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Abstract

The subject matter of this thesis is the formation of large-scale structure in
the universe. Most of the study has dealt with the non-linear evolution of
cosmological fluctuations, focusing on the scalar sector of perturbation theory.

The period of transition between the radiation era and the matter era has
been largely examined, extending the already known linear results to a non-
standard matter model and to a non-linear analysis. The obtained second order
solutions for the matter fluctuations variables have been used to find the skew-
ness of the density and velocity distributions, an important statistical estimator
measuring the level of non-Gaussianity of a distribution.

In the contest of cosmological perturbations a complete Post-Newtonian
(1PN) treatment is presented with the aim of obtain a set of equations suit-
able in particular for the intermediate scales. The final result agrees with both
the non linear Newtonian theory of small scales and the linear general relativis-
tic theory of large scales. Analyzing the limit cases of our approach to 1PN
cosmology, we have clarified the link between the Newtonian theory of gravity
and General Relativity.

This work is the result of the agreement signed by the Department of Physics,
University of Roma Tor Vergata and the Institute of Cosmology and Gravitation,
University of Portsmouth, United Kingdom in the formal context of the co-tutela
project.

The chapters 5, 6 and 7 are the themes of two articles in preparation, that
will be shortly submitted:

¢ “How the universe got its skewness” M. Bruni, 1. Milillo, K.Koyama

o “Post-Newtonian Cosmology”I. Milillo, D.Bertacca, M. Bruni
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Outline

This thesis deals with one of the main issues of modern cosmology: the theory
of large scale structure in the universe, describing the clustering of matter in
galaxies and clusters of galaxies.

Starting from the first studies of Jeans in 1928!, this topic has been theo-
retically dealt with the perturbative approach, succeeding in reproducing the
numerous experimental data, from the statistical data of density and velocity
fields of large scale structure (LSS) [55], to the observed cosmic-microwave-
background (CMB) anisotropies [59]. The usefulness of perturbation theory in
interpreting such experimental results is based on the fact that in the gravi-
tational instability scenario density fluctuations become small enough at large
scales that a perturbative approach suffices to understand their evolution. There-
fore, if at very large scale we can use the first-order relativistic perturbation the-
ory (and most of the cosmological perturbation results are within this range),
at small scale (up to about 20 Mpc) we necessary need the non-linear the-
ory. On the other hand the imminent large amount of data from the next-
generation large-scale galaxy surveys and the completion of Planck Surveyor
satellites will give more accurate informations concerning small and intermedi-
ate angular scales. It follows that the non linearity in studying cosmological
structure formation is becoming essential.

In this thesis I have analyzed, in a non-linear approach, two different as-
pects of cosmological perturbation theory: the evolution of a cold dark matter
component (CDM) in the matter-radiation era and the application of the Post-
Newtonian theory to large scale structure formation.

The epoch at which the energy density in matter equals that in radiation has
a special significance for the generation of large scale structure and the develop-
ment of CMB anisotropies, because the perturbations grow at different rates in
the two different eras. This reflects on the power spectrum of the matter density
perturbation that is the main link between theory and observation [75][76][29].

In the first part of the thesis I analyzed this period of the evolution of the
universe using the second order perturbation theory. Under the assumption of
considering the modes which enter the horizon during the radiation era, and so
small scale perturbations, we shall regard that the radiation density contrast is
negligible with respect to the CDM perturbation, so that the radiation is seen

! Actually the idea of gravitational instability goes back to Newton (letter to Bentley,1692).



Outline 4

as a smooth background component. At linear order this leads to the known
Meszaros effect for which the matter perturbation remains frozen (constant)
until the equidensity, and then it grows linearly in the scale factor as the matter
era period. The importance of a second-order analysis of this effect is that such
constant mode could signal a failure of the linearization to capture the essence
of the evolution (this is what typically happens for dynamic systems with a
constant marginally stable first-order solution), so that it is interesting to see
whether second order terms could be relevant in the CDM evolution.

Another extremely important aspect of the non linear evolution of cosmolog-
ical perturbations is the consequent arising of non-Gaussian signatures on the
statistical distribution of the density field. Since the statistical approach is the
only way to test cosmological theories, every theoretical investigations which
could explicitly influence the most common used statistical estimators have a
relevant importance. Moreover the research of non-Gaussianity has a further
importance because it is connected with different types of primordial theory.
In fact the simplest inflationary scenarios predict Gaussian initial fluctuations,
but there are other models of inflation or models where structure is seeded
by topological defects that generate non-Gaussian fluctuations. Besides these
primordial sources of non-Gaussianity there are secondary-type sources arising
from many different physical processes, among which there is the non-linearity.

Thanks to our second-order analysis of the matter-radiation equidensity pe-
riod we were able to find the simpler statistical estimator of non-Gaussianity
evidence, the skewness. It describes the degree of asymmetry of a distribution.
In our case we found the time-dependent skewness of the density and the veloc-
ity field of the CDM component, for Gaussian type initial conditions. We recall
that in the matter dominated era the solution for the normalized density skew-
ness already exists , it is a constant value 2. We have generalized such result
at the previous period of the universe, the late radiation epoch approaching the
matter-radiation equivalence. The final result is that the constant matter era
solution is reached very early: looking at our time-dependent function of the
normalized skewness, we can see that at the decoupling era, i.e. when the CMB
features were imprinted, a large amount of skewness due to non-linearity is al-
ready present. Considering that the Planck satellite? and its successors may be
sensitive to the non-Gaussianity of the cosmological perturbations at the level
of second- or higher-order perturbation theory, this is an important result.

In the second part of the thesis I have applied the Post-Newtonian approach?®
to cosmological perturbation theory with the aim of giving a set of equations
that are supposed to be valid over a large range of distances, from the large
scales down to scales which experience slight departures from linearity.

This requires a careful analysis of the proper perturbation theory to use, i.e.
the General Relativistic or the Newtonian theory.

As it is known, at scales much smaller than the horizon scale, the General

2Peebles found S3 = 34/7 [77]
Shttp://planck.esa.int
4In chapter 6 we will give the appropriate bibliography, now we just cite the textbook [72]



Outline 5

Relativistic effects can be neglected and the Newtonian theory of gravitation
perfectly suffices to describe the clustering process, mainly if we consider a
collisionless matter component in a slow motion regime. It is clear that the
smaller is the scales we deal with, the more appropriate is the Newtonian ap-
proximation, but also larger is the departure from linearity. At the opposite
side instead, if we consider scales closer to the horizon and super-horizon scales
where also the causality concept loses sense, we do have to use the General Rel-
ativistic theory, with all the difficulties that this implies. First of all there is the
gauge problem, connected with the invariance of General Relativity under gen-
eral coordinate transformations (diffeomorhisms in the language of differential
geometry), leading to a not unique definition of perturbation. Fortunately at
this scales the linear theory is appropriate and the relativistic equations give a
simple result: the constantness of the gauge-invariant primordial potential (the
Bardeen potential) that at small scales coincides with the Newtonian gravita-
tional potential.

More difficult is to consider the intermediate scales, where the relativistic
effects can not be ignored and the perturbations have a slight non-linear char-
acter. In this case the relativistic theory can be performed up to second or third
order. Wide effort has been given in this sense also using a gauge-invariant for-
malism [7][69][19]. Such works maintain the general-relativistic spirit ignoring
the fact that the physics is approaching a Newtonian-like form. Moreover their
perturbative analysis do not make distinction between geometrical and matter
perturbative order.

In my work I tried to obtain a set of perturbation equations which not
only reproduce the linear general relativistic theory at very large scales and the
non-linear Newtonian laws at small scales, but are suitable for studying the non-
linear evolution of geometric and matter perturbations in a almost-Newtonian
regime, treating the relativistic terms as corrections. Using the Post Newtonian
formalism (1PN), I have approximated the equations of General Relativity in
order to clearly show the Newtonian part and the first relativistic corrections,
keeping the full non-linearity of the equations. This naturally implies that,
from a perturbative point of view, the geometrical potentials and the matter
density have a different perturbative order. In practice this means that the final
equations can be applied to weak relativistic geometrical and kinematic effects
(not so small to be ignored) and highly non linear density cases.

The advantage of such treatment is that it enables one to treat a large variety
of scales and phenomena within the same computational technique, removing
the highly relativistic terms that the relativistic theory retain only starting from
the second-order.

We must however recall that, since its Newtonian point of view, our approach
1PN can not describe the purely general relativistic phenomena as the gravita-
tional waves.

The thesis is organized as follows. Chapter 1 is a brief introduction to the
smooth universe, here the basic equations of cosmology are given focusing on
the main aspects connected with cosmological perturbation theory. Chapter 2
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introduces the gravitational instability in a Newtonian contest illustrating the
two approximations that we will use in the rest of the thesis, the Meszaros and
the Zel’dovich approximation. In Chapter 3 we summarize the main concepts of
the General Relativistic theory of cosmological perturbations, both in the metric
and covariant approach. An application of the second approach with the 143
gauge-invariant formalism is given in Chapter 4; here we consider a perfect fluid
with a not negligible velocity dispersion parametrized by the barotropic param-
eter a« = p/p. We show the density contrast behavior in the matter dominated
era and in the matter-radiation equidensity period, using in this second case
the Meszaros approximation. The purpose of this chapter is studying in a qual-
itatively way how a small pressure component can influence the gravitational
collapse, generalizing the Meszaros effect to a fluid with pressure.

In Chapter 5 the second-order analysis of perturbations of a CDM component
is performed in the period around the matter-radiation equidensity finding the
matter density contrast up to this order. The result is used in order to compute
the skewness of the density and the velocity field for which the time-dependent
evolutions are plotted as functions of the scale factor. We show how the matter
era limit is reached starting from the late radiation era. As a further application
to the Meszaros effect we use the Zel’dovich approximation to solve the non-
linear perturbative equations for the times around matter-radiation equidensity
and afterwards obtaining the generalization of the known Zel’dovich results,
only valid in the matter era.

In Chapter 6 the Post-Newtonian approach to cosmological perturbations
is presented in the Poisson gauge; with a clarification of the Newtonian limit,
we obtain a set of equations enabling to reproduce the results of the standard
full relativistic linear theory at large scales and the full non-linear Newtonian
theory at small scale; moreover we have the additional terms responsible for the
first relativistic corrections, these are the most significant non-linear terms that
are not negligible at intermediate scales. Through a changing of variables the
equations are written as evolution and constraint equations, consequently some
variables have not a dynamic character like the gravitational potential in the
Newtonian (OPN) theory.

In Chapter 7 the relativistic covariant approach to cosmological perturbation
theory is analyzed within the Post-Newtonian scheme. The Newtonian terms
and the first relativistic corrections of the velocity covariant gradient tensor are
found in order to obtain the 1PN Raychauduri equation. Further applications at
this approach are the current object of investigations, we give a short summary
of them.



Chapter 1

Introduction

Even if some important aspects of large-scale structure formation can be simply
explained within the context of Newtonian theory, Cosmology is essentially a
general relativistic topic so that the main basic notions of the Einstein theory
are implied or briefly mentioned in this first chapter.

For the following basic concepts we referred to the textbooks [62] and [32].

1.1 Basic Cosmology

1.1.1 Background dynamics

The basic assumption of Cosmology is the homogeneity and isotropy of the
universe at large scales (bigger than 300h~'Mpct). This cosmological principle
implies that the metric describing the universe in the General Relativistic theory,
is the Friedmann-Robertson-Wallker metric (FRW):

dr?

1_7[(7‘2 +r2(d0+sin29dcp2) 5 (11)

ds* = —dt* + a(t)?
where a(t) is the scalar factor, ¢ is the cosmic time and K is the spatial curvature.
This latter describes the geometry of the space-time and can assume the values
K = —1,0,1 respectively for an open, flat or closed universe. In all our work
we will consider a flat universe so that in Cartesian coordinates the metric can
be written as

ds? = —dt? + a(t)?5;;da’da? (1.2)

1h is the uncertainty parameter of the Hubble constant: Hy = 100k Km-s~*Mpc—!. Ob-
servations suggests that it lies between 0.5 and 0.8 [51].
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with d;; the Kronecker delta.
For further use, let us introduce the conformal time defined by
dt
dr = —. (1.3)
a(t)
Starting point for studying the cosmological evolution of the universe are the
Einstein’s equations of General Relativity:

Gu = Ry — %gu,,R =8nGT,, — Aguv, (1.4)
where G, R, R are respectively the Einstein tensor, the Ricci tensor and
the Ricci scalar of the metric, A is the cosmological constant® and T}, is the
energy-momentum tensor of the matter.

In our isotropic and homogeneous model the energy-momentum tensor is given
by the following perfect fluid expression:

T;w = (p + p)uuuv + P9uv, (15)

with p and p the energy density and pressure of the fluid and u, the 4-velocity
of comoving observers.

The Einstein’s equations (1.4), with the FRW metric (1.2) and defining the
Hubble rate H = a/a, are the so called Friedmann equations:

_ 8nG A

H? —, 1.6
A (1.6)

a ArGG A
Z__7 3 = 1.7
. 3 (P +3p)+ 5, (1.7)

here the dot denotes derivative with respect to time.

From the Bianchi identity

T, =0, (1.8)

where the semicolon denotes the covariant derivative with respect to the coor-
dinates z*, we obtain the continuity equation

p+3H(p+p) =0. (1.9)
Equation (1.6) is often written as
Q+Qp =1, (1.10)

with Q = p/p. and Qx = A/3H?, where the critical density is p. = 3H?/(87G).
The matter component is characterized once we give an equation of state relating
the energy density and the pressure. Supposing to have a barotropic fluid so
that

p=ap, (1.11)

2See [21] for a review.
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with a a positive constant, the continuity equation (1.9) and the Friedmann
equation (1.6) give

p o a3+ a o 2/ (3+3e) (1.12)

where temporal behavior of the scale factor is valid for K = A = 0.
Three cases are remarkable: when the universe is dominated by a pressureless
fluid, generally called dust (o = 0), by the radiation (a« = 1/3) or by the

cosmological constant (A is equivalent to a fluid with o = —1). We obtain
paoxa? aots, (1.13a)
proca? aoxtz, (1.13Db)
pA = const ao et H = const. (1.13c)

The current model of universe (ACDM), provided with many experimental tests,
includes these three components: a matter component, formed mainly by a dust
fluid (or cold dark matter, CDM), the cosmological constant and a relativistic
component of radiation and neutrinos. The values of each density parameter
today is found to be

Qtot,O = Qma,t,O + QA,O + QT@Z,O ~ 1a (
Qnat,0 = Qepar,o + Qaro = 0.3, (
Q7,0 ~ 0.7, (1.14c
Qrel,O = Q?",O + QV,O ~ 1075, (

where 0 denotes the quantity evaluated today. (ly4r 0 is the baryons density;
from nucleosynthesis theory we obtain Q44,0 ~ 0.045 but the observation data
give a 35% smaller value, suggesting a baryonic dark matter presence. Note
that we have allowed the presence of a neutrino density (£2,) in the relativistic
component.

The salient features of such model are

-the flatness of the universe,

-the large amount of dark matter, mainly made of non-baryonic matter,

-the presence of the cosmological constant, leading to the acceleration of the
universe (1.13c).

With all the components the Friedmann equation (1.6), using (1.13), can be
written as

) a ap\ 2 ap\ 2
a* = aZHj [Qmat,o (£> + Qrad,0 (*O) + Qa0 (*0) } ; (1.15)
a a a
the different transition periods of the universe are given by the values of the
density parameters (1.14).
Defining the redshift z

=——-1 1.16
s=2, (1.16)



Chapter 1. Introduction 10

we have that at the equidensity epoch ;.44 = Qpmat and for (1.13a) and (1.13b)
the redshift satisfies

Q771(125,0

1= .
Fea i Qru,dq,O

(1.17)
From the current data [51] z., =~ 3200. For z >> z., the universe is radiation
dominated and just the second term in the right hand part of (1.15) is relevant;
for z << zeq the matter is the only considerable component until the cosmo-
logical constant becomes important and the universe starts to accelerate. This
happens at z ~ 0.2.

1.1.2 Inflation

Inflation is an extensive topic, dealing with the early epoch of the universe. It
constitutes a wide field of research, with a large number of different inflationary
models.

Here we just present the original simpler idea of inflation as an accelerated ex-
pansion phase. In fact, even if in this thesis we will not consider any inflationary
subject, we can not ignore such topic because it provides the initial conditions
for structure formation and generally for cosmological perturbation theory.

The inflation theory was primarily introduced as an explanation of the two
main problems of the standard cosmological model, the flatness problem and
the horizon problem [48]. The former concerns the impressive fine tuning of the
initial condition for u; in fact its present value 0t 0 ~ 1 implies that at big
bang epoch it should be equal to 1 with a precision of 1076°. This exact flatness
is theoretically unsatisfactory.

The horizon problem is due to the fact that causally unconnected regions in
the sky, have the same temperature, i.e. the CMB results isotropic over scales
larger than the horizon scale at decoupling (90h~'Mpec, corresponding to an
angle 6 ~ 1.5°).

Both this problems are explained assuming an early epoch in which the scale
factor of the universe accelerates rapidly. For a FRW universe this means

4
i=—2mGlp+p) >0 p< L. (1.18)

This condition can be obtained introducing a scalar field ¢ minimally coupled
to gravity. In the FRW metric, the Klein-Gordon equation for ¢ is

G+ 3Hp+ V() =0, (1.19)

where V' is the potential of the scalar field and the prime is the derivative with
respect to ¢. The energy density and the pressure of the scalar field are

1

p= 5<p2+V, (1.20)
1

p=—¢p? V. (1.21)

2
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The condition (1.19) is equivalent to suppose that the potential V' is quite flat,
so that the scalar field slowly rolls over it, that is

p<< V. (1.22)

Practically the inflation condition is implemented by the following slow-roll
parameters

1 (V\?
€= 167 (V) , (1.23a)
1 V//

they have to satisfy e << 1, n << 1.

In this scenario all is homogeneous and isotropic, the universe during inflation
being composed by a uniform scalar field and a uniform background metric.
What really happens is that the fields fluctuate quantum mechanically creating
the primordial perturbation responsible for most of the inhomogeneities and
anisotropies in the universe.

1.1.3 Power spectrum of scalar perturbations

In addition to explain the horizon and the flatness problem, inflation is also
a mechanism for generating primordial perturbations. They were produced as
almost perfectly Gaussian quantistic fluctuations in the very early period before
inflation started, when the relevant scales were causally connected. Then these
scales are whisked outside the horizon by the acceleration period of inflation, and
reenter much later, serving as initial condition for scalar perturbation theory.
This initial condition is given through the power spectrum.

The power spectrum is defined as the variance in the Fourier space (in fact, as we
will see, it is convenient to describe perturbations in terms of Fourier modes); for
the field ¢ describing the gravitational potential we define the power spectrum

(o(k)p*(K')) = (27m)° Py (k)5 (k — K'). (1.24)

The procedure to find this statistical function uses a conserved quantity for
super-horizon perturbations, the curvature variable (. It is a linear combination
of ¢ and dp and allows to find ¢ at some time t* post inflation as a function of
0 evaluated at the horizon crossing time (aH = k). The relation is

2 )
faH.—gD

¢|post inflation ~ 3 P (1.25)

horizon crossing >

where the index b refers to background.
Using (1.24), (1.25) and (1.23a) we can obtain the power spectrum at the initial
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time t* before the modes of interest reenter the horizon but well after inflation

started:
4 (aH\?
Fo=3 () Ps,

> (1.26)

aH=Fk

As we said before, Ps, has a quantum-mechanics origin. In order to quantize
the scalar field we rewrite the field equation (the perturbed version of eq. (1.19))
so that it looks like the simple harmonic oscillator equation. In this way the
ordinary Hisemberg type quantization is easily performed, giving

H2

P&p:ﬁ'

(1.27)
We recall that this result is not exact; some term has been neglected thanks to
the slow-roll condition.

The final expression for the initial power spectrum, putting (1.27) in (1.26) and
writing in terms of the slow-roll parameters, is

2

Py = %;Tf% : (1.28)
aH=k

The parameter ¢ weakly depends on k so that in first approximation k3P¢(k) is

constant (in k); such a spectrum is called scale-invariant or scale-free.

Here we just gave a brief summary of the main results, the computations re-

quires the perturbation theory which we will treat in Chapter 3 (in particular

the ¢ variable here introduced corresponds to the scalar field of the Newtonian

gauge in the negligible anisotropic stress case).

An analogous study for tensor perturbation leads again to a Gaussian type of

perturbations, with an almost scale-invariant spectrum but, with respect to the

scalar result, it is multiplied by an extra factor e.

Instead vector type perturbations do not derive from any simple inflationary

model.

In conclusion inflation predicts an almost scale-invariant spectrum of scalar and

tensorial perturbations, the latter smaller than the former.

1.2 Overview of Structure Formation. Gravita-
tional instability

Once the primordial perturbations are created at the initial time ¢*, structure
formation derives from gravitational instability: the seed of density inhomo-
geneity from quantum fluctuations grows for the influence of its gravitational
force; the presence of pressure contrasts this growth, so that the balance be-
tween pressure forces and gravitational force governs the temporal behavior of
density contrast. This scenario is complicated by the fact that the universe is
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expanding, the expansion rate inhibits the enhancing of perturbations and in-
troduces a characteristic length scale, the Hubble scale, which depends on the
model and indicates the transition between small and large scales.

Considering the scale of the perturbations is essential in order to use the correct
theory of structure formation; at small scales the Newtonian theory suffices to
describe the physical processes but at large scales the general relativistic effects
become relevant so that the full Einstein theory is needed.

In the Newtonian contest the first studies on density perturbations from gravita-
tional instability where performed by Jeans in 1902. He considered a gravitating
fluid in a static universe; at once, also in this simple case, the qualitative results
are important and meaningful: a small density perturbation, described by a
density contrast variable §, at first order in the variations, follows this second
degree differential equation:

026

5 = AV25 + 471G py0, (1.29)

where p, is the background density and ¢ is the sound velocity in the fluid

defined as
0P
= _ 1
s =/ 5 (1.30)

For the presence of the Laplacian term in eq. (1.29), it is convenient to work in
the Fourier space where all the variables are characterized by the wave number
k. The linearity of the equation assures that we do not have convolution terms,
so that the equation is easily solvable; two different regimes are found, relating
the fluid proprieties with the £ mode of the perturbation: an harmonic regime
when k > kj = \/47Gpy/c2 and a growing exponential regime for k < k;. The
critic wavenumber k; defines a critical length, the Jeans length

w2
Ay =] =5 1.31
7 an (1.31)

it gives the limit size of the perturbation, under this value the pressure forces
rule over gravity preventing the overdensity growth. Instead, for scales larger
than \; density perturbation grows exponentially under the gravitational col-
lapse. This analysis, neglecting the expansion and the curvature of the universe,
can be valid only locally in a small region of the universe and so is not good for
a cosmological contest. Adding the expansion rate has the effect of changing the
growing progress from exponential type to power law type (in the flat case) and
the harmonic solution in a damped oscillation. The Jeans condition remains the
same apart for a scale factor contribution, so that for the gravitational collapse
the wavenumber has to satisfy k < ak.

We can understand, also with this qualitative analysis, how much is important
the presence of the sound speed ¢, and then the pressure: the smaller its value
is, the smaller is A; and so the bigger is the part of the universe whose density
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contrast is undergoing a gravitational collapse.

A fundamental role in structure formation is given by the dust component, a non
collisional fluid that interacts only gravitationally. It constitutes an approxima-
tion for the cold dark matter in which the velocity dispersion is neglected and,
according with the ACDM model, as we have seen, it is believed to dominate
the other components of the universe for its last period, until the cosmological
constant becomes relevant. In such period, as we will see in chapter 3, the lin-
ear theory of cosmological perturbation predicts that the density contrast grows
linearly with the scale factor. This process is essential because it creates the
potential wells that favorite the growth of density contrast of the baryons, the
components of visible structures in our universe.



Chapter 2

Newtonian Cosmological
Perturbation Theory

Introduction

In this chapter we review the Newtonian theory of gravitational instability , fo-
cusing on the main aspects that will be fundamental for the entire thesis work.
The validity of such treatment in structure formation is clearly restricted at
small scales .

After the usual presentation of the basic equations in comoving coordinates, we
introduce, in the first section, the kinematic quantities related with the velocity
gradient. In terms of these variables the evolution equation for the tidal force
is obtained [58], emphasizing the non local aspect of the Newtonian theory.
The subsequent sections deal with the most important approximated ways of
resolution: starting from the simple linear treatment in the matter era, we ana-
lyze the matter-radiation equidensity epoch illustrating the so called Meszaros
approximation [71]; then we consider the non linear case introducing the famous
Zel’dovich approximation [100][83].

2.1 Full non linear Newtonian Theory

2.1.1 Field and conservation equations

We consider the universe filled by a homogeneous fluid, and scales well within
the horizon. The expansion of the universe implies that a good system of ref-
erence is that of the comoving observers, the observers that measure always
zero momentum density. They are moving with the expansion of the universe,
including the effect of its inhomogeneities.

The physical position of a comoving observer in Cartesian space coordinates is

given by
r(t) = a(t)x(t), (2.1)

15
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where a(t) is the scale factor of the expansion and the time dependence of the
comoving position x is due to the perturbation (otherwise, in the unperturbed
universe, it is constant). Taking the derivative with respect to the time, we have
the total velocity, in which we can identify the purely homogeneous expansion
part and the component due to the perturbation

dr(t) dx

V(x,t) = 5 = H(t)r + Ea(t) = H(t)r + v(x,1). (2.2)

The peculiar velocity is defined as

v(x,t) = C(%a(t), (2.3)

and H(t) = a~'da/dt is the Hubble parameter.
Differentiating (2.2) we obtain the acceleration of the comoving observer
dV  d?a dv d’a
E:EX+E+HV:ﬁX+g’ (2.4)
where the first term is the acceleration of the local uniform-expansion observer
and the second term is the acceleration of the comoving observer relative to this
observer, called the peculiar acceleration.
Now we start studying the evolution of the perturbations.
The fluid element is characterized by a mass density p(x,t) and a pressure
p(x,t), position r, and velocity V, for which (2.1) and (2.2) hold.
The Newtonian laws governing the dynamics are:

-the continuity equation , describing the mass conservation:

%—FV-V,{)—!—pV-V:O; (2.5)

-the Euler equation , the equation of motion for the fluid element:

oV 1

—+V.VV=—-Vp-VVU, 2.6
5 T SVP (2.6)
where U is the gravitational potential;

-the Poisson equation , the field equation for Newtonian gravity:

V2 = 47Gp. (2.7)

These generic equations become the cosmological system we need once we have
factorized out the uniform expansion effect; using (2.1) and (2.2) and writing
the components for the gradient operator in the form

o 10 1
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we end up with the following system:

dp 1

En +3pH + gvm ~(pv) =0, (2.9a)
. 1 1

N Hvt (B4 H)r+ Y Vv = —Lvp— tv,u, (2.00)

ot a ap a

VU = 4nGpa®. (2.9¢)

In the unperturbed universe the velocity is zero and the system above gives the
Friedmann equation (1.6)

4G

H+H? = ——3Pe, (2.10)
8rG
H? = — (2.11)

with the index b for background.
Now we specify the perturbation writing

pt) = polt) + 6906 1) = pu(1 +5(x, 1)), (2.12a)
p(x,t) = p(t)+ dp(x,t), (2.12b)
U(x,t) = Y+ o(x,1), (2.12¢)

with ¢ the peculiar gravitational potential .
The exact perturbations equations, obtained from (2.9) using (2.12) and sub-
tracting the background equations, are:

96 1 1
1 1
N gy Y Vv -ty iv.e. (2.13b)
ot a ap a
V2¢ = 4nGa?dp. (2.13c)

The system is non linear, due to the quadratic terms in the continuity and Euler
equation.

In order to simplify the notation, we omit he index x in the gradient operator
and introduce the convective derivative

d 9]

so that we have



Capter 2. Newtonian Perturbation Theory 18

ds  (1+496) B

Gt Vv=0, (2.15a)
dv 1 1

— +Hv=——Vip— - 2.15b
o THY apV p—_Vo, (2.15b)
V2¢ = 4rGa*sp. (2.15¢)

We recall that this result is valid for a single fluid model, without cosmological
constant A and in the flat background geometry. The multifluid case with A
is easily obtained when we consider collisionless fluids. What we have to do
is to add the continuity and Euler equations for every single component and
consider, in the Poisson equation, the total density variable. Therefore for the
1th fluid we have

Aoy (146,
<)+( )

at a Vv =0, (2.16a)
dV(i) 1 1

and the gravitational potential is given by

V2¢ = 4rGa? Z d(iyP(i)- (2.16¢)

Each species feels its own pressure gradient, but both the gravitational accelera-
tion and the background Hubble parameter depend on the total density. At the
background level all the density components are connected by the Friedmann
equation:

8rG A
H? = =5 D rint g (2.17)

K2

This equation is obtained from (2.9) with v = 0 and considering a total density
variable in the Poisson equation of the form psor = >, piy + A/87G.

2.1.2 Velocity Gradient Tensor

The system (2.13) describes the fully non linear dynamics of the inhomogeneous
fluid, until now no approximations have been done. Now, retaining the full non
linearity, we want to characterize some propriety of the velocity field, in order
to obtain a different form of the Euler equation. Considering the fluid flow and
two neighboring points, their relative velocity is given by

ov
dv = (8){) - dx, (2.18)
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where (0v/0x) is the peculiar velocity gradient tensor. It is a measure of the
steepness of velocity variation in the flow field as one moves from one location
to another at a given instant in time. The velocity gradient tensor contains all
the information on rotation and deformation of the material elements: splitting
it in its symmetric and skew-symmetric part the deformation tensor and the
vorticity tensor are defined:

61}1‘
oz’

=i = O +wij. (2.19)

The deformation tensor

Oi5 = - (vij +vj0) (2.20)

N |

is the rate of strain tensor, describing the rate at which neighboring material
particles move with respect to each other independently of superimposed rigid
rotations. This deformation can be a linear or a shear strain, the former pro-
ducing changes in volume of the fluid element, the latter producing changes in
angle between two line segments from the undeformed state to the deformed
state. So we define the expansion scalar and the shear!:

0= Ui,i, (221)
1
Oij = V(5) — 5951‘]‘, (2.22)
note that the linear strain is the first invariant form of the tensor ©;;, therefore
it does not depend on the coordinate system.
The vorticity tensor

contains all the information about the local rates of rotation of material ele-
ments. If it is null (irrotational fluid), the velocity field is generated by a scalar
potential:

(2.24)
v X Q. (2.25)

The evolution equation for expansion, shear and vorticity are found by taking
the gradient of Euler equation (2.15b) and taking the trace, the symmetric and

!Round and square brackets denote respectively symmetrization and antisymmetrization
of the indices
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the skew-symmetric part.
At this point it is convenient to use the scale factor a(t) as a new time variable
instead of ¢; in order to do this we introduce the new velocity defined as:

dx v

and
Usj = 55” + &z’j + LZJij. (2.27)

In the single fluid case in presence of the cosmological constant, using (2.17),
the Euler equation now is written as

du u (3 A 3~ 2
s Y (I - =_= 2.2
da+a(2+2H2>+2aV¢ aV6’ (228)

with the rescaled potential and sound velocity

-~ 2

b= gH_Qa_?’(b, (2.29)

& =H2a"33 (2.30)
(note that the factor H~2a® is constant in the Einstein-De Sitter? universe).

Now, from (2.28), the evolution equation for the gradient velocity tensor com-
ponents (refering to u) are

o 1= 3 - - &2
— 4+ 0% +25% —20% + —(BO+ V%) = ——=V?§ 2.31
da+3 + 20 w—|—2a( + V=9) aV, (2.31a)
dé.; 2~ s o 3 - 2 1
d;j + g@ﬂ'ij + 0uoy; + wywy; — %(Baij + Eij) = —;‘ (57” — 3V255ij> ,
(2.31D)
dw;; 2~ o 3 .
d;j + gawi]‘ + ZU[ilwlj] + B%wi]‘ =0, (231C)
where B = (1+ A/3H?) and
1 1
5= 5004 o = @i (2.32)
- - 1 -
Eij = ¢ — géijv%. (2.33)

2The Einstein-De Sitter universe is a flat model with a single pressureless fluid and without
cosmological constant
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Now we can use the set of equation (2.31) instead of the Euler equation in (2.15).
Using also in (2.15a) and (2.15¢) the scale factor a as the time variable and the
new definitions (2.26) and (2.29), the system becomes

— 4+ (1+0)6=0, 2.34
© ++9) (2340)
df 15 52 _ 902 3 ni 27\ _ & oo
doi; 25 I L 3, - & 1
daj + g@dij + 03015 + Wiy — %(BO’U‘ + Eij) = — ((5’” — 3V255ij> ,
(2.34¢)
da; 2
Ja + 39w” + 2670015 + B =0, (2.34d)
0 Pb
Vp=—|—F— . 2.34
¢= a <pb+3A/87rG> (2:34¢)

2.1.3 Tidal Force. Non locality of Newtonian theory

Now we consider an irrotational pressureless fluid; the zero pressure assumption
is a good approximation if we consider that most of the mass in the large-scale
structure formation period is in the form of cold dark matter (CDM); moreover
eq.(2.34d) is homogeneous in @;; and so if we start with zero vorticity we remain
with this propriety.

The final system for a pressureless fluid is

3—5 +(140)0=0, (2.35a)
A 1. o 3 s -
— 26 B = 2.
da+39 + 2a( 0+ V=¢) =0, (2.35b)
do; 2. . 3 - ~

700 + 0aoy; — 5 (Bai; + Eij) =0, 2.
Ia +300]+0lcrlj 2a( Gij + Eij) =0 (2.35¢)

)

Vip = aO, (2.35d)

with C' = pp/(pp + 3A/87G). This system will be useful later.

Now we want to obtain an evolution equation for the gravitational potential, in
particular for its tracefree gradient, the tidal force Eij. We proceed writing the
Euler equation (2.28) in terms of the rescaled velocity potential (¢ ; = u;); we
obtain

dp 5 3 . =
5ty 1vs.vs = —5-(B&+9). (2.36)
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An evolution equation for the scalar qg can be found combining equations (2.35d)
and (2.35a), we obtain

V. [C%V(aqb) 1+ gv%)w)] — 0. (2.37)

The previous equation has the form V-S, where S is the expression in the square
brackets. For the Helmholtz theorem of the vector calculus we have

1 d3a’ ,
so that substituting S we obtain
0
WV(a(b) +Vo = —VV | VT oV2.6| . (2.39)

Now, taking the gradient of the last expression, we obtain the evolution equa-
tion for the tidal force [58][13]

d
da

This equation shows that the Newtonian treatment gives a non local set of
equations, in fact the integral term is not local. We can not obtain a set of
solutions for all the variables, in a given point; we necessarily need to know the
gravitational potential in other places as initial conditions.

2.1.4 Linear Newtonian Theory

As far as the perturbations remain small (§ << 1), the linear approximation
gives a good insight to gravitational instability. Keeping just the first order
terms of the system (2.34), we obtain

Zj ti—o0, (2.41a)
~2

ﬁ (B + V%) = -0, (241b)
a

dO’ij 3 ~ ~ 62 1 2

2 B4+ E)= S (5. 2 g A1
T oa (BGi; + Eij) o ((5,” 3V 65”> , (2.41¢)
V25— g , (2.414)

1 ~ ~ 7 1 2 T2 ~ 1 d3x, Y2 T
E” + - (E” + Uij) — VQO . V¢,ij - iv 0AY go&ij = EV . mvx/tpvm/(ﬁ -
i)

(2.40)
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now the total temporal derivative coincides with the partial derivative.
From the system above we obtain the following second order differential equation
for ¢:

d? 3B d 3C &2
da? + 2a da 2a2 a v 0, ( )

where B and ¢ depends on a and C' is constant.
In the particular case of dust ¢s = 0 and neglecting the cosmological constant
(B = C =1), the solution of (2.42) is

6g=cra+c_a=3? (2.43)

with c; and c_ the two integration constants. Comnsidering just the growing
solution, from (2.41a) and (2.41d) we have that the peculiar velocity divergence
is constant in time and equal to 7V2q~5. Moreover the tidal force coincides with
minus the shear:

-9 - - - .
b= §H0_2¢(x), sa=V?¢, 0=-V?¢,  Ej=-5y, (2.44)
where we used ag = 1.
If we include the fluid pressure, the term proportional to the sound velocity

arises ,(2.42). Because of this spatial gradient, it is often convenient to write
each quantity as a Fourier series,

0(x,a) = Z 5k(a)eik'x, (2.45)
k

Then, for a given k, we can make the replacements

k A%
V —i—; V- — () . (2.46)
a a
Neglecting A, for the k-mode we obtain
d? 3 d 1 3
— O+ ——O0p 4+ — (k22— =5, = 2.4
da2k+2adak+a< K 2a> £=0 (247)

so that the Jeans wave number is now defined as ky = (3/(2aé2))'/2.

2.1.5 Meszaros Effect

Within the linear theory and considering a cold dark matter fluid without cos-
mological constant, an analytic solution to the perturbation equations can be
found in the time of equality between radiation and matter. Being a multifluid
case, the correct Newtonian approach asks to consider the full system of five
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equations: the Euler and continuity equations for both matter and radiation
and the Poisson equation coupling the two density components through gravity.
The key point of this period is the fact that, even if the radiation density com-
ponent is of the same order of the matter density, the density perturbation
of radiation is much smaller then the matter density perturbation; this means
that we can study the dust perturbation in the period around the equidensity
neglecting the gravitational coupling given by Poisson, i.e. the peculiar gravita-
tional potential is completely dominated by matter. In this framework the only
contribution of radiation is present in the Hubble expansion scalar.

Such approximation, valid just for small scales, is reasonable if one notes that,
differently to the radiation whose perturbation oscillates due to its pressure,
the cold dark matter grows linearly in a and so even in the radiation era its
perturbation start to be bigger than those of radiation.

Since we are interested in the transition phase between the radiation and the
matter era, it is convenient to use as time variable the ratio

y=-2 =P (2.48)

aeq Pr
where a.q is the scale factor in the radiation matter equality epoch; the second
equivalence is due to the fact that the background densities scale as a =3 for dust
and a~* for radiation.
System (2.16), for the matter component (we omit the index d), neglecting J, p,
in (2.16¢) and using (2.26) becomes:

d

—5+(1 ‘u= 2.4

dy5+( + )V -u =0, (2.49a)

d 3y + 2 3 1 ~

—u4 ———u=-—--——V¢, 2.49b

dy  2y(l+y) 2(y+1) (2.49)
)

V2ip = " (2.49c¢)

now the peculiar gravitational potential is defined as

a2

¢ = CGR (2.50)

Linearizing and combining the equations we obtain the following differential
equation for the density perturbation (Meszaros equation) [71][77],[97]

%5 3y+2 d5 3 1

I e S ) 2.51
dy?  2y(y+1)dy 2y(y+1) (251)

with the general solution

3/2 vVil+y)+1 3
(5 )i - VT e

é(y) =Ch (; +y> + Cy
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The second term (proportional to C5) is the decaying mode that at late time
(y >> 1) falls off as y~3. The first term (proportional to C7) is the growing
solution scaling as y o a at late time (matter era). For small values of y and so
during the radiation epoch approaching the equality, the perturbation does not
grow.

The reason of this behavior is the fact that the dominant energy of radiation
drives the universe to expand so fast that the matter has no time to respond,
and ¢ is frozen at a constant value. At late times, the radiation becomes negli-
gible, and the growth increases smoothly to the Einstein-De Sitter behavior.
Let us note that eq.(2.51) does not depend on the wavenumber k of the pertur-
bation so that the freeze of the density contrast occurs equally at all scales well
within the horizon.

2.1.6 Zel’dovich Approximation

Until now we have used linear theory, it applies from the time the perturbation
was very small up until it reaches order unity. Going beyond the linear regime
requires the use of various techniques or approximations [80][6].
One of the most applied and successfully scheme is the Zel’dovich approxima-
tion [100][83]. It consists in using some first-order results as an ansatz for an
approximation into the mildly non-linear regime.

Let us consider the system (2.34), for the irrotational dust, neglecting A :

&'+ (1+48)0 =0, (2.53a)

o1 L

0"+ 30" +25% + %(9 +V?%9) =0, (2.53b)

i + geaij +0udy; — %(Jij + Ei;) = 0, (2.53c)
-6

Vio=—. (2.53d)

(the prime denotes total derivative with respect to a).

Now we use the firs order result (see the last two expressions of (2.44)) for the
velocity field: let us assume that also in the mildly non-linear regime the velocity
potential is equal and opposite to the gravitational potential so that the shear
tensor is equal to minus the tidal field. With these assumptions the system
above becomes a local system (the tidal field disappears from the equations)
whose solutions can explicitly be found in the shear eigenframe [68].

They are:

§(Ze) — (67 +1) —1, 0 §En =% A (2.54)
H§=1(1+)\i(a*al)) —~ (1+a\)

with A; the three eigenvalues of the initial tidal field [67] and a; and §; the
values at the initial time.
This solution is exact in the one-dimensional case [83].
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Note that a negative eigenvalue corresponds to collapse along the associated
shear eigendirection. In general one expects at least one of the \; to be negative
and smaller than the other two, and on this basis the generic solution should to
tend to a pancake (sheet-like structure) by contraction along one of the principal
axes. The pancakes are so the first structures formed by gravitational clustering.
Other structures like filaments and knots come from simultaneous contractions
along two and three axes, respectively. In the case of a Gaussian random field
the simultaneous vanishing of more than one eigeinvalues is quite unlikely. Thus,
in this scenario, pancakes are the dominant features arising from the first stages
of non-linear gravitational clustering.

The Zel’dovich approximation represents a significant step forward with re-
spect to linear theory; it has been successfully applied, especially in the 90’s, in
the N-body simulations describing the large scale clustering in the distribution
of galaxies.

Note: In order to distinguish from the relativistic variables, the Newtonian
kinematic quantities used in this chapter should be written with an index N
denoting the Newtonian character. In order to simplify the notation we have
omitted such index.



Chapter 3

Relativistic Theory of
Cosmological Perturbation

Introduction

In this chapter we review the General Relativistic theory of Cosmological Per-
turbation. This will be done considering two different formalisms, one is the
usual metric approach in which all quantities are computed starting from the
perturbed metric components and the geometry of space-time is the basic fun-
damental element [61][74][11]; the other formalism is the covariant approach
[40][50][42][39][54][93] where the starting points are given by the kinematic quan-
tities describing the fluid(s) elements that fill the universe: using the energy-
momentum tensor and the Weyl tensor all the fundamental equations are written
with respect to the fluid 4-velocity vector, obtaining a reference frame indepen-
dent formalism.

Both the two approaches suffer the known problem of the gauge, that is the
problem of mapping two space-time manifolds: the perturbed and the back-
ground world. Gauge-invariant quantities are defined in the two approaches
following different schemes, and getting results that can be matched each other
[41].

Here we take as known the standard metric approach to General Relativity
[31][85] and give, in the first section, a summary of the covariant approach.
After having explained the gauge problem in section 2.1, we present the main
aspects of cosmological perturbation theory in both approaches (section 2.2
and 2.4); the application to the matter-radiation epoch is separately described,
showing the connection with the Newtonian theory of chapter one.

27
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3.1 Covariant 143 theory of General Relativity

Let us consider a 4-dimensional manifold endowed with a metric g, with sig-
nature (— + ++).!

The fundamental starting point of the covariant description is the introduction
of a timelike vector field u* that can be regarded as the 4-velocity of a family
of observers. It allows a decomposition of space-time (1+3 threading) in a time
direction given by u* and an observer’s instantaneous rest space, given by the
projector tensor

h,uu = Guv + UpUy; (31)

thanks to the propriety u,u* = —1 it is easy to see that it projects orthogonal
to the 4-velocity. In the absence of rotation, the 4-velocity is hypersurface-
orthogonal and h,,, is the metric of the 3-dimensional spatial sections orthogonal
to uy,.

Using u” and h*” we can define the proper time derivative and the spatial
derivative of every tensor S"; ~according to

S“V:y.ﬁ,, _ S“V;Y'[S,.;pup’ (32&)
DpS* s = h,Ththg b SRS (3.2b)

respectively.
Kinematic quantities are defined by splitting the covariant derivative of u* in
its trace, symmetric tracefree part, and skew-symmetric part:

1

3h/w@ + 0o +wu — Auuy, (3.3)

Uy = Dyuy — Ayuy, =
so that the volume expansion, the shear and the vorticity are given by
© = D', ouw = Dyu

) wW = D[Vuu]. (3.4)

The angle brackets denote orthogonal projections of vectors and the orthogo-
nally projected symmetric trace-free part of tensors:

1
R O LR [ Y00 P L (3.5)
v 5 p 3 P

In addition the 4-acceleration vector A, is defined as

A, =uy,u”, (3.6)

LGreek indices vary between 0 and 3 and refer to arbitrary coordinate; Latin indices run
from 1 to 3 denoting spatial components. In this chapter we use geometrized units with
c=1=8rnG.
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it represents non gravitational forces and vanishes when matter moves under
gravity alone.

Apart from the acceleration, these variables are the General Relativistic exten-
sion of the Newtonian definitions presented in section 1.2; they measure the
relative motion of neighboring observers. The evolution equations for these
quantities, the analog of (2.31), derive from the Ricci identities:

_ — v
Upsvip — Upswsp = Bpwpyu™ (3.7)

Before dealing with this equation let us say somethings about the geometric and
matter aspects of General Relativity.

The curvature Riemann tensor R, is the geometrical variable of space-
time and represents the gravitational field. It can be split in its trace R,, =

R‘Sm;y, i.e. the Ricci tensor, and its trace-free part, the Weyl tensor C’“/ép :
R v g gl Lpon v (3.8)
5p =% ap I st p) T 3959 :

The Weyl tensor represents the non-local part of the gravitational field, that is
the part of the Riemann tensor that depends on the matter distribution at other
points. Relatively to the fundamental observers it can be decomposed into its
irreducible parts, the electric tensor £, and the magnetic tensor H,,. The
electric part generalizes the tidal tensor of the Newtonian gravitational poten-
tial, instead H,,, has no Newtonian counterpart. So we can write [42]

Cpuf? = 4 (uguul® + 1,7 By o+ 20l H 4 200, H,p 77, (3.9)
with
Eu = uu’Cls, (3.10)
1
Hy = in/LévpC’YPVﬁuéuﬁv (3.11)

where 7,5, and €,6 are the 4-D and 3-D permutation tensors.
The matter sector enters in the Ricci tensor through the Einstein equation

1
Ruy = Tuw = 519w + Agpv- (3.12)

T, is the energy-momentum tensor of the matter relative to the fundamental
observers, that for a generic imperfect fluid, has the form [1]

T = puptty + phyy + 2q,u) + T, (3.13)
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where p = T u*u” and p = T, h*"/3 are the energy density and isotropic
pressure, ¢, = —h,, YT,su’ is the energy flux and Tuw = Ty is the symmetric
and trace-free anisotropic stress tensor.

From now on we consider a perfect fluid component; in this case there exist a
unique comoving 4-velocity relative to which g, and 7, are zero. Therefore we
have

Ty = puytty + phy,. (3.14)

In order to fully characterize the fluid, an equation of state is needed giving p
as a function of p and other thermodynamic variables as the entropy; in the
barotropic case p = p(p) and ¢? = dp/dp, in the dust case (CDM) p = 0.

Now let us come back to the Ricci identity related to u,, eq (3.7) (considering
a perfect fluid we use the unique 4-velocity for which the (3.14) holds). Substi-
tuting in it the decompositions (3.3), (3.8), (3.9) and using (3.12) and (3.14),
we obtain a set of dynamic and constraint equations. The formers are

. 1 1
o+ 562 +2(0? —w?) + 5(p+3p) = A=D'A, + A", (3.152)

2
Gy + Wpwy + 0p,0” wt geauv + Euw =Dy Ay + ApAyy,

(3.15Db)
. 2 y 1
Wiy + 59‘*’# — oW’ = —§curlA#, (3.15¢)
with the curl defined as curlA, = e,,,D"A".
The vorticity vector w,, is defined as
Wp = sy’ (3.16)

with 02 = 7,,0" /2 and w? = w,,w"" /2 the shear and vorticity magnitude.
The equations above describe evolution of the kinematic variables; the equation
concerning the scalar expansion (3.15a), is known as the Raychauduri equation
[81][30].

Conservation equations are found projecting 7%, (twice contracted Bianchi
identity) along and orthogonal to u#, getting respectively the energy density and
momentum density conservation laws:

p= —@(p+p), (317)
(p+p)Ay = —Dyp. (3.18)

Finally the field equations can be given through the Bianchi identity (once con-
tracted Bianchi identity) involving the Weyl tensor C,+s:
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. g, L ; ;
2010, = RO — RV 4 (g™ R — g RY). (3.19)

Decomposing the Weyl tensor in its electric and magnetic part, we obtain two
propagation equations

. 1
Ecjvs> +0OFE,, — 306<MEV>5 — Ep<p (QAéHu; - EV;WB) + 5(9 + D)o

=curl H,,, (3.20)
Hepys +O©H,, — 302 \Hyss + e5pcpy (2A°E, L + H,LW’) = —curl By,
(3.21)

and two constraint equations

1
D" Epy = 3Dup = 3H " + 50" LH, (3.22)
DYEyy = (p+ p)wy + 3Ew” — eunsc” B (3.23)

We remark the key points of the covariant formalism: as we have seen,
the Ricci identity gives the evolution equations for the kinematic variables; the
field equations derive from the Bianchi identity after having substituted the
Ricci tensor with the energy-momentum combination coming from the Einstein
equations. This procedure, differently from the standard approach, allows to
obtain a set of field equations with only first degree derivatives. The Einstein
equations are here used just as algebraic relations connecting the Ricci tensor
with the energy-momentum tensor.

3.2 Cosmological Perturbation Theory

Until now we considered a generic space-time, formulating the GR equations
in the 143 covariant approach. Dealing with cosmology where the homogene-
ity and isotropy is assumed, the Friedmann-Robertson-Walker (FRW) metric
correctly describes the universe on large scales, succeeding in reproducing the
observational evidence (mainly the CMB).

It is clear from all the different objects we see in the universe, that this
homogeneity and isotropy is just a good approximation but it has to break at
some scale limit. If we take into account that the universe is a time dependent
entity, this length limit connects with a temporal epoch of initial deviations so
that structure formation theory is an evolution theory of FRW perturbation.
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3.2.1 Gauge problem

The cosmological perturbative theory deals with two space-times: the real one
(physical space-time) and the idealized FRW model. A gauge choice is a one-
to-one correspondence (map) between this two manifolds. The arbitrariness of
such a point-identification gives rise to not unique values of perturbative quanti-
ties, i.e. quantities defined in the physical space-time, this allowing the presence
of unphysical gauge modes in the evolution of the perturbations.

The possibility of freely change the gauge choice, performing then what is called
a gauge transformation , is the problem of the gauge [19][65][66].

One way to solve this is fixing the gauge, developing the machinery of pertur-
bation theory and identifying the resulting gauge modes [11]. The alternative is
to use gauge-invariant quantities. Analyzing how each variable changes under
an infinitesimal coordinate transformation, to which the gauge transformation
reduces, one can find a set of combinations that are gauge-invariant (Bardeen
approach) [47] [5][57][56][73]. Unfortunately, most of these GI variables do not
have a transparent geometrical meaning, since they are defined with respect to
a given coordinate system.

In the contest of the covariant 143 formalism, gauge-invariant variables are
easily defined, thanks to the following lemma (Stewart & Walker)[87][86]:

If a quantity T vanishes in the background space-time, then it is
gauge-invariant to all orders.

This can be easily seen considering that the effect of a gauge transformation
induced by an infinitesimal vector field € on a tensor T in the perturbed universe
is

T' =T+ LTy = 6T = 6T + LTy,  LTp=0=T = 0T. (3.24)

where L¢ is the Lie derivative along £ and Tj is the background value.
Following this, the spatial gradients give naturally gauge-invariant quantities
with respect to FRW metric.

Differently from the standard approach of Bardeen, this 143 GI variables are
tensors defined in the real space-time, so that we can evaluate them in any
coordinate system we like in that space-time.

3.2.2 Metric approach. Poisson gauge

A perturbed flat Friedmann-Robertson-Walker metric can be written in general
as

ds® = a*(7){—(1 + 2¢)dr* + 2w;drdx’ + [(1 — 2¢);; + 2h;;]dz’dx?} = 0.
(3.25)
where h;; is traceless and 7 is conformal time.

The 10 degrees of freedom introduced with the new perturbation metric vari-
ables, can be decomposed in three sectors: scalars, vectors and tensors. The
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scalar sector encloses, besides the two fields 1) and ¢, the two scalar components
respectively belonging from the longitudinal parts of vector w; and tensor hj;.
We call them w and h. The vector sector encloses the transverse part of vector
w; (wi), and the solenoidal part of h;; (deriving from a vector that we call h;).
Finally the tensorial part is composed just by the transverse part of h;; (hZ;T)
For clarity we write the vectorial and tensorial decomposition with their propri-
eties:

w; = w,; +wi', (3.26a)
hij = Dijh + b gy + b, (3.26b)
wJ_i,i =0, h‘TT;',i =0. (3.26¢)

D;; is the 3-tensor defined as

Dij =V,V, — %@jv?, (3.27)

where the 3-vector covariant derivative operator V; is associated with ¢;; (flat
universe) so that definition (3.2.2) coincides with the elementary Cartesian no-
tation.
This decomposition is useful because each sector represents a distinct physical
phenomenon: the scalar sector is connected with ordinary Newtonian gravity,
vectorial and tensorial parts represent respectively gravitomagnetism and gravi-
tational radiation. Moreover, at linear order, these sectors are decoupled so that
it is possible to study each type of perturbation neglecting the others. Using
(3.26) the line element is written as

ds® = GQ(T){—(I + 2¢)dr? + 2(w,; + wf)dexi + [(1 —2¢)d;5 + 2(Dyjh +
+h )+ hiy )ldatda’} = 0.
(3.28)

Now we recall the invariance under general coordinate transformations, this
means that we can freely change our 4 coordinates through a gauge transforma-
tion. It follow that 4 of the independent components of g, are not physical.
Choosing a gauge means fixing these 4 metric degrees of freedom. The most
common gauges are the syncronous gauge which set to zero the two scalars ¢, w
and the vectorial component w;-, and the Poisson gauge where w = h = h; = 0.

The first important results of cosmological perturbation theory concern the
linear regime, which is a good approximation considering small perturbation
from a FRW universe. The linearized equations to be considered are the con-
servation equations and the Einstein equations:

T, =0, (3.292)

1
G =Ry — iRg,W =T — Aguw- (3.29b)
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The energy-momentum tensor undergoes the effects of metric perturbations
through the 4-velocity and its normalization condition u*g,,u” = —1. At first
order in the perturbations we have

Ty = —pu(1+96), T o = —(po + pu)v",

T, = (po + po) (vi + w;), T =po(1+ )05 + 115, (3.30a)

where v’ is the 3-velocity whose components are to be raised and lowered using
6% and &;;. It is a first order variable so that terms involving products of v°
and the metric perturbations are neglected. The anisotropic stress H; and the
velocity can be decomposed as in (3.26):

U

— =0+, (3.31a)
a
Iij = DigIl+ g 5 + T (3.31b)

Using (3.30), together with decompositions (3.31) and (3.28), the linear equa-
tions for perturbations can be found from (3.29).

Here we report just the scalar sector relative to a CDM fluid. For further use we
have chosen the Poisson gauge (without tensorial and vectorial modes it is also
called longitudinal or conformal Newtonian gauge). The linearized equations
are (in Fourier space)?

¢ =1, (3.32a)
/ /
1
k26 + 3% <¢’ + % > = —5a%d, (3.32b)
/
1 .
k2 <¢’ + C;(;S) = §a2pbv’ o (3.32¢)
& =—v' ;43¢ (3.32d)
/
v = —%vi Tk, (3.32)

with the prime denoting the derivative with respect to conformal time 7.

3.2.3 Bardeen gauge-invariant variables

The metric and matter variables in (3.28) and (3.30) are gauge dependent. This
leads to ambiguity in their physical meaning; for example also in an unperturbed

2See [64] for the general case. Note that here the definitions of ¢ and ¢ are inverted
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FRW universe where the density depends only on time, after a gauge transfor-
mation, it depends also on the new spatial coordinates. In order to find some
gauge-invariant combinations of metric and matter variables, let us examine the
effects of an infinitesimal coordinate transformation of the form

=7+ a(z, 1), &' =2+ 69V, 8(x,7) + €'(z, 7). (3.33)

We have split the spatial transformation into longitudinal and transverse parts
(V- € =0). The metric fields transform as [11]

R / . 1 !
b=¢—ao —La, P=v+_VB+ aq,
a 3 a

71)1‘ = w; + Vl(Oé — ﬂ/) — Gé, hij = hij — Dljﬁ — V(ij). (334)

Analyzing the previous expressions, the following two combinations result to be
gauge-invariant in the Fourier space (Bardeen potentials):

!

o= — (k20 +k~ w) — k2 — k! (3.35)
a
1 a oy 1

@H:z/;—ghqtg(k B+ k™ w) (3.36)

Note that in the Poisson gauge h = w = 0, so that from (3.35) and (3.36) the
two scalars ¢ and ¢ directly correspond to the two gauge-invariant potentials.
Similarly, for the matter sector, we can find some gauge-invariant density and
velocity perturbations [36].

1
Dy =68+ 3(1 - w) (—w+3h>,
V=v-k"'n. (3.37a)

We can note that V corresponds at the velocity perturbation in the Poisson
gauge, instead in this gauge we have

D, = §Poisson) _ 3y, (3.38)

The Einstein’s equations and the conservation equations can be finally written
in terms of these gauge-invariant variables.

In the case of a dust component two kinds of solutions are found [35]:

i) super-horizon regime (k7 << 1)

1
by=dy =%, Dy=-5B, V=gdhr (3.39)
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with ®y an arbitrary constant.
ii) sub-horizon regime (k7 >> 1)
1

1
by =3y =Dy, D, = —g%(kr)Q, V= §<I)0kr. (3.40)

Equation (3.40) for Dy tells us that, at small scales, the density fluctuations
grow like the scale factor oc (k7)?% o a.

3.2.4 143 covariant gauge-invariant perturbation theory

In this section we give the main results of the covariant approach to pertur-
bation theory, we focus on the scalar sector and consider the first order in the
perturbations. For further purpose we consider the multifluid case [34].

Let us introduce, besides the 4-velocity vector of the fundamental observers u,,

introduced in section 3.1, the 4-velocity u,(f) of the i-th fluid component. We
have the following relation

ul(f) = 4@ (“u + vfj)) , (3.41)

where () is the Lorentz-boost factor and vff) is the peculiar velocity of the i-th
component relative to u,.

Now we want to define our gauge-invariant variables; according with the Stewart
& Walker Lemma and remembering (3.4), the following quantities

Opvy W, Dup, DM@a Dup(i)v D,u@(z)v (342)

vanish in the FRW background and so they are gauge-invariant.

Although the above spatial gradients describe the fluids inhomogeneity, it was
found that the physically relevant variables are the dimensionless comoving frac-
tional spatial gradient of the energy density and the comoving spatial gradient
of the expansion:

D . D, (1) _ .
A, = aT’“”, Z,=aD,0, A== 70 —ap,00.  (3.43)
P

For non interacting perfect fluids the linear conservation equations of a single
component is coupled with the equation for the total expansion rate. We have

AD = -7,(14+ ) + 3(1+ D) H (A, +wS,)

(1+w)
—a(1+¢2)D, D", (3.44)
. 1 2D?A,  wD?%,

Dy= =202y = 5ph, — =t — ==

5 — 6ac2HD"w,,,. (3.45)
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with A, = (1/p) X, 004, p =X, 00, p = 5,09, w = (1/p) 3, pD 3
and ¢ = [1/p(1 +w)] 3, 2 p@ (1 4 )

The total effective entropy X, is not simply the sum of single entropies, in
fact in the perfect fluids case it is given by

5= 3 EOpOAD S A (340

In order to obtain a scalar set of equations, what we have to do is taking the
comoving projected divergence of eq (3.44) and (3.45).
With the new variables

AW = aD“AEf), »® = aD“EEf), v = aD“vff),
A =aD'A, Y =aD"Y,, Z=aD"Z,, (3.47)

the final scalar set of equation is

o , 1 ,
AW = — 721+ 2Dy 4 ——3(1 + ) H (A + wE
(14 E0) 4 31+ 2O H(EA + )
—a(1+ 2)D*, (3.48a)
. 1 AD?A  wD?*Y
Z =-2H7Z — —pA — -2 — 3.48b
27 14w 14w’ ( )
_ _ _ 2(4) A (4) 2
50 = —(1 4320 o) - B GATUE g g

a(l+E%)  al+w)

Radiation-dust universe

Consider the universe filled with a CDM component and radiation. We neglect
the radiation density perturbation, thinking to a homogeneous radiation distri-
bution. This approximation is valid for small scales [71]. We have

p=p" +p, (3.49)
(r)
p
— 3.50
P=5 (3.50)
4p(r)

2
= 3.51
CS 3(4p(r) + 3p(d)) ) ( )
3H? = p, (3.52)

A +wY =0. (3.53)
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so that the system (3.48) becomes

A = _7 4 aD* D, (3.54a)
. 1

7=-2HZ ~ 3pA, (3.54b)
o@D = —Hv' @, (3.54c)

Taking the time derivative of (3.54a) (considering that time and spatial deriva-
tive do not commute) and changing the time variable with y = a/a.,, we obtain

2+ 3y 3
A/ + 299 Ar@) =+ 2 A@D = 0, 3.55
2y(1 +y) 2y(1+y) (3.55)

that is the same result of the Newtonian analysis.



Chapter 4

Generalized a-Fluid

Introduction

In the standard model of Cosmology, as we have seen, a fundamental role is given
by the cold dark matter [15][33]. Since it does not interact with other particles,
its density contrast can grow at all scales, having a null Jeans length. Such
pressureless fluid model is just a good approximation that necessarily breaks
down at astrophysical scales or every times that thermal motion can not be
neglected.

Now we want to study the effects of a small pressure term in the perturbation
dynamics, using the 143 covariant approach of chapter 3. In particular we focus
on the period in which the universe passes from a radiation era to a matter
domination, where now the matter equation of state little differs from that of
the dust. Studies on models of fluid with pressure in connection with the dark
matter and dark energy sector, can be found, for instance, in [52][3][4][78] and
refs. therein.

First of all let us recall the background physics of a generic barotropic fluid with
equation of state

p=ap. (4.1)

Solving the Friedmann equation in the homogeneous and isotropic metric we
obtain (1.12):

p = paoa” 2T, (4.2)

so that we can easily recover the CDM and radiation case respectively for a = 0
and o = 1/3.

4.1 Single fluid

Let us consider a universe filled with a fluid with pressure given by (4.1) and
the cosmological constant. In this case the linear theory of gauge invariant co-

39
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variant perturbations gives from (3.48a) and (3.48b)!

A—-3HaA+(1+a)Z=0 (4.3)
7+ 2HZ + 47GpA + —~—D*A =0 (4.4)
1+«

This system can be rearranged in a second-order differential equation for A
[17][5] :

A+ (2-3a)HA - %(1 —a)(1+3a)87Gp +2aA| A —aD?*A =0. (4.5)

We can discuss some qualitative features of this equation; it has the form of a
wave equation with extra terms due to the expansion of the universe, gravity
and the cosmological constant. The usual expansion damping term (the second
term) is now a-dependent so that for o > 2/3 it is negative so that it contributes
to the growing of inhomogeneities rather than the damping. The matter term,
the corresponding Newtonian term responsible for the gravitational aggregation,
is no more always attractive; it vanishes for « = 1 and a« = —1/3 and outside
this limit it favors the inhomogeneities decreasing. If one considers the range
—1/3 < a < 1, i.e. the ordinary matter, this term always contributes to the
growing of the density fluctuations, with a time dependent intensity given by
the background behavior of p,. Finally, for positive «, the cosmological constant
term tends to cause gravitational aggregation and the laplacian term causes the
smoothing of perturbations.

Changing the time variable from ¢ to a and using the Friedmann equations (1.6)
and (1.7), equation (4.5) becomes

A [2—3& N QAol/maoaS(”a)(Hga)] A’

Qpo + Quoa—30+a)
(14 2a — 302)3/2Qu0a 3+ £ 6afp0
- [ Qno + Qaga—3(1+) }
aD?A
a?HE (o + Qaga—301+)
: (4.6)

o
A

a2

=0

where 2,0 is the density parameter of the a-fluid evaluated today.

Expanding each variables in spatial harmonics, in the Laplacian term we have
aD?A B ak?
CLQHQ B a4Hg ’

(4.7)

INow we restore the 87 G factor retaining c = 1.
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and the equation can be solved for varying «, the density parameters and the
wave number k [5].
As for the Newtonian case we can find the Jeans length giving the wavelength
limit over which the gravitational collapse occurs. Combining the matter and
A term with the divergence term we have
A= ora . (4.8)
H()a [%(1 — Oé)(]. + 3a)Qa0a*3(1+0‘) + 6C¥QAO} /

As expected the cosmological constant is relevant just at late time as we can
see in this plot, showing the behavior of the Jeans length in the radiation case
(a =1/3) as a function of the scale factor.

Jeans length

Figure 4.1: Jeans length as a function of @ in the a = 1/3 case, with and without
cosmological constant (red line).

Now we show some qualitative aspects of the integration of eq.(4.6) through
some plots obtained with the mathematical software Maple.

We are interested in small deviations from the dust case, so that, except for the
first example, we have taken always values of a near to 0.

e Long-wavelength limit (k = 0), dust and radiation without the cosmolog-
ical constant; in these two cases the analytic solutions are

a=0 Ayt x a, Ag_ a2 (4.9)
1
a=gz Ay oxa?, A, ox<cat (4.10)

e Long-wavelength limit (k = 0), a-fluid with and without the cosmological
constant; as it should be the presence of A becomes relevant at late time.
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We can see that the overall effect of the cosmological constant, in the near
to zero « case, is the damping of the density growth. This is due to the
expansion term proportional to A.

0,06

0,05

0,04

0,03

0,02

0,01

01 02 03 04 05 06 07 08 09 1,0
a

Figure 4.2: A for @ = 0.002 case, with and without cosmological constant (red
line). k=0

e Long-wavelength limit (k = 0), o fluid with the cosmological constant;
the higher is «, the higher is the growth of the density perturbation.

0,05

0,04

0,03

0,02

0,01

01 02 03 04 05 06 0,7 0,8 09 10
a
Figure 4.3: Dust and a-fluid (red line, o = 0.002) with cosmological constant.
k=0

Starting from the early time the small pressure term favors the gravita-
tional aggregation at large scale.
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o Short-wavelength limit case (k # 0) with different values of o and A # 0.
Naturally the dust case does not depend on k. Switching on the barotropic
index the coupling with the wavenumber stops the growing of fluctuations.

1074 1072 1072 107! 10°

Figure 4.4: A for dust (blue), a = 0.001 (green) and a = 0,007 (red). k =
10~2h-Mpc~*

e Short-wavelength limit case, a-fluid with the cosmological constant for
different values of the wave number. Increasing the wavenumber and so

s

10764

10-7 4

10724

1074 107% 1072 107! 10°

Figure 4.5: A for k = 3-1072h-Mpc~! (red line) and k£ = 6-10~2h-Mpc~!(green
line). a = 0.007

looking at smaller scales, the damped oscillations start before with higher
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frequency and smaller amplitude.

e Short-wavelength limit case, a-fluid with and without the cosmological
constant.
The influence is seen at late time. Now the Jeans criterion can be applied:
the Jeans length at late time is smaller in the A # 0, this reduces the os-
cillation regime with a consequent lowering of the frequency with respect

to the A = 0 case.
1074
10'61 ﬂ m

01 0,2 0,304 06081
a

Figure 4.6: A with and without cosmological constant(green line). a = 0.007

4.2 Multifluid case. Generalized Meszaros ef-
fect

Now we consider the universe filled with a mixture of radiation and a-fluid,
generalizing the Meszaros approach and so neglecting the perturbation of the
radiation density.

We will use system (3.48) with the approximation condition for the total density
variable:

- pTaAW, (4.11)
Pa T Pr

the indices a and r denoting respectively the a-fluid and the radiation compo-
nent. Having w, = o, w, = 1/3, the total sound velocity c2, the total barotropic
parameter w and the effective entropy are respectively

2= 3a(l+ a)pa + %pr
’ 3(1+a)pa +4pr’

(4.12a)
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1
w= w7 (4.12b)

Pr+ pd

1
_ 4(0[ - g)prpa - A(a); (4.12(:)
Bla+1)pa + 4p,] (apa + 507)
so that we obtain the following combination

EA 4wy = P A@), (4.13)

Po + pr

With these expressions, the set of scalar equations describing the perturbation
dynamics of the a-fluid becomes

9a(1 + a)Hpq,

A=—-(1+a)Z—a(l+a)D? A (414
(1+a)Z —a(l+a) U+4pr+3(1+a)pa (4.14a)
: APa 2
Z=—2HZ — 4nGpaA — — P2 DA (4.14b)
(@ +1)pa + 3pr
. al 1 3pa
=—(1-3a)Hv— — — 4.14
Y ( o) Hv a (a+1 4pr—3(1+a)pa) (4.14c)

where the indices o in A and in v have been omitted.
From system (4.14), we can obtain a second-order differential equation for A.
Considering the commutation rule

(D?v) = D*) — 2HD?v, (4.15)
we obtain
A+ (2H — B)A — |2HB 4 47G(1 + a)pa + B| A — aD?*A
+3a(1 + a)aHD?*v = 0, (4.16)
with

_ 9a(l4+a)Hp,
Cdpe+3(1+a)pa

(4.17)

We can see that neglecting the radiation density and putting v = 0 we recover
the previous equation (4.5)of the single fluid model.
Now, as in the standard Meszaros equation, we introduce the new time variable

y=—) (4.18)

Qeq
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so that the following relation between the density components holds

Z—T =y 1+3e, (4.19)

Using the Friedmann equation and the behavior of the radiation and the matter
with respect to the scale factor, we obtain

9(3a? + 2a — 1)y? + 6(3a? + 4o — 3)y3 L — 8yb«

AI/ _
2y (1+y2~1) (3(a + 1)y + 4y3«)

AI

+27(a +1)(3a® + a® — 3a — 1)y? + 3(36a? — 20a — 8)y3**! + (3602 — 12 — 8)y5«

A

2 (y2 (1 + y3o=1) (3(ar + L)y + dy3e))”

aadot! k a(a+1) k2
+ 4 —A - —2=0 4.20
an(y—fia-‘rl + 1) Hg y (Qa0a§q3a+1(y—3a+1 4 1))1/2 HOQ ( )

In the previous expression we recognize the standard Meszaros equation (3.55)
when we put a = 0.

In the long-wavelength limit the last two terms are neglected and eq.(4.20) is
the scale-invariant equation describing the density evolution.

In the general case we need equation (4.14c) for the velocity field, using y it
becomes:

1+3a
A=
g (1-30) (sﬁ) al ( 1 3 )
Yy (y=3etl 4 1)1/2 Q%zHo a+l 4y 34 3(1+a)
(4.21)

Now we show some plots of the density contrast for different values of the
barotropic parameter. The solution has been found with the numerical imple-
mentation of equations (4.20) and (4.21).

e Long wavelengths, dust and a-fluid . In the large scale case the small
pressure term enhances the growing of the density fluctuations.

As we can seen in the first plot of Figure 4.2, if « is very small the
difference with the pure CDM component is negligible; instead, for bigger
values of «, the total enhancing effect is clearly visible in the second plot
(logarithmic scales).
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0016 7
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Figure 4.7: The first graph shows A for dust (red line) and o = 0.00015 (green
line). In the second graph A is plotted for ov = 0.015 (red line) and « = 0.055
(green line).

e Short wavelengths.
In the small scale case the pressure term couples with k and the density
contrast starts to oscillate following the Jeans criterion.

1024 f//—\ \
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Figure 4.8: A in the small scale case. In the first graph the density contrast
is shown varying the barotropic index (o = 0.015 red line and o = 0.055 green
line). The second graph shows the variation with respect to the wavenumber
(k = 0.26 h-Mpc~! red line and k = 0.31 h-Mpc~! green line. a = 0.007)

Concluding this section we must remark that our analysis has been quite
qualitative, we wanted just to see how the presence of a pressure term can mod-
ify the growth of the density contrast from the mathematical point of view.
The general result agrees with the basic knowledge of the gravitational insta-
bility for which the pressure in the large wavenumber case does not allow the
density contrast to grow. Both in the radiation-matter epoch and in the matter-
dominated era the leading effect due to the barotropic parameter appears at the
small wavelength limit. In fact, in the large scale limit, the necessarily small
value of « (for a constraint limit see [52]) assures that the deviations from the
dust behavior are negligible, this can be easily seen considering the large scale
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limit of eq.(4.6) and (4.20). It is only switching on the wavenumber k and so
considering the small scale limit that the coupling with o becomes active and
the solution is a damped oscillating regime in agreement with the Newtonian
model.

We note that our results of the single a-fluid component agree with the
work [78] where the CAMB code has been used. The multifluid case is instead
a new result; we have generalized the Meszaros approximation including a small
pressure term in the matter obtaining eq.(4.20). The plots show that for small
values of « the damping effect is seen just at late time in the matter era; at the
equivalence time in fact the density contrast is bigger for the a-fluid than for a
pure CDM component, but in practice this difference is negligible.



Chapter 5

Generalizing Meszaros
approximation

In this chapter we analyze the Newtonian cosmological perturbation approach
of chapter 2, going behind the linear theory, so that we consider weakly non
linear effects in the dynamic evolution of the matter density contrast. We focus
again on the radiation-matter era, considering a mixture of radiation and cold
dark matter, in the case of negligible radiation inhomogeneity [71].

In the first section a second order analysis is developed, finding the temporal
behavior of the matter density contrast up to this order (see also [79] and [7]);
this result enable us to start a statistical analysis directly connected with one
of the topical issue of the modern Cosmology: the research of non-Gaussianity
The simplest inflationary scenarios predict Gaussian initial fluctuations [49], but
there are other models of inflation [10] or models where structure is seeded by
topological defects [94][46] that generate non-Gaussian fluctuations. For this
reason looking at possible evidences of non-Gaussianity from CMB anisotropies
and from the statistics of large scale structure is fundamental in order to have
insight for the early epoch of the universe. On the other hand there exist other
sources of non-Gaussian features coming from different physical processes, so
that it is important to separate these secondary anisotropies from those of pri-
mordial nature.

The non linearity of the gravitational instability evolution is one of these non-
Gaussian sources, in fact the second order perturbative analysis allows to com-
pute the first statistical estimator measuring the lowest-order deviation from
the Gaussian distribution, the skewness[8][45][95].

In this chapter we compute the skewness of the density field and the velocity
field relatively to the CDM component in the period around radiation-matter
equidensity, starting from Gaussian initial conditions. We will find a time evolv-
ing skewness reaching the known limit of the matter dominated era [77].

This original result tell us how the universe (in its simpler model) got its sta-
tistical asymmetry, concluding that already at the decoupling period, i.e. when

49
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the CMB features were imprinted, the matter density distribution presents the
86% of its maximum asymmetry level.
Since the CMB and LSS data will shortly improve dramatically with the Mi-
crowave Anisotropy Probe (MAP)! and Planck Surveyor satellites?, and the
Anglo-Australian 2-Degree Field (2dF) and Sloan Digital Sky Survey (SDSS),
we will be able to make significant comparisons between the theoretical pre-
dictions and the experimental results. In this spirit our analysis is a first step
towards a possible link between theory and observations.

In the second section of the chapter the non linear equidensity period is
studied using the Zel’dovich approximation. We will show that such non-linear
approximation is valid and easily generalized at the radiation-matter epoch.

5.1 Second order evolution

Let us consider the sub-horizon approximate system (2.49), describing the den-
sity and velocity evolution of a dust component in a radiation background. We
now look at the second order perturbation in the density contrast.

Using the kinematic approach through the velocity gradient tensor, this system
is written as

8 +0=-05 (5.1a)

j 3 [1By+2); - Loy

o' = 0 2| = =207 — 252 5.1b
METEEY [3 y +v¢] 3 7 (5.1b)

~ 3 1By+2). - 2 o 2

%t 31 y) [3 it E]} = =300 — Gudy + 30,507

(5.1c)

N 1 (By+2). 2. o

w;j + 2(1 ¥ y) y Wij = —§9wij — QU[ilwlj] (51(1)

v =2 (5.1e)

Yy

where now the prime denotes the total derivative with respect to y. This system
is analogous to system (2.34) without pressure and cosmological constant terms.
Now its validity refers not only to the matter era but also to the previous period
and naturally, for big values of y, the two systems coincide.

Let us write every variables as the sum of a first order part and a second order
part, for example in the case of the density contrast:

2
9
0= 65(1) + 55(2) (5.2)

Thttp://map.gsfc.nasa.gov/
2http://astro.estec.esa.nl/SA-general /Projects/Planck/
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with the perturbation parameter ¢ << 1. Keeping just the terms proportional
to € we obtain this first order set of equations

5y + 0y = 0 (5.32)
1y + 2(1?; ) B By + 2)9~(1) + V2¢Z(1):| =0 (5.3b)
5{1)1‘3‘ + 2(1?;_ ) [:15 (3y; 2 o(yij + E(l)ij:| =0 (5.3¢)
Blayij + 2(1 i_ ") (Sy; 2)@(1)@‘ =0 (5.3d)
V%u) = 5(y1) (5.3¢)

As we already know, combining (5.3a), (5.3b) and (5.3¢) we obtain the Meszaros
equation, with the growing solution

2
&U:CH<3+Q>- (5:4)

System (5.3) allow us to easily find the gravitational potential and the other
variables connected with the velocity field:
-from (5.3e)

~ 21
o1y = Co (1 + 3y> ; Cy = V?Co; (5.5)

-from (5.3a) and supposing zero vorticity (¢ is the velocity potential)

9(1) = stp(l) = _Cl = _VQCO7 %0(1) = _007 (56)

-from the constantness of the velocity and using eq.s (5.3b) and (5.3c)

3y +2 ~ - 21\ _
3 01y = -V, Eqyij = — (1 + 3y> T(1)ijs (5.7)
so that, using (5.6)
T(1)ij = —D;;Cy (5.8)

- 21
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with Dij = Blaj - 1/3V25¢j.

We use these results in the second order equations, obtained from system (5.1)
keeping just terms proportional to 2.

As always happens in the perturbative schemes, the second order variables obey
to inhomogeneous differential equations where the homogeneous part is made
up of the same linear operator that defines the first order, in our case the system
(5.3), while the source terms are quadratic in the first order variables. We obtain

8y + 02 = —2001)81) (5.10a)
i) + 2(13+y) B (3y + 2)5(2) + V2<£(2)} = —%% — 457 (5.10b)
Glayij + 2(1:1 m [:13 (33/;_ 2)5(2)ij + E(Q)ij] = —35(1)5(1)1'3' — 20 (1)u0 (115
+§5ij5’ 0 (5.10c)
By + 2(11+ . (3y y+ 2)@(2)@' = —%‘7(1)@(1)@ —45u@ayy  (5.10d)
Vi) = 5;2) (5.10¢)

The second order differential equation for the density contrast is

3y +2 31 By+2 2.
gy 4 YT S T S = YT G S+ 282 + 462, —
O 1) 2yl ® Tyl WO T3 T

~(2001)0(1))"

(5.11)

We recall that here the prime denotes the total derivative with respect to y; if
at linear order there is not difference between total and partial time derivative,
at second order they differ because of the convective term proportional to the
velocity field. This implies that the left side hand of (5.11) contains other second
order terms. In order to make them explicit let us write the relation between
total and partial derivative of § at second order:

ds 106 d%s 10%6 o)
<> = ) + uga) - V5(1), <) = = (2) + 211(1) . V*(;(l)
(2) (2)

dy T2y dy? 2 0y2 Oy
(5.12)

We are only interested in the extension to second order of the growing modes (4),
hence we retain only these modes in our source, on the basis that other source
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terms made up of decaying modes would only give subdominant contributions
to the full second order solution. Therefore from (5.11) and (5.12) we substitute

2
o) = Cojii <3 + y) , (5.13)
u(y; = —Coy, (5.14)
getting
1 +7’ — 6 = SC ZC 1+
(2) 2y(y+1) (2) 29y + 1) ) MOESY 0.:Co.jj
3y +2)*
[i(%yzéwa)l) + 2} Ciai +2C0.:5C0,i5.  (5.15)

The analytic particular solution is

part 2 2 2
— ) ) B
6(2) CO’ZCO’]J’L ( Yy 70 Y 315) CO’“ |:( I y 1225y 11025)

2 (g4 2 |+ CosyCosy | (L2 + 2227, 121N 4 (L 2y
35 \Y T3 Y| TR0 I\ ZY T oam0Y T 1105 ) T35 \Y T3 ) MY

(5.16)

and combining with the homogeneous solution we choose initial conditions such
that 5(2)(y =0)=0

4 10 148 8 8 2
8oy = CoiCo i | 20 + = 2 |24 22 = 4 = z
@) = C0,iCo,j; <y +3y>+00711{7y +105y+35+35 y+3

8 4 8 8
(111(\/(1 + y) + 1) — 1n2) — %V 1+ y] + C()J'jCo,ij |:7y2 — ﬁy — %

—% <y+§> (ln(\ﬂ1+y)+1)—ln2)+% 1—|—y] . (5.17)

Defining in accordance with Peebles [77]

A
Ay =—4ndyy =  Co=——pr

Iyt 2) (5.18)

we can now write?
1 1 1
0= 00) + 500 = 0) = 101 8ihs (9) + Oy he(y) + 155858 5ha(y),
(5.19)

3A has not a physical meaning, it has been introduced for a practical purpose
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where
y
hy(y) = =2 (5.20a)
3

o Gy )+ AU (VIFy+ ) -2+ 3 - EvITy
o(y) = (y+3)? 7
(5.20b)

oty — GV 185y — 35) — U WVIFG+ D) — 2y + ) + VT
s¥) = v+ 32 |
(5.20¢)

The solution (5.19) generalizes the known result of Peebles obtained in a pure
Einstein-de Sitter model [77]. We have included the radiation contribute in the
background so that we can consider its validity range starting from the late
radiation era. Naturally the matter era behavior is recovered in the y >> 1
limit:

hy(y) - 1, (5.21a)
) -2 (5.21b)
ha(y) - % (5.21¢)

and (5.19) coincides with the Peebles result.

5.2 Skewness

An important consequence of the second order analysis is that, departing from
a Gaussian distribution of cosmic fields, as predicted by inflation, the non lin-
earity inevitably leads to the growth of non-Gaussian features.
If a random Gaussian process is completely described by the two-point correla-
tion function (power spectrum in Fourier modes), a non-Gaussian distribution
is characterized by the other higher moments; the first interesting moment is
the three point correlation function, or skewness, describing the asymmetry of
the probability distribution.
Let us compute the first moments of the density field < §™ >.

For the conservation of the mass the n = 1 moment has to be zero also at
second order, we can check this using the following relations [77])

< 5(1),iA7¢ >=—< 51A,ii >=4r < 5(21) >= 47£(0), (5.22)
< A,,‘jAﬂ'j >< A,,‘iAjj >= 167T2§(0), (523)
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where we have defined the variance £(0) =< (5(21) >.

Averaging the solution (5.19) and using the previous expressions, we find the
expected value < § >= 0.

The first non-trivial moment emerging from the second order terms is the skew-
ness:

1
<& >=3< 5(21)55(2) > (5.24)

This form is valid up to second order and we have used the fact that the first
order distribution has zero skewness. From (5.19) we obtain:

1 1
< 8% >=3|he(y) <6y > — ) < 50y > +1zha(®)

< 5(21)A,ijA,ij >i| . (525)

From the definitions of the moments, the proprieties of Gaussian distribution
and analytic arrangements, we have [77]

< 8y >=3¢(0)%, (5.26a)
< 0801y i >= AmE(0)?, (5.26b)
AN %w%(oﬁ (5.26¢)

Substituting in (5.25) we obtain the time dependent skewness:

< 8% >=[9h.(y) + bha(y) — 3hs(y)] £(0)* =
34 , 436 16 16 /2
= 2= - — 4+ (= In(1/1 1
7V 05V T35 T <3 +y) (n(vi+y+1)
16 2N\,
~@) - 2ViFy| (v+3) €02 (527)
We can easily see that in the matter era limit
34
<8 >= 75(0)2 (5.28)

in agreement with the well known result [77][8][9].
The time dependence of the ratio

<8 >
== - 2
58 = a0 (5.29)
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in the matter-radiation era is a growing function of y going asymptotically to
the constant value S5° = 34/7 (Figure 5.1).

Figure 5.1: Skewness of §. Comparison with the constant matter era result (red
line)

The important conclusion of this analysis is that now we can infer how
the universe approaches its constant value of skewness due to the gravitational
clustering. From eq.(5.27) we note that at last scattering epoch, i.e. for y ~ 3.3
in a standard ACDM model with current parameter values [59][51], we get
S5 = 4.2. Given that the matter constant value is S5° ~ 4.9, our result implies
that the skewness in the density perturbation distribution, representing the non-
Gaussianity purely arising from the collapsing process, reaches its asymptotical
value very early on in the matter dominated era, and it is already at 86% of that
value at last scattering. This means that such signature from non-Gaussianity
could be measurable by the coming CMB experiments.

In this contest the general way to deal with non-Gaussianity estimators is
introducing the fy; parameter. Dealing with primary anisotropies, in the real
space it is defined through the Bardeen gravitational potential[60]:

=L+ fnr (7 — (D7), (5.30)

with ®;, the linear Gaussian part.

A further analysis will be to compute the analogous fyp parameter in our
model, also adding a primordial non-Gaussianity in the initial conditions (see
[79] where a similar analysis has been done in Fourier space).
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5.3 Moments of the expansion scalar

In analogy with the previous result we can compute the skewness of the expan-
sion scalar, the velocity divergence 6. Its perturbative expansion is

6= Eé( 1) %é ) (5.31)

where the first order is given by (5.6) and the second order satisfies equation
(5.10a) so that:

O(2) = —8(9) — 201)01). (5.32)
Using (5.12), we write it in Eulerian coordinates:
~ o)
Oz = — a(;) — 20181y — 2u() - Vdy; (5.33)

substituting (5.17) we obtain:

5 6 8 4 y+3
Gio) = (Coa)? (~Sy— 2~ Bn(y/i 1-m2— 975
@ = (Co.) ( T A T ATl R+ S e i

4 8 8 8
S iCoui - — 4 “n(y/T+y+1—1In2
+35 T >+CO,JO()7]( 7 +105+35[H( y+ Il]

4 y+f

4 90y :Clo.rii (5.34)
S TTytity 3Ty 0:i-0.4jit), '

so that we can express the expansion up to second order as:

0 = —Co,ii + (Co.ii)*he + Co.45Co i5ha + Co.iCo jjih s, (5.35)
with
~ 3 4 y+ 2
he S+ — [In(y/1 1—-In2] - 3
=7V 05 35 n(vI+y+1-In 35\/1+ ity 3BT Ey
(5.36)
- 4 y—|—2 2
hg=—=y — — [In(y/1 1—In2]+ 8 -
4= 7Y 105+35 n(VI+y+l-In 35,/1+y+1+y 3BTty
(5.37)

hf =Y. (5.38)
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In the matter era (y >> 1)

~ 3
he — —=v,
7y
~ 4
hd — _?yv
iLf — -,

and we have [9]

~ 3 2
0=—-Coii—vy (CO,ii)z? + CO,ijCO,ij? + Co,:Co 55| -

58

(5.39)

(5.40)
(5.41)

(5.42)

Now we are ready to compute the first moments of the cosmic velocity diver-

gence.

As in the previous paragraph we use the following relations, easily obtained

under the only assumption of initial Gaussianity:

< CO,iiCO,z'i >=< 5(1)5(1) >= 55(0), (5,433)

< C,ijCo,ij >=< Co,;iCo,ii >= £;5(0), (5.43b)

< C,iCo,jji >= — < C0,:iCo i >= —E5(0), (5.43c)

<6y >= 3655 (0), (5.43d)

1 -

< (CO,ii)ZCO,iCO,jji >= -3 < 9?1) >= —5(25(0), (5.43¢)
5

< (CO,ii)ZCO,ijCO,ij >= 5(9*)(0) < Co,ijCWj > +2(< Co,“'Coﬂ'j >)2 = 552(0)
(5.43f)

The first moment is zero:

< 9~ >= (0072'1')2 > hc+ < OO,ijCO,ij > hd+ < CojConi > hf = 0, (544)

and the skewness is

N 1= 5
<60 >= 3<9(21)§9(2) >=3[(3h6+3hd—hf) 5(25)(0)
26 16 16 8 24y
= — oy — — Zn(y/1 1)-In2— ——3 -2
( 7Y 05 gpn(VITy ) mn2 = ae e

8
+arry) GO
(5.45)
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Defining the ratio :
<63 >
T; =

_— = 5.46
< 62 >2 ( )

we have T3 — —2%y in the matter era (Figure 5.2), [9].

-104

-12 4

~14

~16

~18

Figure 5.2: Skewness of §. Comparison with the matter era result (green line)

We end this section with a further relation between the second moments of
density contrast, velocity divergence and shear; from (5.43b) and the definition
of shear:

1 1 1 1
< 0'2 >=< 50071‘3'00’2']' — EC(),l'iCO,ii >= g < CO,iiCO,ii >= g < 92 >, (547)

using (5.13)

1 2,
<O0*>=<(0) + 502)* >=< 01 > (5 +y) "+ <b0u > (548)

Substituting (5.34), the last term can be written as a function of y time < 9?1) >,
that is zero for the Gaussianity condition, so the final relation is

< 6% >

Eet (5.49)

<02 >=

The matter era result is recovered neglecting 2/3.
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5.4 Zel’dovich approximation in the epoch of
equality

As we saw in chapter 2, the Zel’dovich approximation obtains non-linear solu-
tions in matter era from some first order results.

Now we use the same approach for the dust radiation system (5.1). The
Zel'dovich ansatz is that the linear result for the velocity field and the grav-
itational potential remains true in the non-linear regime, such that (5.7) holds:

3y +2
3y

_ - 21
0=-V3¢,  Ey=- (1 - 3y> Gij- (5.50)

Putting this in (5.1) we obtain a local system with vanishing of the square
brackets.

F+(140)0=0 (5.51a)

1=

0 + 592 +20% =0 (5.51b)
! 25 2 2

0ij + 590'1‘]‘ + o015 — g(sijO' =0 (551C)

Formally, this system is exactly the same of the matter era in the Zel’dovich
approximation, so we have the same solutions (2.54):

3

szey - __ Q1+ BT .
Hl:l(l—i_)\l(y_yl)) i=1 ]‘+>\’L(y7y1)

5(Zel) # _ lé(ZEZ) 5.592

e v R A

where \; are the three eigenvalues of the tidal field and the index I means the
value of the variable at the initial time.

The difference between the matter era solution is enclosed in the relation be-
tween the initial values of # and § which have to be consistent with the linear
solution:

~ 2
dr = —0r(yr + g) (5.53)

From the second of (5.52) we have

0r=> X\ (5.54)
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Therefore the limit of Meszaros equation from §(4¢Y) is recovered for small values
of y and using (5.53) and (5.54).

In a different way we can find a dynamic solution for §, using the Poisson
equation instead of the continuity equation. In general these two solutions do
not coincide because they are both approximated solutions. Nevertheless in the
one-dimensional case, the Zel’dovich solution becomes exact and it coincides
with the dynamic solution.

The dynamic solution is easily obtained from the 6 expression (the first of
(5.52)), using the relation

2

5 = —(y + §)§<Z€l> (5.55)
which follows from the Poisson equation.
In the one-dimensional case we obtain
Ay + 2
slawmy — __MYF35) (5.56)
L4+ Ay — 1)

which coincides with §(4¢Y) when only one eigeinvalue is different to zero and
considering (5.53).
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Chapter 6

Post Newtonian Cosmology

Introduction

In the previous chapters we studied cosmological perturbation theory both in
the Newtonian and in the General Relativistic approach. We naturally aspect
the first treatment to be correct in the small scales case, considering all the
relativistic effects acting just at large scales. However the experimental data
assure that the perturbations at scale larger than the horizon are so small that
the General Relativistic theory can be treat linearly. Instead at sub-horizon
scales, as we pointed out more times, the perturbations assume a non-linear
character and their evolution is commonly studied within the full non-linear
Newtonian theory (see [12] for a review in N-body numerical simulations).

Now we want to investigate in a systematic way the connection between the
two theories, finding the correct limit procedure for passing from General Rela-
tivity to Newtonian gravity. This connection necessarily requires some approx-
imation scheme, in which the relativistic effects are seen as small corrections.
The aim of this study will be to find a consistent set of equations describing the
evolution of cosmic inhomogeneities from the large scales to the small scales,
including also the intermediate range of distances, where the relativistic effects
can not be ignored but the physics mainly keeps its Newtonian aspect and the
non-linearity starts to be relevant. Therefore, the final equations will include
both the linear General Relativistic theory and the fully non-linear Newtonian
theory, allowing to study also the intermediate regime between them. In addi-
tion, even if the approximation relegates the general relativistic effects as small
corrections so that just terms quadratic in the geometric fields are allowed, this
does not happen for the proprieties of matter (in particular the density field),
which are left fully non-linear.

The connection between the Einstein theory of gravitation and the Newto-
nian laws has an intrinsic wide relevance and a historical account apart from
a cosmological contest. Starting from the pioneering studies of Landau [63],
Einstein [38] and Fock [43], some famous applications in this sense include the
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precession of Mercury’s perihelion and various solar system tests of Einsteins
gravity theory like the light deflection [99].

The Post-Newtonian theory is the most common and natural way to link

General Relativity with Newtonian gravity. It consists in expanding the Ein-
stein equations with respect to a small parameter representing the ratio of the
velocity of matter to the fundamental speed of gravity; this parameter indicates
the relativistic amount of each terms and is essentially the inverse of the speed of
light [84]. The Newtonian equations are formally obtained in the limit ¢ — oo;
in this case the multi-component metric tensor representing the gravitational
field, can be expressed with a single scalar field, the Newtonian potential. In
this framework, keeping just the O(1/c*) terms of the General Relativistic ex-
panded equations means to consider the first order correction terms and the
approximation is called first Post-Newtonian (1PN) (see [44] for a basic work,
the series of papers of Chandasekhar [25][26]]27][28] and [72][96] as textbook
works).
The validity of such approximation is restricted at physical cases of slow motion
and weak gravitational field regime. The most successful recent applications of
this method are the generation of gravitational waves from compact binary ob-
jects [14], the weakly relativistic evolution stages of isolated systems of celestial
bodies [2] and other important applications in relativistic celestial mechanics
regarding precise measurements of the solar system bodies [16][98]. All these
investigation are based on the PN approximation of isolated systems assuming
a Minkowski background space-time.

In our work we have applied the 1PN procedure in the cosmological contest

of perturbation theory focusing on the density contrast evolution of a cold dark
matter component. Related to this topic we mention same early and more recent
works where different cosmological aspects are analyzed in the Post-Newtonian
scheme: in [91] and [92] the PN equation of motion for particles in the expanding
universe are derived, in [58] the authors clarify the Newtonian role of the Electric
and Magnetic part of the Weyl tensor, in [90] and [70] perturbation theory is
given in Lagrangian coordinates using respectively the 3+1 and 143 framework,
[20] and [53] derive a complete set of field and hydrodynamic equations, other
remarkable works presenting a different PN method are [89][88].
Differently from these works, our way to proceed in the 1PN scheme does not use
the standard iterative approach of all the perturbative theories, this leading to
a different final set of equations with respect to the mentioned previous works.
Therefore our procedure can be seen as a resumming up to the 1PN order.

6.1 Newtonian and Post Newtonian variables

We start considering the metric tensor. We want a homogeneous and isotropic
expanding background where two kinds of perturbation terms are added, both
representing the gravitational content of the theory but at two different levels
of accuracy: the first will give the Newtonian theory (0PN approximation),
the second will give the first relativistic corrections (1PN). As we have already
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noted, the expanding parameter is given by 1/¢, so that we can write

2U 1
g0 = — [1 -5 +ta (2U? — 4@)] (6.1)
a
goi = —3 P;
2V 1 1
9i; = a® |:<1 + CT + 074(2‘/2 +4\I/)> 5,']‘ + C4h”):| .

The space coordinates are here understood as an Eulerian Cartesian system of
reference and, as in all the work, the ¢ factors are written, so that the time
coordinate is given by ct. This particular form of the metric is a generalization
of Chandrasekhar metric [25] (see also [53]). The two scalar variables U and V,
appearing in the lower power of 1/c have a Newtonian character, in fact as we
will see, they are both needed in order to obtain the Newtonian limit. Obviously
the fact that in the Newtonian theory there is only one gravitational potential
tell us that at this level U and V' have to be equal.

The 1PN corrections are written in terms of second order Newtonian quantities
and intrinsic 1PN variables; we have included also tensorial modes, but as we
will see and it is already known, gravitational waves show up starting from the
2.5 order of the PN expansion (i.e. considering up to O(c™®) terms). For this
reason the tensorial variables at 1PN approximation can not be interpreted as
gravitational waves, as we will see they satisfy a constraint equation and do not
have a dynamic equation. Note the scale factor a(t) factorized in the spatial
metric, this gives the flat FRW as fundamental background.

In writing the metric components (6.1) we have decided to consider the Poisson
gauge so that the three-vector P; is divergencefree and h;; is transverse and
tracefree (TT). We recall the six degrees of freedom of Poisson gauge: U and ®
(I dof.), Vand ¥ (1d.of.), P; (2 d.o. f) and h;; (for the TT condition only 2
d.o.f).

6.2 Matter variables

Having defined the basic geometrical quantities and their weight with respect
to the expansion parameter ¢!, we shall look at the matter components.
Using the unitarity of the 4-velocity

guutu” = =1, (6.2)
and the definition of peculiar velocity (2.3) so that

Cdit ditdt o
i 2 BT, (6.3)

T cdr  cdtdr  ca
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we obtain the following 4-velocity components:

= — 6.4
u'=——u (6.4a)
1 1 11 3 3 .
0 __ 2 2 2 2 4 i
(6.4b)
- 1 1, 1 1.5 15, 9 3 4
up =—1+ =2 ( 5V ) + c4 {QCD 2U 5V U—-vV 5? (6.4c)
i 1
U; = av —+ % |:_Pz + UiU + QUZV + ’Ui’U2):| (64(1)
c c 2

The peculiar velocity vector is a perturbed quantity with respect to the FRW
universe, its index is based on the Euclidean three-metric.

We consider the universe filled by a single cold dark matter component.
Therefore the energy-momentum tensor reads

Ty = pcuyu,. (6.5)

Using the previous relations (6.4) we obtain:

Too = pc®+ p(o® —2U) + c% [v* — 48 + 202V + 202, (6.6a)
Toi = —pacvi—kp—ca[Pi—vi(UQ—l—QV)], (6.6b)
T, = 2-4“2—”41/ 2U + v?)vv; — 2P, 6.6
iy = pauij+ g [(4V +2U + v*)viv; — 2Pv5] (6.6¢)
T = —pc (6.6d)

All these quantities are written with the purpose of clearly identifying the two
orders, the Newtonian and the Post-Newtonian.

6.3 Einstein equations

We take the field equations from the standard form of Einstein’s equations:

1 8rG
I [ R
G! = R" 2Rgl, o

T — Agh (6.7)
having included also the cosmological constant.

Expanding in powers of 1/c we retain all the terms up to O(1/c*) obtaining the
following equations:
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time-time component G

1 a\* VvV
—13(%) —2
c? l?) (a> a?

1

)

. . 2 2
. U2
6aV+6(a> U - 4v 2V2(V2)—%VV
a a CL

1 1
= 58rGp+ —4877Gpv2 + A;
c c
(6.8)

spatial component Gg

V* U ,j ) 2 _ LN 2 .
V- . S5 5 <v -, (a> +2a>
a a a a

2 ; 2 ; 1 . 1 . 1 )
5J ] , 37 1
7P P v+ po} U U7 — = Vv,V 4 s U,V

a

1

L a(hi, pi
2 T {_az (Pi +P’i>

ct

1 .. L
. (Pji"i'PiJ) _
ol G
4 9 , ' - .. N 2 - )
+UIV,) + V(U = V) 7+ (2“U+4QU+ 2 (“) U+6V +2V
a ’ a a a a

2 o 2 o 1 k 2 2 |
+5 VIO = SV~ S URUT + VYAV = U) ) + 5 5 V2h]

8rG j
- val , (6.9)
time-space component G?
1 81G
= [—V2P +2 Ui+ V} v . (6.10)
c

From (6.8) and (6.9) we can easily derive the background equations neglecting
Newtonian and post-Newtonian terms :

1 /a\? 18 A
1 /a\? _a
2 (5] +2 | =A (6.12)

where p, denotes the background matter density.

Subtracting these equations from (6.8), (6.9) we obtain the field equations in-
volving only perturbative quantities. The temporal component gives the first
Post Newtonian generalization of Poisson equation:

1V 1 (a.  (a)° 1 5 V2
V(=) U+ =5V(V?) - SV,V,—
o " <a> T3 V) 6a2 "

c? 3a? ct

3a?

4 4
=32 5GPl — 71'pr(1 +6)w?,  (6.13)
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where the density contrast is defined as in the previous chapters § = (p — pp)/pb.
Note that the cosmological constant has disappeared with the subtracting pro-
cedure but it is included in the Hubble expansion a/a.

The trace of the space-space component (6.9) reads

1[2 1
= {QVQ(U - V)} + 5 [AVA(® — U) = 2U,U* = V.,V F 42U,V F
a c a

c2

. . . 2
FAVVE(V — U) + 64 (Z(U +3V)+ 2ZU + (Z) U+ V)

8rG
- —chb(lJr(S)vQ, (6.14)

while the trace-free part becomes

1 a

c2a? 2

2V — @) 7 + U U7 =V, VI U VI + UV +2V(U - V) 7 + iv%g

1
3

2

ULUF = ViV 3

12 2
+67 [3v2(q> — ) UpV* 4 gVVQ(V — U)] }

8rG o1
= —Cpr(l + 6) (Uﬂ}J — 353112) .

Now it is useful to recast the previous equations in order to isolate the scalar,
vector and tensor modes. For the scalar sector let us apply the divergence op-
erator to equation (6.10):

1 _o(a . 1 i
Replacing this equation in (6.13), we obtain the following constraint equation

1V2V2Y 1] 1 5 .
S {VQV%VZ) AR MEE

V2V20U
3a? 6a?

3a?
_AnG

= {—(;V%S - C% [V2((1+6)v®) + 3a(v; (1 + 6))71‘]} . (6.17)

Now, let us apply the operator 9;07 at both sides of (6.15). We find a second

. [(V —U) I+ %VQ(U - V)ag} + 0422{ —a (Pﬁ' + P{i) _ ¢ (Pﬁ + P{i)

(6.15)
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constraint equation, i.e.

41 1 ,k
ST VAVA(Y - 0) = —fv2v2(v )= =5 {0t )" = (v,

+ UV )J’ + (v Ut )J’ - §v2 (URUF) + §V2 (ViVok) — §v2 (URVF)

)

2 [V(V - U)y,j} l’k + §v2 [VVA(V — U)]} - 8:4G {(1 +6) <wﬂ‘ - ;551;2)} .

(6.18)

For the vector sector a constraint equation for P; can be obtained applying the
operator V2 in both sides of eq. (6.10) and using (6.16), i.e

VQVQ% = 167Gapp[((1 + 5)%)’{]€ — V(1 + 8)vy)] - (6.19)

A dynamic equation for P; can be obtained applying the operators V2 in both
sides of eq. (6.18) and the divergence and the spatial gradient in both sides of
eq. (6.15). We get

V2V2 ( P+ P) l4i2 (UU”“J) zz"k -V <Vvll>
() e (v - (ove )l; v (VU )~ (i),

2V [(U = V)'V] =2V [(U = V)Vl } + 82—2/)1, {V2 (1 +6)(vv"

)

—gaf 2)] o [(1 +6) (vgo! — iagvz)} lk} (6.20)

In order to isolate the tensorial modes h;j;, let us apply the operator V2V? in
both sides of (6.15), the operator 9;07 in both sides of (6.18) and the spatial
gradient in both sides of eq. (6.20). We have

I ocaw2;,i L |1 (kg 2 ALk < 2 4kj 2 43k 202 1]
C4vvv;ﬁ:&[az (AR + v2aphel + 2v2 Al +2v2 Al — 292V Al

+87G (SI5 + V2Spiol + 2v2Stj + 292sth - avevis] )| (6.21)
where
; 1
A = U U9 — VYA 4 UV 4 UV, +2V(U = V) 4+ 6 (—3(U,kU,k
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2

VAVA) = SOV + VTV )

S =py ((1 +6) (viv? — ;5502))> :

Alternatively a simpler equation for tensorial modes can be obtained using in
the tracefree equation (6.15) the operator

1 .
Py P = 5PmP} (6.22)

where the projection tensor is defined as P} = 6% — (V?)~19'9;, [72].
The resulting equation is

) ) 1 )
V2h] = -2 (73;73:” - 2795,3?;) R} (6.23)
with

1
R} = 87Ga’py(1 + 6) (vjv! — §5§v2) +U,; U - Vv U vl UMY

2 2
+2V(U — V)J’l + 5; [ (U7kU7k‘ — VJiV’k) — gU,kV,k + gVVZ(V -0)].

1
"3
(6.24)

Therefore, we get egs. (6.13), (6.14), (6.16), (6.17) and (6.18) for the scalar
sector (dependent equations), egs. (6.19) and (6.20), for the pure vector part,
and, finally, eq. (6.21) or (6.23) for the tensorial modes. These equations allow
to determine the metric terms in the first Post-Newtonian approximation.

Let us note that the equation for the transverse traceless component h;;, (6.21)
or (6.23), is a constraint; we do not have a dynamic equation for h;; because of
the approximation procedure.

6.4 Conservation equations

The conservation equations in general relativity are given by the contracted
Bianchi identities
TV  =0. (6.25)

Hv

Therefore, considering the zero component, i.e. when g = 0, and keeping all
terms up to 1/ c? order, we get

S (wip)s 1 [(atp?) 200, . BV -U)s
(a?/j) 4 W), 1 (apf) Favp 4 Ll il _ o
a a C a a a

(6.26)



Capter 6. Post-Newtonian Cosmology 71

Obviously, setting v; = U = V = 0, we obtain that p = p and eq. (6.26) reduces
to the continuity equation of cold dark matter in the cosmic background, i.e.
pv/pp = —3(a/a). Subtracting this equation in (6.26) and defining the total
derivative as dA/dt = A +v'A ;/a, eq. (6.26) becomes

v? (d + vlz) + Bd—v — v
a a dt a

+% [(0+ 1)1;2]} =0. (6.27)

dd 'Uiz' 1
i (5+1)+c2{(6+1)

dt

The spatial component of the Bianchi identity gives:

e + + =z pvv?

4 0\ ) J ows) s . — : ;
(@pvi)  pUi | (Wpui),; 1{ BV =U)s _orPa + pui(3V — U
a a a a

N (poivin?) . (a'pv?v;) L [2atpv;(V +U)] s [poioi(V +U)]

a o a* a
V+U) (a*Pp)  (Pipv); P

Using eq. (6.27) and the continuity equation for p, we can derive the final Euler
equation up to 1PN order:

Ui ﬂ + "UjUZ'U’j 2d

2 an(V +U)]

+’Ui.’+{ 2 2

dt a u CQ *51} 'Ui‘i’v 771)1 dt a adt
V+U), @&, 1d P; jv7
—v2(+)’—2’—(aPi)+J’v}=0-
a a adt

(6.29)

Moreover, considering the O(1/c°) of the previous equation, we can write the
continuity equation in the final form:

ds v, 1 a v v iU, d
= 4 1 — 1 21 24 2 2 Tt 2z
dt+a(6+)+c2{(6+)v<a+a>+3dt - dté
—20* <avi — VZ)} =0

a a

(6.30)

Equations (6.30) and (6.29) are the hydrodynamic equations of motion of a
dust component in the Post Newtonian approximation. Let us note that in
these equations the potential V does not appear in the 0-order part. Moreover
the vector modes P; contained in the Euler equation can not be decoupled from
the scalar modes as is usual in the non-linear theory.
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At this point, after having obtained the field equations and the dynamic
equations, it is crucial to analyze both the limit on small scales and that on
large scales. In fact it is interesting to understand if this approach, so far
formulated, is capable of describing the physics of Newton on non-linear but
small scales, and linear relativistic perturbation theory on scales of the order
of the cosmological horizon. In the next two sections, we will study these cases
limits.

6.5 Newtonian limit

Retaining just the first order in the ¢~! expansion, we naturally recover the
Newtonian theory. From the Einstein’s equations (6.13), (6.14), (6.15), we have

11_, 4G
??V V= - o (6.31a)
12
C—Q?VQ(U ~-V)=0, (6.31Db)
11 (v-0);7 + 1v2(U -V)5l] =0 (6.31c)
c? q? * 3 ' ' '

Equation (6.31a) is the Poisson equation of chapter 2 (2.15¢), from which we
obviously deduce the Newtonian character of V, that is identified with minus
the gravitational potential, V = —¢¢. Equations (6.31b) and (6.31c) are the
constraint equations provided by general relativity, they give the relation be-
tween the scalar fields of the metric to be consistent in a GR contest: as it is
known U must be equal to V', the metric tensor generating Newtonian Gravity
is definitively the weak field metric. Now, from the hydrodynamic equations
(6.27), (6.29), we find

s vt

— 265 +1)=0 6.32
S —E+1) =0, (6.32)
dvi a 1

a + gvi = EU,i ) (6.33)

in complete agreement with the Newtonian continuity and Eulero equation
(2.15a)(2.15b), once we consider U =V = —¢g.

6.5.1 Passive and active approach

The usual way to obtain the Newtonian limit from General Relativity is de-
manding that the space components of the geodetic equation agree with the
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Newtonian equation of motion. This naturally gives that goo = —(1 — 2U/c?)
identifying U with minus the gravitational potential. In fact, as we can see from
(6.32) and (6.33), the continuity and the Euler equations do not need V' so that
it could be interpreted as a Post-Newtonian variable.

This way of think considers the “passive” aspect of gravitation, namely the re-
sponse of matter to gravity [72]: one wants to determine the equation of motion
of a particle in a given gravitational potential.

In this spirit the only needed metric variable is U and the Poisson equation is
obtained considering only the time-time component of the following form of the
Einstein’s equation

&G

1
RH = CT(T“ — §T55) +AdY . (6.34)

v

In fact, at O(c™2), it gives the Poisson equation for U

11, 4nG

In our approach instead we consider the “active” aspect of gravitation, i.e. the
generation of gravity by matter. In fact the cosmological application requires
a self-gravitating fluid so that the field equations become as important as the
equation of motion. Differently from the passive Newtonian limit, where the
geodetic equation determines the order of the metric variables (U as Newto-
nian and Vas Post-Newtonian variable), now the field equations deriving from
all the components of the Einstein’s equation establish the metric order giving
that both U and V have a Newtonian character. This emerges from (6.31a),
(6.31b) and (6.31c) and naturally also from the spatial components of (6.34),
whose trace is

11_, 127G

SRR (6.36)

Clearly imposing V' = 0 would be not consistent with (6.35) unless U = 0.
Therefore, if we want to obtain the Newtonian theory from GR, in the active
picture and so keeping the consistency of all the components of the Einstein’s
equations, we do need to consider both the two scalar potentials U and V as
OPN terms, with the result

U=V =—¢g. (6.37)

6.6 Linear limit

In order to develop a theoretical formalism that allows the combined study of
the universe from large scales, where the relativistic effects are not negligible,
down to small scales, it is fundamental to obtain the linear relativistic cosmo-
logical perturbation theory. In fact, the tiny anisotropies that we observe in the
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Cosmic Microwave Background (CMB) and the matter power spectrum related
to the density small inhomogeneity are well explained by the linear relativistic
theory.

Dealing with the first order perturbative equations, as we well know, the scalar,
vector and tensorial sectors are decoupled so that we can separately look at
the scalar and vector type equations of section 6.3, (as already noted, the 1PN
order is not able to describe the dynamics of tensorial modes that can not be
associated with gravitational waves).

Therefore, starting from the scalar sector and considering only the linear terms,
we obtain from equations (6.13), (6.14), (6.16), and (6.18):

1V 1 (a.  (a)° V2 e
XYy () v D =T 6.38
232 dla " <a> 3a? 3c2 % (6.382)
1

02

{ V(U — v] 1{4v2<1> ) + 6a’ [Z(U+3V)

2 (“) U+V
a a

} =0, (6.38D)

1 ' : 1

§v2 <ZU + V> = S4nGapyf , (6.38¢)
41 12

gc—wv?(qf ) = f—fv2v2(v U) (6.38d)

The continuity and the divergence of Euler equation from (6.30) and (6.29),
after linearization, are

. 0 3.
6 —_— —_— = .
+ ot 5V =0 (6.39)
P U 2 V20
bylg YU 2V _, (6.40)
a a C a

where the convective term in the total time derivative is neglected and partial
and total derivative coincide.
Now, defining the scalar gravitational fields in the following way

¢op=—(U+ c%q)), (6.41)
Y =—(V+ 20) (6.42)

the previous equations become

2
Vipp — Cia [ vp + ( > ¢P] = 4nGpya®s (6.432)
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. . . 2
3a? [Z(QBP +3¢p) + 2%¢P + (Z) ¢p+Up| —Vi(Wp —op) =0,

(6.43D)
v2 (a(bp —+ wP> = —47TGapb9 s (6.43C)
a
1 2 55
223V V(¢P— vp) =0, (6.43d)
.6 3.
5 o ;21/,1, =0, (6.43e)
. 0 2
o1 %0 Y0P _y. (6.43f)
a a

Note from eq. (6.43d) that ¥p = ¢p, this is given by the perfect fluid matter
model we have chosen (null anisotropic stress).

The system above coincides with the set of equations of standard cosmological
perturbations theory in the Newtonian gauge (3.32)[11].

The conclusion of this analysis is important: the 1PN approximation includes
the first order full relativistic perturbation theory so that all the linear terms
coming from General Relativity are just 1PN order; naturally, on the other
hand, the 1PN order terms do not involve just linear terms, there are terms of
second and third order in the perturbations.

This result is due to our active approach to the Post-Newtonian theory, with the
assumption of U and V' as both Newtonian variables, and the simple derivation
of 1PN equations retaining the first two orders in the 1/c expansion, without
any iterative scheme. Indeed, in the other similar Post-Newtonian cosmological
analysis [53], the zero order (OPN) implies that the potential U satisfies the
Poisson equation and so eq.(6.43a) can not be recovered in the linear limit.

In conclusion, let us consider briefly the linear vector sector. Immediately, from
(6.19), and (6.20), we get

P;
V2V2; = IGWGapb[vk:f — V2, (6.44)
L oga (1 a _

Also in the vector sector, the 1PN is able to describe the full dynamics of the
equations of the relativistic linear perturbations theory. From 6.45 one can
easily verify that P; decays very quickly, allowing to conclude that the linear
vector P; can be safely disregarded.

6.7 Non linear set of 1PN equations.

In section 6.3 we found the non linear system of field and matter equations
including the Newtonian terms and the first relativistic corrections. We demon-
strated that, under a redefinition of field variables ¢ p and ¥ p, and keeping just
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the first order in the perturbations with respect to the FRW background, we
obtain the linear general relativistic perturbation theory. We could ask if the
same correspondence applies also at the second perturbative order. Naturally
we do not use an iterative scheme, so the comparison has to be done with the
resummation of GR perturbative theory up to second order.

Let us write Einstein equations (6.13), (6.14), (6.15) and (6.10), using (6.42)
and (6.41),

9 LN\ 2 .
D2 - o

c 3a? 3a
_ G { 8+ Seon(1+ )0 ] , (6.462)
012 LL V2(yp — ¢P>] 416;2 { a 2¢P,k¢p’k - ¢P,k¢P7k + 2¢P,k7/’P’k
. . . 2
+4pV (Vp — pp) —6a> [a (dp +30p) +2%0p + (”) p +p }
a a a
— —%Pb(l + 8)v? (6.46Db)
i[i(as —0p) 7 = 5 Vo —p)sl] o -5 (B4 P
2| 2\YP P 342 P P)9; A a2 \li J

» . o 1 4 .

5, (PJ,Z- + P )+ ?¢P,i¢137] - aﬁwp,ﬂbpd +t3 (¢P,i¢p’] + ¢p’]1/JP,i)
2 g Lol 1 & gy 2 P

+?¢P(¢P —p) ;7 + ?51- —§(¢>P,k¢p —YprYp) — *¢P,k7/1p

s

2 1 ; 8 G
+§¢PV2(¢P - ¢P)} + szhg} T — (14 8)(viv’ — 76J 2

(6.46¢)
1 1, a 2. 871G
= l:—wv Pi - 2¥¢P7i - a@bpyi] = Cpr(l + (5)’()1'. (646(21)

3

We realize that, neglecting the third order matter terms in the right hand sides
of the equations, we can not obtain the second order perturbation theory [69]
because of the lack of some terms; these terms are made of two potential fields
and one or two derivatives respect to the time, they are O(c=?) or O(c™%) re-
spectively. In this we can see one of the most meaningful differences between
the Post-Newtonian approximation and the perturbative approach: it concerns
the role of time. In the PN scheme the time has a dominant importance among
the other coordinates, in fact, following the Newtonian spirit, the absolute time
concept has been restored and the temporal coordinate contributes to alter the
approximation order because of the ¢ factor; in the standard perturbative the-
ory instead the time is considered as a space-time coordinate like the others, in
agreement with the relativistic concept of equivalence between time and space.
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It follows that in our scheme the temporal derivatives always appears with an
extra ¢! factor increasing the perturbative order. For this reason the dynamic
equations are at least one order higher than the constraint equations so that
at Newtonian level (OPN) we do not have the evolution equation for the gravi-
tational potential. Increasing the approximation accuracy and passing at 1PN
order we get the dynamic equation for the gravitational potential but others
variables appear for which we have only the constraint type equation (for ex-
ample the pure tensorial components h;;, only the 2.5PN order provides the
second-order differential equations for such modes).

We can say that, neglecting the third order terms, the system (6.46a)-(6.46d)
is a reduced form of the resummed second order GR equations, in which the
missed terms are those whose effect is mainly relativistic. This comparison is a
new result, due to our particular not standard approach of the Post-Newtonian
approximation.

As we aspect our equations are no more valid at very large scales, where the
general relativistic effects have to be considered; but it is also true that at such
scales the non-linear fluctuations are so small that the linear theory , that we
can correctly reproduce, is the right large scale limit to be considered. On the
other hand our equations better describe the physics at small scales where the
non-linear effects start to be relevant and the second order perturbation theory
is not satisfactory.

As we have seen, both in the Newtonian and the linear limit, we found ¢p =
p (this reduces to U = V at Newtonian order). We say that in the general
case this is not more valid because of some non linear and post-Newtonian
expressions , so we can define:

Dp 1

— == — ; 6.47
2 9 (77[}13 ¢P )a ( )
the new variable D encloses all the post-Newtonian non linearity.

Similarly we introduce the variable

ba = %WP +¢p), (6.48)

that generalizes the definition of the gravitational potential, given in section 6.5.
As we will see later, it is strictly related with the tidal force.
From the analysis of the Euler equation (6.29) we can define a new velocity field

— C—QPZ- , (6.49)
which allows to write the equation of motion in a simpler form. Moreover,
thanks to the gauge condition, we have v i= v*fi and the new velocity can be
used in all the other equations.

With the new variables the time-time component (6.13), the trace (6.14), the
tracefree part (6.15) and the time-space component(6.10) of Einstein equations,
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become:

11, 1] 1, Q. a\? 1y
- il B v 23 | e e -

a3z 96t a1 |52V Dyt odet (a) ¢c =55V ¥

5 ; 4rG 1 1

o . [ 7 (1 *2 )
+6a2¢G,Z¢G ] —5 P LQ(H 64( +0)v ] , (6.50a)
1[4 1 Q- i a\ 2 )
1 7V2DPN - 72¢G,k¢Gvk —6 <4¢)G +2—¢g + <> oa + ¢G>
C a a a a a

81G

= —:pr(l + 6)v*?, (6.50Db)
17 2 J 1o, , 2 2 ko
al e (DPN71'] - gv Dpn 5f> + CT2¢G71‘¢G] - &7¢G,k¢c O
G (p j{)_i ¥ a) e LS

a? (Pl P 2a (R )T 2(12V hi ct po(1+0)

1 .

(v?‘ v = 2] > : (6.50¢)
1 /1 _, a . 871G N
= <2av P+ Qaéf’c@ + 2¢G,i) =3 apy(1 + 6)vy. (6.50d)

The continuity equation and the Euler equation, up to 1PN order, are

§+oz,i(5+1)+;{(5+1) e <Z+va> _3%#}:%4
L (fl‘z . 22) - 2”: (bc,i} =0, (6.51)
d;f + gvf + %d)G,i +Cl2 {—Zv*%j + v: ex +vf% - U;Z*j G
e wioe)+ R 0. (6.52)

This two equations give the matter dynamics and its connection with the metric
fields, that have to be found through eq. (6.50a)-(6.50d). In order to determine
P;, it is more convenient to use the purely vectorial equation (instead of eq
(6.50d)), from (6.19) we have

V2V2% = 167Gapy[((1 + 6)v}) ik — V(1 + 8)v])]. (6.53)

Egs. (6.50a) and (6.50b) are the equations for the two scalars ¢ and Dp, these
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can be arranged in order to have an evolution equations for ¢, and a constraint
equation for Dp. The latter has already been computed, it is eq. (6.17), that
we rewrite with the new variables:

1 V2V2Dp 11 o s L1 _gen 5 o
A 32 —gﬁv Vi(¢c) — o SFV VZ(éc) — &?V (¢c,itG.)

4 2 4 2 *2 sk
—&-@WprV d— @ﬂ'pr [V2((1+6)v*?) + a(v} (1 +6)),] . (6.54)

Substituting the expression for V2Dp from (6.50a), in (6.50b), we obtain the
evolution equation for ¢¢.

1. Q- i a\’ 2 3 2

L 92 D 202y R v 2

a |%ct 2 dc+2-¢c (a) bc + 3a2V (o¢) 5,2 0ci%ci+ 5V ¢
167G 247G N

=~z i+ (148 (6.55)

Finally eq. (6.50c), relates the tensorial modes h;; with the scalar sector of the
metric. The convenient tensorial equation to be used is eq.(6.23) with:

1 2
RL = 8rGa’py(1 + 6)(vjv' — §5§v2) + 20005 — 5§.§¢G,k¢d’“. (6.56)

At this order the post-Newtonian TT tensor and the non-linear post-Newtonian
variable Dp do not have an evolution equations. So we can conclude that the
first correction to Newtonian gravity introduces three not dynamic degree of
freedom (two d.o.f. in h;; and 1 d.o.f. in Dp )and provides the evolution equa-
tion for the gravitational potential.

We end this chapter concluding that the final set of equations (6.50)-(6.52)
provides a good description of the gravitational instability in the quasi non-
linear regime, in particular for fluctuations of intermediate scales. Considering
fluctuations of larger characteristic size the non-linear contributes become al-
ways smaller and our set of equations are almost equivalent to the second-order
equations of perturbation theory. With the growing of the size of the pertur-
bations the difference between these two sets of equations grows, in fact the
regime is becoming relativistic and the standard second-order treatment better
describes the geometrical and matter variables.

Therefore we can think of the cosmological theory of structure formation as
a series of approximated equations describing, in the chosen scale regime, the
clustering process. In the very small scales the non linearity is important and
the correct theory is given by the Newtonian gravity. Considering larger scales
the relativistic effects become relevant and one should use the 1PN theory, which
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preserves the full non-linearity of the matter terms (in the density contrast) and
introduces the first relativistic terms. Approaching the horizon scale the non-
linearity loses importance and the relativistic effects become more relevant so
that one can use the second-order perturbation theory and than, at very large
scales, the first-order perturbation theory.

How much important is the introduction of the 1PN treatment will require
a quantitative analysis that can be done relatively to the accuracy level of the
experimental data and the current capability of the N-body simulations.



Chapter 7

1PN covariant approach: an
outline

7.1 Introduction

In this chapter we analyze the Post-Newtonian expressions of the kinematic
quantities connected with the velocity covariant derivative defined in paragraph
3.1; the Newtonian limit will give the definitions and the results of paragraphs
2.1.2 and 2.1.3.

As we have seen, such quantities are used in the covariant approach to General
Relativity [40], leading to a set of perturbation equations that do not depend
on any defined system [93]. On the other hand, we are studying the Post-
Newtonian approximation in the metric approach point of view [11], starting
from a specific set of coordinates giving the metric components (6.1). Therefore
our purpose is to identify the post-Newtonian terms deriving from that par-
ticular choice of coordinates system. So we will use the covariant relativistic
equations describing the fluid motion through its shear, its vorticity and its ex-
pansion; their Newtonian-like form reflects the compactness of the 143 approach
and the advantage of not using a defined coordinates system. Having already
chosen the metric components, we will not preserve the covariance of the equa-
tions, unveiling the convective and geometric terms up to 1PN order [22][23][24].

7.2 1PN effective time derivative

We want to explicitly find the Newtonian part and the first Post-Newtonian
corrections of the relativistic expansion scalar, the shear, the vorticity and the
acceleration 4-vector. As we defined in (3.4), such quantities are strictly related
with the covariant derivative operator associated with a projection procedure;
the projection into the 4-velocity direction (contraction with u#) defines the co-
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variant time derivative that in section 3.1 we indicated with a dot. Now, keeping
the Newtonian formalism so that the dot denotes the time partial derivative,
we indicate the covariant time derivative operator with D;.

Let us start finding the Newtonian and post-Newtonian parts of this effective

time derivative, acting on a generic tensor o,

Dol = ot . (7.1)

For a scalar field, composed by a Newtonian and a 1PN component in the form?!

oV oPN
= 7.2
a= (72)
from (7.1) and (6.4), the expansion procedure gives:
1d 1[d d 1
D - - N PN N U 2 . 73
WS agt Talat Tat U (7:3)

therefore the 0 order of the effective time derivative coincides with the convec-
tive derivative [82]. In a higher rank tensor the Christoffel symbols are involved,
this reflecting also the Newtonian part in which an expansion term and a geo-
metric term arise; for a vector with Newtonian and post-Newtonian components

1
N PN
g =y + S«
0 2 0
1 1
PN
Qp =~ + oy,
C

we have

dN
dr

1 1[d
Dioy = — { [dt al N — C%PN+U,1‘04(IJ)N

a N
oo + Uﬂ-ozo — av;a } + =

d a . 1
PN oV _ LN pk p ko N
. : N . .7
avio - + < ey > (U + 5 ) V(o + aviag) + 5 (P"; s

]. . 'l)-j
750401% (Pl * + Pkﬂ) + aaoPi — (Vjafv — V:lOz;V + V’kakN&-j)E —+ 2(1)71‘0,0

1
+aoUU,; — apav;(3U 4 2V) + 2(101)2U,i] ; (7.4)

IThe choice of the power of ¢~ ! in the decomposition of this general scalar and of the
following vector and tensor components is in agreement with the 4-velocity vector and the
next results for the scalar expansion, the shear and the vorticity (see (6.4), (7.9)).
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similarly, for a second rank tensor decomposed as

N PN
Qij = acij + ag), )
PN
o = 30
PN
ag; = (ygé :
we obtain
3] [ (-4
<U+ 2112) _ 2Vaalj —&—ak(j ( P ) 2aal(](V‘k|5l)l — 1)61 Vu|§f))
~20)U ) - 2a0i0d) ] (7.5)

Having split the covariant derivative projected along the 4-velocity, we consider
now the orthogonal projection tensor h;;. From (3.1) we obtain

hi = g%+ lv v; + %4 [v'v; (v* +2U +2V) —o'P;],  (7.6a)

n = Lot Cis [0; (v? +2U +2V) — P , (7.6D)
1 1 i

h) = 70—21;2 - [v2 (U2 +2U + 2V) -0 Pi] . (7.6¢)

We do not compute its action on the covariant derivative of a generic tensor,
ie.

Qv
D,

.. _ T v Otﬂ..
S = Ry ot g h Shg (7.7)

but we can easily note that, in the case of the 4-velocity, h” has a fully Post-
Newtonian role, so that at Newtonian level just the Kronecker delta in (7.6a) is
relevant.

7.3 Kinematic Quantities

We recall the relativistic definitions of the shear, the vorticity and the expansion
rate (3.4):

o = Doy, W = Dy, © = D'u,,. (7.8)
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Expanding in powers of ¢! and following our 1PN scheme based on the metric
(6.1), we obtain?

oN 9PN ] oN 1

a Qa . 3a V. 1VV .
6 = 3—+—+5—=3—+—+ [3v+v2+’“’l““+vkvk
ca ca c’a ca ca C 2a
1 U a 3
+ SOk VO + Ok — +3-U + ka,k} ; (7.9a)
2a a a a
acli ao[N o] 2 - 1 2
Oij = Tt T aT T o T @ |V T 55T T AUk V) Uk
a 145 .
—gvk,kij + avy, ;v Uk + av( ) (U 4 2V) + 6;; —ga VUL
1
—§(2V + U)avk,k — %1}171’1}2 — gvl,kvkvo} R (7.9b)
N PN N
o aw; aw;;" W 1 9. 1 9
wij = T g =t g (070 gt + aly) — 2avU )
—av;Vj) = 2avp,5)V = avgug iy vg)] (7.9¢)

The acceleration is the effective time derivative of u, so that, from (7.4), we
obtain for the spatial component:

av; aAlN U, afN av; aAlN U; 1

2t e 2t a=at o o tal2

c c c c c c c ’
+(20;a(U + V) = (aP;) + a(v;iv®) — avogdy] - (7.9d)

A =

Note the background part of the expansion rate and the first term of the accel-
eration; we expect these Newtonian terms because the 4-velocity includes not
only the peculiar velocity, but also the scale factor expanding motion. Conse-
quently the Hubble parameter is the unperturbed term of the expanding scalar
and the combination a/av; + AY is nothing else that the peculiar acceleration
(2.4).
In our zero pressure case there are not forces other than gravity so that, for
the equation of motion (3.18), the 4-acceleration has to vanish. Therefore from
(7.9d) we have

i)i H’Ui U)i

1 . . oy
2t @ T g2 el [—2@; + (2v;a(U 4+ V)) — (aP;) + a(viv?)
—avjvptx] = 0. (7.10)

This equation is an other way to write the Euler equation, that in the previous
chapter we obtained through the Bianchi identity.

2Summation of repeated indices is intended also if both are covariant
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Besides these spatial components whose zero order coincides with the Newto-
nian quantities, we have the time-time and time-space components that are
intrinsically 1PN order:

PN
900 1 1 2
000 = 3 Ba (”i”jyi”j - g”i,i” ) (7.11a)
PN
lor ¥ 1 1 1 1
00;i = 2 = 0—2 (ij,ﬂ)j — §Ui,j'Uj + gvkykvi (711b)
PN
woo = 4 _ (7.11
00 3 1lc)
PN
woi 1
Wi = T 2T T 52 (V5.6 — vi ;) (7.11d)
APN 1 a dAN U,
Ag="0 = | —=¢? —y,—1L Lot 7.11
0 c3 3 { a’ dt * a } (7.11¢)

7.4 The 1PN Raychauduri equation

We have found the Newtonian and the Post-Newtonian terms of the covariant
proper time derivative and of the General Relativistic kinematic variables. Now
we are ready to derive the 1PN expressions for the dynamic equations of such
quantities, by splitting the equations (3.15).

We focus on the Raychaudury equation (3.15a). Using (7.3) and (7.9a) - (7.9d),

we obtain:

1 [doN & N 1(9N)2 L2 N2 N2
C2|:dt+a0 +§T+3a+a((0 ) —(UJ ))+47era—Aa]
1 [/doN (a)? 1 dorN 4
- e 0N_ ") - a2 - 79PN
+c4 K 7 3 . +3a> <U+2v>+ 7 +a

@
a
2 NogpN _ 4 N2 N2 2 N _PNij _, N, PNij
Jr%@ 0 75((0 )* — (w ))VJrg(Uijo —ww )| =0.

(7.12)

Let us consider the Newtonian part, proportional to ¢=2. As we did in chapter
2, we change the time variable from ¢ to a; consequently the velocity vector is
(see (2.26))

u; = (Ha*) ;. (7.13)

Remembering that the quantities with the tilde are those referring to w;, we
obtain
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1 [doN 1 -y N ey N (3 A 3a

— z ) — R

| da +3(9 P2 - @) + a <2+2H2) H?a3
1

Now we can use the background Friedmann equations (6.11) and (6.12) for which
the following expression holds:

3
2 L anGp — A = 4nGpyd. (7.15)
a

Finally, if we use the Newtonian Poisson equation (6.31a), and defining the

rescaled gravitational potential as [18]

2

= 3" (7.16)

we recover the Newtonian expansion equation of chapter 1 (2.34b) without the
pressure term:

1 [doN 1 éN(3 A 0

= %+§(9~N)2+2((5N)2—(@N)2) +— 2+2H2> + V%%

(7.17)

7.5 Tidal field

In chapter 3 we introduced the electric and magnetic components of the Weyl
tensor, whose corresponding Newtonian object is the tidal field [37]. Now we
explicitly find this correspondence extending the analysis up to the first Post-
Newtonian correction.

From (3.10) and (3.11) we get

L1 a0 %
EO() = @ |:6'U \V4 (U + V) - gvlvk(U + V),lk:| ) (718)
1 1 2
EOi = @ ’Uk-(U + V),ki - gviv (U + V) ) (719)
1 1 0ij o 1 1
Eij= = §(V+U),ij+zv (V+U) + —(\I’+‘I))7i,j+§U7iU7j
1 1
+§V,iV,j + U’(iV’j) + ’U(i’U|k|(V + U),j)k — gUﬂ/jVQ(U + V) — UQ(U + V)ﬂ‘j
1 . 1 1 1
—50 i) + 0k Phii — velagyk = 50k gk + 05 | —3UkVie — cURUk
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1 1 1 1 1
_év’kv’k — §Ukpk’” — ivkvl(U + V),kl + §U2V2(U + V) + §V2(¢) + \I’)>:| .

(7.20)

In this case we get simpler expressions if we use the variable ¢ introduced in
section 6.7:

11, ., 4

Eo = g [31} Vg — 3vzvk¢G,lk] , (7.21a)
1 1,

Ey; = 3 VROG ki — gvz’V oa| (7.21Db)

1 1 2
E;j 2 [fbc,u - 3V2¢G} ta [2¢G,i¢c,j + 209G )k + gvinVQQbG

1. 1
—20%¢G.i5 — 3085 + 0k Pz = vl gy = 50k

2 1
+0;5 <_3¢G,k¢0,k - ikaQPk + VPG, kl — U2V2¢G>:| . (7.21c)

For the magnetic part we obtain

1 v v
H;; = 503 [P#,y(z‘ffj) i QUM(U + V)yu(igj) : } ) (7.22a)
1
Hyo = O <c5) , (7.22Db)

Hiyy =0 (;) . (7.22¢)

We can see that there is not a Newtonian component in the magnetic part of
the Weyl tensor, its lower order is the 1PN term of the spatial component. Nev-
ertheless, in order to obtain the Newtonian equations, in particular the tidal
force equation (2.40), we can not simply ignore it. In fact the 1/c-expansion
of the relativistic evolution equation of E;;, eq.(3.20), begins with 1/¢* order,
therefore we must take into account the magnetic part in the first non vanishing
post-Newtonian order 1/¢3. This term is responsible for the non-locality of the
Newtonian theory [58].

With the previous expressions for the electric and magnetic part of the Weyl
tensor, it will be easy to compute the Post-Newtonian expression for the evo-
lution of the tidal field. What we have to do is substituting the components
(7.21) and (7.22) in the relativistic equations (3.20) and (3.21), then we must
use the decomposition (7.5) for the covariant derivative of a second rank tensor.
The result will be the 1PN generalization of the Newtonian equation obtained
in chapter 2, eq. (2.40). Let us note that in order to do this we need to know
the magnetic tensor H;; up to order O (¢7°).
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We conclude this chapter summarizing the main results that we have ob-
tained. Starting from the 1PN metric of chapter 6 we have shown the Newtonian
and the first Post-Newtonian terms arising from the splitting of the covariant
time derivative based on the fundamental fluid-frame four-vector w*. The rel-
ativistic kinematic quantities have been decomposed recovering the Newtonian
definitions at the 0PN order and the first relativistic corrections at 1PN or-
der. The same splitting has been done for the electric and the magnetic part
of the Weyl tensor. As it is known the OPN part of the electric component
coincides with the Newtonian tidal field, whereas the magnetic component has
not a Newtonian counterpart. With the obtained results we have expanded the
Raychauduri equation up to 1PN order recovering the Newtonian expression
at OPN order. While the 1PN fluid-frame kinematic quantities can be found
in literature [53], the 1PN Raychauduri equation is here obtained for the first
time.

Finally we remark that there are important issues about the 1PN method
that will be interesting to investigate, for example the meaning of a gauge trans-
formation in such framework; it is important to understand how the 1PN equa-
tions transform changing the gauge condition, relating other results obtained in
a different gauge [70]. Also it is interesting to develop a gauge-invariant 1PN
formalism.

A further application of the Post-Newtonian theory, connected in particular
with the kinematic approach of this chapter, is trying to find the 1PN Zel’dovich
approximation. This can be done in analogy with how we did in chapter 2 for the
Newtonian case: using the continuity equation (6.51), the Raychauduri equation
(7.12) and the 1PN equation for the shear. It is still not clear how to proceed
in this sense and this constitutes one of our works in progress.

Extending our model at more realistic cases of a non-perfect fluid or multi-fluid
models is a natural continuation of our work, so as considering the radiation-
matter equidensity epoch using the Meszaros approximation.

The final purpose is however to implement the 1PN cosmological perturbed
equations in a numerical N-body simulations, this asks for a full research on
this topic.



Chapter 8

Conclusions

In this thesis we have studied some non-linear aspects of cosmological pertur-
bation theory in view of the hight resolution experimental data from the next
generation galaxies survey and from the Planck ESA’s CMB mission.

After having introduced in Chapter 1 the standard hot big bang ACDM
model of the smoothed universe, we summarized the two approach used to ex-
plain the structure formation in the universe respectively in the super-horizon
scales and in the sub-horizon scales. In Chapter 1 the Newtonian theory of
gravitational instability is presented with a particular emphasis on the kine-
matic approach and the non-local character of the Newtonian theory. Using the
velocity divergence tensor and the rescaled variables, the Zel’dovich approxi-
mation is obtained in a easy way as a consequence of the assumed first order
velocity constantness.

The relativistic theory of cosmological perturbations is presented in Chapter
2. In order to compare with the Newtonian kinematic approach of the previous
chapter, we consider the covariant 143 theory of General Relativity for which
one has not to define a coordinates system. Consequently the equations are
given with respect to an observer’s instantaneous rest frame, in analogy with
the Newtonian Lagrangian picture. We presented also the standard metric point
of view of cosmological perturbation theory, both in Poisson gauge and in a
gauge-invariant formalism.

Chapter 4 shows an application of the 143 gauge-invariant theory in the
case of a fluid with a non-null velocity dispersion. The influence of the fluid
pressure is analyzed in a series of qualitative plots showing the time evolution
of the density contrast with the varying of the barotropic parameter. Two
periods of the universe are taken into consideration, the matter period and
the radiation-matter equidensity epoch. This second case is treated using the
Meszaros approximation, that is neglecting the inhomogeneities in the relativis-
tic component of the universe.

In Chapter 5 we have performed the second-order study of the gravitation
instability process in the small scale case, using therefore the Newtonian theory.
We considered again the period around the matter-radiation equidensity. This
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period is extremely important because it is responsible for the density power
spectrum shape, the main experimental test for the growing of inhomogeneities
in the universe. In fact the different behavior of the matter density contrast
before and after the equidensity leads to the turn over of the power spectrum at
small scales; such turn over, that correctly agrees with the experimental data,
is model dependent so that it is important to investigate the contribution of
the non-linear effects besides that of the considered fluid model. In this contest
it could be interesting to perform the semi-analytical analysis leading to the
theoretical power spectrum both in the second order case and the a-fluid model
case of chapter 4.

The main result of Chapter 5 is the statistical analysis related with the
second-order computation. We found the normalized skewness of the matter
density distribution as a function of the ratio between the generic scale factor
and the scale factor evaluated at the equidensity era. This allows to follow the
skewness behavior from the late radiation era up to the matter dominated era ,
when it reaches the known constant value of 34/7. The importance of this result
is the fact that at the time of decoupling the skewness is already at 86% of its
maximum value; this means that in the CMB we can see a signature of non-
Gaussianity due to the second-order effects. The simplest way to parametrize
the departure from Gaussianity is usually through the fy; parameter. In our
work we set up the first step needed for evaluate such parameter in the case
of Gaussian initial conditions. The research of a total fyr, and so including
also the primordial non-Gaussianity, will be the next investigation to be briefly
concluded.

In Chapter 6 we started a new topic, a more theoretical investigation still
related with the non-linear cosmological perturbation theory but with a further
intrinsic interest on a specific topic of General Relativity: its Newtonian limit.
In a cosmological contest we have applied the Post-Newtonian scheme on the
field and matter equations of a perturbed FRW universe, taking into account
the first relativistic corrections on the Newtonian approximation (1PN order).
Differently from other Post-Newtonian applications where one wants to find the
approximated equations of motion for a particle in a given gravitational space-
time, we have considered the self-gravitational matter case, namely the case in
which the matter is responsible for the geometry of space-time. This requires
to focus on the field equations besides the equations of motion and so a differ-
ent rearrangement of the approximation order for some geometrical variables.
Moreover our method does not use the standard iterative procedure of the per-
turbative analysis where the equations are solved order-by-order, we rather use
a resummed perturbation scheme up to the first relativistic corrections.

The final result is a new set of equations that enable one to describe, in a
almost-Newtonian regime, the collapsing process leading to the first non-linear
structures such as galaxy clusters and galaxy haloes. Moreover at large scale we
can recover the standard linear perturbation theory for the scalar and vectorial
modes so that we can treat a large variety of scales and phenomena within the
same computational technique.

Within the same approximation Chapter 7 is focused on the covariant ap-
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proach. In this chapter we have expanded all the relativistic variables concerning
the covariant gradient of the velocity field in a Newtonian plus corrections form.
The Newtonian Raychauduri equation is therefore generalized to the weakly rel-
ativistic case.

The utility of such study, that until now has been purely theoretical, is that

our equations could be used in the N-body simulations as a valid alternative
to the Newtonian equations. This could be important if one thinks that the
fluctuations relevant for the large-scale structures have not been always much
smaller than horizon scales in the past. For example, the horizon scale at the
decoupling time is of the order of ctgec(l + zgec) = 80h~'Mpc in the present
physical length; considering that the galaxy surveys can cover the region of
several hundred megaparsecs we must consider also the large and intermediate
scales for which the Newtonian theory is not appropriate.
Even if a numerical implementation of our equations is far from being shortly
realized, we have given a theoretical starting point aimed to this scope. Trying
to quantify the relativistic effects understanding whether they are significant
enough to be detected in future observations and numerical experiments is the
scope of a future work.
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Conventions
Symbols Definition
General
a scale factor of the Universe
c light velocity
G gravitational constant
t time
r physical position
X comoving position
Vi physical velocity
vt peculiar velocity
%) peculiar velocity potential
u? rescaled velocity
@ rescaled velocity potential
0] peculiar gravitational potential
H Hubble expansiona scalar
Hy, h Hubble constant and its uncertainty
\Y% gradient
Va comoving gradient
k wave number
0 density
P pressure
Cs sound velocity
1) density contrast
Newtonian
0{}7 Newtonian deformation tensor of v’
o Newtonian expansion scalar of v*
ol Newtonian shear tensor of v
wé’ Newtonian vorticity tensor of v?
6N Newtonian expansion scalar of u?
ol Newtonian shear tensor of u’
G)fi’ Newtonian vorticity tensor of u?
g peculiar acceleration
N Newtonian gravitational potential
N peculiar gravitational potential
Eg tidal force
qNSN rescaled peculiar gravitational potential

rescaled tidal force
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General Relativity

—+++ signature
uro... time-space indices,values 0..3
ijk... space indices, values 1..3
Juv generic metric tensor
K spatial curvature
ut 4-velocity
hyw projector tensor
S proper time derivative along u*
DpS™ s projected spatial derivative
Opws Wy, © shear, vorticity and volume expansion
wH, A vorticity and acceleration vectors
Ryys, Ruv, R Riemann tensor, Ricci tensor, Ricci scalar

CHU’\/(S? E;Ll/7 H/J,l/
Nuvyss Epvy

Weyl tensor, electric and magnetic part
4-D and 3-D permutation tensor

T energy-momentum tensor
0, D energy density and isotropic pressure
Qu> Tuw energy flux and anisotropic stress
Dy, Py Bardeen potentials
Zy, Z Gauge-invariant expansion variables
A, A Gauge-invariant density variables
X, X Gauge-invariant entropy variables
Post-Newtonian approzimation
Uu o Newtonian and 1PN time-time scalar fields
vV, W Newtonian and 1PN spacial scalar fields
P; vectorial 1PN modes
hij tensorial 1PN modes
op effective time-time scalar field
Yp effective spacial scalar field
D, non linear 1PN scalar field
lole’ 1PN gravitational potential
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