arXiv:hep-th/0409212 v2 18 Oct 2004

A unified approach to scaling solutions in a general cosmological background

Shinji Tsujikawa^1 and M. Sami^2 1 Department of Physics, Gunma National College of Technology, Gunma 371-8530, Japan 2IUCAA, Post Bag 4, Ganeshkhind, Pune 411 007, India (Dated: October 18, 2004)

Our ignorance about the source of cosmic acceleration has stimulated study of a wide range of models and modifications to gravity. Cosmological scaling solutions in any of these theories are privileged because they represent natural backgrounds relevant to dark energy. We study scaling solutions in a generalized background H^2 ∝ ρ^n_T in the presence of a scalar field φ and a barotropic perfect fluid, where H is a Hubble rate and ρT is a total energy density. The condition for the existence of scaling solutions restricts the form of Lagrangian to be p = X^{1/n}g(Xe^{nλφ} ), where X = −g^{μν} ∂μφ∂ν φ/2 and g is an arbitrary function. This is very useful to find out scaling solutions and corresponding scalar-field potentials in a broad class of dark energy models including (coupled)- quintessence, ghost-type scalar field, tachyon and k-essence. We analytically derive the scalar-field equation of state wφ and the fractional density Ωφ and apply it to a number of dark energy models.

PACS numbers: 98.70.Vc, 98.80.Cq

I. INTRODUCTION

Accelerated expansion seems to have played an extremely important role in the dynamical history of our universe. The inflationary paradigm at early epoch not only solves horizon and flatness problems but predicts nearly scale-invariant and adiabatic density perturbations consistent with temperature anisotropies in Cosmic Microwave Background (CMB). The late time acceleration is supported by observations of high redshift type Ia supernovae and, more indirectly, by observations of the CMB and galaxy clustering.

Within the framework of general relativity, cosmic acceleration can be sourced by an energy-momentum tensor which has a large negative pressure called dark energy (see Refs. [1] for review). One of the well known candidates of dark energy is provided by a cosmological constant. Although the cosmological constant does not require an adhoc assumption for its introduction, this suffers from an extreme fine tuning problem due to its non-dynamical nature. This problem can be alleviated in models of dynamically evolving dark energy called quintessence [2]. In addition to quintessence a wide variety of scalar field dark energy models have recently been proposed, including k-essence [3, 4], ghosts (phantoms) [5] and Born-Infeld scalars (rolling tachyon [6], massive scalars [7], phantom tachyons [8]), with the last one being originally motivated by string theory.

In order to obtain viable dark energy models, it is necessary that the energy density of the scalar field remains unimportant during most of the thermal history and emerges only at late times to account for the current acceleration of universe. It is, therefore, important to investigate cosmological scenarios in which the energy density of the scalar field mimics the background energy density. These solutions are called scaling solutions or trackers. In this paper we use “scaling solutions” as a meaning that the energy density of the field decreases proportionally to that of a barotropic perfect fluid^1. Then the equation of state of the scalar field equals to that of the fluid (w_φ = w_m) for scaling solutions in the absence of the coupling Q between them. In this case it is not possible to get an accelerated expansion at late times provided that the background fluid is dominated by a non-relativistic dark matter (w_m = 0). However the coupled quintessence scenario [9] provides a possibility that scaling solutions give the acceleration of the universe with a suitable fraction of dark energy (Ω_φ ≃ 0.7).

In General Relativity (GR) steep exponential potentials give rise to scaling solutions for a minimally coupled scalar field [10] allowing the field energy density to mimic the background being sub-dominant during radiation- and matter-dominant eras. We can obtain the current accelerated expansion provided that the exponential potential becomes shallow to support the slowroll at large values of the field [11]. Another interesting example is the model in which steep exponential potentials reduce to a particular power-law type at late times such that the universe exits from the scaling regime (e.g., V (ϕ) = V_0 [cosh(αϕ/M_p) − 1]^q , q > 0 [12]). In coupled quintessence scenarios one can exploit scaling solutions at late times as well when the coupling Q grows during the transition to a scalar-field dominant era [13]. Thus scaling solutions provide us very useful information for constructing dark energy models.

The existence of scaling solutions has been extensively studied in a number of cosmological scenarios, such as standard GR, braneworlds [Randall-Sundrum (RS) and Gauss-Bonnet (GB)], and tachyon [14]-[29]. Nevertheless these works restrict the analysis to each different

1 We use “trackers” as a meaning that the energy density of the field simply catches up that of the fluid.

scenario. In this paper we present a unified framework to investigate scaling solutions in a general cosmological background characterized by H^2 ∝ ρ^n_T , where H is the Hubble rate and ρ_T is the total energy density. The GR, RS, GB cases correspond to n = 1, n = 2 and n = 2/3, respectively. Our formalism provides a generic method to study these solutions for all the known scalar field systems like quintessence, tachyon, k-essence and ghost-type field.

We implement the coupling Q between the field and the barotropic fluid and obtain a general form of the Lagrangian for the existence of scaling solutions, see Eq. (16). Therefore our analysis includes coupled quintessence scenario that leads to an accelerated expansion even when the background fluid is dominated by non-relativistic dark matter. Our algorithm automatically generates scalar-field potentials which give rise to scaling solutions in a general cosmological background. We recover the already known solutions in a generic way and also find new solutions in the presence of the coupling Q. We also derive the equation of state w_φ and the fractional density Ω_φ for the field φ.

II. THE LAGRANGIAN FOR SCALING SOLUTIONS

Let us consider the following general 4-dimensional action S = ∫ d^4x √ −g [ M^2_P 2 R + p(X, φ) ] + S_m[φ, Ψ_i, g_{μν}], (1)

where R is a scalar curvature, φ is a scalar field with X defined as X ≡ −g^{μν} ∂_μφ∂_ν φ/2, and p(X, φ) is a scalarfield Lagrangian that is a function in terms of X and φ. S_m is an action for matter fields Ψ_i, which is generally dependent on φ as well. Hereafter we set the Planck mass M_p to be unity.

We shall study cosmological scaling solutions in a spatially flat Friedmann-Robertson-Walker (FRW) background spacetime:

ds^2 = −dt^2 + a^2(t)dx^2 , (2)

where a(t) is a scale factor. We consider an effective Friedmann equation which is given by

H^2 = β^2_nρ^n_T , (3)

where β_n and n are constants, and ρ_T is a total energy density of the universe. For the background (2) the equation for φ is [30] φ̈ ( p_X + φ̇^2p_{XX} ) + 3Hp_X φ̇ + 2Xp_{Xφ} − p_φ = −σ , (4)

where a suffix X or φ denotes a partial derivative with respect to X or φ, respectively. Here the scalar charge σ corresponds to the coupling between a matter and the field φ, which is defined by the relation δS_m/δφ =

− √ −g σ. We consider a cosmological scenario in which the universe is filled by the scalar field φ and by one type of barotropic perfect fluid with an equation of state w_m = p_m/ρ_m. Rewriting Eq. (4) in terms of the energy density, ρ = 2Xp_X − p, of the scalar field, we get dρ dN + 3(1 + w_φ)ρ = −Qρ_m dφ dN , (5)

where N ≡ ln a , w_φ ≡ p/ρ , Q(φ) ≡ σ/ρ_m . (6) The energy density ρ_m of the fluid satisfies dρ_m dN + 3(1 + w_m)ρ_m = Qρ_m dφ dN . (7)

We define the fractional densities of ρ and ρ_m as

Ω_φ ≡ ρ (H/β_n)^{2/n} , Ω_m ≡ ρ_m (H/β_n)^{2/n} , (8)

which satisfy Ω_φ + Ω_m = 1 by Eq. (3).

We are interested in asymptotic scaling solutions where both the fractional density Ω_φ and the equation of state parameter w_φ are constant, which gives ρ/ρ_m = const. This translates into the condition d log ρ/dN = d log ρ_m/dN . Assuming that Q is not a time-varying function in the scaling regime we get the following relation from Eqs. (5) and (7): dφ dN = 3Ω_φ Q (w_m − w_φ) = const. (9)

Then we find the scaling behavior of ρ and ρ_m:

dlogρ dN = dlogρ_m dN = −3(1 + w_s) , (10)

where the effective equation of state is

w_s ≡ w_m + Ω_φ(w_φ − w_m) . (11)

Therefore ρ and ρ_m do not scale according to w_φ and w_m in the presence of the coupling Q.

From the definition of X one finds (in the FRW background)

2X = H^2 ( dφ dN )_2 ∝ H^2 ∝ ρ^n_T , (12)

which shows that the scaling property of X is the same as ρ^n and ρ^n_m. Then we obtain

dlogX dN = −3n(1 + w_s) . (13)

Since p = w_φρ scales in the same way as ρ, one has dlog p/dN = −3(1 + w_s). Here the pressure density p corresponds to the Lagrangian of the scalar field and is a function of X and φ. Therefore we obtain the following relation by using Eqs. (9) and (13): n ∂ log p ∂ log X − 1 λ ∂ log p ∂φ = 1 , (14)

where λ ≡ Q 1 + w_m − Ω_φ(w_m − w_φ)

Ω_φ(w_m − w_φ)

. (15)

This equation gives a constraint on the functional form of p(X, φ) for the existence of scaling solutions: p(X, φ) = X^{1/n} g ( Xe^{nλφ} ) , (16)

where g is any function in terms of Y ≡ Xe^{nλφ}. This coincides with what was obtained in Ref. [30] in the GR case (n = 1). One can easily show that Y is constant along the scaling solution, i.e.,

Xe^{nλφ} = Y_0 = const . (17)

This property tells us that p is proportional to X^{1/n} by Eq. (16). This could be a defining property of scaling solutions which means that the Lagrangian or the pressure density depends upon the kinetic energy alone in the scaling regime. For an ordinary scalar field it leads to constancy of the ratio of kinetic to potential energy which is often taken to be a definition of scaling solutions.

From the pressure density (16) we obtain the energy density ρ as ρ = X^{1/n}(2/n−1+2Y g^′/g)g, where a prime denotes a derivative in terms of Y . Then the equation of state w_φ = p/ρ reads

w_φ = ( 2 n − 1 + 2α )_{−1} , (18)

where α ≡ d log g(Y ) d log Y | | | |_{Y =Y0} . (19)

Making use of Eqs. (9), (12) and (15), we get

3H^2 =

2(Q + λ)^2 3(1 + w_m)^2

X . (20)

Then the fractional density (8) of the field φ yields

Ω_φ = ( 9β^2_n(1 + w_m)^2

2(Q + λ)^2 )_{1/n} g(Y_0) w_φ . (21)

By combining Eq. (9) with Eq. (8) together with the relation w_φ = p/ρ, we find that g in Eq. (16) can be written as

g(Y_0) = −Q ( 2 9β^2_n )_{1/n} w_φ w_φ − w_m ( 1 + w_m Q + λ )_{(n−2)/n} . (22)

Then Eq. (21) yields

Ω_φ = Q Q + λ 1 + w_m w_m − w_φ . (23)

Once the functional form of g(Y ) is known, the equation of state w_φ is determined by Eq. (18) with Eq. (19). Then we get the fractional density Ω_φ from Eq. (23).

For scaling solutions an acceleration parameter yields −q ≡ äa ȧ^2

= 1 −

3n(1 + w_m)λ 2(λ + Q)

. (24)

When Q = 0 the condition −q > 0 gives w_m < 2/(3n)−1. For example w_m < −1/3 for n = 1. For non-relativistic dark matter (w_m = 0), an accelerated expansion occurs only for n < 2/3. If we account for the coupling Q, it is possible to get an acceleration even for n ≥ 2/3. The condition for acceleration corresponds to Q λ > 3n(1 + w_m) − 2 2 , (25)

which is useful for the construction of realistic dark energy scenarios.

III. APPLICATION TO DARK ENERGY MODELS

A. Ordinary scalar fields

Let us first obtain the form of lagrangian when p is written in the form p(X, φ) = f(X) − V (φ) . (26) Then by Eq. (14) one gets nX df dX − f(X) = − 1 λ dV dφ − V ≡ C , (27) where C is a constant. Integrating this relation gives f = c_1X^{1/n} − C and V = c_2e^{−λφ} − C, which restricts the form of the Lagrangian to be

p = c_1X^{1/n} − c_2e^{−λφ} . (28)

In the case of GR (n = 1), this corresponds to a standard canonical scalar field with an exponential potential [10]. When n ≠ 1 the Lagrangian does not take a canonical form, so the exponential potential does not correspond to scaling solutions.

One may look for scaling solutions that give a standard kinematic term by an appropriate transformation to a new variable in Eq. (16). Introducing a new variable ϕ ≡ e^{βλφ}, we obtain Y_0 = X̃ϕ^{(n−2β)/β}/β^2λ^2 = const, where X̃ ≡ −g^{μν} ∂_μϕ∂_ν ϕ/2. Then the Lagrangian (16) can be written as p = Y^{1/n}_0 ϕ^{1/β} g(Y_0) = Y^{1/n}_0 ( X̃ β^2λ^2Y_0 )_{1/(n−2β)} g(Y_0) . (29)

Since p is proportional to X̃^{1/(n−2β)}, the transformation that gives p ∝ X̃ corresponds to β = (n − 1)/2, i.e., ϕ = e^{(n−1)λφ/2}. In this case we have p ∝ ϕ^{−2/(n−1)} by Eq. (29), which means that the potential of the field ϕ corresponding to scaling solutions is

V (ϕ) = V_0ϕ^{−2/(n−1)} , (30)

where V_0 is a constant. For example one has an inverse square potential V (ϕ) = V_0ϕ^{−2} for n = 2, which agrees with what was obtained in Ref. [23]. The Gauss-Bonnet braneworld (n = 2/3) gives the potential V (ϕ) = V_0ϕ^6, as shown in Ref. [27].

If we choose the function g(Y ) as

g(Y ) = c_1Y^{1−1/n} − c_2Y^{−1/n} , (31)

then we get the Lagrangian

p = c_1Xe^{(n−1)λφ} − c_2e^{−λφ} (32) = 4c_1 (n − 1)^2λ^2

X̃ − c_2ϕ^{−2/(n−1)} , (33)

where the last equality is valid for n ≠ 1. Therefore the choice (31) gives the canonical Lagrangian with potential given by (30) for n ≠ 1. When n = 1 the lagrangian (32) itself is canonical. We can obtain w_φ and Ω_φ in these cases by using the function (31). Note that a normal scalar field corresponds to ϵ ≡ 4c_1/((n − 1)^2λ^2) > 0, whereas a ghost field to ϵ < 0.

1. The GR case

Let us consider the GR case (n = 1). Since c_2/Y_0 = c_1 − g(Y_0) by Eq. (31), one has α = c_1/g(Y_0) − 1 by using Eq. (19). From Eq. (22) we find that g(Y_0) can be written as g(Y_0) = 1 1 + w_m [ 2c_1w_m − 2Q(Q + λ) 3(1 + w_m) ] . (34)

Then we obtain the equation of state

w_φ =

3c_1w_m(1 + w_m) − Q(Q + λ) 3c_1(1 + w_m) + Q(Q + λ)

. (35)

Inserting this into Eq. (23) gives

Ω_φ =

3c_1(1 + w_m) + Q(Q + λ)

(Q + λ)^2

. (36)

When Q = 0 the above results reduce to w_φ = w_m and Ω_φ = 3c_1(1+w_m)/λ^2. This coincides with the scaling solution for an exponential potential obtained in Ref. [10]. In this case although the energy density of the field φ contributes to some portion of the total energy density, we can not obtain an acceleration of the universe for a normal fluid satisfying w_φ > −1/3. However the presence of the coupling Q opens up a possibility of an accelerated expansion. In the case of non-relativistic dark matter (w_m = 0), we obtain w_φ = −Q(Q + λ)/(3c_1 + Q(Q + λ)) and Ω_φ = (3c_1 + Q(Q + λ))/(Q + λ)^2, which agrees with the coupled quintessence scenario in Ref. [9].

2. The RS case

In the RS case (n = 2) we have c_2/ √ Y_0 = c_1 √ Y_0 − g(Y_0), α = −1/2 + c_1 √ Y_0/g(Y_0) and w_φ = g(Y_0)/(2c_1 √ Y_0). Hereafter we shall use the parameter ϵ = 4c_1/λ^2 that is positive for an ordinary scalar field. Then by Eq. (22) one gets

g(Y_0) = ϵλ^2 2 √ Y_0w_m − √ 2Q 3β_2

, (37)

where ϵλ^2 2 √ Y_0 = − √ 2Q/(3β_2) + √ 2Q^2/(9β^2 ) + ϵλ^2c_2(1 − 2w_m) 1 − 2w_m . (38) Here the conditions ϵ > 0 and c_2 > 0 are assumed.

The equation of state for the field φ is

w_φ = w_m −

(1 − 2w_m)Q −Q + √ Q^2 + (9/2)β^2 ϵλ^2c_2(1 − 2w_m) . (39) By Eq. (21) we find

Ω_φ =

1 + w_m 1 − 2w_m −Q + √ Q^2 + (9/2)β^2 ϵλ^2c_2(1 − 2w_m) |Q + λ| . (40) When Q = 0 one has w_φ = w_m with a nonzero value of Ω_φ, as is similar to the case of n = 1. If we include the coupling Q, we have w_φ = −Q/( √ Q^2 + (9/2)β^2 ϵλ^2c_2 − Q) and Ω_φ = ( √ Q^2 + (9/2)β^2 ϵλ^2c_2 − Q)/|Q + λ| for w_m = 0. Therefore it is possible to have an accelerated expansion in the presence of the coupling Q.

B. Phantoms and ghost condensates

A ghost (phantom) scalar field corresponds to a negative sign of c_1 in Eq. (31). In the GR case with Q = 0 one has Ω_φ = 3c_1(1+w_m)/λ^2 < 0 for w_m > −1, which means the absence of viable scaling solutions. In the presence of the coupling Q there exist scaling solutions that satisfy the condition for an accelerated expansion, see Eqs. (35) and (36). In the RS case since g(Y_0)/w_φ = 2c_1 √ Y_0 is negative in Eq. (21) for c_1 < 0, one can not obtain viable scaling solutions.

We need to keep in mind that phantoms are generally plagued by severe ultraviolet quantum instabilities [31]. However it was shown in Ref. [32] that a scalar field with a negative sign kinematic term does not necessarily lead to inconsistencies, provided that a suitable structure of higher-order kinematics terms are present in the effective theory. Let us consider the Lagrangian of the form

p = ϵX + ce^{λφ}X^2 , (41)

where negative ϵ corresponds to the phantom. This is motivated by dilatonic higher-order corrections in low energy effective string theory [30]. Since the function g(Y ) is g(Y ) = ϵ + cY in the GR case (n = 1), we obtain α = cY_0/(ϵ + cY_0), w_φ = (ϵ + cY_0)/(ϵ + 3cY_0) and

cY_0 = −

2Q(Q + λ) + 3ϵ(1 − w^2_m)

3(1 + w_m)(1 − 3w_m)

. (42)

Then we get

w_φ =

3ϵ(1 + w_m)w_m + Q(Q + λ) 3ϵ(1 + w_m) + 3Q(Q + λ)

, (43)

Ω_φ =

3(1 + w_m) [−ϵ(1 + w_m) − Q(Q + λ)] (Q + λ)^2(1 − 3w_m)

. (44)

This agrees with those obtained in Ref. [30] for w_m = 0 and ϵ = −1. The stability of quantum fluctuations is ensured for p_X + 2Xp_{XX} ≥ 0 and p_X ≥ 0, which corresponds to the condition cY_0 ≥ 1/2 in our case. This translates into the relation Q(Q + λ) ≤ 3(1 + w_m)^2/4. On the other hand the condition for acceleration requires Q/λ > (1 + 3w_m)/2. The values of the coupling Q satisfying both of these conditions provide viable scaling solutions.

C. Tachyon fields

The Lagrangian for a tachyon field is given by [6] p = −V (ϕ) √ 1 − ϕ̇^2 . (45)

Apparently the general form (16) does not seem to include this case, but one can rewrite the Lagrangian (16) by introducing a new field ϕ = e^{βλφ}/(βλ). Since the quantity Y is written as Y = X̃(βλϕ)^{n/β−2} with X̃ ≡ −gμν ∂_μϕ∂_ν ϕ/2 under this transformation, we ob-

tain Y = X̃ for β = n/2. Then the Lagrangian (16) yields p = ( nλϕ 2 )_{−2/n} X̃^{1/n}g(X̃) . (46)

This is a system p(X̃, ϕ) = V (ϕ)f(X̃) with potential

V (ϕ) = V_0ϕ^{−2/n} , (47)

and f(X̃) = X̃^{1/n}g(X̃).

We get the tachyon system (45) by the choice g(Y ) = −cY^{−1/n} √ 1 − 2ϵY , with ϵ = 1 , (48)

where c is positive. We introduce a parameter ϵ so that the system includes a phantom tachyon field with ϵ = −1 [8]. By Eq. (47) one has an inverse square potential V (ϕ) = V_0ϕ^{−2} for n = 1 (GR) for the existence of scaling solutions [24]. We have V (ϕ) = V_0ϕ^{−1} for n = 2 (RS) and V (ϕ) = V_0ϕ^{−3} for n = 2/3 (GB). Hereafter we shall derive w_φ and Ω_φ for the function (48) in GR and RS cases.

1. The GR case

When n = 1 we obtain g(Y_0) = −c √ 1 − 2ϵY_0/Y_0, α = (ϵY_0 −1)/(1−2ϵY_0) and w_φ = 2ϵY_0 −1. Since 1−2ϵY_0 ≥ 0 the equation of state ranges in w_φ ≤ 0. Making use of Eq. (22) and g(Y_0) = −2c √ −w_φ/(w_φ + 1), one gets the following equation

x^2 + w_m x(1 − x^2) = Q(Q + λ) 3cϵ(1 + w_m)

, (49)

where x ≡ √ −w_φ. The solution in the limit Q → 0 corresponds to x = √ −w_m, i.e., w_φ = w_m. Note that the existence of scaling solutions requires the condition w_m < 0, as was pointed out in Ref. [24].

One can approximately obtain the solution for Eq. (49) when the coupling Q is small. Let us write the solution as x = √ −w_m + δ, where δ is small relative to √ −w_m. Substituting this for Eq. (49), we find that δ is given by δ = λQ/(6cϵ). Then we get

w_φ = w_m − λ √ −w_m 3cϵ Q , (50)

Ω_φ = 3cϵ (Q + λ)λ 1 + w_m √ −w_m , (51)

which are valid when the coupling Q is small. In the limit Q → 0 one has Ω_φ = 3cϵ(1 + w_m)/(λ^2 √ −w_m), which agrees with the result in Ref. [24] for ϵ = 1. The phantom tachyon (ϵ = −1) corresponds to Ω_φ < 0 for −1 < w_m < 0 under the acceleration condition (25), which means that viable scaling solutions do not exist.

Even if scaling solutions do not exist for a fluid satisfying w_m ≥ 0, this does not mean that we do not have a plausible dark energy scenario in the tachyon system. In fact there is a stable critical point that approaches Ω_φ = 1 and Ω_m = 0 with an accelerated expansion for the potential (47) [24]. One can construct a viable dark energy model that evolves toward this critical point in the future with the present value Ω_φ ∼ 0.7 provided that initial conditions of the field are appropriately chosen [33]. In addition an inverse power-law potential V (ϕ) ∝ ϕ^{−q} with q < 2 leads to an acceleration of the universe at late times, while it does not for q > 2 [34]. Thus the potential corresponding to scaling solutions marks the border between accelerated and decelerated expansions, which provides a useful information for the construction of dark energy models.

2. The RS case

When n = 2 we have g(Y_0) = −c √ 1/Y_0 − 2ϵ, α = −1/(2(1 − 2ϵY_0)) and w_φ = 1 − 1/(2ϵY_0), which means that g(Y_0) = −c √ −2ϵw_φ. Then w_φ < 0 for ϵ > 0 and w_φ > 0 for ϵ < 0. By using these relations together with Eq. (22), we find that

x^2 + ϵw_m x = Q 3cβ_2 , (52) where x ≡ √ −ϵw_φ. In this case one can obtain w_φ and Ω_φ for any values of Q, i.e.,

w_φ = − 1 4ϵ [ Q 3cβ_2 + √ Q^2 9c^2β^2 − 4ϵw_m ]2 , (53)

Ω_φ = 6ϵcβ_2 | | | | 1 + w_m Q + λ | | | | [ Q 3cβ_2 + √ Q^2 9c^2β^2 − 4ϵw_m ]−1 . (54) When ϵ = 1 and Q = 0 scaling solutions exist only for w_m < 0, but the presence of the coupling Q allows a possibility of their existence even for w_m > 0. When ϵ = −1 one has w_φ > 0 and Ω_φ < 0 by Eqs. (53) and (54), which means the absence of ideal scaling solutions.

D. K-essence

K-essence scenario is characterized by the pressure density [3]

p = V (ϕ)f(X̃ ) , (55)

where X̃ = −g^{μν} ∂_μϕ∂_ν ϕ/2. Since the Lagrangian (16) can be written as a decoupled form (45) under a transformation ϕ = 2e^{nλφ/2}/(nλ), the k-essence Lagrangian (55) has a scaling solution for

V (ϕ) ∝ ϕ^{−2/n} , and X̃ = const . (56)

Note that the function f(X̃ ) can be chosen arbitrary provided that the conditions (56) are satisfied. These conditions mean that the field ϕ evolves with a constant velocity along the potential V (ϕ) = V_0ϕ^{−2/n}. This is a general property of scaling solutions in k-essence scenario.

The pressure density of the form,

p(X, φ) = K(φ)X + L(φ)X^2 , (57)

is transformed to the Lagrangian (55) with V (ϕ) = K^2/L and f(X̃) = −X̃ + X̃^2 by the field redefinitions [4]: ϕ = ∫_φ dφ √ L |K| , X̃ = L |K| X . (58)

Therefore the dilatonic ghost condensate considered in Sec. III B belongs to a class of k-essence. In fact the Lagrangian (41) corresponds to K = ϵ and L = ce^{λφ}, which gives ϕ ∝ e^{λφ/2} and V ∝ e^{−λφ} ∝ ϕ^{−2}. Therefore scaling solutions (43) and (44) can be viewed as the system (56) with n = 1.

In this section we dealt with a variety of dynamical systems in GR and RS backgrounds; a comment on the GB dynamics is in order. We find that the fundamental features of scaling solutions which appear in GR and RS cases also persist in the GB background. Since the algebra gets merely cumbersome, we have not shown the results in the GB case.

IV. CONCLUSIONS

In this paper we discussed cosmological scaling solutions in a general cosmological background H^2 ∝ ρ^n_T including General Relativity, Randall-Sundrum braneworld and Gauss-Bonnet braneworld. The condition for the existence of scaling solutions restricts the form of the Lagrangian to be Eq. (16). Since the starting action (1) is very general, the formula (16) is applicable for a wide variety of dark energy models such as (coupled)- quintessence, ghost-type scalar field, tachyon and kessence. This is a powerful tool to find out scaling solutions and corresponding effective potentials in any scalarfield system.

We analytically derived the scalar-field equation of state w_φ and the fractional density Ω_φ in general, see Eqs. (18) and (23) with (19). We applied these formula to a number of dark energy models and discussed the existence of viable scaling solutions. In the absence of the coupling Q between a scalar field and a perfect barotropic fluid, it is not possible to get an acceleration of the universe since the energy density of the field φ decreases in proportional to that of the background fluid for scaling solutions. However the presence of the coupling Q allows to have an accelerated expansion with an effective equation of state given by (11).

We have reproduced previous results about the form of the scalar field potential in the GR case (n = 1) in the context of quintessence and tachyon. We derived the potentials (30) and (47) for scaling solutions from the Lagrangian (16) by redefining a new field ϕ. These may be obtained by considering the condition for powerlaw inflation together with slow-roll parameters [27], but out treatment is more general since we did not use any approximations.

We also applied our formula to a ghost-type scalar field and k-essence. We accounted for dilatonic higher-order terms e^{λφ}X^2 in order to avoid severe ultraviolet instabilities present for a phantom field with a negative sign of X. This scenario is closely linked with k-essence, since the Lagrangian (41) is transformed to (55) by a field redefinition. By using Eq. (16), we showed that the Lagrangian (55) has a scaling solution when V (ϕ) ∝ ϕ^{−2/n} and X̃ = const. Provided that these conditions are satisfied, scaling solutions exist for any arbitrary function f(X̃) in Eq. (55) including the tachyon case.

If the scalar-field potential is not steeper than the one for scaling solutions, this leads to an accelerated expansion since scaling solutions give the border of acceleration and deceleration. Therefore our formalism is useful to construct realistic dark energy models. It is also of interest to place constraints on scalar-field potentials using supernova and CMB data and discriminate between a host of dark energy models from future high-precision observations.

ACKNOWLEDGEMENTS

We thank Edmund Copeland, Shuntaro Mizuno and Federico Piazza for fruitful discussions and Bruce A. Bassett and Varun Sahni for useful comments and conversations.

[1] V. Sahni and A. A. Starobinsky, Int. J. Mod. Phys. D 9, 373 (2000) [arXiv:astro-ph/9904398]; T. Padmanabhan, Phys. Rept. 380, 235 (2003) [arXiv:hep-th/0212290].

[2] R. Caldwell, R. Dave and P. J. Steinhardt, Phys. Rev.

Lett. 80, 1582 (1998) [arXiv:astro-ph/9708069]; I. Zlatev, L. M. Wang and P. J. Steinhardt, Phys. Rev. Lett. 82, 896 (1999) [arXiv:astro-ph/9807002].

[3] C. Armendariz-Picon, V. Mukhanov and P. J. Steinhardt, Phys. Rev. Lett. 85, 4438 (2000) [arXiv:astroph/0004134]; C. Armendariz-Picon, V. Mukhanov and P. J. Steinhardt, Phys. Rev. D 63, 103510 (2001) [arXiv:astro-ph/0006373].

[4] T. Chiba, T. Okabe and M. Yamaguchi, Phys. Rev. D 62, 023511 (2000) [arXiv:astro-ph/9912463].

[5] R. R. Caldwell, Phys. Lett. B 545, 23 (2002) [arXiv:astro-ph/9908168]; R. R. Caldwell, M. Kamionkowski and N. N. Weinberg, Phys. Rev. Lett. 91, 071301 (2003) [arXiv:astro-ph/0302506]; S. M. Carroll, M. Hoffman and M. Trodden, Phys. Rev. D 68, 023509 (2003) [arXiv:astro-ph/0301273]; S. Nojiri and S. D. Odintsov, Phys. Lett. B 562, 147 (2003) [arXiv:hep-th/0303117]; P. Singh, M. Sami and N. Dadhich, Phys. Rev. D 68, 023522 (2003) [arXiv:hepth/0305110]; M. Sami and A. Toporensky, Mod. Phys. Lett. A 19, 1509 (2004) [arXiv:gr-qc/0312009]; E. Elizalde, S. Nojiri and S. D. Odintsov, Phys. Rev. D 70, 043539 (2004) [arXiv:hep-th/0405034].

[6] A. Sen, JHEP 0204, 048 (2002) [arXiv:hep-th/0203211];

G. W. Gibbons, Phys. Lett. B 537, 1 (2002) [arXiv:hepth/0204008]; T. Padmanabhan, Phys. Rev. D 66, 021301 (2002) [arXiv:hep-th/0204150]; A. V. Frolov, L. Kofman and A. A. Starobinsky, Phys. Lett. B 545, 8 (2002) [arXiv:hep-th/0204187]; M. Sami, P. Chingangbam and T. Qureshi, Phys. Rev. D 66, 043530 (2002) [arXiv:hepth/0205179]; S. Nojiri and S. D. Odintsov, Phys. Lett. B 571, 1 (2003) [arXiv:hep-th/0306212]; S. K. Srivastava, arXiv:gr-qc/0409074.

[7] M. R. Garousi, M. Sami and S. Tsujikawa, Phys.

Rev. D 70, 043536 (2004) [arXiv:hep-th/0402075]; M. R. Garousi, M. Sami and S. Tsujikawa, arXiv:hepth/0405012.

[8] J. g. Hao and X. z. Li, Phys. Rev. D 68, 043501 (2003) [arXiv:hep-th/0305207].

[9] L. Amendola, Phys. Rev. D 62, 043511 (2000) [arXiv:astro-ph/9908023].

[10] E. J. Copeland, A. R. Liddle and D. Wands, Phys. Rev.

D 57, 4686 (1998) [arXiv:gr-qc/9711068].

[11] T. Barreiro, E. J. Copeland and N. J. Nunes, Phys. Rev.

D 61, 127301 (2000) [arXiv:astro-ph/9910214].

[12] V. Sahni and L. M. Wang, Phys. Rev. D 62, 103517 (2000) [arXiv:astro-ph/9910097].

[13] L. Amendola and D. Tocchini-Valentini, Phys. Rev. D 64, 043509 (2001) [arXiv:astro-ph/0011243].

[14] A. R. Liddle and R. J. Scherrer, Phys. Rev. D 59, 023509 (1999) [arXiv:astro-ph/9809272].

[15] R. J. van den Hoogen, A. A. Coley and D. Wands, Class.

Quant. Grav. 16, 1843 (1999) [arXiv:gr-qc/9901014]. [16] A. de la Macorra and G. Piccinelli, Phys. Rev. D 61, 123503 (2000) [arXiv:hep-ph/9909459].

[17] A. Nunes and J. P. Mimoso, Phys. Lett. B 488, 423 (2000) [arXiv:gr-qc/0008003].

[18] S. C. C. Ng, N. J. Nunes and F. Rosati, Phys. Rev. D 64, 083510 (2001) [arXiv:astro-ph/0107321].

[19] C. Rubano and J. D. Barrow, Phys. Rev. D 64, 127301 (2001) [arXiv:gr-qc/0105037].

[20] J. P. Uzan, Phys. Rev. D 59, 123510 (1999) [arXiv:grqc/9903004].

[21] L. Amendola, Phys. Rev. D 60, 043501 (1999) [arXiv:astro-ph/9904120].

[22] S. Mizuno and K. i. Maeda, Phys. Rev. D 64, 123521 (2001).

[23] S. Mizuno, S. J. Lee and E. J. Copeland, Phys. Rev. D 70, 043525 (2004) [arXiv:astro-ph/0405490].

[24] J. M. Aguirregabiria and R. Lazkoz, Phys. Rev. D 69, 123502 (2004) [arXiv:hep-th/0402190].

[25] Z. K. Guo and Y. Z. Zhang, JCAP 0408, 010 (2004) [arXiv:hep-th/0403151].

[26] Z. K. Guo, Y. S. Piao, R. G. Cai and Y. Z. Zhang, Phys.

Lett. B 576, 12 (2003) [arXiv:hep-th/0306245]. [27] M. Sami, N. Savchenko and A. Toporensky, arXiv:hepth/0408140.

[28] A.P. Billyard, A.A. Coley and R.J. van den Hoogen, Phys. Rev. D. 58, 123501 (1998); Shinji Mukohyama and Alan Coley, Phys.Rev. D69, 064029 (2004)[ hepth/0310140].

[29] Edmund J. Copeland, Seung-Joo Lee, James E. Lidsey and Shuntaro Mizuno, astro-ph/0410110.

[30] F. Piazza and S. Tsujikawa, JCAP 06, 005 (2004) [arXiv:hep-th/0405054].

[31] J. M. Cline, S. y. Jeon and G. D. Moore, Phys. Rev. D 70, 043543 (2004) [arXiv:hep-ph/0311312].

[32] N. Arkani-Hamed, H. C. Cheng, M. A. Luty and S. Mukohyama, JHEP 0405, 074 (2004) [arXiv:hep-th/0312099].

[33] J. S. Bagla, H. K. Jassal and T. Padmanabhan, Phys.

Rev. D 67, 063504 (2003) [arXiv:astro-ph/0212198]. [34] L. R. W. Abramo and F. Finelli, Phys. Lett. B 575, 165 (2003) [arXiv:astro-ph/0307208].