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Abstract In the present article we study the cosmological
evolution of a two-scalar field gravitational theory defined in
the Jordan frame. Specifically, we assume one of the scalar
fields to be minimally coupled to gravity, while the second
field which is the Brans-Dicke scalar field is nonminimally
coupled to gravity and also coupled to the other scalar field.
In the Einstein frame this theory reduces to a two-scalar field
theory where the two fields can interact only in the potential
term, which means that the quintom theory is recovered. The
cosmological evolution is studied by analyzing the equilib-
rium points of the field equations in the Jordan frame. We
find that the theory can describe the cosmological evolution
in large scales, while inflationary solutions are also provided.

1 Introduction

Observational data since last 20 years [1-7] have consis-
tently reported that our universe is currently passing through
a phase of accelerating expansion. This has been one of the
mysterious discoveries of modern cosmology that thrilled
the entire scientific community with a big question mark.
Within the paradigm of standard cosmology, it is impossi-
ble to fit such accelerating phase since it demands some-
thing more in terms of some exotic component having neg-
ative pressure enabling the expansion of the universe in an
accelerating manner. Usually two distinct but well known
approaches are used to introduce such exotic components.
Both the approaches essentially need the introduction of new
terms in terms of the new degrees of freedom into the Ein-
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stein’s field equations. The simplest approach to introduce
such new terms is the modifications of the matter distribu-
tion of the universe within the context of Einstein gravity,
and these new exotic components are usually dubbed as dark
energy (DE) fluids [8§—17]. Alternatively, one could introduce
such new additional terms through the modifications of the
Einstein-Hilbert action [18-29]. The resulting exotic terms
coming from the gravity modifications are usually designated
as the geometrical dark energy (GDE) fluids. According to
latest observational estimations [7], the percentage of such
exotic dark energy or geometrical dark energy fluids what-
ever the universe has within it, is around 68% of its total
energy budget. Hence, the investigations towards this direc-
tion is an essential part of modern cosmological research and
we still are looking for an actual cosmological theory fitting
the observational results.

The theory of scalar fields have played a significant role in
the two different approaches proposed by the cosmologists.
When scalar fields are introduced in the gravitational action
integral, they provide new degrees of freedom which drives
the dynamics of the field equations in a way to explain the
observable phenomena and the cosmological history [30].
Scalar fields can be minimally or nonminimally coupled to
gravity. When the scalar fields are introduced in such a way
where they are minimally coupled to gravity, then we are
in Einstein’s General Relativity, where the contribution of
the scalar fields is on the energy momentum tensor. The
most common known minimally coupled scalar fields are,
for instance, the quintessence, phantom, quintom and Chiral
cosmological models [8,31-40].

Alternatively, scalar fields can be introduced in the gravi-
tational action such that they nonminimally couple to gravity.
In these models, the contribution of the scalar field in the field
equations includes the terms which correspond to the energy
momentum tensor, and in addition, dynamical terms of geo-
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metric origin. In these models, usually, the gravitational con-
stant k, is not a constant anywhere, rather it becomes vari-
able. A nonminimally coupled scalar field was introduced
by Carl H. Brans and Robert H. Dicke to provide a gravi-
tational theory which satisfies the Machian Principle [20].
Brans-Dicke theory is a special case of the so called scalar-
tensor theory [41]. A main characteristic of the Brans-Dicke
field is the parameter @ known as the Brans-Dicke param-
eter. Indeed, for small values of w the contribution of the
scalar field in the dynamics of the field equations is signif-
icant, while on the other hand, when w is large, the main
contribution in the dynamics is followed by the tensor part.
Someone would expect that as w reaches infinity, the theory
of General Relativity will be recovered, however, that is not
true, which means that General Relativity and Brans-Dicke
gravity are fundamentally different theories [42]. Other well-
known nonminimally coupled models are the Galileon and
the Hordenski theories [43—48].

The nonminimally coupled scalar fields can describe mod-
ified theories of gravity by attributing new degrees of free-
dom in terms of geometric invariants which are introduced
to modify the Einstein-Hilbert gravitational action. Indeed,
the fourth-order f (R)-gravity is dynamical and physically
equivalent to the Brans-Dicke theory in the limit where w
is zero, such that Brans-Dicke theory reduces to O’Hanlon
gravity [49]. For more details in this direction we refer the
reader to [50-54] and the references therein.

As we discussed, Brans-Dicke theory is a different theory
compared to Einstein’s General Relativity, however, there
is a mathematical connection between these two theories.
Indeed, the two theories are conformally equivalent [41,55,
56]. The latter equivalency is a mathematical equivalence
between the Jordan and the Einstein frame in the solution
space of the field equations while in general the physical
properties of the solutions do not remain invariant under the
conformal transformation. For instance, a singular universe
in the Einstein frame, under a conformal transformation can
become a non-singular universe in the Jordan frame which
is described by a scalar tensor theory. There is a plethora
of studies where the physical quantities have been studied
between the Einstein and the Jordan frame for various exact
solutions [56-59]. In addition, the question of which is the
preferred frame is still unanswered [60].

In this work we considered a two-scalar field cosmological
model where one of the fields is the Brans-Dicke field which
is nonminimally coupled to gravity, and the second scalar
field is minimally coupled to gravity. The model of our con-
sideration has the Action Integral of the Brans-Dicke Action
where the Brans-Dicke field is coupled to the Lagrangian
of the quintessence scalar field. Consequently, the two fields
interact in the kinetic and in the potential parts. Such a model
was investigated before in [61]. Specifically, in [61] the inte-
grability of the cosmological model was investigated and
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some exact solutions were determined. While our model is
defined in the Jordan frame, when we perform a conformal
transformation in order to pass to the Einstein frame, we end
up with a two-scalar field theory which includes the quintom
cosmological model.

Here we study the cosmological evolution of this spe-
cific cosmological model in the Jordan frame by investi-
gating the stability of the equilibrium points. For the back-
ground space we assume this to be described by the spa-
tially flat Friedmann-Lemaitre-Robertson-Walker (FLRW)
universe. Under this minimal assumption we shall be able
to understand the physical evolution of the universe as it
is provided by the field equations and also we will be able
to discuss the viability of the cosmological model. Such an
analysis has been applied in various cosmological theories
with many interesting results [62—76]. Any equilibrium point,
also known as stationary or critical point, describes a specific
phase, i.e., an exact solution, in the evolution of the generic
solution. The stability of the critical point indicates the sta-
bility of the solution, from where we can draw conclusions
for the cosmological evolution.

The plan of the paper is follows. In Sect. 2, we present
the cosmological model of our consideration. We derive the
field equations and we discuss the mathematical relation
of the theory between the Jordan and the Einstein frame,
where we show that our model is equivalent with a two-
scalar field theory, such is the quintom cosmology, in the
Einstein frame. In Sect. 3, we write the field equations in
dimensionless variables by using the H-normalization. We
end with a five-dimensional algebraic-differential dynamical
system. Section 4, includes the main analysis of our work,
where we investigate the critical points and their stabilities
for the model under consideration in the vacuum case, and in
presence of an additional dust fluid source. The scalar field
potentials have been selected in order to reduce the number
of equations of the dimensionless system under study. How-
ever, such selection can also be seen as the limit for other
potential forms too. Finally, in Sect. 5, we summarize our
results with the main findings.

2 Cosmological model

The gravitation model of our consideration is described by
the following Action Integral

R 1
S = fdx4\/—_g |:¢ <E - Eglwl/f;;ﬂﬂ;v + V (9, W))

1
——fg%;m;u} : )

which actually describes a two-scalar field cosmology
defined in the Jordan frame. More specifically, the scalar field
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¢ (x*) is the Brans-Dicke field with @ # %, which is non-
minimally coupled to gravity and to the second scalar field
Y (x*) as well, while the second scalar field i (x*) is min-
imally coupled to gravity. The limit w = % corresponds to a
special case where the Brans-Dicke field does not introduce
any real degree of freedom and can be neglected by a scale
transformation in the metric g, . Therefore, in the following
we shall assume that w # %

An equivalent way to write the Action Integral (1) is by
using the Lagrange function for the quintessence, that means,

S = fdx4\/—_g |:¢LQ (R? w’ w?ﬂ)

low
TG
268 ¢>M¢>;u+W(¢,¢)] @)

where Lo (R, v, . M) is the Lagrangian function for the
minimally coupled scalar field theory, that is,

R 1

Lo = 5 ngw;uw;v -
and W (¢ (x"), ¥ (x*)) = V(@ (x"), ¥ (")) + ¢ (x*)
V (¢ (x*)) . Consequently, when ¢ (x*) = ¢y, the gravi-
tational Action Integral (1) reduces to that of a minimally
coupled scalar field model.

From (1), one can obtain the gravitational field equations
by varying this action with respect to the metric tensor g,
as follows [61]

V), 3)

(bG/w = % (¢ M¢v - guvg ¢K¢ A)
- (g,uvg D — ¢;M¢;v) — 8wV (¢, V)
1
+¢ (W w¥ — _g;wg w 1/’)») “4)

while the variation of (1) with respect to ¢ (x*), and ¢ (x*)
respectively provide with the equations of motion of the two
fields as follows,

K 1 v ¢ vV
8 A¢ Kh ggﬂ ¢, u¢;v + %gu I/f;u‘ib;v
0]
— (R—2Vy) =0, 5
g (R=2V0) 5)
1
g+ ag‘”d);w;u +Vy =0 (6)

Itis important to mention here that while someone will expect
that for ¢., = 0, the limit of General Relativity with a min-
imally coupled scalar field will be recovered, but that is not
true, because of the constraint equation (5) which becomes
R —2V 4, =0.

In order to find an equivalent theory to (1) in the Ein-
stein frame, we consider the conformal transformation g, =
¢&uv, that is, for a four-dimensional manifold, the Ricci

scalar R becomes [77]
R=¢"R—6p¢,,3"" (@)

Replacing (7) and integrating by pats we end up with the
gravitational Action Integral

) o1
5 fdx4JTg [— — B
LU @) — "“<b s } ®)

where the new scalar field, ® (x*), is a functional form of
¢ (x*), thatis, ® = ® (¢ (x*)), and specifically, ® (x#) ~
¢ (x*), while the new scalar field potential U (® (¢) , ) is
defined as U (¢, ) =~ ¢ 2V (¢, ¥) . Consequently, either
if we select V (¢, ) = V (¥) in the Einstein frame, the two
scalar fields interact. Therefore, when U (¢, ) = V (¥),
the Action Integral describes a two-scalar field minimally
coupled cosmological model, and such model has been stud-
ied earlier in the literature [78].

Moreover, if in the Jordan frame, we select V (¢, ) =
¢2F () + Z (¢), then in the Einstein frame it follows that
the two scalar fields are not interacting neither in the kinetic
terms nor in the potential terms. In addition, in the latter
scenario, by doing the change ¥ (x**) = i (x**), the Action
integral (8) takes the form of the quintom theory [68,79].

For the background geometry of our universe we assume
that in the large scales it is well described by the spa-
tially flat Friedmann—Lemaitre—Robertson—Walker (FLRW)
spacetime characterized by the following line element

ds? = —N?* (1) dt* + a* (1) (a’x2 +dy* + dzz) : )

where N (¢) is the lapse function and a (¢) is the expansion
scale factor of the universe, i.e. the Hubble function of this
universe is defined as H (t) = %% In the following we
assume the co-moving observer u" = %8;‘, uhu, = —1.

For the line element (9), the gravitational field equations
(4), (5) and (6) can be expressed as [61]

6pH® + 6Hp + gq'bz ¢ +2V (b, ) = 0. (10)
. 5 wd? 1
20H +3¢H> +2H¢ — 30 —¢n/f +¢
+V($.¥) =0, (1)
- o 1, o> ¢
3H + 6H? +3wH— — — —-(-—2-)
+ + 3w n Iﬂ ¢2 "
+ Vg (9. 9¥) =0, (12)
oV + (BHP + @) ¥ + V.y (¢, ) =0. (13)

where without any loss of generality we selected N (f) =
1, while additionally, we assumed that the two scalar fields
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¢ (x*), ¥ (xV) inherit the symmetries of the spacetime, that
means, ¢ (x*) = ¢ (t) and ¥ (x*) = ¥ ().

Let us note that Eq. (10) is the constraint equation, while
Egs. (11), (12) and (13) are the second-order differential
equations describing the dynamics of the universe for the
two scalar fields ¢ (), ¥ (¢) and the scale factor a ().

Now, in presence of an additional matter source, and more
specifically, in the presence of a dust fluid term minimally
coupled to the Brans-Dicke field ¢ (x**) in the gravitational
model, the field equations (11), (12), (13) will remain same,
except the constraint equation (10) which becomes

6pH> + 6Ho + gq‘sz YR+ 2V (. Y) =20m.  (14)

while the continuity equation for the dust fluid is p, +
3Hp,, = 0, from where it follows that, p,, = pmoa_3, where
Pm0 18 an integration constant physically which represents the
energy density of the dust fluid at current epoch. We inves-
tigate first the vacuum case (£2,, = 0), and after that we
investigate the matter case.

The gravitational field equations for this particular cosmo-
logical model are described by a point-like Lagrangian, how-
ever, such an analysis is not necessary in the present work.
The purpose of this work is to study the dynamical evolu-
tion for this cosmological model. In [61], the specific forms
of the scalar field potential were determined such that the
field equations admit linear and quadratic conservation laws
in the momentum and they are integrable. In addition, exact
solutions of special interests, such that the singular solution
a (t) = apt? and the de Sitter solution a (t) = age, were
determined in [61].

With the analysis of this work, we will be able to under-
stand the general behavior of the cosmological solution as
well as we will be also able to identify the attractors of the
cosmological model and to study the stability of the particular
solutions. At the same time, we will be able to investigate the
similarities and differences of two-scalar field gravitational
theories defined in the Einstein and Jordan frames.

Making the selection of the potential for the two scalar
field V (¢,¥) = V (¥) W (¢), we solve for the higher

dx —6x3(w — Dw + v6x2(6 — Tw) — 6x ((a) - Dy’ 4w+ puz — a)z) - x/g(y2 +2uz —3z+ 1)

derivatives (in presence of an additional matter source and
more specifically in presence of a dust fluid which is mini-
mally coupled to the Brans-Dicke field) and obtain the field
equations:

PO 2)H? wH¢ V)W ()
T 2w-3 Qw — 3)¢ 20 — 3
VW@ | @=DJ?  (@=Dod® o
(3 —2w)¢ 4o — 6 (4o — 6)p?’
G _6(w—DH$  3H’$  24)VI)W' (@)
o 20 — 3 3—2w 3—2w
3V W(9) w? Py
Tt w3 T 6—4w)¢  6—dw’ (16)
. W@V Y
v v p p (17)
om = —3Hpp, (18)

with first integral equation (14).

3 Dimensionless system

In this section we proceed by writing the field equations with
the use of dimensionless variables. In particular, we make use
of the H —normalization [80], which has been applied also in
Brans-Dicke theory [81-84] and in multi scalar field theories
[85-90]. As far as the scalar field potential is concerned, we
make the selection V (¢, ¥) =V () W (¢).

The new dimensionless variables are

__¢ Y YOV 19)
V6H¢ ' V6H 3p H>
or equivalently,
. s _ ¢ 2
$ = oxpH , = 6yH , V(w)_3zW(¢)H . (20)

In the new variables, the field equations can be expressed
as the following algebraic-differential first-order system

) 2D
dt 4w — 6
2 (VOL(3 = 2w) + 6y(w — 1)) — 6y(w — 1) (x (x0 +/6) +y> + 1
ol ) (s 8) £ 41)
dt 4 — 6
dz 2 (—6x2(w —Dw+ V6x(uQw — 3) — 4w + 3) — 6y*(w — 1)+ «/EAy(Za) —3)+6(w— uz + wz — 2))
. (23)

dt 20 -3
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in which the new variables A and u are defined as functions
of ¢

=WV @), . k=¢dW (@), . t=Ia),
(24)

while the constraint equation (14) becomes

Q= x (x0+V6) + 37 + 241, (25)

where €2, is the dimensionless density parameter of the dust
fluid source defined as 2,, = %, in which ,, € [0, 1].
We also have an extra evolution equation

Q, =Q,

|:—6x2(a) — Do +V/6x3 — 4o) — 6y*(w — 1) — 6z + 6wz — 3:|
2w —3 ’

(26)

As far as the variation of the new variables © and A is
concerned, we find that they should satisfy the following two
first-order ordinary differential equations, namely,

dp

= = Vexh(n), (27)

dt

di

- = Voyf (), (28)
T

in which

FO) =@ )= D32 hG) = p(C o p =+ 1),
VyuV -
L T =

L= (Vi) (We)*

(29)

Any critical point describes a specific universe where the
total equation of state is w;y; = —1 — %%, which can be be

expressed in terms of the dimensionless parameters as

—2xw (3x(w— 1 +«@) —6(w — 1)y? +62(w — ) — 3
6w —9 '

Wrot =

(30)

When w;,; # —1, the scale factor at the critical point is a
power-law function, while for w;,; = —1, the critical point
describes a de Sitter universe.

4 Cosmological evolution

In the following, we set V (/) = Voe*? and W (¢p) = WopH,
and we study the equilibrium points and analyze the stabil-
ity when €2, = 0 (vacuum case) and when 0 < ,, < 1
(matter case). For the specific functions of the two poten-
tials, variables w and A are constants, i.e. the right hand side
of equations (27), (28) are zero.

4.1 Vacuum case

In the vacuum case, namely for €2,, = 0, the algebraic equa-
tion (25) gives an additional restriction

x(xw+x/6)+y2+z+1=0, 31)

that can be used to remove one phase-space variable, say z.
Hence, we obtain the reduced system:

dx 3x3a)(,u—2w+1)+«/6x2(u(a)+3)_8w+3)+3x(3,u+y2(,u—2a)+1)—2w—3)+\/6(ﬂ—2)(y2+1)

T =

2w —3 ’

(32)

Consequently, the algebraic-differential system has dimen-

sion five, consisting of the first-order differential equations
(21), (22), (23), (28) and (27), while for specific forms of the
potentials V (1) and W (¢), it follows that, . = const and

ay (x (xa)+ %) Ty 4 1) <\/6k(2w —3) 4 6y — 20 + 1))

dt 40— 6

(33)

The total equation of state parameter now becomes,

Wrot =

6w —9

6,u(x (xw+%)+1)—2w(x (6xa)—3x+4«/5>+3>+6y2(u—2a)+1)—3

(34)

@ = const, which mean that the dimension of the dynami-
cal system can be reduced by one or by two dimensions. In
addition, for the vacuum case, i.e., 2, = 0, the algebraic
equation (25) can also be used to reduce the dimension of
the dynamical system by one dimension.

For the choices V () = Voe*® and W (¢p) = Wy, with
1 and A being constants, we study the Equilibrium points and
investigate the stability of the two-dimensional system (32),
(33).

@ Springer
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The (lines of) equilibrium points are the following:

1. A4 : The line
Xe (xca) + JE) 4+ 41=0, (35)

corresponding to the massless fields, exists for x, <

Morxc >0,0 <
xz

— —+/6x.—1
0,w < x—;

c

C
The eigenvalues are:

® y,>2,a)>“7+1,0r

332242 4+8u+10
(2) AGR,M<—%(X2+2),a)<2(‘;2—16’)H,or

332242 +8u+10
(h) )\ER,M>2,G)<W.

The critical point an unstable node for

1 332 =242 48u+10
@ reRu< —E()L2+2),% <w<
putl

5=, or

E <f6(u + 1xe = V6, /32 (= (e (e + V) + 1)) + (e + D (s + xc +2v/8) + 22 + Divey +2v/8hy + 6 + Vohy + 6>,

! (\/E(M + Dxe + 6,32 (— (xv (xca) + JE) + 1)) +(u+ Daxe (uxc Fxe+ 2«@) 201 4 Dxey 4+ 2460y + 6+ /Bhy + 6) }

where y = e\/—xc <x5w+ \/6) — 1, e = 1. In Fig.

1 we show the stability conditions of A4 for (a) w =
1, and for (b) @ = 0. For parameters in the red region
(upper and lower left graphs of Fig. 1) A is a source and
for parameters in the blue region (upper and lower right
graphs of Fig. 1) itis a sink.

Similarly, in Fig. 2 we present the stability conditions
of A_ for (a) w = 1, and for (b) @ = 0. For parameters in
the red region (upper and lower left graphs of Fig. 2) A_
is a source and for parameters in the blue region (upper
and lower right graphs of Fig. 2) it is a sink.

The total EoS parameter and the fractional matter den-
sity at the equilibrium points A4 are the following:

Wit (Ag) = 1 + 2\/gxc. They are accelerating solu-

tions (W;or < —%) for x, < — % w < %. For
~ = c

Xe = —\/g, it is a de Sitter solution (w;,;(A+) = —1).

It represents a decelerating solution for —\/g < Xe <

—+/6x.—1 —/6x.—1
x2

O,a)<x—2,0rxc>0,a)< . In par-

ticular, it mimics a dust solution (w;,;(A+) = 0) for

xe=—h/3.
2(u-2
.B:(x,y):( i0D  sau) )

C H=20F D Jo(u—2w+1)

2000 _ _
Eigenvalues are: {'\ Qo 3)2;;3(_(5&);‘}’)”6&) 5),
20209 _ _ . o
e 3);(“5(_%‘(03’)”6” 2) } The critical point is a stable
node for

(@) 20 —3 #0,u=2,0r
(b) M=—%(A2+2),(k2+6)(xz+4w)7so,or
© A eR, —L (A2 42) < p < 2,0 > F28ur10

2(x2+6)
or
(d) AGR,—%(A2+2) <p,<2,a)<“T+l,or
(e) AGR,M<—%(A2+2),w>“T'H,0r

@ Springer

O reR-I(A2+2) < p < 2,8 < 0 <
332 =242 48u+10
2(12+6)

31224248 +10 ptl
(C) )\'GR’M>2’W<0)<T'

, or

Otherwise the critical point is nonhyperbolic.
The total EoS parameter and the fractional matter density

at the equilibrium point B are the following: w;,; (B) =
22 Qo=3)+n2u=9)+6w+1
3(u—2w+1)

. Therefore, they represent solu-

tions dominated by the scalar field and they are acceler-
ating (wyr (B) < —%) for

Fig. 1 Stability of Ay for a @ = 1, and for b @ = 0. For parameters
in the red region (left graph of each panel) A, is a source and for
parameters in the blue region (right graph of each panel) it is a sink
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Fig. 2 Stability of A_ for a w = 1, and for b @ = 0. For parameters

in the red region (left graph of each panel) A_ is a source and for

parameters in the blue region (right graph of each panel) it is a sink

@ 20—3#0,u=20r
(b) n=

T(2-22), 2" +43 %0222+ 8w —8 # 0, or

2 2
(©) AGR,%(Z—A2)<M<2,w>w,0r

202 +4
(d) AER,%(Z—A2)<M<2 a)<“T"’1 or
(e)AeR,M<%(2—A2) >“T+l or
® u>20w> “T'H,or
30222 48u—2
(@ reR,u< %(2—)\2),a)< %,or
30222 +8u—2
(h) )\ER,M>2,0)<W.
In particular, we have a de Sitter solution (w;; (B) =

for

@ Ar=0u=1,w#1,o0r

®) 2=0,u=2,2w # 3, 0r

(c) w:%—("_z))\#,k2+2,u>2,u<2,or

(d) w:%—("_z))\#,)\2+2u<2,or
—2)(u—
(e)a):%——(“ ig“ D ou>o2.

The solution B represents decelerating solutions for

1 2\ 322—2u248u—2

2(1%+2)

<a)<“T+1,or

-1

25,2
(b) %(2_)‘2)<“<2’MT+1 <w<w,or

2(A2+2)
322202 +8u—2
2(12+2)

putl

©) u>2, << 5.

. Cr i (x,y) =

324+ (92w u—1

2073) it mimics a dust

In particular, for ® =
fluid (w0 (B) = 0).

\/g (u—2) \/ (1—%”’)«11—4)%6@—5)

T u—20+1° n—2w+1

Eigenvalues are:

0, 10—2(u—4) 1 —120++/22/B—=20) (1—2) 1 +-6w—3)
n—2w+1

Nonhyperbolic critical point with a 1D stable manifold
for:

@ A<0,p<—1—gu— SHu+1) <w < 2 or
() 2 <0, p>2,~§(u=5)u+1) <w<3or

© A > 0. < (=22 —2), RI2wa8uri0 )

2(12+6)
pt1
-, or
@ Ar > 0,5(—)»2—2) < u < —I,MT'H < w <
322 —2u%+8u+10 or
2(02+6)

@©@Ar>0-1<p<2,—-tu-5u+1) <o <
322 —2u%+8u+10
2(12+6)

322242 48u+10 3
—_— < =
® Ar>0,u>2, 2(2+6) <w 5.

, or

Nonhyperbolic critical point with a 1D unstable manifold
for:

(a)ka,,uf—l,“TH<a)§%,or
(b)ASO,—I<M<2,—%(/L—5)(M+1)<a)§%,
or
(C)A>O,u<—( 22—
322 —2u%4+8u+10
2(22+6)
(d)A>0,u<—( 22—
2
e un = 2( A _2)’
322 —2u%+8u+10
2(A2+6)
33224’ +8u+10
(0 p=3 (=27 =2). # = <w<3.or

@ 3(2=2)<pu=-L—gu=-5Hu+) <o <
ptl
=, or

(h) 3 (-2%-
or

: 31224248 +10 3
(l) —1<M<2,W<w§§,or

1 2_9,2
G 1>2 (=5 +1) << Flen

JEw-2 \/(1—27“)((M—4)u+6w—5)

-, y) =\~ n—2w+1°> n—2w+1

2), —s(u=Hu+D) <o <

,or
2),“TH<a)§%,or
—g(M—S)(M-I-l) < w <

, or

—1, 322242 +8u+10

3
2)</’“< 2(3246) <w=3,

Eigenvalues are:

0, 10-20— )~ 12020/ B=20) (=B i F6w—5)
n—2w+1

Nonhyperbolic critical point with a 1D stable manifold
for:
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25,2
@ A <0pu< %(—AZ—Z),M <w<

2(12+6)
putl
2 9
b r < O,%(—XZ—Z) < u < —I,MT'H < w <
322242 4+8u+10
2(32+6)

©Ar<0,-1<p<?2,
302242 4+8u+10
2(02+6)

33222 48u+10

© r=0,pu<—1L—fu=n+1 <o <,
O r=0p>2 —gu-p+D <o=3

@ A>0,p<3(=2*=2), (=5 u+) <o <

utl

— =+ <o <

3

2 9

(h) A>0,u=4%(-2%-
322 =242 +8u+10
2(22+6)

(i) » > 0,1 (=22

) <w<

MHAr>0pu>2—tu—5pu+) <w=<3.

2), —¢u=3u+) <w<

—2) <p < =1l —gu—5n+

Nonhyperbolic with a 1D unstable manifold for

(a)k<0,u<—(k—2)
332 =242 48u+10
2(22+6)

b) A <0, ,u<—( A2 =
© A<0,pu=73(-22-
322242 48u+10

—t =3+ <o <

ptl 3
2) >~ <wZ= 3,

2), =3+ <w<

2(22+6)
1 2 322 —2u%+8u+10
dr<0p=5(-2 —2),% <w <
3
z 1 1
@ <0,7(-2"=2) <p=—-L—5-5nu+

D<w< “T'H,
2 5,2
(B A<0, L (=22 33224481 +10

—2) <p=- 2(32+6)

2)
(u+naw—$(;%%7+x)

3
<a)§§’

322202 48u+10 3
(g)k<0,—1<u<2,—2(’12+6’)* <w<3,

i < O0p>2—¢t@p-55nu+D < o <
322242 48u+10
2(22+6)

i A= O,u<—1“—+1<a)<%,

() r=0-1<pu<2,—tu-5w+<ow<=<i,

k) A>0,pu <% (-22- 2),“—+1<a)<3

2 2
_ 2 322242 +8u+10
(l)k>0,u_§(—k —2),—2()@%) <w <
3
7’
(m) 2> 0.5 (-2 -2 <u=-L4 <wxi,

(n) A>O,—1<M<2,—%(,u—5)(,u+l)<a)§%.

The total EoS parameter and the fractional matter den-
sity at the equilibrium point Cy are the following:
Wi (Cx) = — %. They represent solutions dom-
inated by the scalar field and they are accelerating (i.e.,

Wior < —%) for

(a) u <2, “—H<a)<%,or
1
(b)u>2—<w<T.

In particular, for w = 6 + 6, it represents a de Sitter
solution. It is is decelerating for

(a) a)<%,u>2w—1,or
b) o> 3.1 <20—1.

For w = % — & it mimics a dust fluid.

4.1.1 Center manifold calculations

Now, we proceed to the center manifold calculation of C,
and C_.

a. The center manifold of C.: For the calculation of the
center manifold of C, we introduce the new variables

= , (36a)
V2B =20)(n —Hp + 6w —5) )
—f(,u + DxQw — 3) +2y/B —2w0)((t — Hu + 6w — 5) + 233 — 2a)) (36b)
2B = 2w)((u — Hp + 6w —5)
with inverse
_ _ — _ (1=2)(u+1)2w—-3)
- VIE =20 = B+ 60 = 5) (u — s UsDhaed ) -
(w+ 12w - 3) ’
. V3B =20) (1 — Dt + 6w — 5) + 3pu — 6uw + 3u + 3uv — 6vw + 3v (37b)

3(—u+2w—1)
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Then, we obtain the dynamical system

L 93 (u— 2w+ 1)1 6uzv(u—2w+1)+u<3v2(u—2w+l)+2\/§v\/(3—2a))((,u—4)/t+6a)—5)>

T (n+ D23 - 20)? 203 203 20— 3
(38a)
R 3(u— 2w+ 1)? (\/EA(Zw—?a)+2x/§x/(3—2w)((u—4),u+6w—5)> (s — 20+ 1)3
T 2(u + D23 — 2w)? (1t DG - 20)?
20, - - -
+u<6“ (4 — 20+ 1) +v<\@+2\/§¢(3 20) (1 — D+ 6w 5)))
20— 3 20— 3
. 303 — 20+ 1) 2 <\/§k+ 3336 = 20) (1 —4)u+6a)—5))
20 —73 2 20— 13
v (ﬁx¢(3 o) (L =B T 60 =3) — 2(u — D — 120 + 10)
n , (38b)

n—2w-+1

Hence, the center manifold is given by the graph (1, v) =
(u, h(u)), with h(0) = 0, A'(0) = 0, and satisfying the
equation

C(hw (—3(u £ D) () + 2u) + 60 (h(u) + 2u) — 233V =Cw = 3) (L = D) + 6w — 5)) 024t — 200+ 1)}
uh'(u) 2w —3 (n+ D23 —2w)?

3u2( — 20 + 1)? (6h(u)(,u — 20+ 1) + V6A2w — 3) + 2¢/3v/—Cw — 3) (1t — D + 60 — 5)) 3h (1 — 20 4 1)
- 20 + D23 — 20)2 + 2w-3

+hw)? (fk L 3V3VB = 20) (= Dp + 60 = 5))
2 20 —3

h(u) (ﬁAJ—(zw T (=D T 6w =35) — 2 — D — 120 + 10)
nw—2w+1
wh(u) (6/1(”)(“ 2w+ 1) + V62w — 3) + 23— = 3) (L = D ¥ 60 = 5))
20 —3

+

+ =0. (39)

Using the Taylor series expansion we propose the expansion
h(u) = auw’ +bud +cu* + 0 (u5> . 40)

Substituting this expansion into equation (39), and equating
the coefficients of the same powers of u, we obtain
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Fig. 3 Qualitative evolution in
the phase plane (u, v) given by

(38) for w = 1. The solid red
lines denote the implicit

function x (u) (x(u)a) + «/5) +

y(u, v)* + 1 =0, with x (u) and
y(u, v) defined by (37) for

o = 1, whereas the dashed black
lines represent the approximated
center manifold of C. Observe
the accuracy for small u

3V3(n — 20 + 1) (ﬁx(zw —3) 4+ 2B =20) (& =D + 60 = 5))

a =

. 9w — 2w+ D*
C 2k + D23 = 2w) 2 (k — Dy + 60w — 5)’

T2+ 123 —20)? (ﬁwa 20 (=B F 60 =5) — 2(u — D — 120 + 10) ’

(41a)

(41b)

V3 =20+ 1)° (—4Q2u + 5)(k + Do + 15(n + 1)? + 1207) (ﬁx(zw —3)+ 23 —20)(n — D + 6w — 5))

Cc =

8(t + 143 — 20)* (1t — 4 + 6w — 5) (ﬁwo 20 (=B F 6w =3) — 2(u — D — 120 + 10)

(41c)

The evolution equation on the center manifold is reduced to
u' = O(u®), which means that u is approximately constant
on the center manifold.

In Fig. 3 we show the qualitative evolution in the phase
plane (u, v) given by (38) for @ = 1. The solid red line in
each plot denotes the implicit function x (1) (x (u) + \/6> +

y(u, v)? 4+ 1 = 0, with x(«) and y(u, v) defined by (63) for
o = 1, whereas the dashed black lines in each plot represent

@ Springer

the approximated center manifold of C,.. In Fig. 4 we show
the qualitative evolution (u, v) given by (38) for @ = 0.
The solid red lines in each plot denote the implicit function
V6xu) + y(u, v)? + 1 = 0, with x(«) and y(u, v) defined
by (37) for w = 0, whereas the dashed black lines shown in
each plot represent the approximated center manifold of C .
Observe the accuracy for small .
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Fig. 4 Qualitative evolution in
the phase plane (u, v) given by

(38) for w = 0. The solid red
lines denote the implicit

function x (u) (x(u)a) + \/5) +

y(u, v)* + 1 =0, with x (u) and
y(u, v) defined by (37) for

o = 0, whereas the dashed black
lines represent the approximated
center manifold of C. Observe
the accuracy for small u

The numerical solutions suggest that the exact center man-
ifold of C_ is the line x (xa) n JE) +y2 41 =0, where
x, y are given by the inverse relations of (37).

Indeed, the two branches of this implicit equations are

VB -2w)((k—Hp + 6w —5)

Both are solutions of the equation (39). But the only one that
satisfies the tangential conditions at the origin, say #(0) =
0, /' (0) = 0, is (42b). The exact equation that dictates the
dynamics at the center manifold is u” = 0. It means that u is
constant at the center manifold.

+

h(u)=v=—u
V3 =20+ 1)
18 20 (3u? (1—20+ 1) (n—4H u+60—5)—(1+1)? Qo—3) (1—10) u+120—2)) T 24/3u+/B=20) (n—H) i+ 60—3) 13
nw—2w+1 (r+D2Qo—=3)(n—2w+1)2 n—2w+1
(42a)
V3
V3B —2w)(u —Hp + 6w —5)
h(u)=v=—-u—
V3 —20+1)
18 + 20(3u?(u—2w+1)% (=4 p+60—5)— (u+1)?Qw—3)(1—10) u+120—2)) + 2v/3u/B—=20) (1 —%) u+6w—5) +3
n—2w+1 (u+D2Q2o—3)(n—2w+1)2 n—2w+1 (42b)

V3
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b. The center manifold of C_: For the calculation of the
center manifold of C_, we introduce the new variables

20,
(1 + 12w —3) (\f;foff n x)

_ , (43a)
V2B =20) (= Hp + 60 = 3)
. V2 + DxQw — 3) + 2y B = 20) (1t — Dz + 6w — 5) + 232w — 3) 3)
B 2J/B —20)(0 = D + 60 =) '
with inverse
— _ _ (n=2)(p+1)2Qw—3)
o _ﬁ\/(S 20)(k = Dp + 6w = 3) (ﬁ(u—2w+1>¢(3—2w>(w—4m+6w—5> i ”) (44a)
(k+1DCw —3) ’
—V3B =20) (1t — B + 6w — 5) + 3pu — 6uw + 3u + 3uv — 6vw + 3v (44b)
N 3(—p+2w—1) '
Then, we obtain the dynamical system
3 —
L 9% =20+ 1)} prster)
(1 +1)23 - 2w)? L ﬁl* 3W3VE I (=D F 60 =3)
6utv(pn — 2w+ 1) N (3v2(u—2a)+1) 2 20— 3
u
20-3 20 -3 0 (V2B = 20) (2 = A+ 60— 3) +2(u — e+ 120 — 10)
230G = 20) (1 — Dt + 6w — 5) - w—2w+1 '
+ 30 , (45a) (45b)

2(u + 123~ 20)? tion

Hence, the center manifold is given by the graph (u, v) =

33 — 20 + 12 (V212w —3) =23 — 20) (1 — D)1 + 6w — 5) : i ofvi
o2 (_ b2+ 17 (V300 VG2 G = Hp 60 %) (u, h(u)), with h(0) = 0, ' (0) = 0, and satisfying the equa-

Qu(p — 2w + 1)3 6v2(u — 2w+ 1)
T+ 1)2(3—2a))2) ( 20— 3

- («/EA _ 2V3/B- 2w)2(:)u:34m T 60— 5)))
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o (h(u) <—3(M + D (h(u) + 2u) + 60 (h(u) + 2u) + 2+/3¢/=Qw — 3) (1t — Hp + 6w — 5)) 9% (n — 2w + 1)3
u u

2w —3

(w+ 13- 2w)2>

32 (1 — 20 + 1)2 (6h(u)(u 20+ 1)+ VEA2w — 3) — 24/3V=C0 = 3) (i =D F 6@ = 5))

2(n + D23 — 20)?

3 — — — —
NELORT 2‘”+1>+h(u)2(\@_3ﬁ*/(3 20) (1 =D+ 60 5))

2w —3

20 —3

hu) («/EA\/—(Za) T (i =D F 6@ =5 +2( — b+ 120 — 10)

nw—2w+1

+

wh(u) (6h(u)(u “ 20+ 1) + VErA2w — 3) — 24/3V=C0 —3)(t =D + 60 — 5))

=0 (46)

2w —3

Using the Taylor series we propose the expansion
h(u) = au® + bu® + cu* + 0 <u5> . (47)

Substituting this expansion in the equation (46), and equating
the coefficients of the same powers of u, to obtain

denote the implicit function x (u) (x (u) + \/8> +y@u, v)?+
1 = 0, with x(«) and y(u, v) defined by (44) for = 1. The
dashed black lines in Fig. 5 represent the approximated center
manifold of C_.InFig. 6, we present the qualitative evolution

33 — 20 + 1)° (ﬁA(Za) —3)—2J/B = 20)(t — D + 6w — 5))

a =

c =

- , (482)
2+ 123 — 2w)? (ﬁwe o) (=B T 60 =3) +2(u — D + 120 — 10)
4
) 9 — 2w+ 1) | (45b)
2w+ 123G = 20)*((n — D + 6w — 5)
9V3( — 20 + 1)° (ﬁk(Zw -3)—-2J/3 -20) (L —Hp + 6w — 5))
(48¢)

2+ 1D2Qw —3)3 (L — 4+ 6w — 5) (ﬁwe 2o (L =B T 60 —3) +2(u — D + 120 — 10) '

The evolution equation on the center manifold is reduced to
u'=0(u). (49)

In Fig. 5, we show the qualitative evolution in the phase
plane (u, v) given by (45) for @ = 1. The solid red lines

of (u, v) given by (45) for @ = 0. The solid red lines denote
the implicit function V6x u) + y(u, )2 4+ 1 = 0, with x(u)
and y(u, v) defined by (44) for w = 0, whereas the dashed
black lines represent the approximated center manifold of
C_. Let us observe the accuracy for small u.
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small u

Fig. 5 Qualitative evolution in _ 1 _ 1 _ 1 _ 3
the phase plane (u, v) given by H= 5 A= 3 H= 5 A= 2
(45) for w = 1. The solid red 1.5 : ‘ ‘ ‘
line denotes the implicit
function x (u) (x(u)a) + \/5) + 100
y(u, v)* + 1 =0, with x (u) and
y(u, v) defined by (44) for 0.5
w = 1, whereas the dashed ’
black lines represents the
approximated center manifold ~ 0.0¢
of C4. Observe the accuracy for
-0.5¢
-1.0}
-1.5
1.5
1.0~
0.5,
~ 00r
-0.5¢
-1.0}
-1.5 : : : : : - 1.5 : : : : : :
-0.6-04-02 00 02 04 0.6 -0.6-04-02 0.0 0.2 04 0.6
u u
There are two branches of C:
3-2w —dHu+6w—>5
v = hu) = _u+«/( (1w —Hp )
V3 =20+ 1)
2320’0 2(3—2w)? 36u%w? . 36u’w 6u? _ 24/3u/(B3=20) (u=Hp+60—3)
\/ —20tD)?  p2etl T GEee— ~ FhEe—3 T ¢ (2w73 2) W20t +3 00
s a
V3
3-2w —dHu+6w—>5
b ) e YO 200 =D )
V3w —2w+1)
232020 2(3-20w)? 36l  _ _ 36u’w 6u_ _ 5\ _ 2v3u/B20) (=4 pF6w=3)
\/ W—20tD)? ~ p2etl T Gr2ee—3 ~ @ihEe—3) T ¢ (Zw—3 2) p=2w+1 +3 (50b)
V3 ’
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Fig. 6 Qualitative evolution in
the phase plane (u, v) given by H
(45) for w = 0. The solid red '
line denotes the implicit

function x (u) (x(u)a) + «/5) +
y(u, v)* + 1 =0, with x (u) and
y(u, v) defined by (44) for

o = 0, whereas the dashed
black lines represents the

_ 1
=3 M=

=5 A=3

approximated center manifold =
of C4. Let us observe the
accuracy for small u

N

Both are solutions of the equation (46). But the only one that
satisfies the tangential conditions at the origin, say #(0) =
0, 4’ (0) = 0, is (50b). In this case the exact equation that
dictates the dynamics over the center manifold of C_ isu’ =
0. It means that u is constant at the center manifold.

4.2 Matter case

In this section we determine the equilibrium points of the
dimensionless dynamical system (21), (22), (23). For each
critical point P we calculate the physical quantities of the
solution, which are the equation of state parameter for the
effective fluid, i.e. w;,r (P), the energy density of the dust
fluid source, €2, (P). As far as concerns the quantity Q2 =
X (xw + \/6) + y? + z, this describes the effective energy
density for the two scalar fields. Recall that there is an inter-
action between the two scalar fields and the interaction in the
dynamical term is included in the variable z. Hence, there is
no unique definition of Qg and Q.

In order to avoid any selection of Q4 and €2y, which can
lead to false conclusion of the nature of the two scalar fields
at the equilibrium points, we choose to see the two-scalar
fields as an effective fluid. The only cases where a conclusion
for the nature of the scalar field can be done is, if at the
critical point P, one of the coordinates is zero, that means,
x(P)=0,o0ry(P)=0,0orz(P)=0.Whenx(P) =0,
by definition ¢ = const which means that the Brans-Dicke
field does not contribute to the physical state of the solution.
Moreover, when y (P) = 0, it follows ¢ = const, where
now the scalar field ¥ does not contribute in the evolution of
the universe. Finally, when z (P) = 0, then only the kinetic
parts of the two scalar fields, namely, ¢ and v contribute in
the cosmological evolution at the specific point.

Since 2,, > 0, therefore, from the restriction

Qm:x<xw+\/g>+y2+z+l (51)
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we have that the phase space is given by

{(x,y,z)6R3:0§x(xw+«/6)+y2+z+151}
(52)

In this example we study the equilibrium points and their
stability of the dimensional system (21), (22), (23).

4.2.1 Equilibrium points for v = 1

L. A]:l:3(X,y,Z)= (-xc":t\/_-xc (xc+\/6>_1a0>
Eigenvalues: {O, x/gxc + 3, \/E(u + Dx.+
«/Ee)»\/—xc (xc —|—«/6> —1 +6}, € ==+1.

A1+ is nonhyperbolic with a 2D stable manifold for
1443 V3-1

(a)xc=—7u 1Jrf,or
b)) r < 0,— J:/‘f<xc<—%,u>—
Xeo|— 2 (2ot t\fXCH) +xc++/6
Cxc ,or
) A > 0,—% < X < - %,M S

2(,2
J-EtE

Xe

A1 is nonhyperbolic with a 2D unstable manifold when

@ r < O,—\/g < X < —%JL <

2(x2 Xe
_Mﬂﬁﬁ
— xr , or
_ _ 31
® r > 0 7ok <
2(x2 Xe
( k(c+~/3 +1) rt B
— 31 JERVE]
©) x.= \/E”u<\f3—l'
A1_ is nonhyperbolic with a 2D stable manifold for
_ _1+43 V3-1
@ xe=—=7=u> 7. or
R .
( )LZ(XC-%—«/EXC-H) Y
, or
© r > 0,—HT‘K < X < = %,M >
. _MH +VE

Xe

Aj1_ is nonhyperbolic with a 2D unstable manifold for

@ Springer

2(n-2)
LAy (y) = (—ﬁ z

3 V3-1

0,—/5 < x < —%= <

(@ xr = 73k
( Az(x¢2+«/6x<+l))+ B

= , or

b)) A+ > 0,—\/§ < X < —%,IL <
2’( X
Xe )‘((“Z\/EL+1) c+f

— = , or

_ 31 1+43
(©) x. = Y5 < Wh

=l Jo(u—1)’
_A2—2<(u—4>u+1)>

6(u—1)2
. W22 48u-2 222’ 48u-2
Eigenvalues {— 2u—1) T 2=
2 0207, S
_}‘21’i+17“3} It is a sink for

@ p<—1,22<(u—-3)Qu—1),or

(b)) —1 <,u<2—\/§,)\2<2(,u2—4,u+1),0r
©) 1 <pu<3,or

@ w=>3,2>@u-3)2u—1.

It is a source for

(@ u<-1,22>2(u>—4pn+1),0r

(b) =1 <p<3,22>(—3)Qu—1),0r
(c) %<u<1,k220,0r

) p>2++30<22<2(u?-4p+1).

It is a saddle for

(@ pu<-1,(n=3)C2u—1) <A <2(u?—4pu+1),
or

) —l<pu<2-32u*—4u+1) <i? <(u-
3)Q2u — 1), or

© 2-V3<upn<%0=<r2<@-3)Q2u-1),o0r

(A 3<pu<24+30<r2<@-3QCu—-1),or

@ p=2++3,0<2x?< (f—l) (3+2J§),or

() 1 >243,2 (1 —4u+1) < 2> < (u=3)2u-
1).

) (L 243u-3 A A2—3(u—1)2>
A3~(x’y’Z)—< Vo(p—lp’ Vou-1" 6(u=% )’

Eigenvalues

A2—3(u—1)>2

[W’

223(u—1)>—/(A2=3(u—1)2) (A2 Bu—1)+u((59—16u)u—30)+3)
4(u—Dp ’

223(— 1)/ (A2-3(—1)2) (A2 (8 — D+ (59— 160) u—30)+3) }

4u—Dup
This point is physical, ie., 0

3(u—12(2u2=7u+3 +A4 5u24+13u—6
( ) § I < 1, and it sta-

ble, that is, all tﬁe elgenvalues have negative real parts
for
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@0 < p =< 0.0779056,3(n — 2 < 22 <
16;L 59;1 +30pn—3
—sT - Or

(b) 0.0779056 < p < 1,3(n — D? < 1?2 <
3 (5u2 + \/Mz (252 — 46 4 25) — 13 + 6), or

(©) 1 =3.10266, 1 =0,

(d) 1 =3.10266,0 < 22 < (u — 3)2u — 1), or

@ u > 3.10266, % < 32 < (u—

3)Q2u — 1), or
(f) 1> 3.10266, A% < 16“_59;7#

(9 0 < u < 00779056, WWE=E0=3 52 <
1 (S;LZ n \/Mz (2502 — 46y + 25) — 13+ 6), or

(h) 3 < p <3.10266, 22 < (u —3)2u — 1).

This point is physical, ie, 0 < Qi =

3(u—1)2(2 7+3+A4 5u*+13p—6
(u=1)*(2u? “ ) 2§ p2H13u—6)27 < 1,and it unsta-

ble, that is, all the elge;Ilealues have positive real parts for

or

(a) p = 0.240719, 22 = 1.10824, or

) u = 0.240719, 1 (5p2 = 13u +6) -
IV25u% —d6p3 +25u2 < A2 < 2% — T +3,
or

(c) 0.240719

IV/25u% — 463 + 2512

or

(d) 3 <u <0450783, 1% <

(e) p=0.450783, 1 =0, or

) w>1,3u>—6pu+3 <r?<
1/25u% — 463 + 2512, or

@0 < p < 0240719, 1 (5u%> - 130 +6) —
%\/25,u4 —46u3 +25u2 < A2 < 2u® — T + 3,
or

(h) 0240719 < p < 0.450783, 10230 430u=3
A <2u®—Tu+3,0r

(i) 0.450783 < pu < 1,22 <2u® —Tpu +3.

< mn =

3.1

<32 < 16u3—59u2+30u—3

—_ J— SM—I 9

1603 =592 +30u—3
Su—1

3 (5u> —13u+6)+

, Or

<

A4 are actually surfaces in the plane {x, y} (z = 0)
which describe a universe with the cosmological observ-
ables Q,,(A1+) = 0, w;oy = 1 + 2 xc A4 are real if
and only if —v/2 + J3 < Xe < —V2-— /3, that is, the
total equation of state parameter is bounded as —1 — %g <

Wror (A1) < —14 %i Therefore, they represent solutions
dominated by the scalar field and they are accelerating (i.e.,

wm,<—%)forxc<— 3,a)<%x”1 For x, — %

it is a de Sitter solution (wy(A+) = —1). It represents a

decelerating solution for —\/g <x<0,0 < %, or
2

xe > 0,0 < #. In particular, it mimics a dust solu-
tion (wspr(A+) = 0) for x, = —%\/g In the limits where

' f‘

ﬁeld 10} contrlbutes in the evolution of the universe.
Point A, exists only when i # 1 and it describes a uni-
verse with €2,, (A7) = 0 and wyor (A2) = —% (7 —2u+

—2), while for A = 0, the scalar field y» does not contribute

only the kinetic part of the Brans-Dicke

/AA—I
in the total matter component of the solution. The exact solu-
tion at the critical point describes a de Sitter universe when
A2 =7—9u+2u

Point A3 exists only when u # 1 and o # 0. In contrary

to the rest of the points, the energy density of the dust fluid

(A2=3(u-1) )(AZ—3+(7 2;0#)
n2(pu=1)"

Hence, the point is physically accepted when 0<Q,A3) <

1, and from the latter constraint it follows that for u = —1,

parameter A is constrained by

12— 2v6 <22 < 12 +26.

is nonzero, that is, 2,, (A3) =

When 1 < —1 and p > 0 we find

(5p—3) (0 —2) — V12 (25 + 1 (251 — 46))
<22 <6-2(7-2upu,
6(n—17 <22 <(5p—3)(n—2)
V2 (25 + 11 (251 — 46)),
while when —1 < p < 0, the parameter X take values in the
region
(5p —3) (1 — 2) — /112 (25 + p (251 — 46))
<22 <6(u—1)7°,
6-2(7T—2uwp=<22%<(pn—3)(n—2)
V112 (25 + (251 — 46)).
The latter regions are presented in Fig. 7.

As far as the equation of state is concerned for the effective
fluid derived to be

2
Wit (A3) = —% — m
—1 < wyyr (A3) < 1 when
w<-=1,06u-=3)(u-2)
—V/ 12 25+ 11 (251 — 46))
<22 <6-2(7—2uw)p, and A2 =3 (u — 1)

. From the latter it follows that

or

—1=<pu<0,Su=-3)(n-2)
—V 12 (254 11 (25 — 46))
<22 <6(u—1)7°

or
6(u—1)2 <222 <(Bp—3)(u-2)
V12 (25 + 1 (251 — 6))

or {1<u<3,A2=3(M—1)2}; {/L=3,)\,2=0,12}
or{u >3, 22<3—-T-2wp A2=3u-1*.

O<u<l,

@ Springer



184 Page 18 of 31

Eur. Phys. J. C (2020) 80:184

Existence of Point 45
10f ——— ‘ T —

P . . . . . M
0 20 40 60 80 100
)LZ

Fig. 7 Region plot in the space {X, i} where the critical point A3 is
physically accepted

For large values of w and for finite value of A2, wyor (A3)—
0, which means that the effective fluid mimics the dust fluid
source. On the other hand, point A3 describes a de Sitter uni-
verse when A2 = 3 (l - /,LZ) which can not be true for any
value of w in order {A, u} belongs to the region of values
where point A3 is physically accepted.

In Fig. 8 we present the contour-plots for the effective
equation of state parameters wy,; (A2) and w;,r (A3z) in the
region space of the variables {A, j}.

We continue our analysis by studying the stability condi-
tions of the critical points. As we shall see, one can easily
conclude about the stability of the equilibrium points Ay, A3,

Evolution of wtot(A)
5 [T T T T
0.3333
4 n
— 0
3l ~— -0.3333
= -0.8000
2 L
£ -0.9000

0.0 0.5 1.0 1.5 2.0

I -1.1000

while for points A4 the center manifold theorem should be
applied.
The eigenvalues of the linearized system around point Aj
are found to be
2 2
1 (Ag) = ex (Ag) = A2
2(u—1)
A —2u? 4+ T -3

e3(A3) = — ,
u—1

(53)

from where we infer that the point is stable when
{p=-122<@-32u-D}, or
{—1 <,u<2—\/§, 0 <2 <2(,u2—4,u+1)}, or
{1l <u<3,1eR},or
{n=322>@-32u-Dn}.

As far as the critical point A3 is concerned, the eigenvalues
of the linearized system are found to be

A2 =3(u—1)2
Apy =1 2W
)=
A —3u—-D2+JF, 0
ers (A3) = (n—1) f( M), (54)
4w —Dp
where
f o = (30 =1 =32) (32Bu - 1)
(59 — 160 — 30) +3) . (55)

Because of the nonlinear terms one can solve the stabil-
ity conditions Re (e1) < 0, Re (e2+) < 0 numerically. The
regions of values {A, u} where the point is an attractor are
presented in Fig. 9. In addition in Fig. 9 we show the regions
in the space {A, u} where point A, is stable. For point A3
we show also the regions where it is stable and satisfies the
condition 0 < €2, < 1 (physically acceptable). Combining
both conditions we obtain that A3 “exists” (0 < Q,, < 1)
and it is stable for

Evolution of wtot(Az)

0 2 4 6 8

Fig. 8 Qualitative evolution of the equation of state parameter w;,, at the equilibrium points A, (left graph) and A3 (right graph)
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Point A4, is stable

Point A5 is stable

Point A3 is stable and 0= Q =<1

107 ‘ ‘ ‘ ‘ q 10 i 107 :
6! i 6 6 } i
i L3 =,
0 1 0 of
20 -2 -2
-4 l h -4 ‘ vy
0 2 40 60 80 100 o 20 40 60 80 100 0 20 40 60 80 100
/12 12 AZ

Fig. 9 Region plots in the space of variables {A, 1} where the two points A, (left plot) and A3 (middle plot) are stable. In the right plot it is
superimposed to the stability region, the condition 0 < €2, < 1, where the critical point A3 is physically acceptable

{0<;L§O.0779056, 3 —1)2 < A2<
or
{0.0779056 <u<13u—-12 <<

1643 —59u%4+30u—3
8pu—1

2 (5r*+
\/pﬂ (2502 — 46 +25) — 13 + 6)} Lor{u = 3.10266,
A =0}, or

{,,L —3.10266,0 < 22 < (u — 3) (2 — 1)} . or

3.10266, —16“3‘5§MZT3°“‘3

{M>3 10266,0 < 22 <

{n>

<2< (,u—3)(2,u—1)],0r

16u —59u% 43013
- 8u—-1
< A2

=592 4+30u—3
- 8u—-1

\/pﬂ (25u% — 460 +25) — 13 + 6)} , or
{3 <m<3.10266,0 <2 < (u—3)2u— D)}

{o < 1t < 0.0779056, 1687 =597 +30u-3 <1 (52

a. Center manifold theorem for A1x: The parametric equa-
tion for A4 can be derived from

with eigenvalues
{0, V3cos@), ~/3Asin(@)
+v3(u + 1) cos(®) — 3 + 3} (59)

Due to the dynamics on the sets A+, which is essentially
two-dimensional, to study the dynamics over A4, we project
the flow on the plane (6, z), where the dynamics is given by

0" = zsec(6) (3(u — 1)sin(9) — ﬁx) , (60)
7=z («/EA sin(0) + v3(u + 1) cos(9)
+3(n—DR2z—-1). (61)

For the calculation of the center manifold of A4 we intro-
duce the new variables

2sec2(6,) (ﬁx —3u—1) sin(@c)>

2
3 1 u=60-6.+ ,
(x + \/;> + y2 =7 (56) V3(tan(@,) + 4+ 1) — 3(u — 1) sec(8,)
(62a)
from which we can define V=7, (62b)
2
\/>+—0059 y:%—siné. 57
The linearization matrix evaluated at A+ is then
V3cos(8) 3sin(®) —3<“‘1)°fj§<9>‘ﬁ“
3(u—=1)sin(@)—+/32
J=| 0 0 =n : (58)
0 0 —3u+ 3+ 1)cos@) + +/3rsin(®) + 3
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with inverse For which we have the trivial solution. Now, imposing the
compatibility conditions

_ V30 +u)(itan(@,) + o+ 1) — 3(u — 1) sec(8,) (B + u — vtan(d,)) — v/3rv sec?(6,)

0 (63a)
V3(tan(6.) + pu + 1) — 3(u — 1) sec(6,)
7 =v, (63b)
where we have used 6 = 6, to parametrize the system at an
specific point of A+ with coordinates 2
=——"+1, (68a)
32 V2 V3cos(6,) — 1
xX=—/=+4+—cosb,, y=—sinf, (64) .
2 3 ) e 6sin(6.) (68b)
Then, we obtain the dynamical system V3 —=3cos@,)’
vsec2(6,) (ﬁx —3(u-1) sin(GC)> (ﬁx Sin(0(u, v)) + V3w + 1) cos(@(u, v)) + 3(u — 1)(2v — 1))
u =
V3(tan®:) + pu+ 1) — 3(u — 1) sec(6,)
+ vsec(Ou, v)) (3(u — 1) sin(0(u, v) — \/5,\) : (652)
vV =0 («/§A sin(@(u, v)) + /3 + 1) cos(@(u, v))
+3(u—1H2v - 1)), (65b)
where
V30, +u)(Atan(,) + o+ 1) — 3( — 1) sec(8:) (B, + u — vtan(d,)) — v/3rv sec?(6,)
O0(u,v) = . (66)

V3(htan(@e) + p + 1) = 3(u — 1) sec(6e)

In the coordinates u, v, the eigensystem of the linearization =~ we can seek for another, non-trivial solution using Taylor
is - as expected - series

0 =343+ 1)cos(6,) + v/3Asin(6,) + 3 h(u) = au® + O (u3) . (69)
{1, 0} {0, 1} ;
withresultsona = Zl;- In the two cases the evolution equation

) o on the center manifold is reduced to
Hence, the center manifold is given by the graph (u, v) =

(u, h(u)), with h(0) = 0, A’ (0) = 0, and satisfying the equa-
tion

sec?(6,) (ﬁx “3u—1) sin(QC)) (f3/\ sin(0 G, (1)) + V3w + 1) cos(@ e, h(u))) + 6(e — D) — 3 + 3)
—n
( (u)< V3(Otan(@,) + 4+ 1) — 3(u — 1) sec(6,)
+ sec(0(u, h(u))) (3(u — 1) sin(6(u, h(w))) — ﬁx))

+ V3 sin(@(u, h(u))) + /3 + 1) cos(@ (u, h(u))) + 6(u — Dh(u) — 3u + 3)h(u) =0. 67)
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Fig. 10 Phase portrait of (65)
for different values of A, u ad 6,

’[1:—3, A:

A\

—_

V
(e

|

3 0=0 p=-3, A=4, 6.=0
,v/" 2 :’////7//
= |

|
—_

i

l_l:6’ A:

0 -1 1.0

6.=0

N\ A——<%
”/20(”3>’ (70) wtoz=é<—6y2+6uz+3), (72)

that means that u is constant at the invariant manifold.
In Figs. 10 and 11 we present some orbits of the phase
portraits of (65) for different values of A, i ad 6,.

4.2.2 Equilibrium points for v = 0

The case w = 0 is of special interest because the Brans-
Dicke field reduces to that of O’Hanlon theory [49]. The
latter theory is dynamically equivalent with the fourth-order
theory known as f (R)-gravity [50]. The dynamically equiv-
alent scenario can be found easily with the use of a Lagrange
multiplier, for more details we refer the reader to [50] and
references therein.
For w = 0, we evaluated the cosmological observables

Qp =V6x +y>+27+1, (71)

and discuss the stability conditions of the equilibrium points
of the dimensionless dynamical system (21), (22), (23), as
follows.

241
1. Bi: (x,y,2) = (—%, ymo)-

Eigenvalues: {0, 2—y3, —(n+ 1)y§+\/6)\yc—u + 5}.
Nonhyperbolic with a 2D stable manifold for

)
(@ reR, yo < =2, > —y"ﬁ;}/f?yﬁs, or

2
(b)AER,yc>\/§,M>%_

Nonhyperbolic with a 2D unstable manifold for A €

—y2+/6Ayc+5
R,—\/i<yc<\/§,/,l,<yLyT1}.

The cosmological observables are Qu(By) = 0, and
Wror(B1) = % (1 — 2y3,). That means the solution corre-
sponds to a scalar field dominated universe, that is accel-
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Fig. 11 Phase portrait of (65)
for different values of A, u ad 6,

—_
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> //
1,/7 1///:'

¥.
L]
|
l
|
i
W
K’

-2 : ‘ ‘ :
-10  -05 00 0.5 1.0 -0 =05 00 0.5 1.0
u u
erating for yC2 > 1. In particular, it is a de Sitter solution (Q n> JT (7 + /73) YRS % (2M2 T — 3)'

for y. = +4/2.Itis decelerating for yc2 < 1. In particular,

. . It is a source for
it mimics a dust solution for y, = + ‘/i.

' \/]L 2) fx 302 +4p+4) @ pu<-722>3u=-5%+10,or
2By =\ = e L Taganr ) ) =T <p<—1,22>1(2u2=7u—3),0r
© w>521%<3(u—=35u+0.

2 2

Eigenvalues: — Ay n—>5, — A w—>=5,

20ut1) 2utl) The cosmological observables are 2,,(B;) = 0, and
2 — 3()‘2:++1) } It is a sink for Wior(B2) = %H_gm_l That is, the solution corre-

sponds to a scalar field dominated universe, that is accel-
@ p=1_ (7 n «/73) A £0,or erating for
() =14 (7=V73). % #£0,0r () < —1, VI VUM
_ 102 < 20y —

(c) 1 T<pu<-—1,A" < 31(,u 5)(u+1),or ) —1 <y < 2 VA< —“/2“3_§SM+2,0I
(d) 2(7—\/73) <1u< Z<7—|—\/73),0r D= =
(e) u§—7,k2<§(2u2—7u—3),or ’ V3 ’

-1 L7 /73) .22 > L (2u? — 71 = 3), (d u=2-+3,x1<0,o0r
(f)Or </L<4( ) > 3 (21 m—3) © w=2—/33>0or

® 2—«/§<M<2+«/§,0r
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(g w=24++3,1<0,o0r
(h)y p=2+4++3,1>0,0r

() M>2+«/§,,\<——V2"2};‘“+2

) M>2+x/§,k>—*’2“i;38“+2.

, or

In particular, it is a de Sitter solution for

(@ pn#-1L1r= —\/§w2 —3u+2,0r
®) j#—1,%= @m
Is is decelerating for

(@ nu<-1,A< ——‘2‘{[_;%4_2

_ 20 —8u+2

®) u<-1,1r> 5
(c)—1<u<2—\/§,——‘2“i}38“+2<)\
V212 =8u+2

/3
202 —8u+2 212 =842
(d) u>2+«/_,—T <A<T.

, or
, or
<

, or

In particular, it mimics a dust solution for

@ £ —1,h = —YHTou

7 , Or
(b) o~ —1,0 = Y220,
V3
) _ 2243u—3 . A(p+3)
. B3 . (-xv Y, Z) - (\/6()»2/1«2+M) ’ \/E()LZ*MZ‘FM) ’

(42 =3(u=1?) (u+3)
602—2+p)* )

3(u=1%=422  1222-9(u—1)>+35;
2(A2—p?+p)”’ 12(A2—p2+p)

Eigenvalues: {
—12)249(u—1)2+8

12(A2—p2+u) ’
where s, :\/i\/f (422 =3(1—1)?) (1222 A+5)+ 1 (17— 162) p+174) +81).
It is a sink for

1603 —17u%—174p—81
@ n <=7, 241160

+3), or
) -3 < u < —3,:0Bur-6n+3) < A2 <
1603 —17u2—174—81
24460 ’

(© —3 <p<—2.48926,% > 1 (3u%>—6p+3),0r
(d) A% > 9.13121, u = —2.48926, or

(e) —2.48926 < nu < —0.501725, A2 <
163 —17u%—174p1—81 or
241460 ’

(f) —2.48926 < pu < —0.501725,22 > 3 (3% — 6
+3), or

(g) A% > 1.69138, u = —0.501725, or

(h) —0.501725 < < 1,22 > 2 (3% — 6p +3), or

() 1 <p <4.05349, 22 > u? — p, or

() A% > 12.3773, u = 4.05349, or

163 —17p%2—174—81
(k) p > 4.05349, 22 < 10— TSl o

<1< %(3@2—6/x

() p > 4.05349, 22 > pu? — p, or
(m) © < -7, % (2;1,2 —Tu — 3) < A2

- 163 =172 —174p—81
241460

M —3<p<-3,0<2><p’—por

1603 —17u%—174u—81
24460

(p) —3 <@ <—248926,0 <> < pu’®—p,or
(@ 0 < A2 < 8.68569, u = —2.48926, or
3_ 2_ _
(r) —2.48926 < p < —1, 1= fHn=Sl 32 o
u? — . or
3_ 2_ _
() =1 < u < —0.501725, 1=t =S8l ;2 -
Teu?=Tu-3),0r
(®) 0 <22 <0.33851, u = —0.501725, or
W —0.501725 < u < 4 (7 — \/73) A2
1(u?—7Tu—-3),0r
1 (7 + ~/73) < u < 405349,0 < 22 <
T@eu?—7Tu—-3),0r
(w) 0 < A2 < 0.495701, ju = 4.05349, or
3 2
() p > 405349, 10—l tBISL o 52 <
% (2u? —7n —3), or
(y) A =0, u € {—2.48926, —0.501725, 4.05349}.

, or

(0) —3<M<—§,A2> , or

A

(v)

It is a source for

@ -7 < u < —3,%(3,u2—6,u+3) < A <
% (2/,L2 —Tu — 3), or

b B3<u< —l,uz—u<A2 < %(2M2—7N«—3)»
or

© n>130Bu—6p+3)<r?<p?—pu

The cosmological observables are £2,,(B3)

(422 =3(u—1)%) (32%+(7—2p) u+3)

6(22—12+p)?
A2 43u-3
3(A2—p?+p)

@ A <-2v32-V2 2+ 1 <p<i— VA2 +1,

or

(b) A< —2V3, 3VaZ+ 1+ 3 <pu < V222 +1+2,
or

(©) —2ﬁ§k§2ﬁ,%—%M<u<2—
V202 +1, 0r

d —2v3 < 2 < 23,3V +1+1 < <
V2)2 £ 142, 0r

(e)k>2\/§,2—\/2)»2+1<u<%—% 422 4+ 1, or

O A>2V3,3VHZ+ 1+ <p<V222+1+2

In particular, it is a de Sitter solution for

, and  wyy (B3) =

. That means, the solution is accelerating for

(a) x2+3u—3¢o,u=§(3—2ﬁx>,or
(b) )2+3;L—3;Ao,u=§(2«/§x+3).

It is decelerating for

@ Springer



184 Page 24 of 31

Eur. Phys. J. C (2020) 80:184

(@) A< =23, 0 <2—+222+1,0r
(b) A < =23, 3 -3IVAZ+1 < p < IV + 141,

or

(€) A < =23, u>~222+1+2,0r

d) —2v3=<r=<2V3,u<3—3V4Z+ 1 or

(e) —2V3 < A o< 2V3,2 - V22241 < n <
%\/m—i-%,or

) —2\/§§k§2«/§,u>«/2k2+1+2,or

(g A>2V3, 1 <2—+2)2+1,0r

(h))»>2\/§,%—% 4)»2+1<//,<%\/4A2+1+%,

or
() A>2V3,u>V222+1+2.

In particular, it mimics a dust solution for e = 1 (3—12) ,
A (A —=12) £0.

expression with that of Aj+. In the case where \/Exc = -1
where only the field ¢ contributes to the evolution of the
universe, we find that w;,; (B1+) |«/6xc—>—l = %, where the
critical point in which the f (R)-gravity describes the radia-
tion era is recovered.

4.3 Center manifold of B

It is more convenient to use the parametrization B

(r.y.2) = (-2E,
x, rather than considering two branches Bi4, which provide
with only a local description of the model.

We choose yf # 2, in which the center manifold is one

dimensional. Next, we introduce the new variables

Ye, 0), which is solved globally for

__x/axyc_i_y(_ 4 _1)+ Ye
yet =2 yer =2 2 -2
SByez (A1) ye2—5 (y02+2)(7\/6)‘(M+(3M+2)YC273)+2(N+I)YC(M+IL}’C273)+6)‘2)’C>
N\ VOt (ut1)ye? =5)—6hye 2yL»(xfﬁ(u—S)(u—3)+«@u(u+l)yc4—6yc3(2ku+k)+«/6yc2(6/\2+u(2u—7)—3)—12Mﬂ—4)yc)
- ycz -2 '
(73)
V6xy, 4
1 : =32 >y ( 7, 2)

4. By:(x,y,2) = (76’ 0, O). Eigenvalues: {—2, =2, u + Yt —2 Yt —2

3}. Nonhyperbolic for u = -3, sink for p < -3, i YeZ i Ye — Yo (74)

saddle for u > —3. The cosmological observables are y2—=2  y2=2"

Qn(Bs) = 2, and wyor(B4) = . That means, it mim- ) = 7, (75)

ics a radiation dominated universe. But this point has no

physical meaning since it satisfies €2, > 1. with inverse

2 2
Points By : (x,y,2) = (—y‘—g, Ve 0) can also be writ- X = _ﬁuyc _ M
3 \/gJ’c

ten as Bj+ = (xc, +./—-1—- \/Exc, O), equivalently, points w (—M +(+ 1)ycz + 5)
A1+ for the case w = 0, describe surfaces a family of points J6 (M +(u+y2 — 5) — 6Ay,
in the surface y> = — (1 + \/Exc) in the plane {x, y}. The v+ 1

. . - , 76
points are real, when ~/6x. < —1. The energy density for the J6 (76)

dust fluid is found to be €2,, = 0, while the equation of state
for the effective fluid is w;y; (B1+) = 1 + %\/Exc, similar

(yc2 + 2) Ye 2yc3

61y2 — 24/6(1 + 1)yc>

=u+v+w-+
Y 2_y02

y2-2 [(yc2 -2) (\/6 (k+ (n+ Dy =5) = 6Ayc)

(v2+2) (—3k(u —3) + Vou(u + Dye® = 3038 +2)y2 + V6ye (332 + (1w — 3)(n + 1)))

(32 = 2) (VB = )1t = 3) + VoGt + Dyt = 653 @ige +2) + V632 (632 + 2 = 7) = 3) = 12 = 4

|

(77)
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Z=w. (78)

The resulting system, which can be written symbolically as

w =0u+ fi(u, v, w), (79)
V= Q2 =y A+ frlu, v, w), (80)
w' = (—(u + Dy + Vorye — p+ 5w + f3(u, v, w),
(81)
where f;’s (i = 1,2,3) are at least of second order in

(u, v, w). Hence the latter system has the following eigen-
system of the linearization

02—y —(u+Dy2+v6hye—pu+5
{1,0,0} {0, 1, 0} {0,0, 1}

That means, the center manifold of the origin is given
locally by the graph (u, v, w) = (u, h1(u), ha(u)), where

fau, by (), ho(u)) — hy () fi(u, hy(u),

ha(u)) = 0, h1(0) = 0, K} (0) = 0, (82)
f3(u, hy(u), ha(u)) — k() fi(u, hy(u),
ha(u)) = 0, h2(0) = 0, h5(0) = 0. (83)

Using the Taylor series we propose the expansion
hi(u) = a1u2 +b1u3 + c1u4 +d1u5 + 0 (u6) ,
ho(u) = agi® + byu® + cou® + dou® + O (u6> . (84)

Substituting this expansion in the above equations, and equat-
ing the coefficients of the same powers of «, we obtain

2 2
al - yc 25 bl == yc 27
2-y¢ (»2-2)
5yl
] = _ﬁ’
(yc _2)
14y4
dy = —2 (85)
(v -2)
a2:0, szO, 6‘220, d2=0. (86)

The evolution at the center manifold is 1/7). That is, u is
constant at the center manifold. In the invariant set w = 0,
the evolution equations in a neighborhood of a point of B
parametrized by y. can be simplified to

/ 2 2v
u=u|l—wu+v) —vy.+—|»,

w0 (el ) +uy? —20) &7
Ye

From the Fig. 12, we see that

v = hi(u)
_ VY2 =2 Auye + 32 =2 yeQu+ o) +2
. 2y, '
w = hy(u) :=0, (88)

is the exact solution for the center manifold, which has the
expansion up to fifth order given before (and they satisfy the
equations and the initial conditions in (84)). The equation on
the center manifold is #’ = 0. As before, u is constant at the
center manifold.

4.4 Comments on arbitrary w

For arbitrary o, we evaluated the cosmological observables

Qm=x<xa)+«/5>+y2+z+1, (89)

“2xw <3x(w “1+ JB) —6(w — Dy +62(w — 1) — 3

Wtot = >

6w —9
(90)

and discuss the stability conditions of the equilibrium points
of the dimensionless dynamical system (21), (22), (23), as
follows.

1. Ay (x,y,2) = (x¢, \/—xc (xca)—i— \/6) —1,0), with

eigenvalues

{0, V6x, +3, JEA\/—xc (wxc + \/6) — 1+

Vo(u + Dxe +61.
A1+ nonhyperbolic with a 2D stable manifold for

—/6x.—1 —/6x.—6
A< < _\/5 < c > c —
(a) — 09 xc 20 w — xg ’ l’l’ \/EXC
\/—wkzxg—«/gkzxc—kz or

x2 >
® A > 0,x. < -— %,a) < %,u >
2
—or2x2—V602x.—)2 | —\/bx.—6
xg \/axz‘ ’

It is nonhyperbolic with a 2D unstable manifold for

(a) A < O,—\/g < xe < 0,0 < &L o

= X2
—+/6x.—6 _ —wkzxg—\/gkzxc—kz or
V61, x2 ’
®xr < 0,x > 0w < %,M >
c
—w)\zxrz—«ég)uzxc—)uz + = 6)6576,0r
Xe \/axc
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Fig. 12 Qualitative evolution

in the phase plane (u, v) given
by (87) for w = 0. The solid red
lines denote the lines

—v =+ 7W whereas

the dashed black lines represent

the approximated center

manifold of Bj. Observe the

accuracy for small u. The N
solutions typically converge to

the unphysical point By

—+/6x.—1
dAr>0x >0 < === u >
(d) c = 2 n Jox.

\/ —w)2x2—/6)2x,—22

xz

2. A1— 0 (x,y,2) = (xc, —\/—xc (xca)—i— «/6) —1,0),

with eigenvalues

{0, \/gxc + 3, «/E(I,L + Dxe +6—

m\/_xc (wxe +/6) - 1}.

Aj_ nonhyperbolic with a 2D stable manifold for

@i < Ox < —Jio < 2oLy
c
7w)\2x627«ég)~2x67)»2 4= 6xc—6’ or
X \/axc

@ Springer

(C)A>O,—\/§<xc<0,w§ %,u<
c
—wkzxg—\/g)»zxc—)nz —4/6x.—6
5 , or
X \Exu
—Vbx.—6

u
_ /3 —/6x.—1 —/6x.—6
®) 1> 0,5 < =30 < 8=l > =S

x2

\/—wkzxg—\/g)\zxc—)»z

It is nonhyperbolic with a 2D unstable manifold for

@ A < o,—\/g < x < 00 < =l

= x2

\/ 22 (—w)x2 —/622x,—)2 n _xcx_ﬁ or
c

Xz

b A < 0,x > 0,0 < = f;f*l,u > e

\/ —wkzxg—\/gkzxc —A2 or

2 )
X

) r > O,—\/g < X < 0,0 < Ol o
_xc_\fﬁ_\/—wkzxg—\/g)uzxc—ﬂ or
Xe

2 ’
xZ

@xr > 0,x > 0o <

- X,

\'/_w)‘zxrz_‘/g)‘zxc_)L2 + 7x07\/6

x2 Xe
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Fig. 13 Stability of A3 when it
is a sink (left panel) and when it
is a source (right panel)

/
/
S/
/
S/
//
The cosmological observables are €2, (A1+) = 0, wyor = ) % (6 — )\2) <pu<2,ow< “T'H, or
1+ 2[ xc. Therefore, they represent solutions domi- @ t(6-2)<pu<20> %, or
nated by the scalar field and they are accelerating (i.e., _ 3
| o . h) p=20w# 2,20r .
Wior < —3) forxe < — 3,a) < T.Forxc— 5, () u>20< 32 —2u2 +7u43 o
itis a de Sitter solution (w;,; (A+) = —1). It represents a ) HZ(A +3)
. . 2 —/6x.—1 () n>20> 5
decelerating solution for —,/ 5 < x, < 0, ® < —5—,
3 X2
orx. > 0,0 < #. In particular, it mimics a dust The cosmological observables are €,,(A2) = 0,
c 2
Ay) = HQe=ITuCuI)+betl 1 orresponds to
solution Ay) =0)forx, = —4./3 Wit ( . 3u—2w+1) .
(wior (A£) = 0) for x = [ ANS a scalar field dominated universe. It is an accelerating
) _ =2 (-2 solution for
3. A2 . (X, Yy, Z) = ( n—2o+1° «/g(u—2w+l)’ 3
( , (a)AeR,,u<l,a)Z§,or
Qwo—3)(Qw—3)A242((n—4) pu+6w—5)) _ 3
- 6(n—2w+1)? , (b) 1 e ia nw=2%w> ;2;4-(1)1.
VS >2, 0> 55—, 0r
. . Q-3 241 Cu—T)+6w—3 © =2 7 >
with eigenvalues 20T , ) reRu>20< %(_Mz +dp—1),0r
Qw=3)2242((u—4) u+60— 5 Qo= A2 F2((u—4) pu+6w—5) 1 2
ST SGi—2arT) (e)keRu<1a)<§(—M +4M—1),OI'
It is a source for ) A eR, ,u—2 w<%or
(2) p,>2,a)= ( w +4p,—1) A >0, or
1 2 3)2 =24 +8u+10 +1 2
@ <3 (=22=2), T <o <t or M p<lo=1(—p>+4u—1),%>0o0r
(b)—§<u<—(6 2%), L < <%, () reR1<pu<20>3o0r
or L G u=>2,0= l( u2+4u—l)k<0,0r
(C)%(6—A2)§M<2,“TH<C¢)<W, (k)u<1a)— ( +4,u—1)k<0,or
or S esito 1 (1)Ae]R,1§,u<2,a)<“T+l,or
+8u+ +
(d)u>2%<w<%. mp > 2,5(-w2+4u—-1) < 0 < 3,1 >
—u24p—20—1
It is a sink for ﬁV 203 ot
mpu < Li(=l+4p-1) < 0 < L >

(a) u< %(—kz -2),0> "TH, or N e T s R
2 3)‘2_2/‘L2+7H’+3 203 ’

1 22
b) 3(-2-2)=p=-% o< 20243 o) u > 2,%(—u2+4u—1) < o < %,A <
)\2

1 2 322 24> +8u+10 [ 24—
(c) 7(—)\. —Z)SMS_T,CU>W,OI" _ﬁ ﬂ"‘zi)ﬂ_?’zw 1,01‘

2
(d) —%2<,u§ (6—k2) a)<“T+1 or P u < 1,%(—;},2+4u—1) <o < B ) <
@ —4% <u<

12 312—2;1.24-8/1«4-10 — 2 +4u—2w—1
(6 A ) » 0 > 202+6) —V2 5,3 > 0r

QN— =
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[ ap—20—1
@ n <1, —<a)<%,—\/§ %<A<
[ =12 +4p— 2o=1
ﬁ 20-3 or

W1l < pu < 2,5(—M +4p—-1) < 0 < 3,

2 2
_ — - 4pu—2w—1 —ur+4pu—20— l
V2 w3 <A< V2 T 2w3

In particular, it mimics a de Sitter solution for
(a) A= —ﬁ‘/(2_’§)£’§;l)“/2w_3, or

_ V2J/C=)u=Dv20-3
(b) A= éf’éw @72 or
©pu=lLo=;3.

It is a decelerating solution for

(a))»eR,,u>2,%§w<% or

() MSL“TH<Q)<%,)L>\/§ %,or
© 1=k <20= bt +au 1), 5= o

(d)ﬂfl,MTH<w<%,A<_\/§ w’

20-3
or
(e))»eR1<;,L<2“—+l<a)<—( n +4/,L—1)
or

(f)1<p,<2,a)=%(—M2+4M—1),A<0,0r
(g)l<u<2,%(—u2+4u—1)<w<%,k>
— 2 —Dw—
VAEETE TR
Mt pu > 2,5(-w+4u-1) < o < 3
_ﬁ — 2 4+4p—20—1 < ) < ﬁ —u —5—24;)# 32(1)1
or
Hp < Lil+4p-1) < o < &
— 2 +4p—20—1 — 12 +4p—20—1
V2SS < b < V2 S
or
(j)]</L<21(—/L2+4M—1)<a)<%,)»<

) | =2 +4p—20— L
2w-3

In particular, it mimics a dust solution for

2w—3

@ w=3pu=3o0r
212 +9u—6w—1
® p+1#2w,20#3, 1= —%,or
_ N =202+ —6w—1
©) nu+1#2w,2w #3, 1= YT
. _ —22-3u+3
dA4 ey = (ﬁ(<w1)A2+<u1)u)’
_ (1=30+3) (B> +3(u-1)%)
6((@—1)22+(u—p)

A(p—3w+3)
V6((w=DA2+u-1p)’
with eigenvalues

l( A24+3p-3 _3>
2 \(@=DA2+(u—u >

In Fig. 13 we show a portion of the parameters space with
stability conditions of P when it is a sink (left panel) and
when it is a source (right panel).

The cosmological observables are

Qi (A3)
(Mo =3)+u@u -7 +6w-3) (3*Cw -4 +3(u - 1)?)
- 6 (2@ -1+ (u—Dp)’ ’
A +3u-3
3 @—=D+(u—="Du)

Wror (A3) = —

It represents an accelerating universe for

@ (weR,A=0,0<pu<l,or
® weRA=0,1<pu<3,or
2 2
©xr>~3.303-2) <p <0244 <p<
2222 +4pu—3
)\2
W=yl 22—’ +4u—3
(d))»>0,,uz3,k—2<w<k—2,or
2 2 2 2
((gi>8’“>i,:—++ﬂz<w<w
>0u=5L1<w<zo0r
2 2
(@ A <0.p>3 284 < <

(h)A<—\/§,%( A2)<M<Ow<a)<

, or

22—’ +4u-3
%,m
2_,,2 _
(i) A<0,u>1, )+2+”<a)<2)"‘)\¢,0r

G A<0,u=1,1<w<2,0r
(k)O<A§\/§,%(3—Az)<u<l,)‘2_i‘#<w<

2A27“;#,or

H2r > V30 < p < l,k_fzzw < w <
2A2_M§2+4M_3, or

(M) % < =A< §(3-7) B < <
Az_fj-’_ﬂ,or

m —/3 < A < 0,pn < 0, 2127,15;4“,3 Y
Az_)’fz2+“,or

©0 < & < B < 0,2orisd g, o
127522+M,0r

P A = V3u < 0,3(-1+4u+3) < 0 <
3 (=12 +p+3)0r
@ 2 > S < L(3-22), 2oy

22
—K +,u
Eot or

w <

_2243u-3 3_
(=D +(p—Dp

 Bu—210+20) 2w—3)A2 — 14402+ (1 (16— 17)— 174)+6(34—T ) uav+2220—81 4/ Be—4) 2243 (u—1)2
(0=DAZ+(u=Dp)vV20—3 ’

( 2243u—3 34 «/(8;1—21(0—',—20)(2w—3)k2—144w2+,u(u(1Gu—17)—174)+6(34—7p.)uw+222w—81\/(3w—4))\2+3(p,—1)2) }

(=D 4+ (p—hp

(=132 (u=Dp) V203
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2,2
(r))\f—ﬁ,0<u<1,A—§f—2+“<w<

222 =’ +4u—3
T
2 2
(s) —\/§<A<O,%(3—k2)<u<1,)‘ /{‘2+“<
2.2 _
0 < B3 M)LZH" 3 or
2 2 B
(t) —\/§<)~<0,0<M<%(3—)\2),M¢
2 2
<w<? )’fzﬂ‘,or
22 _
WO0<i<+v30<pu<i(3B-a?), 2o o
2 2
w < Mot }‘fzﬂ‘.

It represents a de Sitter solution for

(a)w:%,u:l,k;ﬁ(),or
®) 3w -4 #0,(n — D = 3w+ 3) # 0,4 =
V3y/—(u—1)?

T Boa YT

©30—4 £ 0,(u— D —30+3) £ 0,A =
V3= (u—1)?
N7

It represents a decelerating universe for

(a) (")ER’)\ZO,M>3,0r
(b)weR,)\.IO’M<0’Or
2 2
© A>3.1(3-3) <p < 00> 2oL
or
(d))\>0,,u>3,a)>2)“2_l‘;#’or

2.2 _
(e)A<O,,u>3,w>M#,

2 5 _
() A>0,uzl,w>%,or

or

2 2
(@ A< V310322 <pu<00> 2t
or
() 2 <0,u=1,0> il o
@) k< —VAp=3(3-0) 0= St or

2 2
@) )»>\/§,,u:%(3—k2),a)> Afi*ﬁ”,or
0 2> V31(3-22) <pu<0,0< ot o
M Ar>0,u>30< )‘z_fzzﬂ‘,or
=P+
)LZ
2 2
M A>0pu>1w< ’\_i‘zJ”‘,or
2 2
(0) A<—\/§,%(3—)\2) <pu<0w< Af}{‘zﬂ‘,or
2 2
(p) )\<—\/§,u=%(3—)\2),w<)”_M“L“,or

(q) A>«/§,u=%(3—)\2),w<kz_)’f#,or

2 2
(r)k<0,uzl,a)<k§f—2+“,0r

0 < A < V3,13-2%) < un < Lo >
22— +4u-3
)LZ
2 2
(t))\>\/§,05u<1,w>2)‘_“)t¢,or
Wi<—-V30<pu<l,w> 2kz*"i#,or
(V)A:—ﬁ,0<,u<l,a)>%(—u2+4u+3),or

m) A<0,u>3,w< , or

, or

(w) V3 < A < O,%(?,—Xz) < un < lLo >
2xz—ﬂi2+4u—3, or

2 2
(x)kf—ﬁ,u<%(3—k2),w>)+z+“,or

¥) —vV3<ri<0,u<0 0> ’\z_i‘zzﬂ‘,or

2 2
2 0<A<3,u<00> Ajt‘—zﬂt,or

(aa) A>\/§,M<%(3—A2),w> ﬁ‘#,or

R

(cc) O<)\§\/§,M=%(3—)\2),w> *2*“+“,or

(dd) 0<)‘§\/§,%(3—A2) <pu<lo< Az_fjﬂi,
or

(ee) A > \/g,OSIJ« <l,w< Az_}’f"""or

() 2 < =3 < L (3-02), 0 < ZEowiusd o

(28) —v/3 <A <0, <0,0< 22opiHus3 o

s
(hh) 0<% < V3, < 0,0 < 2D
(i) 3> V3 < § (337 0 < S oy

(jj)k<—\/§,O§/L<1,a)<)‘2_;f#,or

(kk)A:—\/§,O<,u<l,a)<%(—u2+u+3),or

(11)—\/§<A<O,%(3—A2)<M<l,w<ﬂ7i‘#,
or

(mm) —ﬁfk<0,u=%(3—k2),w<ﬂ—_ﬁ\‘#,or

nm) 0 <A <+3, u=3z(3- ,w<ﬂ,or

(nn) 0 <A <43 L3 -2 s

: A
(00) =3 < 2 < 00 < u < 13-2%),0 >
)”275224»“,0[-
1 2 22—+
(PP)0<)»<\/§,0§M<§(3—A),w>—;f2 I’L’
or
Q) —v3 < A <00 < pu < ;3-2).0 <
ZAZ_Mi;-4M—3’ or
ar) 0 < A < \/3,0 < u < %(3—)»2)&) <
22— > +4u=3
22 :

It represents a dust solution for

(@ (u—D(—3w+3)#0,A=—/3/1T—pu,or
(b) (u—1)(n—3w+3)#0,,=3/T— L.

5. A4 ¢ (x,v,2) = (ﬁ,o, O), with eigenvalues
{% (ﬁ — 3) , % (ﬁ — 3) ,3— ﬁ}.ltisasinkfor

(@ w<l1,u<3(w-1),or
b) o>%pn>3w-1).

Itisasource forl < w < %, uw<3(w-—1).

The cosmological observables are €,,(A4) =
20-3)Bo—4 . . .
%, wto,(44) = —m. It is associated with
an accelerating solution for 1 < w < 2. Itrepresents a de

Sitter solution for w = %. Is corresponds to a decelerated
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solution for w < 1 por w > 2. For @ = 0, it corresponds
to a radiation dominated solution.

24 (5—2) p— R .
6. Forw = %, we have the equilibrium point
A5t (x,y,2) = (- z, 25»—6;3, %), with eigenval-

ues
_ IR A/ (171=25)224+24(u—1) 2u—3)
2> 4 A/u—1 ’
1 A/ (1710=25)22424(— 1) 2 —3) . .
-1 (1— T )}.Itlsasmkfor

@ A < (L%(—rm2—~Q&M4+7mn2+5m
+120) < u < %(3—)\2),or
() & < 0,d5 (~1732 + V289AT+ 7207 + 576

© % > 0,55 (~172% - V28937 + 72027 + 576
+120) < p < 1 (3-2%),0r

@ r > (L%(AH?+J%%4+DMQ+W6
+120) = < 3

It is a saddle point for

(a) )\<O,%(3—)\2)<M<1,or
(b) A<0,,u>%,0r

©) A>O,%(3—A2)<M<l,or
d r>0,pu>3

It is nonhyperbolic otherwise.

The cosmological observables are 2,,(As5) = _ 23

322
Wit (As) = —%. It is always accelerating.

5 Conclusions

Let us now summarize the main findings of this article. In
this work we considered a spatially flat FLRW cosmological
model of two scalar fields in the Jordan frame. Specifically,
one of the fields is the Brans-Dicke field which is nonmini-
mally coupled to gravity, and the second scalar field is min-
imally coupled to gravity. The equivalent model in Einstein
frame is that of two minimally coupled scalar fields with
an interaction only in the potential part of the fields which
effectively represents a quintom cosmological model.

We focused on the evolution of the physical quantities of
the universe by studying the stationary points of the field
equations. Such analysis is important to understand the cos-
mological viability of the cosmological model, and also we
try to conclude about the differences among the Einstein and
the Jordan frames.

@ Springer

In the vacuum scenario the field equations admit four
stationary points. Two of the points actually, namely A4,
describe two families of stationary points in the phase space
of the field equations. The critical points can describe ideal
gas solutions, or de Sitter universes for various values of the
free parameters.

When we introduce a matter source in the field equations
the dynamical analysis differs and in order to perform a com-
plete study we study separate cases where the Brans-Dicke
parameter w is @ = 1, w = 0 and w = arbitrary. For
w = 1, the dynamical system admits four critical points,
when v = 0, we again find four critical points while for
arbitrary w the dynamical system admits six critical points.
In all the cases the physical quantities and the stability of the
solutions at the critical points are discussed.

From our analysis we observe that there are many differ-
ences between our model and the Brans-Dicke theory with
one-scalar field. There are new exact solutions which can
describe additional cosmological eras in the evolution of
the universe. Consequently, the cosmological evolution dif-
fers from the two-scalar field models defined in the Einstein
frame.

The cosmological model of our consideration can describe
the generic cosmological history, hence, in a future work, we
plan to investigate the cosmological viability of the model
by using observational constraints.
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