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Abstract: The Noether symmetry analysis is applied for the study of a multifield cosmological model
in a spatially flat FLRW background geometry. The gravitational Action Integral consists of two scalar
fields, the Brans—Dicke field and a second scalar field minimally coupled to gravity. However, the
two scalar fields interact in kinetic terms. This multifield has been found to describe the equivalent of
hyperbolic inflation in the Jordan frame. The application of Noether’s theorems constrains the free
parameters of the model so that conservation laws exist. We find that the field equations form an
integrable dynamical system, and the analytic solution is derived.
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1. Introduction

Scalar fields play an important role in the description of cosmological evolution [1].
With the introduction of scalar fields in the Einstein—Hilbert Action, the new degrees of
freedom drive the dynamics of the cosmological parameters such that they explain the
cosmological observations [2,3]. The quintessence scalar field model is a very simple model
that describes the so-called dark energy and is responsible for the late-time acceleration
phase of the universe [4,5]. On the one hand, inflation [6] has been proposed to solve
the flatness, the horizon and the isotropization problems. Inflation describes a very rapid
acceleration phase during the early stage of the universe, and it is attributed to the inflation
field [7-9]. There are a plethora of proposed scalar field models in the literature; see, for
instance [10-17], and references therein.

In the middle of the previous century, Brans and Dicke [18] proposed a gravitational
model with a scalar field that satisfies Mach’s principle. Indeed, the existence of the scalar
field is essential for the physical space, and the scalar field interacts with the gravity in the
Action Integral; that is, the scalar field is non-minimally coupled to gravity. Generalizations
of the Brans—Dicke model are known as scalar-tensor theories [19]. In [20], Hordenski
derived the most general Action Integral for the scalar-tensor theory. The Brans-Dicke
theory is defined on the Jordan frame [21], while the gravitational model depends upon
a free parameter known as the Brans-Dicke parameter. The Brans-Dicke model has been
used as a model for the description of dark energy [22] and the inflationary epoch [23-25].

A two-scalar field model that has drawn the attention of cosmologists in recent years
is the Chiral model [26-28]. In the Chiral model, the two scalar fields are minimally
coupled to gravity; that is, they are defined in the Jordan frame. However, the two scalar
field interact in the kinetic term. Specifically, from the kinetic components of the scalar
fields, we can define a second-rank tensor, which for the Chiral model is a two-dimensional
hyperbolic sphere. Thus, there is no “coordinate” system where there is no interaction
between the two fields. This is in contrast to the quintom model in which the kinetic
components define the two-dimensional flat space [29]. This specific two-scalar field model
has been widely studied in the literature [30-33], and various extensions for which the
scalar fields may have negative energy density have been proposed before [34,35].
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For a specific potential function, the Chiral model provides a very interesting scal-
ing solution in which the two scalar fields contribute to the cosmological fluid [36,37].
The scaling solution describes acceleration, and the solution is described as hyperbolic
inflation or hyperinflation. Because of the existence of the second scalar field in the hyper-
inflation, the curvature perturbations depend upon the number of e-folds [38], while the
initial conditions at the start and at the end of the inflation can be different [38], and the
non-Gaussianities in the power spectrum are supported by this model [39]. Recently, in [40],
a multiscalar field model was proposed consisting of two-scalar fields, the Brans-Dicke
field and a second field, which is coupled to the Brans-Dicke field in kinetic terms, but it is
minimally coupled to gravity. The latter model is defined in the Jordan frame. However,
under a conformal map, the equivalent Action Integral in the Einstein frame is that of the
Chiral theory. The extended Brans—Dicke theory admits an asymptotic scaling solution,
which has similar dynamical properties to the hyperbolic inflationary solution for the
Chiral model. Indeed, the asymptotic solution describes inflation, in which the two scalar
fields contribute to the cosmological solution, while this specific solution corresponds to a
spiral attractor. This dynamical property remains invariant for the two models under the
conformal transformation, which relates the two theories.

In this study, we investigate the conservation laws and the integrability properties
of the hyperbolic inflationary model in the Jordan frame. For the purposes of this study,
we make use of the property that the gravitational field equations admit a minisuperspace
description so that the Noether symmetry analysis [41] can be applied. Noether’s theorems
provide a systematic approach for the determination of infinitesimal transformations, which
leave the variational principle invariant. Moreover, the generators of the infinitesimal
invariant transformations can be used in a simple way to construct conservation laws.
Because of the simplicity of the applications of Noether’s theorems and of the impor-
tance of the given results, Noether symmetries have been the subject of study in various
gravitational systems [42-46]. The plan of the paper is as follows.

In Section 2, we present the cosmological model of our consideration, and we derive
the minisuperspace and the point-like Lagrangian which describes the field equations.
The basic properties and definitions for the theories of point transformations are given in
Section 3. Moreover, we find the Noether symmetries, and we construct the corresponding
conservation laws for the field equations. In Section 4, we determine the analytic solution
for the cosmological model of our analysis. We define canonical variables and derive the
analytic solution. Finally, in Section 5, we summarize our results.

2. Field Equations

The cosmological model of our consideration is that of a spatially flat Friedmann-—
Lemaitre-Robertson-Walker (FLRW) geometry described by the line element

ds® = dt*> — a*(t) (dx2 +dy? + dzz), @)

where a(t) is the scale factor.
The field equations follow from the variation of the Action Integral

1 1w 1
sa= [dxty=g [2¢>R T 8 Ot ZE @S b V)| @
where ¢(x*) is the Brans—Dicke field, wpp is the Brans-Dicke parameter, V(¢ (x*)) is the
potential function, and 1 (x*) is the second scalar field minimally coupled to gravity.

For the line element (1) and the Action Integral (2), we derive the field equations

2 _apy® wsp (9N TFH(g) , 1
—3H 3H¢—2<¢) _ETlP - =V(¢), ®)
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— (3917 +2911) = 2Hp+ D¢ + B+ §-V(9) )
i\ 2
wBD (45 - ;(g) +3H4’>> +6H2¢+¢(3H+ 7= ;(FZ)@W) —0,
e (1))
po+3Hp+ (n(F)) 49 =0, ©)

in which we have assumed that the scalar fields inherit the symmetries of the background
space; that is, p(x*) = ¢(t), p(x*) = (t), H = % is the Hubble function, and 4 = %.

It is easy to see that the cosmological field equations follow from the variation of the
point-like Lagrangian function

L(a,d,¢,¢,¢,$) = api® + 3a’ag — “%a"’cﬁz - %a3F2(¢>¢2 +aV(g). @

The constraint Equation (3) can be seen as a Hamiltonian constraint for the autonomous
dynamical system.

From the point-like Lagrangian, we define the minisuperspace, which has three-
dimensional line element

w

ds% = 6agpda’ + 6a*dadd — %a?’dcpz — a®F?(¢)dy?. 8)

Hyperbolic inflation in the Jordan frame is recovered when F(¢) = Fo¢* and V(¢) = Vo’
Hence, these two functions are considered in the following section.

3. Noether Symmetries and Conservation Laws

We review the basic definitions concerning invariant point transformations and
Noether symmetries of systems of second-ordinary differential equations.
Assume the dynamical system

y=w(tyy). 9

Then, a vector field
X =¢(ty)or +(t,y)dy (10)

in the augmented space {t, x'} is a point symmetry of the system of differential Equation (9)
if the following condition is satisfied [46]

XB(y - w(ty,y) =0, an
where X2 is the second prolongation of X defined as follows
XP) = 20 430y + (= y8)9y + (1 — ¥¢ — 298)9y. (12)
Thus, if X is a symmetry vector, then under the infinitesimal transformation
H=t+e(ty), v =y+ety), (13)

the dynamical system (9) remains invariant, which means that trajectories of solutions lead
to vector field X.
Condition (11) is equivalent to the relation

[X[I],A} = A(x")A, (14)
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where X1l is the first prolongation of X, and A is the Hamiltonian vector field
A =0 +ydy +w(ty, y)dy. (15)

If the system of differential equations results from a first-order Lagrangian £ = L(t,y,¥),
then a Lie symmetry X of the system is a Noether symmetry of the Lagrangian if the
additional condition

g _ df
X1
L+l = (16)

is satisfied, where f = f(t,y) is a boundary function and

X = ¢o, +19y + (j — ¥¢) 0y (17)

According to Noether’s second theory, to every symmetry, there corresponds a first
integral (a Noether integral) of the system of Equations (9), which is given by the formula:

I(X) = gEH—%mf a8)

where Ef(t,y,y) is the Hamiltonian function of £(t,y, y).
Consider now the infinitesimal transformation

t'=t+et(ta ¢, ), a =a+en(ta¢,p), (19)
¢ =p+en(ta,p,p), ¢ =p+ent(ta¢p), (20)

and generation of the vector field

X =80 +1"90 +1179p + 1179y, (21)
Then, the application of Noether’s condition (16) for the Lagrangian function (7) with

F(¢) = Fo¢* and V(¢) = V" gives a system of differential equations, which constrain
the infinitesimal parameters. The results are summarized in the following propositions.

Proposition 1. The point-like Lagrangian (7) with F(¢) = Fo¢* and V (¢p) = Vo™ for arbitrary
values of the parameters x, A admits the Noether symmetries X1 = ¢, Xp = dy. However, when
= l A =1, there exist the additional symmetry vectors X3 = ad, — 3¢y, X4 = — 510, +

$Poy + 7 ln( 1+wB )84,, while for A = 2k, k = w + 43, the field equations admit

the extra Noeth tries X3 = ¢P1af2 (9, — ——C— 23, ) wh VBlwsp+1)
e extra Noether symmetries X3 = ¢P1a < a o 100 ) where B1= \/m

1 _ _l _ 3 T o vo B(WBDJr%) 14 33+213D

27 ﬁ2 3(34+2wpp) and Xy =grar 1lia,x+ a¢+ ( 3(3+2w3,_))+1)

Moreover, for arbztmry value of kx and A = 1, there exist the Noether symmetry vector X5 =

83, 1 93y v/3(3+2wgp) +1¢a

4r2
Proposition 2. According to Noether” second theorem and for expression (18), the cosmological
model of our consideration admits the conservation laws 1(Xy) = Ep, I(Xp) = a’E3¢* ¢ for

arbitrary values of the free parameters k,A. For (x,A) = (%, 1), the additional conservation
laws are

[(X3) = a (6a<pa + 3a2¢) —3¢ (3a2a ;D 34)) (22)

[(Xy) = —glp(&l(f)a' +3a24'>) + oy <3a2d ;D 34>> +2a34>2’<¢1n<¢1iw>. (23)
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For (x,A) = (x,2x), k = 7”3(322&)’”) + 2, the corresponding conservation laws are

[(X3) = ¢pPraP2 <<6a4>[1 + 3a2¢) - 3(3_5260313)(;)<3aa - ¢a2¢>> (24)

B 3\ 424 14+4/3(3+2wpp)
1(Xy) = ¢PraP2 | —p(6apa +3a%p) + (3aa YBD ;2 > + Blwsp +5)% o z . (29)
(Xe) = ¢ ( p (6aga +30%9) + yo S (\/WH)(P

Finally, for arbitrary x and A = 1, the additional conservation law is

V3B +2wpp) +1 5,
1 ¢

I[(Xs) = —g (6a¢a + 3a2(i>) + ¢(3a2d (‘;D 3<p> - V. (26)

We observe that the set of the conservation laws (I(Xj), I(X2), I(X3)) and
(I(X1), I(X3), I(X3)) are independent and in involution, that is, {I(X4),I(Xp)} = 0,
A,B=1,2,3and {, } is the Poisson bracket. Consequently, according to Liouville’s theo-
rem, the field equations of this two-dimensional system are integrable. Specifically, because
they admit additional conservation laws, they are super-integrable [47]. For these two
cases, we proceed with the derivation of the analytic solutions.

4. Analytic Solutions

The procedure that we apply for the derivation of the analytic solutions is summarized
in the following steps. For the vector fields X 4, we find the normal variables by solving the
system of differential equations

Xa(E(a,¢,9)) = 0. (27)
We write the field equations in the new coordinates, and we solve the resulting system.

4.1. Model A

For the first case of our analysis (x,A) = (%, 1), and the symmetry vector X3, we

determine the normal coordinates (a, ®, 1) where

o
Thus, the point-like Lagrangian (7) is
2N\ 2
L(a,a,®,d,9,¢) = 3(4+3w3D)<I><Z> —3(1+wBD)( )q>+ %% + %Fochq'ﬂ — V. (29)

Consequently, the field equations are

3 1\ ? j & 1 ,
2(4+3wBD)q><Z> —3(1+wBD)(Z)cb+“’§D®+2F§q>lp2+v0q>:o, (30)

=2
(4+3wBD)(q>zz'+ad>—q>’;> — (1+wpp)ad =0, (31)
»? b .
3(2 + wpp)id® + 6(1 4 wppa)ii + a* (wBD (q>2 - 2q)> + (P021p2 — 2v0)> =0. (32

P+ %/} =0. (33)
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Consequently, with the use of the constraint equation, we write

I(Xz) = qDl/J, (34)
. 1+Vy)(4
CI):( + 0)( +3wBD)q)’ (35)
3+2wBD
) 1+ wpp Ry
- (1 _~T%BD a_ =
i=( +V0)<3+2wBD>a+ PR L (36)
or equivalently
. 1+ wpp o)
H=(14+W)| ——| - —H. 37
(+ 0)<3+2wBD) D ( )
Thus,
. . 1+ wpp
H®+PH - (1+Vy)| m—————— | =0, 38
+ ( + O)(3+2C(JBD) ( )

where by replacing from (35), we find

. 1+ wpp \ =
HP) - | ———— | =
e e L 39)
that is, the conservation law it follows is
14+ wsp \ -
H®) - | ——— |® =] 4
(HD) ( 113 wBD> 0 (40)

where Ij is an integration constant. The latter expression is analoguous to the Noetherian
conservation law I(X3).
Hence, for the scalar field, the analytic solution follows

(1 + Vo)(4 + 3wBD)
3+2wBD ’

D(t) = e 4+ Dpe M, Q= \/ (41)
For initial conditions, for which ®;$, = 0, the analytic solution for the Hubble
function is
H(t) = Y21 +wsp) g sor 42)
v/ (34 2wpp) (4 + 3wpp)

respectively. Therefore, the scalar factor is derived to be

na(t) = ¥ V14 Vo(1+wpp) g Lo 43)

\/(3—|—2(.UBD)(4+3CUBD) Q

The effective equation of state parameter w,rr = —1 — %% is calculated.

Qe:I:QtHO

2
weff(t) =—-1F 3 5 (44)
VI+V(1+wsp) +0t
<:F \/(3+2(UBD)(4+3(UBD) + HOE )
For Hy = 0, it is easy to observe that the de Sitter Universe,
V1 1
11‘111(t) — 7 + VO( +WBD) (45)

V(3 +2wpp) (4 4 3wpp)

is recovered. However, for Hy # 0 and for large values of t, the de Sitter universe is the
asymptotic solution.
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In general, for &1, # 0, the Hubble function is derived to be

Vv1+V 1 H
H(t) = + ToT + ZQtO exp(Qt).  (46)
\/(3+2WBD)(4+3WBD) (che —|—(I)2) Dqe + dy

Easily, we observe that the w,s(t) for the latter solution for large values of ¢ asymp-
totically reaches the value w, ff(t) — —1; thus, the de Sitter Universe is an asymptotic
solution for the dynamical system.

4.2. Model B
For the second model of our analysis, that is, for (x,A) = (x,2x), k = 3(322‘03[) ) + i,
the normal coordinates are (4, E, ), in which
6
== ¢ﬂ 3(3+2wpp )+3 . (47)

In the new variables, the point-like Lagrangian is

C(Q,Q,E,E,lp,lp) —a 3+\/3 3+2wBD <\/3 3+2WBD)'E— WBD

':2>

[I]\ 2

2
1 3+4/3(3+2wpp) . 3+4/3(3+2wpp)
- 555572 PP+VeE— T . (48)
Hence, the field equations are

. 1 3+4/3(3+2wpp) 3+4/3(3+2wpp)
) (\/3 (3 + 2wpp )i% — “’ZBDZ:Z> - EFgaiBD PrveE T =0, (49)
_ \V/30G+2wpp) — 3+ wBD( 3(3 + 2wpp) — 2) 2 -
= 2(3 +2wgp) B’ 0)

a2
a

Vo(V3+v3+2wpp) |~ Aoy 5 Y20 2m0) 2 /351 3wg0)
3 2wmD = © 3+4/3(3+2wsp)
27(,/ 3 2wpD) f+wBD(f(33+wBD +18\/m))

(3+2wBD <3+\/ 3+2(UBD )
n wBD (\/3(3+WBD)+ (3+2wBD)) . (5)2

3
4(3+ZCUBD) 2

[I]\ [!]

(51)

From the second-order differential Equation (50), we derive the conservation law

/36 205p) -3+wpp (/301 205p) -2)
\E 2(3+2wBD) E = Tl (52)

which is a Noetherian conservation law related to the vector field X3, thatis, I; ~ I(X3).
Thus, for the scalar field 5, it follows that the closed-form solution is given by

2(3+2wpp)
E(t) Ho (3 + \/3(3 + ZCUBD) + wpp (2 + \/(3 + 2wBD)> t) 3+4/3(3+2wpp ) +wpp (2+\/3(3+2wBD)) ' (53)

Finally, for the scalar factor, we determine the exact solution

5+4wpp+4/3(3+2wpp)

a(t) =t (4+3wpp) . (54)
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3(3+2wpp)

2(3+ 2w __vebHesp)
= (73’32 13 4+ 9wpp + 1/3(3 +2wpp) &, z . (55)
(4+3CUBD)

Consequently, the Hubble function and the effective equation of state parameter

are derived
5+ 4wpp + /3 3+2wBD l
H(t
( ) (4+3CUBD) (56)
22(4+3CUBD)

3(5+4wBD+¢m)

Therefore, the exact solution describes an accelerated Universe when

_7(\F +17) < wpp < gp- (f 188). (58)

weff(t) =-1+4+ (57)

841

5. Conclusions

The Noether symmetry analysis is a powerful method for the study of nonlinear
dynamical systems with a variational principle. The symmetry analysis has been widely
applied in gravitational systems for the construction of conservation laws and the study of
various cosmological models.

In this study, we applied the Noether symmetry analysis in order to study the nonlinear
field equations for a two-scalar field cosmological model in a spatially flat FLRW geometry.
The gravitational theory is defined in the Jordan frame, where one of the scalar fields is
the Brans-Dicke field, and the second scalar field is minimally coupled to gravity but
non-minimally to the Brans—Dicke field. This specific model has been proposed before as
the analog in the Jordan frame for the Chiral model, which generates the hyperinflation.

The cosmological model possesses three arbitrary parameters, namely the (wpp, &, A).
From the application of Noether’s theorem, it was found that for specific sets of the variables
(k(wpp), AMwpp)), the field equations admit additional conservation laws such that the
field equations constitute a super-integrable dynamical system. For these cases, with the
use of the normal coordinates, we were able to simplify the field equations and write the
closed-form and exact solutions. The analysis of the solutions gives constraints for the free
parameter, wpp, such that the hyperbolic inflationary solution is recovered.

In future work, we plan to investigate further these super-integrable models, and in
particular, we plan to solve the Wheeler-DeWitt equation of quantum cosmology and
compare the semiclassical limit in the Jordan and Einstein frames.
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