arXiv:0905.3532v2 [hep-th] 15 Mar 2010

Preprint typeset in JHEP style - HYPER VERSION

Hořava-Lifshitz Dark Energy

Emmanuel N. Saridakis

Department of Physics, University of Athens, GR-15771 Athens, Greece

msaridak@phys.uoa.gr

Abstract: We formulate Hořava-Lifshitz cosmology with an additional scalar field that leads to an effective dark energy sector. We find that, due to the inherited features from the gravitational background, Hořava-Lifshitz dark energy naturally presents very interesting behaviors, possessing a varying equation-of-state parameter, exhibiting phantom behavior and allowing for a realization of the phantom divide crossing. In addition, Hořava-Lifshitz dark energy guarantees for a bounce at small scale factors and it may trigger the turnaround at large scale factors, leading naturally to cyclic cosmology.

Contents

1. Introduction 1

2. Hořava-Lifshitz cosmology with dark matter and dark energy fields 2

3. Cosmological implications and discussion 6 3.1 Absent σ-field 6 3.2 Flat universe with σ-field 7 3.3 Non-flat universe with σ-field 8 3.4 Bounce, turnaround and cyclic behavior 8

4. Conclusions 8

References 10

1. Introduction

Recently, a power-counting renormalizable, ultra-violet (UV) complete theory of gravity was proposed by Hořava in [1, 2, 3, 4]. Although presenting an infrared (IR) fixed point, namely General Relativity, in the UV the theory possesses a fixed point with an anisotropic, Lifshitz scaling between time and space of the form x → ℓ x, t → ℓ^z t, where ℓ, z, x and t are the scaling factor, dynamical critical exponent, spatial coordinates and temporal coordinate, respectively.

Due to the these novel features, there has been a large amount of effort in examining and extending the properties of the theory itself [5, 6, 7, 8, 9, 10, 11, 12, 13, 14, 15, 16, 17, 18, 19, 20, 21, 22, 23, 24, 25, 26, 27, 28, 29, 30, 31]. Additionally, application of Hořava-Lifshitz gravity as a cosmological framework gives rise to Hořava-Lifshitz cosmology, which proves to lead to interesting behaviors [32, 33]. In particular, one can examine specific solution subclasses [34, 35, 36, 37, 38, 39, 40, 41, 42, 43, 44, 45, 46], the phase-space behavior [47, 48, 49, 50, 51], the gravitational wave production [52, 53, 54, 55, 56, 57], the perturbation spectrum [58, 59, 60, 61, 62, 63, 64, 65, 66], the matter bounce [67, 68, 69, 70, 71, 72], the black hole properties [73, 74, 75, 76, 77, 78, 79, 80, 81, 82, 83, 84, 85, 86, 87], the dark energy phenomenology [88, 89, 90, 91, 92], the astrophysical phenomenology [93, 94, 95, 96, 97], the thermodynamic properties [98, 99, 100] etc.

– 1 –

In the present form of Hořava-Lifshitz cosmology, one combines the aforementioned modified gravitational background with a scalar field that reproduces (dark) matter. Doing so he obtains a dark-matter universe, with the appearance of a cosmological constant and an effective “dark radiation” term. Although these terms are interesting cosmological artifacts of the novel features of Hořava-Lifshitz gravitational background, they still restrict the possible scenarios of Hořava-Lifshitz cosmology.

In the present work we are interested in formulating Hořava-Lifshitz cosmology in a way that an effective dark energy, with a varying equation-of-state parameter, will emerge. Thus, we add a second scalar field, which dynamics will be combined with the cosmological constant and dark radiation terms. Although such a scalar field could put into question the renormalizability of the theory, it is still interesting to investigate what would be its effects on the cosmological behavior of the universe. Indeed, it proves that the effective Hořava-Lifshitz dark energy that arises, can have very interesting cosmological implications at both early and late times, such are to trigger a bounce and a turnabout. It’s equation-of-state parameter can present quintessence behavior, or surprisingly enough, it can quite generally give rise to phantom behavior and to the crossing of the phantom divide. Although we construct it under the detailed-balance condition, the basic features of the model at hand are independent of that and are expected to be present even if we relax this constraint. This paper is organized as follows. In section 2 we formulate Hořava-Lifshitz cosmology with both dark matter and dark energy fields. In section 3 we examine the cosmological behavior of the model and we discuss its implications. Finally, section 4 is devoted to the summary of the obtained results.

2. Hořava-Lifshitz cosmology with dark matter and dark energy fields

We begin with a brief review of Hořava-Lifshitz gravity. The dynamical variables are the lapse and shift functions, N and N_i respectively, and the spatial metric g_{ij} (roman letters indicate spatial indices). In terms of these fields the full metric is

ds^2 = −N^2dt^2 + g_{ij}(dx^i + N^idt)(dx^j + N^j dt), (2.1)

where indices are raised and lowered using g_{ij}. The scaling transformation of the coordinates reads (z=3):

t → l^3t and x^i → lx^i . (2.2)

Decomposing the gravitational action into a kinetic and a potential part as S_g = ∫ dtd^3x √ gN(L_K + L_V ), and under the assumption of detailed balance [3], which apart form reducing the possible terms in the Lagrangian it allows for a quantum inheritance principle [1] (the D + 1 dimensional theory acquires the renormalization

– 2 – properties of the D-dimensional one), the full action of Hořava-Lifshitz gravity is given by

S_g = ∫ dtd^3x √ gN { 2 κ^2 (K_{ij} K^{ij} − λK^2) − κ^2 2w^4 C_{ij}C^{ij} + κ^2μ 2w^2 ϵ^{ijk} √ g R_{il}∇_j R^l_k− − κ^2μ^2 8 R_{ij}R^{ij} + κ^2μ^2 8(1 − 3λ) [ 1 − 4λ 4 R^2 + ΛR − 3Λ^2 ]} , (2.3)

where K_{ij} = 1 2N (ġ_{ij} − ∇_iN_j − ∇_jN_i) , (2.4)

is the extrinsic curvature and C^{ij} = ϵ^{ijk} √ g ∇_k ( R^j_i − 1 4 Rδ^j_i ) (2.5)

the Cotton tensor, and the covariant derivatives are defined with respect to the spatial metric g_{ij}. ϵ^{ijk} is the totally antisymmetric unit tensor, λ is a dimensionless constant and Λ is a negative constant which is related to the cosmological constant in the IR limit. Finally, the variables κ, w and μ are constants with mass dimensions −1, 0 and 1, respectively.

Inserting a scalar field in the construction and imposing the corresponding symmetries consistently, one results to the following action [32, 33, 62]:

S_ϕ = ∫ dtd^3x √ gN [ 3λ − 1 4 ϕ̇2 N^2

+ m_1m_2ϕ∇^2ϕ − 1 2 m^2ϕ∇^4ϕ + 1 2 m^2_3ϕ∇^6ϕ − V_ϕ(ϕ) ] , (2.6) where V_ϕ(ϕ) acts as a potential term and m_i are constants (note that for simplicity we have absorbed the possible term −^1_2 m^2_1ϕ^2 inside V_ϕ(ϕ)). Clearly, this is a simplified consideration which cannot cope with the current knowledge of dark matter properties, but it allows for a first investigation on the subject. Finally, we mention that one could add the matter sector through a hydrodynamical approach, adding a cosmological stress-energy tensor to the gravitational field equations and demanding to recover the usual general relativity formulation in the low-energy limit [17, 47]. Since the scalar-field approach to matter seems to have a better theoretical justification, in this work we follow it. However, our results are independent of the specific way that matter is incorporated, and one could equivalently follow both the above matter-formulations.

In principle one could include additional scalars in the theory. The role of scalar fields in cosmology has become crucial the last decades, mainly in inflation [101] or in dark energy phenomenology [102], as well as in many other cases. However, in the end of the day one should provide an explanation for their appearance, and the

– 3 – usual approach is that the scalars arise from some fundamental (probably higherdimensional) theory of nature, unknown up to now. Thus, although the additional scalar fields have not a robust theoretical justification, nor it is clear how they behave at the quantum level, it is still interesting to study their effects on cosmology.

In this work we will allow for an additional scalar field, in which we attribute the dark energy sector. Clearly, such an extra field could put into question the renormalizability of the theory, which must be examined in detail before the present model can be considered as a realistic cosmology. However, the interesting cosmological implications of the scenario at hand motivate us to perform such a cosmological analysis, even with the renormalizability subject, as well as the possible conceptual and theoretical problems of Hořava-Lifshitz gravity itself [11, 12, 17, 22, 103, 104], open for the moment. Thus, we add a second scalar σ, with action

S_σ = ∫ dtd^3x √ gN [ 3λ − 1 4 σ̇^2 N^2

+ h_1h_2σ∇^2σ − 1 2 h^2σ∇^4σ + 1 2 h^2_3σ∇^6σ − V_σ(σ) ] , (2.7) where V_σ(σ) accounts for the potential term of the σ-field and h_i are constants.

Now, in order to focus on cosmological frameworks, we impose an FRW metric,

N = 1 , g_{ij} = a^2(t)γ_{ij} , N^i = 0, (2.8)

with γ_{ij}dx^idx^j = dr^2 1 − kr^2 + r^2dΩ^2 , (2.9)

where k = −1, 0, 1 correspond to open, flat, and closed universe respectively. In addition, we assume that the scalar fields are homogenous, i.e ϕ ≡ ϕ(t) and σ ≡ σ(t). By varying N and g_{ij}, we obtain the equations of motion:

H^2 = κ^2 6(3λ − 1) [ 3λ − 1 4 ϕ̇^2 + V_ϕ(ϕ) ] + + κ^2 6(3λ − 1) [ 3λ − 1 4 σ̇^2 + V_σ(σ) −

3κ^2μ^2k^2 8(3λ − 1)a^4 − 3κ^2μ^2Λ^2 8(3λ − 1) ] + + κ^4μ^2Λk 8(3λ − 1)^2a^2

, (2.10)

Ḣ + 3 2 H^2 = − κ^2 4(3λ − 1) [ 3λ − 1 4 ϕ̇^2 − V_ϕ(ϕ) ] − − κ^2 4(3λ − 1) [ 3λ − 1 4 σ̇^2 − V_σ(σ) − κ^2μ^2k^2 8(3λ − 1)a^4 + 3κ^2μ^2Λ^2 8(3λ − 1) ] + + κ^4μ^2Λk 16(3λ − 1)^2a^2

, (2.11)

– 4 – where we have defined the Hubble parameter as H ≡^ȧ . Finally, the equations of motion for the scalar fields read:

ϕ̈ + 3Hϕ̇ + 2 3λ − 1 dV_ϕ(ϕ) dϕ = 0 (2.12)

σ̈ + 3Hσ̇ + 2 3λ − 1 dV_σ(σ) dσ = 0. (2.13)

At this stage we can define the energy density and pressure for the scalar fields. Concerning ϕ, the corresponding relations are

ρ_ϕ = 3λ − 1 4 ϕ̇^2 + V_ϕ(ϕ) ≡ ρ_M

p_ϕ = 3λ − 1 4 ϕ̇^2 − V_ϕ(ϕ) ≡ p_M , (2.14)

and as we have mentioned they constitute the (dark) matter content of the Hořava- Lifshitz universe. Concerning the dark energy sector, we can define ρ_{DE} ≡ 3λ − 1 4 σ̇^2 + V_σ(σ) −

3κ^2μ^2k^2 8(3λ − 1)a^4 − 3κ^2μ^2Λ^2 8(3λ − 1)

(2.15)

p_{DE} ≡ 3λ − 1 4 σ̇^2 − V_σ(σ) − κ^2μ^2k^2 8(3λ − 1)a^4 + 3κ^2μ^2Λ^2 8(3λ − 1)

. (2.16)

The first parts of these expressions, namely^{3λ−1}_4 σ̇^2 + V_σ(σ) and^{3λ−1}_4 σ̇^2 − V_σ(σ) correspond to the energy density and pressure of the σ-field, ρ_σ and p_σ respectively. The term proportional to a^{−4} is the usual “dark radiation term”, present in Hořava- Lifshitz cosmology [32, 33]. Note that it is present even if we take the IR limit, that is it is a cosmological artifact reflecting the novel features of Hořava-Lifshitz gravitational background. Finally, the constant term is just the explicit (negative) cosmological constant. Therefore, in expressions (2.15),(2.16) we have defined the energy density and pressure for the effective dark energy, which incorporates the aforementioned contributions. We mention that we could absorb the constant term inside the potential (equivalently define an effective potential as Ṽ_σ(σ) = V_σ(σ) −

3κ^2μ^2Λ^2 8(3λ−1) ), but we prefer to maintain it explicitly just to keep truck of the origin of

various terms, having in mind that V_σ(σ) must be sufficiently positive to assure for a positive ρ_{DE} as required by realistic cosmologies.

Using the above definitions, we can re-write the Friedmann equations (2.10),(2.11) in the standard form:

H^2 = κ^2 6(3λ − 1) [ ρ_M + ρ_{DE} ] + βk a^2

(2.17)

Ḣ + 3 2 H^2 = − κ^2 4(3λ − 1) [ p_M + p_{DE} ] + βk 2a^2

. (2.18)

– 5 –

In these relations we have defined β ≡^{κ4μ2Λ}_{8(3λ−1)2} , which is the coefficient of the curvature term. Additionally, we could also define an effective Newton’s constant and an effective light speed [32, 33], but we prefer to keep^{κ2}_{6(3λ−1)} in the expressions, just to make clear the origin of these terms in Hořava-Lifshitz cosmology. Finally, note that using (2.12),(2.13) it is straightforward to see that the aforementioned dark matter and dark energy quantities verify the standard evolution equations:

ρ̇_M + 3H(ρ_M + p_M ) = 0 (2.19) ρ̇_{DE} + 3H(ρ_{DE} + p_{DE} ) = 0. (2.20)

3. Cosmological implications and discussion

In the previous section we formulated Hořava-Lifshitz dark energy, that is we considered two scalar fields, one responsible for dark matter fluid and one contributing to the dark energy sector, in the framework of Hořava-Lifshitz gravity. In this section we examine the cosmological implications of this model and in particular the dark energy phenomenology.

As usual, a central observable quantity is the dark energy equation-of-state parameter, defined as: w_{DE} ≡ p_{DE} ρ_{DE} = 3λ−1 4 σ̇^2 − V_σ(σ) −^{κ2μ2k2}_{8(3λ−1)a4} +^{3κ2μ2Λ2}_{8(3λ−1)} 3λ−1 4 σ̇^2 + V_σ(σ) −^{3κ2μ2k2}_{8(3λ−1)a4} −^{3κ2μ2Λ2}_{8(3λ−1)}

. (3.1)

In the following we explore this expression in some cosmological scenarios.

3.1 Absent σ-field

Let us first consider the simplified case of the complete absence of the σ-field. We remind that even in this scenario, one cannot avoid a constant potential term, in order to acquire a positive-defined ρ_{DE} . In a sense, in the present formulation of Hořava-Lifshitz dark energy, one cannot eliminate the σ-field presence completely, since it will always be (trivially but non neglectably) manifested itself through a constant potential term. However, even if this case seems special it leads to very interesting cosmological implications, acting as a valuable example.

We start considering a flat (k = 0) spacetime. In this case, as expected, relation (3.1) leads to w_{DE} = −1 that is we obtain the simple cosmological constant universe. It is interesting to see that the spacetime flatness sets to zero the “dark radiation” term that is present in (3.1) (which is a difference comparing to a similar term arising in braneworld models [105]), and thus with the addition of the disappearance of the σ-field terms we acquire the simple result w_{DE} = −1.

As a next step we allow for a non-zero curvature. In this case the dark radiation term appears, leading to a more complex w_{DE}-behavior. In particular, setting

– 6 –

V_σ(σ) = V_0 (the sufficiently positive constant discussed earlier), and defining

Ṽ_0 = 8V^0 κ^2μ^2 − 3Λ^2 3λ − 1 , (3.2)

(3.1) leads to: w_{DE} = −Ṽ_0 −^1_{(3λ−1)a4} Ṽ_0 −^3_{(3λ−1)a4} . (3.3)

We mention that in principle, both V_0 and Λ can be arbitrary. However, since effectively Ṽ_0 will play the central role of dark energy in the current, observable universe, one has to fine-tune V_0 and Λ in order to quantitatively lead to a very small Ṽ_0, consistently with observations.

A first observation is that the “running” behavior of Hořava-Lifshitz background is reflected in the “running” behavior of w_{DE}. Furthermore, surprisingly enough we observe that w_{DE} < −1 always, that is we result to an effective dark energy presenting a phantom behavior. This behavior is a pure effect of the dark radiation term, and enlightens the discussion about the novel implications of Hořava-Lifshitz dark energy. Progressively, as the scale factor increases, dark radiation dilutes and w_{DE} asymptotically goes to −1 at very large times. Thus, although presenting a phantom behavior, this scenario is free of a Big-Rip [106, 107, 108, 109].

The cosmological evolution is also very interesting in the other “direction”, that is going to small scale factors. Due to the presence of the dark radiation term, one can easily see from the Friedmann equations (2.10), (2.11) that at some particular moment Ḣ changes sign leading to a bounce [67, 68]. Therefore, ρ_{DE} will never become negative and the universe will never become singular.

3.2 Flat universe with σ-field Let us now consider a flat universe, with the presence of both matter and σ fields. In this case we obtain: w_{DE} = 3λ−1 4 σ̇^2 − V_σ(σ) +^{3κ2μ2Λ2}_{8(3λ−1)} 3λ−1 4 σ̇^2 + V_σ(σ) −^{3κ2μ2Λ2}_{8(3λ−1)}

. (3.4)

As we see, w_{DE} presents the “running” behavior that is inherited from the Hořava- Lifshitz background. Clearly, in the IR fixed point λ = 1, and under the absorption of the constant term in the potential, we re-obtain the usual equation-of-state parameter of standard dark energy formalism [110, 111, 112]. Therefore, since dark energy observations are by far inside the IR, Hořava-Lifshitz artifacts of this scenario would not be observable and the model is not distinguishable from standard dark energy paradigms. Finally, concerning the cosmological behavior of w_{DE}, we see that it lies always at the quintessence regime (−1 < w_{DE}) and the evolution is free of a Big Rip. The reason for these features is that the universe flatness kills the dark radiation term and thus it disappears the novel and unexpected phenomena.

– 7 –

3.3 Non-flat universe with σ-field In this scenario the dark energy equation-of-state parameter is given by (3.1) in full generality. Similarly to the previous subsection, we observe that w_{DE} depends explicitly on λ, with its value at λ = 1 corresponding to the IR limit. However, the Hořava-Lifshitz nature of the model is manifested in an unexpected cosmological implication which is independent of the energy scale. Namely, the effective dark energy can experience the crossing of the phantom divide −1, for a suitable potential, as can be easily observed from (3.1). Amazingly, this is achieved despite taking the IR limit of the theory. Thus, in this case, artifacts of Hořava-Lifshitz gravity could be detected through dark energy observations. However, one still cannot distinguish between this model and alternative models that allow for the realization of w_{DE} < −1 phase, such are modified gravity [113, 114, 115, 116, 117] or models with phantom [106, 118, 119, 120] or quintom fields [121, 122, 123, 124, 125].

In order to provide an explicit but general example of the aforementioned crossing behavior we consider power-law solutions of the form σ(t) = c_σt^q and a = c_at^p, which satisfy the Friedmann and field equations for appropriately constructed potentials. In this case, the crossing is realized at a_{cr} = c_a [ κμ c_σc^2_aq(3λ − 1) ] p_{q+2p−1} . (3.5)

We mention that according to the parameter values, the −1-crossing can be realized at an arbitrary scale factor, either at early or at late times.

3.4 Bounce, turnaround and cyclic behavior Apart from interesting dark energy phenomenology, the general scenario of the presence of both scalar fields in a non-flat universe allows for interesting cosmological behavior at all epochs. In particular, at small scale factors the role the dark radiation term inside Hořava-Lifshitz dark energy is enhanced and one naturally obtains a bounce, thus avoiding the possible singular behavior of the universe. We mention that due to the presence of the σ-field the bounce is always obtained and it is not restricted to slowly-diluted matter contents [67, 68]. On the other hand, one can easily construct a large sub-class of σ-potentials which at late times allow the negative cosmological constant to dominate the evolution (the positivity of ρ_{DE} is not affected) and thus to trigger a turnaround. In other words, the competition of the dark radiation and cosmological constant terms, can make Hořava-Lifshitz dark energy naturally addressing cyclic cosmology. A construction of such a model is left for future investigation.

4. Conclusions

In this work, using an additional canonical scalar field, we have formulated Hořava-

– 8 –

Lifshitz cosmology with an effective dark energy sector. Hořava-Lifshitz dark energy, due to the inherited features from the novel Hořava-Lifshitz gravitational background, proves to present very interesting behaviors, possessing a varying equation-of-state parameter, exhibiting phantom behavior and allowing for a realization of the phantom divide crossing. Although according to current observations one cannot distinguish it from well-studied scenarios such as quintessence, that is from General Relativity with an extra scalar field, its novelty is that it possesses an improved gravitational background with UV completeness. Moreover, Hořava-Lifshitz dark energy can always guarantee for a bounce at small scale factors, offering a simple way to avoid singular cosmological evolution. Furthermore, it can easily accept simple solution sub-classes where it can trigger both bounce and turnaround and thus lead naturally to cyclic cosmology. These features were the motivations of the present work.

The existence of a second scalar field offers larger possibilities to control the aforementioned behaviors, either at small or large scales factors, or even simultaneously for both cosmological regimes. Furthermore, such a construction could alleviate the undesirable phenomena that could arise in the gravitational sector [11, 12]. Although for simplicity we have performed the analysis under the detailed-balance condition, the basic features of the construction are independent of that and are expected to be present even if we relax this constraint. On the contrary, a similar investigation without detailed-balance will make the construction more robust and free of possible problems that detailed-balance could bring in Hořava-Lifshitz gravity itself [11, 33]. Lastly, note that the presence of the Cotton tensor prevents high-momentum pathological behavior [33]. However, it would be interesting to use Renormalization Group methods to study the running of the quantities, leading to improved dynamics, similarly to the earlier works [126, 127]. But such an investigation lies beyond the scope of the present work.

Finally, we mention that the present work is just a first approach on the subject of dark energy in Hořava-Lifshitz cosmology, definitely far from a solution to the dark energy problem. It is interesting to note that one faces the same two ways to acquire acceleration as in “conventional” cosmology. In particular, in the later it is widely known that one can either use an additional scalar field (quintessence [110, 111, 112] or phantom one [106, 118]), or modify the gravitational sector itself [113, 114, 115, 116, 117]. Similarly, in the case of Hořava-Lifshitz cosmology, one can either use an additional scalar field, an approach followed in this work, or he can modify and generalize the gravitational action of Hořava-Lifshitz gravity [13, 14, 92]. Each approach exhibts its own advantages and disadvantages.

Acknowledgments

The author wishes to thank Yi-Fu Cai for crucial discussions, Elias Kiritsis and

– 9 –

Gianluca Calcagni for valuable comments, an anonymous referee for useful advices, and Institut de Physique Théorique, CEA, for the hospitality during the preparation of the present work.

References

[1] P. Horava, “Quantum Criticality and Yang-Mills Gauge Theory,” arXiv:0811.2217 [hep-th].

[2] P. Horava, “Membranes at Quantum Criticality,” JHEP 0903, 020 (2009) [arXiv:0812.4287 [hep-th]].

[3] P. Horava, “Quantum Gravity at a Lifshitz Point,” Phys. Rev. D 79, 084008 (2009) [arXiv:0901.3775 [hep-th]].

[4] P. Hořava, “Spectral Dimension of the Universe in Quantum Gravity at a Lifshitz Point,” Phys. Rev. Lett. 102, 161301 (2009) [arXiv:0902.3657 [hep-th]].

[5] G. E. Volovik, “z=3 Lifshitz-Horava model and Fermi-point scenario of emergent gravity,” JETP Lett. 89, 525 (2009) [arXiv:0904.4113 [gr-qc]].

[6] R. G. Cai, Y. Liu and Y. W. Sun, “On the z=4 Horava-Lifshitz Gravity,” JHEP 0906, 010 (2009) [arXiv:0904.4104 [hep-th]].

[7] R. G. Cai, B. Hu and H. B. Zhang, “Dynamical Scalar Degree of Freedom in Horava-Lifshitz Gravity,” Phys. Rev. D 80, 041501 (2009) [arXiv:0905.0255 [hep-th]].

[8] D. Orlando and S. Reffert, “On the Renormalizability of Horava-Lifshitz-type Gravities,” Class. Quant. Grav. 26, 155021 (2009) [arXiv:0905.0301 [hep-th]].

[9] T. Nishioka, “Horava-Lifshitz Holography,” Class. Quant. Grav. 26, 242001 (2009) [arXiv:0905.0473 [hep-th]].

[10] R. A. Konoplya, “Towards constraining of the Horava-Lifshitz gravities,” Phys. Lett.

B 679, 499 (2009) [arXiv:0905.1523 [hep-th]].

[11] C. Charmousis, G. Niz, A. Padilla and P. M. Saffin, “Strong coupling in Horava gravity,” JHEP 0908, 070 (2009) [arXiv:0905.2579 [hep-th]].

[12] M. Li and Y. Pang, “A Trouble with Hořava-Lifshitz Gravity,” JHEP 0908, 015 (2009) [arXiv:0905.2751 [hep-th]].

[13] S. Nojiri and S. D. Odintsov, “Covariant Horava-like renormalizable gravity and its FRW cosmology,” Phys. Rev. D 81, 043001 (2010) [arXiv:0905.4213 [hep-th]].

[14] J. Kluson, “Horava-Lifshitz f(R) Gravity,” JHEP 0911, 078 (2009) [arXiv:0907.3566 [hep-th]].

– 10 –

[15] M. Visser, “Lorentz symmetry breaking as a quantum field theory regulator,” Phys.

Rev. D 80, 025011 (2009) [arXiv:0902.0590 [hep-th]].

[16] T. P. Sotiriou, M. Visser and S. Weinfurtner, “Phenomenologically viable Lorentz-violating quantum gravity,” Phys. Rev. Lett. 102, 251601 (2009) [arXiv:0904.4464 [hep-th]].

[17] T. P. Sotiriou, M. Visser and S. Weinfurtner, “Quantum gravity without Lorentz invariance,” JHEP 0910, 033 (2009) [arXiv:0905.2798 [hep-th]].

[18] C. Germani, A. Kehagias and K. Sfetsos, “Relativistic Quantum Gravity at a Lifshitz Point,” JHEP 0909, 060 (2009) [arXiv:0906.1201 [hep-th]].

[19] J. Chen and Y. Wang, “Timelike Geodesic Motion in Horava-Lifshitz Spacetime,” arXiv:0905.2786 [gr-qc].

[20] B. Chen and Q. G. Huang, “Field Theory at a Lifshitz Point,” Phys. Lett. B 683, 108 (2010) [arXiv:0904.4565 [hep-th]].

[21] F. W. Shu and Y. S. Wu, “Stochastic Quantization of the Hořava Gravity,” arXiv:0906.1645 [hep-th].

[22] C. Bogdanos and E. N. Saridakis, “Perturbative instabilities in Horava gravity,” Class. Quant. Grav. 27, 075005 (2010) [arXiv:0907.1636 [hep-th]].

[23] N. Afshordi, “Cuscuton and low energy limit of Horava-Lifshitz gravity,” arXiv:0907.5201 [hep-th].

[24] Y. S. Myung, “Generalized uncertainty principle and Hořava-Lifshitz gravity,” Phys.

Lett. B 679, 491 (2009) [arXiv:0907.5256 [hep-th]].

[25] J. Alexandre, K. Farakos, P. Pasipoularides and A. Tsapalis, “Schwinger-Dyson Approach For A Lifshitz-Type Yukawa Model,” Phys. Rev. D 81, 045002 (2010) [arXiv:0909.3719 [hep-th]].

[26] D. Blas, O. Pujolas and S. Sibiryakov, “A healthy extension of Horava gravity,” arXiv:0909.3525 [hep-th].

[27] D. Capasso and A. P. Polychronakos, “Particle Kinematics in Horava-Lifshitz Gravity,” JHEP 1002, 068 (2010) [arXiv:0909.5405 [hep-th]].

[28] S. Dutta and E. N. Saridakis, “Observational constraints on Horava-Lifshitz cosmology,” JCAP 1001, 013 (2010) [arXiv:0911.1435 [hep-th]].

[29] B. Chen, S. Pi and J. Z. Tang, “Power spectra of scalar and tensor modes in modified Horava-Lifshitz gravity,” arXiv:0910.0338 [hep-th].

[30] J. Kluson, “New Models of f(R) Theories of Gravity,” arXiv:0910.5852 [hep-th].

– 11 –

[31] S. Dutta and E. N. Saridakis, “Overall observational constraints on the running parameter λ of Hořava-Lifshitz gravity,” arXiv:1002.3373 [hep-th].

[32] G. Calcagni, “Cosmology of the Lifshitz universe,” JHEP 0909, 112 (2009) [arXiv:0904.0829 [hep-th]].

[33] E. Kiritsis and G. Kofinas, “Horava-Lifshitz Cosmology,” Nucl. Phys. B 821, 467 (2009) [arXiv:0904.1334 [hep-th]].

[34] H. Lu, J. Mei and C. N. Pope, “Solutions to Horava Gravity,” Phys. Rev. Lett. 103, 091301 (2009) [arXiv:0904.1595 [hep-th]].

[35] H. Nastase, “On IR solutions in Horava gravity theories,” arXiv:0904.3604 [hep-th]. [36] E. O. Colgain and H. Yavartanoo, “Dyonic solution of Horava-Lifshitz Gravity,” JHEP 0908, 021 (2009) [arXiv:0904.4357 [hep-th]].

[37] A. Ghodsi, “Toroidal solutions in Horava Gravity,” arXiv:0905.0836 [hep-th]. [38] M. Minamitsuji, “Classification of cosmology with arbitrary matter in the Hořava-Lifshitz theory,” Phys. Lett. B 684, 194 (2010) [arXiv:0905.3892 [astro-ph.CO]].

[39] A. Ghodsi and E. Hatefi, “Extremal rotating solutions in Horava Gravity,” arXiv:0906.1237 [hep-th].

[40] P. Wu and H. W. Yu, “Stability of the Einstein static universe in Hořava-Lifshitz gravity,” arXiv:0909.2821 [gr-qc].

[41] I. Cho and G. Kang, “Four dimensional string solutions in Hořava-Lifshitz gravity,” arXiv:0909.3065 [hep-th].

[42] C. G. Boehmer and F. S. N. Lobo, “Stability of the Einstein static universe in IR modified Hořava gravity,” arXiv:0909.3986 [gr-qc].

[43] D. Momeni, “Cosmic strings in Horava-Lifshitz Gravity,” arXiv:0910.0594 [gr-qc]. [44] M. R. Setare and D. Momeni, “Plane symmetric solutions in Horava-Lifshitz theory,” arXiv:0911.1877 [hep-th].

[45] E. Kiritsis, “Spherically symmetric solutions in modified Horava-Lifshitz gravity,” Phys. Rev. D 81, 044009 (2010) [arXiv:0911.3164 [hep-th]].

[46] R. G. Cai and A. Wang, “Singularities in Horava-Lifshitz theory,” arXiv:1001.0155 [hep-th].

[47] S. Carloni, E. Elizalde and P. J. Silva, “An analysis of the phase space of Horava-Lifshitz cosmologies,” arXiv:0909.2219 [hep-th].

[48] G. Leon and E. N. Saridakis, “Phase-space analysis of Horava-Lifshitz cosmology,” JCAP 0911, 006 (2009) [arXiv:0909.3571 [hep-th]].

– 12 –

[49] Y. S. Myung, Y. W. Kim, W. S. Son and Y. J. Park, “Chaotic universe in the z=2 Hovava-Lifshitz gravity,” arXiv:0911.2525 [gr-qc].

[50] I. Bakas, F. Bourliot, D. Lust and M. Petropoulos, “Mixmaster universe in Horava-Lifshitz gravity,” Class. Quant. Grav. 27, 045013 (2010) [arXiv:0911.2665 [hep-th]].

[51] Y. S. Myung, Y. W. Kim, W. S. Son and Y. J. Park, “Mixmaster universe in the z=3 deformed Hořava-Lifshitz gravity,” arXiv:1001.3921 [gr-qc].

[52] S. Mukohyama, K. Nakayama, F. Takahashi and S. Yokoyama, “Phenomenological Aspects of Horava-Lifshitz Cosmology,” Phys. Lett. B 679, 6 (2009) [arXiv:0905.0055 [hep-th]].

[53] T. Takahashi and J. Soda, “Chiral Primordial Gravitational Waves from a Lifshitz Point,” Phys. Rev. Lett. 102, 231301 (2009) [arXiv:0904.0554 [hep-th]].

[54] S. Koh, “Relic gravitational wave spectrum, the trans-Planckian physics and Hořava-Lifshitz gravity,” arXiv:0907.0850 [hep-th].

[55] M. i. Park, “Remarks on the Scalar Graviton Decoupling and Consistency of Hořava Gravity,” arXiv:0910.1917 [hep-th].

[56] M. i. Park, “Horava Gravity and Gravitons at a Conformal Point,” arXiv:0910.5117 [hep-th].

[57] Y. S. Myung, “Chiral gravitational waves from z=2 Hořava-Lifshitz gravity,” arXiv:0911.0724 [hep-th].

[58] S. Mukohyama, “Scale-invariant cosmological perturbations from Horava-Lifshitz gravity without inflation,” JCAP 0906, 001 (2009) [arXiv:0904.2190 [hep-th]].

[59] Y. S. Piao, “Primordial Perturbation in Horava-Lifshitz Cosmology,” Phys. Lett. B 681, 1 (2009) [arXiv:0904.4117 [hep-th]].

[60] X. Gao, “Cosmological Perturbations and Non-Gaussianities in Hořava-Lifshitz Gravity,” arXiv:0904.4187 [hep-th].

[61] B. Chen, S. Pi and J. Z. Tang, “Scale Invariant Power Spectrum in Hořava-Lifshitz Cosmology without Matter,” JCAP 0908, 007 (2009) [arXiv:0905.2300 [hep-th]].

[62] X. Gao, Y. Wang, R. Brandenberger and A. Riotto, “Cosmological Perturbations in Hořava-Lifshitz Gravity,” arXiv:0905.3821 [hep-th].

[63] Y. F. Cai and X. Zhang, “Primordial perturbation with a modified dispersion relation,” Phys. Rev. D 80, 043520 (2009) [arXiv:0906.3341 [astro-ph.CO]].

[64] A. Wang and R. Maartens, “Linear perturbations of cosmological models in the Horava-Lifshitz theory of gravity without detailed balance,” Phys. Rev. D 81, 024009 (2010) [arXiv:0907.1748 [hep-th]].

– 13 –

[65] T. Kobayashi, Y. Urakawa and M. Yamaguchi, “Large scale evolution of the curvature perturbation in Horava-Lifshitz cosmology,” arXiv:0908.1005 [astro-ph.CO].

[66] A. Wang, D. Wands and R. Maartens, “Scalar field perturbations in Horava-Lifshitz cosmology,” arXiv:0909.5167 [hep-th].

[67] R. Brandenberger, “Matter Bounce in Horava-Lifshitz Cosmology,” Phys. Rev. D 80, 043516 (2009) [arXiv:0904.2835 [hep-th]].

[68] R. H. Brandenberger, “Processing of Cosmological Perturbations in a Cyclic Cosmology,” Phys. Rev. D 80, 023535 (2009) [arXiv:0905.1514 [hep-th]].

[69] Y. F. Cai and E. N. Saridakis, “Non-singular cosmology in a model of non-relativistic gravity,” JCAP 0910, 020 (2009) [arXiv:0906.1789 [hep-th]].

[70] T. Suyama, “Notes on Matter in Horava-Lifshitz Gravity,” arXiv:0909.4833 [hep-th]. [71] E. Czuchry, “The phase portrait of a matter bounce in Horava-Lifshitz cosmology,” arXiv:0911.3891 [hep-th].

[72] X. Gao, Y. Wang, W. Xue and R. Brandenberger, “Fluctuations in a Hořava-Lifshitz Bouncing Cosmology,” arXiv:0911.3196 [hep-th].

[73] U. H. Danielsson and L. Thorlacius, “Black holes in asymptotically Lifshitz spacetime,” JHEP 0903, 070 (2009) [arXiv:0812.5088 [hep-th]].

[74] R. G. Cai, L. M. Cao and N. Ohta, “Topological Black Holes in Horava-Lifshitz Gravity,” arXiv:0904.3670 [hep-th].

[75] Y. S. Myung and Y. W. Kim, “Thermodynamics of Hořava-Lifshitz black holes,” arXiv:0905.0179 [hep-th].

[76] A. Kehagias and K. Sfetsos, “The black hole and FRW geometries of non-relativistic gravity,” Phys. Lett. B 678, 123 (2009) [arXiv:0905.0477 [hep-th]].

[77] R. B. Mann, “Lifshitz Topological Black Holes,” arXiv:0905.1136 [hep-th]. [78] G. Bertoldi, B. A. Burrington and A. Peet, “Black Holes in asymptotically Lifshitz spacetimes with arbitrary critical exponent,” arXiv:0905.3183 [hep-th].

[79] M. i. Park, “The Black Hole and Cosmological Solutions in IR modified Horava Gravity,” JHEP 0909, 123 (2009) [arXiv:0905.4480 [hep-th]].

[80] A. Castillo and A. Larranaga, “Entropy for Black Holes in the Deformed Horava-Lifshitz Gravity,” arXiv:0906.4380 [gr-qc].

[81] M. Botta-Cantcheff, N. Grandi and M. Sturla, “Wormhole solutions to Horava gravity,” arXiv:0906.0582 [hep-th].

[82] H. W. Lee, Y. W. Kim and Y. S. Myung, “Extremal black holes in the Hořava-Lifshitz gravity,” arXiv:0907.3568 [hep-th].

– 14 –

[83] C. Ding, S. Chen and J. Jing, “Dynamical evolution of scalar perturbation in Hořava-Lifshitz black-hole spacetimes,” Phys. Rev. D 81, 024028 (2010) [arXiv:0909.2490 [gr-qc]].

[84] N. Varghese and V. C. Kuriakose, “Stability of black holes in Horava gravity:

Gravitational quasinormal modes,” arXiv:0909.4944 [gr-qc].

[85] E. Kiritsis and G. Kofinas, “On Horava-Lifshitz ’Black Holes’,” JHEP 1001, 122 (2010) [arXiv:0910.5487 [hep-th]].

[86] J. Greenwald, A. Papazoglou and A. Wang, “Black holes and stars in Horava-Lifshitz theory with projectability condition,” arXiv:0912.0011 [hep-th].

[87] F. S. N. Lobo, T. Harko and Z. Kovacs, “Solar System tests of Hořava-Lifshitz black holes,” arXiv:1001.3517 [gr-qc].

[88] M. i. Park, “A Test of Horava Gravity: The Dark Energy,” JCAP 1001, 001 (2010) [arXiv:0906.4275 [hep-th]].

[89] C. Appignani, R. Casadio and S. Shankaranarayanan, “The Cosmological Constant and Horava-Lifshitz Gravity,” arXiv:0907.3121 [hep-th].

[90] M. R. Setare, “Interacting Dark Energy in Hořava-Lifshitz Cosmology,” arXiv:0909.0456 [hep-th].

[91] R. Garattini, “The cosmological constant as an eigenvalue of the Hamiltonian constraint in Horava-Lifshits theory,” arXiv:0912.0136 [gr-qc].

[92] M. Chaichian, S. Nojiri, S. D. Odintsov, M. Oksanen and A. Tureanu, “Modified F(R) Horava-Lifshitz gravity: a way to accelerating FRW cosmology,” arXiv:1001.4102 [hep-th].

[93] S. S. Kim, T. Kim and Y. Kim, “Surplus Solid Angle: Toward Astrophysical Test of Horava-Lifshitz Gravity,” Phys. Rev. D 80, 124002 (2009) [arXiv:0907.3093 [hep-th]].

[94] T. Harko, Z. Kovacs and F. S. N. Lobo, “Solar system tests of Hořava-Lifshitz gravity,” arXiv:0908.2874 [gr-qc].

[95] L. Iorio and M. L. Ruggiero, “Horava-Lifshitz gravity and Solar System orbital motions,” arXiv:0909.2562 [gr-qc].

[96] L. Iorio and M. L. Ruggiero, “Horava-Lifshitz gravity, extrasolar planets and the double pulsar,” arXiv:0909.5355 [gr-qc].

[97] K. Izumi and S. Mukohyama, “Stellar center is dynamical in Horava-Lifshitz gravity,” arXiv:0911.1814 [hep-th].

[98] A. Wang and Y. Wu, “Thermodynamics and classification of cosmological models in the Horava-Lifshitz theory of gravity,” arXiv:0905.4117 [hep-th].

– 15 –

[99] R. G. Cai, L. M. Cao and N. Ohta, “Thermodynamics of Black Holes in Horava-Lifshitz Gravity,” arXiv:0905.0751 [hep-th].

[100] R. G. Cai and N. Ohta, “Horizon Thermodynamics and Gravitational Field Equations in Horava-Lifshitz Gravity,” arXiv:0910.2307 [hep-th].

[101] A. Linde, Particle Physics and Inflationary Cosmology (1990), Harwood Publ.

London.

[102] P. J. E. Peebles and B. Ratra, “The cosmological constant and dark energy,” Rev.

Mod. Phys. 75, 559 (2003) [arXiv:astro-ph/0207347].

[103] K. Koyama and F. Arroja, “Pathological behaviour of the scalar graviton in Hořava-Lifshitz gravity,” arXiv:0910.1998 [hep-th].

[104] A. Papazoglou and T. P. Sotiriou, “Strong coupling in extended Horava-Lifshitz gravity,” arXiv:0911.1299 [hep-th].

[105] P. Binetruy, C. Deffayet and D. Langlois, “Non-conventional cosmology from a brane-universe,” Nucl. Phys. B 565, 269 (2000) [arXiv:hep-th/9905012].

[106] R. R. Caldwell, M. Kamionkowski and N. N. Weinberg, “Phantom Energy and Cosmic Doomsday,” Phys. Rev. Lett. 91, 071301 (2003) [arXiv:astro-ph/0302506].

[107] P. F. Gonzalez-Diaz, “You need not be afraid of phantom energy,” Phys. Rev. D 68, 021303 (2003) [arXiv:astro-ph/0305559].

[108] R. Kallosh, J. Kratochvil, A. Linde, E. V. Linder and M. Shmakova, “Observational Bounds on Cosmic Doomsday,” JCAP 0310, 015 (2003) [arXiv:astro-ph/0307185].

[109] S. Nojiri, S. D. Odintsov and S. Tsujikawa, “Properties of singularities in (phantom) dark energy universe,” Phys. Rev. D 71, 063004 (2005) [arXiv:hep-th/0501025].

[110] P. J. E. Peebles and B. Ratra, “Cosmology with a Time Variable Cosmological Constant,” Astrophys. J. 325, L17 (1988).

[111] R. R. Caldwell, R. Dave and P. J. Steinhardt, “Cosmological Imprint of an Energy Component with General Equation-of-State,” Phys. Rev. Lett. 80, 1582 (1998) [arXiv:astro-ph/9708069].

[112] I. Zlatev, L. M. Wang and P. J. Steinhardt, “Quintessence, Cosmic Coincidence, and the Cosmological Constant,” Phys. Rev. Lett. 82, 896 (1999) [arXiv:astro-ph/9807002].

[113] S. Nojiri and S. D. Odintsov, “Quantum deSitter cosmology and phantom matter,” Phys. Lett. B 562, 147 (2003) [arXiv:hep-th/0303117].

[114] S. Nojiri and S. D. Odintsov, “Effective equation of state and energy conditions in phantom / tachyon inflationary cosmology perturbed by quantum effects,” Phys. Lett. B 571, 1 (2003) [arXiv:hep-th/0306212].

– 16 –

[115] S. Nojiri and S. D. Odintsov, “Modified gravity with negative and positive powers of the curvature: Unification of the inflation and of the cosmic acceleration,” Phys. Rev. D 68, 123512 (2003) [arXiv:hep-th/0307288].

[116] E. Elizalde, S. Nojiri and S. D. Odintsov, “Late-time cosmology in (phantom) scalar-tensor theory: Dark energy and the cosmic speed-up,” Phys. Rev. D 70, 043539 (2004) [arXiv:hep-th/0405034].

[117] S. Nojiri and S. D. Odintsov, “Modified gravity with ln R terms and cosmic acceleration,” Gen. Rel. Grav. 36, 1765 (2004) [arXiv:hep-th/0308176].

[118] R. R. Caldwell, “A Phantom Menace?,” Phys. Lett. B 545, 23 (2002) [arXiv:astro-ph/9908168].

[119] M. R. Setare and E. N. Saridakis, “Braneworld models with a non-minimally coupled phantom bulk field: a simple way to obtain the -1-crossing at late times,” JCAP 0903, 002 (2009) [arXiv:0811.4253 [hep-th]].

[120] X. m. Chen, Y. g. Gong and E. N. Saridakis, “Phase-space analysis of interacting phantom cosmology,” JCAP 0904, 001 (2009) [arXiv:0812.1117 [gr-qc]].

[121] B. Feng, X. L. Wang and X. M. Zhang, “Dark Energy Constraints from the Cosmic Age and Supernova,” Phys. Lett. B 607, 35 (2005) [arXiv:astro-ph/0404224].

[122] Z. K. Guo, Y. S. Piao, X. M. Zhang and Y. Z. Zhang, “Cosmological evolution of a quintom model of dark energy,” Phys. Lett. B 608, 177 (2005) [arXiv:astro-ph/0410654].

[123] Y. f. Cai, H. Li, Y. S. Piao and X. m. Zhang, “Cosmic duality in quintom universe,” Phys. Lett. B 646, 141 (2007) [arXiv:gr-qc/0609039].

[124] M. R. Setare and E. N. Saridakis, “Coupled oscillators as models of quintom dark energy,” Phys. Lett. B 668, 177 (2008) [arXiv:0802.2595 [hep-th]].

[125] M. R. Setare and E. N. Saridakis, “Quintom model with O(N) symmetry,” JCAP 0809, 026 (2008) [arXiv:0809.0114 [hep-th]].

[126] A. Bonanno and M. Reuter, “Cosmology of the Planck era from a renormalization group for quantum gravity,” Phys. Rev. D 65, 043508 (2002) [arXiv:hep-th/0106133].

[127] A. Bonanno and M. Reuter, “Cosmology with self-adjusting vacuum energy density from a renormalization group fixed point,” Phys. Lett. B 527, 9 (2002) [arXiv:astro-ph/0106468].

– 17 –