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Standard cosmology in Chern-Simons gravity
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We consider a five-dimensional action which is composed of a gravitational sector and a sector of
matter, where the gravitational sector is given by a Chern-Simons gravity action instead of the Einstein-
Hilbert action. In the event that the matter action is the action for a perfect fluid, it is shown that the
standard five-dimensional Friedmann-Robertson-Walker (FRW) equations and some of their solutions can
be obtained, in a certain limit, from the so-called Chern-Simons-FRW field equations, which are the
cosmological field equations corresponding to a Chern-Simons gravity theory. It is also shown, using a
compactification procedure known as dynamic compactification, that the cosmological field equations
obtained from the Chern-Simons gravity theory lead, in a certain limit, to the usual four-dimensional FRW

equations.
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I. INTRODUCTION

Three of the four fundamental forces of nature are con-
sistently described by Yang-Mills (YM) quantum theories.
Gravity, the fourth fundamental interaction, resists quanti-
zation in spite of general relativity (GR) and YM theories
having a similar geometrical foundation. There exists,
however, a very important difference between YM theory
and GR (for a thorough discussion, see, e.g., Ref. [1]).

YM theories rely heavily on the existence of the
“stage”’—the fixed, nondynamical, background metric
structure with which the space-time manifold M is as-
sumed to be endowed.

In GR the space-time is a dynamical object which
has independent degrees of freedom, and is governed by
dynamical equations, namely, the Einstein field equa-
tions. This means that in GR the geometry is dynamically
determined. Therefore, the construction of a gauge theory
of gravity requires an action that does not consider a
fixed space-time background. An action for gravity ful-
filling these conditions, albeit only in odd-dimensional
space-time, d =2n + 1, was proposed long ago by
Chamseddine [2-4]. In the first-order formalism, where
the independent fields are the vielbein e“ and the spin
connection w?, the Lagrangian can be written as

@2n+1) — 2 Tk
L KEqy a5, €2(n—k)+1
k=0
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where « and ¢, are dimensionless constants and € is a
length parameter. As it stands, the Lagrangian (1) is
invariant under the local Lorentz transformations de* =
Ael, Sw® = —D, A%, where A% = —Ab are the
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real, local, infinitesimal parameters that define the
transformation and D, stands for the Lorentz covariant
derivative. When the ¢, constants are chosen as

“ 3= 7T(4)

the Lagrangian (1) can be regarded as the Chern-Simons
form for the anti—de Sitter (AdS) algebra, and its invariance
is enlarged accordingly to include AdS “‘boosts.”

If Chern-Simons theories are the appropriate gauge
theories to provide a framework for the gravitational inter-
action, then these theories must satisfy the correspondence
principle; namely, they must be related to general relativ-
ity. Interesting research in this direction has recently been
carried out in Refs. [5-7]. In the first two references it was
found that the modification of Chern-Simons theory for
AdS gravity according to the expansion method of Ref. [8]
is not sufficient to produce a direct link with general
relativity due to the presence of higher order curvature
terms in the action.

However, in Ref. [7] it was shown that the standard, five-
dimensional general relativity (without a cosmological
constant) can be obtained from Chern-Simons gravity
theory for a certain Lie algebra B. The Chern-Simons
Lagrangian is built from a B-valued, one-form gauge
connection A that depends on a scale parameter / which
can be interpreted as a coupling constant that characterizes
different regimes within the theory. The B algebra, on the
other hand, is obtained from the AdS algebra and a par-
ticular semigroup S by means of the S-expansion proce-
dure introduced in Refs. [9,10]. The field content induced
by B includes the vielbein e, the spin connection w“’, and
two extra bosonic fields 4% and k?. In Ref. [7] it was then
shown that it is possible to recover odd-dimensional
Einstein gravity theory from a Chern-Simons gravity the-
ory in the limit where the coupling constant / tends to zero
while keeping the effective Newton’s constant fixed.
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It is the purpose of this work to find some solutions for
flat cosmological field equations, which were obtained
from an action for Chern-Simons gravity theory, studied
in Ref. [7]. Using a compactification procedure, known as
dynamic compactification, we show that the cosmological
field equations obtained from Chern-Simons gravity theory
lead, in a certain limit, to the usual four-dimensional
Friedmann-Robertson-Walker (FRW) equations.

This paper is organized as follows: In Sec. II we briefly
review how to recover the five-dimensional general rela-
tivity from Chern-Simons gravity. In Sec. I1I we obtain the
field equations for the Lagrangian L = L, + L), where
L, is the Chern-Simons gravity Lagrangian and Ly, is the
corresponding matter Lagrangian. In the case where L, is
a perfect fluid, we obtain the so-called Chern-Simons
Friedmann-Robertson-Walker field equations in Sec. IV,
together with some of their solutions, which lead, in a
certain limit, to the usual five-dimensional FRW equations.
In Sec. V we consider a cosmological model based on the
Kaluza-Klein theory: We study a metric in which the scale
factor of the compact space evolves as an inverse power of
the radius of the observable Universe. A summary and
three appendixes conclude this work.

II. GENERAL RELATIVITY FROM
CHERN-SIMONS GRAVITY

In this section we briefly review how to recover the five-
dimensional general relativity from Chern-Simons gravity.
The Lagrangian for five-dimensional Chern-Simons AdS
gravity can be written as

1
5
Lﬁxés = K(S? €4,.g € €D
+ ﬁeal---a5Ra]azea3 ceeefs
1 apa asda, a
F o € OGRS ) )

where e“ corresponds to the one-form vielbein, and
R = dw® + w .0 to the Riemann curvature in the
first-order formalism.

The Lagrangian (2) is off-shell invariant under the
AdS-Lie algebra SO(4,2), whose generators J,, of
Lorentz transformations and P, of AdS boosts satisfy the
commutation relationships

[jab’ jcd] = ncbjad - ncajbd + T]dbjca - 7(]d(/zjcbr (3)

[jabr Pc] = ncbpa - ncapbr (4)
[Po Pyl = Ju %)

In order to interpret the gauge field associated with a
translational generator f)a as the vielbein, one is forced to
introduce a length scale [ in the theory (for details see [7]).
Therefore, following Refs. [2,3], the one-form gauge field
A of the Chern-Simons theory is given, in this case, by
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U | -
A= Ye“Pa + Ewab‘]ab' (6)
It is important to notice that once the length scale [ is
brought into the Chern-Simons theory, the Lagrangian
splits into several sectors, each one of them proportional
to a different power of /, as we can see directly in Eq. (1)

with
i)
CT 2 -k +1\k/}

From Lagrangian (2) it is apparent that neither the
[ — o0 nor the [ — 0 limit yields the Einstein-Hilbert
term €,,...,, R"1%e® - - - ¢% alone. Rescaling « properly,
those limits will lead either to the Gauss-Bonnet term
(Poincaré Chern-Simons gravity) or to the cosmological
constant term by itself, respectively.

We arrive at the Lagrangian (2) as the Chern-Simons
form for the AdS algebra in five dimensions. This algebra
choice is crucial, since it permits the interpretation of the
gauge fields e and w“ as the fiinfbein and the spin
connection, respectively. It is, however, not the only pos-
sible choice: As it explicitly shown in [7], there exist other
Lie algebras that also allow for a similar identification and
lead to a Chern-Simons Lagrangian that touches upon the
Einstein-Hilbert term in a certain limit.

Following the definitions of Ref. [9], let us consider the
S expansion of the Lie algebra SO(4,2) using as a semi-
group SS). After extracting a resonant subalgebra and
performing its Og reduction, one finds a new Lie algebra,
call it B, whose generators {J,p, Py, Zup, Z,} satisfy the
commutation relationships

Wabr Jead = Mevdaa = Nealba + Navdca = Maa b
[Jabr Pc] = ncha - ncanr

[P Pyl = Zap,
Wabr Zeal = MevZaa = MeaZva + NavZea = MaaZeb
Wabr Ze) = MevZa — MeaZs @)
(Zaps P = MevZa = NeaZs,
[Ps Z,]1 =0,
(Zap, Z:1 =0,
(Zap Zeal = 0,
[Za, Z,] =0,

where these new generators can be written as J,, =
/\0®jab,zab = /\2®jab’ Ptl = )ll ®f)a,Za = /\3®ﬁa.
Here J,, and P, correspond to the original generators of
SO(4,2), and the A, belong to a discrete, Abelian semi-
group. The semigroup elements {Ag, A;, Ay, A3, A4} are not
real numbers, and they are dimensionless. In this particular
case, they obey the multiplication law given by A, Ag =
AgirpWhena + B =4,and A,Ag = Ay whena + B> 4.
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In order to write down a Chern-Simons Lagrangian
for the B algebra, we start from the one-form gauge
connection

1 1 1 1
A= Ewab']ab + Ye“Pa + Ekabzab + Yh“Za (8)
and the two-form curvature (for details see [7])
1 ab 1 a 1 ab 1 a,b
F:ER ‘]ab+7T Pa+§(Dwk +l—2€e)Zab
1
+ Y(th“ + Kk, e")Z,, 9)

where D is the covariant derivative with respect to the
Lorentz piece of the connection, and 7% = De“.

Using the extended Cartan homotopy formula as in
Ref. [11], and integrating by parts, it is possible to write
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down the Chern-Simons Lagrangian in five dimensions for
the B algebra as

5 T .
L(C}zs = allzsabcdeRahRCdee + a38abcde(%Rahecedee

+ 22k“PReIT® + PR R h?), (10)

where we can see that (i) if one identifies the field e? with
the vielbein, the system consists of the Einstein-Hilbert
action plus nonminimally coupled matter fields given
by A% and k“’, and (ii) it is possible to recover the odd-
dimensional Einstein gravity theory from a Chern-Simons
gravity theory in the limit where the coupling constant /
equals zero while keeping the effective Newton’s constant
fixed.

The variation of the Lagrangian (10), modulo boundary
terms, is given by

8L(CSI:S = &,pede(2a3RPee? + a;PRR + 2a31>D kP R¥) e + a3l%€ 4ppgo RPRASNE + 2a51%€ 4o REOTE Sk
+ 28 peae(@ PRETS + a3 PD kP T¢ + azee?T¢ + a3 IPRD h¢ + a3lzRCdkefef)8w“b. (11)

Therefore, in the limit where the coupling constant /
equals zero, we obtain

BLS}ZS = 23800 R ! + 2038 pogoee? T S
(12)

i.e., the limit where / — O leads us to just the Einstein-
Hilbert dynamics in the vacuum. It is interesting to observe
that the argument given here is not just a five-dimensional
accident. In every odd dimension, it is possible to perform
the S expansion in the way sketched here, take the vanish-
ing coupling constant limit / — 0, and recover Einstein-
Hilbert gravity [7].

II1. EINSTEIN-CHERN-SIMONS FIELD
EQUATIONS FOR THE FRW METRIC

In this section we consider the field equations for the

Lagrangian L = L, + L), where L, is the Chern-Simons
gravity Lagrangian Lgﬁs and L, is the corresponding
matter Lagrangian. If 7¢ = 0 and k** = 0, Eq. (11) takes
the form

BLE:SIIS = aabcdg(2a3R“be”ed + allzR“bRCd)5ee
+ a3128ahc.deRabRCd5he
+ 2Sabcde5waba3lzRCdDhe. (13)
In Eq. (13) the fields e“, w“® (through R%), and h“ are
present. If we wish to find a FRW-type cosmological

solution, then we must demand that the three fields satisfy
the cosmological principle.

Five-dimensional FRW metric

We consider first the fields e and @’ (through R*?). In
five dimensions, the FRW metric is given by [12-14]

ds* = —di* + a®(t){dx* + r*(x)[d03 + sen0,d63
+ sen?6,sen*0;d07]}
= Napete’n,, = diag(—1, +1, +1, +1, +1).  (14)
Introducing an orthonormal basis, we have
0 = dt, e = a(t)dy, e’ = a(t)r(x)do,,
&3 = a(t)r(x)senb,db;, (15)
e* = a(t)r(x)sen6,sen6;dé,.

Taking the exterior derivatives, we get

/

a a r
de =0, de! = ZeVel, de? = ZeVe? + —ele?,
a a ar
s_G o5 s ] 2,3
de’ = —¢e’e’> + —e'e’ + — cotbh,ee”,
a ar ar
a r 1
de* = —ele* + —ele* + — coth,e?e?
a ar ar
1 3 4
+ — cotbze’e”, (16)
ar senf,

where a prime denotes a derivative with respect to r. The
next step is to use Cartan’s first structural equation

T4 = de + w“beb =
and the antisymmetry of the connection forms,

w® = —w" to find the nonzero connection forms. The
calculations give
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a
0 — - - .
w”, —;el’ =wl, p=1234
r/
a)lp =—el=-0wl, p=234
ar
1 A7)
w?, = ——cotbre? = —wP,, p =234
ar
1
3 4 _ 4
W, =—— cotfze® = —w";.
4 ar sen6, 3 3

From Cartan’s second structural equation
a = a a c
R =dw', + 0.0

we can calculate the curvature matrix. The nonzero com-
ponents are

ROp :geOeP :RPO’ p= 1,2,3,4;
a

2\ 2 /!
Rlp:[(g> —rT:Ielef’Z—Rpl, p=2734;

a asr
a1 7 \2
Rq = - t———(— 4 17=_R,D i) =2;3;
b [(a) (ar)? (ar) ]e ¢ ¢ 4
p=q+14. (18)

From the assumption of isotropy, the spatial directions
should be equal for the orthonormal frame. Hence, the
components of the curvature matrix should be equal for
the four directions. This means that we must have

(A N ) A P
a a’r a (ar)? ar r r

(19)
Integrating, one finds
d
P=l— (1 - k)2 (20)
dx
Introducing (20) in (19) we have
= —kr 20
with k = +1, 0, —1. Therefore
R =(Dever, p=1234 @
a
a’+k
R1P = ( )eqel’, q=123 p=qg+1,4 (23)
a

The field h*

We consider now the field 4“. Writing the field 4¢ in the
vielbein basis, we have

h® = h? et = n%h,,e". 24)
Using Eq. 13.4.6 of Ref. [15], we have
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h = f(1)e, h? = g(t)e?, p=1...,4 (25

From (17) and (25) we can see that
D=0,  Dh’ = [(g -nZ+ g]eoeﬂ, (26)
a

where a, f, and g are functions dependent on time ¢. The
next step is to introduce (22), (23), and (26) into

6L = 5LChS + 6LM, (27)
8Ly, 8Ly, 8Ly,
oL = OL + Se + She + S ab
s g 0" T g O T S 2

SLy
de’

with the energy-momentum tensor 7,,,, ‘ZLTQ,” is associated

with the energy-momentum tensor for the field 2%, which
8Ly
Sw

where 514825 is given by (13), and where is associated

we denote as T}f’,), and
tensor S,
The calculations give

is associated with the spin

P2+ k P2 + k)2
48a3<“_2) + 24a1l2(a : ) — BiToy (29
a a

. ) Tk PRysY) + k
- 24cv3|:g + (a 5 )] - 24a112g<a 3 ) =BTy,
a a\ a

a
(29)
a% + k\2
24oz312( = ) =B, T, (30)
afa* +k
- 24a312£< p ) = B, T, (31)

240[312(512; k)[(g - f)g + g] -0 (32

where in the last equation we took into account the fact that
T¢ = 0, which means that the spin tensor is zero.

IV. DYNAMICS OF HOMOGENEOUS
AND ISOTROPIC COSMOLOGIES

The cosmological principles state that our Universe is
homogeneous and isotropic. To solve the Einstein-Chern-
Simons field equations under this assumption, we need
an energy-momentum tensor which is also homogeneous
and isotropic. The most general forms of the energy-
momentum tensors, T;w and T}Z’ﬁ, compatible with homo-
geneity and isotropy are given by [12]

T,, = (p+ Puyu, + Py,,, (33)

™, = (p"™ + P"Mu,u, + PPy, (34)

where p is the proper energy (or mass) density of the usual
fluid and P its pressure. p"” and P are the energy density
and pressure for the perfect fluid associated with the field
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h“*. Homogeneity implies that the pressure and density
should be position independent on the spatial hypersurfa-
ces. Hence, they can only be time dependent. If the vector

«» Which is the five-velocity of the fluid, has a spatial
component, then the fluid has a spatial direction compared
to the hypersurfaces. This would violate our assumption of
spatial isotropy. Thus the vector u,, has only a time com-
ponent; the fluid flow is orthogonal to the hypersurfaces:
u, = (1,0,0,0,0). The energy-momentum tensor is there-
fore diagonal, i.e.,

Too = p, T, =Ty=Ty3=Tyu=P, (35)
h h h h
™o, = p™", T%l) Té2) T§3) T( )= PO,
Introducing (35) in (28)—(32), we have
P2+ k 12 + k)2
6(“ ; )+ azz(“ : ) = Ky, (36)
a a
. .2 + k . .2 + k
3[3+(“ : )]+az29<" : )= —KkP,  (37)
a a a\ a
a* + k\2
P = ep®, (38)
a
ifa*+k
lz_( 2 ) = — 1P, (39
a\ a
a .
(§=f)-+&=0 (40)
where
3
o= BBy
(2%} SCY'; 240{3

We note that k; is the gravitational constant which is
positive; a and k, are constants whose values should be
determined. We should note that Egs. (36) and (37) have
been found in the study of the FRW equations for an
Einstein plus Gauss-Bonnet action in 4 + d dimensions
(see [16]). From Egs. (36)—(40) we notice the following:

(@) If I =0 and h* = 0 we have that f = g = p) =

P" = 0. Thus Egs. (36)—(40) take the form

a’+ k
6(7) = K1p, (42)

Lo en @

i.e., in the limit / = 0 we recover the usual five-
dimensional FRW equations.

(b) We need an equation relating the energy,
the pressure, and the scale factor. The energy-
momentum tensor has to be divergence-free, which
signals the conservation of energy. This follows
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automatically from Egs. (36) and (37) from which
we find the following relation:

p+4g(p+P)=0. (44)

Analogously, from Egs. (38) and (39) we find the following
conservation equation:

p M +4 p® + 4% pt — (45)
a

@
a(a® + k)

A. Solutions of FRW-ChS field equations: Case k = 0

The observational evidence seems to indicate that the
Universe could be flat (see [17,18]). Now try to solve
Egs. (36)—(40) for the case k = 0. If k = 0 Egs. (36)—(40)
take the form

6%+ = k. (46)
p+4%p+ﬂ=& 47)
122—: = kyp™, (48)

p M+ 4% (p" + PW) =0, (49)
(g-Ni+g=0 (50)

It seems that the most convenient way to approach the
solution of Egs. (36)—(40) is as follows: First solve the
system of Egs. (36) and (37), in the same way as is done in
general relativity, and then replace a(f) in (38)—(40).
Following the same procedure used in general relativity,
we further assume that the perfect fluid obeys the baro-
tropic equation of state,

P = wp, 51)

where w can be a time-dependent function or a constant. If
w is a constant then, introducing (51) in (47), we obtain

an\4(w+1)
p=rno(2)" (52)

where the subscript zero means evaluation at the present
time 7.
Using Egs. (46), (47), and (51) we obtain

-2 -2 2 .
(1+ w)[6 +alrs ]“—2 - [3 +ar® ]i(f). (53)
a’la dt\a
This equation gives the behavior of the scale factor
a = a(t) and is to be solved for the cases when the
parameter is uniquely @ = —1 and the general case
when w # —1.
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1. Solutions for o = —1
If w = —1, Eq. (53) reduces to

a*ld (a
3+ lz—]—(—>=0. 54
[ Cila\a S
To find a solution to (54) there are two possibilities:
d(a
Z(=)=0, 55
dt (a) (53)
aZ
[3 + al? —2] = 0. (56)
a

It is straightforward to see that both equations lead to
similar results. The solution of (56) is a particular case of
the solution (55). The solution of (55) is given by

a(t) = Cellot (57)

which is a de Sitter-type solution, where C'is a constant and
Hy = H = ¢ is the Hubble constant. Rewriting Eq. (46) as

a*\e | a?
we see that it is a quadratic equation in @?/a® whose
solution yields a value for the Hubble parameter of the

form
-2 3 o 1/2
%:_W{li[lilzgklp] } (59)

If we consider the case of a small /2 limit, we can expand
the root to first order in />. In the expansion we can see that
it is necessary to take the negative sign to recover the FRW
equations when I? = 0. Thus in the first-order approxima-
tion, Eq. (59) takes the form

a’  pk a
H=—S~=—"—-F— }
e 6{ P3P (60)
or
PoK1 a
Hf =~ =¢ {1—12%,@0}, (61)

where in the /> = 0 limit, we get the same result that we
obtain using the Einstein equations in five dimensions.

2. Solutions for o + —1

We consider now the behavior of the scale factor for the
general case when w is left as a free parameter. By inte-
grating Eq. (53) with w # —1 we obtain

g’ — % tan{%[g Y w)t]}, (62)

where we have defined y = \/%’_2_. In the small /% limit, we

can expand Eq. (62). In fact, taking the arctan of each side
of (62) we have
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¢ 1
arctan(y f) = —I:g, —2(1 + w)t] (63)
a vla

and, carrying out the expansion to first order in 7y, we
obtain

-2 .
P12+ 0)ii-1=0 (64)
a a
Solving for the Hubble parameter, we obtain
a 1+ w) [ ( 0% )2]
— =~ = 1= J1+(———) | 65
a ¥? 1+ w)t (©5)

Again, expanding the square root in (65) to first order in /2,
and considering the negative sign to recover the five-
dimensional FRW equations, we have

O )]

Integrating (66), we obtain a value for the scale factor of
the form

P 1 3]
1) =~ tl/z(”‘”)[l + & (7) —], 67
al) = C 2201 +w) 2 7

where

c- ao{[Z(l )P

From Eq. (67) we notice the following:

(1) The cases of greatest physical interest are those
with o = 0 and w = 1/4, which are in the category
w # —1. These cases are usually called the eras of
matter and radiation, respectively.

(ii) For small values of /% and for values of > that are not
small, we have that the term on the right in (67) is
negligible compared to the first term, and we re-
cover the usual solutions to the five-dimensional
FRW equations.

(iii) In the case that #2 is of the order of /2, we have that
the term on the right in (67) is not negligible
compared to the first term, and therefore, it be-
comes important in the description of evolution:
This is a notable difference from the results ob-
tained from general relativity. If the term on the
right in (67) takes a value greater than zero, then it
is possible that this term is important for the de-
scription of an inflationary period in the early
stages of the Universe.

(iv) We should note that this solution corresponds to a
valid theory in five dimensions which describes the
evolution of five-dimensional space-time.

}1/4(1+w)

3. Solution without matter, p = p =0

We consider the case p = p = 0. This case is described
by the equation of state p = wp. If p = 0 and assuming
that a/a # 0, we have that Eq. (46) takes the form
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% -4 > 6

a a

Since Z—Z > (0, we have that o« must be less than zero.
Writing @« = —|a/|, Eq. (68) takes the form

whose solution is given by
a(t) = Ceflo! (70)

which corresponds to a model of de Sitter type. In the
context of general relativity there is no similar solution for
the case p = p = 0.

V. FOUR-DIMENSIONAL FRW EQUATIONS
OF STANDARD COSMOLOGY FROM
FIVE-DIMENSIONAL FRW-CHS
EQUATIONS: CASE k=0

So far we have found some solutions for flat cosmologi-
cal field equations, which were obtained from a Lagrangian
for a Chern-Simons gravity theory, studied in Ref. [7]. One
problem with these solutions is that they are valid only in a
five-dimensional space. In this section we consider a
space-time metric which contains as a subspace the usual
FRW metric in four dimensions. As in the previous sec-
tions we study the case k = 0. The metric will be written in
a convenient way so that it can achieve the compactness of
the fifth dimension. Following Refs. [16,19] we consider
the following five-dimensional metric:

ds* = —dt* + a>(H)[(dx")? + (dx?)* + (dx*)?]
+ b2(t)dx>. (71)

Introducing an orthonormal basis, we get

e = di, e’ =adx’, p=123, e* = bdx*.
(72)
Taking the exterior derivatives, we get
0 _ay - 4l o4
de’ =0, del =—¢e"e?, p=1,23, de —Eee.
a
(73)

We introduce (72) and (73) into Cartan’s first structural
equation

T¢ = de® + w“beb =0 (74)
and the antisymmetry of the connection forms,
w® = — " to find the nonzero connection forms. The

calculations give

(75)
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From Cartan’s second structural
Rab — dwab + w“cw”b (76)

we can calculate the curvature matrix. The nonzero com-
ponents are

ROP = —RPO = Eeoep’ p=1273
a
RM = — R0 — %eoe“,
2 (77)
RP4 = —RIP = ?epeq, pg=123
1 b
RPY — —R4 =E—60€p, p=123
ab

We consider now the field 4?. Writing the A¢ field in the
vielbein basis we have h* = h“ e* = nh,,e". Using
the procedure developed in chapter 13 of Ref. [15], we
have

Ko = fe0 + ge4,
h? =re’, p=1273, (78)
h* = me® + ge*,
where f = f(1), g = g(1), r = r(t), m = m(1), g = q(1).
From (75) and (78) we can see that
0 b 0,4
Dh’ = Z(g —m)e'e

Dhr = [f + (r—f)g]eoep tgseret, p=123,
a a

b
Dh* = [q + E(q - f)]eoe4. (79)
The next step is to introduce (77) and (79) into
6Ly, 6LM 6Ly
SL = S8Lcyg + Se® Sh* + Sw,
cns o0 0t sw?

(80)

where SL(CSQS is given by (13), and where ‘ZL”{ is associated
with the energy-momentum tensor 7',,,, ‘;Lh’,‘f is associated
with the energy-momentum tensor for the field 4¢ which
we denote as T;Lh,),, and giﬁ@ is associated with the spin
tensor S, -

The calculations give

[a2 ab]+lza1ab B

+—— — = , 81
a ab ay a’ b 24a3p 1)

b _ab
2842454
[ 52s

i o
b a_Q]Hza [2%9 2]: ”
3

a aab &bl 8as

(82)
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i a’ ay da’ B
—+ 5|+t =-"Lp, 83
[a az] as a a® 245 d (83)
2a_3b B (84)
a’b  24a;”
iab a*b B,
Pl2==—+ 5 2| =—"2pW, 85
[aab azb] 24a; ®5)
,da B
i P, 86
a a? 24ay ¢ (86)
arw-ny]e2i[ive-nl]=0 o
a b ab a
fLrele-n]=o (88)
a a
-2
a
g— =0, (39)
a
i a a* b
2= S g+——(g— =0, 0
28 5o+ 5 e —m)] 90)

where we have considered T,, = (p, P, P,P,P;) and
T;f,), = (p, p ph) ph), Pgl)) and where P, and P(dh)
are related to the pressure in the fifth dimension.

Assuming that % # 0, we have that Egs. (87)—(90) are
reduced to

b

é/+z(q—f)=0, on
a

i’+;(r—f)=0, 92)
g=m=20 93)

so that the system of Egs. (81)—(90) takes the following
form:

a® ab adb p
IS+ —12e - = 94
[a2 ab] 8a3b 2K 4
a b ab a® a’ b P
2—+—+2 +—=|—4def2——F+ 5| = ——,
[ a ab a2] 8[ 217] 2Ky
(95)
3[a+“2]+12 a4 P (96)
Y R e = )
a a* a a® 2k
67 = —iyp®, ©7)
a b
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e[ dab a*b
—2=="4+5 | = =k, P?, 98
3[ aab a* b] 2 ©8)
i a® w
8**2:_K2P , (99)
aa
b
q+5(q—f)=0, (100)
. a
g+5(g—f)=0, (101)
where we have defined
g=r, 8=_1ﬂ2, 1=4ﬂ,
4 a; Bi (102)
o = B2
> 96 a2

From Egs. (94)—(101) we can see that it is necessary to
have an equation relating the energy, the pressure, and the
scale factor. The energy-momentum tensor has to be
divergence-free which signals the conservation of energy.
This follows automatically from Egs. (94)—(100) from
which we find the following conservation equation:

., La b

p+35(p+P)+Z(p+Pd)=0. (103)
Analogously from Eqgs. (97)—(99), we find the following
conservation equation:

o0+ 38" 4+ piy + %(p(h) + PPy =0. (104)
a

A. Dynamical compactification

Following the compactification procedure developed in
Ref. [19], we consider the case when the scale factor b(z) is
given by

1
b(t) = —, n>0. (105)
a
The parameter n must be positive for dynamical compac-
tification to take place. Therefore, b gets smaller as the
radius of our Universe a become bigger.

Substituting (105) into the metric (71) we have

2
ds? = —di? + (O[(dx' + (d2)? + (dd)2] + ;’f(t).
a
(106)

From (105) we can see that

. . 7 .2

b_ Pt -at aon

b a b a? a

so that by introducing (107) into Eqs. (94)—(104) we obtain
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a? at p
2 Q2142 p
—3[9+2“—2] +35 1225 =24 (110)
a a a
4
en = —i,p® (111)
a
nin +1) a® i a® Y
[ 32 ;?]——@PU (112)
. .2
ada . (h)
e =Py, (113)
g—n—(g—f)=0, (114)
. a
g+-(8=f)=0 (115)
and the conservation equations take the form
p+3g(p+13)=0, (116)
p® 435 (pM + piy = (117)
a

where, following Refs. [16,19], we have defined the effec-
tive pressures P and P as

~ na
P=P_§E(P+Pd), )
~ na

ph = ph) — 3 ;(p(h) + Piih)),

From (108)—(117) we notice the following:
(a) If I =0 (i.e. ¢ = 0), the equations that do not vanish
identically are given by
2

a P
l—n)—=—"— 11

3( n)a2 P (119)

i a® P

i _a’ a P,
—-3|=+2— — = 121
3[a az:l 3a2 2K (12D
p+3%p+P) =0 (122)

a

Equations (119), (120), and (122) have the same
form as the equations obtained using general
relativity in four dimensions. However, there is a
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difference. The pressure in these equations is the
effective pressure P defined in (118), which may
take negative values when P and P, are positive so
that, in principle, it could be used to describe an
accelerated expansion of the Universe (see
Ref. [19]).

(b) If I — 0 (i.e., € — 0) the Friedmann equations ob-
tained using four-dimensional general relativity are
recovered (with P instead of P). In this limit, in
addition to the Friedmann equations, a system of
equations appears describing the behavior of the
field A“.

Now, we consider the solution of the Eqgs. (108), (109),
and (116). Following the same procedure used in general
relativity, we further assume that the perfect fluid obeys the
barotropic equation of state

P = wp, (123)

where w can be a time-dependent function or a constant. If
w is a constant then, introducing (123) in (116), we obtain

ap 3(w+1)
p=rno(22)" (124)
a
where the subscript zero means evaluation at the present
time 7.

Using (108), (116), and (123) we obtain

-2 -2
(1+ w)[3(1 —n)+ 128n’iz:|%
a a

2 a*d (a
=——|3(1 —n) +24en— |[—-)
3 [ (1= m)+ 24en a2] dt (a)
giving the behavior of the scale factor a = a(r) and that to
be solved for the cases when the parameter is uniquely

o = —1 and the general case when w # —1.

(125)

1. Solution w = —1
If w = —1, Eq. (125) reduces to
a*ld (a
3(1 —n) +24en— |—(—) = 0.
[0+ 20005 120)

To find a solution to (126) there are two possibilities:

(126)

%(g) =0, (127
az
3(1—n) + 24871; = 0. (128)

It is straightforward to see that both equations lead to
similar results. The solution of (128) is a particular case of
the solution (127). The solution of (127) is given by

a(t) = Cello? (129)

which is a de Sitter-type solution, where C is a constant
and Hy=H = % is the Hubble constant. Rewriting
Eq. (108) as
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-2 p

2 ;2
128n(a—) +301-nS-L =0
a a

130
5 T (130)

we see that it is a quadratic equation in 4?/a®> whose
solution yields a value for the Hubble parameter of the
form

a2 3(1 — n){ [ 8n p ]1/2}
=+l *Te—s — . (131
e 2den 30— n? i (131)

If we consider the case of a small /2 limit, we can expand
the root to first order in /2. In the expansion we can see that
it is necessary to take the negative sign to recover the FRW
equations when /2 = 0. Thus in the first-order approxima-
tion, Eq. (131) takes the form

a? p 2n o
H="~__FP L1 T P 132
a2 3(1-— n)Kl{ “3(1 = ny KI} (132)
or
Hy~-——"0 {1 S ﬁ}, (133)
3(1 — n)k, 3(1 — n)? K

an expression in the > = 0 limit which is identical to that
obtained when using the Einstein equations in four
dimensions.

2. Solutions for w+ —1

We consider now the behavior of the scale factor for the
general case when w is left as a free parameter. By inte-
grating Eq. (125) with @ # —1 we obtain

y 1 1
4= tan{— I:E — §(1 + w)t]},
a Y yLa 2

where we have defined y = (f‘fi :

can expand Eq. (134). In fact, taking the arctan of each side
of (134) we have

a 1[a 3
arctan(yf) = —I:f ——(1+ w)t],
a yLa 2

and carrying out the expansion to first order in y we obtain

(134)

In the small /2 limit, we

(135)

.2 3 .
P+l +wii-1~0 (136)
a 2 a

Solving for the Hubble parameter, we obtain

2

Again, expanding the square root in (137) to first order in
I2, and considering the negative sign to recover the four-
dimensional FRW equations, we have

g Y i ) %[1 B (14i8n) (3(1 i ) %)2] (138)

Integrating (138), we obtain a value for the scale factor of
the form
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2ne 2 31
=~ / (1+w) —
a(t) = c'/30 [1 + a=n (3(1 n w)) t2:|’ (139)

where

c= ao{[%(l + “’)]26(15011)“

From Eq. (139) we notice the following:

(1) The cases of greatest physical interest are those with
w =0 and w = 1/3, which are in the category
w # —1. These cases are usually called the eras of

matter and radiation, respectively.

(ii) For small values of & and for values of #2 that are not
small, we have that the term on the right in (139) is
negligible compared to the first term, and we re-
cover the usual solutions to the four-dimensional
FRW equations.

(iii) In the case that £ is the order of &, we have that the
term on the right in (139) is not negligible com-
pared to the first and therefore becomes important
in the description of evolution. This is a notable
difference from the results obtained from general
relativity. If the term on the right in (139) takes a
value greater than zero, then it is possible that this
term is important for the description of an infla-
tionary period in the early stages of the Universe.

}1/4(1+w)

3. Solution without matter p = P =0

We consider the case p = P = 0. This case is described
by the equation of state P = wp. If p = 0 and assuming
that a/a # 0, we have that Eq. (125) takes the form

dz (n - 1) 2
= = = 140
a? 4ne 0 (140)
whose solution is given by
a(t) = Cellot (141)

which corresponds to a model of de Sitter type. In the
context of general relativity there is no similar solution for
the case p = P = 0.

VI. SUMMARY AND OUTLOOK

We have considered a five-dimensional action S =
S, + Sy which is composed of a gravitational sector and
a sector of matter, where the gravitational sector is given by
a Chern-Simons gravity action instead of the Einstein-
Hilbert action and where the matter sector is given by the
so-called perfect fluid. We have studied the implications of
replacing the Einstein-Hilbert action by the Chern-Simons
action on the cosmological evolution for a Friedmann-
Robertson-Walker metric.

We have found some solutions for cosmological field
equations, which were obtained from the action § =
S, + Sy, where S, is the action for the Chern-Simons
gravity theory, studied in Ref. [7]. In the event that the
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matter action is the action for a perfect fluid, we have
shown that the standard five-dimensional FRW equations
can be obtained from the above-mentioned cosmological
field equations. From the solution (67) we can conclude the
following. (a) For small values of /> and for values of > that
are not small, we have that the term on the right in (67) is
negligible compared to the first term, and we recover the
usual solutions to the five-dimensional FRW equations.
(b) In the case that 7? is the order of /2, we have that the
term on the right in (67) is not negligible compared to the
first term and therefore becomes important in the descrip-
tion of evolution: This is a notable difference from the
results obtained from general relativity. If the term on the
right in (67) takes a value greater than zero, then it is
possible that this term is important for the description of
an inflationary period in the early stages of a five-
dimensional universe [20].

We have also shown, using a compactification procedure
known as dynamic compactification, that the cosmological
field equations obtained from the Chern-Simons gravity
theory lead, in a certain limit, to the usual four-dimensional
FRW equations. From the solution (139) we notice the
following. (a) For small values of & and for values of >
that are not small, we have that the term on the right in
(139) is negligible compared to the first term, and we
recover the usual solutions of the four-dimensional FRW
equations. (b) In the case that #? is the order of &, we have
that the term on the right in (139) is not negligible com-
pared to the first term and therefore becomes important in
the description of evolution. This is a notable difference
from the results obtained from general relativity. If the
term on the right in (139) takes a value greater than zero,
then it is possible that this term is important for the
description of an inflationary period in the early stages of
the Universe [20]. For the case p = P = 0 the solution to
the field equations corresponds to a model of de Sitter type.
It should be noted that such a solution does not exist in the
context of general relativity.

This article leads to interesting questions such as the
following: What implications will the replacement of the
Einstein-Hilbert action by the Chern-Simons action have
on the evolution of wormholes described by metrics given
in Refs. [21-23]?
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APPENDIX A: INTERPRETATION OF
THE FIELD h“, CASE 1

So far we have interpreted the field ¢ as a field of matter
whose nature has not been specified.

PHYSICAL REVIEW D 84, 063506 (2011)

It is known that for space-time of five dimensions in the
presence of a gravitational field, a scalar field ¢ satisfies
the field equations obtained from the action

1
5= [exy=g - 5emauene - vie)| @D

because ¢ is a scalar field and therefore 9,0 = V ,¢.
Now we consider the action (A1) for the case under study.
The FRW metric with k = 0, written in Cartesian coordi-

nates, is given by
ds? = —d? + A()[dx® + dy* + d2? + dw?],  (A2)

where we see that detg,,, = —a®, so that /=g = a*. Since
in a homogeneous space ¢ depends only on the time
coordinate, we have

1
5= f dsxa4|:—§gooao¢ao¢ - V<<p)]

= [d%ca“[% ¢? - V(ﬁﬂ)}

Varying this action we obtain the following equation of
motion:

(A3)

av

e+42p+% <. (Ad)
a do

The energy-momentum tensor associated with the ¢
field is given by

Ty = 0,09,¢ — 8,38 Pdapdge + V(e)]  (AS)

so that
Too = 59> + V(e), (A6)
Ty =Ty =Ty =Ty =3¢ — V(¢). (A7)

Since for a perfect fluid 7,y and T; are related to the energy
density p and pressure P, we have

Too = pp = 3¢° + V(e),

(A3)
Ty, =Ty =Ty =Ty =P, =16 — V(o).

On the other hand, we know that the 4¢ field is associated
with the conservation equation (45) which, for a flat model
i.e. with k = 0, takes the form (49),

o0+ 4g(p(h) + Py =0, (A9)
If we identify p'® with the energy density and P with the
pressure for a scalar field ¢, that is, if we postulate

pP =307+ V(p), PP =3>—V(p), (Al0)
then if we introduce (A10) in (49) we obtain
7 av
op+alpr+ o2 =, (A1)
a do
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that is,
] dav
o+4%0+% =,
a do
which is identical to Eq. (A4) found for the scalar field.
This allows us to associate a scalar field with the field A%.

For example, one could make the identification by choos-
ing the components of 4¢ in the form f = 0 and g = ¢.

(A12)

APPENDIX B: INTERPRETATION OF
THE FIELD h“, CASE 2

From the metric (71),
ds* = —dt* + a*(t)[(dx")* + (dx*)* + (dx*)*] + b2(¢)dx?,
(B1)

we can see that detg,, = —a®b?, that is, /=g = a’b.
Since in a homogeneous space ¢ depends only on the
time coordinate, we have that (A1) takes the form

1
S = dexa3b[—5g°°60¢ao¢ - V(@)]

= /dsxcﬁb[% @ — V(gp):l.

Varying this action we obtain the following equation of
motion:

(B2)

' b dv
¢+39¢+7¢+—=O.
a

AP (B3)

The corresponding energy-momentum tensor associated
with the field ¢ is given by

Too = pp = 5¢* + V(e), B4)
Ty =Ty =Ty = Tay = Py = 567 — V(g).

On the other hand, we know that the field 4¢ is associated
with the conservation equation (104),

p® 4340 + piy + %(pw) + PPy =0. (BS)
a

If we identify p” with the energy density and P" with the
pressure for a scalar field ¢, that is, if we postulate

p® =1+ V(p), PP =PP =16 - V(p),

(B6)
then if we introduce (B6) in (B5) we obtain
' b dv
PEHITG AP+ g =0 (B])
a b do
that is,
i b . adv
p+3%0+ g+ =0, (BS)
a b do
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which is identical to Eq. (B3) found for the scalar field.
This allows us to associate a scalar field with the field 29 in
a manner similar to the case studied in Appendix A.

APPENDIX C: THE COSMOLOGICAL PRINCIPLE

We have considered a space-time in five dimensions
whose spatial part is homogeneous and isotropic. This
space is of type R X R X S3. We have said that the cos-
mological principle implies that all fields must be homo-
geneous, i.e., are invariant under translations, as well as
isotropic, i.e., are invariant under spatial rotations. This
means that these conditions must be satisfied by the fields
present in (10).

The cosmological principle implies that the metric
should be of the form

ds? = —di* + f(t)gij(xk)dxidxj, Lj=12...,N=4

(CDH

with (x% x7) = (z, x7). x' correspond to the coordinates in
the homogeneous and isotropic subspace.

Since there are N(N + 1)/2 Killing vectors correspond-
ing to spatial translations and rotations, we have that (C1)
must be invariant in form under the following coordinate
transformations:

X0 — x0 = X0, X=X =x+ (0 %), (C2)

where & are the Killing vectors associated with spatial
translations and rotations.

On the other hand, any tensor field invariant in the form
under transformations (C2) has a vanishing Lie derivative
along the vectors &', i.e.

This means that condition (C3) is the condition for a field
satisfying the cosmological principle. This implies that, if a
field T,,... satisfies the cosmological principle, then it must
satisfy the equation
8, Ty + 8, T, 7y + 8, Ty, ...
= 5MjTV/\~~~i + SVjTM[/\W + aAjT,UvV”'[ B (C4)

Examples

(1) Scalar—We consider a scalar invariant under (C2)
in a five-dimensional space-time, which contains a four-

dimensional subspace that is maximally symmetric
(m,v,...=0,1,2,3,4,4,j,...=1,2,3,4):
& =0, § =M ), (C5)

with N(N + 1)/2 Killing vectors. If we want a scalar S to
be maximally invariant in form (in its spatial part), then it
must satisfy

LS=0=¢rg,S=0= 0,5 =0. (C6)
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Since ¢’ is arbitrary, we have 9;S = 0 for which
S = Sx% = S(1. (C7)

(2) Vectors.—We consider a vector invariant under (C2)
in a five-dimensional space-time, which contains a maxi-
mally symmetric four-dimensional subspace. From (C4)
we can see that the vectors must satisfy

0,'A) =05,/A" (C8)
The contraction of u with i leads us to

8, A/ =8JAT= NA/ =A== (N—- 1A =0=A"=0.

(C9)
So L A* = 0 takes the form
LA=0=¢#9,A"=0= ¢£9,A°=0, (C10)
where
9.A0 = 0= A = A%(x0) = A%(y). (C11)
Thus,

PHYSICAL REVIEW D 84, 063506 (2011)
A = A%(p), (C12)

(3) Tensors of rank 2.—We consider a tensor of rank 2.
From (C2) we can see that the tensors of rank 2 must satisfy

Al = 0.

8,/AL +6,/A,) =8,A", +68,/A,"
The same procedure above tells us that
Ago = Ago(1),
Ay = f(O)n;

A specific case of a tensor of rank 2 is the energy-
momentum tensor for a perfect fluid,

ut* =(1,0,0,...,0)

Ajp = 0= Ay,
i,j=1,2734.

(C13)

T = (p + P)utu” + Pqh?,

(C14)
so that
T = p(t) + P(1) = T%(2),
T = ppl =0, (C15)
T = Pn".
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