arXiv:1304.6987v2 [gr-qc] 3 Jun 2013

Interaction between viscous varying modified cosmic Chaplygin gas and Tachyonic fluid

J. Sadeghi^∗ and H. Farahani^†

Department of physics, Mazandaran University, Babolsar, Iran P .O .Box 47416-95447, Babolsar, Iran

June 5, 2013

Abstract

In this paper we study the interaction between the general form of viscous varying modified cosmic Chaplygin gas and the Tachyon fluid in the framework of Einstein gravity. We want to reconstruct the Tachyon potential and total equation of state parameter graphically by using numerical methods. In the presence of deceleration parameter, the interaction between components becomes sign changeable to explain different evolutionary eras in the universe. We review the potential and total equation of state parameter in Emergent, Intermediate and Logamediate scenarios of scale factor numerically. Analysis of total equation of state parameter show that, ω_{tot} < −1 and ω_{tot} > −1 imply the phantom-like and quintessence-like behaviors respectively. we have checked the effects of cosmic and viscosity elements on the interaction process. Stability is checked in all the models by the squared velocity of sound.

Keywords: Dark energy; Chaplygin gas; Tachyon field; Interaction; Stability.

Pacs Number: 95.35.+d; 95.85.-e; 98.80.-k

∗Email: pouriya@ipm.ir †Email: h.farahani@umz.ac.ir

Contents

1 Introduction 3

2 Chaplygin gas 4

3 Field equations 5

4 Sign changeable interaction and scale factors 7 4.1 Emergent scenario . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 7 4.2 Intermediate scenario . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 8 4.3 Logamediate scenario . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 8

5 Stability 8 5.1 Emergent scenario . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 9 5.2 Intermediate scenario . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 9 5.3 Logamediate scenario . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 9

6 Conclusion 9

1 Introduction

The most attractive subject in cosmology is the accelerating expansion of the universe which is based on the recent astrophysical data explaining the universe is spatially flat and an invisible cosmic fluid called dark energy with a hugely negative pressure which is responsible for this expansion. This type of matter violates the strong energy condition, i.e.,ρ + 3p < 0. There are various phenomenological models describing dark energy. Cosmological constant is the simplest one which gave rise to the Λ-CDM model, but it suffers from two critical problems; fine tuning and coincidence. The first one relates the small value of cosmological constant and the second problem caused because we live in an epoch that the magnitude of dark energy and dark matter are comparable. Other candidates of dark energy are for examples quintessence [1], phantom [2], quintom [3], tachyon [4], holographic dark energy [5], K-essence [6] and various models of Chaplygin gas. The simplest case of this model based on Chaplygin equation of state [7] to describe the lifting force on a wing of an air plane in aerodynamics. The Chaplygin gas (CG) was not consistent with observational data [8-11]. Therefore, an extension of CG model proposed [12, 13], which is called generalized Chaplygin gas (GCG). However, observational data ruled out such a proposal. Then, GCG extends to the modified Chaplygin gas (MCG) [14]. There is still more extensions such as generalized cosmic Chaplygin gas (GCCG) [15], and modified cosmic Chaplygin gas [16]. On the other hand bulk viscosity plays an important role in the evolution of the universe. The idea that Chaplygin gas may has viscosity first proposed by the Ref. [17] and then developed by [18-21].

In the Ref. [22] a model of varying Chaplyagin gas which interact with a Tachyonic matter considered in framework of general relativity, and investigated the potential V (ϕ) and ω_{tot} numerically. Also, in the Ref. [23] a model of varying generalized Chaplyagin gas which interact with a Tachyonic fluid considered and V (ϕ) of the Tachyonic fluid and ω_{tot} of the mixture investigated graphically.

In this paper we are going to extend Refs. [22] and [23] to complete version of Chaplygin gas and work on the interaction between the mixture of dark matter and dark energy to study their behaviors during evolution of the universe. To achieve this purpose sign changeable interaction is used to include all the eras from the early time until the end. By numerical methods and graphs, the case of varying and the presence of bulk viscosity and cosmic elements are considered. Constants are fixed by imposing the constraint V → 0, and the ω_{tot} implies the quintessence or phantom behaviors.

We work in the general relativity framework and in FRW metric since has a spatially flat homogeneous and isotropic universe that is suitable for Chaplygin gas as a fluid in it and cause the acceleration expansion of the universe.

This paper organized as the following. In next section we review evolution of Chaplygin gas (CG) to viscous varying modified cosmic Chaplygin gas (VIVAMCCG) and in section 3 we introduce field equations include interaction. In section 4 we study potential V (ϕ) of the Tachyonic fluid and ω_{tot} of the mixture for general case of interaction and various models of scale factor. In section 5 we investigate stability of our model and finally in section 6 we give conclusion.

2 Chaplygin gas

In this section we consider perfect fluids as a simple cosmological model and CG [24] is the simplest case to fill the expanding universe. The reason to choose CG is based on the observational data that the equation of state parameter for dark energy can be less than -1. Phantom fields are the same but they have instabilities [25]. The CG equation of state is given by the following [26], p = − B ρ , (1)

where B is a positive constant. The CG is also important in holography [4], string theory [27], and supersymmetry [28]. Equation (1) is connected to string theory and can be achieved by the D-branes Nambu-Goto action which is moving in a (d+2)-dimensional space-time in the light-cone parametrization [29]. CG is the only kind of fluid that accepts a supersymmetric generalization [30]. Another remarkable characteristics of CG is their Euler equations with a large group of symmetry which cause their integrability. CG was studied before [31] in the stabilization of branes [32] and black hole bulks [33]. A negative constant B described in wiggly strings which causes an anti-Chaplygin state equation [34, 35]. CG describes a transition from a decelerated cosmological expansion to the present cosmic acceleration and perhaps submit a deformation of Λ-CDM models. The inhomogeneous CG can combine dark energy and dark matter and plays the unification role of them [36, 37]. For studying more about CG see Refs. [36-39]. It is also possible to study FRW cosmology of a universe filled with generalized Chaplygin gas (GCG) with the following equation of state [40-42], p = − B ρ^α , (2)

with 0 < α ≤ 1. The GCG is also interesting from holography point of view [43]. As we can see the GCG is corresponding to almost dust (p = 0) at high density which is not agree completely with our universe. Therefore, modified Chaplygin gas (MCG) with the following equation of state introduced [44, 45]. p = μρ − B ρ^α , (3)

where μ is a positive constant. This model is more appropriate choice to have constant negative pressure at low energy density and high pressure at high energy density. The special case of μ =^1_3 is the best fitted value to describe evolution of the universe from radiation regime to the Λ-CDM regime.

The next extension performed by the Ref. [15] where the generalized cosmic Chaplygin gas (GCCG) introduced by the following equation of state, p = − 1 ρ^α [ B 1 + ω

− 1 + (ρ^{1+α} − B 1 + ω

+ 1)^{−ω} ] . (4)

This model can also extend to varying modified cosmic Chaplygin (VAMCCG) gas with the following equation of state, p = μρ − 1 ρ^α [ B(a) 1 + ω

− 1 + (ρ^{1+α} − B(a) 1 + ω

+ 1)^{−ω} ] (5) where ω is corresponding cosmic parameter. Here, B(a) is no longer a constant and depend on scale factor via the following relation,

B(a) = −ω(t)B_0a^{−3(1+ω(t))(1+α)} , (6)

with,

ω(t) = ω_0 + ω_1( tḢ H ), (7)

It is also possible to include bulk viscosity, p = μρ − 1 ρ^α [ B(a) 1 + ω

− 1 + (ρ^{1+α} − B(a) 1 + ω

+ 1)^{−ω} ] − 3ςH, (8) where ς is the viscosity coefficient and H = ȧ/a is the Hubble parameter. The equation of state (8) corresponds to viscous varying modified cosmic Chaplygin gas (VIVAMCCG) which is our interesting case in this paper.

The total energy density and pressure relate to the mixture of VIVAMCCG interacting with Tachyon fluid and we define, ρ_{tot} = ρ_{T F} + ρ_{DE} , (9) p_{tot} = p_{T F} + p_{DE}, (10) where ρ_{T F} and p_{T F} denote energy density and pressure of Tachyonic fluid respectively. Also, ρ_{DE} and p_{DE} are dark energy density and pressure which given by the equation of state (8).

3 Field equations

As we know the Friedmann-Robertson-Walker (FRW) universe in four-dimensional spacetime is described by the following metric,

ds^2 = −dt^2 + a(t)^2 ( dr^2 1 − kr^2 + r^2dΩ^2 ) , (11)

where dΩ^2 = dθ^2 + sin^2 θdϕ^2, and a(t) represents the scale factor. The θ and ϕ parameters are the usual azimuthal and polar angles of spherical coordinates, with 0 ≤ θ ≤ π and 0 ≤ ϕ < 2π. The coordinates (t, r, θ, ϕ) are called co-moving coordinates. Also, constant k denotes the curvature of the space. The curvature k may be not only positive, corresponding to real finite radius, but also zero or negative, corresponding to infinite or imaginary radius.

The possibilities are called closed (k = 1), flat (k = 0), and open (k = −1). In that case the Einstein equation is given by, R_{μν} − 1 2 g_{μν} R = T_{μν} , (12)

where we assumed c = 1, 8πG = 1 and Λ = 0, k = 0.

By using the above relations one can obtain the following field equations,

H^2 = ρ_{tot} 3 , (13) and ä a = − 1 6 (ρ_{tot} + p_{tot}). (14) The energy-momentum conservation law obtained as the following,

ρ̇_{tot} + 3(ρ_{tot} + p_{tot})H = 0, (15)

Now, for the interaction between dark energy and matter, splits the equation (15) into the following equations, ρ̇_{DE} + 3(ρ_{DE} + p_{DE})H = Q, (16) where ρ_{DE} is given by the relations (1) to (8) which is ρ_{V IV AMCCG} for our complete model, and, ρ̇_{T F} + 3(ρ_{T F} + p_{T F} )H = −Q, (17) where Q is interaction term. Then, the energy density and pressure of a Tachyonic fluid will be, ρ_{T F} = 3H^2 − ρ_{DE} , (18) and p_{T F} = −Q − ρ̇_{T F} 3H − ρ_{T F} , (19)

where we used the equation (13) and (17). Then, the equation of state parameter and potential of Tachyonic matter are given by [22, 23],

ω_{T F} (t) = p_{T F} ρ_{T F} , (20)

V (ϕ) = √ −ρ_{T F} p_{T F} , (21) and ω_{tot} is the equation of state parameter of the mixture which given by, ω_{tot} = p_{T F} + p_{DE} ρ_{T F} + ρ_{DE} . (22)

In order to investigate potential (21) and the total equation of state parameter (22) we use conservation equation (16) to obtain ρ_{DE} . Then, we use the equation (13) to obtain ρ_{T F} . Therefore, the equation (14) gives us p_{T F} , and hence V (ϕ) and ω_{tot} will be obtained.

4 Sign changeable interaction and scale factors

One of the ways to solve the cosmological coincidence problem is to consider the interaction between the components on phenomenological level. Generally, interaction could be considered as a function of energy densities and their derivatives: Q(ρ_i, ρ̇_i, ...). Interactions considered as: Q = 3Hbρ_m, where b > 0 is a coupling constant. The general form is Q = 3Hbγρ_i + γρ̇_i, where i = T F, DE, tot, and γ is dimensionless constant [46].These kind of interactions are either positive or negative and cannot change sign. A sign-changeable interaction is of the following form, Q = q(γρ + 3bHρ), (23) where q is the deceleration parameter which is given by,

q = −(1 + Ḣ H^2

). (24)

Now, by putting the sign-changeable interaction and the equation of state for viscous varying modified cosmic Chaplygin gas (8) in the equation (16), we get to a differential equation as the following,

ρ̇ + 3 [ ρ + μρ − 1 ρ^α [ B(a) 1 + ω

− 1 + (ρ^{1+α} − B(a) 1 + ω

+ 1)^{−ω} ] − 3ςH ] H = q(γρ + 3bHρ), (25) which can be solved numerically for the ρ during the time. Then p_{T F} and ρ_{T F} can be achieved by equations (18) and (19). Here, the variables are fixed to V_{T F} → 0. According to the accelerating expansion of the universe, we work on three kinds of scenarios which are based on different eras in the evolutionary process of the universe which all of them consist of a kind of expanding exponential scale factor as the followings.

4.1 Emergent scenario

The universe in the emergent scenario has some interesting properties as the following. The universe at large scale is isotropic and homogeneous and there is no time-like singularity. The universe is accelerating and may contains exotic matter such as CG. The scale factor in this scenario is given by, a(t) = a_0(B + e^{Kt})^m, (26)

where a_0 > 0, K > 0, B > 0, and m > 1 [36].

First, we consider the simplest case of modified cosmic Chaplygin gas interacting with Tachyon fluid in emergent era and reconstruct the tachyon potential and total equation of state parameter numerically (Fig. 1).

By imposing the bulk viscous parameter ς ≠ 0 and variable parameter B(a) in the equation of state, we have the VIVAMCCG, which is the general form. Here we suppose various models and find their behaviors in respect to their ω_{tot} and according to the constraint V_{T F} → 0.

Analysis of Tachyon potential V (ϕ) and ω_{tot} shows that in all models for the emergent scenario and during whole evolution of the universe from the beginning to the end, the total equation of state parameter is ω_{tot} < −1 which means the phantom-like behavior (Figs. 2-7).This shows that the Emergent scenario is useful for describing the universe because it is in agreement with the real data. In the presence of cosmic element in the VIVAMCCG in comparison to the VIVAMCG, the Tachyon potential has a faster decreasing in time. In VIMCCG and VAMCCG in comparison with the case of MCCG, The presence of viscosity and varying condition cause slower vanishing for the potential.

4.2 Intermediate scenario

For the scale factor corresponding to intermediate scenario we have,

a(t) = e^{λtβ} , (27)

where λ > 0 and 0 < β < 1 [37, 38].

Numerical research on the Tachyon potential and total equation of state parameter in this era with the intermediate scale factor reveals the quintessence-like behavior which is based on the ω_{tot} > −1 (Figs. 8-13).

In this case, the Tachyon potential of the VIVAMCCG vanishes slower than the VIVAMCG. It the VIMCG model, it takes the longest time to V_{T F} → 0. Here, we found a different reaction and V_{T F} in the VIVAMCCG decreases slower by the cosmic effect.

4.3 Logamediate scenario

The Logamediate scenario of the universe is motivated by considering a class of possible cosmological solutions with indefinite expansion. In this model the scale factor showing the accelerating expansion of the universe is given by,

a(t) = e^{x(ln(t))β} , (28)

where x > 0, and β > 1 [37].

The same process for the Logamediate scale factor gives the Figs. 14-18 which are similar to the Intermediate case consistent with the quintessence-like behavior. Here, VIVAMCCG, acts has a rather slower decrease in the value of V_{T F} than the VIVAMCG potential.

5 Stability

Now, we are interested to check the stability to find the best model for explaining the accelerating expansion of the universe. Positive and bounded squared sound velocity of Chaplygin gas is a remarkable feature that is a non-trivial fact of fluids based on their negative pressure

υ^2_s = ∂P ∂ρ . (29)

Here, we study the stability of these variety of models with respect to the positive quantity for υ^2_s . This is important to mention that the parameters are fixed according to V_{T F} → 0 in the interaction.

5.1 Emergent scenario

In this case, the models VAMCCG, VAMCG, VIMCG and VIVAMCG are stable during the whole time and the model of MCCG has no stability here. For the model of VIMCCG, there is no stability until t = 15 and for VIVAMCCG, as the general form, the stability is present from the beginning but after the time t = 108, no stability exits in the model.

5.2 Intermediate scenario

In the general model of VIVAMCCG the stability stays only till early moments t = 9 and stability continues no more. That is like the emergent scenario but with this difference here that the stability vanishes so soon in comparison with the similar model in emergent kind. The models VIMCG, VAMCG, VIMCCG and VIVAMCG are stable all the time of evolution. In the VAMCCG the stability disappears very soon at t = 3 that is a distinct situation of this scenario.

5.3 Logamediate scenario

For VIVAMCCG in logamediate scenario, the stability holds in early time before t = 18 and exactly like the other scenarios during the late time the model misses stability. In the other models as VIVAMCG, VAMCCG and VAMCG the stability is always available during the whole evolution of the universe in respect to the time. But in the VIMCCG as the emergent similar case, the stability holds until the time t = 432.

6 Conclusion

In this paper we extend Ref. [22] and [23] to the case of viscous varying modified cosmic Chaplygin gas and studied interaction with Tachyonic fluid. We considered general form of interaction and three different cases of the universe which are Emergent, Intermediate and Logamediate scenarios. In the Emergent case, we found the phantom-like behavior due to the ω_{tot} and quintessence-like behaviors in the Intermediate and Logamediate era is obvious. The comparison between the values of ω_{tot} in the case of MCCG and in the presence of viscosity shows a tiny difference that is negligible. Also, The cosmic element causes no comparable difference in the ω_{tot}. By taking ς = 0.3 the values of V_{T F} and ω_{tot} decreases a little.

The viscosity causes a little delay in the vanishing procedure of the Tachyon potential and the cosmic element appears by the same feature.

Stability of the general model of VIVAMCCG of all the three scenarios are contemporary during the time and vanishes in the late time of expanding evolution of the universe. It shows that the viscous varying modified cosmic Chaplygin gas model is valid for the early universe.

Since the Phantom-like behavior is more consistent with the observational data, Then the Emergent scenario is better than the Logamediate and Intermediate ones and the stable models in this scenario are the best ones among all the cases we have considered here. These suitable models are VAMCCG, VAMCG, VIMCG and VIVAMCG in Emergent scenario.

References

[1] C. Wetterich, Nucl. Phys. B 302 (1988) 668 [2] R. R. Caldwell, Phys. Lett. B 545 (2002) 23 [3] B. Feng, X. L. Wang, and X. M. Zhang, Phys. Lett. B 607 (2005) 35; Y.F. Cai, E.N.

Saridakis, M.R. Setare and J.Q. Xia 2010, Phys. Rept. 493 (2010) 1; Y.F. Cai, H. Li, Y.S. Piao and X.M. Zhang 2007a Phys. Lett. B 646 (2007) 141; Y.F. Cai, M.Z. Li, J.X. Lu, Y.S. Piao, T.T. Qiu and X.M. Zhang 2007b Phys. Lett. B 651 (2007) 1; Y.F. Cai and J.Wang, Class. Quant. Grav. 25 (2008) 165014 [4] M. R. Setare, J. Sadeghi, A. R. Amani 2009, Phys. Lett. B673 (2009) 241 [5] M. R. Setare, Int. J. Mod. Phys. D18 (2009) 419; M. R. Setare, Phys. Lett. B648 (2007) 329; M. R. Setare, J. Sadeghi, A. R. Amani 2009, Phys. Lett. B673 (2009) 241 [6] N. Afshordi, D. J. H. Chung, and G. Geshnizjani, Phys. Rev. D 75 (2007) 083513 [7] S. Chaplygin, Sci. Mem. Moscow Univ. Math. Phys. 21 (1904) 1 [8] M. Makler, et al., Phys. Lett. B. 555 (2003) 1 [9] H. Sandvik, et al., Phys. Rev. D 69 (2004) 123524 [10] Z. H. Zhu, Astron. Astrophys. 423 (2004) 421 [11] A. Sen, Phys. Lett. B 575 (2003) 172 [12] N. Bilic, G. B. Tupper, and R. D. Viollier, Phys. Lett. B 535 (2002) 17 [13] D. Bazeia, Phys. Rev. D 59 (1999) 085007 [14] U. Debnath, A. Banerjee, and S. Chakraborty, Class. Quantum Grav. 21 (2004) 5609 [15] P. F. Gonzalez-Diaz, Phys. Rev. D 68 (2003) 021303(R) [16] H. Saadat and B. Pourhassan, Astrophys Space Sci. 343 (2013) 783 [17] Xiang-Hua Zhai et al. Int. J. Mod. Phys. D15(2006)115

[18] Y. D. Xu et al. Astrophys. Space Sci. 337 (2012) 493 [19] H. Saadat and B. Pourhassan, Astrophys. Space Sci. 343 (2013) 783 [20] H. Saadat and H. Farahani, Int. J. Theor. Phys. 52 (2013) 1160 [21] A. R. Amani and B. Pourhassan, Int. J. Theor. Phys. 52 (2013) 1309 [22] M. Khurshudyan, ”Interaction between variable Chaplygin gas and Tachyonic matter”, [arXiv:1301.4990 [gr-qc]] [23] M. Khurshudyan, ”Interaction between Generalized Varying Chaplygin gas and Tachyonic Fluid”, [arXiv:1301.1021 [gr-qc]] [24] T. Von Karman, J. Aeron. Sci. 8 (1941) 337 [25] J.M. Cline et al., Phys, Rev.D 70 (2004) 043543 [26] Tsien, H. S. 1939 J. Aeron. Sci. 6 (1939) 399 [27] M. Bordemann, J. Hoppe, Phys. Lett. B 317 (1993) 315 [28] R. Jackiw and A. P. Polychronakos, Phys. Rev. D62 (2000) 085019 [29] M. Bordemann, J. Hoppe, Phys. Lett. B 317 (1993) 315. [30] R. Jackiw and A.P.Plychronakos, Phys. Rev. D62 (2000) 085019. [31] A. Kamenshchik, U. Moschella and V. Pasquier, Phys. Lett. B 487 (2000) 7 [32] L. Randall, R. Sundrum, Phys. Rev. Lett. 83 (1999) 4690 [33] M. Banados, M. Henneaux, C. Teitelboim, J. Zanelli, Phys. Rev. D48 (1993) 1506 [34] B. Carter, Phys. Lett. B224 (1989) 61 [35] A. Vilenkin, Phys. Rev. D41 (1991) 3038 [36] J. C. Fabris, S.V.B. Gonsalves and P.E. de Sonza, Gen. Rel. Grav. 34 (2002) 53 [37] N. Bilic, G.B. Tupper and R. Violler. Phys. Lett. B 535 (2002) 17 [38] M.C. Bento, O. Bertolami and A.A. Sen, Phys. Rev. D66 (2002)043507 [39] V. Gorini, A. Yu. Kamemshchik and U. Moschella, Phys. Rev. D67 (2003) 063509. [40] A. Kamenshchik et al., Phys. Lett. B511 (2001) 265 [41] S. Capozziello, V. F. Cardone, H. Farajollahi, A. Ravanpak, Phys. Rev. D84 (2011) 043527

[42] Matt Visser, Class. Quantum Grav. 21 (2004) 113 [43] ., Chin. Phys. Lett. Vol. 25, No. 2 (2008) 802 [44] Jianbo Lu et al., Phys. Lett. B 699 (2011) 246 [45] D. Pavon and I. Duran, ”Parameterizing the Deceleration Parameter”, [arXiv:1212.6874 [gr-qc]] [46] S Mukherjee, B C Paul, N K Dadhich, S D Mahraj and A Beesham, Class. Quantum Gravity 23 (2004) 6927 [47] John D. Barrow, N.J. Nunes, Phys. Rev. D 76 (2007) 043501 [48] John D. Barrow, A.R. Liddle, Phys. Rev. D 47 (1993) 5219

Figure 1: Plot of V and ω_{tot} in terms of time with m = 1.1, A = −0.03, b = 1, γ = 0.7, B = 1, a_0 = 0.6, μ = 0.3, ω = −0.5, α = 0.5 and K = 0.03.

Figure 2: Plot of V and ω_{tot} in terms of time with m = 1, A = 1, b = 1, γ = 1, B = 1, a_0 = 1, μ = 0.3, ς = 1, α = 0.5 and K = 0.02.

Figure 3: Plot of V and ω_{tot} in terms of time with m = 1.1, b = 0.1, γ = 0.7, B = 1, a_0 = 0.6, i = −0.6, j = −0.08, μ = 0.3, α = 0.5 and K = 0.03.

Figure 4: Plot of V and ω_{tot} in terms of time with m = 1.1, b = 1, K = 0.03, γ = 0.7, B = 1, a_0 = 0.6, i = −0.6, j = −0.8, μ = 0.3, ω = −0.5 α = 0.5 and K = 0.03.

Figure 5: Plot of V and ω_{tot} in terms of time with m = 1.1, A = 0.1, b = 1, K = 0.03, γ = 0.7, B = 1, a_0 = 0.6, μ = 0.3, ς = 1, ω = −0.5, α = 0.5 and K = 0.03.

Figure 6: Plot of V and ω_{tot} in terms of time with m = 1.1, b = 0.1, K = 0.03, γ = 0.7, B = 1, a_0 = 0.6, i = −0.6, j = −0.08, μ = 0.3, ς = 1, α = 0.5 and K = 0.03.

Figure 7: Plot of V and ω_{tot} in terms of time with m = 1.1, b = 1, K = 0.03, γ = 0.7, B = 1, a_0 = 0.6, i = −0.6, j = −0.8, μ = 0.3, ς = 1, ω = −0.5 α = 0.5 and K = 0.03.

Figure 8: Plot of V and ω_{tot} in terms of time with μ = 0.3, γ = 0.7, λ = 0.7, β = 0.8, ς = 1, A = 1, b = 0.1, and α = 0.5.

Figure 9: Plot of V and ω_{tot} in terms of time with μ = 0.3, γ = 0.7, λ = 0.7, β = 0.8, b = 0.1, i = −0.6, j = −0.03 and α = 0.5.

Figure 10: Plot of V and ω_{tot} in terms of time with μ = 0.3, γ = 0.7, λ = 0.7, β = 0.8, ς = 1, A = 0.4, b = 0.1, ω = −0.5 and α = 0.5

Figure 11: Plot of V and ω_{tot} in terms of time with μ = 0.3, γ = 0.7, λ = 0.7, β = 0.8, ς = 1, i = −0.6, j = −0.03, b = 0.1, ω = −0.5, and α = 0.5.

Figure 12: Plot of V and ω_{tot} in terms of time with μ = 0.3, γ = 0.7, λ = 0.7, β = 0.8, ς = 1, i = −0.6, j = −0.03, b = 0.1, and α = 0.5.

Figure 13: Plot of V and ω_{tot} in terms of time with μ = 0.3, γ = 0.7, λ = 0.7, β = 0.8, ς = 1, i = −0.6, j = −0.03, b = 0.1, ω = −0.5, and α = 0.5.

Figure 14: Plot of V and ω_{tot} in terms of time with x = 0.05, b = 0.4, β = 2, γ = 0.1, α = 0.5, μ = 0.3, i = −0.8 and j = −0.4.

Figure 15: Plot of V and ω_{tot} in terms of time with x = 0.1, b = 0.4, β = 2, γ = 0.1, α = 0.5, μ = 0.3, ω = −0.5, i = −0.8 andj = −0.4.

Figure 16: Plot of V and ω_{tot} in terms of time with x = 0.05, b = 0.4, β = 2, γ = 0.1, α = 0.5, μ = 0.3, ς = 1,ω = −0.5 and A = 1.

Figure 17: Plot of V and ω_{tot} in terms of time with x = 0.5, b = 0.4, β = 2, γ = 0.1, α = 0.5, μ = 0.3, ς = 1, i = −0.8 and j = −0.7.

Figure 18: Plot of V and ω_{tot} in terms of time with x = 0.5, b = 0.4, β = 2, γ = 0.1, α = 0.5, μ = 0.3, ς = 1, i = −0.8, j = −0.7 and ω = −0.5.