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Abstract The present work deals with Cosmological model
of a three-form field, minimally coupled to gravity and
interacting with cold dark matter in the background of flat
FLRW space-time. By suitable choice of the dimension-
less variables, the evolution equations are converted to an
autonomous system and cosmological study is done by
dynamical system analysis. The critical points are determined
and the stability of the (non-hyperbolic) equilibrium points
are examined by center manifold Theory. Possible bifurca-
tion scenarios have been examined by the Poincaré index the-
ory to identify possible cosmological phase transition. Also
stabilities of the critical points have been analyzed globally
using geometric features.

1 Introduction

The series of observations for more than last two decades
strongly confirm that our universe is currently going through
aphase of accelerated expansion [ 1] preceding a smooth tran-
sition from decelerated era in recent past. There is a differ-
ence in opinion about the cause of this transition among the
cosmologists. One group has preferred modification of the
gravity theory while others are in favour of Einstein gravity
with introduction of some exotic matter having large —ve
pressure (known as dark energy (DE)). Observational evi-
dences show that the cosmic fluid consists of 69% DE, 26%
dark matter (DM) and rest is in the form of baryonic matter
and radiation [2]. Although, the cosmological constant is the
simplest choice for the DE candidate and is observationally
most favourable one, still cosmologists search for dynami-
cal DE models due to two severe drawbacks namely cosmo-
logical constant problem and cosmic coincidence problem
of cosmological constant [3]. Initially, Cosmologists have
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chosen the dynamic DE in the form of perfect fluid with
variable equation of state parameter of various forms (viz;
quintessence, tachyon, phantom [4] and chameleon [5,6]
etc). Subsequently, some complicated fields namely spinors
[71, vectors [8], and even higher order spin fields are chosen
as DE candidate. A three-form field has been shown in Ref.
[9,10] as a possible DE candidate and the dynamical sys-
tem analysis of the corresponding cosmological model has
been studied in Ref. [11]. It has been shown that the dual of
the three form fields is a scalar field and for non-quadratic
potential, the kinetic term of the scalar field is non-canonical
to have an equivalence with K-inflation model [12]. Further,
a non-quadratic dependence on the three-form Faraday term
is responsible for self-coupling nature of the scalar field [9].
For non-minimal coupling of the three form, the dual scalar
field character of the three-form will no longer hold. There are
no observational/experimental evidences for the fundamen-
tal scalar particles. In fact, some higher form field are very
much likely to be a candidate for DE and from cosmologi-
cal point of view these field do not violet the cosmological
principle. The higher form fields are very common in String
theory. Hence, attempts have been made to use a vector field,
a one-form field the DE candidate [13-16]. However, most
of the vector field models (also two-form fields) are not sta-
ble in nature [17]. However, it is found that three-form field
models are very much stable [18, 19]. Hence, it is interesting
to consider a three-form field as a candidate for DE. In recent
past, it has been shown [19] that a three-form field as a DE
candidate provides accelerating universe. The present work
deals with dynamical system analysis of the evolution equa-
tions of the Cosmological model with three form scalar field
as the choice of DE while interacting DM in the form of dust.
Although the choice of interaction is purely phenomenologi-
cal but still the interaction term may resolve the coincidence
problem as energy densities of DE and DM are comparable
at stable fixed points.
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Our present work has lots of differences with earlier works
in [11,20,21]. In Ref. [11] the autonomous system [19-21]
is identical to our autonomous system (22—24), but they have
determined few critical points and have analyzed only one
critical point by center manifold theory. On the other hand,
we have determined all possible critical points both for inter-
acting and non-interacting cases. For non-hyperbolic critical
points center manifold theory has been used and global sta-
bility has been discussed with reference to bifurcation anal-
ysis using Poincaré index. In another work [20] the authors
have similar autonomous system confined to a finite region.
They have also analyzed few critical points from cosmolog-
ical point of view. Some of our cosmic epochs are identical
to them but we have procured other significant cosmic eras.
They have not analyzed the critical points using center man-
ifold theory and have not discussed global stability (as we
have extensively done in our work), rather they have per-
formed cosmological perturbations. In Ref. [21] the authors
have 5D phase space as they have considered baryon and radi-
ation as matter field in addition to interacting DE (three-form
field) and DM. They have chosen various form of the inter-
action term and have analyzed some of the critical points in
cosmological context. They have not employed center mani-
fold theory nor have discussed global stability for any critical
point. Therefore, present work is rich in dynamical system
analysis and have studied various cosmic scenarios with ref-
erence to cosmic phase transition using bifurcation analysis
[22-24].

The paper is organized as follows: Basic equations for
interacting 3-form field with DM in the form of dust has
been formulated in Sect. 2. In Sect. 3 the above evolution
equations are converted into an autonomous system by suit-
able choice of the dimensionless variables and critical points
are determined. Also stability of the non-hyperbolic equi-
librium points are discussed by formulating center manifold
at the equilibrium points. Finally cosmological implications
and conclusions are presented in Sect. 4.

2 Basic equations for three-form field cosmological
model

The action of a three-form field A,,,,, minimally coupled to
gravity is given by [11]

1 F?
SAz—/d“x\/—_g[wR—E—V(A)], (1)

where R is the Ricci scalar and V (A2) is the potential of the
three-form field A,,,, having field strength tensor

Fp.vpo =4 Viw Avpo] (2)
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By notation, the square bracket indicates anti-symmetrization
of the indices involved and A2 = A*"P A ,,,,. Now, variation
of the above action with respect to the metric tensor gives the
usual Einstein field equations: G, = 2T v with

1
Ty = 6 MaﬁyFSlﬂy + 6V/(A2)AuaﬂAgﬁ — 8w

1 o
—F F Byp \% 42
X < 8 aByp ( >> 3)

while the equation of motion of the three form field is
obtained by varying the action (1) with respect to A*Y” as

V* Fapuyp = 12V (AN Apyp 4)

with V/(A2) = %. As in the present work, we are consider-
ing homogeneous and isotropic FLRW space-time geometry,
so the three-form field depends only on time. Hence, the evo-
lution equation (4) gives Aoy, = 0 1i.e; a zero component of
the three-form field is non-dynamical and spatial components

are given by
Aiji = @ (D€ X (1) ©)

The co-moving field X is related to the three field as A2 =
6X? and the evolution equation (4) simplifies to

X =-3HX-3HX —V,x (6)

where an over dot indicates differentiation with respect to the
cosmic time ¢’ and a comma in the suffix denotes differenti-
ation with respect to the corresponding variable. Further, the
energy—density and thermodynamic pressure of the effective
perfect fluid corresponding to the energy—momentum tensor
(3) of the three-form field are given by

pa=—T0 =~ (X +3HX)" + V(X), (7)

pa=T =—=(X+3HX)" = V(X)+ XV.x 8)

N =N =

with equation of state

_ba__y XVx )
PA PA

Now, in the context of series of recent observations the above
three-form field (chosen as dark energy), interacting with
dark matter (in the form of dust) is chosen as the matter con-
text in the universe. So, the explicit form of the Einstein field
equations in the background of homogeneous and isotropic
space-time model are

wa

3H? = k*(pa + ppu), (10)

2H = —* [(pa + pa) + pDu] (1n
with energy conservation equations

ppm +3Hppmu = Q. (12)

oA +3H(pa+ pa) =—0. (13)
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Here the two matter components are assumed to be interact-
ing and Q represents arbitrary coupling. As a result of this
coupling between the matter fields the evolution equation (6)
modifies to

X +3HX +3HX + v _ Q (14)
dX  X43HX

3 Autonomous system, critical points and stability
analysis

In the present work we shall consider interacting three-form
field with exponential potential as

V(X) = Voge MX, (15)

where @ is a dimensionless parameter and Vp > O.
This type of potential is termed as runaway potential, i.e.,
Xli_r)nOOV(X ) = 0 and fl—)‘? < 0V X. The runaway potential
will correspond to well-behaved evolution of the background
[21].

Using the dimensionless variables (u, v, w, s) as defined
in [11], viz;

1.
= ——(X+3HX 16
u \/EH( + ), (16)
JV
= 17
v N (I7)
w:= ztan—l 3X (18)
== 7
PDM
" . 19
J3H (19)

The expression of equation of state parameter wxy =
px/px and the total equations of state parameters wy,; can
be written as [11],

1+XV’X | 1 \/52 . [nw]
wx = — =—1————./-v an | — |,
X 0X u2 402V 3 H 2
(20)
1
Brop = Prot _ P—X _ —u2 _ —v2
Prot ox + Ppm 3
(3+J€M tan [”7"’]) 1)

Thus the evolution equations in Sect. 2 can be converted
to an autonomous system as follows [11]

u = %u(l —u? - v2) + \/gvzu (1 — utan [ﬂTwD

_au (22)

2u
v o= %v(l—uz—vz)—@vu <u+(—1+v2)tan[%}) (23)
w = gcos2 [%] (u — tan [%]) (24)

Table 1 The cosmological parameters, eigenvalues (11, A2, 13) and the
nature of critical points for this non-interacting model

Critical points A1 X2 A3 wx wr g Nature of critical points

P (1,0, %) -3 0 -3 -1 -1 —1 Non-hyperbolic
P, : (—1,0, —%) -3 0 —3 —1 —1 —1 Non-hyperbolic
P3: (0,0,0) 33 -3-10 1 Hyperbolic

where the interaction Q is chosen as Q = appy H [21]
and dash over a variable denotes differentiation with respect
to N = In a. Hence, the first Friedmann equation gives
constraint on the variables as

w2+ =1 (25)

(as s is not independent so the dynamical system is of 3D
nature). The phase space is confined in a half cylinder of
height 2 where —1 < < 1,0 < v < 1, -1 <5 <
I and —1 < w < 1. Some non-hyperbolic critical points
are already analyzed in [11]. In the present work, on non-
hyperbolic critical points are studied with a view to analyze
bifurcation and Poincaré index. Cosmological evolutions are
also examined near these critical points.

3.1 Non interacting model: « = 0

Due to o = 0 the above autonomous system (22-24) simpli-
fies to

3 3
u = Eu(l —u?—vH) + \/;vzu (l — utan [%]) ,

(26)

vV = %v(l L \/gvu
(u + (=1 + v tan [%D 27)
w = gcos2 [%] (u — tan [nTw]) . (28)

As the critical points of the above system are enclosed by a
half cylinder, so the only critical points are

1 1
P <1, 0, E) , Py (—1, 0, —5) and P3(0,0, 0)

and these critical points are same as in Ref. [11]. But the
authors have analyzed only one critical point by using center
manifold theory. But in this context we analyze the stabil-
ity of all critical points by center manifold theory (for non-
hyperbolic case) and Hartman—Grobman theorem (for hyper-
bolic case) and also discuss global stability with reference to
bifurcation analysis using Poincaré index. The cosmological
parameters, eigenvalues and the nature of critical points are
presented in Table 1.

@ Springer
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All the three critical points of the above autonomous sys-
tem for non-interacting case has v = 0 which corresponds
to vanishing of the potential (as well as vanishing of the
potential slope for the present choice of V(X)). Thus the
three-form field behaves as a cosmological constant. Also
for the first two critical points, i.e., P; and P, there is no DM
so the cosmological scenario purely corresponds to de Sitter
phase [20,21]. For the third critical point P3, the evolution
corresponds to non-interacting three form field (behaves as
cosmological constant) with dark matter (DM) in the form
of dust. Here DM dominates (three-form field DE is sub-
dominant) the evolution and the resulting cosmic scenario
represents the matter dominated era of evolution. This type
of critical point is also obtained in [21] (see critical point (a)
in Table 1 of Ref. [21]).

Stability analysis

We now investigate the stability of above non-hyperbolic crit-
ical points corresponding to this non interacting model. Most
of the cases stability of non-hyperbolic critical points can be
determined by center manifold (CM) theory. For this we first
perform coordinate transformations so that the critical points
moves to the origin.

3.1.1 Critical point Py

First we shift the critical point Pj to the origin by using the
coordinate transformationy — U+1,v — V,w — W+%,
then the system of equations (26-28) changes to

9 3 3 3 3
U =-3U—--U>-ZU>-ZV?-ZUV? - \/j/wvz
2 2 2 2 2

/3
— EanZW—i—higher order terms, (29)
3 3 3 3
Vi=—(3+,/zpn|UV -0V — (= \/j V3
(o) ov-Sumv- (2o
3
+ EJTMVW

3
+£n2,uVW2 + higher order terms, (30)
22
3 3 2
W' = —3W + U —3UW + (3— = ) w2+ T w?
b4 2 2
~+higher order terms. 31

The Jacobian matrix at the origin for this autonomous system
can be written as

-30 0
000 32)
20-3

J(P) =

So, the eigenvalues of the above matrix are 0, —3, —3 and
[0, 1,017 and [0, 0, 117 are the eigenvectors correspond-

@ Springer

ing to the eigenvalue 0 and —3 respectively. As Hartman—
Grobman Theorem can not be used to analyze the non-
hyperbolic critical point, we shall use center manifold theory
(CMT).

So, by center manifold theory there exist a continuously
differentiable function h:R—R? such that

(U] _[aVP+aV?+0(VY)
h(V) = [W:| - |:b1V2 + b V34 0(VY) (33)

Differentiating both side with respect to N yields

U' = a1V + 3a2V?)V' + higher order terms, (34)
W' = (2b1V 4 3b2V?)V’ + higher order terms (35)

Comparing coefficients corresponding to power of V we get,
aj = —3anday = 0; by = —5- and by = 0, ie, the
expression of center manifold can be written as

U:—%VZ—FO(V“), (36)

W:—%V2+O(V4). 37)

The flow on the CM near the origin is determined by :

j—x - —\/g,uV3 ) (V4) . (38)

Here the stability of the vector field depends on the sign
of u.If u > Othen V' < OforV > 0and V' > Ofor V < 0.
So, for u > 0 the origin is a stable node. The vector field
in UV -plane is shown in Fig. 1 and the vector field near the
origin in WV -plane is also same as. If © < O then V' > 0
for V.> 0and V' < 0for V < 0. So, for u < 0 the origin
is a saddle node, i.e; unstable in nature. The vector field in
U V -plane near the origin is shown as in Fig. 2 and the vector-
+-+-+-+- field near the origin in WV -plane is also same as
Fig. 2.

If © = 0, the expression of center manifold is same as
of Egs. (36) and (37) and the flow on the center manifold is
determined by
av 3 5 6
=V +0(v°). (39)
So the origin is a stable node and the flow near the origin is
same as for u > 0 case (Fig. 1).

3.1.2 Critical point P>

First we shift the critical point P to the origin by using the
coordinate transformationuy — U — 1,0 — V,w — W — %
The calculation change the system of equations (26-28) due
to this coordinate transformation is shown in Appendix A.
The Jacobian matrix for this autonomous system is same
as J(P1). So the set of eigenvalues and the eigenvectors cor-
responding to each eigenvalue of the Jacobian matrix are
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(+ve V axis)
center manifold

(-ve U axis)

(+ve U axis)

(-ve V axis)

Fig. 1 Vector field near the origin for the critical point P in UV -plane
(u>0)

(+ve V axis)
center manifold

(-ve U axis) < (+ve U axis)

(-ve V axis)

Fig. 2 Vector field near the origin for the critical point Py in U V -plane
(n<0)

also same. So, by center manifold theory there exist a con-
tinuously differentiable function 4 : R — R? such that

(U] _[aVP+aV?+0(VY)
h(V) = [W:| - |:b1 Vit b V34 0(VH) (40)
Differentiating both side with respect to N yields

U' = a1V +3a,V*)V' + higher order terms, (41)
W' = (2b1V 4 3b,V*)V' + higher order terms. (42)

Comparing coefficients corresponding to different power of
V, we have a; = % anday =0,b; = % and by = 0. Then
the center manifold is given by

U= %vz ro(v?). (43)

W= %\ﬂ +o(v?). (44)

The flow on the CM near the origin is determined by :

v/ = \E,M +o(v4). (45)

Here the stability of the vector field depends on the sign of
w. If w > 0 then the origin is a saddle node,i.e., unstable in
nature and the vector field near the origin is shown as (Fig. 3a)
and the flow on the center manifold in the WV -plane is also
same as in (Fig. 3a). If © < 0 then the origin is a stable node
and the vector field near the origin is shown as in (Fig. 3b) and
the flow on the CM in WV -plane is also same as (Fig. 3b).
If © = 0 then the center manifold is same as of Egs. (43)
and (44) and the flow on the center manifold is same as of
Eq. (39), that is., the plot of the vector field near the origin is
same as for u < 0 case (Fig. 3b).

3.1.3 Critical point P3

The Jacobian matrix at Pz for the autonomous system (26—
28) can be put as

3
300
2
J(P)=[030 (46)
80-3

The eigenvalues of the above Jacobian matrix are %, % and

—3. [37”, 0, 117 and [0, 1,0]” are the eigenvectors corre-
sponding to the eigenvalue % and [0, 0, 1]7 be the eigenvector
corresponding to the eigenvalue —3. Since the critical point
P;3 is hyperbolic in nature, so we can analyze the stability of
this critical point by Hartman—Grobman theorem. Since two
eigenvalues are positive and one is negative, so the origin is a
saddle node and the phase portrait near the origin is unstable
in nature (Fig. 4).

Poincaré index and bifurcation analysis

The index of an isolated critical point of a vector field is
defined by the winding number of a small counter-clockwise
oriented circle with center at that point. If we restrict our-
selves on V W-plane, Pj is stable node in nature for u > 0
and the index of P;|yw is 1. On the other hand, P; is saddle
for 4 < 0 and index of P;|yw is —1. We get identical nature
of Pj restricted on the U V-plane. On U W-plane, P; is stable
node for all i and the index is 1. Thus at 4 = 0 the system
is structurally unstable in nature and bifurcation occurs.

If we restrict ourselves on V W-plane, P> is saddle in
nature for i > 0 and the index of P;|yw is —1. On the other
hand, P, is stable node for © < 0 and index of P |yw is —1.
We get identical nature of P, restricted on the U V-plane.
On UW-plane, P> is stable node for all i« and the index is 1.
Thus at © = 0 the system is structurally unstable in nature
and bifurcation occurs.

The index of Ps restricted on any plane is independent of
1. So in this case there is no bifurcation value.

@ Springer
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(+ve V axis)

center manifold

(-ve U axis) = (+ve U axis)

(-ve V axis)

(C))

(-ve U axis)

(+ve V axis)

L center manifold

g - i

(+ve U axis)

S

(-ve V axis)

(b)

Fig. 3 Vector field near the origin in UV -plane for the critical point P,. L.H.S. figure is for (« > 0) and R.H.S. figure is for (1 < 0)

u axis 10

Fig. 4 3 dimensional phase plot for the critical point P3

Thus P; is stable for © > 0 and the universe undergoes
an exponential de-sitter expansion near P;. For u < 0, the
universe goes away from P; as time evolves. On the other
hand, P, is unstable in nature for . > 0 and sable for u < 0.
So there may be a de-Sitter generic evolution of the universe
from the neighborhood of P, towards P; for © > 0 and
reverses the trajectory for u < 0. At u = 0, there may be a
non-generic evolution from early time decelerating phase to
late time accelerating phase. So a non-generic evolution of
the universe may occur when p passes through the bifurca-
tion value.

3.2 Interaction model: o # 0

Now we shall study the stability analysis for interacting
model with o as arbitrary parameter. For this case we con-

@ Springer

sider the primary autonomous system (22-24). The critical
points for this autonomous system are:

P, 101 P 1,0 !
4 U5 ) 5 0=5 )
/ 2 3
P6< g,O,—cosl|: —:|)
3 T oa+3
o 2 1 3
and P7 | —,/—=,0, —— cos
3 T oa+3

There is also a line of critical point: P,

— [30-ud) 2. _| _
= <uc, 3+J€u,u’ﬂtan uc), where u, € [—1,0) U

(0, 1] and which exists only for « = 3. The cosmolog-
ical parameters corresponding to P, are given by wx =
_ M) - -

(\/34_\5#“g , wror = —1 and ¢ = —1. Note that except

line of critical points P, all critical points are same as in Ref.
[11]. But the authors have analyzed only one critical point by
using center manifold theory. But in this context we analyze
the stability of all critical points by center manifold theory
(for non-hyperbolic case) and Hartman—Grobman theorem
(for hyperbolic case) for all possible values of the parame-
ters o and p and also discuss global stability with reference
to bifurcation analysis using Poincaré index. The cosmolog-
ical parameters, eigenvalues and the nature of critical points
for this interacting model are presented in Table 2.

In the present interacting DE (in the form of three-form
field) and DM (in the form of dust) cosmological model, the
above autonomous system has four critical points of which
top two (i.e., P4 and Ps)are identical in nature to the critical
points Py and P, for the non-interacting case. The other two
critical points namely Pg and P; are quite interesting as they
may stand for various cosmological scenarios [20,21] with
different choices of the interaction coupling parameter ’o’.
Note that o should positive to have these critical points to be
real and as a consequence there is a flow of matter from DM to
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Table 2 Table shows the value of cosmological parameters, eigenvalues(A, A2, 13) corresponding to the critical points and the nature of the critical
points for this interaction model

Interaction

Critical points wx

Wrot q Al

Nature of critical
point

A2 A3

O=a ppuy H

Py:(1,0,4) -1

34«

Always

where o is an
arbitrary constant

Ps:(=1,0,—3) —1

Ps : (\/g 0, %cos*] [\/g}) —1

Vs Py (—\/g, 0, —%cos*] |: "%HD -1

non-hyperbolic

-3+ 0 -3 Always

non-hyperbolic

—a+3 & 3

Non-hyperbolic
foro =3 and
hyperbolic for

oa#3

Non-hyperbolic
for o = 3 and
hyperbolic for

o #3

—a+3 5B 3

DE (as speculated by recent observations for DE dominance).
If « is very small (i.e., close to zero) then the present model
has DM dominance and the cosmic scenario corresponds to
matter dominated era while DE (i.e., 3-form field as cos-
mological constant) will dominate the evolution for o > 1
and may be termed as LCDM model. In fact by adjusting
o (o &~ 3), it is possible to match recent Plank observation
w = —1.028 + 0.031 [25]. Further there is a line of criti-

. . 30-u2) 2, | .
cal points given by P, =| uc, S Voup Ztan”™ uc , with

uc € [—1,0)U(0, 1] and it exists only for « = 3. For this line

of critical points the three form field behaves as a perfect fluid
o)

«/§+«/§liu§

—1, i.e., a phantom fluid. However, interacting with DM, the

resulting single fluid behaves as a cosmological constant. So
effectively this line of critical points correspond to de Sitter
era of evolution.

with equation of state parameter wy = — (

Stability analysis

We shall discuss the stability analysis of the critical point
(P4— P7)bothfora = 3and @ # 3. The stability analysis for
the line of critical point P;, is very complicated and laborious,
so here we will not present the stability of this critical point.

3.2.1 Critical point Py

Case 1: ¢=3

At first we put ¢ = 3 in (22) and then shift the critical
point Py to the origin by using the coordinate transformation
u—-U+1,v—>V,w— W+%.Thenthesystemof
equations (22—24) modifies to

3 3
zﬂ:-ﬁUZ—<3+¢€ﬁ>UV2—¢g}MV%V

+higher order terms, a7

) 3 3 33 3
Vi= =34 Su| UV = S0PV — | S+ Zu)V
3
+J§nku

/3

—1——712,uVW2 + higher order terms,

24/2

, 3 3n 2 7 3
W =-3W+ —-U-3UW + —74-3 W+7W
b

(43)

~+higher order terms. (49)

The Jacobian matrix at the origin corresponding to the above
autonomous system can be written as

000
000
30-3
T

J(Py)lg=3 = (50

So, the eigenvalues of the above matrix are 0, 0, —3 and
(1,0, %]T and [0, 1, 0]7 are the eigenvectors corresponding
to the eigenvalue 0 and [0, O, 117 be the eigenvector corre-
sponding to the eigenvalue —3. By computing the matrix of
eigenvectors of the stability matrix of the systemin U, V, W
we introduce another set of new coordinates

Ur 1 oo][U
Vil=|0 10|V (51)
Wr —1o1][w

In these coordinates the system of equations is now in the
correct form

Uy 000 Ur non
Vi =100 0 || Vr|+|linear (52)
W 00-=3||Wr terms

@ Springer
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So, by center manifold theory there exist a continuously
differentiable function A R?> —R such that Wy =
h(Ur, V) = aU% +bUrVy + cVT2 + higher order terms,
where a, b, ¢ € R. We only concern about the non-zero
coefficients of the lowest power terms in CMT as we analyze
arbitrary small neighborhood of the origin.

Now differentiating both side with respect to N yields

dUur
dwW dN
L — [2aUr + bVr bUr +2¢Vr] (53)
dN vy
dN
Comparing L.H.S. and R.H.S. of (53) we get,a = % b=0
and ¢ = 0 i.e; the expression of center manifold can be
written as
3 2
Wr = EUT' (54)

The flow on the CM near the origin is determined by:

dUu

d_NT = —6U% -3+ «/g,u)UT VT2 + higher order terms,
(55)

dVr 3 2

— = =307V 6u—=|UV

N TVr + (\/_M 2) TVT

3 3
+ (5 + \/; M) V; + higher order terms. (56)

Now for analyzing the stability of this critical point, Dividing
both sides of (55) by 6 and dividing both sides of (56) by 3.
Since we divided both sides of these equation by positive
terms, so the direction of the vector field is unchanged. We
take 7> = U2 + V7, then differentiating both sides with
respect to N and using (55) and (56) yields ' = —Urr. So
r’ depends on the sign of Ur. If Ur > 0 then v’ < 0 and
if Ur < 0 then r’ > 0. So, the origin is a saddle node and
hence the vector field near the origin is unstable in nature
(Fig. 5). Now we try to see the vector field near the origin

for u = —\/g because for u© = —\/g the coefficient of V3
in Eq. (48) vanishes. The vector field in V W-plane near the

origin for u = —\/g is shown as in Fig. 6.

Case 2: o #3

After shifting the critical point P4 to the origin and by
using same transformation as above the autonomous system
(22-24) changes to

9 -3
U= (3+a)U— 2%\ v2 4 LA WE
2 2
% uv?— |2V

3
—in,quW + higher order terms, 57

V2
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Fig. 5 Projection of the vector field on (Ur Wr)-plane near the origin
for the critical point Py (¢ = 3)

v (3. 3 3 3.,
=— (34 qu) UV -SUV (S +\Zu|V

/3 V3, 2 4
+,/ =t VWu+——=n"uV W*+higher order terms,
(58)

2
~+higher order terms. (59)

3 3 2
W’=—3W—|——U—3UW+<—7”+3) w2+ L3
T

The Jacobian matrix at the origin corresponding to the above
autonomous system can be written as

—3+a0 0
J(P)lazs=| 0 00 (60)
2 0-3

So, the eigenvalues of the above matrix are —3 + «, 0, —3
and [”T"‘, 0, I]T, [0, 1, O]T, [0, 0, l]T are the corresponding
eigenvectors respectively. Then by using similar arguments
which we have done for the critical point P, the center man-
ifold can be expressed as

U= —%v2+(9(v4), 61)
W = —%V2+O(V4). (62)

The flow on the center manifold near the origin is deter-
mined by

Z—]‘\/, - —\/guv%ro(v“). 63)

For o # 3 we get four different phase diagram near the origin
depending on the values of « and p. For ;v > O there arises
two cases @ > 3 and o < 3 and for . < O there also arises
two cases o > 3 and o < 3.
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Fig. 6 Vector field near the 52
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Fig. 7 Vector field near the origin in U V -plane for the critical point P4. L.H.S. figure is for (¢« < 3, u > 0) and R.H.S. figure is for (¢ > 3, u > 0)

Case (i): @ > 0 For ¢ < 3 the origin is a stable node, i.e.,
the vector field near the origin is stable in nature
(Fig. 7a). For @ > 3 the origin is a saddle node,
i.e., the vector field near the origin is unstable in
nature (Fig. 7b).

u < 0 In this case the origin is a saddle node for
o < 3 (Fig. 8a) and an unstable node for « > 3
(Fig. 8b), i.e., for both of the cases the vector field
near the origin is unstable in nature .

w = 0 If we calculate the center manifold for u =
0 then the center manifold is same as of Eqs. (61)
and (62) and the flow on the center manifold is
determined by

Case (ii):

Case (iii):

dv 3 5

& -y O(vﬁ). 64
IN 3 + (64)
For « > 3 the origin is a saddle node, i.e., unstable in nature
and for @ < 3 the origin is a stable node, i.e., stable in nature
and the vector field near the origin is same as for u > 0 case
(Fig. 7).

3.2.2 Critical point Ps

Casel: o =3

Similarly as above after putting « = 3 in (22), we shift
the critical point Ps to the origin by using the coordinate
transformation u — U — 1, v - V, w — W — % The
calculation change the system of equations (22-24) due to
this coordinate transformation is shown in Appendix B. The
Jacobian matrix at the origin for this autonomous system can
be written as

000
000
30-3
g

J(Ps)|q=3 = (65)

So the eigenvalues of the above matrix are 0, 0, —3 and
[1,0, %]T and [0, 1, O]T are the eigenvectors corresponding
to the eigenvalue 0 and [0, O, 117 be the eigenvector corre-
sponding to the eigenvalue —3. By computing the matrix of
eigenvectors of the Jacobian matrix of the systemin U, V, W
we introduce another set of new coordinates (Ur, Vr, Wr)

@ Springer
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Fig. 8 Vector field near the origin in U V -plane for the critical point P4. L.H.S. figure is for (¢« < 3, u < 0) and R.H.S. figure is for (¢ > 3, u < 0)

in terms of (U, V, W) as follows

Ur 1 00][U
Vr|=|0 10|V (66)
Wr —1o1|w

In these coordinates the system of equations is now in the
correct form

Uy 000 Ur non
Vi|=1000 Vr | + | linear (67)
W 00-3||Wwr terms

Thus by center manifold theory there exist a continuously
differentiable function A R? R such that Wy =
h(Ur, Vr) = aU2 + bUrVr + V2 +
higher order terms, where a, b, ¢ € R. We only concern
about the nonzero coefficients of the lowest power terms in
CMT as we analyze arbitrary small neighborhood of the ori-
gin.
Now differentiating both side with respect to N, we get

aur
dWr dN
= |2aU bVr bU 2¢V 68
N [2aUr + bVr bUr + 2¢Vr ] wr (68)
dN
Comparing L.H.S. and R.H.S. of (68) we get, a = —5_,
b =0 and ¢ = 0, i.e., the center manifold can be written as
Wr = —— 12 (69)
="

The flow on the center manifold near the origin is determined
by

dU
=T _ 6UZ + (=3 + V6p)Ur V# + higher order terms,

dN
(70)
— =3UrVr — 6 UV == —+/zn ]V
dN e (‘/_’Hz)TT (2 2”>T
+higher order terms.

(71)
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Fig. 9 Projection of vector field on the (Ur Wr)-plane near the origin
for the critical point Ps («¢=3)

Similarly for analyzing the stability of this critical point,
first we divide both sides of (70) by 6 and divide both sides of
(71) by 3. Since we divided both sides of these equations by
positive terms, so the direction of vector field is unchanged.
We take r2 = U% + V2, then differentiating both sides with
respect to N and using (70) and (71) yields ' = Urr. So
r’ depends on the sign of Uy. If Ur > 0 then v’ > 0 and
if Ur < 0 then r’ < 0. So, the origin is a saddle node and
hence the vector field near the origin is unstable in nature
(Fig. 9). Now we try to see the vector field near the origin for

n= \/g because for u = \/g the coefficient of V3 in R.H.S.
of the second equation of Appendix B vanishes. The vector

field in VW plane near the origin for u = \/g is shown as
in Fig. 10.
Case 2: o #3

After shifting the critical point Ps to the origin, the cal-
culation change the system of equations (22—-24) due to this
coordinate transformation is shown as in Appendix C.
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Fig. 10 Vector field near the 5 x10°
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Fig. 11 Vector field near the origin in U V plane for the critical point Ps. L.H.S. figure is for (¢« < 3, u > 0) and R.H.S. figure is for (¢ > 3, u > 0)

By similar calculation we can easily see that the Jacobian
matrix for the above autonomous system is same as (60).
Hence, we have the same eigenvalues and corresponding
eigenvectors which already obtained for (60) and the cen-
ter manifold near the origin can be written as

U= %Vz—kO(V“), (72)
W= %v%o(v“). (73)

The flow on the center manifold near the origin is determined

by
av. |3 3 4

For o # 3 we get four different phase diagram near the origin
depending on the values of o and p. For i > O there arises
two cases o« > 3 and o < 3 and for . < O there also arises
two cases o > 3 and o < 3.

Case (i): © > 0 The originis asaddle nodeif « <3 (Fig. 11a)
and an unstable node if « >3 (Fig. 11b), i.e., the vector field
near the origin is unstable in nature for both of the cases.
Case (ii): 1 < 0 For o < 3 the origin is a stable node, i.e.,
the vector field near the origin is stable in nature (Fig. 12a).
The origin is a saddle node if « >3, i.e., the vector field near
the origin is unstable in nature (Fig. 12b).

Case (iii): ©« = 0 If we calculate the center manifold for
u = 0 then the expression of center manifold is same as of
Egs. (72) and (73) and the flow on the center manifold is
determined by

V. 3y +O(V6).

N g (75)

For o >3 the origin is a saddle node, i.e., unstable in nature
and for o < 3 the origin is a stable node,i.e., stable in nature
and the flow near the origin is same as the flow near the origin
for u < 0 case (Fig. 12).
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Fig. 12 Vector field near the origin in U V plane for the critical point Ps. L.H.S. figure is for (¢« < 3, u < 0) and R.H.S. figure is for (¢ > 3, u < 0)

Fig. 13 Phase potrait near the
origin for the critical point Pe.
L.H.S. is for > 3 (taking

o =4)and RH.S.is fora < 3
(taking o = 2)

3.2.3 Critical point Pg

First we shift the critical point Py to the origin by using
the coordinate transformation u — U + %, v—>Vandw —

2 1 3 . . ..
W+ = cos [, / m] . Now the Jacobian matrix at the origin
for the transformed autonomous system can be written as
3—a O

3—a
0 2

w(ax+3)

0
J(Ps) = 0 (76)

-3

The eigenvalues of the above Jacobian matrix are (3 — «),
G- and -3. 1,0, Broeay) - 10, 1,007 and [0,0, 117
are the eigenvectors corresponding to the eigenvalues (3 —«),
@ and —3 respectively. Since the Jacobian matrix have
nonzero real eigenvalues for o # 3, so the critical point is
hyperbolic and so we can analyze the stability of the crit-
ical point by Hartman—Grobman theorem [26]. For « > 3
all eigenvalues are negative and hence the origin is a stable

@ Springer

u axis 10

node and the phase portrait near the origin is stable in nature
(Fig. 13a). For « < 3 two eigenvalues are positive and one is
negative and hence the origin is a saddle node and the phase
portrait near the origin is unstable in nature (Fig. 13b).

3.2.4 Critical point P;

If we determine the Jacobian matrix corresponding to the
autonomous system (22—-24) at the critical point P7, then we
will get the same Jacobian matrix as (76) and hence we have
the same eigenvalues and corresponding eigenvectors. Since,
the eigenvalues are nonzero, so we analyze the stability of
this critical point by Hartman—Grobman theorem. The phase
portrait near the origin is Fig. 13.

For o = 3 the critical points Pg and P7 are non-hyperbolic.
For this case the stability analysis of those critical points are
same as Case 1 of the critical points P4 and P5 respectively.
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Poincaré index and bifurcation analysis

For o < 3 four critical points (P4- P7) appear to exist but at
a = 3 two critical points (Ps and P7) disappear. Again they
appear for « > 3. If we restrict ourselves on U W-plane, Py
and Ps are stable node in nature for « < 3 and index of each
Py, Ps|yw is 1. On the UV -plane, for u > 0, Py is stable
node for o < 3 with index 1 and saddle for ¢ > 3 with index
—1. For i = 0, the index of P4|yv is 0 as the neighborhood
has two hyperbolic sectors. On the V W-plane, for @ # 3, the
index of P4|yw is 1 for u > 0and —1 for u < 0. Fora = 3,

index of P4|yw is —1 for u > —\/g and 1 for u < —\/g.

Similarly on the U V-plane, for © > 0, Ps is saddle for
a < 3 with index —1 and stable node for @ > 3 with index
1. For u = 0, the index of Ps|yy is O as the neighborhood
has two hyperbolic sectors. For < 0, Ps is stable node for
o < 3 with index 1 and saddle for « > 3 with index —1. For
u = 0, the index of Ps|yy is 0 as the neighborhood has two
hyperbolic sectors.On the V W-plane, for o # 3, the index
of Ps|yw is —1 for u > 0 and 1 for u < 0. For @ = 3, index
of P4lyw is 1 for pu > \/gand —1 for u < \/g Again Pg
and P; are saddle for @ < 3 and stable node for « > 3. So at
o =3and u =0, j:\/g the system is structurally unstable.

For ¢ < 3 and © > 0, P4 is a stable node and Ps is a
saddle in nature. So generic de-Sitter evolution can be found
from Ps of index —1 plane to P4 of index 1 plane. For u <
0, the generic evolution reverses its direction. At « < 3
and u = 0 there may occur a non-generic evolution from
Ps or P; to P4 or Ps and the universe changes its phase
from decelerating matter dominated era to phantom barrier.
A similar non-generic evolution also can be found for o > 3.
At o = 3 ade-Sitter generic evolution can be found from the
plane of index —1 of Ps to the plane of index 1 of P4 for

w< —\/g and the direction reverses for u > \/g .

3.3 Interaction model: Q = 2uppy H

For this interaction the autonomous system (26—-28) modifies
to

0= <%u—1> (l—uz—v2)+\/§l}2# (l—utan[%}) (77)

V= %v(lfuzfvz)f\/gvﬂ (u+(—1+vz)tan[?]) (78)

W= gcos2 [?} (u — tan [%D (79)

The above autonomous system has the following three critical
points:

P (1,0, 5), P (=10, =1 and Pio (2.0, 2 tan! | 2
= —1,0,—= ) an 50, = tan" " | =
s (10,5 ). P 5 ) and Pro{ 3.0, — 3

Note that in Ref. [11] the authors have not analyzed this
model. So all critical points are new and here we analyze each

critical points by center manifold theory (for non-hyperbolic
case) and Hartman—Grobman theorem (for hyperbolic case)
and also discuss global stability with reference to bifurcation
analysis using Poincaré index. The cosmological parameters,
eigenvalues and the nature of critical points are presented in
Table 3.

The three critical points P3 — Pjq for the second choice
of the interaction are very similar to the previous ones. The
critical points Pg and Py are exactly identical to P; and P (or
P4 and Ps). The critical point Pjo represent a DE dominated
era of evolution. Due to interaction of the three form field (i.e.,
cosmological constant in the present context) with DM (in the
form of dust) the resulting single fluid is in the quintessence
era not closed to phantom divide line. This critical point may
be termed as LCDM model.

Stability analysis
3.3.1 Critical point Pg

First we shift the critical point Pg to the origin by using the
coordinate transformationuy — U+ 1,0 — V,w — W+ %
The calculation change the system of equations (77-79) due
to this coordinate transformation is shown in Appendix D.

If we determine the Jacobian matrix at the origin for the
autonomous system Appendix D, we have the eigenvalues
—1,0and —3and[1, 0, %]T, [0, 1,0]7 and [0, 0, 1]7 are the
corresponding eigenvectors respectively. Since, the critical
point is non hyperbolic so we use center Manifold theory
for analyzing the stability of the critical point. Proceeding in
similar way for determining the center manifold, the center
manifold can be expressed as

U= _%vz ro(v) (80)
W:—%V2+O<V3) 1)

The flow on the CM near the origin is determined by

v/ = _@,m O (V4) . (82)

Here the stability of the center manifold depends on the sign
of w. If © > 0 then the origin is a stable node and if © < 0
then the origin is a saddle node, i.e., unstable in nature.

3.3.2 Critical point Po

We shift the critical point Py to the origin by the coordi-
nate transformation u — U — 1l,v — V,w — W — %
The calculation change the system of equations (77-79) due
to this coordinate transformation is shown in Appendix E.
If we determine the Jacobian matrix at the origin for this

autonomous system we have the eigenvalues —5, 0 and —3
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Table 3 Table shows the value of cosmological parameters, eigenvalues ( A1, A2, A3) and the nature of the critical points for this interaction model

Interaction Critical points wx Wror q A Ao A3 Nature of critical point
QO=a p. H where @ = 2u Pg: (1,0, %) —1 —1 —1 —1 0 -3 Always non-hyperbolic
" Py : (—1,0, f%) —1 —1 —1 -5 0 -3 Always non-hyperbolic
. Py : (%, 0, %tarfl [%]) -1 g —% % % —% Always hyperbolic

and [1,0, —5>17, [0,1,0]” and [0, 0, 1]7 are the corre-
sponding eigenvectors respectively. Since, the critical point
is non-hyperbolic so we shall use center Manifold theory
for analyzing the stability of the critical point. Proceeding in
similar way for determining center manifold, the expression
of center manifold can be written as

U= %vz ro(v?). (83)
W = %V%O(W). (84)

The flow on the center manifold near the origin is determined
by:

v/ = \/gﬂv%ro(v“). (85)

The stability of the manifold depends on the sign of . If u >
0 then the origin is a saddle node, i.e., unstable in nature and
if u < O then the origin is a stable node, i.e., stable in nature.

3.3.3 Critical point Pyg

We shift the critical point Py to the origin by using the
coordinate transformation u — U + %, v —> V,w —
W+ % tan~! [%] Now the Jacobian matrix at the origin for
the transformed autonomous system can be written as

200
J(Po)=1] 0 2 0 (86)
54 g 33
137 13
The eigenvalues of the above Jacobian matrix are %, %, — %

and [1, 0, %]T and [0, 1,0]” are the eigenvectors corre-
sponding to the eigenvalue % and [0, 0, 117 is the eigenvec-
tor corresponding to the eigenvalue —%. Since, the critical
point is hyperbolic in nature, so by Hartman—Grobman the-
orem we can analyze the stability of this critical point. Since
two eigenvalues are positive and one is negative, so the ori-
gin is a saddle node and the phase portrait near the origin is
unstable in nature (Fig. 14).

Poincaré index and bifurcation analysis

Critical points Pg and Py are sink (sum of index is 2) in
nature when restricted on U W-plane. On the other hand, Pg
and Py swap their stability and indices (1 to —1 or —1 to
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Fig. 14 3 Dimensional phase plot for the critical point Pjq

1) when the parameter p passes through zero. Similar phe-
nomenon can be found on the V W-plane. Despite each of Pg
and P9 changes its stability at . = 0, they together produce
topological equivalent phase space for all . Since the phase
space in confined in a finite region of space, there is a tra-
jectory of non-generic evolution between Pg and Py on UV
or VW-plane. As there is no u in the eigenvalues of (86),
so qualitative behavior near Pjo does not depend on u. The
Poincaré index of Py restricted on uv-eigenplane is 1 and
each on the two other plans is —1 and is independent of the
sign of u . Butin cosmological point of view, near the critical
point P, for i > 0, the comoving field behaves as a phan-
tom field with runaway potential, whereas the field behaves
as non-phantom with non-runaway potential when crosses
the phantom barrier at © = 0 from positive to negative.
Now we consider a power-law potential as

V(X)=V X"

where A is a dimensionless parameter and V7 > 0. Then by
using similar dimensionless variables (16—-19) we have the
following autonomus system

3
u' ==

3 TWw
—y? 2 Zo? dhady S
2u(l u v7) + z)w (cot[ 5 ] u)
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Table 4 Table shows the set of critical points corresponding to the autonomous system (87-89) and the value of cosmological parameters

corresponding to each critical pointss

Interaction Criticalpoints wx Wror q

0=0 R (1,0, %) Ry (—1,0,—1) —-1-1 -1-1 -1-1

0 =appuH Ry (1,0.3) Re(=1,0.=3) Rs (/5.0 2eos”! [[Z5])  —1-1-1-1 —1-1-§-¢ —1-1}0-wi0-w
where o is p s > 3

nonzero arbi- K6 <_\/;’ 0, — 7 cos [ m])

trary constant

0 = R7(1,0,%) Rg(~1,0.—3) Ro (3.0, 2tan~'[3]) —1-1-1 -1-1-% -1-1-1

2uppu H

o 2 2
— — (1 —u? =P,
2u( u v7)

3 3
Vv = Ev(l —ur =) — z)w (ucot [%] +0? — 1),

(88)
w = gcos2 [nTw] (u — tan [jTTwD

We have two non-hyperbolic critical points R; and Rj
similar as Py and P respectively corresponding to the non-
interacting case, four non-hyperbolic critical points R3, R4,
Rs and Rg similar as P4, Ps, P and P7 respectively corre-
sponding to the interacting case when o # 0. Note that Rs
and Rg are hyperbolic for ¢ # 3. Lastly, for « = 2u we
have two non-hyperbolic critical points R7 and Rg similar
as Pg and Py respectively and one hyperbolic critical points
Rio similar as P19 wx = px/px and the total equations
of state parameters wy,; corresponding to this model can be
expressed as

87

(89)

a2
=1 - 90
“x u? +v? e
Wror = —u* — (A + v 91)

To avoid similar calculations we only state the stability
of every critical points, value of Poincaré index and bifurca-
tion value on the o — A plane corresponding to each critical
points in tabular form (Table 5) and the value of cosmological
parameters corresponding to each critical points are shown
as in Table 4.

4 Cosmological implications and conclusions

The present work deals with a cosmological model where
the matter field in the context of recent observations is cho-
sen as DE and DM interacting/non-interacting in nature. The
three-form field acts as DE, interacting with CDM (Table 5).
Due to very complicated form of the evolution equations the
present cosmological model has been studied by dynamical
system analysis, forming the autonomous system from the
evolution equations by transformation with suitable dimen-

sionless variables. There are two hyperbolic critical points
(namely P3 and Pjg) and remaining eight critical points in
P1 — Py are non-hyperbolic in nature. Also there is a line of
critical points P, for the first choice of the interacting term
and only for these critical points the three-form field behaves
as perfect fluid with variable equation of state in phantom
era. In the present work, non-hyperbolic critical points are
mainly studied using center manifold theory and global sta-
bility has been examined through bifurcation scenarios using
Poincaré index.

For the critical points (P, P2), (P4, Ps) and (Pg, Py), DM
is absent and the cosmic matter is only the three-form field
behaving as cosmological constant. So they represent the
early inflationary era or the de Sitter phase. For critical point
P3 the three form field (i.e., DE) is insignificant and cosmic
evolution represents dust era due to dominance of DM. Sim-
ilarly, for the critical point Py, the three form field (i.e., DE)
has an edge over DM and there is accelerated expansion in
the quintessence era and this can be termed as LCDM model.
The remaining two critical points Pg and P; have the same
features-both of them represents the scaling cosmological
solution with "«’ as the scaling parameter-for very small «
(i-e., o is positive but very close to zero) the present model
corresponds to matter dominated era while late time acceler-
ated erais represented for « > 1. For the power-law potential
V(X) = Vi X, the autonomous system (87-89) has nine
equilibrium points R; (i = 1,2, ..., n), of which three are
hyperbolic (Rs, Rg and Ro) in nature while the remaining six
are non-hypernbolic type. These equilibrium points are sim-
ilar to the critical points P; for the exponential potential form
discussed earlier. The equilibrium points Ry, R>, R3, R4, R7
and Rg correspond to de Sitter era of cosmic evolution. Here
the universe is fully dominated by DE which behaves as cos-
mological constant. The remaining three equilibrium points
(Rs, Rg and R9) represent cosmological scaling solution. Ro
still has DE dominance and the universe is in accelerating
phase. The critical points Rs and Rg correspond to matter
dominated era of evolution for « < 1, while they will also
correspond to accelerated model of the universe for o > 1.
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Table 5 Table shows stability of every critical points corresponding to the autonomous system (87—-89), value of Poincaré index and bifurcation
value on the @« — A plane corresponding to each critical points

Interaction CPs Stability Poincaré Index Bifurcation value
(onthe o — A
plane)

0=0 R R R is a stable node for A > 0 and saddle node for R; : 1for A > 0 and O for For Ry : A =0.

A < 0. Ry is a stable node for A < 0 and saddle A<O0.Ry:1forhx <0andO For R, : A =0.
node for 1 > 0. for L > 0.
Q = oappmH R3R4Rs5Rg For o = 3, R3 is a saddle node for any value of ..  R3: 0 for o = 3 and any A; 0 For R3: A =0,
where o is If @ # 3, Rz is a saddle node for forA > 0;a >3and A < O; o = 3. For Ry:
nonzero arbi- (A > 0,a > 3) and also for (A < 0, @ < 3). a<3;lfora<3;4>0 o = 3 line on
trary constant Further for (@ < 3, 4 > 0), R3 is a stable node and o > 3, A < 0. R4: 0 for o — A plane.
and unstable node for (A < 0, @ > 3). For o =3 and any A; 0 for A > 0, For Rs: o =3
o = 3, Ry is a saddle node for any value of A. If a<3and A <0;0 > 3;1 lineon o — A
o # 3, R4 is a saddle node for (A > 0, o < 3) fora <3; X <0and @ > 3; plane. For Rg:
and also for (A < 0, « > 3). Further for A >0.R5: 1 fora =3 and o = 3 line on
(@ < 3,1 < 0) Ry is a stable node and unstable A>0;0fore =3and A < 0; o — A plane.
node for (A > 0, > 3). Fora =3, Rs is a 1 for @ > 3 and any X; O for
stable node for A > 0 and saddle node for o < 3andany A. Re: 1 for
A < 0. Further Rs is stable node o > 3 and for a=3and A <0;0fora =3
any values of A and saddle node for « < 3.For and A > 0; 1 foro > 3 and
o = 3, Rg is a stable node for A < 0 and saddle any A; O for @ < 3 and any X.
node for A > 0. Further R is stable node for
« > 3 and for any values of A and saddle node
fora < 3.
QO =2uppmyH R7 Rg Rg R7 is a stable node for A > 0 and saddle node for Ry : 1 for A > 0 and O for For R7: A = 0.
A < 0. Rg is a stable node for A < 0 and saddle A<O0.Rg:1forh<0andO For Rg: A = 0.
node for A > 0. Ry is always saddle node. for A > 0. Rg : O for any A. For Ry:
Bifurcation
does not
appear.

As the phase space for the present model is confined to
a finite region (given in Eq. 25), so there should not be an
critical point at infinity. Thus the critical points correspond to
different cosmic scenarios (namely, inflationary era, matter
dominated epoch and present accelerated phase) and stabil-
ity analysis (using center manifold theory for non-hyperbolic
equilibrium points) has been presented with existence of pos-
sible bifurcation at cosmic transition.

Acknowledgements The author Soumya Chakraborty is grateful to
CSIR, Govt. of India for giving Junior Research Fellowship (CSIR
Award No: 09/096(1009)/2020-EMR-I) for the Ph.D work. The author
S. Mishra is grateful to CSIR, Govt. of India for giving Senior Research
Fellowship (CSIR Award No: 09/096 (0890)/2017-EMR-I) for the
Ph.D work. The author Subenoy Chakraborty is thankful to Rashtriya
Uchchatar Shiksha Abhiyan (RUSA) for endorsement of RUSA 2.0
project grant. For the development of this project various figures have
been drawn through Wolfram Mathematica and Matlab. The author
would like to thank the reviewers for positive remarks and comments.

Data Availability Statement This manuscript has no associated data or
the data will not be deposited. [Authors’ comment: This article describes

entirely theoretical research. So data sharing not applicable to this article
as no data-sets were generated or analyzed during the current study.]

Declaration

@ Springer

Conflict of interest The authors declare that they have no conflict of
interest.

Open Access This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adaptation,
distribution and reproduction in any medium or format, as long as you
give appropriate credit to the original author(s) and the source, pro-
vide a link to the Creative Commons licence, and indicate if changes
were made. The images or other third party material in this article
are included in the article’s Creative Commons licence, unless indi-
cated otherwise in a credit line to the material. If material is not
included in the article’s Creative Commons licence and your intended
use is not permitted by statutory regulation or exceeds the permit-
ted use, you will need to obtain permission directly from the copy-
right holder. To view a copy of this licence, visit http://creativecomm
ons.org/licenses/by/4.0/.

Funded by SCOAP3.

Appendix A: The shifted autonomous system of equations
for the critical point P,
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3
+£n,uV2W + higher order terms,

V2
, 3 3 3 3\,
3
+\/;nku

3
— in2,uV w2+ higher order terms, (A2)
242
3 3 2
W= 3W+ U +30w+ (2 3) w2 gl
b4 2 2
~+higher order terms. (A3)

A Appendix B: The shifted autonomous system of
equations for the critical point Ps for « = 3

3 3
U =6U”— (3 — \/;p,> Uuv?+ \/;mvzw

~+higher order terms, (B1)

Vv =13 3UV 3Uv 3 3V3
= V2H 2 2 " VaH

3

+,/§nku

V3

— —nz,u Vw2 + higher order terms,

22
3 3 2
W’:—3W+—U+3UW+<77T—3>W2+%W3
T

(B2)

~+higher order terms. (B3)

B Appendix C: The shifted autonomous system of
equations for the critical point Ps for o # 3

9 3
U= (340U + (%) 024 (222 2
2 2
3—a\ , 3+a 2 \/? )
vio (2% uv2 4 [Zuuv
+( 2 ) ( 2 ) Tk

3
+£an2W + higher order terms, (CDH

/2

Vv =13 3Uv 3Uv 3 3\/3
- V2t 2 2 " VaH
3
+,/§nku

/3

- g2 ,uVW2 + higher order terms,

24/2

, 3 3n 5 7 3
W=—3W+;U+3UW+ 7—3 w +7W

(C2)

+higher order terms. (C3)

C Appendix D: The shifted autonomous system of
equations for the critical point Pg

e (e () ()

J3

——auViw + higher order terms,

2

, 3 3, 3 3\ ,
Vi= =34 Su| UV = SUPV =S+ Su)V
3
+/ 5TV Wh

/3

—1——712,uVW2 + higher order terms,

24/2

, 3 RF/4 5 72 3
Wi =-3W+—-U-3UW + —74-3 W+7W
T

(D)

(D2)

~+higher order terms. (D3)

D Appendix E: The shifted autonomous system of
equations for the critical point Py

11 3 5
U=-5U+—|U>-(= ~)v?
+<2) <2> +(2)
+ 3+ 5 Uv?
2 V2K

3
+£an2W + higher order terms, (ED

V2
3 3 3 /3
V' = (3 — \/;u> Uv — EU2v - (—5 +\/;u> V3
3
5TV W

/3

-~z ,uVW2 + higher order terms, (E2)

22
, 3 3 5 %
W =-3W+ —-U+3UW + 7—3 w +7W*
b

+higher order terms. (E3)
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