arXiv:astro-ph/0508171 v1 6 Aug 2005

A new single-dynamical-scalar-field model of dark energy

Chao-Guang Huang Institute of High Energy Physics, Chinese Academy of Sciences, P.O. Box 918-4, Beijing 100049, China Han-Ying Guo Institute of Theoretical Physics, Chinese Academy of Sciences, P.O. Box 2735, Beijing 100080, China A new single-dynamical-scalar-field model of dark energy is proposed, in which either higher derivative terms nor structures of extra dimension are needed. With the help of a fixed background vector field, the parameter for the effective equation of state of dark energy may cross w = −1 in the evolution of the universe. After suitable choice of the potential, the crossing w = −1 and transition from decelerating to accelerating occur at z ≈ 0.2 and z ≈ 1.7, respectively. PACS numbers: 98.80.Cq, 98.80.Jk, 98.80.Es

Contents I.Introduction 2 II.A new single-dynamical-scalar field model 2 III.Numerical analysis 4 IV.Concluding remarks 6 Acknowledgements 6 References 6

I. INTRODUCTION

Recent observations[1–3] suggest that the universe consists of dark energy (73%), dark matter (23%) and baryon matter (4%). To understand the nature of the dark energy is one of essential tasks in cosmology. The most simple form of the dark energy is the cosmological constant, which fits well to the observation data [4] and which has the effective equation of state p = −ρ, i.e. w ≡ −1. If the dark energy is totally contributed by the cosmological constant, the universe is asymptotically de Sitter one and we should study the de Sitter spacetime and asymptotically de Sitter spacetimes in all aspects, including in the framework of general relativity [5], in the framework of de Sitter invariant special relativity [6], and locally de Sitter invariant gauge theory of gravity [7, 8], etc.

However, there is an evidence [9] to show that the dark energy might evolve from w > −1 in the past to w < −1 today and cross w = −1 in the intermediate redshift. Obviously, the simple dynamical dark energy models considered vastly in the literature as well as the cosmological constant cannot explain it. For example, w in the quintessence models [10] is always evolving in the range of −1 ≤ w ≤ 1. In the phantom models [11], regardless its wrong-sign kinetic energy term, w always varies below −1. The parameter w of the effective equation of state for the general k-essence models [12] also fails to cross w = −1. Recently, many dark energy models with the property of crossing w = −1 have been proposed [13–17]. In the dynamicalscalar-field models of dark energy [13, 14], either the malformed phantom fields or higher derivative term are needed. In [15], the structures in extra dimension are introduced to realize the parameter w crossing −1. In [16, 17], the dark energy is supposed to be contributed from a vector field [16] or a gas of fermion particles interacting with a condensate represented by a vector field b_μ [17]. The vector-field and fermion-field models of the dark energy do not need phantom fields, higher derivative terms and more complex structure in extra dimension and so on.

In the present paper, we shall propose a new single-dynamical-scalar-field model, as a toy, of dark energy, which may explain that the parameter w crosses −1 at z ≈ 0.2 and the the universe experience a phase transition form decelerating to accelerating at z ≈ 1.7. The basic idea is that the dark energy is not direct effect of a fundamental field, while it is only effectively described by a dynamical scalar field. Taking it into account, we may consider the following model of a single dynamical scalar field coupled to an a priori non-dynamical, background covariant vector field,

S^{eff}_ϕ = ∫ d^4x √ −g ( 1 2 g^{μν} ϕ_{,μ}ϕ_ν − g^{μν} ϕ_{,μ}A_ν − V (ϕ) ) (1.1)

where the vector A_μ describes some unknown effects of the universe and is supposed to have constant zerothcomponent in a comoving system. In such a model, no phantom is needed to realize w < −1 and w crossing −1. In the following, we shall introduce the model first. And then we shall make some numerical analysis with an ordinary potential and a potential inspired from supergravity [18]. Finally, we shall give some concluding remarks.

II. A NEW SINGLE-DYNAMICAL-SCALAR FIELD MODEL

Suppose that the universe is governed by the action

S = S_{EH} + S_{fluid} + S^{eff}_ϕ , (2.1)

where S_{EH} is the Einstein-Hilbert action of gravitation, S_{fluid} is the action of perfect fluid, describing the baryonic matter and cold dark matter, and S^{eff}_ϕ is the effective action of dark energy, which has been given in Eq.(1.1). Since A_μ is introduced as a part of the effective model of dark energy, we suppose that it only couples to the scalar field but does not couple to the matter. As the standard treatment in cosmology, we suppose that the universe is homogeneous and isotropic on large scale, and further suppose that the universe is flat for simplicity, so that the geometry of the universe is described by the Robertson-Walker metric

ds^2 = dt^2 − a^2(t) ( dr^2 + r^2dΩ^2 ) , (2.2) where dΩ^2 is the line-element on a unit sphere. Under the assumption of homogeneity and isotropy, all quantities, including ρ, ϕ, etc., depend on t only. In particular, the stress-energy tensor for the scalar field, defined by T_{μν} = 2 √ −g δS^{eff}_ϕ δg^{μν} , (2.3)

reads

T_{μν} = ϕ̇^2(t)δ^0_μδ^0_ν − 2ϕ̇(t)A_0δ^0_μδ^0_ν − 1 2 g_{μν} ( ϕ̇^2(t) − 2ϕ̇(t)A_0 − 2V [ϕ(t)] ) . (2.4)

Comparing the stress-energy tensor (2.4) with the one for perfect fluid, one may define the effective energy density and pressure of scalar field by

ρ_ϕ(t) = T_{00} = 1 2 ϕ̇^2(t) − ϕ̇(t)A_0 + V [ϕ(t)], (2.5)

p_ϕ(t) = −g^{11}T_{11} = 1 2 ϕ̇^2(t) − ϕ̇(t)A_0 − V [ϕ(t)]. (2.6)

As the effective description of dark energy, ρ_ϕ =^1_2ϕ̇(ϕ̇ − 2A_0) + V should always be positive. The parameter w in the effective equation of state p_ϕ = wρ_ϕ is then w = ϕ̇^2 − 2ϕ̇A_0 − 2V (ϕ) ϕ̇^2 − 2ϕ̇A_0 + 2V (ϕ) . (2.7)

It is obvious that for A_0 > 0,

w ≥ −1, ϕ̇ ≥ 2A_0 or ϕ̇ ≤ 0, < −1, 2A_0 > ϕ̇ > 0 and ϕ̇^2 − 2A_0ϕ̇ + 2V (ϕ) > 0, irrelevant, 2A_0 > ϕ̇ > 0 and ϕ̇^2 − 2A_0ϕ̇ + 2V (ϕ) ≤ 0,

(2.8)

and for A_0 < 0,

w ≥ −1, ϕ̇ ≥ 0 or ϕ̇ ≤ 2A_0, < −1, 0 > ϕ̇ > 2A_0 and ϕ̇^2 − 2A_0ϕ̇ + 2V (ϕ) > 0, irrelevant, 0 > ϕ̇ > 2A_0 and ϕ̇^2 − 2A_0ϕ̇ + 2V (ϕ) ≤ 0.

(2.9)

Namely, the parameter w may cross −1 in the evolution of the universe.

As mentioned in the previous section, we suppose that A_μ has a constant norm and constant zerothcomponent in Robertson-Walker metric. Under the assumption, the equation of motion for ϕ(t) takes the form ϕ̈ + 3Hϕ̇ + ∂V ∂ϕ = 3HA_0, (2.10)

where H = ȧ/a is the Hubble parameter. Comparing with the standard form of the equation of motion for a scalar field, there exists an additional current due to the existence of A_0. Now, the Friedmann equation reads

H^2 = 8πG 3 ( 1 2 ϕ̇^2 − ϕ̇A_0 + V (ϕ) + ρ_{fluid} ) , (2.11)

where the last term on the right-hand-side is the energy density of matter as a perfect fluid. In the present paper, we are only interested in the late stage of the evolution of the universe, in which both the baryon matter and cold dark matter can be treated as pressureless perfect fluid. Thus, we may set

ρ = ρ_0a^3_0/a^3, (2.12)

where ρ_0 is a constant, denoting the present value of the energy density of all matter. The subscript 0, except in A_0 and the following b_0, represents to take the value today.

III. NUMERICAL ANALYSIS

In order to solve Eqs.(2.10,2.11) numerically, we recast them as the first-order differential equations with respect to the redshift z = (a_0/a) − 1, dφ dz = − χ h(1 + z)

(3.1) dχ dz = 3 χ − b_0 1 + z + v^′(φ) h(1 + z)

(3.2)

h^2 = 1 2 χ^2 − b_0χ + v(φ) + Ω_{M0}(1 + z)^3, (3.3)

where φ = √ 8πG 3 ϕ, χ = √ 8πG 3 ϕ̇ H_0

, b_0 = √ 8πG 3 A_0 H_0

, (3.4)

h = H H_0 , v(φ) = 8πGV (ϕ) 3H^2_0

, Ω_{M0} = 8πGρ_0 3H^2_0

. (3.5)

In terms of new variable, Eq.(2.7) becomes w = χ^2 − 2χb_0 − 2v(φ) χ^2 − 2χb_0 + 2v(φ)

. (3.6)

The initial values of integration are assigned to fit the present observation data [3, 9]:

h_0 = 1, Ω_{DE0} :=

(_1 2 χ^2 − b_0χ + v )| 0 = 0.73, Ω_{M0} = 0.27, (3.7) w_0 = −1.33, χ_0(χ_0 − 2b_0) = −0.24, v_0 = 0.85. (3.8)

Now, we consider several examples. The first example is the universe with a quadratic potential

V (ϕ) = 1 2 m^2ϕ^2. (3.9)

We may further take b_0 = −0.6 and

w_1 = dw dz | | | |_0 = 1, (3.10)

then χ_0 ≈= −0.255, dφ/dz|_0 = −χ_0,

v^′(φ)|_{z=0} = 1 4 [χ_0(χ_0 − 2b_0) + 2v_0]^2 − 6v_0(χ_0 − b_0)^2 χ^2_0(χ_0 − 2b_0) + 2v_0(χ_0 − b_0)

= −0.117, (3.11)

φ_0 = −14.6 and^{m2}_{H20} = 8.0 × 10^{−3}. FIG. 1 gives the evolution of w for a flat universe with a quadratic potential. It is obvious that the equation of state across w = −1 at z ≈ 0.2, which is consistent with the SNe Ia observation [19] and that the transition redshift between the accelerating and decelerating phases occurs at z ≈ 0.5, which is lower than the observational constraint on the transition redshift interval 0.6 < z < 1.7 [1, 2, 20]. The limit of w at large z is 1. For b_0 = 0.6 the behavior of w is similar to the case b_0 = −0.6. It can be shown that w has the similar behavior for the quartic potential

V (ϕ) = 1 4 λϕ^4, (3.12)

FIG. 1: The evolution of w for a flat universe with a quadratic potential with the initial values w0 = −1.33, w1 = 1, b0 = −0.6, φ0 = −14.6,^{m2}_{H20} = 8.0 × 10^{−3}, and ΩM 0 = 0.27. The right figure is the expanded view of the left figure between z = −0.8 and z = 2.

and the inverse power-law potential

V (ϕ) = V_0ϕ^{−α}. (3.13)

The next example is the universe with the potential inspired from supergravity [18] ,

V (ϕ) = V_0ϕ^{−α}e^{4πGϕ2} , (3.14)

where α ≥ 11 is a constant. For the potential, we may take α = 12, b_0 = −0.62, w_1 = 1.47, thus v^′_0(φ) = −0.129, φ_0 = −2.0, (^3_{8πG} )^{5 V0}_{H20} = 8.6. Fig. 3 gives the evolution of w for the model. The equation of state across w = −1 at z ≈ 0.2 and the transition redshift between the accelerating and decelerating phases occurs at z ≈ 1.6, which is consistent with the SNe Ia observation [1, 2, 19, 20]. However, the dependence of w on z is not monotonic. w becomes less than −1 between z ≈ 0.7 and z ≈ 1.3 again. The universe experienced another accelerated expansion around z ≈ 3.8.

FIG. 2: The evolution of w for a flat universe with a quadratic potential with the initial values w0 = −1.33, w1 = 1.47, b0 = −0.62, α = 12 and ΩM 0 = 0.27. The right figure is the expanded view of the left figure between z = −0.9 and z = 2.

IV. CONCLUDING REMARKS

The single-dynamical-scalar-field model of dark energy may explain the parameter w in the effective equation of state crossing −1 during the evolution of the universe, as long as a fixed background vector field is introduced. For some potentials, the parameter w crossing −1 and transition from decelerating to accelerating occur at z ≈ 0.2 and z ≈ 1.7, respectively, which is consistent with the observations. The dependence of the parameter w on the redshift z is far from the linear relation. Thus, it is needed to reanalyze the observation data based on more general form of w(z). By the way, without the introduction of oscillation potential, the universe may also exhibit some oscillation behaviors.

The present model is in the almost standard framework of physics, e.g. in general relativity in 4-dimension. There does not exist phantom in the model, which will lead to theoretical problems in field theory. Instead, an a priori vector field, A_μ, is introduced, which is selected in an unspecified way by the cosmological background. It will result in the violation of the Lorentz invariance and might be contributed by the collective effects of the vacuum polarization of some fundamental fields. It is needed to further explore the physical meaning of such a vector field.

Acknowledgements

The work is supported in part by the National Natural Science Foundation of China under the grant No. 90403023 and 10375087.

[1] Riess A G et al., Observational Evidence from Supernovae for an Accelerating Universe and a Cosmological Constant, 1998 Astron. J. 116 1009 [astro-ph/9805201].

[2] Perlmutter S et al., Measurements of Omega and Lambda from 42 High-Redshift Supernovae, 1999 Astrophys.

J. 517 565 [astro-ph/9812133].

[3] Bennett C L et al, First Year Wilkinson Microwave Anisotropy Probe (WMAP) Observations: Preliminary Maps and Basic Results, 2003 Astrophys. J. Suppl. 148 1 [astro-ph/0302207]; Spergel D N et al., First Year Wilkinson Microwave Anisotropy Probe (WMAP) Observations: Determination of Cosmological Parameters, 2003 Astrophys. J. Suppl. 148 175 [astro-ph/0302209]; Tegmark M et al., Cosmological parameters from SDSS and WMAP, 2004 Phys.Rev. D 69 103501 [astro-ph/0310723].

[4] e.g., Wang Y and Tegmark M, New dark energy constraints from supernovae, microwave background and galaxy clustering, 2004 Phys. Rev. Lett 92 241302 [astro-ph/0403292]; Seljak U et al., Cosmological parameter analysis including SDSS Ly-alpha forest and galaxy bias: constraints on the primordial spectrum of fluctuations, neutrino mass, and dark energy, 2004 [astro-ph/0407372].

[5] See, e.g., Gibbons G W and Hawking S W, Cosmological event horizons, thermodynamics, and particle creation, 1977 Phys. Rev. D15, 2738; Spradlin M, Strominger A and Volovich A, Les Houches Lectures on De Sitter Space, 2001 [hep-th/0110007]; Huang C-G, Liu L and Wang B, Thermodynamics of de Sitter universes, 2002 Phys. Rev. D 65 083501.

[6] See, e.g., Guo H-Y, Huang C-G, Xu Z and Zhou B, On Beltrami Model of de Sitter Spacetime, 2004 Mod. Phys.

Lett. A 19 1701 [hep-th/0311156]; On Special Relativity with Cosmological Constant 2004Phys. Lett. A 331 1 [hep-th/0403171]; Guo H-Y, Huang C-G and Zhou B, On Horizon in de Sitter Invariant Special Relativity, hep-th/0404010; Guo H-Y et al, On de Sitter Invariant Special Relativity and Cosmological Constant as Origin of Inertia, hep-th/0405137; Beltrami-de Sitter spacetime and de Sitter invariant special relativity, 2005 Acta Phys. Sin. 54 2494 (in Chinese) and references therein.

[7] Wu Y-S, Li G-D and Guo H-Y, Gravitational Lagrangian and local de Sitter invariance, 1974 Kexue Tongbao (Chinese Sci. Bull.) 19 509; Guo H-Y, The local de Sitter invariance, 1976 ibid 21 31; An Y, Chen S, Zou Z-L and Guo H-Y, A new theory of gravity—Gravitational theory with local de Sitter invariance, 1976 ibid, 21 379 (All in Chinese).

[8] Townsend P, Small-scale structure of spacetime as the origin of the gravitational constant, 1977 Phys. Rev. D15 2795; MacDowell S W and Mansouri F, Unified Geometric Theory of Gravity and Supergravity, 1977 Phys. Rev. Lett 38 739; 38 1376.

[9] e.g., Corasaniti P S et al, Foundations of observing dark energy dynamics with the Wilkinson Microwave Anisotropy Probe, 2004 Phys. Rev. D 70; 083006, [astro-ph/0406608]; Hannestad S and Mortsell E, Cosmological constraints on the dark energy equation of state and its evolution 2004 JCAP 0409 001, [astro-ph/0407259]; Upadhye A, Ishak M and Steinhardt P J, Dynamical dark energy: Current constraints and forecasts 2004 [astroph/0411803].

[10] Wetterich C, Cosmology and the fate of dilatation symmetry, 1988 Nucl. Phys. B 302, 668; 1995 Astron.

Astrophys. 301 321; Ratra B and Peebles P J, Cosmological consequences of a rolling homogeneous scalar field, 1988 Phys. Rev. D 37 3406; Caldwell R R, Dave R and Steinhardt P J, Cosmological Imprint of an Energy Component with General Equation of State, 1998 Phys. Rev. Lett. 80, 1582 [astro-ph/9708069].

[11] Caldwell R R, A phantom menace? Cosmological consequences of a dark energy component with super-negative equation of state, 2002 Phys. Lett. B 545 23.

[12] Vikman A, Can dark energy evolve to the phantom? 2005 Phys. Rev. D 71 023515 [astro-ph/0407107]. [13] Feng B, Wang X and Zhang X, Dark energy constraints from the cosmic age and supernova, 2005 Phys. Lett.

B 607 35 [astro-ph/0404224]; Feng B Li M Piao Y-S and Zhang X, Oscillating Quintom and the Recurrent Universe, 2004 [astro-ph/0407432]; Wei H Cai R-G and Zeng D-G, Hessence: A New View of Quintom Dark Energy, 2005 Class. Quantum Grav. 22 3189 [hep-th/0501160].

[14] Li M-Z Feng B and Zhang X M, A Single Scalar Field Model of Dark Energy with Equation of State Crossing -1, 2005 [hep-ph/0503268].

[15] Cai R-G Zhang H-S and Wang A-Z, Crossing w = −1 in Gauss-Bonnet Brane World with Induced Gravity, 2005 Commun. Theor. Phys. to appear [hep-th/0505186]; Li B J Chu M-C Cheung K C and Tang A, Dark Energy as a Signature of Extra Dimensions, 2005 [astro-ph/0501367].

[16] Zhang Y, A model of dark energy for the accelerating universe, 2003 Gen. Rel. Grav. 35 689; ibid Dark energy coupled with relativistic dark matter in accelerating universe 2003 Chin. Phys. Lett. 20 1899; ibid, Relic gravitational waves and a model of dark energy, talk on CCAST Workshop on Dark Matter and Dark Energy in the Universe 2005; Armendáriz-Picón C, Could dark energy be vector-like? 2004 JCAP 07 007 [astro-ph/0405267].

[17] DeDeo S, Particle dark energy, 2004 [astro-ph/0411283].

[18] Brax P and Martin J, The Robustness of Quintessence, 2000 Phys. Rev. D61 103502 [astro-ph/9912046]. [19] Huterer D and Cooray A, Uncorrelated Estimates of Dark Energy Evolution, 2005 Phys. Rev. D 71 023506 [astro-ph/0404062].

[20] Riess A G et al, The Farthest Known Supernova: Support for an Accelerating Universe and a Glimpse of the Epoch of Deceleration, 2001 Astrophys. J. 560 49 [astro-ph/0104455]; Avelino P P de Carvalho J P M and Martins C J A P, Supernova constraints on spatial variations of the vacuum energy density, 2001 Phys. Rev. D 64 063505 [astro-ph/0103075]; Avelino P P and Martins C J A P, A Supernova Brane Scan, 2002 Astrophys.J 565 661 [astro-ph/0106274]; Zhu Z-H and Fujimoto M-K, Constraints on Cardassian Expansion from Distant type Ia Supernovae, 2003 Astrophys. J 585 52 [astro-ph/0303021].