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Abstract

This thesis looks into systems of linear wave equations on cosmological backgrounds.
The main aim is to investigate the asymptotics of solutions to such equations, particularly
in the direction of the initial singularity of these background models. As an application,
the past asymptotics of two linear wave equations on a flat Friedmann-Lemaitre solution,
coupled to a perfect fluid, are analyzed. The first equation describes linear scalar pertur-
bations of such a background in the presence of a cosmological constant A. Of interest is
the effect A could have on the asymptotics of these perturbations. The second equation,
on the other hand, represents the equation of motion of a massive scalar field on the same
background. In this respect, the asymptotic expansion, and hence the blow-up profile,
of the relevant physical quantities is derived and compared with previous results.






”Progress in physics can proceed both from tolerance and
intolerance”

C. W. Misner

"Here is a problem with which we must some day come to
grips — at least if we are ever to understand this
phenomenon called gravitation”

R. P. Geroch
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Chapter 1

Introduction: Asymptotics in
relativistic cosmology

Since its birth in 1917, Cosmology, which currently deals with studying the universe
on its largest possible scales, was about modeling the universe using a solution to the
Einstein’s field equations. Based on assumptions made regarding symmetry properties of
the spacetime geometry of the universe, and also regarding its matter content, one gets a
particular solution, and hence a corresponding model. In this respect, many cosmological
solutions had been developed in the early period from 1917 to 1960 [16], most notably
are the Friedmann-Lemaitre (FL) models, which represent non-stationary cosmological
solutions to the field equations, and which later became the mathematical basis of the
current standard model of cosmology [18].

In spite of the big success of the FL. models, and their perturbations, in accounting
for astrophysical observations [44], it is important to remark that they are very special
in the space of all cosmological solutions due to the fact that they are maximally sym-
metric. In other words, they involve spatial sections that are homogeneous and isotropic.
Indeed, many possible phenomena are suppressed by assuming this spacetime geometry.
Moreover, many models, which are very different from a FL one in the past, evolve to
become similar to FL. models for some time, before deviating again from such behaviour
[56]. Hence, these models could also be in agreement with observations, similar to the
standard one. Another important issue is that the universe is not perfectly spatially ho-
mogeneous and isotropic on any scale, so models ”close” to FL ones, in some appropriate
dynamical sense, could be relevant in understanding cosmic structure. In this respect, it
is important to remark that using linear perturbation theory to study deviations from a
FL background could be insufficient, as it excludes a priori important non-linear effects.
Consequently, it becomes important to go beyond the FL. models, and analyze the range
of solutions that could give behaviour consistent with observations. This means studying
cosmological solutions that are spatially inhomogeneous and anisotropic. One important
aim of such analysis is to have a classification of all possible asymptotic states which are



permitted by the field equations near the cosmological singularity, as this would shed
light on how the real universe could have evolved [19]. Moreover, this is also relevant in
assessing the non-linear stability of the FL models [51].

Hence, instead of focusing on a given solution, namely the FL. model, it became an
important task to study qualitative features of the evolution of general classes of cos-
mological models, beyond the FL ones. This includes investigating their behaviour both
to the asymptotic past, where a spacetime singularity is encountered, and asymptotic
future, where models either expand forever or recollapse. This paradigm shift started in
the 1960s by the work of the Russian school of physicists, as represented by Belinskii,
Khalatnikov, and Lifshitz (BKL), which tried to determine the structure of the singular-
ity in a general, inhomogeneous and anisotropic cosmological model, and the associated
dynamics in approaching that singularity [35] [9]. Using piece-wise approximation meth-
ods, they approximated the evolution of a cosmological model by a sequence of time
periods, during each of which certain terms in the Einstein’s equations can be neglected.
In particular, they argued that the ODEs obtained by dropping spatial derivatives in the
original equations should yield a good model of the asymptotic behaviour. Specifically,
they emphasized that the relevant ODEs in approaching the singularity are the ones of
the spatially homogeneous vacuum solutions of Bianchi type VIII or IX. This indicated
that asymptotics in the direction of the singularity are oscillatory. This also implied
that matter becomes dynamically insignificant near the singularity, except for particular
cases [8]. This body of work came to be known as the BKL conjecture. Even though
this conjecture gave important insights into the nature of a generic cosmological singu-
larity, it also received a lot of criticism. One reason, for example, was for its use of local
methods, whereas it was global techniques, which were introduced by Penrose during the
same period, that should have been taken into consideration in analyzing the structure
of the singularity [7].

Shortly after, C. Misner and collaborators used the Hamiltonian formalism of gen-
eral relativity to attack the same problem [40]. In this framework, the field equations
are reduced to a time-dependent Hamiltonian system for a particle, which represents
the universe point, in two dimensions. Then, the analysis proceeds by replacing the
time-dependent potentials by moving potential walls, which reflect the particle instan-
taneously. Interestingly enough, Misner was able to verify the oscillatory nature of the
Bianchi IX model in the direction of the singularity, independently of Belinskii and
Khalatnikov [10]. Moreover, MacCallum [37] used the same techniques to study the
asymptotic behaviour of a class of spatially homogeneous cosmological models.

It is noteworthy that these two approaches resorted to heuristic arguments when
trying to analyze the asymptotic states of general cosmological models, namely ones
that are spatially inhomogeneous and anisotropic, and hence without any symmetry as-
sumptions. This is due to the fact that, in this setting, one has to deal with the full
Einstein’s equations, which represent a system of non-linear PDEs, something which re-
quires an elaborate and careful treatment. In relation to this, a third approach to analyze



cosmological asymptotics came with the work of Collins [15], who formulated the field
equations for spatially homogeneous models as an autonomous system of first-order dif-
ferential equations. Then, asymptotic states for special classes of spatially homogeneous
models were obtained employing methods of the theory of dynamical systems. In this
case, solution curves partition R"™ into orbits, and hence asymptotic states as t — oo,
for example, can be described in terms of sinks, asymptotically stable periodic orbits
or more general attractors [45]. This framework was carried forward by the work of
Bogoyavlensky and collaboratos [12], and Wainwright and collaborators. Particularly,
Wainwright and Hsu [55], based on suitably normalized variables, set a framework to an-
alyze asymptotics of orthogonal spatially homogeneous (OSH) models of class A. These
are spatially homogeneous solutions such that the 4-velocity of the perfect fluid, which is
the assumed matter model, is orthogonal to the spatial hypersurfaces. Later, the frame-
work was extended to more general situations [30].

Turning again to the issue of analyzing spatially inhomogeneous and anisotropic
cosmological models, one of the first classes of solutions to be studied was the so called
Gowdy spacetimes [26]. These are vacuum solutions to the field equations with compact
spatial sections and a 2-parameter group of isometries. Hence, they admit one spatial
degree of freedom. Being vacuum solutions, they could represent idealized cosmological
models for the early universe, when matter was not important dynamically. Progress
started with the work of Liang [34], which analyzed the dynamics of G2 cosmologies,
coupled to a perfect fluid, using approximation techniques, where G2 refers to the 2-
parameter Abelian group of isometries of the model. In this regard, numerical methods
were employed as well [13]. However, an important result came with the work of Isenberg
and Moncrief [32], which used methods from the theory of partial differential equations
to give qualitative results regarding the asymptotic behaviour near the singularity of a
class of Gowdy spacetimes without any approximation. The same year, Wainwright and
Hewitt [31] extended previous methods of dynamical systems to analyze the asymptotic
states of a class of G2 cosmologies with a perfect fluid. In this case, the field equations
get expressed as an autonomous system of first-order PDEs in two independent variables.
Regarding all of these results, it is worth mentioning that such work served to verify or
reformulate some of the statements of the BKL conjecture.

Since the year 2000, much progress has been made regarding cosmological asymp-
totics. For example, Wainwright and collaborators [54] studied asymptotics of completely
spatially inhomogeneous and anisotropic models, the so called GO cosmologies, coupled
to a perfect fluid and a positive cosmological constant A. Also, the authors [36] analyzed
the isotropization of these same spatially inhomogeneous models, both to the past and
future, in the presence of a positive A. They were able to show that there exists an
open set of solutions that approaches the de Sitter state at late times, a result which
confirms the so called cosmic no-hair conjecture. Another example is the work of
Ringstrom [47], which refined previous results on past asymptotics (in the direction of
the singularity) of a class of Gowdy spacetimes.
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Another direction to study asymptotics for the linearized Einstein’s equations is by
looking into linear wave equations on a given cosmological background. This is related to
the fact that the field equations in a certain gauge, the so-called harmonic gauge, take
the form of non-linear wave equations for the components of the metric [14]. Hence, such
a work should represent a first step in understanding the asymptotic behaviour of the
full, non-linear equations. The first result came with the work of Allen and Rendall [3],
which studied both past and future asymptotics of linear scalar perturbations of a flat
FL model, coupled to a perfect fluid. Then, there is the work of Fournodavlos and others
[2], which analyzed asymptotics of the wave operator near the singularity of a flat FL
model and Kasner solution. Another closely-related result is that of Bachelot [5], which
investigated asymptotics of the Klein-Gordon equation on several FL backgrounds. It is
worth remarking that all of these results are relevant for the work of this thesis.

During the same period, Ringstrom [48] developed a method to study asymptotics
of linear systems of wave equations on general cosmological backgrounds, which satisfy
certain conditions regarding the spacetime geometry. The important point regarding
this technique is that it provides a general framework for studying wave asymptotics,
without restricting to a specific cosmological model. To date, this method, along with
some improvements, and specifying to a certain class of equations, has only been applied
to study asymptotics of the source-free Maxwell’s equations on Kasner spacetimes [27].
Hence, in continuing such a work, this thesis deals with studying past asymptotics of the
following two, physically interesting systems:

1. Scalar perturbations of a flat FL. model coupled to a perfect fluid and a cosmological
constant A. This shall represent an extension to the results of [3].

2. A massive scalar field on a flat FL model coupled to a perfect fluid. In this respect,
the results shall be compared to [5].

It is noteworthy that these two systems are linear with different flavours. The first
one comes from the Einstein’s equations, in which the given matter model is coupled
to the background geometry, but the equations are linearized using perturbation theory.
The second system, instead, comes from looking into a scalar field on a fixed background,
hence without any coupling between the spacetime geometry and the field.

So, the plan of this thesis is as follows: In chapter 2, some physical background on
the systems of interest is given, namely on cosmological perturbation theory and scalar
fields in cosmology. In chapter 3, important notions related to the wave equation are
discussed, in particular the notions of energy and Sobolev norms. In chapter 4, the
relevant method to study asymptotics is demonstrated, along with the logic behind it.
In chapter 5, results of the asymptotic analysis of the systems of interest are presented.
Finally, some concluding remarks are given.
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Chapter 2

Physical background on the systems
of interest

In this chapter, the equations of interest, namely those for which asymptotics are to
be analyzed, are derived from physical principles. In particular, for the first system,
linear perturbation theory, as applied to a FL model with a cosmological constant, is
discussed. This also involves looking into the important issue of gauge fixing. For the
second system, scalar fields are studied, along with their properties and equations of
motion, on a FL background.

2.1 Scalar cosmological perturbations of a FL back-
ground

2.1.1 The effect of the cosmological constant on the initial sin-
gularity

The background model of interest is that of a flat FL. model, hence spatially homogeneous
and isotropic, coupled to a perfect fluid and a cosmological constant A. As mentioned
before, the choice of this particular model is motivated from astrophysical observations.
Regarding the cosmological constant, it is interesting to remark that it always had a
controversial role in cosmology since the birth of the field [17]. Relevant to our asymptotic
analysis is the effect, if any, of A on the initial singularity of the background model. This
can be seen from looking into the Raychaudhuri equation, which describes the evolution
of the expansion of a congruence of timelike curves in the direction of the unit tangent
vector field. In fact, it represents the fundamental equation of gravitational attraction.
In this respect, the family of spacetimes (M, g) of interest is that of globally hyperbolic
ones. These are solutions with the fundamental property that they can be foliated by a
1-parameter family of spacelike hypersurfaces (¥;);cr. This indicates that there exists a
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smooth, regular scalar field £ on M, such that each hypersurface is a level surface of £
[25]. In other words

vVt € R, Y= {p e M,tp) =t}

It follows that the topology of such spacetimes is M = R x 3. Hence, these solutions
can be understood by looking into physical quantities that are tangent (spatial) or normal
(temporal) to ¥, which is the (3 + 1)-splitting of these spacetimes. Based on this,
coordinates on M can be fixed by first choosing spatial coordinates z° = (2!, 2%, 2%) on
each 3, such that they vary smoothly between neighboring hypersurfaces, then adding

the fourth coordinate ¢t. This yields

= (t, 2!, 2%, 2%). (2.1)

One important geometrical quantity related to the spatial hypersurfaces is the unit
timelike normal, defined as

ot
n, X %, (22)
such that n,n* = —1. As a consequence of normalization, it follows that [25]
n:=—NVt, (2.3)
or in components
n, = (—N,0,0,0), (2.4)

L L \—1/2
where N = (—Vt . Vt) is called the lapse function, and n indicates the 1-form

associated with the vector field n. It is noteworthy that the minus sign is to guarantee
that n is future-directed when ¢ increases to the future. Similarly, the components of the
corresponding vector field are given by

nt = N1 =8t -5 %), (2.5)
where 3% give the components of the shift vector field 3, which represents the spatial

displacement of the curve of constant x’ (to which the time vector 8; is tangent) from
the unit normal n. This indicates that

Using coordinates (2.1), the decomposition of the spacetime metric g can be expressed
as

Gudrt @ dr¥ = —N?dt @ dt + v;;(dz’ + p'dt) @ (dz’ + Fdt), (2.6)
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X' = const.

Figure 2.1: Lines of constant z° cutting through a foliation ¥, defining both 8, and 3
[25].

where ;; represents the induced metric on the spatial hypersurfaces X.

To be able to look into the Raychaudhuri equation, a smooth congruence of timelike
curves is considered. Such a congruence is parametrized by the proper time 7, and admits
n as the unit tangent vector field. In this setting, a quantity of interest is the covariant
derivative of n, which can be decomposed uniquely as [39]

Ny = By — auny, (2.7)

where B, represents the spatial part, namely B, n” = B,,n* = 0, and a,n, represents
the mixed spatio-temporal component, where a, = n“n,,, is the 4-acceleration of the
congruence. For a smooth one-parameter family of curves v4(7) in the congruence, an
orthogonal deviation vector £* from a reference curve vy can be defined. It represents

an infinitesimal spatial displacement from vy to a nearby curve. Then, it can be shown
that [57]

nafﬁ;a = Bﬂaga-
Hence, B, represents the failure of {* to be parallelly propagated in the direction

of the unit normal. This can be understood as the curves near 7, are being stretched or
rotated due to B,,. Consequently, this spatial component can be decomposed as [39]

1
B, = 5973“,, + o + W, (2.8)

where
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e 0 :=n', represents the overall expansion, or contraction, of the congruence.

P = g + nyn, represents the induced spatial metric.

O 1= %Pua'])yﬁ(na;g +nga)— %OPMV, which is the symmetric traceless part of B,,,
gives the shear of the congruence.
1

Wy = Epuapyﬁ(na;g — ng.q), which is the anti-symmetric part, gives the rotation

(twist) of the congruence.

and P,” : T(M) — T(X) represents the projection operator on the tangent space of the
spatial hypersurfaces. Another quantity that is relevant for the geometry of ¥ is the

extrinsic curvature K, also referred to as the second fundamental form, defined as

1
Ky =P, iy = S0P + O, (2.9)
where w,,,, did not appear because it vanishes automatically for any congruence with unit

tangent defined by equation (2.3), according to Forbenius’ theorem [46].

Based on this, the Raychaudhuri equation is given by the taking the trace of the
covariant derivative of n,,, in the direction of n to have an evolution equation for the
expansion . This yields [18]

de 1
E = —592 - O'HVO'MV + (.U;u/wl“/ + a#;'u, - Rul/nuny' (210)

The last term on the right-hand side can be related to the matter content of a given
spacetime and a possible cosmological constant through the Einstein’s equations, which
are expressed as

1
R, — §Rg,“, + Ag = 87GT,.

Taking the trace, it follows that

R =4A — 87GT.

So, contracting the field equations two times with n* yields
1 1
R,,n'n” = 8rGT,,n*n" — 5(4/\ —8nGT) + A = 8nG(T,,n*n" + §T) —A.
Hence, the Raychaudhuri equation becomes
de 1

1
o= —§6’2 — 00" + w W +a,, — 8wG(T,,n"'n" + §T) + A. (2.11)

14



Employing equation (2.11), a singularity theorem can be given as follows [18].

Theorem 2.1 (Irrotational geodesic singularities) If for a congruence of time-
like curves A < 0; (T,,n'n" + %T) > 0 for a unit timelike vector field n*; a* = 0;
wuw = 0; and 6y/3 > 0 at some time sy, then a spacetime singularity, where either
6 — oo or g, — 00, occurs at a finite proper time 1o < 3/6y before sg.

It is worth mentioning that this theorem represents a fundamental result, as all
subsequent singularity theorems always used it as an essential ingredient, along with
other conditions regarding the global structure of spacetime [29]. To see the relevance of
this theorem for the chosen background of interest, the spacetime metric needs first to
be specified. This is given by [39]

grr = —a’dn @ dn + a*6;;dr' @ da’, (2.12)

where 7 € (0,00) is the so called conformal time, a = a(n) is the scale factor, and d;;
represents the flat metric on T?. Two important remarks are in order. First, the cosmic
time, as measured by observers at fixed comoving spatial coordinates z?, is given by

t= / a(n)dn.

Second, the choice of spatial topology, namely the 3-torus, is made to have compact
spatial sections without a boundary, a setting which is desirable for simplifying mathe-
matical calculations, as it implies spatial hypersurfaces which are bounded in extent and
contain finite matter [50]. This is also related to the application of the relevant method
of analyzing asymptotics, as it will be demonstrated in chapter 4.

The FL models are globally hyperbolic, with a foliation given by constant n-hypersurfaces
¥, in the case of (2.12). Hence, coordinates can be fixed as

z® = (n,a', 2%, 2%).

Comparing (2.12) with the decomposition (2.6) yields the following

N =a, ﬁi =0, Yijg = a25ij-

Consequently, components of the unit normal n are expressed as

n* = (a"',0,0,0), (2.13)
using (2.5), and similarly

n, = (—a,0,0,0). (2.14)

From (2.14), the following can be calculated, utilizing the previous definitions

15



v 00 17
0= g"nu, =g noo + g'ni;

= a2 (=)0 — Ty(—a)] + 0207 [T (~a)] 015
a/
= 3§ = 3H,
where ' = a%, and H is the so-called Hubble parameter. Alternatively, the conformal

Hubble parameter H is defined as

H =aH.

Similarly, and as expected from symmetry of the background, it follows that
0 = 0. (2.16)

Moreover, for the components of the acceleration, it can be shown that

ag = noun” = nooen’ + ng;n’

= (noo — Igono) n’ + (=Tgino) n’
(1 ’
a a
and same thing for a;.

To complete the picture, it is necessary to look into the matter model of the back-
ground solution. As stated before, the relevant model is that of a perfect fluid with a
4-velocity given by [39]

(2.17)

dxt
b 2.18
“ dr’ (2.18)
such that uu, = —1, and 7 represents the proper time along the flow lines of the fluid.
From the definition, it follows that
u" = (a™*,0,0,0), (2.19)

where the fact that N = d7/dn has been used, along with the vanishing of the spatial
part of the fluid 4-velocity as a consequence of the background symmetry [25]. This
implies that

u = n. (2.20)

The other important quantity for specifying the matter model is the corresponding
energy-momentum tensor, expressed as [39]

16



T = (p+ P)uyu, + Py, (2.21)

where p and P are the matter energy density and isotropic pressure as measured by an
observer comoving with the fluid, respectively. Based on (2.21), it follows that

1 1
8rG(T,,,n"n" + ET) =8rG(p+ 5(—p +3P)) = 4nG(p + 3P). (2.22)

To be able to go forward, an equation of state for the perfect fluid has to be specified.
The standard choice in cosmology is that of a linear, barotropic equation of state [41]

P = wp, (2.23)

where w is a constant belonging to the interval [0, 1]. This implies a constant adiabatic
speed of sound propagation in the fluid. Values of w that are most relevant in cosmology
are w = 0, which represents non-relativistic gas with zero pressure, or the so called dust,
and w = %, which represents ultra-relativistic gas, or radiation. Consequently, (2.22) can
be re-expressed as

1
8rG(T,,,n"n" + §T) = 47Gp(1 + 3w), (2.24)

which is non-negative for the indicated range of w. Such a condition for a given matter
model is referred to as the strong energy condition.

Hence, taking the previous results into consideration, and neglecting the cosmological
constant A for a moment, it follows that theorem 2.1 indeed applies to an expanding FL
model coupled to a perfect fluid, where in this case the singularity § — oo corresponds
to a — 0. However, a positive cosmological constant that is big enough in magnitude
with respect to p+ 3P can have an effect on preventing the singularity !. For this reason,
Geroch [23] argued that for closed universes, namely spacetimes that contain compact,
spacelike 3-dimensional submanifolds, in the case of a negative A, there shall be no non-
singular closed-universe solution in the set of all solutions. This is closely related to the
fact that for a closed universe, without any cosmological constant, there are theorems
guarantying that it must be singular if it satisfies generic conditions, and if causality
is not violated. Based on all of this, it would be interesting to see if a similar pattern
holds for linear perturbations of this background, namely if A has any effect on past
asymptotics of linear perturbations of a FL. model.

2.1.2 Linear cosmological perturbation theory

Perturbation theory was introduced in cosmology with the aim of trying to account for
complex structure in the universe, ranging from stars and galaxies, and up to clusters

Tt is worth remarking that such a possibility is excluded for the physical universe based on observa-
tions [18].
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and super clusters of galaxies [39]. This is due to the fact that, being spatially homo-
geneous and isotropic, the FL. models cannot account for any type of cosmic structure,
even though being successful in describing the average expansion and evolution of the
universe on large scales. So, instead of considering directly spatially inhomogeneous
and anisotropic solutions to the non-linear field equations, a simpler strategy would be
adding spatial inhomogeneities and anisotropies perturbatively, order by order, to the
rather spatially homogeneous and isotropic background.

A relevant issue in carrying out such a procedure is that of choosing coordinates
or a gauge. In particular, this amounts to choosing a mapping between events in the
spatially homogeneous background and those in the inhomogeneous, perturbed universe.
The problem is that such a choice is not unique, something that allows for different
descriptions of the same physical phenomenon. Moreover, this leads to introducing extra,
or unnecessary degrees of freedom that could be mistaken for physical perturbations [24].
All of this follows from splitting quantities of interest into a background and perturbation
[39]. This issue of choosing a gauge, the so called gauge fixing, will be discussed in
more detail in the next section.

In particular, and as discussed in the previous section, the background model is
chosen to be a flat FL. model coupled to a perfect fluid and a cosmological constant A.
Hence, it can be assumed that physical quantities can be decomposed into a background,
which depends only on the conformal time 7, and perturbation, which depends on both
n and x’. In other words, for a general tensorial quantity T(n, z'), the following split is
assumed [39]

T(n, 2%) = To(n) + 0T (n, 2"). (2.25)
By virtue of perturbation theory, it follows that

. o e .
0T (n,2') = —0Tu(n, 2"), (2.26)
n=1 ’

where n indicates the order of perturbation, and € is a small parameter to keep track
of the expansion. In linear perturbation theory, only expansions up to the order of €
are considered. In what follows, the parameter € is going to be omitted, so that the
equations do not become too complicated.

As indicated earlier, the background model can be foliated by a one-parameter family
of spacelike Cauchy hypersurfaces ¥,. As a result, this motivates splitting quantities of
interest into a temporal part and a spatial part. So, for a general 4-vector U*, this is
expressed as

u* = u,
where U represents a scalar on the spatial hypersurfaces. In addition, based on the
Helmholtz theorem [1], U* can be decomposed as
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U =o6"U; + U

vec)

where U is a scalar, curl-free part, and U’ is a vector, divergence-free part. Again, the
designation as a scalar or vector refers to behaviour from the point of view of transfor-

mations on the spatial hypersurfaces [39].

In a similar fashion, a general rank-2 tensor can be split into a temporal part, spatial
part, and mixed part. In this case, the mixed part would represent a vector. One of the
most important tensor quantities is the metric tensor g,,, for which perturbations are

defined as [39]

3900 = —2a°¢, (2.27)
890 = a*B;, (2.28)
59,‘]‘ = 2a20ij- (229)

The Hodge theorem [1], along with the Helmholtz one, allow to decompose the 0 — i
and ¢ — j components as follows

1
Cij - _w(sl] + E,ij + F(Lj) + ihij, (231)
where

e ¢, B, and E represent scalar metric perturbations. As indicated before, these are
curl-free by construction.

e S, and F; represent vector metric perturbations. As before, these are divergence-
free.

e hj; give tensor metric perturbations, which are both transverse (divergence-free)
hi;? = 0 and trace-free h = 0.

Given that S; and F; are divergence-free, they are subject to 2 constraints. Also, h;;,
being divergence-free and trace-free, is subject to 4 constraints. Hence, the total number
of degrees of freedom of the system is 16 — 2 — 4 = 10, as expected.

The reason for considering these three types of perturbations is that the correspond-
ing governing equations decouple at a linear order. Hence, each type can be investigated
separably [33], a property which does not hold at second and higher order expansions.
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This is due to the fact that the evolution equations of each type of perturbation still
decouple at higher orders (n > 1), but they are sourced by terms composed of perturba-
tions of lower order [39].

Now, employing equations (2.27)-(2.29), expansions for the components of the metric
tensor g, at a linear order, based on (2.12) and (2.25), can be given as

goo = —a*(1 4 2¢y), (2.32)
goi = a* By, (2.33)
gij = a2((5ij —|— 201,”) (234)
From the fact that
g,uugy)\ = 6u/\7

similar expressions for the components of the inverse metric g can be derived. Another
way of looking into this is by remarking that ¢, represents perturbation of the lapse
function N, and that B;; represents perturbation of the shift vector field ;. This can
be seen from expanding both N and f;, according to (2.25), and employing the decom-
position (2.6) of g,,. For the lapse function, it follows that

N = Ny + 0N;.

So, at a linear order

N? = Ny2 4+ 2NydV;.

Given that goo = —N?2, where the term ;8% is neglected because it is second order,
it follows that

—N02 — 2N05N1 = —CL2 — 20,2¢1,
which yields

Similarly for f;
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5511' = CLQBM'

Now, recalling the (3+1)-decomposition of g* [25]

1 B

T N2 N2
[ g—
B i B
N2 ’7 N2

the expression for ¢"°, for example, can be given as

ON
g% = —Ny~ [1 + 2—1} = —a?[1 —2¢y]. (2.35)
No
Similarly, the other components are given by [39]
¢% =a%By", (2.36)
g7 = a ?[0" — 2C,"). (2.37)

Just as the components of the metric define the unit timelike normal to constant 7-

hypersurfaces n, same thing also holds regarding its perturbations. So, based on equation
(2.4), it follows that

n, = (—N,0) = —a(l + ¢,,0). (2.38)

In a similar fashion, and based on (2.5)

nt = (% —%) =a ' (1—¢1,—B"). (2.39)

For the different parts of the covariant derivative of n, similar perturbative expressions
can be given. For example, the expansion 6 can be calculated as

.. ’ ’ a/ ’
0= goo’flo;o + g”nm— = —a_2[1 — 2¢1] |:—a (1 + Cbl) — aqbl — (Z + ¢1 ) 1 + qbl

}
o)

2.40)

a*2[5ij — QClij] |:Cl(1 + ¢1) ((% - 2%¢1) 51']' + Clij, —+ Q%Cuj -

l\:)ln—
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which eventually gives

1 ’ ’ 3 )

- {3@_ — 3a—¢1 + Cu' — Bli,Z:| : (2.41)

al|l a a

Recalling that
Ci' = =3¢, + V°Ey, By' = VB,
the result becomes
3 1,
0:5 H—H¢1—¢1+§V01 s (242)

where V2 denotes the Laplace-Beltrami operator on the spatial sections, and oy = By —
By defines the shear potential. This quantity can be better understood from calculating
the scalar part of the shear, which gives [39]

1
0145 = (azaj — §613V2) aoi. (243)

It is also worth remarking that perturbations of the scalar curvature of the spatial
hypersurfaces ¥ are related to the scalar metric perturbations ¢ through [39]

4
PRy = gv%l. (2.44)

Regarding perturbations of the matter model, it is worth reviewing first a couple
of important elements from the (3+1)-decomposition of perfect fluids. Based on the
previous definition of u, the fluid velocity relative to the unit normal n, denoted U, can
be defined as [25]

ae
U:=— 2.45
dT, ( )

where df represents the spatial displacement of the fluid flow lines from the congruence
of n, and 7 is the proper time along that congruence. Based on the definition, it follows
that U is tangent to X, namely

Utn, = 0.
Hence, it follows that u can be decomposed as

u=I(n+U), (2.46)

where the Lorentz factor I' = (1—U*U,)"/? represents the proportionality between proper
time along the congruence of n and proper time along the fluid flow. U can be further
decomposed by introducing the fluid coordinate velocity
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dx
Vi=—, (2.47)

dn
where dx represents the spatial displacement of the fluid flow from the curve of constant
comoving spatial coordinates z'. Given that this curve drifts from the unit timelike

normal a distance of Bdn between n and 1 + dn, then the following holds

dl = Bdn + dx.
Dividing by dr, it follows

1
U=5(8+v). (2.48)

Inserting this expression back into (2.46), the components of u get expressed as

I v
wt = (N’ %) . (2.49)

Invoking the previous expansion of N, and noticing that the Lorentz factor is of
second order, the following expansions of u* follow

u =a Y1 —¢), (2.50)

u' = a v (2.51)
Using equations (2.32)-(2.34), the components of u can be calculated. Similar to
what has been done before, the Helmholtz theorem can be employed to give

v =0 + v,

vec)

where v!_,, being divergence-free, represents vorticity of the perturbed fluid. Based on

(2.48), it is worth remarking that for the choice of coordinates called the orthogonal
coordinate system, where B = 0, U and v are proportional [39].

The other important ingredient to fully understand the perturbed fluid is perturba-
tions of the energy-momentum tensor 7),,. For example, the Ty, component is calculated
as

Too = (po + Po + 6p1 + 6P )a*(1 4 ¢1)° + (Py + 6 P1)[—a?(1 4 2¢1)],
= a*(po + 0p1) (1 + 2¢1), (2.52)
= a®[po + 6p1 + 2po¢hn].

Similarly, the other components are evaluated as
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Toi = a*[—vii(po + Po) — poBui, (2.53)

Ty; = a*[Podij + 2PyChij + 5 P1dy;). (2.54)

Finally, it is noteworthy that for a general fluid, there is an extra piece in the energy-
momentum tensor, namely the anisotropic stress tensor 7,,. Such a quantity is defined
subject to the following constraints [39)]

v_ T
T’ =0, ", = 0.

2.1.3 Gauge transformations and gauge fixing

As indicated earlier, splitting variables into background and perturbation introduces an
ambiguity in identifying spacetime points of the perturbed universe based on spacetime
points of the background. This is due to the fact that there is freedom in choosing a
specific gauge that relates the two spacetimes, and hence this procedure is not covariant
[39]. So, for this whole perturbative analysis to work out, it is necessary to eliminate
the gauge dependence from expressions of perturbations, something that will be shown
shortly after.

In this respect, it is important to recall some background on coordinate or gauge
transformations. In particular, it is more convenient to do this in a geometric, coordinate-
independent way, and then fix coordinates later to do calculations [38]. Starting with a
one-parameter family of 4-manifolds M, embedded in a 5-manifold N, it follows that
each one of these manifolds can be interpreted as a perturbed spacetime with respect to
an unperturbed one given by M. Then, an identification map

PE:MO_>M67

can be introduced, which relates points in the two manifolds. This identifies a vector
field X on N, such that points lying on the same integral curve v of X are regarded to
be equivalent. Fixing coordinates x* on M, and parameterizing v by ¢, then coordinates
on N can be given as {24 = (2#,€)}, where A =0,1,..,4 and = 0,1, .., 3. This vector
field X induces a local one-parameter group of transformations of A/, denoted ¢,, which
can be expressed as [4]

¢e : Mo —>M6.

Based on this, a choice of gauge, or gauge fixing, is just a choice of a particular vector
field X, which relates My and M.. Indeed, X is referred to as the gauge generator. In
this respect, there are two approaches to demonstrate the issue of gauge dependence,
the active and passive approaches [38]. For the active approach, a vector field X, which
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maps a point p € Mg to a point u € M, and a vector field Y, which maps a point
q € M to the same point u, are identified. Then, a gauge transformation in this case is
defined on M, and hence it is evaluated at the same coordinate point. In the passive
approach, instead, a point p € M, is fixed, and a gauge choice X identifies it with a
point ¢ € M., whereas another choice Y identifies it with a different point u € M.. So,
the gauge transformation in this case is defined on M., and it is carried out at the same
physical point. This is explained diagrammatically in figure 2.2.

Figure 2.2: Active (right) v.s. passive (left) approach to gauge transformations [38].

Having discussed the two approaches, it is the active approach that is going to be
utilized in discussing the behaviour of different quantities under gauge transformations.
The basic relation relating transformed (tilted) and original variables is the exponential
map, defined as [39]

T = T, (2.55)

where ¢ is the vector field generating the transformation, and £, denotes the Lie deriva-
tive with respect to £&. Component-wise, it can be expressed that

¢ = ell, (2.56)

and hence the exponential map gives

exp(ﬁg) =1+ 6651 (257)

Now, T can be expanded according to equation (2.25), which gives the following
expressions upon comparing with (2.55)

T, = T, (2.58)
0T, = €(6T + L, Ty). (2.59)
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These equations show clearly that background quantities remain unaffected, whereas
perturbations receive gauge dependence.

Using equation (2.59), the transformation behaviour of different tensorial quantities
can be investigated under gauge transformations. For this purpose, components of the
generating vector field &' are split into a temporal part, and a spatial scalar and vector
parts as [39]

& = (on, b1, + 7Y, (2.60)

where as usual 'yli’i = 0. The simplest case to consider is that of 4-scalars. Taking the
energy density of the fluid p as an example, it follows that

6p1 = 0p1 + Le po = 0p1 + a1py, (2.61)
which is completely specified by fixing the temporal gauge ;.

For 4-vectors, applying (2.59) to the fluid 4-velocity u* gives

Sury = Suy + Le, top, (2.62)

Recalling that for a 1-form w,,, the Lie derivative is evaluated as [14]

ﬁilwu = wﬂyaf(ll + waf?,w

it follows that

(S/U\l; = 5U’1M + uguozl + UOocé.(ll“u (263)
For p =i, this relation gives
V1 + B\l/z = vy + Bl — oy (2.64)

As it will be shown later

E; = By; + & — oa

)

Substituting this into (2.64) yields

V1 = U1 — &Y (2.65)

Considering the corresponding scalar and vector parts, it follows that

&= -8, (2.66)
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Uiec(l) = Uf)ec(l) - 711' . (267)

Similarly, equation (2.59) can be employed to calculate the transformation behaviour
of general tensors, in particular the metric tensor. An essential ingredient is the following
fact for a (0,2)-tensor field h,, [14]

Efl h,m/ = h,ul/,ag(ll + haué?”u + huaﬁiy-

Hence, for dggg, which is a scalar, it can be calculated that

—_—~— B , ,
9900 = d9g1y00 + 90)0021 + 29(0)0047, (2.68)
= 0g(1y00 — 2aa’ oy — 2a%a).
From (2.27), it follows that
$1 = b1 + Hoy + . (2.69)

It is worth remarking that the same equation follows from (2.63) by setting p = 0.
Following the same procedure for dg,; is a little bit more involved, as this perturbation
contains both scalar and vector parts. Applying (2.59), it follows

—_——

dg(1)0i = 09(1y0i + J(0)0001,i + g(o)qf{ ; (2.70)
= 59(1)01 — CLZO{LZ‘ + a2£ii.

Based on (2.28), it follows that

Bvu = By —aq; + & (2.71)

which is the equation encountered above. Taking the divergence to eliminate the vector
part, the equation yields

By =B, —ai + B, (2.72)
Subtracting this from (2.71) yields the following

Sti = S1i — ;- (2.73)
For 0g;;, applying (2.59) gives
59(1)ij = 59(1)ij + gfo)ijal + g(O)ikgf,j + g(o)kjff,i- (2-74)
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From (2.29), it follows that

CA'qu = Chij + Hadij + &1 j)- (2.75)

To analyze the transformation behaviour of the scalar part of Cj;, it is convenient to
first take the trace

—3y + V2E, = =3¢y + V2Ey + 3Hay + V25, (2.76)
then acting by the operator 9’9’ on (2.75) to get a second equation as

~V + VAV2E, = —V, + V2V2E| + HV?ay + V2V24,. (2.77)
Based on (2.76) and (2.77), it follows that

U =1 — aH, (2.78)

E, = E\ + b1 (2.79)
To get an insight into the vector part, the divergence C;;’ of (2.75) is calculated as

— —— 1_,=~ 1 1 1
—y;+ VQEI,Z’ + §V2Fli = =1+ VZEL@' + §V2Fu +Ho; + §V2§1i + §V251,i- (2.80)
Inserting the expressions from (2.78) and (2.79), the equation gives

Fi; = Fui + . (2.81)
Finally, by substituting (2.78), (2.79) and (2.81) into (2.75), it can be verified that

il;'; = hqyj, (2.82)

hence they are gauge invariant.

As it will be useful later, it is worth mentioning the transformation behaviour of the
scalar shear potential, 0; = E| — By, and the combination v; + By as

0’:/1 =01+ Qa, (283)

01+ By = v + By — . (2.84)
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As was shown by equation (2.59), transformations of perturbations have dependence
on the chosen gauge. Indeed, if it occurs that a given perturbation transforms as the
Lie derivative of a given background quantity, then it does not represent an actual
physical perturbation, but it is a fictitious one, as physical observables should not depend
on the choice of coordinates. However, combinations of suitable matter and metric
variables can give rise to gauge-invariant quantities, which coincide with metric and
matter perturbations in a specific gauge [39] 2. It is important not to confuse this
with the notion of gauge-independence, as exemplified by the behaviour of tensor metric
perturbations hy;;. For this reason, gauge-invariant expressions are constructed only for
scalar and vector perturbations.

One particular choice of gauge which yields gauge-invariant quantities, and which will
later prove useful in deriving evolution equations for the perturbations in the next section,
is the so called longitudinal, orthogonal zero-shear, or conformal Newtonian
gauge. This is implemented by choosing to work with spatial hypersurfaces of vanishing
shear o;; [39]. Looking into scalar perturbations, and recalling equation (2.83) for oy,
this implies that

A1y = —01 = B1 - Ei, (285)

starting from an arbitrary gauge. To completely fix the longitudinal gauge, equation
(2.85) is complemented by the choice Ej, = 0, which, from the previous requirement,

implies that By, = 0. Recalling (2.79), this gives

Pre=—Ey. (2.86)

Having fixed oy, and [y, expressions of scalar metric perturbations ¢, and 1, in this
gauge can be given as

b1 = ¢1 +H(B1 — E}) + (B, — B, (2.87)

Vi =t — H(B, — EY), (2.88)

which agree with the gauge-invariant Bardeen potentials ® and ¥ [6]. Considering gz/qg,
for example, and recalling (2.69), (2.72) and (2.79), it follows that

61+ H(B1 — Ey) + (Bi—Ey ) = ¢ + Ha + of + H(B — a1 + B} — B} — )
+(Bi—an+ B - B =5y
= ¢1+H (B — E}) + (B — Ey),

°In mathematical terms, what is important is not the vector space of solutions to the linearized
equations, but its quotient by the linearizations of 1-parameter families of diffeomorphisms, or the so-
called gauge transformations. So, looking into gauge-invariant perturbations amounts to representing
this quotient space as a subspace.

29



and similarly for ¢,. From (2.61) and (2.66), it can be shown that

Spie = 0p1 + (Bi — E})pf, (2.89)
U= + B, (2.90)

which again are gauge-invariant. To employ the longitudinal gauge for vector perturba-
tions, it is necessary to impose that n' = 0, which implies that

Bi, =S =0.

So, from (2.73), the vector part of the spatial gauge transformation can be fixed to

m=/$m+@wx (2.91)

where C’{ (x7) is an arbitrary constant 3-vector, determined by the choice of spatial coor-
dinates on an initial hypersurface. From (2.81), the remaining vector metric perturbation
is expressed as

Fi = Fi + /Sidn + Ci(a?). (2.92)

It is worth mentioning that there are many other choices of gauge which yield gauge-
invariant quantities, for example the spatially-flat gauge, the synchronous gauge, or the
comoving-orthogonal gauge. Some of these, such as the synchronous one, have residual
gauge degrees of freedom, which results from the coordinate choice not being fixed in an
unambiguous manner [39].

2.1.4 Evolution equations for scalar metric perturbations

In this section, the Einstein’s equations for linear perturbations of the background metric
are derived. In particular, focus is going to be on scalar perturbations, as these are
directly related to structure formation [41], and also because of the method of asymptotic
analysis to be employed later. The field equations in the presence of a cosmological
constant A are given by

1
R, — éRgW + Agy = 87GT,,.

For globally hyperbolic spacetimes, these equations can be projected two times in the
direction of n, and one time along n and one time tangent to X, to give two constraint
equations, the so called energy and momentum constraints. Projecting, instead, two
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times tangent to X gives the main evolution equation for the metric [25]. Moreover, from
the Bianchi-identities

1
V. (R — §Rg‘“’ + Ag") =0,
it follows that

v, T" =0,

which gives the energy conservation of the specified matter model when projected along
n, while momentum conservation follows from projection tangent to X.

For the background model, the components of the Ricci tensor and Ricci scalar are
evaluated as

Roo =3 (7# - “—) , (2.93)

a
Ri; = (H' + 2H*)by;, (2.94)
6 1 2
RZE(H +H?). (2.95)

Combining these with (2.21) gives the following Friedmann’s constraint and evolution
equations
_ 8nG A

5 4P + §a2, (2.96)

4G A
H = —WTQQ(pO +3P) + §a2. (2.97)

The covariant conservation of the energy-momentum tensor yields

7_[2

VT = VT® + VT + VT + VT,
=T% + 200 T + T}y T® + 9,17, (2.98)
= p{) + 37‘[(,00 + PO) =0,
which is the continuity equation for the perfect fluid, expressing energy conservation.
Momentum conservation, on the other hand, is satisfied trivially due to background

symmetry. It is worth remarking that the evolution equation (2.97) is nothing other
than the Raychaudhuri equation for the congruence of flow lines of the perfect fluid.

31



Carrying out the same procedure for linear scalar perturbations, the following expres-
sions for the components of the perturbed Ricci tensor and Ricci scalar, in an arbitrary
gauge, can be given

Roo = 3H(¢) + 1)) — V30|, — HV 0, + V361 + 307, (2.99)

Roi = 2MH o1 + 201, + 2H° By + H' By, (2.100)

Ry = (—He, — 2001 — 4H261 + HO — B )by + Ol + (2H + 4H2)Coy
1
+ 2HCYy; — §(Bii,j + Bi;;) — H(Buj + Buji) — H(Buyj — Buja) + C1*
— VQClij — Clkk,ij + Clik:,kj — P15,
(2.101)

R = —6Ha 2¢| — 3Ha Y| + 2a2V?d} + 6Ha *Vi0, — 2a *V?¢,

2.102
—6a" 2] — 12072y (H' + H?) — 15a *H| + 4a >V, ( )

where By; and C};; in the expression for R;; were not decomposed into their corresponding
scalar, vector and tensor parts for convenience. Based on (2.52) and (2.53), the energy
and momentum constraints for scalar perturbations can be given as [39]

SH(Y, + M) — V(U1 + Hoy) = —4rGa’dpy, (2.103)

V) + Heoy = —4nGa*(po + Po) VA, (2.104)

where V} = v; + B is the covariant velocity perturbation. In the longitudinal gauge, the
scalar shear o; vanishes, and the previous equations become

SH(V 4+ H®) — VU = —4nGa*Spyy, (2.105)

U+ HO = —47Ga®(po + Py)vye. (2.106)

In a similar fashion, and with a little bit of work, the evolution equation for scalar
perturbations can be derived as

[2HS, + (AH + 2H?)py + 20] + 4HY, — Vi) — 2HV 0y + V2, — V21045

2.107
—+ O_i,ij =+ 2%0’171']‘ + wl,ij - ¢1,ij == 87TGCL2(SP16Z‘J'. ( )
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Taking the trace of this equation yields

32H P, +(AH +-2H?) py +-20) +4AHY| -2V 2 [0, +2H o1+ — ¢1] = 87G(3a*0Py). (2.108)
The traceless part, instead, gives

V3o + 2Hoy + b1 — ¢1]0i; = 0. (2.109)

Hence, the evolution equation (2.107) can be recast as

Vb 2HY, + HY, A (2H + H)py = ArGa’S P, (2.110)

0'/1+2H0'1+¢1—¢1:O. (2111)

Equation (2.111) represents an evolution equation for the scalar shear potential o;.
However, in the longitudinal gauge, it gives the following important identity

V=0, (2.112)

So, equation (2.110) becomes an evolution equation for the metric perturbation U as

U+ 3HY + 2H + H*)V = 4rGa’d Pyy. (2.113)
For adiabatic pressure perturbations, the case which is relevant for a single fluid [41],
it follows that
§P = c2dp,

where ¢? is the square of the adiabatic speed of sound in the fluid. Based on this, and
invoking the energy constraint (2.105) to substitute for dpy,, the following closed equation
is obtained

U — AV + 3H(1 + &)V + [2H + H* (1 + 3¢2)|¥ = 0, (2.114)

which represents a scalar wave equation for W. Invoking the background equations (2.96)
and (2.97), the term 2H’ + H?*(1 + 3¢?) can be expressed as

7G 2A (G A
T a2(p0+3P0)+?a2+ 7; a2p0+§a2—|—30§(

a2p0 + —a?

8rG A
2H' +H*(1+43c%) = — 7; 3 ) ;

= 81Ga*(c2py — Py) + Aa*(1 + ¢2),
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= 87Ga’po(c? — w) + Aa*(1 + c2).
where w = Py/pg. Inserting this back, equation (2.114) becomes

U — V20 + 3H(1 + AV + [87Ga’po(c? — w) + Aa*(1 4 )] = 0. (2.115)

Choosing a linear, barotropic equation of state (2.23) for the perfect fluid as before,
it follows that ¢ = w. In this case, the continuity equation (2.98) can be integrated to
yield

1

which implies that dust is the relevant matter model towards the asymptotic future,
whereas radiation is the relevant model towards the asymptotic past.

Similarly, given (2.23), the Friedmann’s equation (2.96) and (2.97) can be solved
exactly for the scale factor a to give [41]

5(%)) - <%)2/(1+3w) ) (2.117)

for some arbitrary 7y € (0, 00). Consequently, it follows that

H = ﬁ (2.118)

Taking equations (2.23), (2.117) and (2.118) into account, the evolution equation
(2.115) can be expressed as
6(1+w)l
U 4 A,y T (1 4 w) W =0, 2.119
s T (14 ) (2.119)
where a,, is an arbitrary constant. It is noteworthy that once the behaviour of ¥ is
understood from the previous equation, the behaviour of perturbations of the fluid energy
density can be determined from the energy constraint as

U — WV +

[V2U — 3HU' — 3H? V). (2.120)

5 B 1
pre = drGa?

Equation (2.119) is the first equation that is going to be analyzed asymptotically, in
the direction of the initial singularity, in chapter 5.
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2.2 Scalar fields on a FL background

Scalar fields represent another example of a matter model which can be coupled to
spacetime geometry through the Einstein’s equations. They, however, came to play an
important role in cosmology only since the 1980s with the proposal of a rapid, exponential
expansion in the early universe, the so called inflation [28]. For a minimally-coupled

scalar field ¢, the energy momentum-tensor on a spacetime (M, g) can be expressed as
[39]

1
Ty = 90,00,0 — G (58%8@ + U(¢>)> : (2.121)
In the case of a massive scalar field, the potential U(¢) can be expressed as
1
U(p) = §m2¢2, (2.122)

for m the mass of the field. Comparing (2.121) with (2.21), it follows that the energy-
momentum tensor for a scalar field can be put in a perfect fluid form with the following
identifications

Ou@

Uy = —— 2.123
" o0 ( )
Py = —%awam +U, (2.124)
P, = —%8%8@ —U. (2.125)

In particular, for a homogeneous scalar field, as would be the case for a field coupled
to a FL background, the energy density and pressure simplify to

1. 1.
Py = §¢2 + U, P, = §¢2 —U. (2.126)

It is worth mentioning that, in contrast to barotropic fluids, the ratio w = P/p for
a scalar field is not in general a constant, but time-dependent. This is related to the
fact that the adiabatic speed of sound ¢? is not the true speed of propagation of field
fluctuations [18]. Another interesting feature of scalar fields can be seen in the case of a
constant field ¢(t) = ¢, hence ¢ = 0. As a result, the field is potential dominated, and,
based on (2.126), it follows that

ps + Py =0,

which implies that the strong energy condition py + 3P, > 0 is not satisfied anymore.
Moreover, the energy-momentum tensor simplifies to
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Tul/ = _U(¢O)guua

which mimics the effect of a cosmological constant given by

Hence, there are two perspectives regarding the identity of the cosmological constant.
These are the geometric perspective, which considers A as an extra degree of freedom in
the Einstein tensor, and the matter perspective, which views it as a contribution from
a fluid satisfying a P = —p equation of state in the energy-momentum tensor. In this
respect, and in relation to equation (2.119), it is the first perspective to be emphasized
in this thesis.

The equation of motion of a scalar field, namely the Klein-Gordon equation, follows
from the covariant conservation of 7),,. From (2.121), it follows that

VI = (V,0"9)0"¢ + 0" $(V,0" ) — " (V,.0*9)0n¢ — ¢V .U,
= (V"0,0)0"¢ + (V'0"9)0u6 — (V0" $)0r — "'V .U,

dU
- (V“M - %) &,

where the identity V¥9* = VA9” has been employed. This implies, for the case of (2.122),
that

(2.127)

VAV .6 — m*¢ = 0. (2.128)

Moreover, the d’Alembert operator O, = ¢"*V,V, for a scalar function u can be
expressed as

1
= —— — H
Ogu —= gau <\/ det g 0 u) : (2.129)

which follows from the fact that for a scalar u

a 1 a
Dgu = Vuv'uu = Vua“u = &ﬁ“u —+ Fﬁcﬁ u = 8H8/‘u + m&a (\/ —det g) 0“u.

Based on (2.129), the Klein-Gordon equation for a massive scalar field ¢ on a flat FL
background, coupled to a perfect fluid, can be obtained as
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3
1 4 4
Oy — m?¢ = ) [—37; (77“3“ ¢/) + sy %’] —m’o,

=1

3
1 4 4 3(1-w) 4
= —,’78/(1+3w) [_7714—3“, ¢// _ T 3wn 143w ¢/ + 7)1+ Z ¢“] _ m2¢’ (2.130>
i=1

3
_ 1 4 1 , 1 ,
= i Y T 1 gy e i O T i) z_; Pis =M,

which yields

3
4 1
" . Y 4/(143w),,,2 — 0. 2131
Z§:l¢zz+1+3wn¢ +n mgb ( )

This is the second equation to be analyzed past-asymptotically in chapter 5.
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Chapter 3

Mathematical background on the
wave equation

In this chapter, some background on the fundamental notions of the wave equation is
presented, in particular the concepts of energy and Sobolev norms. Due to the fact
that the equations of interest in this thesis are systems of wave equations, these notions
will be of relevance for the upcoming discussion. In this respect, some preliminaries
from the theory of ODEs are discussed first. Then, the relevant notions for linear wave
equations in (n+1)-dimensions are introduced. Even though it is the case n = 3 that is
important for cosmology, the discussion is carried out for a general space dimension. It
is worth remarking that most of the discussion of this chapter is based on [49], where all
the proofs are provided.

3.1 Preliminaries from the theory of ODEs

Before tackling the wave equation directly, it is simpler to start looking into relevant
concepts from the theory of ODEs that help to illustrate some of the main notions
related to PDEs, above all the wave equation. In particular, one central issue in the
study of differential equations, in general, is that of local existence of solutions. In other
words, for a function f : R**! — R” which is at least continuous, this amounts to
showing that for the problem

dx

P 0) = st a0, o)
z(0) = o,

where zy € R", there exists a continuously differentiable function x defined on an interval
(—e€, €), for some € > 0, such that (3.1) is satisfied. This is done by setting up a sequence
of approximations as
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T, = X +/O f1s, zn_1(s)]ds, (3.2)

for n > 1, and proving that this sequence converges. But, to be able to achieve this, the
important concepts of metric spaces and completeness are needed. This motivates the
following definition.

Definition 3.1 Let X be a set. A function d : X x X — R satisfying the following
properties:

e For each pair of points x,y € X, d is non-negative
d(xz,y) >0,
for all z,y € X.
o d(z,y) =0z =1y.

e d is symmetric
d(x,y) = d(y, x),
for all z,y € X.

e d satisfies the triangle inequality
d(z,y) < d(z,2) +d(z,y),
for all z,y, 2z € X.

is called a metric on X. In this case, (X, d) is referred to as a metric space.
The concept of metric spaces allows to characterize the convergence of a sequence,
without knowledge of the element to which it converges. This is related to the important

notion of a Cauchy sequence.

Definition 3.2 Let (X, d) be a metric space. A sequence z,, € X, n > 1, is called a
Cauchy sequence if for every € > 0, there is an N such that for n,m > N

d(xp, Ty) <€

Having a Cauchy sequence, however, does not mean that it always converges. This
is instead a property of the underlying metric space.
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Definition 3.3 Let (X, d) be a metric space. If for every Cauchy sequence {z,}, n >
1, there is an z € X such that x,, — x, then the metric space is called complete.

Consequently, complete metric spaces are very important in the analysis of ODEs,
and differential equations in general, as they allow to show that a solution exists. One
example of a complete metric space is the real numbers, where the metric in this case is

d(z,y) = |z —yl.

Spaces with more structure than that of metric spaces can also be defined, namely
Banach spaces.

Definition 3.4 A normed linear space is a vector space X (over R or C) on which
there is a function || - || defined, called a norm, with the following properties

[zl =0, |[z[| =0 &z =0,
[Az]] = (A},

Iz +yll < [l + llyll -

It is worth remarking from the previous definition that if X is a normed linear space
with a norm || - ||, then d(z,y) = ||z — y|| induces a metric on X. Based on this, there is
the following definition.

Definition 3.5 Let X be a normed linear space with a norm || - || and let d(z,y) =
|z — y||. Then, X is said to be a Banach space if (X, d) is complete.

So, a Banach space is just a complete normed space, which is bigger than a complete
metric space. This is highlighted by the fact that not every metric is induced by a norm.
In fact, a typical example of a Banach space is again R”, equipped with the usual norm

n 1/2
2| = <Z(wi)2> ,

i=1

for z = (2%, 22, ..., 2™).

Hence, the strategy to show local existence of solutions to differential equations is to
first identify a suitable complete metric space, or a Banach space, for the initial data
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(x¢ in the case of (3.1)), and then construct a Cauchy sequence of approximations in
such a space. This in turn determines the corresponding space of the solutions. For the

particular case of (3.1), it is the space C([—¢, €], R™; || - ||) that does the job. In other
words, the space of continuous functions from the interval [—e¢, €] to R”, equipped with
a suitable norm || - ||. Such a space is of the general form

[Cb(X7 Y)7 H ' HC]7

for (X, d) a metric space and (Y, || - ||) a Banach space, where for f € C,(X,Y)

The choice of this space is justified by the following theorem.

I flle := sup || f(z)
rzeX

Theorem 3.1 Let (X, d) be a metric space and let (Y, || - ||) be a Banach space. Then,
Co(X,Y), || - o] is a Banach space.

Even though the concepts are similar, the situation is a little bit more elaborate for
the linear wave equation in (n+1)-dimensions due to some technical details, as it will be
demonstrated in the next section.

3.2 The linear wave equation in (n+1)-dimensional
Minkowski spacetime

3.2.1 Energies and norms

Given a Minkowski spacetime (M, n), where n is the (n + 1) X (n + 1) matrix given by

n = diag(—1,1,..., 1),
then the linear, homogeneous wave equation on such a background is expressed as

O,u =n"0,0,u = —uy + Au =0, (3.3)

where

“~ Ju
Utt:afu, AU:ZW
i=1 !

Similar to (3.1), an important goal is to show local existence of solutions to the
following initial-value problem
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Cu = 0,
u(0,z) = f(z), (3.4)
Ut(oa :L‘) = g(l’),

where the initial data in this case are the given functions f(z) and g(x). The question
now becomes: What are the suitable function spaces, to which f and g should belong,
such that local existence for (3.4) is guaranteed ? A hint to the answer comes from
looking into the following quantity

E(t) := %/n [u? + |Vul?|(t, z)dz, (3.5)

which is referred to as the energy, and Vu = (0yu, ..., d,u). Assuming that f and g have
a compact support, E(t) can be shown to be conserved as follows

dE
dt
where for x,y € R

= / [ugug + Vu - Vuglde = / [uyy — Aujudr = 0, (3.6)

Ty = Z r'y.
i=1
Based on this fact and equation (3.5), it seems that the norm to be considered should

be something of the following form

1/2

T / 0ulde | (3.7)

| <k

where for a multi-index o = (o, ag, ..., ay)

la] = a3 +as + ... + ay,

and the meaning of H*(R") is to become clear later. That (3.7) indeed defines a norm,
according to definition (3.4), is something to be verified. Moreover, it is not clear what
function space corresponds to (3.7). A good starting point to attack these questions is
the Fourier transform. However, before proceeding, two remarks are in order. First,
when considering the inhomogeneous wave equation

Uy — Au = F,
the energy F(t) is not conserved anymore. Instead, (3.6) yields

42



dE
o /n wFdr.

Second, the discussion of this section is carried out for linear wave equations on a
Minkowski background, as the main motivation is trying to explain the essential concepts
without affronting too many technical details. For a general Lorentzian manifold (M, g),
instead, the treatment becomes more involved, as in this situation

Oyu = ¢"(u, 0u)0,0,u,

and the dependence of g on u and Ou results in additional technical complications.

3.2.2 Schwartz functions and the Fourier transform
The function space most relevant for discussing the Fourier transform is the set of

Schwartz functions, which is defined as follows.

Definition 3.6 The Schwartz class S(R™) is the subset of C*°(R™,C) (smooth,
complex-valued functions) such that for every pair of multi-indices o and f3, there is
a real constant C, g such that

2907 f(2)] < Caps (3.8)
for all x € R

In other words, Schwartz functions are smooth functions whose derivatives decay
at infinity faster than any inverse power of x. Another function space that is closely
related to S(R") is C§°(R™, C), namely smooth, complex-valued functions with a compact
support. In fact,

C(R™,C) C S(R™).
For example, f(z) = exp(—|z|?) € S(R"), but it is not in C5°(R", C). Given S(R"),

the Fourier transform can be defined as follows.

Definition 3.7 Let f € S(R™). Then, the Fourier transform of f, denoted f, is
defined by

f(6) = / e ) (3.9)
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It is worth remarking that, based on (3.8), definition (3.9) makes sense. Moreover,
the Fourier transform can be differentiated as

A~

081 = [ (wiwre sy (3.10)

Similarly, and using integration by parts

n

ef©) = [ e 9 @de = [ e ntloi@dn @D

Based on (3.10) and (3.11), it follows that

(&) = / (=)l Ple=2wt 4P 02 f (x)da, (3.12)

n

which shows that f € S(R™). Consequently, the Fourier transform represents an auto-
morphism on the space S(R"). Another important fact related to the Fourier transform
is stated by the following theorem.

Theorem 3.2 For all f € S(R"), the Fourier transform is invertible, namely

= oy J < FOe

Now, defining a function h(z) = (27)™"g(x), where g € S(R"), and ( ) denotes the
complex conjugate, then the following identity

fOnE)ds = | f@)h(e)da,

]Rn
can be recast as

(m | J©@s)ds = | J(@)ga)dr,

which is known as the Parseval’s formula. Applying this to f = ¢ = 0%u, where u €
S(R™), it follows that

(2m)™" @@dﬁ = O%u(0*u)dz.
R™ R™
Inserting the fact that dou = ilolgeq, based on (3.11), the previous formula becomes

@2m)™ [ ea(§)l*ds = [ [0%u(z)[*dw. (3.13)
Rn Rn
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So, using (3.13), the norm (3.7) for u € S(R™) can be alternatively expressed as

ey = 20" 3 [

o<k /R

() e, (314

At this point, it may be convenient to express the Fourier side of the previous ex-
pression in another form. This is done by appealing to the following lemma.

Lemma 3.1 For every positive integer k, there are positive real constants ciy,cap
such that

(L4 €2 <) & < eapl(L+[€P)"

o<k

Employing lemma 3.1, the following alternative, but equivalent norm can be defined.

Definition 3.8 Define for u € S(R™) and s € R

|u

He(Rn) = (/n(l + |€|2)5|ﬂ(§)|2d€) 1/2- (3.15)

Thus, for the case s = k a non-negative integer, it follows that there are constants
Cik, © = 1,2, such that

017k|u|Hk(Rn) é Hu”Hk(]Rn) S OQ,k’u‘Hk‘(R”)a (316)

which shows the equivalence of the norms (3.7) and (3.15). This also shows how s, which
is related to the degree of differentiability of the function, makes sense even being real,
and not only integer.

Based on the previous observations, the motivation for discussing the Fourier trans-
form becomes clear from the fact that the norm (3.15) can be used to bound the supre-
mum norm of the derivatives of a function, a property which is relevant for proving local
existence. This is based on the following theorem.

Theorem 3.2 Let k be a non-negative integer and assume that s > k +n/2. Then,
there is a constant C, depending on k, n and s such that for all f € S(R")

||f||c{;(Rn,<C) <Cl|f

Hs(Rn); (3.17)

where
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1fllepqncy = D, sup 0% f(z)]. (3.18)

la| <k FASING

It is worth remarking that the norm (3.18) is basically defined for f € CF(R", C),
which denotes the set of functions f € C*(R", C) such that for each multi-index o with
|a| < k, there is a real constant C, < oo such that

|0°f(@)] < Ca,
for all € R". However, based on this definition and (3.8), it is clear that

S(R") C CF(R™,C).

The result of theorem 3.2 can be related to the norm (3.7) through the use of in-
equality (3.16). This leads to the following corollary.

Corollary 3.1 Let k and m be non-negative integers such that m > k 4+ n/2. Then,
there is a constant C, depending on k, n and m such that for all f € S(R")

Hf“cl’j(Rn,C) <C ”fHHm(Rn) . (3.19)

3.2.3 L’-spaces and equivalence classes

To get an insight into the function space for which the norm (3.7) is defined, such that the
corresponding space is a Banach space, it is worth considering the following simpler norm.

Definition 3.9 For f € C'(R"), define

1/2
ey = [ 1P G@ac) (3:20
such that the right-hand side is finite.

That (3.20) defines a norm is something that can be verified. Also, such a norm
represents the case k = 0 of (3.7). In this respect, it is worth mentioning that functions
for which (3.20) holds are called square-integrable. An important identity for such func-
tions, based on (3.20), is given by the following lemma.

Lemma 3.2 Let f,g € C(R™) be such that their square is integrable. Then,

3 |f(@)g()lde <\ Fll 2y 19] 2 gny - (3.21)
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Now, to have an idea of what properties the function space corresponding to the norm
(3.20) should have, a sequence of functions f,,(x), for the case n = 1, can be constructed
as

™" if  xd[-1,1], (322)

which, for m = 1,2, ..., represents a sequence of continuous, square integrable functions.
So, it can be calculated that

{xm if wel[-1,1]

1 1 o
||fm”iQ(R") :/R|fm(l“)|2d$=/ 93_2md33~|—/ a:zmda:+/1 " dr,

o) 1
p2mA+1] 1 . p2m+1 1 . p2mAl ]
Cll=2m|__  |l1+2m]_, [1-2m],’
2 2

“omi1 om_1

This shows that || fm||iQ(Rn) converges to zero as m — oo. But, this is intriguing
as, considering the point-wise convergence of f,,, fi(z) — 1 for z = 1, f.(z) — 0
for x ¢ {—1,1}, and for x = —1, f,,(z) does not converge at all. However, Hmeiz(Rn)
converges to zero in all of these cases. Hence, it seems that considering (3.20) as a norm
on a space of functions implies that the limiting function should always be thought of
as being zero. Another issue is that even though f,, is continuous, the point-wise limit
is not. As it turns out, the space corresponding to the norm (3.20), and hence the norm
(3.7), should not be a space of functions, but instead a space of equivalence classes of
functions, where two functions f and g are equivalent if the set on which they differ is of
measure zero. In this respect, it becomes clear that the basic concepts of measure and
integration theory are relevant in discussing such spaces [21].

To further see the need for spaces of equivalence classes, instead of spaces of functions,
and to get to know the space that gives a Banach space when equipped with (3.20), the
following definition is needed.

Definition 3.10 The class of Lebesgue measurable functions f : R® — C, such that
|f]? is integrable, is denoted L£*(R™).

Based on this definition, it follows that the || - || 2.y norm can be extended to
f € L3(R") as
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1/2
1y = ( / |f|2dun> |

where p, is the Lebesgue measure. Moreover, from the properties of the Lebesgue
integral, it follows that if f is measurable, and the set A on which f is non-zero is such
that p,(A) = 0 (of measure zero), then

[ 151d, =0

As a result, in order for [| - || 2gn) to be a meaningful norm, it has to be the case
that functions f € £2(R") that are only non-zero on a set of measure zero are considered
to be zero. This motivates introducing an equivalence relation on the space £*(R") as
follows: Two functions f and g are equivalent, f ~ g, if the set A on which f # ¢ is
such that j,(A) = 0. Consequently, a corresponding function space, denoted L*(R™), is
defined as follows.

Definition 3.11 L*(R") is defined to be the set of equivalence classes [f] of functions
f such that

f € L*R").

In a similar fashion, the norm || - || j2(g«y can be extended to the space L*(R™) as

I 2 my = N1l 2 gny »
where it can be shown that such a definition is well-defined. For example, if [f] = [g],
then f = g, except for a set of measure zero. But, from the above considerations, this
implies that ||f||2@ny = |9l 2(gn)- Similarly, it can be shown that for [f] € L*(R"),
| - | 2(gny indeed defines a norm. Taking all of this into account, the following theorem
can be proved.

Theorem 3.3 The space L*(R"™) equipped with || - | r2®ny is @ Banach space.

3.2.4 Sobolev spaces and weak solutions

After looking into L?*(R™) spaces, it remains the task of identifying the corresponding
space, of possibly equivalence classes, of the norm (3.7), or equivalently (3.15). As long
as the Schwartz space S(R™) is concerned, both of (3.7) and (3.15) can be shown to
define a norm. However, the issue is that equipping S(R") with the || - [| i gn), for a
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non-negative integer k, results in a metric space that is not complete. So, something
more general needs to be considered, as was indicated above.

To start tackling the problem, it is first worth remarking that the space S(R™) can
be viewed as a linear subspace of L*(R™). Moreover, for any f € S(R"), it is the case
that

0% fll 2y < W F Mz ny » (3.23)
for |a| < k. This indicates that if {f,,} is a Cauchy sequence of Schwartz functions with
respect to || - || i (gny, namely for every e > 0 there is an M such that for m,l > M

”.fm - leHk(Rn) S €,

then {0 f,} is a Cauchy sequence with respect to || - [| 2(gn for [af < k. From theorem
3.3, it follows that there is a function f® € L*(R™) such that 9°f,, — f with respect
to || - || 2(gny> where the notation [-] for equivalence classes is dropped for simplicity.

Could this indicate anything for the function to which {f,,} converges with respect to
|- | ggw (rn)» 8iven a complete metric space? This would be the case if f* can be thought
of as 0*f, as this would imply that

fm = f

with respect to || - || yx(gn), Where f = f°. However, it is not clear if this is possible
because f could not be even continuous. So, it seems that there is need for generalizing
the concept of differentiability to account for this case. This can be done as follows: For
¢,g9 € S(R"), employing integration by parts gives

$O“gdx = (—1)'0‘/ 0“pgdzx.

n

R
Furthermore, from the fact that ¢, f® € L?(R"), it follows that f%¢ is integrable,
based on (3.21). Hence,

ofdx — @0 frdx
Rn

R

< [ 1= )l < 157 = 0 full ey 1ol sy = 0.
where (3.21) has been used. In a similar fashion,

fm0“pdr — foO%pdx.
Rn

RTL
Consequently, it follows that

%P frndr — (—1) / 9% fdz,

n n

PO frndx = (—1)"'/

R
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which yields

ofedr = (—1) [ 0% fdx. (3.24)
R

Rn
Hence, a generalization of the concept of differentiability for f € L?*(R™) can be mo-
tivated as in the following definition.

Definition 3.12 Let £ be a non-negative integer. A function f € L*(R") is said to
be k-times L?-weakly differentiable if for every multi-index « such that |a| < k, there is

a function f* € L?(R") such that for every ¢ € S(R")

*dr = (-1)l | 0°¢fda.
[orin= (0! [ oropa

n

In this context, f* is referred to as the a-th weak derivative of f.

By appealing to measure and integration theory, it can be shown that the weak
derivative f* is well-defined. Based on this, it follows that the norm || - || yxgn) for a

k-times L?-weakly differentiable function f can be expressed as

1/2
HfHHk(Rn): Z/ P da . (3.25)
laj<k B

Taking all the above considerations into account, it follows that if {f,,} defines a
sequence of Schwartz functions which is a Cauchy sequence with respect to || - || i (gn);

then there exists a k-times L*-weakly differentiable function f such that ||f — fiu |l grgn
converges to zero. This motivates the following definition.

Definition 3.13 A Sobolev space, denoted H*(R"), is the set of k-times L*-weakly
differentiable functions f such that there is a sequence f,, € S(R") with |[f — fiull e gny =
0.

Then, the following theorem is in order.

Theorem 3.4 The Sobolev space H*(R™) equipped with the norm || - || yugny is a Ba-
nach space.

To complete the picture, it is of interest to know if corollary 3.1 holds for f € H*(R").
This is shown by the following theorem.
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Theorem 3.5 Let k and m be non-negative integers such that m >k +n/2. Then,
there is a constant C, depending on k, n and m such that for all f € H*(R")

||f||c§(Rn,<C) <C ||f||Hm(R”) : (3-26)

Given that a member f € H¥(R") represents an equivalence class, the meaning
of the previous theorem may be a little bit obscure. Equation (3.26) implies that for
an equivalence class, there is one function which is also in CF(R",C), and for which
the inequality holds. The justification for this formula relies on the fact that if two
continuous functions differ, they do so on a set of positive measure.

As a consequence of theorem 3.4, and specifying to the case n = 3, it follows that the
natural spaces of the initial data f and g for the system (3.4) are

f e H"(R?), g € H*R?).

As a result, the sequence of approximations for the solution u should be set up in the
space

C{[0, 7], H*H(RY)},

which is a Banach space, according to theorem 3.1. On the other hand, it would be nice
if a relation between this space and the notion of classical differentiability can be found.
This is achieved by the following lemma.

Lemma 3.3 Assume u € C{[0,T], H*(R?)} where k > 3/2. Then, u is continuous.
In other words, u € C{[0,T] x R3}.

Based on this, if u € C[(T_, T, ), H***(R3)] is a solution to (3.4) with k& > 3/2, then
it follows that

u€ CH(T_,Ty) x RY.

However, trying to make sense of this in light of the wave equation

Ut — Au = 0, (327)

it may seem that such a solution is not well-defined. In fact, this motivates the following
definition.

Definition 3.14 A function v € C'[(T_,T,) x R3] is called a weak solution to
equation (3.27) if for every ¢ € C5°[(T-, Ty) x R3]
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/(VT7T+)><R3 [(btt - A(b]u =0.
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Chapter 4

Asymptotics of cosmological linear
systems of wave equations

In this chapter, a method, based on [48], to analyze the asymptotic behaviour of linear
systems of wave equations on a given cosmological background is discussed. In particu-
lar, the case of interest is that of weakly silent, balanced and convergent equations,
as it will be explained later. The reason for this specification stems from the fact that
the coefficients of the equations need to be constrained in some sense before being able
to extract any information regarding their asymptotics. In this respect, the cosmological
background, for which such an analysis is possible, is first specified, along with its prop-
erties. Then, other conditions necessary for reducing the equations to a suitable form,
which permits analysis, are explained.

4.1 Equations and background cosmological models

4.1.1 Equations of interest

The main objective of this chapter is to investigate the asymptotics of linear systems of
wave equations given by the following form

Oyu+ Xu+ Cu = f, (4.1)

where O,u := div(grad u) is the wave operator on a given Lorentzian manifold (M, g);
X represents a smooth (m x m)-matrix of vector fields on M with coefficients that can
be complex, hence X € M,,(C); ¢ is a smooth M,,(C)-valued function on M; and f is a
smooth C™-valued function on M. In this setting, the goal is to analyze the asymptotic
behaviour of solutions v : M — C™. It is noteworthy that the complex setting is
considered here for technical reasons related to the arguments of the method. However,
it is the real setting which is of relevance regarding the results of this thesis. Interest
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in equations of the form (4.1) stems from the fact that similar equations arise upon
linearizing the Einstein’s equations, as can be seen from equation (2.119). Even though
the system (4.1) does not represent the most general class of equations in this respect,
it is still a general class to consider.

As was the case in chapter 2, the Lorentz manifolds of interest are globally hyperbolic
ones with closed spatial sections. In particular, M := M x I, where M is a closed
manifold, and I = (¢_,t,) is an open interval. This is the setting of interest in cosmology,
where non-stationary solutions to the field equations play a central role. The asymptotic
regimes ¢ — t4 correspond to either a cosmological singularity, whether a big bang or
big crunch, or the expanding direction. This can be contrasted with the asymptotically
flat setting, which is based on static and/or stationary solutions, and which is of interest
in the study of isolated systems, such as galaxies or black holes.

As mentioned above, system (4.1) represents quite a general class of equations. So,
a necessary first step is to constraint the underlying manifolds of interest. This can be
achieved by restricting the metric g to the following form

R
g = goo(t)dt @ dt + go;(t)dt @ dz" + gio(t)da’ @ dt + g;;(t)dr’ @ da? + Z az(t)g,, (4.2)

r=1

where R € Z, goo, 90i, 9ij, ar € C(I,R), and the summation convention is invoked.

Specifically, —goo(t) and a,(t),r = 1, ..., R, take values only in the interval (0, c0), and

gi;(t), i, =1, ...,d, represent the components of a positive definite matrix for all ¢ € 1.

Moreover, (M., g.),r = 1,..., R, represent a family of closed Riemannian manifolds.
Based on (4.2), the system (4.1) can be expressed as

d d R d
—g" (tyuy = Y ¢ (10,0 =2 g™ ()00 — > a; () Agu+ a(tyu, + Y X (t)05u
=1 r=1

JHl=1 j=1
+C(u =,
(4.3)

where 0 < d € Z, and A,, is the Laplace-Beltrami operator on (M,, g,). The functions
f and u are smooth functions from M = M x I to C™, where

M :=T%x M, x ... x Mg; (4.4)

the differential operators 9; are the standard vector fields on T%; 9, denotes differentiation
with respect to t; and a, X*, ¢ € C*[I,M,,(C)].

It is worth mentioning that going from (4.1) to (4.3) involves restrictions not only on
the underlying metric g, as expressed by (4.2), but also on X and (. In particular, the
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coefficients of (4.3) depend only on ¢, which is a simple situation, as the equations become
separable in this case. Such a choice is also relevant in the context of cosmology, where
one basic assumption is that of spatial homogeneity. Another important observation
regarding (4.3) is that there are two operations that leave these equations invariant.
First, multiplying the system by a strictly positive function of ¢. Such an operation is
equivalent to conformally rescaling the metric by a factor depending only on ¢. Second,
changing the time coordinate. Both of these operations will be employed to put the
underlying metric in a preferred form.

4.1.2 Cosmological backgrounds of interest

Due to interest in the class of equations given by (4.3), the relevant class of manifolds is
restricted according to the following definition.

Definition 4.1 A separable cosmological model manifold is a Lorentz manifold (M, g)
such that M = M x I, where I = (t_,t,) is an open interval, 0 < d, R € Z, M is given
by (4.4), and

R
9= goo(t)dt ® dt + go;(t)dt @ da’ + gip(t)da' @ dt + gij(t)da' @ da? + ) " aZ(t)g,, (4.5)

r=1

where the g,5, with 7,8 € {0, ...,d}, and a, depend only on ¢; the (M,,g,) are closed
Riemannian manifolds; g,s(t) = g, (t) for all ¢; goo(t) < 0 for all ¢; a,(t) > 0 for all ¢;
and g;;(t) represent the components of a positive definite matrix for all ¢.

Due to the importance of the metrics, second fundamental forms and volumes in-
duced on the spatial hypersurfaces M; := M x {t}, the following definition is in order.

Definition 4.2 Let (M, g) be a separable cosmological model manifold. Then, the
metric and second fundamental form of M, are denoted by g, = g(t) and k, = k(t), re-
spectively. The trace trgk is referred to as the mean curvature of M;. Moreover, V(t) :=
voly (M) denotes the volume of M with respect to g(t).

Recalling equation (2.9), it is follows immediately that

K#,u = trgl_f = 9

Also, denoting the unit timelike normal to M; as U (which was previously denoted
n), a standard result is that [46]

U(lnV) = trgk, (4.6)
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hence the expansion of a congruence represents the fractional change in the volume of
the spatial hypersurfaces in the direction of the unit timelike normal.

So, from now on, focus is going to be on separable cosmological models. For these
spacetimes, two interesting asymptotic regimes can be identified, namely expanding di-
rections and big bang/big crunch singularities. The first regime is characterized by the
volume of the hypersurfaces V' — oo, whereas the second is indicated by V' — 0. For
these two cases, it is natural to assume that the derivative of the volume in the direction
of the unit normal is non-zero, at least asymptotically. In this way, there would be a
strict monotonicity of the volume. From equation (4.6), this is equivalent to requiring
that the mean curvature is either strictly positive or strictly negative, asymptotically.
Hence, the class of separable cosmological models is further restricted to one of the cases
of the following definition.

Definition 4.3 Let (M, g) be a separable cosmological model manifold.

o IfV(t) > 0ast — tsr_) and there is a ty € I such that U(V) > 0 for ¢t > t,, then
(M, g) is said to be future expanding.

IfV(t) - occast— ") and there is a to € I such that U(V) <0 for t < ty, then
(M, g) is said to be past expanding.

IfV(t) —»0ast— t(g) and there is a tg € I such that U(V) < 0 for ¢ > t(, then
(M, g) is said to have big crunch asymptotics.

IfV(t) - 0ast— ") and there is a to € I such that U(V) >0 for t < ty, then
(M, g) is said to have big bang asymptotics.

As a result of the definition, if (M, g) is a separable cosmological model which is
future expanding, then reversing the time coordinate gives a corresponding separable
model which is past expanding, and vice versa. Same thing also holds for big crunch and
big bang asymptotics. For this reason, it is enough to focus on separable models that
are either future expanding, or have big crunch asymptotics.

It turns out that the restrictions imposed in definition 4.3 are still not sufficient, and
hence they need to be complemented in order to derive asymptotic information regarding
equations (4.3). One suitable way to achieve this is by imposing conditions on the second
fundamental form k. For this purpose, it is more convenient to consider k as a map from
TM to itself. This is obtained by raising one index of k using the induced metric g,
which gives the so-called Weingarten map or shape operator K. From the definition, it
follows that K7 = k/ with respect to local coordinates, and

tri = trgl;:.
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If the assumptions of definition 4.3 hold true, then this implies that the following

normalized quantity
K/trK,

known as the expansion normalized Weingarten map, is well-defined, at least asymptot-
ically. Focus on this quantity is motivated by the fact that, in many relevant situations,
trK tends to zero or oo, asymptotically. Specifically, the case of interest is when
K /trK converges, a situation referred to as the convergent setting. In addition, it turns
out to be necessary to impose conditions on the normal derivative of tryk. For a solution
to the Einstein’s equations, such a condition is usually satisfied by combining the con-
vergence assumption, the energy constraint, the Raychaudhuri equation and, possibly,
energy conditions. However, in the context of this discussion, the underlying manifold
(M, g) is not assumed to be a solution to the field equations, and hence there is need to
impose conditions on U[trgk].

A suitable way to implement the convergent setting is that of imposing boundedness.
For this purpose, the notation of the following definition is needed.

Definition 4.4 Let (M, g) be a separable cosmological model manifold and let o be
a fixed Riemannian metric on M. Then, (M, g) is said to have future bounded geometry
if there is a constant 0 < C' € R and a t, € [ such that |tryk| > 0 and

|Klg/Itrgk] + [Ul(trgh) | < C,

for all t > ty. If, in addition, there is a 2-tensor field A of mixed type, a constant a € R
and constants 0 < C,n € R such that

|K/trK — A, +|U(trgk) '] — a] < Cexp[—n|ln V(t)]],
for all t > ¢y, then (M, g) is said to be future convergent.

Based on the previous remark about operations leaving the system (4.3) invariant,
the notions of the previous definition can be re-expressed in a more convenient form
through the following lemma.

Lemma 4.1 Let (M,g) be a separable cosmological model manifold and let o be a

fizred Riemannian metric on M. Assume that (M, q) is future expanding and has future

bounded geometry. Introduce the metric § := (trgk)*g and the time coordinate

1, V)
7(t) == an(to)'
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Then, the interval [to,t.) in t-time corresponds to [0,00) in T-time. Moreover, § is
well-defined on [0, 00) in T-time, and can be expressed such that the lapse function N = 1.

If g and k are the induced metric and second fundamental form on constant 7-
hypersurfaces by g, then there is a constant 0 < C € R such that |k|; < C for all
7> 0.

Assuming, in addition to the above, that (M, g) is future convergent, then there is a
2-tensor field A on M of mized type such that

|k — Al, < Ce™,

for all 7 > 0, where 0 < C,n € R and K is obtained from k by raising one index up
using g.

It is worth remarking that a similar result can be given in the case of big crunch
asymptotics.
Now, lemma 4.1 motivates the following important definition.

Definition 4.5 A canonical separable cosmological model manifold is a separable
cosmological model manifold such that the interval I = (¢_,t,) contains [0,00) and
N =1.

Two important remarks follow. First, to obtain a canonical separable cosmological
model manifold, it is sufficient to assume that (M, g) is future expanding; to conformally
rescale the metric to g = g(trglg)2; and to change the time coordinate according to lemma
4.1. Second, there are many examples of cosmological solutions that are canonical in the

sense of definition 4.5. For example, the de Sitter spacetime given by the following metric

d
gis = —dt @ dt + Z e*tdy’ @ da’, (4.7)

i=1
on T? x R is a canonical separable model, where 0 < H € R and 3 < d € Z. It represents

a solution to the Einstein’s vacuum equations with a positive cosmological constant given
by A = d(d — 1)H?/2. Also, from the fact that [25]

- 1
k==-Lyg
2 vY,
it follows that k = Hg. Hence,

K = Hldgp,
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which shows that the solution is also future convergent.

4.1.3 Silent metrics

Regarding the asymptotics of equations (4.3), it is important to remark that they are
largely dependent on the asymptotic behaviour of the underlying metric, assuming con-
formal rescaling and change of time coordinate have been done, according to lemma 4.1.
In this respect, three types of behaviours can be distinguished, namely asymptotically
silent equations, transparent equations or equations with a dominant noisy spatial direc-
tion. Out of these three, it is the silent setting that is going to be investigated further
in this chapter.

To introduce the notion of silence, it is important to remark first that in many relevant
cases, the corresponding metric can be asymptotically expressed as

= —dt ® dt + Z a2y (4.8)
r=1
where 0 < a,, € R, . € R, and (M,,g,) are closed Riemannian manifolds (where the
T?-part of equation (4.5) can be thought of to be included here). Based on (4.8), the
following definition can be given.

Definition 4.6 Consider a mertic of the form (4.8). If all the 3, are strictly positive,
then the metric is said to be silent.

To understand the motive behind the name, let g be a silent metric, and let v be a
causal curve such that g(¥,%) < 0. Reparametrizing =, it can be expressed as

'7(t) = (Vl(t)v X) ’VR(t)v t)»

where 7, takes values in M,. Using this, the assumption of causality gets expressed as

—1+Za2 2513, ()2 <0,

which implies that |5,(t)|,. < a;le ?*'. This indicates that ¥,(t) converges to a point
pr € M,. For A another causal curve, the corresponding points ¢, € M, are also obtained.
Typically, there exists one r € {1, ..., R} such that p, # ¢.. So, for two such curves, there
is a t; such that for ¢ > ¢,, it is not possible to send information from v(¢) to A. In other
words, no future-directed causal curve starting at v(t) intersects A, and hence there is
silence, asymptotically. It is noteworthy that this asymptotic behaviour is related to the
important notion of horizons in standard cosmology [41].
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4.2 The notion of balance

4.2.1 Motivation: Pathological behaviour of solutions

In the previous section, the highest order coefficients of equation (4.3), namely coefficients
of the Lorentz metric, have been constrained to yield a canonical form for the underlying
manifold, according to definition 4.5. These restrictions represent a large part of the
necessary conditions to be imposed at the moment. Later, additional assumptions will
be made, in particular regarding the ¢g%(t) coefficients.

In this respect, it is interesting to see what kind of conditions are needed for the lower
order coefficients, namely the rest of coefficients of equation (4.3). For the matrix-valued
functions a and (, this can be seen by considering the spatially homogeneous version of
the equation, with f =0, as

g + a(t)uy + C(t)u = 0. (4.9)

Assuming there are constants Cey, 7y, Me > 0 and matrices ao, (oo € M,,(C) such
that

[ e a(t) = acl| + |72 C(t) — Cuof| < Ceue™™,

for all t > 0, and defining the following matrix

Ay = ( 0 Id’”), (4.10)
_Coo —Oo

where one of ., (s is assumed to be non-zero, then, as it will become clear in subsection
4.3.4, solutions to (4.9) behave as exp[ri€™"] as t — oo, where k1 is the largest real part
of an eigenvalue of A,,. So, if k; > 0, then solutions grow super exponentially, and if
k1 < 0, solutions decay super exponentially (or grow super exponentially to the past).
The case k1 = 0, instead, represents a borderline.

From applying lemma 4.1, it follows that the volume of the spatial hypersurfaces M,
goes like e**, where the exponentially decaying case is that of big crunch asymptotics.
As a result, it turns out that the natural length scale in this context is e*/”, where
D := dimM. Based on this, exponential growth or decay of solutions is considered
natural, whereas super exponential growth or decay is viewed as pathological. Hence, it
is necessary to avoid the case of a and ( growing exponentially. Also, it turns out that
the case of a and ( growing polynomially typically yields faster than exponential growth
or decay for solutions. So, this other case must be avoided. Consequently, the norms
||| and ||¢|| have to be bounded to the future to be able to obtain the desired results.

What about the coefficients of spatial derivatives X*? To have an idea of what
happens when these are left unrestricted, the following equation can be considered
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Uy — € Mgy + e tug + up +u =0, (4.11)

on S x R. One strategy to attack this equation is by arguing that the coefficients of
spatial derivatives are exponentially decaying. Hence, they can be neglected, asymptot-
ically, and the equation is approximated by the resulting ODE. Based on this, it can
be argued that, in general, solutions should decay exponentially. However, based on an
analysis of the corresponding energy

Bult) = 5 [ [0, + & Jua(0. 0 + a6 D100,

it can be shown that E,(t) < e'E,(t), which implies a growth of solutions going like
exp(e’). As it turns out, the main reason for this super exponential growth is related to
the following quantity

X
R0

growing exponentially, where X! = e=* and ¢!' = e To have a more geometrical

insight into the interpretation of this quantity, it is useful first to remark that the un-
derlying metric of equation (4.11) is given by

Yl

—4t

g=—dt®dt+e'df @ db, (4.12)

which, in its turn, defines the following induced metric on S*

g =e'di ® de,

for each t € R. Denoting the vector field e7'd, as x, it follows that g(x,x) = €%,
which is not small, even though it is exponentially decaying. Defining an orthonormal
coordinate system {eg, e;} := {0y, e 20y}, it follows that

x =ecle; = Yie;.

As it will be shown later, equation (4.11) provides an example of what is referred to as
an unbalanced equation, which is the reason why the logic of dropping the exponentially
decaying spatial derivatives did not work. This is an important notion, as equations of
this type appear frequently in analyzing cosmological singularities. In such a context, it
is relevant to know when dropping spatial derivatives can be justified.
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4.2.2 Geometrical conditions and balanced equations

As was motivated above, to ensure that solutions to (4.3) do not behave, asymptoti-
cally, in a pathological manner, it is necessary to complement the previously mentioned
restrictions on the coefficients of the equation. At the same time, it is also convenient
to express such conditions in a geometrical form, instead of analytical one. So, turning
again to the highest order coefficients, it is worth recalling first that the metric corre-
sponding to a canonical separable cosmological model can be expressed as

g=—dt @dt + g;(t)(x' ()dt + dz') @ ( (t)dt + da?) + ) al(t)gs, (4.13)

r=1

where x*(t) = g"(t) represent the components of the shift vector field. Such a metric
induces on M the corresponding metric

R
g = gydr' ® dx’ + Z azg, (4.14)
r=1
where the summation convention has been used in both (4.13) and (4.14). Considering
the components y’ first, it is worth remembering that the shift vector field is related
to the freedom of choosing a certain foliation of the spacetime. So, it may seem that
a convenient choice is to set these components to zero. However, this turns out to be
sometimes a problematic choice. On the other hand, it is also not convenient to have a
shift vector field with a large norm. Hence, a suitable way to achieve this is implemented
in the following definition.

Definition 4.7 Let (M, g) be a canonical separable cosmological model manifold. If
there is an 0 < ngp 0 < 1 such that

9(0k; 0%) < —1lih 0 (4.15)

for all t > 0, then 0; is said to be future uniformly timelike. If, in addition, there is a
1<ke€Zandan 0 < gy € Rsuch that

k
> 1Luxls < M (4.16)
=1
for all ¢+ > 0, then the shift vector field is said to be C*-future bounded.

Two remarks are in order. First, equation (4.15) implies the bound y;x* < 1 — 77311,0-
Second, equation (4.16) can be expressed in terms of x given that
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EUX - £(9tX‘

Regarding constraints on the coefficients g;; and a, of (4.13), it is more convenient to
formalize them in terms of conditions on the second fundamental form k(t) of the spatial
hypersurfaces M;. From (4.14), it follows that

E:

N | —

T

d R .
i j ar
E 10tgz-jdx ® dz? + g a—afgr, (4.17)
17]:

r=1

. S\ 2
g <%) ] azg,. (4.18)
a, a

In terms of these, conditions on k can be given as in the following definition.

d R
_ 1 9 i .
Luk = 3 E 0; gijdz' @ dx’ + 521

ij=1

Definition 4.8 Let (M, g) be a canonical separable cosmological model manifold.
Let, moreover, 0 < k € Z. If there is a constant 0 < C} € R such that

k
> Lkl < Cy, (4.19)
1=0
for all t > 0, then the second fundamental form is said to be C*-future bounded.

In the notation of the previous definition, it is worth remarking that

|klg = (57 kijkmn) ">

Regarding conditions on the lower order coefficients, it is necessary first to express,
as done before, the X? coefficients in terms of a matrix of vector fields x on M as

x = X' (t)0;. (4.20)

Then, the following notation can be introduced

d 1/2
i = (Z S e X HXJ’H) 7 wan)

se6 i,j=1

where & denotes the set of elements of R whose components are either plus or minus
one. Based on this, a definition follows.
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Definition 4.9 Consider (4.3). Assume the associated metric to be such that (M, g)
is a canonical separable cosmological model manifold. Define x by (4.20). If there is
0<keZandal<(C} €R such that

Z 1Luxln < Ch, (4.22)
for all £ > 0, then x is said to be C’k—future bounded.

In a similar fashion, |la(t)]|, [|&(®)],]I¢(®)| and ||¢(2)]| need to be bounded to the
future, as was discussed before.

Now, a basic notion of balance of equations, which prevents solutions from growing
super exponentially, can be defined as follows.

Definition 4.10 Consider (4.3). Assume the associated metric to be such that (M, g)
is a canonical separable cosmological model manifold. Let 0 < k& € Z. If 0, is future
uniformly timelike; there is a constant 0 < C € R such that

k

> i) + 19l < Ci,

=0

for t > 0; x is C*-future bounded; the shift vector field is C*+!-future bounded; and the
second fundamental form is C*-future bounded, then (4.3) is said to be C**1-balanced.

It is worth remarking that conditions on the metric involve k+ 1 derivatives, whereas
those on the lower order coefficients involve k derivatives. Moreover, in relation to the

previous definition, it can be shown that for a C'-balanced equation, the basic energy,
defined by

nfil) = 5 [ (- |2+Z ()0, D)0 - )
(4.23)

T Za Jgrad,, ui(-, )2 ] + [u( D) s
cannot grow faster than exponentially, where * denotes the complex conjugate, and

pB = dx A fig, N ..o N flgg,
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with dz being the standard volume form on T¢, and p,, the volume form associated with
the Riemannian manifold (M, g,).

In spite of the fundamental role played by the concept of balance, it only excludes
pathological behaviour of solutions. To be able to say something more regarding the
asymptotics of equation (4.3), it is necessary to restrict this class of equations even
more.

4.3 Asymptotics of weakly silent, balanced and con-
vergent equations

4.3.1 The silent setting

As mentioned before, equations of the form (4.3) such that the coefficients of spatial
derivatives decay exponentially turn out to be relevant for cosmology. For example,
when considering the polarized T3-Gowdy symmetric spacetimes, the main part of the
Einstein’s equations takes the form of a linear scalar wave equation as

Py — e 2 Ppy = 0, (4.24)

on St xR, where t — 0o corresponds to the big bang singularity of the model. In general,
it is often thought that the field equations, whether in the direction of the singularity or
the expanding direction, can be approximated by similar equations. Then, in order to
analyze the asymptotics of the corresponding solutions, it is argued, heuristically, that
terms that decay exponentially can be dropped, as they become insignificant asymptot-
ically, resulting in one ODE for each spatial point. For the case of equation (4.24), this
results in

Pttzoa

which is solved to give P(0,t) = v(0)t + ¢ (6). Such a result is to be compared with the
corresponding one obtained by applying the method of asymptotic analysis at the end
of this chapter.

In this respect, it is important to remark that such a line of reasoning is also relevant
for the working of the BKL conjecture. However, as it is clear from the analysis of
equation (4.11), such a strategy does not always work, in particular for unbalanced
equations. Hence, this motivates investigating balanced equations with exponentially
decaying coefficients of spatial derivatives. It is in this context that a mathematical
justification for the above heuristic arguments can be looked for.

Similar to the balance condition, it is also desirable to cast the other condition in
a geometrical form. As it turns out, exponential decay of the coefficients of spatial
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derivatives is related to having lower bounds on the second fundamental form. This is
expressed in the following definition.

Definition 4.11 Consider (4.3). Assume the associated metric to be such that (M, g)
is a canonical separable cosmological model manifold. If 9; is future uniformly timelike
and there is a 0 < ;1 € R and a continuous non-negative ¢ € L'(]0, c0)) such that

k>(u—eg,  IxlgIXlg <e (4.25)
for all ¢ > 0, then (4.3) is said to be C'-silent.

This notion of silence is similar to the one introduced in relation to the metrics (4.8).
In fact, assuming that v : J — M is a future-directed inextendible causal curve in (M, g),
where J = (s_,sy), and that the assumptions of definition (4.11) are satisfied, then it
follows that the M-coordinate of v, namely 7, converges to a point p[y] as s — s,
whereas the t-coordinate 7°(s) goes to infinity. Consequently, if two future-directed
inextendible causal curves 7; : J; — M, i = 1,2 satisfy p[y1] # p[y2], then there are
s; € J; such that

T (sl N T [re(s2)] = 2,
where J* () denotes the causal future of v [14].

Now, assuming both the conditions of silence and balance, equations (4.3) can be
put into a form that admits asymptotic analysis. In particular, if (4.3) are C'-silent; x
is C%-future bounded; and there are ., (s € M,,(C) and 0 < 9yup, Cr € R with the
property that

lae(t) = acoll + [1€(t) = Cuoll < Crpne™ ™, (4.26)
for all £ > 0, then the following terms of the equation

Xiaiatu7 Xlalua (O[ - aoo)uta (C - Coo)ua

can be ignored, along with the second spatial derivatives of u. In this case, solutions of
(4.3) can be compared to solutions of the corresponding system

o, = Ay + : (4.27)

where as before
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Ay = ( 0 Idm). (4.28)
_Coo —Qo

Equation (4.27) is a system of constant coefficient equations, ignoring the second term
on the right-hand side. In particular, it represents a system of ODEs at each spatial point
of M, given that the spatial dependence has not been eliminated from the solution w.
In fact, this is the system that is going to be considered later in deriving asymptotic
information for equations (4.3). But first, to justify such a use of system (4.27), and to
be able to see the relation between the above conditions and the important notions of
weak silence, balance and convergence, it is necessary to decompose the equation into
the corresponding Fourier modes.

4.3.2 Fourier decomposition of the equations

Based on the fact that the underlying manifold of interest is separable, according to
definition 4.1, it follows correspondingly that equations (4.3) are also separable. Indeed,
behaviour of the solutions can be better understood by looking into the individual modes.
To this end, it is worth reviewing first some background on the Laplace-Beltrami oper-
ator on a closed Riemannian manifold, before proceeding to the relevant case. For this
purpose, there is the following theorem.

Theorem 4.1 Let (M,g) be a closed Riemannian manifold and A, be the asso-
ciated Laplace-Beltrami operator. Then, the eigenvalues of A, consist of a sequence
Ai, 0 <4 € Z such that 0 = \g > A\ > ... and \; =& —o0 as © — oo. Moreover, if
& is the eigenspace corresponding to N;, then &; is finite dimensional and consists of
smooth functions. In particular, & is the set of constant functions. Finally, the set of
eigenfunctions of A, is a basis for L*(M).

In relation to the previous theorem, it is important to remark that since each of the
eigenspaces is finite dimensional, there is a sequence 0 = X\g > A\; > ..., for 0 < i € Z,
and corresponding orthonormal eigenfunctions ¢; € C°°(M) such that the sequence ¢;
is a basis for L2(M). Moreover, there is a corresponding sequence 0 < vy < 1 < ... such
that \; = —1/2, where v; — 00 as i — 00.

For (M, g) an oriented Riemannian manifold, the volume form i, associated with the
metric g defines a positive measure A, such that

/M 1Ay = /M Fitg

for all f € Cy(M,C), based on the Riesz representation theorem [52]. In particular, if
(M, g) is closed (in addition to being connected and oriented), then the following inner

67



product can be defined

(u,v), :—/ uv* A,
M

for u,v € L*(M), which turns the space L?(M) into a complex Hilbert space. Based on
this, for u € L*(M) and 0 < i € Z, the following decomposition can be defined

ﬂ(l) = <U7 ¢i>g’
which is nothing other than the Fourier transform of u. Then, the fact that ¢; represent
a basis for L?(M) can be expressed as

/ u2A, = 3 Ja),
M i=0

for all w € L*(M). If u € C*°(M,C) and s € R, then the following norm can be defined

-~ 1/2
lulls) = (Z(Vﬁ%\ﬂ(i)ﬁ) : (4.29)

1=0

where (- ) := (14]-|*)"/2. If s = k a non-negative integer, then this norm is equivalent to
the Sobolev norm H*(M), as can be seen from (3.15). However, || - |5 will be referred
to as a Sobolev norm in what follows.

To consider the case related to equations (4.3), the Laplace-Beltrami operator A, r =
1,2,...,R, on (M, g,) is considered first. Applying the previous remarks gives orthonor-
mal eigenfunctions ¢,;, 0 <7 € Z, and corresponding eigenvalues —V37i. In addition, for
n € Z4 and 0 < i, € Z, the following set can be defined

L= (n,il,ig,...,iR). (430)

Then, the set of all such ¢ is denoted Zg. For each ¢ € Zp, there is a unique v given
by

V(L) := (N, V14, Vasigy s VRig)- (4.31)
This indicates that
vr(L) =n, vr,; (1) = n;, Vri, (L) = Uy, .
For x € T4, p, € M,, r =1,...,R, and p = (2,p1, ..., pr), the following functions ¢,
can be defined

¢u(p) = (2m) "2 B4, (p1)P2in (D2) -+ BRin(PR), (4.32)
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for « € Ip. These represent eigenfunctions for the operator

Ar+ A+ ..+ Ap,

with an eigenvalue —|v(1)|?, where Ap represents the Laplacian on T¢.

In a similar fashion, the volume form pp on M induces a positive measure Ag, which
renders L*(M) a complex Hilbert space. The corresponding inner product is defined by

(u,v)p ::/ uv*Ag,
M

for u,v € LQ(M ). It should be clear from orthonormality that for ¢4, ¢, € Zp

<¢La’ ¢Lb>B =0,
for 1, # 1p. Similarly, @(¢) is defined as

() == (u, ¢,) B, (4.33)

for u € L*(M). From the fact that e™® n € Z%, is a basis for L?(T?), and ¢,,, is a basis
for L?(M,), r = 1,..., R, it can be shown that

/|mAB_§:w

LGIB

for u € C*(M,C). Hence, ¢, represent a basis for L>(M). For u € C*(M,C) and
s € R, it follows that

1/2
lull) = (Z(V(L))QSIU(L)P) (4.34)

LELp

represents a Sobolev norm.

Now, for equation (4.3), taking the inner product (with respect to (-,-)p) with ¢,
yields the following

d

d
E(u,t) + g% (e, t)2(1, ) — 2 Z ingg” () )+ Z in X' (t)
=1

=1

+ a(t)i(e, ) + C(t)2(e, ) = f(u,1),

(4.35)

where
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Z<L7t) = <u('7t)7¢L>Bv (436)

d R 1/2
o= (S mog0+ 3 ) )
jl=1 r=1

A

f(La t) = <f(7t)7 ¢L>B' (438)

To simplify the notation a little bit, the dependence on ¢ and ¢ can be omitted, along
with employing the summation convention. This gives

E g’z — 2img" s iy X'e + o + (2 = f. (4.39)

As it will be relevant for subsequent discussion, the following two quantities are
introduced

oL(4 X!
o) = gy (4.40)
g1, 1) g(s,1)
In terms of these, equation (4.39) can be recast as
4¢% — 2iogi+iXgz+ai+(Cz=f. (4.41)

4.3.3 Weakly silent, balanced and convergent equations

As indicated at the beginning of this chapter, the restricted class of equations, based
on (4.3), for which asymptotics can be analyzed is that of weakly silent, balanced and
convergent equations. To define these notions, and to see their relation to the previously
discussed concepts of balance and silence, the following quantity is defined

(u,t) = Infg(e, )], (4.42)
based on the Fourier decomposition of the equation. Using this and (4.40), a definition

can be given as follows.

Definition 4.12 Consider (4.3). Assume that the associated metric to be such that
(M, g) is a canonical separable cosmological model manifold. For 0 # ¢ € Zp, define
g(¢,t) by (4.37), 0 and X by (4.40), and ¢ by (4.42). If there is a constant Ceoer Such
that

o (e, )l + X (2, DI + [la @] + 1< < Ceoesr, (4.43)
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for all 0 # + € Zp and all t > 0, then equations (4.3) are said to be weakly balanced. If
there is a constant b, > 0 and a continuous non-negative function ¢ € L'([0, 00)) such
that

0(1,t) < —by + e(t), (4.44)

for all 0 # + € Zp and all t > 0, then equations (4.3) are said to be weakly silent. In this
case, a quantity denoted 7,4 is defined as follows. If ¢, := ||e||; and g(¢,0) < e, then
Toge := 0. If g(¢,0) > e %, then 7,4 is defined as the first t > 0 such that g(¢,t) = e .
Finally, if there are a, (& € M,,(C) and constants 0 < 7,,, and C,,,, such that

la(t) = ool + [IC() = Cooll < Crne™™,
for all ¢ > 0, then (4.3) are said to be weakly convergent.

Two remarks are in order. First, the reason these conditions are termed weak is that
they only involve bounds on the quantities of interest, and not the quantities and their
first derivatives, as exemplified by definition 4.10. Second, sometimes it is convenient to
impose, in addition to the above assumptions, that there are constants Cger, fger > 0
such that

()] + X (0 8] < Cgere (4.45)

for all 0 # ¢ € Zg and all t > 0.

To see the relation of these formal definitions to previous notions, the following two
lemmas are needed.

Lemma 4.2 Let (M, g) be a canonical separable cosmological model manifold. As-
sume, moreover, that there is an 0 < ng,0 < 1 such that (4.15) holds for all t > 0, and
that there are a 0 < p € R and a continuous non-negative function ¢ € L*([0,00)) such
that

l;; Z (:u - e)ga
Xlg - [Xlg <e,

for allt > 0. Then, there is a continuous non-negative function ¢; € L'([0,00)) such
that

U1, 1) < — i+ eg(t), (4.46)
for allt >0 and all 0 # 1 € Ig. Moreover, ¢ 1= 2773_}303-
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Lemma 4.3 Consider (4.3). Assume that the associated metric to be such that
(M, g) is a canonical separable cosmological model manifold. Let h be the induced metric
by (4.14) on T¢. Assume, moreover, that there is an 0 < ng,0 < 1 such that (4.15) holds
for allt > 0. Then

o (. )] < Mool X (B3,

1% (e, )l <m0 lxIrs
forallt >0 and 0 # 1 € Ip.

Consequently, the conditions of weak silence, balance and convergence turn out to
be just a reformulation of the previous conditions of C'-silence, C°-future-boundedness
of x, and the convergence of «(t) and ((t). Also, it is noteworthy that, based on (4.44)
and (4.46), p = bs.

Now, to better understand how these conditions relate equations (4.3) to the system
of ODEs (4.27), it is first worth remarking that equation (4.44) can be integrated to
yield

g(t) < g(0)e """, (4.47)
for t > 0. Under the assumption that g(0) < e, this simplifies to

g(t) <e ™, (4.48)

for ¢ > 0. However, in the other, more general case, equation (4.44) yields

g(t) < exp(—byt), (4.49)

for t > T,4e, where t :=t — T,4.. Hence, this motivates dividing the time interval [0, co)
into [0, Tpge] and [Tpge, 00), such that during the second interval, which is known as the
ODE regime, g(t) < 1. Based on (4.49), the condition of weak balance can re-expressed
as

g™ ()] + X' (£)]] < Cooere™™, (4.50)
for t > T,q.. Rewriting equation (4.39) as

4 g%z — 2”2 4+ i X'z + ased + Cooz + (a0 — )2+ (C = ()2 = f,

and introducing additional variables, the equation can be recast as a first order system
0= AV + Arem(t)v + F, (4.51)
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where

z 0 0 0

v = ) Arem(t) - ’ F= N )
z 92 + ianl + (C - Coo) _2inl90l + (a - aoo) f
(4.52)

and A is defined by (4.28). Based on (4.49), (4.50) and (4.26), the matrix Aoy (f) has
the important property that

[Arern(®)]| < Creme ™", (4.53)

for t > T,4e, where iy = min{bg, N}, and Ciep only depends on Ceper and Ciyy,. In
case (4.45) is also satisfied, the definition of S,y is replaced by

ﬁrem - min{QBs, bs + 6der7 nmn}

To be able to analyze the asymptotics of solutions to equation (4.51), it is important
first to decide under what conditions the system can be approximated by the correspond-
ing system v = A,v + F', asymptotically. For this purpose, the equation should be cast
in a form that allows to isolate the leading order asymptotic behaviour of its various
terms.

4.3.4 ODEs with exponentially decaying error terms

Based on the discussion of the previous two subsections, the system (4.3) can be formu-
lated as

o(t) = B(t)o(t) + F(t),

for t > Ty4e, where B(t) = Ao+ Arem(t), and Ao (t) satisfies (4.53). In this context, A,
represents the dominant part, while A, (t) is an error term. However, it is important
not to forget that A, depends on the frequency ¢, and that typically || Aem(0)|| —
oo as |v(t)] — oo. Hence, it is not an immediate result that this term is negligible,
asymptotically, because it decays exponentially.

So, to understand the conditions under which solutions to the system v = A v + F
better approximate solutions to the equation (4.51), and to analyze their asymptotic
behaviour, it is important first to recall some background on the Jordan normal form of
a general matrix with complex entries.

Let A € M, (C), 1 <n € Z. Then, there exists a matrix 7' € GL,,(C) such that
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J =T AT,

known as the Jordan normal form of A, is a block diagonal matrix. The matrix 7" consists
of the generalized eigenvectors of A. Denoting SpA the set of eigenvalues of the matrix
A, then the generalized eigenspace F, corresponding to A € SpA, is defined as

Ey = ker(A — Ald,)™,

where 1 < n, € Z.
The matrices on the diagonal of J are called Jordan blocks. These are square matrices
of the following form

>
—_
)
)
=)

Sa=1: + o],
000 .. X1
000 ... 0 X

where A € SpA, and d = n,, is the dimension of the block. From the fact that

(Jrag — Mdg)? =0,

it follows that the generalized eigenspace of Jy 4 is simply C?. In addition, the matrix
exponential exp[.Jy 4 t] can be evaluated as

00 d—1
1 1
exp[Jyq t] = exp[(Ja—Aldg)t+A1dgt] = eMexp[Joa t] = e ) ﬁgJo’“,d th=e :E‘]Ok,d t*
k=0 k=0

(4.54)
where Jy4 = Jyq — Aldg, and the fact that J[‘){ 4 = 0 has been employed. Consequently,
for v € C?, the leading order asymptotic term of exp[Jy 4 t]v as t — oo behaves like

ttexp[Re{A\}],

where exp[Im{A}¢] contributes only as a rotation. To see how this is related to the matrix
exponential exp[At], it is convenient to order the Jordan blocks as

J = {‘])\17611’ J>\27d2’ ey J>\'m7d7n}7

where Re{\;} > Re{\;i11}, and d; > d;;; whenever Re{\;} = Re{\;11}. So, from the
fact that

eAt = TeJtT_l = T{exp[‘]khch t]a eXp[J)\27d2 t]v XX eXp[J/\m,dm t]}T_la
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it follows that the leading order term of ev, for a generic v € C", has a time depen-
dence of t%~lexp[Re{\; }t] as t — oo. This motivates introducing the following notation.

Definition 4.13 For B € M,,(C), if

Fmaz(B) := sup{ReA | A € SpB}, Emin(B) := inf{Re\ | A € SpB}.

Then, RspB, the real eigenvalue spread of B, is defined by RspB := Kju(B) —
Kmin(B). In addition, if kK € {ReA| A € SpB}, then dp..(B, k) is defined to be the
largest dimension of a Jordan block corresponding to an eigenvalue of B with a real part
. Finally, if & ¢ {ReX | X € SpB}, then dp.. (B, k) == 1.

So, it follows by construction that ... (A) = Re{A\1} and dpaz(A, Kmaz) = di.

Now, turning to the point of when the term Ay, (t)v in equation (4.51) can be
dropped, it is important to remark that, under the assumption

1F o ;:/ 15| F(s)|ds < oo, (4.55)
0

where K1 1= Kma(Ax), solutions v(t) to (4.51) do not grow faster than the fastest
growing solutions to the equation v = A, v. In other words,

()] < C(t — Toge) ™ttt Toue), (4.56)

for t > Tpge, where dy := dyas(Aso, k1). It is noteworthy that condition (4.55) is just
the statement that also F' does not grow faster than the fastest growing solutions to
0 = Av. From the fact that equation (4.51) can be expressed as

% <6AO°tU B /t erosF(S)dS) = e Ao ()0 (1), (4.57)

Tode

and taking the previous observations into consideration, it follows that the right-hand
side decays exponentially, and hence the term inside the parenthesis converges exponen-
tially, if RspAse < Brem, or in other words if

’imm<Aoo) > Iimaz(Aoo) - Brem‘ (458)

To get an insight into what this condition implies, it is worth remarking that (..,
represents the threshold between the leading order part of solutions to v = Asv, which
can be distinguished from the error resulting from neglecting A, (¢)v, and remainder
part which cannot. Given that the leading order behaviour is proportional to Kpaz(Aso),
it is then necessary to focus on solutions with Re{\;} such that
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Ref A} > omas (Aoo) — Brem- (4.59)

So, equation (4.58) indicates that all the eigenvalues of exp[Aut]v, for some v € C*™,
correspond to a leading order behaviour in this case. On the other hand, if RspA,, >
Brem, this could imply an exponential growth for the right-hand side of (4.57). Hence,
to be able to proceed further, it is important to consider only eigenvalues \; such that
(4.59) is satisfied. This is summarized by the following lemma.

Lemma 4.4 Given 1 <n € Z, B € M,(C) and 0 < g € R, there is a T € GL,(C)
such that T~*BT has the following properties:

T~ 'BT = diag{B,, By},

where B, € M,,,(C); B, € M,,,(C); 1 <n, € Z and 0 < ny € Z are such that n,+ny, = n;
and B, and By, consist of Jordan blocks. Moreover, RspBy < B; Emaz(Ba) = Emaz(B);
and Kmap(Bb) < Kmaz(B) — B (assuming ny > 1).

Consequently, for ' € GLs,,(C), it follows that

T1ALT = diag{Aso.a, Asos}

where the blocks A 4, A satisfy the properties mentioned in the lemma, with § =
Brem- Denoting w(t) := T~ 'v(t), and letting w, and wjy be the components of w corre-
sponding to the blocks A, and A, respectively, then equation (4.51) can be decom-
posed as

a(t) = Aaat) + [T Aren(0(D]a + [T F(1)] (4.60)
n(t) = Aoy (2) + [T A ()0(8))y + [T F (D)) (4.61)

For equation (4.60), same arguments as before can be applied to obtain the leading
order behaviour. However, for the system (4.61), it is only possible to have an estimate
of the solutions. As mentioned previously, this is related to the fact that the second
term on the right-hand side could grow faster than the fastest growing solutions to
u';b = Aoo,bwb(t).

It is noteworthy that the previous decomposition of the matrix A,, can be done al-
ready on the level of the generalized eigenspaces of the matrix. For this, the following
notation is needed.

Definition 4.14 Given 1 <n € Z, B € M,,(C), 0 < # € R, and let n, and n; be the
integers obtained by appealing to lemma 4.4. n, and n, are referred to as the dimensions
of the first and second subspaces (respectively) of the 5, B-decomposition of C". If T is
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obtained as in lemma 4.4, E, := T(C" x {0}"™), E, := T({0}" x C™), then E,(E;) is
referred to as the first (second) generalized eigenspace in the 3, B-decomposition of C™.
In other words, E,(Ep) is the direct sum of the generalized eigenspaces of B correspond-
ing to eigenvalues in SpB, (SpBy).

So, looking into the first generalized eigenspace of A, is equivalent, on the trans-
formed, Jordan block side, to focusing on vectors v € C?™ such that the components
corresponding to Jordan blocks Jy, 4, with ReA; < Kpaz(Aso) — Brem vanish.

As a final remark, it is noteworthy that if B € M,,(R), then A € SpB = \* € SpB.
Moreover, ny = ny«, so that v € E, implies that v* € E,«. In this case, the spaces F,
and Ej can be thought of as subspaces of R™.

4.3.5 Deriving and specifying asymptotics

After investigating the behaviour of solutions to the system (4.51) in the ODE regime, it
is worth remarking that during the interval [0, Tp4.], known as the oscillatory regime, less
information is available. Due to the assumption of weak balance, it is at least guaranteed
that the energy associated with the solutions does not grow faster than exponentially.
However, the estimate of the energy turns out to be in the form of (r(¢))* times the
initial energy, where sy > 0. From the fact that the energy &, s € R, for a given solution
z of equation (4.35) is defined by

&@J%Z%@@Wﬂ&%ﬂf+g%%MML®F+V@JWL (4.62)

it follows that this estimate involves loss of regularity. In other words, initial data have
to be estimated in the Sobolev space H*"* to obtain an estimate regarding asymptotics
in the H® space.

Combining the previous remarks with the analysis of solutions in the ODE regime,
the asymptotics of solutions to equation (4.3) can be derived according to the following
lemma.

Lemma 4.5 Assume that (4.3) is weakly silent, weakly balanced and weakly conver-
gent. Assume, moreover, that f is a smooth function such that for every s € R,

HNM:AEJWKMMW<W (4.63)

holds, where K1 := Kmae(As) and Ay is defined in (4.28). Let Brey = min{bg, Nmnt,
where bs and Ny, are the constants appearing in the definition of weak silence and weak
convergence (definition 4.12), respectively. Let, moreover, E, be the first generalized
eigenspace in the Brem, Aso-decomposition of C*™. Then, there are constants C, N and
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Shoms Sin > 0, depending only on the coefficients of equation (4.3) such that the following
holds. Given a smooth solution u to (4.3), there is a unique Vo, € C*(M, E,) such that

ot t
U( ; ) . eAOC Voo . / ero(th) 0 dr
(-1 : 1) (164)

S C<t>Ne(H1_Brem)t(||U/t(.’ 0)||(3+5hom) + ||u(7 0)||(3+Shom+1) + ||f||A75+Sih)7

holds fort > 0 and all s € R. Moreover,

||VOO||(5) S O(HU/t(', 0)||(5+5hom) + ||u<7 0)||(3+5hom+1) + ||f”A75+5ih)' (465)

Three remarks are in order. First, if, in addition to the assumptions of the lemma,
the estimate (4.45) is satisfied, then the definition of (e is replaced by

Brem = min{%s, bs + /Bdera nmn} (466)

Second, the estimate (4.65) can be interpreted as indicating that the map from initial
data to asymptotic data, as represented by V.., is continuous with respect to the C°°-
topology. Third, it is not difficult to see that

t 0
etV + / eA(t=T) dr,
0 (

.’7—)

is just a solution to the system (4.27).

Given a solution to the equation, lemma 4.5 provides a method to calculate the
asymptotics. However, it is also interesting to be able to specify asymptotics that cor-
respond to a certain solution. For this purpose, it is necessary first to impose an upper
bound on k(t), or a lower bound on #(¢,t). The reason for this is that when going back-
wards in time from initial data at ¢ = 7,4, specified by asymptotic data in the ODE
regime, to initial data at ¢ = 0, it is important that the energy does not grow faster than
exponentially. This is implemented in the following lemma.

Lemma 4.6 Assume that (4.3) is weakly silent, weakly balanced and weakly con-
vergent. Assume, moreover, that f = 0 and that there is a constant by, > 0 and a
non-negative continuous function e, € L'([0,00)) such that

6(1/7 t) 2 _blow - elow(t)a (467>
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forallt >0 and all0 # 1 € Tp. Let Ay be defined by (4.28) and let Brem = min{bg, Nmn },
where by and Ny, are the constants appearing in (4.44) and (4.26), respectively. Finally,
let E, be the first generalized eigenspace in the Brem, Aso-decomposition of C*™. Then,
there is an injective map

Do : C°(M, E,) — C(M,C*™),
such that the following holds. First,

[Poc O ls) < Cllxll (4500 (4.68)
for all s € R and all x € COO( , E.), where the constants C' and so, > 0 only depend
on Ccoef‘f; Cmn> b87 blowa nmna HeHb Helowula 9”(0)7 27] = 17"'7d7 and CZT(O), r =

1,...,R. Secondly, if x € C’OO(M E w) and u is the solution to (4.3) (with f = 0) such
that

=P (x), (4.69)

then

u(-,t
CO) i < ot e B 0) ety + 0 O o)
w(t) (#)

(4.70)
for allt > 0 and all s € R, where the constants C, N and Spom have the same dependence
as in the case of lemma 4.5. Finally, if E, = C*™ (i.e. if RspAoo < Brem), then @ is
surjective.

Three remarks are in order. First, by combining (4.68), (4.69) and (4.70), it fol-
lows that the Sobolev norms of u(-,0) and u(-,0) on the right-hand side of (4.70) can
be replaced by a suitable Sobolev norm of the asymptotic data y. Second, similar to
(4.65), the estimate (4.68) implies that the map from asymptotic data to initial data
is continuous with respect to the C*°-topology. Hence, based on both lemmas 4.5 and
4.6, it follows that when £, = C*™, there is a homeomorphism between initial data and
asymptotic data.

Third, even though the lemma is stated for the case f = 0, it can be extended to
the inhomogeneous case by combining it with lemma 4.5. For this purpose, assume that
| fllas < oo, and let wpa, be the solution to (4.3) with initial data upat(-,0) = 0. Also,
let Viartoo € C°(M, E,) be such that (4.64) holds with u and V, replaced with
and Vpart,00, Tespectively. Given a general Vi, € C’OO(M , E,), denote upop, the solution to
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(4.3) with f = 0 and corresponding initial data unem(-,0) = Poo(Voe — Vpart.oo). Hence,
it follows that u := Upom + Upart 1S & solution to (4.3) that satisfies (4.70).

Now, it is convenient to have a flavour of how lemmas 4.5 and 4.6 can be used to derive
and specify asymptotics for a given equation, before applying them to the main equations
of interest in the next chapter. For this purpose, equation (4.24) can be considered. In
this case, the metric g.s associated with the equation is given by

Jass = —dt ® dt + €2td0 X d@,

on S' x R. As a result

Gass = €2d0 ® dO, k = Gass, x = 0.

In addition, x = 0, « = 0 and ¢ = 0. Consequently, the equation is C'-silent (or
weakly silent) with g = 1. Moreover, the estimate (4.26) is satisfied with an, = (o =0,
and 7., = 1. Hence, all the necessary assumptions of lemma 4.5 are fulfilled. Given
that the estimate (4.45) is also satisfied with fge = 1, it follow that SBem = 1.

The matrix A, is expressed as

Aoo=<0 1)7
0 0

which is of the form of a Jordan block corresponding to an eigenvalue A\ = 0 with a

multiplicity ny = 2. So, k; = 0, and E, coincides with R?. So, lemmas 4.5 and 4.6 can

be combined to yield a homeomorphism between initial data and asymptotic data.
Based on the previous remarks on Jordan blocks, the matrix exponential e?>? is

simply calculated as
1
At _ 0 n 0 t _ 1t .
0 1 0 0 0 1

So, for ¥ = (Yoo, Vo)t € C°°(ST, R?), it follows that for a given solution P

P('7 t) . ¢oo + Vool < Cs<t>Neft’ (471)

Pi(-,t) Voo o) B

where C is allowed to depend on s and the solution in this case. This result agrees with
the one obtained previously by dropping the second spatial derivatives, the reason being
the fact that equation (4.24) is also balanced.
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Chapter 5

Asymptotic analysis of the systems
of interest

In this chapter, lemmas 4.5 and 4.6 are applied to analyze the asymptotics of the systems
of interest, namely scalar linear perturbations of a flat FL background with a perfect
fluid and a cosmological constant, according to (2.119), and a massive scalar field on the
same background, according to (2.131), in the direction of the initial singularity.

5.1 Past asymptotics of scalar linear perturbations
of a FL background

Recalling that, based on equation (2.116), the relevant matter model in the direction of
the singularity of a FL model is a radiation fluid with w = %, then equation (2.119) gets
expressed as

4
n
where A is the Laplace-Beltrami operator on T?. Now, based on remarks made in the
previous chapter, the time coordinate can be changed as

1 4

4 d
n=e :>d—n:—e%, (5.2)

so that 7 — oo corresponds to 7 — 0. Invoking this, equation (5.1) becomes

d 1 4
67% [eT\IJT] — gA\I] — 4627\117- + §A€72T\IJ

. A (5.3)
=2, 42U, — gA\I/ —4e¥, + gAe—QT\I/,
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which yields

1 4
U, — ge—%mf -3V, + gAe—‘”xlf =0. (5.4)
The metric associated with (5.4) is given by
3
Guss = —d7 @ d7 +3¢” Y " da' @ da’, (5.5)
i=1
on T? x R, and hence
3 —
Jnss = 3€”7 Y _da' ® da’, k= Gass) X = 0. (5.6)
i=1
Also, x = 0, a(r) = =3 and (1) = 3Ae™*. So, the equation is C'-silent with

@ = 1, and the estimate (4.26) is satisfied with s = —3, (oo = 0, and 7, = 4. As
a result, lemma 4.5 can be applied. In this respect, the estimate (4.45) is also satisfied

with SBqer = 1. Hence, Brem = 2.
0 1
As = , 5.7
L) 5

The matrix A, is given as
which has eigenvalues Ay = 0 and Ay = 3, both with ny = 1. Thus, k; = 3. The
generalized eigenspace F), is spanned by

xl

0

where 2! € R. Similarly, E), is spanned by

Il

3!

So, choosing z! = 1, the matrix 7" and its inverse can be given by

(11 IR & B VE
N ol o

Consequently, the matrix exponential e~ is calculated as
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ar (1 1) (1 0 1 —1/3\ (1 (7 —1)
‘ _<0 3) (0 e3T> (0 1/3)_<0 e ) (5.9)

Given that RspAs > Brem, it follows that E, = E),, and V,, is expressed as

Voo = woo >

3o

for 1., € C*°(T? R). Hence, applying the estimate (4.64) for a given smooth solution ¥
of (5.4) gives

. 37
PeT) ) [ e < Cy(r)Ne, (5.10)

\I]T('a T) 3¢m63T (s)

where, as indicated before, C; is allowed to depend on s and the solution.

As a result, there is a blow-up of scalar linear perturbations that goes like 1/7® for
1n — 0. Moreover, the cosmological constant A does not have any effect on the asymptotic
behaviour of ¥ in the direction of the initial singularity. In fact, the time dependence
of the blow-up agrees with the one deduced from solving equation (5.4) for A = 0, as
shown in [42].

From equation (5.10) and the previous remark, the corresponding asymptotic be-
haviour of the relative energy density perturbations of the perfect fluid can be deter-
mined, through (2.120), as

0pie

2
P geTm/;m + 41po €7, (5.11)

for 7 — oo.

5.2 Past asymptotics of the Klein-Gordon equation
on a FL background

Specifying the matter model of the background to a radiation fluid as before, equation
(2.131) gets expressed as

" — Ap + %qb' +n*m2p =0, (5.12)

where A¢p = Z?Zl ¢;i. Employing the change of time coordinate of (5.2), this equation
becomes
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brr — TN — b, + e M%) = 0. (5.13)

Proceeding as before, the associated metric with (5.12) is given by

3
Guss = —d7T @ d7 + €7y da' ® da, (5.14)

=1

on T3 x R. Consequently,

3
gass = 627 del X dxia E = gass; X = 0. (515)
i=1

Also, x = 0, a(t) = —1 and ((7) = e ¥m? So, equation (5.13) is C'-silent with
@ =1, and the estimate (4.26) is satisfied with ao, = —1, (o = 0, and 7, = 4. As a
result, lemma 4.5 can be applied, as before. In this respect, the estimate (4.45) is also
satisfied with B4 = 1. Hence, Brem = 2.

The matrix A, is given by
0 1
A ( ) | 516
0 1

The eigenvalues in this case are Ay = 0 and \; = 1, both with ny = 1. Thus, k; = 1.
As the case with the previous analysis, the generalized eigenspace E), is spanned by

xl

0

where ! € R. On the other hand, E), is spanned by

Il

IL‘l

Again, choosing ! = 1, the matrices T and T~! are expressed as

T—(l 1), T1—<1 _1>. (5.17)
0 1 0 1

Using (5.17), the matrix exponential =" can be calculated as

e14%7:(1 1) (1 0) (1 —1>:<1 67—1>‘ (518)
o 1/\o e)\o 1 0 e
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One difference with respect to the previous case is that RspAes < Brem. S0, E, = R2,
and the asymptotic data V., are expressed as

V. — Poo |

Voo

for ¢uo, Ve € C°(T3,R). This also indicates, by appealing to lemma 4.6, that the map
between initial data and asymptotic data is a homeomorphism with respect to the C'*°-
topology.

Applying equation (4.64) for a given smooth solution ¢ yields

SRR I LR G i | PR (5.19)

T eTUco
6:(7) .

where, as above, C is allowed to depend on s and the solution.

Similar to the cosmological constant, it turns out that the mass m does not affect
the asymptotics of the scalar field in the direction of the initial singularity. This agrees
with both the results of [5] and [2], where the latter investigates the past asymptotics of
equation (5.13) with m = 0.

Based on (5.19), the energy density of the scalar field (2.124) is asymptotically ex-
pressed as

1
ps = 51702 = € A — (¢ — 1)’ Auue], (5.20)

for 7 — oo.
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Conclusion

In this thesis, past asymptotics of two scalar linear wave equations on a flat FL. cosmo-
logical background, coupled to a perfect fluid, have been analyzed using the method of
[48]. For the first equation, the blow-up profile of scalar linear perturbations of this back-
ground has been derived in the presence of a cosmological constant A. In this respect,
it is shown by estimate (5.10) that neither the size nor the sign of A affects the blow-up
of perturbations. For the second equation, the blow-up of a massive scalar field on the
same background has been investigated. Similar to the first case, the effect of mass turns
out to be negligible, asymptotically, according to (5.19). This irrelevance of both the
cosmological constant and mass suggests that the blow-up pattern in the direction of the
initial singularity of the FL solution is entirely determined by the scale factor, and not
by other parameters, in the two discussed cases.

In general, studying systems of the form (4.3) on cosmological backgrounds turns out
to be relevant for another important issue, namely investigating the stability of these
backgrounds. By linearizing the Einstein’s equations for a given solution, the method of
the previous chapter can be employed to analyze the asymptotics, whether to the past or
future, of the resulting equations of perturbations. If a certain asymptotic feature of the
background solution is retained by the perturbations, then it is considered to be stable,
at least on the linear level. For example, turning again to the first case of interest, it
results that the flat FL model with a radiation fluid is past linearly stable due to the
blow-up of perturbations. However, it is important not to forget that the situation could
be different in the full non-linear setting. In fact, by considering anisotropic cosmological
solutions, it turns out that this same background is past non-linearly unstable, which
represents a strong motivation to go beyond the assumption of isotropy when studying
the cosmic singularity [51]. Even though the stability of many cosmological solutions of
interest has already been established on the non-linear level, for example [22, 53, 50, 20,
11, 43], most of these results is proven either for the vacuum case, or in the presence
of matter, but with symmetry assumptions. Hence, asymptotic analysis of these more
general situations in the linear regime can help to further extend the non-linear results
to more realistic models of the universe. Moreover, an understanding of the linearized
system helps to inform how the gauge for the full Einstein-matter system can be better
fixed [48].
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