Eur. Phys. J. C (2022) 82:409
https://doi.org/10.1140/epjc/s10052-022-10355-4

THE EUROPEAN ()]
PHYSICAL JOURNAL C e

updates

Regular Article - Theoretical Physics

Dark matter and dark energy from a Kaluza—Klein inspired
Brans—Dicke gravity with barotropic fluid

Areef Waeming'?, Tanech Klangburam'2*, Chakrit Pongkitivanichkul->-¢, Daris Samart'-2-4

! Khon Kaen Particle Physics and Cosmology Theory Group (KKPaCT), Department of Physics, Faculty of Science, Khon Kaen University,

123 Mittraphap Rd., Khon Kaen 40002, Thailand

2 National Astronomical Research Institute of Thailand, Chiang Mai 50180, Thailand

Received: 12 July 2021 / Accepted: 22 April 2022
© The Author(s) 2022

Abstract We study the Kaluza—Klein inspired Brans—
Dicke model with barotropic matter. Following from our
previous work, the traditional Kaluza—Klein gravity action is
introduced with an additional scalar field and 2 gauge fields.
The compactification process results in a Brans—Dicke model
with a dilaton coupled to the tower of scalar fields whereas a
gauge field from 5-dimensional metric forms a set of mutu-
ally orthogonal vectors with 2 additional gauge fields. The
barotropic matter is then introduced to complete a realistic set
up. To demonstrate the analytical solutions of the model, we
consider the case in which only 2 lowest modes becoming rel-
evant for physics at low scale. After derivation, equations of
motion and Einstein field equations form a set of autonomous
system. The dynamical system is analysed to obtain various
critical points. Interestingly, by only inclusion of barotropic
matter, the model provides us the critical points which capa-
ble of determining the presences of dark matter, dark energy
and phantom dark energy.

1 Introduction

The origin of dark matter (DM) and dark energy (DE) has
been one of the main pursuits for new physics for many
decades. DM was proposed as an invisible mass that holds a
galaxy together while DE was an explanation of the accel-
erating universe. Although there are many candidates from
the particle physics side such as Axion-Like Particle (ALP)
which could act as both DM and DE depending on their
masses [1,2], but none of these have been experimentally
confirmed yet. On the other hand, a natural place for which

4 e-mail: reef.waeming @ gmail.com
b e-mail: klangburam.t@gmail.com
¢ e-mail: chakpo@kku.ac.th

d e-mail: darisa@kku.ac.th (corresponding author)

Published online: 06 May 2022

the candidate for DM and DE could rise is the gravity theory.
Over the past decades, a tremendous progress has been made
in generalisation of Einstein gravity especially in the class
of models called the Scalar—Tensor theory [3,4] and refer-
ence therein. One of the most studied and celebrated models
is Brans—Dicke (BD) theory [5]. Motivated by Mach’s prin-
ciple, the scalar field is included to modify the gravity in
a way that Weak Equivalence Principle is still intact. As a
result, the gravitational constant is promoted to a scalar field
which coupled to both mass and geometry. A huge number
of studies for this particular model can be found here [6-25].

The idea of extra dimensions has also been an essen-
tial development for the unification of fundamental forces
[26]. The scalar fields from extra-dimensional theories such
String/M theory are ubiquitous and play a crucial role in
several phenomena such as the inflaton field [27-29], DM
[30,31], dark radiation [32,33] and cosmological constant
[34,35]. In our previous work [36], we have proposed an
extension of Einstein gravity using degrees of freedom com-
ing from compactification of extra-dimensions, see [37] for
review and references therein. In particular, the toroidal 5-
dimensional spacetime (R* x S') is the starting point and the
5-dimensional metric containing a scalar field and a vector
field is assumed. This process of circular compactification
is also known as Kaluza—Klein (KK) compactification. We
also include 2 additional gauge fields in order to solve the
anisotropy problem of the energy momentum tensor. In our
previous paper, dynamical system analysis has been carried
out and we demonstrated the potential to have both DM and
DE phases of the universe.

It was shown that including a matter field into the system
can sometimes changes the behaviour of the dynamical sys-
tem [11,12]. In this paper, we would like to provide a more
extensive study of our model. In particular, we are interested
in the inclusion of matter field and radiation into the exist-
ing dynamical system in order to achieve the semi-realistic
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universe. The paper is organised as follows. First, we give a
review on the model in Sect. 2 where the additional matter
and radiation field are also included. The full list of equation
of motions will be given in Sect. 3. In Sect. 4, the range of
compactification radius is chosen such that the number of
scalar fields relevant to low energy physics will be finite and
the numerical analysis can be done. The dynamical system
analysis is performed in Sect. 5. The full results will be given
in Sect. 6 and the discussion of the results can be found in
Sect. 7. Finally, the conclusion is given in Sect. 8.

2 A Kaluza—Klein inspired Brans—Dicke model

In this section, we set up the crucial ingredients of the KK
inspired BD model and use for studying the dynamical sys-
tem analysis in the latter. First of all, the 5-dimensional action
for KK gravity with free massive scalar field, 7 is given by
[36]

2
= v/d4xdy\/—§z<— R+ daii* 0% — M%) ii* 7
- -¢ 2FSp FOAB 1 v (AY )> 1)

where M s) is the mass of the scalar field 7 and 7~2 ¢, I*:XB =
04 A — ap A9, A4, are Ricci scalar, dilaton field, strength
tensor and gauge field in 5 dimensions, respectively. In addi-
tion, we use natural unit system where /167G = 1. The
capital Latin indices represent the bulk dimensional space-
time indices, A, B, C,... = 0, 1, 2, 3, 5 whereas the Latin
indices stand for the triad gauge field indices, a, b, c, ... =
1,2. While V(A4,) is the potential and it is composed of
the gauge field A‘j,[ only and it will be specified in the later.
Moreover, all variables with tilde symbol, ~, are described the
physical quantities in 5-dimensional spacetime. The metric
tensor g4 p of the bulk 5-dimensional spacetime is written by
[37],

- L+ P2A LA, HPA
gAB:<gu —;?AUM ¢¢2“)- 2)

It has been shown in Ref. [36] that the gravitational action of
the KK theory can be reduced to the 4-dimensional spacetime
by mean of the compactification of the y dimension. The full
form of the KK theory in the 4 dimensions is written in the
following form,

S = Spp + Skx + Sc, 3

where Spp, Skx and S are the actions of the BD grav-
ity, the 4 dimensional KK scalar field and the gauge fields,
respectively. The explicit forms of three actions above are
given by,
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where V" = and V(’g) = &Y To obtain the actions

5A2 5AZ

in Egs. (4)—(6), vx;;e have assumed that the 1, and ¢ are real
scalar fields. For all detail derivations of the actions, we refer
to Ref. [36] and we will not repeat them in this work. We close
this section by summarising the main result in this model. We
have shown that the BD gravity with scalar and gauge fields
can be generated from the dimensional compactification of
the 5-dimensional KK theory. The dilaton field is coupled
to both Ricci scalar and the scalar field in 4-dimensional
actions. In the following sections, we will use the KK inspired
BD model in the presence of the barotropic fluid matter to
demonstrate that the dilaton, scalar and gauge fields might
play the role of DM and DE.

3 Equation of motions

In this section, we compute the equations of motion of the
KK inspired BD model and we will employ the results to
investigate the dynamics of the universe in this model as a
candidate of DM and DE. With the flat FLRW metric, ds? =
di2 —a? () (dx®+ dy2 +dz%), we firstly obtain the equation
of motion for the dilaton field, ¢ from the Euler-Lagrange
equation as

3 2
A (V/—gdud) — Z¢2F,WF“” ~ Wa%am

4
ENET)
ad 1 n?
st (b3

n=0
¢2 2)~ )
2T ) Ae gma),
( 4 Rk n.n‘tn

EE (e
(7

a=1n=0

According to the action in Eq. (3), the matter Lagrangian
together with the barotropic fluid can defined as

2 8,p0"
3 ¢

1
Ematter = _Z¢3F2 -
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k
+L tluid, (8
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ot () ]

where L r,iq represents other fields (particles) which could
be existing in the 4 dimensions. The energy-momentum ten-
sor can be determined by

2 4 (\/ —8Lonatter)
V=g g

TW — _

©
Substituting Eq. (8) into Eq. (9), we find
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The barotropic fluid energy-momentum, T;w is given by

Ty = (om + pr)uyuy + prguv, (1D

where u,, is the usual comoving 4-velocity, whereas o,
pr and p, are the energy density of dust matter, radiation
and pressure of radiation, respectively. In order to fulfill the
isotropy of the energy momentum tensor, the zero mode con-
figuration of each species (a = 1, 2) needs to satisfy

" =1(0,4,0,0) .
Xg!l Egﬂ’l :(07 O,A’O) (13)
A~g,2 = ANM’2 = (0, O» O, A) (14)

This specific configuration is also known as the Cosmic Triad
[38—40]. In addition, the diagonal spatial components of the
energy-momentum tensor in Eq. (10) require that

nn,
=y k= (15)
n=0

The Einstein field equation of the KK inspired BD gravity
takes the form of

1
¢(Rm) - zg/w’Rf) + guvvavad) - VMVU(»b = Tuv- (16)

Considering the ¢ component, the Einstein tensor reads

%)
a

Gu="2. (17)
a

with the fact that

iﬁto,lft,la — fm,zfz,za — F[UF; — gl_thith
= —a’ (A+2HA) (18)
=1 Tuvl T2 Tuv2
Fl Pl = B2 Fiuv2 — F Fiv
= FuF' + F, F'' = —24> (A+2HA)*. (19)

Then the Friedmann equation in the KK inspired BD model
can be written as

.\ 2 2.2 12
a 3pca” , . 2 2¢
- =- A+2HA —
<a> 2 ( + ) + 3¢2
-2 242 2
n=0 n=0
_{_’()’”—_I_’()" (20)
¢
Recalling relation H = 9 — %, the Raychaudhuri equation

can be determined from the spatlal components of the field
equation in Eq. (16) and it reads

— 3¢ = 3¢H? + 66 (H +H2> Y 9H$

3a2¢3 . - 2
—~ (A +2HA) — 6paA Z R2
n=0
a2 n* 2 2 2 2
k

21

In this section, we have prepared relevant equations of motion
in the KK inspired BD gravity model to study the dynamics of
the universe in the later. Since, the scalar field 7, represents
the infinite summation of the KK exited states and leads to
complicated physical quantities in the model. Therefore we
will consider only the lower mode of the KK excited states
in the next section.
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4 Lower mode cases 12 M2 2032
3 (5) 77()¢ ¢ ) (26)

It is well known that the KK scalar fields are composed of
the infinite tower mode. In particular, a higher mode with a
momentum larger than the reduced Plank scale will be physi-
cally irrelevant to the observable universe. Therefore, we can
neglect such higher modes and the remaining modes of the
KK excited field should satisfy the momentum condition:

n < Rg. (22)
Therefore, we focus to study the KK inspired BD model for,
1 < Ry < 2.Inthis case, only zero mode and the first excited
mode involve in the system. For simplicity and convenient to
study the dynamics of the universe by using the dynamical
system analysis with the dimensionless parameters, we can
simply drop the radiation matter term in this work. Moreover,
we found that the inclusion of radiation part would lead to an
unnecessary introduction of free parameters. The Friedmann
equation for the lower mode of the model reads,

3¢2a? 262

2 2 . 2 2
H" = — > 'Ac+3¢2 Mo — 0T — Msymo — Misyni
1 2.2\ M Pm
(?_3 A>F+? (23)

Noted that ng and n; scalar fields are the zero mode and the
first excited mode, respectively. The equation of motion for
the dilation field, ¢ becomes

27¢3 2A2+¢—2

<}5+3H¢3:—g¢ <H+2H2) - 5

3.
i ¢>m+ ¢(¢ +32A)R2

k
3
+ Z¢M(25) g+ Z¢M(25)n%. (24)
The pressure can be written as p; = w;p; where w,, = 0.
Solving Egs. (21) and (24) gives
13a2A%2 31 , , 3 7
-~ h 2 A2 Zp2a Loy 2
Rz 207 T g Mo
2 2
- — —M —,
0R22 5 107 T oMemt 5
(25)
and
18a2A%n%¢ 18 12
- —21 2¢ -A2 + 4’771 (5)7)1‘15
SR;
6n? 9 53,
+ —3H¢p+ —H ¢ + —¢7]
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where we define A. = A + 2HA.

The specific form of equations and fields allow us to anal-
yse the system both analytically and numerically. In the next
section, we will use the results to study the dynamical system
of the model.

5 Dynamical system

Now, we arrive at the crucial part of this work that is to study
the dynamics of the universe. The main purpose of this work
is to demonstrate the existence of DM and DE in the KK
inspired BD gravity with the inclusion of the barotropic fluid.
Since the dynamical system is widely used and succeed to
qualitatively analyse the cosmological models [41], we will
apply this method to the model. For simplicity, we define
the dimensionless parameters to construct the autonomous
system of the equations,

N 1 n
X——,X——,X—ﬁAx
YT BTy T “ 7T HR,
no Pm
_ , _ [P 27
STHR, TP TVEH? @7)

We can use the Friedmann equation as a constraint equation
of the dimensionless parameters, i.e.,

X2
| = it X2 — X2 — X2 - X2X% + X (XSX% + xg)
— MR (X3 +X3). 28)

Noted that the additional free parameters of the system are
defined by

1
A=M5 R and p = H_Rk 29)

Then the conformal derivative of the defined parameters are
derived as following

1dx, _31X]  3X1X3 N 3X1X3 N 3X1 X5
H dr — 60x? 10 10 10
1 13
+ Exlxgx% — %X]x%)x%,
7 7 X
- B,\lexz - 1—A2X1X§ T (30)
1dX, 31X] 3X1X3 N 3X1X3 N 3X1 X5
H dr — 60x2 10 10 10
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—‘,—E 1X5X7—%X1X6X7
T 9o wr T 0o 5 17X
— —APX X2 - =X X , 31
T A T R S
1dXs 31X3X3 3X3X3 3
=== - — /5 X2X3
H dr  60X32 10 2
3X3  3X3X] v
10 10 107375%7
13 7 2 2 7 2 2
—X3X2X3 — —A2X3X3 — —A%X3X
BT R AT, M A T) Ml
_3X
5~ W uks, (32)
1dXy 31X{Xs 3X3Xy ﬁx X 3X3X4
- 2 2 4+
H dt 60X2 10 2 10
3Xg + — ! —Xa4X2X3 - AuXx
0 oSt T A RAT
13X XZx2
30 4647
! A2 X4X32 l A2 X4 X3
T T
3X4
5 + MX5X7 - MX6X7, (33)
1 dXs \/5
——— = — . [=X2Xs, 34
AT 5 X2Xs (34)
1 dX6
=X, — Xe, 35
H dr 1 6 (35)
1dX; 31X7X7 3X3X7  3X3Xy
H di — 60X? 10 10
2 2v3 2v3
3X3X7 b aXet X3X3  13X3X3
10 10 30
12X7 7% 7 90 w2
A R e ¢ ). € 8 36
5 10 10" 7778 (36)
1 dXs 31X{Xg 3X3Xg
H di — 60X? 10
+3X§X8+ b'e +3X‘%X8+ Lyexax
10 THEBT T 10 54748
13 ) 5 12Xg
(37
1 dXo 31X{X9 3X3X9 3X3X9  3X;Xg
H dt 60X2 10 10 10
1 13 ,.,
+ 10X5X7X9 30X6X7X9
7, 7 ., 9Xo
— —A X Xg— —A X3 Xog
10 TR ST (38)
Ldp _12p  31pX7  3uX3 | 3uX3
H dt 5 60X2 10 10
3wX: 1 _,o, 13
— — X X2
T 0 T ohAsNT T et
T2 o0 T2 0
— — A uX5 — — A uXsg.
o MX7 — g* mXs (39)

We obtain a critical point of the dynamical system by setting
all derivative equations from Egs. (30)—-(38) equal to zero
with constraint Eq. (28). The stability of a critical point can
be analysed from its eigenvalues of the matrix

V. d (1dX; “0)
Y7 ax; \H dr )’

If all eigenvalues are negative, the critical point is stable
and if any is positive, the critical point is unstable. The energy
density of each specie can be written as

X2
ox2
2, = - (X3 +22x3),

2 2y2

an = - (X422 @, = x5} @
The effective equation of state is given by

2H

EV7ER (42)

Weff = —1 —

We use the above equation to identify the phase of the uni-
verse, where werf < —1/3 and werr > —1/3 represent
the acceleration and deceleration expansion of the universe,
respectively. While wefr = O represents the matter dominated
phase of the universe, weff < —1 corresponds to the phantom
DE. In addition, one may find the solutions of the scale factor
by integrating the Eq. (42).

6 Results

Since there are 9 main dimensionless parameters, X| — Xo
and 1 extra parameter, . It is more convenient to categorise
the dynamical system into many cases. First, let’s consider
the case that the 5-dimensional mass, M(sy does not exist in
the universe. Therefore, the Xg is decoupled from the Fried-
mann equation. We analyse with assumption, X3 = Xg =0,
and found that there is no real solution in this case. Another
case is the assumption that M5y # 0. We will consider this
in various sets of the non-vanishing fields in the dynamical
system. All possible real solutions are summarised in Table 1.
In addition, a solution where ¢ — 0 leads to the violation of
constraint in Eq. (28) as X», X5 — o0. Therefore, we do not
consider such solutions in this work. Moreover, the slow-roll
approximation of the 7o and 7 is taken into account for some
of these solutions.

@ Springer
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Table 1 The table summarises non-vanishing fields, effective equation of state and possible phases of the universe for each system. Noted that F;

are the systems with the slow-roll approximation, 7j; = 0

stem on-vanishin elds xistence tabilit Weff 0SS1DIe ase
Sy N ishing field Exi Stability Possible ph
.7-'I(A) &, N1y Pm A>0 A u> % Stable 0 DM

(A) 3
) D115 P A>0 A p> oo Stable 0 DM
FB b, 11, A, pm >0 w>0 Saddle 0 DM
]—'53) .01, A, pPm L>0 w>0 Stable or Saddle < —1 Phantom DE
7P $. 01, A, o >0 A u> /3 Saddle -5/3 Phantom DE
7Y .10, 11, Pm >0 A s> Stable 0 DM
fl(D) &, N0, N1, A, Pm A>0 A u>0 Saddle 0 DM
-7:2(1)) @10, M5 A, Pm A>0 A p> % Saddle -5/3 Phantom DE
FB b 11, A, pm A>0 A u>0 Stable —1 DE
7B b 11, A, pm A>0 A u>0 Saddle —1 DE
7B b.11, A, pm A>0 A u>0 Saddle —1 DE
7B G101, A, pm A>0 A u>0 Saddle ~1/3 Critical DE
7B G015 A, P A>0 A p>0 Stable -5/3 Phantom DE
F© @, 10,01 Pm A>0 A u>0 Stable —1 DE
F© @00 11+ P A>0 A u>0 Saddle ~1/3 Critical DE
7O ®, 10, 01, P A>0 A u>0 Stable —1 DE
P ®. 10,11, A, Pm A>0 A u>0 Stable -1 DE
FP b, 10, 115 A, P A>0 A u>0 Saddle —1 DE
.7}3([)) &, 10,01, A, Pm A>0 A u>0 Saddle —1/3 Critical DE
]}AED) ¢, M0, M1, A, Pm A>0 A u>0 Stable -5/3 Phantom DE

6.1 M) # O case

In the case of M(s) # 0, there are many solutions of the
critical point and they are written in terms of the parameters
A and p. In the analysis, the Egs. (28), (31) and (34) prevent
X> = X5 = 0 which mean that ¢ cannot be decoupled from
the system. The critical points of the relevant non-vanishing
fields in the autonomous system are classified below.

6.1.1 F (@ m1. pm)-system (A)

First, we consider (¢, 11, pm)-system which leads to X; =
X3 = Xg = Xg = 0, with the following constraint equation,

1= X3 — X7+ X2X3 + XsX5 — 2> X3. (43)

In order to find the critical points, we use the constraint equa-
tion, Eq. (43), to reduce the autonomous system by replacing
a parameter for the remaining differential equation.

@ Springer

° J—'l(A), we eliminate X» by using the constraint equation
in Eq. (43). The critical point is given by

3 VArIu? -9

X —_ T T X =
! 8222 _2 : 2u
3
6
X = Yo
Vartu? -3
ArApt 150202 — 54
Xo— —2v3 | AR 12— 54) (44)

(43202 — 9)Y (4n22 — 3)

The effective equation of state of this system then simply
reduces to
wetr = 0. (45)
The critical point exists for all positive A and p with A > %

After using the definition of stability matrix in Eq. (40), the
real part of eigenvalues is read

00.5)
0,0,0,—< ).
5

(40)
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5

Forbidden

1 2 3 4 5
A

(a) Stability

Fig. 1 On the left panel, the graph a shows the stability of the F, I(A)

critical point. The stable critical points lie in the blue shaded region
while non-shaded region is forbidden for critical points. On the right

This means that this critical point is a stable point. Then,
the F, I(A) can be represented as the late time DM dominated
phase (Fig. 1). The density parameters are given by

3(4r2u? —9) 3(4r2u? +9)
CT T/ —6 0 M T Te—saur
4 (A2u* +6)
R TE “n

Z(A), the X4 is eliminated by using Eq. (43). The critical
point is determined as

2
X2=0, Xs=4i, X7= ,
812u? _3
3
V8 Zu2 +18
Xo = voerutrls (48)

A (8A2u% —9)

Having use Eq. (40), the eigenvalues of the critical point are
obtained. As a result, the eigenvalues are very complicated
form and cannot be written in the analytical form. We there-
fore study them numerically. The stability of this critical point

behaves as a stable node for all positive A and Ay > —~

23/2°
The plot of the stable region in A — u plane is depicted in
Fig. 2. While the effective equation of state of this system

then simply reduces to
wefr = 0. (49)

Therefore, the .7-'2(A) system behaves as late time dominated
DM in the universe. The results of the density parameters are

— Q¢

47 — O,

— Qp,
2 -

<ol /

-2
—4

1.5 2.0 2.5 3.0 3.5 4.0 4.5 5.0

Au
(b) Density parameters

panel, the graph b illustrates the relation between density parameter of

non-vanishing fields and free parameters, i.e., A and . The black, blue
and red line in graph b indicates Qy, 2, and €2, , respectively

shown below,

a2 12277 +27
ST 9 M T 9 gzl
2 (422u% 49
o, = W+ 50)

8122 -9
6.1.2 FP: (¢. 01, A, pm)-system (B)

In this sector, we consider (¢, 11, A, p)-System case i.e.,
X3 = Xg = 0. The constraint equation becomes

X2
1=X7-X7— 2—X12+X§X%—X§X%+X5X§—kzx% (51)
5

The critical points of this system are listed below.

o F 1(3), we get rid of the X¢ variable by using constraint
equation Eq. (51). By doing this, the system provides 2 solu-
tions of critical point. The first solution is given by

3V3
V82u2 4+ 9’

X1=0, X,=0, X4=-—

8A2u? +9
Xs =Y B TZ
2\/511,
23
X, — V3

NG
w (8A2u? + 63)

) (52)
(8)@;/,2 + 9)3/2
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5 -
47 — Oy
4 — O,
2 4
3 -
3 g 0

Forbidden
1 2 3 4 5
A
(a) Stability
Fig. 2 On the left panel, the graph a shows the stability of the .FZ(A)
critical point. The stable critical points lie in the blue shaded region
while non-shaded region is forbidden for critical points. On the right

We note that the existence of the critical point exists for all
positive A and w. The eigenvalues of this critical points can-
not write in the close form and numerical study is required.
The stability analysis shows that this critical point is always
saddle point. The effective equation of state of this system is
given by

Wer = 0. (53)

According to the dynamical system analysis, F, I(B) can
behave like DM phase or matter dominated era of the uni-
verse. Finally, the density parameters of the system are read
(Fig. 3),

0. — 81 q 3
AT T ez YT
3(422u% +9) 812?463
S =——g23:9 " @m=g23.0" 54
8rcus +9 8rcus +9

° ]—'2(3), this is the second solution of the (¢, n1, A, pn)
system where we eliminate Xg. It is written by

X1 =0, Xo=0, X9=0,

1
Xg=— (sf — /822 + 75) \/ﬁ\/smﬂ +75+15,
121
oo | 8022142 — 61+/3/8).21u% + 75 + 915
T T n? '
1 8122
X7=— — 25+5. 55
7 Zk 3 tH+ (55)

@ Springer
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1.0 15 2.0 2.5 3.0 35 4.0 4.5 5.0
Au
(b) Density parameters
panel, the graph b illustrates the relation between density parameter of

non-vanishing fields and free parameters, i.e., A and . The black, blue
and red line in graph b indicates 24, 2, and 2, , respectively
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=
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Fig. 3 The figure illustrates the relation between density parameter of
non-vanishing fields and free parameters, i.e., A and p, for F; I(B) critical
point. Noted that the green, black, blue and red line in the graph indicates
Qa, Qy, 2y, and Q,,,, respectively

The eigenvalues of the ]-"Z(B) system are very complicated.
By numerical study, the stability of this critical point can
be both stable and saddle points for all positive A and p. In
addition, their existences of the stable node in the A — 1« plane
are shown in Fig. 4. The effective equation of state of this
system can be written as

Wegp = é (6 V38022 + 75) : (56)

The density parameters of the system are shown below
(Fig. 5)
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3 Stable
3

2

1 Saddle

(a) Stablhty

Fig. 4 On the left panel, the graph a shows the stability of the .7-'53)
critical point. The saddle critical points lie in the red shaded region
while blue shaded region, A > 3/, is the region where critical points

Au

Fig. 5 The figure illustrates the relation between density parameter of
non-vanishing fields and free parameters, i.e., A and p, for ]—'2(3) critical
point. Noted that the green, black, blue and red line in the graph indicates
Qa, Qy, 2y, and Q,,,, respectively

1
2= (39 538022 + 75) ,

5 [8A2u2 11
=z 25— —,
=3\ "3 T 6
Q= — — (\/_\/8)»2#2 +75+ 3)
Q,, =0. (57)

-1.00
-2.40
-3.80
-5.21
Stable —6.61
-8.01
-9.41
-10.82
Saddle ~12.22
-13.62

(b) Effective equatlon of state

are stable. On the right panel, the graph b illustrates the changes of
effective equation of state over A and w. Noted that the black line in
graph b indicates the border between saddle and stable critical points

° ]—'3(3), the Xo is excluded from the system by using
Eq. (51). We obtain the critical point as

VA612u2 — A — 429
23/10p ’
Ji? (234 = 562202 — A)

X, =0, X;=

Cu/122% % — 68322 + 63

1 /86322 — A — 269
X5 = 2 )

2/10
Va6r2u? — A — 429
X6 = )
2./101
\/,ﬂ (234 — 56222 — A)
= , (58)
V1204 % — 682212 + 63
where
A = 6916044 — 476280212 + 74601. (59)

The eigenvalues of this system are also very complicated.
With help from the numerical analysis, this critical point is
always saddle point and the existence of the saddle point

exists in the range of positive A and A > ,/%. The plot
is depicted in Fig. 6. The effective equation of state of this
system is given by

5
Weff = =3 (60)
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1 =57
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1 2 3 a 5 25 3.0 35 40 45 5.0
A Au

(a) Stability
Fig. 6 On the left panel, the graph a shows the stability of the .7-'3(3)
critical point. The saddle critical points lie in the red shaded region

while non-shaded region is forbidden for critical points. On the right
panel, the graph b illustrates the relation between density parameter

The non-vanishing energy density parameters are read

(429 — 4622 % — A) (7822 1% + A — 369)

AT TR (222 —9) (863242 + A —269)
(—5622u% + A +234) (862212 + A — 269)
Q(p == s
40 (1224 u* — 68222 + 63)
0 (A2u% + 1) (563%2u% — A — 234)
me 12044 — 682212 + 63
4360t + 227 % BA —2998) — 57A + 18693
e 2(222p% —9) (862242 + A — 269)

(61)

6.1.3 F: (. n0. 11, pm)-system (C)

In this system, we have assumed that X1 = 0 and X¢ = 0.
The constraint equation is written by

1=X3— X3 — X7+ X2X3 + XsX3 — 22X3 — 22X3.
(62)

o F fc), the critical point of the system is given by

3

X3=0, Xg=0, X4y =—F———r
Fwae—9

)

VaEu? —9

Xs=Y"" 7
5 o

@ Springer

(b) Density parameters

of non-vanishing fields and free parameters, i.e., A and p. The green,
black, blue and red line in graph b indicates 24, Q4, 2, and Q,,,,
respectively

2 27 + 1
2 2,2- 2
X7:_—M’ ng%. (63)
3 (83202 — o) N
m

Using definition of stability matrix in Eq. (40), we obtain the
eigenvalues and they are simply reduced to

i i 9
——JAN2u2 — 9. —/4)2u2 —9
(0,0,0, 2\/ 9, 2/ 9, 5)

9
real pgrt (0, 0,0,0,0, —§> , (64)

for positive A and A > % (Fig. 7). The effective equation of
state reduces to zero,

Weft = 0. (65)

This (¢, no, n1, pm) system behaves as DM. The density
parameters are

3(422u% —9)
V= g Q,, =0,
3(40%u? +9) 27
Q=—s"t Q) =— > +1. 66
n 6 — 8122 P 4N202 =3 + (66)
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Forbidden

1 2 3 4 5
A
(a) Stability

Fig. 7 On the left panel, the graph a shows the stability of the F I(C)
critical point. The stable critical points lie in the blue shaded region
while non-shaded region is forbidden for critical points. On the right
panel, the graph b illustrates the relation between density parameter

6.1.4 F7: (¢.10.m. A, pm)-system (D)

In this case, we consider that all fields in the model are not
vanished. Therefore, the constraint equation reads

X2
1=X§—X§—X§—2—X12+X§X%—X§X%+X5X§
5
—A2XT7? - A2XE. (67)

o F, I(D), we replace the X¢ variable in the system by using
constraint equation, Eq. (67). The critical point is given by

X1=0, X,=0, X3=0, Xg=0,

33 8A2u2 +9
X4=—\/_, XS:L’
V8AZu2 49 221
34 i (82212 + 63
23 RV G s
X7 = — # Xg = — ( )

V82249’

(8322 +9)™*
(68)

The eigenvalues of this system are lengthy and complicated.
According to the numerical study, the eigenvalues can be
zero, positive and negative real numbers for all positive A
and p. This means that the critical point is always the saddle
point. While the effective equation of state of this system
reads

Wetr = 0. (69)

6
— O,
4 1 — Qp,
— Q,
2_
a
0_
_2_
_4_
1.5 2.0 2.5 3.0 3.5 4.0 4.5 5.0

Au
(b) Density parameters

of non-vanishing fields and free parameters, i.e., A and p. The black,
purple, blue and red line in graph b indicates Q4, 2,,, 2, and Q,,,
respectively

—_—

6 1 — %

— Oy,

— O

41 — Q,
2_
_2_
_4_

1 2 3 4 5

Q;

0
Au

Fig. 8 The figure illustrates the relation between density parameter of

non-vanishing fields and free parameters, i.e., A and p, for F fD) critical
point. Noted that the green, black, purple, blue and red line in the graph
indicates 4, Q4, Q2y,, 2, and 2, , respectively

As aresult, the critical point of this system behaves like DM
phase of matter dominated epoch of the observed universe.
The density parameters are given by (Fig. 8).

QA=—L Q=2 @ =0

16202 +18° ¢ 70 YT
q __3@2+9) _ 8A%u* +63 a0
me 822u24+9 7 TP T 822497

@ Springer
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, we eliminate the X¢ from the autonomous system
by using Eq. (67). The critical point is determined and it reads

(D)
L)

VA 462242 — 429
24/10p ’

X, =0, X3=0, Xg=0, X|=

Ji? (8 = 56122 + 234)
w1223 — 68322 + 63

oo A + 8622 — 269
> T 210 12 ’

e = VA 463202 — 429’
2/10u
\/ 12 (A — 562242 + 234)
T V12234 = 68322 + 63

X4

(71)

where A is defined by Eq. (59). Due to the complexity, the
eigenvalues are studied by numerical calculation. The critical
point turns out to be saddle point for the range of A > 0 and

A > 4/ % (Fig. 9). The effective equation of state of this
system 1s given by

5
Weff = =3 (72)

In addition, the density parameters are written in the follow-
ing forms,

(A +4622 1% — 429) (—5A(6X2p% —7)
—AZ + 457604 1t — 3382802142 + 61686)

Q4 = ,
4730 (1224 1% — 682212 + 63) (A + 863212 — 269)
(A —562u% 4 234) (A + 8622 1% — 269)
Qp = ,
40 (1224 u* — 682212 + 63)
Qno =0,
(2% + 1) (A + 56272 — 234)
e 12044 — 682212 + 63 '
A (36241t — 38422 1% 4 399) — 6A2 + 26162516
9 +246804 1t — 131638022 + 316755
om =

(73)
6.2 M5y # 0 case with slow-roll scalar fields

From now on, we will assume that the slow-roll approxima-
tion is used in order to evaluate the critical point in this case.
In the other word, the kinetic term of 1o and 7, are vanished
(X4 = 0 and X3 = 0), if any of these fields exists in the
considering system. Contrary to the previous subsection, the
dilaton field can be decoupled from the autonomous.

@ Springer

2 (1224 — 683212 + 63) (A + 864212 — 269)

6.2.1 FP: (¢.n1., A, pm)-system (B)

In this case, we consider (¢, 11, A, i )-system and this leads
to X3 = 0, X4 = 0 and Xg = 0. The constraint equation is
given by

X?
2 1 2v2 2v2 2 2v2
1=x2—ﬂ+xsx7—x6x7+xsxg—x X3, (74)

° ,7-_"1(3), the X variable is eliminated by using Eq. (74).
The critical point is read

1
Xs =\ 7= (29\/273+547)x,
2

Xo =] — (74273 — 18

6 \/229<7 73 8)’

3,273 25

Xy = Y22 22 75

’ 812 8x2 75

The eigenvalues have been studied with numerical calcu-
lation due to their complication. The result shows that the
critical point is always saddle point for all positive A and .
Effective equation of state is written by

Wegr = —1. (76)
As a result, we might interpret that the critical point can

be identified as DE (de-Sitter) phase at the late time. Non-
vanishing density parameters are given by

QA=%(\/7—21), Q¢=%(~/ﬁ+11),

1
Q=3 (25-3v273). 2, =0. (77)
° _2(3 ), we use constraint equation in Eq. (74) to get rid

of X5 from the system. Then, the critical point of this system
is

V31A 5
X1 =0, X¢=0, X9=0, Xs=—, X7=—.
5 NG
(78)
The eigenvalues are given by
0 24 3 1,1 (79)
9 5 b 27 9 b

According to the eigenvalues given above, it clearly shows
that the critical point is the saddle point. The effective equa-
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(a) Stability

Fig. 9 On the left panel, the graph a shows the stability of the féD)
critical point. The saddle critical points lie in the red shaded region
while non-shaded region is forbidden for critical points. On the right
panel, the graph b illustrates the relation between density parameter

tion of state of the system takes the following form,
Wesr = — 1. (80)

The critical point can behave as DE but the universe is not
dominated by DE at the late time. The density parameters are
written by

31 25

Q=0 Q="7. =-7. 2,=0 @

° _3(3 ), we exclude the X¢ from the system via the con-
straint equation in (74). The critical point is determined by

the following form,

13 1 /5
X1=0, X,=0, X9=0, X5= ?)», X7=-4/=.

AV 2
(82)
The real part of eigenvalues is read
3
<_§’ 1, —4.59, —1.60 — 3.56i, —1.60 + 3.561’)
real part 3
— —5 1, —4.59, —1.60, —1.60 ) . (83)

The results show that this critical point always represents
saddle point for all positive A and . The effective equation
of state is reduced to

Wefr = —1. (84)

—_ O

— 0
10 ¢

— Oy,

- Q’h

m

-5

2.5 3.0 3.5 4.0 4.5 5.0
Au
(b) Density parameters
of non-vanishing fields and free parameters, i.e., A and p. The green,

black, purple, blue and red line in graph b indicates 24, Q¢, 2y, 2,
and 2, , respectively

The density parameters can be written as

13 5

Q=-3 Y=-. U=-3 2,=0 @)

o F iB), we find two solutions via eliminating the X7 by
Eq. (74). The first solution reads

|7
X1=0, X2=0, X6=0, X9=0, Xs5= gk.
(86)

The eigenvalues of stability matrix of this critical points are
given by

24 3
0.2 2 _11). (87)
5 2

As a result, this critical point is always saddle point for all
positive A and p. The effective equation of state is determined
as

1
Weff = —3- (88)

Non-vanishing density parameters are written by

7
Qp=0, Q= o Q,, =0. (89)

@ Springer
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° ﬁ;g) the second solution of the system with eliminating
X7 by Eq. (74) is given by

X, =0, X9=0,

X, = —\/L (23@+ 81)/\,

373
Xs = —\/L (47@+ 1171)x,
746
Xg = —\/i (23@ + 81)/\. (90)
373

The eigenvalues of the system are very complicated and we
need to study the stability numerically. The result reflects
that this critical point is always stable node. The effective
equation of state is found to be

5
Weff = —3- On

As aresult, this critical point can be DE dominated universe
at the late time and the density parameters are found as

1 1
2 =3 (V337-33). @ = Z (V537 +17),

I
Q=3 (8-3V53). @, =0. (92)

6.2.2 F: (. n0. 11, pm)-system (C)

We consider (¢, no, 71, Pm)-System, we assume that X; = 0
, X3 =0, X4 = 0and Xg = 0. The constraint equation takes
the following form,

1= X3+ X2X3 4+ XsX3 — A*X37 — 22X}, (93)

° .7:'1(0, we firstly get rid of X» from the system by the
constraint equation (93), the critical point is given by

/31 5
Xs=—/—, X7=—-, Xzg=0, Xo9=0. 94)
5 NG
The eigenvalues of this critical point are found as
24 3
Oa 07__1__ . (95)
5 2

The result of the eigenvalues clearly shows that the critical
point is stable node. The effective equation of state is read

Weff = —1. (96)

This means that this critical point can be used to describe
de-Sitter DE dominated at the late time. While the density

@ Springer

parameters are given by

31 25

s Q,, =0. o7

° }_"Z(C), we exclude the X7 from the autonomous system
in this case. The critical point is found to be

7
X, =0, Xg=0, X9=0, X5= \/gk. (98)

Noted that the critical point exists for all positive A parameter.
The real part of the eigenvalues is given by

1 37 37
e P L Iy Oy vt
( 2 l 5 +1 5)
real part 1
— —5,1,—1,—1 . (99)

The result explicitly shows that this critical point is saddle
point of the system. The effective equation of state is equal
to

1
weff = ——, (100)
3
The density parameters are found that
7 5
Qp = o Qy =0, Qp = —5 Q,,, =0. (101)
° _3(0 , we eliminate the X9 from the system by Eq. (93).

The critical point is determined as

5 3
X,=0, X5= \/;)», X7 = E, Xg =0. (102)

The eigenvalues of this critical point are very complicated.
Then, the numerical calculation is required and the result
shows that the critical point is stable for all positive A and .
The effective equation of state is

Weff = —1, (103)

which can be interpreted as late time dominated DE phase.
The density parameters of this critical point are given by

15 9

Q=2 Q=0 Q=- (104)
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6.2.3 FP: (@m0, 1. A, pm)-system (D)

In this case, all fields are considered except the kinetic terms
of ngand ny,i.e. X4 = 0and X3 = 0. The constraint equation
reads

2 X% 22

— X2X2 + Xs5X5 —22X3 — 22X},

(105)

° ]-" (D) , we firstly replace the X; by constraint equation
(105). The critical point of this system is given by

2=0, Xg=0, X9=0,

E 29¢27 +547)

X6=\/2i (7«/%—18)

34273 25
X7 = 2.2 Q.2
81 8

In addition, the critical point exists for all positive A and
. According to the complicated form of the eigenvalues,
the numerical analysis demonstrates that this critical point is
stable. The effective equation of state is equal to

(106)

Wetf = —1, (107)

which corresponds to the DE phase dominated at the late
time. The density parameters of the system are given by

A:%(«/ﬁ—zl),
Q¢:1<«/ﬁ+ll>,

(25—3ﬁ)

Q =
Q me = O

8
=0, (108)

° fz(D) , getting rid of the X from the system via constraint
equation (105), the critical point is found as follow

V31
X1=0, X¢=0, Xg=0, X9=0, XSZ?,
X > (109)
7= =
V61
The eigenvalues of the critical point are equal to
24 3
0707__5__5_171 s (110)
5 2

which come with all positive A and p. The effective equation
of state is given by

Wett = —1. (111)

Although this critical point behaves as DE due to its equa-
tion of state but it does not dominate the universe at the late
time. While the density parameters are read

25

$2py =0, Qm=_g» $2p,, = 0.

(112)

31
Q=0 Q="

° }_"3(D), we eliminate the X7 from the system by using
Eq. (105). The critical point of this system equals to

X1=0, X=0, X¢=0, Xg=0, X9=0,
X —\/7)»
5=y 5h

The eigenvalues of the critical point are

1
0, —2, -1, —=.,1,2].
5 2

This reflects that this critical point is always saddle point.
The effective equation of state is given by

(113)

(114)

1

Weff = —3- (115)

The density parameters of this system are written by

7 5
Qu=0, Q= > Qpy =0, Q = Gk $2p, = 0.

(116)

o F LED), as done previously for eliminating X7, the critical

point reads
X, =0,

X, = \/% (23@+81),

Xg=0, Xo9=0,

Xs = \/7;—6 (47@+ 1171),
Xo = \/% (23@+ 81>k.

(117)

The stability analysis of this critical point is performed
numerically and the result shows that this critical point is
stable for all positive A. While the effective equation of state
is equal to

(118)

Weff = _g-
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The density parameters of this system are given by

QA=%<\/§—33>,
Q¢=%(«/ﬁ+17),
Q, =é(43—3@),
Qp =0, Q,, =0. (119)

7 Discussion

From the previous section, we obtained a number of critical
points from KK inspired BD gravity model with barotropic
matter. The critical points are classified by their stability.
Then the effective equation of state for each critical point are
calculated. In analysis, the stability and effective equation
of state are used to interpret the physical meaning behind
each critical point. Consequently, we acquired critical points
which are both the compatible and incompatible with the
observable universe.

For the DM, there are 2 critical points which responsible
for it. The first one comes from fi(B) system where non-
vanishing fields are ¢, 1, A*, py, i.e., .7-'1(3), while the other
one comes from the .E(D) system, i.e., F. 1<D), where all fields
are not vanished. Apparently, these two critical points are the
same critical point coming from different system. Since the
effective equation of state of these critical points is zero, i.e.
werr = 0, and their stability are saddle, these critical points
can be represented as matter-dominated phase in the standard
cosmological model. Noted that the matter-dominated phase
is contributed by both matter and DM, then DM behaviour
is obtainable from our model.

For the DE, we have 4 critical points from 3 systems,
namely, .7::.(3), ]:"i(c) and ﬁ(D). The first point is .7?1(3) where
¢, n1, A*, pp, are non-vanishing fields. The second and third
points are }-—I(C) and .7:"3(C) where ¢, no, n1, A*, p,, are non-
vanishing fields. The fourth point is 7. 1(D) where all fields are
not vanished. Noted that for barred system we assumed that
the fields 1o and n; are slow-roll fields causing the dynamics
of these fields to be zero, i.e. 79 = 11 = 0. These 4 critical
points are all stable points and their effective equations of

state are simply —1, wesf = —1 which give us accelerating
universe driven by DE. This means that our model is sufficient
to predict DE phase.

Moreover, we also obtain the phantom DE solutions, i.e.
weff < —1. This solution gives us the highly accelerated
expanding universe leading to the Big Rip. We have 3 suit-
able critical points for the phantom DE. The first one is ]—'Z(B)
where ¢, 1, A, p, are non-vanishing fields. This critical

point will be stable point with effective equation of state,
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werf < —5/3 for A > 3 /1. The second one is .7:"5(D) where

non-vanishing fields are the same as .TZ(B) excepting that 1
is a slow-roll field in this system, i.e. 71 = 0. The crit-
ical point is stable point with effective equation of state,
werf = —35/3. The third one is ]}iD) where all fields are
not vanished. For this critical point, we assumed that 79 and
71 are slow-roll fields. This critical point appears to be a sta-
ble point and its effective equation of state is less than —5/3,
i.e., Weff = —5/3.

For the latter, we also obtain critical points which incom-
patible with the observable universe. Now, we are getting

into details of those critical points. Starting from F jB), ]:'Z(C)

and .7:'3(D), they are all saddle point. The effective equations
of state for these critical points are perfectly stand on the
border of decelerated and accelerated expansion of the uni-
verse, i.e., weff = —1/3. This suggests constantly expanded
universe and we will call this situation as critical DE phase.
Now, for F, I(A) s }"Z(A) and F I(C) , they are stable points and their
effective equation of state, wefr, is zero. This kind of critical
point represents the universe evolving to matter-dominated

phase and remaining at this phase forever. Next, _Z(B) , ]:'3(3)

and ]:'Z(D), they are saddle points with DE’s equation of state,
i.e. weff = —1. The universe, according to the properties of
these critical points, is evolving to DE dominated era. Then,
it will transit to unpredictable phase. Lastly .7-"3(3) and ]—"Z(D),
they are also saddle points with effective equation of state
related to phantom DE, i.e. werr = —5/3. This predicts that
the phantom DE is not the final phase of the universe. The
universe will continually evolve to the unknown phase after.

The nonzero spatial curvature case (k # 0) can be straight-
forwardly extended by an additional of a dimensionless
parameter. However, it is expected that the fixed points aris-
ing from this case do not match with phases of the observable
universe which is the main focus of this work. However, other
interesting aspects of cosmology are still worth for studying.
For example, in the previous works of the typical BD models,
k = 1casein [7] contains a bouncing solution of the universe,
and kK = —1 case in [42] could correspond to the expanding
Milne universe with the equation of state for barotropic fluid
(y), v > 2/3. The further investigation with the nonzero
spatial curvature of the KKBD model would be in our inter-
est for future works. This might provide a new perspective
of the alternative cosmological models.

8 Conclusion and outlook

In this paper, we have revisited the KK inspired BD model
where barotropic fluid is included. The UV limit of this model
is the traditional 5-dimensional KK action with 1 additional
massive scalar field and 2 gauge fields. The KK compact-
ification reduces the UV theory to a 4-dimensional gravity
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theory with a dilaton coupling to a tower of scalar fields.
Another relic of the higher dimensions is the gauge field from
5-dimensional metric which forms a Cosmic Triad solution
with 2 additional gauge fields. Then the usual Einstein field
equations with the barotropic fluid are calculated. Together
with equations of motion, the complete autonomous system
is constructed and the appropriate dimensionless parameters
are defined.

With the dynamical system approach, we found that realis-
tic DM and DE phases are readily present in many solutions.
Since our universe has undergone the matter dominated phase
and currently it is in the DE dominated phase, the DM solu-
tions are expected to be saddle points with wefr = 0. In the
analysis we found 1 DM solution, i.e, F 1(3) (and equivalently

F I(D)). The F, I(B) critical point consists of the oscillating 71
field and (¢, A", p,) which play a role of background fields.
We found 4 dark energy solutions which are stable critical
points with wegg = —1, i.e., .7-_'1(3), .7-_'1(C), .7-_'3(C) and .7-_'1(D).
Noted that all of these are in the slow-roll approximation
as one might expected. Interestingly, we also found many
solutions which resemble the phantom DE with wer < —1.
These are .7-'2(3), ]:"S(D), and .’E{D). All of these solutions con-
tain non-zero kinetic terms which suggests that the phantom
DE could change the value along the history of the universe.

Although this approach could not provide the origin of the
barotropic fluid at the 5-dimensional level, we consider this
approach as an effective analysis of the overall contributions
of other fields. The lack of a strong connection to UV physics
is compensated by the fact that the revisited model presented
here has many more facets of the DM/DE behaviours com-
paring to the original model. One could conclude that the
barotropic fluid in the KK inspired BD model plays an impor-
tant role in enriching phenomena of the model tremendously.
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