Brazilian Journal of Physics

BRAZILIAN JOURMAL OF

> ISSN: 0103-9733
luizno.bjp@gmail.com
Sociedade Brasileira de Fisica
Brasil

Gonzalez, Guillermo A.; Lora, Fabio D.; Jaimes, Jenrry A.

Two Simple Families of Exact Inhomogeneous Stiff Cosmologies
Brazilian Journal of Physics, vol. 38, nim. 1, marzo, 2008, pp. 98-103
Sociedade Brasileira de Fisica
Séo Paulo, Brasil

Available in: http://www.redalyc.org/articulo.oa?id=46413551019

How to cite é} //._‘-

.
p .

Complete issue o .
P Scientific Information System

More information about this article Network of Scientific Journals from Latin America, the Caribbean, Spain and Portugal

Journal's homepage in redalyc.org Non-profit academic project, developed under the open access initiative


http://www.redalyc.org/revista.oa?id=464
http://www.redalyc.org/articulo.oa?id=46413551019
http://www.redalyc.org/comocitar.oa?id=46413551019
http://www.redalyc.org/fasciculo.oa?id=464&numero=13551
http://www.redalyc.org/articulo.oa?id=46413551019
http://www.redalyc.org/revista.oa?id=464
http://www.redalyc.org

98

Brazilian Journal of Physics, vol. 38, no. 1, March, 2008

Two Simple Families of Exact Inhomogeneous Stiff Cosmologies

Guillermo A. Gonzélez, Fabio D. Lora, and Jenrry A. Jaimes
Grupo de Investigacion en Relatividad y Gravitacion
Escuela de Fisica, Universidad Industrial de Santander
A.A. 678, Bucaramanga, Colombia

Received on 17 July, 2007

Two families of exact simple solutions of Einstein field equations for inhomogeneous stiff cosmologies are
presented. The method to obtain the solutions is based on the introduction of auxiliary functions in order to cast
the Einstein equations in such a way that can be explicitly integrated. Although the equations are mathematically
equivalent to the equations obtained when the source of matter is a scalar field, it is worth to mention that the
source that we consider is not a scalar field but a perfect fluid with a stiff equation of state. The obtained solutions
are expressed in terms of simple functions of the used coordinates and two families of particular solutions are
considered. The geometrical and kinematical properties of the solutions are then analyzed and the parameters
are restricted in order to have a physically acceptable behavior. The two particular solutions are of the Petrov
type I, the first one being regular everywhere whereas the second one presents a big-bang singularity. Now, for
a particular value of one of the parameters, the second particular solution is a vacuum solution of the Bianchi I

type that reduces to the Kasner solution.
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I. INTRODUCTION

The main motivation for the formulation of the standard
physical cosmology, in which the universe is described as
isotropic and completely homogeneous in all its evolution[1—
4], has been the observable fact that the present universe
seems to be isotropic and spatially homogeneous. However,
as it is shown by a series of recent observations[5—7], our uni-
verse certainly is neither exactly homogeneous nor isotropic,
and also there is not sufficient reason to believe that the be-
havior of its expantion was regular at early times. Thus, in
order to understand the evolution and large-scale structure of
the universe, it is necessary to consider a more general class
of cosmologies obtained by removing the requirement of ho-
mogeneity and isotropy. Accordingly with the above consid-
erations, in the last two decades there has been an increasing
interest in the study of anisotropic and inhomogeneous cos-
mologies, as can be see, for instance, in the references [8—
13]. (See also the reviews[14—19] for a summary of the main
work).

Now, between the several methods used to study the spa-
tially inhomogeneous cosmologies, the search for exact solu-
tions of Einstein field equations plays a specially important
role. Indeed, due to the highly nonlinear character of the field
equations, the knowledge of some exact solutions is crucial
for the understanding of specific qualitative aspects that can
be used as a guide for the study of more general models. Now
then, the properties of the exact solutions must be related and
compared with the results obtained by other different meth-
ods, such as the methods of dynamical systems[20], the meth-
ods of the theory of perturbations[21] or the study of the struc-
ture and formation of singularities[22].

However, due to the mathematical complexity of the
generic inhomogeneous models, the studies of exact inhomo-
geneous cosmologies have been limited mainly to the case
of spacetimes admitting an Abelian two-parameter group of
isometries, G, and were initiated with the study of Gowdy of

spatially compact models[23, 24]. Now, if the metric admits
an orthogonally transitive two-parameter group of isometries,
then it can be written in a blocks diagonal form[21]. This
kind of metrics admits two spacelike commuting Killing vec-
tor fields and, as can be easily verified[25], the corresponding
vacuum Einstein equations leads to a complete integrable sys-
tem of partial differential equations.

On the other hand, when we consider the non vacuum Ein-
stein equations, the mathematical complexity makes it very
difficult to find solutions with reasonably realistic fluids. So,
in almost all the works on exact inhomogeneous cosmologies,
the solutions are obtained by taking fluids whose equation of
state is of the form p = yp and, in particular, with y= 1. This
last case, the stiff fluid state equation, leads to a complete inte-
grable system of partial differential equations and was consid-
ered by Zeldovich[26] as a good candidate in order to describe
the matter content of the Universe in its earlier stage.

In agreement with the above considerations, in the present
paper we present two families of simple exact inhomogeneous
stiff cosmologies. The method to obtain the solutions is based
on the introduction of auxiliary functions in order to cast the
Einstein equations in such a way that can be explicitly inte-
grated and the obtained solutions can be expressed in terms
of simple functions of the used coordinates. Now, it is worth
to mention that the equations are written in a way that are
mathematically equivalent to the equations obtained when the
source of matter is a scalar field. However, in spite of this
mathematical equivalence, the source that we are considering
is a perfect fluid with the stiff equation of state and not a scalar
field.

The paper is organized as follows. First, in Sec. II, we
present the Einstein and matter evolution equations and the
integration procedure to obtain an explicit general solution.
Then, in Sec. III, we consider two families of simple partic-
ular solutions and analyze their geometrical and kinematical
properties. Finally, in Sec. IV, we summarize our main re-
sults.
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II. THE EINSTEIN AND MATTER EVOLUTION
EQUATIONS

In order to study inhomogeneous stiff cosmologies, we take
as the starting point the metric tensor as given by the line
element[21]

ds? = e VX (—di® +dr*) + W2dx* )+ Vdy*, (1)

where U, vy and W are functions of r and ¢ only. We also
consider as the matter contents a perfect fluid with the stiff
equation of state p = p, whose energy-momentum tensor can
be written as

TocB = p(zuauﬁ + g(xB)~ 2
With the above choices, the Einstein equations can be cast as
Rop = 2puqug, (3)

whereas the matter evolution equations can be obtained, from
the conservation law

T =0, 4)
by projecting it along the temporal and spatial directions. In
order to obtain the above projections, we contract the equa-

tion (4) with the velocity vector u® and the “spatial projection
tensor” hog = ugupg + gop, respectively. So we obtain

ppuP +2puP s =0, 5)

2puPu® gy + p pgPeily = 0, (6)

where we have used the condition uuh‘xf’ =0.
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We now impose the irrotationality condition [27]
Dy
“T Coen 7
so that the equation (6) can be cast as
P(P D) oy
— " H —p A% 8
(q)“uq)”u) p,(l uo ( )
which can be identically satisfied if we choose [28]
F
p= *Eq’,yq”“ ) ©

where F is an arbitrary function of the scalar potential ®.
Now, by using (9), the energy-momentum tensor can be cast
as

1
TOLB =F CD“’(XCI)AB — Eg(xﬁfbwuq)’“ s (10)

in such a way that the Einstein and evolution equations can be
written as

Ryg = FO oD, (1D
F/
FO%y = S ®,0% (12)
JoF
where F' = §z.

For the metric (1), the equation (12) reduces to

F/
qD,rr - q)?[z + W71 (VV,rcD,r - Wtq:’,t) + ﬁ (q),zr - q)%) =0. (13)

In order to solve the above equation, we assume that @ = ®(y), where y is a new scalar potential, in such a way that (13) can

be written as

Vorr =W+ w! Wy —Woy,) + [

Now, we choose the functional dependence of ®() in such a
way that the above equation can be linearized. In order to do
this, we take the expression in the square brackets as equal to
zero,

q)// Fl(p/
& TR

0, as)

q)/l F/q)/
& "R

} (W5 —y?%) =0. (14)

in such a way that
ky = / VFd®, (16)

where k is an arbitrary positive constant.

Now, by using (16), is easy to see that, for any arbitrary
function F(®), the energy density p, the velocity vector ug,
the energy-momentum T,g end the Einstein system of equa-
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tions can be cast as

k2
p= —E\II,M\If’ﬂ (17)
Yoo
Ug = ——, (18)
o /7“!-;1\””“
1
Top = K {W,u‘l’.ﬁ - Ega[s\lf,y\lf’“} ) (19)
Rog =KW oW, (20)

As we can see, if we take k = 0, the above system of equations

|

Wrr - ‘/V,tz = 0>

(W\V,r),r - (W\VJ)J =0,

(wWu,),—(WU,), =0,

VW, +Y, W, =2WU U, + WY+ Wy,

|
VW +7,W, =W(UF+U3)+

As we can see, equation (21) is the classical one-dimensional
wave equation, whose solutions are well known. On the other
hand, from equations (22) and (23) we can see that U (z,r) and
y(z,r) both are solutions of the same partial differential equa-
tion. So, in order to simplify the above system of equations,
we can take U (f,r) = y(t,r). Finally, the integrability condi-
tions of the overdetermined system (24) - (25) are equivalent
to the equations (21) - (23), guarantying so the existence of
solutions. Now, as we can see from the above system of equa-
tions, the stiff fluids equations are easy to integrate due to the
fact that, as a consequence of the stiff equation of state p = p,
the equations for the metric functions U and W decouple from
the pressure [29].

In order to solve the system (21) — (25), we first consider

solutions of the equation (21) of the general form
W(nt)=¥(r+1t)+Q(r—1), (26)

where ¥ and Q are arbitrary functions. We also consider an-

other, linearly independent, solution of (21) written as
V(nt) =Y(r+t)—Q(r—1t). 27)

Now, by using V(r,t) and W(r,z), we define a coordinate
transformation

(t7r7x7y) - (V7W7x7y)7 (28)
in such a way that the line element takes the form
ds? = e V[N (—aV? +dw?) + W2dx*] + eV dy?,  (29)

2
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reduce to the Einstein vacuum equations. Also, it is worth
to mention that the equations are written in a way that are
mathematically equivalent to the equations obtained when the
source of matter is a scalar field. However, in spite of this
mathematical equivalence, the source that we are considering
is a perfect fluid with the stiff equation of state and not a scalar
field.

By using the non vanishing components of the Ricci tensor
for the metric (1), the Einstein and evolution equations can
be written as the following system of partial differential equa-
tions

2D
(22)
(23)
(24)
(W (5 +95) + (W + W) (25)
|
where A is given by
A=vy- %ln(W,%—W,?)- (30)

The above coordinate transformation leads the Einstein and
evolution equations to the form

Aw=qW (W5 + V), (€1
Ay =2qWV y V¥ w, (32)
Wwy)v—Wyw)w=0, (33)

where ¢ = 1 +k%/2. As we can see, equation (33) is equiva-
lent to the integrability condition of the overdetermined sys-
tem (31) - (32).

We will now consider some simple solutions of the above
system. In order to do this, we seek for solutions of (33) of
the form y(W,V) = A(W) + B(V) and obtain

ai

v="7 (W+2V2) +ainW +aV, (34)

where aj, ap and a3z are real arbitrary constants. According
with this, the solution of (31) - (32) is given by

4
2

A = (a%V2+a§+2a1a3V+a1a2) w?

2
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+16

w4+ qa% InW + qala2V2 +2qazaszV. (35)



Guillermo A. Gonzdlez, Fabio D. Lora, and Jenrry A. Jaimes

Now, by choosing some particular solutions of (26) - (27), we
can obtain many different families of solutions for the full sys-
tem (21) - (25). So, in the next section, we will present two
simple families of solutions obtained by means of a particu-
larly simple form of the functions ¥ and Q.

III. TWO SIMPLE FAMILIES OF PARTICULAR
SOLUTIONS

In order to obtain simple particular solutions, we will con-
sider the two simple functions

Al = L (36)
2
) = 2, 37)

and we will take ¥ and Q as defined by

Y(rt) = filnt), (38)

Q(nt) = foalnt), 39)
for the first family of solutions, and

Y(rt) = fi(nt), (40)

Q(rnt) = —fo(nt), (41)

for the second family of solutions.

A. The first family of solutions

By taking the first family of solutions, we obtain for the
metric functions the expressions

W(r,t) = (42)
vrr) = (@4 @+ 2ma )
a2
+q et +aadInr +qarant’ + 2qaast, (43)
U(rt) = %(r2+2t2)+azlnr+a3f7 @4

whereas for the fluid density we obtain the expression

K2 2.2 2
p= E ap (a1t2 +2a3t) +a§ — % — % —ajay €2<U7Y>7
(45)
and for the velocity components the expressions
k
u,:ﬁ(a1t+a3), (46)
k ar az)
=—(—+—=). 47
i V2p ( 2 + r “7)
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Now, in order to obtain a physically acceptable distribution of
matter, we require that p > 0 for any value of r and 7. So, from
the expression (45), is easy to see that p will be no negative
everywhere only if we take a; = a, = 0. On the other hand,
the requirement that the velocity vector be future oriented for
any value of r and ¢ imply that we must take a3 < 0.

By imposing the above conditions, the line element (1)
takes the following form

ds® = e 725 [ 457 (—di® + dr?) + rPdx?] + X5 dy?, (48)

so that the density is given by the expression

2.2
_ k a3 ea3(2t—a3qr2)’ (49)

whereas the fluid velocity takes the form
U = ¢ @2asar)/2(1 0, 0,0), (50)

guarantying so the comoving nature of the reference frame.
Now, in order to see if the solution has any curvature singu-

larity, we compute the components of the Weyl tensor in the

natural null tetrad of the metric[25, 30], which are given by

1
Wo(t,r) = §a§(2a3qr—q—2)@“3(2’7“3’”2), (51)
1
Wo(t,r) = _Ea%€a3(2t7a34r2)’ (52)
1
Wy(t,r) = —Ea§(2a3qr+q—|—2)ea3(2t7“3qr2>, (53)

so that all of them are regular everywhere. Furthermore, is
easy to see that the Weyl tensor is of Petrov type 1.

The kinematical quantities of the metric can be also easily
computed. Thus we obtain the following expressions for the
acceleration, the expansion and the shear of the fluid

aq = a3qr(0,1,0,0), (54)
0 — |a3‘e*(la3\f+a§qr/2)7 (55)
o = @e?(“wﬂ”% (56)
O = @rze’%s(“”’z”’), (57)
o33 = f@rze—%wﬁ—ﬁ’)’ (58)

where all the components have been computed in the natural
orthonormal tetrad of the metric. As we can see the kinemati-
cal quantities are regular everywhere. Also is easy to see that,
as a3 < 0, the components 61 and Gy, are positive, while 633
is negative.



102

B. The second family of solutions

Now, by taking the second family of solutions, we obtain
for the metric functions the expressions

W(rnt) = t, (59)
12
Y(rt) = q(a%r2+a§+2a1a3r+ala2)§
a% 4 2 2
—|—qEz +gasInt 4+ qajaxr® + 2qazasr, (60)
U(rt) = %([2+2r2)+azlnt+a3r, 61)

in such a way that the fluid density is given by

k2 azlz a2 2 201 2
=— |1+ 722 +aray —ay (ar? +2a3r) —a3 | VY,

2| 4
(62)
whereas the velocity components are given by

" (arta) (©3)

U= —\ajrrasz),

2p

k ait  ar
=—(=—+—). 64
. \/2p(2+t) 64

Now, as in the first family of solutions, we require that p > 0
for any value of r and ¢ in order to obtain a physically ac-
ceptable distribution of matter. From expression (62) is easy
to see that p will be no negative everywhere only if we take
a; = a3z = 0, so that the expression for the density reduces to

k2a% 2 2

= —2;2aay—ar+l) 65
p="3 (65)
Now, as (a2 —1)/(a3) < 1 < g, we have an initial singularity
and then the density decreases to zero as t — co. On the other
hand, the velocity vector is given by

u® = 12(1=922)(1,0,0,0), (66)

where, in order to have a future oriented timelike vector, we

have taken ap < 0. Also, we can see that the spatial velocity

is zero and thus we again have a comoving reference frame.
The line element can be written as follows

ds? = 172245 (—di® 4+ di?) + 2dP) +22dy?,(67)

so that, when ¢ = 1 (or k = 0) we have a vacuum solution of
the Bianchi I type that reduces to the Kasner solution [31, 32],
which can be written as [21, 33]

ds* =1 @2 1 dr?) + 1 11 ay?, (68)

with the Kasner parameter given by d = 1 —2as. Now, it is
worth to mention that another kind o inhomogeneous stiff cos-
mologies were obtained by Patel and Dadich [34] which also
reduce to the Kasner solution. However, in contrast with the
solution here presented, the solutions of Patel and Dadich are
singularity free.

Brazilian Journal of Physics, vol. 38, no. 1, March, 2008

Now, in order to see if the solution has a real initial singu-
larity, we computed the Weyl tensor in the natural null tetrad
of the metric[25, 30] and obtain

1
Wo(t,r) = Eaz(zczz—1)(azq—1);*2445*2“2*2, (69)

1
Wo(t,r) = 5 (a2 = Day 2952072, (70)

1
Wy(t,r) = Eaz(Zaz—1)(a2q—1)t72‘1"%+2"272. (71)

The scalars constructed from the Ricci and Weyl tensors di-
verge as t — 0, which corresponds to a big-bang singularity.
Also, it is easy to see that in the algebraic classification of the
Reimann tensor, the metric is of Petrov type 1.

On the other hand, the kinematical quantities for this model
can also be easily computed and so, by taking a, < 0, we
obtain for the non-vanishing components of the acceleration,
expansion and shear of the fluid the following expressions

4 = (0,0,0,0), 72)
o1 — (2a3q —2a, —3 1)r(@a-a=1) | a0
o — (dBq+2a, — i);*(uﬁqmrl) 7 )
633 = — (a3q—4ar + 1)t*<“§q*3“2“>7 76)

3

where all the components have been computed in the natural
orthonormal tetrad of the metric. It is interesting to see that, as
the pressure gradient is zero, the acceleration is equal to zero
and thus the fluid is geodesic. On the other hand, as a; < 0,
all the non-vanishing components of the shear are negative.

IV. DISCUSSION

We presented two simple families of exact inhomogeneous
stiff cosmologies. The solutions were obtained by explic-
itly integrating the Einstein and matter evolution equations by
means of the introduction of an auxiliary function that leads to
a complete integrable system of partial differential equations.
Now, it is worth to mention that the equations were written
in a way that are mathematically equivalent to the equations
obtained when the source of matter is a scalar field. However,
despite of this mathematical equivalence, the source that we
consider was not a scalar field but a perfect fluid with the stiff
equation of state.

A general solution was obtained that can be expressed in
terms of simple functions of the used coordinates. Then, two
families of particular solutions were considered, and their geo-
metrical and kinematical properties were analyzed and the val-
ues of the parameters were restricted in order to have a phys-
ically acceptable behavior. The two particular solutions are
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of the Petrov type I, the first one being regular everywhere
whereas the second one presents a big-bang singularity.

Now, for a particular value of one of the parameters, the
second particular solution is a vacuum solution of the Bianchi
I type that reduces to the Kasner solution. However, although
there are some other exact inhomogeneous stiff cosmologies
that in the vacuum reduce to the Kasner solution, as it is the
case with the solutions obtained by Patel and Dadich [34], it
is worth to mention that this is not a characteristic behavior of
this kind of cosmologies. Indeed, an example of a different
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behavior is shown by the first particular solution considered
in this paper, which in the vacuum is not of the Bianchi I type
and do not reduces to the kasner solution.
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