (2020), the first part be-
ing in appendix B. For this reason some notations are only common to those two
appendices, and not introduced in the main body of the thesis. The is especially
the case for the denomination ‘14+3-Newton equations’, which refer to another set
of equations than the 1+3-NC equations of chapter 2.

C.1 Construction of the 4D-Newton equations

In section 1.1.2 we detailed the construction of the 34+1-Einstein equations on a time
parametrised 3D-manifold . In the present section we will reverse this construction
for the case of the Newton equations: from the parametrised manifold XN, we will
define a spacetime manifold MY and write the Newton equations on this manifold.

C.1.1 Push-forward of the Newton equations

In order to write the Newton equations as equations living in a 4D-manifold MY, we
reverse the pull-back operation of section 1.1.2.6. The operation XN — M is called
a push-forward of N in MYN. While the pull-back in general relativity defined the
parametrised manifold ¥, the push-forward here will define the spacetime manifold
MY,

The push-forward is parametrised by ¢. It hence defines a set {3N}ier of hy-
persurfaces embedded in MY. At this stage, for a general push-forward, these
hypersurfaces can intersect. We however impose that the family {ZN},cgr defines a
foliation in MY~. We note n and A the normal vector and the lapse of this foliation.

In the 3+1-Einstein equations (1.40) and (1.39) on X, the partial time derivative
”8t|ﬁ carries the information on the shift of the adapted coordinates in which the pull-
back was made. This is not the case for the classical 3D-Newton equations (1.93)-
(1.96) as no pull-back is at their origin. This means that the derivative 9y, In the

144
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Newton equations does not necessarily correspond to the derivative ™ o 1D MY,
Instead in a general push-forward of the Newton equations, (9t|0 becomes ”8t|8,
where B is a spatial vector relative to the foliation {3N}cg.

So a class Xy in XN corresponds to an adapted class X%, in MY, This is
schematised in Fig. C.1 where we represent a slice ¥} and the vectors n, B and w.
We also represent in blue the shift 8 and the time vector ? 0, of a general adapted
class Xg as well as the vectors U and V defined in section B.1.2 with respect to

this class.

Figure C.1: Representation of a slice ©I of the foliation {3} };cg. We show the
vectors defining the 4D-manifold M~ (in black); the Newtonian fluid velocity (in
red); the vectors relative to a general adapted class Ag (in blue).

The only constraint on the foliation {3} };cr, and so on MY, is to be spatially
flat and to have an adapted coordinate system in which the spatial components of
the spatial metric do not depend on time. This coordinate system is X% . There are
however no constraints on A or B from the Newton equations.

In the coordinates Xj, the spacetime metric is

tN?+ BB | B,
Jap = < Ba ‘ hab(l'c) ) 5 (Cl)
where hg,(x¢) are the spatial components of the flat spatial metric in the chosen
adapted coordinates. The =+ sign depends on the choice of signature for the metric:
+ for (+ + ++) signature and — for (— + +4) signature. This is discussed in sec-
tion C.1.3. As MY is determined by the metric (C.1), then the choice of V' and B
determines this manifold.
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Remark. The push-forward 6t|0 — L’naﬂ is only possible if the derivative is applied
B

on a contravariant tensor as Lnaﬂ applied on a covariant tensor is not spatial (see ap-
B

pendix A.1). This is also true for EN[,v — MNEU, where ENEU and MNEU are respectively
the Lie derivative in ¥N and in MN. Therefore, the push-forward of the Newton-vorticity
equation (1.96) has to be done when written in the contravariant form.

C.1.2 4D-Newton equations

The push-forward on MY of the 3D-Newton equations (1.93)-(1.97) gives the 4D-
Newton equations

LnniBrop = —pb, (C.2)
LaniBiod = —47Gp+ A —0,,0" +w,w", (C.3)
LntBo w* = _4wu[a@B]m
with the definition of the gravitational field
9% = Lan+BroV™ + 0" (0, +w,), (C.5)
where ©,5 and w,s are defined as
Ous = Dvs) i wap = Diavg. (C.6)

The constraints on the foliation are that the Ricci tensor of the hypersurfaces XY is
zero for all ¢ and that their extrinsic curvature is

Ka/g = ND(QBB). (07)

This amounts to saying that the spatial components of the spatial metric in the
coordinates X% do not depend on time. We call such a foliation, a Newtonian
foliation.

The system (C.2)-(C.6) is equivalent to the original system (1.93)-(1.97), i.e.
both systems can be derived from the other. The solutions for v in the 4D-system
are then the same as for the original system. Furthermore, it is still possible to write
the 4D Newton-Raychaudhuri equation (C.3) like the Newton-Gauss equation (1.91).
This means that we have the relation D,g" = —47Gp+ A and this for any choice of
N and B. The same applies for the 4D Newton-vorticity equation (C.4) which can
be written as Dj,gs5 = 0.

As said before, the only constraint at that point on MY is to have a Newtonian
foliation. So in the general case where A and B are not chosen, MY is not influ-
enced by the dynamics of v. However, choices on N and B can be made such that
the properties of this manifold will depend on v. Such a choice is the subject of
section C.2. Also in section C.1.5 we discuss a choice where MY is a homogeneous
expanding background manifold.

Remark. Making the push-forward from the Newton equations in &y, [equations (B.12)-
(B.15)] is equivalent as from the same equations in A{), which is done in this section. The
equations from Ap; are obtained from (C.2)-(C.5) by changing B into B+ U.
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C.1.3 Signature of M~

While constructing MY with its metric given by (C.1), we made no assumptions on
its signature. The push-forward manoeuvre made in section C.1.1 is independent
of this signature. So the metric of MY can be either of Lorentzian (— + ++), or
Euclidean (+ + ++) signature. It is an additional freedom to A and B of the
4D-Newton equations. We will however take only Lorentzian manifolds. The only
argument to take such manifolds is to enable us to directly compare MY with
solutions of the Einstein equations.

The Lorentzian choice might seem in contradiction with the Galilean invari-
ance of Newton’s theory. This is only the case if we ask the connection related to
the metric (C.1), defined on the spacetime manifold MY, to have this invariance.
This property is however not imposed by the axioms of the classical formulation of
Newton’s theory on a 3D-manifold, i.e. the one presented in section ??. In this
formulation, no spacetime manifold is defined. That is why, when constructing MY
from the classical formulation, some freedom appears on the properties of this man-
ifold. This view is different from the Newton-Cartan theory, where the structure
on the manifold, defined by two degenerate metrics and a compatible connection, is
imposed to be invariant under Galilean transformations. This structure is called a
Galilei structure, and the related manifold, a Galilei manifold (see Kiinzle, 1976).

The Lorentzian choice might also seem in contradiction with the fact that there
is no speed limit in Newton’s theory, something linked to the notion of causality.
We clarify why there is no such contradiction hereafter.

The causality is the relationship between causes and effects of an event, or ob-
server. Thus this notion depends on the definition of observers. In general relativity,
the manifold of work is a 4D-manifold, on which an observer is defined by a 4-vector
such that the spatial velocity of an event he measures in his rest frames cannot be
greater than c. This implies that the spacetime manifold is a Lorentzian manifold
and that the 4-vector of this observer is a unit, timelike vector.

In the classical formulation of Newton’s theory, an observer is described by a
velocity vector field p in the Euclidean 3-space not limited by the speed of light.
If we push-forward this observer in MY, it is still defined by p which is spatial.
Then an observer in the 4D-formulation of Newton’s theory is not described by a
unit 4-velocity vector, but by a spatial vector field, not limited by ¢. On the one
hand, contrary to general relativity, this definition of an observer does not require
MY~ to be Lorentzian; reversely, choosing MY to be Lorentzian does not impose
constraints on the definition of an observer in 4D-Newton. On the other hand, this
Newtonian definition of an observer, and therefore of causality, naturally allows for
the measure of superluminous velocities on the foliation {$N};cr by any observers
as their spatial velocities can themselves be arbitrarily large.

In the next subsection we will see that it is possible to physically define a 4-
velocity vector Nu for the Newtonian fluid. We will however necessarily have an
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additional constraint if we want this vector to be a unit vector [see equation (C.10)].

Remark. The push-forward used to construct MY is taken from the 3+1-formalism of GR;
it thus automatically defines a spacetime metric, implying MY to be (pseudo)-Riemannian.
It might however be allowed to use a push-forward which does not necessarily lead to such
a manifold. Recovering the Newton-Cartan theory using the method of section C.1 should
in this case be possible.

C.1.4 Newtonian 4-velocity

The equations of section C.1.2 describe the evolution of a Newtonian fluid in MY,
This fluid is defined by the spatial vector v. We would like to define a vector Nu
which we can call the 4-velocity of the Newtonian fluid. The definition of this vector
is not constrained by the 4D-equations, so it remains a choice.

The choice we make is physically motivated by the definition of the Lagrangian
coordinates (see section B.2.4). In general relativity, Lagrangian coordinates are
defined to be comoving with the fluid 4-velocity, i.e. d; o u. For a foliation defined
by the normal vector m and the lapse N, and a tilt velocity vector w of the fluid
with respect to that foliation, the Lagrangian coordinates correspond to the adapted
class X%,

In the classical Newton theory, these coordinates correspond to the class X, on
YN, Its equivalent on the foliation {E} }icr is the adapted class Xg,, (see sec-
tion C.1.1). Then we demand that the tilt velocity vector of Nu with respect to the
foliation defined by m and N be 3 (B + v).

However there remains a freedom on the choice of the normal part of Nu with
respect to {EN}iecr. Two natural choices are possible:

e The Newton-Cartan choice: this 4D theory features a 1-form ' which defines
an absolute time and a foliation. An observer in this theory, described by a
vector u, is defined with respect to this absolute time. The vector w has then
the following property v, u* = 1. The analogue to this definition in our case
would be to impose n,Nu# = —1. This leads to a first definition of Nu:

Nu

1
::N(NnnLB—irv), (C.8)
e The relativistic choice: in GR, an observer is described by a unit vector u,

with u,u* = —1. In our case, this translates into Nu,Nu# = —1. This leads to
a second natural definition of Nu:

N

u Nn+B+w), (C.9)

_ 7
=

1Using the notation of Kiinzle Kiinzle (1976).
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~1/2
with 7 := [1 — w2z (By+v,) (B + v“)} ”? The downside of this definition is

that it adds the following constraint to the 4D-Newton equations (C.2)-(C.6):
(B, +v,) (B +v") < N2 (C.10)

This is indeed a constraint, as if we take N/ =1 and B = 0, equation (C.10)
imposes v,v* < 1. Such a constraint is not implied by the first definition (C.8).

We take the first definition (C.8), as it remains general with respect to the 4D-
Newton equations. This 4-velocity is illustrated in Fig. C.2; along with n, B and
v.

With this choice, we can interpret the 4-velocity Nu as follows: Nu corresponds
to the covered distance Ax* in spacetime per unit of proper time "7, where "7 refers
to the proper time of m. This vector n and its induced foliation then define a fun-
damental time (as in the NC theory) with respect to which Newtonian 4-velocities
are defined. The situation is different in general relativity, where the 4-velocity of a
fluid element is defined as the covered distance Az* in spacetime per unit of fluid
element proper time “7.

N

Remark. With what precedes, we can complete the definition of a Newtonian observer in
the 4D-Newton theory, as being described by a vector m such that m/n, = —1. This is
the equivalent definition of an observer in the NC theory. The observer given by Nu is
then the fluid itself.

Remark. For both definitions, v corresponds to the coordinate velocity of the fluid 4-
velocity Nu with respect to the coordinates Xg (see Fig. C.2). The tilt velocity is however
still not the physical vector. The latter remains v as taking v = 0 still implies a constraint
on p with the 4D equation (C.2). This is not the case if we take % (B+v)=0.

C.1.5 Background homogeneous expanding spacetime

In this section, we present a first choice for the manifold MY,

Taking N = 1 and K,5 = D Bgy = —H,g, with D,H,p = 0, implies that
M is a homogeneous globally expanding spacetime. This expansion is anisotropic,
unless H,p < hop which corresponds to the Einstein-de Sitter spacetime.

The tilt velocity of Nu is then w = B+wv. The expansion tensor can be rewritten
Oup = Hap + Dqwgy. Then, in Eulerian comoving coordinates, the 4D-Newton
equations for the vector w become the usual Newton equations with a homogeneous
deformation (equations for V' introduced in section B.1.3 with the homogeneous
deformation of section B.2.3).

We still have the same results concerning expansion in a compact topology. If
we impose the hypersurfaces ¥} to have a compact topology, then H,g, being a
constant gradient, has to be zero. It is still not possible to have an expanding
compact topology in Newton, even when using the 4D-Newton formalism. This was
expected as the two formulations are equivalent. In order to do it, the trick is to
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Figure C.2: Representation of the chosen Newtonian 4-velocity vector Nu with re-
spect to the foliation {¥N};cr. Using the analogue between Lagrangian coordinates
in Newton and in GR, we imposed the tilt velocity of Nu to be w = % (B+v).
The normal part is chosen to be n, which is the equivalent to what is taken in the
Newton-Cartan theory for the 4-velocity of an observer.

consider periodic boundaries only on the vector w as explained in section B.2.3. In
this case the topology of the hypersurfaces ¥V is still R? as B is not periodically
defined.

The choice of 4D-manifold MY of this section is independent of the fluid kine-
matical quantities. It is then only a background manifold. We therefore cannot
draw any dictionary between the Newtonian fluid quantities and the relativistic
fluid quantities defined via the Einstein equation for the 4D-manifold. In the next
section, MY will depend on the Newtonian fluid enabling, the definition of a dictio-
nary in section C.2.4.

Remark. The choice we make here cannot strictly be called a foliation choice as this would
imply that another choice would describe the same equations but in another foliation, the
4D-manifold being unchanged. This is not true as, in general, another choice for A/ and
B changes MNew,
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C.2 1+43-Newton equations

C.2.1 The choice

A natural choice coming from the definition of the Newtonian 4-velocity (C.8) is to
take A and B such that the foliation is orthogonal to Nu, implying Yu = n. This
is done by taking B = —wv. The lapse N remains unknown. In analogy with GR,
as we deal with a dust fluid, we choose the 4-acceleration of Nu to be zero, which
is imposed by N = 1. We expect this choice to be different in the case of non-dust
fluids (this is discussed in section C.3.3).

Remark. Interestingly, with the above choice, the two definitions (C.8) and (C.9) are
equivalent.
Under the present choice the 4D-Newton equations become

Ln, p = —pb, (C.11)
Lr, 0 =—47Gp+ A —0,,0" +w, ", (C.12)
ENU Wapg = 0, (013)

with the definition of the gravitational field

" = Ly, v + 0" (0,% +w,”), (C.14)

where
Oup = Diavs) 3 wap = Djavg), (C.15)
= (OéNU’ﬂ)a (016)

and with MV, Nu® = 0 and V,Nug = 0, so that Mu defines a foliation. Note
that the covariant form of the vorticity equation is now possible as only the normal
vector remains in the Lie derivative.

The gravitational field definition (C.5) can be rewritten as

g* = Nuhlv . (C.17)

The RHS is spatial as Nu has no 4-acceleration. We see that the gravitational field
corresponds to the 4-acceleration, with respect to the observer Nu, of the Newtonian
fluid velocity wv.

The properties of the foliation {3} };cg are now linked to those of the fluid with
the relation K,3 = —0,5. Then the 4D-Newton equations (C.11)-(C.13) closely re-
semble the 1+3-Einstein equations (1.52)-(1.57) for a dust fluid: on a formal aspect
and on the fact that they are expressed in the rest frames of the fluid. We call them
the 1+3-Newton equations.
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The main difference between the 1+3-Newton and the 143-Einstein equations
remains in the definition of the vorticity. In the Einstein equations, it is defined
as the antisymmetric rest frame projection of the gradient Vu [definition (1.45)].
However in Newton, the antisymmetric part of VNu is zero as Mu defines a foliation.
Instead the vorticity is defined as the antisymmetric part of a spatial vector gradient
[second equation in (C.15)], the symmetric part of that gradient being the expansion
tensor [first equation in (C.15)]. This is the reason why we will define the Newto-
nian limit (see section C.2.3) and the Newton-GR dictionary (see section C.2.4) for
irrotational flows.

With the choice made in the present section, the spacetime metric of the manifold
MY in the adapted coordinates X", is

[ —14v° ‘ Up
G = ( |y () ) ' (C.18)

Va

where hg,(2¢) are the spatial components of the flat spatial metric in the fixed co-
ordinates used to derive the solution for v.

Remark. As said previously, the norm of the Newtonian spatial velocity v is not bounded
by ¢. Where v is superluminal, the time vector ”Bt‘iv is spacelike and the points in MY

2

where v, v* = ¢* correspond to coordinate singularities of the class XA%. As we will see in

section C.2.5, this is not necessarily unphysical.

C.2.2 3+1-Newton equations

Once we have chosen A and B, the manifold MY is set. The choice made in
section C.2.1, leading to equations (C.11)-(C.14), is such that these equations are
written with respect to the foliation orthogonal to the Newtonian fluid 4-velocity
Nu we defined. This is why they are called 1+3-Newton equations. We can however
change this foliation.

We define a timelike unit vector field m on MY, defining a foliation {Ef’m}teR of
lapse M in MN. We can then decompose Mu, © and w with respect to {Ef’m}teR.
The same can be done for the 1+3-Newton equations. Equations (C.11) and (C.12)
are scalar equations and do not need to be projected, contrary to equations (C.13)
and (C.14). As for the Lie derivative Lx,, it becomes L. with the usual
decomposition of Nu with respect to m defined in (1.26).

Then writing the 14-3-Newton equations in terms of the variables M, ® and w
projected with respect to {3 """ }er gives the 34+1-Newton equations. We do not
give these equations here but discuss in section C.3.2.1 a possible use of them in
relation with dictionary defined in section C.2.4.
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C.2.3 1+3-Newton from GR

The choice of NV and B leading to the 1+3-Newton equations implies that the
properties of the Lorentzian manifold MY depend on the dynamics of the Newtonian
velocity v. We however do not know at which point MY with the metric (C.18) is
a solution of the Einstein equations for the same fluid as the one in 14+3-Newton,
i.e. a dust fluid. In this section we will recover the 143-Newton equations from GR,
enabling us to answer this question in section C.2.4.

C.2.3.1 Expansion tensor decomposition

We want to recover the 1+3-Newton equations from general relativity, thus defining
a Newtonian limit. Our approach will need the definition of a flow orthogonal
foliation. However, as explained in section C.2.1, the difference in the definition
of vorticity between Newton and GR implies that such a foliation cannot be built
in the latter theory as opposed to the former. So we expect that recovering the
14+3-Newton equations from the 14-3-Einstein equations will be more complicated
for vortical flows.

We then only take irrotational fluids in both theories. Note that a solution to
allow for vorticity, but still dealing with foliations, is to make the limit between the
3+1-Newton equations (presented in C.2.2) and the 3+1-Einstein equations. This
will not be studied in this appendix but it is discussed in section C.3.2.1.

We consider the 3+1-Einstein equations (1.20), (1.21) and (1.23) in the orthog-
onal foliation of an irrotational dust fluid of 4-velocity w (they are equivalent to
the 14-3-Einstein equations for irrotational flows). The Hamilton constraint (1.22)
is redundant with the other equations and not needed for the discussion. For this
section only we use spatial indices and reintroduce the light speed c.

In a cosmological setup, we suppose that we can decompose the expansion tensor
into scalar, vector and tensor parts as in standard perturbation theory?:

Ou = Xhap + D(avb) + Zab (019)

with 2 = 0 and D.=°, = 0. hgy, is the spatial metric of the orthogonal foliation.
The irreducibility of this decomposition is discussed in section C.5.1.

We take v to be irrotational, i.e. Dj,vy = 0. This is a choice motivated by
the 1+3-Newton equations in which Dy,vy plays the role of the vorticity. In sec-
tion C.3.2.2 we discuss what Dj,vy should be in the case of rotational fluids.

Remark. The scalar-vector-tensor decomposition we made is fully covariant (it does not
depend on an adapted class of coordinates). It is also independent of a choice of foliation
as the spatial projection used is defined with respect to the fluid. This is not the case for
the decomposition of the spatial metric in standard perturbation theory.

2In standard perturbation theory this is done for the spatial metric.
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The parameter x is interpreted as the scalar expansion, D vy as the gradient
expansion and E as the gravitational wave term. E is only a shear term as its trace
is zero. While the trace of the gradient expansion is on average zero for a compact
space, the scalar expansion is not. Then global expansion in a compact space is
driven by x. Both x and Z are not present in Newton, where only D,v) is. This is
coherent with the fact that there are no gravitational waves nor global expansion in
a compact space for this theory. In this view, we can then interpret Dv to be the
Newtonian fluid expansion and x to be the space expansion.

C.2.3.2 The limit

The first approximation we make is to neglect the space expansion and the gravi-
tational wave term compared to the Newtonian fluid expansion (this is discussed in
section C.5):

Oub > Dyvp. (C.20)
This implies that in the adapted class X",
YOy, hap < Dy,
and thus
“0yy_, (Davs) ~ Dy (“0yy_, ) - (C.21)

In this commutation relation we neglected the time variation of the spatial metric.
We define the beta-factor 3, := |v|/c and the following length scales:

o the typical length scale L, ; of the spatial variation of the vector v, i.e. %Davb =
%@ab ~ ﬁv/Lv,la
1w a

e the typical length scale L, ; of the time variation of the vector v, i.e. A AN

ﬁv/Lv,ta
. . AR
e the Schwarzschild density length scale L. == (0—4) ,

e the typical local curvature radius Lg of the spatial Ricci tensor, i.e. Ry, ~
1/L2,.

By defining the Newtonian gravitational field as g* := (“8“_@ +v°D.)v* [justified by
the 1+3-Newton equation (C.17)], we can say that in a Newtonian regime, “0, v®
will be of the same order as v°D.v® which implies

|—v

Lv,l/Lv,t ~ B’U’
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Assuming that 1 D, Dyv. ~ f3,/L2; and using the 3+1-Raychaudhuri equation (1.39)
with the commutation relation (C.21) we have

(Lw)"’ oy
L. v

This relation along with the 3+1-Ricci equation (1.40) leads to

(2)2 ~ B2 (C.22)

For the usual condition 3, < 1 on the Newtonian velocity v, relation (C.22) shows
that the spatial variations of the Newtonian velocity are small in front of the typical
length scale given by the spatial curvature. This shows that the curvature is of
second order in f3,.

We can then consider that, at leading order, the spatial curvature does not affect
the dynamics of v, i.e. Dv ~ Dwv, where D is the connection of a flat metric A (a
more quantitative justification of thls approximation is given in section C.5). Then,
at leading order, the 34+1-Ricci equation is not an evolution equation anymore but
becomes a relation giving the spatial curvature orthogonal to the fluid as function
of the kinematical quantities of that fluid. In this view, we then have R, = be),

where Rﬁ) is of second order in 3, with

1
RO _ Cz[(u - +z£v>@ab (C.23)

+ (472G6 + A) hap + 004 — 20,.0%
with ©® = Dw.

As for the momentum constraint (1.41), it becomes ﬁ[aﬁb] v. = 0 at leading order
in 3,. This is consistent with a zero curvature at first order. Thus equation (1.41)
is not a constraint anymore.

We give an additional relation for the Weyl tensor in this limit (see Maartens
& Bassett, 1998, for the expression of the Weyl tensor in terms of the kinematical
quantities @ and w) . Its electric part E, is

Eab = _D<agb)- (024)

This relation is true to any order in (3, once assumption (C.20) is made. The mag-
netic part Hgy, is zero. Note that if Djgvy # 0, this is not true anymore. This is
discussed in section C.3.2.2.

Remark. Using the decomposition of the expansion tensor (C.19), we can see that the
solutions of the Einstein equations which do not feature the Newtonian fluid expansion
term will not have a Newtonian limit. In particular, this is the case for purely gravitational
waves solutions.
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C.2.3.3 Recovering the 1+3-Newton equations

The limit introduced in the previous section implies that at leading order in (3, the
Ricci equation is a relation for the spatial curvature and not an evolution equation
anymore. This spatial curvature orthogonal to the fluid 4-velocity is of second order
in 3,. The expansion tensor is a gradient, ©,, = D(,vy. The momentum constraint
is then trivial at leading order. The only 3+ 1-Einstein equations remaining to deter-
mine the evolution of O, are the 3+1-Raychaudhuri equation (1.23) and the 3+1-
energy conservation (1.24), which are respectively equivalent to equations (C.12)
and (C.11) of the 14+3-Newton system. The Newton-vorticity equation (C.13) is
trivially recovered as the limit is done for irrotational flows.

With the Newtonian limit defined in the previous subsection, we recovered the
14-3-Newton equations in the irrotational case. This formulation of Newton’s equa-
tions is then supported. In the next section we will use the Newtonian limit of the
present section to define a Newton-GR dictionary.

C.2.4 Newton-GR dictionary

In the previous section we showed that we can recover the 1+3-Newton equations for
irrotational fluids from GR with a limit at leading order in /3,. The limit also defines
a spacetime manifold My, solution of the Einstein equations at leading order. This
manifold however differs from the manifold MY given by the metric (C.18). Indeed,
M has strictly flat spatial sections orthogonal to the fluid, whereas the curvature
of the same sections in My, is non-zero and of second order. This implies that MY
with the metric (C.18) is not solution of the Einstein equations at leading order.
The dictionary will therefore be given by M, and not MY, For the remainder of
this appendix M, will then be denoted M (di®),

We define the following Newton-GR dictionary for irrotational dust fluids: given
a solution of the Newton equations for v, the relativistic quantities, denoted with

the upper-script (1) are determined by the following relations:
et =p, (C.25)
04 = Davy, (C.26)
R((zczl;ic) = —D,g, — Dv°Dyuy, + Dov D,
+ (4nGp + A) ha, (C.27)

where the RHS are the Newtonian quantities. ©@©) is the expansion tensor of the

relativistic fluid, R is the spatial curvature orthogonal to the relativistic fluid,
D is a flat connection, g is the Newtonian gravitational field constrained by the
Newton-Gauss equation (1.91) and the Newton-Faraday equation (1.92).

Remark. As we only give the Ricci tensor Ré%ic), the spatial metric orthogonal to the fluid
4-velocity cannot be explicitly constructed. However, raising or lowering the dictionary
quantities at leading order only requires the flat spatial metric R
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Studying the light ray trajectories with a Newtonian solution using our dictio-
nary requires the 341 light-geodesic equation of the manifold M) This equation
can be found in Vincent et al. (2012).

In section C.2.5 we will take the example of an exact solution of the Newton
equations to test the dictionary.

As the 1+3-Newton equations were recovered from GR only for irrotational fluids,
we were only able to draw a dictionary for these kinds of fluids. In section C.3.2 we
discuss the possibility of a dictionary with vorticity.

C.2.5 Schwarzschild geometry
C.2.5.1 Point mass Newtonian solution

In this section we study an exact vorticity-free solution of the 1+3-Newton equations.

We begin with a 3D-Newtonian calculation. We consider a point mass of mass M
creating a gravitational field g = (—GM/r? 0,0) in spherical coordinates (r, 6, ¢).
We then solve the Euler equation (1.90) for a stationary, irrotational fluid of test
observers of velocity v. We have

Da (Ucvc) = 29(17
Vg = Da‘lla

with U a scalar field depending only on the radial coordinates. The general solution

1S
2GM
Vvt = (i\/2E+ (’;,0,0) , (C.28)

where F is a constant corresponding to the energy of the fluid particles. This solu-
tion corresponds to a radially ingoing or outgoing free-falling fluid of test observers.
If E < 0, the solution is valid in the region r < —QGTM and corresponds to fluid
particles with bounded orbits, i.e. elliptic orbits. If £ = 0, the orbits are parabolic
and for F > 0 they are hyperbolic. Note that all the particles have the same type

of orbit as FE is a constant of space.

Remark. In the case of the 1+3-Newton equations, this solution implies the following

N
spacetime line element for MY in the adapted class X_,’
to the class X}):

2GM / 2GM
ds? = (—1 +2F + Ci) dt®> F2(/2E + GTdtdr

+ dr? 4 r2dQ?, (C.29)

N
(we recall that X, corresponds

with dQ? := d#? + sin? Ody?.
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C.2.5.2 Relativistic quantities from the Newtonian solution

Using the dictionary (C.25)-(C.27), we can derive the relativistic quantities corre-
sponding to the Newtonian solution (C.28). We obtain

e =0, (C.30)
i M

@Eglc) = diag (—G;,Tvr,rv’" sin? 9) : (C.31)
ey’

Ry = —2F diag (0, 1,sin’0) , (C.32)

with v" = +,/2F + QGTM

C.2.5.3 Radially free-falling test fluids in GR

We want to know if the manifold defined by equations (C.30)-(C.32) is solution of
the Einstein equations at leading order in (3, and if it describes the same physical
system as the Newtonian solution, i.e. a radially free-falling test fluid on a mass
point.

The solution for this physical system in GR is given by the Schwarzschild mani-
fold and the adapted coordinates corresponding to a free-falling observer are the gen-
eralised Gullstrand-Painlevé coordinates (see MacLaurin, 2019)*). The Schwarzschild
line element in these coordinates is

14 26GM [QF 4 2GM
ds? :7Edt2 F2+—"dtdr

2F + 2F + 1
1
dr? + 7202, .
top T (C.33)

where E can be interpreted as the Newtonian energy of the fluid particles. For
E = 0, the observer associated with the generalised Gullstrand-Painlevé coordinates
is a parabolic radially free-falling test fluid. For £ < 0 and E > 0 the free-fall is
respectively elliptic and hyperbolic.

We note with the upper-script (¢) the relativistic quantities corresponding to
an observer associated with the generalised Gullstrand-Painlevé coordinates. These
quantities are

@) =, (C.34)
GP : GM .
@((lb ) = dlag <_7"21;T(2E'—|—1)’rv , TV SlIl2 8) s (035)
R((SP) = —2F diag (0, 1, sin? 9) , (C.36)
with v i /25 1 20,
SMacLaurin (2019) uses the Killing energy e := —nf £, where ng is the 4-velocity of the free

falling observer and £ is a static Killing vector. The energy definition we use is linked to e with
the relation F = e? — 1.
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C.2.5.4 Comparison

In the present section, we compare the relativistic quantities (C.30)-(C.32) obtained
from the Newton-GR dictionary with the ones of the Schwarzschild metric (C.34)-
(C.36). For simplicity, we will not consider the case £ < 0. Then E corresponds to
the Newtonian energy of the test particles at infinity.

The energy densities €4 and €(“P) are the same. This was expected as the
Newtonian and the GR solutions are both vacuum solutions. The covariant com-
ponents of the spatial curvatures are also the same, with Rgiic) = R((zg’P). The co-
variant components of the expansion tensors differ only for the component ,.., with
Ol = (2F + 1)0EP),

The limit under which the dictionary is defined implies |v| < ¢ for all r. Taking
r — o0, this implies £ < 1 which in turn implies that the comparison should be done
in the region r > G'M. Then at leading order in £ and GTM, the dictionary quantities
are the same as those of Gullstrand-Painlevé. This supports our dictionary.

C.2.5.5 The parabolic free-fall: £ =0

In the case E = 0, the dictionary quantities are exactly equal to the general
Gullstrand-Painlevé ones. Furthermore the metric (C.29) of the manifold MY,
constructed from the Newtonian solution (C.28), is exactly the Schwarzschild met-
ric in generalised Gullstrand-Painlevé coordinates, which implies that MY is the
Schwarzschild manifold. This result is true without any approximation. Then the
4D construction of Newton’s equations we introduced in this appendix, and in par-
ticular the case of the 1+3-Newton equations, allows us to recover exactly a physical
solution of the Einstein equations. This further supports the choice Yu = n made
in section C.2.1.

Note that it was already known that the velocity as a function of the point mass
distance of a parabolic radially free-falling observer was the same in Newton and
in GR. What we showed is that this solution allows us to recover from Newton the
full spacetime metric of Schwarzschild. This was possible because the foliation of
the generalised Gullstrand-Painlevé coordinates with E' = 0 has flat spatial sections,
which is required by the 14+3-Newton equations.

We see from this solution that even if the Newtonian velocity v can, at certain
points of MY, be comparable to the speed of light, and even exceed it, it is still
physical. We know that because it is the Schwarzschild spacetime. This means that
solutions of the Newton equations are not necessarily unphysical for vv, ~ ¢*. We
however expect this statement to be true in few cases only.

Remark. Strangely, this exact correspondence between a Newtonian solution and a GR
one arises for a Newtonian fluid whose energy is zero for any fluid particles. This leads to
the following question: is there a link, in general, between the energy of a Newtonian fluid
and the validity of the related Newtonian solution with respect to GR? If this is the case,
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this would be true only for one gravitational potential energy convention. For an isolated
system like a mass point, we saw that it works if the gravitational potential is taken to be
zero at infinity. What convention should be taken in the case of a compact spacelike T3
remains to be determined.

C.3 Discussions

C.3.1 Remarks on the Newtonian limit

The Newtonian limit of general relativity and the corresponding dictionaries (e.g.
Green & Wald, 2012) are usually done with respect to an accelerated observer. We
note its 4-velocity m. The foliation corresponding to this observer has then a lapse
N, the spatial gradient of which is the acceleration of the observer. Hence in the
adapted coordinates A, the component ggy of the spacetime metric is N2. The
acceleration of the observer is considered in these limits to be the gravitational field
of Newton theory. Using "a, = D, In N, this is why, at leading order, the lapse,
and therefore the component gy, gives the Newtonian gravitational potential. In
this leading order approximation, the accelerated observer is considered to be only
slightly tilted with respect to the fluid.

The Newtonian limit we defined in section C.2.3 is however made in the rest
frames of the fluid, which is not accelerated, being a dust fluid. The Newtonian
gravitational field then cannot be the lapse, which is fixed to 1. In place, this field
is defined as the acceleration of the spatial vector present in the decomposition of
the expansion tensor [see equation (C.17)].

However, the interpretation of gy as the gravitational potential, in coordinates
adapted to the fluid rest frames, still holds in the case of stationary irrotational
fluids. In these cases,

1
Jgo = D, <Qvuv“) .
In the coordinates Xilf , we have goo = —1 + v,v* which implies

1
9o = 5Da (goo +1), (C.37)

and ggo can be interpreted as the gravitational potential.

Note that this interpretation is not valid in the case of the Lagrangian coordinates
XONU where ggo = 1 as all the dynamics of the fluid is put in the time variations of
the spatial metric. Furthermore, in the case of non-stationary fluids, the term g is
not the gravitational potential anymore, as (C.37) does not hold.
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C.3.2 Dictionary with vorticity

In section C.2.4 we drew our Newton-GR dictionary in the case of irrotational fluids.
The reason for this was that, in general relativity, no orthogonal foliation can be
defined for a rotational fluid. But as we made the dictionary in the rest frames of
the fluid, we needed such a foliation.

We will not detail the construction of a dictionary with vorticity in this article.
We however present two possibilities that should allow for it.

C.3.2.1 Tilted dictionary

The first, and most promising possibility, is to make the dictionary in a tilted fo-
liation with respect to the fluid. In general relativity, the 3+1-Einstein equations
provide the tilted description of a fluid and allow for vortical flows. In our formula-
tion of Newton’s theory, the equations where the fluid is tilted are the 3+1-Newton
equations presented in section C.2.2. They are derived from the 14-3-Newton equa-
tions by making a change of foliation Nu — m.

One strength of a tilted dictionary would be to show that Newton’s theory can
be obtained from any foliation." But as the choice of this foliation is not necessarily
physically motivated (see also Buchert et al.; 2020, for a discussion of this topic),
we would prefer making the dictionary with respect to the fluid rest frames. We
discuss this in the next subsection.

C.3.2.2 Orthogonal dictionary

Constructing a dictionary in the rest frames of the fluid might be more complicated
as no foliation can be defined in general relativity, contrary to the Newtonian case.

It is however possible to define a rest frame Riemann tensor “Riem and a rest
frame covariant derivative *D (see Roy, 2014). They do not have the same properties
as the ones defined on hypersurfaces. The first Bianchi identity for “Riem will
feature the vorticity of the fluid and “D will have torsion. The latter is however
of second order in 3,. We then hope that at leading order the rest frames can be
approximated to be a family of hypersurfaces.

It remains to be shown that the projection along w of the Lie brackets of rest
frame vectors is also of second order.” This would indicate that we could maybe
define a coordinate basis on the rest frames at leading order.

Remark. In this dictionary, the gradient in the decomposition (C.19) of the expansion
tensor would feature a non-zero antisymmetric part which would be the vorticity tensor.
Subsequently, the magnetic part of the Weyl tensor would not be zero anymore.

4 In standard perturbation theory, this means that any gauge choice would be suited for a
Newton-GR dictionary.

5 As there is no foliation, there is no coordinate basis in the rest frames of the fluid. This implies
that the Lie brackets of any vectors in these rest frames feature a non-zero part along w.
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C.3.2.3 Is it really possible?

It is known that Newton’s theory features gravitational phenomena which are not
described by GR. Assuming that the latter is the genuine theory of gravitation,
these phenomena are not physical. We mentioned in the introduction the case of a
shear-free dust fluid which can both rotate and expand in Newton, but cannot in
GR. This implies that no limit exists which allows us to recover the full Newtonian
theory from GR.

To our knowledge, there exists no example of a phenomenon like the one just
mentioned, i.e. present in Newton but not in GR, for a vorticity-free fluid. If this is
indeed the case, this might imply that the impossibility at fully recovering Newton
from GR, is due to the vorticity. Then constructing a dictionary with vorticity, as we
presented in the previous subsections, would need require additional approximation
than just |v| < c.

C.3.3 1+3-Newton for non-dust fluids

We assumed until now the Newtonian fluid to be a dust fluid. This was done to
simplify the interpretations made while constructing the 1+3-Newton equations and
the related dictionary. We briefly study the case of a non-dust fluid in this section.

Such a fluid is influenced by additional forces, other than the gravitational force,
described by a vector field F'. These forces can be either internal, linked to the fluid
properties (density, pressure, viscosity, ...), or external. The changes in the Newton
system for a non-dust fluid is given by the second law of Newton. This is translated
by the addition of F' in the Euler equation (1.90):

(91, +v*Di) v = g' + F'/p, (C.38)

with g still solution of the Newton-Gauss (1.91) and Newton-Faraday (1.92) con-
straints.

In the Newton system (1.93)-(1.96) written in terms of kinematical quantities
of the fluid, the change is made by adding the divergence of F' in the Newton-
Raychaudhuri equation (1.95) and the vorticity of F' in the Newton-vorticity equa-
tion (1.96). These additional terms are then present in the 4D-Newton equations.

The 14-3-Newton equations should not however be obtained with the choice
N =1 and B = —v but rather with

B=-v ; DIhN =F. (C.39)

This choice would not change the Newton-GR dictionary much. Essentially the
interpretation of the Ricci equation to be a relation for the spatial curvature tensor
would remain valid.
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C.3.4 Cosmological models from 143-Newton

In the introduction of Vigneron (2020) we motivated the construction of the 1+43-
Newton system as a way to better understand why Newton’s theory, compared to
GR, is lacking the phenomenon of backreaction (in a compact space). Ultimately
this would be used to define simple models suited for the study of backreaction
and global topology in cosmology. This section aims at presenting how we could
define such models from the 14+3-Newton formulation and GR. However, we leave
the precise construction of these models for another paper.

In section C.3.4.1, we present an extension of our dictionary to allow for global
expansion of a compact space, but still without backreaction. The next two sub-
sections focus on possible strategies enabling the construction of the cosmological
models.

C.3.4.1 143-Newton equations and dictionary for a globally expanding
compact space

In sections B.2.3 and C.1.5 we showed that no global expansion is possible in a
compact space in Newton’s theory. A solution to allow for expansion was to decom-
pose the fluid velocity v into a homogeneous deformation vector U and a peculiar
velocity V', the latter having periodic boundary conditions. As explained in sec-
tion B.2.3, this is an effective picture of the expansion in a compact space, as LN
(or equivalently the hypersurfaces ¥N for the 4D formulation) is still R3.

Having N compact with a global expansion is possible with a modification of
the Newton equations based on the effective picture of section B.2.3 and the decom-
position introduced in section C.2.3.1. We will focus on a modification allowing for
isotropic global expansion.

The modification is to replace the definition (C.15) for the expansion tensor by
@aﬁ = Hha/j + D(Oﬂ)g). (C40)

where H is a homogeneous Hubble expansion rate (i.e. D,H = 0), while still using
the 14+3-Newton equations (C.11)-(C.14). H an additional fundamental variable in
the theory. These equations, along with the definition (C.40), are equivalent to the
Hubble flow equations of section B.2.3 but allow XN to be compact. Note that the
evolution equation for H, being a spatial constant, is given by the spatial average
of the Raychaudhuri equation over the whole manifold ¥N. This average equation
then depends on the boundary conditions at infinity if XN = R? or on the topology
if ¥N is compact.

We can then redefine the dictionary of section C.2.4 to feature the global expan-
sion. We then have a Newton-GR dictionary for irrotational dust fluids and globally

6Tn the case ¥N = R3, the spatial average requires boundary conditions at infinity to be defined.
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expanding compact spaces:

e = p, (C.41)
@((z(;m) = @abu (042)
R((LdbiC) = _Dagb - egab + ®ac®cb + (47TGp + A) }Alab, (043)

The RHS side are the Newtonian quantities with ©,, = H hab+f7avb and ﬁ[avb] =0.

The modification (C.40) can be justified by the limit introduced in section C.2.3.2
and section C.5. When neglecting the space expansion term in section C.5.2.1, a
freedom remained on y from equation (C.46) as a spatial constant freedom. This
constant is H. We took it to zero in section C.5.2.1 in order to recover the 1+3-
Newton equation as defined in section C.2.1.

As we included global expansion, the dictionary (C.40)-(C.43) can be used to
compare Newtonian and relativistic cosmological simulations. It is however still a
bit limited as it requires irrotational fluids.

The modified 14+3-Newton equations of this section, and the related dictionary
still do not feature backreaction in a compact space (the theorem of Buchert &
Ehlers still holds). Furthermore, the spatial sections being flat, we are not able to
study structure formation in spherical or hyperbolic spaces, and the only oriented
compact topology available is T3, up to a finite covering. In the next two subsections
we will discuss possible GR based modifications of the 1+3-Newton equations which
would allow these studies.

C.3.4.2 Models for the study of the backreaction

The Newton theory for fluid dynamics is a scalar-vector theory, i.e. the dynamical
variables are a scalar and a vector. The scalar is the rotational free part of v and
the vector is the divergence free part of v. The scalar part is evolved with the Ray-
chaudhuri equation (C.12) and the vector part with the vorticity equation (C.13).

General relativity is a scalar-vector-tensor theory, i.e. there are dynamical vari-
ables, called tensorial variables, which cannot be written as function of a scalar or a
vector. This is the case of the gravitational wave term in the decomposition (C.19).

What we mean by defining a GR based model from Newton’s equations is to
keep the scalar-vector theory of Newton but with additional non-tensorial variables,
terms and/or equations motivated by GR. Keeping a scalar-vector theory ensures a
relative simplicity compared to tensor theories like GR. Such a model would enable
the study of relativistic effects not present in Newton’s theory using the simple tools
of this theory.

In particular, we would like to focus on models implementing the backreaction
which is a missing phenomenon of Newton’s theory (for compact spaces). A possible
model to study backreaction while allowing for non-linear structure formation would
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be to consider y # 0 in the decomposition (C.19) along with D,x # 0. As in
section C.3.4.1, the expansion tensor features an additional term. But we consider
here that y is not a constant of space. The space expansion is thus local and
global. For this model to be well defined one has to derive an evolution/constraint
equation for the fundamental field y from GR. This equation will feature v. Thus
the Newtonian fluid dynamics will affect the space expansion. In this sense this
model could be useful to probe the backreaction effect.

C.3.4.3 For non-flat topologies

In section C.5, we assumed the spatial metric to be conformally flat to justify our
Newton-GR dictionary. Relaxing this hypothesis and supposing h,, to be conformal
to a constant curvature metric might be a way to define a Newtonian-like theory on
a non-flat space.

Such a theory was heuristically defined in Roukema & Rézanski (2009) to probe
the topological acceleration in different spherical topologies. There were however
different possibilities in this heuristic definition which were not relativistically mo-
tivated.

Adapting the limit leading to the 1+3-Newton formalism from GR (by chang-
ing the flat conformal hypothesis) could provide a non-flat Newtonian like theory
coherent with general relativity. Along with the additional term x in the expansion
tensor, this theory if well defined, will be a tool to probe the effect of topology on
the backreaction.

As an example, we give a possible model, but we do not try to justify it from
GR. We consider, similarly to Roukema & Rozanski (2009), that the Newton equa-
tions (1.93)-(1.97) are also valid if ¥V is a constant curvature space,’ i.e. its Ricci
tensor is Ry, = %hdb, where R is the scalar curvature. Then if we calculate the
backreaction Qy~, on the whole manifold ¥V, defined by Buchert & Ehlers (1997)
as

Qur = (8~ 0 + ™)~ 2(0)2 (C.44
it is not zero for a compact space (as for the flat case) anymore. Instead, we have
the relation

R
QN = §<UCUC>EN (C.45)

where the brackets (-)sw correspond to the spatial average over the compact space
YN, This relation implies a dependence of the backreaction on the type of the global
topology (spherical, flat or hyperbolic) via %, as well as on the Newtonian dynamics
of the fluid via (v.0)gx.

"In Roukema & Roézanski (2009), the heuristic assumption regarding the curvature of XN is
made on the system (1.89)-(1.92) which is not equivalent to doing it from the system (1.93)-(1.97).
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This model is however only heuristically defined, and thus we cannot be sure
that the result (C.45) is physically relevant. The 1+3-Newton formulation and the
Newtonian limit we introduced might help justify, or disprove, this calculation.

C.3.5 Comparison with the Newton-Cartan theory

In the present section we explain the differences between our 4D formulation of
Newton’s equations and the Newton-Cartan theory.

The main difference is that we were able to define a non-degenerate metric on the
spacetime manifold MY of our formulation, implying this manifold to be (pseudo)-
Riemannian, whereas this is not case in NC.

In addition to this point, the 1+3-Newton formulation does not feature an ab-
solute time or foliation. We are free to change the foliation in which we are writing
the equations. This leads to the 3+1-Newton equations (see section C.2.2). At most
we can say that the formulation implies, like in GR, a preferred foliation: the one
defined with respect to the fluid 4-velocity. The situation is different in NC where
an absolute time is defined, linked to an absolute foliation.

Finally the 14+3-Newton system of equations (C.11)-(C.15) is equivalent to the
classical Newton system (1.93)-(1.97). The ensemble of solutions is then the same
for both formulations. This is not the case in NC, where the theory is slightly more
general than the classical formulation of Newton'’s theory Ehlers (see 1997).

C.4 Conclusion

The aim of this appendix was to introduce a new formulation of Newton’s equations
on a 4-dimensional Lorentzian manifold.

To get to this formulation, we started from the classical Newton equations (1.89)-
(1.92) written in a Galilean frame on a 3-dimensional manifold . We generalised
these equations by writing them for any time-parametrised coordinate system [equa-
tions (B.12)-(B.15)]. We showed that the freedom on the choice of this coordinate
system corresponds to a vector U, defining what we called a class of coordinates
Xp. This vector in general is not uniform, implying that its gradient is not zero.
The symmetric part of the latter corresponds to the time variation of components
of the metric [equation (B.24)], the antisymmetric part, if chosen to be a constant
of space, corresponds to a global rotation of the coordinates A, with respect to a
Galilean frame.

The freedom on U and the role it plays in the Newton equations (B.12)-(B.15)
makes it very similar to the shift vector in the 341-formalism of general relativ-
ity. This allowed us to write the Newton equations as living in a 4-dimensional
manifold MY. This was done using a push-forward on MY of the classical Newton
equations (1.89)-(1.92) (see section C.1.1). The way the push-forward is done was
inspired by the 3+1-Einstein equations. It was however not unique, which therefore
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implies that some freedom remains on the properties of MY. Regarding the sig-
nature freedom, we chose this manifold to be Lorentzian and argued that this was
not in contradiction with Newton’s theory (section C.1.3). The remaining freedom
(present as a lapse and a shift freedom) was chosen so that the foliation in which the
equations are written corresponds to the rest frames of the Newtonian 4-velocity “u
we defined in equation (C.8). This led to the 1+3-Newton equations (C.11)-(C.15).
This set of equations is equivalent to the classical Newton equations, i.e. both can
be derived from the other. This implies that the solutions described by the 1+3-
Newton equations for the spatial fluid velocity v are the same as the solutions of
the classical Newton equations.

We then showed in section C.2.2 that these equations, in the case of irrotational
flows, can be recovered from general relativity in a limit |[v| < ¢. This limit was per-
formed with respect to a non-accelerating observer, the fluid itself. The Newtonian
gravitational field g then does not correspond to the 4-acceleration of a relativistic
observer. Instead, it is defined as the acceleration, with respect to the fluid, of the
spatial velocity v [see equation (C.17)]. The limit also showed what happens to the
3+1-Ricci equation of general relativity. This equation, not needed for a vector the-
ory like Newton, is shown to be a relation for the second order rest frames curvature
in the limit we introduced.

A first consequence of this limit is that the classical interpretation of the compo-
nent ggo of the spacetime metric as the gravitational potential still holds for coordi-
nates adapted to a non-accelerating observer (section C.3.1). This is however true
only for stationary and irrotational fluids.

Another consequence of the limit is to define a dictionary (for irrotational flows)
between the Newtonian fluid variables and general relativity (section C.2.4). The
spacetime manifold, denoted M) given by this dictionary as function of the
Newtonian variables is solution of the Einstein equations at leading order in |v|/c.
In general M) £ MY implying that MY is not solution of the Einstein equations
at leading order. The difference between these two manifolds, M) defined with
the dictionary, and MY defined with the 14+3-Newton equations, resides in the
curvature of the fluid rest frames. It is exactly zero for MY, which is not the case
for M) where the curvature is of second order in |v|/c.

The dictionary was then tested for spherically symmetric vacuum solutions of
Newton’s and Einstein’s theories of gravitation. For Newton this corresponded to
a radially free-falling test fluid, and for general relativity to an observer associated
with the generalised Gullstrand-Painlevé coordinates of the Schwarzschild spacetime.
We showed that the dictionary allows us to recover the relativistic solution in the
Newtonian limit. But in the specific case of a parabolic free-falling Newtonian fluid,
the translation to general relativity is exact. This means that the Schwarzschild
spacetime manifold is an exact solution, in terms of the manifold MY, of the 143-
Newton equations. This supports our formulation.

The 143 formulation of Newton’s equations might be seen as a new approach to
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evaluate the link between Newton’s theory and general relativity. What is essentially
new compared to other approaches (e.g. Green & Wald, 2012) is that the comparison
is done in the rest frames of the fluid, thus a non-accelerating observer. Furthermore
we were able to construct a Lorentzian manifold on which the Newton equations are
defined, contrasting with the Galilei manifold of the Newton-Cartan theory.

When developing this formulation we had in mind a future use for the study
of the backreaction problem in cosmology and the effect of global topology. We
think that the formulation might enable us to identify what is missing in Newton’s
theory for this study (due to the Buchert-Ehlers theorem, the backreaction is exactly
zero for compact spaces in this theory). The final objective is then to use the
14-3-Newton equations and the scalar-vector-tensor decomposition of the expansion
tensor in general relativity to define relatively simple models aimed at probing the
backreaction and the effect of global topology. We give an example of what could
be such a model in section C.3.4.3.

Two things remain to be done before reaching this objective. The first one is to
further test the dictionary for non-vacuum, non-stationary and non-isolated solu-
tions. This can be done by comparing spherically symmetric solutions of Newton'’s
equations with the Lemaitre-Tolman-Bondi class of solutions in general relativity.
The second one is to upgrade the dictionary for vortical flows. We discussed this
possibility in section C.3.2.

C.5 Details on the approximations for the Newton-
GR dictionary

We detail in this section arguments for the approximations made in section C.2.3.1
regarding the decomposition of the expansion tensor and the covariant spatial deriva-
tive.

C.5.1 Decomposition theorem?

Equation (C.19) is a decomposition only if each term in the RHS of this equation
can be uniquely defined from ©,. Straumann (2008) showed that the decompo-
sition (C.19) for rank-2 tensors is always possible in compact® constant curvature
spaces (constant scalar curvature and zero trace-less curvature). To our knowledge,
no similar theorem exists for any curvature, which implies that the decomposition
might be ill-defined in a general space. We however expect it to be reasonably valid
for generally curved spaces in the context of cosmology. However the case of vortical
flows remains problematic as no hypersurface orthogonal to the fluid 4-velocity can

be defined.

8For non-compact spaces, fall-off conditions have to be used.
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C.5.2 Approximation on the decomposition

The only approximation which did not rely on 8, < 1 regards equation (C.20)
where we neglected the space expansion and the gravitational wave term. We will see
in this section at which conditions it is consistent with a leading order approximation

in S,.

C.5.2.1 Neglecting the space expansion

Let us consider the momentum constraint (1.41) with the decomposition (C.19). It
becomes

D,x = v°Rye, (C.46)

using Dy,vp) = 0, and the traceless and divergence free properties of the gravitational
wave term.

We introduce the typical length scale L, of the space expansion. The RHS of
equation (C.46) is of order 33 /L% ;. So unless L,;/L, > 1, which we assume is not
the case for a cosmological setup, x/c is at least of order 32/L,;. Then neglecting
the space expansion is coherent with a leading order approximation in (,.

Remark. Actually this only shows that the space expansion term is a spatial constant
at leading order. To recover the 143-Newton equation we take this constant to zero.
However, letting it unspecified might be more interesting as it allows for expansion in a
compact space (see section C.3.4.1).

C.5.2.2 Neglecting the gravitational wave term

Let us consider that 2 = 0 and x # 0, so that ® = yh + Dv. Then in the adapted
coordinates X,

u8t|_v h/ab — 2Xhab.
The solution to this differential equation can be written as

hab = w2ﬁab7 (C47)

where ﬁab is called the background metric with “8”% Bab =0and y =" i In 4.
Note that this solution, while derived from a specific coordinate system, is however
covariantly defined.

We introduce the covariant derivative D of h. The conformal relation (C.47)
implies (see chapter 7 of Gourgoulhon, 2012, for details on this calculation”)

Rab = }%ab - ﬁaﬁb 1n¢ - ﬁabﬁcbc 11110 (648)
+ DyInypDyIntp — hoy D In D¢ In 4,

9 In Gourgoulhon (2012), the conformal relation is h,p = w‘%ab instead of our hy, = wzﬁab.
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where R is the Ricci tensor relative to the metric fL, with “8t|_v fw’ab =0.

In general there does not exist a scalar ¢ and a time independent spatial metric
lAzab such that any Ricci tensor R, can be written as in equation (C.48). This equa-
tions is then a restriction for the form of R,, due to the initial assumption = = 0.
Consequently we expect the assumption ©4, ~ D,v, made in section C.2.3.1 to not
be valid if, at leading order in f3,, the spatial Ricci tensor R is not of the form of
equation (C.48). This can be seen as a test for the dictionary.

C.5.3 Flat covariant derivative approximation

We assume in this section that the spatial metric can be written as in equation (C.47),
thus dropping the gravitational wave term. The Ricci tensor have the form (C.48).
This form suggests two typical curvature radius associated with R.,: one for Ra and
one for the spatial variation of In1). We suppose the conformal metric By to be flat,
so that R = 0 and R has only one typical radius as assumed in section C.2.3.1.'0
The relation Ry, ~ 1/L% implies that DInt ~ 1/Lg.

The covariant derivative D can be written as function of ¢ and the covariant
derivative D of hy, (see chapter 7 of Gourgoulhon, 2012, for details on this calcu-
lation”):

Dovy = Doy + hapyv° D, Inth — 2 v(af)b) In . (C.49)

Using equation (C.22), the second and third terms of the RHS of the decomposi-
tion (C.49) are of the order 52. So to first and leading order in /3, we have Dv = Dwv
which is what we assumed in the Newtonian limit of section C.2.3.2.
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Appendix D

Proofs and formulas for the
Galilean limit

D.1 Covariant components of the Lorentzian met-
ric

The covariant components of the Lorentzian metric can be decomposed into Laurent

series of \ as

n0+1

Jop + O<)‘n0+2)’

with ng € Z. By definition ﬁa“fyw = 03 which implies that

ﬁa,@ = A" 7.&0&,8 + Anott

n0+1

0§ = A" Gauh?™ + AT [Ga, g™ +"gg, b | + O(NF). (D.1)
As 4§ is a zero order, we have ng < 0.

If ng = 0, then ngﬂguh““ = §%, which is not possible since h®? is of rank 3. Then
ng < 0, and ¢, h** = 0. This implies that there exists a 1-from 7 € Ker(h*?) such
that

Gop = ATaTs, (D.2)

where A # 0 is an arbitrary scalar.

If ng < —2, equations (D.1) and (D.2) imply that g"*7,7, = 0. This is not com-
patible with the signature of g, which requires ¢"**7,7, < 0 for any 7, € Ker(h*?).

Proof. The signature of h*? is (0+++), and the one of §*® is (-+-++). This implies
that for sufficiently small positive As, ﬁ”“THT,, < 0 for all 7, € Ker(h*?), which
traduces into gll'leuTl, < 0. U

Remark. In might also be possible to assume g 7,7, = 0 and G 7,7, < 0, and still be
compatible with the signature of the Lorentzian metric. This was proposed by Dautcourt
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(1997), who argued that this choice leads to ‘non-Newtonian shadow fields’ when the
limit of the Einstein equation is taken. However the argument behind this statement
was unclear. So this point is a weakness in the proof of equation (4.2) from the initial
hypothesis (4.1).

Finally we necessarily have nyo = —1, and ATngglo‘” + égﬂha“ = 05. This last
equation multiplied by 7, leads to AT“TZ,gl]“V = 1. As TuT,,é’“’ < 0, then A < 0.
Therefore we can rescale 7, such that

_glozﬁ = —TaT3, (D3)

with 7,7,¢"” = —1. This concludes the proof of equation (4.2).

D.2 Formulas

The projector orthogonal to a g-timelike vector @ is defined as

"gaﬁ = éag -+ )\aaﬁg. (D4)
Its limit is
%oy = Phag + Tarsth 1 Bh,, — ot Bhyy, + O(N), (D.5)
why = 8% — 4+ A [0 — o] + 0N, (D.6)
e = pe? 4\ [+ 4]+ 0(0), (D.7)

Equation (D.5) can also be written as
uf) u
ba,@ = bozﬂ + O(/\)7 (DS)

0
where b, is the Galilean projector orthogonal to 4 [defined by equation (2.4)].
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