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We consider a quintessence model of dark energy inspired by scalar-tensor theories of gravity where the scalar field is nonminimally
coupled to gravity and dark matter. By considering exponential potential as self-interaction potential, the stability and existence
of the critical points are discussed in details. With nonminimally coupled dark sector with gravity, we obtain scaling solutions
to address the coincidence problem by considering complex velocity for dark matter. The statefinder diagnostic shows that the

equation of state reaches ACDM model in the future.

1. Introduction

Recent observational pieces of evidence [1-6] have revealed
that today the energy density of the universe is dominated
by a component with negative pressure that violates the
strong energy condition (SEC). This yet unknown component
is called “dark energy” (DE), which derives the positively
accelerated phase of the universe expansion. Modification of
gravity on vast scale may be another alternative to explain
this accelerated phase of expansion [7, 8]. In the framework
of dark energy proposal, the simplest model is a cosmological
constant, whereas, the cosmological constant proposal suffers
from serious difficulties such as a huge fine-tuning [9-12].
In fact, there is no convincing explanation for the very small
value of the A and also no concrete solution for coincidence
problem and need for huge fine-tuning. Coincidence problem
is that why are the energy densities of both dark components
(dark energy and dark matter) the same order of magnitude
today? The dynamical dark energy models such as light scalar
fields, quintessence [13, 14], phantom fields [15], tachyon
fields (16, 17], and other similar theories that are capable
of explaining the late-time cosmic acceleration can alleviate
the coincidence problem [18]. It is possible to construct a
generalized model of quintessence field that the background
and the dark energy evolve independently, but there is
a nonminimal coupling between both dark components

[19-26]. Because the nature of the dark matter (DM) is yet
unknown, it is possible to consider additional interactions
between the dark components, without tension with the
observational facts. Nevertheless, solar system tests impose
some restrictions on the nonminimal coupling between the
dark matter and the dark energy [27]. Currently no specific
coupling between the dark sectors has been known based on
fundamental theories. Therefore, suggested coupling models
will necessarily be phenomenological [28, 29], though some
models seem to have more physical justification than others
[19]. Here we are going to study an interacting model in which
the dark sectors are coupled to each other in a background
gravitational field nonminimally coupled to the dark energy.
We seek scaling solutions to address the coincidence problem
in a manner much similar to the chameleon mechanism.
The paper is organized as follows. In Section 2 we review
some new details of two models of interaction between
the dark sectors and scalar curvature with minimal and
nonminimal coupling. We present existence and stability of
the critical points in phase space. In Section 3, we present a
model in which the scalar field is coupled nonminimally with
both gravity and dark matter. The cosmological dynamics of
the model is studied via dynamical system technique and also
statefinder diagnostic. Scaling solutions are obtained in this
section and the coincidence problem is addressed through a
manner similar to the chameleon mechanism. This is done



by relaxing the reality of sound velocity and allowing to have
complex sound speed profile. The coincidence problem can
be evaded in this case since, a constant ratio between the
dark energy and dark matter density is a stable attractor.
We suppose universal coupling of the quintessence field to
all sorts of matter (radiation is excluded). We note also
that actually there is no need to consider the coupling
between quintessence field and baryonic matter. In fact, the
quintessence field has coupling with dark matter. In Section 4,
conclusions are presented.

2. Preliminaries

2.1. Minimal Coupling of Quintessence Field with Dark Matter.
The action for a quintessence field minimally coupled with
the dark matter is given by

R 1,
S = Jd4x\/—_g[5—59 "V -V (9) + L | D)

where R is the curvature scalar, ¢ is the quintessence scalar
field, V() the quintessence self-interaction potential, which
we consider as V() = Vye ¢, where A and V, are positive
constants and Z,, is the Lagrangian density of matter (all
sorts of matter except radiation and baryonic matter. Note
that the only sort of matter here is the dark matter). The FRW
line element is given by

dr?

ds* = —dt* +a* (t) +a* (1) r*dQ?,

1= kr )
dQ’ = d* + sin°0d¢’,

where t is the cosmic time, (7, 0, ¢) are the spatial (radial and
angular) coordinates and k is the spatial curvature where k =
0, +1, —1 corresponding to the flat, closed and open universes,
respectively. We consider the system of units in which 87G =
¢ = h = 1. The field equations that are derived from the action
(1) are

3H? + %
a2

1
=Pt 59V (9), (3)

. k 1
2H+3H2+;=(l—y)pm—5¢2+V((p), (4)

av (o)
b+ 3HQ =0, 5
§+3Hp+— )

where y = 1 + w,,, is the barotropic index which depends on
the type of matter. The continuity equations are

P+ 3HYp, =0,  p,+3H(1+w,)p,=0. (6)
The Friedmann equation (3) with k = 0 is as follows:
1=Q,,+0, )
which Q,, = p,,/3H” and Q, = p¢/3H2, (7) implies that

0<Q, Q, <1 (8)
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We study cosmological dynamics of the model by trans-
lating our equations in the language of the autonomous
dynamical system. We define the following dimensionless
quantities:

; V(p)
_ 9 _ _ VP (9)
xl = \/EH’ x2 = \/?H s X3 = \/§H

By rewriting the Friedmann equation (3) (with k = 0)
in terms of the new variables, we obtain a constraint on the
parameters space of the model as follows:

1=x+x5+x3, (10)

which allows to seek for evolution of just two variables since
the third one can be obtained by this constraint. In what
follows we choose x; and x; as our independent variables.
Using these phase space variables, the evolution equations
(4) and the equation of state parameter w,, = Proi/pror =
(Prp +(y-Dp,)/ (p¢ + p,,) can be rewritten as follows:

H 3 5 .,

oL 3x7, (11)
D 3, + 302 (12)
H2 1 22

Wiot = fo + yx§ - 1. (13)

In the next step, we introduce a new time variable N =
In a(t) that is related to the cosmic time through dN = Hdt
and obtain the following autonomous system of equations:
dx, ¢ H dx; 3 H
—_— L —x,—, —— = Zy+ — [ x5 (14
AN ~ Vem: ' AN PLATEl Rt
The stability around the fixed points is related to the form
of the eigenvalues in each critical point. In Table 1 we exhibit
the properties of the critical points such as the existence
and stability. Furthermore, we present w,,, as the value of
the total equation of state parameter at the critical points
to see the possibility of accelerated expansion in this setup
(Weore < —1/3). The eigenvalues can be obtained by using the
above autonomous equations, the results of which are shown
in Table 2. As we see in Table 1, among the five fixed points,
only point E, exhibits scaling solution for late-time. Using
(8), (9), (10), and (13), we find for this point
0<Q,=x5 Q,=(1-x5)<1,
(15)
Wit < —5.

According to Table 1, this point can be either stable node or
stable spiral. In Figure 1, if we choose A and y parameters
from the blue shaded region, point E, will be stable node,
but if we select these parameters from the green shaded
region, point E, will be stable spiral. The phase space of
this critical point is illustrated in Figure 3(a). All the phase
space trajectories diverge from the unstable point (radiation



Advances in High Energy Physics 3

TABLE 1: Properties of the critical points.

Point (x;,, x3.) Existence Stability Q, Wiore d.>0
Saddle pointif A > V6and 0 < y < 2,
A(+1,0) vhy unstable node if A < vV6and 0 < y < 2 ! ! No
Saddle pointif A < ~V6and 0 <y <2
B(-1,0 A, ’ 1 1 N
(-1,0) Ay unstable node if A > —v6and 0 < y < 2 ©
12 2 p)
C \/3/\)0 ¥y A <6 Stablenoslelfk <6aznd)t < 3y, 1 A——l V<2
6 saddle pointif 3y < A° < 6 3
D, (0,+1) YA,y Saddle pointif 0 < y < 2 0 y-1 y<=
2_
. ﬁy, N A2 =3y A>3y Stable nqde for left panel of Figl}re 1 3y yo1 y<?
“\ 2 A Stable spiral for right panel of Figure 1 A2
TABLE 2: The eigenvalues of the critical points.
Point (x,,, X3,) 01,0y
A(+1,0) 6_m,_§y+3
B(-1,0) 6+\/€A,—§y+3
C @’0 1A2_3’+1A2_§y
6 2 2 2
D, (0,+1) gy—3,3y
\9Y2A2 - 24y% - 20922 + 48)2 + 422
pA =21 + ,
V6 A2 =3y A
Eo| oyvt—7—
24 A V92N - 24y° — 20p02 + 48)% + 402
pA —2A -
A
4 A 4
2 4 - 2 4 }
A oA A0
-2 o ] !
—4 4 —4 A
0 0i5 i 115 é 0 0.5 1 1.5 2
Y Y

(a) ()

FIGURE I: E, is a stable node in the blue shaded region of A-y space (a), while it is a stable spiral in the green shaded region of (b).



domination) and converge towards the attractor. As has been
shown in Figure 4(a), this critical point cannot cross the
phantom divide line and reaches to recent quantity of w that
tends to be less than —1 [30]. To have such an observationally
supported crossing, we add a further ingredient to the theory:
the nonminimal coupling between the dark energy and scalar
curvature [31]. Furthermore, it is important to keep in mind
that if we consider negative values of y for E, to have w,,,, <
-1, then the critical point D, will be also a stable attractor
point, which is not acceptable since it should be a transient
matter dominated epoch.

2.2. Nonminimal Coupling of Dark Energy with Ricci Scalar.
We consider the following action in the spirit of the scalar-
tensor theories:

S = Jd4X\/—_g

11 1,
X [(5 - Eﬁsvz)R =50V ~V (9) + L |

(16)

where & is the nonminimal coupling between the

quintessence field as dark energy and scalar curvature. The

energy density and pressure of the scalar field nonminimally
coupled to gravity are defined as follows [32]:

1, )
pp= 59" +V (9) + 3H9” + 6L Hog,

1, . . .
Py = 59"~V (9) - 4€Hog - 28¢° ~28pp  (17)
—2EH¢? - 3tH?¢”.
The field equations derived from action (16) are given as
3H” + %
a

2H+3H2+£=(1—y)pm—%(p2+V((p)

= P+ %sbz +3EH¢’ + 6¢Hog,  (18)

+ 4EHgg - 2667 + 26pp (19
+28H¢” + 3EH ¢,
av
¢+3H¢ + d(q)) + &Ry =0, (20)
¢

where y = 1 + w,, is the barotropic index of ordinary matter.
The continuity equations are given as

P+ 3Hyp, =0,  p,+3H(1+w,)p,=0. (2D)

Similar to the previous subsection, (7) and (8) are valid for
this case too. The dimensionless quantities for this case are
X1, X5, and x5 defined in the previous subsection, plus the
additional one defined as follows:

%, = \Ep. (22)

From Friedmann equation (18) with zero spatial curvature
(k = 0), we have the following constraint:

1= + X3 + x5 + x5 +26Ex, x,. (23)
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In terms of these new variables, the acceleration equation (19),
the scalar field’s equation of motion (20), and equation of state
parameter are given by the following expressions:

H 3
7 (—nyg ~3x7 + 6Ex] — 44/6Ex, X,
+ 3/\\ﬁx4x§ - 125xi> (24)
-1
X (1 —xi + 6Exi) ,

% = —3\/€x1 + 3/\x§ - IZ\EX4 - 6\&364%, (25)

2 2 H
Wy = (2 —4E) x% + yxg + —\/6\Ex1x4 - = \éx1—
3 3 H
(26)
2,9
- §x4ﬁ - 1.

We differentiate the phase space dimensionless variables with
respect to N = In a(t) to find

dx, _Vo ¢ H  dxy_ [3
dN =~ 6 H> T'H? dN

dx,

The critical points and their stability around the fixed
points are shown in Table 3 (for 0 < y < 2) and eigenvalues
of the Jacobian matrix are presented in Table 4. As Table 3
shows, there is no critical point for late-time. Attractor critical
points B, and B_ belong to the future. Fixed point B, can be
either a stable node or a stable spiral depending on the values
of A and & from blue shaded region or green shaded region
in Figure 2. However, critical point B_ is stable spiral. The 2-
dimensional phase space of this critical point is depicted in
the right panel of Figure 3. So, we see that the nonminimal
model allows to reach a stable phase in the future with
equation of state that tends to the ACDM one in the future.
The behavior of w,,, is shown in Figure 4(b). There is no
crossing of the phantom divide even in this nonminimal
model. So, similar to the minimal model, this nonminimal
model is not a suitable framework for late time cosmic
dynamics and it is not capable of addressing the coincidence
problem.

(27)

3. Dark Energy Coupled Nonminimally with
Gravity and Dark Matter

We consider a scalar field, as dark energy component, which
is nonminimally coupled to gravity and dark matter in the
spirit of scalar-tensor theories:

S = Id‘*xﬁ

1 1 1,
x [(5 - 5&,)2) R==g"VapVep =V (9) + a9’ 2,
(28)



Advances in High Energy Physics

0 0.05 0.10 0.15 0.20

I Stable node
Il Stable spiral

(a)

0 0.05 0.10 0.15 0.20

Il Stable spiral

(®)

FIGURE 2: (a) In the A and & parameters space the blue shaded region is valid for stable nodes and the green shaded one is valid for stable
spirals for critical point B, . (b) The green shaded region for stable spiral in the A and £ parameters space for critical point B._.

TaBLE 3: The properties of the critical points.

Point (x,,, X5, X4.) Existence Stability Q, Wior a>0
1
A(0,0,1) VA Ey Saddle point 1 3 No
e Stable node for left panel of Figure 2
—2~/E + \JA? + 4& (blue shaded region)
B, (0’ 0 A > YpA>0.6>0 stable spiral for left panel of Figure 2 ! - !
(green shaded region)
-2 \/ A2+ 48
B < 2= VR > Vy,A <0, >0  Stable spiral for right panel of Figure 2 1 -1 1
2
C, (0,£1,0) VA Ey Saddle point 0 y-1 v<3

TABLE 4: The eigenvalues of the critical points.

Point (x;,, X3, X4 ) 01,05,03
A(0,0,1) -1,4,2- %Y
-2 VA? + 4 3
B, <0,0’ M) _E%Gl’Gz
-2 \//\2 4¢ 3
B_ <0>0 \/> * > 75)/’ GS)G4
3 3 1
39,2y = 2 9y + 144pE - 36y - 192y + 36,
C, (0,+1,0) MUY

Zy-3- i\/9y2 + 144yE - 36y — 192y + 36

where a¢® is the quintessence-matter coupling function,
(a is constant). The energy density and pressure of the
nonminimally coupled scalar field in this case are given
by (17) but now with redefined p,, (see (32) and (35)
below).

The field equations that are derived from the action (28)
with redefined p,, are as follows:

3H” + % =P+ (p +3EH?¢" + 6EHog,  (29)
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-0.5 A

FIGURE 3: (a) The phase plane for critical E, (for minimal case) with y = 0.5 and A = 1.48. The critical points E, (0.17, 0.56) are stable nodes
(sinks) so that the quintessence dominated solution is the late time attractor. The critical points D, (0, 1) and C(0.6, 0) are saddle points, but
A(+1,0), B(-1,0) fixed points are repeller nodes. All the phase space trajectories diverge from the unstable point and converge towards the
attractor. (b) The phase plane for the critical point B, (for nonminimal case) withy = 1, A = 1 and & = 1/6. The critical point B, (0, 0) is a
stable node (a sink) so that the quintessence dominated solution is a future attractor.

N
— p=051=148
——— =005 =047
(a)

Wiot

0.5 4

—— x1 =0.01,x3 = 0.56,x4 = 0.35
--- x; =0.001, x3 = 0.56, x4 = 0.01

(®)

FIGURE 4: (a) Effective equation of state parameter (minimal case) versus the cosmic time for the critical points E, with initial values x, = 0.41
and x, = 0.56 and the values of y and A as given in the figure. (b) Effective equation of state parameter versus the cosmic time for the critical
point B, with y = 1, A = 1, £ = 1/6 and initial values as given in the figure.
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. k 1, .
2H+3H2+a—2:(l—y)pm—z(p2+V((p)+4§H(p(p

—28¢° + 289 + 2EHo” + 3EH 7,
(30)

¢ +3H¢p +

av
d((pq)) +&Re = 2a¢p,,. (31)

A general coupling between a quintessence field and the
dark matter may be described by the continuity equations as

Pm + 3HYp,, = -Q, (32)
pp+3H(1+w,)p, = Q. (33)

Here Q = 2a¢¢p,, is the rate of energy density exchange in
the dark sector with the following properties:

Q >0, Energy transfers from dark matter
to dark energy,
(34)
Q <0, Energy transfers from dark energy
to dark matter.
After integration of (32) we find
P = Mae™™, (35)

where M is a constant of integration. By defining w,,, =
Pt/ pror = (P, + P,)/(p, + p) now the following equation
is valid:

Prot + 3H (1 + Wyoy) prog = 0. (36)

Like the previous subsection, (7), (8) are valid for this case
too. Now we study cosmological dynamics of this interacting
model as a dynamical system in phase space. Our dimen-
sionless parameters and the Friedmann constraint are similar
to (9), (22), and (23). We rewrite other important equations
of the setup in terms of the new variables. The acceleration
equation (30) and the equation of motion (31) in terms of the
new variables take the following form, respectively:

32 2 2
— = <—5x3 - 3x7] + 6Ex] — 4\/6\£x1x4
+ 6axIx; + 3/\\/Ex4x§ - 12§xi) (37)
-1
X (1 -2+ 6Exi) ,
H

ﬁ.
(38)

. 2
$ _ 6ax5X,

- 3V6x, +3Ax3 — 12+/Ex, — 61/Ex,

H~E

With N = Inaf(t), the following autonomous system of
equations is obtained:

oo
dx, _ \/_(xx3X4 C3x 4 ﬁ)»xi—Z '6fx4
dN VE 2

-2 [\/6\5x4+x1] %,

dxs Véax;x, 3 H dx,
dN _[ £ ftm|™ an Ve
(39)

The critical points and stability around these points are
presented in Table 5 and their eigenvalues of the Jacobian
matrix are shown in Table 6.

(i) Critical Point A. The critical point A behaves like a saddle
point in the phase space and in this case we have no late-
time acceleration. For this point the universe is radiation
dominated.

(ii) Critical Point B,. Points B, represent a cosmological
constant dominated accelerating phase. In this case, either
a scalar fields kinetic energy term or a potential energy
term plays the role of a cosmological constant. So, with a
quintessence scalar field nonminimally coupled with dark
matter and curvature, it is possible to realize a stable, de
Sitter, future accelerating phase. The complicated stability
conditions for the critical point B, were confirmed numeri-
cally, and the results are shown in Figure 2. As we see from
Figure 2(a), if we choose A and & quantities from the blue
shaded region, then we have a stable node, but if we select
these two quantities from the green region, we will have a
stable spiral. For critical point B_ there is only a stable spiral
solution that is illustrated in Figure 2(b). The phase portrait
for this case is shown in Figure 7(a). The behavior of w, is
drawn in Figure 8(a). This figure shows that we will reach a
stable phase in the future with equation of state parameter
that tends to ACDM model.

(iii) Critical Point C, . For this case, there is no contribution of
the scalar field and the universe is dominated by matter fields
other than the quintessence scalar field. These two critical
points behave like saddle points in the phase space if we
consider 0 < y < 2. For y < 2/3, one can obtain an
accelerating phase of expansion, but this phase is not stable.
However, if we consider y < 0, we will have two kinds of stable
attractors. It will be a stable node if we choose y and « from
the Figure 5(a), and a stable spiral if we choose y and « from
Figure 5(b).

(iv) Critical Point D,. The stability conditions for critical
points D, are very complicated and therefore we do not
present their functional form here. However, for complete-
ness the results are illustrated in Figure 6. There are two
situations depending on the values of y. If we consider 0 <
y < 2, there is a saddle point. On the other hand for y <
0, we can consider the possibility of having complex sound
speed for nonordinary matter fields. In this situation there
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TABLE 5: Properties of the critical points.

Point (x;,, X3, X4.) Existence Stability Q, W 4>0
1
A(0,0,1) YA &y Saddle point 1 3 N
Stable node for left panel of Figure 2
with0 <y <2
B (00 —2E + \JEA? + 482 Ya,y, (blue shaded region) 1 ) 1
77 MVE A>0,E>0 stable spiral for left panel of Figure 2
with0 <y <2
(green shaded region)
Stable spiral for right panel of
28 — A + 487 Yo,y p s1P
B_10,0, > i i 1 -1 1
_< AE A<0,E50 Figure 2 with 0 < y < 2
Saddle point if 0 < y < 2 stable node
for left panel of Figure 5 with y < 0
C, (0,£1,0 0 -1 -
+ (0.£1,0) YA a8y stable spiral for right panel of Y v<
Figure 5 with y < 0
Saddle pointif 0 < p <2
ﬂZE (4- 3y 3 9F + 2o VA, a#0 stable node for left panel of Figure 6 3y 4 5
0,+ \]YE 3 (—3y+4)f withy <0 1+()’27)€ -1 Y<§
= o = stable spiral for right panel of “«

Figure 6 withy < 0

TABLE 6: The eigenvalues of the critical points.

Point (x,,, X3, X,,) 01,05,03
A(0,0,1) -1,4,2 - %Y
) A2 + 482
B, (0,0, @) 21,66,
ME 2
28 — \JEA? + 422 3
B (0,0, u) -21.G,,G,
ME 2

C, (0,%1,0)

33 1
3y,(1y— 3 + Z\/9y + 144y€ — 36y — 192y + 96 + 36),

3,23 1 fop 36y )
(4y 5 4\/9y +144y& — 36y — 192y + 96c + 36

\/25 (4 3) \jm

3y, Gs, Gg

is a stable node for values of A and « that belong to the
shaded region in Figure 6(a), and a stable spiral for values of
A and « belonging to the shaded region in Figure 6(b). This
point is an accelerated scaling solution. Now, by considering
(8), (9), (22), (23), and (26), the coincidence problem can be
addressed naturally. In fact, with 0 < Q,, < 1and 0 < Q, < 1,
our analysis confirms that Q,,/Q, < 1 and w,,, < -1/3. The
phase portrait for this case is shown in Figure 7(b). It has been
shown that if we select A and « from Figure 6, the critical
points C, (matter dominated phase) will be a saddle point
and all the trajectories converge to the attractor points D, . By
adopting suitable values of quantities y, A, and «, the current
value of the dark matter density, ),,,, can be in agreement with
recent data from Planck + WMAP [30], Q,, = 0.3151'8:8}2.
The behavior of w,, is shown in Figure 8(b). Now the total

equation of state parameter crosses the phantom divide line
and the universe reaches a stable phase. From Figure 8, we
see that if we choose suitable values for y, A, and «, the value
of the equation of state parameter can be in agreement with
recent observational data; w,,, = —1.13'032 according to the

Planck + WP + highL + BAO results [30].

4. Statefinder Diagnostic

The dark energy properties are model-dependent. In order to
distinguish between different types of dark energy models, in
2003 Sahni et al. [33] have suggested a diagnostic proposal by
introducing a new pair of parameters {r, s}, called statefinder
parameters. These parameters can be constructed by using
both the second and third derivatives of the expansion factor.
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o o
() (b)

FIGURE 5: In the y-« space with & = 1/6, the critical points C, are stable nodes for the shaded region (a). Also the critical points C, with
& = 1/6 are stable spirals for shaded region (b).

0 0 -
-1
—-0.5 1
2
14 Y
—3
~14
—4
_5 . -1.5+4
0
o o
() (b)

FIGURE 6: In the y-« space with & = 1/6, the critical points D, are stable nodes for the shaded region (a). Also the critical points D, with
& = 1/6 are stable spirals for shaded region (b).

The second derivative gives the deceleration parameter which ~ The statefinder pair, {r, s}, are defined as

has the following form in a spatially flat universe: .
a H

r=——s=—-3q-2, (41)
aH® H?

d H r-1
o=in (1 0e) w RECETR) "
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FIGURE 7: (a) The phase plane for the critical B, withy = 1, A = 0.5, « = 0.1, and & = 1/6. The critical point B, (0, 0) is a stable node (a sink) so
that the quintessence dominated solution is the future attractor. The critical points ¢, (0, +1) and D, (0, +0.9) are saddle points. (b) The phase
plane for the critical points D, with y = 0.1, A = 1, « = 1.15, and & = 1/6. The critical points D, (0, +0.55) are stable nodes (sinks) so that
the quintessence dominated solution is the late time attractor. The critical points A(0, 0) and B, (0, +1) are saddle points.
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14
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FIGURE 8: Effective equation of state parameter versus the cosmic time for the critical point B, withy = 1, A = 0.5, = 0.1 and £ = 1/6 and
initial values as given in figure (a). (b) is for the effective equation of state parameter for the critical points D, withy = -0.1,A =1, = 1.15
and &£ = 1/6 and x; = 0, x; = 0.56, x, = 0.83 as initial values.



Advances in High Energy Physics

The statefinder diagnostic tool depends on the scale factor.
This shows that the statefinder parameters are geometrical
in essence. Nowadays, the various dark energy models have
been considered from the statefinder diagnostic point of view.
The different dark energy models have various evolutionary
trajectories in {s, 7} plane. So, the statefinder tool can distin-
guish between alternative models. Furthermore, by using the
statefinder parameters, we can study the expansion history of
the universe by using higher derivatives of the scale factor.
The ACDM scenario corresponds to a critical point in the
r-s phase diagram with {r, s},cpp = {1,0}. By drawing the
trajectories in the r-s phase plane, the discrepancy of the
model from ACDM can be investigated [34]. We can rewrite

(41) as
. .12 .
d | H H H
In a minimally coupled quintessence field with the dark

matter, by substituting (11) into (43), r is obtained to be as
follows

3£ +1, (44)

- 12
H
= —3)/3c3x3 6x1x1 +2 [Hz ] [2g

where a prime denotes derivative with respect to N = In a(t).

Also s parameter can be derived by substituting (44),
(40), and (11) into (42). Due to its lengthy form, we avoid
presenting this quantity explicitly. Now, we examine the
numerical analysis of the statefinder diagnostic. Figure 9 for
the late time stable scaling solutions E, , shows the trajectories
of {r, s}, {g, s}, and {g, r} phase plane for two different y and A
parameters. If y = 0.5 and A = 1.48, the initial values will be
Xo1 = 0.41 and xy3 = 0.56 with (x, = Q,, = 0.315) for blue,
dashed line. For y = 0.05 and A = 0.47, the initial values will
be xy; = 0.13 and x; = 0.56 for purple solid line and this is in
agreement with Planck data [30]. As the figure illustrates with
various y and A parameters, the trajectories evolve differently.
One can choose small values of y and A in order to approach
the ACDM model in this framework. We note also that in
this platform one can choose the suitable values of y and A
in order to find more viable values of ),,, in comparison with
recent observations.

After studying statefinder diagnostic for the case with
minimal coupling between the quintessence field and dark
matter, now we extend our analysis to the nonminimal
coupling between the dark energy component and the scalar
curvature. The r parameter can be obtained by replacing (24)
into (43)

r=1

—3yx5x5 — 6x,x) — 4V/6E (x,x] + x,x} ) + 126, x]
+

1 - x3 + 6Ex3
~ — 12
+ (6/\\/Ex4 [(xf + X5+ X+ 2\/6§x1x4 - 1) ]
[t g (05| )

1
-1
X (1 - X+ 6Exi)
3/\\/—(1 —xP - x3 - x} - 2+/6Ex, x4) - 24&x;x),
+
1 - x3 + 6Ex3
2x,x — 12Ex,x, H Y
t = |+t3| =5 +2| = ) -
1 - xj + 6Ex] H? H?
(45)

As we have mentioned previously, s parameter can be
obtained by replacing (45), (40), and (24) in (42). Now we
present the numerical analysis of the statefinder diagnostic.
Figure 10 for the stable node B, shows the trajectories of
{r,s}, {g, s}, and {q,r} phase planes for two different initial
values with y = 1, A = 1, and & = 1/6. As this figure
indicates, the model with ordinary dark mater (y = 1) and
a nonminimally coupled quintessence field, the trajectories
of {r, s}, {g, s}, and {g, r} in phase plane reach a stable point
in the future, that is, corresponding to the ACDM model
({T, S, q} = {1’ 0’ _1})

Now we study statefinder diagnostic for a general model
with dark energy nonminimally coupled to both dark matter
and scalar curvature. Similar to our previous treatment, the »
parameter can be derived by replacing (37) into (43)

r=1+ < - 3yx3x; - 6x1x'1 - 4\/6\£(x4x; + xlx;)
+ 128x,x) + 6a (2x4x;x§ + 2xix3x;) )
-1
X (1 - X+ 6Exi)

1/2
+ <6/\\/gx4 [(xf + X5+ X, + 268X, X, — 1) ]
[l e o (0, )

X (1 - X+ 6Exi)_1

3A\/—(1—x1—x3 x5 - 2\/—x1x4)

1 - x3 + 6&x?
2
2x 12
+ 2xxy — 1280, — +2 :
1 - x3 + 6&x?

The parameter s can be calculated by replacing (46), (40),
and (37) into (42). For this model we analyze numerically
the statefinder diagnostic for critical points B,, and D,.
If we consider 0 < y < 2, then the critical points
D, for the late time scaling solution will be saddle points
(see Table5). In addition, by considering the attractor
points B,, the model reaches the ACDM model in the
future. For stable node B,, the trajectories of {r,s}, {g,s},
and {g,r} in phase plane with two initial conditions are
drawn in Figurell. In these figures we considered two

xi — 24&x,x)

(46)
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FIGURE 9: Trajectories of the stable nodes E, in {r, s} phase plane with initial values x; = 0.41 and x; = 0.56 for the blue dashed line, and
x, = 0.13 and x; = 0.56 for purple solid line with the specified values of y and A (a). Point T shows the late time values of {r, s} in this model.
Point F is the stable state of {r, s} in the future. The value of the statefinder {r, s} in the ACDM scenario is shown by ACDM point. (b) shows
the trajectories of the stable nodes E, in {q, r} phase plane with the same initial values as for (a). (c) is devoted to {g, s} phase plane.

different sets of initial values for x,, x;, and x, as have = D,, with y < 0 (corresponding to nonordinary dark matter)
been shown in figures and we have set also & = 1/6, we have late time scaling solutions. The trajectories of {r, s},
A =05 « = 0.1,and y = 1 (for ordinary dark matter). {g, s}, and {g, r} in phase plane with two different values of the
These two different initial values lead to the trajectories that  y parameter, but with the same initial conditions, x; = 0, x5 =
evolve to the same fixed point in the future. For stable nodes ~ 0.56, and x, = 0.83, have been shown in Figure 12. As this
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FIGURE 10: Trajectories in {r, s}, {q, r}, and {g, s} phase planes for the stable node B, with A = 1 and y = 1 (corresponding to ordinary dark

matter) with two sets of initial conditions.

figure illustrates, with different values of the y parameter the

(c)

trajectories evolve differently. With both adopted values of

the y parameter, the model approaches the

the late time and also the future. However, it is possible to
choose the values of y so that the model tends to the ACDM

model at late time or future.

ACDM model in

5. Summary and Conclusion

13

In this paper we have studied an interacting model in which
the dark sectors (dark matter and dark energy) are coupled
to each other in a background gravitational field which is

nonminimally coupled to the dark energy. We have shown
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FIGURE 11: Trajectories in {r, s}, {g, r}, and {g, s} phase planes for the stable node B, with & = 1/6,1 = 0.5, « = 0.1, and y = 1 with two sets of

initial conditions as specified in the figures.

the possibility of having scaling solutions in this setup. These
solutions are capable of addressing the coincidence problem
in a manner much similar to the chameleon mechanism. In
fact, we have introduced the idea that y, as the barotropic
index, is capable of getting negative values for nonordi-
nary dark matter (or in some nonstandard situations). This

assumption opens new windows in the issue of dark energy
interacting with dark matter. With this assumption, it is
possible to have complex sound velocity in the medium much
similar to the complex index of refraction in optical media.
In summary, in the first part of the paper we have
considered a minimal model with no interaction between
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FIGURE 12: Trajectories in {r, s}, {g, 7}, and {g, s} phase planes for the stable nodes D, with & = 1/6, A = 1 and initial conditions x, = 0,

x3 = 0.56, and x, = 0.83.

the dark sectors. In this case there is no crossing of the
phantom divide. In the next step we considered nonminimal
coupling between dark energy and gravitational sector but
without any interaction between the dark sectors. In this case,
there is no attractor solution for late time. There is also no
possibility for transition to phantom phase. In the last step we
supposed a general model with interaction between the dark

sectors and also between dark energy and scalar curvature.
This general model in the spirit of scalar-tensor theories
provides a lot of interesting facilities: there is a possiblity
to cross the phantom divide line by the equation of state
parameter in some subspaces of the model parameter space,
it is possible to address the coincidence problem in a natural
manner and finally there is a late time attractor which goes
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to ACDM in the future via statefinder diagnostic analysis. In
each step we have compared our results with observational
data from Planck + WP + highL + BAO joint data set.

Appendix

The values of the parameters G; introduced in Tables 4 and 6
are as follows:

(1 276N

N | —

G,=+
+ <— 3 (9EN* + 24E - 4)

x (9653/2 A2 + 48 + 1928 + 2180

~ 32E(A2 +4E) - 726 + 12) )1/2

F 728+ 12)
x (9EN* +24E —4)
Gs, = i% (1 278N

+ <3 (9EA* + 24 - 4)

x <96£3/2 A2 + 4E + 1928 + 216N

- 32\/6(/\2 +48) - 728 + 12))1/2
F 728+ 12)
x (96N + 248 —4)

1 2 4. 2
= (+291 - S
Css (+96<<E 6)“0 357" “)

¢
(-5 (Gers)y

x (72 - 12) y — 96€ + 48a + 16) "'
+((548 - 9)y” + (30 - 180E + 36a) y
+ 1448 — 720 - 24)

x (726 - 12) y — 96€ + 48a + 16) " .
(A1)
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