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Abstract. In this paper, we explore various cosmological parameters (equation of state, squared speed of
sound, Om-diagnostic) and cosmological planes (wy-w}, where wj is the evolutionary equation of state
parameter, statefinder). We consider the framework of dynamical Chern-Simons modified gravity with the
new holographic dark energy model. It is observed that the equation of state parameter gives consistent
ranges by using different observational schemes. We check the stability of the model using the squared
speed of sound. In the present scenario, the squared speed of sound shows a stable solution. The wy-w}
and statefinder planes also present consistent results. We would like to mention here that our results of
cosmological parameters show consistency with previous different observational data like Planck, Hy, SNLS
and WMAP.

1 Introduction

Astronomers with the help of various observational analyses, such as SNIa, SDSS, WMAP and CMB radiation, and
X-ray, have suggested that our universe undergoes accelerated expansion [1-7]. On the basis of these observations,
they also argued that our universe is spatially flat and consists of about 70% dark energy (DE) with negative pressure,
30% dust matter (cold dark matter plus baryons) and negligible radiation. But the nature of DE is still ambiguous
and requires more attention. Up to now, two distinct scenarios have been designed, such as dynamical DE models and
modified theories of gravity. The family of Chaplygin gas [8,9], holographic DE (HDE) [10-12], pilgrim DE [13-18],
etc., lie in the category of dynamical DE models which are mostly used in describing the cosmological scenario.

The HDE model is one of the most fascinating DE models, which has been constructed in the framework of quantum
gravity through the holographic principle [19]. In the derivation of this DE model, the black hole entropy plays a key
role. In view of black hole entropy relation, Cohen et al. [20] have suggested a relation according to which the total
energy of the system with size L should not exceed the mass of a black hole with the same radius. For the largest
value of L to saturate this process, the energy density of HDE is given by

Py = 3n2m12)lL_2, (1)

where n, my,; and L are the numerical constant, reduced Planck mass and IR cutoff, respectively. For illustrating the
cosmic acceleration in a more reliable way, various IR cutoffs have been developed, such as the Hubble radius, event
horizon, the age of the universe, Granda-Oliveros (GO) length, Ricci length, etc. In the Kaluza-Klein universe, Sharif
and Jawad [21] analyzed the interaction of modified HDE and dark matter with varying G. They considered infrared
cutoff scale L as future event horizon. In this scenario, the EoS parameter as well as its evolution are explored. They
also checked the validity of the generalized second law of thermodynamics. This model represents the transition of the
universe from quintessence to phantom and showed consistency with the present observations.

# e-mail: abdul jawad@ciitlahore.edu.pk
> e-mail: shamailatoor.math@yahoo.com

¢ e-mail: tanzeela nawaz@yahoo.com



Page 2 of 11 Eur. Phys. J. Plus (2016) 131: 282

On the other hand, various modified gravities have also been suggested for explaining cosmic acceleration. Among
them, the Chern-Simons modified gravity has been developed recently [22] and was not a random extension. This
gravity is motivated by string theory (as a necessary anomaly-canceling term to conserve unitarity [23]) as well as
by loop quantum gravity [24]. This modified gravity exhibits the violation of parity symmetry in Einstein-Hilbert
action because of the inclusion of the Pontryagin density (a topological term in four dimensions, unless the coupling
constant is not constant or promoted to a scalar field). The detail of this modified gravity has been given in [25]. Many
authors have investigated cosmic acceleration in the dynamical Chern-Simons modified gravity by taking various HDE
models [26-30].

To realize the role of DE in modified gravity, a very useful technique is proposed by [31-35] and also extended
for several cosmological scenarios. There exist several DE EoSs in the literature, however, the authors of [34] have
discussed the more general forms of DE inhomogeneous EoS. In view of these EoSs, they have usefully remarked that
the more general form may contain the derivative of H, like H, H, ..., in principle, and it is given by

F(p,p,H,H, H) = 0.

This form contains a family of Chaplygin gas and much more complicated EoSs. The interested feature of this form,
as addressed by Nojiri et al. [34], is that one can recover Friedmann equations through its trivial condition. They have
also investigated its non-trivial scenario and sketched a useful picture of cosmological implications. They pointed out
that the inhomogeneous term in the EoS helps to realize the crossing of phantom barrier. They have also discussed
the future behavior of the universe through singularity analysis by taking the several specific examples of the above
general form of EoS.

In this paper, we consider HDE with the GO cut-off in the framework of dynamical Chern-Simons modified
gravity. We explain the cosmological scenario, such as EoS parameter, Om-diagnostic, stability analysis, wy-w), plane,
statefinder plane. We analyzed the results by comparing with the observational data. The paper is organized as follows.
In sect. 2, we briefly discuss the Chern-Simon modified gravity and the HDE model with the GO cutoff. In sect. 3,
we discuss the cosmological parameters. Section 4 is about the cosmological planes. Finally, we will conclude with our
results.

2 Basic equations

The action WhiCh describes the Chern—Simons theory iS deﬁned as fOHOWS [26—29]
1 4 ¢ * DPO L 1 s
legh % 5 v y . 2
5_416 G/dx[\/—gR+49 R Rpau —729 VMGV 9+V(9) + Smat ( )

Here, R, *RP"™ Ry, €, 0, Smar and V(0) represent the Ricci scalar, a topological invariant called the Pontryagin
term, the coupling constant, the dynamical variable, the action of matter and the potential, respectively. We set
V(0) = 0 for simplicity. By varying the action equation (2) with respect to g,, and scalar field 8, we can get field
equations as follows:

Gy +1C,y = 87GT,,,
v ¢ o UV
glL VMVVH = _64771'*Rp B Rpgwj, (3)

respectively. Here, G, and C),,, represent the Einstein and Cotton tensors, respectively. The Cotton tensor is defined
as follows: 1

O = — ——((V,0)e”’" "V RY)) + (V,V,0)* RP )7 4
2= (Vo) )+ (VeV,yb) (4)

In this framework, the energy-momentum tensors have the following forms:
. 1
0
T, =V,0V,0— §gWV”9V,ﬂ7
Tpw = (p+ pP)upti + PGy, (5)

where Tlfl, and T}, corresponds to scalar field and energy densities contributions, respectively, while p and p represent
the energy density (due to DE and CDM), pressure (due to only DE component), respectively. Moreover, u, =
(1,0,0,0) is the four-velocity. Using egs. (3) and (5), we get the following Friedmann equation for flat universe:

1 1.
H? = Z(pm + po) + 07, (6
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where H = % is the Hubble parameter, dot denotes the derivative of scale factor a with respect to cosmic time and
m! = 8rG = 1.
Now let us take the scalar field associated in eq. (4) which takes the following form for the FRW metric:

gV, V,0 = g"[0,0,0] = 0. (7)

Choosing 0 = 0(t), we get the following equation:
0+3HO=0 = 0=ba? (8)
where b is a constant of integration. Substituting this result into eq. (6), we obtain that
1 b%a="

H? = —(pm
3(p + p9) + G

Since we consider the interacting scenario of DE and CDM, the continuity equation turns out to be

Pm +3Hppy =T, (10)
P9 +3Hpy(l +wy) = —T. (11)
There I' shows the interaction term which is dynamical in nature. For simplicity, we take the following form of

interaction term:
I'=3v*Hppm, (12)

where 2 is the interaction parameter which transfers the energy between CDM and DE. Using this result in eq. (10),
2
pm = pmoa” 7). (13)

Finally, we consider HDE with the Granda-Oliveros cutoff (which is also called new HDE model). This cutoff has
been proposed by Granda and Oliveros [12] who introduced a new IR cutoff, by including a term proportional to H

and one term proportional to H?2, .
L = (aH + pH?), (14)

where o and ( represent two constant parameters. The expression of the HDE energy density with this cutoff is given
by
p9 = 3(aH + BH?). (15)

3 Cosmological parameters

In this section, we study the cosmological parameters, such as the EoS parameter, the stability analysis and Om-
diagnostic. By using eq. (15) into eq. (9), we get the differential equation in terms of Hubble parameter as

2
=22 Holmo sa?) _ L2 (16)
« «Q 6

Taking x = Ina in eq. (16), we get the solution

H? — 2Hgﬁmo€_3(1_"’2)w n b2e 6 ny 62<1fﬁ)w (17)
T Ba(l-2)+2(1-8)  18a+6(1—g) ’

where ¢ is the constant of integration and other constants parameters are Hy = 74, {2,,0 = 0.23, respectively.

3.1 EoS parameter

The EoS parameter can be obtained with the help of egs. (11), (12) and (15) as follows:

1 a1V
wy = —1+ 399 [9HEN? 2ppe 30707 — pl]. (18)
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Fig. 1. Plots of the EoS parameter versus z.

The derivative of py takes the form

20(1-8)

o = Sb%e™ (1 " Ba+ 22(1 - ﬁ)) — a(l e, - 9(1 — 7?)e 3017e
2 2
O L 1)

Inserting the value of p; in eq. (18) we obtain that

2
3(1=72)a+2(1-7)

—1
3b2 —2 Con
_2<6a+2(1—ﬂ)+1>e 1

20(1-3)
2 Ge o = 2H0.Qm0
x| 1— —1
( 6a+2(1ﬂ)) o *( +3(1v)a+2(15))

x 9(1 — 72)6(172)11 .

20(1- )

wy = —1— — 1) e=32(1=7") 4 9cie” =

9HE 2o (

9H§720m06_(1_"’2):” — 3b2e~ 0

The plot of wy versus z for some constant cosmological parameters is shown in fig. 1. We use some specific values of
parameters, such as (2,,, = 0.27, Hy = 74, ¢y = —1, b = 3 respectively. It can be seen that the EoS parameter lies in
the phantom region for all values of the interacting parameter 2. Moreover, the constraints on the EoS parameter has
also been developed through a combination of various observational data at the 95% confidence level by the Planck
Collaboration ( [6] and references therein). The detail is as follows:

wy = —1.137032  (Planck+WP+BAO),

wy =—1.09£0.17 (Planck+WP+Union 2.1),

wy = —1.13707%  (Planck+WP+SNLS),

wy = —1.247015  (Planck+WP+H,).

In the present case, the EoS parameter (fig. 1) shows consistency with the above observational results.

3.2 The stability analysis

The stability analysis in the present framework is being discussed in this section. For this purpose, we extract the
following squared speed of sound:
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Inserting corresponding expressions and after some calculations, we obtain the squared speed of sound as follows:

‘1 2 3(=14+7%)z 2
9 VITHS,,
14+3a—-p tIre 035m0

9(—1—|—’}/2)€3(_1+72)m(3(—1—&-’yz)a—&-Qﬁ)HngO) < _3p2e—6a

_912,—6x _ *21’(;14’3)
U§:_1_< 3b*e %% (3a — ) e

+

3(~1+72)a+2(-1+0) 2l sa =0
- —2(148) 3(=149M)z (g ’
+ (3a - B)9e c1 +9e ( TS 7)a -2

3(=1+192)CHIT(B(—1 + 4o+ 28) HE Qg
3(-1+~2)a+2(-1+p)

o <b2eﬁr(3a —B) 2T (14 ﬂ)) <3b266z(3a )

—1
X Hanw) +

1+3a—-70 Q@ 1+3a—-p0
—22(—148)
6 a -1
+ = a( FOL | g2 b1 520,00 + 9(—1 4 42)eH 178

+9

(a + 28) H§ 2o ) )
—1+~2)a+2(-1+p)

9 —3b%e75%(3a — 3)
><(3(_”7)3( < 201+ 3a — 3)

—2a(—148) 2 2HZ o -2
— 9 3(—1+~°%)z 1 0=em _9
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L1991 4972 (3(—1 4 9?)a20) H QmO)
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The squared speed of sound exhibits the stability of the model for v2 > 0, while instability of the model for v? < 0.
In the present case, the squared speed of sound displayed against z for different values of 42 is shown in fig. 2. We
can observe that the squared speed of sound shows the stability of the model at the present epoch as well as the later
epoch.

3.3 Om-diagnostic

The Om-diagnostic [36] is another tool to discriminate different phases of the universe. It is also used to distinguish the

ACDM for non-minimally coupled scalar field, phantom field and generic quintessence model through trajectories of

the curves involving in the plot. The positive trajectory of Om(z) implies that the DE era is like phantom (wy < —1),

whereas the negative trajectory means that DE constitutes quintessence (wy > —1). The Om-diagnostic in terms of =

function is defined as

H?(x)
Hy
3 —1

-1

Om(zx) =
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Fig. 3. Plots of Om-diagnostics versus z.

@

22(1-p)
) HO)

Using eq. (17) in the above equation we get
b26—61
+ ce
(20)

2H30m06_3(_1+”¥2)w
3a(l—12) +2(1—3) " 18a+6(1—5)

Om(x) =

x (Ho(1—a%) 7"
The plots of Om-diagnostic against z by taking # = In(1 + 2)~! is shown in fig. 3. It can be observed from the right
panel of fig. 3 that the trajectories of the Om-diagnostic plane for all ¥2 present positive slopes, which implies phantom
behavior. However, the trajectories present negative slopes in the left panel of fig. 3, which represents the quintessence
behavior of the universe. This type of behavior of the Om-diagnostic planes show consistency with the EoS parameter

and hence with the observational analysis.

4 Cosmological planes
In this section, we discuss cosmological planes, such as wy-w), and r-s planes, respectively.

4.1 The wy-w), plane

The wy-w};, plane is used to describe the dynamical property of various DE models. Caldwell and Linder [37] were the
first who introduced this method for studying the behavior of quintessence scalar field DE model. They divided the

wy-w)y plane into two regions:
— The thawing region is the region where the EoS parameter evolves from —1, increases with time while its evolution

parameter expresses positive behavior, i.e., w)y > 0 for wy < 0.
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Fig. 4. Plot of wy-w}.

— In the freezing region, the evolution parameter remains negative, i.e. wjy < 0 for wy < 0.

Taking the derivative of the EoS parameter with respect to z = Ina, we get w) as follows:
—3b%(3a — B3) 96—2w(;1+ﬁ) @ p(—14 2 )
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The wy-w), plane for the present scenario has been displayed in fig. 4. The trajectories meet the freezing as well as

thawing regions for all cases 2.
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Moreover, Ade et al. [6] have found constraints on wy and w), through observational analyses, which are given as
follows:

wy = —1.13%0-21 (Planck+WP+BAO),
wly < 1.32, (Planck+WP+BAO),

at the 95% confidence level. Also, other data with different combinations of observational schemes, such as
(Planck+WP+Union 2.1) and (Planck+WP+SNLS) favor the above constraints. The trajectories of w}, against wy in
our case also lies within the above constraints, which leads to the consistency with the observational constraints.

4.2 Statefinder parameters

Sahni et al. [38] proposed statefinder parameters in terms of Hubble as well as deceleration parameters as follows:
r—1

r=2¢"+q-q4,  s=—1,
3(¢ - 3)

where ¢ is the deceleration parameter and given as
H
¢=-1-73"

Using eq. (16) in the above expression, we obtain

(w2014 8) |, 614 9)e TR0,
1=\ 15 3a-5 p 2 3a+ 3%+ 23

-3
2 =
h2e~6x —20(—140) 2e3(1=7")z
T E e — e 200-2-3a+37%a+2 ~1,
8 <6+18a—6ﬂe “ H o™ a+37’a+26

These declaration parameters are geometrically diagnostic because of their total dependence on the expansion factor.
The most remarkable points of the (r, s) plane is that we can find the distance of a given DE model from the ACDM
limit. This defines the well-known regions given below:

(r,s) = (1,0) represents the ACDM limit;

— (r,s) = (1,0) represents the CDM limit;

— r <1 and s > 0 constitute the quintessence and phantom DE regions;
— r>1and s < 0 give the Chaplygin gas behavior.

Inserting the value of ¢ in eq. (4.2), we obtain

- Cle-zm(;um (71 +5)2cl 18(*1 +72)263(71+w)ng_Qm0 6b2e—67 p2e—6 N Cw(—148)
r=— - e o ¢
a2 3(—1+72)a+2(—1+3) 1+3a—p3] \6+ 18— 60 !
-3
263(—1+72)ngQm0 2 h2e—6x N QBM(_l + ﬂ)cl N 6(—1 + 72)63(_1+72)ngQm0 pRe—6z
2 —3a+3v2a+ 206 14+3a—p0 « -2 =30+ 3y2a+ 20 6+ 18« — 603
=2 —2x(—1 2
e 2631472 120, 0\ Y 20T (14 8) 6(—1+42)SC1TH20, 0
e & ¢ — _
' 230+ 320+ 28 143a—4 o —2—-3a+32a+23
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— b2676:1:
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—22(—148)
«
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2
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Subsequently, we can get s as follows:
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The r-s statefinder plane for the present framework has been depicted in fig. 5 for three different values of ~2.
We can see that only the trajectory of the 7-s plane for ¥ = 1 meets the ACDM limit. The statefinder trajectories
constitute the quintessence/phantom region (for » < 1 and s > 0) for v2 = 0.9,0.95. Also, the Chaplygin gas behavior
(where s < 0, 7 > 1) is obtained only for the trajectory for v2 = 1.

5 Conclusion

Recently, Pasqua et al. [29] discussed only the solution of the scale factor corresponding to the NHDE model with a
non-interacting scenario in the dynamical Chern-Simons modified gravity. We have extended this work by taking the
interacting NHDE model in the framework of dynamical Chern-Simons modified gravity with different cosmological
parameters. We have explored cosmological parameters (EoS parameter, squared speed of sound parameter and Om-
diagnostic) and cosmological planes (wy-w), and statefinder), respectively. The EoS parameter wy is shown in fig. 1
versus z for some constant cosmological parameters. We have found that our results for the EoS parameter are
consistent with a combination of various observational data at 95% confidence level by the Planck Collaboration ( [6]
and references therein). The details are the following:

wy = —1.137021  (Planck+WP+BAO),

wy =—1.09+£0.17 (Planck+WP+Union 2.1),
wy = —1.137073  (Planck+WP+SNLS),

wy = —1.24701%  (Planck+WP+Hj).
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Fig. 5. Plots of the statefinder pair in r-s for different values of 2.

We have also observed that the squared speed of sound shows stability of the model at the present epoch as well
as later epoch (fig. 2). The plots of the Om-diagnostic against z by taking x = In(1 + z)~! are shown in fig. 3. It can
be observed from the right panel of fig. 3 that the trajectories of the Om-diagnostic plane for all values of 2 present
positive slopes, which implies phantom behavior. However, the trajectories present negative slopes in the left panel of
fig. 3, which represents quintessence behavior of the universe. This type of behavior of Om-diagnostic planes shows
consistency with the EoS parameter and hence with observational analyses.

The wy-w), plane for the present scenario is displayed in fig. 4. The trajectories meet the freezing as well as thawing
regions for all v2 cases. Moreover, the wy-w/, plane is consistent with the following, as obtained through observational
data [6]:

wy = —1.1370322  (Planck+WP+BAO),
wly < 1.32  (Planck+WP+BAO),

at 95% confidence level. The r-s statefinder plane for the present framework is depicted in fig. 5 for three different
values of v2. We can see that the only trajectory of the r-s plane for v? = 1 meets the ACDM limit. The statefinder
trajectories constitute the quintessence/phantom region (for » < 1 and s > 0) for 42 = 0.9,0.95. Also, the Chaplygin
gas behavior (where s < 0, 7 > 1) is obtained only for the trajectory for 42 = 1.

Here we provide comparison with some other papers on holographic dark energy model and Chern-Simons gravity.
Jawad and Majeed [39] discussed interacting PDE (Hubble horizon as an infrared cutoff) with cold dark matter in flat
universe. They developed the EoS paramenter and studied scalar field models in this scenario. Jawad and Rani [40]
explored the cosmological evolution of the universe in the framework of Chern-Simons gravity. They considered the
pilgrim dark energy (PDE) model with known horizons, like Hubble and event horizons. They also discussed cosmo-
logical parameters, such as EoS, wg-wj and squared speed of sound, which show observationally consistent behavior.
Jawad and Sohail in [41] examined the DE scenario in the framework of the modified Chern-Simons gravity by con-
sidering QCD ghost DE model. They obtained the analytical solution of the scale factor and found that the EoS
parameter and the cosmological planes provide consistent solution. Taking into account the interacting HDE with the
new infrared cutoff in non-flat universe, Sharif and Jawad [42] studied the EoS and squared speed of sound parameters.
They also found correspondence between this model and some well-known scalar field models including quintessence,
tachyon, K-essence and dilaton. These scenarios represent the accelerated expansion of the universe. The validity of
the generalized second law of thermodynamics is also discussed for this model.

In the Kaluza-Klein universe, Sharif and Jawad [21] analyzed the interaction of modified HDE with dark matter
by considering varying G with the event horizon. They evaluated the EoS parameter and checked the validity of
generalized second law of thermodynamics. This model represents the transition of the universe from quintessence
to phantom. In the present paper, we have taken the framework of dynamical Chern-Simons gravity with the new
HDE model (HDE model with Granda-Oliveros cutoff) having interaction with dust matter. In order to analyze the
insights of this model, we explore EoS, squared speed of sound, Om-diagnostic parameters and wy-w}, statefinder
planes. These are summarized as follows:

— The EoS parameter gives consistent ranges as compared with different observational data.
— The squared speed of sound represents stable behavior.

— The Om-diagnostic describes quintessence as well as phantom eras.

— The wy-w}, plane gives thawing and freezing regions.

— The statefinder parameters show all possible eras of the evolving universe. universe.

We discussed some graphs for different values of the interaction parameter.
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