arXiv:1206.2192v2 [gr-qc] 10 Dec 2012

Equation-of-state formalism for dark energy models on the brane and the future of brane universes

Artyom V. Astashenok^{a,∗}, Emilio Elizalde^{b,†}, Sergei D. Odintsov^{b,c,‡} and Artyom V. Yurov^{a,§} aBaltic Federal University of I. Kant, Department of Theoretical Physics, 236041, 14 Nevsky St., Kaliningrad, Russia bConsejo Superior de Investigaciones Científicas, ICE/CSIC and IEEC Campus UAB, Facultat de Ciències, Torre C5-Par-2a pl, 08193 Bellaterra (Barcelona) Spain cInstitució Catalana de Recerca i Estudis Avançats (ICREA)

Brane dark energy cosmologies, leading to various possible evolutions of our universe, are investigated. The discussion shows that while all these models can be made arbitrarily close to the standard ΛCDM cosmology at present, their future evolutions can be very different, even diverge with time in a number of ways. This includes asymptotic de-Sitter evolution, Little Rip with dissolution of bound structures, and various possible singularities, as the Big Rip, a sudden future singularity (Type II), and Type III and Type IV cases. Specifically, some interesting effects coming from the brane tension are investigated. It is shown, in particular, that the Little Rip occurs faster on the brane model than in usual FRW cosmology. And in the asymptotic de-Sitter regime the influence of the brane tension leads to a deviation of the value of the effective cosmological constant from that corresponding to ordinary dark energy. As a consequence, the value of the inertial force from the accelerating expansion can greatly exceed the corresponding inertial force in ordinary cosmological models.

I. INTRODUCTION

The discovered cosmic acceleration [1, 2] can be interpreted in terms of the so-called dark energy (for recent reviews, see [3, 4]), which in a way or other exhibits quite strange properties. However, some attempts at keeping General Relativity (GR) and vacuum fluctuations (sort of a Casimir effect) are still being considered, see e.g. [5, 6], and as well known, with the help of an ideal fluid GR can be rewritten, in an equivalent way, as some modified gravity.

The equation of state (EoS) parameter w_D for dark energy is known to be negative:

w_D = p_D/ρ_D < 0 , (1)

being here ρ_D the dark energy density and p_D the pressure. According to astronomical observations, dark energy currently accounts for some 73% of the total mass-energy of the universe (see, for instance, Ref. [7]).Even if these observations consensually favor the standard ΛCDM cosmology, being actually rigorous the uncertainties in the determination of the EoS dark energy parameter w are still too large to define which of the three (quite different) cases w < −1, w = −1, and w > −1 (remaining always in the vicinity of w = −1, of course) is actually realized in our universe, the present observational value (within the framework of the phantom energy model with constant w_0) being w = −1.04^{+0.09}_{−0.10} [8, 9]. From the theoretical point of view it is interesting to consider models with evolving w_0, too.

If w < −1 (the phantom dark energy case [10]) all four energy conditions are violated. According to quantum field theory a field of this kind is unstable. But the possibility to have the effective EOS w_{eff} < −1 for dark energy in scalar-tensor gravity without ghosts and other instabilities was shown in [11]. Phantom dark energy can lead to a Big Rip future singularity [10, 12–15], where the scale factor becomes infinite at a finite time in the future. Another possible scenario is a sudden (Type II) singularity [16] where the scale factor is finite at the Rip time. However, if w tends to −1 sufficiently fast, then no finite-time future singularity occurs [17–20]. Also, within the framework of braneworld models the possibility to have w_{eff} < −1 without future singularities was originally pointed out in [21]. In this case the energy density increases with time or remains constant. If the energy density grows, the disintegration of any bound structure eventually occurs, in a way similar to the case of the Big Rip singularity.

The future evolution of our universe depends on the choice of the EoS satisfied by dark energy:

p = g(ρ), (2)

∗ E-mail: artyom.art@gmail.com † E-mail: elizalde@ieec.uab.es, elizalde@math.mit.edu ‡ E-mail: odintsov@ieec.uab.es. Also at Eurasian National Univ., Astana, Kazakhstan and TSPU, Tomsk, Russia § E-mail: artyom yurov@mail.ru

with g a function of the energy density.

The aim of this article is to develop a general method for the construction of dark energy models on the brane which are compatible with observational data and which could provide us with various possible scenarios of universe evolution. This question is analyzed from the viewpoint of the dark energy EoS and, in particular, from its corresponding description in terms of a scalar field theory. To this end, Sect. II contains a brief overview of the EoS formalism in FRW cosmology. Sect. III deals with the explicit generalization of the EoS formalism to the brane. The classification of cosmological models with different future evolutions is there undertaken. Non-singular models are considered in Sect. IV. It is demonstrated there that some of these models can actually be made indistinguishable from the ordinary ΛCDM cosmology, thus remaining stable for very long time before the disintegration of bound structures takes place. In Sect. V cosmologies which develop future “soft” singularities are considered. The properties of these models are seen to be actually similar to those of the previous section. A detailed numerical comparison of the predictions of the models with the observational data leads to the conclusion that they are indeed indistinguishable from the ΛCDM model in describing the universe evolution up to the present epoch. Moreover, as already mentioned, they may remain stable for billions of years before reaching a future singularity. In this sense, any of these models represents an actually viable alternative to ΛCDM. A key qualitative result of our study is that current observations make it essentially impossible to determine whether or not the universe will end up in a future singularity. The paper finishes with a section devoted to discussions.

II. DARK ENERGY IN FRW COSMOLOGY: BRIEF OVERVIEW

For a spatially flat universe, with metric

ds^2 = −dt^2 + a^2(t)(dx^2 + dy^2 + dz^2), (3)

the cosmological equations are ( ȧ a )_2 = ρ 3 , ρ̇ = −3 ( ȧ a ) (ρ + p) . (4)

where ρ and p are the total energy-density and pressure, respectively, a is the scale factor, ˙ = d/dt, and we use natural system units in which 8πG = c = 1.

The EoS for dark energy is conveniently rewritten as

p_D = −ρ_D − f(ρ_D), (5)

where f(ρ_D) is a function of the energy-density. The case f(ρ_D) > 0 corresponds to w < −1, while the case f(ρ) < 0, to w > −1. For simplicity, we omit the subscript D. If dark energy dominates, one can neglect the contributions of dark matter and radiation. Then, from Eqs. (4), one gets the following link between time and f(ρ_D ): t = 2 √ 3 ∫_x x_0 dx f(x) , x ≡ √ ρ. (6) For quintessence the energy density decreases with time, x < x_0, while for phantom energy x > x_0. Let us consider possible variants of the behavior of (6) (compare with [19]).

1. The integral (6) converges for ρ → ∞. Therefore, a finite-time singularity occurs: the energy density becomes infinite at a finite time, t_f . The expression for the scale factor

a = a_0 exp ( 2 3 ∫_x x_0 xdx f(x) ) , (7)

indicates that there are two possibilities, namely: (1a) the scale factor diverges at finite time (a “Big Rip”);

(1b) the scale factor reaches a finite value and a singularity (ρ → ∞) occurs. It is of type III, in the notation of Ref. [33]. The key difference between (1a) and (1b) is that the energy density in the second case grows so rapidly with time that the scale factor does never reach the infinite value.

2. The integral (6) diverges for ρ → ∞ (these models are described in detail in [17, 18]). The energy density grows with time but not quickly enough for a Big Rip occurrence. According to the terminology in [17] we have a so-called “Little Rip”: eventually a dissolution of all bound structures, one after the other, will happen in the future (the first and very simple example of Little Rip was given in [22]).

These scenarios can be realized only in the case of having a phantom energy. The next two variants are possible both for a phantom energy and for quintessence.

3. The integral (6) diverges when ρ → ρ_f . The dark energy density tends asymptotically to a constant value (an “effective cosmological constant” [19]). These models constitute natural alternatives to the ΛCDM model, which also leads to a non-singular cosmology. Nevertheless, even for the non-singular asymptotically de Sitter universe, the possibility of a dramatic rip which may lead to the disappearance of bound structures in the universe still remains.

4. Another interesting case occurs if f(x) → ±∞ at x = x_f , i.e., the dark energy pressure becomes infinite at finite energy density. The second derivative of the scale factor diverges while the first derivative remains finite. It is interesting to investigate the family of phantom energy models with such kind of finite-time future singularities.

An equivalent description in terms of a scalar theory can be obtained using the equations:

ρ = ±ϕ̇^2/2 + V (ϕ), p = ±ϕ̇^2/2 − V (ϕ), (8)

where ϕ is a scalar field with potential V (ϕ). The minus sign in front of the kinetic term corresponds to the phantom energy case. For the scalar field and potential one derives, respectively, the following expressions

ϕ(x) = ϕ_0 ± 2 √ 3 ∫_x x_0 dx √ |f(x)| , V (x) = x^2 + f(x)/2. (9)

Combining Eqs. (9) one obtains the potential as a function of the scalar field.

III. DARK ENERGY MODELS ON THE BRANE: THE EQUATION OF STATE FORMALISM

We now consider a spacetime which is homogeneous and isotropic along three spatial dimensions, being our 4- dimensional universe an infinitesimally thin wall, with constant spatial curvature, embedded in 5-dimensional spacetime [23, 24]. In the Gaussian normal coordinate system, for the brane which is located at y = 0 one gets:

ds^2 = −n^2dt^2 + a^2(t, y)γ_{ij} dx^idx^j + ϵdy^2, (10)

where γ_{ij} is the maximally 3-dimensional metric, and ϵ = 1, if the extra dimension is space-like, and ϵ = −1, if it is time-like. Let t be the proper time on the brane (y = 0), then n(t, 0) = 1. Therefore, one gets the FRW metric on the brane

ds^2_{|y=0} = −dt^2 + a^2(t, 0)γ_{ij} dx^idx^j . (11)

The 5-dimensional Einstein equations have the form R_{AB} − 1 2 g_{AB} R = χ^2T_{AB} + Λg_{AB}, (12)

where Λ is the bulk cosmological constant. The next step is to write the total energy momentum tensor T_{AB} on the brane as

T^A_B = S^A_B δ(y), (13)

with S^A_B = diag(−ρ_b, p_b, p_b, p_b, 0), where ρ_b and p_b are the total brane energy density and pressure, respectively.

One can now calculate the components of the 5-dimensional Einstein tensor which solve Einstein’s equations. One of the crucial issues here is to use appropriate junction conditions near y = 0. These reduce to the following two relations: dn ndy_{|y=0+} = χ^2 3 ρ_b + χ^2 2 p_b, da ady_{|y=0+} = − χ^2 6 ρ_b. (14)

After some calculations, one obtains

H^2 = ϵχ^4 ρ^2_b 36 + Λ 6 − k a^2 + C a^4

. (15)

This expression is valid on the brane only. Here H = ȧ(t, 0)/a(t, 0) and C is an arbitrary integration constant. The energy conservation equation is correct, too,

ρ̇_b + 3 ȧ a (ρ_b + p_b) = 0. (16)

Now, let ρ_b = ρ + λ, where λ is the brane tension. For a fine-tuned brane with Λ = ϵλ^2χ^4/6, we have the following equation (for k = 0)

ȧ^2 a^2 = ϵλχ^4 6 ρ 3 ( 1 + ρ 2λ ) + C a^4

. (17)

In this paper we consider a single brane model which mimics general relativity (GR) at present but differs from GR at late times. We set 8πG = ϵσχ^4/6. As is easy to check, two cases arise: ϵ = 1 and λ > 0, or ϵ = −1 and λ < 0. For simplicity, we also set C = 0 (the term with C is usually called “dark radiation”). In fact, setting C ≠ 0 does not lead to additional solutions on a radically new basis, in the framework of our approach. Eq. (17) can be simplified to

ȧ^2 a^2 = ρ 3 ( 1 + ρ 2λ ) . (18)

One can see that Eq. (18) for ρ << |λ| differs insignificantly from the FRW equation. The brane model with a positive tension has been discussed in [25–27] in the context of the unification of early and late time acceleration eras. The braneworld model with a negative tension and a time-like extra dimension can be regarded as being dual to the Randall-Sundrum model [28–30]. Note that, for this model, the Big Bang singularity is absent. And this fact does not depend upon whether or not matter violates the energy conditions [31]. This same scenario has also been used to construct cyclic models for the universe [32].

The EoS is taken under the form (5). It is convenient to put ρ = { 2λ sinh^{2 η}_2 , λ > 0, ϵ = 1, 2|λ| sin^{2 η}_2 , λ < 0, ϵ = −1.

(19)

The parameter η varies from −∞ to ∞, for λ > 0, and from −π to π, for λ < 0. Then, one can write equations similar to Eqs. (6) and (7) t(η) = √ 2|λ| 3 ∫_η η_0 dη f(η) , (20)

a(η) = a_0 exp (_λ 3 ∫_η η_0 sinh ηdη f (η) ) , λ > 0, ϵ = 1, a_0 exp (_{|λ|} 3 ∫_η η_0 sin ηdη f (η) ) , λ < 0, ϵ = −1. (21)

The situation is very close to the one for the convenient FRW cosmology. In the case of a positive tension the following possibilities can be realized:

1. If the integral (20) converges while (7) diverges, we have a Big Rip. It is interesting to note that the Big Rip on a brane considered in [34] occurs faster than in the FRW cosmology. To illustrate this remarkable fact, one can rewrite Eq. (20) in the explicit form: t(x) = 2 √ 3 ∫_x x_0 dx ( 1 +^{x2}_{2λ} )_{1/2} f(x) . For the simplest EoS with constant EoS parameter w_0 = −1 − α^2, the function is f(x) = α^2x^2. If ρ >> λ, then the dark energy density grows with time substantially faster than in ordinary cosmology (λ → ∞).

2. If the integrals (20) and (21) diverge when η → ∞, then a Little Rip occurs. The acceleration of the universe increases with time definitely faster than in the FRW universe, owing to the brane tension (see the corresponding time equation for the case (1)).

3. Asymptotic de Sitter expansion is realized if f → 0 for η → η_f , and the integral (20) diverges.

4. There is a type III singularity if both integrals converge when η → ∞.

5. If f(η) → ∞ for η → η_f , the universe ends its existence in a sudden future singularity.

The case of negative tension allows for the following interesting possibilities:

1. Asymptotic de Sitter expansion, if f(η) → 0 for η → η_f .

2. Asymptotic breakdown (i.e. the rate of expansion of universe tends to 0) will occur if f(η) → 0 for η → π.

3. A sudden future singularity, if f(η) → ∞ when η → η_f .

For the scalar field and potential we get, respectively, the following equations

ϕ(η) = ϕ_0 ± √ 2|λ| 3 ∫_η η_0 dη √ |f(η)| , V (η) = f(η)/2 + { λ(cosh η − 1), λ > 0, ϵ = 1, |λ|(cos η − 1), λ < 0, ϵ = −1. (22) One should note that dark energy with an EoS such that f(ρ) ∼ ρ^γ , with γ ≤ 2, leads to a Big Rip on the brane while, in the case of the conventional FRW universe, such dark energy leads to a Little Rip only.

Some additional remark is in order. Any realistic cosmological scenario should take into account that dark energy is not a single component of the universal energy. The key test for dark energy models consist in matching the modulus μ vs redshift z = a_0/a − 1 relation obtained by the SNe project. As is well known,

μ(z) = const + 5 lg D(z). (23)

The relation for the luminosity distance D_L(z) as a function of the redshift, in the FRW cosmology (FC), is

D^{F C}_L = c H_0

(1 + z) ∫_z 0 [ Ω_m(1 + z)^3 + Ω_Dρ(z)/ρ_0 ]_{−1/2} dz . (24) Here, Ω_m is the total fraction of matter density, Ω_D the fraction of dark energy energy density, and H_0 is the current Hubble parameter. For simplicity, we neglect the contribution of radiation. For cosmology on the brane (BC), Eq. (24) can be rewritten as D^{BC}_L = c H_0

(1 + z) ∫_z 0 {[ Ω_m(1 + z)^3 + Ω_Dρ(z)/ρ_0 ] [ 1 + δ(Ω_m(1 + z)^3 + Ω_D ρ(z)/ρ_0) ]}_{−1/2} (1 + δ)^{1/2}dz , (25)

where the convenient parameter δ = (ρ_0 + ρ_m)/2λ has been introduced.

IV. DARK ENERGY MODELS ON THE BRANE WITHOUT FINAL SINGULARITIES

The following are examples of exact solutions corresponding to the Little Rip case, asymptotic de Sitter regime, and asymptotic breakdown. It will be assumed, for simplicity, that the universe consists of dark energy only.

A. Little Rip case

The simplest choice of EoS is to set f(η) = α^2 = const. Then,

a(η) = a_0 exp ( λ 3α^2 cosh η ) , t(η) = √ 2λ 3 η α^2

, (26)

that is

a(t) = a_0 exp [ λ 3α^2 cosh (√ 3 2λ α^2t )] . (27)

The dependence of the phantom energy density on time reads

ρ(t) = 2λ sinh^2 (√ 3 2λ α^2 2 t ) , (28)

therefore, a Little Rip occurs on the brane exponentially faster than in the usual FRW cosmology (see [17, 19]). The scalar field grows linearly with time, as

ϕ = ϕ_0 + αt. (29)

The potential of the scalar field is exponential, as expected in a string theory:

V (ϕ) = 2λ sinh^2 (√ 3 2λ α(ϕ − ϕ_0) 2 ) + α^2 2 . (30)

The acceleration of the universe leads to an inertial force on any mass, m, as seen by a gravitational source separated by a comoving distance l, of the form F_{in} = ml ä a = ml [ ρ 3 + f(ρ) 2 + ρ^2 6λ + f(ρ)ρ 2λ ] (31)

Following [18], it is convenient to define the dimensionless parameter

F̄_{in} = 6 ä aρ_0 = 2ρ + 3f(ρ) + ρ^2/λ + 3f(ρ)ρ/λ ρ_0

, (32)

where ρ_0 is the dark energy density at present.

The first two terms in Eq. (31) coincide with the inertial force in the FRW cosmology. From (31) one can conclude that the dissolution of bound structures in a FRW brane universe occurs essentially faster than in the usual FRW cosmology. The inertial force is a nonlinear function of the energy-density, which in our model reads

ρ = 2λ sinh^2 ( γt + Arsh √ ρ_0 √ 2λ ) , γ = √ 3α^2 2 √ 2λ . (33)

For t >> γ^{−1}, one can simply take ρ ≈ λ 2 exp(γt) (34)

and, therefore, the dimensionless inertial force grows exponentially for large times, namely F̄_{in} ≈ λ 4ρ_0 exp(2γt). (35)

Performing similar calculations for the classical cosmology, one finds that the inertial force increases with time as t^2, indeed

F̄_{in} ≈ 3α^2

ρ_0

(αt)^2. (36)

These models can be matched with the latest data from the Supernova Cosmological Project. For illustration, let us rewrite the energy density as a function of the redshift. We have

ρ(z) = ρ_0 [ 1 − 3α^2 ρ_0 ln(1 + z) ] (37)

and, thus, if the value of the dimensionless parameter Δ = 3α^2/ρ_0 << 1, the energy density is, with good accuracy, a constant: our model actually mimics a cosmological constant [5, 6]. Therefore, it is trivially, in a way, that our dark energy model describes, for Δ << 1 with Ω_D = 0.72 and Ω_m = 0.28, the standard FRW cosmology and shares its celebrated matching with the data coming from astronomical observations . For the brane model one should also define the parameter δ in Eq. (25). Consequently, at least in the domain δ << 1, the model (37) on the brane is indistinguishable from ΛCDM cosmology.

All structures disintegrate when the inertial force (31), dominated by dark energy, becomes equal to the forces which keep them bounded. For the system Sun-Earth, for instance, this happens when F̄_{in} reaches a value ∼ 10^{23}. Let us choose, for an example, Δ = 0.01 and δ = 0.01. In this case, the parameter α = (Ω_D Δ)^{1/2}H_0 ≈ 0.00624 Gyr^{−1}. The time required for the disintegration of our solar system is

t_{dis} ≈ 5 × 10^{14}Gyr

in FRW cosmology, but only of

t_{dis} ≈ 9.4 × 10^5Gyr

in the brane model. The disintegration time slowly increases with the growth of the brane tension; to wit, for δ = 10^{−19} the disintegration time becomes closer to the corresponding time in the FRW cosmology, being then t_{dis} ≈ 0.6 × 10^{14} Gyr.

Summing up, we have presented above a realistic Little Rip cosmology on the brane coming from a scalar dark energy with an exponential potential, and have proven that the Little Rip regime sets up remarkably faster here than in the convenient FRW cosmology, owing to the presence of the brane tension.

B. Asymptotic de Sitter regime

We will now consider the situation corresponding to the case of a brane with negative tension. Let us choose

f(η) = α^2 cos^2(η), α = const, (38)

which translates into the following EoS

p(ρ) = −ρ − α^2(1 + ρ/λ)^2. (39)

Time, as a function of the parameter η, reads t(η) = ( 2|λ| 3 )_{1/2} α^{−2}(tan η − tan η_0) (40)

and we see that, when η → π/2, then t → ∞ while ȧ → const. That is, the universe expands in a quasi-de Sitter regime. The scale factor increases with time as

a(t) = a_0 exp { β^2 2 [( 1 + (tan η_0 + αt/β)^2 )_{1/2} − cos^{−1} η_0 ]} . (41)

In Eq. (41) the dimensionless parameter β^2 = 2|λ|/3α^2 has been introduced. When t → ∞, the scale factor grows exponentially with time,

a(t) ∼ exp [ (|λ|/6)^{1/2}t ] . Therefore, the effective cosmological constant is Λ_{ef f} = |λ|/2. The potential of the scalar field develops a complicated shape. The time dependence of the scalar field is found to be ϕ(t) = −β ln 1 − tan Φ 1 + tan Φ

, Φ = 1 2 arctan(tan η_0 exp(αt/β)), (42)

where integration constants are omitted. The potential

V (Φ) = α^2 2 cos^2 2Φ + λ(cos 2Φ − 1) (43)

tends to |λ| with growing time. Note that, in the brane case, the maximal value of the inertial force (for λ > 0) can considerably exceed the inertial force in the FRW cosmology, for the chosen EoS for dark energy. To illustrate this possibility, we consider a very simple model, with the following EoS

f(ρ) = α^2 ( 1 − ρ ρ_f ) . (44)

Observe that, for ρ_0 < ρ_f , this equation describes phantom energy while, for ρ_0 > ρ_f , it corresponds to quintessence. The energy density-redshift relation reads ρ(z) = ρ_f [ 1 − (1 − δ_0) (1 + z)^{Δδ0} ] , δ_0 = ρ_0 ρ_f , Δ = 3α^2/ρ_0. (45)

When t → ∞ the universe expands in a quasi-de Sitter regime. The scale factor grows exponentially with time, as

a(t) ∼ exp (√ Λ_{ef f} 3 t ) . (46)

The effective cosmological constant is then Λ_{ef f} = ρ_f (1 + δ/δ_0), and one concludes that Λ_{ef f} >> ρ_f , if ρ_f >> λ. Also in this case ρ_f >> λ, for the dimensionless inertial force at t → ∞, one gets F̄_{in} → 2ρ^f ρ_0 ρ_f 2λ >> 2ρ_f ρ_0

, (47)

the last expression being the inertial force for the FRW cosmology.

We assume, for simplicity, that ρ_f >> ρ_0 >> α^2. Using Taylor expansion, one can rewrite Eq. (45) as

ρ(z) ≈ ρ_0(1 − Δ ln(1 + z)), (48)

with the same dimensionless parameter Δ as in Eq. (37). Therefore, as in the former case of the model with a Little Rip, the new model with EoS given by (44), for δ << 1, is also in perfect agreement with the most accurate observational data. Indeed, if we choose ρ_0/ρ_f = 10^{−13} and let δ = 0.001, the value of the dimensionless inertial force on the brane is of the order of 10^{23} (and thus, sufficient for the disintegration of our solar system) while it is only of some 10^{13} in the case of ordinary FRW cosmology.

As a consequence, on the brane a realistic mild phantom scenario (called a pseudo-Rip) is easy to realize. Owing to the brane tension, the effective “cosmological constant” in brane cosmology could be sufficiently larger than for FRW cosmology and, therefore, disintegration of bound structures may take place in the first case even if the second one remains safe yet.

C. Asymptotic breakdown

Asymptotic breakdown can be realized only for a brane model with negative tension and provided the extra dimension is time-like. If η → π, the Hubble parameter tends to zero i.e., the universe bounces when the dark energy density has reached a sufficiently large value. Therefore, the expansion rate of the universe decreases with time. There are two possibilities: (i) the scale factor grows, albeit more and more slowly with time, or (ii) the scale factor tends to a constant value. For the first case, consider

f(η) = α^2 sin^2 η, (49)

where the EoS in explicit form can be written as p = − ( 1 + 2α^2 |λ| ) ρ + α^2 λ^2 ρ^2. (50)

Then, t(η) = β α (cot η − cot η_0), a(η) = a_0 ( cot^{η0}_2 cot^η_2

)_β^2_{/2}

and, therefore,

a(t) = a_0 [ x + (1 + x^2)^{1/2} cot^{η0}_2 ]β^2/2 , x = αt/β − cot η_0. (51)

The asymptotic behavior of this expression is power-like when t → ∞ (x → ∞), namely a(t) ∼ t^{β2/2}.

If one chooses f(η) = α^2 sin^2 η, then the universe expansion will asymptotically stop. After a rather simple calculation, we obtain for the scale factor

a(t) = a_0 exp [ β^2 arctan ( tan η_0 2 exp(αt/β) ) − β^2 η_0 2 ] . Therefore, a → a_0 exp[β^2(π − η_0)/2] when t → ∞. It is interesting to note that, at some point, the accelerated expansion of the universe turns into deceleration. As one can easily see from the following expression for the second derivative of the scale factor, ä a = 9α^4 sin η

4λ^2

(sin η + cos η), (52)

this instant corresponds to η = 3π/4.

V. DARK ENERGY MODELS ON THE BRANE WITH FUTURE “SOFT” SINGULARITIES

In this section we study brane dark energy models which lead to Type II or Type III future singularities and compare the corresponding predictions with the ones of the standard FRW cosmology [19].

A. Big Freeze singularity (BFS, Type III)

Let us consider this case for λ > 0. Take

f(η) = α^2 cosh^2 η (53)

which leads, in explicit form, to the following EoS p = −ρ − α^2 ( ρ λ + 1 )_2

, (54)

a choice which yields a solution exhibiting two BFS: one in the past (η → −∞) and another in the future (η → +∞). Time is given by t(η) = √ 2λ 3 tanh η

α^2

, (55)

and the universe begins at t_{in} = −^1_{α2} √_{2λ} 3 and ends its existence at t_f =^1_{α2} √_{2λ} 3 . The expression for the scale factor reads

a(t) = a_f exp [ − λ 3α^2 ( 1 − 3α^4t^2 2λ )_{1/2}] , (56)

where a_f is the final value of the scale factor. This dependence shows that the universe will contract in the interval t_{in} < t < 0 and then it will expand.

Can a model like this be matched with actual observational data? Remarkably, the answer is positive. Indeed, after a simple calculation we obtain, for the dark energy density as a function of the redshift, z,

ρ = ρ_0

1 − (1/2 + Ω_Dδ)Δ ln(1 + z) 1 + (1 + 2Ω_Dδ)ΔΩ_D δ ln(1 + z)

, Δ = 3α^2/ρ_0. (57)

Once more, we see that when δ << 1 and Δ << 1, our model precisely mimics ΛCDM-cosmology, specifically in the range 0 < z < 1.5. The time at the final singularity is t_f ≈ 1 ΔΩ_D H_0 δ^{−1/2}. (58)

In particular, if Δ = 0.1 and δ = 0.01, then the time elapsed before the singularity is formed is of some 2 × 10^3 Gyr. Other models with similar properties can be readily constructed in an analogous way.

B. Sudden future singularity (SFS, Type II)

Let us now discuss realistic models of dark energy which contain a Type II future singularity for the brane with a negative tension. To this end, we choose the following EoS f(η) = β cos^2(η − η^∗) , 0 < η^∗ < π/2. (59) where β is a constant, either negative or positive. This EoS describes both phantom energy (when β > 0, 0 ≤ η_0 < π/2) and quintessence (when β < 0, π/2 < η_0 ≤ π). The explicit function f(ρ) reads f(ρ) = β (1 − ρ/λ^∗)^2

, λ^∗ = 2|λ| sin^2 ( π 4 + η∗ 2 ) > |λ|. (60) When ρ → λ^∗, the pressure diverges and a SFS is formed. The Hubble parameter remains finite but the acceleration of the universe diverges, ä → ±∞.

Let’s consider the case when η^∗ is close to 0. With good accuracy one can derive the following relation

ρ(z) ≈ |λ| 1 − [( 1 − ρ_0 |λ| )_3 + 9β |λ| ln(z + 1) ]_{1/3} . (61)

If β << ρ_0 << |λ| (phantom energy), this model mimics ΛCDM cosmology in the range of z corresponding to the SNe observations:

ρ(z) ≈ ρ_0(1 − Δ ln(z + 1)), Δ = 3β/ρ_0.

The time remaining until the final singularity is formed can be calculated from Eq. (20). The instant the SFS occurs corresponds to η = π/2 + η^∗ ≈ π/2. Therefore, one has t_{SF S} ≈ ( 2|λ| 3 )_{1/2} 1 β ( π 4 − η_0 2 − sin 2η_0 4 ) , (62)

and taking into account that |δ| << 1, and correspondingly η_0 << π/2, t_{SF S} ≈ ( 2|λ| 3 )_{1/2} 1 β π 4 ≈ π 4 1 H_0 1 |δ|^{1/2}ΔΩ_D . In particular, if δ = −0.01 and Δ = 0.1, the remaining time is 1.5 × 10^3 Gyr. Acceleration of the universe turns into deceleration due to the negative tension of the brane. The universe acceleration as a function of the density is (we neglect here matter contribution and assume that dark energy dominates at present) ä a = ρ 3 ( 1 + ρ 2λ ) + 2δΔΩ_Dλ 3(1 − ρ/λ^∗)^2 ( 1 2 + ρ 2λ ) . (63)

When dark energy density reaches |λ| the second term in this equation vanishes and then changes sign from “+” to “−”. Near the sudden future singularity (f(ρ) → ±∞), the expression for the inertial force (31) reduces to F̄_{in} ≈ 3f(ρ) + 3f(ρ)ρ/λ ρ_0

. (64)

In our case, ρ → λ^∗, Eq. (64) yields F̄_{in} ≈ 3f(ρ) ρ_0 ( 1 − ρ |λ| ) = Δ (1 − ρ/λ^∗)^2 ( 1 − ρ |λ| )

and hence, due to the negative tension on the brane, we have a so-called “Big Crush”: at ρ → λ^∗ > |λ| the acceleration of the universe ä → −∞, instead of ä → ∞ as for the usual FRW universe.

To finish, we can consider the scalar description of the model under investigation. For the scalar field, as a function of η, we have

ϕ(η) = ϕ_f sin(η − η^∗), ϕ_f = ( 2|λ| 3|β| )_{1/2} , where the integration constant has been omitted. From here, the potential as a function of the scalar field is given by

V (ϕ) = β 2 1 1 − ϕ^2/ϕ^2_f

+ λ((1 − ϕ^2/ϕ^2_f )^{1/2} − 1). (65)

When ϕ is small (η → 0 in the phantom case, and η → π for quintessence) this potential corresponds to a massive scalar field, namely V (ϕ) ≈ |λ| 2ϕ^2_f ϕ^2, ϕ ≈ 0. Then, the sudden future singularity is here the singularity of the potential at ϕ = ϕ_f . In exactly the same way, comparison of other brane dark energy models, leading to soft singularities in the future with the predictions coming from the ordinary FRW dark energy, can be done.

VI. CONCLUSION

Several dark energy models on the brane, with various different scenarios of evolution have been presented. We must emphasize the remarkable property, shared by all these models, that they are able to mimic, under quite reasonable conditions, the standard ΛCDM cosmology at the present epoch but exhibit, otherwise, very different behaviors concerning their future evolutions, including asymptotic de-Sitter evolution, Little Rip behavior with eventual dissolution of bound structures, and various different future singularities (as the Big Rip one, Type II and Type III singularities).

The future evolution of the universe is actually determined by the selected EoS for the dark energy component. The presence of a brane tension has been proven to lead to very interesting effects. In particular, owing to its influence the Little Rip occurs faster on the brane than in the usual FRW universe. Also, at a pseudo-Rip the effective value of the vacuum energy does not coincide with the dark energy density and, consequently, the disintegration of all bound structures can actually occur. Furthermore, a negative brane tension changes acceleration into deceleration and leads to a “Big Crush” of the universe, its existence ending, in this case, in a sudden future singularity.

These results can be eventually used to discriminate the theoretical dark energy models when confronting them with precise cosmological data. The consequences of all these calculations are to be taken into account quite seriously, since they could actually compromise the degree of predictiveness commonly attributed to the more standard cosmological scenarios.

Acknowledgements.

The work by AVY has been supported by the ESF, project 4868 “The cosmological constant as eigenvalue of Sturm- Liouville problem”, and the work by AVA has been supported by the ESF, project 4760 “Dark energy landscape and vacuum polarization account”, both within the European Network “New Trends and Applications of the Casimir Effect”. EE’s research has been partly supported by MICINN (Spain), contract PR2011-0128. EE and SDO have been supported in part by MICINN (Spain) projects FIS2006-02842 and FIS2010-15640, by the CPAN Consolider Ingenio Project, and by AGAUR (Generalitat de Catalunya), contract 2009SGR-994. EE’s research was partly carried out while on leave at the Department of Physics and Astronomy, Dartmouth College, 6127 Wilder Laboratory, Hanover, NH 03755, USA.

[1] A. G. Riess et al., Astron. J. 116, 1009 (1998). [2] S. Perlmutter et al., Astrophys. J. 517, 565 (1999).

[3] K. Bamba, S. Capozziello, S. Nojiri and S.D. Odintsov, arXiv:1205.3421; M. Li, X. Li, S. Wang and Y. Wang, Commun.

Theor. Phys. 56, 525 (2011).

[4] Y. -F. Cai, E. N. Saridakis, M. R. Setare and J. -Q. Xia, Phys. Rept. 493, 1 (2010).

[5] E. Elizalde, J. Phys. A 39, 6299 (2006) [arXiv:hep-th/0607185]; E. Elizalde, Phys. Lett. B 516, 143 (2001); G. Cognola, E. Elizalde, S. Nojiri, S. D. Odintsov and S. Zerbini, JCAP 0502, 010 (2005).

[6] E. Elizalde, S.D. Odintsov, A. Romeo, A. Bytsenko and S. Zerbini, Zeta-Regularization with Applications (World Sci., Singapore, 1994); E. Elizalde, Ten physical applications of spectral zeta functions, 2nd Ed., Lecture Notes in Physics 855 (Springer-Verlag, Berlin, 2012).

[7] M. Kowalski, Astrophys. J. 686, 74 (2008).

[8] K. Nakamura et al. [Particle Data Group Collaboration], J. Phys. G 37, 075021 (2010). [9] R. Amanullah et al., Astrophys. J. 716, 712 (2010).

[10] R. R. Caldwell, Phys. Lett. B 545 23 (2002); R. R. Caldwell, M. Kamionkowski and N. N. Weinberg, Phys. Rev. Lett. 91, 071301 (2003).

[11] B. Boisseau et al., Phys. Rev. Lett. 85, 2236 (2000); S. M. Carroll, M. Hofman and M. Trodden, Phys. Rev. D 68, 023509 (2003).

[12] P. H. Frampton and T. Takahashi, Phys. Lett. B 557, 135 (2003). [13] A. A. Starobinsky, Grav. Cosmol. 6, 157 (2000).

[14] B. McInnes, JHEP 0208, 029 (2002); S. Nojiri and S. D. Odintsov, Phys. Lett. B 562, 147 (2003); V. Faraoni, Int. J. Mod.

Phys. D 11, 471 (2002); P. F. Gonzalez-Diaz, Phys. Lett. B 586, 1 (2004); E. Elizalde, S. Nojiri and S. D. Odintsov, Phys. Rev. D 70, 043539 (2004); P. Singh, M. Sami and N. Dadhich, Phys. Rev. D 68, 023522 (2003); C. Csaki, N. Kaloper and J. Terning, Annals Phys. 317, 410 (2005); P. X. Wu and H. W. Yu, Nucl. Phys. B 727, 355 (2005); S. Nesseris and L. Perivolaropoulos, Phys. Rev. D 70, 123529 (2004); H. Stefancic, Phys. Lett. B 586, 5 (2004); L. P. Chimento and R. Lazkoz, Phys. Rev. Lett. 91, 211301 (2003); J. G. Hao and X. Z. Li, Phys. Lett. B 606, 7 (2005); M. P. Dabrowski and T. Stachowiak, Annals Phys. 321, 771 (2006); I. Y. Aref’eva, A. S. Koshelev and S. Y. Vernov, Phys. Rev. D 72, 064017 (2005); W. Godlowski and M. Szydlowski, Phys. Lett. B 623, 10 (2005); J. Sola and H. Stefancic, Phys. Lett. B 624, 147 (2005).

[15] S. Nojiri and S. D. Odintsov, Phys. Rept. 505, 59 (2011).

[16] Yu. Shtanov and V. Sahni, Class. Quant. Grav. 19, L101 (2002); V. Gorini et al., Phys. Rev. D 69, 123512 (2004);

J. Barrow, Class. Quant. Grav. 21, L79 (2004); S. Nojiri and S. D. Odintsov, Phys. Lett. B 595, 1 (2004); S. Cotsakis and I. Klaoudatou, J. Geom. Phys. 55, 306 (2005); M. P. Dabrowski, Phys. Rev. D 71, 103505 (2005); L. Fernandez- Jambrina and R. Lazkoz, Phys. Rev. D 70, 121503 (2004); [arXiv:gr-qc/0410124]; Phys. Lett. B 670, 254 (2009); C. Cattoen and M. Visser, Class. Quant. Grav. 22, 4913 (2005); J. D. Barrow and C. G. Tsagas, Class. Quant. Grav. 22, 1563 (2005); H. Stefancic, Phys. Rev. D 71, 084024 (2005); C. Cattoen and M. Visser, Class. Quant. Grav. 22, 4913 (2005); P. Tretyakov, A. Toporensky, Y. Shtanov and V. Sahni, Class. Quant. Grav. 23, 3259 (2006); A. Balcerzak and M. P. Dabrowski, Phys. Rev. D 73, 101301 (2006); M. Sami, P. Singh and S. Tsujikawa, Phys. Rev. D 74, 043514 (2006); A. V. Yurov, A. V. Astashenok and P. F. Gonzalez-Diaz, Grav. Cosmol. 14, 205 (2008); T. Koivisto, Phys. Rev. D 77, 123513 (2008); J. D. Barrow and S. Z. W. Lip, Phys. Rev. D 80, 043518 (2009); M. Bouhmadi-Lopez, Y. Tavakoli and P. V. Moniz, JCAP 1004, 016 (2010).

[17] P. H. Frampton, K. J. Ludwick and R. J. Scherrer, Phys. Rev. D 84, 063003 (2011); P. H. Frampton, K. J. Ludwick and R. J. Scherrer, Phys. Rev. D 85, 083001 (2012), arXiv:1112.2964 [astro-ph.CO].

[18] P. H. Frampton, K. J. Ludwick, S. Nojiri, S. D. Odintsov and R. J. Scherrer, Phys. Lett. B 708, 204 (2012). [19] A. V. Astashenok, S. Nojiri, S. D. Odintsov and A. V. Yurov, Phys. Lett. B 709, 396 (2012), arXiv:1201.4056 [gr-qc]; A.V.

Astashenok, S. Nojiri, S.D. Odintsov and R. Scherrer, arXiv:1203.1976.

[20] I. Brevik, E. Elizalde, S. Nojiri and S. D. Odintsov, Phys. Rev. D 84 (2011) 103508 [arXiv:1107.4642 [hep-th]];

P. H. Frampton and K. J. Ludwick, Eur. Phys. J. C 71 (2011) 1735 [arXiv:1103.2480 [hep-th]]; S. Nojiri, S. D. Odintsov and D. Saez-Gomez, arXiv:1108.0767 [hep-th]; Y. Ito, S. Nojiri and S. D. Odintsov, arXiv:1111.5389 [hep-th];

L. N. Granda and E. Loaiza, Int. J. Mod. Phys. D 21, 1250002 (2012), arXiv:1111.2454 [hep-th]; P. Xi, X. -H. Zhai and X. -Z. Li, Phys. Lett. B 706 (2012) 482 [arXiv:1111.6355 [gr-qc]];

M. -H. Belkacemi, M. Bouhmadi-Lopez, A. Errahmani and T. Ouali, Phys. Rev. D 85, 083503 (2012), arXiv:1112.5836 [gr-qc];

A. N. Makarenko, V. V. Obukhov and I. V. Kirnos, arXiv:1201.4742 [gr-qc];

K. Bamba, R. Myrzakulov, S. Nojiri and S. D. Odintsov, Phys. Rev. D 85, 104036 (2012), arXiv:1202.4057 [physics.gen-ph]; R. Saitou and S. Nojiri, arXiv:1203.1442 [hep-th]; Z. Liu and Y. Piao, arXiv:1203.4901.

[21] V. Sahni and Yu. Shtanov, JCAP 0311, 014 (2003); A. Lue and G. D. Starkman, Phys.Rev. D 70, 101501 (2004). [22] T. V. Ruzmaikina and A. A. Ruzmaikin, Sov. Phys. - JETP 30, 372 (1970).

[23] V. Sahni and Yu. Shtanov, “Cosmic Acceleration and Extra Dimension”, In “Problems of Modern Cosmology”, arXiv:0811.3839 [astro-ph].

[24] D. Langlois, Prog. Teor. Phys. Suppl. 148, 181 (2003).

[25] E. J. Copeland, A. R. Liddle, and J. E. Lidsey, Phys. Rev. D 64, 023509 (2001). [26] V. Sahni, M. Sami and T. Souradeep, Phys. Rev. D 65, 023518 (2002). [27] M. Sami and V. Sahni, Phys. Rev. D 70, 083513 (2004). [28] Yu. Shtanov and V. Sahni, Phys. Lett. B 557, 1 (2003). [29] L. Randall and R. Sundrum, Phys. Rev. Lett. 83, 3370 (1999).

[30] E.J. Copeland, S.-J. Lee, J.E. Lidsey and S. Mizuno, Phys. Rev. D 71, 023526 (2005). [31] A. Ashtekar, T. Pawlowski and P. Singh, Phys. Rev. D 74, 084003 (2006)

[32] N. Kanekar, V. Sahni and Yu. Shtanov, Phys. Rev. D 63, 083520 (2001). [33] S. Nojiri, S. D. Odintsov, and S. Tsujikawa, Phys. Rev. D 71, 063004 (2005). [34] A.V. Yurov, P.M. Moruno, P.F. Gonzalez-Diaz, Nucl. Phys. B 759, 320 (2006).