N

N

Inhomogeneous cosmology: an answer to the Dark
Matter and Dark Energy problems?
Alexandre Alles

» To cite this version:

Alexandre Alles. Inhomogeneous cosmology: an answer to the Dark Matter and Dark Energy
problems?. Astrophysics [astro-ph]. Université Claude Bernard - Lyon I, 2014. English. NNT:
2014LY 010165 . tel-01266465

HAL Id: tel-01266465
https://theses.hal.science/tel-01266465
Submitted on 2 Feb 2016

HAL is a multi-disciplinary open access L’archive ouverte pluridisciplinaire HAL, est
archive for the deposit and dissemination of sci- destinée au dépot et a la diffusion de documents
entific research documents, whether they are pub- scientifiques de niveau recherche, publiés ou non,
lished or not. The documents may come from émanant des établissements d’enseignement et de
teaching and research institutions in France or recherche francais ou étrangers, des laboratoires
abroad, or from public or private research centers. publics ou privés.


https://theses.hal.science/tel-01266465
https://hal.archives-ouvertes.fr

s

c\\\
Université Claude Bernard k( }'on 1 UNIV=RSIT=Z D= LYON
\%\\¥ /7“ -

///I

Numéro d’ordre : 165 - 2014 Année 2014

THESE DE L’UNIVERSITE DE LYON
Délivrée par

L’'UNIVERSITE CLAUDE BERNARD LYON 1

ECOLE DOCTORALE DE PHYSIQUE ET ASTROPHYSIQUE DE LYON
(PHAST, ED52)

pour l'obtention du
DIPLOME DE DOCTORAT
(arrété du 7 aout 2006)

soutenue publiquement le 22 Septembre 2014
par
M. Alexandre Alles

TITRE :

INHOMOGENEOUS COSMOLOGY,
AN ANSWER TO THE DARK MATTER AND DARK ENERGY

PROBLEMS?
Jury :
Alexandre ARBEY, MCEF. Examinateur
Thomas BUCHERT, Pr. Directeur
Aldo DEANDREA, Pr. Examinateur
Boudewijn F. ROUKEMA, Pr. Rapporteur et Examinateur
Pierre SALATI, Pr. Président

David L. WILTSHIRE, Pr. Rapporteur






— CENTRE DE RECHERCHE ASTROPHYSIQUE DE LYON
(CRAL - UMR 5574) —
— UNIVERSITE CLAUDE BERNARD LyoN 1 (UCBL) —
— EcOLE DOCTORALE DE PHYSIQUE ET ASTROPHYSIQUE DE LyoN (ED PHAST
52) —

Inhomogeneous cosmology:

an answer to the Dark Matter and Dark Energy problems?

Author:
Alexandre ALLES

September 21, 2014

Supervisor:

Pr. Thomas BUCHERT

o

B . =
e w— UNIV=RSIT= D= LYON

ENS DE LYON

N\
Université Claude Bernard on 1

8 ED52- PHAST
® Physique
B & astrophysique

s
<

CENTRE DE RECHERCHE ASTROPHYSIQUE DE LYON
9 AVENUE CHARLES ANDRE
69561 SAINT GENIS LAVAL CEDEX
HTTP://WWW-OBS.UNIV-LYON1.FR/






Acknowledgements

I wish to thank Thomas Buchert for his supervision and presence. He was very
available during these three years of research. It was very interesting to work
with him on such a technical subject and I hope I could continue to work on such
subjects. I address special thanks to the two conscientious proofreaders of this
thesis, Xavier Roy and Aurore Hutzler, who spent a lot of time improving the
quality of this work. I thank all my interlocutors during this thesis, for their help,
their visions of science and the technical details about their specific fields they
gave to me: Nathaniel Obadia, Fosca Al Roumi, Martin France, Boud Roukema,
Maxime Trebitsch, Léo Brunswic and every person I met during this scientific
adventure. In a more general way I thank all the CRAL staff at the Observatory
and ENS.

Naturally, I cordially thanks the two reviewers of this thesis, Boud Roukema and
David Wiltshire for the time they spent to improve this piece of work. I also thank
Alexandre Arbey, Aldo Deandrea, Boud Roukema and Pierre Salati to devote time
to be part of the jury of this thesis. I address additional thanks to Pierre Salati
who will preside this jury, for the discussions we had during my thesis and his
permanent good mood. I thank the Lyon University and the doctoral school of
physics and astrophysics (ED52, Phast) for their financial support and the chance
to be part of the life of a doctoral school.

[ want to thank every person I socialised with during my Ph.D. thesis. I will not
try the dangerous game to name everyone, each concerned people will recognise
himself: T think about the people I met at the ENS Lyon before and during my
thesis (friends and teachers), a special thought to the “Résidents Foyer” and the
“Foyer” of the ENS Lyon, the team and customers of Ukronium 1828 (it’s a great
shop of recreational games in Lyon, you have to go!), the LARP and steampunk
community, people I worked with at the University during my teachings and also
from the Observatory. I also thank the Highschool and “Prépa” teachers who
left their mark on my academic path: Christian Alix, Guillaume Haberer, Gilbert
Rosset and others. The last but not the least, I warmly thank my family and my
friends from Lyon and elsewhere in the world who supported me during these three
years.



Additional thanks to the composers, musicians and singers who offered to the
world their art. As said Nietzsche: “Without music, life would be a mistake”



Abstract & Résumé

Abstract

The standard model of cosmology describes the formation of large scale struc-
tures in the late Universe within a quasi-Newtonian theory. This model requires
the presence of unknown compounds of the Universe, Dark Matter and Dark En-
ergy, to properly fit the observations. These two quantities, according to the
Standard Model, represent almost 95% of the content of the Universe.

Although the dark components are searched for by the scientific community,
there exist several alternatives which try to deal with the problem of the large
scale structures. Inhomogeneous theories describe the impact of the kinematical
fluctuations on the global behaviour of the Universe. Or some theories proposed
to go beyond general relativity.

During my Ph.D. thesis, I developed key—elements of a fully relativistic La-
grangian theory of structure formation. Assuming a specific space-time slicing, I
solved the first order system of equations to obtain solutions which describe the
matter evolution within the perturbed geometry, and I developed higher order
schemes and their correspondences with the Lagrangian perturbation solutions in
the Newtonian approach. I also worked on some applications of these results like
the description of a silent Universe or the Weyl curvature hypothesis and the prob-
lem of gravitational entropy. Further objectives are the description of physical
observables and the development of direct applications. Next step of the devel-
opment is an interaction between theoretical and numerical approaches, a study
which would require strong cooperation with observers.



Résumé

Le Modele Standard de la cosmologie décrit la formation des structures a grande
échelle dans I’Univers récent dans un cadre quasi-newtonien. Ce modele requiert
la présence de composantes inconnues, la Matiere Noire et I’Energie Noire, afin
de vérifier correctement les observations. Ces deux quantités représentent a elles
seules pres de 95% du contenu de I'Univers.

Bien que ces composantes sombres soient activement recherchées par la commu-
nauté scientifique, il existe plusieurs alternatives qui tentent de traiter le probleme
des structures a grande échelle. Les théories inhomogenes décrivent I'impact des
fluctuations cinématiques sur le comportement global de I’'Univers. D’autres théories
proposent également d’aller au-dela de la relativité générale.

Durant cette these, j’ai mis au point des éléments clés d'une théorie lagrangien-
ne totalement relativiste de la formation des structures. Supposant un feuilletage
particulier de I'espace—temps j’ai résolu le systeme d’équations du premier ordre
afin d’obtenir des solutions décrivant 1’évolution de la matiere dans un espace a
la géométrie perturbée. J’ai également développé un schéma de résolution pour
les ordres supérieurs de perturbation ainsi que leurs équivalent newtoniens. Une
autre partie de ce travail de these consiste en le développement de quelques appli-
cations directes : la description d’un Univers silencieux ou I’hypothese de courbure
de Weyl et le probleme de 'entropie gravitationnelle. Les objectifs a plus ou
moins court terme seraient d’obtenir la description d’observables physiques and
le développement d’autres applications. Cette étape de développement sera une
interaction entre approches théorique et numérique et requerra de se rapprocher
fortement des observateurs.
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”Non—-Euclidean calculus and quantum physics are enough to stretch any brain;
and when one mixes them with folklore, and tries to trace a strange background
of multi-dimensional reality behind the ghoulish hints of Gothic tales and the wild
whispers of the chimney-corner, one can hardly expect to be wholly free from men-
tal tension.”

—H.P. Lovecraft, The Dreams in the Witch House and Other Weird Stories
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1 A historical overview

Most of the innovative theories were often considered as crazy by the thinkers
of their time but are often at the origin of philosophical considerations or artistic
creations such as literature. Science is an endless inspiration for the imagination.
For instance, in Histoire comique des Etats et Empires de la Lune published in the
1650’s, Cyrano de Bergerac narrates the travel of a man on the Moon and the Sun
using methods based on optics or fluid mechanics. Moreover, this book illustrates
the scientific and philosophical context of a key period: the Scientific Revolution.
Science was an opened door to imagination during the XIX™ century and the de-
velopment of science fiction and anticipation literature. One of the most famous of
these author is Jules Verne whose work is impressive; Journey to the Centre of the
Farth (1864), From the Farth to the Moon (1865) or Twenty Thousand Leagues
Under the Sea (1870). This tendency to use science in literature is still present
nowadays. For example, The forever War (1975) of Joe Haldeman uses the time
dilatation during fast travels and the “twin paradox” to deal with war syndromes.
Also one of my favourite books, The chronicles of Amber by Roger Zelazny (1970)
is partially inspired by the concept of Multiverses of Hugh Everett.

The Progress in astronomy is strongly dependent on the observational methods
and innovative ideas. The development of the observational techniques led to the
discovery of a large catalog of objects, such as galaxies. In 1610, Galileo discov-
ered that the Milky Way was composed of an important number of low—luminosity

13



CHAPTER I. INTRODUCTION

stars thanks to his refracting telescope. Most of the precursory ideas before the
XX century are purely philosophical constructions, in a general way the postulate
of hypothetical entities often made science drastically progressed. In Allgemeine
Naturgeschichte und Theorie des Himmels (1755), Immanuel Kant introduced the
idea of island—universe: a large number of gravitationally-linked stars, the Milky
Way being one of these. Kant assumed that the visible nebulae could be some other
island—universe like the Milky Way. This hypothesis was wildly rejected at this
time by the scientific community, since such a large Universe was unconceivable.

At the end of the XVIII™ century, Messier built an observational catalog of
nebulee. Its classification is still used in parallel with other catalogs like the NGC
(New General Catalog). These two catalogs are the most popular catalogs in ama-
teur astronomy. In 1912, Vesto Slipher measured a spectral redshift of the “Great
Nebulae of Andromeda” [Slipher, 1913]. In 1915, he released his measurement for
fourteen more spiral nebulee. But we had to wait for 1917 to see the concept of
island—universe reappear. Herber Curtis determined the distance of the “Great
nebula of Andromeda” (M31) thanks to the photography of a supernova [Curtis,
1917]. The luminosity of this exploding star was fainter than usual. The observed
luminosity of a star is directly linked to the distance with respect to the emission
source because of the dilution of the light flux, a flash of light propagates as an
expanding sphere then its luminosity decreases as the square of the distance to the
source. The distance was estimated to 150kpc, far beyond the limit of our island—
universe. Convinced by the fact that this object could not be in the Milky Way,
he decided to enlarge its studies and deal with the extinction of the dust and the
spectral redshift. It seemed to confirm his affirmation. Nevertheless, this discovery
stayed very controversial for several years, the term of galaxy appeared during this
debate period. Finally, Edwin Hubble gave a definitive answer in 1923-1924 thanks
to his reflective telescope. He managed to observe several Cepheids [Hubble, 1925a]
and the structures of the objects he observed [Hubble, 1925b], which allowed him
to measure more precisely the distance between Earth and these “nebulae”.

The description of the Universe and its dynamics is one of the most interesting
problem of the XX and XXI** centuries. This dynamics shaped the sky as we
know it. An important parameter is the Hubble factor H measuring the velocity
of the Universe expansion in km/s/Mpec. It defines the relation between the radial
velocity and distance from the observer; this discovery is awarded to E. Hubble
in 1929 [Hubble, 1929], but should be attributed to G. Lemaitre who obtained
the same conclusions two years before [Lemaitre, 1927] (Hy ~ 625km/s at 1Mpc).
This discovery was possible because of the observations of the redshift by V. Silpher
in 1912 and was in agreement with a prediction of the Einstein equations. The
Hubble factor is now a fundamental parameter of every model of cosmology. A
small modification of its value triggers a drastically different Universe evolution.
A higher Hubble factor would lead to the absence of structures and galaxies be-
cause of the fast expansion which makes the structure formation impossible. On

14



1. A HISTORICAL OVERVIEW

the contrary a lower Hubble factor (thus a slower expansion) would lead to more
compact structures, the expansion would not have any dilution effect and all the
matter would collapse faster. The sky would be modified in consequence and a
different matter collapse could lead to a totally different development of life. Since
the birth of relativity in 1916 [Einstein, 1916] and the first modelisation of the
evolution of the space-time by Einstein, new observations are available. The gen-
eral relativity was an essential step in the improvement of our comprehension of
the Universe. Several solutions of the Einstein equations are now known and de-
scribe some specific cases. During several centuries, the Universe was imagined
fixed and geocentric, and until the 1920’s most people still thought there was only
one galaxy, the Milky Way. The cosmological principle is a key assumption of the
standard model of cosmology. Historically, the strong principle assumes Farth does
not occupy a specific place in the Universe and implies the global homogeneity and
isotropy, this is the formulation used in the Friedmann equations. The weak prin-
ciple, used today, is based on the existence of a spatial length beyond which the
Universe is statistically homogeneous and isotropic. This scale is estimated to be
100~h~*Mpc with the dimensionless factor h = (H/100)km/s/Mpc [Amendola and
Palladino, 1999; Yadav et al., 2005; Thieberger and Célérier, 2008; Labini, 2011].
This hides an assumed decorrelation between the small-scale structures and the
global dynamics. But the improvements of the observation techniques and statisti-
cal treatments show the impact of fluctuations on larger and larger scales, [[Kerscher
et al., 1998, 2001; Hikage et al., 2003] found a scale about 200k~ *Mpc. Moreover a
recent paper of Wiegand et al. [Wiegand et al., 2013] showed significant deviations
from the standard model of cosmology on scale as large as 500h~'-700h~*Mpc.
Most of the estimations are based on lower order statistical properties, whereas
the larger results are extracted from Minkowski functionals and higher orders of
perturbations. Another recent reference also proposes a new method to estimate
the homogeneity scale [Scrimgeour et al., 2012]. Anyway, the modern formulation
of the cosmological principle is:

e At a sufficiently large scale the Universe has identical properties everywhere,
the matter is homogeneously distributed (there is no special point in the
Universe).

e At a sufficiently large scale the Universe is isotropic (there is no preferred
direction in space).

Nevertheless, the fact is the FLRW is enforced as an average model in most of
the description of cosmology. It means that the old version of the cosmological
principle is implemented and required a local average and isotropy.

The first cosmological model was based only on visible matter. Observers mea-
sured luminosity of galaxies and estimated the associated mass. This luminous
mass was assumed to be equal to the dynamical mass. But problematic observa-
tions appeared rapidly. In 1933 Fritz Zwicky [Zwicky, 1933] observed an important

15
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Figure 1.1: Measurement of the rotational velocity of galaxies with respect to the distance from
their nucleus [Rubin et al., 1978] figure 3. The expectations of the model were a curve with a
similar behaviour for the small distances from the nucleus and a decrease far from the centre of
the galaxies. (©The American Astronomical Society)

discrepancy in the dynamics of the Coma cluster between the observations and the
predictions based on the luminous matter. The observations of the rotation profiles
of galaxies of Vera Rubin and Kent Ford in 1970 [Rubin and Ford, 1970] confirmed
the anomaly observed by Zwicky several decades earlier (see figure 1.1 for examples
of rotation profiles of galaxy). The model predicted a decreasing velocity far from
the nucleus of the galaxy which is clearly not observed. Both observations led
to an underestimated velocity of the objects. In 1933, we did not know so much
about the importance of dust in galactic disks, their radiative behaviour, or dark
objects (as black holes and neutron stars). Even if the observations of Rubin were
more precise (improvement of the techniques and knowledge about dust, dark ob-
jects...), they show a higher velocity than predicted by the model. They conclude
that a fraction of the matter was missed by considering only the visible matter.
The Universe had to contain invisible matter: the Dark Matter (DM).

The conundrum of DM stimulates the development of detection experiments
spread all over the world: (CMS [CMS Collaboration, 2012], CDMS [CDMS Col-
laboration, 2013], EDELWEISS [EDELWEISS Collaboration, 2012], XENON100
[XENON100 Collaboration, 2012]...) or in space (PAMELA [PAMELA Collab-
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2. THE STANDARD MODEL OF COSMOLOGY

oration, 2013], AMS [AMS Collaboration, 2013] aboard the International Space
Station...). All these experiments propose different techniques to identify Dark
Matter: direct detection, lack of energy in collision experiments, excess of cosmic
radiations. Nevertheless, the community is still waiting for an answer from one of
them. The second difficulty is the need of a non-zero cosmological constant for an
FLRW metric based on various observations such as the faint galaxy counts, the
correlation functions (see [Fukugita et al., 1990; Yoshii and Peterson, 1995]) or the
gravitational lensing (see [Fort et al.,; 1997]). It had been highlight by Adam Riess
et al. [Riess et al., 1998; Riess et al., 2007] and Saul Perlmutter et al. [Perlmutter
et al., 1999] who observed the magnitude-redshift relation of several sets of type Ia
supernovae and conclude to the necessity of this non-zero cosmological constant.
This is interpreted as an acceleration of the recent Universe scale thanks to the
standard model. The commonly accepted cause is the presence of an energy of con-
stant density all across the Universe, several interpretations have been proposed:
a negative pressure fluid, the quantum vacuum energy [Rugh and Zinkernagel,
2002], a scalar fluid or quintessence [Zlatev et al., 1999]. The reader may consult
the review by S. Caroll [Carroll, 2001]. This invisible energy is called Dark Energy
(DE), with reference to Dark Matter. The idea of Dark Energy is more recent and
currently there is not any convincing experimental trail either. These two enigmas
stimulate actively the modern research. But it is important to note that the inter-
pretations are model dependent, in some Lemaitre-Tolman—Bondi (LTB) models
the rapid variation of redshift does not lead to the conclusion of an accelerated
expansion. For instance, Marie-Noélle Célérier showed in 2000 [Célérier, 2000],
that the parameters of an LTB model could be tune in order to match the value
of the matter density (2, and cosmological constant {2, parameters. Thus can fit
the supernovee data such as an Friedmann-Lemaitre-Robertson-Walker (FLRW)
model with Dark Energy. An alternative explanation to the Dark Energy-like ef-
fect is proposed by studying the effect of inhomogeneities on the global dynamical
properties (see the reviews by [Buchert, 2008, 2011; Buchert and Résdnen, 2012;
Ellis, 2011; Rasanen, 2011; Wiltshire, 2011, 2013]). A recent study by Roukema et
al. proposes an application (see [Roukema et al., 2013]). They explain this effect
by the recent virialisation of matter in the Universe. The matter collapsed violently
and triggers a local void which can mimic Dark Energy. Some references illustrate
the impact of inhomogeneous model and backreactions on the light propagation
(see [Lavinto et al., 2013]).

2 The standard model of cosmology

The standard model of cosmology is the ACDM model. A is the cosmological con-
stant and represents Dark Energy whereas CDM means Cold Dark Matter. During
the last decades this model and its predictions were quite successful. In view of this
prescription of the Universe, the observations allow us to constrain the different
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Dark Matter Dark Matter

Dark Energy Dark Energy

Before Planck After Planck

Figure 1.2: Estimation of the Universe budget before and after the Planck mission, the pre-
vious data are from WMAP. (http://www.esa.int/spaceinimages/Images/2013/03/Planck_
cosmic_recipe, (©ESA and the Planck Collaboration, 2013)

parameters of the model. A power of the standard model is the small numbers of
parameters (baryon density €2},, dark matter density Qpyy, dark energy density €4,
scalar spectral index ng, curvature fluctuation amplitude A?% and reionisation opti-
cal depth 7). The last data released by the satellite Planck [Planck Collaboration,
2013a] show, according to the standard model, a Universe composed of 4.9% of
baryonic matter, 26.8% of Dark Matter and 68.3% of Dark Energy (see figure 1.2).
Planck also provided a re-estimation of the Hubble constant of 67.8 km/s/Mpc.
Two effects contribute to the redshift: the physical motion and the apparent mo-
tion. The first effect is due to the physical motion of the source and contributes
such as z = (v/c+v/v/c—v) — 1 with ¢ the speed of light and v the velocity of
the observed object along the line view, whereas the second effect is due to the
expansion of the Universe and is not linked to a physical motion, its contribution
is z = ap/a — 1 with a the scale factor and aq the current scale factor. Actually,
the second effect is much more important on a cosmological scale. For instance,
a velocity of 220km/s, as the Sun around the Milky Way center, corresponds to a
redshift of z = 0.0007 or the Andromeda galaxy has a blueshift of 0.001, whereas
the CMB has a redshift of 1,100.

Some details of the observations of the Cosmic Microwave Background (CMB)
are provided in section 5. Note that all these numbers are interpreted thanks
to the ACDM model: a different model could lead to different interpretations of
the observations. We are nowadays in the high precision cosmology era. The im-
provement brought by Planck are very fine tuning, the epoch of the conceptual
revolutions, like the introduction of a huge quantity of Dark Matter and Dark En-
ergy or the cosmological constant, seems to be over. The cosmological constant was
first introduced by Einstein himself in his equations in order to describe a static
space—time [Einstein, 1917], without this constant, the Universe would collapse ir-
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2. THE STANDARD MODEL OF COSMOLOGY

reparably. Nevertheless it leads to an unstable static solution: if the Universe gains
volume, the cosmological constant represents a more important part of the energy
contained in the Universe, then the Universe necessarily grows. On the contrary if
the Universe decreases a little, it triggers a loss of energy and the Universe shrinks.
Thus Einstein decided to remove it. But in the same time Lemaitre and Hub-
ble observed independently a global redshift of the objects which can characterise
an expansion of space-time. This result was consistent with the solution derived
by Friedmann. It remains during several decades a theoretical and observational
debate. But the confirmation of the expansion of the Universe and the recent in-
creasing of the redshift, interpreted as a recent acceleration of the Universe scale,
put the cosmological constant into the light. It well describes a Dark Energy.
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Figure 1.3: Representation of the History of the Universe according to the standard model of the
cosmology.  (http://sci.esa.int/planck/51560-the-history-of-structure-formation-
in-the-universe/, ©ESA - C. Carreau, 2013)

The History of the Universe, as described by the standard model of cosmology,
is represented on the figure 1.3. The different predicted epochs and the observa-
tions are quite coherent. The standard model of cosmology, through which the
observations are interpreted, implies the existence of an initial singularity followed
by a cosmic inflation of 107%%s during which the initial inhomogeneities appeared
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thanks to quantum fluctuations. During this period of inflation the Universe was
composed of very hot and dense plasma, the first hadrons were formed after 1us
from quarks forced to be confined. After 1s the neutrinos were decoupled from
the rest of the matter and the leptons were formed between 1s and 10s after the
Big Bang. Thus, the Universe continued to expand itself and became less and less
dense, after 0.01s the primordial nucleosynthesis could begin and heavier atoms
appeared (helium, lithium essentially by the nuclear reactions: p +n — D¥ + 7,
DT + DT — *He* 4, 3He?t + DY — *He?* +p ...) and it stopped ap-
proximately 3min after the Big Bang. The Universe was so dense that the light
could not travel freely until the recombination because of the high cross section of
the scattering processes like Compton scattering e~ + v — e~ + v and Coulomb
scattering e~ + p — e~ + p. The recombination occurred 380,000 years after
the Big Bang, it corresponds to the instant when electrons and protons start to
combine and form neutral atoms of hydrogen e~ + p — H + . Then the mean
free path of light became important, light could travel. Today, it is technically im-
possible to have a direct observations before the recombination, because the light
could not go through space on a sufficiently large distance. Nevertheless, gravi-
tational waves could be a tracer of the pre-recombination Universe. Moreover, in
theory the neutrinos are decoupled from the bath before the recombination and
should bring information about this epoch but it is impossible to obtain statistical
data from them nowadays. The first emitted light is called the Cosmic Microwave
Background (CMB). Inhomogeneities in the temperature of this first radiation are
observed since, it is directly linked to the inhomogeneities of density in the early
Universe: a denser region is obviously hotter and emit a more energetic light. But
also the propagation of gravitational waves could modify the polarisation of light.
Nevertheless, even after the recombination, the Universe was still too dense to the
appearance of important structures and objects. We have to wait until the end
of the Dark ages to see the first stars and galaxies appear. Except the thermal
radiations present in the sky there was no other light because there was no star,
this is the reason why this epoch is named Dark Ages. The oldest objects observed
seems to appear 500 million years after the Big Bang.

The Dark Matter and Dark energy enigmas are among the hot topics of modern
physics. Additional probes have been developed to estimate the effects of Dark
Matter and Dark Energy, and constrain their value:

e The gravitational lenses: according to the theory of general relativity, the
presence of important masses in the Universe deviates the photons and then
can distort the observations. The distortions manifest themselves through
shear and magnification of the images. The study of these distortions permits
to reconstruct the repartition of mass between the source and the observer.
Some recent results tend to highlight the gravitational lensing triggered by
filaments [Jauzac et al., 2012] and confirm the cosmic filaments of matter
predicted by the numerical simulations.
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e The Baryon Acoustic Oscillations (BAO): it consists of pressure waves in the
early Universe that propagate through space-time and induce the outbreak
of specific structures in the matter repartition observed nowadays. It is one
of the standard ruler in modern cosmology. The SDSS catalog of galaxies
(redshift 0.16 < z < 0.47) shows a clear peak in the correlation function
around 100h~" Mpec [Eisenstein et al., 2005]. This number is compatible with
BAO predictions.

e The Sachs—Wolfe effect (SW) [Sachs and Wolfe, 1967]: the denser regions in
the early Universe increase the redshift effect according to general relativity,
light has to cede energy to leave a potential well. On the one hand this de-
crease of energy manifests itself by the redshift of the photons (they are colder
because less energetic). On the other hand a denser region is hotter, then the
photons should be hotter but it is not the case: the redshift overwhelms the
density effect. Then regions that appear cold in observations of the CMB cor-
respond to hotter regions according to the Sachs-Wolfe effect. This effect is
the main source of fluctuations in the CMB radiations. Two different Sachs—
Wolfe effects exist, the non—integrated and integrated SW effect. The first is
directly due to the inhomogeneities in the CMB, whereas the second one is
due to the regions crossed by the photons during their propagation until the
observer.

e Another method, which is a hot topic at the moment is the gravitational
waves. The gravitational waves are the second kind of inhomogeneities in the
early Universe with the matter repartition. These waves should be able to gen-
erate special polarisation in the Cosmic Microwave Background. Two modes
exist, the E-mode and the B-mode in reference to electrostatics and magne-
tostatics: the E—modes are curl-free electromagnetic waves and the B-modes
are divergence—free electromagnetic waves. In other words, the E-modes have
radial or tangential polarisations with respect to their emitted region, whereas
B-modes have a non zero vorticity polarisation vectors with respect to their
emitted region. Very recently, the south pole ground based telescope BICEP2
seems to show the existence of B-modes [BICEP2 Collaboration, 2014] which
are gravitational waves tracers. Such a discovery could confirm some scenar-
ios of inflations and restrict the possible models. A confirmation is expected
from the Planck consortium for september or october 2014.

In parallel to the developments of new cosmological probes, the research of Dark
Matter and Dark Energy also stimulates the inventiveness to develop alternative
models of the gravitation, such as MOND [Milgrom, 1983, 2011}, its relativistic ver-
sion TEVES [Bekenstein, 2005] or the f(R) theory [Starobinsky, 1980] for instance,
but many other models exist. Nevertheless, consistent proofs are still lacking to
conclude if one of these theories is more valid than the others or if Dark Matter
and Dark Energy exist in the quantities predicted by the ACDM model. Without
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going so far in alternative theory, it is possible to study general relativity more
carefully and describe more precise and/or inhomogeneous model of space-time.
In 2008, Krzysztof Bolejko and Lars Andersson explained that the acceleration
along the light—cone and the space acceleration could be different [Bolejko and
Andersson, 2008], whereas in 2010, Célérier et al. showed that an LTB model with
a central overdensity can describe a space—time in accelerated expansion as well as
an underdense FLRW model [Célérier et al., 2010]. More recently, Bolejko et al.
described the effect of voids on the light propagation [Bolejko et al., 2013]. A void
triggers an anti-lensing effect, the light does not travel along a straight line but is
deflected by a negative effect.

According to the cosmological principle, it is impossible for the ACDM model
to describe any structure under a scale between 100h~" and 700~ *Mpc. The re-
strictions introduced by this principle should be examined with a critical eye. The
homogeneity leads to a total decorrelation between the local and the global dynam-
ics. In some other fields of physics, where we consider local and global equations,
effective terms arise and link the local and global representation, like in Electro-
magnetism. A similar concept exists in gravitation: it is called backreaction, a
problem that was raised earlier by Ellis in 1984 [Ellis, 1984] with a solution given
by T. Buchert in 2000 [Buchert, 2000a]. This backreaction is additional effective
terms which appear if the averaging process is applied carefully to the local equa-
tions of gravitation. This leads to a set of average equations which depends on
the local behaviour. Some studies conclude that the backreaction is small [Peebles
and Ratra, 2003; Ishibashi and Wald, 2006], but the regular approach is based
on a perturbative development which consider only small perturbations of den-
sity. The reader may refer to [Bardeen, 1982; Mukhanov et al., 1992; Kodama and
Sasaki, 1984; Durrer, 1988] for the standard perturbation theory. Nevertheless, the
Universe is highly inhomogeneous nowadays, it means the local behaviour could
have a very important impact on the global dynamics. Under the typical scale of
100~h~* Mpc the Universe is highly inhomogeneous, the reader may refer to any
recent galactic survey, figure 1.4 shows the results from the SDSS and 2dFGRS.
The parameter which best describes the inhomogeneities is the contrast of density
0 = (0— on)/on with the density Q()?,t) and the average density op(t) where
the position is denoted by X and the time by t. The index y denotes the average
over the whole space whereas the bracket (), denotes the average over a specific
domain D. On the one hand, some objects present a very high density contrast:
galaxies clusters (Seustery ~ 10, galaxies (Sgatazyy ~ 5-10°, stars (Ssiary ~ 7 10% or
even planets (dg) ~ 2.8 - 10%*. The average density contrast on a region of 10Mpc
is (610mpey ~ 1. On the other hand, there exist voids which present a very low
density contrast. Even the isotropy of the Universe is debatable, since the last data
of the CMB seem to show the existence of a radiation dipole in the early Universe
[Planck Collaboration, 2013d].

My Ph.D. thesis proposes a fully-relativistic perturbation theory. I developed
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ull 4"

Figure 1.4: Comparison between Sky Survey programs (Sloan Digital Sky Survey SDSS, Two
degree Field Galaxy Redshift Survey 2dFGRS) and Numerical Simulations (Millennium) from
[Springel et al., 2006] figure 1. (©Nature Publishing Group)

a relativistic approach inspired by the Lagrange—Newton point of view of fluid
mechanics. In a similar way, the system of relativistic equations can be reduced
to a system of only one variable. Moreover, the density is no longer a variable
of the problem and does not have to be perturbed. It allows us to work with
a high density contrast computable at any time with respect to its initial value.
This higher density contrasts can lead to more important structures formation and
backreaction on small scales. In my opinion, some points in the ACDM model
could fail to describe the formation of structures in the late Universe because of its
over—restrictive assumptions. It is very important to work in a spirit of constructive
criticism in front of models and theories, and verify the details where an invalid
assumption could be hidden. T do not question the efficiency of the ACDM to
deal with the early stages of the Universe, when it is reasonable to assume that
the Universe was fairly homogeneous with very small perturbations. The mean
temperature of the CMB is 2.72548K [Fixsen, 2009] whereas the anisotropies reach
+200uK (results from WMAP).

In the sections 3 to 5, [ will present the ACDM model, some of its classical results
and the classical references. The chapter Il details the Newtonian perturbation
theory, this is the starting point of our formalism. All along my Ph.D. thesis I
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kept in mind this Newtonian model and identified the improvements due to the
relativistic considerations. Understanding the Newtonian approach, the relativistic
perturbation theory is presented in chapters Il and I'V. The first chapter deals with
exact description of the first-order solutions and comparison with the standard
perturbation theory, whereas the second chapter deals with a general resolution
scheme. It highlights the difference between my approach and the usual way to
deal with relativistic perturbations, which is quasi-Newtonian in reality. Chapter
IV also presents the general n order gravitoelectric scheme and specific solutions
until second—order. Then chapters V and VI present some direct applications and
prospectives I began to study during my Ph.D. thesis.

3 Homogeneous cosmology: Friedmann equations

The starting point of the ACDM model is the equation of general relativity,
made by Albert Einstein in 1916 [Einstein, 1916]. This equation describes the
space—time structure. When Newton considered matter in a absolute and fixed
space, the Finstein theory does not differentiate the space-time from its content:
the matter moves in the space-time and the space-time is deformed by the matter.
The Einstein equations describe the evolution of a mathematical object which is
interpreted as our space—time, a manifold (M, g). A manifold is a space which is
locally Euclidean, and described by a tensor called the metric g,

1
G =R — éRg,w + Agy = 87GT,, ; (1.1)

with G, the Einstein tensor, based on R, the Ricci tensor, R its trace, g,, the
4-dimensional space-time metric tensor, 7}, the energy-momentum tensor, G the
constant of gravitation, A the cosmological constant and the convention ¢ = 1 for
the speed of light. Indices on the 4-dimension space—time are noted with Greek
letters, and indices on the 3—dimension space with Latin letters. The metric can
be defined as a function which allows us to write an infinitesimal length element,
where the Einstein notation is assumed, such as:

ds® = g, - dz" da" . (1.2)

The application of general relativity to describe the evolution of the Universe
appeared a few years after the original paper of Einstein. The standard model
of cosmology considers the evolution of small perturbations over a homogeneous
and isotropic background. Thus, the first essential step is to determine this back-
ground behaviour by looking for a solution of the homogeneous Einstein equa-
tions. Since the original paper of Einstein some particular solutions were found,
we can cite the Schwarzchild metric which is the solution for a spherical massive ob-
ject [Schwarzschild, 1916] (translation), the Lemaitre-Tolman-Bondi (LTB) met-
ric for a spherical symmetric and inhomogeneous repartition of matter [Lemaitre,
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1933; Tolman, 1934] or the Friedmann-Lemaitre-Robertson-Walker (FLRW) met-
ric which describes a homogeneous and constant curved space [Friedmann, 1999]
(translation).

The standard cosmological model, based on the cosmological principle, is a spe-
cial case of the Einstein equations. A sufficiently large scale is considered, and
the results are assumed to be true for any scale. Thus, the cosmological principle
implies a complete decoupling between the global and local dynamics and also the
isotropy of the Universe. In this case the energy—momentum tensor reads,

ew O 0 0

0 - 0 0
T, = PH : (1.3)
0 0 —py O

0 0 0 —py

where e is the homogeneous energy (which is reduced to the homogeneous density
of matter gy for dust matter), py the pressure of fluid content of the Universe and ¢
the light velocity. This matrix is diagonal because of the cosmological principle and
the assumption of a perfect fluid. In this approximation, the equations of general
relativity are reduced to independent scalar formula, the Friedmann equations and
the energy conservation:

a e A

2 3 (em + 3pm) + 3 (1.4)
N
a GG Ak
o — - . 1.

(a) 3€H+3 a?’ (1.5)
. a
EH = —35 (em +pu) ; (1.6)

with a(t) the scalar factor, ey (t) the average energy, py(t) the average pressure
and k a constant curvature. The Hubble parameter is linked to the scale factor by
the relation H(t) = (a/a)(t). Three different cases can be distinguished, according
to the sign of k: the FLRW solutions. Since the homogeneity and isotropy of the
space-time have been assumed, the metric reads ds* = —dt* + dr* + S?(k)dQ?,
with dt the time elementary element, dr the radial elementary distance and df?
the orthoradial elementary distance. According to the sign of k, the solutions are
given by: )

L sin(rvk) k>0,

T

S(k) =< k=0. (1.7)

1
— sinh(rVEk) k<0.
R
Note the solution for k£ = 0 is a parametrisation of the Euclidean flat space. Nev-
ertheless, it is very important to know that in a strict FLRW model there are no

25



CHAPTER I. INTRODUCTION

inhomogeneities: matter does not collapse and no astrophysical objects are formed
and then life cannot appear. The standard model does not stop here, the next step
is to consider small inhomogeneities, perturbations.

0 1 2 3 1 0 1 2 3 !
(a) Time t. (b) Time t’>t.

Figure 1.5: Illustration of the homogeneous expansion, any point seems to be the centre of the

expansion if we are focused on it but in reality there is no centre.

Any of the three FLRW cases allows us to define the scale factor a(t). This
function characterises the relative size of the Universe. Most of the solutions lead
to an expanding Universe. But what does it mean? The Universe is in expansion
in what? Are the objects pulled away from one another? The correct description is
illustrated by the figure 1.5. Let us put objects on the nodes of a grid. A Universe
in expansion means the grid is stretched along the time, but every object is fixed
to its node and does not move. The stretching of the grid creates an apparent
increasing of the distance between the objects. This phenomenon is a homogeneous
expansion, it means there is no privileged point as suggested by the cosmological
principle. For instance, let us focus on the node (2,1) and two of its neighbours
(1,1) and (3,2). Between t and ¢’ the apparent distances changed by a certain
factor and every object seems further than before; but the same conclusions rise
if the point (1,3) and its neighbours are considered, all the distance are increased
independently of where you are. Moreover, we can see that the objects are still
at the same place on the grid, they occupy the same nodes at each time. It is
possible to rescale the grid if the distances are divided by the scale factor. The
coordinates system rescaled by a factor a(t) is called the comoving coordinates
and denotes the proper distance between objects. In this space only the physical
movement is described, the expansion is hidden in the scale factor. It is possible to
apply the factor at any time in order to come back to the non—comoving (physical)
coordinates.
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4 Large—scale structure formation

I will not detail the standard perturbation theory here but the curious reader
may refer himself to the following references. A large amount of papers deal with
the standard perturbation theory and the formation of large scale structures. It
is possible to find the perturbative resolution of the equations for an irrotational
and pressureless fluid of Dark Matter in [Bouchet et al., 1992; McDonald, 2007;
Matsubara, 2008; Scoccimarro, 2001; Taylor and Hamilton, 1996], [Bouchet et al.,
1995] which offers a comparison with the results of N-body simulations, the La-
grangian perturbation theory with vorticity in the Zel’dovich Approximation sub—
case [Buchert, 1992], whereas the standard perturbation theory is presented in
[Bernardeau et al., 2002].

Figure 1.6: Privileged direction of collapse of an overdensity. The smallest axis is the collapse
direction, flat structures appears: pancakes.

The Zel’dovich Approximation has been developed in [Zel’dovich, 1970a,b]. This
is the assumption that overdensities have a preferred direction of collapse: the
shortest axis. It leads to the formation of flattened structures called the Zel’dovich
Pancake (or Blini, or Crépe... it depends of your native language). So after a
sufficiently long time, the dynamics of a collapsing structure is driven by only
one direction (see figure 1.6). In such a dynamics, objects collapse into a quasi
2—dimensional structure: a pancake. This dynamics leads to a property of col-
inearity between the velocity and acceleration of particles during the collapse of
an overdensity. This approximation allows us to describe a subclass of solutions,
which can be found in the Lagrangian papers. Resolutions without vorticity are
available in [Buchert, 1989; Buchert and Ehlers, 1993; Buchert, 1994; Vanselow,
1995] respectively for the first, second, third and fourth—-order. The full Lagrangian
perturbation theory is proposed in [Ehlers and Buchert, 1997], some papers with
additional effects exist: the first—order with vorticity [Buchert, 1992], cosmologi-
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cal constant [Bildhauer et al., 1992] or the Lagrangian perturbation theory with
pressure [Adler and Buchert, 1999].

5 Observations and initial data

The Cosmic Microwave Background (CMB) provides the main probe to con-
strain the parameters of the ACDM model. It allows us to measure a large amount
of characteristics and fit the parameters to the chosen model. The CMB is an
ambient thermal radiation of 2.7255K emitted at the decoupling of the photons.
It happened just after the recombination, 378,000 years after the Big Bang. It is
the first light of the Universe, or the older “photography” of the Universe which
is possible to take (see figure 1.7). The position of the emissions is called the last
scattering surface. This radiation appears naturally in the model of the Big Bang
and was predicted by R. Alpher and R. Herman in 1948 [Alpher and Herman,
1948] to be 5K. This prediction was accidentally confirmed in 1965 by A. Penzias
and R. Wilson [Penzias and Wilson, 1965] at the Holmdel Horn Antenna of the
Bell Telephone laboratories. Since this discovery, several programs of observation
have created maps of the CMB. The first complete mapping of the CMB over
the sky was obtained thanks to the satellite COBE in the 1990’s. The satellites
WMAP and Planck refined the map in 2001 and 2009. Moreover, there exist also
ground—based radio telescopes. The development of the detectors and cryogenics
methods is improving day after day the precision of the measurements. Figure 1.8
illustrates the evolution of the precision of the detectors.

Figure 1.7: Map of the CMB radiation by Planck, released in 2013. (http://www.esa.int/
spaceinimages/Images/2013/04/Planck_CMB_black_background, (©ESA and the Planck Col-
laboration, 2013)

During its early stages, the Universe was so dense and so hot that its matter
content was entirely composed of electrically charged particles. Thus the photons
were submitted to strong scattering processes and their mean free path was very
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COBE WMAP

Figure 1.8: Precision in the capture of the CMB radiation by COBE, WMAP and Planck.
(http://photojournal.jpl.nasa.gov/catalog/PIA16874, ©NASA/JPL-Caltech/ESA, 2013)

short. The recombination corresponds to the time when electrons and protons
started to combine to form neutral atoms of hydrogen. Thus photons could start
propagating freely in the Universe (it is the decoupling), before the light propa-
gation was negligible. Using the conservation of density number (function which
represents the density of particles depending on the number of quantum degrees of
freedom and the distribution function of the considered species) it is possible to es-
timate the temperature of the decoupling T}.. and also the epoch of the decoupling
(thanks to the redshift zg4.. and the time t4.):

Tgee ~ 3,000 K .
Zdee ~ 1,091 + 1 . (1.8)
tgee ~ 379 + 5 10% years .

The Universe is assumed to be in expansion and adiabatic, it means its entropy is
conserved. Then the temperature is directly linked to the scale factor T'oca™*. The
current CMB temperature can be estimated to 2.72548 + 0.00057K [Fixsen, 2009]
which is in agreement with the Planck results [Planck Collaboration, 2013b]. The
last measures of WMAP revealed an average temperature of the CMB radiations
of 2.72548 +0.00057K. The CMB is quasi homogeneous but some anisotropies exist
and are observable.

The inhomogeneities in this radiative background give information about the
primordial inhomogeneities in the matter repartition. As mentioned earlier, we
have to be careful with some contributions such as the Sachs—Wolfe effect. The
treatment of the Sachs-Wolfe effect permits to obtain the original map of den-
sity fluctuations: a denser (or hotter) region presents a decrement of temperature
according to the mentioned effect. This first image of the Universe is used to
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Figure 1.9: Power Spectrum of the CMB radiation by Planck. (http://sci.esa.int/
planck/51555-planck-power-spectrum-of-temperature-fluctuations-in-the-cosmic-
microwave-background, (©ESA and the Planck Collaboration, 2013)

constrain the initial data. Statistical studies about the CMB anisotropies lead to
the power spectrum of the initial perturbations. It characterises the temperature
fluctuations with respect to the angular scale of the anisotropies. Figure 1.9 shows
the agreement between CMB statistical observations and the initial fluctuations
predicted by the ACDM model after the parameters tuning. The power spectrum
is the statistical representation of the “initial” perturbations in the Universe. The
word “initial” is used crudely here, it is in fact the oldest measurement of the
perturbations of the Universe accessible to us. It represents a density distribution
of inhomogeneities in angle and temperature. Using the power spectrum and as-
suming gaussian inhomogeneities, sets of initial data can be generated and used as
input in numerical simulations. These simulations describe the formation of the
large—scale structures and show the outbreak of filaments (see figure 1.10). There
exist two types of simulations, but most of them are based on the ACDM model.

e Most of the modern simulations describe the components of the Universe as a
self—gravitating N-body ensemble of “particles” of Dark Matter and hydrody-
namic baryonic matter. The physical effects are computed during the collapse
of Dark Matter, the star formation for instance or the effect of the pressure
are described in real time for the hydrodynamic baryons. The baryons can
be described by two methods : a strictly hydrodynamic fluid distributed on
a grid (RAMSES [Teyssier, 2002]) or a kind of N-body description with ad-
ditional interactions called “Smoothed-particles hydrodynamics” (GADGET,
GADGET-2 [Springel et al., 2001; Springel, 2005] and GASOLINE [Wadsley
et al., 2004]. Matter evolves in a box of a given size.
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e Semi—Analytical simulation are performed in two time. The first step is an
N-body simulation of self-gravitating “particles” of Dark Matter. Then Dark
Matter halos are identified and their evolution history built. These halos
are now considered as potential well in which baryonic matter evolves. This
second step is not an N—body simulation, only the quantities are known but
matter does not evolve on a grid. Informations such as the density for each
galaxy are only a number and the effects are added by hand, there is no
gravitational description of the baryons (GallCS [Hatton et al., 2003]).

Figure 1.10: Example of results of a simulation, large—scale structures and filaments from Horizon.
(http://www.projet-horizon.fr/article323.html, D. Aubert, S. Colombi, J. Devriendt, P.
Ocvirk, C. Pichon, S. Prunet, R. Teyssier, 2008)
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1 Introduction

The Newtonian perturbation theory is at the heart of the standard model and
its applications. It is important to well understand it to be able to go further and
develop a fully relativistic perturbation theory. The Newtonian description of grav-
itation, and the associated perturbation theory presented here are well-known. I
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do not provide drastic modifications of the theory but some new tools to write down
the perturbations and a framework which allow us to build by analogy a powerful
relativistic theory presented in chapter I11. Usually only dust matter (i.e. pressure-
less fluid) without vorticity on a Friedmannian background is considered. During
the last decades several analytic methods have been developed to deal with the in-
homogeneities and the formation of large—scale structures [Buchert, 1989; Bouchet
et al., 1992, 1995; Buchert, 1992; McDonald, 2007; Matsubara, 2008; Scoccimarro,
2001; Taylor and Hamilton, 1996]. The gravitational equations, determined by
analogy with the Maxwell equations, and the equation of fluid mechanics describe
the dynamics of a self-gravitating fluid: the Euler-Newton system. The more nat-
ural way to describe the system is the Euler point of view of fluid mechanics. This
is the standard description [Bernardeau et al., 2002], but it is possible to trans-
late these equations in the Lagrangian coordinates system to obtain the so—called
Lagrange-Newton system. This is the approach I decided to follow, the Newto-
nian approach developed here is based on the Lagrangian perturbative theory of
Buchert et al. [Buchert, 1992; Buchert and Ehlers, 1993; Buchert, 1994; Ehlers
and Buchert, 1997]. These papers deal with perturbations up to third order or
the presentation of a general Newtonian scheme. Other papers present a fourth
order perturbations description [Vanselow, 1995; Rampf and Buchert, 2012]; for a
tutorial see [Buchert, 1996]. Both Eulerian and Lagrangian systems are closed and
admit analytical solutions. In this chapter, a subclass of the Lagrangian solutions
up to the second order will be presented: a generalisation of the Zel’dovich approx-
imation [Zel'dovich, 1970a]. Moreover, some of these works describe a dynamics
with vorticity [Buchert, 1992, 1989; Bildhauer et al., 1992] or pressure [Adler and
Buchert, 1999]. For further comprehensive studies of Lagrangian perturbations,
relevant to the formal development of the theory (see [Nadkarni-Ghosh and Cher-
noff, 2011; Nadkarni-Ghosh and Chernoff, 2012; Salopek et al., 1994; Rampf and
Rigopoulos, 2012]).

The Newtonian mechanics describes the dynamics of a mechanical system, here
dust matter without vorticity, placed in a fixed space. The term “fixed” means
that the dynamics of our space is independent of its content, unlike in general
relativity where space-time and matter are merged in a unique concept (the dy-
namics of space and matter impact on each other). Dust matter is a pressureless
and collisionless continuum of matter. This assumption is relevant for the large
scale structures formation because the collision rate at the considered scale is low,
a particle which travel in such a domain has an important mean free path. Nev-
ertheless, dust matter is not always collisionless, the pressureless assumption is
also important. So it is necessary to do not have a significant velocity dispersion.
Thus the dust model is not appropriate to describe the inner galactic dynamics but
can be used to the large scale structure formation. The Newtonian space-time is
generally flat, even if it is possible to consider Newtonian mechanics in a constant
curved space. Its size is characterised by the scalar factor a(t) which is a tracer of
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the relative expansion of the Universe. Even if the space is constantly curved, it is
possible to make matter perturbations grow thanks to the Newtonian perturbation
theory.

The following is then a summary of known works cited just before, essentially
[Buchert, 1992; Buchert and Ehlers, 1993; Buchert, 1994; Rampf and Buchert,
2012; Ehlers and Buchert, 1997]. The relativistic approach which will be presented
in chapter III and IV is viewed as an analogy to the Newtonian development. I
will adapt and extend the formal results from [Ehlers and Buchert, 1997] in order
to build an extrapolation to the relativistic description of the problem.

The whole Newtonian perturbations theory is described in this chapter struc-
tured as follows. Section 2, justifies the use of the Lagrangian approach of the
fluid mechanics and presents the differential forms formalism used for its compact-
ness and mathematical useful properties, whereas section 3 details the solution
scheme of the Newtonian perturbative framework and exhibits the solutions in the
Einstein—de Sitter case. This chapter is ended by some concluding remarks, sec-
tion 4, and a motivation to develop a relativistic description for the large—scale
structures formation, section 5.

2 Newtonian model expressions

Two frameworks exist to describe the evolution of a fluid continuum in a New-
tonian space—time, the Eulerian and Lagrangian points of view. This discrepancy
is essential to understand the motivations of the following work.

On the one hand, the Eulerian coordinates x; describe the fluid particle 7 like a
stream in the space—time (see figure 2.1a). In other words, it consists in the study
of a moving fluid in a frame of reference at rest. The Eulerian picture can also be
seen as the motion of a fluid for an external observer. At the zeroth order the fluid
is in an equilibrium state (i.e. at rest with respect to the frame). A perturbation
of this state is a small deviation from this “equilibrium”, namely from the rest
position x;.

On the other hand, Lagrangian coordinates X; only index the fluid particle ¢
(see figure 2.1b). It consists of the study of the deformation of the fluid in its
own frame. At zeroth order the fluid is in the same equilibrium state than in the
Eulerian point of view. Nevertheless, in this picture the Lagrangian frame (which
is equivalent to the resting fluid) is in motion with respect to the Eulerian frame.
In this approach, the displacement of the particle ¢ with respect to its rest position
is a deviation along a Lagrangian trajectory. A Lagrangian perturbation described
inhomogeneities in the fluid, but in the same time a non—perturbative deviation
from the Eulerian rest position x; because the displacement can be important.

The figure 2.2 illustrates the scheme of the trajectories. The left panel 2.2a
represents an Fulerian description of the fluid mechanics. A frame of reference
is defined and the movement of the fluid with respect to this frame of reference
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Figure 2.1: Eulerian and Lagrangian points of view in fluid mechanics. (en.wikiversity.org/
wiki/File:LagrangianMesh.png, http://en.wikiversity.org/wiki/File:EulerianMesh.
png, cc-by-sa, Biswajit Banerjee, 2007)

is studied, there are two perturbative variables: the velocity field v; and density
field 0. The major problems of this approach are the impossibility to describe high
density contrast because the density field is a perturbed variable. The right panel
2.2b represents a Lagrangian description. The frame of reference is attached to the
fluid element and it consists of studying the deformation of this volume in its own
frame of reference. Since the density is not a perturbative variable anymore, high
density contrasts can be described by this method. The only perturbed variable
is the position field, but the fluid is studied in its own frame of reference which
can be in motion. Thus this approach can describe high density contrast of fluid
particles during significative motion.

We note ]? the position field and J the Jacobian of the Eulerian-to-Lagrangian
coordinates transformation (it is also the fluid element volume deformation), de-
fined by the following one—parameter diffeomorphism &;:

—

O, X T = f(X,1); (2.1)
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Figure 2.2: Comparison of the Eulerian and Lagrangian approach in terms of trajectories for a
volume element.

ja]
J = det ( i, t)) = S fufi g (2.2
where ¢, is the Levi-Civita pseudo-tensor, equal to —1 (if indices are not ordered
as the direct basis), 0 (if at least two indices are identical) or 1 (if indices are ordered
as the direct basis). The position field translates the Lagrangian coordinates into
Eulerian coordinates. It is the essential field of the theory and the only unknown
field of the Lagrangian point of view. Every other field can be written as a function
of this one. The Newtonian space is Euclidean, so the inverse map transformation
is defined such as X = H(f, t) whose Jacobian matrix is

i 1 ipq gk ¢l
h J = ﬂEjle qu ‘pf |q . (23)
In the following developments the Eulerian derivative will be denoted by a coma
“”. the Lagrangian derivative by a vertical stroke “|”, the nabla with respect to

Eulerian coordinates by “ﬁ”, the nabla with respect to Lagrangian coordinates by
“Vo” and the total derivative by “d/dt.”

2.1 Euler—Newton system

In Eulerian coordinates the dynamics of a fluid is described by the Euler-Newton
system composed of:

e the equation of continuity (also named mass conservation):

do -
A VA E 2.4
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e the Euler equation:

=7 (25)

o .
. (2.6)
V-

with G the gravitational constant and A the cosmological constant. The variables
are the velocity field v, the acceleration field (or gravitational strength) ¢ and the
density field p. They depend on the Eulerian position & and Newtonian time ¢:

{maw,aaw,mﬁn}. (2.7)

Only the velocity and the density fields are independent variables. Thus a quick
counting leads to a number of 4 independent variables (the density ¢ and the
components of the velocity field v;) and 5 equations (the mass conservation, the
divergence equation and the three components of the curl equation). Since we have
more functions than equations, we can affirm the system is closed and solvable.
The standard approach is a perturbative resolution of the system of equations
and imposes to perturb the velocity and the density fields. On the contrary, the
Eulerian perturbation theory has the important restriction we discussed earlier:
only small displacement from the equilibrium state can be described. Thus the
contrast of density § = (¢ — gy)/og has to remain small with respect to the
average density op. Thus, this approach presents obvious shortcomings when
treating the problem of highly inhomogeneous large-scale structures which are
clearly observable in the late Universe.

2.2 Lagrange—Newton system

To obtain the Lagrange-Newton system, the map transformation from Fulerian
to Lagrangian coordinates (2.8) is introduced. It admits the following initial con-
ditions f(X,#;) = X with the index ; which denotes the initial time. One of the
main advantages of this system is that the density field is not a variable anymore.
The only function which has to be perturbed is the position field f Moreover its
gradient fi‘ ; measures the deformation of the fluid element.

—

{fzﬂfj%ﬁz(fj%ﬁzﬂfJﬁ. (2.8)

The over—dot denotes the time derivative. Several formalisms exist to express
the equations of cosmology. The most intuitive is the functional (or vectorial)
formulation (see paragraph 2.2.1). The second way to express the system, is the
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differential forms formalism (see paragraph 2.2.2). This approach allows us for an
easy generalisation of the Newtonian equations to a subsystem of the relativistic
equations (the gravitoelectric equations (see chapter IV).

2.2.1 Functional determinants

In the following “[.]” will denote the anti-symmetrisation operator and §* the
Kronecker delta. The functional determinant is defined by:

T (57 17) = €™ fufp £ - (2.9)

This last function allows us to write the curl and the divergence of the gravitational
field in a Lagrangian form.

(6 x 57)@. =2 g = 2 9w by

= J_l elmnepr[jfk]|lfzo|mf(1\n

= J " i T (fr];fp;fq> =0; (2.10)
V- g = glz = Qiuhfi

= %élmn@jkﬁufjmfkm

= %Eijkj (fl>f]7fk> = AJ —dnGoiJ; . (2.11)

I used in these derivations the expression of the inverse of the position field (2.3).
Note the curl equation can also be written in a quadratic form,

5ijfi|[pfj|k] =0. (2.12)

The four remaining equations of the Euler-Newton system are the continuity equa-
tion (or mass conservation) and the Euler equation which are respectively reduced
to the definition of the density and acceleration. The first defines the density at any
time according to its initial value and the Jacobian of the Eulerian-to-Lagrangian
coordinates transformation, the three others are reduced to the definition of the
gravitational field with respect to the velocity field.

oJ = 0iJ;;
) - Az (2.13)
git) = f1t) = =)

The four equations ((2.10),(2.11)) form the Lagrange—Newton system. Its associ-
ated unknowns are the three trajectory functions f*. We count 3 functions for 4
equations (the Newtonian field equations), this system is closed and solvable, such
as the Euler—Newton system.
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2.2.2 Differential forms

Let M be a Riemannian manifold, i.e. a space locally Euclidean in our case.
Note that in Newtonian mechanics, the manifold is globally Euclidean. At any
point P of M it is possible to define a cotangent space whose basis is noted
{dX ’} In general relativity the considered four dimensional manifold are semi—
Riemannian, it means the space is locally Minkowskian.

Let ¢” be a spatial k-differential form (abbreviated in k—form). For general
forms we choose the letters a, b, c... as counter indices, while the letters i, j, k... are
reserved for coordinate indices. The coefficients of a k-form are noted ¢ ; and
can be expressed in the exact basis of the cotangent space at a given point such
as:

¢ =¢% L dXT A AdX. (2.14)
The exterior derivative of a differential form ¢* is defined by:
do” = “ilmik”de“ Ao AdX A dX (2.15)

A k—form is said to be ezact if and only if there exist a (k-1)-form from which the
form derives,

¢” is exact <« Jf| " =df*. (2.16)

A major specificity of the Newtonian formalism is that the relevant functions are
the gradients of deformation fil ; (9 functions). Since these functions are built from
the gradients of the trajectory field f* (3 functions), they are exact forms. The
Hodge dual of a k-form defined on a n-dimensional space of metric g;; is denoted
by a star = and is defined by:

a \/? ail...i- i1...0 k41 A
O = TR s X X (2.17)

with €% ins1gn the Levi-Civita pseudo-tensor and /g is the square root of the

determinant of the metric. Since the Newtonian case describes a flat space, any
tangent space matches the global space, namely any local coordinates are global.
Thus the counter indices become coordinate indices, since the functions f* can be
used to define global coordinates ' = f%~°.

It is possible in this approach to reformulate the previous system of equa-
tions. The method is to apply the Hodge star operator to the coefficient equations
((2.10),(2.11)). The Lagrange-Newton system reads,

#(2.10) = o,dfi Adfi=0; (2.18)
+(2.11) = %eijkdf’i Adfi adff = (A —4nGoiJ;) A*X ; (2.19)
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with d®*X the Lagrangian volume 3-form which allows us to define the Eulerian
volume 3—form J,

J = %”“dei AdXT A dXF = E%kdfi Adfi A dft
— J:=Jd’X =d*f; (2.20)

2.2.3 Tidal force tensor

The tidal force tensor is an alternative to express the previous equations in a

compact way. It is built from the derivatives of the gravitational field and is defined
by:

i i Lok
1 s 1 ;
= s7emd (F5 155 1) = 5 (A —4nGo) o', (2.22)
The tidal tensor is built in order to generate the Lagrange-Newton system,
(2.18) == 0"&;=0; (2.23)
(2.19) <= & =0. (2.24)
This approach is also compatible with the differential forms formalism through:
. 1 )
E=df — §(A —4rGo)df*; (2.25)
(2.18) <« dEAdfI=0; (2.26)
(2.19) = epEAdfi Adff=0. (2.27)

An analytical equation of evolution for the tidal tensor can be computed to write
the dynamical formulation of the Newtonian gravitational problem. This approach
is used to introduce the silent Universe in chapter V.

3 Perturbative development of the Lagrange—Newton system

Without any additional assumption or restriction, looking for an analytical so-
lution is clearly utopian. The standard method is to perform a perturbative de-
velopment and choose a specific class of solution as a spherical symmetric matter
distribution or Einstein—de Sitter (EdS) for a Universe whose average density is
equal to the critical density (the density of a homogeneous flat FLRW model of
Universe) and a vanishing Cosmological constant. I recall here the perturbation
theory for the Newtonian dynamics. Previously, the system in tensorial and dif-
ferential forms formalism are presented. I chose to perform the computation with
differential forms and to project the solutions into the tensorial formalism in a
second time in order to check the consistency with the standard results.
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3.1 Perturbation scheme

To solve this system a general perturbation (2.28) has to be introduced. The
gradient of deformation field f* ; is assumed to be the superposition of a homoge-
neous background and inhomogeneous perturbations,

df(X,t) = a(t) (dX* + dP) ;
o : R 2.28
P8 = alt) (5, + PL(ELD) 5 22
where a(t) is the usual scale factor, 5Z the Kronecker symbol, P" the perturba-
tion of the gradient of deformation and t; the initial time which is set to the CMB
epoch. A rescaling by the factor a(t) allows us to define the comoving quantities
(i.e. quantities which are not influenced by the expansion of the Universe). The
quantities denoted by a capital letter are comoving whereas the others are non—
comoving. It is also interesting to identify properly the homogeneous and perturbed
quantities: {d 1, fi| j} are the complete functions; it means they contain the ho-
mogeneous {dX’A7 52} and the perturbed {dPi, Pﬂj} quantities. According to
this decomposition of the position field, it is possible to write the Jacobian of the
Eulerian-to-Lagrangian coordinates transformation such as,

CLS

T = T (5 + P (9, + P

—a? (1 + P+ % (P? = PLP%) +

) (65, + P%)
1 o o
5 (P? + 2P, P’ P — 3PPZJ.PJ,L.)) o (2.29)

where the trace quantities are noted without index Piﬁ = P. The Newtonian initial
data are defined without loss of generality by,

P(X,t) =0
PX k) = U (X) 5 (2.30)
Po(X ) = Wi(X) — 2HU";(X) .

The initial data are the initial gradient of deformation, velocity and acceleration
respectively noted Pﬂj()? i), U i‘j and Wﬂj. The last relation about the initial
data comes naturally from the equation of motion (2.49). Since the equations are
2™ order differential equations, two independent initial data are required. Then
the third initial data is a free choice: a vanishing initial deformation is chosen.
The value of P’ only encodes the distortion of the grid with respect to the initially
regular grid (see figure 2.1b). Even without initial deviation in the position field,
the contrast of density implies an inhomogeneous gravity field thanks to the Poisson
equations and put the fluid elements into motion. The Poisson equation can be
written with differential forms. On the one hand the divergence of the gravitational
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field respects:

V-gi=alf, = g (3+ Pi“) + 2%Pi

a

+ P”ll = A —4rGp

i

= 3-=A—4nGoy ; QH]'DZ'“ + Pl‘z = —47Gdp
a

— 3%2-A- ArGoy Wi“ = —4rGog; . (2.31)
a

The two relations obtained here are respectively the derivative of the Friedmann
equation and the Poisson equation. On the other hand, the curled of the gravita-
tional field respects:

V x g = a_lf[i|j] =0
= Wy =0; (2.32)

The constraints of the initial acceleration gradients can be summarised as,

. 1 . .
Wi, = *§€z‘jde’ AdX? A dXY = —47Gog; ;

(2.33)
Wiijj) = 0.
The density is also split between a homogeneous and inhomogeneous part:
o(X,t) = on(t) + 60(X,t) = o () (1 + 5()?,t)) : (2.34)

where o is the density, oy is the homogeneous density, do the inhomogeneous den-
sity and 0 = (0 — on) /on the density contrast. Nevertheless, in the Lagrangian
approach, the density is not a perturbative variable of the system, unlike in the
Eulerian case. The density is exactly known at any time (2.13) with respect to its
initial data and the Jacobian of the Eulerian-to-Lagrangian coordinates transfor-
mation. The definition of the perturbation (2.34) has to be developed to set up
relations between the density and its initial value oJ = p;. Using the expression of
the Jacobian (2.29), the relation leads on the background to,

ona’ = omi ; (2.35)
and on the perturbed level to,

1 3 7 k j k
) + 2 (P + 2P, PPl — 3PP PY) |

1 .
(on + 00) a® [P +3 (P2 e g

B
= 0Hi + 5@1 . (2.36)

It could be disturbing to affirm the density is not a perturbative variable and write
it down with respect to the perturbations. The density is not a perturbed variable
of the system of equation, this is clear but it is possible to write it as a functional of
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the perturbations. Thus, its expression is nonlinear; in such a case the density can
grow relatively fast and triggers high density contrasts despite its perturbations
dependent expression.

The general perturbation introduced earlier (2.28), allows us to split the Lagrange—
Newton system of equations between a homogeneous and a perturbed system. Only
one of the equations do not vanish when we consider the homogeneous gradient of
deformation, the divergence of the acceleration field (2.19):

1 : . 3 4 .
Seinid X! A adl, dX™ A ad,dX" = e (A~ dnGlon) %eijkdxz AdX? A dXE

— e 33 dX'AdX/AdX" = €, (A — 47Gopy) dX' Ad X7 Ad X", (2.37)

We can recognise similarities with the Friedmann equation. Indeed, using the
Hodge star operator this equation leads to the derivative of the Friedmann equa-
tion:

3% — A — 47Goy . (2.38)
On the other hand, the perturbed equations obtained from ((2.18),(2.19)) read,
(2.18) = &ydf’ A df! = const. = 6;; (@;dX* +dP}) A dX?
— 4, (dd Fi 4 ad f) A adf? = §,dUT A dX7
—  Syadf! A adff = 6,dU" A dXY

—  §;;dP' A (X7 +dP?) = §jja2dU" A dX7 ; (2.39)

(219) = Se(dX'+ GdP'+ 2adP'+ adP') na(dX7+ dP) aa(d X"+ dPY)

1 . . . .
= (A —4rGo) ceijpa (dX’ +dP") A a(dX? +dP?) Aa(dX" +dPY)
1 . . . .
— §eijk[a3DdP’ A dX7 A dXF + 3da2d PP A dXT A dXF
+2a*>DAP! A dP? A dXF + 34a’d PP A dP? A dX*
4 PDAP A AP A AP + Ga2d P’ A dPY A de]

CLS

— (A — 47Gy) geijk[dxi A dX7 A dXF 4 3dPT A dXT A dXF
+3dP' A dP/ A dX* +dP' A dPI A dP’“]
— [DdPi/\de/\ka +2DdP' AdPI AdX* + DAP' AdP? /\de]
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4
_ _W_C’Y(Sgemg[dxz AdX) A dX* +3dP' A dXT A dXF

+3dP' A dP? A dX* +dP' A dPP A dPY]

— | PAP'AAXI AdX" + 2DAP AP Ad X" + DAP AdPI AdP"|

= dnGopd’e;j [dPZAdX]/\ka + dP AdPI Ad X" + gdPZAdPJAdP’“

4G
- W—(S% 30eipd X7 A dX7 A dXF

. eijk[@ . 47TGQH> AP Ad X7 Ad X*

+ (22) . 4WGQH)dPiAdeAka

4
(D _ ”TGQH> dPMdPMdP’“]
4
= —eka—G(Sgl BAXIAdXIAdXF (2.40)

To simplify the expression of the first equation the integration of (2.18) has been
performed before the perturbative development. I also define the comoving po-
sition field by fz — o 'f". Moreover, we have the time operator D defined by
D := d*/dt* + 2H - d/dt with the Hubble factor H(t) = (a/a)(t).

To solve a perturbative development, the perturbations have to be decomposed
order by order. It means we consider a first perturbation which is a small displace-
ment from the homogeneous behaviour and then we add more and more precise
perturbations to describe more and more details. Let me decompose the pertur-
bations order by order:

0
dP'(X,t) = Y. dP"(X 1) ;
m=1 (2.41)
i Y ) — i (m)(y
Py(X,t) = Pm(X )
m=1
Some other conventions used a pre factor 1/m! or €™ to insure it is possible to
neglect the higher orders. Here the assumption that any term of order n can be
neglected with respect to any term of order n—1 is made. Without loss of generality
it is possible to constrain the initial data. The following set, with only first order
initial velocity and acceleration, is chosen.

Vi P (X ) =0
Py(X k) = PO ) = U (X)
P(X 1) = P””(ﬁ t) = W'y(X) = 2H:U°(X) .

¥

(2.42)

~—
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Each order requires to set two initial data, here vanishing initial data for the
orders n > 1 have been chosen. The decomposition of the perturbations and the
initial data set lead to a system of equations at any order. In this development
quadratic and cubic terms in P will appears, since the equations will be written
order by order these terms can be considered as sources. Thus the generic n'* order
system of equation will be written with an implicit summation over the order of
perturbations of the source terms:

AP B@ — Z AP B@ .

pre=n 2.4
AP BOCO® — Z AP BOO® (2.43)

r+s+t=n

Then, it is possible to develop from the first to a general n'* order the equations
((2.39),(2.40)). For the first order of perturbation, the equations are reduced to,

(239) = 6; APV A dX' = 6 o 2dU A X7 ; (2.44)
(2.40) = €jp (D —4nGoy) dP'™ A dX7 A dX*
=a e, AW A dX7T A dXF (2.45)
and the n order, for n > 1, Lagrange-Newton system reads,
(2.39) = 6,;dP"™ A dX’ = —§,;dP'® A dP'@ ; (2.46)
(240) = €| (D~ 4nGoy)dP™ A dXT A dX*

+ (2D — 47Goy)dP'® A AP/ A dX*
4G - .

+ (D= ou)dP' A AP A dPHO| < 0. (2.47)
At any order a closed system of equations is obtained, then any order admits an
analytical solution. All of these equations contain a linear time operator applied to
the higher order perturbation and non-linear source terms described by lower order
perturbations. To check the differential forms approach it is useful to perform the
projection onto tensorial equations using the Hodge star operator,

x(2.44) < 6ijeljkpi|(ll)ka=6ijeljka_2Uiuka

£ (51[]P’L|(ll]) = 61'[]'&_2Ui‘l]

— Py = Ugu; (248)

#(245) = et (D —dnGoy) P = a Peypet AW,

— 26, (D —4nGoy) P\, = 25,'a W,
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— pi\i(l) + 2Hpi|i(l) — 47Gom; afSPz'i(l) = a 3w - (2.49)

i

*(246) 5ij€ljkpi\(ln)ka = (51']'6“’k13i|<lp)Pjﬁ;)dX’C
= Gpc™P X, = 5z‘j€lpkpi|(lp 'PrdX"
— dipPy = 0Py P
S5 _ D) pita) .
— P[PU] - ]Dj|p[lp|;] ) (250)

#(2.47) <~ eijkelpq(D*47TGQH)Pi‘<Z")5jp5kq
4G

l i(p j(q) Sk i(r j(s) pk(t
— _eijkepq[(m) — dnGop) PP P06", + (D — TQH)P PP ‘51)]

— 2(D—4xGoy) P\ = — (2D — 4xGop) P\ P¥

? J
+ (2D — dnGon) P PY7 — (D - ?QH)Pi(J)PjI(J'S)PW
2D ?QH)P’?PJ'(;)P’“I;” +3(D - ?011)131(5)13]'(5)13@”
— P4 2HPY — dnGoy Py = —(D — 21Go) PP
(D — 2nGon) Pi|(;)) le(;> _ %(D _ ? on) Pi\([) pj|(js) p"i;?
0=y pippy o M0 PRy (e

We have to admit the n'™ order system of equations is not user—friendly at all. The
equations (2.47) and (2.51) are exactly the same. This highlights one of the main
advantages of the differential forms formalism: the compactness of the equations.

3.2 Solution scheme

First, I present a general solution scheme inspired by [Ehlers and Buchert, 1997].
The difference is that in our approach the perturbation gradients are considered
whereas Ehlers and Buchert used the integrated form of the equations (which
is possible, since the basic equations are vectorial) of the Newtonian dynamics.
Like any matrix, the perturbations and the initial data can be decomposed into
trace, symmetric traceless and antisymmetric traceless parts. The symmetric and
antisymmetric parts of any matrix are defined by

1
Vig = Viaj) + Vi) = V; + V; + Vz’? = §V5z‘j + VE? + Vi? : (2.52)

V" denotes the trace part, V'’ the symmetric traceless part and V" the antisym-
metric traceless part. The reader is referred to Appendix A for expressions of the
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symmetric and antisymmetric parts in term of differential forms. Thus the gradient
of deformation, of the initial velocity and acceleration are:

dP, ™ = dP ™ +dP, " +dP, " = P, \"dX' + P, “d X7 ;

(3 7 [3 7 1|7 1|] Y
dU; = AU; +dU; +dU;" = Ugpd X7 + Upjd X7 ; (2.53)
AW, = dW, +dW, " = W ;d X7 .

I will denote by 2, * and " the two indices objects dP;, P;, i.e. the operator is
applied on the whole object.

The Lagrange-Newton system is composed of the curl (2.48) and the divergence
(2.49) of the gravitational field. The curl of the gravitational field strength only
involves antisymmetric terms and vanishes. Thus the initial peculiar acceleration
gradient is symmetric, whereas the divergence of the gravitational field strength
only involves trace quantities. Using the definition of the symmetric and antisym-
metric parts, we can show that the general first order solution verifies:

T
(244) = §;dP"V A dXT =AU A dXJf a”2dt’ ; (2.54)

t
(245) — €D~ 4rGoy )PV A dXT A dX*
= €ijk a AW A dX7 A dXF (2.55)

uniquely determined by the initial data dU “ and dW* . In a similar way, the
symmetric/antisymmetric separation of the gradients applied to the general n'®
order leads to:

(246) — &; AP A dXT = NS (2.56)
(247) =  €x (D —47Goy)dP" ™ A dXI A dXF =NT™ (2.57)

uniquely determined by the following source terms:

t

.. . A
NG _ _ 5 (dPZ(p) A dp](q)) dt’: (2.58)
ty
VT =~ €je| (2D — dxGou)dP' A P A dX*
4G . . =
4 <D - ”TQH) AP A dPIO A dP’“(”] . (2.59)

Be careful, these sources contain non—trivial terms according to the solution scheme,
the source of the n' order curl equation is 6;;(dP"® A dP7)*. This involves the
coefficient RI[;” Pi| k(]‘” which cannot be expressed properly with the solutions of the
lower order equations. The traceless antisymmetric (curl) and trace (divergence)
equations are not enough because the mentioned source term contains also a trace-
free symmetric part which is not described by our first order system. It could be

48



3. PERTURBATIVE DEVELOPMENT OF THE LAGRANGE-NEWTON SYSTEM

a serious problem to go further in the resolution but I recall that the Newtonian
equations are vectorial. Thus the solutions can entirely be determined using this
alternative formulation. It is crucial to note that in the relativistic approach, the
vectorial expression does no exist, this technique cannot be used. Fortunately, the
relativistic system of equations furnishes additional constraints which give infor-
mations about the symmetric tracefree part.

The differential forms formalism is more convenient in some cases, for instance
we have seen that the n'™ order divergence is much more compact. Nonetheless, the
tensorial formalism is more frequently encountered. Our equations are expressed
with differential forms, in order to check the consistency of our results I compute
here their tensorial analog in order to compare them with the usual results.

(244) = Py = Uy J: a”?dt’; (2.60)
(245) = P+ 2HPY —4nGppia P\ = a "W, ; (2.61)
(246) — B = J pPio Pt ; (2.62)
(247) = P\ +2HP —4xGoy P = —(D — 2nGoy) P17 P1Y
+(D — 2nGoy) P PIY — ; (D - i 3G u) PP P
—(D - ﬁg )P PIOPRY 4 2(@ — ?QH)PT;)PJ';)P’T” . (2.63)

Then the sources are determined by the lower orders of perturbations with the trick
that the solutions from the Newtonian vectorial equations give all the informations
(trace, symmetric traceless and antisymmetric traceless parts).

3.3 Explicit solutions scheme

In this section I precise the explicit equations for the homogeneous, first and
second order Lagrange-Newton system. The differential forms and tensorial equa-
tions have been both computed previously. I will continue the developments in
parallel with the two approaches. The Newtonian resolution of this system has
been proposed in the papers of Buchert et al. [Buchert, 1992; Buchert and Ehlers,
1993; Buchert, 1994; Rampf and Buchert, 2012; Ehlers and Buchert, 1997]. The
last paper develops the differential forms formalism for the Newtonian dynamics,
whereas the four others deal with tensorial first, second, third and fourth order of
perturbations.

49



CHAPTER II. NEWTONIAN PERTURBATION THEORY

3.3.1 Homogeneous solution

The homogeneous Lagrange-Newton system is reduced to the derivative of the
Friedmann equation,

€ijk 32dXT A dXI A dXF = eiji (N — 47Gop) dX A dX? A dX* . (2.64)
a

Using the Hodge star operator, the homogeneous differential forms equation leads
to the derivative of the Friedmann equation 3 (i/a) = A — 47Goy; a®. Then
the homogeneous behaviour of our model follows the Friedmann equation, and
could be assumed to have one of the behaviour previously mentioned (FLRW,
EdS, spherical symmetry...). The Friedmann equation is easily obtained and is
3H? = 87Gopy; a2 —A. The explicit solutions for an Einstein-de Sitter background
will be presented later.

3.3.2 First order solution

The first order Lagrange-Newton system has to be compared with existing first
order Newtonian perturbative models [Buchert, 1992]:

t
(2.54) == §,;dP'™ A dX! = 5idei<l>f a ?dt’ A dX7; (2.65)
t

(2.55) <= €jr (D —4nGoy) AP A dX7 A dXF
= epa *dW' A dXI A dXF; (2.66)

and the associated coefficient equations are:

¢
(2.60) < P[(il|;.] = U[ilj]f a 2dt’; (2.67)

1

(2.61) <= P +2HP, —4nGoiya P, = a "W, . (2.68)

lé lé

The two equations are composed of a linear operator applied to P and source
terms which only depends on the initial data. The system is closed and leads to
solutions for the antisymmetric traceless and the trace part.

3.3.3 Second order solution

The second order has to be compared with existing second order Newtonian
perturbative models [Buchert and Ehlers, 1993]. The second order Lagrange—
Newton system is obtained by a restriction of the n'* order perturbative equations,

t
(256) «= 6,;dP™® A dX' = —4, f |aP® xapo]ar (2.69)
t
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(2.57) <= e€ji (D —4nGog)dP'™ A dXI A dX*

= eiji [(4nGog — 2D) dP™™ A dPIV A dX*]7 . (2.70)
On the other hand, in the tensorial formalism, the equations read:
¢
@ _ 51 pk() | gy
(262) <= P = Jt | PP | e (2.71)

(2.63) <= P\®+2HP\® —4rGoiya*P'

(2)
i

| | |
_ (Pilj“) +2HP " — 2nGoia P! <1>) P

lj |
|l.(1) — 27rGQiHa_3Pi|Z.(1)> Pj|

At first sight this system is not closed because of the expression of the source
terms that required the symmetric traceless part. But, as mentioned earlier, the
Newtonian equations admit a vectorial formulation, in which the curl and the
divergence equations described completely the perturbations. Then the source
terms are known thanks to the lower orders ((2.65)—(2.68)) and the second order
system is closed.

- (Pjg“ +2HP o (2.72)

3.4 Einstein—de Sitter explicit solutions

The equations of cosmology cannot be solved in the general case. Here, an
irrotational dust fluid in an Einstein—de Sitter space—time has been chosen. It
means our equations do not contain vorticity and pressure. The EdS background
is the solution for the Friedmann equation for an average density equal to the
critical density oy = p. and a vanishing cosmological constant A = 0. For this
solution the scale factor behaves as,

alt) — <t3i)2/3. (2.73)

The derivatives of the scale factor and the Hubble factor are frequently encountered
quantities, then let us write them with respect to time:

2 2
@=—a? ;oa= ——2a’2 ;
3ti 9ti 2.74
H=Zr o o 2 =
3 a9

3.4.1 First order

The first order system of equations has been computed previously in this manuscript.
The divergence equation (2.68) is solved in a first time.
It is frequently assumed that the solution admits a space—time splitting

P = (1) (X)) (2.75)

¥
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This method can be applied to a partial differential equation. It could give only a
subclass of the solutions, but it seems to fit pretty well reality. Thus the divergence
equation (2.68) can be split between its spatial and time parts as follows.

<é(1) i 225(1) B 47TGpHia_3€(1)) zi”(l) — a—3Wi|i ;
a

a

. 5 . ) L
£ 4 2551) + 355(1) —a 3 =G0V ;

(1) _ i

B3

(2.76)

Henceforth, G will denote the right-hand side of the first order equation (2.76).
On the one hand, the spatial equation is simply a definition of the spatial part of
the solution with respect to the initial data. On the other hand, the time differ-
ential equation admits an analytical solution which can be computed analytically.
Since the equation (2.76) is a linear second order differential equation, its solu-
tion is composed of two homogeneous (without source term) solutions "¢(¢) and
a particular solution P¢(¢). These three solutions could admit three different con-
stant coefficients, thus I define *C®, 2C™ and PC™ these coefficient. The complete
solution (superposition of the two homogeneous and the particular solution) is fac-
torised by the spatial function ziﬁ()? ) = Wﬂi then I define also spatial coefficients

for the space-time solutions by iCiﬂ(l) = ¢ Wi|i'

Piiu) _ 10i|i(1> 15‘”(t) + 2Ci|i<1> 25(1)(75) + pC«i‘iu) pf(l)(t>

= (1C<1) Le(t) + 2 26 (f) 4 PCW p§<1)(t)) Wﬂi ) (2.77)

A first test is to look for specific solutions such as exponential or power law. In fact,
one of these special solutions is correct: the power law solution. The homogeneous
solution is assumed to be of the form &(t) = a”, its derivatives are ¢ = na™ 'a

and € = n(n — 1)a" 24 + na" i. To be a homogeneous solution of the equation
(2.76), the power n has to verify the relation:

(n(n—1)a"?a® + na"'a) + 2aa™" (na"'a) + 3da”'a" = 0

2 e
9t—i2[2(n2—n)—n+4n—3]a =0
— 2M*+n—-3=0
3

As expected, the assumption of a power law solution leads to the existence of two
homogeneous solutions for time part of the first order divergence equation. These
two functions are the homogeneous solutions,

15(1> —a 25(1) —q32 (2.79)
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Hence the first order perturbations are composed of a homogeneous solution that
increases with the scale factor, and another that increases with the inverse of the
scale factor.

hPi|z‘(1) _ 1Pili(1) + 2Pi|i(l) _ 1Ci|i(1) a+ 20i|i(1) a—3/2 ] (2.80)

It exists a general method to find the particular solution of an equation of the form
of (2.76). This particular solution can be written,

pg(l)(t) _ C~(1) <1§(1)(t) fazG(l)(t/)zf(l)(t,)dt/

—260(1) J aQG“’(t’)lg“’(t’)dt’> ; (2.81)

with G = a2, Injecting the homogencous solutions presented earlier in the
paragraph, the particular solution reads,

PEO(1) = —;tié“’ _ (2.82)

The coefficient C can be determined if the function P¢ is injected in the equation
(2.76). For this we need to compute the time derivatives of this function. Fortu-
nately, the particular solution P£(t) is constant in time, then its derivatives vanish.
In another case, these derivatives could be non zero. When the function P£(¢) is
injected, the time differential equation reads,

2\ . /-5\ ..
aw) (7))

— §ti_1 cw =1
3

5 t

5

This last results give all the informations about the constant factor of the particular

solution, which reads:

— (W=

(2.83)

PED() = PCY) = —gtiz ) (2.84)

Nevertheless, in the case of our comoving equation the particular solution can be
found trivially. Before the substitution of the Friedmann equation, the non derived
term of the equation (2.76) (—47Go; a™* £€V) and the source (G = a~*) have the

same a(t) dependence. Moreover an EdS model was chosen, then —47Go; a™> =

3 (d/a) = —(2/3) t; ?a~>. Then a constant is obviously a particular solution.
. 3
3L Pe(t) =a® = PE(t) =PCY = - (2.85)
a
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In fact, the result of the expression of P¢ gives a little more information than
the time dependence: the expression of PC" is obtained. This expression will be
confirmed by the further calculations about the initial data. At first order it is
possible to put aside these informations and work with a simple constant which
will be evaluated thanks to the initial data, but it is not the case for higher orders.
The first order solution is now described by the functions,

PO 1) = (1e()alt) + 20 (£)a (1) +Pe) 24, 0(X)
- (1c<l> (X)a(t) +2C0(X)a=2(t) — ;ti ) LX) (2.86)
where the spatial part is z| = W', and 1e™(X), 2¢V(X) are undetermined

coefficients. The initial data allow us to express these coefficients through a system
of three equations: the initial gradient of deformation, the initial velocity gradient
and the initial acceleration gradient. Moreover, these constraints offer a consistency
check of the expression of the spatial part. I remind that the scale factor a(t) is
defined by (2.73).

Pl(l (X t) (lc(l) + 2c<1> + pc(1>> 1 (1) _ =0

|4 |4

5i(1) [ v Qti_l 1,(1) —1 2,(1) z (1) i
PO ) = (- 1ev -6t e —U

A

|z

i

-2
pig)()z’,ti) _ ( 2t9 1C(1) + 2t -2 26(1)> i (1) Wi»

((IC“>+2C<”+F’C<”) im_

i

|

2 j j
_1 26(1) o gF'C'(l)ti—1> ZZ .(1> = UZ|Z'

475171
3

,2 2C<1 + ;pc(l)t 2) i @ Wl Uz'”

( (lc<1> + 200 4 pc(l)) Zi\z‘(l) -0

— A (_gti_l 200 _ ;pc(l)ti_1> LW Ui“

K3

2pc(1)t -2 1 1) Wz
L 3 i
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( , 3 . 4 3
1 1 (1) 7 ”m 2 ”71 2
C(l)z . - g (U |’Lt1 - |Zt1 ) + 5 |2tl

|

2 s < 32C(1) 7 (1) U’L Wz|lti2

. 3
pA) i (1) _ Oy g

ChVz = 2W|i
\

This system contains three equations and three functions. The Gaussian elimi-
nation leads to the following constraints:

9 3

1 i (1) 1o, i) _ t 32 4 Trrio4o
o COLY = Wit + Ut

4 201 (1) __ 26(1) Z|z<1) gwiz‘ti2 _ gUiﬁti ; (2.87)
p0i|;1> PO i <1> §Wi|¢.2

[ 2"

The first order equation is now completely determined thanks to the initial
velocity gradient, initial acceleration gradient and the scale factor.

i (2.88)

; 9 3 3. 3 3
pio Wz t + Uz S ‘ti2 Uz —3/2 Wz
i (m B 50 50 I

The second equation is the curl of the gravitation field strength at first order
(2.67). It trivially gives the expression of the curl of the first order perturbations
with respect to the initial velocity gradient,

By = =3tUp0 2. (2.89)

According to the vanishing of the initial perturbations, the relation is reduced to:

Upiy) = 0 - (2.90)

3.4.2 The Zel’dovich Approximation

The Zel’dovich Approximation (see [Zel'dovich, 1970a,b]) is assumed to be true
for our initial data, the CMB epoch. This assumption has already been discussed
previously (see chapter I section 4). After a sufficiently large amount of time,
assumed to be reached at the CMB epoch (i.e. our initial data), the dynamics is
led by the growing mode solution. Our initial time is sufficiently large, the growing
mode solution is:

P = 10“ (2.91)

|2
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The associated initial data and the time behaviour of the scale factor (2.73) lead
to:

g 2 . .
Pt = 570 = Ul
1 2 1 vi( ”m 7

(2.92)

T
-
=

—~

~
<

S—
|

li -

The initial data set leads to a relation between the initial velocity gradient and the
initial acceleration gradient: the slaving condition.

Wi =— (=" )t + -7,
iT73 <3ti i > 3T

. . 3 .
= Wiy =Ut " = SHUY,; . (2.93)
This additional constraint brought by the Zel’dovich Approximation allows us to
write the solution of the first order Lagrange-Newton system with only one of the
two initial data: the initial velocity gradient or the initial acceleration gradient.
Thus, in the framework of this approximation the first order solution reads,

A 3 .
P = iwmtf (a—1) . (2.94)

3.4.3 Second order

Here, the resolution of the divergence comoving equation (2.72) is proposed. A
similar space—time splitting is assumed for the second order solutions, the associ-
ated equations are:

P2+ 2HP® — 4nGoiya™ P'

(2)
i

|
_ (Pj;“ +2HP '

j(l) _ 27TGQiHa_3Pi‘j(l)) P

o 27TGQiHa—3Pi|i(1)> P

(1)
| i

—~ (P"h(” +2HP"

(1 .
i

5(2) + 295(2) + 3é§<2) = %tﬁ (a_1 — a_g) =G®?;
a a

‘ 4 . (2.95)
i 2 _ i i i 179
O = WhWH, = W
It is important to note that the first order solution gives information only about
the trace. So what does W, mean? Do we chose an arbitrary expression? This
problem is more or less treated implicitly thanks to the vectorial formalism. Here,
the Zel’dovich solution (2.94) is generalised such as le(;) = (3/2) Wl|jti2 (a—1).
This extrapolation is correct and proved in chapter IV section 4.4. The time
differential equation is quite similar to the first order equation. The homogeneous
equation is identical to the first order: the time operator is exactly the same. The
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difference resides in the source G which is quite different but rather simple thanks
to the Zel’dovich Approximation. This equation admits the same homogeneous
solutions:

hpLE =10 a4 200 P e (2.96)

Nevertheless the source term is a bit different. The differential equations respect
some very useful theorems. The superposition theorem assures that a superposition
of two particular solutions for two different sources is a particular solution for the
whole source: for all linear systems, the net response at a given place and time
caused by two or more stimuli is the sum of the responses which would have been
caused by each stimulus individually. It is also possible and fairly straightforward
to use the general method described in the first order paragraph in order to compute
the particular solution. Anyway, both methods lead to:

9 3
Pe _ _ti4 1+ =a?) . 2.97
¢- gt (1+ 2 (2.97
Thus, the second order solution can be written such as,
Pili(z) = (10(2)(1 + 202732 4 gt(‘ <1 + %aQ)) zih.(z) . (2.98)

A specific set of initial data has been chosen in which the initial velocity gradient
and the initial acceleration gradient are first order quantities. Moreover the initial
gradient of deformation is null; thus the initial data set leads to,

(

o 45 .
i(2) N — (1p@ 4 2002 A\ i@ _ Q.
P|i(X’t‘)_<C +“C +28t1)z|i =0;
5i(2) (¥ _ 2t 10(2) 1202 i@ _ .
L PP(X ) = —3 C® =t “C” )" =0y (2.99)

-2
P'O(X 1) = (——Qt; 1C® 424,72 2c<2>) 2P =0.

This system of equations constraints the constant of the second order solution.
The following system is obtained thanks to a Gaussian elimination:

27

10(2) _ 1C(2)Zi|i(2) _ *_ti4zi|i(2) ;
2 (2.100)
20(2) _ 2C(2)Zi|;2) _ _gt#ziﬁ@) )

Note the first order influences the second order dynamics through the source term
G®. We assumed the slaving condition for the initial data, it leads to a simpler
expression for the first order solution. Then the Zel’dovich Approximation second
order solution is:

. 1 4 A
PZZ’(Q) _ ?ti4 ( 3 CL2 _ §CL + = — —CL3/2) 2 ) . (2101)

i T4 \14 57 T2 35 L
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3.4.4 Third order

I do not present here the explicit calculations but the third order solution is
available and can be computed with the same method (see [Buchert, 1994]).

; 9/ 1 3 1 1 4 4 ;
i@ _ 2 L 3 2o L 1 a2 E )i
P = 1 <126a =0 + 0% 6 + = 35 % 3152 )z i (2.102)

4 Concluding remarks

The perturbative solution of this problem up to a certain order is obtained
from the summation of the perturbative solutions until the chosen order. The
perturbation up to second order is then described by the following function,

3 2 1 (1) 9 4 3 3 1 4 —3/2 i (2) ,
P = éti (a—1)2"; —i—4t 14a gt T gl 2 (2.103)
’L (1) W'L
“li i (2.104)

2B = WW, = Wi

These results extracted from the comoving equations are naturally coherent
with the results from Buchert et al. [Buchert, 1992; Buchert and Ehlers, 1993;
Buchert, 1994; Ehlers and Buchert, 1997]. Most of the applications to large—scale
structure formation are based on these equations and resolutions. One of the
main advantages of the Lagrangian formulation of gravitation is the possibility
to describe high density contrast which logically appears during the large-scale
structures formation. Many statistical studies exist. A beautiful image of the
power of the Lagrange-Newton perturbative approach was shown in [Weiss et al.,
1996]. The two points of view of the fluids mechanics are compared in this paper.
For the same kind of initial data two simulations are performed. The fig. 2.3 shows
the density contrast in a box of (200 h~'Mpc)® box.

e On the first plot, a numerical resolution of the Euler-Newton equations. The
code is built to numerically approach the solution of the system. For each
time-step the code solves locally the Poisson equation by a fast Fourier trans-
form and re—evaluates the density in each cell of the simulation. This process
is repeated step by step in order to obtain the final repartition of matter. It is
not a perturbative development and it demands a certain amount of calculus
time. At each step the resolution of the Poisson equation has to be performed.
The left panel 2.3a shows the density map produce by this approach.

e On the second plot, a numerical plotting of the second order solutions of the
Lagrange-Newton system. The code is fed with the solution, just like these we
computed earlier, and CMB initial data. Then the trajectories are evaluated
and at the ending time a regular grid is applied and according to the number
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(a) Eulerian (all orders) numerical resolution. (b) Lagrangian (order 2) analytical solution.

Figure 2.3: Density contrast in a simulated box of size (200h~'Mpc)®. The left panel fig.2.3a
is the result of an Eulerian numerical resolution of the equation, the right panel fig.2.3b is the
result of a second order Lagrangian analytical realisation. (credits: A. Weiss et al. see [Weiss
et al., 1996])

of trajectories which end in a cell the density is computed and plotted. An
advantage of this method is to avoid the numerical resolution step and gain
calculus time. The right panel 2.3b shows the numerical plotting of the second
order Lagrange-Newton analytical solutions.

The difference between the two maps is slight. But the first method requires a nu-
merical resolution whereas the second is just the plotting of analytical functions.
Both simulations are performed with the same set of initial data. It is really im-
pressive to see that a second order Lagrange—Newton analytical solution is enough
to fit the whole Eulerian numerical resolution. It is one of the best example of the
power of the Lagrange approach.

Other comparisons between the Lagrangian Perturbation theory results and N—
body simulations are available in [Buchert et al., 1994; Melott et al., 1995; Pauls
and Melott, 1995; Sahni and Shandarin, 1996; Buchert et al., 1997; Karakatsanis
et al., 1997] and and more recently in [Nadkarni-Ghosh and Chernoff, 2011].

5 The motivation of a relativistic perturbation theory

The Newtonian matter evolves on a flat Euclidean space. But we know since
[Einstein, 1916] that the gravitation is not so simple as suggested by Newton in the
XVII™ century in Philosophie Naturalis Principia Mathematica. The space and
its content cannot be considered independently: “Space-time tells matter how to
move; matter tells space—time how to curve” (John Archibald Wheeler in Geons,
Black Holes, and Quantum Foam, p. 235).
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e Most of the models, even the standard model of cosmology, are so restrictive

that they are quasi-Newtonian or even fully Newtonian. The standard model
requires Dark Matter and Dark Energy to fit the observations. Since several
decades the scientific community is looking for them. Could this model be too
restrictive? Does the cosmological principle, in its commonly admitted formu-
lation, intrinsically lead to a Newtonian dynamics? Why does the standard
model ignore the impact of geometrical inhomogeneities on average properties
of the Universe model?

These open—ended questions motivate the necessity to deal with richer de-
scriptions in order to go beyond the standard model. Perhaps the Universe is
naturally homogeneous and the global dynamics decorrelated from the local
dynamics. I am very optimistic with the relativistic perturbations and the
impact of important contrasts of density on the geometry, the dynamics and
the content of the Universe. Meanwhile a huge amount of works has been ded-
icated to this subject, references may be found in [Buchert et al., 2000; Kolb
et al., 2006; Réasanen, 2006b,c; Buchert, 2008; Buchert and Carfora, 2008;
Larena et al., 2009; Kolb, 2011; Buchert and Ostermann, 2012; Buchert et al.,
2013].
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Lagrangian relativistic perturbation theory

This chapter is based on a paper in preparation, [Alles et al., 201/].

1 Imtroduction . . . . . . . . ... 62

Equations of motion and constraints . . . . . . ... ... ... .. 64

2.1  Notations and technicalities . . . . . . . ... ... ... .. 64

2.2 Newtonian theory . . . ... ... .. ... ... .. ..., 65

2.3  FKinstein theory in the Lagrangian frame . . . . . . . . . .. 67

2.4 Gravitoelectric set of equations in the Minkowski Restriction 69

2.4.1  Definition of the Minkowski Restriction . . . . . . . .. 69

2.4.2  Equivalence of the gravitoelectric equations . . . . . . 70

3  General first order perturbation and solution schemes . . . . . . . 71

3.1  First order perturbation scheme . . . ... ... ... ... 71

3.1.1 Homogeneous equations . . . . . .. ... ... .... 73

3.1.2  General initial data setting for the perturbations . .. 73

3.1.3  Relativistic “Poisson equation” and consequences for W* 74

3.1.4  Summary ... ... 75

3.2  First order equations . . . . . . ... ... ... .. ... 76

3.3 Solution building . . . . . ... ... o0 81

3.3.1 Space-time splitting . . . . ... ... ... ..., 81

3.3.2  Initial data evaluation . . ... ... ... ... .... 82

3.3.3  Example: solutions at an EdS background . . . . . .. 84

4  Comparison with other works . . . . .. ... .. ... ...... 85
4.1  Solving the first order Lagrange-Einstein system in terms

of scalar and tensor modes . . . . . ... ... .. ..... 86

4.1.1  Scalar equations and solutions . . . . . . ... ... .. 86

4.1.2  Tensor equation and solution . . . . .. ... ... .. 87

4.2  Comparison with other works . . . . . . .. ... ... ... 88

4.3  MR: recovering the standard solutions for scalar perturbations 90

4.3.1 MR of the perturbed Cartan coframes . . .. ... .. 90

4.3.2 MR of the equations . . . . ... .. ... ... .... 91

5 Concluding remarks . . . . . .. ... L o o 92

61



CHAPTER III. LAGRANGIAN RELATIVISTIC PERTURBATION THEORY

1 Introduction

In the previous work of the series of papers [Buchert and Ostermann, 2012;
Buchert et al., 2013], the authors laid down the foundations of the Lagrangian
perturbation theory by writing Einstein equations in the 3 + 1 form for a single
dynamical variable. They investigated its first order solutions for the trace and
antisymmetric parts, extrapolated this solution in the spirit of Zel’dovich Approx-
imation in Newtonian cosmology, and provided a definition of a non—perturbative
scheme of structures formation [Buchert and Ostermann, 2012]. Then, they stud-
ied the average properties of this latter in relation to the Dark Energy and Dark
Matter problems in [Buchert et al., 2013]. Here, we proceed with the presentation
of the general first order solution that cover the full Newtonian Lagrangian schemes
through a restriction procedure that we shall define. As in previous works we re-
strict our attention to irrotational dust continua for simplicity. The generalisation
to more general matter models and general foliations of space-time is scheduled.

The reader may wonder why we investigate the problem of perturbation solu-
tions in general relativity, while this has already been done by a plethora of works
(for a selection of key-references on standard perturbation theory see [Bardeen,
1982; Mukhanov et al., 1992; Kodama and Sasaki, 1984; Durrer, 1988]). The
reason lies in the conceptual difference of our framework in comparison with the
standard one. We are perturbing a single dynamical variable which, intuitively,
is the square root of the spatial metric. Since we are looking for an intrinsic de-
scription of the evolution of the perturbation fields, we define perturbations on the
perturbed space, not on a global background.

A similar point of view has also been taken in previous works, the pioneering
works by Kasai presents a relativistic generalisation of Zel’dovich Approximation,
and follow—up works with his collaborators presents a class of second order per-
turbation solutions [Kasai, 1995; Russ et al., 1996]; see also the earlier papers by
Tomita [Tomita, 1972, 1975, 1993; Tomita and Deruelle, 1994; Tomita, 2008], as
well as the series of papers by Matarrese, Pantano and Saez [Matarrese et al.,
1994a,b, 1998]. All these works are in a wider sense concerned with the relativistic
Lagrangian perturbation theory. Still the present work goes beyond these latter
works through the following elements:

e We consider, as in [Buchert and Ostermann, 2012; Buchert et al., 2013], a for-
malism that allows us to write the Einstein equations with a single dynamical
variable comprising the Cartan coframe fields. These furnish the conceptual
generalisation of the Lagrangian deformation gradient being the single dy-
namical variable in the Newtonian theory. One advantage of this approach is
that only perturbations of this dynamical variable are considered, which enti-
tles us to express all other physical quantities as functionals of this variable.
Thus, we inject the deformation solutions at a given order of expansion of
the Einstein equations into the functional definitions of these fields, without
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a posteriori expanding the functional expressions. This provides highly non-
linear approximations for structure formation (e.g., the density field is known
through an exact integral of the perturbation variable; the metric as a bilinear
form maintains its role as a measure of distance, i.e. as a quadratic expression,
ete.);

e We provide construction rules to derive relativistic solutions from known New-
tonian solutions: we have to additionally study the traceless symmetric part
of the equations having no obvious Newtonian analog, and which is funda-
mentally linked to the traceless Ricci tensor and the physics of gravitational
waves;

e By furnishing this Newtonian analogy we employ a division of the system of
equations into gravitoelectric and gravitomagnetic parts;

o We perform a strictly intrinsic derivation, i.e. without reference to an external
background space. In previous works, although starting with the Cartan
formalism, the non-integrability of the Cartan deformations is given up for
the building of solutions, hence implicitly introducing a reference background
space—see section 4.2;

o We extend the perturbation and solution schemes to any order of the pertur-
bations for the gravitoelectric part of the Lagrange—FEinstein system. These
schemes will allow us to construct the trace—parts of relativistic solutions at
any order.

Before we start, let us recall our strategy (for details the reader is directed to
[Buchert and Ostermann, 2012]). In the Newtonian theory the Lagrangian picture
of fluid motion allows us to represent Newton equations in terms of a single dy-
namical variable, the deformation gradient built from the trajectory field. For this
system the general perturbation and solution schemes at any order are provided
in [Ehlers and Buchert, 1997]. Einstein equations can be formulated in terms of
equations for the electric and magnetic parts of the Weyl tensor. Subjecting the
electric subsystem of equations to a “Minkowski Restriction”, i.e. by sending the
Cartan coframes to exact forms, directly yields the Newtonian system with a finite
light velocity in Lagrangian form [Buchert and Ostermann, 2012] and [Buchert,
2011]: Sect. 7.1. In the following, the term Newtonian means Newtonian with a
finite speed velocity.

Furthermore, the reverse process, i.e. the transposition from integrable to non—
integrable deformations, enables us to construct a gravitoelectric subclass of the
relativistic perturbation and solution schemes that directly corresponds to the New-
tonian perturbation and solution schemes. While the Newtonian system furnishes
a vector theory, where the gravitational field strength is determined by its diver-
gence and its curl (the trace and antisymmetric parts of the deformation gradient),
the so generalised schemes deliver nontrivial solutions for the tracefree symmetric
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CHAPTER III. LAGRANGIAN RELATIVISTIC PERTURBATION THEORY

part that is connected to the gravitomagnetic part of the Weyl tensor, having no
obvious Newtonian counterpart.

This chapter is structured as follows. Section 2 recalls the equations of relativis-
tic cosmology for an irrotational dust model. We highlight the equivalence between
the Newtonian and the gravitoelectric sets of equations in the Minkowski Restric-
tion in section 2.4.1 and 2.4.2. Section 3 provides the first order perturbation and
solution schemes, with a discussion of the initial data and constraints. Section 4
investigates tracks of application to the linear theory of gravitational waves and
performs a comparison with the standard perturbation theory, which includes a
discussion of related work. Finally, section 5 sums up and concludes.

2 Equations of motion and constraints

In this section, after setting notations, we recall the Einstein equations, written
in the 3 + 1 form and expressed through a single dynamical variable, represented
by Cartan coframe fields as functions of local coordinates in the 3—hypersurfaces,
the 3+ 1 space—time foliation is described in the appendix D. This recalls the parts
of [Buchert and Ostermann, 2012] relevant to this chapter.

2.1 Notations and technicalities

We first employ the differential forms formalism for its compactness and anti-
symmetric properties, and its diffeomorphism invariance. We then project to the
common coefficient formalism in which we work out the solutions.

We consider a set of a (any number) differential k—forms k. The coefficients
of these fields can be expressed in the exact basis {d X"} of the cotangent space
at a given point, k% = k° dX™ A ... AdX"™, where A is the wedge product

i1k

(antisymmetrisation of the tensorial product A B = A® B— B® A). Their ex-

terior derivative yields dk* = k%, ;, dX " AL AdX™® AdX™. For general forms
we choose the letters a,b,c--- as counter indices (they refer to the non—exact
basis—see below), while the letters 7,7, k--- are reserved for coordinate indices

(they refer to the exact basis). The Hodge dual is denoted by a star and defined
in n—dimensional space by:

R , ,
*ka — Mezl‘“zk' CdXIEY A A dXIm ; 3.1
(n — k)l Jk+1--Jn

with ¢t insarnjn the Levi-Civita pseudo-tensor. In standard perturbation theory

the bilinear metric form is considered as the dynamical variable. In this chapter, we
consider the matter model “irrotational dust” and employ a 3 + 1 flow—orthogonal
foliation of space-time, for which the 4- and 3-metrics read:

Wg - —dt@dt +Pg with g =g, dX' @dX’; (3.2)
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where X" are Gaussian normal coordinates, equivalent to the Newtonian Lagrangian
coordinates. It results in the 3 + 1 equations, equivalent to the ADM equations
(Arnowitt—Deser—Misner), composed of six equations of motion and four constraint
equations. In this foliation the 4—forms can be restricted to a t—parametrisation
of three spatial 1-form fields.

The description of the fluid continuum in terms of vector—valued trajectories is
impossible if we do not move to a higher dimensional representation since it needs
an embedding vector space. To describe the fluid intrinsically, it is necessary to in-
troduce non-exact forms, known as the Cartan spatial coframe fields n* = n%d X",
with @ = 1---3, known as the Cartan spatial coframe fields. This approach is
called the Cartan (or tetrad or vielbein) formalism [Kasai, 1995]. The Cartan for-
malism permits to switch between a non—exact basis and the coordinate basis. A
key—element is the freedom of choice of the normalisation of the non—exact basis.
In order to obtain equations that are closer to the Newtonian ones, we choose the
orthogonal basis, as explained in Appendix E. The reader is directed to [Buchert
and Ostermann, 2012; Buchert et al., 2013] for additional informations and impli-
cations related to this choice. Formally, this means that the metric is decomposed
as:

Og =Gun*®@n" ; (3.3)

where G, is constant in time: G, = G,(X). Note that for exact forms, n® = d f¢,

the counter indices become coordinate indices, since the functions f* can be used
to define global coordinates x* = f**. In this case,

Bg = G;dr' @ da? ; (3.4)

which defines a flat space-time with z° the global (Eulerian) coordinates.

Whatever the basis choice is, the exact functional for the density is given as in
the Newtonian approach: oJ = g;J;, where the index ; marks the initial conditions
and J is defined as coefficient function of the 3—volume form:

J = %’n At AT = E%’“dei AdX) A dX*

= J=JdX="n ; J=\y; (3.5)

with d®X the volume 3—form of the exact basis, and g := det(g;;).

We first recall the basic systems of equations governing an irrotational dust
continuum in the Lagrangian formulation of the Newtonian theory. Then, after
presenting Einstein theory formulated in the Lagrangian frame, we list the coun-
terpart of the gravitoelectric equations in the latter theory.

2.2 Newtonian theory

In the Lagrangian picture of self-gravitating fluids a family of trajectories,
2’ = fY(X* t), labelled by their Lagrangian coordinates {X’, i = 1,2,3}, is in-
troduced. It furnishes a one—parameter family of diffeomorphisms, parametrised
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CHAPTER III. LAGRANGIAN RELATIVISTIC PERTURBATION THEORY

by the Newtonian time ¢, between the Eulerian {2’} and Lagrangian coordinates
{X"}. Regular solutions of the Lagrange Newton system of equations have to obey
four evolution equations. The three components of the trajectory field (also posi-
tion field) f*(X* t) are the only dynamical variables. Other fields are conceived to
be represented as functionals of the trajectory field like the velocity, acceleration,
density and vorticity fields, etc.,

b= f o d=f s o=a(J) )
aﬂ = (wi® i / ) (3.6)

where the over—dot denotes time—derivative along the trajectories. J/.J; = det( fi‘ i)
is the Jacobian of the coordinate transformation, normalised to the initial Jacobian.
The spatial derivatives with respect to Lagrangian coordinates are abbreviated by
a stroke |. The acceleration field a is identified with the gravitational field strength
g', respecting equivalence of inertial and gravitational mass. Once a given field is
represented as a functional of the deformation, it can be represented in the Eulerian
frame by inserting the inverse of the transformation f*. Note that .J; can be set
to 1 if we require #° = X' at initial time. The closed Lagrange Newton system
is defined by the nonlinear gravitational evolution equations ((3.7),(3.8)) for the
deformation gradient (see [Ehlers and Buchert, 1997] and chapter 1T section 2.2.2
equations ((2.18),(2.19))):

Si;dfi Adfi=0; (3.7)
1ewkdf Adfi Adff = (A —4nGo)d®f ; (3.8)

with A the cosmological constant, G the gravitational constant, d®f = Jd>X the
3—volume form. Equation (3.7) corresponds to the Eulerian curl, whereas equation
(3.8) corresponds to the Eulerian divergence of the gravitational field strength. In
the above equations the exact integral for the density (third equation of (3.6))
has to be inserted to reduce the number of variables. For A = 0 the system
does not explicitly contain the Jacobian, provided J # 0. Regular solutions are
characterised by J > 0. Since, in the Newtonian theory, the Cartan coframe fields
are exact forms, equation (3.5) reads:

J = %ﬂ"“dﬂ Adfi A dft = %’“dei A dX7 A dXF
— J.=JdX =d%f ; J= det(f’fi) : (3.9)

where d®X is the Lagrangian volume 3—form. The coefficients of these equations
are equivalent to the usual coefficient equations for the deformation gradient df*
in Lagrangian coordinates:

0 ipf g = 0 (3.10)
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1 .
Seiine iy 1, Y, = AT — 4nGol . (3.11)

An alternative to express the curl in the Lagrangian approach is:

0 epqri€™ Fryjif 1y £, =0 (3.12)

2.3 Einstein theory in the Lagrangian frame

We here formulate the Einstein equations in the Lagrangian frame using Cartan
coframe fields. The system of equations we obtain will be called the Lagrange-
Einstein system (LES).

With a similar method as previously with ((3.7),(3.8)) , the relativistic equations
can be derived. In terms of these Cartan coframe fields and in the orthogonal basis
representation, the irrotational dust continuum is assumed and governed by the
following evolution and constraint equations:

Gupii® AP =0 (3.13)

%edbc (N An® Am) = (-R% + (ArGo+ A)6%) JA*X ;  (3.14)

€ave N AT AN = (167Go + 2A — R) JA*X ; (3.15)

€abe (df}a AN+ W A nt A nb) =0; (3.16)

with R”; then Ricci tensor curvature and R the Ricci scalar curvature. The equa-
tions are respectively the symmetry condition (3.13), the equation of motion (or
equation of evolution of the fluid expansion tensor) (3.14), the energy constraint
(3.15) and the momentum constraints (3.16). They are called the 3 4+ 1 equations
and are equivalent to the ADM system of equations obtained thanks to an Hamilto-
nian formulation of general relativity. The combination of the trace of the equation
of motion and the energy constraint straightforwardly leads to the Raychaudhuri
equation:

1 .. . .
Eeabcna AN AN+ een AT AT = (=R + (4rGo + A)§%) JA>X
— §€abclﬁa AN AN+ eqpen® AP A =
€avel” AT AN — (167G + 2A) JA*X + 3 (4nGo + A) Jd3X
1 ..
— Eeabcn“ AN’ AN = (A —47Gp) JA*X . (3.17)

To express the above equations we have implicitly used the Cartan 1-form connec-
tion w® and the 2-form curvature Q% that we do not explicitly need:

w =7%n°; (3.18)
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a 1 a c
0y = 573 beall” AN (3.19)

with the connection and curvature coefficients in the non-exact basis v%, and R, ;.
The 3-Ricci tensor can be expressed with the 2-form curvature:

R 0% An® Am©=0"Q% A — 67 A" (3.20)

We use the Hodge star operator to obtain the coefficients of the 3 + 1 equations
in the exact basis dX*. Since p = 0;J 7%, J = 0, we get:

#(3.13)

#(3.14)

#(3.15)

+(3.16)

—

—

!

——

Gaii®n’;e? [ dX* =0
Gapiifn’;y = 0 ; (3.21)

Eapee” (ﬁainbjnck) = (R + (AnGo+ A) &%) J

— N =

Wi (Jﬁakedk)‘ eaindj = (=R + (4rGo + A) %)) ffaindj
= (Jeditedn®s + 7 (et + edit) ednt,)

— (—Ri, + (4nGo+ ) 5')) J
_eaiﬁaj + (édkﬁakeaiﬁdj + edkﬁakeaindj + edkhakéaindj - edkﬁakéaiﬁdj)

= (—R'; + (47GoN) &) J

y . k . y d k.. y d k- . .« g d k . y -d
Z0' + (e e + ef e n + efnten’ + efnte )

= (=R, + (4nGoA) d}) J

Sl

5 (Jealnaj + J (e 1%e.n") ) = (—R'; + (4nGoN) &) J

L g Cia iva i i
= (Je;nj T (e, +eanj)) = (=R}, + (4nGoA) &) J
1 A ca c\- % 7
5 Cabe€ M tntn©) = =R, + (4nGo+ A) &' ; (3.22)
€avc€? 11" = (167Go+ 2A = R) J
1 mjk a b ¢ R .
5 Catce /I —5 + (87Go+ A) (3.23)

(eabceiklﬁajnbkncl) " _ (€abc€ikl7;]ainbkncl) (324)

li’

where a double stroke || is the covariant derivative with respect to the 3—metric
and the symmetric connection. The last equivalence is not easy to show in the
general case, but the perturbative equations match well. As for the differential
forms system of equations, the trace of the equation of motion and the energy
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constraint (3.23) leads to the Raychaudhuri equation:

x(3.17) = %eabceiklﬁ“mbkncl =A—4nGo . (3.25)

The system ((3.21)-(3.24)) consists of 13 equations, where the first corresponds
to the symmetry condition (3 equations), the second to the symmetric evolution
equations (6 equations), subjected to four constraint equations (1 equation for
the energy constraint, and 3 equations for the momentum constraints). Thus,
the first nine equations furnish evolution equations for the nine coefficient func-
tions of the three Cartan coframe fields n®. Note that the relativistic system
requires nine functions, 7%(X", ), to be determined, whereas the Newtonian sys-
tem just requires three functions, f(X*,t). These latter are fully determined by
the Lagrange-Newton system.

As we will see in the next section, the first three equations together with Ray-
chaudhuri equation are generated by the spatially projected gravitoelectric part
of the Weyl tensor and yield the Lagrangian form of Newton equations in the
Minkowski Restriction [Buchert and Ostermann, 2012]. For irrotational matter
flows, as is assumed throughout this chapter, the first equation of both system
((3.13) and (3.21)) can be replaced by:

G An" =0 ;5 Guifin’; =0 (3.26)

The above system of equations ((3.21)—(3.24)), i.e. the coefficients of the differential
forms equations, is equivalent to the results developed in [Buchert and Ostermann,
2012] in a different basis. In the first paper the choice of the orthonormal basis has
been made, whereas since the second paper [Buchert et al., 2013] the choice of an
orthogonal basis is preferred for reasons of a formally closer Newtonian analogy.

2.4 Gravitoelectric set of equations in the Minkowski Restriction

We here define the Minkowski Restriction that will prove useful when we will
compare the Lagrangian perturbation theory with the standard one. We will also
show that, in the Minkowski Restriction, the relativistic and the Newtonian grav-
itoelectric systems coincide.

2.4.1 Definition of the Minkowski Restriction

Let n® be a set of four 1-form fields indexed by « (Greek letters running in
{0,1,2,3}) in a 4—dimensions manifold. This set of forms n® is said to be exact,
if there exist functions f¢ such that n® = df® (see definition (2.16)), where d
denotes the exterior derivative operator, acting on forms and functions.

The Minkowski Restriction (henceforth MR) consists in the replacement of the
non—integrable coefficients by integrable ones, n®, — fof:“ , keeping the speed
of light ¢ finite. With this restriction, the Cartan coframes become deformation
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gradient, and the local tangent spaces all become identical and form the global
Minkowski space—time. The Newtonian limit can be defined as an MR of Einstein
theory with the additional property to send ¢ to infinity. In the flow—orthogonal
foliation, employed in this chapter, the 4—dimensional coframes reduce to n° =
(dt,n*), and their MR reads df* = (dt,df*~"). Note that c is set to 1 throughout
this chapter. Inverting the MR provides us with a rule to construct relativistic
Lagrangian solutions from known Newtonian solutions, as will be detailed in this
chapter.

2.4.2 Equivalence of the gravitoelectric equations

As we have seen in section 2.3, the Cartan coframe fields obey the symme-
try condition (3.13) and Raychaudhuri equation (3.17). These equations make
up the gravitoelectric part of Einstein equations in the orthogonal basis [Buchert
and Ostermann, 2012] equations (62-63). The name “gravitoelectric part” is mo-
tivated by the fact that these equations are generated by the spatially projected
gravitoelectric part of the Weyl tensor. This tensor is an analogy to the Faraday
tensor in electromagnetism, and the gravitoelectric part of the Weyl tensor is ana-
log to the electric part of the electromagnetic tensor. In the orthogonal basis we
have J; = \/5, so oJ = p;. We already saw similarities between the gravitoelec-
tric part of the relativistic equations ((3.13),(3.14)) and the Newtonian equations
((3.7),(3.8)). It is possible to go further by considering only the trace part of the
relativistic equation (3.13),

1 . .
o Cabe (7" An” An) = (=R +127Go + 3A) Jd*X
1 o e ca .
PR §eabc(n /\nb/\'n + 27 /\”7b/\’l7)=
€are® AT AN+ (A — 4nGo) JAPX
1 .. . .
— §€abc”7a AR AR = (A —4nGo) Jd*X . (3.27)

This expression leads to a strong result: the gravitoelectric system ((3.13),(3.27))
is formally equivalent to the Newtonian system ((3.7),(3.8)). It is pretty natural to
imagine their solutions are also formally equivalent. According to the irrotational
flow constraint, implied by the flow—orthogonal foliation of space-time, the first
equation (3.13) can be replaced by Gun® A n° = 0, indeed the 341 foliation
triggers a null vorticity and the time derivative of this last relation leads to the
symmetric condition (3.13),

(Gan* Am") =Gap (N* A"+ 0 AN°) = Guit* An* =0; (3.28)

because of the antisymmetry of the wedge product A and the symmetry of the
initial metric G,,. Nevertheless, we consider the double time—derivative expression
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for two reasons: (i) in the Newtonian limit we want to reproduce the field equations,
which involve a second time—derivative; (ii) for a general system with vorticity,
irrotationality does not hold, whereas the second time—derivative equation does.
This equation is always true because of the conservation of the vorticity 2—form,
w = Gun® An’ = w;; for the Newtonian case, w = d (UidXi) = w; (see Appendix
D). Note, however, that the presence of vorticity will require a 1 + 3 threading
of space-time (see appendix D for details). A projection of the differential forms
system above, using the Hodge star operator, yields the coefficient formulation of
the gravitoelectric system ((3.21),(3.25)):

Gaif i’y = 0 ; (3.29)

1 .
5%;,061“77277%770, = AJ —4rGolJ . (3.30)

Sending the spatial Cartan coframes 7% to exact forms, we obtain the coeffi-
cients of the Newtonian deformation gradient f€; (see [Buchert and Ostermann,
2012] section III.A). The system of equations ((3.29),(3.30)) corresponding to the
gravitoelectric part of the Lagrange—FEinstein system, is then closed. A considera-
tion of the MR for the remaining equations, yielding nontrivial Newtonian analogs,
will not be needed in this chapter but will be the subject of a forthcoming work.

Considering only the gravitoelectric equations is not enough to determine the
nine functions of the coframe coefficients. The relativistic aspects contained in the
gravitomagnetic equations will lead to a richer structure of the solutions and also
constraints on these gravitoelectric solutions. To conclude, the Lagrange-Finstein
gravitoelectric equations are (up to non-integrability) equivalent to their Newto-
nian analogs, whereas the gravitomagnetic equations have no trivial Newtonian
counterpart.

3 General first order perturbation and solution schemes

3.1 First order perturbation scheme

As in standard perturbation theories and the previous Newtonian chapter, we
decompose the perturbed quantity into a Friedmann—Lemaitre-Robertson—Walker
(FLRW) solution and deviations which are expanded up to a chosen order n of the
perturbations. Contrary to the standard perturbation theory we do not perturb the
metric but the Cartan coframes locally and can build in a second time a nonlinear
metric as a functional of the perturbations. A comparison with the standard
perturbations of the metric is furnished in section 4.2,

—

n*(X,t) = n%(X,t) dX' = a(t) (5 + >, Py ()Z',t)) dXx’ . (3.31)

We made another choice here, the scale factor is assumed to be only a function of
time. Thus this ansatz describes a Universe with the same scale factor everywhere,
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it can be an FLRW background for instance. Nevertheless, it is still possible
to describe regions with different scale factor and build a Universe with several
regions of different scale factor, such as a Swiss Cheese model which is globally
Friedmannian but contains several inhomogeneous LTB regions. The local metric
coefficients can be calculated from this ansatz:

9i(X 1) = Gy 05X, ) (X 1) 1 Gy = gis(X 1) . (3.32)

We arbitrarily choose to perturb a zero—curvature FLRW model but it is possible
to encode a background curvature (constant or not) in the coefficient functions G .
For details on the orthogonal metric and its link to the orthonormal quantities,
the reader is directed to Appendix E.

From now on, we only consider first order deviations:

—

(X, ) = a(t) (5 + P‘é()?,t)) . (3.33)
Injecting the ansatz (3.33) into the metric tensor (3.32), we get:
g (X,1) = a3(t) (Giy + 2 Py (X,0) + Pu(X,0)P5(X,0)) (3.34)
where we have defined:
Py(X,t) == GuP%X,t). (3.35)

From here we will generally omit the variables in the metric, coframes and per-
turbations. The first order resolution for the Cartan coframes allows us to write
higher order expressions for the non—perturbed variables and quantities. These
evaluated functions can be highly nonlinear and trigger a very complex dynamics
unlike other approach limited to a linear metric by their first order resolution. For
instance, the generalisation of the Jacobian of the coordinates transformation is
written such as,
.

J = Eeabceikl (8% + P%) (8% + P%) (6% + P9)

3
_ %eabceikl (6%8°,6°, + 3P%6%.6¢, + 3P4 Ph6% + PP, PS,)

1 o 1 o ,
=a’ <1 +P+3 (P = P',P%) + G (P? + 2P, P P — 3PPJkP’;.)> . (3.36)

The aim of the next subsections is to calculate the first order deviation fields.
Note that only the zero order metric tensor will appear in the linearised equations.
Once the first order deformation solution is computed, we are entitled to inject it
into the functional expressions of the other fields, such as the metric tensor above,
without truncating to first order the expansion of the functionals.
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3.1.1 Homogeneous equations

At zero order in the perturbation field, the metric coefficients and their inverse
lead to the flat Friedmannian metric:

GE? =0y gﬁ?’ =a’0; ; g7 =a?5". (3.37)

We remind the reader that the perturbations are defined not through the metric,
as in standard perturbation approaches, but through the coframes. At least, the
perturbations are built on this flat space and then create an inhomogeneous “back-
ground” for the higher order perturbations. As a matter of fact, the physical space
in which the perturbations propagate is described by the perturbed metric.

The homogeneous (i.e. zero order) equations read:

3% = A — 47Gomia ; (3.38)
3H? = 87Goma > + A ; (3.39)

with the Hubble function H := a/a. These equations are the well-known expansion
and acceleration laws: the flat Friedmann equations. As a consequence of the
expression of the orthogonal coframes, the zero order spatial Christoffel symbols
and scalar Ricci curvature are trivially zero:

r'Y=0; RY=0. (3.40)

3.1.2 General initial data setting for the perturbations

We choose initial data in formal correspondence with Newtonian cosmology and
generalise these initial fields to the relativistic stage. This has obvious advantages
with regard to the aim to give construction rules that translate the known New-
tonian solutions to general relativity; see subsection 2.4.1 defining the Minkowski
Restriction. For the initial data setting in the Newtonian case see [Ehlers and
Buchert, 1997].

Let the three 1-form fields U* = U%dX" be the initial 1-form generalisation
of the Newtonian peculiar-velocity gradient and, accordingly, W* = W%d X" the
initial 1-form generalisation of the Newtonian peculiar—acceleration gradient. Our
solutions will be written in terms of these initial data. We summarise them to-
gether with the constraints at the end of this paragraph ((3.50)—(3.52)).

By generalising the Newtonian initial data and using the relativistic trace equa-
tion of motion, the initial data for the comoving perturbation read (we denote
P4(t;) := P4, and correspondingly for its time—derivatives):

P =0;
Pal = U (3.41)
PL = W — 2H,U .
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The relation about the initial second time-derivative of the perturbations is a
generalisation of the relation obtained for the trace. We assume, without loss of
generality [Ehlers and Buchert, 1997], that the initial data are first order. It is
possible to show from the first order Raychaudhuri equation (3.25) that the initial
density contrast 0; := (i — omi)/oni satisfies the equality:

_3 . .
—4nGépia™? = %eabce”k [(aP“Z + 24P + aP%) a25bj50k + 2d5aia2ij56k}

—38pas iy oHpes,i+ Pog
a

— —4nGég = P4, + 2H;P%6,!

= W46,
b
4rG

In view of the flow—orthogonal foliation, we have the irrotationality constraint:

= 00" =00 = omidi = 5 W, (3.42)

w=Gun"An'=0 = 6,U" A" dX' =0. (3.43)

This implies for the coefficient functions: Up;; = 0.

3.1.3 Relativistic “Poisson equation” and consequences for W*

In the Newtonian approach the initial peculiar-acceleration and the inhomo-
geneities are linked by the Poisson equation. In order to generalise this equation
to the relativistic case, we note the following relativistic generalisation of the New-
tonian field strength gradient that follows from inspection of the Lagrange—FEinstein
system (for details the reader can always consult [Buchert and Ostermann, 2012]):

with the 3—Ricci tensor coefficients R;; whose trace is the Ricci scalar R and o! j
the fluid expansion tensor. According to the energy constraint R + 0% — 050!, =
16wGo + 2A, the symmetry of the fluid expansion tensor and Ricci curvature, it
is straightforward to show that the relativistic gravitational field coefficients Fij
respect the following field equations:

Fh =R —-0>+12rGo +3A +6',0% «— F" =A—4rGp; (3.45)
Fiij) = OO, = Fu =0. (3.46)

In terms of the coframe fields, the relativistic gravitational field can be written as
follows:

y . . > . k .b
Fy= (eaznaj) + e, n%e N’
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= (ef1)" = &’

1 ikl a c 1 ikl ~a c J ikl - a c
= ﬁeabce kln jnbkn 1t anbcﬁ kl?? jnbw LT o €abc€ kl?? jnbkn !
1 ikl ~a -+ c J 1kl :a c
— jeabce kln ]nbkn l + 2_<]2€a,bc6 kln ]nka] l
1 ikl a c
= ZGabCE Hij jnb;m L5 (3.47)

hence, inserting the coframe perturbations and evaluating this expression at initial
time, we get the following identity (note that the zero order field trivially satisfies
the second constraint):

.Fkk(tl) =A-— 47TGQ1 =A— 47TGQH1(1 + (51) =A-— 47TGQH1(1 — 5kaWak) 3
‘F[ij] (ti) = 5b[iGbaWC§] = W[ij] =0. (3.48)
Thus, using the zero order Friedmannian relation in the first equation, the deviation

1-form fields W* obey the following equations that generalise the Poisson equation
for the inhomogeneous deviations off the zero order solution:

1 . A
*§eabCW“ A 5bjdX] A0 dXE = —4nGooy — W' = —4wGoo; ;

S W A 0"dX7 =0 = Wy =0; (3.49)

implying for the coefficient functions: Wp;;; = 0.

3.1.4 Summary

We summarise the set of initial data, determined by our choice of the basis
and subjected to the constraints (recall that we assume, without loss of generality
[Ehlers and Buchert, 1997], that the initial data are first order ((3.50)—(3.52)), we
decide to drop the index ' for reasons of clarity). We set some constraints about:

e the generalisations of the acceleration and velocity, and the initial deforma-
tion,

Wa(l) — Wa’ W[”] =0 :
U = U, Uij) =05 (3.50)
VnP¥™ =0 ;

e about the initial time derivatives of the deformation,

Py =U";

) (3.51)
P = W — 2H,U" .
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e and additional initial constraints are obtained thanks to definition of the met-
ric and constraint equations evaluated at initial time,

-

Gij = Gan®(t)n"; (1) = Gapd®6"; ;

< d(ti) ﬁa (ti)éam = *Rl + 87TGQi + A ; (352)

(ﬁaj(ti)%i)”i = (ﬁai(ti)dal) ;

|7

with the initial density contrast & := (i — omi)/oni- The metric coefficients are
by definition symmetric G;; = 0.

In the next section, we will express the initial Ricci curvature tensor, R%) (t;) =
RE}) = R;;, as a function of this set of initial data. We henceforth use the following
abbreviations for the trace expressions: 6", U% =: U, 6* W% =: W.

3.2 First order equations

In this part, we expand the Lagrange—Einstein system for the Cartan coframes to
find the first order deformation fields. Recall that, once we found the solutions, we
are entitled to consider all other variables as functional of the deformation, injected
at the given order. The strength of this approach lies in taking the definition of
the actual curvature, metric and others that is produced by the deformation at
first order but we do not truncate the expression to first order. This way we are
able to furnish nonlinear approximations that will improve iteratively by going to
higher order deformations. Linearising the Lagrange—Einstein system implies that
the first order deformation field only “sees” the first order contribution from the
curvature.

The deformation coefficients P only appear summed over the non—-coordinate
index in the equations, so we introduce the following tensor coefficients and their
trace:

Pl :=6,P% ; P:=Ph=06"P%; (3.53)

and use this notation throughout the remaining part of this chapter.

The first order Lagrange—Einstein equations, in the orthogonal basis, read (we
omit the index ' for the deformation field, but keep it for the Ricci curvature that
is inserted according to its definition and expanded for linearising the equations):

(3.21) — Gu (a8% +aP% + aPy) a (8 + PYy)
= Gab <a5a[l + G,Pa[z(tl)> aé‘bj]
— G (aaaaﬁpbﬂ +aaP0", + aZPa[iabjO = Gud®U%,
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!

GZGG‘[]‘PG;;] = G2Ga[jUai]
Pij) = Upa™* = 0; (3.54)

!

1 ; o - Da - Pa Da c c
(3.22) = §eabcelkl [(aé '+ aP% + 2aP% + an> a (6 + P%) a (6 + P9)
+2 (aéaj +aP? + apc;) (d(sak +aPe + aP“k) a (6% + Pcl)]
1 ) . .
= Seaee™ | (2007 Phdf, + 0> Pty 0% + 2002 P0"0 + o Pt
+2 (2@%5@13%53 + 40" P 0°, + aa® b6 + azapfgabkacl)]
= aa’ (P(Sij — Pij) + daQPij + QdaQPij + a?’Pij
+ 20 (P8, — P\) +aa® (PO — P') + 20® P, + 2% P,
= —R';a’ + (4nGoy + N) 6 ;a’ P + AnGéa’
— P, +3HP, + (2}12 + 9) P§' + HPS,
a
= —R'; + (4nGop + N) P, + 4nGéo
— P+ 3HP, + HP§', = —R', + 47Gd
= —R', + 4rGogia* — ArGopia P ; (3.55)
1 , . )
(3:23) — Seuec™ (aaz. +aPe + an;> (aabk +aPt 4 ank) a (6% + P9
1 . .
= Seasce™ (3@%?@5%53 + 2da2P‘§5bk60l>
R
— 3d%aP + 2aa*P = —5a3 + (87G oy + A) a®P + 87Gda’

-3 R A
— HP+ §H2P =-7* (47TGQH + 5) P+ 47Gép

. R
— HP= 1 + 47Gépia> — 4rGopia™

R
4

— HP +47Gopia *P = ——— —a W ; (3.56)

= (), = (@),
— (aa7'0,/9% + a9, (aP% + aP) — o Pladt,)
= <da

(324) = O, =0,

II4

L5069 4 q~1a8, P 1 6, P — a*lapl'aaai)

117
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CHAPTER III. LAGRANGIAN RELATIVISTIC PERTURBATION THEORY

J j
= Py =Py,

— Pl =0. (3.57)

The equation of evolution (3.55) can be rewritten thanks to the energy constraint
(3.56) such as,

. . R(l)
Pij + 3H]DU = —a*2 <Ri;) — Ta25ij) . (358)

Note the last calculation (3.57) required to know the expression of the first order

inverse Cartan coframe e,
i,a 2(0) , Sa (1) ., Sa 1(0) a __ i
e, N’ = e, "Vad"; + e/ Vad?; + e, VaP% =o',
ioysa §J _ —1g5i g7 . wysa §J _ _  i(0) pa 57
= ¢,0%0", =a 00", ; e,V =—e/ "V P%,
i) —1gi . (1) —1pi
— ¢V =a"0", ; " =—a"P. (3.59)

We sum up the first order Lagrange—Einstein system,

Piijj = Upjga™* = 0; (3.60)
.. . R
Py +3HP; = —a™> (Rg.’ - a25ij) ; (3.61)
. RO
HP + 47Gopia *P = — o a W ; (3.62)

Evaluating the first order equation of motion (3.61) at initial time, we can express
the initial value of the curvature tensor as a function of the initial data set:

R§;>(ti) =: Ry = —(Wi; + HiUy;) — 6,;(W + HiU) . (3.64)
Raychaudhuri equation can be extracted from the previous system of equations:
P+ 2HP — AnGopia ®P = a W . (3.65)

A more transparent representation of these equations is obtained by introducing
the decomposition of the deformation field into its trace, tracefree symmetric, and
antisymmetric parts:

1
Pij = Pj) + Plij) = §P5z‘j + ILij + Py ; (3.66)

where we define 1I;; := Pu; — (1/3)P - Gyj, Bij := Ppj), and we introduce the
trace-free symmetric part of the Ricci tensor, 75 := R{ — (1/3) R%g;;. The first
order system for the deformation coefficients now reads:

1 )
(3:60) = 2 Pij) + Wiy + Prigy = Upra
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= Prj) = Ve ; (3.67)

(361) — < (P + 3HP> 0 + 1y + 3HIL; + %, + 3HP;

1 1
= — a*Q (Tl-(jl) + gR(l>(l2dij — Z—lR“)aQ&-j)
. : RO . : o
. RM
(3.62) = HP +47Gopgia °P = — . a W (3.69)
Lo L1y o Lo
1., 1.,

In order to solve the first order trace and traceless symmetric equations, it is
necessary to express the first order scalar curvature and the traceless Ricci tensor
W1;;. To do so, we inject the metric and its inverse, truncated to first order:

g7 =a? (67 — G — 2P (3.72)

into the definitions of the spatial Christoffel symbol I'*; ; and the spatial Ricci tensor
Riji

1
ko _ L ko) (0 COReY!
IV =39 G5 T 95 — il

2
= 20 (G + G~ G) + 0¥ (Puoys + Pags — Pay) . (373)
R%) = Fkij|l - sz‘l|j + ijmrnf}z - szmlwfj = Fkij(|1k) - Fkll<<3|1;
= chlgz'\j')k - % <G$‘1k‘k T Gu)kklz‘j) + B k(z‘lj|)k + B (z‘kljgk - B (z’j)u«l:k + Py
= Giuy) + Gl + P’ + P (3.74)
RW = Q(fQGI[S')l]“C =a?R. (3.75)

Using the splitting into parts with different symmetries, we express the curvature
through the functions P, II;; and 93;;. The momentum constraints (3.70) allow us
to rewrite some terms in the curvature to obtain:

1
REY = Ryj + = <P. k_plkipl_p "“)

2 ik|j ijlk jkli jilk
11
=Rij+ 53 <P\jk5ik — Pl + Pt — P'fﬁz‘j)
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1
o (Il = T = )

o \Miklj jkli jilk
1 1
= Ryt g (P = PRs) + 5 (Ml + 10— 21,)
1 Ik 2 |k
= R + 3 (‘Dlij - P \kaij) + gpkk\ij — g
1 k k
= Rij + Plij — §P|\k5ij ~ 10,1 (3.76)

We can now write the first order traceless part of the Ricci curvature tensor as:

1

o _ p

1
R(D(Sij = ‘Iij + P|,;j - §P|k 5l-j - H [k X (377)

Ik ij |k

where we defined T;; := 7;(t;) 1= Ri; — (1/3) Ré;;.

Now that we have the first order scalar curvature and the traceless Ricci tensor,
we can inject them into the first order system for the deformation coefficients
((3.60)—(3.63)). We also perform the time-integration of the antisymmetric part
(3.60) and the momentum constraints (3.63), and now make use of the constraints
on initial data ((3.50)—(3.52)):

Pij = Pij(t) 5 Pi(ts) =0; (3.78)

Py 3HP = —ajy : (3.79)

;) + 3HIL; — a™?11, |, = —a? (‘:rz-j + P — %Pfkaij> ; (3.80)
HP + 47Goyia P = _aij —a W (3.81)

% =1, (3.82)

We remark that the evolution equation for the tracefree symmetric part contain-
ing gravitational waves is sourced by the scalar perturbations. Physically this is
expected, since the scalar perturbations are linked to the matter source and gravi-
tational waves are scattered at the sources. Further manipulations of this system of
equations will aim at formally separating the gravitational wave tensor part from
the scalar perturbations.
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3.3 Solution building
3.3.1 Space—time splitting

Due to the linearity of the system, we make a superposition ansatz for the
separable part of the solutions, it reads:

Bij =0
P =1C(X") *(t) + 2C(X") 24(t) + PO(X7) PE(t) (3.83)
I = "Ci(X7) 1€%(t) + 2Cy(X7) 2€5(t) + POy (XT) PE(2) -
Here we note II;; = HZ. + HZ, E
separable modes. The non-separable solution Hg is currently studied and should
be released in [Alles et al., 2014]. Nevertheless, we have to be very careful: the
symmetric traceless equation is a wave equation. The associated solution should
be a sum of wave modes, at least the homogeneous part of the solution. In reality,
this solution should be a discrete sum or an integral of separable models. This will
be discussed in section 3.3.3.
The terms of the previous decomposition verify the following ordinary differen-
tial equations. For the trace part of the solution,

denotes the separable modes and  the non-

hé L 9H M — AnGopia™®PE =0 ;

. . (3.84)
PC (p£ +2H P¢ — 47TGQHia’3p£> =a W ;
and for the symmetric traceless part of the perturbations,
hCij <hgs +3H hés> - a*Q waUﬂ‘k hfs =0 X
. : 1
POy (Pgs +3H Pgs) —a PO, P = —a? (inj + ¢ (acw — gac"“ka;?)).
(3.85)

The index ® denotes the homogeneous solutions, P the particular solutions and
both of them. We have to be careful, we work with local coordinates X*, and a
locally flat manifold so a simple Laplacian can describe the local dynamics. Nev-
ertheless, the Fourier transform is built thanks to an integral over the whole space
so cannot be defined (see below for further explanations). An important difference
here is the presence of a wave equation: the equation of evolution of the sym-
metric part of the perturbations. Thus the symmetric solution is a superposition
of propagating modes. It is already possible to extract informations from these
equations. The P{(t) term and the source of the second equation (the particular
trace equation) have the same time dependent coefficient ~®. Thus a constant

PE(t) = const. is an obvious solution.
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3.3.2 Initial data evaluation

We are now going to determine the spatial coefficient functions in term of the
restricted initial data.
The initial data for the antisymmetric part have been defined earlier and are:

Bijt:) =0 5 Uyy=0 5 Wy =0. (3.86)

The initial trace solution, more specifically their spatial coefficients, and the initial
data are related as follows:

(101 +20 2% +PC =0
ICrTG+C G =U
(1O 16+ 20 % = W — 2HU
(10 1¢, 420 2¢, +PC = 0
e {0 +202%=U
\20 (2& 1£i — Zéi 151) = (W —2H,;U) 1& -U 15}
(101 1202, +PC =0

101, 4 WV~ 2160) 15? —v 15”5} et
— (2& 16— %6 8) 2616 -2 1
(W —2H;U) & — U *&

(26 16— 2618

(1016 +20 26 +°C = 0

10 1éli _ _(W —2H;U) '& ¢ —”U 151 251 —"U 2616+ U 24 14
= 3 <2§i 16— 26 1&)
L 26 16 — 26 1
r 26W — <2Hi 26 — 251) U
- 1§ 26 — 16 26
= Ve “EW + (6 + 2H; 1) U | (3.87)

- 16 26 - 16 26

PO — _10 1& 20 2& ‘

202

e

Y

I

\
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It requires the condition 1& 2& — 1& 25} # 0. For the remaining traceless
symmetric coefficient functions it is useful to define the following quantity in order
to express the spatial coefficients with respect to the initial data:

«@

Aq’r‘ — qéia r&a . q&a réia ‘

The symmetric trace free part is built as a superposition of independent modes,
because the symmetric equation is a wave equation. So each mode has to respect
the relations:

p
].CI:.]) lé-iw + 20;}; 2§iw _’_pclc; pé-iw =0
108 1" 1208 27 1 POy P = U

W

Loy YEY 120y 2T 1 pey PES = T~ 3HUY

P

10:]} 1£iw + 209{ 2€iw _{_pC«g.{ pgiw =0
= 475 8%, 205 85, = UG

1010; Aw

(102 17+ 205 %67 + P05 PG = 0

) = (75 + BHUZ) 6 A3, - UgPe A
A(fp Aajp o A(fp AL?UP

103 (&5, 85, - &, Ag) = - (T3 + 3HU3) P &3, - Uy 76 A,

-

w
2p A w 2w AW TTw 2
A1p + Cij A2p - Uz‘j gi

o~ T A, + Uy e (3yiAgp +Ag) |
AclupAofp o AprALéJp
= Vo _ Te PEUAY, + UY, P& <3HiA‘fp + Afp) | (3.89)
! A(pr(éJp - Ao1J19A°2Jp ’

1 lew 2 20w .
PO = — 05 6T -0 TG

\

with the following condition which has to be fulfilled: A A5 — A7 As 0.
Finally, the constrained initial data lead to the following relations for the trace
and tracefree symmetric part of the Ricci curvature. The first one is given by the
initial evaluation of the energy constraint which can be identified as the definition
of the Ricci scalar, and the second is given by the definition of the traceless Ricci
tensor:

1028 1528
U 61 £1+ ’Sl 51 + W

R . :
—~_p (1&10 + 2&20) FW o= HUSES T SN g (3.89)
4 1626 — 1626
_ Ak Wk 2 ml ks
Tij = Gy + G e — 36 e 0
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B 1
N 27TGQH1

Ik k 2.0 |k
<Wi[kj] Wk = 3W 5@') : (3.90)
The last equality is obtained according to the equivalence between orthonormal
and orthogonal basis (see appendix F).

3.3.3 Example: solutions at an EdS background

We are going to examine the example of the Einstein—de Sitter (EAS) model
of Universe, it corresponds to an FLRW model with an energy density equal to
the critical density. The relation between the age of the universe and its expan-
sion is t; = 2/(3H;), then the expression of the scalar factor of the Universe is

a(t) = (t/t;)*®. This specific solution leads to the following expressions for the

perturbations:
pP=1C <t_) +2C (t_) +PC; (3.91)
nj-eu(5) e (y) e .
Py =0 (3.93)

The trace solution is straightforward according to its formal equivalence with New-
tonian equation. There exists a part of the solution, which has the same time-
dependence as the trace solution, but with the trace-free coefficients: it corresponds
of what we call Hfj , the scalar part of the standard perturbation theory (the ex-
pression is derived in chapter IV). The antisymmetric part is a constant thanks to
the constraints. Other modes seem to exist,

t_l =2
hﬂf;f-(w) =A;;(w) 5 [Sin (3t1/3ti2/3w - lel)
— 3tY34,23 cos (3t1/3ti2/3w — lel) ]
t_l =2
+ Bij(w) [cos (313w — k' X))

+ 3tY3,2Bwsin (3251/31512/300 2.9 ] ; (3.94)

where A;; and B;; are space coefficients which are mode-dependent, X ! the position
and k' the associated wave vector. The symmetrlc homogeneous solution, I;;, is
obtained thanks to the homogeneous equation HZJ + 2H HZJ — ’21'[13“'2 0. A
space-time splitting II;; = £(¢)C;; (X) is assumed to solve this equation and reads
a(€ + 3HE) /€ = ¢ ( ” ‘k/CU> = —w? with a positive constant w. Thus the

symmetric homogeneous solution is a combination of modes which depend on the
angular frequency w (which can be related to velocity of the wave ¢; and the wave

84



4. COMPARISON WITH OTHER WORKS

vector k by the following relation ¢; = w/k, in the case of the gravitational waves
the velocity ¢ is the light velocity). FEach of these modes admits a space—time
split. This solution is a candidate for a monochromatic wave and corresponds to
the part we call HZ . The complete particular solution for the symmetric traceless
equation is the superposition of different modes, it depends on the topology of the
space—time considered: it can be a discrete or a continuous summation. Moreover,
both space and time parts of a mode are sinusoidal functions and can be gathered
in a single function. This symmetric solution includes only separable modes, as
mentioned earlier additional developments are in progress to deal with the non—
separable mode and should be available in the incoming paper [Alles et al., 2014].
In an EdS space-time, the initial trace data read,

( 3 9
1O = U+ —Wi?
57 10 ’
2 3 3 2
17C = —2Uki+ Wt (3.95)
3 2
PO = —SWiH;? .
\ 2

Moreover, the required condition *&2& — 1&32& = —(2/3) t;7% # 0 is verified. From
equation (3.89) we can also find the scalar curvature in the EdS case to be:
—R
4

The traceless initial data are,

1 0 2

Ty PGEAS, + Up)PG” <3HiA%)p + Ag,,)

1Cij - — R R I
A‘pr‘éJp o A(TPA%JP
) Ty PEAS, + Uy Pa” (3%, + Ay, (3.97)
20y = ;

A w w w A w
1 lew 2 24w,
|70 = — 0y &7 = 205767

The following conditions has to be fulfilled: Apr‘gp - A?Z)A;’p # 0. Currently,
we have only a homogeneous symmetric solution. But in chapter IV section 4
we propose a solution of the complete equation thanks to a generalisation of the

Newtonian solutions under some restrictions.

4 Comparison with other works

The aim of this section is to build a formalism for gravitational wave propagation
in the Lagrangian description. We will then compare our approach to the one
developed in other works in the comoving synchronous gauge, which is the closest
to our approach.
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4.1 Solving the first order Lagrange—Einstein system in terms of scalar

and tensor modes

Complementary to our solutions derived in the previous section, we here con-
sider a decomposition of the linearised Lagrangian equations into scalar and tensor
modes. We do this for the sake of comparison with other works in the literature,
and to elucidate the physics of propagation of gravitational waves. We will then be
able to straightforwardly compare our results to the others [Matarrese et al., 1998].
Inspired by the standard perturbation theory written in the synchronous comoving
gauge and neglecting the vector modes with respect the scalar and tensor modes,
we express the comoving metric perturbation (3.71) as follows:

G + 2Py = —2006; + Dy + x0T (3.98)
with the traceless derivative D;; := 0;0;—(1/3) Ad;;. ¢%” and ! are the two scalar
fields, the symbol | denotes a function whose curl vanishes. X%)T is the symmetric
traceless tensor field that will encode the propagation of gravitational waves, the

symbol ' is used to denote a function whose divergence vanishes (é”j(%>T = 0).
They are related to our previously used variables in the following way:
1
P=-3¢0 — §G“> ; (3.99)
1 T !
My = 5 (Dax + 3" = 60") (3.100)

Gg)tl being the traceless part of Gﬁy. We do not have so—called vector modes,
since our foliation and constraints trigger a comoving synchronous gauge where
these modes are set to zero. In the comoving local coordinate system (in the
tangent space at a point in the Riemannian manifold) there exist no vector fields
stricto sensu but, correspondingly, an antisymmetric tensor part, which vanishes
for the irrotational case.

We are now looking for a reformulation of the linearised system in terms of
these modes extracted from the Lagrangian approach. In the first subsection, we
will deal with the scalar mode of the solutions, whereas in the second subsection,
we will treat the tensorial model of the solutions.

4.1.1 Scalar equations and solutions

Combining the trace of the evolution equation (3.79) with the energy constraint
(3.81) we get the Raychaudhuri equation in terms of ¢{":

- . 1
O 4+ 2H@Y — 4rGoma 3¢ = g (W — 27GomGWY). (3.101)
The momentum constraints (3.82) can be written in terms of the scalar potentials:

(6 O + AX;UH) _0. (3.102)

)
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The traceless part of the evolution equation gives an equation for y{' .

D; ( oo SHX“)H = I:AX(SI)” (t;) + 6¢§1)(ti)]> =0 . (3.103)

Combining the time-derivative of the last equation with the momentum constraints
(3.102), we get:

Dy (% + 5HR + 4xGoma ) =0 (3.104)

The scalar mode solutions are separable: they are the product of a spatial and a
time-dependent functions. The time-dependence of the two scalar modes is the
same. In fact, since the deformation field is initially null, the general solution
ansatz reads (assuming an Einstein—de Sitter background for simplicity):

¢ = 1Cy(X) <(£>2/3_ 1) +204(X) ((;) o 1) - % . (3.105)
Dy = Dy (X) ((f)/— 1) +D,20,(X) ((f) - 1) + V)

where, up to a time-dependent function,

A*C, = —6°Cl : (3.107)

for a = {1,2}. The space-dependent coefficients can be determined by taking the

first and second time-derivatives of ¢{" and b ol

initial time ¢;. We obtain:

and then evaluating them at the

2 2
1C¢<X) = WtiQ + §Ut1 ; 2C¢(X) = ZWt;? 0

2 Ut 3.108
3 27 (3.108)

and A*C), can be deduced from (3.107).

4.1.2 Tensor equation and solution

The tensor part satisfies the following Lagrangian propagation equation:
el ()T A mT _

where A, denotes the Laplace-Beltrami operator taken with respect to the lin-
earised metric in local coordinates X. This equation, which is linear in terms of
the perturbation field, has no trivial solution due to the Laplace—Beltrami oper-
ator, and standard Fourier transformation techniques in flat space cannot be ap-
plied. We may solve locally for Lagrangian K—modes, being the eigenmodes of the
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Laplace-Beltrami operator, which would form a normal bundle in the Riemannian
space section: the K—space corresponding to each point with local coordinates X
forms a fibre, and the corresponding mode propagates in this fibre. The backward,
global solution cannot be obtained straightforwardly, since it would need the speci-
fication of a three-dimensional section in the fibre bundle. The solution XiTj“)(X, t)
is thus a superposition of wave type solutions. If we assume that gravitational
waves propagate on a flat space, i.e. replacing the Laplace—Beltrami operator by
an ordinary Laplacian, we can solve this equation and get the solution:

X (X 1) =

) sz’»K exp(iK - X) xP(K, 1) e;’j(f{) ; (3.110)

where efj(f{) is the local polarisation tensor of the gravitational wave, o is rang-
ing over the polarisation components +, x, and (K, t) are their corresponding
amplitudes, which follow the solution:

3 (3KE19)

3Kt 11/3

YV (K, t) = A(K)a,(K) (3.111)

41 (y) = siny/y* — cosy/y is the first spherical Bessel function, K := |K|, and
a,(K) is a zero mean random variable. A(K) encodes the form of the Lagrangian
spectrum of hypothetical primordial gravitational waves.

Nevertheless, we have to be very careful. Note that the superposition depends of
the topology of the background space-time: for instance a periodic geometry will
reduce the integral to a discrete sum. More generally, a spectrum on a compact
manifold is discrete whereas the spectrum of an infinite manifold can be either
discrete or continuum according to the compactness of the considered manifold
(see [Aurich and Steiner, 2001]). For the assumed space—time topology of [Matar-
rese et al., 1998] (a 3-torus for the space part [Ellis and Schreiber, 1986; Stevens
et al., 1993] thus a space-time whose topology is T® x R), which is widely assumed
as a constraint for the numerical simulation, it should be a discrete summation.
Recently, several works had been realised in order to check the compatibility of
the observations with a torus topology [Aurich, 2008; Planck Collaboration, 2013c;
Roukema et al., 2014].

4.2 Comparison with other works

As we said previously, other works on perturbation theory consider metrical
perturbations instead of coframe perturbations. More importantly, they define
quantities as functions of global coordinates of a flat background, invoking gauge
transformations that are different for different orders of the perturbations. The
assumption of existence of global coordinates for the perturbations, which in our
approach propagate in the perturbed space and are by construction invariant by
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diffeomorphism, has strong implications when it comes to determining the solu-
tions of the equations. In fact, in [Russ et al., 1996; Matarrese et al.; 1998], the
Newtonian cosmological Poisson equation is used instead of the true relativistic
counterpart of Poisson equation that we established in 3.1.3. Such an assumption
implies integrability of the coframes, i.e. working on a flat space. Note that the
assumption of integrability of the coframes immediately implies the vanishing of
the spatial Ricci tensor in the perturbed space, even if its representation in terms
of global coordinates of the background is non—zero (see [Buchert, 2011] Sect. 7).
In [Kasai, 1995], section III.A defines the ADM equations with tetrad. Neverthe-
less in section II1.B, only the scalar perturbations are assumed to be relevant, then
the peculiar deformation tensor is fully integrable. The integrable condition re-
duces the problem to the Newtonian framework. In this section, we will enlighten
the consequences of these assumptions for the physics of scalar perturbations and
gravitational wave propagation.

Let us first compare the scalar solutions we obtained in section 4.1.1 to the ones
established in [Matarrese et al., 1998] equations (4.11)—(4.23). The comoving per-
turbed metric is split into modes as in (3.98) where quantities are defined on the
flat, global background, and are functions of the global x coordinate system. The
solutions given in [Matarrese et al., 1998] are restricted to the growing mode only.
A scalar potential, ¢, is related to the initial density contrast d;, by a Newtonian
cosmological Poisson equation:

2

Ap(x) = 32

5i(x) . (3.112)

In addition, the authors use the residual gauge freedom of the synchronous gauge
to fix XQ)H such that AX“.)” = —20;. Then, their solutions for the scalar sector are

1 St

(for an Einstein-de Sitter background),

2
t\3
and,
" 5 1, [t\5
D00, t) = 29 + 51 (=) Agx). (3.114)

To compare these results to ours, we relax some of the restrictions imposed in

[Matarrese et al., 1998]: we include the decaying mode and use a different gauge
choice, which is AX(S?“ = 0 instead of AX;)” = —20;. The potential is no longer
independent of time since the density contrast depends on space and time. ¢ can
now be decomposed into two components v, and 1, that satisfy ¢ = —(2/3t7) ¥

and ¢ (x,t) = 1 (x) + a1y (x). They are solutions of the following equation:
1
Ay (x) + a2 AYy (x) = —=0(x, 1) . (3.115)
a
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The resulting metric perturbations read:

2 ~1
Din(Sl)H -9 ((;) — 1> Dijir +2 ((;) — 1) Dijta ; (3.116)
3 -1
D) = —gan(0) - 3 ((f) - 1) M3 ((;) - 1) At

(3.117)
To conclude, once we changed the gauge condition for Xél)” and considered the
decaying mode, we obtained solutions that are formally equivalent to the ones
we obtained in the intrinsic Lagrangian approach. But, the main difference be-
tween our approach and the one developed in [Matarrese et al., 1998] lies in the
fact that a Newtonian cosmological Poisson equation cannot be used in our La-
grangian approach since an intrinsic description of the perturbation fields implies
non-integrability.

In the following subsection, we explicitly consider the MR of our Lagrangian
solutions, and we will enlighten the shortcomings implied by considering perturba-
tions as functions of global coordinates of a flat background. Moreover, we will be
able to highlight which innovations our approach introduces compared to standard
perturbation theory.

4.3 MR: recovering the standard solutions for scalar perturbations

4.3.1 MR of the perturbed Cartan coframes

In the MR, the Cartan coframes become deformation gradient, as we said in
section 2.4.1. In the case of the first order perturbation scheme, the deformation
fields defined in (3.33) become exact forms with integrable coefficients:

P = P4 | (3.118)

7 |2

From (3.78) and the Helmholtz theorem, we can conclude that there exists a scalar

field A from which P;; derives:

The Helmholtz theorem states that a vector field can be split in the sum of an
irrotational (curl-free) and a solenoidal (divergence—free) vector fields. Let us F"
be a vector field, there exist ® and A* a scalar and a vectorial potential such as:

Fl= =& + ¢F Ay 5 (3.120)

The MR restricts the relativistic perturbation functions to Newtonian perturba-
tions. Thus the spatial geometry is Euclidean. The Cartan coframes naturally
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contain nine degrees of freedom. The symmetry condition constrains three of them
and the trace reduce the three diagonal degrees of freedom to one (i.e. constraints
two degrees of freedom). Therefore, the four remaining degrees of freedom that
were encoded in the Cartan coframe coefficients can be generated by only one scalar
potential. We now consider the MR of the scalar and tensor modes to understand
how they are modified in this limit and which information is kept. From (3. 100)
and since II;; = D;;A, there must exist a scalar field G such that G DijG.
Then,

Dyx =Dy (244 G) (3.121)
Moreover, from (3.99), we can conclude that:

o0 — —éA (24+G) . (3.122)

Hence, no tensor mode survives, and the two scalar modes both derive from a single
scalar potential: 2.4 + G. X(I)H and ¢V then automatically satisfy the momentum
constraints.

4.3.2 MR of the equations

There is no longer a tensor equation in the MR. The Poisson equation in the
MR is obtained from the Raychaudhuri equation for A which can be derived from

the gravitational field definition (3.47) and its relation to the divergence (3.45):
1 . V-
6Fh =55 (1-P) <6da2 +aa’2P + 2aa®2P + a*2P + 4da2P)
a

_ - (—6913 2P 4HP £ 2P + 4913)
2 a a a

-~ P+2HP :
6F = A (A+2HA) = —4nGop ; (3.123)
where:
_ P w :
op = 3 < A+ 47TGpHi> ; (3.124)

is the density contrast and 6" is the first order trace of the generalisation of the
Newtonian field strength gradient defined in (3.44). We can thus conclude that we
get the Newtonian cosmological Poisson equation used in literature. We determine,
up to a harmonic field, the expression for A(X,t) from (3.123):

AX, 1) = “A(X) ((tﬁ) a 1> +2A(X) ((;) o 1) . (3.125)
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We conclude that the scalar perturbations discussed in the standard relativistic
perturbation theory literature are strictly equivalent to the Newtonian Lagrangian
perturbations up to a redefinition of the spatial variables, the time dependance
is exactly the same because of the choice of an EdS space-time a = (t/t;)%?,
see the first order Newtonian soluion (2.88). The perturbation is built thanks to
the second spatial derivatives of the function A which can be identifies to the
Newtonian spatial initial data U i|j and Wﬂ i

Thus the Newtonian perturbations obtained in this section are integrable and
admit the same time dependency that presented earlier in chapter II and reminded
during the derivation of the analogy at the beginning of this chapter. The metric
can be written by replacing our perturbations or the usual perturbations, both
results are consistent,

g = Gij +2Puj) = G + 2A;
= —2000;; + DijxP' = Gy + 2Ay5 . (3.126)

5 Concluding remarks

As in the Newtonian chapter, it has been decided to restrict our problem to an
irrotational dust continuum of matter. The basis of the perturbative scheme had
been defined in this chapter in analogy to the Newtonian perturbative resolution.
A major specificity is that we decided to work with differential forms which is
not usual in the literature. The system of equations and the first order resolution
for the Newtonian and a subpart of the relativistic equations were developed in
parallel. It allowed us to highlight the formal equivalence between the Newtonian
approach and the electric part of the relativistic equations (i.e. the symmetry con-
dition and the trace part of the equation of evolution). Moreover, the Minkowski
Restriction described in this chapter consists in assuming the Cartan coframe to
be integrable. According to this additional hypothesis, the relativistic equations
naturally led to the Newtonian system of equations.

In this chapter, the first order solution scheme is available for a general res-
olution and explicit solutions are given for a specific solution: we assumed the
relativistic generalisation of the Zel’dovich Approximation (RZA) which consists
in the slaving condition and an Einstein—de Sitter space-time. The trace and an-
tisymmetric part of the perturbations were reduced to very simple functions. As
expected according to the formal equivalence of the Newtonian equations and the
electric part of the 3 + 1 equations, the trace and antisymmetric solution are non—
integrable generalisation of their Newtonian analog. Nevertheless, the relativistic
system of equations also describes the traceless symmetric part of the perturba-
tions. Moreover, the associated equation is in reality a wave equation. Thus the
symmetric traceless part has to behave as a wave: a gravitational wave.

In the last section, a comparison with the standard perturbation theory was
proposed. This usual approach introduces perturbations of the metric which are
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assumed to be integrable. We discussed this assumption in this chapter, it appears
that such solutions are quasi—-Newtonian and neglect some aspects of the general
relativity. Most of the papers which deal with relativistic perturbations seem to
reduce the problem to integrable quantities and then quasi-Newtonian dynamics.

The next chapter will present the resolution scheme for a generic order n and a
technique to obtain the complete first order solution in a specific case.
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CHAPTER I V

Construction schemes for relativistic
perturbations and solutions at any order

This chapter is based on a paper in preparation, [Alles et al., 201/].

1 Gravitoelectric equations . . . . . . . . ... L. 96
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data’ . . . . . 116
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In this chapter we furnish construction rules for the perturbations and the
solution schemes at any order n. The sections 1, 2 and 3 successively develop
through the formally described analogy the electric part of the 3+ 1 equations, the
resolution scheme and generic solutions. Since our relativistic approach is built
on this analogy, we focus on the electric part of the set of equations and consider
the remaining magnetic equations as constraints. Section 3 presents the electric
perturbative equations at any order n, this system is strongly similar to the New-
tonian expression of [Ehlers and Buchert, 1997].
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We propose in section 4 to build a relativistic solution for the complete per-
turbations (trace, symmetric traceless and antisymmetric part) up to first order.
Assuming a particular background cosmology, it is possible to extrapolate the New-
tonian solution even for the symmetric traceless part. In section 5 we manage to
prove that in this case the first order solution has an identical time dependency
for any of its parts and we describe the second order trace solution for the same
hypothesis.

1 Gravitoelectric equations

In this section a particular n'® order relativistic resolution scheme is presented.
Only a subpart of the Lagrange—Einstein system will be studied: the gravitoelectric
equations. This allows us to furnish inhomogeneous models for large—scale struc-
tures formation in the Universe. The successful Lagrangian perturbation theory
in Newtonian cosmology is well-developed. Similarities between the Newtonian
system and the gravitoelectric equations will allow us to translate the Newtonian
solutions to the relativistic context by an Minkowski Restriction (henceforth MR),
as introduced in Chapter [1I. We will here generalise the perturbation and solution
schemes of Newtonian cosmology given in the review [Ehlers and Buchert, 1997],
whose essential steps will be recalled in this section, followed by their relativistic
counterparts.

As before, all schemes are applied to the matter model “irrotational dust.” It
is possible to extend the present schemes by employing the framework for more
general fluids in a Lagrangian description, developed in [Roy and Buchert, 2014].
Most of the known representations are focused on writing equations in terms of
tensor or form coefficients. Our investigation will be guided by the differential
forms formalism as before. However, we will also project to the coefficient form in
parallel to ease reading.

We are going to give construction rules for building relativistic Lagrangian per-
turbation and solution schemes from the known Newtonian schemes at any order.
These rules are based on the formal analogy of a part of Einstein equations, identi-
fied as gravitoelectric part, with the Newtonian equations ((3.7),(3.8)). The name
“gravitoelectric part” is motivated by the fact that these equations are generated
by the electric part of the spatially projected Weyl tensor, represented by the three
1—form fields E*. The reader can find more details about the associated calcu-
lations in chapter V. This tensor is tracefree and generates the electric equations
[Buchert and Ostermann, 2012] equations (A23, A25-26):

e 1
E* = —n"+ g(A —4rGo)n® ; (4.1)

GuwE*An®=0 (4.2)
. 1
— —Gan* A+ gGab (A —47Go)n" Am* =0
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— Gui*rn"=0;

€ E* AP AmE =0 (4.3)
. 1
—  —eae) AN AN+ geabc (A — 47Go)m* A AN =0.

Thus the electric part of the Weyl tensor E* describes completely the symmetry
condition and the evolution equation of the trace. A projection of the equations
((4.2),(4.3)) using the Hodge star operator yields their coefficient representations,
which are equivalent to the symmetry condition (3.29) and the trace equation of
motion (3.30):

. 1 Bea b e, L i
E’j = —ﬁ%bcakln ﬂ?bm ias 3 (A —4rGo)d j (4.4)
By =0 45

Sending the Cartan coframes to exact forms is defined above as MR: imposing this
restriction, the previous equations are closed and form the Lagrange-Newton sys-
tem ((3.7),(3.8)) or ((3.10),(3.11)). Note that the remaining relativistic equations,
called the gravitomagnetic equations, vanish in the MR. We recall here that the
relativistic system requires nine functions, n%(X ¥ t), to be determined, whereas
the Newtonian system just requires three functions, f(X*,t). These latter are
fully determined by the Lagrange-Newton system.

As a consequence we will obtain the full hierarchy of relativistic perturbations
at any order n.

2 Gravitoelectric Perturbation Scheme

We now recall the general Lagrangian perturbation scheme of Newtonian cos-
mology and generalise it into a gravitoelectric scheme in relativistic cosmology. By
construction, this latter will already contain the known Lagrangian perturbation
scheme at any order in the geometrical limit of exact deformation 1—forms.

2.1 Recap: Newtonian Theory

The general perturbation scheme has been fully developed in [Ehlers and Buchert,
1997] and chapter II. Our approach only slightly differs in terms of the initial data:
we formulate them such that they are formally closer to the relativistic approach.
We proceed by defining a perturbative ansatz to solve the Lagrange-Newton system
on an FLRW background cosmology through the introduction of three comoving
perturbation gradients dP’, i.e. nine functions which depend on the three compo-
nents of the comoving vector perturbation fields P*(X*,¢):

dfi(X,t) = a(t) dF (X, t) = a(t) (dxi + dpi()?,t)) . (4.7)
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It is, of course, possible to consider the perturbations of the position fields f7,
because the Newtonian equation can be expressed in a vectorial form. The rela-
tivistic equations are tensorial and cannot be written with vectors. Therefore, we
consider the representation in term of the gradient of deformation. The homoge-
neous Lagrange-Newton system is reduced to the nontrivial divergence equation
(Friedmann equation):

€ 3od X' A dXT A dXY = e (A — AnGlog) X' A dX7 A dXF
a

— 3% — A —47Goy . (4.8)

Let us decompose the gradient of the perturbations on this background solution
order by order:

Q0
dP’ = Y dP' (4.9)
m=1

In the Newtonian theory this can be done in integral form, using Gauss theorem and
respecting boundary conditions (which is uniquely possible by imposing a 3—torus
architecture on the perturbations [Buchert and Ehlers, 1997]). Integration over a
compact spatial domain M implies the following vector ansatz, if integrated over
a domain with empty boundary, according to the Stokes or Divergence theorem:
o0
fdpi = J P'=0 — P'=) P (4.10)
M oM m=1
We will not use the integral form in what follows for the reason explained above.
Indeed the Stokes theorem requires integrable quantities, in other words we have
to be able to write a vectorial formalism to use this theorem. Nevertheless the
discrete decomposition is available also in the relativistic approach.

Recall now that U’ = dU* = Ui|jde and W' = dW* = Wi‘jde are the initial
1-form peculiar—velocity gradients and initial 1-form peculiar—acceleration gradi-
ents. The fields W* are determined nonlocally by the following set of equations,
equivalent to Poisson equation:

. 1 . .
W', = *5%de1 AdX7 AdXF = —47Gép;

In view of the restriction to irrotational flows, we additionally impose the irrota-
tionality constraint:

Sdfi Adfi =0 = §;dU° AdX? = «d (U'dX") = 0. (4.12)

Without loss of generality, we can choose the following general set of initial data
that can be obtained in the Newtonian theory or, else, from the Minkowski Re-
striction of ((3.50)—(3.52)):
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e the initial deformation, velocity and acceleration,

dWi(l) = dWl, W[ZU] =0 3
AU = dU?, Uy =0 (4.13)
YndP'™ =0 ;

e and additional initial constraints are obtained thanks to definition of the met-
ric and constraint equations evaluated at initial time,

1 1 )
00i'" = 00i = omili = —R@kwm ;

9ij = 5klfk|@'fl|j ;R (4.14)
a(t) fii(k) = —7i +87Goi + A .

The metric is Euclidean, and in terms of differential forms the constraints about
the initial velocity and acceleration are:

. . (4.15)
5Z‘deZ AdX? =0.
The full hierarchy of the perturbation equations reads:
8 AP A (dX7 +dP?) = §ja72dU" A dXV (4.16)

ik [(D . 47TGQH> AP’ A dX7 A dXF + <2D . 471’GQH) AP’ A dP7 A dX*

ArG - - ArG , ,
+ (D - —7; QH> dP'A dP/ A de] = —eijk—g §oi a *dX'A dXIA dXF;
(4.17)
where the operator D equals (d/dt*) + 2H (d/dt). The reader may note a differ-
ence with the reference [Ehlers and Buchert, 1997] in the numerical coefficients.
Indeed, the mentioned paper presents errata in these coefficients. It is possible to
straightforwardly compute the coefficient equations, using the Hodge operator:

*(416) — 5ijl‘kXm ekt 5Z]PZ|kP]del Fml —
—  PpdX; M4 P, PAX, M =0

t
= Py = ﬁ Py Pdt" (4.18)
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“(4.17) = eij,c[ (D — 4nGog) Py + (2D — 4nGoy) Py P’ ™
4nG . Ve, )

+ (D — 7TTQH> PZ”P]'mPknelm"] = —eijk%égi a3k

—  2(D - 47Goy) P! + (2D — 47Gox) (Pilipjlj ~ P ij”)

4nG o
| (D - = QH> eijre ™ PP Ph = —87Gog;

3 |
= (D —4nGop) Pi“ = —41Gégia® — (D — 2nGoy) PiﬁPjU
1 ArG S
— §eijkel"m (D — TQH> Py P P, (4.19)

After splitting the system ((4.16),(4.17)) order by order, we obtain n sets of equa-
tions. A perturbative development naturally makes product of lower indices ap-
peared as source terms. These terms are clearly identifiable in the equation (4.19)
as the quadratic and cubic terms in P. The resolution of a perturbative develop-
ment is performed order by order. The generic n'™ order system of equations will
be written in the next paragraph with an implicit summation over the order of
perturbations in the source terms:

AP B@ — Z AP B@ .

pra=n 4.2
AN BEOC® — Z A BOCO® (4:20)

r+s+t=n

Here, we only have to truncate the previous equations at a given order. At first
order we get:

5;;dP'W A dX7 =0 ; (4.21)
eiji (D — 4nGog) dP'™ A dX7 A dX* = a73¢dW' A dXT A dXF;  (4.22)

which is in coefficient form:

™ _q-
P =0; (4.23)
PP+ 2HPY — dnGopa P = a W' ; (4.24)
i.e. a set of linear equations. We recall the Poisson equation Wﬂi = —4n(Gdp; which

is used to replace the inhomogeneous density by the initial acceleration gradient.
At any order n > 1, the perturbation equations read:

5,;dP'™ A dX? = —5,;dP'™ A dPI@ (4.25)

Gz‘jk[(D — 47Goy)dP"™ A dX? A dX* — (2D — 4nGoy)dP"™ A AP/ A dX*
4 . |
+ (D - 7TTGQH)dP“” A AP A de(”] =0; (4.26)
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and in coefficient form:

t
(n)  __ 5(p) m(a) g/ .
Pty = L P 4t (4.27)

P+ 2HP'" — AnGopsa P}
ArG

(pi(r) +2HPY 5 QHia_?’Pi(”)

Imn pJ(s) pk(t)
PP ] y I

[m = |n

= — §Eijk€

— (P +2HPY — 2nGoma P ) PIY

lé lé l4

+ (Pif;?) +2H P — szgHia*?’Pﬂ(;’)) P (4.28)

The reader may consult the review [Ehlers and Buchert, 1997] and references
therein for further details.

2.2 Einstein Theory

Assuming the previous perturbation ansatz for the coframes, and using the
operator D as defined above, the analogous expansion is performed. The zero
order leads to the Friedmann equation (3.39), and the general perturbation scheme
reads:

GuP? A 0"dX7 + GuP* AP' =0 (4.29)
eabc[<D _ 47TGQH> P A 0YdX7 A 0%dX" + <2D _ 47rGQH> P A PY A 5¢,dX*

4 -3
+ (D . WTGQH> PoA P'A PC] e Y

§4dX A 6%dXI A 69dX" . (4.30)

A comparison with the Newtonian equations ((4.16),(4.17)) is very convincing: the
gravitoelectric equations are formally similar to the Newtonian equations. Thanks
to the Hodge operator their coefficient form reads:

*(4'29) and GabpakdbjXm Mt + Gabpakpbdel ekml —
g Pbk5bjXm il 4 PkabjXm ekt —
— Py + Pb[lcpbj] =0
¢
— Ha = f PagiPydt’ s (4.31)
t

i

#(4.30) = eabc[(D - 47TGQH) paclee 4 (zD - 47TGQH) papb me

Wa™3
3

Eabc

4
+ (D _ WTGQH> P‘}PmeCnelm”] .
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9 (D _ 47TGQH) Pl <2D . 47TGQH) (Pi.Pi — P'PY)
+ eggpe™m <D - ? QH) PiPI Pk — 9pya?
— (D —4nGoy) P’ = — (D — 2rGoy) (P',P’, — P',P’,)
— %eijkelmn (D — #QH) PPl PR Wa (4.32)

These two equations are comparable to their Newtonian analogs ((4.18),(4.19))
and the analogy is even clearer when we look at the integrable and non integrable
perturbations P’; and P';. Let us now introduce, as before, the six 1-form fields

U® = U%dX" and W* = W%dX". We insert the ordered perturbation coefficients
of the coframe fields and obtain the following first order gravitoelectric equations:
GapP® A dX* =0 (4.33)

€abe (D — 4nGoy )PV A §°,dX7 A 6. dX"
= a 3, W A 5bjde N 6deXk : (4.34)

which are comparable to ((4.21),(4.22)) whose coefficient expression is:

P 4 2HP'Y — 4nGopa P'Y = Wa™ . (4.36)
These two first order tensorial equations have to be compared with the first order

Newtonian equations ((4.23),(4.24)). The general gravitoelectric scheme n'™ order,
with n > 1, leads to the following set of nonlinear equations:

G P A 6%dXT = — GuP® A PP (4.37)
€ave(D — 4Gy )P A §*.dX7 A 66, dX"
=— eabc[ (2D — 47G oy ) P* A PY@ A §¢,d X"

4
+ (D — —ZG QH) P A PP A PC(”] : (4.38)

which have to be compared with the Newtonian equations ((4.25),(4.26)) and leads
to the following tensorial expressions:

t
(n) __ 5(®) pM(a) 74/ .
P = £ R (4.39)

1
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Plz(n) + 2HP2;M — 47TGQHiCL73PiZ-(n)

1 j i (r iy 4ATG —3 pi(r
= — ek " P PR (Pz( '+ 2HPY — ——oma” Py >)

— (P2 + 2HP'Y — 2mGopa *P'P) PV
L (pi;p) n 2HP2‘J@) _ 27rGgHia*3Pi](.p)> P (4.40)

These equations provide solutions for the perturbation fields at any order n from
solutions of order n — 1. The reader can notice the very close expressions for the
Newtonian equations ((4.27),(4.28)) and the relativistic gravitoelectric equations.
Thus, a direct analogy can be set up between the two sets of equations. This anal-
ogy suggests to construct the gravitoelectric part of the relativistic perturbation
scheme by inversion of the Minkowski Restriction:

dP' = P{;dX’ — P%dX’ = P". (4.41)

i
The initial data respect the following generalisation rule:

AU’ = Uﬂjde — U“jde =U",; (4.42)

dW' = Wh,dX? — WedX/ = W*. (4.43)
According to these results, the “Newtonian—relativistic gravitoelectric” formal equiv-
alence is obvious at any order of the perturbations. It follows that the trace and
traceless antisymmetric solutions are also formally equivalent. However, note al-
ready here that the inversion of the Minkowski Restriction can produce a symmetric

traceless component as part of the relativistic gravitational wave solutions even if
there does not exist a Newtonian equation for the symmetric traceless part.

3 Gravitoelectric solution scheme

3.1 Recap: Newtonian Theory

We first recall the general solution scheme given in [Ehlers and Buchert, 1997],
written for the perturbation gradient only. We decompose the perturbations and
the initial data into their trace dP, symmetric traceless dII' and antisymmetric
d’ parts. Thus, the perturbations and the initial data can be written as:

(AP — tr (AP + dIT™) + dpie

_ 1 k si j i(n) j i(n) .
|- 'gp ‘k.(S X7 IFPAXT + A o
AUt = U, dX? 5 Upyy =0

dW' = W',dX? ; Wy =0.

\
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According to the split of the perturbations, the general first order system of equa-
tions can be written as follows:

5i; AP D A dXT =0; (4.45)
cigh (D — 4rGoy ) AT A dX7 A dX* = egra™ W' A dX A dX"; (4.46)

uniquely determined by the constraint initial data for dU” and dW*. The general
n'™ order solution scheme, with n > 1, reads:

;AP A dXT =NS™ (4.47)
eijr (D — 4rGog) AP A dXT A dXF =N, (4.48)
uniquely determined by the source terms:
t
Ngm — _ 5ijj dPi® A dP@ ¢ : (4.49)
t
VT = — | (2D — 4rGoy) AP A dPT A dX*
4G ) .
+ (D= =on)dP' A AP A AP (4.50)

We have demonstrated earlier in section 2 the formal equivalence between the New-
tonian equations and the relativistic gravitoelectric equations. The generalisation
of the Newtonian solution scheme to obtain the corresponding relativistic scheme
is now straightforward.

3.2 Einstein Theory

Splitting the coefficient matrices into their trace, symmetric tracefree and anti-
symmetric parts, the perturbations are written accordingly:

a 1 a j a(n a(n
P =§P6jdXJ+H”+‘B”. (4.51)

The perturbative gravitoelectric Lagrange-Einstein system composed of the sym-
metry condition and the trace part equation of motion leads to the first order
gravitoelectric equations:

GaPB*D AdXP =0; (4.52)
€abe (D — 4nGoy )PV A 6°,dX7 A 6. dX"
= —€ape "W A 5bjde A 8% dX" (4.53)

uniquely determined by G, and the corresponding constraint initial data for U“
and W The n'" order gravitoelectric solution scheme, with n > 1, reads:

Gabma(n) A 6deX] — S(") ; (454)
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€ape (D — 4nGop )P A 8°,dX7 A 69d X" = T ; (4.55)
and is uniquely determined by the source terms:
S™ = Gy, f t (—P“@ A Pb@)) dt’ (4.56)
ti
T — ea,,c<(2D _ 47TGQH) P A PYO 5 §¢ d X
(D - ?Q ) Pat) A PYO A PC“)) . (4.57)

the relativistic solution scheme presents in this section is very similar to the New-
tonian solutions scheme as mentioned several time earlier. The definition of the
relativistic sources can be compared with their Newtonian analogs ((4.49),(4.50)).

3.3 Space—time splitting implications

At any order, the solutions are composed of several modes which admit different
time dependencies. A space—time splitting is assumed for each of these modes [ at
any order n:

P = Zg”l t)P"M(X) . (4.58)

This decomposition allows us to rewrite the gravitoelectric system ((4.18),(4.19))
as,

25 nl)P(n)l ZP(pﬂPr(q)mJ gp, (a:m) dt' (4.59)
l

3 ot [gn,z) +2HEM) — dxGoy §<n,z>] _
l

_ Z [P(p)lp(cnm _ Pij (p)lei (Q)m] g(qvm) [é(pvl) + QHS(N) — 27Gon 5(1%1)]
Im
1

_ _eijkeuvw Z piu(rﬂpjv(s)mpkwu)pf(nl)g(SM) lg( D) + 2H§ tp) _

e
2 3

5 COH f(t’p] :

l,m,p

(4.60)

The first equation (the symmetry condition) is, as usual, only a definition of the
antisymmetric traceless part of the perturbations, whereas the second equation
describes the evolution of the trace part, the usual way to solve such an equation
is to solve term after term thanks to the superposition theorem.

The homogeneous solution, denoted by [ = 0, respects:

§m0 + 2HEMD — dnGoy €0 = 0. (4.61)
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The particular solution can be computed for a subpart of the source, each P™!¢)
is a particular solution for a time mode in the source after the development of the
sums over [, m and [, m, p. Notice that the second order and higher order solutions
also require symmetric tracefree source terms.

In the Newtonian approach we can integrate the equations for the trace and
antisymmetric traceless parts and solve the vectorial system to complete the solu-
tion, but in the relativistic case we have to employ the gravitomagnetic equations
in order to fully determine the symmetric tracefree part of P“. We shall therefore
explain the construction of relativistic solutions from Newtonian ones in the fol-
lowing examples and formulate the construction rule thereafter.

The system of equations and the source terms are formally similar. This equiva-
lence is a very strong result and advantage of the approach developed here. Never-
theless, we have to remain very careful because general relativity brings additional
constraints. The Newtonian coordinates are naturally global thanks to the descrip-
tions of the space-time this theory is based on. General relativity does not allow
us to describe the space-time so easily with a global coordinates system. All our
results are developed in a local space tangent to a non—Euclidean manifold. Thus
the equations obtained are in reality local equations and it is impossible, a priori,
to travel through the manifold continuously without changing the exact basis sys-
tem dX’. Fortunately, it is possible to derived some results relatively easily even
with this “problem” of local description and coordinates. One of these results are
highlighted in the following sections and chapters.

4 Example 1: recovering parts of the general first order solution

4.1 Generalisation of the Newtonian solution

In this subsection we are going to exploit the above-developed schemes for
the explicit construction of the relativistic solution from the Newtonian solution
[Buchert, 1989; Bildhauer et al., 1992; Buchert, 1992], restricting attention to an
Einstein—de Sitter background for simplicity. According to [Ehlers and Buchert,
1997], all solutions of the Lagrange-Newton system can be written in terms of
longitudinal and transverse components of a vector; the Newtonian first order
solution reads:

. ]_ L 3 -1, ]_ - ]. L
PO =3t (20" + W ) a— (U — W't ) a2
1

—§W“ti ~U" (a7 - 1)) . (4.62)

The longitudinal and transverse parts are denoted by an index “and ". Henceforth
we drop the transverse part due to the irrotationality constraint in the relativistic
scheme. The Newtonian equations are the divergence and the curl of the gravitation
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field, so it reads:

Biy =0; (4.63)
; 3 9 . 3 3 3
PZ|(1‘1) = (5Uzz‘ti + EWzitF) a— <5Uz|iti — ngl-tF) a 3?2 — éwl‘itf . (4.64)

These derivatives can be generalised to the relativistic tensor solution by dropping

the integrability of the perturbations i.e. sending Pifjl) — P

=0 (4.65)

‘ 3 9 . 3 3 . 3.
P = <5U3ti + 1—0W3.ti2> a— <5U3ti - gwgtﬁ) a3 — 5W@.ti? . (4.66)

In view of what has been previously said, this solution solves the gravitoelectric
part of the corresponding relativistic equations and can be obtained by the reso-
lution of the system of equations. Indeed, it corresponds to the results obtained
in chapter I1I. However, with this generalisation we can also produce a symmetric
tracefree solution. Here we are going to complete the Newtonian gradient solution
by the symmetrisation of the derivative of the vectorial solution and generalised
it to its non—integrable analog. The question is, can we extract any information
about the symmetric solution from this relativistic generalisation? It remains to be
checked, whether this part furnishes at least few modes of the relativistic solution.
A specific notation is introduced to identity the generalisations of the longitudinal
and transverse parts,

T
|3

A A A "
Fio|Fiy=0—F% | Fyy=0; FL|F,=0—F|F,=0. (467)
Note that a longitudinal and a transverse parts cannot be defined in general relativ-
ity with the Newtonian derivative, it could be possible with the Hodge-Helmholtz
decomposition. The indexes "and only denote functions which are obtained by
the non-integrable generalisation of the Newtonian longitudinal and transverse
parts. Nevertheless, these non-integrable quantities respect the generalisation

of the constraints for the longitudinal and transverse parts F{;; = F(lz-j) + F(Zij),
2

F'.=F ’Zl and Ff;j) = Fj;;;. This technique leads to the following solution,

ij]
P =0; (4.68)
- 3 9 < 3 3 , 3 .
Pq(l) v e a'i - qi2 i< a.i__ qi2 i, —3/2 < a zi2,
20, <5Ult + 10Wlt >6aa (5U1t 5W1t )5aa 2W15at ;
(4.69)
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3/ 4 1. 9 (1 1.
W _ w W 2
I = <U(ij) -3V 5z’j) i+ 35 ( i) 3 5@-) b ) a

1 1 1 3 1 ]. 1 2 _3/2

1 1. 4 9 5 1
a (W(ij) - §W 5ij) ti” — 33Ut (a /2 1) . (4.70)

We will define the following functions in order to lighten the next calculations,

;= Ay (U, W)a + By (U, W)a™? + Ciy (U, W) (a™* — 1) + Dy (U, W) ;

P, = A(UW)a + B(UW)a™? + C(UW) .

]

The antisymmetric and trace part solutions are directly generalised from the New-
tonian solutions. Note the solutions we get for these two parts are exactly the same
solutions we get in the general relativistic approach, chapter I1I section 3.3.3.

4.2 Validity of the generalised solution

The validity of the generated symmetric solutions has to be verified by injecting
it in the relativistic traceless symmetric equation. Performing the integration of
the Newtonian trace solution. We remind that the symmetric relativistic equation
is written,

)+ 3HIT) — a 211 = —a? <irij + P~ gp'l’“,j”aij) . (4.71)

We introduced the generalised solution into the relativistic equation in order to
check if this solution is correct,

1
Ay (UW) (é + 3Ha) + By (U, W) (—g/ I gﬂaaw)

1 3 3
+Ciy (U, W) <—5da3/ P4 ataT -l aa3/2) — AU W)a!

_ B

ij |k

= —a Ty — Ay (U W)a™" — B (U W)a~"? - Ci; (U, W)a™?

(U W)a~ 2 —¢ 5 (U W) (a2 —a™?) =D, (U W)a~?

ij |k

1 1 1
+ §A|]Tk(U, W)dijail + gB‘Tk(U? W>5ija77/2 + §C|Tk<U’ W)(Sijad
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10, ., _ 2 -
—  A;(U, W)gt *a™? — C;(U, W)9 20772 _ Aw |k< Wa~!
_ Bljlkm(U, W)a 72 — Cj\klk(U W)(a™? — a2) — D@]Ik\k(Ua Wa2

=—a TU A\U(U W) Blij(U’ W)CL_7/2 - OW(U? W>a'_2

1 1 1
+ §A““|“k(U, W) 0 3B|k (U, W)d3a" 7% + gO"fk(U, W02
AU 2z e oy =k )
= 7/]( )5 ij ‘k:( ) iJ |k< 9 ) a
2, B B _
— (cij(U, W)=t ol B”"jk(U, W)) a 7% - Aw WU W)a™! —Cij!’jk(U, W)a=>?

1 1
— ‘Tij + C|l](U, W) — —C‘kk(U, W)(SZ] Cl_2 — A‘Z](U, W) — —A|kk(U, W)(SZ] Cl_l
3| 37|

1
- <B|,-j(U, W) — gB"fk(U, W)aij) a” " (4.72)

Four modes appear in the equation: a=2, a™*, "% and a~?. The equation has

to be true at any time, thus each mode must cancel itself. It leads to the following
constraints for the initial data respectively extracted from the a2, a™!, a2 and
a2 modes:

(2 1 1
1 ll -1 1 ll
3 <U(z'j) - gUléij> i+ (”(ij) - g” l‘sij)

3( .+ 1, "“ : I
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( 2 1 1 ll 1 ll
3 1 1 A Ik 2 2 |k
5 ( Wap =305 ‘kti ~ 3V wt

3 L e
~Ty + = (Wllm 3W,|k5w)t2

|k

|k
1 ll 11
(U(ij) 3 U U) W(zj W ZJ) t;
< |k

| RSP 3 1ok
(Ullm SUll |k5z’j) <Wllzj 3Wl| k;(sij> ti

A S T L [ PR
3 " 3 w9

| R 1o
(Ul”lj 3U l| |k5ij) (Wllm 3W l| |kéij) ti

(2 1 1
3 (U(zj gUll 5ij) i+ <W(ZJ) 3Wl 61]) = —Jij

Ik
5 1 1 ll 10 2 ) 5 l1 1 ll‘k
9 (W(ij) - ng‘Sij) " + gU(ij)ti Y (Wl|ij - g” ! |k5ij

Ik
1. n
It l Ik
<U(w) 3U 5”) (Ullw 3Ul |k5ij)
Ik

S
Uy 1 =0

— <U1‘VC ——U(2

@) k3 = Ul ; (4.73)

1\]@ 4_
Wiy 1~ gl

L
\U(ij) Ik~
Thus, the symmetric traceless relativistic generalisation of the Newtonian solu-
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tion proposed earlier is correct if it verifies the constraints (4.73). This brings
the following informations about the initial data: (i) a relation between the ini-
tial traceless Ricci curvature T;; and the generalised longitudinal initial velocity
gradient U;j and acceleration gradient I/VZJ, (ii) constraints between components of
the generalised velocity and acceleration gradients, and (iii) the generalised initial
symmetric transverse velocity gradient U(Qij) is harmonic.

These last constraints already give a lot of informations. Nevertheless, it is
possible to go further. The Relativistic Zel’dovich Approximation (RZA) can be
assumed (see [Buchert and Ostermann, 2012; Buchert et al., 2013]), some details
about this approximation in the Newtonian case are available in chapter II. RZA
is equivalent to the slaving conditions U¥ = W*t;. Moreover, the generalisation
of the Poisson equation is also known as follows: Wkk = —47wGdo;. The slaving
condition and the Poisson equation allow us to constraint the components of the
initial velocity and acceleration gradients:

Uk =Wkt = —4nGéoit; ; (4.74)

Y3

U’L]) |k - 5 <W(z] -W k|1]> U klij

U'k BM/M;tQ LV #2 4 Go 4.75
= Uyt (i) Ikti klisti TG 03yt (4.75)

All these results are relativistic. It is possible to go further with additional con-
strains. This is what we proposed in the next section.

4.3 Integration of the initial data relation

The usual method to solve this last equation is to use the Fourier transformation
and some of its properties. In general, we do not have a global coordinates system
to describe the whole relativistic space—time. Thus it is impossible to define the
Fourier transform. Here we work in the tangent spaces of the manifold and use
the exact basis dX° associated to these tangent spaces. If we want to define
the Fourier transform with respect to these coordinates, they have to be global.
Assuming these coordinates to be global reduces the problem to the Newtonian
problem because all the tangent spaces coincide with the whole space-time. We
choose to respect this assumption in this section to show the Newtonian aspect
of most of the “relativistic” papers. The following convention is chosen for the
Fourier transformation,

1 7\ —iK-X 13
= TF [F] (27?)3/2f (X)e X ;
R3
N e L (4.76)
-1 iK-X 13 .
F—H‘[]—@ﬁﬁfﬂKk PK
R3
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the convolution product is defined such as,

F(X)+G(X) = JF(X' ~Y)G(Y)dY ; (4.77)
R3
and the relations between convolution product and Fourier transform are,

' F[F-G]:W

TF'[F-G] = W TF ' [F]«TF ' [G] ;

TF [F = G| = (2n)*? TF [F] - TF [G] ;
TF'[F+G] = (2r)** TF' [F]-TF ' [G] .

TF[F] + TF[G] ;

(4.78)

\

Thus the Fourier transformation of the equation (4.75) is,
~ 3/\/ T~
2 ! 1oy2 2
-K (U(ij)ti - §W(z‘j)ti ) = 21Gt;" K, K0 0; . (4.79)

This leads to the following relation,

3

Uipti — 5W(j.j)ti? = 271Gt TF [TF [6as5] || K1 72](X)

— (20) V2 G2 5 or(X) « TP lKKff ]()Z) (4.80)

The reader may remark that the trace leads to the Fourier transformation of a
constant, which is a Dirac delta,

TF 1] = feiK'Xd?’K — (2m)%? §(X) ; (4.81)

and the convolution of a function with a Dirac Delta is simply the function

50i(X) x0(X) = fagi()? —Y)§(Y)d*Y = 60:(X) . (4.82)
R3
Thus, the trace of (4.79) leads to the generalised Poisson equation Wt;* = —4rGéit;*.

According to these last constraints, the traceless Ricci tensor can be write as fol-
lows:

—Tij = 2W;) - W + 5 Ww i = 5 Wit
2 KK
5((zw) Y2 Gt? 50;(X) « TF {T?JD (4.83)
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4.4 The RZA solution

The previous assumption allows us to perform additional treatments. We can
also include the Relativistic Zel’dovich Approximation. The RZA generalised first
order solution is,

PB4 =0; (4.84)
5, P = géa’W‘;ti? (a—1); (4.85)

I, = (gU@j)ti + %W@]) Wt 2%) a— g (Uits = Wigt?) a2
- g (W{ij) - %W&ij) ti2 — 33Ut (a2 = 1) (4.86)

which can be written in its complete form such as:

9 1 2 3 1 2 73/2 3 1 2 2 71/2
3 KK
+5 (207 O 9a(X) » TF [T] (a—a?) ; (4.87)

It is still possible to constraint the coefficients of the solution by injecting the RZA
generalised solution into the traceless symmetric equation. As previously several
modes appear and have to cancel themselves. Here there is only three different
modes in the calculation, a="?, a=2 and a~'. This last mode leads to:

9 Ik Uik, 2 3 Lok 2
- _UZj |k 10‘/VZJ |kt + 2Wl [k71 61] = 2 Wk|zg 3Wl |k5ij t

5

3
— U k42 W Ik 5 Wit (4.88)

ij |k ij \k

[f we combine this last relation with the equation obtained earlier which constraints
the initial data (4.75), we get:

Ut =w,

ij |k~ g \k

= Wkt (4.89)

Moreover, the relation (4.75) can be expressed in a more compact way, and the

previous calculations, using the Fourier transform, allow us to obtain a relation
1 ey .

between W,y and the initial density:

1 _ 1 _ _, B KZK .
Uipti ' = W, = —202m) 7 G 60:(X) » TF ! l K;] (X) . (4.90)
Thanks to this last relation the mode a~ "2 leads to:
Ujy =0 (4.91)
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The last remaining mode leads to the RZA definition of the traceless Ricci tensor,

5 1 1
T =3 (Wuj) - §W5z'y) : (4.92)

The RZA Newtonian generalised first order solution is finally,

i pa 3 iT[/a
Laipe = 2wt 1) (1.99

3
Hij = 5 <W(l]) (5 W (51]) ((I - 1)

\

3
— P°= 5W‘;zti2 (a—1) . (4.94)
This can be written with respect the the initial density inhomogeneities such as,
3 _ KK,
Py = 5 (2 (2m) ? Gt;? 50i(X) « TF™ [TZJD (a—1) . (4.95)

The initial traceless Ricci tensor can also be expressed with respect to the initial
density inhomogeneities,

5
_r,TU - g (W(,L]) W(SU)

_ 1012 G (R« TR [

3

Kin n 207'(‘Gti2
K? 9

Then we can show the trace of these two relations leads to the well-known trace
results,

3

P = —5\/—7Gt 25@1 * TF_I [1] (a - 1)
3/2 =
_ ;2(? G260+ 6(X) (a — 1)
7T
- —;4ﬂGti25Qi(f) (a—1) = thiQ (a—1); (4.97)
20 Gt;?
—T = ————Gt;%00; * TF ' [1 L 505
B\ﬁG 0 [1] + ——5—9de
1002m)%2 5. o 20mGt;?
= —————G1 ) (X d i— Y. 4.
Nor Gt;%60i(X) + 5 %0 0 (4.98)

The solution (4.94) is valid if the exact coordinates are supposed to be global, i.e.
the space—time is reduced to a Newtonian space—time. Moreover, this solution is
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identical to most of the usual solutions proposed in literature. For some authors, it
corresponds to the scalar part of the perturbations. We can conclude that the scalar
solution of the standard perturbation theory is in reality a Newtonian solution, it
should exist a diffeomorphism which reduce the associated metric to an Euclidean
metric.

4.5 Functional evaluation of the volume element

The other quantities are computed as functional evaluations with respect to
the perturbations. Here, we propose to write down the expression of the volume
element J:

1 oo 1 o .
J=a’ [1 + P+ 5 (PP=PyPY) + ¢ (PPP+ 2P, P’ P — 3PPJkP’3)]
3 3 2 9 4 2 i i7d 2
=a 1+§Wti {a—1}+§ti (W2 = W' W) {a® — 2a + 1}

+136ti6 (W2 + 20" W2, Wh — 3WWEW?) {a® — 3a® + 3a — 1}]

=a® [1 —6mGog; ti* {a — 1}

9 2,4 2 2 1 -1 KZK -1 K]Kl
+§G ti {471’ 5@1 —% 5Qi*TF TQJ 5Qi*TF K2

x{a2—2a+1}

'K; iK.
— 9G3t16 {47736Q13 — gélg (691 % TFllK KJ:|) (591 " TFllK K2:|)

K? K?
1 L[KK; KK, [ KFK;
e (1 [ ome e | Yo 1| B

x{a3—3a2+3a—1}]

=a’ [1 —6mGog; ti* {a — 1}
w2620 an2502 — 2 (2)? TF*[&ET]TF*[@.] {a® —2a + 1}
2 i i o ij i
R CER e Ev e Evt b

— ;5@(2#)3 TF—l[@]TF‘l[@i] } {a® = 3a® + 3a — 1}] . (4.99)
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where Ag;’ ;= 5\&;1 (K 'K i/ K 2). It is possible to make appear correlation functions
and autocorrelation functions in the expression of the volume element:

Soi2 — TF—l[é}}] TF—l[é‘g}] . (2;)3 /QTF—l[(s“éi ) 5"@] : (4.100)
TF‘{EE@]TF*[@J - (27T1)3/2TF—1[E§F]. ; &?] . (4.101)

5 Example 2: constructing second order solutions for ‘slaved initial
data’

The second order equations have been computed before in sections 2.2 and 3.2.
Here, we propose to solve the trace equation of motion. A similar space-time
separation is assumed for the second order solutions and the associated equations
are:

P® 4 2HP® — 4nGo;pa > P®
= <pij(1) + QHPij(l) _ ZWGQiHa’?’Pij(”) sz‘ )

= (P + 2HPY — 27Goiya PV PO

o 4 Qéé(m + 3@5(@ - %tiz (a_l _ a‘3) :
a a

- (4.102)
C® = WiWY - WW .

Given the identical linear time operator D at every order of the hierarchy (4.40),
the homogeneous part of the time differential equation is the same as for the first
order equation. Ounly the source G® = (3/4) t;* (a=" — a™®) is different, but still
quite simple thanks to the slaving assumption. The homogeneous solution is then
the same as before:

P =10®q 4+ 20 q7%?2 (4.103)

The superposition theorem assure that a superposition of two particular solutions
is a particular solution. Thus, we can look for the solution for one part of the source
and then the other part to obtain the complete particular solution. Moreover, as for
the first order, the trace equation of evolution is formally similar to the divergence
of the gravitational field equation and thus admit similar solution, it leads to:

9 3
P¢ = gti4 (1 + ?a2> : (4.104)

Thus, the second order solution can be written such as,
PO —10®q 4 200,732 1 gt.‘l (1 + §@2> c® (4.105)
8" 7
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The coefficient C'® is an unknown spatial coefficient which has to be determined.
To find the spatial coefficients of the solution, we need to relate them to the initial
data. The initial values for the coframe and its time derivative have been chosen
to be zero for any order n, with n > 1, in the hierarchy of solutions of equation
(4.40). Therefore, we find the following system:

PO(t) =1C? +2C® + %C(2>ti4 ;

PO (t;) = ilc«z) _ 12C<2> + 9

3t; t 14¢; Cont (4.106)

After some straightforward computations, this system solution is,

(10(2> +20@ 4 §C<2)t-4 =0
28 7
<
3 27
1,2 2 (2 2)y 4
C® 2200 4 2 o@pd —
L 2 - 28
r10(2> +20@ 4 4_50@),5.4 =0
2 v(2 2)4 4
—220@ 4 @t =0
L 2 * 14
(1C<2> +20@ 4 ﬁomt.‘l =0
2 (2 2)1 4
C® = — = OOy
35
r1@(2) — _§0(2>ti4 ;
— < 20
2002 — _30(2>t.4 _
3%

Thus the RZA Newtonian generalised second order trace solution is,

35
4

_ 28
35

x 16W2G2ti4( TF! [&T]} TR [@7] - 5gi2> . (4.107)

3 3 1 4 - ;
t! (—a2 ——a+ 5 —a_3/2) (WlleIJi - WW>
1
2

The first equality is true in the relativistic case and we recover a generalisation
of the Newtonian solution proposed in chapter II. The second equality is more
restrictive, in order to write it like this we have to assume the existence of the
Fourier transform. Thus the second relation is true only in the Newtonian case.
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6 Concluding remarks

We developed in this chapter the resolution scheme for any order of pertur-
bation. We focused ourself on the gravitoelectric equations and considered the
remaining gravitomagnetic equations as constraints. Thus we can see the electric
part of the relativistic solution is effectively formally close to the Newtonian solu-
tion available in [Ehlers and Buchert, 1997]. Nevertheless, there is still an equation
of evolution: the symmetric traceless part of the 3+ 1 equation of evolution. There
is no obvious equivalent equation in the Newtonian description of a gravitational
system (see, however, Chapter V). The three first sections lead to relativistic so-
lutions for the trace and the antisymmetric part of the perturbations.

The general results are strongly dependent of our hypothesis of course. We de-
veloped a relativistic perturbation theory in order to describe the dynamics of the
space—time. Thus in a general case the space—time is curved and can be mathe-
matically described thanks to non—Euclidean manifolds. The equations are written
in the tangent space at a given point of the general manifold. Thus this system of
coordinates is local and cannot describe the dynamics through the whole space—
time. This local aspect prevent us to use some tools or properties which required
a global system of coordinates, such as the Fourier transform. If we make the as-
sumption that we can build a global system of coordinates, it is possible to use the
Fourier transform. The development which followed this assumption led to a solu-
tion generalised from the Newtonian vectorial solution. Nevertheless these results
are identical to the usual results presented in the standard perturbation theory
papers. These solutions are obtained thanks to the assumption of the existence
of a global coordinates system, i.e. in a flat (or constantly curved) space—time
in section 4. The results are quasi—-Newtonian because in our approach global
coordinates do not exist. We managed to show that it is possible to build a
relativistic solution from the Newtonian approach for the symmetric traceless part
too. Moreover, assuming the relativistic generalisation of the Zel’dovich Approxi-
mation (equivalent to the slaving condition), an Einstein—de Sitter space—time and
the existence of global coordinates (i.e. a Newtonian restriction in our case) the
solution takes a simple expression: every part of the first order solution have an
identical time dependence in (a — 1) which correspond to the scalar solution of the
standard perturbation theory. This was assumed in several papers, for instance
[Buchert et al., 2013], but I did not find conclusive explanation in literature. It
finally led to a generalisation of the slaving condition for the traceless part of the
initial velocity and acceleration, but also to a relation between these terms and
functions which depend of the initial density fluctuations.

This strong restriction of the first order solution will be used in chapter VI to
study the Weyl curvature hypothesis in a simpler case. Nevertheless it will describe
a more complex case than what can be found in literature. Indeed our development
will contain the magnetic part of the Weyl tensor, even if the solution seems to be
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only Newtonian (i.e. the scalar part of the standard perturbations).

We are also developing improvement to these results by the consideration of
separable and non-separable modes in the perturbations. It could lead to a redef-
inition of the electromagnetic separation of the dynamics. The electric part would
be linked to the scalar perturbations whereas the magnetic part would be linked
to the tensorial perturbations.
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1 Introduction

In the context of inhomogeneous cosmology, several models provide special so-
lutions to the Einstein equations. Moreover, some of them allow us to avoid the
addition of a cosmological constant while describing an accelerated expansion of
the Universe. Nevertheless, controversial and strong hypothesis and constraints
are involved. We can cite for instance the LTB (Lemaitre-Tolman-Bondi) model
which describes a spherical dust cloud in expansion or collapse (see [Enqvist, 2008]
for an LTB overview). The LTB solutions, for an inhomogeneous cosmology are
able to trigger a Universe in accelerated expansion without Dark Energy by consid-
ering an under—dense region of 300Mpc. This effect is due to the negative curvature
associated with an under—dense region. Recent studies highlight the effect of voids
and their negative pressure, which even have an antilensing effect [Bolejko et al.,
2013]. Different classes of solutions and applications are presented in [Bolejko et al.,
2011] and the inhomogeneities effects on the Universe dynamics are described in
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[Clarkson et al., 2011].

More detailed models of the Universe propose to study a collection of LTB re-
gions embedded in a Friedmannian background Universe: the Swiss Cheese model.
For the model to be coherent, it is essential to consider additional constraints: the
boundary conditions and the tidal forces between regions for instance. The LTB
model assumes the following metric form:

R™(t,r)
1+2E(r)

with ds the line element, dt the infinitesimal time element, dr the infinitesimal ra-
dial coordinate, d) the infinitesimal solid angle element, R(¢,r) a radial function,
R'(t,r) = (0R/0r)(t,r) and E(r) a local parameter identifiable to the energy per
unit mass of the dust particles at the radial position r. This metric describes spher-
ically symmetric inhomogeneous repartition of matter. An important implication
of the LTB solution is the vanishing of the Weyl tensor magnetic part H,,. Thus
we decided to look for specific solutions which respect the approximation H,, = 0.
The class of solutions provided by this restriction is called “silent Universe.” The
designation “silent” refers to the vanishing of the magnetic part of the Weyl ten-
sor, which means waves cannot propagate through space—time: the Universe is
silent. For previous studies about the silent Universe class of solutions the reader
can refer to [Bruni et al., 1995, 1996; Sopuerta, 1997; van Elst and Uggla, 1997].
Other papers deal with the solutions of this type and also explain that the first
order FLRW solution leads to a silent Universe solution [Matarrese et al., 1993;
Matarrese et al., 1994a,b]. A key result is the co—diagonalisability of the shear and
electric part of the Weyl tensor showed by Barnes [Barnes and Rowlingson, 1989].
In section 2, I present the Newtonian approach of the silent Universe and intro-
duce the dynamical description of gravitation. Then, I perform the same work in
the relativistic framework and I will take a look to the Einstein equations, which
provide a closed system of Ordinary Differential Equations (ODE), in section 3.
Both sections also treat the problem of the average process. I proposed a small
discussion about closure relations in section 4. It consists of finding an additional
relation in order to close the average system of equations. In section 5, I present
qualitative results obtained from a simple numerical simulation based on the silent
Universe hypothesis. And I finally gather concluding remarks in the last section 6.

ds® = dt* — dr? — R*(t,r)dQ? . (5.1)

2 Newtonian approach

2.1 Newtonian dynamical equations
The vectorial Euler-Newton system (ENS) is composed of:

e the continuity equation (or mass conservation),
0= —bo; (5.2)
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e the Euler equation,

dv

@ _ o 5.3
ik (5.3)

e and the Newtonian field equations (inspired by the Maxwell equations) and
describing the Newtonian dynamics of a self-gravitating system,

X

= <l
Q

- 0; (5.4)
0

V.j= 7Go; (5.5)

=~

where the variables are o(t,Z) the density field, U(¢,Z) the velocity field, g(t,7)
the acceleration field, 0(¢,Z) the expansion rate and the constants A, G respec-
tively the cosmological constant and the gravitational constant. The dynamical
formulation of the equations is a coordinate description. It means that the form of
the equations depends on the coordinates (here inertial non—rotating coordinates).
This description of the equations is useful to develop the silent Universe approach
and reads:

0= —bo;
d’Ui . .
Qa9 (5.6)
i) = 0
gii = A —4nGo .

\

The combination of the spatial derivative of the gravitation field g; ; and the Euler
equation allows us to write the total derivative of the velocity gradient, defined by

Vig = hiif":
dUZ' (%i
ii =\ ) = + i
g"j (dt )j <at o 7’9)]

B anvj

ot

dvi,j

= i + Vk,jVik - (57)

This last relation is the equation of evolution of the gradient of velocity along

a trajectory (or flow line) f. It is very convenient to decompose the velocity

gradient matrix into its symmetric and antisymmetric part (any matrix admits
such a decomposition):

+ Uk,jU“g + Ukvi,kj

Vij = V(ij) t Ui
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= @ij + wij
1
= <§952] + Uz’j> + Wij ; (58)

where ©;; is the expansion tensor, w;; the vorticity tensor, 6 the rate of expansion
(trace of the expansion tensor) and o;; the shear (the tracefree part of the expansion
tensor). For reasons of simplicity only irrotational dust matter is considered, thus
the vorticity tensor is zero. This decomposition allows us to split the equation
of evolution of the velocity gradient into its trace and tracefree parts, which are
respectively the equation of evolution of the expansion rate and shear tensor.

0= —bo;

) 1 2 2

0= —§9 —20° + (A — 47Go) ; (5.9)
2 2

é’,’j = —gﬁaij — Ok O0k; + 5025% + €ij ;

where o;;07" = 20*. The tidal force tensor is the tracefree symmetric part of the
acceleration gradient defined by €;; = ¢;; — (1/3) grx 9;;. The second equation is
the Raychaudhuri equation. The obtained system is only composed of five ordi-
nary differential equations but is not closed because of the eight variables involved;
an evolution equation for €;; is missing. Fortunately, it can be described by the
gravitation equation (which are partial equations). Note that it is impossible to
have 6 > 0 without a positive cosmological constant: it could be an argument in
favour to Dark Energy but these equations are a local description of the dynamics
whereas the expansion is a non—local behaviour. As we shall see, the non—local
average behaviour can produces a positive contribution.

Equations of evolution for the tidal force tensor allow us to close the silent sys-
tem of equations (see [Kofman and Pogosyan, 1995]). Note there exists a more gen-
eral description: the Bertschinger—Hamilton theory (see [Bertschinger and Hamil-
ton, 1994; Ellis and Dunsby, 1997]). They take the following form:

dey;
% + Zey — Ve Hyy + Oei; — 80" e — 30" ;e50 = —4nGa’e 0y 1 (5.10)
a
dH;; ¢
_dtj + gHZ] + VkEkéiEj)l + QHZ] — (5ij0'lekl - 3Uk(iHj)k =0; (511)

with the tidal force tensor ;;, a magnetic-like part Hyj, a(t) the scale factor, d;;
the kronecker symbol and €'* the Levi-Civita pseudo-tensor. In the case of a silent
Universe H;; = 0 and these equations get simpler:
déi i a
d_tj + agij + 987;]' — (5”-0“5“ — Bak(igj)k = —4:7TGCL2QO'7;]' ) (512)
Vkﬁkéiéj)l =0. (5.13)
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Thus, the equations extracted from the Kofman-Pogosyan approach and the as-
sumption of a silent Universe leads to a closed Newtonian system of equations: it
contains eight equations and eight variable functions. Note these equations are
naturally local. One of the aim of a model is to describe the global (or non-local)
behaviour of the Universe in order to extract informations about its History. The
local system of equations has to be extrapolated to obtain the non—local evolution
of the Universe. It can be achieved by considering the spatial average of the equa-
tions and variables. The next section intends to describe properly the Newtonian
averaging process.

2.2 Newtonian averaging process

Let us define the average of a scalar function A(Z,t) over a domain D of volume
Vp by:

1
(A)p = o JA d*r  with Vp = Jd% : (5.14)
D D

The time derivative operator and the averaging operator do not necessary com-
mute, but a precise commutation makes naturally appear additional effective terms:

d(A,  d 1 . 1d )

I [ SN

i divp ST v
D D

1 | 1 [ [dA . dJ
S iex 2 ae —f LA ix
VDJ vpf ST (dt * dt>
Do D Do
1 1 1 [dA |
e = A — [ L8 —fA@d?’
Vo ! VDJ SR A BT VA v
D D D

= — ) {(A)p + <C;—f>p + (A0)p ; (5.15)

with Dy the Lagrangian (or covariant) domain, x the Eulerian coordinates, X the
Lagrangian coordinates and the Jacobian J which respects the relation J = J6.
The mass conservation and evolution equation of the expansion rate are scalar
equations, thus it is possible to apply the average operator to them:

d<Q>D N .

2D — — () 0)p (5.16)
d)p 2, 2 2

g =30 —2(0%), = Op + A= 4nG o)

= Qp S (0 + A~ 4nG o)y - (5.17)
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The second equation is the average Raychaudhuri equation. The quantity Qp =
(2/3) ({6*), — <0>%) —2{0*)_ is called the kinematical backreaction and measures
the discrepancy with respect the FLRW model. The sign of this term depends
explicitly on the standard deviation of the expansion rate and the squared shear
which are related to the inhomogeneities. Without any other constraint about these
quantities, the kinematical backreaction can be positive or negative. A positive
backreaction would mimic the effect of Dark Energy, whereas a negative one would
mimic the effect of Dark Matter. It is possible to go further in the interpretation
and obtain an equation for the average scale factor. Let us define an effective scale
factor by the volume of a domain D in a time—hypersurface, normalised by the
volume of the initial domain D;:

ap — (ﬁy/g | (5.18)

The equation of evolution of the average expansion rate can be modified to become
an equation for the effective scale factor. It is due to the fact that the averaged
rate of expansion (#), can be related to the volume Vp and the scale factor:

1 1 :
0, =— |0 dPz = 0 &*X = — de3X
o J T J Vp
Do DO
1 d 1 d VD
=—— | J&PX=—— | &
Vp dt Vo dt T Vp
DU DO
. 2
— 37202 _ 3H,, ; (5.19)
ap

and the total derivative of this averaged expansion rate is,
i i
O)p=3— — 39D _ 3— - = <9>D . (5.20)

Now by a simple substitution of the average fluid expansion rate and its derivative,
the equation of evolution for the average expansion rate (5.17) reads,

p =0~ 5 b+ A~ 147G (0)p

S ,
- 3% _ §<9>§) — Op— §<9>§) + A —47G o>

ap

— 32—” = Op+ A —47G o)y . (5.21)
D
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After the integration of this expansion law, the following Friedmann-like equation
is obtained,

t
2
3HZ + 3k—§ — 871G o)y — A = iz J de%dt’ ; (5.22)
az, az, at’
ty

with the effective Hubble factor Hp = ap/ap and a constant parameter of curva-
ture kp. These two equations ((5.21),(5.22)) are known as the Buchert equations
[Buchert, 2000a]. Without any additional constraint, the kinematical backreaction
Op can be negative or positive. Then the cosmological constant is not required
anymore to trigger a positive (§),. The backreaction is directly linked to the
inhomogeneities through the standard deviation of the expansion rate and the op-
posite of the shear scalar. Such a positive backreaction is worth considering as a
substitute to Dark Energy.

3 Relativistic approach

3.1 Relativistic dynamical equations

Our relativistic approach is based on the 3 + 1 space—time foliation, the space
is reduced to an hypersurface orthogonal to time as described in chapter III. The
hypersurfaces are built to be associated to a specific time: the proper time. Thus
it is quite easy to generalise the Newtonian quantities to their relativistic analogs.
The exact Newtonian gradient of deformation becomes the Cartan coefficients, as
well as their inverse:

7/‘ N (1 .
fo = (5.23)

% j
hl - ea .

The concepts of Eulerian and Lagrangian frames are no longer available in general
relativity but it is possible to set their relativistic analogs. Let us x° be the New-
tonian Eulerian coordinates and X the Newtonian Lagrangian coordinates, linked
by the gradient of deformation dz’ = fi‘ +dX" in the Newtonian description of the
gravitation. Their relativistic generalisations are the non—exact basis n“ and the
exact basis dX?, linked by the generalisation of the gradient of deformation which
are the coefficients of the exact basis, the Cartan coframes,

o "
X' — §%d X" (5.24)
da’ = f,dX* — n® = n%dX".

The inverse of the Cartan coframe is defined by e, = ¢,"(0/0X*). According to
this generalisation of the coordinates, it is direct to write the relativistic analogs
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of the velocity gradient v; ; = hy; fk‘ ; and metric,

Gij = 5abnai77bj )

O =e,/n%; (5.25)

Oij = b’ ’; = %gij ~
Here I choose to work in the orthonormal basis. A work in the orthogonal basis
will lead to the same result, since I perform some preliminary calculations not
mentioned here, a discussion about the basis choice is available in [Buchert et al.,
2013]. In general relativity, we do not speak about velocity gradient anymore since
the gradient is not defined. Note in the 4-dimensions description the expansion
tensor also describes an expansion in time. As for the Newtonian approach, the
dynamical decomposition of the expansion tensor is available (a 2—tensor is a matrix
and admit a decomposition between its symmetric and antisymmetric parts): ©;; =
(1/3) 0g;; + 04 + w;;. With the trace of the expansion tensor (or expansion rate) 6,
the symmetric traceless shear tensor o;; and the antisymmetric traceless vorticity
tensor wj;; (zero for an irrotational fluid model). The last thing is to write the
relativistic generalisation of the Newtonian field strength gradient: o i+ @ik@kj =
.Fij. This last quantity respects the following equations in order to be in agreement
with the Einstein equations:

Fho=0F + 050", = A —47Go;

(5.26)
Fiis) = O = 0

Using the decomposition of the expansion tensor the previous system of equations
allows us to write the following equations:

e the first equation is the trace expression of the tidal force tensor which leads to
an equation of evolution for the expansion rate (the Raychaudhuri equation),

: 1 1
Fho=0+ (595"} - a"fl> <§%lk + alk)
s ol e 2, ke
: 1
= 9=—§92—202+A—47TGQ; (5.27)

e and the second is the dynamical expression of the electric part of the Weyl ten-
sor (or tracefree part of the field strength tensor) which leads to the equation
of evolution for the traceless shear tensor,

1

_Eijzﬁj_g

-Fkk éij
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L. % Lo i 1
_ 595j+0j+ <§6’(5k+ak) (geéijra’“j)

1. 1/1 1 )
— 5052 — g <§96kl + O'kl> <§05lk + O'lk) 51]
1 2 1 2 ¢l 2 k gl 1 k 1 i
§ g 5063'_?90-#516_30-[0-]65]'

2 . A
+ 3000 — B (5.28)

— dij = —gcgaij —o' o
where Eij is the electric part of the Weyl tensor, defined as the generalisation
of the Newtonian tidal force tensor: —E'; = F'; — (1/3) .7:]‘}6(5"]-‘

3.2 Weyl tensor

The Weyl tensor is defined as the tracefree part of the 4-Riemann curvature (see
[Hawking, 1966; Ellis, 1973; Bertschinger and Hamilton, 1994] for more details).
This tensor describes the curvature of space—time and respects laws similar to the
electromagnetism. Indeed, this tensor is built as an analogy of the Faraday tensor
which allows us to describe completely the electromagnetism. Let us define the
Weyl tensor by the traceless part of the 4-Riemann tensor curvature:

C" = BRI, — 261 R + %5[#[;5“1](% . (5.29)
This tensor admits an irreducible decomposition into an electric-like and a magnetic—
like tensor, respectively called the electric part and the magnetic part of the Weyl
tensor still according to the analogy with the electromagnetism:

E}JJ/ = CﬂfiV}\uHuA ; (530)
N/ — )
Hy, = Tg%mmcgl)/\unw\ ; (5.31)

where the diagonal matrix u® = u* = diag(1,0,0,0). Then the only non zero
components are u’ = 1. Nevertheless, since I decided to work in a 3+ 1 space-time
foliation, as justified earlier, the 4—metric is reduced to:

— 0 0 0
0
v = 5.32
Iu 0 . g (5.32)
0
Moreover, in comoving coordinates the determinant of the metric det(g;;) = g
respects:
_ 1 igk Imn

g = det(g;;) = g6 € GiugimGin
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= =09 " ""gugimGn With Jg=J. (5.33)
I recall the expression of the 4-Riemann tensor curvature with respect to the
Christoffel connection and the expression of the Christoffel connection with respect
to the metric:

(4)RNMA _ F#)\y\n _ F#m/p\ + Fuﬁnrﬁ)\y _ F#Anrn’w ; (5.34)
1
Fluzm = §g‘un(gun|n + Gknlv — gum\n) . (535)

Now the basic tools are set it is possible to compute the spatial parts of the Weyl
tensor in our 3 + 1 space-time foliation,

Eij ZCiHj)\UHUA _ CinO _ gnOCinjO
_ @pin o5l @pnl 1 [i snl (1

. 1 . . . .

1 . A ‘ A
+ = 9oy ((Slj(;no — 6105@' _ 57]]'510 + 51706Zj) @R

12
. 1 ) ) 1 .
:(4)Rlog'o D) ((4)]%00513- + 900(4)313-) + 6523‘900(4)R
(1 1(4) 7 62 (4)pt Cz (4) 7

i i ik VI
szngkj:gk£ 5

kY @prt [r (@pt] L @ (4)
_ik\/g (4)prt 1r()t 1r()t 1t()r 1t()'r
+i5r~ (St (4)R_ i(gr 5t‘ (4)R_ i(gt' ST (4)R+ i(st S (4)R
127970 12707 127970 1279
7 9 S T
-9 k\gwk 9" R 0

Elmn

25
lsn
Gir9n(k <4)Rrsj)o . (5.37)

:glk Gir Gmt In(k gts (4)‘Rrsj)0

k€
Y

The electric and magnetic parts of the Weyl tensor can be written thanks to the
components of the Riemann tensor curvature. The expression of these components
are known with respect to the Christoffel connection and then the metric. It
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also leads to a formulation with respect to the expansion tensor. The required
4-Riemann curvature tensor components are:

@pi  _ 7 i i M i T

ROjO_FOO\j_Fj0|0+rjnr()0_r0nrj0
i i M
_Fj0|0_F0nFj0

== % [9" (k10 + groyy — gioik) ] g
- i L9 (gkni0 + grotn = guoik) ] [97 (k0 + 9ol — gioie)]
= % (9% 91) o igi’“ g 9" Gy
= -0, -01,6", (5.38)
“Roo = tr (“Rig;0) = —0 — ©',0% = dnGo— A ; (5.39)

20pt . 2@pkt 2 ((pki (R0

CUR' = PORM = (RN, — “R"™))
_ 24)pkt 2 00 (49)pi
= "R — g TR g0

=R, + 0", + 00", = (4nGo+ N)¥'; ; (5.40)

C2(4>R _ CZM)RKK _ C2(4)Rkk o 62(4>R00
= tr (62(4)sz) . 62900 (4)ROO

=3(4rGo+ A) — (4nGo — A) ; (5.41)
(4>Rr8j0 _ Fr05|j _ Frjs\() I l—w’. FnOS . Fronrnjs
T L) A I
= 0% = o
=07 +0™ (gmjls + gmsu = 9sjim) = 9™ (Omyls + Omslj — Osjim)
= 07, + 07,21 — "7 (Opjis + Opsl; — Osjip)

= @Ts|j + QW;Fij + @Tmrni;j —g™" (®mj|s + @mSIj - G)Sj\m) ) (542>

Finally, according to these expressions for the components of the 4-Riemann cur-
vature, the electric part of the Weyl tensor leads directly to,

E';, = “R’ Loyt + Copi— Cop g
i = ojo =5 o0y o = e j
= 6!, - 0/,0" - (4rGo— M), (5.43)

The magnetic part however needs some additional calculations linked to the anti-
symmetry of the Levi-Civita pseudo-tensor €7 and the symmetry of the expansion
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tensor O,,:
] " 6lsn
H'y = 9% 57 g [0 1) = Tysp0]
lsn
ik T
=g 57 In(k [@lsHj) - g, L j)s\o]
o 6lsn m m m
= 9" 579006 [Ors1) = OmsI )= Ounl ")+ 20ul™) = (Oupis+ Ousiyy— Oy
lsn
ik € m
=—g* 7 (e [O4)1s — Ol ]
lsn
ik € m
= 9" 9 [Oupi1s + Oump) I
o 6lsn
= 9" 7 9n:Ou)s - (5.44)

The relativistic Bertschinger-Hamilton theory developed by the eponymous au-
thors in [Bertschinger and Hamilton, 1994], assures the existence of two equations
of evolution, one for the electric part and the other for the magnetic part of the
Weyl tensor:

E'ij = —29Eij + @kjEik + @klElk(Vj + e Hyn — 47TGQ(J'ij ;

i i k rri k ryl si ikl AnG J; ikl (5-45)

H'; = =20H';, + ©%H', + ©"H' 0", — € Elek_TjQi\kE gijt -
These two equations involve covariant and spatial derivative, without additional
treatment or constraint the relativistic dynamical system will not be composed
of ordinary differential equations. Fortunately, the silent Universe hypothesis has
not been used yet. This assumption is the same as in the Newtonian theory, it is
simply the vanishing of the magnetic part of the Weyl tensor H ij = 0. The first
equation leads to an evolution equation of the electric part of the Weyl tensor,
whereas the second equation is reduced to a constraint about the electric part. It
is also interesting to split these equations into their symmetric and antisymmetric
parts. The antisymmetric parts are:

871G J;
EX . — i 6lmm@mHl = —— 2 0ii ;
ik — Yik 1y 3 JQ| (5.46)
whereas the symmetric parts are:
: Ji
Eij + 26EZJ — 3@k(zEk]) — @klElkgij — gm(iemlej)lHk = —47TG7Q1 Uz’j )
Hij + QQH” — 3®k(sz]) — @lelkgij + gm(iEmklEj)lHk =0.
(5.47)
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Assuming the silent Universe hypothesis, H ij = 0, the three pairs of equations
(the full equations of evolution, the antisymmetric and symmetric equations of
evolution for the electric and magnetic parts of the Weyl tensor) read,

E', = =20F', + O E', + O8N E" 8", — 4nGoo'; ;

4 G T (5.48)
6Zk:lElek _ _Tjgilkezklgjl :
G J;
EX = ——0ii ;
ille = g 7 O (5.49)

gikﬁkmn@szln =0;

. J:
E;; + 20E;; — 30,,E*., — ONE! gii = —4nG = 0; 045 ;
J J k(i ) 12 k9ij u JQ Oij (5.50)

Im€™ Ejyyr = 0 .

The equation of evolution and the constraints for £ ; are easy to identify. Finally,
the silent Universe assumption allows us to reduce the local relativistic system of
equations to a set of eight ordinary differential equations with eight unknowns:

0= —bo;
. 1
=—-0>—20"+ A —4nGp ;

) 3, 5 (5.51)
) 7 7 k 2t 7
ajz—geaj—ok0j+§a5j—Ej;

(B = —20E"; + O ' + ON B, — dnGod'; .

The local relativistic system is closed and composed of ordinary differential equa-
tions: it can be solved numerically without difficulty. It is very promising to see
that in our less-restrictive case. Most of the models, like LTB for instance, are a
subclass of this solution.

Nevertheless, these equations are local and, as in the Newtonian approach, a cos-
mological constant is required to trigger a local accelerated expansion. Fortunately,
such a behaviour is only the effect the local attractiveness of the gravitation. It is
natural to require the addition of an artificial negative force (or internal energy)
to overcome this effect.

3.3 Relativistic averaging process and averaged relativistic equations

As in the Newtonian approach, the average of a scalar function ¥(t, ) over a
domain D of volume Vp is defined by:

1
W= [vvgax i vo- [ygex. (5.52)
D Do
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Since the determinant of the metric and the relativistic generalisation of the Jaco-
bian are linked (/g = J), it can be proved that the evolution operator and average
operator do not necessary commute in the relativistic approach either:

d¥)p _ d [ 1 3
— P = — | — | VJPX
dt dt \ Vp J /
Do
Vb 1 - -
=—— | VIEX+— | (VJ+TJ)PX
V2 M7 J (7 +w)
Do Do
1 r 13 3 1 T 3 1 T3
=—— | J&PX [VIPX+— | VJPX+— | VJPX
V3 Vb Vp
Dy Do Do Do
1 I 1
=—= J9d3XJ\I'Jd3X+—J\IIJd3X+—J\I!J0d3X
V3 Vb Vp
Dy Do Do Do

= — (), V)y + <CZ—T>D + V6, . (5.53)

As in the Newtonian framework, it is impossible to define the average of a tensor
in general relativity without the addition of extra mathematical structure [Zalalet-
dinov, 1992, 1993; Mars and Zalaletdinov, 1997; Korzyniski, 2010]. Nevertheless,
the two tensorial equations of the system (5.51) (the evolution of the shear and
the evolution of the electric part of the Weyl tensor) can be reduced to eigenvalues
equations. The shear 0; and the electric part of the Weyl tensor E; are diagonal-
isable in the same basis. This property is due to the silent Universe hypothesis
[Barnes and Rowlingson, 1989] and is very useful to write the relativistic system of
equations with only scalar ordinary differential equations. The reduction to scalar
equations allows us to write the whole averaged relativistic system. Let us take
the second equation of the system (5.49): the antisymmetric part of the equation
of evolution of the magnetic part of the Weyl tensor for a silent Universe, using
the decomposition of the expansion tensor ©;; = (1/3) 0g;; + 0;;, which is justified
by the choice of an irrotational flows. Note the Levi-Civita pseudo-tensor €™ is
antisymmetric, while F,,, is symmetric. Then the relation reads:

G B o = gi (6" 979" gepgr) E' O
= 0;" (9€pqr) Elrng
= 06;" (g€per) Erﬂql =0;
— E[nlam]l = 0 for a given i. (5.54)

This condition about the matrices F;; and o;; proves they commute with each
other, so they are diagonalisable in a common basis. Thus there exists a basis
where £;; and o;; are diagonal, but these two matrices are tracefree, i.e. their

134



3. RELATIVISTIC APPROACH

eigenvalues o, and E, respect:

Dl oa= > Ea=0. (5.55)

a=1...3 a=1...3

Arbitrarily, I arbitrarily chose to express the third eigenvalue with respect to the
two others, 03 = —0y — 09 and F3 = —FE; — F5. Thus the tensorial equations of
evolution for the shear and the electric part of the Weyl tensor can be written in
an eigenvalue form:

. 2 1 2

o1 = —0'2(0'1+0'2>——(0'1)2——60'1—E1 3 (556)
3 3 3

. 2 1 2

09 = —0'1(0'1 + 0'2) — —(0'2)2 — —90’2 - E2 X (557)
3 3 3

. 1

E1 = El(Ul — 0'2) — EQ(O'l + 20’2) - 9E1 — 5@0’1 ) (558)

: 1

E2 = EQ(O'Q—O'l) —E1<0'2+20'1) _QEQ_ 5@0’2 . (559)

The equations about the third eigenvalues (o3, F3) are simply a linear combination
of the equations about the first and second eigenvalues. By construction, the
eigenvalue equations are scalar equation. In the basis which diagonalises the shear
and electric part of the Weyl tensor, the scalar o2 can be rewritten:

20% = 00, = AGTAT! AG AT = AZ 02 A7t =2 (0} + 05 + 0102) . (5.60)

The average operator can be applied to them and straightforwardly leads to the
average relativistic system of equations:

d<Q>D _ .
22 (), oy (5.61)
d<d9t>p :g <92>D _9 <02>D — <0>2D + A —471G{o)p ; (5.62)
d<01>D o 2 2 2
. <9>D <<71>p + 3 <0201>D + 3 <(02) >D
— {0+ 5 B01p — (B (5:63)
d(o2)p 2 2 (on)?
C2 () (i + 2 (2000 + = (1)
— 5 + 5 B0y — (B (569
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d<§tl>p = —()p{(E)p + (Ero1)p — (E102)p
— (Ey01)p — 2{E202)p — %<901>D ; (5.65)
% = —(0)p{(Es)p + (Er09)5, — (Es01)p

— (E109)p — 2{E101)p, — %<Q<72>D : (5.66)

This system contains six equations but eighteen variables. This is clearly not a
closed system, the averaging process drastically increases the number of unknowns.
Nevertheless, it is still composed of ordinary differential equations. Note that the
average expansion rate can be accelerated because of the terms triggered by the
noncommutation rule: the kinematical backreaction. This term defined in the
Newtonian theory can also be defined in the relativistic theory and has the same
formal expression Qp = (2/3) (<92>D —{(0)7) —2 <02>D. In the same way, without
additional constraint the value of this backreaction term can be either positive
or negative. It translates the impact of local inhomogeneous behaviour onto the
global dynamics. It can mimic the effects of Dark Energy.

4 Closure relation

Both the Newtonian and relativistic approaches lead to a local and closed system
of ordinary differential equations in a first time. Then the average operator allows
us to transcribe this system in order to describe the global dynamics of space—
time. Unfortunately, in the two approaches the non-local system of equations
is not closed anymore: the average operator increases drastically the number of
unknowns. A way out is the idea of a closure relation, the implementation of an
additional relation could reduce the number of unknowns. Such a relation could be
extracted from the extrapolation of a relation obtained in the perturbation theory
or a state equation.

In the paper [Buchert and Ostermann, 2012], the perturbative development
gives a first order relation between the electric part of the Weyl tensor and the
shear tensor, E, [V = —¢,/" — 2Ho,". The extrapolation of this relation to any
order allows us to reduce the eigenvalues equations, but is not sufficient because it
introduces only two additional equations.

2{0109)p + 205 ) — {0} )+ 4{001)p + 2H {o1)p = 0 ; (5.67)
2{0109)p, + 2{0} ), — {05 ), + 4{002)p + 2H {o3)p, = 0 . (5.68)

This closure relation strongly constrains the system, the equations of evolution of
the electric part of the Weyl tensor are not required anymore to close the local
system. It also reduces the number of equations and variables of the non—local set
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of equations: four equations and ten unknowns. Another proposition of closure
relations can be mentioned F, = po,. It reduces the system to eight equations
and seventeen unknowns which is slightly better.

5 Numerical insight

Even if the idea of introducing closure relations does not give any great result, it
is possible at least to study the impact of the average process numerically. I made
a Python code to compute the evolution of homogeneous regions and perform at
any time—step the spatial average in order to highlight the discrepancy between
the standard homogeneous model and an average model. The code numerically
solves the following local system of equations:

-

0= —bo;
1 1
f=——0>— 2%+ A~
3 o+ 2,9,
2 1 2
o1 = —0'2(0'1 + 0'2) - —(0'1) - —90’1 — E1 X
3 3 3
4 5 | 5 (5.69)
09 §0’1(0’1+0’2)—§(02) —§002—E2,
E1 = El(O'l — O'2> — EQ(O'l + 20'2) — 9E1 — =001,
. 1
\Ez = EQ(O'Q — 0'1> — El(UQ + 20'1> - QEZ - 5@0-2 .

This system of equations is valid for irrotational dust matter in a silent Universe.
They are purely local equations, I did not implement the global averaged equations
but in the following the code computes the average quantities. Nevertheless I
performed the spatial average for each time step and we can see on the following
plots that there is an effect of the average process with respect to the standard
homogeneous model, the backreaction effect appears naturally. It shows that the
impact of the backreaction cannot be neglected. This study is purely qualitative
and not quantitative.

The figures 5.1 shows the impact of the backreaction on the non—local behaviour.
The red curves represent an overdense region, the light blue curves an underdense
region, the green curve the average of these two regions and the dark blue curve
the standard model with no backreaction. The initial data are set such as the
average region and the standard region are identical at the beginning. Moreover,
these results are computed for vanishing initial shears and initial electric part of
the Weyl tensor. Thus the system of equations is drastically reduced, an initial
shear and electric part of the Weyl tensor ensure that these quantities remain
null at any time. Then the results present in the figure 5.1 take into account
only the effects of the backreaction. It is clear that the overdense region (the red
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Figure 5.1: These plots compare the numerical results for an overdense region in red, an under-
dense region in light blue, the average on these two regions in green and the “standard” model
with no backreaction in blue.

curves) collapses faster than the other: its density increases, its rate of expansion
is the most negative and its volume decreases faster than the others; whereas the
underdense region (light blue curves) collapses more slowly: the density increases
slightly, its expansion rate is slightly negative and its volume decreases slowly. The
most interesting result is the comparison between the average of these two regions
and an initially equivalent region in the standard model. The two models (the
average model: green curves, the standard model: dark blue curves) are fairly close
but discrepancies appear during the evolution. The region collapse is restrained
in the average model, the backreaction is opposed to the gravitation: it acts like
an internal energy. Indeed, for this set of initial data, the backreaction acts as
Dark Energy and slows down the collapse of the global region. I do not study a
large variety of initial data until now, but it could be very interesting to try to
describe different cases and observe the effects of the backreaction with respect to
the standard model.
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Figure 5.2: These plots show the effect of the shear for an over—dense region in red, an under—
dense region in light blue, the average on these two regions in green and the “standard” model
with no backreaction in blue.

The second parameter [ studied with this numerical simulation is the impact of
the eigenvalues of the shear and electric part of the Weyl tensor. I set an initial
value to o7 which is zero on average. Then the density, numerical error of mass,
the rate of expansion and the volume are plotted in the figure 5.2; the eigenvalues
of the shear and electric part of the Weyl tensor in the figure 5.3. The impacts of a
small initial shear on the density, error of mass, rate of expansion and volume are
slight. At least we can remark the modification of the average behaviour which is
closer to the standard homogeneous dynamics. We can conclude to the existence
of an effect due to the shear and electric part of the Weyl tensor. Nevertheless,
since I do not consider a large variety of initial shear we cannot conclude to the
quality of this effect: it could be Dark Matter or Dark Energy—like. I only set an
initial value for oy and the coupling between the equations of the system triggers
a dynamics for the three other eigenvalues. The behaviour triggered by the second
scalar shear o, is identical because of the symmetry of the ordinary differential
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Figure 5.3: These plots compare the evolution of the shear and electric scalar for an over—dense
region in red, an under—dense region in light blue, the average on these two regions in green and
the “standard” model with no backreaction in blue.

equations that composed the system. Moreover, the same kind of plots can be
produced for an initial eigenvalue F,,.

Nevertheless, we have to be careful with the part of the plot for large times.
This numerical simulation clearly has some limitations. For instance, it cannot
describe properly the large time behavior because of the absence of pressure or
vorticity to avoid the appearing of singularities. For a large time, the averaged
rate of expansion (green curve) begins to diverge from the standard model results
(dark blue curve) but is it a physical result or is it attributable to the singularity
formation? On the other hand, the evolution of the shear and electric part of
the Weyl tensor are non zero and could have an effect on a long term simulation
without singularity formation.
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6 Concluding remarks

The silent Universe approach leads to a very convenient local system of equations
composed of a limited number of ordinary differential equations and unknowns.
Moreover some famous models are sub—cases of it, like the LTB model. I also
reviewed the averaging process and the associated backreaction and applied it
to this description of space—time. Nevertheless, this operator introduces a large
number of new unknowns in the problem but does not increase the number of
equations. The theoretical research of a closure relation is not a piece of cake, but
some can be extrapolated or intuited. They could allow us to reduce the number
of unknowns and/or increase the number of equations.

My Python code gives a numerical resolution of the local system of equations
and performs the average of the variables. Even if it is not a very powerful code
it showed a qualitative difference between the average of the local equations and
the assumed average standard model. The backreaction can have a non-negligible
effect on the global dynamics, a universe which on average is FLRW clearly does not
behave as a strictly FLRW universe even if it has the same initial average properties
as the latter. I also showed the existence of a qualitative effect due to the shear and
electric part of the Weyl tensor. I know that this code is widely perfectible: the
incorporation of the pressure and vorticity could fight the apparition of singularities
for the large time, increase the number of regions and realise an average over a more
important space or more resolved space. Moreover, this numerical simulation giving
the evolution for all the local unknowns could allow us to fit a closure relation.

141






CHAPTER V I

Weyl curvature hypothesis

1 Imtroduction . . . . . . . . . ... . 144
Averaged variables and perturbation scheme . . . . ... ... .. 145
2.1 Emntropy . . . ... 146
2.2 Weyl scalar invariants . . . . .. .. .. ... 147
2.2.1  First scalar invariant . . . . . .. ... ... ... ... 148
2.2.2  Second scalar invariant . . . . .. ... .00 150
2.2.3  Another scalar invariant . . . . . ... ... ... ... 152
2.3 Kinematical backreaction . . . . ... ... ... ... ... 152
2.4  Relativistic Lagrangian perturbation schemes . . . . . . .. 153
2.4.1  General considerations . . . . . . ... ... ..., 154

2.4.2  First order deformations and Relativistic Zel’dovich Ap-
proximation . . . . . . .. ... 155
3 Functional evaluation of the averaged variables . . . . . . . . . .. 156
3.1 Emntropy . . . ... 156
3.2 Weyl scalar invariants . . . . . ... ... .. ........ 159
3.3  Kinematical backreaction . . . ... ... ... ... .. .. 165
4 Results . . . . . . .. 166
4.1  The leading order relation . . . . . . . ... ... ... .. 166
4.2 Orthonormal basis leading order . . . . .. ... ... ... 167
5 Concluding remarks . . . . . . ... .o 168

Penrose conjectured a relation between the growth of the Weyl curvature
and the growth of entropy in the course of structure formation in the Universe
([Penrose, 1979, 2006, 2010]). It is based on the Weyl curvature hypothesis which
assumes that the Universe starts its evolution with a vanishing Weyl curvature.
This relation will be set by employing the information theoretical measures of
entropy and the spatially averaged the Weyl curvature invariants calculated for
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an irrotational dust model, using a relativistic Lagrangian perturbation approach
to first order with an extrapolation in the spirit of Zel’dovich approximation. I
show that, at leading order, the relation between the average information entropy,
the average Weyl curvature invariant, and the kinematical backreaction functional
found in a previous work ([Li et al., 2012]) is recovered. I extend these results by
also including the magnetic part of the Weyl tensor, and discuss the results in the
non—perturbative regime using the proposed extrapolation.

1 Introduction

I concentrate on possible relations between concepts of entropy and the Weyl
curvature. According to Penrose [Penrose, 1979, 2006, 2010] the growth of structure
in the Universe may be associated with the growth of the Weyl curvature, given
the Weyl curvature hypothesis. This assumes that the initial state of the Universe
is characterised by a highly symmetric state with a vanishing Weyl curvature, e.g.
by the class of FLRW (Friedmann—Robertson—Walker—Lemaitre) solutions. This
latter hypothesis may be questioned, since we may contemplate initial chaotic
and highly inhomogeneous conditions, e.g. in the context of chaotic inflation (see
the recent paper on inhomogeneous inflation in the context of my Ph.D. thesis:
[Buchert and Obadia, 2011]). However, the relation of the growth of structures
with the growth of the Weyl curvature is highly plausible in a perturbative pic-
ture that assumes the Universe being close to homogeneous at some early stage.
Gravitational instability leads to the growth of structures leading to the highly in-
homogeneous density distribution we observe today. In such a perturbative picture
we may assume the Weyl curvature hypothesis at the CMB epoch. With inflation
in a homogeneous situation it is possible that the Universe was even Weyl curva-
ture dominated at the Big Bang time (¢ = 0), a scenario that has been suggested
in [Buchert and Obadia, 2011]. Since Penrose did not assume an inflation period
then there is no problem with the Weyl curvature hypothesis at the Big Bang
epoch. In a perturbative picture, starting with the CMB epoch, we are naturally
led to consider the geometrical evolution of spatial field variables (the spatial Ricci
tensor, the extrinsic curvature, but also the spatial parts of the Weyl tensor, repre-
senting the gravitational degrees of freedom) that all emerge during the structure
formation process from a quasi-homogeneous Universe.

The present work is inspired by a recent paper [Li et al., 2012], which reports a
relation between a spatially averaged information theoretical measure for entropy
and the spatial average of one of the Weyl curvature invariants in second order
standard perturbation theory. These two measures of inhomogeneity are propor-
tional up to the kinematical backreaction term that necessarily arises from the fact
that the spatial average on restmass preserving spatial domains and time-evolution
are non—commutative.

I propose here an extension of this work by moving to the Lagrangian pertur-
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bative framework, developed in [Buchert and Ostermann, 2012; Buchert et al.,
2013; Alles et al., 2014] and chapters 11T and TV. The relativistic Lagrangian ap-
proach is constructed in the spirit of a relativistic analogy with the successful
Newtonian Lagrangian perturbation theory. For the present considerations a dust
matter model (a pressureless fluid without vorticity) in a comoving—synchronous
coordinate system is assumed. I will concentrate on scalar spatial variables that
are volume—averaged on a compact spatial domain D.

[ proceed by presenting first, in section 2, the variables of interest to this problem
and outlining the Lagrangian scheme employed. Then the variables are function-
ally evaluated in terms of a first order deformation (developed in chapter IV) up
to their leading order of contribution, in section 3. The results are discussed in
relation to the Penrose conjecture in section 4 and I conclude in section 5

2 Averaged variables and perturbation scheme

The evolution of structure in the matter—-dominated epoch, restricting attention
to an irrotational dust matter model, is considered. Assuming the metric signature
(—,+,+,+) and ¢ = 1, in the comoving and synchronous gauge, we write the line
element as,

ds® = —dt* + g;; dX'dX7 ; (6.1)

where X' denote Lagrangian (Gaussian normal) coordinates, i, j, k... run through
1,2,3..., and g;; are the spatial metric coefficients. The spatial average of any
scalar function A(t, X ) over a compact domain D of volume Vp within the space—
like hypersurfaces is defined as in the previous chapter:

(A5 = vinAJCPX with Vp — f JBX ; (6.2)
D

where Vp is the Riemannian volume of the domain D and J := 4/det(g;;). A

key property of this operation is the non—commutativity with the time evolution
expressed through the rule (see (5.15) for the details of the calculation):

Ho-{5 > 04y — O)p (A (63)

where 6 denotes the trace of the fluid expansion tensor defined by § = 0, = e 'n".
For later convenience we introduce a formal (Euclidean—like) average, normalised
by the initial volume,

1
(A = 7. J Ad*X with Vp = f X . (6.4)

D;
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Hence we have,

Vo, 1 3y _ (AJ)z
(A V—QWJAJ X = (6.5)

2.1 Entropy

I choose to represent the entropy of structure formation by the Tsallis one—
parameter family of relative entropy measures [Tsallis, 1988], applied to a dust
continuum as proposed and discussed in [Hosoya et al., 2004]),

Fp{oll<o)p} = <£ZD [<(<QQ>D>°‘ > —1] . (6.6)
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Figure 6.1: Dependence of the argument of the Tsallis one—parameter family of relative entropy
measures with respect to the density.

F denotes the argument of the Tsallis one—parameter family of relative entropy
measures such as,

P (ell @} = (F), - <% [(é) : 1]> BCRS

The figure 6.1 represent the evolution of the argument inside the average brackets
for a set of parameters. For these cases, the function F is zero when the density
equal the average density, is negative for an underdense region and positive for an
over dense region. Moreover, the “entropy” F associated to an overdensity grows
faster than the absolute value associated to an underdensity. The choice of the
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strictly positive parameter o produces different entropy measures that all compare
the actual density distribution with the average distribution on the domain D. In
[Li et al., 2012] the Kullback-Leibler functional (obtained in the limit o — 0) is
considered as the volume entropy,

a—0 __ M = DL ;
Fp = Vb a <Ql <Q>D>D , o

with the entropy S {o||{0)p}. According to insights that will be presented in a
forthcoming work, we here rather consider the density variance, normalised by the
average density, as the entropy measure ! which arises from the choice a = 1,

| _ PN | D {ob
‘FD - <Q>D [<<Q>2D >D 1] <Q>D <Q>’D <Q>D . (69)

It has been conjectured in [Hosoya et al., 2004] and confirmed for perturbative
and spherically symmetric solutions in [Morita et al.; 2010] that, for sufficiently
large times, information entropy is an increasing function of time due to the fact
that a self-gravitating system occupying the domain D represents an open system
with negative feedback (i.e. structure inhomogeneities increase). At least in the
early nonlinear regime of structure formation the inhomogeneities increase. So the
quantity F' can be safely assumed to be a growing entropy measure for structures
in the context of this work. This latter remark is not fully obvious for the Weyl
curvature invariants to which we turn now, but a proportionality—up to kinemat-
ical backreaction—of a Weyl curvature invariant to the Kullback-Leibler relative
entropy has been found for the second order in standard perturbation theory [Li
et al., 2012].

2.2 Weyl scalar invariants

Two nontrivial scalar invariants of the Weyl tensor are defined in [Ehlers, 1961]
(see the translation [Ehlers, 1993]). T will begin by study them and in a second time
I will also propose to look at the Bel-Robinson invariant. These three invariants
depend on the components of the tracefree Weyl tensor C),» defined through the
4—Riemann tensor, the 4—Ricci tensor and the 4—scalar curvature by:

, v owpr] | Ll o
C = OB - 260 ORY 4 55 "R (6.10)

! As mentioned by David L. Wiltshire during the review of this thesis, this family of entropy is not a measure in
the standard mathematical sense, F< are not extensive. Indeed, if we consider S = F! and a domain D composed
of disjoint elements D;, D = u}'_; D;, then:

n n
Sp— Y Si=>,(c%),00i/(0); #0;
i=1 i=1
where d0; = ((0); — (0)p)/{e)p- Each term S; represents the information of the region D; and Sp the global
information. Thus the difference between the global information and the sum of the regional informations can be

interpreted such as the structure information. This observation was not made by Hosoya [Hosoya et al., 2004] but
by H.Yao (University of Canterbury undergraduate project report, 2006)
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There exists another relation between the coefficients of the trace free Weyl tensor
and the electric and magnetic parts of the Weyl tensor,

Cuun)\ = (g/u/oz,é’ Gkdys — Epvap En)\’yﬁ) uau'yE56+ (Euuaﬁ 9rXys + Juvaps En)\'yé) uau'yH,Bﬁ )
(6.11)

With ¢uwas = Guadvs — 9usGva a0d €0 = J€uap. Moreover €,,,3u" = €,,3, the
upper indices Weyl tensor reads,

OHEA — guégvxgmﬁgw C£x¢>¢

_ (gul/aﬂ gn)\75 o J—26,ul/aﬁ em)\'y(S) uaquﬁci

+ J1 (e“"“’B g"”\”‘S + g“”aﬁ e“’w‘s) UqUyHpgs . (6.12)

We denote by E;; the coefficients of the purely spatial electric part of the Weyl
tensor, and by H;; the coefficients of the purely spatial magnetic part of the Weyl
tensor. These two quantities are defined by (where each second line is the expres-
sion employed in this work, [Buchert and Ostermann, 2012]):

E, = C’WMu“u’\ : (6.13)
i i i 1 i
* K, A _(4)9 ot K, A
H,, = *Cmuu” = TEQM(“O AU (6.15)
H = =T g% 9,00 ; (6.16)

where the 4—velocity of dust is u” = (1,0,0,0), the determinant of the 4—metric
@g, the double stroke || denotes the spatial covariant derivative and the star *
denotes the dual operator.

2.2.1 First scalar invariant

First, the average Weyl scalar invariant C? is defined by a suitable choice of the
constant, and represent it in the present foliation through the spatially projected
electric and magnetic parts (see [Buchert and Ostermann, 2012]):

1

C? = 3—20H,MC“”“A (6.17)
1 P ; .
=1 (E B+ HjHJZ.) : (6.18)
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In the following the derivation of the second equality is presented. This computa-
tion is very involved, and is simplified by the preliminary steps:

u0p" _

Guvop g = Guvap guuaﬂ

U Uy

= (g,uozguﬂ - guﬁgua) (g’m g”ﬁ — g“ﬂ g”a > uaua/

= (g;wcgua guﬁgyﬁ - g,uozguﬁ gl/ﬁgya

~ 189" 9vag”” + 989" Gag”® ) u Uy

= 2uaua5% —2uP ug =2 (5% — u5/u5> ; (6.19)
gMVOKB EHVB/ = (g,uagl’ﬁ - guﬁgua) Euuagpﬁ’gpa

= J? (eaﬁp - 6,304,0) gpﬁ

= 2%, 9 ; (6.20)

9" s = (g““ g7 =g g ) €uvodps"”
_92 o' B ‘o
= J (e B'e _ P p>gpﬁ
= 2] 2P g 5 (6.21)

Note that only the purely spatial parts of the Weyl tensor are non zero because of
the choice of the 3 + 1 foliation, in particular uBEB‘S = u/gﬂﬁ(S = (0. Thus the first
scalar invariant of the Weyl tensor can be derived from the following calculation,

1
02 _ 3_20MVRACuVHA
1

va'B Ay o Ay -2 _uvfB kA, «
= 3_2 (guuaﬂ Grvs gM g g 7 UaUNU u” — Guvap gn)\'yét] e A € u“u’

-y Vi " ,
—J? g €ero 97 G Uty + g €rs €7 e”’\5> EP Egg
1 ! s 1l 7]
! A’ —1_KkAS
- 3_2 (‘g“l’o‘ﬂ Gy J e’ g™ Uauvuyl 1 Juvap Grrys g B ter (TR TRETIY
/ Vi 1 ot ,
—Jeup €nrs €7 g Uy — Jeup eors g € u,y) E® Hyg

1 1! 5 = 1S
va KAY' & va KXY «
+ 55 (g# 7 g 7 ‘]Gullﬁ GrXys ua’uw’u’y + gﬂ g g 7 Guvap JEnAéua’uy’u

32
_ LB kX €avs Grns U — JLenwB' (kS Gvas Exxs ua) Egg B0

1

+ 3_2 (EMV/B Grvé EMV’B gn)\'yé

va/B kA
u’yu'y’ + €uvB Grdys gﬂ 7 € u’yuo/
! )\ /6/ -1 A(S/ 6
T Guvap €xAs Elwﬂ g’i 7 uau’y/ + GurvaB €xrs gul/oaﬁ €" uauo/) Hﬂ H,B’J’
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556556 . JQEaﬁpE'yéo'gpﬁ 90'5 o J726a B P g ngBgU(S + 555566> EIB(SE,B/(S’
<J(5656a,3pgp6 + Jéﬂﬁeﬂ,gpg‘”s — J_155567 o P905 — J_lé%ea p pgpg> E55H5,5/

+ = <J*15556a5”gp5 + J*15ﬁﬁ675pgp5 — J5ﬁ5675p9p6 — J(S‘Séeaﬁpgw) Egs H

— 00

+ 3 <555555 + e¥h pgp,@ewggg"‘s +€7° pgp(sGaﬁagUB + 56,3565> H” Hgy

1 13 Y
= g <2E66E/35 - JQGOC/BPEWSJEB(SEPO - J_Qeo‘ A Pel J JEpaEﬁl(;/

+ A eap, BV H — 4] P EP Hyy + 2P0 e 5, HO H, + 2H55H55)

1 ij ij
= (BYE; + HYHy) . (6.22)

The result is only dependent of the spatial parts of the Weyl tensor F;; and H;;
because of the chosen space-time foliation: in the 3 + 1 formalism the time parts
of the Weyl tensor vanish.

2.2.2 Second scalar invariant

Another nontrivial invariant is the left—dual Weyl scalar invariant that we define
accordingly with a convenient factor:

1
*O? = —*CLn O™ =0 ; 6.23
32 LUK ) ( )
where the dual of the Weyl tensor is defined by *C ..\ := (1/2) ewagCai)\. The
computation of the dual of the Weyl tensor requires some other identities which

are:

€uvex g£xa5ua = Cvey (gﬁa gXB _ g£5 gxa) Uy,

= ey (uf gxﬁ _ uxgﬁﬂ)

= 2€e 97 ; (6.24)
€uvex X — €uvex Efxaﬁua

=2(6%,0%, = 6%,6°,) uaq

=2 (u,65, —u,d”)) . (6.25)

Then I start here the details of the calculations for the dual of the Weyl tensor. It
is not an easy calculation but the method is straightforward,

*

1
kA = §J€W§x9£¢gw ((9opasgrns — 2 €spagenns) uu’ B
+ (JegpasTnns + Jovap ) €xxys) uul H)
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1
= §J€uugx ((géxaﬁgn)\'yéuau’y - JZGEX&G/{A&) E/Bé

+J (6% guorysu” + J g Penrsua) Hy)
= (Jeueg™ grros — J* (0,0°, — u,6%,) €rs) B
+ (S (wu0”, — 1u6”,) grros + S €uve 9" €rs) Hy'
= (JeuweGuros B — I (upE,) — uyE°) €ns)
+ (J (wuH, = wH,) goros + Jepweears H) (6.26)

Then the multiplication of the previous expression by the Weyl tensor with upper
indices reads,

*C’WM,\C’“””)‘ = [Jew,ggmwuVE@ —J? (qulfS — ul,Ef) €106
+ J? (uqu,‘s - ul,Hf) Grryst! + J26“V§€H>\5H§5]
X [g“”"‘ﬁ g""w‘sluauv/Egg/ — J 2B e Esy
+ JlemP g“)‘”*,‘sluvx Hgs +J -1 g’“’aﬁ e"‘A‘s/uaH 55/]
— |47 € 4,607 B By — 46 e5,0" 0 B By
—2J (u#Eu‘s - u,,EH‘S) e'y/‘slpgp(;g“”aﬂuauyEgy +2J3 (quV‘s - u,,EH‘S) e“”B(Sé:;Eg(;/]
+ [455565;E55H55/ + 4eaﬂpg§p6mggg5/”u”uaE“Hw
—2 (B, — u,E) € g 5 Puy Hoy — 2J° (u, B, — u, E,7) 6%59" P ue Hgs
+ 2.J2 (u#HV‘S — u,,HM‘S) g“”aﬂuad‘s{;E&;/ —2J (%HV‘5 — ul,Hu‘S) u”e””ﬁewpgp‘leﬁ(;/
+ 4J_260‘5”67/6/”gp§gm5uauw/H&SE&;/ — 4J55£65;H55E55/]
+ [2J (uMHV‘S — u,,Hlf) e“”ﬁé‘S;HBg/ + 2J4 (UMHV(S — uVHM‘S) g“”o‘ﬁev(;pgpyuaHﬁy
+ 4T P g s HE wy s + 4J_1e°‘5”gp§55:5H55uaH55/]
= 4E" Hgs — 2% (¢*°E," — "7 E,}) uqu, Hgs
+2J% (¢*°H," — ¢"* P H,’) uqu, Egs — 4H” Egs
= 4E™ Hgs — AJPE,) H' + 4J°H" Egs — 4H" Eg;
~0. (6.27)

The dual invariant *C? is effectively vanishing and brings no information about
the dynamics or properties of the space-time, unlike the scalar invariant C* whose
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expression is interestingly similar to the expression of the electromagnetism scalar
of the Faraday tensor.

2.2.3 Another scalar invariant

A third possibility was used by T. Clifton [Clifton et al., 2013]. He proposed to
use the symmetric and tracefree Bel-Robinson tensor [Bel, 1958, 1959, 1962, 2000
Robinson, 1958] defined as follows:

1
Tuer = 1 (Cawﬁcaﬁf + *Owﬁ*caﬁﬂ : (6.28)
whose associated scalar invariant is W := T}, ufu"u” u [Clifton et al., 2013;

Pelavas and Lake, 2000; Pelavas and Coley, 2006] and reads:
1
W =- (E”E + HYH, ) . (6.29)

The expression of this last invariant is easily obtained thanks to the definition of
the electric and magnetic part of the Weyl tensor F,, = C’W,{Au“u’\ and H,, =
* K, A
Clvmau™u™:

1
W= 4 <CaﬂVﬁCanAﬁ + *Cauuﬁ*camﬁ> uu

1

=1 (Cau,,gu u’ C* Aﬁu”‘uA + *Copuru” C° )\’Bu”u’\)
1

-1 (EagE” + HogH?)
1
= 1 (ByEY + HyHY) . (6.30)

This third choice of Weyl scalar invariant leads to the same results that the first
proposition. In the following, this expression will be assumed to be a good choice
of a scalar invariant which described the geometrical properties of space—time.

2.3 Kinematical backreaction

The non—commutativity rule (6.3) triggers additional terms in the average evolu-
tion equations. It drives deviations from a homogeneous—isotropic acceleration law
and leads to a kinematical backreaction term [Buchert and Ehlers, 1997; Buchert,
2000a,b] (see chapter V):

= 2 (8~ %) ~ 2y (6.31)

where 6 is the previously mentioned fluid expansion rate, and o the shear scalar
defined by the tracefree part of the fluid expansion tensor ©;;:

. . 1 .
o'y = O — 505 (6.32)
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207 = Uijajl- = @ij@ji — %92 : (6.33)
The backreaction term is the main difference between the Buchert equations and
the Friedmann equations. Both equations are obtained by a similar method but
the Buchert equation takes into account the non—commutativity rule (6.3). The
starting point is the 3 + 1 formalism which leads to the evolution of the fluid
expansion tensor and the energy constraint (where R’ ; 1s the Ricci curvature):

O, + 00", = (4nGo+ A) &', — R’} ; (6.34)
0> + R — 050", = 167G + 2A . (6.35)

Then the trace of the equation of evolution is used to substitute the Ricci scalar
in the energy constraint and, according to the definitions of the quadratic scalar
of the shear tensor, the energy constraint leads to the Raychaudhuri equation:

6 =A—4rGo+ 2 (%92 - 0—2) e (6.36)

Expressed through the principal scalar invariants of the fluid expansion tensor,

I:= 0 ;
M= Lg2 o (037
= 3 :

and according to the non—commutativity rule (6.3), the averaged Raychaudhuri
equation reads:

(07, = A — 4wG o>y + 2{ITy, — (1)3, . (6.38)

Using the definition of the averaged volume Vp, the previous averaged equation
can be written with an effective scale factor ap (see (5.18)):

32—’3 — A — 47G{0)p + Op . (6.39)
D

with the kinematical backreaction,
2
Qp = 2D — 5Dy - (6.40)

2.4 Relativistic Lagrangian perturbation schemes

The relativistic Lagrangian perturbation scheme is built on the 3+ 1 foliation of
space-time and allows us to express all the unknowns in terms of a single dynam-
ical variable, which is represented by the three spatial coframe fields n* = 7% d.X"
as a function of the Lagrangian coordinates X' [Buchert and Ostermann, 2012],
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where the indices a, b, c... count the Cartan 1-form fields and i, j, k... the coordinate
indices. The non-integrable coefficients 7%(X",¢) generalise the integrable defor-
mation gradient of the Newtonian theory presents in chapter II. The any order
relativistic perturbation and solution schemes are given in [Alles et al., 2014] and
chapter IV of this manuscript. An average model for the first order scheme, known
as the relativistic Zel’dovich approximation [Kasai, 1995; Buchert and Ostermann,
2012] was developed in [Buchert et al.; 2013].

2.4.1 General considerations

The perturbation scheme is defined on a reference background that is taken
to be part of the class of the homogeneous—isotropic FLRW solutions. Note that
all the variables—the relative entropies, the Weyl curvature invariants and the
kinematical backreaction—vanish if the dynamics are restricted to the background
behaviour. Thus they are therefore strictly related to the inhomogeneities (and
they are gauge invariants in a standard perturbative setting). The FLRW back-
ground solutions are represented through three homogeneous—isotropic deformation
1-forms, expressed in the local exact coordinate basis by:

nt = nmd X' = a(t)nfy (k) 5 g = a(t)o (6.41)
where a(t) is a solution of the Friedmann differential equation:

2 _ 8rGou(t) + Ak

H .
3 a?(t)’

(6.42)

with the non—normalised curvature constant k, the Hubble function H(t) := a/a,
the homogeneous density oy (t) = omi/a’(t), A the cosmological constant and the
scale factor respects a(t;) = 1. For the full deformation 1-forms the following
superposition is prescribed:

n*=mng +at)P*; (6.43)

with the inhomogeneous deformation 1-forms P*(t, X*) = P%dX" that may be
developed into a perturbation series as in [Alles et al., 2014] and chapter II1. Since
the 1-form coframes are the only dynamical variables, only these perturbations are
to be set up to perform a perturbative resolution of the problem. The remaining
fields are expressed as functions of the coframes, called in the following functional
evaluation. For example, the metric expression calculated by this method reads:

9 (t, X*) = a*(t) {Gij + Goj P + G P + Gy PAP" } (6.44)

with the initial data g;;(t;) = G;;. Note that the orthogonal coframes (the term
orthogonal basis is equally used) are employed as in chapter I1I. For a discussion
of the difference between the orthonormal and orthogonal coframes see [Buchert
et al., 2013]. General initial data for the inhomogeneous deformation at initial
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time ¢; are composed of the coefficients of the initial 1-form generalisation of the
Newtonian peculiar-velocity and acceleration gradient:

P%(Xiati) = Paz )
P = (6.45)

Pl= W - 2HU' .

The density is split into a homogeneous density gy (t) and deviations written in
terms of the density contrast ¢ or the inhomogeneous density dp = og0,

o=om+860 ;  oi=om+oo ; 4nGéo=-W" . (6.46)

The last relation between the initial inhomogeneities of density and the initial trace
of the acceleration gradient is the relativistic generalisation of the Poisson equation.
The obtained expressions below depend on the principal scalar invariants, e.g.
written for the initial condition matrix P¢, they are given by:

Iizl(m):

1 o .
Seance P00% = P = U

. 1 L
T = 11 (PY) = Seaee P PIPY 0%
. 1 L
111; = 111 (P“i) = e PR P (6.47)

A relation can be set between these invariants and the invariants used to define
the kinematical backreaction term, I = I(@ij(l)) and I = II (@ij(l)). Moreover,
according to the definition of the initial data and the Relativistic Zel’dovich Ap-
proximation (RZA) used in the following parts, we have the following relation
=P =U"=Wkt.

2.4.2 First order deformations and Relativistic Zel’dovich Approximation

For the evaluation of any functional of the coframes the first order deformations
are used. It is furthermore convenient to restrict the initial data by the “slaving
condition”:

Uy = Wit . (6.48)

This result is an extrapolation of the slaving condition for a subclass of solution in
an Einstein—de Sitter space—time. This condition is asymptotically reached in the
general first order approximation. This restriction of the first order deformation
is known as the Relativistic Zel’dovich approximation (RZA) [Kasai, 1995]. The
RZA including this extrapolation is precisely defined in [Buchert and Ostermann,
2012; Buchert et al., 2013; Alles et al., 2014] and chapter IV. For more details,
explicit solutions for different backgrounds may be found in [Buchert, 1989], those

155



CHAPTER VI. WEYL CURVATURE HYPOTHESIS

including a cosmological constant are available in [Bildhauer et al., 1992].

Here, the explicit solutions in the orthogonal basis in an FLRW space—time is
considered, with no A and assuming RZA solutions, which can be reduced to the
extrapolated EdS solution presented in chapter IV:

J

Pl = E()EPY = E()PY; = ;Wijtiz (a=1) . (6.49)

To simplify the further calculations, a peculiar—volume deformation relative to the
background deformation is introduced:
J=dt)T ; (6.50)

which, specified to the RZA deformation, reads (we drop the identifier “RZA” for
this variable):

T(t, X*) i= 1+ () + E (I + ()T ; (6.51)

L ;21(7'32) L o= 11 (7'363.) 1L = 110 (7’36;.) . (6.52)

3 Functional evaluation of the averaged variables

In the following I present the functionals that arise from the substitution of
the coframes by their perturbative development (3.31) in the entropy measure,
the Weyl scalar and the kinematical backreaction. It is possible to evaluate these
functionals for any given order of the perturbed coframe fields. In the following
the explicit form of these functionals for the first order coframe fields will be given.

3.1 Entropy

The chosen definition for the entropy measure is the density variance normalised
by the average density,

1 <92>D - <Q>3>
Fp = —<Q>D . (6.53)

An alternative expression is available using the perturbative decomposition of the
density o = oy + do where the homogeneous density and the average density can

be identified,

F1 _ i +20m00 + 60°)p — 0y — 201 O0)p — 0
P (@p
_ 06— G0y
= (6.54)

The density inhomogeneities are expected to generically increase in the regime
where our approximation is applied. The formal average (6.4) applied to the mass
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conservation (6.46) with the “slaving condition” (6.48) leads to the following ex-
pression of the density:
_on(Mx(X) W

=AY ) =1— Wk =Tt 6.55
Jxiy X AnGoy, i (6:55)

The last equality is obtained from the definition of the scalar invariant and in the
RZA framework. A rapid calculation allows us to check the density expression
defined previously,

Wk:
Q:QHX_QH (1 k )

j E B 4’/TGQHi
00
— o) = QHCL_3 + QHCL_3 2
OHi
< 0= 0mi+00i. (6.56)

I recall the definition of the average normalised by the initial volume, (A), =
(AJ);/{J);. The substitution of the density in the expressions of the entropy
measure (6.53) and (6.54) respectively leads to:

RZAF% . <Q2>D - <Q>2D

() (o) ()
- (5, ()

-2 () - ) (e

_Loom (/XN oz
- ad <X>I <<j>z <~7>z> 7 <6'57)
RZA 1 _ <5Q2>D _<5Q>§)
S
_ (0T, Ged)i <<@J>I>‘1
(I)z (T3 (I)z

S SR U IV b
= lod T, <<5Q T, Ty )
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_ a_3 2 _ <5Qu7>%
= <<5Q T, % ) : (6.58)

These two expressions are equivalent, and it is possible to go from one to another
thanks to the relation between the inhomogeneities of density, the homogeneous
density and the full density,

do = Q_<Q>D = Q_<Q-.7>I/<u7>z ; (6.59)

where we used equation (6.5) for the second equality. Nevertheless, the second
entropy measure expression clearly shows that the leading order of the entropy is
quadratic in dp which can be identified as a first order perturbation. The following
quantities are useful to simplify the expression I am about to calculate:

00 Lit; !
= 1 + 3 (5 i = — .
; OHi ¢ e

(6.60)

Then the leading order (denotes by the arrow ') of the entropy functional is
quadratic with respect to the initial data:

RZA_F%T ~ aﬁSQHi |:1 _ @] l< (1 n 2591 (SQ] ) (1 _ 511 B §2IIi n 52112)>

OHi OHi Q Hi

. (1 4 oQedr | Geds

A

OHi O

) (1 - &y — €y + D), <Ii>z)]
= a7 [om — (Gor)y]

’ [1_“% 0y + € (), + 200 900l Gor')s

OHi Q Hi

<5@1>I O (50? |

OHi OHi

-1+ §<Ii>z + 52 <Hi>z 5 <I >z<I >I —2—=

:asgmlf? (), — g Oiy) — 26080 = Covr Qor G, — Gy

OHi QHI

-3

N Zﬂ'G [47:iC;gHi T2 52] [<112>Z — Iz M) - (6.61)

Then the leading order of the entropy measure depends on the first scalar invariant,
the scale factor and the solution time dependence £(t). This solution is correct at
least in an Einstein—de Sitter space-time but more generally in any model which
admits a space-time splitting of the solution such as P% = £(t)P“.
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Let us assume the solution describes an Einstein—de Sitter space—time:

() = Stia—1) ;

£\ i o2,
a(t) = - ; 352_47TGQH ; 47TGQH1=—3CLi=§ti -

gas g1t _ 00 2 [94 EdS¢ |, EdS 2 2
Fp = 47 G 3t;2 l g T8 TeH T ] (), = Tz Tiyy)

3a73 4 4

— 8(71TG {1 + o BdS¢ e EdS§2] [<I7), — iy Ti)s]
3a”’ 43 49

- 8ZG {1 + 3—ti§ti (a—1)+ 9731“2 (a2~ 2a + 1)] (1), — 7 Ty
3 -3

[ 2 a1+ (@ = 20+ )] [(B) — (g (I

=S C [, — Az iy - (6.62)

For an EdS space—time the chosen entropy measure, i.e. the density variance, comes
down to a simple formula decreasing in time, but I recall that this quantity is
identified as the entropy per volume unit (see [Li et al., 2012]). The volume grows as
a3, = (t/t;)? thus the quantity defined as entropy is a growing function. Even with
a different approach for the perturbations, the results are coherent with literature:

3.2 Weyl scalar invariants

The spatial part of the Weyl scalar invariant can be evaluated with the fluid
expansion tensor and its time and spatial covariant derivatives. The fluid expansion
tensor coefficients are expressed in terms of the coframes:

. . 1 .

@Zj = eal’f]aj = ﬁﬁabcﬁlkznajnbknce ) (663)
where the inverse (frame) coefficients eai have been expressed algebraically through
the coframe coefficients. The spatially projected electric and magnetic parts of the
Weyl tensor (see chapter V) are:

i i i 1 i
; o Elsn
H'y = =9" —9n:Bu)is ; (6.64)
where a double stroke “” denotes spatial covariant derivative which can be ex-

pressed through the coframe coefficients. Note that the fluid expansion tensor with

159



CHAPTER VI. WEYL CURVATURE HYPOTHESIS

mixed indices is independent of the basis choice. Employing our formal average
(6.4) and the expression (6.22), the Weyl scalar invariant is expressed as follows:

o (C%); 1 (EYE"T ), (HH,J),
{n =7, _4< PR )

For calculational convenience in manipulating the functional expressions of the
Weyl invariant, the following tensors—whose trace provides the scalar invariants—
are defined:

(6.65)

i 1 ikl a c i
I i §€abc€ kl/]) jabkél = Pj ) (666)
I'® — 16 ikl §a 7jb 5¢ = 1 (1.51' T ) : (6 67)
i T abc€ T kYL 9\t J Jl o '
T 1. .
I'; = Seaee ™ PGP0% = 5 (LT = TTY) 5 (6.68)
) 1 A L
A 1 o
I = e P PP (6.70)

The following special combinations of these tensors will appear in the functional
evaluation too:

U i(2) _ i

I/ =T, +2I'® =15, ; (6.71)
') =211, + 1@ = 1L, ; (6.72)
11, = 3101, . (6.73)

With these auxiliary expressions it is possible to build matrices inspired by the
volume deformation expression (the first being defined earlier in this chapter):

J=0adT =a® (1+ & + &1L + EIL) (6.74)

1 1 J 7 i i
T i= 300+ &0+ CI0 + PN (6.75)

3T =6, 4+ &1+ CI ) + EUT ) = g6, + & (31T, —11Ld",) . (6.76)

Note that the traces of the latter two tensors both yield the peculiar—volume de-
formation J° = J°' = J. Thanks to the expression (6.63), the perturbative
development of the coframes (6.49) and the last definitions, the fluid expansion
tensor can be written in the compact form:

o, = % (3u7% +7%) . (6.77)
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The Weyl scalar invariant term generated by the electric part of the Weyl tensor,
expressed in terms of the fluid expansion tensor, reads,

BB, =66, +0,04670' + (92 + 200!, 0k, + @lk@kl@”;@”m)
o . 9. . 9 . o
+0',07,0% + 01,0567, - 20 (9 + @’fl@lk) - 50,0} (9 +OmO m)
C . . 1.. 2. 1 S
(6.78)

Let us perform some preliminaries calculations to simplify the writing of (6.78).
In order to simplify the following developments, the computation is limited to the
second order. Assuming this truncation the following quantities are redefined such
as:

3T =T, = (1+ &L+ &€IL) & ; (6.79)
i 1 i
J' = §5 j €L+ E°TL (6.80)

Moreover it is important to note that their time derivatives are at least first order
quantities,

Ji = Joi = (g‘li + 2§‘§Hi) 5 (6.81)
T = €L + 26611 (6.82)

then the terms which involve at least three time derivatives are at least of third
order and are not considered. Thus the fluid expansion tensor and its trace read,

i

O, = Hd', + ‘? : (6.83)
0 =3H + % : o (6.84)
o' = (% E H2) &'+ % - jjjf : (6.85)
9':3(%—H2)+§—£; (6.86)

Here the results of the computation of the different terms involved in the expression
of the electric part of the Weyl scalar invariant up to the second order are presented.
The second order is chosen because the leading order of the entropy measure is a
second order expression:

0',0"e,0", = 30" + 2H* ‘7}‘27 + 4H3§ +4H? ‘7};7 ; (6.87)
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2 k 7l
etel,emen —9H4+4H2§2+6H2‘7j‘27 +12H3§ (6.88)
©',0/,0" = 31 (E—H2)+H2j H2J2
i\ I5T4 i o\ T IS
+(a H) 7 +2H(a H)j+2H e (6.89)
2
00’0, = H2§ 3H2§2+9H2 (a_m)
. 7 j 5
+3<§—H2> jﬂj +2HJJ—Z+6H<5—H2>? (6.90)
o A 2 gLl i J J?
@j@Q:S(E—Hz) +#+2<5—H2> <§_ﬁ ;(6.91)
0° = j2+9 ;—HQ 2+6 ¢ g J T (6.92)
J? a J J*)’ '

Then the second order electric part of the Weyl scalar invariant is,

. 2 i 7 . pd . -9
EijEjiTz?,(?—H?) +j‘7 +2( HQ)Z—Q(E—HQ)i
a a J

J? a J?
JLT g JLTL 197 g 2
4 2 3 2 = - 4 9
4 3HY o2 Il N +4Hj T s it k] e 3(@ H)

J? J J?
. 73 ']
—2 (E - HQ) I35 4H£ —4H <a H2) Z — 3H*

) , , )
—2(9—[{2)‘7+2< —H2>‘7 —2H2‘7+2H2‘7 —6H2<9—H2>
a J a a

J? 3 g2 J
- —H2§z - 2H2jj;zl —4H3§ +6H” (a — HQ) + 2H2§
= 2H2§z +2 (; = H2) j}‘z] 1H (Z H2> ? + 4Hjj7‘27j

— ({'5'2 AR 4+ 4Hé§') - (52 +AH2E + 4Hé§') 2. (6.93)
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In the Einstein—de Sitter case, the time function is replaced by its expression and
the leading order of the electric part of the Weyl scalar invariant reads,

_— 9 9 ,a* 9 ,ad® |
EdS 1 71t 22 2 2 i 1] 2

E*. B’ = t; 4—t; 4—t;"— I'IV. — =L

7o (4 Jr4 +4 a)(JZ 3‘)

(1o, 16, 8 A
_(gtiQa + g2 a0 )(II 3l

1
=a 2 (P T, — 313) ; (6.94)

and its average is,

EdS <EZ]EJ1>,D _ EdS <EZ E] j> /<\7>I ~ EdS <EZJE]Z>1T

= a2 (<P’ Wi 3 <I§>I) : (6.95)

More of half of the work is done, because the expression of the leading order of
the electric part of the Weyl scalar invariant is the most complicated to compute.

Let us now compute the magnetic part of the Weyl scalar invariant. The expres-
sion of the generalised Jacobian functions are also truncated at the second order.
The functional evaluation of the magnetic part of the Weyl tensor is,

lsn

H'; = — j 9" I 9im O 1 |
B Elsn ) jm
_ _g® - T G i (Han;) " 7” . (6.96)
IIs

Thus the second order of the magnetic part of the Weyl scalar is,

lsngpq'r

o H = e 59™ 40k 91m 9" 9r (9
m . wy T L Tl (rma T s T e
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eleneper Tl
= 9" gnikg” 9rce | (Hawp)yy, (Hpm)yy, + (H9) o 9u=

J?
THiis Tis 7>||q]

+ Gim 7 (ngz)) I + GimIpu i 7

lsn pqr
€€
ik tj
= a g g X
4772

[ (GnkG1j GrtGpi + GnkGijGriGpt + InjGueGreGpi + 9njGikGrigp) HjsHjjq

T
J

R 'R
+(gnkgljgm+gnjglkgm) Gpull||s

+ <<gnkgljgrt + GnjGikGrt) 7

m jm )
<<gnkgrtgpz + gnkgmgpt) }| (gn]grtgpz + gn]gmgpt> ‘7” glmHHq

T (T . T T (T T4q
+ <gnk j (grt j + gri j + 9nj j rt ._7 + griT IpuGim

elsnepqr

= 4j2 a_6 [2 (grlgpn + gm"gpl) HHSHHQ

vofgdme g Tl o g ~7||g N pug g
r j rn j pu s j pn j rn m q

Ts sz ) .ms qé i .Tl?s 1:’
+ (2—j qu + grngtJTJH ‘7||q + 9rng g L7|| \7||Q> gpuglm]; (697)

and according to the symmetry of the metric g;; and the antisymmetry of the
Levi-Civita pseudo—tensor, the magnetic part of the Weyl scalar invariant reads,

lsn pqr
i it € €
HHY = =2 gpugin <~7T||s~7n||q+9m9 jg||sjt\\q>
elsnepqr _2
= OBt (L + G017 1% ) (6.98)

Then, the average of the leading order is in the Einstein—de Sitter case,
(HYGH) ) =B CH T (T
 BdS /rri D
~ <H jH]i>I

Elsnepqr

= 0 i (5L + 008 (UL, ) - (6.99)
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Thus the leading order of the Weyl scalar invariant (6.65) takes the following form
in the Einstein—de Sitter case,

EdS <CQJ>IT/<*7>IT _ EdS <02>IT

1 . o
=1 <Eds (BB )]+ 50 <HjH]z‘>zT>
at i i 1
- (AR, - (), )
lsn pqr
+ € ¢ Cl_35 5lm <<I r||s n||q> + 57"716 <I ]HsIut||q>I> . (6100)

3.3 Kinematical backreaction

Employing again our formal average (6.4), the kinematical backreaction (6.31)
is written in terms of the expansion matrix and its trace read:

Qp =2y — = (D}
=2y + 1 = 5O
= (0,0 + (P~ S (0%

_<@ij@jij>1 02T,  2400)%
(g Dr 37

Expressed through the coframe coefficients, and using the identities 6./ = J and
(e 1%) = e, 0% + é,/n% = 0, we get:

(6.101)

C) j@le =e, n“jeb]nbﬂ = - <Z]€abc€ nbkncz) n%J

1 a J 1 a
= —€ape€ N5 + 5 7 Cabe€ e’

= —eape€ ™ + 62T . (6.102)

Thus the kinematical backreaction reads:

o <<eabc i 7 Dy <J’>i). (6.103)

The different terms of the kinematical backreaction can be specified with respect
to the volume deformation J as,

D

eapec PR, = a (6H2j FAHT + 26 (1L + 351119) :
J=0J=d <3Hj + j) . (6.104)
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It leads to the final expression, derived and quantified in [Buchert et al., 2013]:

1 9 2 /2
%= 28 (@ + 3611 (g~ 3 ()]
_ 52 (1 + &7 + 5273) (6.105)
(1 + §<Ii>1 + 52 <Hi>z + 53 <HIi>I)2
with the terms:
71 =27 — <I )7 = Op, ; (6.106)
Y2 = 6 (L), — 3 <Ii>1 L)z ; (6.107)
v = 20y, (1), — §<Hi>§ . (6.108)

The leading order of the kinematical backreaction is quadratic, as the entropy
measure and the Weyl scalar invariant:

Ql, =~ €20p, = ¢ (2 (i) — §<L>%) . (6.109)

Moreover, the second scalar invariant can be expressed with the first scalar invari-
ant and its generalisation,

According to this relation and assuming an EdS solution, the leading order of the
the kinematical backreaction is,

EdS _ 2 2 2 i1 2 2
Oh = i (2410, ~ (), - S 03 )
(<IQ>I <Il>§) a - <<Iij1jz‘>z - %<I?>I> a ' (6.111)

OOINJ

4 Results

4.1 The leading order relation

The leading order of the entropy measure (the variance of the density fluc-
tuations), the Weyl scalar invariant and the kinematical backreaction have been
computed in the previous section. In this part I highlight the relation between
these three quantities. From equations (6.62), (6.100) and (6.111) we can write:

= [<12>z {07

9a_1

i 1J 1
= Toc [Eds%“ - (0P, - 5 )|

EdS ]_—1T

166



4. RESULTS
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~ 9a7! BdS g Agie2 BAS (02N 1

T lorg L ot dat TR,

—at;’ SpuOim (<1 TR T O <In}s1ut||q>z>]

9 [Eas 2 EdS /2
~ 167G [ QD At <C >I

lsn pqr

g €€ u t) m u
152 By (UL + O (] tq>z>] . (6.112)
This result is equivalent to the simpler approach of [Li et al., 2012] up to a constant
magnetic term. By replacing the scalar invariant by its expression with the Weyl
tensor components (6.17), the last result can be written as,

9 t?
EdS 11 _ EdS AT v _EdS C Cuw@)\ 1
o = T6rca [ %+ 57 (Gl 2

€lsn6pqr ”
;> ———0uOim <<I Ml nlig)z + a8 (T L tl(1>z)]
SD 9ti2 sn _pqr uw
= ZV—D - %El e’ 5 wOtm (<I rl|s n||q> + 5T”5t <I JHSI t||Q>I) ’

(6.113)

where Sp/Vp is the definition of the average entropy measure proposed by [Li et al.,
2012]. At the initial time, the variance of the density fluctuations reads:

9 £
EdS 1T. _ EdS H1 . ‘1 EdS LKA\ T
‘FD i 167TG [ QD i + 8 <ONV”AC >I
2 elsnepqr m U t] m U
- i (UL + 0rnd (T t|q>z)] . (6.114)

Thus, the relation can be compacted in the following expression:

t? — ti2 EdS urkAN 1
5 {Cua )L

(6.115)

Eds]_—g _ Eds}—gi i EdSQTD i (t_2/3 _ ti_2/3) 203 4

4.2 Orthonormal basis leading order

I briefly present in this section the results obtained in the orthonormal basis.
Assuming this alternative basis choice,

e the first order equation of evolution and its solution read,
P+ 2HP, — AnGoy P, = —4nGop P (6)a ™ + Wa™® (6.116)
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Py = SUSts (a = 1) + 6nGom Py () = E(0)P'; + ¢ (6.117)

e the electric part of the Weyl tensor restricted to its leading order reads,

. . ) 1 /. )

i i i k l k i
Ej:—@j—@k@j+§(e+@k@l)5j

. 1, . .
S (Ij—gli(sj) <£+2H§> :
EdS i i 1 -1 -2
E'; = L', 31(5 i a (6.118)

e the leading order of the magnetic part of the Weyl tensor reads,

H o — _ € 7jn)||8
j= —a jg In(k Gim 7

= _a_l lsnélkén(k 5lm s 5 )
EdSH’ij _ _a—1/26l8n5ik5n(k 5lm s - (6119)

Then, the desired relation in the orthonormal basis is identical to the orthogonal
relation (6.112),

9
g = [EdSQD 4 442 EdS <C2>I

Elsn ehar

_ti2

S (UL + 08" (U310, >] - (6.120)

5 Concluding remarks

I presented here the possible connections between an inhomogeneous theory of
cosmology and the problem of the definition of a gravitational entropy. I chose to
define the entropy as the variance of the density fluctuations:

1 _ = (0p _ 0¢)p — o)
P o (@p 7

which is a sub—case of the Tsallis one—parameter family of relative entropy measures
[Tsallis, 1988]. Since this entropy should be a tracer of the quantity and properties
of the formed structures, it is natural to try to link the variance of the density
fluctuations to a scalar curvature parameter, here the average of the Weyl scalar
invariant:

1 VK 1 7 j ) j
(Cp = 55 {Cum "), = (CBY B + (S H, )
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The first step of this study was to look for a relation for the leading order, it
appeared that this order is composed of quadratic terms of the first order per-
turbations. Moreover, the leading order of the kinematical backreaction appeared
naturally in the expression of the entropy measure. Thus a relation between the
gravitational entropy, the Weyl scalar invariant and the kinematical backreaction
was obtained.

The Weyl scalar invariant is composed of two parts, respectively triggered by
the electric and the magnetic part of the Weyl tensor. The most recent studies (see
[Li et al., 2012]) ignored the magnetic part. Here I took into account this term. It
led to the same relation up to this magnetic term. Moreover, this term appeared
as a constant in the relation between the entropy, the Weyl scalar invariant and
the backreaction whereas the electric part grows as 2. Thus for a sufficiently large
time the magnetic term is outdone by the electric term.

The relation obtained is dependent on the chosen average model. Here the so-
lution are obtained for a model whose average is a standard FLRW background.
Moreover, the explicit results are shown for an Einstein—de Sitter space-time. The
Weyl scalar invariant was the gravitational entropy proposed by Penrose, here I
chose another definition but finally there is a relatively simple relation between
them. The next step will be to consider higher order in the computations of the
different terms and more general background with a spatially dependent scale fac-
tor for instance.
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Conclusions and outlooks

I dedicated my Ph.D. thesis to the building of a less restrictive model than the
usual description of the Universe in order to confirm, or not, the use of its restric-
tions such as the cosmological principle or the standard perturbation theory.

In chapter II, I reviewed the Newtonian perturbation theory and justified sev-
eral choices. I presented the Lagrangian description of a fluid in the framework
of cosmology and its advantages: high density contrast, low number of unknowns.
Moreover, I chose to write down the equations with differential forms. The forms
are a tricky but very efficient tool to formulate the gravitational problem and I
showed the coherence of the results obtained thanks to differential forms with re-
spect to the usual tensorial formalism. This chapter did not present new things
but was here to remind the reader about the standard Newtonian development;
and was used in order to propose a relativistic generalisation of the Lagrangian
perturbation theory in the next chapter.

The new theoretical elements provided by my Ph.D. thesis are in chapters III
and IV which dealt with the relativistic Lagrangian perturbation theory of the
cosmology. Using the Cartan coframes and a reasoning similar to the Newtonian
Lagrangian approach of fluid dynamics, the relativistic Lagrangian perturbation
theory was built. By a simple generalisation of the Newtonian equations, a part of
the relativistic solution can be obtained. Additional equations remain, their solu-
tions allow us to complete and constrain the relativistic solution. The Newtonian
system furnishes equations for the trace and the antisymmetric part of the solution,
whereas the relativistic system furnishes equations for the symmetric traceless part
of the deformations. This last equation furnishes a wave equation that describes
the propagation of gravitational waves. Under some restrictions, the Relativistic
Zel’dovich Approximation (RZA) and an Einstein—de Sitter (EdS) Universe, it is
possible to obtain explicit solutions, as in chapter I'V.

The two next chapters presented some applications I performed during my Ph.D.
thesis. I presented in chapter V the system of dynamical equations for the Newto-
nian and relativistic problem in the case of a silent Universe. This restriction means
the magnetic part of the Weyl tensor vanishes. This tensor describes the curvature
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of the space-time and is the analog of the electromagnetic Faraday tensor. Then,
still by analogy, an electric and a magnetic part of the tensor are defined. The
term silent is used because without a magnetic part the waves cannot propagate.
One of the essential results of this chapter is that the dynamical silent system of
equations in the relativistic case is simply composed of a closed system of ordinary
differential equations. This result is very strong, it means a numerical resolution
of the local system of equations is easy to perform. Nevertheless, the application
of the average process creates a lot of new variables and the average (or global)
system of equations is not closed anymore. Thus a closure relation is intensively
searched. Nevertheless, it is possible to numerically describe the global behaviour
with a code that computes the local solutions and performs the average at each
time step.

Finally, the concept of gravitational entropy and a relation of this quantity to
the space—time characteristics were proposed in chapter VI. The new content of
this development is the addition of the magnetic part of the Weyl tensor. After
some calculations, I showed that the leading order of the chosen entropy measure
(the variance of the fluctuations of density), the Weyl scalar invariant and the
kinematical backreaction term are linked by a relatively simple relation close to
the preceding results without magnetic part. The impact of the space-time curva-
ture and the kinematical backreaction on the dynamics can be clearly established
thanks to this relation.

The natural next step will be an implementation of this theory of perturbation
in numerical simulations. The flow—orthogonal foliation, which defines a unique
proper time through space, drastically simplifies numerical implementations with
respect to fully relativistic simulations. Moreover, the Cartan coframes formula-
tion with a unique variable is relatively close to the Newtonian Lagrangian ap-
proach which showed its efficiency in analytical simulations. Weiss et al. [Weiss
et al., 1996] presented a comparison between Eulerian numerical simulation and
Lagrangian analytical simulation in the Newtonian context. An implementation of
the relativistic perturbation theory developed during my Ph.D. thesis will provide
essential input for the numerical realisation of relativistic large—scale structure for-
mation.

Multiple theoretical applications are also possible. Unlike most of the previ-
ous works, this formalism contains the symmetric traceless dynamics. Then, it is
possible to describe gravitational waves, radiations and their impact on the mat-
ter collapse. At the second order of perturbation these traceless first order terms
are involved in the sources and can affect the trace dynamics (the collapse for
instance). Thus, most of the usual descriptions of the large—scale structures for-
mation neglect the impact of the gravitational waves and other traceless effects.
A specific feature of the Lagrangian description is that even at first order we have
a coupling between the symmetric traceless equation and the trace part of the
solution, which shows that gravitational wave perturbations cannot be simply dis-
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entangled from the matter sources at which they scatter. The developments about
the relation between entropy and space—time curvature has to continue in order to
find a general relation and not only a leading order relation. Consequences of the
thermodynamics of the gravitation attraction and the link between entropy and
gravitational waves are still to be studied. Another analytical application is the
estimation of the effect of the backreactions: a well-defined spatial average process
could bring important effective curvature from the small initial conditions of the
Cosmic Microwave Background (see [Buchert, 2008; Résdnen, 2006a]).

Other applications would account for a re-estimation of the quantities of Dark
Matter and Dark Energy by including inhomogeneity effects, together with the
consequences for observational and experimental projects. It will trigger numer-
ous implications and strong interactions with observers to confront and adjust the
parameters of this modelisation. A new description of the light—cone and its effect
on the gravitational lensing would also be really interesting to study.
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Appendices

A Differential forms, symmetric and antisymmetric parts

Many matrix decompositions exist and we decided to split them between their
trace, symmetric and antisymmetric traceless parts. This decomposition is pretty
simple when we deal with matrix, but the forms formalism is used in my Ph.D.
thesis. Thus it is important to properly define these parts also with differential
forms. Let us V® be a 1-form in a 3-dimensional space. Its trace part is defined

by:

1 . 1 1

bV A 8" dX7 A 60 dX" = T * <§eabce”kv;?5bjack)
1 4 1

= —==*0,Vi=—F=

9] Vgl

whereas its antisymmetric part is defined by:

Ve (A1)

3
9]
« (V;ndX") for a given k. (A2)

G V® A 8"dXT = # (Gape Va6, dX")

—  x (G V(0" ;dX")

The symmetric traceless part does not have a proper definition with differential
forms. Nevertheless any matrix can be decomposed between its trace, symmetric
and antisymmetric traceless part. Then knowing the trace and the antisymmetric
parts the remaining symmetric traceless part can be extracted. This is how we
manage to write the equation of evolution for the symmetric traceless perturba-
tions IT* ; in chapter IV.

There exist equivalent to the usual operators in the differential forms formal-
ism, but it is important to be careful when they are used because of the non—
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Euclideanity of the space-time. The divergence can be identified to:

V.V =xdsV = sds (VidX') = 2‘g| s d (Viegpd X7 A dX")
= @ #(Viieind X' A dX7 A dXP)
_ g e .
=S Vii= VeV (A3)

whereas the curl can be identified to:
V x V=xdV A dX" =« (dV;dX' A dXF)
=« (Viyd X7 A dX' A dXF)

lg| ek”V|] : «/|gV><V (A4)

It is also possible to define an equivalent to the Laplacian operator. An inter-
mediate operator is required, let V be a k—form on a n—dimensional space. Thus
the codifferential is defined such as,

d* =6 =(—1)""adx . (A5)

The codifferential allows us to define a differential forms Laplacian operator (the
De Rham-Laplace operator). In the case of a 1-form it leads to,

(d+ddé)V =(+d+xd —d*dx) V*
V |g’ a i j
= «d = (V,dX7 A dX') + ~5 s (dV5e d X A dXx")
gl = (AV4,;¢" dXF) + —V29|d « (V€ dX A dXT A dXF)
g = (V “‘]le LdXt A dXF) + |g|dVa|le ine’"
a _ji Ivra i
= |g| Vi‘jle] ke”“dep | |V Hip€ Jkeljkpr
= |g| V9, (9", — ¢"'6",) AXP + |g| V,,g" dX?
= —lg| V", Y dX" = |g| AVSdX . (A6)
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B. VORTICITY EXPRESSION

B Vorticity expression

Eulerian approach

The vorticity can be expressed thanks to the curl of the gravitational field and
the Euler equation:

(B1)

a) ; (B2)

The introduction of the Euler equation into the curl of the gravity field and the
first identity give:

ot
0b = o
— g—l-Vx(wxv): . (B3)
The second identity leads to:
dz . .
d—j — (@V)F - B(VD). (B4)

This transport equation for the vorticity shows that vorticity changes along stream-
lines of the flow.

Lagrangian approach

There exist two different ways to write the curl of the gravitation field, from
the tensorial expression:

(6 v g)z _ Eik:jng _ Eijk]&'k” hl ;
1 17 mn r
= ﬁe ]kel Equfk‘lfp\mf%n
o 1 lmnéi i D q
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or from the form field:
db = df = d(fidf’) = 6,;,df* A df?
= O fTp fhgdX™ A X (B6)

From this equation, we can get:

S ( ot M) — S Ry =0 (B7)
This transport equation for the vorticity shows that vorticity changes along stream-
lines of the flow.
Differential forms

The components of the 1-form vorticity derive from the components of the

1 —
tensorial vorticity, J = §V X U

Wij = —V[ij) - (B8)
Then we have:
w = —0;dX’ A dX? = v ;;dX’ A dX? (B9)
= v;;dX" A dX7 = df ; (B10)
and the equivalent of the curl of the gravity field is:
d(ffdffy =df =0 ; (B11)
so we get:
df = const. (B12)

Then the 2—form vorticity is conserved.

C Curvature tensors

Riemann tensor

FP

nolv

RP —TF

opv volp

+ Fp,u)\r/\ua - Fpl/)\r)\ua ) (Cl)

.
Rp,u,m/ = _R,upm/ = _Rp,ul/a ;

Rp,uau = Ro’zxp,u )

Rpual/ + Rpm/u + Rpl/,ua =0 )

\RMMVIIA + Rowlle + Rpproly = 0 .
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D. SPACE-TIME FOLIATION

Ricci tensor

R: v = Ry ; (C3)
9" Ropov = 9" Rovpp = Ry =Ry (C4)

Ricci scalar
R"H =R. (C5)

D Space-time foliation

General relativity does not consider the time as a peculiar dimension. It leads to
equations which depend explicitly of the 4-dimensional space-time. Nevertheless,
the 3 + 1 formalism allows us to restrict a 4-dimension relativistic problem to a
3—dimensional spatial relativistic problem in the space M x R where M is a Rie-
mannian manifold. The equations and the associated properties become simpler
thanks to the split between the space manifold and the time dimension. It leads
to a decomposition of the space-time between its space and time parts.

Space-time is cut out into hypersurfaces orthogonal to the time flow and have
the same proper time. This foliation allows us to write in a more intuitive manner
the Einstein equations because the time becomes again a parameter. The first
description of this peculiar framework was proposed by Darmois in 1927 [Darmois,
1927]. More general cases followed in the papers of Lichnerowicz in the 30’s—
50’s [Lichnerowicz, 1939, 1944, 1952] and the general case has been developed by
Choquet-Bruhat in the 40’s and 50’s [Choquet-Bruhat, 1948, 1952, 1956]. This
formalism known important success thanks to the development of the Hamiltonian
formulation of general relativity by Arnowitt, Deser and Misner in 1962 (see re-
publication [Arnowitt et al., 2008]). The 3 + 1 space—time foliation also has an
essential role in the relativistic numerical simulations. The reader may read the
review of Gourgoulhon [Gourgoulhon, 2007] for additional details.

Thus assuming the 3 + 1 space-time foliation, we have only to deal with spatial
tensors: the 3—dimension metric, the 3—Ricci tensor etc. Nevertheless an impor-
tant restriction of this formalism is the constraint of a vanishing vorticity. There
exist alternatives to the 3 + 1 formalism which allows us to describe vorticity, for
instance a similar approach which is built on the threading of space-time exist, it
is the 1 + 3 formalism (see the recent paper [Roy, 2014]).

E Orthonormal and orthogonal coframes representation

As detailed in [Buchert and Ostermann, 2012; Buchert et al., 2013], two dif-
ferent basis choices are conceivable to represent the perturbation schemes: (i) an
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orthonormal basis, defined by:

The metric coefficients are written as: g;; = dqp 7% 77bA

with non—normalised initial coframes: n"}cN (t;) # 6% .

The other choice is (ii) an orthogonal basis, described by:

. . . G G
The metric coefficients are written as: g;; = Gan* bj

with normalised initial coframes: 77“,5 (t;) = 0% .

These choices arise by the request of a non—Euclidean space (e.g. an orthonormal
basis together with normalised initial deformations imply an Euclidean space).
In the orthogonal basis, the initial functions G, encode the non—Euclideanity.
Whatever the basis choice is, we can express our system of equations in terms
of our single variable. We decided to work in the orthogonal basis, because it
allows a formally closer analogy between the Newtonian equations and part of the
relativistic system. Thus, we expect this approach to be more relevant when it
comes to comparing Einstein equations subjected to the Minkowski Restriction in
the orthogonal basis to the standard perturbation theory.

Since the metric coefficients g;; are defined in the exact basis d.X ' we can either
express them using orthogonal or orthonormal coframes,

9ij = 5abN77aiN77bj = GabGnaz‘GT/bj ; (E6)

where ¥ and ¢ denote the two representations. Then, if we use the perturbation
development given by (3.33) for the coframes, we can show:

) .
G =i ;
Gy =2NPy; (E7)
Gy =g (t)
since the initial perturbation fields are null in the orthogonal representation.
The scale factor a(t) explicitly appears as a prefactor in the decomposition
(3.33). The perturbation fields are then defined on the homogeneous comoving
space, which has G; as a metric. This metric will thus be used to raise or lower

the indices for the perturbation fields. To act on tensors defined on the physical
space such as the Riemann tensor, we shall use the full metric g;;:

Py ZGaz’Paj;

iJ Jip g
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F. BASIS DEFORMATION TRANSFORMATION

F Basis deformation transformation

We here compare the first order orthogonal equations that we obtained above
((3.60)-(3.63)) to the ones obtained in [Buchert and Ostermann, 2012] at the same
order but in the orthonormal representation [Buchert and Ostermann, 2012](89),
(90), (92), (99) and (101). The orthogonal and the orthonormal representations are
equivalent but the initial deviations are handled in a different way as we explained
before in this Appendix. In fact, in the orthonormal case, the initial perturbation
fields are non null: VP% # 0 and the conformal background metric is flat and
equal to ¢;;. We here have called “background metric” the part of the metric
which does not depend on perturbation fields. In the orthogonal representation, it
is the opposite: the initial perturbation fields are null “P% = 0 but the conformal
background metric is not flat at first order and is equal to d;; + G%). Thus, there
should be a link between the initial deformation fields U9, W¢ and Gy that
could enable us to go from the orthonormal formulation of Einstein equations to
the orthogonal one. The evaluation at initial time of the two sets of first order
equations will enable us to identify this transformation. For the orthonormal basis
we obtain at initial time:

NP 4 2H NP — dnGom™P =0 ;
MI;(t) + 3HN L (4) = =Ty (F9)
NR

H1N7j + 4’/TGQH1NP = —T .

For the orthogonal basis we correspondingly obtain:

P+ 2HP - W =0;

Gﬁij(ti) + 3HGHU(tl) = —GTU ; (Fl())
. GR
HEP +W = -1

Thus, if we choose 47G oV P(X*) = W(X?), the two left hand sides of the systems
are the same. It is possible to extrapolate from the last result to a general link
between the two representations at first order by defining:

we
N pa G pa i
pPe="P% 4+ —— . F11
= P4 (F1)
With this choice, G}’ = Wij)/2nGop;, since:
W,
gij = a* (6 + 2 Pyy)) = a® <5z‘j + 29 P + 247r(;;;-> : (F12)

By construction, the representation transformation is built in such a way that
VRY(VPY) = SRYCPY) (F13)
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This latter can be easily checked. In particular, the whole set of first order orthog-
onal Einstein equations can be recovered from the orthonormal ones by injecting
the transformation rule (F11). The orthogonal solutions will then be obtained
from the orthonormal ones by a translation.
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G. NOTATIONS AND ABBREVIATIONS

G Notations and abbreviations

Tensorial objects

i Kronecker symbol ;
€ijk Levi-Civita pseudo—tensor ;
€ijne’’” = 6".090", + 5qi57"j5pk + 5Ti5pj5qk — 5pi5rj5qk — §Ti6qj§pk — 5‘25@-5% :
fijkeiqr — 511'57"]~C o (5T'5qk .
J 3% k>
Eijkeljr == 25Tk 7
Gijkffij F =6;

Differential objects

M Manifold ;
49#!/ 4-dimension metric ;
Sgij 3—dimension spatial metric ;
A wedge product ;
d differential operator ;
P. ¢, n... bold symbol denotes differential forms ;
* Hodge operator ;
Notations
Ay index ; denotes initial data ;
A index ™ denotes the n" order perturbation ;
. dA
A= o time derivative ;
A;j Eulerian derivative ;
Ay Lagrangian derivative ;
Aijllk = Aij|k+A"}Fimk—Aim "k covariant derivative ;
1
Apj = 3 (Aij — Aji) antisymmetrisation ;
1
Agjy = 3 (A;j + Aji) symmetrisation ;
A=Al trace of the tensor A ;

(2

Constants and variables

G
A

gravitation constant ;
cosmological constant ;
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Op = 2Ty, — = (1Y}
I(P%) = %Eabceijkp%bﬂck
II(P%) = %eabceij’“P‘éP%%
III(P%) = éeabce”’“P‘EP’}P%

Newtonian theory

Xi

' = i()?aﬂ

o' = fi(X,1)

g =Xt !

Xi B hi(ﬁv t) = Zei‘kepm“fj\q klr

fz\]( lt)

Jil |j()£7t)

fz |j( 7t) 1

e (X ) =¢' ggkk g
1

J = 661]196 fz|lf]‘m [n

J (A", B/, CY) = ™Al B CF,
FUX,t) = a(t) (X + PY(X, 1))
Fiu(X 1) = a(t)(d'; + P (X, 1))
Pi(X 1)
Ui(X
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)

scale factor ;

Hubble factor ;
density ;

homogeneous density ;
density perturbations ;

density contrast ;
kinematical backreaction ;
first scalar invariant ;
second scalar invariant ;

third scalar invariant ;

Lagrangian position ;

Eulerian position or position field or map
transformation ;

Eulerian velocity ;

Eulerian acceleration or gravitation field ;
inverse map transformation ;

gradient of deformation ;
velocity gradient ;
acceleration gradient ;

tidal force tensor ;

Jacobian of the Euler-Lagrange coordi-
nates transformation ;

functional determinant ;

perturbative development of the position
field ;

perturbative development of the gradient
of deformation ;

perturbations ;

initial velocity ;
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Uy
Wi
W (

¥

~—

)
%)

Relativistic theory

Xi
77(1@ (X> t) ‘
@zj _ eaznaj

i L
Iy = 59] (gjk\l + Gk — gk:l\j)
v v [ v] 1
cr = WR"  —2§ ‘[LH“)R )\]—i—g
B, = C’Wmu”u’\

* K, A
H,, =*Cumuu

*

]' i1k, a c
J = éeabce]’“n 0"

n'(X,1) = a(t)(0% + PYX, 1))

[ cv] ()
) [55 A R

initial velocity gradient ;
initial acceleration ;

initial acceleration gradient ;

tangential space coordinates or exact
coordinates ;
Cartan coframes field ;

fluid expansion tensor ;

Christoffel connection ;

Weyl tensor ;

electric part of the Weyl tensor ;
magnetic part of the Weyl tensor ;

dual operator ;

relativistic equivalent of the Jaco-
bian ;

perturbative development of the Car-
tan coframes field ;

perturbations ;

initial velocity ;

initial acceleration ;

time-linear operator of the evolution equa-
tion ;
average of a scalar function on a domain D of

volume Vp ;

average normalised by the initial volume Vp, ;
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