* universe

Communication

New Anisotropic Exact Solution in Multifield Cosmology

Andronikos Paliathanasis

check for

updates
Citation: Paliathanasis, A. New
Anisotropic Exact Solution in
Multifield Cosmology. Universe 2021,
7,323. https://doi.org/10.3390/
universe7090323

Academic Editor: Lorenzo lorio

Received: 16 August 2021
Accepted: 27 August 2021
Published: 30 August 2021

Publisher’s Note: MDPI stays neutral
with regard to jurisdictional claims in
published maps and institutional affil-

iations.

Copyright: © 2021 by the author.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

1 TInstitute of Systems Science, Durban University of Technology, P.O. Box 1334, Durban 4000, South Africa;
anpaliat@phys.uoa.gr
2 Instituto de Ciencias Fisicas y Matematicas, Universidad Austral de Chile, Valdivia 5090000, Chile

Abstract: In the case of two-scalar field cosmology, and specifically for the Chiral model, we de-
termine an exact solution for the field equations with an anisotropic background space. The exact
solution can describe anisotropic inflation with a Kantowski-Sachs geometry and can be seen as the
anisotropic analogue of the hyperbolic inflation. Finally, we investigate the stability conditions for
the exact solution.
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1. Introduction

The early acceleration epoch of the universe is the inflationary era [1], to which the
isotropy and homogeneity of the observed universe are due [2]. The origin of the inflation is
unknown. However, the introduction of a minimally coupled scalar field, the inflation, into
the cosmological dynamics of Einstein’s General Relativity provides an acceleration when
the scalar field potential dominates. Hence, the scalar field drives the spacetime towards
a locally isotropic and homogeneous space form that leaves only very small residual
anisotropies, which are left from the pre-inflationary era [3,4]. Therefore, anisotropies may
have been important for the evolution of the universe. Thus, the investigation of exact
solutions in anisotropic inflationary models is a subject of special interest.

Exact and analytic solutions are important for the study of the evolution and of the
viability of a given cosmological model. In one scalar field cosmology, exact and analytic
solutions in a homogeneous and isotropic background space can be found in [5-14]. On the
other hand, there are few known anisotropic exact solutions with one scalar field [15-21].

Multiscalar field models have been proposed as alternative models for the description
of the whole cosmological history [22,23]. In the multiscalar field model the additional de-
grees of freedom provide new dynamical behaviours in the cosmological dynamics [24-30].
Some anisotropic exact solutions in multifield cosmology can be found in [20,31,32].

A multiscalar field model that has drawn the attention of cosmologists in recent years
is the Chiral model. The Lagrangian function of the Chiral model is inspired by the o-
model [33] and is composed of two scalar fields, and the kinetic energy is defined on a
two-dimensional hyperbolic space [34]. The Chiral model with an exponential potential
provides a new inflationary solution known as hyperbolic inflation [35,36]. Hyperinflation
solves various problems of inflationary physics. In hyperbolic inflation, the dynamics are
driven by all of the matter components of the field equations, that is, by the scalar field
potential and the kinetic parts of the two scalar fields. Moreover, the initial conditions in
the start and in the end of the inflation can be different in the Chiral model, which means
that the curvature perturbations depend upon the number of the e-fold [37]. Further-
more, detectable non-Gaussianities in the power spectrum are supported by the multifield
inflation [38].

In this study we investigate the existence of a new exact solution in Chiral cosmology
with an anisotropic background space. As far as isotropic and homogeneous models
are concerned, Chiral theory has been widely studied previously with many interesting
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results—see for instance [39-42]—while recently, extensions of Chiral cosmology were
considered by assuming one of the two scalar fields to be a phantom field [43]. In our
consideration for the background space we consider locally rotational spacetimes (LRS)
with two scale factors that belong to the family of Bianchi I, Bianchi III and Kantowski—
Sachs spacetimes. These anisotropic spacetimes have the property that they fall into the
spatially flat, closed and open Friedmann-Lemaitre-Robertson-Walker (FLRW) spacetime
when they reach isotropy. The plan of the paper is as follows.

In Section 2 we present the cosmological model of our consideration and we derive the
gravitational field equations. In Section 3 we present the new solution of our analysis, which
is that of anisotropic hyperbolic inflation. The analysis of homogeneous perturbations is
presented in Section 4, where we discuss the stability properties of the new exact solution.
Finally, in Section 5 we draw our conclusions.

2. Chiral Cosmology

We consider the gravitational Action Integral

S= [ V=8t (R+Le(9, V4,4, V) @

in which R(x") is the Ricci scalar of the metric tensor g, (x*), and L¢ (¢, Vup, ¢, V,u1p) is
the Lagrangian function for the Chiral model, which describes the dynamics for the two
scalar fields ¢(x*) and ¢(x*), that is:

1 K
Lo (¢, Vi 9, Vi) = =58 () (T (") Vi (2*) 4+ e 20V (x) Vo (x%) ) + V(9(x%)- @)

From the kinetic term of Equation (2) we observe that the scalar field lies on two
geometries: The physical space with metric tensor g, (x*) and the two-dimensional space
of constant curvature with metric h4p = dia g(l, e’z’“”) and curvature R, ~ —x2, A,B =
1,2. The parameter x is assumed to be a nonzero constant, otherwise the line element
h op reduces to the two-dimensional flat space and the Lagrangian Equation (2) is reduced
to that of multiquintessence theory. In general, the potential function (Equation (2)) has

been assumed to also be a function of the second field ¢(xk). However, hyperbolic

inflation in the case of FLRW space follows for the exponential potential [35] V(¢ (x*)) =
Vo exp(—A¢(x*)), which we shall consider in this analysis.

Anisotropic Spacetime

In this study for the physical space we consider the LRS anisotropic line element in
the Milne variables

as? = —dft + O (FOd o0 (dy? + f(y)az?) ) ©)

in which the function f(y) has one of the following forms, f4(y) = 1, and the line element
describes a Bianchi I spacetime, fp(y) = sinh(\ /|K| y) , where g, (x*) is that of Bianchi III

spacetime and f¢ = sin K|y ), where ¢, takes the form of Kantowski-Sachs space.
P y Y Su P

Variable () indicates the existence of anisotropy. When j(t) = 0, the background space is
that of the FLRW universe.

For the line element (Equation (3)) and the Action Integral (Equation (1)) it follows
that the equations of motions that drive the dynamics for the variables a(t), B(f), ¢(t) and

P(t) are
e <3a2 — ZBZ - %(432 - e*z’“f’ljﬁ) — V(cp)> — e PR =0, (4)

. 2, 3,0 1o e T
26+ 36 + 2P +2(4> p ¢) V() - 3¢ PK =0, ®)



Universe 2021, 7, 323 30f8

B+ 3ap+ %e_z”‘_ﬁK =0, 6)
¢+ xe PP +3ip 4+ Vy =0, @)
§ — 2 + 3igp =0, 8)

where K =

fj((y)’” is the spatial curvature of the three-dimensional hypersurface of

Equation (3). For Bianchi I spacetime, K = 0, for Bianchi IIl space, K > 0, and for
the Kantowski—Sachs spacetime, K < 0.

3. Exact Solution

We assume the exponential potential V(¢) = Voexp(—A¢p). Moreover, we observe
that Equation (8) is total derivative, i.e., % (pe3*~2%¢) = 0. Hence, the conservation law for
the field equations is

lo = e 2. ©)

Equation (5) can be seen as a second conservation law for the dynamical system. In
the case of a spatially flat FLRW universe, i.e., B = 0 and K = 0, the analytic solution of the
field equation was presented recently in [28] using the Lie symmetry approach.

Hence, in order to investigate the existence of additional conservation laws, we apply
the theory of Lie symmetries. For a review on applications of the Lie symmetry analysis in
cosmology we refer the reader to [44]. We omit the presentation of the calculations and we
directly present the results.

The dynamical system consisting of the second-order differential Equations (5)—(8) for
the exponential potential admits the symmetry vectors

2 4
X1 =0y , Xo =2t0; + g(aa +9p) + X(a(,, + Kkpdy) , for A # 0 (10)
with the corresponding conservation laws Iy and
L =e* (/'3 — i+ % (45 + Ke—z'%) ) : (11)

For A = 0, thatis V(¢) = V}, the admitted symmetry vectors are the elements of the
so(3) algebra for the metric tensor 11 45. They are

Zy =9y, Zy = (9p +x9pdy) , (12)
2 1
Z3 = ¢a¢+x<l/;+tp— 2Ke2"4’>, (13)
with conservation laws [y and
L= (4) + K€72K¢l/.]) (14)
and )
- . _ 1.
13:¢¢+x<(l’;+¢>e 2"4’—2K>1p. (15)

We focus on the case for which A £ 0. We observe that the two conservation laws Iy, I;
are not in involution, thatis, {Iy, I; } # 0, where {, } is the Poisson Bracket. Consequently
we cannot infer the Liouville integrability of the field equations. However, the existence of
the symmetry vector X, indicates the existence of invariant functions. We follow [44] and
we search for the exact solution of the form

a(t) = p1Int, B(t) = paInt, ¢(t) = p3Int. (16)
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We substitute into the conservation law Iy, which gives Iy = 3P1—2Kp3 1, that is,

Ip

DT LR R ZE e (17)

¥ (#)

l[)(t) =Iylnt, 3p; —2xkp3 = 1. (18)

In addition, we assume that Iy # 0, otherwise we reduce to the case of anisotropic
spaces with a quintessence field [15].

Let us assume now that 3p; — 2xp3 # 1, then by replacing Equations (16) and (17) in
the field Equations (4)—-(7) we arrive at the exact solution

1 K 4 K 2
w(t) =3 (1423 ) Int, B =5 (1 7) Int, 9(t) = Tt , (19
_ Alp o= _ kK 242 4Kk
lp(t)—gtA,VO—X(4+IO)\),K—4X(1 X) (20)
with the constraint equation
(4(1 —xA) + (2 + 13))8) — 0. 1)

Hence, 3p; — 2xp3 = 2}\—", which means that 2x — A # 0.

This is a new anisotropic exact solution with two scalar fields. For K = 0, it follows
that A = x. Thus, B(t) = 0, which means we end with the spatially flat FLRW spacetime.
The background spacetime is that of Bianchi III spacetime when «(A — ) > 0, while the
Kantowski—Sachs metric is recovered when k(A — k) < 0.

The anisotropic scale factor can be written as B(t) = %K Int, which means that the
existence of a spatial curvature indicates the existence of anisotropy. Thus, the isotropic
open or closed FLRW spacetimes, similarly to Kasner-like universes, are not provided by
this exact solution.

Indeed, this solution is the analogue of the hyperbolic inflation in the anisotropic back-

ground space. The deceleration parameter is definedasg = —1 — a%, thatis, g(t) = — zézjrg) .
Consequently, when the acceleration parameter is negative, g(f) < 0, the exact solution
2(k—A)

describes an accelerated solution. Thus, when — = 1 <0, we observe that K < 0. Hence
acceleration exists only for the Kantowski-Sachs background space. This inflationary
solution is an extension of the inflationary solution found before for the inflation field in
Kantowski-Sachs geometry [45].

Finally, for the case 3p; — 2xp3 = 1, by replacing Equations (16) and (18) in the field
equations, from Equation (6) we find p, = 2(1 — p;) and K = —3(1 — 4p; + 3p?). Thus,
from Equation (7) it follows that

A-3pqA
2

21252 + (1 = 3pp )t~ 1301 — 21 H3PH = VA = 0. (22)

Because we are interested in solutions with two scalar fields, we study cases with
Ip # 0and p; # 3. Thus, the polynomial Equation (22) can not be solved, which means
that there is no anisotropic solution of the form of Equation (16) for 2p; — 2xp3 = 1.

4. Stability Analysis

We continue our analysis with the study of the stability properties for the new
anisotropic inflationary solution. We define the new variable H = 4, and we substitute into
Equations (4)—(7)

H:(lthX)MH(t), ﬁ(t):%(l—;)lnt—l—éﬁ(t), (23)

_2 P —3a+2x¢p _ kK 242 _ 4K _k
9(t) = TInt +059, § = e ,Vo—X<4+10/\>/K—4X(1 X) (24)
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Solution is stable Solution is stable and g<0

and we linearize. Moreover, we perform the new change of variable, this time for the
dependent variable = e°. Hence we obtain the system of two linear second-order
differential equations

0= 3A(A(2x + A)0B" + (8% — 6kA + 422 ) 3B’ + 4(A — )09 ) (25)
— 81(5k — 2A) (K — A)6P + 24x(x — A)5¢p
and
0=A(6(A—x)6p" + A2k + A)d¢" 4+ 2(x(2k + A) + 3)5¢") (26)
+12k(k — A)oB + 2x((2x +A) (41(2/\ —dx— /\3) - 6) 5

with the constraint

_ e *(AM(A—=x)op" +0¢") + 2x(x — A)Sp — 2K¢p)

SH(s) A2k + ) (@7)
and 6p’ = %Ss—.
The solutions of the perturbations are expressed as
0660 = (£ 2) texp(m (0, x)9) exp(a(h 1)), @)

where 11 (A, k), u2(A, k) are the eigenvalues for the linearized system. The asymptotic
solution is stable, when Re(y1 < 0) and Re(pp < 0).

In Figure 1 we present the region plots for the parameters 1 and yj is the space (A, «),
where the perturbations decay.

10

Figure 1. Region plot for the eigenvalues yj (A, x), 2 (A, x), where the perturbations around the new anistropic solution
decay (left), and the perturbations around the new anistropic solution decay and the new anisotropic solution describes an

anisotopic inflationary universe (right).
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5. Conclusions

In this work we investigated the existence of inflationary solutions on multifield cos-
mology with a homogeneous LRS anisotropic background space. In the context of Chiral
cosmology and for the model that describes the hyperbolic inflation in an FLRW back-
ground space, we found an anisotropic exact solution that provides anisotropic inflation
when the background spacetime has a negative spatial curvature, that is, the physical space
is described by the Kantowski-Sachs spacetime.

For the exact solution, the anisotropic parameter and the spatial curvature are ana-
logues. Therefore, when the curvature term vanishes, the physical space becomes isotropic.
The method that we applied for the derivation of the exact solution is based upon the inves-
tigation of Lie invariant functions, by calculating the Lie symmetries for the cosmological
field equations. Finally, the stability properties for these exact solutions were studied. We
found that the inflationary anisotropic solution can be a stable solution.

In contrary to the slow-roll inflationary solution for the single scalar field [1], in which
i = 0, and 3it¢p ~ —V, in the hyperinflation the following expressions are true [35]:

o 6
¢_2K+)\

&, (29)

which means that the evolution of the scalar field is independent on the derivative of the
potential. Hence, by replacing the new anisotropic solution in Equation (29) we find that it
is true, while for the second field ¢ (t) it holds that

e 2P 2 — 6<1 _ in /\)az i %52 — —2V(¢) — 207247 FK (30)

where we conclude that we have derived the analogue for the hyperinflation in an
anisotropic background space.

At this point it is important to mention that the exact solution that we found does
not provide the limit of the cosmological constant [46]. Indeed, the declaration parameter
isq(t) = — 2&;:\\) and the limit for the cosmological constant is recovered when g(t) =1,
thatis A = 0. However, in our analysis we considered A # 0. For other forms of the scalar
field potential, it is possible that there exist exact solutions that provide the limit of the
cosmological constant. Such an analysis is outside the scope of this work, since we focused
on the exponential potential. From this result we can infer that the Chiral model provides
inflationary anisotropic solutions that can be used as a toy model for the study of the very
early universe.

Let us assume now the new anisotropic exact solution in the limit where § ~ 1 +¢,

then a(t) = (1+ %s) Intand B(t) = %8 Int. Hence, for €> = 0 the anisotropies are small,

and inflation can be described by the Hubble slow roll parameters [47] ey = — %, NH =

é—fH, from where we calculate ey ~ 1 — %s and #y = 0. However, these slow-roll pa-
rameters are similar to those of the exponential potential for the inflation field. However,
because of the additional degrees of freedom, the solution may not be always stable, and
thus the actual solution will be different from the exact solution.

In a future study we plan to investigate the stability properties for the general model
and also to investigate the behaviour of the inflationary parameters with initial conditions
near the region of the exact solution.
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