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Abstract

General Relativity, the currently accepted theory of gravity, has not been thoroughly tested on very
large scales. Therefore, alternative or extended models provide a viable alternative to Einstein’s theory.
In this thesis I present the results of my research projects together with the Grupo de Gravitacién y
Cosmologia at Universidad Nacional de Colombia; such projects were motivated by my time at Bonn
University.

In the first part, we address the topics related with the metric f(R) gravity, including the study of the
boundary term for the action in this theory. The Geodesic Deviation Equation (GDE) in metric f(R)
gravity is also studied. Finally, the results are applied to the Friedmann-Lemaitre-Robertson-Walker
(FLRW) spacetime metric and some perspectives on use the of GDE as a cosmological tool are com-
mented.

The second part discusses a proposal of using second order cosmological perturbation theory to explore
the evolution of cosmic magnetic fields. The main result is a dynamo-like cosmological equation for the
evolution of the magnetic fields. The couplings between the perturbations in the metric and the magnetic
fields are present in the dynamo equation, opening a new perspective in the amplification of magnetic
fields at early stages of the universe expansion.

The final part of this work is in the field of stellar kinematics in galaxies. It is a project that started
at Sternwarte-Bonn Institut some years ago. Here we study the stellar and gas kinematics in HCG 90.
Furthermore, we analyze the rotation curves and velocity dispersion profiles for the galaxies in the core
of the group. Some possible future applications of the work are discuss.
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cHAPTER 1

Introduction

The last century was one of the most important in the develop of our understanding about physics and as-
tronomy. Two of the most important theories in physics were developed during the first decades offering
new perspectives and a solid framework to explain natural phenomena in a very precise language, they
are: Quantum Mechanics (QM) and General Relativity (GR). These theories have opened a new window
to build up a new paradigm about our cosmological conception:The Modern Cosmological Model.

Together with the theoretical advance, important observational facts as the expansion of the universe,
the discovery of the Cosmic Microwave Background Radiation (CMB) and its temperature fluctuations
give us a set of principles to formulate the cosmological model from different perspectives. Fields of
research as particle physics, thermodynamics, statistical physics, gravitation among others have propor-
tioned us a promising model for the universe known as Big Bang Cosmology. For an excellent review
about the cosmological model and its relationship with different branches of physics and mathematics
see [1]. Today, researches in cosmology claim that we are in the era of precision cosmology. From
important tools as cosmological numerical simulations and satellites we know about important facts
about the universe as its composition, the rate of actual expansion and the large scale structure. A model
called Lambda-Cold-Dark-Matter (ACDM) seems to be one of the most serious candidates to fit both
theory and observations. However, there are some aspects about the cosmological model that need to be
considered. Despite the successful of cosmology during the last decades, the main components of the
ACDM model remain without a satisfactory physical explanation . About 25% of the actual universe
is believed to be dominated by a strange kind of non-relativistic matter. Until now we only know the
dark components of the universe by its gravitational interaction. Dark matter is a generic name for this
component which dominates the external dynamics in galaxies and seems to be the best explanation
for multiples images in the strong lensing regime for several well known studied gravitational lens sys-
tems [2]. This component gives the name cold dark matter to the model. The other dark component
known as dark energy dominates about 70% of the model and it provides an explanation for the actual
accelerated expansion of the universe. Only 5% of the matter content in the universe is explained by the
actual theories in physics. Our cosmological model needs to find the explanation for about 95% of its
content. There are several proposals in the literature not only with the goal of searching a satisfactory
explanation for the cosmological model but also for fundamental physics issues, as an example, one of
the most active field of research is the idea of modify GR with cosmological, physical and mathematical
purposes.

Besides the success and problems of the ACDM model, there are still also deep physical and mathem-



1 Introduction

atical reasons to study modifications to GR and QM. One of the most important is to achieve a model
for the Quantum Gravity problem. There are different approaches to the problem as String Theory and
Loop Quantum Gravity with some success and a lot of challenges [3-5].

For our purposes, the first part of this thesis deals with some classical aspects of a specific class of
modification to GR known in the literature as metric f(R) gravity. More specifically, the scientific topics
covered in this thesis are

e The formulation of an action for metric f(R) gravity including the proper boundary conditions in
terms only of the metric and geometrical variables, without using the scalar-tensor equivalence.

e The generalization of the Geodesic Deviation Equation (GDE) in metric f(R) gravity and some
cosmological applications.

e A new approach to the cosmological dynamo equation in the framework of GR using cosmolo-
gical perturbation theory up to second order in a gauge invariant form.

e Some aspects in the stellar and gas kinematics in Hickson Compact Group90.

Each chapter is a broader perspective of the refereed publications made by the author with the Grupo de
Gravitacion y Cosmologia under his entire direction and responsibility. The work about Kinematics in
HCGY0 is also supported by two short publications cited in the chapter. There have been several works
from the author coming from the topics covered in this thesis [6].



CHAPTER 2

Field equations and variational principles

2.1 Introduction

During the last decades there has been an increasing interest to explore alternatives in order to unify
Gravitational Theories with the Standard Model of Particle Physics [3, 5], and many efforts are ad-
dressed in this direction. A widely set of alternatives and approaches from different disciplines in phys-
ics and mathematics are explored for this goal, but until now we do not have a complete and successful
framework to realize this task [5]. One of these alternatives are The Grand-Unified Theories. These
theories appeared just after the advent of General Relativity (hereafter GR), very well known cases are
the Weyl’s work [5, 7] and Kaluza-Klein models [3]. With these proposals, the field called gauge theory
started. Nowadays, the gauge theories are the main point for contemporary version of unified theories.
As a motivation, we should mention that any attempt to formulate quantum field theory on a curved
spacetime leads to modifying the Einstein-Hilbert action with terms containing non-linear invariants
of the curvature tensor or non-minimal couplings between matter and curvature [3]. Historically, the
Einstein-Hilbert action for gravity has been modified for different reasons and one of the first modi-
fications is the Brans-Dicke gravity model, where a non-minimal coupling between matter and gravity
is allowed [5]. Brans-Dicke gravity and its generalizations are called scalar-tensor theories and they
play a very important role in differents fields as cosmology, astrophysics and mathematics. We refer the
reader to the references [3, 5] for a detailed review about historical and modern aspects of scalar-tensor
theories, as we should comment, the methodology and results for the Brans-Dicke model are from the
excellent [5] book.

The scalar-tensor theories are also a very rich scenario for mathematical issues. Low energy limits
in string theory share some mathematical aspects with scalar-tensor theories of gravity [3, 5, 8] and it
has motivated an extensive research in models beyond Einstein GR for gravity. On the other hand, there
is not only modifications to the Einstein-Hilbert action through non-minimal coupling, another very
active field of research consists in generalizations of the Einstein-Hilbert action from Lagrangian made
up from geometrical-curvature invariants [3, 5]. High order theories of gravity known also as Extended
Theories of Gravity (ETGs) also offer a broad landscape for gravity. The most natural generalization
for the Einstein-Hilbert action is instead of work only with the Ricci scalar R, a general scalar function
f(R) is introduced. There is a very important point to stress here, there exists an equivalence between
scalar-tensor theories of gravity and f(R) gravity in the metric and Palatini formulations [3, 5, 9]. We
focus mainly in the treatment of the boundary problem in metric f(R) gravity.



2 Field equations and variational principles

The central aspect of this chapter is to present the results obtained in our work [10] where we obtained
the field equations for the metric f(R) gravity theory, including the proper boundary contribution to
the action in terms of quantities coming from the derivative f/(R) = % of the f(R) function on the
boundary 0V, for the spacetime bounded region where the dynamical equations are defined (see fig 2.1).
The boundary term is needed in order to have a well-posed mathematical problem in f(R) gravity. There
has been an extensive discussion about the initial-boundary Cauchy problem for GR and ETGs. The very
important problem of initial value for a viable f(R) theory of gravity was studied in [11] and it is also
deeply discussed in [3]. In this work, we adopt the following criteria in order to establish a well-posed
mathematical problem [9]: If the action for the field theory is restricted to those field configurations

consistent with the boundary and initial data,

s - f d*x L (9] @.1)
4%

) ,
{qb’ consistent with data on 9V }
the unique solution to the Euler-Lagrange equations (B.59) should be the only extremum of the ac-
tion (2.1). For a gravity theory, the initial-boundary conditions are setting on 3V (see figure 2.1) for
the metric or any other gravity variable. In our work, the equations for f(R) gravity in the bulk were
obtained using elementary variational principles instead of the usual treatment in an equivalent scalar-
tensor approach. The problem of the boundaries in general relativity was studied in a seminal work by
Hawking et al. [12], where the so called Gibbons-York-Hawking term was added to the Einstein-Hilbert

action to avoid fix both dgop = 05-(6gap) = O| - Only the former is fixed and the boundary problem in

GR is solved [9]. However, there is a lack of importance in almost all the specialized literature related
with the correct treatment of the boundary conditions for higher order gravity theories and field theor-
ies [13]. Our approach shows in a different way that with the proper boundary term in the action and
with only a formulation in terms of the f(R) function and its first derivative on the boundary, instead of
the use of scalar fields. We get a well-posed mathematical problem, because the equations on the bulk
remain in the standard form studied in [11] where its initial problem was well established. We should
point out that the geometrical restriction 6R' o = 018 a condition we recover in our treatment. It is a
common feature of scalar-tensor theories with boundaries [9] where the same mathematical condition is
written as 6¢| av=0-

The mathematical and physical consequences of the boundaries in any field theory are of remarkable
importance as is pointed out in [9] where boundaries for different field theories and the case of the
scalar-tensor gravity is particularly studied.

We start with some comments about the cosmological and other motivations to study models beyond
GR. A detailed exposition of the field equations in GR and metric f(R) gravity together with the proper
mathematical treatment of the boundaries is included. We compare the boundary term with the Gibbons-
York-Hawking in GR and the boundary term in metric f(R) gravity. As a final topic, the equivalence
between Brans-Dicke gravity and metric f(R) gravity is discussed including the boundary contribution
in scalar-tensor gravity.

2.2 Extended theories of gravity

One of the biggest achievements in physics in the last century, was the formulation of Einstein General
Relativity. Nowadays, the Einstein theory provides one of the most coherent and precise descriptions of
spacetime, gravity and matter at macroscopic level [3, 14]. However, besides all the very well known
effort in the unification program dealing with GR and Quantum Mechanics, the theoretical interest in
ETGs began almost since the formulation of GR. People have tried to work with the idea of generalized
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GR to include, in a general scheme, first the electromagnetic interaction and more recently the other
interactions [3, 5]. One pioneering work was the program carried out by Th. Kaluza and O. Klein [5],
with their five-dimensional theory which enables to describe the electromagnetic field on the geometrical
side of the field equations.

There are excellent bibliographical references and textbooks appropriate to follow the development of
the so called Extended Theories of Gravity (ETGs). Give an extensive review about these theories is out
of the scope for this thesis. The interested reader can see the wonderful texts [3, 5, 13] and references
therein.

As general features of the ETGS we find that the geometry can couple non-minimally to some scalar
field and derivatives of the metric of the order higher than second may appear in the field equations [5].
One important aspect about these ETGs is related with the proper boundary conditions in a Lagrangian
formulation. In this chapter, we will mention how to face this problem adding proper surface boundary
terms and specially in the case of f(R) gravity, our work [10] shows that it is possible to have a well
behaved mathematical problem without using the scalar-tensor equivalence.

In this thesis, a subclass of ETGs known as f(R) gravity in the metric formalism is considered. The
gravity equations are obtained in the metric formalism with appropriate boundary conditions. This
chapter follows basically our work [10]. This work exhibits important consequences about the role
of boundaries in metric f(R) gravity and how to get a well-posed mathematical problem within these
theories. The set of equations for metric f(R) gravity is employed in the rest of the thesis mainly in
cosmological applications.

2.2.1 Cosmological and other motivations

Together with the physical and mathematical richness of the ETGs, these theories also offer a very
promising scenario to be tested in both astrophysical and cosmological context. Today, the successful
of the Standard Cosmological Model relies on two very unknown components: Dark Matter and Dark
Energy [1, 4, 15]. Recent observations of the Type Ia supernovae and other cosmological probes as
the localization of the Doppler peaks in the spectrum of CMB anisotropies reveal two very important
features of the cosmological model:

e The universe is currently in a phase of accelerated expansion and this acceleration is explained
within the cosmological theory by a fluid with negative pressure. Any kind of ordinary known
matter does not have this property and to overcome this problem a variety of models in the literat-
ure are explored starting from scalar fields (quintessence), cosmological constant (A), K-essence,
brane-world models, two-scalar model and many other possibilities are advocated to solve this
puzzle, for an extensive review see [3, 5].

e The other important consequence derived from observations is that the universe is spatially flat and
when we join it with the abundances of primordial chemical elements calculated from the theory
of Big-Bang Nucleosynthesis (BBN) the result is a model of the universe roughly dominated by
the dark components at 95%.

The aim of this thesis in not going deep in the observational problems of the “ACDM?” as is also
recognized the standard cosmological model, but explores the possibility offered by f(R) gravity in the
cosmological context as a potentially candidate theory to achieve some understanding and a different
way to solve problems for cosmology [16—19]. Even the big and wonderful success of the scalar fields
in the inflationary scenario, they do not rule out the possibility to explore ETGs as theories beyond GR.
For example, in the infrared limit the acceleration of the universe could be a signal of a breakdown of



2 Field equations and variational principles

Einstein’s theory and ETGs can be considered as alternatives. In fact, there are another very different
ways to approach the cosmic acceleration problem, one is the modification of the “Friedmann-Einstein”
equations. The next chapter is dedicated to cosmology in f(R) gravity together with the generalization
of the geodesic deviation equation in the context of EGTs. The rest of the present chapter deals with the
mathematical problem for the field equations in the context of metric f(R) gravity.

2.3 Field equations on M
One of the postulates in GR are the field equations. The Einstein field equations for GR are
1
Ry — ERg”V = 87GTy, 2.2)

where the T}, is the stress-energy tensor and G the gravitational constant. The set of equations can be
obtained from the Einstein-Hilbert Lagrangian, including the appropriate boundary term [20]

1
S = Z(SEH+SGYH)+SM, (2.3)

where

Sen = f d*x \=gR, (2.4)
%

Sorm =2 95 Py ek, 25)
oV

here V is a hypervolume on M (see 2.1), d°V its boundary , / the determinant of the induced metric, K
is the trace of the extrinsic curvature of the boundary 9V, and ¢ is equal to +1 if 7V is timelike and —1
if 0V is spacelike (it is assumed that 0V is nowhere null, see figure B.1). Coordinates x* are used for
the finite region V and y® for the boundary 9V".

ov

Piecewise smooth
boundary

Bounded spacetime
volume »
N

Figure 2.1: Spacetime bounded region

! For details see Appendix B.1
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Now we will obtain the Einstein field equations varying the action with respect to g®*. We fixed the
variation with the condition

6gap| =0, (2.6)
oV

i.e., the variation of the metric tensor vanishes in the boundary V. We use the results [21, 22]

8gap = —Gaugpr09"”, 5% = —g“"gg"égﬂy, 2.7
1

V=9 = =5 V=99up59"", (2.8)

ORG 5 = Vy(0Tgs) = Vs(0Tp), (2.9)

6Rap = Vy(ar;a) — V(6T 7). (2.10)

We give a detailed review for the variation principles in GR following [23], [21] and [22],. The
variation of the Einstein-Hilbert term gives

8SEl = f d*x (RS =g + V=g 6R). (2.11)
v
Now with R = g*R,, we have that the variation of the Ricci scalar is
OR = 6gPRog + g"PSR 4. (2.12)

using the Palatini’s identity (2.10) we can write [22]:

OR = 6g“PRop + gaﬁ(vy(ar7 ) = Vg(Thy),
= 69" Rap + Vo (9™ (0T5,) — 9" (5T2)), (2.13)

where we have used the metric compatibility V, g,z = 0 and relabeled some dummy indices. Inserting
this results for the variations in expression (2.11) we have:

6Spn = [Vd4x(R6\/—_g+ V=g R),
= f d'x (—%Rgaﬁ V=989 + Rop V=959 + N=gV (9" (6T,) — g (4T y>))
= [ xR = SRo o + [ NPT - ). e
Denoting the divergence term with 65 g,
6Sp = fq/ d*x V=g V(g™ (61F,) — g*7 (6T3,)), (2.15)

we define
V(T — gtlﬂ(é‘ ) gmr(5r 7) (2 16)

then the boundary term can be written as

6Sp = f d*x =g V,V°. (2.17)
4%
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Using Gauss-Stokes theorem [21, 22] (B.55):

f d"x /|g|V A" = 95 d"'y & \Inln, A¥, (2.18)
% oV

where n,, is the unit normal to V. Using this we can write (2.17) in the following boundary term

5Sp = 56 &y elhln, v, (2.19)
oV
with V7 given in (2.16). The variation oI" ’ga is obtained by using that Fga is the Christoffel symbol {ga}:

a

@ 1
I5, =1, } = 59" 10690y + 0y905 = D). (2.20)
getting
1
g = 5(5967[‘913970 + Oagyp — ‘979/3&])’
1 1
= §5go-y[aﬁgya + aagyﬁ - a)/gﬁa] + Ega-y[aﬁ(égyo/) + 8&(593/,6) - ay(égﬁa)]- (2-21)

From the boundary conditions g,z = 59 = 0 the variation (2.21) gives:

1
ST ol = 59”7 [06(8070) + 0a(Bgyp) = O8G0, (2.22)
and . 1
1% = gfxﬁ[zgﬂy[(')ﬁ(dgm) + 00(69yp) — ay(5g/3a)]] _ gau[zgwaa((;gw)]’ (2.23)

we can write
1 1
Vel = 0V, = 6o™] 30713660300 + 0 5030) — 0y(69p0)]| ~ G0 | 56700105

1 1
= 5079"(9p(69y0) + Du(0gyp) = 0y(09pa)] = 5079”7 [0a(Egy)],

2
= 9"[0p(69a) — 0o(59pa)]. (2.24)
We now evaluate the term n° (r| v by using for this that
g = h + en®nP, (2.25)
then
CAZ n” (h* + en®nP)[0p(0goa) — 00 (5gpe)]s
= n"h[0p(6ga) — 00(5gpa)), (2.26)

where we use the antisymmetric part of en®s® with & = n*n, = £1. To the fact 6g,p = 0 in the boundary
we have h%%95(6gsq) = 0 [21]. Finally we get

Vol = —n7h*8,(6gga). (2.27)
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2.3 Field equations on M

Thus the variation of the Einstein-Hilbert term is:
1
8S gy = f d*x \/_—g(Raﬁ - ERgaﬁ)ag“ﬂ - 9§ &y & P8, (5gpa)n" . (2.28)
% oV

Now we consider the variation of the Gibbons- York-Hawking boundary term:

5SGyn =2 56 &y s \IhSK. (2.29)
4%
Using the definition of the trace of extrinsic curvature [21]:

K =V,n%,
= gaﬁvﬁna”
= (h? + snanﬁ)Vﬁna,
= h*PVgn,,
= W (png — T, ny), (2.30)
the variation is
5K = ~h"PsT ) ny,
1
= _Ehafﬁgfﬂ’[aﬁ(é‘gg—o) + Ba(égaﬁ) — 80(5gﬁa)]n7,
1
= —Ehwﬁ[('),g@g(m) + c’)a(égaﬁ) — 80'(69,805)]1’10-,

1
= 5h"ﬁa(,((Sgﬁo[)nf’. (2.31)

This comes from the variation 61“;0 evaluated in the boundary, and the fact that haﬁaﬁ(égm) = 0,
h“ﬂaa(éggﬁ) = 0. Then we have for the variation of the Gibbons-York-Hawking boundary term:

5SGyy = Sg Py & INhP 5 (5gpa)n°. (2.32)
YV

We see that this term exactly cancel the boundary contribution of the Einstein-Hilbert term. Now, if we
have a matter action defined by:

Su= fv d*x V=g Lulgop, V], (2.33)

where i denotes the matter fields. The variation of this action takes the form:
653 = f d*x5(N=G L),
4%

= [ (G0 v+ Lusva)
Vv dg°F
oLy 1
_ 4 — - afS
= L @ Vg Gt ~ 5 Lwds oo™, (2.34)
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2 Field equations and variational principles

as usual, defining the stress-energy tensor by:

Top = =255 + Lwdop =~ =515

99 (2.35)

then: !
oS =3 f d*x NTGT 04", (236)
%

imposing the total variations remains invariant with respect to 5g%°. Finally the equations are writing

as:
1 6§

V9097

which corresponds to Einstein field equations in geometric units ¢ = 1.

1
0,— RQ'B - zRgaB = kT o3, (237)

2.4 Variational principle in metric f(R) gravity

In this section we introduce the boundary term in metric f(R) gravity and we express it in a new form
which allow us to perform a novel analysis of the boundary problem. The general action can be written
as [9, 10]:

1 ,
S mod = Z(Smet + SGYH) +Sm, (2.38)

with the bulk term

S mer = f d*x N=gf(R), (2.39)
v
and the Gibbons-York-Hawking like boundary term [9, 10, 24]

SGyn =2 Sév dPyenlf (RK, (2.40)

with f'(R) = df(R)/dR. Again, S j; represents the action associated with all the matter fields (2.33). We
fixed the variation to the condition

=0. (2.41)
oV

59 aff

First, the variation of the bulk term is:
OS et = fv d*x (f(R)S V=g + V=g 3f(R)), (2.42)
and the functional derivative of the f(R) term can be written as
6f(R) = f'(R)SR. (2.43)
Using the expression for the variation of the Ricci scalar:

SR = 69" Rap + V(g™ (6T 5,) — "7 (6T7)), (2.44)

12



2.4 Variational principle in metric f(R) gravity

where the variation of the term gaﬁ((srga) - g"”((SFZ,y) is given in 2.5. With this result the variation of
the Ricci scalar becomes

SR = 69" Rap + V(g™ (0TF,) — "7 (6TT,)),
= 069" Rap + 9y Vo V7 (66") — VoV, (8977),
= 69" Rop + gop0(6g°F) — Vo V5(59°). (2.45)

Here we define 0 = V,VY and relabeled some indices. Putting the previous results together in the
variation of the modified action (2.42):

= [ dx(FRONTG+ VG RIOR)
1
= L &5 (= F(R)5 V=G.9089" + ' (RIN=G(59" Rap + 9as(69) = VaT59")).
1
= fv d*x «/—_g(f’(R)(ég“BRaﬁ + 9ap0(89") = VaVp(09™) = f(R) 5 gaﬁégf’ﬁ). (2.46)

Now we will consider the next integrals:

L d*x \=gf (R)gap(6g°P), L d*x \=gf (R)VoVs(69°P). (2.47)

We shall see that these integrals can be expressed differently performing integration by parts. For this
we define the next quantities:

M. = f'(R)gapV(69™) = 69 gapV(f'R)), (2.48)

and
N7 = f'(R)V,(597) = 6977V, (f'(R)). (2.49)

The combination g’ "M, + N is
g7 M+ N7 = [ (R)gapV7 (69") = 69 gapV’ (f' (R) + f'(R)V,(6977) = 697"V, (f'(R)),  (2.50)

in the particular case f(R) = R, the previous combination reduces to the expression (2.16) with equation
(2.73). The equations (2.48) and (2.49) are the main results to use in our method. The quantities M, and
N7 allow us to write the variation of the bulk term (2.46) in the following way (for details see 2.6):

1
e = [ VT RORup + 0 B = TV ) = SR 95"

+56 d3y8\/WnTMT+56 d3y8\/Wn(TN”. (2.51)
oV

oV

In the next section we will work out with the boundary contribution from (2.51), and show how this
terms cancel with the variations of the S ’GYH action.
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2 Field equations and variational principles

2.4.1 Boundary terms in f(R) gravity

We express the quantities M, and N7 calculated in the boundary V. Is convenient to express them in
function of the variations dg,g. Using the equation (2.7) in (2.48) and (2.49) yields :

M, = —f' (R)GPV (6gap) + 9P GapV-(f'(R)), (2.52)

and
N = _f/(R)ga-ﬂgyyvy(éguv) + g(wgyvéguvvy(f/(R))- (2.53)

To evaluate this quantities in the boundary we use the fact that 6g.gloy = 59°|yy = 0, then the only
terms not vanishing are the derivatives of 6g.p in the covariant derivatives. Hence we have

M;
0

o —f (R)g*8:(5gap), (2.54)

and
NG'

o ~f (R)g7" g 0y(6g,u) (2.55)

We now compute n” M, &V and nUN"LW which are the terms in the boundary integrals (2.51)

WM, = —f (RN (en"n’ + h%),(5gap),

oV
= — ' (R)n"hP3(5gap)s (2.56)

where we rename the dummy index 7. In the other hand

nyN"

y = —f (R)ng(h™" + en”n* )W + en’n”)0, (69,

= —f R (K" + en”n")0,/(6g),
= _f,(R)nﬂhway(ég,uv)
=0, (2.57)

where we have used that n,h* = 0, &2 = 1 and the fact that the tangential derivative h"0,(6g,)
vanishes. With this results the variation of the action §,,.; becomes:

e = [ NG RORup + 10 B = VT3 ) = SR 95"
- ngv Py eInlf R Py (6gep). (2.58)
We proceed with the boundary term S, in the total action. The variation of this term gives
88 Gy =2 9§v Py eIEf RK + f/(R)SK),

=2 95 Py RGRK + f'(R)SK). (2.59)
4%
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2.5 Evaluation of the term gaﬁ((srga) - g‘“’(&f‘%)

Using the expression for the variation of K, equation (2.31), we can write
1
Sy =2 95 Pye \/W( " (RVRK + 5 f’(R)h"ﬁ(')g(égﬁ(,)n‘T),
v
=2 9§ Py ehlf” (RSRK + 95 Py eIl f (RIhP 8y (6gpaIn”. (2.60)
v v

We see that the second term in (2.60) cancels the boundary term in the variation (2.58), and in addition
we need to impose 0R = 0 in the boundary. Similar argument is given in [9]. Finally, with the variation
of the matter action, given in (2.36), the total variation of the action of modified f(R) gravity is:

1 1
68 mod = 5 f d*x F—g(f'(R)Raﬁ + apOf (R) = Vo Vpf'(R) = S f(R) gaﬁ)ég“ﬁ
K Jy
1

- f d*x \=gTapdg™. (2.61)
2Jv
Imposing that this variation becomes stationary we have:

1 (SSm()d _ , , , 1 3
T sa = 0= S (R + ggf (R) = VoVl (R) = 2 ® gop = KTep. (2.62)

which are the field equations in the metric formalism of f(R) gravity.

It is very important to mention that we have got the result (2.62) without using the Euler-Lagrange
equations (B.59) directly. We have shown in this section that only with the condition 6S , = 0 and with
the metric g,p as the only degree of freedom in the theory, we are able to have the set of equations (2.62)
with the conditions 5gaﬁ’ o = 0 and an additional geometrical restriction 6R| gy = 0. The geometrical
restriction seems not be a problem when it is interpreted in the framework of scalar-tensor theories.
However, within the pure metric f(R) gravity this is a very strong geometrical condition which can be
used to test important issues as the Weak Equivalence Principle [25].

2.5 Evaluation of the term gaﬁ(dl“ga) - g*7(6T},)

There are some important results that deserve some attention. We compute explicitly the quantities
involved in our method.

We already have calculated the variation 61";“:

1 1
61—‘2-(1 = 5590-7[6,39)«1 + 8(19)/,3 - aygﬁa] + Ega-y[aﬁ(égya) + aa(dgyﬁ) - 87(6gﬁa)], (2-63)
writing the partial derivatives for the metric variations with the expression for the covariant derivative:

V,8Gap = 0y000p — Tu0G0p — T50000 (2.64)

and also using that we are working in a torsion-free manifold i.e., the symmetry in the Christoftel symbol
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2 Field equations and variational principles

F"gy = F;’ﬁ, we can write:
1 1
5Fga = Eégo—y [aﬂgya + aagyﬁ - aygﬂa] + Ega—y[vﬂ(égya) + Va(égyﬂ) - Vy(égﬁa) + r//gla,égy/l + rg‘gég/ly],

1 1
= 50977 19pgya + agys — Oygpal + 975,097 + 5977 V5(69ya) + Va(8gyp) = Vy(gpa)l.

(2.65)

using equation (2.7) in the second term:

1 1
61—‘;(1 = Edgo—y[aﬁgya + aagyﬂ - aygﬂa] - 5gyvgo—ygwg/lvrga + _gvy[vﬁ(égya) + Va(égyﬂ) - Vy(égﬂa)],

2
1
= 697905, = 66" 69T gy + 597 1Vp(09ya) + Va(8gyp) = Vy(8gp0)],
1
= 69791 g, = 097 91T + 597 [Vs(8gya) + Va(69y) = V(6pa)]- (2.66)
Then we have |
olg, = Ega-y[vﬁ(égay) + Va(9py) — V,(6gpa)], (2.67)
and similarly
1
61—‘3)/ = _g(ry[va(dg(ry)]- (2.68)

2

However it is convenient to express the previous result in function of the variations 6g%, we again
use (2.7):

1
61—:2-0 = Ega-y[vﬁ(_ga,ugyvég”v) + Va(_gﬁygyvégﬂv) - Vy(_gﬁ,ugavég”v)],

1
= _Ego-y[g(mgyvvﬁ(égyv) + gﬁygyvva(égw/) - gﬂygavvy((sgyv)],

1
2

1
= _E[g(tyvﬁ(5go—y) + gﬁyva(ég(w) - gﬁugavv(r(dgyv)], (2.69)

[&f%wvﬁ(égyv) + 5ggﬁuva(6gyv) - gﬁ,ugavgy(rvy(5gﬂv)],

where we write V7 = g??V,. In a similar way:

1
5rgy = _Eguvva(égﬂv)- (2.70)
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2.6 Integrals with M, and N°

Now we compute the term g% (6Fga) - g*7 (51“37,)

1
g (6TG,) — 9" (0T%,) = - 5([g“ﬁgayvg<6g‘”) +9%98,V0(697) = 9 9pugaV (69" (2.71)
- [gagguvva(égﬂv)])a
1
= = 5([yV5(697") + 83Va(69"7) = 659097 (59")] = g9 Va(69™)]).

1
= = 5([V469") + V5(64”") = 9V (69")] = [9V7 (59,

1
= 5(2v7(5gf’7) ~ 29,5 V7 (54")), (2.72)
then we have,
g (0T, = g*7(0Th,) = g V7 (69") = Y, (597). (2.73)

2.6 Integrals with M, and N7

Taking the covariant derivative in M:

V'M; = V(' (R)gapV:(69"")) — V(69" gapV:(f'(R))),
= V(f' (R)gapV(69°F) + ' (R)GapD(3gP) — V' (69"P)gap V- (f'(R)) — 69" gopi(f (R)),
= ' (R)gapti(69"F) — 69 gopi(f'(R)). (2.74)

Here we have used the metric compatibility V7g,s = 0, integrating this expression
f d*x N=gV' M, = f d*x N=gf (R)gopt(6g™") - f d*x =969 gopn(f R),  (2.75)
Vv Vv Vv

using again the Gauss-Stokes theorem (B.55), the first integral can be written as a boundary term:

9§(Vd3ysMn’MT = L d*x N=gf'(R)gapn(69"F)) — L d*x =969 gopn(f (R)),  (2.76)
then we can write:
L d*x N=9 (R)gap(6g™") = L d*x =959 gop0(f'(R)) + 9§w SPyelinM-. (277

In a similar way, taking the covariant derivative of N7:

VoN = Vo (f (R)V(6977)) = Vo (897, (f/(R))),
= Vo (f' RV, (6977) + f (R)V oY (6977) = V(697 )V, (f'(R)) — 677V V,(f'(R)),
= f'(R)\V,V5(697F) = 5g"PV V(' (R)), (2.78)

integrating:

[ s Vg = [ dte N @ T - [ NG R 279)
% % %
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2 Field equations and variational principles

using again the Gauss-Stokes theorem we can write:
f d*x N=gf RV, V(69°P) = f d*x N=g6g”PV,Vu(f' (R)) + 56 dPyelhneN7.  (2.80)
4% 4% v

In the next sections, we summarize some aspects of the Brans-Dicke theory. We have stressed that
our main result does not depend on the equivalence between scalar-tensor theory and f(R) gravity.
However, the boundary term we have used has its equivalence in the scalar-tensor framework and even
more important, the scalar-tensor approach provides a natural way to deal with the boundary problem
in more general theories than metric f(R) gravity.

2.7 Brans-Dicke gravity

This thesis focus on a specific class of extended theories of gravity, namely f(R) gravity with R the Ricci
scalar. However, in different aspects of fundamental physics, cosmology and mathematics the Brans-
Dicke theory of gravity plays an important role as one of the fundamental prototypes for alternatives
theories to GR [3, 5]. The action in the Jordan’s frame (set of variables for gravity (¢, g,lv)) is [5]

+8"(gp, ¥, VP .0, (2.81)

_ L pAev=alor - @8R _
SBp = Ton dx\/_g[qﬁR s gV, 9V,¢ — V()

with $"(g,y, V) the matter-action that depends on the matter fields (¥, V,¥...) but the matter-action
is independent of ¢. It is a very important point [3, 5] even when it is possible through a conformal
transformation take the action (2.81) to the Einstein’s frame where the fields for the action in the gravity
sector are (R(¢), Juv(¢)). In this scheme the physical interpretation of the field equations and the conser-
vation laws face physical difficulties. In the other hand, wpp is the only dimensionless free parameter
of the theory. The field equations for the Brans-Dicke theory are

5
BB~ o, (2.82)
ogty
and P
BD _ . (2.83)
0

We can proceed in two mathematically equivalent ways, we can use (B.59) or employ the methodology
in (2.4). We will see that both procedures are equivalent with the care that when we use (B.59) the
equations are computed directly for the bulk and the boundaries have been setting with the criteria of a
well-posed mathematical problem.

2.7.1 Variation respect to g~

First we consider the equation (2.82) respect to the metric tensor g,,,. The variation for (2.81) is [5]
1 WBD

08D = 7 fd“x[é( V=94R) - 75( V—QQWV;@VW)]

d*2|s(V=gV(9))]

(2.84)
lén
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2.7 Brans-Dicke gravity

The equation (2.84) has the following contributions:

f d*x[o(V=gV(#)| = -5 f d*x =99,V (#)59". (2.85)

The next term in (2.84) gives the contribution
w 4 1 (0% v
d4x[$6( V=99V, pVy$)| = = f d*x [ﬂ(vﬂ¢vv¢ S0 VadV #)|og"”. (2.86)

The term in the Brans-Dicke action (2.81) with non-minimal coupling (#R) must be treated carefully.
For this purpose and following [5], the Ricci scalar (B.37) becomes

R=g"(0aT%, - 8,T,) +T,C* + rg(,aﬁgf"’ (2.87)

where, the quantities I, and C* are defined as [5]

OuN-9 1
- _gp(ra Yoo
V=9 o (2.88)

1
C/l = uvl—ﬁv — Egyv[g/kr{gﬂo_y + Jovp — gﬂv’o_}] - _ao_g/l(r _ g/lvl—v'

_1°
r,=0%, =

The last result is a consequence of (gl"gﬂg) = 0. The previous results allow us to split the Ricci scalar
R
as

R = ¢"(0,T%, - 0,1,) + [1C" + rﬂ 01977 (2.89)

Einstein himself employed an action coming from the Ricci scalar with the property that it is first order
in the metric (see equation (B.63)) to obtain the field equations with proper boundary conditions [9], for
a more detailed explanation see (B.2). From the results (2.88) and (2.89) we have [5]

V=99 (0T}, — 0,T,) = 9a( V=9G") - 2y=g(TaC" + 2rza_adgﬁ“) (2.90)

where
G'=C' - g*T,. (2.91)

The first term in (2.81) is now written as
f d*x\=g¢R = f ${01(V=gG") — v=g(T1C" + r* 0107 )| x (2.92)

or using (B.55) together with the identity VA% = \/%T]GAAA

f¢{5ﬂ( V=gG") - \/—_Q(FACA + Fﬁ 519‘0”)}
(2.93)
- f \/—_g{c?,lqﬁGA + ¢(rﬁcﬂ + r* aﬂgpf’ dx o+ 95 #GAdZ,.

The variation in the first term in (2.93) gives the contribution for the Brans-Dicke theory different from
the Einstein tensor. The second term in (2.93) is the usual GR part and there is a contribution from
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2 Field equations and variational principles

the boundary. As we see, this contribution makes necessary the introduction of a boundary term for
the Brans-Dicke gravity?. For an example of Brans-Dicke gravity plus boundary conditions applied
to thermodynamics of black holes see [26]. The equation of motion in the bulk are directly computed
from (B.59), we first consider the term in (2.93)

- f d*x6(\=g0,0G"), (2.94)
it provides the usual field equations system
6( \/—gG’lBAgb) 8( \/—gG’l)
—_— = V=9G*) - 8,|0,0——|. 2.95
59p 9 gy VI5) “[ O oy ] 2%

In order to gain some insight about (2.95), we can compute the quantities in the local Lorentz frame

[51°

o(V=9G") V=9~ 859" ~ g"9"0,g0p))

=0, (2.96)
agO'p 59@

and from (2.88) we get

A(56")
00,90

(2.97)

)= - Va2

a,l0 .
”( 19 g

The equation (2.97) together with the definitions for I, and C* brings the desired result [5]

0 (\FG018) = —\=4(VV" - g7 ). (2.98)

0gpo

The equation (2.98) holds for the curved spacetime. The total variation for (2.81) is [5]

f d*xN=G{¢Gyuy ~ (V¥ — g0I0) — = 7 — 2|Vt - g,w VadVg|+ L gV @)sg =0 2.99)

where
§(¢(TaC + 3T ,019%))
0gpor
The equation (2.100) was derived in the modified f(R) gravity section (2.3). The procedure is equivalent

to take the equation (B.59). The equation for the Brans-Dicke gravity considering the energy-momentum
tensor finally becomes

= ¢ V=9Gpo- (2.100)

8
G,uv = EHTZ; a:bBZD( #¢Vv¢ g,uv ¢Va¢)
(2.101)

1 %
+(_b(v,uvv¢ - gﬂVD¢) - ﬂg,uv-

2 Generally, surface terms are dropped out with arguments that the fields vanishes at these points.
3 In the local Lorentz frame the derivatives of I are non zero.
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2.7 Brans-Dicke gravity

The trace for (2.101) is
—8nT™ 2
R:SL+(U_BZDN¢V.U¢+3.;¢+_V.
¢ ¢ ¢ ¢

The full system for the Brans-Dicke gravity is completed with the variation of (2.81) respect to the scalar
¢. It is consider in the next section.

(2.102)

2.7.2 Variation with respect to ¢

The variation for (2.81) is

oSgp
50 - 0. (2.103)
Now, we write (2.103) as
6Sep _ L [ a. V=3[8(eR) — (>4 V,6V,0) — 5(V(9))] (2.104)
5¢  lé6r p” MY ' '

Working with the right hand side of (2.104) each contribution becomes
[ atxv=gloen)] = [ atev=arso.
f d*x \/—_g[é(%gﬂvVﬂq)VV(b)] - f d*x \/—_g[ - %gﬂvvﬂwv(p&» + 2%gﬂvv#5¢vv¢], (2.105)
dv
f d*x\=go(V(9)) = f d*x \/—_g@&,s.

To go further with (2.105) using the identitities

7 V,u6¢V,6 = ¢V, (569,0) = (¢ V..V ,$)59.
WBD (2.106)

Vﬂ(T(vM)éqﬁ) - —%(Vﬂw@)&p + %Vﬂ(&pwﬁ).

The equation (2.106) makes possible an integration by parts of (2.105) and with the Gauss-Stokes to-
gether with the boundary condition 6¢ = O'(V the variation for the action (2.81) respect to the scalar ¢
is

f d*xy=g|R - %Q”VVMSVV(]S 42980y d—V]5¢ - 0, (2.107)

¢ d¢

in other words, the field equation from the scalar ¢ for the Brans-Dicke theory is

WBD WBD dv
R= 90" VudVud +2=706 = 30 =0, (2.108)

with O¢ = g"”V,V,¢. One can eliminate R from (2.108) with the expression (2.102)

0¢ SAT™ + ¢Z—Z - 2v) : (2.109)

:2wBD+3(
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2 Field equations and variational principles

From (B.59) the equation (2.108) is easily obtained as

038n _ ‘9(¢ LED (2.110)

——— = —|¢pR - —g""'V ¢V, - V| -0, —
56 09 g ¢ N0 )”(
which reproduces exactly the required result (2.108). However, this procedure does not allow to set the
boundary condition d¢ = O contrary to our method as we can see from (2.105).

o2 gV, 4V,0)
)

The action (2.81) and the field equations suggest that the scalar field ¢ could be identified with the
inverse of the effective gravitational coupling

!
¢’

and it is a function of the spacetime location, with the restriction ¢ > 0 to ensure a positive gravitational
coupling. The dimensionless Brans-Dicke parameter wpp is a free parameter of the theory. The larger
the value of wpp the closer Brans-Dicke theory to GR [3, 14]. For experimental and solar systems
bounds on wpp see [5, 14]. One of the main points to include the Brans-Dicke theory in this thesis is
due to the fact that metric and Palatini f(R) gravities are equivalent to scalar-tensor theories with the
derivative of the function f(R) playing the role of the Brans-Dicke scalar [3].

Gerr(e) = (2.111)

2.8 Equivalence between f(R) and scalar-tensor gravity

One of the most interesting and intriguing points about models beyond GR is the equivalence between
some kinds of theories [3, 4]. In the case of metric and Palatini f(R) gravity, there is an equivalence
with the scalar-tensor theory [3, 4]. The equivalence is based on the derivative of f(R) acting as the
Brans-Dicke scalar field (scalaron) [3, 4]. We only summarize the metric case, for details see ([3]). We
start with the action for f(R) gravity (2.39) and we set ¢ = R. The action (2.39) is rewritten in the form

1
Smoa = 70— | dxV=g(U@R - V(@) + ™. (2.112)
T

when f”(¢) # 0, in (2.112) we can set

¥ = f(@),
V(g) = ¢f'($) = f(9). (2.113)
and the equivalence is obtained from (2.113)
1 1
Smoa = 1= | A XN=GWOR = 8 @) + f(®) = 1~ f V=gd*xf(R) + 5" (2.114)

where we should use the fundamental theorem of auxiliary fields [9, 27] to recover the right side
of (2.114) in terms of f(R). Moreover, we can see that vice-versa is also valid. From the variation
respect to ¢ of (2.112), which leads to

dy dv

W wo (R-9)r" =0, (2.115)
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2.8 Equivalence between f(R) and scalar-tensor gravity

and it implies ¢ = R when f”” # 0. The action (2.112) has the Brans-Dicke 2.81 form

1 WBD m
S = 1o | d'xVg[uR - ZEVAT, - U] + S (2.116)

with Brans-Dicke field i, Brans-Dicke parameter wpp = 0, and potential U () = V[¢(¥)]. There
are several important consequences about a Brans-Dicke theory with wpp = 0, for example, in the
weak-field limit we can get Yukawa-like corrections to the Newtonian potential. Another interesting
application of the theory is in the context of dilaton gravity. For deep study about scalar-tensor theories
and their generalizations see [3-5, 28].

2.8.1 Boundary contribution in scalar-tensor gravity

The action for a general scalar-tensor theory of gravity is [3, 9]

1
S = L d*x «/—_g(F(@R ~ S UP)g" 3,0 ~ U(¢>), 2.117)
and the generalized boundary term [9]
Scyn =2 9§V &y VIHF (@)K, (2.118)

with the boundary conditions 6g.slyv = 0 and 6|y, = 0.* The generalized field equations are directly
from (2.81) setting the proper boundary condition 690[5' oy = 0. For the variation respect to g the field
equations from (2.117) are

1
2F (¢)(Ryy — 5Rg,,y) + 20F (@)guy — 2V, Vo F(¢) = Th, + T, (2.119)
with gy, = 0 on the boundary and
1
T = WD) VudVo8 = 50 VatV ¢ = g U(@)). (2.120)

which is the natural generalization to (2.101). In the case of the scalar field, the variation respect to ¢
leads

1
A(p)0¢ + 5/1’(¢)VQ¢V“¢ —U'(¢)+ F'($)R =0, (2.121)

in this case 0@l = 0 and the equation (2.121) is the generalization to (2.108).

2.8.2 Boundary term for metric f(R) gravity

The boundary term for metric f(R) gravity from (2.113) and the equivalence in (2.114) is

SGyi =2 SQV VI yf (9K =2 SQV Vil yf (RK. (2.122)

We have shown that is possible to start with an action coming only from f(R) gravity and adding
the boundary term (2.122) without the equivalence between f(R) gravity and scalar-tensor theory.

# Notice that F plays the role of ¢ in (2.112).
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Moreover, we have derived in [10] the field equations for metric f(R) gravity with the appropriate
boundary contribution only from geometrical contributions adding a boundary contribution as (2.122)
fixing only 6g.s = O|0,V, but we got the constraint 6R|sy = 0 similar to [24] without scalar fields.
Some authors [9, 25] argued that given the equivalence between f(R) and the scalar-tensor theory the
curvature R encodes the scalar degree of freedom of the theory and the condition 0R|3q, = 0 is equivalent
to d¢lapy = 0. However, our proposal of write the action for metric f(R) gravity with the action given
by (2.38) has been widely accepted as a methodology to work in metric f(R) gravity without mention
the equivalence with scalar-tensor theories but with proper boundary conditions.

2.8.3 Higher order gravities

Generalizations of modify gravity including actions as
S ~ f \V=gd"x F(R,R,,R", R\ 2oR*"7, .. .V,RV'R, ...), (2.123)

are widely known in the literature [9, 28]. We can think that the models derived from (2.123) are quite
diverse, but in fact, as is studied in the very important paper [28], the models coming from (2.123) are
essentially equivalent to various scalar-tensor theories [3, 9, 28]. As is shown in [28] the transition from
a theory with higher order derivatives in the metric field to scalar-tensor theories involves an elimination
of higher derivatives of the metric, usually they are replaced by a set of scalar fields that encode the
physical degrees of freedom of the theory. The equivalence between the theory given by (2.123) is a
scalar-tensor theory, typically a Brans-Dicke like theory in the Jordan frame [5, 9, 28]. In these theories
the matter fields are minimally coupled to a potential for the scalar fields. The boundary term for an
action like (2.123) can be obtained from the GYH term when we write (2.123) in the Einstein frame and
after we can recover the boundary contribution in the Jordan frame through a conformal transformation
and using the equivalence with the scalar-tensor theory. For higher derivative Lagrangians, where second
and higher order derivatives of the metric appear and they cannot be removed by adding total derivatives
to the action, the equations of motion are at least of fourth order and the GYH term obtained from
the procedure described above are not generally sufficient to get a well-posed mathematical problem
only setting 6goplgy = 0. As we found in our work [10], for metric f(R) gravity, the well-posed
mathematical problem demands JR|sy = 0. This point also opens a new issue when we are dealing
with actions like (2.123). Should we use the equivalence between higher order derivatives Lagrangians
with scalar-field theories to build up the boundary contribution? Are possible higher order derivatives
theories only with metric degrees of freedom? Some aspects related with deep mathematical problems
in gravity theories can be check in [12, 16-20, 24, 28, 29]. For further discussion about mathematical
motivations in field theories see [15, 30—40].

2.8.4 Some remarks

We have obtained the field equations in the metric formalism of f(R) gravity by using the direct results
from variational principles. The modified action in the metric formalism of f(R) gravity plus a Gibbons-
York-Hawking like boundary term must be written as:

1
Swod = 5| f d*x NG F(R) + 2L [gup, w])+2g§ Fye\Ur K| @124
2K la% oV

with f(R) = df(R)/dR and L), the Lagrangian associated with all the matter fields. From the quantities
M, and N7, defined in (2.48) and (2.49) respectively, we recovered GR plus Gibbons-York-Hawking
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2.8 Equivalence between f(R) and scalar-tensor gravity

boundary term in the particular case f(R) = R. We see that including the boundary term, we have a well
behaved mathematical problem setting both, 6g,s = 0 and 6R = 0 in 6V

We must emphasize that ETGs are one class of the most well established and deeply studied al-
ternative theories of gravity and they naturally arise in different contexts of physics and mathematics.
For example, dimensionally reduced effective theories of higher dimensionality such Kaluza-Klein and
string models [41], it motivates to study EGTs within the context of cosmology and astrophysics, as
well, they bring some interesting mathematical and physical problems as the one we addressed in our
work [10]. After the publication there have been a number of citations and papers covering very dif-
ferent aspects concerning to physical and mathematical aspects related with the boundary term coming
only from the (2.38). The topics cover from the Weak Equivalence Principle to superconductors in f(R)
gravity. In all the citations our proposal takes importance for several physical applications and mathem-
atically there are still open problems arising from our proposal which should be investigated. As a final
remark, several works including PhD thesis from important schools have adopted our approach to study
the boundary problem in metric f(R) gravity as can be easily checked in the quotations to our work.
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CHAPTER 3

Covariant dynamics of the cosmological
models: covariant “1+3” formalism

3.1 Introduction

In this chapter we describe the basic tools for the dynamics of the cosmological models in the 1 + 3
formalism following [1]. After a short review about the main aspects of the cosmological dynamics in
both GR and metric f(R) gravity, we present our contribution about the Geodesic Deviation Equation
(GDE) in metric f(R) gravity. Our work [42] is one of the first known attempts to generalize the GDE to
ETGs. We also discuss the GDE in the 1+ 3 formalism [43]. As an example, the equation for the angular
diameter distance in the Friedmann-Lemaitre-Robertson-Walker (FLRW) cosmologies is derived. For
definitions and useful equations in the “1+3 formalism” see Appendix B.

3.2 Cosmology in “1+3” language

It is very common to find in the cosmological literature the expression: The spacetime manifold is
covered with comoving coordinates. Even in the case of “homogeneous and isotropic solutions” for a
gravity theory as GR, this is a not trivial task [1]. Deep ideas as the Weyl principle and strong assump-
tions as the Copernican Principle are the fundamental blocks to write the field equations in any gravity
theory. When we consider the perturbed universe the situation is worse, due to the general covariance of
the gravity theory, the cosmological perturbation theory differs from other branches of physics because
in this theory the perturbed object is the spacetime itself. There has been a very important effort to
describe the dynamics of the cosmological models in a coordinate independent way. Ehlers in his fam-
ous paper gave important clues for this task [44]. Others authors as G.F.R. Ellis and his collaborators
have used this framework with success in GR specially for cosmological purposes. In this chapter, we
will review the main aspects of the “1+3 covariant formalism”. The main goal is to discuss the results
obtained in our work [42] and complemented in [45]. The extension to the covariant approach for f(R)
gravity is also reviewed from [43].

To describe the spacetime manifold is convenient to use comoving coordinates adapted to the funda-
mental world lines. The construction of the coordinates locally follows the rules [1].
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3 Covariant dynamics of the cosmological models: covariant “1+3” formalism

e Choose a surface S that intersects each world line once, in general, this surface is not unique.
Label each world line where it intersects this surface; as the surface is three-dimensional, three
labels ', (i = 1,2, 3), are needed to label all the world lines.

o Extend this labeling off the surface S by maintaining the same labeling for the world lines at later
and earlier times. Thus, y' are comoving coordinates: the value of the coordinate is maintained
along the world lines.

e Define a time coordinate ¢ along the fluid flow lines (it must be a increasing function along each
flow line).

The set (t, yi) are comoving coordinates adapted to the flow lines. In general, the surfaces (t =

constant) are not orthogonal to the fundamental world lines. A particular choice for the temporal co-
ordinate is s = T + §9, where 7 is the proper time measured along the fundamental world lines from
S (positive to the future of S, negative to the past) and sy an arbitrary constant. The set of coordin-
ates (s, yi) are called “normalized comoving coordinates.” For homogeneous and isotropic solutions as
FLRW such normalized comoving coordinates are used. It is important to notice that the 1+3 formalism
naturally enables to keep the discussion about the cosmological models quite general, assumptions as
the cosmological principle are not necessary as a fundamental condition.

Adapted comoving coordinates

Figure 3.1: comoving coordinates

3.3 The Covariant approach

The matter components in the universe define a physically motivated choice of preferred motion. It is
usual to choice the CMB frame, where the radiation dipole vanishes, as the natural reference frame in
cosmology. But it is not the only choice, other useful frame is where the total momentum density of
of all components vanishes [1]. Each frame defines a preferred 4—velocity field u® with preferred world
lines. The 4—velocity field is timelike and normalized by the condition gu‘u’ = —1. The preferred
world lines are given in terms of local coordinates x* = x*(t), with T the proper time along the world
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3.3 The Covariant approach

lines, the preferred 4—velocity is the unit timelike vector (see figure3.1)

_ae
- dr’

a

(3.1

and from the spacetime interval (ds?* = guvdxdx") invariant

7= f [—(dxa/dr)(dxb/dr)gab]l/sz= f (- u'ua)dr, (3.2)

we find the normalization of the 4—velocity field as
uu, = —1. (3.3)

The above considerations are quite powerful when we should deal with the cosmological perturbation

theory as we will show in the next chapters. In normalized comoving coordinates u* = (g—j, (é—yT) =05 In

the next section, the kinematical quantities associated with the fluid flow lines are employed to defined
preferred rest frames at each point in M.

3.3.1 Space-Time Splitting

Given any 4— velocity vector field u?, the projection operator A, is defined by
hab = Gab + Ualt, (3.4)
where g, is the metric tensor and
habub = gabub + uaubub =u, —u, =0, 3.5)

it means that h,p, projects into the instantaneous rest-space of an observer with 4—velocity u? [1, 46].
The vector field u#* induces two differential operations for a general tensor from the covariant derivate
along the preferred world lines. The first is the general time derivative along the fluid flow lines

Tabcd

Ly = ulv,Tebed (3.6)

efg’
and the second is the fully projected three-dimensional covariant derivative
VT = PH I bR IV, T (3.7)
The projector (3.4) satisfaces the following algebra,
hehb. = g4 nb. + u®uph®, = K, (3.8)

and
W, =g% +uu, =4-1=3. (3.9

The vector field u® defines a natural decomposition for tensor fields, the metric itself can be write as

Jiab = hachbdgcd = hap, (3.10)
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3 Covariant dynamics of the cosmological models: covariant “1+3” formalism

perpendicular to u and the parallel part by
Glab = Ul Uy gea = (~uatt)~upul)gea = uattpuct® = ~ugtty = Uap, (3.11)
with Uy, = —ugyup. These results also imply
Gab = giab + Glab = hab + Uap. (3.12)
The equation (3.12) allow us to write any vector field as
Va=gaV’ = hapy VP — uqupV?, (3.13)

where we can see the natural orthogonal decomposition for the vector field. The equation (3.12) exhibits
an important result, the invariant

ds® = gapdx“dx" = hapdx®dx" — ugupdx®dx® = hepdx®dx® — (uadx®)*, (3.14)

defines the “spatial separation” between two events by (ha;,a’x“dx”)]/2 and a “time separation” (u,dx")
for an observer moving with 4—velocity u*. Once one can see that /., and u“ separate any physical
tensor field into “space” and “time” parts corresponding to the way an observer moving with 4—velocity
u® would measure these fields [1, 46]. The 1 + 3 covariant approach to cosmology makes use of this fact
choosing in each point the “average velocity in the universe” [1, 46]. In other words, the 1 +3 formalism
is as a covariant Lagrangian approach.

3.4 The kinematical quantities
One can decompose the covariant derivative of u, using (3.12), from the identity
Uap = 94 9y e = Glueahy’ = g ueauup, (.15
and using (3.4) the expression (3.15) is written as
gl = (S — uCug) ueahd = hshue.q — uguucqghd, (3.16)

the last term in the right side of (3.16) is null due to the normalization condition u.u® = —1 and
Va(ucu®) = 2u€uc4 = 0. Finally we can write 3.15 as

Ugh = hachbd”c;d — UglUp. (3.17)

The equation (3.17) is the natural spatial and time decomposition for the first covariant derivative for u,,.
We can go further and define
1
Ug:p = Ogp + §hab® + Wap — UgUp, (3.18)
where o4 = T (ap), oau’ =0 and o0, = 0 1is the shear tensor. The vorticity w,, = wi.p) and satisfaces
wapu® = 0. From (3.18), the volume-expansion is u, = @. The temporal term in (3.18) is it,up, Where it,

is the “acceleration vector”; it represents the effects of non-gravitational forces and satisfaces u,i® = 0.
The definitions for each component are

Wab = hhugeans (3.19)
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, 1 .
Ogh = hZhiu(c;d) - gu;‘chab. (320)

From 3.19 the vorticity vector «w® is defined by
Wy : Uy znabcw . 2

From the FEinstein field equations for GR or for any ETGs, we have in general the dynamics for the
gravity variables in a gravity theory. But there are some results coming from differential geometry that
they are valid independently of the gravity theory. We will use some of these results to give the equation
of motion for the kinematical quantities in (3.18).

3.5 Ricci tensor identities

From the “1+3 decomposition” for the 4—velocity and employing the Riemann’s identities (see Ap-
pendix B) we can derive the following result [47]

U [Ve, Val g = Rapeatt”u, (3.22)
and using V; (uV.u,) = uVyVou, + Vau©V.u® the equation (3.22) becomes
(Vatta) = Vaita + (Vau) (Vetta) = Rapeau”uc. (3.23)
Taking the contraction from (3.23) finally we get
(Vau®) = Vit + (VU (Vettg) = —Rpeull uc. (3.24)

The (3.24) in terms of the shear and vorticity is

.1
O+ §®2 +2(0? - ?) = Vi = —Rpcu’ ", (3.25)
where we use the result
¢ 2 n 1o
(Vau) (Veitg) = 2 (07 = ) + 0% (3.26)
with 202 = 0%, —20* = W% weq = —W wWqe. Sometimes is useful to express V,i® = Vb +

iqit®. The (3.25) is the master equation to study the evolution of the cosmological models in the “1+3
formalism”. Another important result coming also from the Riemann tensor is [1]

VeVatg = VaVelta = Rapeatt”, (3.27)
and taking the spatial projection of (3.27) we get in two equivalent forms
2_
h2V (o, + w,) - V4O — Wap + o)l = h Ryaut, (3.28)
o0 25 b.c b
Vow —curlw, — gVaG + 2Napew’ U = Reg=pt” . (3.29)
The equation (3.23) gives also important constrains about the vorticity, from

Rappeai® =0 = uppicar=o, (3.30)
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3 Covariant dynamics of the cosmological models: covariant “1+3” formalism

or in terms of the kinematical variables, the divergence of the vorticity vector is
hEVyw® = wai®, (3.31)
and the vorticity propagation
& = —%@we + 0w, - %curl i (3.32)

The results summarized in this section are general for any spacetime because they are derived only from
the Riemann tensor properties. The only special issue was the decomposition of the V,u, tensor.

3.6 The energy-momentum tensor

In the “143 covariant approach” a general fully relativistic fluid measured by an observer with 4—velocity
is described by the symmetric tensor:

Tap = puagp + qaltp + qpa + phab + Igp. (3.33)
with p = T puub the relativistic energy density, p = %h“h T,» the relativistic pressure, g, = —hfchbub
the relativistic momentum density (diffusion and heat conduction) and I1,, = h(f{hb‘f T.q— %habh“’ T.q

is the anisotropic (traceless) stress tensor due to effects such as viscosity or magnetic fields. The 10
components of T, are represented by two scalar fields (o, p), the three components of the vector g, and
five components of the tensor I1,;, [1].

3.6.1 The conservation laws

The Bianchi identity
V,T% =0, (3.34)

in terms of the “143 covariant” frame determines the rate of change of the relativistic energy along the
world lines [1, 6] _
VT = p+ (o + p)O + N%0y, + Vog® + 2itag” = 0, (3.35)

for the temporal part and the orthogonal projection is
ab . 4 . v =1 -a d\ b
hae V5T = 4oy + 30Ge + (p + Pite + Vep +V ey + iMeq + (07 + nevas’) ¢ =0, (3.36)

where we have used IT% = h* dhbedf . The equation (3.36) describes the acceleration caused by various
pressure contributions and it is the generalization for the Euler equation in classical fluid dynamics.

3.7 Einstein field equations in the covariant language
The Einstein Field Equations can be split using the U* and h} operators are:

1
Rpuu’ — ERgabu“ub = 8aG Ty u” + Agapuu®, (3.37)
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and from the normalization for the four-velocity u“u, = —1 we have
1
Rapu“u® + SR = 8nGT puu” — A. (3.38)

To go further, the right side of (3.38) and using as the source the energy momentum tensor for a general
fluid
T’ = pugupuu® + qaupu®u® + uaqpuu® + phapuu® + Mpu®u®, (3.39)

and from the properties g, = h;gc = gy, Hap = hachdecd = Iy and replacing the trace for the energy
momentum tensor 75 = —p + 3p the equation (3.38) finally is

Rapu“u’ = 47G(p + 3p) - A. (3.40)

The equation (3.40) is one of the fundamental equations to study the dynamics of the cosmological
models. From the properties of the projectors, the rest of the field equations are:

Rupu®ht. = —81Gq.., (3.41)

and
Rabhachbd = (47TG(p -p)+ A)hcd + 8nGIl,y. (3.42)

The full set (3.40), (3.41), (3.42) are the field equations in GR in the “Covariant Approach” for a relativ-
istic fluid as a source.

3.7.1 The Ehlers-Raychaudhuri equation

The equation (3.40) can be transformed using the Bianchi identity [1, 48]
.1 —
~ R’ = © + 07 +2 (07 = w?) = Vit = it“it, (3.43)

as
. 1 —
O + §@2 +2(07 - w?) = Vit = it%ity + 47G (p + 3p) = A = 0. (3.44)

The equation (3.44) is the dynamics for the kinematical quantities and contains all the possible cos-
mological models including shear (o) and vorticity (wgp). Several important features can be studied
from (3.44). For a general fluid, we can define a representative “length scale” I(t) with T the proper time
along the fluid flow lines. The length is defined by

I(7)

l

W =

0. (3.45)

The equation (3.45) determines /(1) up a constant along the world lines. The change of volume along
the fluid flow is characterized by V o [°. In the very special case of the FLRW spacetime, the length [
corresponds to the scale-factor a. The Hubble parameter is generalized as

1
H=-= §®, (3.46)

~ ~.
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and the deceleration generalized parameter

1
= (- ]—. 3.47
q ( 1) 72 (3.47)
The equation (3.44) in terms of / is
3l =
T=-2 (07 = w?) + Vait® + it“ity — 47G (p + 3p) + A. (3.48)

The equation (3.48) clearly shows the effect from the different contributions in the /(). While the shear,
energy density and pressure act making the matter tend to the collapse, the vorticity and a positive
cosmological constant tend to make the matter to expand. The acceleration terms are of indefinite
sign. The equation (3.48) applies to different astrophysical and cosmological scenarios when the matter
source is a fluid [29]. Solutions to (3.48) can be found in [29] for a cosmological model with non vanish
vorticity (Godel’s universe) with rotation and in models for relativistic stars [1, 29]. The equation (3.44)
is also the fundamental tool to study the singularity theorems [23, 29]. The equation (3.44) is naturally
extended for alternative gravity theories, the special case of f(R) gravity is treated somewhere in this
chapter.

One of the most important analysis that can be done is to evaluate the equation (3.44) today, it is done
denoting the values for the parameters with the subscript (p) and it implies to choose a initial value 7
when the coordinates are set. We can rewrite the (3.44) equation as follows [1]

2 (g2 2\ (Ve + i), 30
{22 C:;z ) T+ i) L (3.49)
0 0

=3 3H] 2 T

where the definitions for (3.49) are gy = # (é)o’ the Hubble parameter ® = 3 (5)0 = 3Hy and [ the
0

scale factor. For the densities Qg =

8nGpo QpO _ 81Gpo and QAO — A

3H] T 3H] 3H2"
of (3.49) see [1] and references therein. In the chapter 4 we will explore the role of the shear and
vorticity in the context of perturbation theory in the /43 formalism. The rest of this chapter is dedicated

to a special class of cosmological models.

For some observational aspects

3.8 The constraint equations

The 1+3 formalism gives the full set of equations for the variables {aa, Was O, Tapyr Ps > P> ap, Eap, Hab}
for a given gravity theory. Now, we can write the equation (3.41) in terms of the kinematical variables
from (3.28) [1]

=b 2= )

V o = curlwg = 3Va0 + 20ape’ it + 87Gqay = 0, (3.50)
and clearly (3.50) shows that the heat flow ¢“ controls the spatial gradients of {®, o, w} in GR [1, 46].
However, it is mandatory to comment that the 1 + 3 formalism has some special features when we face

the resolution of the full set of equations. The equations (3.50), (3.31) and (3.32) show the importance
of the vorticity w, in the theory.
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3.8.1 Vorticity-free (w, = 0) equations

When w = 0 there is a unique family of surfaces orthogonal to u“, and in the case of GR the equa-
tions (B.52) and (B.53) are [48]

3Rab = 6(01/'!1,) - 1_3(130').@})) + 81 GIlyp + iqitp)
2, 5, 1, (3.51)
+§(0' +307+ A+ 87 Gp ) hap.
clearly the equation (3.51) shows how the matter tensor affects the Ricci curvature of the three-dimensional
space and closes the full set of equations together with (3.41) and (3.48) for GR. Taking the trace
from (3.51)

1
'R =2(207 - §®2 + A +87Gp) (3.52)

which is a generalized Friedmann equation [1]. In the three-dimensional case (3C%“? = 0) and the Ricci
tensor and the Ricci scalar characterized the 3R*“?, it means that when w = 0 the Riemann tensor for
the three-space is fully described by the shear, expansion, acceleration, energy density and anisotropic
pressure.

When w # 0 the situation is very difficult and give a set of equations analogous to (3.51) and (3.52)
is a not trivial task. For some examples see [1]. We point out the problem related with the vorticity
due to the fact that in several cosmological and physical situations the vorticity plays an important
role. It has motivated several works including our study [49] in the generation and evolution of cosmic
magnetic fields which will be the topic in next chapters. In our work we use the standard cosmological
perturbation theory in the metric approach up to second order instead of the covariant 1 + 3 formalism
and we study the importance of the vorticity in the cosmological dynamo equation.

3.8.2 Bianchi identities

The Riemann tensor defines a traceless four-rank tensor field

1 R
Cabed = Rabea = E(gacRbd + gvaRac = gbeRad = gadec) + g(gacghd - gudgbc), (3.53)

with Cj , = 0. The equation (3.53) is the Weyl tensor. The Weyl tensor can be split using the projector
U,p into an electric E,, and magnetic part Hp,

Eup = Coepauiu®, (3.54)

and

1 .
Hy = Enaef IC gpauiu’. (3.55)

The set of equations (3.54, 3.55) represents completely the Weyl tensor [46]. The names electric and
magnetic obey to a close analogy between the Maxwell equations in electrodynamics and the equations
we can get from the Bianchi identities

ced, = RGP — égc["R;b] = J, (3.56)

where the current J%¢ obeys V.J%¢ = 0. Following the same procedure as with the Einstein equations
we can split (3.56) respect to u¢ and h2. Using the Einstein field equations combined with the results
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3 Covariant dynamics of the cosmological models: covariant “1+3” formalism

from section 3.4 we get [1]

—b 1=
V Ep, = nabco'ZHdc - 3Habwb + gvap

1=b 1 1, 3 . (3:57)
_EV e — §®Qa + Ea_abq + Enabcw q,
E(ab) = curl Hab + 2ilcncd(aHb)d - ®Eab + 30’C<aECb> - wc<aEcb>
1= . 1. 1 1
=5 Veadey ~ ttag) = 5Map) = £Oap — 50 (allp)e (3.58)
L Hpye - l(,0+P)0' b
D) (allb)c ) abs
—b
V Hp, = —ﬂabCO'ZEdC + 3Eaba)b
1 oo 1 , 1 (3.59)
+(p + p)wa - Enabco'dn - Enabw - ECUFl qa>
H(ab) = —curl Ey — Zl;tcncd(aEb)d - ®H,, + 30—c(chb) - wc<chb>
1 1 . 4 3 (3.60)
+§curl I, + 5(7 (allbyedq ™ — §w<a%>’

where this set of equations has the same functional form of the Maxwell equations. However, there is
an important comment, to derive the full set of equations, the Einstein field equations are employed, it
will be a difference when we consider a different theory as f(R) gravity.

The equation (3.23) could be rewritten in terms of the Weyl tensor (3.53) taking its contraction with

7°% and two very important consequences are derived

Hyp = curl o gy, + Vqwpy + 2itawp), (3.61)

1 .2 s .
Eap = 5Riab) = =0ty = 3000 + Vit + igaithy = 0(ap) = Tea0y- (3.62)

The set of equations (3.50),(3.30)and (3.61) are the constraint equations. Any solution in GR should
obeys (3.38) together with the constrain equations. It is very important in the context of cosmological
perturbation theory. Now we only discuss a class of solutions for the cosmological model: The FLRW
solution.

3.9 FLRW cosmologies

FLRW cosmologies are models for universes which are everywhere isotropic about the fundamental
velocity. It implies that there is a group of isometries G3 acting about each point in the spacetime
which leaves the fundamental velocity invariant [1, 14]. This is the a very special and restrictive case,
however, with very important consequences. Isotropic observations of every fundamental observer all
the times imply that isotropic universes are spatially homogeneous: all the physical properties are the
same everywhere on spacelike surfaces orthogonal to the fluid lines. The homogeneity implies a G3
group of isometries acting transitively on these surfaces [1, 14]. The high degree of symmetry makes the
FLRW unrealistic models for the observed universe, but there is a very important fact: realistic models
of the observed universe are provided by perturbed FLRW universes [1]. These almost FLRW models are
the standard models of cosmology at the present time. The theory of cosmological perturbation theory
uses this important remarkable observational feature. The justification for assuming the properties of
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3.9 FLRW cosmologies

isotropy and homogeneity from observations relies on:
e Average on large scales larger than any astrophysical object (galaxy clusters), and

e allow our peculiar velocity relative to the mean motion of matter in the universe (in practice,
relative to the cosmic microwave background radiation.)

The last condition sets the coordinates for the model. Once the two points are considered, on cos-
mological scales, there is not preferred direction and if we consider we are not in a special point, it
means, the universe is isotropic for every observer and the consequence is that we reach one of the most
powerful principles: The Cosmological Principle. During this thesis, we use the FLRW geometries as a
background for the cosmological perturbation theory. There are more possibilities as the homogeneous
but anisotropic family of Bianchi Models and exact isotropic but inhomogeneous family of solutions as
the Lemaitre-Tolman-Bondi (LTB) which allow a wider class of the cosmological models, for further
analysis see [50, 51].

3.9.1 Splitting of the FLRW spacetimes

The standard FLRW solutions arise from setting o, = w® = 0 = #“. In this case, there is normalized
proper time ¢ which is a potential for the four-velocity field [1]

Ug = —tg (3.63)

and as a direct consequence of (3.63), the four velocity field is orthogonal to the surfaces of spatial
homogeneity ¢ = const. The isotropy forces to I, = g, = 0 in (3.33), which implies p = p(¢) or one
can see anisotropy from V,p. The null spatial pressure gradient implies ¢ = 0 from (3.36) and (3.41)
implies V.0 = 0. The complete characterization of the FLRW spacetimes is

p=p®, p=pOn, 6O=067 (3.64)

or equivalently _ _ _
Vo =Vep=V,0=0, (3.65)

which is the condition for the spatial homogeneity of these universes on the ¢ = const surfaces [1]. The
spacetime geometry for the FLRW family is given by

1 ,
o = zOOhay = ~hap, (3.66)
3 a
with a(r) = I(¢) is the scale factor, the solution of (3.66) is
"1
a(t) o exp| f §@(t’)dt']. (3.67)

In normalized comoving coordinates (7, x'), the four velocity field
W =8 (3.68)
and from the orthogonality condition the metric tensor is

ds? = —di* + (1) f;;(F)dxidn/, (3.69)
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3 Covariant dynamics of the cosmological models: covariant “1+3” formalism

where the set of functions f;; describes three-dimensional spaces of constant curvature k. Finally, the
FLRW metric is conveniently expressed as a function of the normalized comoving coordinates (z, 7, 8, ¢)
as

ds® = —dr* + a*(t)(dr* + f,f(r)(de2 + sin*0dg?)) (3.70)

with k the spatial constant curvature. We can choose k = +1,0 and the comoving coordinate r dimen-
sionless and hence the scale factor a(f) has dimension length. Other possibility in (3.70) is to take a(¢)
as a dimensionless parameter and consequently the comoving coordinate r has length dimension and k
has dimension (length)‘2 and the function fi(r) becomes

k=112 sin( Vkr) fork >0
fi(r) = 3 (=k)" 2 sinh(N—=kr) fork < 0 (3.71)
r fork=0

We can normalize the current value of the scale factor as @y = 1. There are more possibilities for
the comoving normalized coordinates, a very useful set is to keep the spatial coordinates in (3.70) but
instead to use ¢ the conformal time (T = f ' %) is employed.

A very important consequence of the symmetries in (3.70) is that a FLRW universe is conformally flat

(i.e. the Weyl tensor (3.53) is null {Cypcq = 0})).

3.9.2 The Hubble’s law

The scale factor a(¢) in (3.70) governs how all the spatial distances change in the evolution of a FLRW
universe. We consider two different observers in y/, and y}, spatial comoving coordinates and choosing
a C(x'(1)) curve joining the observers, the distance between the observers along the C in t = ¢ is

B dxi(A) dxi(A
d(t1)=a(t1)£ (ﬁj x'(A) dx/( ))1/2’ (3.72)

di da

and (3.72) holds for any time . The speed of motion in the surface ¢ = const is
u(t) ;== d(t) = 6—lal(t) = H(®)d(1), (3.73)
a

which is the Hubble’s law and may be interpreted as an exact law of recession in the surfaces ¢ = const

[1].

3.10 Dynamics of FLRW universes

The first model for a f(R) function is GR with cosmological constant. In this case f(R) = R — 2A and
the field equations correspond to the Einstein gravity given by [1]

.1
O + 5@2 +47G (p +3p) — A =0, (3.74)

33 = _47G(p + 3p) + A,
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where we use %@ =H-= g The energy (3.35) implies

p+0(p+p)=0, (3.75)

0
p+3H(p+p)=O

In this special case, when a # 0, we can integrate (3.74) multiplying by aa and using (azp) = —aa(p+3p)

from (3.75), the result is
a* — 4nGa*p — A = const, (3.76)

where const is the spatial three-curvature. This result is also a consequence of the Gauss equation (B.52),

finally we have
-2
a , 8nGp Ak
—=H=—T4 - = 3.77
a? 3 3 a? -77)
which is the Friedmann equation. From (3.74) we notice that “static universe” (® = 0) is only possible
in GR with the condition

4nG (p +3p) = A, (3.78)

which implies A > 0. Besides the very well known results from the FLRW solutions, the set of equa-
tions (3.74), (3.75) and (3.77) needs the specification of a suitable state equation for matter. The
kinematical properties of the FLRW family imply a stress tensor with the form of a perfect fluid
(ILzp = g4 = 0) in equation (3.33) but it does not specify the for any specific form for the state equation.
A general possibility is to include dissipative effects in the form p = p(p, s) with s the entropy of the
matter, it means, the fluid does not need to have a perfect fluid equation of state [1]. For most of the
cosmological applications, a state equation of the form

_p®

win) = p(t)

(3.79)

seems to be a good description for the observations. The equation (3.79) closes the system for the
cosmological models. The equation (3.77) in terms of the dimensionless parameters is

Q= % (3.80)

Qp = %,

and it takes a singular form known as the cosmic sum rule:
Qun+QA+Q =1, (3.81)

with Q,, the contribution for all the matter fields. With (3.79), we write the Raychaudhuri-Ehlers equa-
tion (3.44) for the FLRW family as

3¢ - —4nG(1 +3w(n)p + A, (3.82)
a
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3 Covariant dynamics of the cosmological models: covariant “1+3” formalism

and the deceleration parameter

3 1
q= EQm(w(t) + §) — Q. (3.83)
For some applications, (3.77) is normalized defining y := % = l+—z’ where z is the cosmological red-

shift. As an example, a universe with non-interacting matter (€2;,) and radiation (Q,, = Qs + Q,), the
equation (3.77) is
i = H|Quoy™ + Quoy ™ + Qay” + Q|- (3.84)

The equation (3.84) has been object of deep studies. The references [1, 22, 23] have a very comprehens-
ive analysis for (3.84) and some consequences as the role of initial conditions, Big Bang singularities are
found in [29]. We will use the results of the FLRW cosmological models to study the geodesic deviation
equation in the context of f(R) gravity. In the next chapters, the general results are considered in the
frame of cosmological perturbation theory.

3.11 Cosmological dynamics in metric f(R) gravity

The field equations in metric f(R) gravity were studied in the chapter 2 and the equation of motion
are (2.62)

R
£ R) R~ L% g+ g f (R) = VT (R = KT,

where 0 = V,V7, f/(R) = df(R)/dR; the energy-momentum tensor is defined by

dLy 2 8Su
Top = =27 o +Lmdap = =% o5

ag(xﬁ
being £ the Lagrangian for all the matter fields, we also have the conservation equation V,7% = 0.
Contracting with g% we have for the trace of the field equations

F'RR=2f(R) +30f"(R) = «T, (3.85)
The Ricci tensor from (2.62) is
1 ®) , ,
and from (3.85)
1 4
R = 7® [KT +2f(R)-30f (R)]. (3.87)

It is possible to write the field equations in f(R) gravity, in the form of Einstein equations with an
effective energy-momentum tensor [52]

1
Ga,B = Raﬁ - =R ga,B

2
Top LR =RFR]  [VaVsF (R) - gopDlf (R)]
= « s 3.88
R T rwy R (3.88)
or « .
Gup = s (s + Tf). (3.89)
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3.12 Dynamics in metric f(R) gravity

with ,
R [HURLL
B K 2
which could be interpreted as an fluid composed by curvature terms. In order to give the general equa-
tions in metric f(R) gravity in a very close way as is done for GR, we can rewrite (2.62) using the
results (B.78) [48]

gap + [Va Vg — gaﬁD]f’(R)]. (3.90)

1 g 117 4
Ry = ]T/[KTW + % f+ 1" (VuRV,R = g, VRV R} + f{V,V,R — g,,OR}], (3.91)
1
R= ]7,[2 f=3f"0R=3f"V,RV'R +KT| (3.92)

and from (3.92)
B 3f'V,(OR)+6f"(V,V,R)V'R-«V,T

f/ _ fNR _ 3f”/|:|R _ 3f””VpRVpR

The set of equations (3.91), (3.92) and (3.93) are some fundamental results to give the general kin-
ematics and dynamics in f(R) gravity. Our main goal is to use these results in the geodesic deviation
equation. We should mention our work [42] was the only one known addressing the problem of the
geodesic deviation equation in f(R) gravity. After our publication, different papers have been pub-
lished, specially [43] where the GDE for homogeneous cosmologies in the “1+3 formalism” is studied
and some numerical solutions are shown.

V,.R (3.93)

3.12 Dynamics in metric f(R) gravity

Using the results from the previous section and with (B.79) the Raychaudhuri equation in f(R) grav-
ity ! [48]

.1

O+ §@2 +2(0? - w?) = Vi = —Rpeu’u’ =
TR i . (3.94)
_f_’[_ §f+f W'V, V,R+ "WV ,RV,R+ kT, u"u ]

We should notice that the equation (3.94) uses the fact that the Ricci identities is a result coming from
differential geometry and not from the dynamics on the manifold. The rest of the contractions in f(R)
gravity are [48]

1 .
R Wt = ?( FR (VR + 7R VR + K Typh' 1), (3.95)
1,1 .
Roglyh%, = —(5 fhyuy + £/ 1,05V, Vo R - OR)

2 (3.96)
+f" W B (VpRV o R = hp VARV 1R) + K Tyl 1),

for the vorticity propagation and With the same steps as in the case of GR the constraint and Bianchi
identities are generalized as [48]

2
11 (@ap + Vattg) = 207 [y, + 30w =0, (3.97)

L v)=0,...3
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3 Covariant dynamics of the cosmological models: covariant “1+3” formalism

and for the shear in f(R) gravity
a h,ﬁ . . .. O_p 2
h(u V)(O'(,/; - V(,u[;) = Uylty + Wuwy + 0oy, + 5@0’,”

1
+§hﬂv(vpup — w? = 207) + Eyy

1 1 4 177
o7 (neit, - §h,,vh“ﬁ)( F"VaVgR + f"'VoRVgR + kT o) = 0.

The (Ov) equations and the rest of the constraints in f(R) gravity are [48]

i ( Ve - (70""7) + E“Vp‘ru(,(Vya)p - Za)vup)
1 .
+J7,[f”h”V(V”VpR)u” + 'R V'R + KT‘;)h“,,u”] =0,
and the constraints
YV, = iy,
together with
Hy,y = 2ugwy) + h“(#hﬁv)(V“ya);S + V70 0)esyseus.

the Bianchi identities for f(R) gravity are [48]

I8 ath),E"ﬁ = Ey‘lﬁyaagH%uy - 3H",Ww"
K 1
+7h/fl[h§V[UKTVJ — gV“T]
1
ENY @ _ Y - a
Zf,f o [RRYP — (RgyiPu? + 3R)V R
~V*(@R) — (VYVgR) i + hﬁyva(vﬁvm)],

Wl EP = 3E%, 0" + EYyw"” — OF" — It Eypor™
—2H(ﬂ V)a’Bylﬁtﬂu + h(v V)ﬁylSVﬁHa Us

Yz

2f’

NV HP = s o, + 3E 0 + %wﬁyvaﬁ 11t

Yo f”e’“’ﬁ”[V VaV'R — Vo RR Juyus,
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[h(’f,hv) VTl + h ) TPy + Th’”]

1 1 .
— " " R [ (R - 3Rg“ﬁ) — VRRE i + V(V, VPR — (V“vﬁR)],

(3.98)

(3.99)

(3.100)

(3.101)

(3.102)

(3.103)

(3.104)



3.12 Dynamics in metric f(R) gravity

W' HP = 3HY% 0" + H% 0" — OH" — W H 50"
+2E(’;€")”ﬂ7uﬁu), - h(’;ev)ﬁy‘SVﬁE‘;u(g

K
" KPPV (3.105)
1
+=— " e P [V4RR®, — V5V, V' R]us.

2f
The dynamics of any solution in f(R) gravity should obey the field equations together with the con-
straints and evolution equations from Bianchi identities. The full set of equations are the fundamental
point in the treatment of the cosmological perturbation theory.

3.12.1 The Gauss equation in f(R) gravity

In the case of vorticity free solutions in f(R) gravity, the generalization of (3.51) and (3.52) for spacetime
configurations with an hypersurface orthogonal to #“. The 3—Riemann curvature tensor [48]

3 3 3 3
R,uvp(r = Rvphvo' - R,u(rhvp + Rwrhyp

1 (3.106)
—Ryphye — §3R(hﬂphwr = huchyp),
and now using the fields equations (2.62), the trace from (3.106) [48]
3 2 2 2 1 1/ Vv
R=20"-30"+ = £+ f"(2H"V,V,R - 30R)
(3.107)
+f"(2R? = V,V*R) + k(2T p'u” + T) |,
and
1
3 _3 3 : . .
Rwny = Ry = 3 Rl = 1, (Vaitg = Gap)
1
—O0y + Uity — ghﬂvvau“ (3.108)

+j%(hclyvlh€ - %hﬂyhaﬁ)[f//vavﬁR 4 f'"Va/VBR + KTa,B].

The equations (3.107) and (3.108) are the generalizations to (3.52) and (3.51) in f(R) gravity for a gen-

eral energy momentum tensor 7, which naturally could include contributions from scalar and magnetic
fields.

3.12.2 FLRW in metric f(R) gravity

The FLRW models are the very special case {a)ab =owp=u'=q"=C = O}. The non-null field
equations for the FLRW metric from 3.70 for metric f(R) gravity are

» k1 (Rf'(R) = f(R))
H+ %= 3f’(R)[Kpm+ 2

- 3Hf"(R)R], (3.109)
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and

. k 1 .
2H+3H2+—=——[ +2HF"(R)R +
2 P® J(R)

(f(R) - Rf'(R))

> + f"(RR+ f”(RR*|, (3.110)

where we have used the definition for the Hubble parameter % =H= g We see that R is only a function
of time. From the FLRW metric the expression for the Ricci scalar is

R= 6[9 + (C—l) +—
a \a a

The energy momentum tensor directly from (3.35) obeys

. k
=6[H+2H2+—2. (3.111)
a

Pm+ (Pm + P)O = py + 3H(pp + p) = 0. (3.112)

To close the system of equations (3.109), (3.110) and (3.112) we should assume a state equation for the
matter components as

DPm = Wi Pms (3.113)

where wy, is the barotropic equation of state that describes each type of fluid.

To go further with our analysis we consider the FLRW models the Raychaudhuri-Ehlers equation

R 1 1 -

©+ 30 =—]7,(Kpm—§f—Rf o). (3.114)
and the constraint equations and Bianchi identities are trivial in the FLRW case. As it is mention in [43]
the equation (3.114) can be obtained from (3.109) and (3.110). It implies that any solution of this system
is automatically a solution of (3.114).

We can use the equations (3.89) and (3.90) and write the field equations in metric f(R) gravity in a close
form to GR
Gy = kT yp, (3.115)

with the energy momentum tensor in the form

mat

Tup = f—b + T, (3.116)
where T‘;Zt is the standard tensor for the matter content and
CUrv 1 1 /4 / Cc o/
'y, = Pz E(f—Rf Vgab + VaVuf' =gV Vf | (3.117)

The Bianchi identities G“,Z =0 give us

mat

T
VT, = Vb(fL,b) + VP =, (3.118)
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and with the assumption that V” 7™ = 0 the equation (3.118) is

VT = —#T";Z’Vb [+ %,VbT’ZZ’ + VP T = 0, .
- j: 2 T™IRY + VP T = 0, R
where we have used V2 f” = f”R. The equation (3.119) implies
Vb = J]:—:;T’ZZ’R;”. (3.120)

For a more detailed exposition about conservation laws in f(R) gravity see [43, 53]. From (B.83) we
can define for FLRW geometries >

1,1 :
pR = Tc[‘lz;)rvuaub — ]T,[E(Rf, _f) - @f”R]’ (3.121)
1 1,f—Rf L2 -
PR = nggvhab = [f > I, f(R+ S0R) + 1R

Even when the main goal of this chapter is to present our results [42] and give the basis for the topic
in cosmological perturbation theory, the next section presents the geodesic deviation equation (GDE) in
the 1 + 3 formalism in a complete general way. We specialize the general result for the GDE to FLRW
geometries and for this case the 1 + 3 formalism coincides with the 3 + 1 decomposition. We compare
both and discuss some aspects related to the GDE as a cosmological probe.

3.13 Geodesic deviation equation

One way to study the spacetime curvature is through the GDE [54]. This equation is a powerful tool to
study several problems in some branches of physics and mathematics [55], as is the case of gravitational
lensing. To start, we consider a pair of two neighbour curves taken from a congruence of geodesics
(autoparallels) with tangent vector field V¢, it means

b
% = Vv, vh =0, (3.122)
dx*(1)
— -y
1 @)

where (3.122) including the geodesics curves. The congruence defines naturally a vector field X“ namely
Jacobi field defined by
XP() = 22 - S, (3.123)

with x{(4) and xg(/l) autoparallels. The “Jacobi field” is defined by the condition [23, 29, 56]

DX?

o7 = vy, x? = x4v,vb. (3.124)

2 See appendix B
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3 Covariant dynamics of the cosmological models: covariant “1+3” formalism

We compute the second covariant derivative along the parallel field V¢ of the Jacobi field X? and us-
ing (3.124)
D*X¢
DA?
The equation (3.125) in terms of the Riemann tensor is

= (X"VEV V) + Yy VOV VX, (3.125)

XPVEV, . VV, = Ruaen VEXPVE + VEXPVL V.V, (3.126)

and with this result, the equation (3.125) is

DzXa d b b
S = R VXV V(VPV,Ve)x° (3.127)
where we have used the identity
Ve(VPVLV)XE = V, VOV VPXE + VPXOV, YV (3.128)

When the vector field is autoparallel V¢V, V? = 0 the equation (3.125) is

D*X“

— dyb
— 7 = ~Ra VXV (3.129)

which describes the relative acceleration between autoparallels * and is commonly known as the Geodesic
Deviation Equation. The equation (3.127) allow us to describe the case when the curves are not autopa-
rallels, as in the case when matter is in presence of extra non-gravitational forces. We emphasize in this
thesis in 3.130 for null (g.»k%") = 0 and timelike (g, V¢V? < 0) vector fields.

3.13.1 GDE in the “1+3 formalism”

One of the most interesting cases in (3.130) is for null geodesics [1, 43, 57]

D*Xx¢ X
7 = ~R%, kIXke, (3.130)

with k,k* = 0. The null geodesic are solutions for Maxwell’s equations in the WK B approximation or
geometrical-optics approximation. The vector field k, satisfaces

aS S
ko k4 = ab @Y VY —
“ Ox® Oxb
KV, kP = 0.

0, (3.131)

where S is the invariant face of the radiation field. The wave vector k* which is solution to the family

a .
of curves % = k% is decomposed as

k¢ = gabkb = ]’labkb - u”ubkb = ( — kbub)(e” + u“) (3.132)

with . .
h*ky, k¢

a .= = R 3.133

© T Cibky) | (—ubky) G139

3 In Riemannian spaces, geodesics
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3.13 Geodesic deviation equation

here ¢“ is the propagation direction of the light-ray as measured by u“ and v := —u,k® is the photon
frequency in the u“-frame. In the literature [2] the GDE has been studied in terms of the Sachs’s
formalism and it will be consider in next sections. Here we summarized the most important steps to
write (3.130) in the “1 + 3-covariant formalism” [1, 56]. The four velocity u#“ and the propagation vector
k* define the “screen space”, which is the two-dimensional space orthonormal to both and it is spanned
by two space-like orthonormal vectors ¢} with the conditions

ey =01y (3.134)

uler, = eer = 0,
with {I € 1,2}. The metric tensor in the screen space is given by

s = n? - e, (3.135)
which projects in the space orthonormal to ¢“ and obeys s& = 2. The kinematics for a congruence of
null geodesics in absence of non-gravitational interactions defines in analogy with u“ the kinematical
variables

A . 1 A
Oup = 555UV kg = Gap + 795a, (3.136)

with ® the scalar expansion of the null congruence and &, the shear. In the geometric-optics limit of
the Maxwell’s equations, the wave-vector k, = V,S and it implies Vkgzy = V. k4. The expansion and
the shear fulfills [1, 56]

g0, = 6 = V, k¢ (3.137)

b

s¢ @'ab =0.

The projector s, enables to define the projected Jacobi field as

X u®

X = 59X = g4X9 + uugX? — e“egX? = X - T
U

ke, (3.138)

where we used k;X“ = 0 in order to have the connecting X* on the null surface defined by k“. Choosing
the affine parameter A properly along the geodesics, the evolution for the Jacobi field is

DX

e XV k4, (3.139)

where the condition k“V,k” = 0 is employed. There are other important consequences from the null
expansion @. The proper congruence-area §A in the u frame is proportional to the square of the Jacobi
field and its rate expansion is [1, 56]

D 1A
méA = z®5A (3.140)
and the Raychaudhuri equation is in analogy with (3.25)
D . 1A
512 = —§®2 — 6ap0" = Rapk“K". (3.141)
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3 Covariant dynamics of the cosmological models: covariant “1+3” formalism

The shear evolves along the null congruence as

D
maab = —O6 4 — Cacpakk?. (3.142)

The physical meaning of (3.139) in terms of the kinematical quantities can be seen from
b2 R = 5 ROV = LOR + rpaR? (3.143)
a D/1 a c 2 . .

Now, we can write the GDE for the projected Jacobi field from (3.139) and again using the Ricci identity
2V(Vipike = RY, kq

D D
“m( cb—X”) = SRk Rpgce. (3.144)
which is the same (3.130) but in the 1 + 3 language. In terms of the Weyl tensor (3.149) is [1, 56]
D D 14
aD/l(stmXb) = SRk Cree — 5x WRickPKE. (3.145)

The equation (3.145) is the GDE in the 1 + 3 covariant approach. For a deep discussion about mathem-
atical aspects of the GDE see [58, 59].

3.14 Geodesic Deviation Equation in f(R) Gravity

The general expression for the GDE in f(R) gravity is given by (3.130)

D*X*
W = _Rflbc VdeVc,

The right hand side of the GDE in terms of the energy-momentum tensor and the Weyl curvature could
be written as

1
R VTV = CoVom'Ve + o [K(T6ﬁ5§ = Typ05 + T, gps = T 9py) + (05908 — 559,p)

+ (65;1)5,3 — 05 Dyp + gﬁéz)ya - gﬁyﬂﬁa)f,]vﬁﬂyvé

1 /
- 6f,(KT+2f—3|:|f )( ©gss — 3gys) VPPV, (3.146)

being R; o the Riemann curvature tensor, 17 the deviation vector between geodesics of tangent vector

field V¥, Dop = Vo Vg — gop0, O = V.V, f = f'(R) = df(R)/dR, T,p the energy-momentum tensor
and T its trace. The contribution of the operators D,z could be further simplified as [45]

(03Dsp — 03 Dyp + gps Dy — gpy D[ V' VO
= (VsVaf VPt Ve = 2e@f m® — (Vy Vs fOVP V® + e(V, V", (3.147)
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3.15 GDE in FLRW geometries

with € = V*V,, and using 1, V® = 0. The contributions for the GDE are

RS VP V0 = C} VP VO + ﬁ K(TsgVPn* VO = T,g VPV + €T, ") — e(K

T
3 J§C +Df’)’70

+ (VoVaf IVER VO — (W Ve fOIVP V + (W, VO | (3.148)

which is the general expression for any metric, and any energy-momentum content in the framework of
metric f(R) gravity. The equation (3.148) was one of the our results in [42].

3.15 GDE in FLRW geometries

The GDE for homogeneous and isotropic FLRW spacetimes in the 1 + 3 formalism involves the con-
tractions [43]

D*x“

byrcyyd
D—/lzz_RZCdVXV =

3.149
1 a a a C R a a bycysd ( )
- 5(9 Rba — 9% Rpc + gpaR’. — gucRy) — g(g «bd — 9599bc) |V XV,

for FLRW spacetimes one can choose 1, = 1), £ = =V,u, € = V,V* and X,u® = X,V* = 0 for
timelike or null # congruences. The contraction in the right side of (3.149) becomes

1 R
R%. VPXV? = 2(RdebV"X“ — Rpc V"XV + eRX) - FeX, (3.150)
for details see appendix B. We can write the GDE in terms of the energy momentum tensor as

pxe_ 1 [{ O+ o) = 30F + PYE + 22 + w4 L4 207+ ) e

== 3.151
D2 2f 3 3 G-151)

The equation (3.151) was obtained in our work [42] using the 3 + 1 formalism in cosmology. In the 1 +3
formalism it was obtained in [43]. In the next sections we will write (3.151) in a more convenient way
and we show that for FLRW the two formalism are equivalent.

In the following section we explicitly show the steps in order to find the GDE in f(R) gravity using
FLRW metric, our purpose is compare with the results from GR in the limit case f(R) = R — 2A.

3.16 Geodesic Deviation Equation in FLRW spacetimes: coordinate
method

Now we give a brief discussion about the GDE following [21, 57, 60] in order to give a more intuitive
description about the topic (see figure 3.2). Let be yg and y; two neighbor geodesics with an affine
parameter v. We introduce between the two geodesics a entire family of interpolating geodesics s, and
collectively describe these geodesics with x*(v, s), figure The vector field V* = ‘{j is tangent to the
geodesic. The family s has dx like it’s tangent vector field. Thus, the acceleration for this vector

field is given by [21, 23]

* In the null case, we choose for a general spacetime the X,, according to (3.138)
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3 Covariant dynamics of the cosmological models: covariant “1+3” formalism

Figure 3.2: Geodesic Deviation Equation

Thus, the acceleration for this vector field is given as we showed in (3.130)

Dzna N

=1 __ B9

Dy - Ry, sV Ve.

Here % corresponds to the covariant derivative a long the curve. We want to relate the geometrical

properties of the space-time (Riemann and Ricci tensors) with the matter fields through field equations.
For this we write the Riemann tensor as [23],[61]

1 R
Raﬁyé = Caﬁy& + E(gayRélB - gaéRyﬁ + gﬂ(SRya - gﬁyR(Sa) - g(ga/ygéﬂ - gaégyﬁ), (3.152)

with C,gys the Weyl tensor. In the case of standard cosmology with the FLRW metric we have the line
element

dr?
1 — kr?
where a(t) is the scale factor and k the spatial curvature of the universe. In this case the Weyl tensor
Capys vanishes, and for the energy momentum tensor we have

ds® = —df* + az(t) + r2d0? + r* sin® 9d<p2 , (3.153)

Top = (p + plugug + pgap, (3.154)
being p the energy density and p the pressure, the trace is
T =3p-p. (3.155)

The standard form of the Einstein field equations in GR (with cosmological constant) is

1
Ra,ﬁ - ERga,ﬂ + Agaﬂ = KTQ . (3156)
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3.16 Geodesic Deviation Equation in FLRW spacetimes: coordinate method

then we can write the Ricci scalar R and the Ricci tensor Ry using (3.154)
R =«k(p—3p) +4A, (3.157)
Rop = k(p + plugug + %[K(p —p) +2A])gas, (3.158)
from these expressions the right side of equation (3.152) is written as [60]
R VP Ve = l( +A)e + 1,<(,o+ YE? |n® (3.159)
Bys V' 1 3 Kp > P n,

with € = V¥V, and E = —V,u®. This equation is known as Pirani equation [62]. The equation (3.159)
is trivially obtained from (3.151 for GR including cosmological constant using f(R) = R — 2A. The
GDE and some solutions for spacelike, timelike and null congruences has been studied in detail in [60],
which gives some important result concerning cosmological distances also showed in [61]. Our purpose
here is to extend these results from the modified field equations in metric f(R) gravity.

3.16.1 Geodesic Deviation Equation for the FLRW universe

Using the FLRW metric as background we have

! (R) ,

Rup = 55| 0+ Pl + (kp+ i - Joap + Dagf (R)], (3.160)
1 !

R= os|kGp=p)+ 200 - 3n7 )| (3.161)

with these expressions the Riemann tensor could be written as

1
R V'V = 5 (o + I+ S(uto 3+ 7 =300

+ (Vs VPV — (N Ve VPR VT + eV, V7|, (3.162)

with £ = —n,V?, and n,u® = 0. For the FLRW case the covariant derivatives are
VoVof = f"R+ f"R?, V.\V,f = -Hgijf"R, of’ =—f"(R+3HR) - f""R*>, (3.163)

since in this case the four-velocity is u* = (1,0,0,0) from the orthogonality conditions we get E =
—Vou® = =V, nou® = nou’ = 0 (thus the deviation vector just have non-vanishing spatial components
7° = 0), and 17,V® = 1;V’. The GDE reduces to

1 f
@ B Yy — s
Rﬂy(;VnV—zf, 3

(K(p+ p)+f"(R—HR)+ f”’RZ)E2+(% +kp+=+f"(R+HR)+ f”'Rz)e]n". (3.164)

We have already defined the following quantities (3.121)

Rf" - f
2

S-RS
2

Kp + Kp +

+ (R +2HR) + f”’Rz] ,
(3.165)

1 iy 1
Peff = 7 —-3Hf R} , Peff = 7
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3 Covariant dynamics of the cosmological models: covariant “1+3” formalism

equation (3.164) could be written in a more compact form and for the FLRW equivalent to the results
found in [43]

1 1
ngévﬂnyvé = 5 [(peff + peff)E2 + g (peff + 3peff + R) E] U(l, (3166)
and finally we can write the GDE as

D*n® 1
Dv2 2

7, (3.167)

1
[(peff + pesf)E® + 3 (Peff +3pess + R) €

with % the covariant derivative along the curve. The equation (3.167) was obtained in a very special
reference frame. However, to show the equivalence for FLRW where the 1 + 3 formalism is equivalent
to the 3 + 1 methodology, we use the result (3.151) and the result arises naturally with the special case
0 =3H
2ya
l;);(z = —2;, [{K(pm +pm)—HRf” +Rf"” +f’”R2}E2 + e{K’% + kP + Jé +HRf" +Rf” +f”’R2}]X”,
(3.168)

and where we use the general identities f” = Rf”” and f* = Rf”” + f’”R>. The equation (3.168) is the
generalization for the Pirani equation in f(R) gravity. As we expect the GDE induces only a change in
the magnitude of the deviation vector 7, which also occurs in GR. This result is inferred from the form

of the metric, which describes an homogeneous and isotropic universe. For anisotropic universes, like
Bianchi I, the GDE also induces a change in the direction of the deviation vector, as shown in [63].

3.16.2 GDE for fundamental observers

As a very simple but representative example of the GDE (3.168) we consider the Hubble’s flow as a
bundle of geodesics and we compute the GDE for this situation. In this case we have V* as the four-
velocity of the fluid u®. The affine parameter v matches with the proper time of the fundamental observer
v = t. Because we have temporal geodesics then € = —1 and also the vector field are normalized E? = 1

, thus from (3.151)
1 2kp  f(R) .
RS i’ = ——| == — == - 2Hf"(R)R|n" 3.169
syl " U 2R3 3 SRR, ( )

if the deviation vector is 17, = {e,, isotropy implies

a
DDet -0, (3.170)
and 5 5
DX 42
DZ = 5" (.171)

using this result in the GDE (3.152) with (3.169) gives

& l[m)ﬂm
a2~ 2f'(R)

= -3 S (R)R] e. (3.172)

In particular with € = a(¥) we have

a f®
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3.17 GDE for null vector fields

This equation is exactly the equation (3.114) and obviously it could obtained as a particular case of the
generalized Raychaudhuri equation given in (3.94) [48]. Is possible to obtain the standard form of the
modified Friedmann equations [64] from this Raychaudhuri equation giving

», K1 (Rf'(R) — f(R)) Y E
H + -5 = 3/'(R) [KP + 5 —3Hf (R)R], (3.174)
and
. ) 5 _ 1 7 . (f(R) - Rfl(R)) 17 > 111 52
2H +3H" + i 7® [Kp+ 2Hf”(R)R + IR S— + f"(RR + f"(R)R ] (3.175)

The set of equations (3.174) and (3.175) are the field equations for the FLRW spacetimes in metric f(R)
gravity. These equations are also studied in ETGs theory from the equivalence mentioned in section (2.8)
in the previous chapter. The equations using such equivalence are studied in [65]. We notice again that
the geometrical method to get the GDE is based on geometrical analysis on manifold theory, for this
reason, the extension to theories as ETGs follows the same methodology as we used for f(R) gravity.
The extension to theories as in the case of (2.119) is work in progress by the author.

3.17 GDE for null vector fields

Now we consider the GDE for null vector fields past directed. In this case we have V¢ = k%, kok® = 0
and k¥ = % with v the affine-parametrization. Then equation (3.168) reduces to

D2Xa 1 S 1! 5o 111 D2 2 | va
=5 = —2—f/[{K(pm+pm)—HRf +Rf” + fR)E?|x“, (3.176)

or in terms of the (3.121)5

DZTIQ

1
= RS KPR = =5 Pers + Per)E* 1", (3.177)

that could be interpreted as the Ricci focusing in f(R) gravity. Writing n% = ne®, e,e® = 1, equ® =
eqk® = 0 and choosing an aligned base parallel propagated DD—ej = kﬁVﬂe“ = 0, the equation (3.177)
becomes a scalar equation for the norm . In the case of GR discussed in [60], all families of past-
directed null geodesics (k° = %<O) experience focusing, provided «(o + p) > 0, and for a fluid with
equation of state p = —p (cosmological constant) there is no influence in the focusing [60]. From (3.176)
the focusing condition for f(R) gravity is

1 . .. .

?[K(pm + pm) = HRf” + Rf" + " R?| 2 0, (3.178)
The equation (3.178) is the weak energy condition for f(R) gravity analogous to GR in the FLRW
metric. Some more restricted conditions to the energy conditions in f(R) can be found in [29, 53]. A
similar condition to (3.178) over the function f(R) was established in order to avoid the appearance of
ghosts [4, 66] with the extra condition f'(R) > 0.

3 Here we change the notation from X to ®
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3 Covariant dynamics of the cosmological models: covariant “1+3” formalism

3.17.1 From v to redshift z

We want to write the equation (3.177) in function of the cosmological redshift parameter z. For this the
differential operators is

d dzd
& %i(i)
dv2  dvdz\dv/)
dv\?2[ (dv\'d>vd d?
e =) == 4 =1 3.180
(dz) [ (dz) dz2 dz - dz2 ( )
In the case of null geodesics
ap E dz da
1 - _= — =-_= 3.181
(1+2) « " E — Ti: - ( )

with a the scale factor, and ag = 1 the present value of the scale factor. Thus for the past directed case

dz=(1 +z)é% dv=(1 +z)§Edv=E0H(1+z)2dv. (3.182)
Then we get 4 X
d_z R (3.183)
nd d?v 1 dH
el = —EOH(I st ( + z)—Z +2|, (3.184)
wr1t1ng A as
di _ dvdrdH I dA (3.185)

dz  dzdv dr  H(l+7) dt’

we use (k¥ = % = Ey(1 + z)) and the minus sign comes from the condition of past directed geodesic
k® < 0. Now, from the definition of the Hubble parameter H

) dH da a 5
= =——-=--H° 3.186
dr  dta a ( )

and using the Raychaudhuri equation (3.173)

f( ) 1" Kp 2
f’(R)[ " (R)R — ] H-, (3.187)
then 5
v 3 1 ko JR)
d_z2 T EgH(1+2)3 [1 3H? f’(R)( 6 1/ (R)R)]' (3.188)
Finally, the operator —Tis
d277 _ 2 d277 3 1 Kp f(R) 77 d’7
o = EHQ 9P| Z)[l 3H2f,(R)(— -L - ny (R)R)] dz] (3.189)
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3.17 GDE for null vector fields

and the GDE (3.177) reduces to

2 . (om + pm) — HRf" + Rf” + R* [
&, 3 [, 1 (@_@_Hf,,(R)R)@:_[ ]n-
dz2 (1+2) 3H2f'(R)\ 3 6 2H*(1 + 22 f"(R)

(3.190)
Given the important fact
VoI = 0= pp + 3H(pm + pm) =0, (3.191)
the energy density p,, and the pressure p,, considering could be written in the following way
1
P@) = puo(1+2° + po(1+)% p() = 3p0(1 +2)", (3.192)
where we have used p,, = 0 and p, = %pr. Thus the GDE could be written as
d d
T PHR DT+ QH.R.2 =0, (3.193)
dz2 dz
with
3 1 kp  f(R)
P(H, R, 2) = 1+ (————H RR) 3.194
(H#.R.2) (1+z)[ SErR\3 6 W } (3:194)
[K(pm +pm) _HRf// +R’f// +R2f///]
H,R,z7) = , 3.195
A2 2H(1+ 22/ (R) G199
and H given by the modified field equations (3.174)
1 Rf'(R) — f(R)) : ]
2 _ 77
mo(1 w0(1 —— = -3Hf"(R)R| - —,
3f,(R)[Po( 2w p(1 + 2t 3SHF(RR| - =
H? = m ro(1 k(1 +2)* 3.196
3f,(R)[p o(1 +2) + pro(1 +2)* + ppe| — k(1 + 2%, (3.196)
where RER R
- [M _ 3Hf”(R)R]. (3.197)

In order to solve (3.193) it is necessary to write R and H in function of the redshift. First we define the

operator
d dzdad

d
e | H— 1
@ dadraz . UTIHE e
then the Ricci is [19]
~oee . 2
R=6 L—l+(g) +£]

la \a a?

r . k
:62H2+H+—2],
L a

[ H
= 6|2H* - (1 +z)HCzl— + k(1 + )
I Z

if we want H = H(z) is necessary to fix the form of H(z) or either a specific form of the f(R) function.
This point has been studied in [19] and the method to fix the form of H(z) and find the form of the
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3 Covariant dynamics of the cosmological models: covariant “1+3” formalism

f(R) function by observations is given in [67]. The f(R) models offer a wide possibility to explain
fundamental problems in cosmology, as we mention the actual acceleration phase one of the problems
addressed by the ETGs [68-71].

There is a method employed by [43] using a dynamical system to solve the Friedmann equations
together with (3.190). It has some advantages to explore general features of the problem. However, our
method is equivalent, we can write( 3.190) using the transformation between the affine parameter v and
the redshift z, % — d% and (3.121), the equation (3.190) is written as [43]

+
dz? 2(1+z) dz  2(1+2)7?

d? 7+ 3werr) dyp 3(1+w
n erf) dn  3( eff)nzo’ (3.199)

with werr = ﬁf—x This is the equation [43, eq. (39)]. In the particular case f(R) = R — 2A, implies

f'(R) =1, f”(R) = 0. The expression for Qpf reduces to

(R—R+2A)]_é
6 3’

PDE = (3.200)

then the quantity ppr generalizes the Dark Energy parameter. The Friedmann modified equation (3.196)
reduces to the well know expression in GR

H? = H2[Qu0(1 + 2% + Q,0(1 + 2)* + Qp + (1 + 2)7], (3.201)
the expressions £, and Q reduces to

_49,0(1 + 2)* + (7/2)Quo(1 +2)° + 3Quo(1 +2)% +2Q4

P(z) = , 3.202
® (1 + (o1 + 2* + Quo(1 +2)% + Qo1 + 2)% + Q) ( )
20,0(1 + 2)% + (3/2)Q,0(1 +
Q) = o(1 +2)* + (3/2)Q0(1 + 2) ‘ (3.203)
Qo1 +2)* + Quo(1 +2)° + Quo(1 + 2)% + Qp
and the GDE for null vector fields is
d’n .\ 40,01 + 2)* + (7/2)Qumo(1 + 2)* + 3Qo(1 +2)* +2Q4 dn
dz2 (1 +2(Q0(1 +2)* + Quo(1 +2)3 + Qo(1 +2)2 + Qp) dz
20,0(1 + 2)2 + (3/2)Qno(1
(1 +2)7 +(3/2)Q0(1 +2) n=0. (3204)

Qro(l + Z)4 + Qmo(l + Z)3 + Qko(l + Z)Z + Qp

The Mattig relation in GR is obtained in the case Q5 = 0 and writing Q9 = 1 — Q0 — Q,0 Which gives
[60]

&n 6+ Quo(1 +72) + Quo(1 + 8z + 422) dn 30,0 + 4Q,0(1 +2)
/N S/ n=0, (3.205)
dz? 2(1 +2)(1 + Qoz + Q022 +2) dz 2(1 + 2)(1 + Qpoz + Q022 + 2))

then, the equation (3.193) give us a generalization of the Mattig relation in f(R) gravity.

3.17.2 The angular diameter distance D,

In a spherically symmetric space-time, like in FLRW universe, the magnitude of the deviation vector n
is related with the proper area dA of a source in a redshift z by dn «« VdA, and from this, the definition
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3.18 Is it possible a Dyer-Roeder like Equation in f(R) Gravity?

of the angular diametral distance D4 could be written as [2]

dA
Dp =+ — 3.206
A 1 ( )
with dQ the solid angle. Thus the GDE in terms of the angular diametral distance is then
DI (743w ADP 30t werp)
s U wg) O S verp) o _ (3.207)

dz2 2(1+z) dz 2(1+2)2 4

where we denote the angular diametral distance by Dﬁ(R), to emphasize that any solution of the previous
equation needs a specific form of the f(R) function, or either a form of H(z). This equation satisfies the
initial conditions (for z > zg)

DP9 =0, (3.208)
=20
ap® Ho
) = —, 3.209
a0, e r ) (209

being H(zp) the modified Friedmann equation (3.196) evaluated at z = zo. The conditions (3.208)
and (3.209) keep the functional form because they come from the geometrical properties of the FLRW
models. The proper distances and the definition for the Hubble parameter as H = g allow to write the
boundary conditions for (3.207) [2].

3.18 Is it possible a Dyer-Roeder like Equation in f(R) Gravity?

Finally we get an important relation that is a tool to study cosmological distances also in inhomogeneous
universes. The Dyer-Roeder equation gives a differential equation for the diametral angular distance d4
as a function of the redshift z [72]. The standard form of the Dyer-Roeder equation in GR can be given
by [571,[73]

2

I+ z)zﬁf(z)d—DzA +(1+ z)g(z)d& +H(z)Dy =0 (3.210)

dz dz

with
F(2) = H*(2) (3.211)
dH 5

G =0+ z)H(z)d—Z +2H*(2) (3.212)
H(z) = 3&2@ Quo(l +2)° (3.213)

with @(z) is the smoothness parameter, which gives the character of inhomogeneities in the energy
density [73]. When we consider @ = const the physical interpretation for the clumpiness parameter
is clear as is pointed out in [2]. There have been some studies about the influence of the smoothness
parameter @ in the behavior of D4(z) [57, 74]. In order to obtain the Dyer-Roeder like equation in f(R)

gravity we follow [57]. First, we note that the terms containing the derivatives of Df;(R) in equation

(3.207) come from the transformation % — d% and the term with only Dj:(R) comes from the Ricci

focusing (3.176). In this point there is a big difference between GR and f(R) as we can notice in (3.177).
Besides the matter density p,, there is a geometrical contribution coming from geometrical terms in the
Ricci focusing term. As a first attempt to consider inhomogeneous contributions we follow [57, 72,
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3 Covariant dynamics of the cosmological models: covariant “1+3” formalism

73] and we introduce a mass-fraction @ (smoothness parameter) of matter in the universe, and then
we replace only this contribution in the Ricci focusing p — @p. It could be a danger to estimate
distances from (3.190) due to the fact that the terms in the Ricci focusing depend on more than p,,,
the contributions from the f(R) function make a difference that should be investigated with a different
approach. Thus, the problem for distances in inhomogeneous cosmologies should be treated with tools
as (3.145). This equation is a fundamental key in applications as gravitational lensing [56] and being the
equation general could be applied to more general spacetimes as LTB models [1] in a more clear way.

3.19 An Alternative Derivation

To see the direct equivalence for the FLRW between the coordinate and the covariant methods, the

results for the angular diametral distance could be also obtained from the focusing equation (see [42,
45] and references therein):

d’Dy4

dv?

being o the shear, k* a null vector. From the field equations in f(R) gravity we can write

1
=- (Irrl2 + ERaﬁkakﬁ) Dy, (3.214)

Rop = 7 [KTa,B + fgaﬁ + Vo Vpf' = gapof’|, (3.215)
for the specific case of the FLRW universe (o = 0), the previous expression gives
Rogk®kf = = [K(p +p)+ f'(R - HR) + f"'R*| E*; (3.216)
and then
&>Dy __ [K(p +p)+ f"(R-HR) + f”’RZ] E’D (3.217)
&2 2f p 4 ‘

which has the same form as equation (3.190) with 7 oc Dy.

3.20 Conclusions and Discussion

In this chapter, we have generalized the GDE equation in metric f(R) gravity and we have studied the
equivalence for the FLRW models between the 3+ 1 formalism [42] and the covariant 1+3 approach [43]
for the GDE. We have summarized the covariant formalism for the cosmological models. Our general
expression (3.199) contains all the information about the dynamics of the models in the (w, s r) parameter.
As we expect, the analytic solutions for (3.199) f(R) are not trivial. Some numerical solutions are
shown in [43], but this point deserves a deep study. Further analysis for the optical Sachs equations
including the shear contribution, and distance-redshift relations in f(R) gravity is in progress from our
previous work [42, 57]. In principle, the formulation given in 3.13.1 makes the extension of the GDE
to more general spacetimes more clear. For perturbed FLRW models in GR and applications to weak
gravitational lensing of the 1 + 3 formalism see [56].

In the previous chapter 2.2.1 we have mentioned some cosmological reasons to study f(R) as a viable
model for gravity. It is important to mention some important points related with this topic [1]. Maybe
one the most actual open questions coming from the cosmological data is the late-time acceleration of
the universe from z ~ 1. Nonlinear effects is a viable way to explain this phenomena without dark energy
or cosmological constant. The other possibility to explain the late acceleration of the universe is to
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modify the gravity equations (see previous chapter). There are some proposal to explain the acceleration
phase with modifications to the Friedmann equations such as f(H?) = @ or H? = w, but with
these ideas is only possible to compute the background dynamics and not the perturbations, it is not
possible with to explain the structure formation.

We can think in a general modification to gravity (section 2.8.3 previous chapter) to solve the accelera-
tion problem, but as is well known, GR has a unique status as a four-dimensional theory where gravity
is mediated by a massless spin-2 particle, and the field equations are of the second order. Any gravity
modification will produce equation of motion at least of fourth order, and gravity is then also carried
by spin-0, spin-1 massless fields. However,in order to avoid ghost in the theory, the only acceptable
low-energy generalization of GR are f(R) gravities, with f”/(R) # 0 [1]. This is a very strong reason
to study f(R) gravity as one of the most promising models. Cosmological perturbation theory in f(R)
gravity could be studied in a fully nonlinear regime with the 1 + 3 presented in this chapter.

In f(R) gravity theories, the gravitational interaction is mediated by a spin-0 scalar as well the spin-2
field. As we point out in section 2.8 the equivalence between f(R) gravity and a type Brans-Dicke grav-
ity causes some problems with the spin-0 field in the solar system. The equivalence indicates that f(R)
gravity is a Brans-Dicke theory with wpp = 0 whilst probes as binary pulsar demand wpp > 40.000 [1].
To avoid the solar system/binary pulsar problem one can use the potential in ETGs and the equivalence
with f(R) theory increasing the mass of the spin-0 field near to massive objects and keeping the ultra-
light mass on cosmological scales. This is the chameleon mechanism. Other possibility is to explore our
alternative approach [10] where we have demonstrated that it is viable to have the equations of motion
only from metric degree of freedom.
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CHAPTER 4

Cosmological Perturbation Theory and Cosmic
magnetic fields

4.1 Introduction

The origin of galactic and extra-galactic magnetic fields is an unsolved problem in modern cosmo-
logy. One sentence to summarize our understanding about cosmic magnetic fields is due to A. Vilenkin
2009 [75]:

There is much to be learned about cosmic magnetic fields. We have a rather sketchy information about
the field distribution on the largest scales, and the origin of the magnetic fields remains a mystery.

In this chapter we present our work [49] where we link the cosmological perturbation theory up to

second order in a gauge invariant language, applied to the problem of cosmic magnetic fields.
We explore the idea that the cosmic magnetic fields emerged from a small field, a seed, which was
produced in the early universe (phase transitions, inflation, ...) and it evolves in time. The problem of
how the seed appears is not discussed. This magnetogenesis problem is an active field of research and
we recommend the excellent reviews [75, 76].

Cosmological perturbation theory offers a natural way to study the evolution of primordial magnetic
fields. The dynamics for this field in the cosmological context is described by a cosmic dynamo like
equation, through the dynamo term. In this chapter we get the perturbed Maxwell’s equations and com-
pute the energy momentum tensor up to second order in perturbation theory in terms of gauge invariant
quantities. Two possible scenarios are discussed, first we consider a FLRW background without mag-
netic field and we study the perturbation theory introducing the magnetic field as a perturbation. In
the second scenario, we consider a magnetized FLRW and build up the perturbation theory from this
background. We compare the cosmological dynamo like equation in both scenarios.

As a complementary part of this chapter, in appendix C the 1 + 3 formalism and the gauge invariant
cosmological perturbation theory using the cosmic magnetic fields is studied as an example [6].

4.2 Cosmological perturbation theory: linear regime
Since the phenomenal paper by Lifshitz in 1946 [77], there has been an enormous progress in under-

standing how to study properly the theory of cosmological perturbations. The main aspects for linear
theory are very well established nowadays and there are a wide variety of bibliography sources, as an
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example [78-81]. The extension of the relativistic cosmological perturbation theory to non-linear re-
gime is also a very active field of research and involves some interesting aspects in mathematics and
physics. The non linear regime contains physics hidden at the linear one, it has been our motivation
to develop our proposal about the cosmological dynamo. From very influential works [82, 83], higher
order perturbation theory is understood today not as a simple relabeling of the spacetime but a phe-
nomenological scenario with important results as the fluid vorticity as source of primordial magnetic
fields [49] and non-Gaussianity signatures in the CMB setting for perturbations from inflation [83].
There are several groups and different approaches to handle the problem. One of the most important
methods is called gauge invariant perturbation theory, which is mainly due to K. Nakamura [82], but
many other important authors have contributed to the topic [83-87]. For this first section, we introduce
the main elements for the linear cosmological perturbation in the metric-based approach which was
introduced by Lifshitz [77] and for further references about the methodology see [81, 88].

4.2.1 Mathematical background

In cosmological perturbation theory we deal with two spacetimes, one is an idealized universe, usually
the FLRW is employed not only because it is an exact solution of the GR equations but from observations
it is realized that when a enough large scale is reached the universe looks homogeneous and isotropic [1].

The idealized universe is described by a FLRW metric (3.70)

dr?
1 — kr?

cmz—m%ﬂ%w%%mwﬂ:ﬂﬁ+fm( +&mﬂ, 4.1
where 7;; is the metric on the 3—manifold X. To cover the spacetime manifold in (4.1) we choose the
3 + 1 splitting [80]. For an extensive review about the 3 + 1 formalism see the review [89]. In the 3 + 1
formalism to each ¢ the space is a spacelike hypersurface ¥,. The greek indices run from 0, ...3 and the
latin 1,..,3. The right side in (4.1) is written in comoving spherical coordinates {r, 8, ¢} and k is the
spatial curvature, which is constant. For linear cosmological perturbation theory, the main assumption
is that we can describe the perturbed real world by a metric tensor which is a small deviation from the
background (4.1). This sentence has a deep physical meaning and the mathematical effort to formulate
the problem properly has a long history in cosmology. In one of the most influential works in the
topic, Bardeen in 1980 [78] found the method to formulate the problem of linear perturbation in a
new language known as gauge invariant variables. After the Bardeen’s work, very important results to
improve the theory have been developed. The mathematical aspects to deal with the perturbed Einstein
field equations are in the work by Kodama & Sasaki in 1984 [88].

The mathematical and physical precise meaning of small deviation for a perturbation of any variable is
found in [90, 91]. We should describe first some quantities in the idealized universe which we will call
background.

Sometimes it is useful introduce a vector base to write tensor fields, for the metric (4.1) one can write
w = wie', 4.2)

and the a second rank tensor ' '
h = hijel ® e (4.3)

There are several results with this notation. The 3—metric tensor ;; defines the algebra for the 3—fields
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as
AT =yYA;, (4.4)
Yk = 6
y(ei, e;) = vyij.

The 3—vector basis avoid the use of a particular spatial coordinate system. The 3—metric induces the
definition of a covariant derivative V; on X, even in the case when k # 0. With the condition V;y; = 0,
the connection coefficients l"’jk take the form

1
I = 57 (v + vijuc = viga). (4.5)

The 3—Laplacian (Laplace-Beltrami) operator is defined by
V2 = y*V,V, (4.6)

and the set of functions Y solution of
(v2 + kz) Y =0, (4.7)

where —k? represents an eigenvalue for the Laplace-Beltrami operator. This set of functions is the natural
basis to expand any scalar function on X. The {k?} takes continues values larger or equal to {(n — 2)2k|}
for {k < O)and {k* = Il+n+ Dk (I =0,1,2,..)} for k > 0. It has been obtained in [88] and

Nakamura [84]. The submanifold X is Riemannian and the covariant derivatives have the usual algebra
[Vi’ Vj] Ak — (3)RklijAl’ (4.8)
[Via Vj] - (3)Rknijhnl + Opl m'jhkn’

where
[Vi.Vi|=viv,;- Vv, (4.9)

The Riemann tensor for constant curvature is
R = k(8ynj = 65yui). (4.10)
From (4.10) the Ricci tensor and Ricci scalar are given by

ORnj = OR,; = k(01y = 8vt) = K(37nj = aj) = 2kyujs (4.11)
@R =) Rl = 6k.

From the above relations, some useful results can be derived, the lapfacian for a scalar field is given by
V26 =¥70,0;6 — y'T},010, (4.12)

which using '/ Ffj = —yl—l/zak ('yl/ 27”‘), with y = det{y;;}, takes the form

1 y
V24 = mai (¥'*¥"0;9). (4.13)
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There are at least two more important results, the divergence for a 3—vector field v is generalized by

1 .
V.-v= mai (,),1/201) , 4.14)
and the curl for the 3—vector field -
V xo =€ (00)) e, (4.15)

with €k = y‘l/ 2[i Jjk] is the three-dimensional Levi-Civita tensor, with [ijk] = +1 for an even permuta-
tion of {123}, [ijk] = —1 for an odd permutation, and O for any two equal indices. The factor y'/> makes
the Levi-Civita a well defined 3—tensor density.

In the next section, we will employ the nomenclature scalar, vector and tensor in the perturbation
variables, this terminology refers how the quantities transform respect to the symmetry group of the
submanifold with metric y;;. In most of this chapter {y;; = ¢;;} meaning we focus in a flat (k = 0)
background.

4.3 The perturbed metric tensor

One of the most important results from the Kodama & Sasaki work [88] is that the metric tensor for the
real universe is written as:

ds® = (1) [~ (1 + ) dr* + 2widrdx' + (1 = 20) yij + 2hj| dx'dx}, (4.16)

with y/h; = 0! and dr = %. The metric tensor (4.16) has the new ingredients for the cosmological
perturbation theory. Two 3—scalar fields ¢(x, 7) and ¥(x, 7), one 3—vector w(X, 7) and one symmetric,
traceless second-rank 3—tensor £;;(X, 7). One of the most clear treatment for the physics and notation
related with the metric (4.16) is given by Bertschinger in his lectures [79] but are the same definitions
are founded in Kodama & Sasaki [88]. From (4.16) there are 10 new fields {1 + 1 + 3 + 5} corresponding
to {¢, ¥, w,h}. We summarize some important results in order to have a clear idea when second order

perturbation theory is introduced.

4.3.1 Decomposition of perturbations

The excellent review by Nakamura [82] is one of the most influential works in the field of non-linear
cosmological perturbation theory. The metric (4.16) is the most general form for the metric perturbations
[80, 81] for a FLRW background. However, there are some aspects that should be addressed in order to
use (4.16) as the most general metric for cosmological perturbations. The first aspect in (4.16) is how
many degrees of freedom we have for the metric tensor field. In four dimensions, due to the symmetry of
the Einstein Field Equations, in principle (4.16) has ten new fields, it means, two scalar fields (including
the trace for h;; which in principle can be absorbed in the ¢ definition), three in the vector and due
to the symmetry in 4;; and with the traceless condition we have five degrees, it means that (4.16) has
ten independent components. Due to the general covariance, only six fields can be physical degrees of
freedom, in fact, we can transform the coordinates {7, x'} without change any physical quantity, as for
example the spacetime interval ds”> = guvdx'dx”. It is one way to study the so call gauge problem in

! Not confuse A; ; with the projector Agy,.
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cosmology. We perform a coordinate transformation in p € M using two coordinate charts related by

T=74+aX1),
=X +9yIV B(x,T) + €(x,7T), 4.17)
with V-€ =0.

The coordinate freedom leads to ambiguity in the perturbations. The definition of a perturbation quantity
is given by

ol := F’M - F’ (4.18)

My’
where I'|y( is the value of the quantity in the real universe and I'jyq, is the value in the fictitious back-
ground. The main point with the definition (4.18) is that the difference depends on the transforma-
tion (4.18). Any identification between the real universe and the fictitious one makes( 4.18) totally de-
pended of the identification map between the two manifolds. In other words, the identification between
My and M once a coordinate system is fixed in My makes the equation (4.18) depending on the identi-
fication map. The fact of keeping the background coordinates fixed is known in cosmology as a gauge
transformation. We should notice than when we split any physical quantity as

T(r, x) = T(7) + 6T(z, x), (4.19)

this process in non-covariant [83]. A coordinate transformation (4.17) relabel the events in the manifold,
but a due to the general covariance of a theory as GR or ETGs the splitting non-covariant. As we will see
after, there is another possibility to study this problem. Due to the general transformation law between
coordinates charts in a manifold, for example the metric tensor components in an event p € M in two
different coordinate charts are related by

Ix7 9x*

(7 4.2
o oY 1(x*(p)), (4.20)

(X (p)) =

where x’# = x’*(x) is a general, smooth differentiable function. The problem to find the functional
form for the coordinate transformation is studied with the infinitesimal coordinate transformation (x'* =
XM+ &), with & the generator for the transformation. It is called in mathematics gauge transformation.
We are dealing here with the theory of linear perturbation theory, but there are several extensions to
higher orders in cosmological perturbation theory [83, 86], and including Maxwell equations [49], where
the main tool is the gauge transformation to higher order and where & is used as the gauge vector field
and the information for the higher orders is encoded on it. In the equation (4.17) the functions (e, 5) and
the vector € are the generators of the gauge transformation. The identification between the background
and the physical space induces a coordinate transformation on the physical spacetime, it is called the
passive approach and is the most used method in the literature. In the section 4.4 we deal with the gauge
problem in cosmology.

The main assumption in linear perturbation theory is that we use y as the 3—metric in the perturbed
hypersurface of constant 7, even when the perturbation metric functions are present, the argument is
such that any metric perturbation field is small and quadratic perturbation terms are neglected. It will
be not true in high order perturbation theory as we will see in the next sections where the problem is
studied using a more powerful method known as the active approach.

The metric decomposition (4.16) allow us to generate the different contributions as

©=wp + o, 4.21)
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with
VXxw =V -w, =0. (4.22)
The equation (4.22) implies w; = —Vw and only the transverse part w, represents a vector perturbation.
The tensor A;; can be generated as
h(x) = h, + hy + hr, (4.23)
with
h|| = Dl‘jh, (4-24)

1
hij’J_ = E(V,h, + th,‘),

Vil = 0.
with D;; = V;V; — 1y,;V*. The divergences for i
. 1 .
V-hy=VIV,Vh- §«yijv'vzh, (4.25)
and from the Riemann tensor
VIVVih = YR jyii V" b + YV, VY jh = Ry V™ h + VY2, (4.26)
in the case of constant curvature,
2
Vohy =3V (V? + 3k) h. (4.27)
In the same way, the divergence for &, is
[y
Vo= (V? + 2k) B, (4.28)

are longitudinal and transverse vectors, respectively [79]. The important conclusion is that the most
general perturbations of the FLRW metric at each point may be decomposed in four scalar {i, ¢, w, h},
two vector parts each having two degrees of freedom {w, , i, } and one tensor part hr with three degrees
of freedom. The classification is a very powerful tool to distinguish between gauge modes (coordinate
artifacts) from physical quantities. In principle one can write the field equations (GR or any ETG)
from (4.16). However, is more clear to choose an appropriate coordinate system though (4.17) with an
important requirement, a gauge choice should not eliminate physical phenomena.

The decomposition (4.24) was performed by Lifshitz [77] and it has been a fundamental key in cosmo-
logical perturbation theory. We will use the natural extension in the case of the second order case.

We can proceed to write the field equations for the metric (4.16), but given the freedom in the gauge
choosing, it is common to write the fields equations in a particular gauge, for example two very com-
mon are the Poisson, which will be discussed in section 4.11 and the synchronous gauge introduced
by Lifschitz [77]. We must care that our gauge allows all the physical degree of freedom [79]. There
are several important consequences when we use a particular gauge, for example one very important
feature of the Poisson gauge is that it gives the relativistic cosmological generalization of the Newronian
gravity and under the consideration of slow motion and inside the Hubble’s horizon, the Poisson gauge
coordinates reduce to the Eulerian coordinates used in Newtonian cosmology [79].
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4.4 The gauge problem in perturbation theory

4.3.2 The energy-momentum tensor

In the chapter 3, we described the source for the FLRW model in GR or in ETG as a perfect fluid allow-
ing some general equation of state which respects the spacetime symmetries, for details see section 3.6.
Also a more general energy momentum tensor describing phenomena as bulk viscosity, thermal conduc-
tion and other physical situations was introduced (3.33). In a coordinate system the tensor for a general
fluid (or a sum of uncoupled components as neutrinos,baryons, dark matter) takes the form

™ = (p + p)u'u’ + pg"” + =, (4.29)

where p, p are the proper energy density and pressure measured in the fluid rest frame. The tensor
TH obeys Thu” = 0 and 2’;, = 0. When we choose (4.29) instead of (3.33), the quantity pu* carries
any heat conduction and p includes any bulk viscosity. One can separate the heat conduction and bulk
viscosity with terms ¢"u” and from (4.29) the expression in (3.33) is recovered. When scalar fields or
electromagnetic fields are present, the energy momentum becomes

™" =% TV, (4.30)

i
where Tf‘ " denotes each component. Also, the total energy momentum satisfaces
T”/f =0, 4.31)

but no necessarily each component. The tensor (4.30) for a general perturbation contains sources as the
anisotropic part generated by scalar fields or in our case of interest magnetic fields.

In the next sections the gauge problem in cosmology is addressed in a general geometrical way using
the Lie derivative as a fundamental tool. Some notation will be changed without change any definition
made in this section. The definitions are followed easily, the purpose is to keep our notation in [49].

4.4 The gauge problem in perturbation theory

Cosmological Perturbation Theory helps us to find approximate solutions of the Einstein field equations
through small deviations from an exact solution [92]. In this theory one works with two different space-
times, one is the real space-time (M, go,5) which describes the perturbed universe and the other is the
background space-time (Mo, ggg) which is an idealization and is taken as reference to generate the real
space-time. Then, the perturbation of any quantity I" (e.g., energy density u(x, t), 4-velocity u®(x, t),
magnetic field B'(x, f) or metric tensor gap) 1s the difference between the value that the quantity I takes
in the real space-time and the value in the background at a given point 2. In order to determine the
perturbation in I", we must have a way to compare I (tensor on the real space-time) with ¥ (being
I'© the value on My). This requires the assumption to identify points of M with those of M. This
is accomplished by assigning a mapping between these space-times called gauge choice given by a
function X : Moy(p) — M(p) for any point p € My and p € M, which generate a pull-back

X M Mo

e T (432

2 This difference should be taken in the same physical point.
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thus, points on the real and background space-time can be compared through of X. Then, the perturba-
tion for I" is defined as
SI(p) = I(p) = I'(p). (4.33)

We see that the perturbation 61" is completely dependent of the gauge choice because the mapping
determines the representation on Mgy of I'(p). However, one can also choose another correspondence
Y between these space-times so that Y : My(q) — M), (p # ¢).> In the literature a change
of this identification map is called gauge transformation. The freedom to choose between different
correspondences is due to the general covariance in General Relativity, which states that there is no
preferred coordinate system in nature [86, 93]. Hence, this freedom will generate an arbitrariness in
the value of 61" at any space-time point p, which is called gauge problem in the general relativistic
perturbation theory and has been treated by [82, 94]. This problem generates unphysical degrees of
freedom to the solutions in the theory and therefore one should fix the gauge or build up non dependent
quantities of the gauge.

4.4.1 Gauge transformations and gauge invariant variables

To define the perturbation to a given order, it is necessary to introduce the concept of Taylor expansion
on a manifold and thus the metric and matter fields are expanded in a power series. Following [91,
95, 96], is considered a family of four-dimensional submanifolds M, with 1 € R, embedded in a 5-
dimensional manifold N = M x R. Each submanifold in the family represents a perturbed space-time
and the background space-time is represented by the manifold My (1 = 0). On these manifolds we
consider that the Einstein field and Maxwell’s equations are satisfied

E[gr, Tal =0 and MJ[F,,Ja] =0; (4.34)

each tensor field ", on a given manifold M, is extended to all manifold N through I'(p, 1) = 'y (p) to
any p € M, likewise the above equations are extended to NV.* We used a diffeomorphism such that the
difference in the right side of equation (4.33) can be done. Is introduced an one-parameter group of
diffeomorphisms X, which identifies points in the background with points in the real space-time labeled
with the value 4. Each X, is a member of a flow X on N and it specifies a vector field X with the
property X* = 1 everywhere (transverse to the M)’ then points which lie on the same integral curve of
X have to be regarded as the same point [82]. Therefore, according to the above, one gets a definition
for the tensor perturbation

ATy = XL |m, — To. (4.35)

At higher orders the Taylor expansion is given by [95],

X > A o A o
AT = Fé{\, r-Ty= F(SX I, (4.36)
k=0 k=1 "
where .
d“xX:r
55’;#:[ d/li ) 4.37)
A=0, My

3 This is the active approach where transformations of the perturbed quantities are evaluated at the same coordinate point.

“In (4.34), g, and T, are the metric and the matter fields on M,, similarly F, and J, are the electromagnetic field and the
four-current on M.

5 Here we introduce a coordinate system x* through a chart on M, with o = 0, 1, 2, 3, thus, giving a vector field on N, which
has the property that X* = A in this chart, while the other components remain arbitrary.
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Now, rewriting equation (4.35) we get

. 2
Xy = To + A8 T + 60T +0(2), (4.38)

Notice in the equations (4.37) and (4.38) the representation of I" on My is splitting in the background
value 'y plus O(k) perturbations in the gauge X,. Therefore, the k-th order O(k) in I depends on
gauge X. With this description the “perturbations are fields lie in the background”. The first term in
equation (4.35) admits an expansion around A = 0 given by [95]

. o A
Xl = ) 7 L5l Iae = exp (AL ag, (4.39)
k=0 "

where Lx[I is the Lie derivative of I" with respect to a vector field X that generates the flow X. If
we define X'\ Iy, = I j( and proceeding in the same way for another gauge choice Y, using equa-

tions (4.35)-(4.39), the tensor fields I” f’y can be written as

X _ ®f _ K
ISEDY 0T = > L v (4.40)
k=0 k=0
vy N A wn A
r{=> 0T = > RS (4.41)
k=0 k=0 °

if I 3\’ =I Ay for any arbitrary gauge X and Y, from here it is clear that I” is totally gauge invariant. It is
also clear that I" is gauge invariant to order n > 1 if only if satisfy 6S§)F = 5%€)F , or in other way

Lxs®r=o, (4.42)

for any vector field X and Yk < n. To first order (k = 1) any scalar that is constant in the background or
any tensor that vanished in the background are gauge invariant. This result is known as Stewart-Walker
Lemma [91], i.e., equation (4.42) generalizes this Lemma. However, when I” is not gauge invariant
and there are two gauge choices X, Y,, the representation of I'| 4, is different depending of the used
gauge. To transform the representation from a gauge choice X’/ », to another Y, I'| 1, as with the map
@, : My — My given by

Dy=X 0= IV =077, (4.43)

as a consequence, the diffeomorphism @, induce a pull-back @’ which changes the representation I f of
I' in a gauge X to the representation /" Ay of I' in a gauge Y ,. Now, following [97] and using the Baker-

*

Campbell-Hausdorft formula [98], one can generalize equation (4.39) to write ©,I" j{ in the following
way

. o A
Y = exp (Z Fllgk]l“f, (4.44)
=1

where & is any vector field on M. Substituting (4.44) in (4.43), we have explicitly that

/12
Iy = + Mg Y + 5 (L3 + L) Y +O(2). (4.45)
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Replacing (4.40) and (4.41) into (4.45), the relations to first and second order perturbations of I” in
two different gauge choices are given by

8,1 -6 = L1, (4.46)
85T = 69T = 2Ly,6%To + (L3, + Le,) To (4.47)

where the generators of the gauge transformation @ are
& =Y-X and & =[X7Y]. (4.48)
This vector field can be split in their time and space part

€9 = (o, 0,87 +d"), (4.49)

here o and 8" are arbitrary scalar functions, and a'?id;r) = 0. The function ¢, determines the choice of
constant time hypersurfaces, while 9,3 and d;r) fix the spatial coordinates within these hypersurfaces.
The choice of coordinates is arbitrary and the definitions of perturbations are thus gauge dependent. The
gauge transformation given by the equations (4.46) and (4.47) are quite general. To first order I” is gauge
invariant if L Iy = 0, while to second order one must have other conditions L 6§)F 0= L?l I'n=0
and L, I'p = 0, and so on at high orders. We will apply the formalism described above to the Robertson-
Walker metric, where k does mention the expansion order.

V[‘J

|
W

Figure 4.1: Gauge choice

4.5 Cosmic magnetic fields

Magnetic fields have been observed on several scales in the universe. Galaxies and clusters of galaxies
contain magnetic fields with strengths of ~ 107 G [99], fields within clusters are also likely to exist,
with strengths of comparable magnitude [100]. There is also evidence of magnetic fields on scales of su-
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perclusters [101]. On the other hand, the possibility of cosmological magnetic field has been addressed
comparing the CMB quadrupole with one induced by a constant magnetic field (in coherence scales
of ~ 1Mpc), constraining the field magnitude to B < 6.8 X 1072(Q,,h*)'/? Gauss [102]. However, the
origin of such large scale magnetic fields is still unknown. These fields are assumed to be increased and
maintained by dynamo mechanism, but it needs a seed before the mechanism takes place [103]. Astro-
physical mechanisms, such as the Biermann battery have been used to explain how the magnetic field
is maintained in objects such as galaxies, stars and supernova remnants [104], but they are not likely
correlated beyond galactic sizes [105]. It makes difficult to use astrophysical mechanisms to explain the
origin of magnetic fields on cosmological scales. In order to overcome this problem, the primordial
origin should be found in other scenarios from which the astrophysical mechanism starts. For example,
magnetic fields could be generated during primordial phase transitions (such as QCD, the electroweak
or GUT), parity-violating processes that generates magnetic helicity or during inflation [106]. Magnetic
fields also are generated during the radiation era in regions with non vanishing vorticity. This seed was
proposed by Harrison [106]. Magnetic fields generation from density fluctuations in pre-recombination
era has been investigated in [106]. The advantage of these primordial processes is that they offer a wide
range of coherence lengths (many of which are strongly constrained by Nucleosynthesis [107-109]),
while the astrophysical mechanisms produce fields at the same order of the astrophysical size of the
object. Recently a lower limit of the large scale correlated magnetic field was found. It constrains
models for the origin of cosmic magnetic fields, giving a possible evidence for their primordial origin
[110-112].

One way to describe the evolution of magnetic fields is through Cosmological Perturbation Theory
and this point gave the start point for our work [49]. As it was mention previous in this chapter, this
theory [80] is a powerful tool for understanding the present properties of the large-scale structure of the
Universe and their origin. It has been mainly used to predict effects on the temperature distribution in
the Cosmic Microwave Background (CMB) [85, 113]. Futhermore, linear perturbation theory combined
with inflation suggests that primordial fluctuations of the universe are adiabatic and Gaussian [114].
However, due to the high precision measurements reached in cosmology, higher order cosmological
perturbation theory is required to test the current cosmological framework [115, 116].

There are mainly two approaches to studying higher order perturbative effects: one uses nonlinear theory
and different manifestations of the separate universe approximation, using the AN formalism [117, 118],
and the other is the Bardeen approach where metric and matter fields are expanded in a power series
[78]. Within the Bardeen approach, a set of variables are determined in such a way that has no gauge
dependence. These are known in the literature as gauge-invariant variables which have been widely
used in different cosmological scenarios [88]. One important result of cosmological perturbation theory
is the coupling between gravity and electromagnetic fields, which have shown a magneto-geometrical
interaction that could change the evolution of the fields on large scales. An effect is the amplification
of cosmic fields. Indeed, large scale magnetic fields in perturbed spatially open FLRW models decay
as a~!, a rate considerably slower than the standard a~2 [119—122]. The hyperbolic geometry of these
open FLRW models leads to the superadiabatic amplification on large scales [123].

The main goal in this chapter is to study the late evolution of magnetic fields that were generated in
early stages of the universe. We use the cosmological perturbation theory following the Gauge Invariant
formalism to find the perturbed Maxwell equations up to second order, and also we obtain a dynamo
like equation written in terms of gauge invariant variables to first and second order. Futhermore, we
discuss the importance that both curvature and the gravitational potential plays in the evolution of these
fields.

The next section presents the matter equations in the homogeneous and isotropic universe, which is
used to generate the first and second order dynamical equations. In section 4.7, we define the first order
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gauge invariant variables for the perturbations not only in the matter (energy density, pressure, magnetic
and electric field) but also in the geometrical quantities (gravitational potential, curvature, shear ..).
The first-order perturbation of the Maxwell’s equations is reviewed in section 4.8 and together with the
Ohm’s law allows to find the cosmological dynamo equation to describe the evolution of the magnetic
field. The derivation of second-order Maxwell’s equations is given in section 4.10, and following the
same methodology for the first-order case, we find the cosmological dynamo equation at second order
written in terms of gauge invariant variables. In the section 4.12, we use an alternative approximation to
the model considering a magnetic field in the FLRW background. It is found that amplification effects
of magnetic field appear at first order in the equations, besides of the absence of fractional orders. Also
a discussion between both approaches is done. The final section 4.13 is devoted to a discussion of the
main results and the connection with future works.

4.6 FLRW background

At zero order (background), the universe is well described by a spatially flat FLRW
ds® = (1) (—d7” + §jdx'dx’), (4.50)

with a(t) the scale factor with 7 the conformal time. Hereafter the Greek indices run from 0 to 3, and
the Latin ones run from 1 to 3 and a prime denotes the derivative with respect to 7. The Einstein tensor
components in this background are given by

Gy = -—-, (4.51a)
a

. 1 ’ .

G = _a_z(zc’;—Hl)(sf,., (4.51b)

with H = % the Hubble parameter. We consider the background filled with a single barotropic fluid
where the energy momentum tensor is

0
Thiay = O + P@) gl + Poyd, (4.52)

with yg) the energy density and P(g) the pressure. The comoving observers are defined by the four-
velocity u” = (@1,0,0,0) with «’u, = —1 and the conservation law for the fluid is

MEO) + 3H([,l(0) + P(Q)) =0. (453)

To deal with the magnetic field, the space-time under study is the fluid permeated by a weak magnetic
field,% which is a stochastic field and can be treated as a perturbation on the background [124, 125].
Since the magnetic field has no background contribution, the electromagnetic energy momentum tensor
is automatically gauge invariant at first order (see equation (4.46)). The spatial part of Ohm’s law which
is the proyected current is written by

(Gui + watts) = TGaigiaF 18", (4.54)

% With the property Bf, << u).
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where j* = (o, J%) is the 4-current and F? is the electromagnetic tensor given by

0 E E/ Ef
1 -Ef 0 B -B
Ao _
a_az(‘r) T (4.55)
-EF¥ B -B 0

At zero order in equation (4.54) the usual Ohms law is found which gives us the relation between the
3-current and the electric field
Ji = O'Ei, (456)

where o is the conductivity. Under MHD approximation, large scales the plasma is globally neutral
and charge density is neglected (o = 0) [126, 127]. If the conductivity is infinite (oo — o) in the early
universe [100], then equation (4.54) states that the electric field must vanish (E; = 0) in order to keep the
current density finite [128, 129]. However, the current also should be zero (J; = 0) because a nonzero
current involves a movement of charge particles that breaks down the isotropy in the background.

4.7 Gauge invariant variables at first order

We write down the perturbations on a spatially flat FLRW. The perturbative expansion at k—th order of
the matter quantities is given by

1
uo= #(O)"‘Zﬁﬂ(k), (4.57)
k=1 """
o 1
2 _ 2
B = ZEB(,C), (4.58)
k=1
1
2 _ 2
E2 = ZEE(k), (4.59)
k=1
S|
P = P(0)+ZFP(;(), (4.60)
k=1 """
. 1 201 .
B = —B |, 4.61
a*(1) [kz:; k! (k)] (4.61)
E' = ! ilEi (4.62)
T 2@o|\GrTep '
1 — 1
T P —
o= s [50+; !u‘;k)}, (4.63)
1 (&1
—— N 4.64
/ a(7) [; k!’?'d] (464)
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4 Cosmological Perturbation Theory and Cosmic magnetic fields

where the fields used in above formulas are the average ones (i.e. B? = <Bz>).7 We also consider the
perturbations about a FLRW background, so that the metric tensor is given by

o 1

goo = —az(T)[1+ZZﬁlﬁ(k)), (4.65)
k=1 """

=B

goi = az(r); o (4.66)
o o

gij = az(r)[[l—zzﬁw‘)}aﬁ+Z%}. (4.67)
k=1 " k=1 '

The perturbations are split into a scalar, transverse vector part, and transverse trace-free tensor
w® = 80Pl 4+ P+ (4.68)
with d'w™* = 0. Similarly we can split )(51;) as

k k k k
ng) = Dij/\/(k)” + al’/\/; " + 6,)(5 " +)(l(~j)T, (4.69)

for any tensor quantity.® Following [131], one can find the scalar gauge invariant variables at first order
given by

1 ’

@1 = M, 2 (gl

NG 7 +a(8(1)a), (4.70)
1

o = ¢“)+6V2X(1)—HS'('1), (4.71)

A(l) = ,u(1)+(,u«)))'8|(|1), (4.72)

AEJI) = P(l) + (P(()))/ Sl(ll), (4.73)
Iy
with Sl(ll) = (a)”“) - @) the scalar contribution of the shear. The vector modes are
vz o+ (Y (4.74)
&) (6)) (Xun) ’
90 = W (Y (4.75)
Ly = Wl o)) (4.76)

Other gauge invariant variables are the 3-current, the charge density and the electric and magnetic fields,
because they vanish in the background. The tensor quantities are also gauge invariant because they are
null in the background (see equation (4.46)).

7 This happens because the average evolves exactly like B> [130].
S With 'x))" = 0, x{" = 0 and D;; = 9,0; — }56,;0,0".

i
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4.7 Gauge invariant variables at first order

4.7.1 The Ohm law and the energy momentum tensor

Using (4.54) the Ohm law at first order is
JV =gED. 4.77)

As the conductivity of the medium finite (real MHD), the electric field and the 3-current are nonzero.
Now, the electromagnetic energy momentum tensor is

Tlemo = ‘% (B + Edy).
Tiempo =0 (4.78)
T i = 0:
Thon1 = 3215 (B + E20)01 + 130, |
where
H’}(le;) = % (32 + E2) &' — BB — E |E' (4.79)

is the anisotropic stress tensor that is gauge invariant by definition (4.46). This term is important to
constrain the total magnetic energy because it is source of gravitational waves [107-109]. We can see
that the electromagnetic energy density appears like a quadratic term in the energy momentum tensor,
which means that the electromagnetic field should be regarded as one half order perturbation.” Using
(4.52) and considering the fluctuations of the matter fields, equations (4.57) and (4.60), the energy
momentum tensor for the fluid is given by

Tl(i)uido = _A(1)+(ll(0)), Sl(ll)a (4.80)
Thico = Wo+Po)(Viy =0~ (XL))- (4.81)
Toua: = —(o+Po)V, (4.82)
Thia; = (85 = (Po) S)e+ T, (4.83)

where Hiﬁ.é}) is the anisotropic stress tensor [134]. The above equations are written in terms of gauge

invariant variables plus terms as S!

o that depend of the gauge choice.

4.7.2 The conservation equations

The total energy momentum conservation equation 7~ g{l = 0 can be split in each component that is not
necessarily conserved independently

a _ paf) «(EM) _
Tﬁ;a = Tﬁ;a + T,B;a =0, (4.84)
where
EM .
Ty = Fpa j. (4.85)
9 Therefore the magnetic field should be split as B’ = a(+)2 (Bz G+ B, + BE3) + ), see [132-134].
3 3
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Using the equations (4.80) and (4.83), the continuity equation 77 = 0 is given by

(A(l)) +3H (Ag) + A(l)) -3 (q)(l)) (P(()) + ,U(())) + (P(()) + ,u(())) V2U( ) -3H (P(()) + ﬂ(o)) S(l)

, / (4.86)
((,u(())) S(l)) + (P(o) + /.1(0)) (—_V2 M 4 3HS|(|1)) (P(O) + ,U(O)) V2 ( |(1)) =0
The Navier-Stokes equation 773 = 0 is
, + P 3(AY~(Po)' S, )+oml) 1 /
(V") + W0+ Po) ), gy | 9,9 + Ao S )0l 8~ (3‘('1) ) =0. @87

(o) + Poy) ! ! (1) + Po))

The last equations are written in terms of gauge invariant variables in according to [86, 107-109, 134—
136]. It is shown there is not exist contribution of electromagnetic terms to the conservation equations.
The energy-momentum tensor of each component is not conserved independently and its divergence has
a source term that takes into account the energy and momentum transfer between the components of the
photon, electron, proton and the electromagnetic field Ta(f ) Kp.

4.8 Maxwell equations and the cosmological dynamo equation
The Maxwell’s equations are written as
VoFP = £, Vi, Fop = 0. (4.88)

Using (B.90) and the perturbation equations for the metric and electromagnetic fields, the non-homogeneous
Maxwell equations are

6Eél) = ao(, (4.89)
e* B = (El)) +2HE} +all,, (4.90)
and the homogeneous Maxwell equations
By, +2HB + €l0,E) = 0, (4.91)
g = o, (4.92)

written also by [137-140]. Now using the last equations together with the ohm’s law (4.77), we get
an equation which describes the evolution of magnetic field at first order, this relation is the dynamo
equation:

(B"Y +2HBY + 7 [V x (v xBD - (EV) - 2HE<1>)] =0, (4.93)

with n = o= the diffusion coefficient. Equation (4.93) is similar to dynamo equation in MHD but it is in
the cosmologlcal context [100]. This equation has one term that depends on 1 which takes into account
the dissipation phenomena of the magnetic field (the electric field in this term in general is dropped if
we neglect the displacement current). Notice that 7 is a expansion parameter (due to o is large). From
equation (4.93) we see that for finite 7, the diffusion term should not be neglected. Care should be
taken the assumption 7 = 0, because it could break at small scales [126, 127]. In the frozen in condition
of magnetic ﬁeld lines, where amplification of the field is not taking account, the last equation has the

solution B = m where By is the actual magnetic field, the actual value of the scale factor ag(r) = 1
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and B is the magnetic field when the scale factor was a(7).

4.9 Generalization at second order

Following [91, 95, 96] the variable 5> T defined by
D _ 2 1 2.
89T = 69T = 2Ly (84'T) + LT o; (4.94)
is introduced. Inspecting the gauge transformation (4.47) one can see that ST is transformed as
8)T - 69T = Lo 1, (4.95)

with o0 = & + [£1,X] and X is the gauge dependence part in linear order perturbation. The gauge
transformation rule (4.95) is identical to the gauge transformation at linear order (4.46). This property
is general and is the key to extend this theory to second order

L [62T] = S [6T,5T]. (4.96)

Notice that first and second order equations are similar, however the last have as sources the coupling
between linear perturbations variables. Using the equation (4.95) we arrive to the gauge invariant
quantities at second order. This coupling appearing as the quadratic terms of the linear perturbation
is due to the nonlinear effects of the Einstein field equations, besides one can classify them again in
scalar, vector and tensor modes, where this modes couple with each other. Now, to clarify the physical
behavior of perturbations at this order we should obtain the gauge invariant quantities and express these
equations of motion in terms of these quantities. The scalar gauge invariants are given by

p@ = ¢<2>+§(S'('2)a)'+7'1(0<2>), (4.97)
PP = ¢@ 4 %sz(z)—HS'('z)+7'2(O(2)), (4.98)
A = pe+ (o) S + T O0P), (4.99)
AD = @709, (4.100)
A = B+ THOY), (4.101)
Ag) _ E(zz) + 750, (4.102)
WP = v(2)+(%)(”(2)),+7"7(0(2)), (4.103)

Iy
with S‘(lz) = (a)”(z) - @) +78(0®). The expression for 73(0?) is given in 4.13.1. In this case Sl(lz)

can be interpreted like shear at second order. Again it is showed that it is similar to found at first order
but it has a source term which is quadratic in the first order functions of the transformations. The vector
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modes found are as follows

i = i Y 9,2
Uy = Uyt (i) +TOD), (4.104)
97 = o = () + 700, (4.105)
by = why U + 7O, (4.106)
" = P IR 7R 0), (4.107)

The electromagnetic fields modes (from F*?) are then given by

[ 1

(2 _ ) 2 (D (DY y (1)
& = ET+2 E(a E;a )+(§(1)XB )i
+ £,0E" + EVoi | (4.108)
g2 _ g S| (apry ! 550D
i = i+?(ai)+§(1)li
+ Baig,) + (EV xVaV) - BVd'gV] (4.109)
2 ’ [
Oy = 0% +2|(elyy ~ HoV) eV + £y, 01
- oo = Ty 0] (4.110)
. ) . N
Ty = Jioy+2|(Jh) ~HI,) eV + &, a1,
R GV AN (4.111)

which are gauge invariant quantities for electromagnetic fields. All these variables are similar to the
quantities obtained at first order, but in second order case appear as sources as T¥(O®) that depend of
the gauge choice and the coupling with terms of first order. The explicit calculation of 7%(O®) is shown
in [95, 131].

4.9.1 The Ohm law and the energy momentum tensor: second order
Using equations (4.54), (4.61) and (4.62), we get the Ohm law at second order
T2 241000 4 510?)

1
+oVuM + 20 (((V(l) xBY) + 287
1
M [ a1 1 2, A2
-2E] (q>< ) E‘I’( >) + 520" >)) . (4.112)

In this case we see that 3-current has a type of Lorentz term and shows coupling between first order
terms that affect the evolution of the current. Hereafter the functions S?(O(z)) with n € Z and i being
the component, gives us the gauge dependence. The last equation shows also a coupling between the
electric field and terms like (@) — %‘I’(l)) that is associated to tidal forces (this quantity is similar to
scalar part of the electric part of Weyl tensor) and the first right hand term between the current and
perturbation in the curvature. There exist models where the coupling of the charge particles and the
field is important for explaining some phenomena like collapse or generation of magnetic field during
recombination period. In this case, the Ohm law shown in (4.112) should be generalized and terms like
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Biermann battery and Hall effect should appear. Doing the expansion at second order in the fluid energy
momentum tensor, one finds the following expressions

A(2>
0 ), 1 1
Toyy = —— — o+ Po) (v§ vy + 5y )U(l))
+ S3(0<2>), (4.113)
Vi, -
@~ Y0 |
Thyo = —(.U<0>+P(0))(T YOy,
- (A/(tl) + Ag)) Uél) + 5, (0(2)) , (4.114)
(VQ) 2 1
T(O2)l = - (/J(O) + P(())) [TL — 2191( )\I,l(l) _ 2115 )(I)(l)
1)) (1) 1 (€)) [€)) (1)
* (1)ij s )) B (Aﬂ +Ap )(Vi
+ 87(0?), (4.115)
_ @ i) . i (A2
Ty, = ZAP S +2H +5%(0?)
P Wi 4 gDy 1116
+ (o) + Po) (V) vy +9;7v)) (4.116)

similar to [86, 135, 136]. Now considering (4.91) the electromagnetic momentum tensor at second order
is

Temo = 81n (A7 + AP +5%0™)), 4.117)
Timo = 3| ~€"Ed Bi) + 8,0 (4.118)
Tomi = 4;[ fmELDBY + 810109 4.119)
T(lem)l B 417r[é (A(2) Ag)+sﬁl(0(l)))5iz

+ 1+ 80, (07)]. (4.120)

Using (4.84) the continuity equation is given by

05 (0 08) 207 B
+ (Po) + 10)) Vi = (ZE(I)JEU)
_ sy, (O(Z)) ’ 4.121)

and the Navier-stokes equation

1 o 1+ vy V| 1 6P + 20,1/

+ 2H(V§2) + =
2 pe(+w) 2 ﬂ(O)(l +w)
(1) (1)
1 E: o) t+ € k] B
+ S09? + 81 (0?) = “(E L Ot ),
2 Ho) (1 +w)

(4.122)
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where w = 22 and Sl.13 is shown in (4.13.2). Therefore, electromagnetic fields affect the evolution of

Ko
matter energy density A/(f) and the peculiar velocity (Vl@ also, these fields influence the large structure

formation and can leave imprints on the temperature anisotropy pattern of the CMB [86, 135, 137, 139].

4.10 The Maxwell equations and the cosmological dynamo at second
order

Using the (4.77), the non homogeneous Maxwell’s equations are

0:& = —4E0;(PV - 300) + any
= su(0?), (4.123)
(@) = 260, (290 ~6(0)) + (61

+ 2HE) +2 (29" - 60V)(V x By))
+ aJh, +8i5(0?). (4.124)

While the homogeneous Maxwell’s equations are

(@82 + (vx&), =-S5 (0%), (4.125)

a2

B8P = 0. (4.126)

Again the S} terms carry out the gauge dependence. Using the Maxwell equations together with the
Ohm law at second order and following the same methodology for the first order case, we get the
cosmological dynamo equation that describes the evolution of the magnetic field at second order

(B7) +2H(87) + 5[V x (é (v x8?) - 2E4, (2(¥V) - 6(0M))

- (&) —2HEp) - 2(V x By (290 - 60D)) - 815 (01)) - VoV + 8 (0@))}
k

+ (V x [<2(Vay x BV) — 209D - 28 (0“))]) =-5,(0?), (4.127)
k

where the value of o) can be found to resolve the differential equation given in a (4.13.2). Thus the
perturbations in the space-time play an important role in the evolution of primordial magnetic fields. The
equations (4.93) and (4.127) are dependent on geometrical quantities (perturbation in the gravitational
potential, curvature, velocity ...). These quantities evolve according to the Einstein field equations (the
Einstein field equation to second order are given in [82]). In this way, equation (4.127) tells us how
the magnetic field evolves according to the scale of the perturbation. In sub-horizon scale, the density
contrast and the geometrical quantities grow. Hence, the dynamo term should amplify the magnetic
field. As a comment we point out that in order to solve the dynamo like-equation for the magnetic
field is necessary to solve the Einstein field equations to the second order together with the conservation
equations.
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4.11 Specifying to Poisson gauge

It is possible to fix the four degrees of freedom by imposing gauge conditions. If we impose the gauge
restrictions
i (1) _ qi (1) _
dw;” = (9’/\(1.]. =0, (4.128)

all equations can be written in terms in quantities independent of the coordinates [79]. This gauge
is called Poisson gauge and it is the gravitational analogue of Coulomb gauge in electromagnetism
(see 4.13.1). The perturbed metric in the Poisson gauge reads

go = —a@(1+2" +y?),
2 U7 4 @7
gij = 02(7)[(1—2¢(1)—¢(2))5u+—U 3 1.
o
goi = az(T)(wgm"‘—lz ) (4.129)

where w!l, y/, x;" are null. In this case the dynamo equation in the Poisson gauge is given by

+

2HBY + 1|V x (VX By) = (VX Efyy)) = 2H (V x E?) = 4 (¥, - 30(,)) (V x E1))
4v (W), - 300, ) x E +4(V x (v (¥ = 300) x BV)) - 4((V x (Vx BY)

V x E{,, - 2H (V X E“))) oD + vl x (V x BV — [, - 2HE(1))) - (Vg(l)) x p)
2V x ((V x B — a—12 (azE(D)’) : X(Tl)) —oM(Vx v(l))L =2(Vx (o™ + o)) x BY)),

¥ ) I 0 M. T
4(|V(0W = =) xEV) + (@ —T(VXE )] =29 x(EV x(), =0, (4.130)
k

B/,c(z)

+

+

where E(D . )((T]) = El(.l))(iTj(l). The last equation is a specific case of the equation (4.127) where we fix
the gauge (coordinate fixing). It is important to notice the relevance of the geometrical perturbation
quantities in the evolution of the magnetic fields, again we see the influence of the tidal and Lorentz
forces in the amplification of the fields. In some sense, the above equation differs from equation (4.127)
due to the fact that we fix the adequately the choice of the perturbation functions (we choose a gauge for
writing the equation of motion without the presence of unphysical modes) while before we just wrote
the equations in terms of gauge invariant quantities, which were built up with the formalism explained
in the fist sections, plus terms which have in taken into account the dependence of the gauge and where
we need to fix them.

4.12 Weakly magnetized FLRW-background

In this section we work a magnetized FLRW, i.e we allow the presence of a weak magnetic field into
our FLRW background with the property B?O) < (o) which must to be sufficiently random to satisfy

(B;Y = 0 and <B(20)> = <B§O)Béo)> # 0 to ensure that symmetries and the evolution of the background

remain unaffected. Again we work under MHD approximation, and thus in large scales the plasma is
globally neutral, charge density is neglected and the electric field with the current should be zero, thus

the only zero order magnetic variable is B?O) [125]. The evolution of density magnetic field can be found
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contracting the induction equation with B; arriving at

(3(20))' _4HB?

2 (4.131)

showing B> ~ a~* in the background. Bianchi models are often used to describe the presence of a
magnetic field in the universe due to anisotropic properties of this metric. However, as we are dealing
with weak magnetic fields, it is worth to assuming the presence of a magnetic field in a FLRW metric as
background. Indeed, the authors in [122] found that, although there is a profound distinction between
the Bianchi I equations and the FLRW approximation, at the weak field limit, these differences are
reduced dramatically, and therefore the linearized Bianchi equations are the same as with the FLRW
ones. Under these conditions, we find that to zero order the electromagnetic energy momentum tensor
in the background is given by:

1

0 2

Temyo = T8 =By (4.132)

Temyi = Tiemyo =0: (4.133)
1 »

T(tem)l = 247TB(0)51 (4.134)

The magnetic anisotropic stress is treated as a first-order perturbation due to stochastic properties of
the field, therefore it does not contribute to the above equations. We can see in equations (4.52) and
(4.132)-(4.134), that fluid and electromagnetic energy-momentum tensor are diagonal tensors, that is,
are consistent with the condition of an isotropic and homogeneous background [125]. If we consider the
average magnetic density of the background different to zero, the perturbative expansion at k—th order
of the magnetic density is given by

<0>+Z o B, (4.135)

where at first order we get a gauge invariant term which describes the magnetic energy density

Ay = By +

.
mag = 2(1) ( (0)) S(l)’ (4.136)

one can find that average density of the background field decays as B?O) 4 = [141]. At first Gorden
we work with finite conductivity (real MHD), in this case the electric ﬁeld and the current becomes
nonzero, therefore using the equation (4.54) and assuming the ohmic current is not neglected, we find
the Ohm’s law

IV =0 [E§‘> + (Vv x B(O))i] . (4.137)

In the last equation the Lorentz force appears at first order when a magnetic field is consider as a part of
the background. Again doing the same procedure described before, but taking a weak magnetic field as
a contribution from the background we shall show the implication of this supposition afterwards. The
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electromagnetic energy momentum tensor at first order is given by

I o

Tomo = ~TeFay (4.138)

Tiomo = % Bl
- BB + By ()| (139
T = 7| E B, (4.140)
Tl = ﬁ [%F(ﬂ)a@ +104,), )] : (4.141)

where
Foy = 280, ~ 80V, ~2(By) S,

b VOB, - 8HS), B, (4.142)
and Hil((lg)rn) = % (A,(,Bg + Ez) 6il — BB’ — EE' is the anisotropic stress that appears as a perturbation of

the background, this term is important to constraining the total magnetic energy because it is a source
of gravitational waves [107—109]. The above equations are written in terms of gauge invariant variables
plus terms as S(;y which are gauge dependent. Now, using the above equations (4.89), (4.91), (4.90)
and (4.92) with the Ohm’s law (4.137), we arrive to the dynamo equation that gives us the evolution of
magnetic field to first order

(BY) +2HB + [V x (Vx BV = (EVY = 2HED)| +(V x (Boy x V), =0.  (4.143)

When we suppose a weak magnetic field on the background, in the dynamo equation a new term called
dynamo term appears which could amplify the magnetic field. This term depends of the evolution in
V. see (4.87), and also from (4.87), it seems likely when matter and velocity perturbation grow the
dynamo term amplifies the magnetic field, this is a difference with the first approach where the dynamo
term just appears at second order. For convenience it is better use the Lagrangian coordinates which
are comoving with the local Hubble flow. '© In this picture the magnetic field lines are frozen into the
fluid !' and we obtain the following result

(1) (1) (1)
dB; vV o1 oV 2 0V

— +2HB;=B;| —— - =6;; —— |+ =B;}——, 4.145
dt ’ J( ax; 37V ox | 37 (-145)

axj

where diffusion term will not be considered for the moment. The first term in the right hand side is

associated with the shear and the last term describes the expansion of the region where V" is not
2 . . . .

zero. In the case of a homogeneous collapse, B ~ V™3 gives rise to amplification of the magnetic field

in places where gravitational collapse takes place. Now we write the equation (4.143) in the Poisson

. Lo L . .. d 0 ;
10" We use the convective derivative which is evaluated according to the operator formula (i.e — = — + V!

a = o Vo)

! Using the well known identity formula

Vx(axb)y=a(V-b)-b(V-a)+(b-V)a-(a-V)b, (4.144)
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gauge getting the following

k k
dB, id(azE(l))

_v2gk _ R SO LAY ¢ /- D _ Bk 2 (w® _ 3D
V2B, (Vx(a2 - vgl)alE(l))) B, v? (¥ - 30)

+ 2HB’(‘1) +n

2
©) . k() _ 2mDY _ M _25MY. k] _ pO Ik _ ~npk /

+ (BO-9)d* (¥ - 300) - (V (¥ - 30D)- V) B | = BVl 2 Blo) 0 V[ 146)
where aé’j) is the shear found in (4.145). The last term on the left-hand side in (4.146) should vanish
due to the background isotropy. The evolution of magnetic field following the last equation is highly
dependent of term ¥ — 30" If the perturbations are turned off, one can check that last equation

recovers to the dynamo equation found in the literature. It should be noted terms as <Bfo)> are zero

due to statistical field properties, therefore contracting (4.146) with magnetic field B,il), we arrive at an
equation at second order which we can physically study the evolution of the density magnetic field

AL d(d’E
9P nag) @ _p) . w2p) _ g | L1d@Eqw) i o

W) AHA,, + 21 |-BY - V2B - B (Vx(a2 0~V D) (4.147)
1

)
—_ A 2 (@) _ (1 k 0) , 1 _ MY — _pD ij _ 2 1
> M)V (P - 300) + B, (B - V) o (¥ - 30 )}_ 2L ey (ly = 5 Nmag PV

where using equations (4.135) and (4.47) the energy density magnetic field at second order transforms
as

@ T
magy = Byt B

2. 2 2
aq) (Bigjaa) + B, + 2B71))

j 2 4. (1) 2
&y (BE 0V +20,B7,)). (4.148)

+

+

The parameters o and ¢ are set using the Poisson gauge calculated in (4.13.1). The equation (4.147)
shows how the field acts as an anisotropic radiative fluid which is important in times where universe is
permeated by anisotropic components. In addition, the second term on the right-hand side describes the
perturbation at first order in the volume expansion. Equations (4.143) and (4.147) show the important
role of a magnetized FLRW model. The set of equations (4.143)-(4.146) directly offers a first estimation
of how perturbed four-velocity coupling to magnetic field gives a common dependence of B ~ V-3 un-
der an ideal assumption of infinity conductivity. However, for a real MHD a complete solution should
be calculated together with the case of (4.147). The right hand side in (4.147) provides new phenomen-
ology about the role of the shear and the anisotropic magnetic stress tensor together with a kinematical
effect driven for the last term, reinforcing the claim in [106]. In the paper from Matarrese et al. [106] an
estimation of the magnetic field to second order dropping the matter anisotropic stress tensor is given.
They are able to compute a solution for the magnetic field, although in our case we suppose the presence
of stress and vector modes at first order possibly generated in early stages from the universe.

4.13 Discussion

A problem in modern cosmology is to explain the origin of cosmic magnetic fields. The origin of these
fields is still in debate but they must affect the formation of large scale structure and the anisotropies in
the cosmic microwave background radiation (CMB) [142—-144]. We can see this effect in (4.121) where
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the evolution of ALZ) depends on the magnetic field. In this work we show that the perturbed metric
plays an important role in the global evolution of magnetic fields.

From our analysis, we wrote a dynamo like equation for cosmic magnetic fields to second order in per-
turbation theory in a gauge invariant form. We get the dynamo equation from two approaches. First,
using the FLRW as a background space-time and the magnetic fields as a perturbation. The results are
equations (4.93) and (4.127) to second order. The second approach a weakly magnetic field was intro-
duced in the background space-time and due to it’s statistical properties which allow us to write down
the evolution of magnetic field equations (4.143) and (4.147) and fluid variables in accordance with
[125]. We observe that essentially, the functional form is the same in the two approaches, the coupling
between geometrical perturbations and fields variables appear as sources in the magnetic field evolution
giving a new possibility to explain the amplification of primordial cosmic magnetic fields. One import-
ant distinction between both approximations is the fractional order in the fields which appears when
we consider the magnetic variables as perturbations on the background at difference when the fields
are from the beginning of the background (section 4.12). Although the first alternative is often used in
studies of GWs production in the early universe [132—134], the physical explanation of these fractional
orders is sometimes confused, while if we consider an universe permeated with a magnetic density from
the background, the perturbative analysis is more straightforward. Further studies as anisotropic (Bian-
chi I) and inhomogeneous (LTB) models should be addressed to see the implications from the metric
behavior in the evolution of the magnetic field and relax the assumption in the weakness of the field.

4.13.1 Gauge fixing

For removing the degrees of freedom we fix the gauge conditions as
i (1) _ qi (1) _
dw;” = G’Xij =0, (4.149)
this lead to some functions being dropped

Wl = 0+ = 0l = g, (4.150)
with the functions defined in equations (4.68) and (4.69). The perturbed metric in the Poisson gauge
is given by (4.129) thus, using the last constraints together with equations (5.18)-(5.21) in [95] and
following the procedure made in [80, 83], the vector that determines the gauge transformation at first
order fl(l) = (cx(1>, 0B + dﬁl)) is given by,

Xll(l) L
2

oV > ol + B, BV o e d) 5 oy (4.151)

Now to second order, when we use the results in [95] together with (4.69) we obtain the following
transformations

PO = @I g %V—zv—zx@)ll, (4.152)

we get the following transformations

PO = @Iy g %V—ZV—ZX@)II, (4.153)
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with
X = 2(8'0'Dyjxyy + 2HI ' Dijy' M) oV
2 (2 DY gigi () L ek g DIl
+ S (@)) 997 + 26,00 0D
+ 20k} I VE, +2(-40'0 g1y + 000 Vdy
+ 00l 0k +4HI V) (0d.) + Dy ")
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aq) i aj
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+ 2 ?”alvzg(l) +20£8, 0V + 9 £V oV

+ 0,0V B(1>——V2[(2X(1)+25 <”)alf(1)]] (4.154)

Now if we fix the poisson gauge, 72! = 0 we can fix the scalar part of the space gauge

@l
X—z - %v—zv—zx@”. (4.155)

For the vector space part we should know the transformation rule for the vector part

)?EZ)J_ Y (V—2V—2X(2)ll) + X52>l " dl{2) n V‘ZX?)L, (4.156)

86



4.13 Discussion

with
@1 _ 2. T 2 I
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Now we use the condition X(Z)L = 0 for instance,
d? = 5, (V2V2XON) - 2+ _y2x D (4.158)

To find the temporal part of the gauge transformation, we use the equation (5.35) in [95] and (4.68).
With some algebra, the scalar part transforms like

o = o = @ 1 g, + V2WO, (4.159)
with

WO = 43y D3V + yOv2aD) + gD [20f
+ 4Hw" - 9, + gg;)l. —4H (9,0 - &) )]
+ oV 2V, + 4HV 0 - V2al,) + V2B
— 4H (V" - V), )| + alg{l) (200"
= 00,0V +0;&),)) + &l (20,70, - 0,97V
+ 0VB)) + oy (27 W), =3V + V2B,
+ dajy, (Za)(.l) - 39,0V + f(l)i) + Vzggl) (2w(.1)
- 9,0V + gl (200 - 90,0 V) + 0'E]] |0,81)
v D 42060 — 49Vs| + €] [-49;0"

+ 2('Dijxy), + VZXE.M + 2v2§§” +d'9;¢")] (4.160)
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in this way we fix the temporal part of the gauge using @l = 0 in the last equation finding the follows
o = Wy + BBy + VWA, (.161)

Therefore, we found explicitly the set of functions that fix the gauge dependence given by equa-
tions (4.151), (4.155), (4.158) and (4.161). Thus, using the above equations we can calculate the gauge
dependence in the scalar perturbations at second order that were shown in (4.97)

ey 3

I — )l X —2u-22) 2wl
3(2) <2)_T_ZV \y X|| + VoWl (4.162)

which can be interpreted like shear to second order, again we see the last equation is a generalization
for the first order scalar shear plus quadratic terms in the perturbed functions.

4.13.2 Density evolution

To find the charge evolution, we use the fact that j§, = 0 therefore, the temporal part of this equation
drive us to the charge conservation

oV +3HW + 8iJ(il) =0, (4.163)
at first order in the approximation and

0@+ 3H® + 0,75 + (¥ - 301) oM
+ 0 (P =300 i) =0, (4.164)

to second order. These equations are important for resolving the dynamo equation. In the section 4.9.1
was found the momentum equation at second order, where S 1.13 is given by

AV (1+ VO] AD(1+2) VD

s =
' Moy (1 +w) Moy (1 +w)
M, iV
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Moy (1 +w)
69,00/ — 19 MO/
+ (vgl)aaagv(l) _ J i 27 k , (4165)
M)y (1 + w)
Pﬁ Pa

where w = is the state equation (w = O for dust and w = 1/3 for radiation era) and c =
the adiabatic sound speed. Using the expression for the momentum exchange among partlcles and the
momentum conservation, we obtain the following equations for protons, electrons and photons during
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radiation era
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CHAPTER B

Kinematics in Hickson Compact Group 90

5.1 Introduction

Understand the main aspects about galaxy groups is one of the most important issues in modern astro-
nomy and cosmology. About 50% of the galaxies in the universe live in galaxy groups. One important
sample of nearby galaxy groups is called Hickson Compact Groups. Due to their peculiar properties like
high mass density profiles and very low velocity dispersion, Hickson Groups are the perfect laborator-
ies to study galaxy-galaxy interactions, gas effects on galaxy evolution and dark matter at intermediate
scales.

We use long-slit and MXU spectroscopy obtained in May 2002 at VLT FORS?2 Facility Grism 1400V.
We employ a truncated Gauss-Hermite line-of-sight velocity distribution (LOSVD) for the stellar com-
ponent and from this function the main kinematical quantities: rotation curves, velocity dispersion and
Hermite coefficients /3 and A4 for galaxies in the core of HCG 90 at two P.A. (72°, 132°) were obtained.
Emission lines Hg and Oyyy are used to study the ionized gas kinematics.

5.2 Galaxy groups

Galaxy Groups are the most common and gravitationally bounded structures in the universe. More
than half of galaxies are located in groups [145]. Galaxy groups show a wide range of masses and
sizes. From pairs, triplets to groups contained a few hundred galaxies. There have been several studies
about group of galaxies, one of them is the pioneer work by Hickson [146]. Hickson Catalog consists
in a sample of 100 galaxy groups selected by visual searching from the first Palomar Observatory Sky
Survey (POSS). The increasing sensitivity and bigger available dataset make possible to improve the
selection criteria, survey completeness and reach fainter groups. It opens the possibility to explore
groups at different cosmological ages and environments [147]. The first studies were mainly focused on
low redshift groups, but since some years ago, the situation is changing. Features of the galaxy groups
in earlier cosmological epochs will be a strong test to the hierarchical ACDM paradigm and galaxy
formation theory.

New Surveys as the 2dFGRS and SDSS [145] have increased our understanding about galaxy groups.
Some studies target groups as laboratories for astrophysical studies: gas physics, galaxy formation,
interactions and morphology dependence, dark matter at small scales, AGN activity. Contrary to earlier
claims, galaxy groups are good tracers of the large-scale structure in the universe as galaxy clusters [148]
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and they provide the link between our local neighbourhood and the universe at the largest scales [149].

5.2.1 Hickson compact groups

Hickson Compact Groups of galaxies (hereafter HCGs) are small systems in a dense and isolated con-
figuration on the sky [146, 150]. Their galaxy content lies between three to seven major galaxies. The
physical and dynamical properties of HCGs are really peculiar. Together with the centers of rich clusters
of galaxies they are the densest regions known in the universe; but opposite to galaxy clusters, where
the velocity dispersion of the galaxies reaches typically 1000kms~!, the galaxy velocity dispersion in
HCGs is much lower, its at the same order of internal velocity dispersion of the stars in galaxies. The
mean galaxy velocity dispersion in the Hickson sample is about 200kms~! [146]. The peculiar fea-
tures mentioned above suggest that HCGs are perfect laboratories to study galaxy-galaxy interactions,
effects of the intragroup medium on galaxy transformations and morphology-kinematics correlations.
The physics in compact groups may provide analogs to hierarchical galaxy formation in the early uni-
verse [151]. Given the abundance of galaxy groups, they can be used as a bridge in an intermediate scale
between isolated galaxies and cluster of galaxies. In particular, studies of the dark matter distribution in
groups will give important clues about the nature and distribution of dark matter in the universe [152].

The sample of compact groups in the Hickson Catalog shows that HCGs are living in the nearby
universe. The mean redshift of the sample is Z ~ 0.030. But from cosmological studies, is expected
to find galaxy groups at higher redshifts. Taken from the COSMOS facility at Royal Observatory of
Edinburgh a new sample of Compact Groups has been obtained by Iovino and collaborators [153, 154].
In Iovino’s work, a substantial refinement about the group membership, compactness and isolation was
applied. After several and different membership tests the group got a new southern catalog of compact
groups (SCG). Adding redshift information to the SCG survey, galaxy evolution in compact groups was
studied in [155]. The role of galaxy-groups in galaxy formation theory is still an active field of research
and many important questions remain unsolved [145, 154]. Specially compact groups appear to be a
dynamical paradox. Strong galaxy interactions combined with low velocity dispersion make difficult to
explain why HCGs are located cosmologically at very low redshift. Many more fossil groups and big
elliptical are expected to be the product of merging in HCGs, however, fossil groups are more related to
poor clusters rather than end-products of HCGs [149].

HCGs have been also studied at different wavelengths and their physical properties explored at differ-
ent scales, from strong galaxy interactions, ionized gas to extended X-ray properties [156]. Important
research about the infrared properties of compact groups and their star formation activity is addressed
in [151]. In the next section, we will describe our galaxy group HCG90 in the context of HGCs.

5.2.2 HCG90 in the context of HCGs

Hickson Compact Group 90 is a group of four bright galaxies, two early type galaxies, NGC 7173
(HCGI90C) and NGC7176(HCG90B), and two late-type galaxies, NGC7172 (HCG90A, which is not
included in our dataset) and NGC7176 (HC90D) [157]. The group was catalogued by Hickson in
1982 [146]. HCG90 is at a distance of roughly 33Mpch~! ! [158]. The mean systemic velocity of
the group was estimated to be 2643 km s~! with a galaxy velocity dispersion of oy ~ 200 kms~! [146].
It is common to find in the literature the description of HCG90 as a dense core of three interacting
galaxies (HCG90B,HCG90C,HCG90D) in a region of 6’ X 6" (see figure 5.1), which is surrounded by
an extended loose group [159, 160].

! h is the dimensionless Hubble’s constant Mfm
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The fourth member, NGC7172 is a Seyfert2 galaxy located 6’ north from the core. NGC7172 has been
identified as a strong X-ray source [161]. Most of the studies done on HCG90 are concentrated in the
core of the group [157, 159, 162], and the purpose of this chapter is to extend the previous work [162]
in stellar kinematics.

As we mentioned above, the redshift for the sample in HCGs is very low. For HGC90, the redshift

estimated from NGC7172 is z = 0.009 [146]. One of the open questions about HCGs is their dark
matter content. Due to the high mass density and low velocity dispersion, the crossing-time is smaller
than the Hubble-time and the most natural scenario is that they will merge in a short time, after a few
crossings. The final structure expected is a fossil group with probably a big elliptical galaxy at the
center. One possible explanation, why the HCGs are still in such dynamical stage of not completed
merging, supported by numerical simulations, is that HCGs are embedded in a common dark matter
halo [163, 164], but on the other hand it is also known that the dark matter content of HCGs is poorer in
comparison with clusters of galaxies and loose groups [162].
For long time the reality of HCGs as a gravitationally bounded structures was questioned [165-167].
From dynamical properties, several authors pointed out that a large fraction of HCGs are a superposition
of galaxies along the line of sight and they did not belong to a bounded structure. But X-ray observa-
tions of the intragroup gas in HCGs showed that they are really physically gravitationally bounded
structures [168]. For an extensive review about X-ray properties in HCGs see [169].

5.2.3 X-ray gas in HCG 90

In order to study the hot gas in HCGs some assumptions must to be done. The most common scenario
is to treat the gas in hydrostatic equilibrium in the underlaying gravitational potential of the group.
In general, the state of the gas in gravitationally bounded structures as galaxy clusters and groups is
not in hydrostatic equilibrium and its description is difficult, however, a simple model has been used
since time ago [170] for this task. The main feature of this model is to set a single temperature for the
gas and looking for a tracer of the gravitational potential. All the physics can be described from the
properties of such tracer. Usually the galaxy velocity dispersion oy is used as tracer of the gravitational
potential. Further assumptions as spherical symmetry, isotropic velocity dispersion distribution can be
tested observationally to refine the model. The most simple model is an uniparameter 8 model, with

2

B = (kT‘/TV j being the ratio between the kinetic energy of the group to the thermal energy in the gas.
pmp

The X-ray emission comes mainly from thermal-bremsstrahlung and line-recombination depending on

the gas density and gravitational potential well.

In a pioneer work [169] a sample of galaxy groups including some HCGs was studied. From this
study, results are consistent with a projected gas profile in HCGs with Xg,4(s) = Zgas(l + (s/RC)Z)(0'5_3ﬁ ),
a core radius of (4 < R. < 30 A 'kpc) and slope (0.38 < 8 < 0.92) [169]. In general the emission is not
centered in any particular galaxy, which likely means that the groups are not quite evolved structures
in a massive, concentrated dark matter halo [164]. Moreover, in a study by Osmond & Ponman [171])
using data from the ROSAT satellite, they have studied a sample of 60 groups including some HCGs and
particularly HCG90 extending previous work in X-ray for galaxy groups. High resolution spectra allow
them in some cases to decompose the X-ray emission in two principal components:

e From the brightest galaxy in the group, comparing the ratio between luminosities (Lx/Lpcg), this
feature is common from evolved groups.

e From the entire group, including the halo-group potential. However, the gas physics in galaxy
groups is richer than a simple isothermal plasma, interesting phenomena as shock fronts and
complex gas structures have been detected in HCGs, a typical example is HGC62 [151].
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In the case of HGC90, diffuse X-ray emission from the intragroup gas is detected especially in the
group’s core. The X-ray contours are centered around the three galaxies in the core. There is not
clear limit for the size of such emission region, X-ray emission is detected up 2’ from the core. From
the plasma model for the gas, a more extended emission region is expected, unfortunately in this case
seems to be at the same level that X-ray background [159]. The best fit model has a plasma temperature
of T = (7.8 +0.4) x 10°K , meaning a X-ray luminosity of Lx ~ 0.7 x 10*'erg /s. For a complete
information about X-ray properties in HCG90 see [159, 171].

5.2.4 The environment of HCG90

Observationally several samples of galaxy groups have been studied [152, 154, 172]. Mulchaey &
Zabludoff [173] for a combined sample of nine X-ray detected groups including HCG90, found a trend
of constant velocity dispersion with increasing radius of the group, suggesting that groups are embedded
in a common dark matter halo. Together with the four bright-big galaxy, several candidates belonging
to HCG90 have been identified . From spectroscopic observations of a circular region with diameter
d = 1° centered on the group, five new members were identified [160].

The enlarged system has a velocity dispersion of o, ~ 166kms~'. If a larger region is considered
(1.5° x 1.5°) the member number increases, 19 members can be identified at a mean velocity of V ~
2600km s~! with a velocity dispersion of oy ~ 190kms~! [157, 159].

Warm gas has been also used by [157] to study the interaction and evolutionary status of HCG90.
Deep images and X-ray data from the Chandra X-Ray Observatory were used in [159]) to study the
common envelope of diffuse-light around the core in HCG90. The results coming from this study are
quite controversial, while the X-ray emission from the intragroup medium indicates that HCG90 is
a non-evolving group, the common stellar envelope around the core shows a very narrow red colour
distribution, suggesting that HCG90 is an old group in merging process. On the other hand, particular
features in the group mislead and make difficult disentangle its evolutionary status, it is the case of a
sample of young star clusters studied in [174].

In the present chapter we present the stellar kinematical analysis in the core of HCG90. Our high
quality data allow us to study the internal kinematics in the core and compare it with the previous
work [162]. In section 5.3 we describe the dataset and the reduction steps. The kinematical analysis
from the MXU-data is discussed in 5.4 and the long-slit together with the ionized gas kinematics from
Om and Hg emission is in 5.5.2. Some conclusions and annotations are given in section 5.6.

5.3 Observations and data reduction

The dataset and the steps for the reduction are described in this section. For most of the steps a computer-
script was developed.

5.3.1 Observations

The observations were carried out in May 2002 with the VLT-FORS?2 facility at the European Southern
Observatory, Chile. The spectroscopical dataset consists in a MXU mask (see figure 5.1) and two
longslit in the core of HCGI0 (see figure5.5). The wavelength spectral range is between 4500 — 5750A.
The Grism 1400V was used 2. The grism has a dispersion of 0.62 Apix_l. The velocity resolution in
this case is ~ 50km s~!. The main features of the observations are shown in Table 5.1 and Table 5.2.

2 For a detailed description see http://www.eso.org/sci/facilities/paranal/instruments/fors/inst/grisms.
html
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5.3 Observations and data reduction
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Figure 5.1: MXU mask in HCG90. The plot shows the core of HCG90 and its orientation on the sky.

Table 5.1: MXU-mask

Date Exposure time Seeing

2002-05-13 1200's 0.98

A set of lamp calibration spectra, dome flat-field images were obtained during the same observation
run.

5.3.2 Data reduction

The information about the slit is in Table 5.1 and Table 5.2. The standard data reduction was performed
within the IRAF-package 3. The mask-exposures were bias corrected and combined using a cosmic-ray
removal algorithm. After bias subtraction and bad pixels removal, the combined images were response
calibrated using the dome-flat spectra averaged perpendicularly to the dispersion direction. The MXU
science spectra together with the calibration lamp spectra were reduced using the task apall in the
twodspec package. The spectra were wavelength calibrated using the lamp reference spectra within
onedspec package. We checked the quality of our calibration keeping a small value in the residuals and
fitting low order polynomial functions. The sky subtraction was performed carefully with the skytweak
routine.

For the long-slit spectra the 2D wavelength calibration was performed after correction for spatial

3 Image Reduction and Analysis Facility (IRAF) package. Distributed by the National Optical Astronomy Observatories
(NOAO), which is operated by AURA (Association of Universities for research in Astronomy) under cooperative agreement
with the National Science Foundation
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5 Kinematics in Hickson Compact Group 90

Table 5.2: Long-slit

Date Slit-length  Exposure-time P.A  Seeing
2002-05-10 460" 1800's 132° 1.63
2002-05-10 485" 3600s 72° 1.38

distortions and illumination; in this case we used the twodspec.longslit IRAF package. The sky was
subtracted as an average sky spectral image. All spectra (science and templates) were rebinned to a
dispersion of 1A pix~! before to start the kinematical analysis

In the next section after a briefly description of each member in HCG90, we will focus on the results
from the MXU spectroscopy. As an example, the figure 5.2 represents a typical spectra from our data-
set. The most prominent absorption features are used for the kinematical analysis. The emission from
ionized gas is clearly seen Hg and Oyyy at 4861 A and 5007 A respectively.

ol
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Figure 5.2: Typical MXU spectrum from the region between HCG90B and HCG90D

5.4 Kinematical analysis

For completeness of the chapter we will describe briefly each galaxy in HCG90 before to proceed with
the kinematical analysis. Descriptions of the HCG90 have been written by many authors [157, 159,
162], we refer the reader at these papers for a detailed description of the group.

Table 5.3 summarizes the identification and location for each galaxy in HCG90

Group Members

The main morphological and kinematical features for the galaxies in the core of HCG90 are discussed
briefly.
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Table 5.3: Core of HCG90

Galaxy a 6 (°"") Type Angular Size
hmins arcminute (*)
NGC 7173 22:02:03.38 -31:58:26.92  E pec 1.2
NGC 7174 22:02:06.82 -31:59:36.53 Sab pec 2.3
NGC 7176  22:02:08.45 -31:59:29.52  E pec 1.0
NGC7173 (HCG90C)

HCG90C has been classified by Hickson [150] as an EO galaxy and as an E + pec galaxy in the RC3
catalog [157]. Its low ellipticity (¢ = 0.26) makes difficult to determine the P.A of its major axis (P.A.
is measured from north to east). P.A has been observed to change from 60° in the inner part to 130°
in the outer part [157]. The strong interaction in the core of the group makes difficult to define the P.A
for the galaxy after some angular distance from the group center. The estimated systemic velocity using
absorption lines is 2696 kms~! + 24 kms~! [160].

NGC7176 (HCG90B)

HCG90B has been classified as an EQ galaxy by Hickson [150] and as a E + pec galaxy in the
RC3 [157]. This galaxy shows similar features as HCG90C, it is an almost a round object with a P.A. of
55° + 5° reported in [175]. The systemic velocity is 2525 km s £ 29kms™! [160].

NGC7174 (HCG90D)

HCGO0D is a very disturbed disk galaxy classified as an irregular galaxy in [176] and as an early-
type spiral by the RC3. The systemic velocity for this galaxy has been estimated to be 2659 kms™! +
9kms™! [160].

5.4.1 Kinematical analysis from MXU data

For the kinematical analysis with the MXU-mask we used the cross-correlation method within the IRAF
package rv using the task fxcor. The routine uses the cross correlation method developed by Tonry &
Davies [177]. The science spectra and the template are rebinned in logarithmic scale, emission lines and
continuum subtracted. Both spectra are Fourier transformed and filtered to remove variations coming
from the continuum subtraction. The relative velocity (Vi) between the galaxy and the template is
calculated from the highest peak in the cross-correlation. For all our spectra the Tonry (R) parameter is
between 12-15. Before the correlation is done, and in order to get the correct heliocentric radial velocity,
kinematical corrections must to be done, for this purpose we used the astutil IRAF task.

A systematical shift from the oxygen sky-line (5577A) was removed. The Heliocentric radial velocity
is obtained from Vyelio = Viel + Viem + Vhe With Vien the template velocity and Vi the heliocentric
correction for the object.

The Heliocentric radial velocities obtained from the MXU mask after several combinations of stellar
templates from the Table 5.4. It is important to note that even the mismatch between the stellar and the
galaxy spectra is reduced combining stellar spectra, the kinematical results do not change appreciably.
For cross correlation we use the main absorption features in the galaxy spectrum. The velocity field is
shown in 5.3 as a function of the distance from HCG90B. The region between HCG90B and HCG90D
does not show a big disturbance expected whether a strong interaction between the galaxies are taken
place, however, the high signal to noise ratio in the spectra makes feasible that the smoothness in the
rotation curve between the galaxies is a real feature. This smoothness is difficult to explain by a super-
position of two uncorrelated motions, as was pointed out in [178]. Compact groups of galaxies seem to
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Figure 5.3: Heliocentric radial velocities in the MXU-mask

have peculiar dynamical properties, from previous work [157, 179] warm gas is used to trace the ionized
gas in the group. The analysis gives as a result that an interaction between these two galaxies is taken
place with the perturbed disk galaxy (HCG90D) being the host for the warm gas of the system [157].
Some new insights from our data appear to confirm the interaction, but this point must to be studied
with new spectroscopic data and from UV— spectra. In a previous work by Longo et al. [162] from
long-slit spectra, they found a U-shape in the velocity dispersion profile, meaning a possible heating of
the system due to tidal interactions between the galaxies. For long time, based specially in numerical
simulations, different shapes have been used to characterize kinematical properties in interacting galax-
ies and stellar remnants [180]. From our dataset a similar shape is seen in the velocity dispersion profile
along the long-slit at P.A.72° (see figure 5.6), with a quite smooth rotation curve along this direction.
The gas shows a shift respect to the stellar velocity in HCG90B and it is also clear the in HCG90D.
Clearly, the disk galaxy is the gas reservoir for the system. Plana et al. [157], from their data analysis
argue that is possible to have a much faster response to the gravitational interaction from the gas than
from the stars and these features in the gas kinematics should arise from this response.

The high galaxy density in HCG90 forces us to think that all the three galaxies are in a strong inter-
action and the final product will be a fossil group with a elliptical galaxy at the center of the potential
well. However, as we mentioned before, from the stellar kinematics only is difficult to have clues for the
interaction. As a particular feature in the gas kinematics from the MXU spectra in HCG90C, a disagree-
ment between gas and stellar kinematics is founded (see figure 5.4). This feature is also shown in the
long-slit analysis in the next section. This contradictory result with the warm gas kinematics from Plana
et al. [157] encourage us to think for a very deep study in HCG90, specially related with its gaseous
content. There is at least one possibility for the unexpected result. From the Plana’s work the results
is clear: HCG90C has a decoupled gas component, the stellar and gas axes make an angle of 60°. Its
origin may come from the external accreted gas by the group and/or due to a much closer interaction
with the other galaxies [181]. Our MXU mask in HCGC is in the outher part (see figure 5.1) and the
gas emission coming from the stars should have the signs from the interaction between HCG90C with
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Figure 5.4: Stellar and gas kinematics in HCG90C. The velocity in the vertical axis is in kms~!'. From the plot is
clear that the stellar and gas components are kinematically decoupled.

and the disk galaxy #. Several signs of tidal interactions are seen for this group member, a long-slit
connecting HCG90C with HCG90D should give clues about the peculiar features in the gas kinematics.

5.5 Long Slit Spectroscopy

Two long-slit spectra in the same spectral range as MXU were obtained during the observation run. The
slits positions are shown in figure 5.5.

The longer exposure time in the slit connecting HCG90B with HCG90D allows us to extract more
kinematical information from this spectra. As in the case of MXU data, prominent absorption lines were
used for the kinematics. The high quality of the spectra together with a rebbining compromise between
signal to noise and spatial resolution make possible go beyond the usual Gaussian parametrization for
the LOSVD.

5.5.1 Templates

To perform an accuracy kinematics, is indeed to choose the stellar template as closer to the galaxy
spectra as much as possible. A method was developed by Rix & White [182] to minimize the template
mismatch adding several stellar templates. This method was improved by Cappellari & Emsellem [183]
and their tools to perform stellar kinematics deal with the template-mismatch problem properly. The
purpose is that the broadened template reproduces the galaxy spectrum as close as possible [184].

For our kinematical analysis the star spectra cited in table 5.4 were used and we worked with several
combinations of them. The stars used as a templates were observed in the same run, with the same

* Longo et al. [162] have data from a slit connecting HCG90C and HCG90D missing in this work.
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Figure 5.5: long-slit kinematics

instrumental setup and the reduction was done in the same way as the galaxy spectra. It makes the ana-
lysis more straightforward and confident. After kinematical corrections the heliocentric radial velocities
were obtained.

Table 5.4: Stellar Templates

Template Spectral Type Metallicity Radial Velocity

kms~!
HD 192718 F8 -0.74 -109.0
HD 193901 F7V -1.1 -172.0
HD 196892 F8V(F6V) -1.0 -30.0
HD 204543 KII (GO) -1.8 -98.0

5.5.2 Long-Slit Kinematics

Complex systems as elliptical galaxies have been object of intensive studies. Modern N-Body simu-
lations together with star-orbits and information from stellar populations are in the basis for modeling
such systems. In addition to the theoretical basis, important information from the spectra must to be
incorporated in the model. The spectra observed in a point from a galaxy is a composition of stellar
populations present on it. One of the most difficult tasks is try to recover from the spectra the main
kinematical and dynamical properties for the galaxies. The spectra contain the kinematical information
along the line of sight and together with the photometric light profiles are the most common sets of
information used in the models.

For long time a Gaussian parametric distribution function for the LOSVD has been employed, even
knowing that physics behind of such parametrizations is not well understood [185]. The Gaussian dis-
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tribution function is characterized by a mean velocity V, velocity dispersion o~y and an amplitude y as a
free parameters. For elliptical galaxies, this model has shown to be a good guess even the collisionless
nature of the system. Model spiral galaxies with Gaussian distribution functions can be a big mistake
given the complexity of such systems: Active star formation, dust and multiphase interestelar medium,
waves and collective excitations make the Gaussian distribution a poor guess to describe the stellar dis-
tribution in spiral galaxies. To the date only a few attempts to model spiral galaxies are known [186].
For our purpose, following Van der Marel & Franx [185], the LOSVD is parametrized by a truncated
Gauss-Hermite series. The galaxy spectrum is a convolution between the LOSVD and a stellar template

G(u) = f dv1os L(v10s) S (U — V10s), (5.1)

with # = clnd and S a representative stellar template. For a more general LOSVD, the function

N
y P
Lw) = ( ma)(l + Z:; han(a)))e 2 (5.2)
V-V
w = R
Oy

is employed. This parametrization is an extension of the traditional assumption to write down the
LOSVD as a simple Gaussian profile with dispersion o, amplitude y (line-strength) and centered at
the mean velocity V. The even/odd coefficients &, in the expansion are a measurement of the symmet-
ric/asymmetric deviations from the Gaussian profile respectively. The lowest coefficients /3 and A4 are
proportional to the coefficients of skewness and kurtosis of the distribution respectively. The Hermite
polynomial Hz, Hs expressed explicitly are
_ 1 3
H;(w) 7 (20 - 3w), (5.3)
1 4 2

— (40 - 1207 +3).

Hy(w) NCT

The physical interpretation for the coefficients in 5.2 is still matter of discussion, even in the case of isol-
ated galaxies. In elliptical galaxies, asymmetries arise from different scenarios, e.g. the superposition
of two ordered motions with different kinematical parameters as in the case of slowly rotating bulge and
a more rapidly rotating disc component [187]. Positive values of /3 correspond to a distribution skewed
towards velocities lower than the systemic velocity and conversely negative /3 values correspond to a
distribution skewed towards velocities greater than the systemic velocity [187]. In rapid rotating cores,
large h3 values are expected whilst /4 is related with the velocity dispersion anisotropy in the galaxy
core, it takes into account deviations from a Gaussian [188]. For 44 > 0 the corresponding distribution
is more peaked than a Gaussian at small velocities. Conversely, distribution less peaked than a Gaussian
will have 44 < 0. Higher moments are more difficult to interpret, but they are still useful for identifying
structures in the residuals of the model fits.

In the context of interacting galaxies, Hermite moments have been used to study kinematical properties
of merger remnants. Following ideas from Barnes [189-191], different models for low luminosity
elliptical galaxy formation from disks progenitors have been explored by Cretton et al. [192, 193]) and
the h3 profile seems to be a good tracer to characterize remnants. The LOSVD is now parametrized
by a set {V, 0, v, h3,...h,}. In practise, the method works in the pixel space (Ind) and after convolve
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5 Kinematics in Hickson Compact Group 90

a stellar template with an initial guess of L(w), the best set of parameters (y, V,o0,) and errors are
recovered minimizing the model galaxy spectra and the observed spectra in the y? sense that is pointed
out in van der Marel et al. [185].

In order to compare the results given by the Gauss-Hermite method, we use also the Cross Correlation
Method [177] to estimate radial velocities, and the results agree with the van der Marel method. One
important point to drive right conclusions in the kinematical analysis, we should minimize the mismatch
between the spectra. In our case, we tested several templates to get at least the correct trend for the two
first coeflicients in the expansion. The results for the long-slit spectroscopic dataset are in the following
figures:
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Figure 5.6: Kinematical quantities from the long-slit at 72° position angle

The figure 5.6 shows the rotation curve (upper panel), the velocity dispersion (middle panel) and
Hermite coeflicients (lower panels) for the slit connecting HCG90B and HCG90D.

In this case, we rebbined the spectra to a high signal to noise ratio (S/N > 50) for all the templates.
The region between the two galaxies is completely covered and the exposure time allows us to derive
some more strong conclusions. The rotation curve connecting HCG90B and HCG90D is incredibly
smooth and there is not evidence for uncorrelated motions [194]. The distance between the two galaxy
centers is ~ 25" meaning a physical separation of ~ 5.7 x 10° pc® in projection. The rotation curve
had been normalized to the HCG90B’s systemic velocity. We can analyze three different regions in
the curve. The left side shows the rotation for the elliptical galaxy dominated in the inner region for
a depression r < 5”. We analyze in detail this feature in the next section (see figure 5.8). The most
plausible explanation for this feature is a kinematically decoupled core in the galaxy [188]. The shape of
the bump in the nucleus and the shape of the rotation curve in the outer parts force us to think that most

5 We assume i = 0.7
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natural interpretation for the core is a co-rotating one [188]. The outer part, between 5 < r < 20" which
belongs to this galaxy shows a increasing rotation curve reaching a maximum value of ~ 160kms™!.
A more clear evidence from a decoupled core comes from the velocity dispersion profile. There is a
depression at the center, the two peaks at different locations and with different high are a strong sign
of a two component system. It is also evident from the middle panel in figure 5.6 and stressed in the
behavior of k3, the sign change in this Hermite moment marks a departure of the core from the mean
velocity in the LOSVD. All the kinematical features are in agreement with a co-rotating component
(see section about HCG90B). Whilst the central part of the galaxy is kinematically dominated by the
decoupled component, the right side in the rotation curve define the system as a fast rotator, for the
entire galaxy the parameter (& ~ 0.7). It was reported by Longo et al. [162] and it indicates a quite
important percentage of rotational support for the galaxy (see figure 5.6). After a drop in the velocity
dispersion for the elliptical galaxy at r ~ 20" there is again a quite smooth transition in the velocity
dispersion profile, even whether there is no a completely clear evidence for the interaction between
HCGY90B and HCG90D from the rotation curve, the S and U shapes in the velocity dispersion are a
more evident insights for strong gravitational interaction [180]. These shapes have been explored for
a set of input parameters in the simulations, as an example, the U-shape is a direct evidence for tidal
coupling and tidal friction. There are arguments against the tidal friction in this small systems, specially
to the small gravitational potential for the stellar component, however, the diffuse red star light around
the group [159] indicates that all the core is in interaction and tidal forces and dynamical friction must
play an important role there. In a recent study by Coziol et al. [149]) from a sample of 25 galaxies in
Compact Groups have shown evidence for tidal interactions and mergers and their relation with galaxy
morphology. On the other hand, several authors keep the Hermite parametrization to study interacting
systems [193]. From their simulations some conclusions are very clear. Specially &3 is a good indicator
for merger remnants, features as sign changes are common in this parameter. In our case, even we
evidence a trend in the Hermite coefficient to behave in the transition zone as a typical interacting pair,
with sign change for A3, is more difficult to reach a final conclusion about it.

The last part in curve shows the rotation curve for the disk galaxy. After the transition zone, the curve
looks quite symmetrical respects to disk’s center. After reach a maximum the curve shows a constant
value in the very outer part (r > 15 arcsec). The velocity dispersion peaks at the center with a value of
150kms~! + 10kms~! and the asymmetry around the peak can be interpreted as a heating due to the
tidal interaction with HCG90B [178].

Unfortunately, our signal for the slit connecting the two elliptical galaxies HCG90B and HCG90C
(P.A 132°) has a shorter exposure time and almost all the region between the galaxies is missing in our
study. The kinematical information for the slit P.A. 132° is plotted in figure 5.7. The distance between
the galaxies is & 22 kpc in projection. The rotation curve is shown in the very inner part. In the case
of HCG90B the curve is very flat in this region as already it was found in Longo et al. [162] and the
core is kinematically dominated by the decoupled component. The /3 curve also shows the change from
negative values to positive ones expected from the composite system. The features in the 44 Hermite
moment also shows a low value, natural from the wider velocity dispersion distribution. Along this
direction there is also a particular kinematical feature in the rotation curve of HCG90C, there is a peak
in the very inner part and /3 also peaks negatively in this region. For this data seems that kind of
decoupled core is also present in this galaxy. However, a better dataset must to be used to addressed this
point. The narrow velocity dispersion is supported by the /4 distribution. Next section is dedicated to
analyze each galaxy separately.
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Figure 5.7: Kinematical quantities from the long-slit at P.A. 132°

5.5.3 Velocity dispersion profiles

The velocity dispersion profiles deserve a more detailed analysis. We analyze each galaxy in some detail.
During the last years the knowledge about elliptical galaxies has increased. Old pictures which consider
the shape of the galaxies as a consequence of pure rotation are reevaluated. Nowadays is known that
anisotropic stellar pressure coming from velocity dispersion and low rotation are also common features
in elliptical galaxies. Elliptical galaxies are also interesting for galaxy formation theories [193] and they
are the dominant population in big structures as galaxy groups and clusters. In the case of HCG90 the
core is dominated by small elliptical galaxies with particular kinematical properties. Is well known that
big elliptical galaxies, coming from disk progenitors have decoupling kinematical systems, however, in
the case of small elliptical inside of galaxy groups this picture is less favored. As a interesting result, a
kinematical decoupled cores seem to be present in this work opening a new scenario to see the effects
of tidal fields and dynamical friction and stressing the results found in [149].

e HCGY90B

The figure 5.8 shows the rotation curve and the velocity dispersion profile along the slit at P.A. 72°.
Longo et al. ([162]) have studied from long-slit data the kinematics for this galaxy. The velocity disper-
sion profile is typical from a elliptical galaxy, the maximum peak at 245kms~! + 10kms~! in perfect
agreement with [162, 195], with a value for the central velocity dispersion of 242 kms~! and 245 km ™!
respectively. The rotation curve shows a co-rotation in the inner part at » < 5”, it is symmetrical respect
to the center and with amplitude of 50 km s~!. The doubled peak in the velocity dispersion profile seems
to be a clear evidence for a composite system, even the difference is small (less than 20km s™!) the de-
pression is clear at the center. The rotation curve reachs a maximum value of 160kms~! + 15kms~!
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and as we mentioned, the galaxy is mostly rotation-supported [162].
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Figure 5.8: HCG90B Rotation curve and velocity dispersion profile at P.A. 72° Kinematically decoupled compon-
ents are likely at r < 5”

The figure 5.9 shows the kinematics along the slit at P.A. 132° for HCG90B. The data does not allow
us to study the outer part of the galaxy, due mainly to the low S/N ratio. The velocity pattern shows
again the decoupled component at the center and the lower panel contain velocity dispersion for the
composite system. From our dataset, no clear evidence for ionized gas was found in the galaxy. Our
data does not reach the external part of the galaxy and the slit seems to be shifted from the kinematical
center, however, from the rotation curves the galaxy has its stellar-axis at P.A. about 130° as it was
noticed in [157] from the Longo’s work.

e HCG90C

As in the last two figures, figure 5.10 contains the rotation curve and velocity dispersion for HCG90C.
The velocity dispersion maximum is at 225kms~! + 15kms~! in concordance with 215kms™" +
32kms~! from previous studies. In the outer right part (» > 12’") which lies in the direction to HCG90B
there is a clear increasing and asymmetry in the velocity dispersion profile, it may be due to a heating
of the system from the interaction with the other galaxy. It has been the argument given in the Longo’s
work to claim the interaction between HCG90B and HCG90C.

In the very inner part, a peculiar increasing in the rotation curve is noticed, however, even most of the
features expected from a decoupled component seem to be present, nevertheless, the low signal makes
difficult give a conclusion.

e HCG90D

This galaxy is the most peculiar of the group. The morphology shows a very disturb disc galaxy
with signs of interaction with the two early type galaxies in the core. From figure 5.11 a very smooth
transition between the velocity field in HCG90B and HCG90D is observed. The rotation curve for the
galaxy is symmetrical and there is a constant trend in the very outer part. The maximum along the slit
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Figure 5.9: Rotation curve and velocity dispersion at P.A. 132°. The right panel is in the direction of HCG90C.
The rotation velocity curve is dominated by a decoupled component at the center. In our case, the rotation curve
is shown in the inner part of the galaxy.
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Figure 5.10: Kinematical quantities from the long-slit at P.A.132° for HCG90C
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is higher ~ 250 kms~! + 15kms~! but very close to the value 227 kms~! found by Longo et al. [162]
at 68°. The velocity dispersion profile peaks around 154kms~!. The velocity dispersion profile has
ripples, the U-shape claimed by [162] is seen in the region 10” < r < 20”. From the velocity field
is more difficult to see whether an interaction between HCG90B and HCG90D is taken place. On the
other hand, given the shape of the velocity dispersion and its special smooth transition, with no scatter
expected from two uncorrelated motions, makes the interaction picture the most natural explanation.
From the ionized gas [157] reached the conclusion that the system is in interaction and it is favored due
to the prograde nature of this two-galaxy system. It is important to comment, the LOSVD in the case of
a spiral galaxy is not expected to be as simpler as 5.2. However, here we maintain the same function
for the kinematical analysis closely to many other works [196].

5.5.4 Velocity field of the ionized gas

The warm gas in the system has been studied in detail in [157] and here we show the main features from
our dataset.
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Figure 5.11: Gas kinematicas from the long-slit at P:A: 72°

The velocity field for the ionized gas is studied from the most prominent emission lines, as in the
MXU mask, we use Hg and Oy separately to get the values. In the case of the slit at PA 72° 5.11 the
ionized gas is in the region between the two galaxies is more prominent in the disk galaxy, meaning that
HCGD is hosting the gas. There is a clear shift between the gas and the stellar component seen also
in the MXU data (figure 5.3). The gas velocity curve does not show the ripples found in the velocity
dispersion profile (U-shapes). High resolution velocity maps in Plana’s [157] work indicate a clear
evidence for the stellar and warm gas velocity decoupling in the system. However, the most important
feature from these maps is the gas-bridge between the galaxies and its no axisymmetric motions. The
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Figure 5.12: Gas Kinematics from the long-slit at P.A.132°

twist features belonging to the contours in the map (see [157] figure 9) could come from an interaction
between these galaxies. In our case the ionized gas comes from the stellar component. In the case of
slit connecting the two early type galaxies in the group HCGB and HCGC the situation is different as
is shown in figure 5.12. The slit exposure time is shorter than the previous one, but as we mentioned
before from the MXU spectra we can see a lower gas signal in this direction. It may be not surprising,
early type galaxies are poor systems in their gas content. Further studies must to be addressed to clarify
the gas content and kinematics for this galaxy.

5.6 Some remarks

We have presented a detailed kinematical analysis in HCG90 from the dataset which is described in the
text. This chapter is already different from the rest of the thesis, and in some sense it is contained in two
short publications made by the author [197, 198], some points have a broader explanation.
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CHAPTER O

Summary & Outlook

6.1 Summary Outlook

In this thesis we have studied some aspects of Modified Gravity in particular the proper treatment of
the boundary conditions in the action for metric f(R) gravity. We have introduced the proper boundary
conditions in the extended action for metric f(R) gravity using only the metric degree of freedom of the
theory instead of the current scalar-tensor equivalence with ETGs. We have obtained the field equations
with the condition 6g,,|p = 0. In a similar way that the GYH term solves the boundary problem in GR,
our boundary proposal solves the problem in metric f(R) gravity. We have studied the equivalence of
ETGs with scalar-tensor theories and some aspects as the equivalence between Brans-Dicke gravity and
metric f(R) was introduced. One central point in our results, common with any higher order derivatives
gravity theories is the extra geometrical restriction we get in our boundary proposal, the geometrical
condition R = Olsy. This aspect instead to be a defect of the proposal is a wonderful problem in all
the higher order theories of gravity. In the equivalence with the scalar-tensor, this condition is encoded
in 8¢|3» = 0. In our proposal, the conditions reflects more deep mathematical and physical insights. A
simple example where boundary conditions and the Weak Equivalence Principle are faced in a concrete
example of self-gravitating bodies is shown in [25]. The main aspect about the boundary conditions
is whether or not, the theory as f(R) generates an extra-scalar degree of freedom in the theory. With
our work, the derivative % seems to carry all the information of the scalar aspect of the theory. It is
mandatory to continue with the mathematical aspects of f(R) gravity. In general, the equation of motion
in ETGs are of higher order than second order coming from GR and it opens a vast field of research in
both physics and mathematics.

In this thesis and at least in the known literature by the author, we generalized for the first time the
GDE to metric f(R) gravity. The GDE is one of the most powerful tools to study geometrical aspects
in manifold theory. In gravity, very important aspects as singularities of the spacetime and curvature
properties are studied with the GDE. One important aspect is related with the example shown in the
thesis when the GDE is employed in the particular case of the FLRW cosmologies. We have introduced
two methods, the coordinate method where the 3 + 1 slicing of the FLRW is employed. In the 3 + 1
formalism, the spacetime is sliced into spacelike surfaces with normal vector n® and a proper set of
coordinates {x°, x'} specifying also the extra-temporal coordinate x”. We addressed the problem of the
cosmological distances for a generic cosmological model in metric f(R) gravity. The result is in a new
parameter w,¢r [43] which contains all the information about the f(R) function. Further numerical
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6 Summary & Outlook

analysis in necessary to consider our results as a standard tool to test cosmological models and make
restrictions about the functional form of f(R) gravity. As a complement for the thesis, a complete
framework for cosmological models in the 1 + 3 formalism is introduced. In the 1 + 3 formalism,
instead of slicing the spacetime, we use a timelike vector field u? to threading the spacetime. We have
summarized the main aspects of the WKB approximation for geometrical optics in the 1 + 3 formalism
and the optical Sachs’s equations are presented. We have demonstrated that for the FLRW spacetime
the 1 + 3 and the 3 + 1 approaches are equivalent.

The best summary about chapter about cosmic magnetic fields is given by the comments from the referee
of our publication [49]:

This is an interesting study of the evolution of seed magnetic fields in the universe using cosmological
perturbation theory. Two different models are considered: one with standard FLRW metric background
and magnetic field as perturbation, and second, where magnetic field is already present in the back-
ground model.

The work takes on an extensive task and derive nicely energy-momentum tensor to second order using
gauge invariant quantities. The authors derive gauge invariant form of equation that couples metric per-
turbations with magnetic fields that can be effectively interpreted as the cosmological dynamo equation.
Results are novel and intriguing, opening new prospects for the analysis of the magnetic field amplific-
ation at early stages of the universe expansion.

New research coming from our analysis about magnetic fields has been recently published [199]. The
next step is to consider the possibility to incorporate our dynamo proposal in a MHD-code. The PENCIL
code is one of the best candidates to start with this task !. The main goal is to introduce our cosmological
dynamo proposal in the code. For this purpose, several projects for students in the Grupo de Gravitacion
y Cosmologia have started.

A very intriguing question about the equivalence between 1 + 3 and gauge invariant formalisms re-
lated with cosmological perturbation theory is work in progress, for further information about the topic
see [6].

The last chapter of the thesis is about the stellar and gas kinematics in the core of HCG90. As it was
mentioned, this chapter is the first attempt by the author to write a PhD thesis in astronomy. We have
obtained the rotation curves and velocity dispersion profiles for the three galaxies in the core of HCG90
from our spectroscopic data set. Unfortunately the photometric data for the group are useless for any
scientific purpose. Very important consequences about of the matter distribution could be addressed
with the kinematical information.

Fortunately the situation respect to available data to perform kinematical analysis has change in time.
Our purpose with this topic is to write a proposal to carry a deep study of the kinematical properties of
galaxy groups. A very important question to be studied is about the dark matter distribution in galaxy
groups. Nowadays is not clear if each galaxy in a galaxy group is embedded in a dark matter halo or
there is a common dark matter halo hosting all the galaxies. The models for the three spatial distribution
of dark matter are still a problem in galactic dynamics and combined techniques as kinematics, dynam-
ics and gravitational lensing have proved be a viable way to face the problem . Working with ideas as
combined stellar templates and high resolution rotation curves together with velocity dispersion pro-
files could give us understanding about the distribution of baryonic and dark matter content in galaxy
groups. It should be mention that even it is not completely surprise for the author, while this thesis is
written, important changes as well known groups have started to report results using numerical N—body
simulations in f(R) gravity at cosmological scales, it is also important to think about how these theories
work at galactic scales. Many open problem are now in the Gravity Group at Universidad Nacional de

http://pencil-code.nordita.org/
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Colombia, some of them coming from ideas exposed in the thesis.
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APPENDIX A

Notation and conventions

For this work, the metric signature is (—, +, +, +). The spacetime coordinates are x* with u = 0,1,2,3
and latin indices x' (i= 1,2, 3) label the spatial coordinates. In a general basis the tensor indices are de-
noted by a,b,---=0,1,2,3;4, j,--- = 1,2, 3 whilst in a coordinate basis by u,v,---=0,1,2,3;i,j,--- =
1,2, 3. The most used conventions and symbols are:

G Gravitation constant (6.67 x 107! mz/kgsz)
c Light velocity (3.00 x 108 kms™!)
h Planck constant (1.05 x 10~%7erg-sec)
Jap Metric tensor
g Metric tensor determinant
Ropys Riemann tensor
Rop Ricci tensor
R Ricci Scalar
ng Christoffel symbol
Gop Einstein tensor
Oy Partial derivative x*
o Partial derivative x®
Vo Covariant derivative
O d’Alambertiano 0 = V'V,
D% Covariant derivative along a curve
Ap) Symmetrization
Alap) Antisymetrization
’ Temporal derivative
Top Energy-Momentum tensor
a(r) Dimensionless scala factor
t Cosmic time
i Conformal time
z Redshift
H Hubble parameter
k Spatial curvature
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Energy density

Pressure

Cosmological constant
Luminosity distance
Angular diameter distance



For the Einstein Field equations, we should choose one of the following conventions

" =[s1]x(-1,1,1,1)

‘oo . W . W
Rh, = [52]% [Fw Ty +T0 Y, - rayrga]

1
Gy =Ry — ERgﬂv =[s3] x« Ty,

The [s3] sign is related with the convention

Ry = [s2] X [$3] X R®

pav:

Here, we choose (+, +,+). The « factor depends which units for the coordinates (x*) is used. Usually
when ¢ = 1 is straightforward to write (x = 87 G), otherwise one should write (K = &E—ZG) or (K = &C’—f)
when time or length units are employed for physical quantities.
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APPENDIX B

Basic definitions

In this appendix, we introduce the notation and conventions used in this thesis from [1]. Most of
the definitions and mathematical tools are the standard ones, but the purpose is to make the text self-
consistent.

B.1 Basic definitions

Definition 1 (Spacetime manifold) The mathematical model for the spacetime, i.e. the collection for
all the physical events is a pair (M, g), with M a four-dimensional connected Hausdorff C* manifold
and g a Lorentz metric with signature (—, +, +, +) on M.

Definition 2 Let F the set of functions on M
F:f—> R (B.1)
flpem = F(x*(p)), (B.2)

with {x* € R*} the set of coordinates of p € M.

Definition 3 (Tangent vector) A tangent vector in p € M is a differential directional operator acting
on . The tangent vector V obeys the usual differentiation rules of sums and products. The set of
tangent vectors at p is called the tangent space T,(M) and is a vector space with the usual rules of
linear combinations. Writing in a coordinate basis

af (P
V(f) = V“&. (B.3)
0x®
In (B.3) the Einstein summation convention is used: an repeated index exactly twice in a product, once
as superscript and once a subscript is to be summed over all its possible values.

Definition 4 (Maps between manifolds) Let h be a function between a m—dimensional manifold M
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B Basic definitions

and a n—dimensional manifold N

h: M— N, (B.4)
peEM—oqgeN, (B.5)
h(p) = q. (B.6)

B.7)

The equation (B.4) induces a map h. between tangent spaces

he: T,M = TN, (B.8)
VeT, - hVeT, (B.9)
hV(f) == V(f(h(p)), Vf € N. (B.10)

The equation (B.8) defines the push-forward-map.

Definition 5 (1—forms or covariant vector) The dual-space vector T, M defines the 1— forms or cov-
ariant vector as the set of the linear operators on T, M

weTHM, (B.11)
YV e T,M, (B.12)
w(V) = R. (B.13)

The equation (B.4) defines a natural map h* as

Ko TIN = THM), (B.14)
w(hV) = (' w)(V) (B.15)

denoted as the pullback.

Definition 6 A tensor of type (p, q) is an operator acting linearly on each of a number of copies of a
vector space V and its dual V*, giving a real number T(vy, ..., vy, W', ..w?).

Definition 7 The metric tensor is a Tg tensor with the properties

g(X,Y) = g(¥,X) = gopX“YF (X, Y) € TyM (B.16)
g(X,aY +BZ) = ag(X,Y) + Bg(X,Z) (X,Y,Z)e T,M, (@, € R). (B.17)

Definition 8 The metric determinant is defined by

g = det[gap], (B.18)

defines the invariant volume element

v=gd*x. (B.19)

Definition 9 (Lie Derivatives) The manifold structure admits a naturally differential operator called
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B.1 Basic definitions

“Lie differentiation”. Let V a smooth vector field on M. The vector field V defines the operator

Lvf = faV, (B.20)
d d cyyd cy/d
(Lvw) = VW]’ = (vewg - weve), (B21)
(LVT) | = TapVE + TepVS, + Tuc Vs, (B.22)
ab g »

The equation (B.20) is the fundamental tool to study the cosmological perturbation theory in the active
approach where in the extended manifold N the higher orders are defined in a natural way, for details
see chapter 4.

Definition 10 (Covariant derivative) The covariant derivative V. is a differential operation obeying
the Leibniz rule and

e The covariant derivative for a scalar function f
Vof = 0af = fas (B.23)
with f € F(M) and, F(M), the set of scalar functions defined on M.
e For vectors fields, the covariant derivative defines the connection I in the following form:
vV, VP =9,Vb +T Ve, (B.24)

and for the 1—forms field wy,
Viwe = Opwe — T w,. (B.25)
o In the general case, for a tensor field
VdTabc... e _ Tabc... e
h =

a rbe...e e abc... r
T 0T -+ I, T

fg.. fah, fg.h fah (B.26)
- Tabc.‘. e e T Tabc... e = Tabc... e
fd rg...h hd fgr fg..hid

o The covariant derivative naturally induces a map between vector fields V and differential operat-
ors by
VYT = TiP=e V' (B.27)

kl..m;r

When V" is the tangent vector to a curve with parameter A, for any quantity Q

D
D—g =0,V (B.28)
o The equation (B.27) for the special case
ViVP =0, (B.29)

selects a special family of curves on M named geodesics. In components (B.29) takes the form

d* x4 dx? dx¢
ae gt = (30

; a _ dx*
with V¢ = T
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B Basic definitions

o The connection adds an additional tensor on M, the torsion, TZC defined by
a a a
T, =TI, -T%,. (B.31)
o The Levi-Civita connection is torsion free T, = 0, or equivalently I'y = 1" . In this thesis, we
work under this condition.

o The metric tensor gup satisfaces the metricity condition, V.g,, = 0, and for the torsion free
condition defines the Christoffel symbols:

1
rgc = Egad (gbd,c + Gdep — gbc,a) > (B.32)
The non-commutation of the covariant derivatives defines the curvature, Rgbc, or Riemann tensor
given by

V6. Ve |V = V9 V! = V.V, V4 = —RY, V. (B.33)

The equation (B.33) in components is

d d d d d

Rabc = l—‘ac,b - 1—‘ab,c + Febrtelc - Fecr(ezb’ (B34)

where we used

V,V. V¢ = 8,0,V + T

eb,c

d d
Ve + T Ve - 8,vITs,

[} T4.Ve + 9, Verd, + T4 17, ve, (B3
together with the torsion free condition. From (B.33) the Ricci tensor is defined as
Rac = Ry = Ty = Tog o + Togle — Tel iy (B.36)
and the Ricci scalar
R=g" Rac = ¢ Tyeq = 9" Toge + 9" Teglae = 9" Tel oy (B.37)

B.1.1 Hypersurfaces

One of the most used concepts when we are dealing with boundary problems in a field theory is the
“hypersurface” in a spacetime. Mathematically a hypersurface X in an n—dimensional M manifold is
an n — 1dimensional submanifold. We can cover X by a set of local coordinates (', ..., "', y) with the
condition for a family of non-intersecting surfaces y = const. Given the mathematical structure in M,
several natural definitions an extensions can be defined on X. There is a injection map

i > M (B.38)
pEX—i(p)=peM, (B.39)

which identifies a point on X with itself in M. Also a map between vector and tensor fields are defined
by i, named i*. One particular case is the three-dimensional metric induced by the four-dimensional
metric tensor g

i*g=h, (B.40)
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B.1 Basic definitions

with £ the metric on X. The tensor field 4 is called first fundamental form of . We restrict our analysis
to n = 4, but natural extensions to n—dimensions can be easily made with mathematical careful. In the
local coordinates (ul, u?, u?), the components for & are

hij = gwefe]  with{i,j=1,2,3), (B41)
where ¢ are the components for the basis vectors {e“}. The set {i, j} only denotes the dimension of the
submanifold, in this case does not mean spatial components, because we are not restricted to spacelike
surfaces. There are two important mathematical facts about hypersurfaces. When exist a non null unit
vector n“, with n,n® = € orthogonal to X, we can classify the hypersurfaces as

e=-1 = X is spacelike, (B.42)
e=1 = X is timelike.

Given a set of coordinates {x®} in M, the hypersurfaces can be generated by a function ®(x%) with the
condition (see fig B.1)
O(x*) = constant, (B.43)

and it induces a set of parametric equations x* = x*(;). The normal vector n® is then the gradient to

the @ function
ed,

oy

n(l

(B.44)

where n® points in the direction of increasing ®. The unit vector n® enables a definition for the four-

db =0

/n
o —~—0R=0
K #0
X N
an{a na
Jf o __ E(I’.cr
® (x%) = const. n® n-= PEEER (I).Iﬁ‘lfz

Figure B.1: Hypersurface in M

dimensional projector
nanp

hab = Yab — s (B45)

ngné
which projects geometrical objects from M to . Other very important consequence from the vector
field n® is the second fundamental form or extrinsic curvature on X. Taking the map

K:=i"(Vn), (B.46)

121



B Basic definitions

is a second rank tensor with components in (u!, u?, 1)
a b
K;j = ¢; €nazb (B.47)

and is symmetric because the connection in the covariant derivative is; it can be calculate entirely on X.
When n“ is non null, K can be considered as a four-dimensional tensor using the projector (B.45)

Kap = hshne.q. (B.48)

When the normal vector n® is null, one can get a projection from M to X using a non-zero vector field 1
not lying in %, it can be chosen with the condition n(l) = 1 and building a projector tensor P, = 6; —[“n;,
, which maps any vector V? to

PAVP = §4VP — Iny VP = VO — 14(n, V), (B.49)
in X, because
Veng — 1%, VPn, = 0. (B.50)

For some physical applications [1](cosmology, gravitational collapse, ...), the case when X is spacelike
is of fundamental interest. Denoting | the covariant derivative on X, the Riemann tensor obeys the usual
rule for each vector orthogonal to n* (n*V, = 0)

RijuV' = Vi = Vi, (B.51)

and using the projector (B.45) for the second covariant derivative together with (B.47), we get the Gauss
equation
*Riju = Riju — KaKji + KjxKii, (B.52)

showing the relation between the three-dimensional curvature with the four-dimensional curvature through
the extrinsic curvature. Another important result for a spacelike surface is

Ra

jkmna = BKjmk — Kjklm, (B.53)

which is known in the literature as the Codazzi equation.
The trace for (B.48) gives the important relation

K := g’ Kap = h* Kep. (B.54)

While the induced metric A, deals with the intrinsic properties of the hypersurface, the tensor K,
characterizes the extrinsic aspects, it means, the way in which the hypersurface is embedded in the
spacetime manifold.

B.1.2 Gauss-Stokes theorem

Theorem 1 (Gauss theorem) Ler V a finite region of the spacetime M, bounded by a closed hypersur-
face OV with not restrictions about the signature of the hypersurface (see figure B.1). For any vector
field A® defined within V,

f A%, \=gd*x = 9§ AYd3,, (B.55)

v oV
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with dX, := eno,dX when n® is non null and the “surface element” dX = W' 2dPu. The equation (B.55) is
the Gauss-Stokes theorem. For an excellent review and proof in a general case see [29]. It is important
to notice that 0V may have sections that are timelike, spacelike or null, for the last case, one should
choose the proper volume- orientation.

B.2 A note on the variational principle in field theories

Variational methods play a big role in physics and mathematics and gravity is not the exception. Field
theories, including GR and extended theories have been formulated in terms of the Lagrangian and
Hamiltonian approaches. One of the motivations for our work [10] is the generally missing fact of a
well-posed mathematical problem. Indeed, we have to include the boundary conditions in any field
theory in order to have a well established set of equations for the variables in the theory. Despite the
mathematical formal requirement to have a well posed mathematical problem, boundaries are also ne-
cessary in order to account for deep physical reasons, as an example, the GHY term in GR is required to
define properly the path integral in GR [12]. In black hole theory, the entropy comes from entirely from
the boundary term when the semiclassical approach is used. The direct way to get the field equations in
a field theory is start from the local Lagrangian density in the form

L=L(¢].x*), (B.56)

with [¢] = ¢, 0,0, ... denotes the field dependence for the Lagrangian density and x“ are the coordinates
for the spacetime. The action § is introduced formally as

S = f V=gd*xL([¢], xY). (B.57)

One then get the equation of motion varying the equation (B.57) respect to ¢’
0S =0, (B.58)

and when the boundaries are ignored due to the fact that physical boundaries do not exist or their effects
can be ignored in the local dynamics, the equation (B.58) could be integrated by part and ignoring all
the boundary contributions is equivalent to

s L([¢], x%) _ 0L([¢], x") 5 0L([¢], x?)
5¢! P! H 00,9

known in the literature as the Euler-Lagrange equations. The notation in (B.59) for high-order deriv-
atives respect to the fields is

35 L([¢], x*)
O 8,00)

+..=0, (B.59)

aS
0Dy, 0

the symmetrization avoids overcounting multiple derivatives in (B.59). The formal solution to (B.59) of-
fers the possibility to find symmetries and conserved Noether quantities from the Lagrangian density [9,
200]. However, without boundary conditions formally the system (B.59) (has for a consistent Lag-
rangian density) many solutions. The boundary conditions should bring the true solution for the theory.
The boundary conditions must work properly in both directions, setting the true solution for (B.59) and
making the system wellposed. The sentence well posed must be treated carefully, we follow [9] and the

dy,.0,, ¢ = 515" 5"

P we)?

(B.60)
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condition for a well posed problem is based in the existence of a class of boundary conditions such that
given a choice within this class, there exist a unique solution for (B.59) compatible with such choice.
The Euler-Lagrange system for a wide range of applications is hyperbolic demanding the specification
of all possible choices of initial conditions and velocities for the fields, and all possible choices of spatial
boundary conditions at all times.

To gain some insight about of a well-formulated problem in GR or any ETGs the mathematical-
requirement can be described as: Using the 3 + 1 set of equations of motion for the theory, a well-
formulated problem consists in take the equations of motion to the form [3]

du + M'Vu = S(u), (B.61)

where u denotes the fundamental variables {4;;, K;j, . . . } of the Arnowitt-Deser-Misner (ADM) splitting,
M is the characteristic matrix of the system and S(u) is the source and it contains the fundamental
variables but not their derivatives. The initial value formulation is well-posed if the system (B.61) is
symmetric hyperbolic (M’ is symmetric) and strongly hyperbolic (i.e., M's; has a real set of eigenvalues
and a complete set of eigenvectors s;, and obeys some boundedness conditions). In the case of metric
f(R) gravity the ADM system analogous to (B.61) is given in the chapter 3 of [3]. One can use the GYH
term in the ETGs and analyze the connection with the initial-value problem. For a special case of the
Holst action and applications to Loop Quantum Gravity see [201].

The action (B.57) encodes more information than be a formal device to get the equation of mo-
tion for a theory. The main aspect in the formulation of a field theory is that among all the possible
field configurations given boundary conditions, the true configuration extremizes the action [9]. For a
bounded region V with a general boundary with timelike region V representing the spatial boundary
and spacelike edges ¥ where we set the generic initial conditions. The criteria for a well-posed problem
is: when we restrict the field configurations consistent with the boundary condition {$(V), p(X)}, the
unique solution to the (B.59) system should be the extremum for the action

SIHV)] = f 3 VGLG. ). (B.62)
%

For a complete revision and examples from classical mechanics to quantum field theory with some
comments about GR see [9, 200] and references therein. We only emphasize that there is a well estab-
lished and powerful procedure in field theory where the variational methods together with the correct
treatment of the boundaries achieves the goal for the well posed mathematical problem.

Einstein Field Equations are a postulate in GR and they can be derived from the Einstein-Hilbert
action. However, the Einstein-Hilbert action is not the only one which gives the bulk equations. As
we showed, a GYH term produces the same set of equations but makes the action well posed. But
a modification for the Einstein-Hilbert action with a GYH term is not unique, as is point out in [9].
Einstein himself used instead of a Lagrangian with the Ricci scalar R (B.37) an action of the form

H = g}, — T Tag) = R = VoA, (B.63)

where we must use V,¢%° = 0 and the four-vector

AY = gT?, — g, (B.64)
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The four-vector (B.64) divergence is

VaAa/ = g#VFZy,a - ga'upuuv,a + gl“’ ,arzv - g(w ,arrzv + gyvra adrfw - géﬂrrtvrgé' (B65)

and combining (B.65) with the metric compatibility expressed as

gPV a = _F‘(Iw'ga-v - r(vya'gmr’ (B66)

the Lagrangian (B.63) is recovered. When we vary the equation (B.63) it reproduces the Einstein equa-
tions with the boundary condition dg"” = 0. The modified Einstein-Hilbert action from (B.63) is
now

| 4%

f V=gd*xH = f V=gd*x(R — V,A%), (B.67)
4% 4%
and using (B.55) the boundary contribution arises as

f V=gd*xH = f V=gd*xR - 9§ A%ng AR A3y, (B.68)
%

Vv oV

and employing (B.45) the contraction
A%y = =2K + 2h%Pdgng — n'h" 0y gy, (B.69)
gives the GYH term for GR plus a function
2hPgng — 117 0yG s (B.70)

clearly showing that the GYH term is not the only choice which reproduces the Einstein field equations
in the bulk. The Lagrangian (B.63) only contains first order terms in the metric. The variation with
respect to g"” of (B.70) vanishes with the boundary condition dgeglsgy = 0. The induced metric on
the boundary has six independent components as unconstrained variables. The gauge invariance of the
theory, as is the case of GR, leaves only two independent components, it means, the boundary term
does not affect the number of freedom of the theory. In f(R) gravity or in scalar-tensor theory there
are more constraints on the boundary. In the scalar-tensor theory, the extra boundary condition is in the
scalar field (5¢| sy = 0. When we consider an action only coming only from geometric invariants, as
we described in ([10]), the constraint 6 R v = 0 is claimed to carry the scalar degree of freedom of the
theory [9, 24].

B.3 “1+3 definitions”

The “143” formalism requires some definitions. We summarize the most used in this thesis, for a
complete reference see [1].

Definition 11 (Alternating volume tensor) The fotally skew pseudotensor

abcd labcd]

nd=n B = (-2 (B.71)
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or equivalently, the equation (B.71) defines the alternating volume tensor
Mabed = = N=g0,01,0 20 ). (B.72)
The tensor (B.71) is preserved under parallel transport, it means

el = 0. (B.73)

Definition 12 (Projected symmetric tracefree (PSTF) parts) The projector hyp enables the following
definitions
Viy = hlVy, (B.74)

and for a second rank tensor
1
Sary = [ Shy — §h,,bhfd]scd. (B.75)
Definition 13 (Covariant spatial curl) The tensor (B.71) generalizes
—b
curl Vg = napcV Ve,
curl S 4 = Tlcd(achb) d, (B.76)
Nabe = nabcd”d-
Definition 14 (Covariant divergence) The covariant divergence is defined by
divV = V'V,
—b (B.77)
(divS), =V Sap.

It is very important to mention that the operations (B.76) and (B.77) are defined as operators on a 3—
manifold only if the vorticity vanishes. When the vorticity is non-zero, they are operators in the tangent
hyperplane at each point and not on a manifold [ 1, 46].
B.3.1 Useful identities
In order to write the field equations in f(R) gravity, we can use the following identities
Vuf'R) = f"(R)V,R,
V,Vuf = f"VyRV,R + f"V,V,R, (B.78)
af’ = f"V,+RV°R + f”OR.

The contraction of equation (3.91) is
/.tv_l 1 aN% ani% MoV
Ryutu’ = 7[ = 5L+ SR + [V RYR + kTt | (B.79)
where we have used u#u” = i — g"” and g""u,u, = —1. There are some results needed to deal with the
GDE.

The first derivative is _
Vof = USVef + SV f = —upf’ + Vuf'. (B.80)

126



B.4 Electrodynamics in the 1 + 3 formalism

The second covariant derivative for general spacetimes [43]

, 1 ) ..
V. Vpf' = _f/(ge)hab + Oap + Wap — uaub) + uqupf’, (B.81)

and
VOVf =af =gV f = -0 - f. (B.82)

B.3.2 Curvature energy momentum stress tensor

We can define the energy momentum tensor associate to the curvature as

T = %(%gab +VoVpf ~ gabuf’) (B.83)
and from (B.83) an effective energy density as
PR = TP = %,[Rf /2_ S _ ef'}, (B.84)
and the pressure
pri= %T;‘lphab = %[% + 1 (R + %@R) +R? f] (B.85)

B.4 Electrodynamics in the 1 + 3 formalism

The 1 + 3 splitting can also be applied to the electromagnetic field. The Faraday tensor Fyp = Fap)
defines the electric field for an observer with 4—velocity u“ as [1, 46]

E,:= Fyu® = E_y, (B.86)

and the magnetic field,

1 .
B, = EnachCd = Fa

with F”, the dual. The Faraday tensor is given by

o’ = Beas, (B.87)

Fop = 2u[aEb] + T]abCBC. (B.88)
A charge particle with mass m and electric charge e experiences a Lorentz force

VeV, VP = (e/m)FPV.. (B.89)

B.4.1 Maxwell equations

The Maxwell equations in curved backgrounds are

VuF® = J% Vi Fpe =0, (B.90)
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When a 4—velocity is chosen the 4—current J¢ is written as

T = B P — utupd? = j + (B.91)
where the tri-current is j¢ := h“be and the charge density y := —(upJ”). In the 1 + 3 formalism the
Maxwell equations (B.90) are

V.E* = - 2w,B°, (B.92)
VB = 2w,E", (B.93)
. .2 .
Ecos = (0ab + Napes” - §®hab)Eb + Napeit B + curl By — ja, (B.94)
5 _ c_ g b -b e
Beg> = (0ab + Nabew 3®hab)B Napell’E€ + curl E,. (B.95)

The equation (B.90) implies

1
VoI =V, V,F? = E(VaVbF“” ~ V,V,FP)

| (B.96)
= 5(= Ry F + R F*) = RyeF*“ = 0.
The equation (B.96) in the 1 + 3 language becomes
L+ uO + V% + i j, = 0. (B.97)

The set of equations (B.92) is equivalent to (B.90). The energy-momentum tensor for the electromag-
netic field is

, 1 .
T = _F“ppP _ ZgachdF°d, (B.98)
and (B.98) together with (B.90) implies

VT8 = —F g, (B.99)

B.4.2 Contractions in the GDE: 1 + 3 formalism

The GDE gives the following contributions

1 . R . ‘
[E(gacRbd — g% Roe + gpaR’. — grcRy) — g(gacgbd - gdgbc)]VbX‘ v, (B.100)
or
g - RpaVPX V! = Ry VP XV, (B.101)
g“RpVPX VY = Ry VPXEVE, (B.102)
graR.VEXVY = ROV, VX = eR%XC, (B.103)
grcRE VP XV = RLV, XV = 0, (B.104)
R R R
—ggacgdechVd = —ggdebXan = —gexa, (B.105)
R R R
gg”bgchbXCVd = Eg,,cvacva = gvcxcva =0. (B.106)
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In terms of the energy momentum tensor the equation (B.101)

RdebXan ]T' Kde + fgbd - gbdljf + vadf ]VbXan

= %[{K(pm + Pm) - §®f’ + f’}E2 + G{Kpm + ]_[ + §®f' + f';}]Xa

2
the rest of the contractions are

Rpc VXV =V V. f/ VP XV =0,

ROXC = ]7/ Kpm+J—c+f/+ @f’]
R

1 . i}
gXi= &7 [«Bpm — pm) + 2f + 310 + 37 |x“.

B.4.3 Contractions in GDE: coordinate method

Expanding explicitly the contractions for the GDE in the coordinate method we get

(VsVpfIVPV? = (VYo fHVOVY + (ViV i f)VIVY,
= (f"R+ f""RHE* - Hf "Rg;;V'V/,
= (f"R+ f""R*)E* - Hf"RV,V/,
= (/"R + f"R)E* - Hf"R(e = Vo V"),
= (f"R+ f"RHE* - Hf"R(e + E?),

0
(V, Ve f WAV = (VoVof WPV + (V9 £ Vinive,
— —Hf”RgijVinjVQ,

0
— _Hf//RW,V(I’
=0

(VyVaf')ﬂy = (Vyg(mvaf')fly,
=g (Y, Vo 177,

= g Voo f Y+ g
= —Hf"Rg"g;n,

= —Hf"R%n’,

= -Hf"Rn".

(B.107)

(B.108)

(B.109)

(B.110)

(B.111)

(B.112)

(B.113)
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Then we see that in comparison with our results in [42], both formulations for the FLRW spacetime
agree. The method used in [43], which relies in the 1+ 3 decomposition, gives the contribution in a more
straightforward way but we have shown the equivalence for the GDE. However, the 1 + 3 formulation
of the GDE offers advantages for more general spacetimes than FLRW.
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APPENDIX C

Some useful results

In this appendix, we describe some results used in the framework of Covariant Nonlinear and Gauge-
Invariant approach (CGI) [1].

C.1 1 + 3 quantities in CPT

The fundamental difference between the CGI approach and the standard CPT is that the CGI starts from
the fully nonlinear equations, rather than from the background. One full nonlinear exact set of equations
is found and so we can choose a physically motivated 1 + 3 splitting of the key variables to describe the
dynamics of the system. In the following sections some results specially from [1, 85] are shown.

The comoving-volume expansion gradient is defined as
Z, = av,0, (C.1)

Wwe can see i
Zigy = ahabeG) = ahuhhded® = ah;’Vd(@ =7, (C.2)

We can obtain the equation of motion for (C.1)

Za = (aV,0) = aV,0 + a(V,0), (C.3)
and from the identity
- - = — .1 = =b =c
(Va®) = V.0 + (i’ V,®)u, + i1,® — 300 -0V 0 + Nabe” V' O, (C.4)
it implies _
Za = aV® + il Zyuy + aity® — 02 + napew”Z° (C.5)
or for the projection _
Z<a> =aV,0 + ait,® — o, Z° + nabcwa". (C.6)

We can go further in (C.6) and try to see the effect of use a f(R) gravity theory. For this purpose we take
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advantage of the Raychaudhuri equation and together with the conservation equations

. 1 —
ait,® = aity - 5@)2 = 2(07 - w?) + Vyil” + ityii” = Raeuu’) (C.7)
and for f(R) gravity
. 1 - 1
aity® = aity( - 3@2 —2(0? =) + Vyil” + itpi® - 7/[_ g + [ WV Ve R+ £ WV g RV, R+ k Tequ‘u]).
(C.8)
To write (C.1) close to the literature [1] we use
- 1 2
avVy(--0%) =-2027, (C.9)
3 3
—2aV,(0? — w?) = =24V (07 — w?), (C.10)
aV(ipil?) = 2ai,V il (C.11)

The final expression for (C.1) is

. 2 — — —
Ziy = =302~ 2aV (02 — w?) + 2aiyV il + aV, Vi

1 = 1
+aity - 5@2 —2(0? — w?) + Vil + inyit” — 7[ - g + f'hVVe R + f WV RV, R + & Tequ‘u])
=71
—ava[F{ s FHV VR + £ WV g RV, R + k Toquu ||
_(U'ba + a)ba)Zb.
(C.12)
Now, we can check the density gradient, for GR the results are
Vo
A= P (C.13)
Jel
The equation of motion for (C.13) is
; a ) a/= v
Ao = (280) - 2au+ £(Vap). (C.14)
a P P
The terms in (C.14) are
' 1
(244) = 304, (C.15)
a 3

: + )0 + %y + Vgt + 2iteq"

Ea, =[P ";d oA TG |y, (C.16)
where we should notice that in (C.16) the conservation laws for the energy momentum of matter obeys
T”rf]’at B = 0. If we assume a state equation

P = Wnp, (C.17)
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the equation (C.16) becomes

o, _ (I+wy)p® + D% + ?cqf + 2i1.4°¢
ot = 1 p o

(C.18)

The term

a - a(= — 1 = —b =
;(Vap) = /_){Vap + (ubvbp)”a + lap — §®Vap —oaV p+ nabcwbvcp}, (C.19)

together with the conservation laws and (C.17) (i.e. w,, = const) write (C.14) as

: 4
Ay = wnOA, — (1 + wp)Zy + ?[é[«» + §®Qa]

a® a®—»b
+7[0'ba + wha]qb + 7V Hab

—gﬁa(ncdcrcd + 2ited) - gﬁﬁcqc ~ (ba + wha)A? (C.20)

+2oitT,, + 1(0“’11661 + 2iteg’ + V' gc)(Ba — aity)
p p
+(;—;1/’lb§bp)ua,

or equivalently

A A a® 4
By = By = 0@ = (1 + 0n)Za+ —=[d0 + 504a]

a® a®=b
+—[O‘ba + wba]qb + —V Il
ae P N , (C21)
—;va(r{c Tea + 2iteq”) Evachc — (0ba + wpa)A

+c—l®ubHab + l((J'CdHCd + 2i.q° + gcqc)(Aa - aua).
o P

The equation (C.20) or (C.21) are the starting point for the analysis of how inhomogeneities behave in
this framework.

C.1.1 Magnetized fluids

Magnetized fluids are important in several applications in cosmology. One of the results in this work is
associated with the evolution of magnetic fields using cosmological perturbation theory in GR.
However, one can check if we can use the 1 + 3 formalism to study the presence of magnetic fields
in this language in GR and its extension to f(R) gravity. For this purpose, we can see from (C.12)
the contribution coming from the matter fields in 7%. The inclusion of the magnetic fields is made

considering
T =T 4 79, (C.22)

One of the most widely used physical assumptions is to work in the ideal MHD limit which is expressed
in the Ohm’s law in the rest frame of the fluid

j=0E° (C.23)
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with the condition o — co. The ideal MHD condition implies £ — 0 and the conservation laws

V(T + TP )y =0, (C.24)

mag
for a perfect fluid and an electromagnetic fields are
p+0O(p+p)=E%j, =0, (C.25)
and
(p + P + Vap = HEq + Napc )" B = thave " B°. (C.26)

The right side of (C.26) is the Lorentz force density. The equations (C.25) and (C.26) are slightly
different written in [85] but are equivalent. To write the expressions for the quantities (C.13) and (C.6)
including the magnetic fields we should use in (C.8) the energy-momentum tensor

- 1 1
7% = (p+ EBz)u“ub +(p+ ng)hab + 19 (C.27)

mag*

The propagation equations for Z,

. 2 — — —
Zy = =302, - 2aV (072 — w?) + 2ai,Vgit” + aV, Vit

1 - 1 N
+aity( - 5@2 —2(0? — w?) + Vil + inyit” — 7[ - g + RV Ve R + [ h%V g RV R + k Tequu])
_ﬁ“[f’{ - g + F RV R+ [ WV R, R + k Toquu||

—~(0pa + Wpa)Z".
(C.28)

Where 7% includes the matter components and the electromagnetic field. For a perfect fluid with
equation of state p = w(p)p and in the ideal MHD limit, the equation (C.28) for GR is [1]

. 2
Ziay = =307 = 4r G(pAa + B*B,)

+127 Ganachb curl B + aV, Vi

. | . (C.29)
+2ai”V i1y, + [§3R —3(0? - w?) + Vi, + ubu”]aua
—(opa + wba)Zb + 1271Ga1'[2}fgub - Zaﬁ,(az - wz),
with 8B, defined in (C.31) and
. C)
Aces = WOA, — (1 + W) Zy + L2 fpupe BPcurl B
P
(C.30)
240 B? a®
+T;I;ta — (O'ba + (,()ba)Ab + —ngagl/.lb.
with n“Bb = —B<“B">. Inhomogeneities associated with the magnetic field may be described with the
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comoving fractional gradient [1]

2
B, = BZV B, (C.31)

with the same methodology we can compute the equation of motion for (C.31)
(B*)

a — 2'
B, —§®B = Ba+E(VaB), (C.32)

the contributions in the equation (C.32) in the ideal MHD limit and using the Maxwell equations can be
written as [1]

, S 40 40
(B) = (B.B) = 2By B = 2(0°e B*B° + nepaco’ BB ?BCBC) = 20 eI, ~ ?32 (C.33)
The equation (C.32) finally becomes (for GR [1])
B - 4 . 4w®
T30 +w) T 31 +w) ¢
4a0 4 2B?
T eBPeurl B — —a@ 1+ —2 iy = (0pe + w0p) B
3o(1 +w) 3 3o(1 + w) (C.34)
. 4 (e + op A" 400 — Zanb"v
—(0 w -—I - — The
3(1+w) . o™ Wha 3p(1 +w) @ g2 BTATP
2a 2 2a
w5 oV, HB 7 N%CO';,L.‘Ba 7 o-bLH itg.

The idea to study the propagation equations to f(R) gravity and see its consequences is work in progress.
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