arXiv:1306.4400v1 [gr-qc] 19 Jun 2013

A no-go result for static scalar field dark matter halos with no Noether charges

Alberto Diez-Tejedor^{1, ∗} and Alma X. Gonzalez-Morales^{1,2, †} 1Departamento de Física, División de Ciencias e Ingenierías, Campus León, Universidad de Guanajuato, León 37150, México 2Instituto de Ciencias Nucleares, Universidad Nacional Autónoma de México, Circuito Exterior, C.U., A.P. 70-543, México D.F. 04510, México (Dated: June 20, 2013)

Classical scalar fields have been proposed as a possible solution to the dark matter problem in galaxies. We show that, within the framework of general relativity, no static, spherically symmetric, regular, spatially localized, attractive, stable configuration can be sourced by the coherent excitation of a scalar field with positive definite energy density and no Noether charges. This result extends Derrick’s theorem to the case of a general (non-canonical) scalar field, including the self-gravitational effects. Some possible way-outs are briefly discussed.

PACS numbers: 95.35.+d, 04.40.-b, 03.50.-z

I. INTRODUCTION

Two different lines of thought are currently being explored regarding the dark matter problem. The first one considers that we do not have yet an appropriate theory for the gravitational interaction, even in the infrared, and general relativity should be modified in some way or another [1]. The second one relies on the existence of an unobservable material component, very weakly coupled to the standard model of particle physics [2]. In this paper we will adopt this second approach and consider that general relativity describes the gravitational interaction at galactic scales.

We usually think about dark matter as a bunch of classical particles. After all, particles represent a deeplyrooted concept of our thinking. Consider for instance the WIMP (weakly interacting massive particle) hypothesis, probably the most popular framework to address the dark matter problem [3]. However, classical scalar fields have also been considered as a possible alternative to the more prevalent particle approach [4].

The physical nature underlying these two descriptions could be not so distant though. In modern physics language, quantum fields are considered as the fundamental entities of Nature. Let us think for instance in the case of a canonical, massive scalar field, described by the Lagrangian density L ∼ (∂ϕ)^2 + m^2ϕ^2. For that simple model particles are the eigenstates of the particle number operator, N̂ ≡ â^†â, while coherent (semiclassical) excitations the eigenstates of the annihilation operator, â. (We are simplifying the notation to ϕ̂ ∼ â + â^†; in the context of a field theory these operators have to be defined for each particular mode solution.) Since they have a nonvanishing commutation relation, [N̂, â] = −â, both representations are not compatible, but particles and clas-

∗alberto.diez@fisica.ugto.mx †alma.gonzalez@nucleares.unam.mx

sical states appear as different manifestations of a same physical entity: the quantum field.

All these thoughts represent only a possible interpretation, and there is no way to limit our presentation to this particular scheme. There is no need to restrict our attention to the canonical scalar fields either, and in this paper we will consider scalar fields with arbitrary kinetic terms in the action, Section II. If the reader feels more comfortable, he/she could simply look at these fields as an effective description of some complex phenomena; see the discussion section for more details.

As candidates for dark matter, scalar fields are expected to develop static, spherically symmetric, regular, localized, attractive, stable, self-gravitating spacetime configurations, that can be identified with galactic halos. In this paper we will show that, with no global symmetries in the action, these solutions are only possible at the expense of having negative energy densities.

We divide the argument in two different parts. First, in Section III A, we prove that for any metric theory (not necessarily Einstein), there is no static, spherically symmetric, regular, spatially localized, stable, attractive spacetime configuration sourced by a static scalar field with positive definite energy density. For the canonical scalar fields, Appendix B, these configurations are not possible even with a negative energy density. Then, in Section III B, we prove that the negative energy densities cannot be circumvented by the presence of other matter sources, as long as the outer regions in the configuration are dominated by a static scalar field. Here we only impose that the rotation curves resemble those in spiral galaxies. For this second proof we use Einstein equations, but it is not necessary to assume a stable theory.

II. THE MODEL

We will consider the most general action that can be constructed from a real, minimally coupled scalar field and its first derivatives, S = ∫ d^4x √ −g M^4L(ϕ/M, X/M^4) . (1) We are assuming that the theory is local, and Lorentz invariant. Here L is the Lagrangian density, and X ≡ −∂_μϕ∂^μϕ/2 the kinetic scalar. The coupling of this field to the standard model of particle physics is highly constrained by observations, and in this paper it is considered to be negligible. We are adopting the mostly plus signature (−, +, +, +) for the spacetime metric, and taking units with 4πG = c = ℏ = 1. The characteristic scale M and the scalar field ϕ are measured in units of energy. A theory of the form in Eq. (1) is appropriate for the description of a single scalar degree of freedom, and is usually dubbed k-essence [5]. We will discuss the case with more than one field at the end of the paper.

With the notation in Eq. (1) the Lagrangian density for a canonical scalar field takes the form L_{can} = X − M^4V (ϕ/M), with M^4V (ϕ/M) a potential term [6]. Another example is provided by the tachyon, L_{tac} = M^4k(ϕ/M)(1 − X/M^4)^{1/2}, introduced by A. Sen in [7], see also Refs. [8]. If the Lagrangian density depends only on the kinetic scalar the resulting theory is called purelykinetic [9]. That occurs, for instance, in the case of the Chaplygin gas [10], which can be described by a tachyon with k(ϕ/M) = constant. From now on and in order to simplify the notation we will omit the characteristic scale M in all the expressions below.

In order to have a sensible theory the Hamiltonian should be bounded from below. In particular we will adopt the weak energy condition, that is, for every futurepointing, time-like vector field t^μ the energy density measured by the corresponding observers should be always non-negative, ρ_t ≡ T_{μν} t^μt^ν ≥ 0. Otherwise a vacuum energy scale would appear in the theory, bringing back fine tuning issues usually associated to the cosmological constant problem.

There are several reasons to neglect higher derivative terms in Eq. (1). On the one hand they source extra dynamical degrees of freedom, most of which are not −generically− well behaved; see however Ref. [11]. Additionally, these new degrees of freedom couple gravitationally to the standard matter, introducing departures from general relativity.

III. STATIC SCALAR FIELD CONFIGURATIONS

The behavior of a scalar field depends crucially on the character of the derivative terms. If they are time-like, X > 0, the energy-momentum tensor can be identified (at the formal level) with that of a perfect fluid, i.e. p_‖ = p_⊥ in Eq. (4) below. On the contrary, if the derivative terms are space-like, X < 0, the energy-momentum tensor of the scalar field takes the form of a relativistic anisotropic fluid. In that latter case we can write p_⊥ = −ρ = L , p_‖ = L − 2X∂L/∂X , (2) see Eq. (4) again. Here ρ is a energy density, and p_‖ and p_⊥ a pair of longitudinal and transverse pressures, respectively. These relations will be used below.

In cosmology, the homogeneous and isotropic background guaranties a perfect fluid description. However, static spacetime configurations restrict the possible scalar distributions in a different way. In the case of spherical symmetry, although the perfect fluid analogy is still allowed (we will discuss that point later in Section IV), a static, radial-dependent scalar field ϕ = ϕ(r) is required in most physical situations. For a static field the derivative terms are space-like, X < 0, and the anisotropic description necessary. This suggests the following attractive picture: dark matter could mimic a perfect fluid “dust” in cosmology, but a(n anisotropic) relativistic one galaxies. This is not possible for a standard perfect fluid, where the observed non-relativistic rotation curves guaranty a Newtonian description, p ≪ ρ; see Appendix A. This route has been followed by many authors before [12, 13]. However, as will find next, there are some crucial aspects of these configurations that have been overlooked until now.

For a static, spherically symmetric configuration, the most general expression for the spacetime metric (in polar-areal coordinates, such that spheres of constant r have area 4πr^2) takes the form

ds^2 = −f(r)dt^2 + h(r)dr^2 + r^2dΩ . (3)

Here f(r) and h(r) are two dimensionless functions, f(r), h(r) > 0, and dΩ = dθ^2 + sin^2 dφ^2 is the standard solid angle element in three dimensions, with r ∈ [0, ∞). In order to have a regular spacetime metric at the origin we should demand f(r = 0) = constant, and h(r = 0) = 1. We will be interested in attractive spacetime configurations, i.e. df/dr ≥ 0. Note that Eq. (3) is only a possible parametrization for the spacetime metric, and it does not contain any physical content beyond the underlying symmetries.

The most general expression for the energy-momentum tensor compatible with the spacetime symmetries is given by T_{μν} = (ρ + p_⊥)u_μu_ν + p_⊥g_{μν} + (p_‖ − p_⊥)n_μn_ν . (4)

Here ρ is the energy density, p_‖ the pressure in the direction parallel to n_μ, and p_⊥ the pressure in an orthogonal direction, all measured by an observer at rest with respect to the four-velocity u_μ. For static, spherically symmetric configurations u_μ = (−f^{1/2}, 0, 0, 0), and n_μ = (0, h^{1/2}, 0, 0). Regularity at the origin demands ρ(r = 0) = ρ_0, p_‖(r = 0) = p_{‖0}, and p_⊥(r = 0) = p_{⊥0}, with ρ_0, p_{‖0} and p_{⊥0} all finite. Localized matter distributions satisfy ρ(r → ∞) = p_‖(r → ∞) = p_⊥(r → ∞) = 0.

A. A first proof

Now we can prove the main result of this paper: that a static scalar field ϕ = ϕ(r) can source no static, spherically symmetric, regular, localized, stable, attractive spacetime configuration with positive definite energy density. We use the Appendix B to show that, for the canonical and the purely-kinetic scalar fields, these configurations are not possible even at the expense of negative energy densities.

The argument is simple, and it lies on the impossibility to fulfill all the previous conditions at the same time. From the energy-momentum conservation, ∇_μT^{μν} = 0, we obtain the equation for hydrostatic equilibrium, dp_‖ dr = − (ρ + p_‖) 2 d ln f dr − 2(p_‖ − p_⊥) r . (5)

So far we have made no assumption about the matter fields; remember that we fixed Eq. (4) using only the spacetime symmetries. For the case of a static scalar field, X < 0, the identities in Eq. (2) lead to ρ + p_‖ = p_‖ − p_⊥ = −2X∂L/∂X. In order to avoid tachyons we should satisfy ∂L/∂X > 0, see Appendix C for details. Then, according to Eq. (5), a static, spherically symmetric, stable, attractive spacetime sourced by a static scalar field requires dp_‖/dr < 0 for hydrostatic equilibrium. This condition, together with that for a localized matter distribution, p_‖(r → ∞) = 0, guaranties a positive definite radial pressure, p_‖(r) > 0. A regular spacetime metric demands ∂_rϕ(r = 0) = 0, i.e. X(r = 0) = 0, and then, ρ_0 = −p_{‖0} = −p_{⊥0}. In particular, since p_‖ is positive definite, that implies ρ_0 < 0, i.e. the energy density should be negative, at least close to the center of the configuration.

Note that we did not use Einstein equations in order to prove this result. It is generic, and applies for any metric theory (i.e. gravity is described by the metric tensor of a spacetime manifold, with test particles following time-like geodesics) sourced by a static scalar field distribution. Note also that we did not need to assume asymptotic flatness, but it appears as a special case.

In flat spacetime and for the case of a canonical scalar field this is a consequence of Derrick’s theorem^1 [15]: in three spatial dimensions there are no regular, static, localized scalar field configurations with positive definite energy density.^2 Today we know several means, either topological [17] or non-topological [18], to evade this theorem; we will comment about them before closing. Here

1 The interested reader can look also at the pseudovirial theorem of Rosen [14].

2 This however does not guaranty that they cannot exist if we retain the gravitational effects. According to the Eq. (5), in flat spacetime, f(r) = 1, a static, spherically symmetric, localized perfect fluid distribution is necessarily trivial, p = ρ = 0, but we know of the existence of non-trivial solutions in presence of gravity [16].

we have extended this result to the case of a general scalar field with an arbitrary kinetic term, including the self-gravitational effects (see Ref. [19] for a discussion of static scalar field configurations in the strong-field regime using numerical methods).

As applied to the galaxies in the universe, this no-go result assumes a very simple model for the galactic halos. Someone could probably argue that the presence of baryons might play an important role in a more realistic model, particularly close to the center of these configurations, where the negative energy densities where identified by means of the previous argument. We do not expect to recover all the physical properties of the halo without taking into account the existence of other matter sources in galaxies, but we consider baryonic matter cannot be an essential ingredient for the main existence of these configurations. After all, according to the standard cosmological picture, dark matter sourced the primordial wells for the subsequent development of cosmic structure. Furthermore, we know of the existence of dwarf galaxies which are dark matter dominated [20]. Even so and for the more skeptical of our readers we use some lines to show that the presence of additional matter sources cannot avoid the appearance of negative energy densities.

B. A second proof

In polar-areal coordinates, we can write the time-time component of the metric tensor in the form

f(r) = exp (∫_∞ r ℓ(r) r dr ) . (6)

A regular spacetime metric satisfies ℓ(r = 0) = 0; an attractive effective gravitational potential ℓ(r) ≥ 0. As it was noted in Refs. [12, 21], the velocities v_c(r) of the test particles in circular motion around r = 0 are related to the function ℓ(r) through expression ℓ(r) = 2v^2_c (r). The condition 0 < v_c < 1 guaranties 0 < ℓ(r) < 2.

Introducing Eqs. (3) and (4) into Einstein equations, we get 1 hr^2 [ h^′ h r + h − 1 ] = 2ρ , (7a) 1 hr^2 [(1 + ℓ) − h] = 2p_‖ , (7b) − 1 4hr^2 [ (2 + ℓ) h^′ h r − (ℓ^2 + 2rℓ^′) ] = 2p_⊥ . (7c)

The prime here denotes the derivative with respect to the radial coordinate. Eqs. (7a) and (7c) can be combined to obtain

(ℓ + 2)ρ + 4p_⊥ = [ (2 + ℓ)m r + ℓ^2 + 2rℓ^′ 2h ] 1 r^2

. (8)

As usual the effective gravitational mass m is defined from h = 1/(1 − 2m/r), with m(r) = ∫_r 0 ρ(r)r^2dr.

Eq. (8) is valid for all values of the radial coordinate, and for all the static, spherically symmetric configurations. In galaxies, baryons and dark matter contribute to ρ and p_⊥. However, for those regions dominated by a static scalar field, if any, p_⊥ = −ρ, Eq. (8) simplifies to ρ = − 1 2 − ℓ [ (2 + ℓ)m r + ℓ^2 + 2rℓ^′ 2h ] 1 r^2

. (9)

As long as ℓ^2 + 2rℓ^′ > 0, the only possible way to have a positive energy density is with a negative effective gravitational mass; and the opposite, the only possible way to have a positive effective gravitational mass is with a negative energy density. A static scalar field with positive energy density still seems possible, but with a negative effective gravitational mass. However, both conditions are not compatible with a regular spacetime metric: in order to have m < 0 for some value of the radial coordinate, say r = r_0, we should demand ρ < 0, at least for some region in the interval 0 < r < r_0.

For regular, attractive spacetime configurations, ℓ(r = 0) = 0, ℓ(r > 0) > 0, the condition ℓ^2 + 2rℓ^′ > 0 is guaranteed for some region in the distribution. If we restrict our attention to idealized galaxies with no baryons, Eq. (9) is satisfied for all values of the radial coordinate, and we recover the negative energy densities we identified close to the center of the configuration by means of the previous argument, Section III A.

In a more realistic model one should consider the presence of other matter sources. In spiral galaxies, for instance, baryons and dark matter can contribute equally to the mass within the optical radius [22]. However, the regions of spiral galaxies where (nearly) flat rotation curves are observed are dominated by dark matter. There is no consensus about the existence of a universal rotation curve, though there are several examples of galaxies for which the relation ℓ^2 + 2rℓ^′ > 0 is still valid in the outer regions, see for instance NGC 2403 and NGC 3621 in Ref. [23]. Again, the negative energy densities emerge, no matter what you could have in the core of the galaxy.^3 Note that, contrary to the first proof in Section III A, we used Einstein equations, but now it was not necessary to assume a stable theory.

IV. DISCUSSION

All these results extend trivially to the case with more than one field in the action. For a generic theory a set of static scalars ϕ_i = ϕ_i(r) is necessary in order to recover a static spacetime background. Here i = 1, . . . , n labels the different fields. That is what happens, for instance, in

3 Usually baryons are not distributed with spherical symmetry in spiral galaxies. However, we expect these non-symmetric effects to be suppressed in the external regions where the flat rotation curves are identified.

the case of a global monopole, where a continuous global symmetry is spontaneously broken down to a sub-group where the manifold of equivalent vacua is not shrinkable to a point [24]. A global monopole sources a static, spherically symmetric, regular, localized, stable (by the existence of the topological charge) spacetime metric, but with a repulsive gravitational potential.

However, if there is an internal continuous global symmetry, ϕ_i → ϕ^′_i = T (α, ϕ_j ), the staticity of the spacetime metric can be recovered in another way: by proposing a solution of the form ϕ_i(t, r) = T (ωt, φ_j (r)). Here α is a continuous parameter for the transformation. The fields are now dynamical, but the spacetime metric static.

A case of particular interest is that of a canonical scalar field with an internal U(1) symmetry, ϕ → e^{iα}ϕ, leading to boson stars [25]: scalar field configurations of the form ϕ(t, r) = e^{iωt}φ(r); see the Ref. [26] for a nice review. Now, for specific radial functions φ(r), and particular values of the parameter ω, there are static, spherically symmetric, regular, asymptotically flat, attractive, stable, self-gravitating configurations, but at the expense of a non-zero Noether charge in the system: the difference between the number of particles and antiparticles. This charge is associated to the time-dependency of the scalar field, and then the arguments in Section III do not apply.

In this paper we restricted our presentation to the scalar field dark matter models, but we can easily extend the discussion to more general theories that do not modify general relativity. As long as the dark matter component propagates a scalar degree of freedom of the form in Eq. (1), it will suffer from the very same problems we identified in Sections III A and III B (a scalar degree of freedom is indeed necessary in order to source a configuration with spherical symmetry).

Think for instance in a perfect fluid dark matter model. At the fundamental level, the system probably needs to be described in terms of a quantum field theory. However, the long wavelength, large frequency, low energy modes can be characterized in terms of the local conservation of the energy, momentum, and entropy.

The action principle describing a perfect fluid in general relativity can be written in terms of the velocity potentials [27]. Spherical symmetry guaranties no vorticity, and then u_μ = ∂_μφ, with u_μ the four-velocity of the fluid. The action for the perfect fluid is invariant under shift-transformations in the velocity potential, φ → φ + constant, and it is this symmetry what makes it possible the existence of static, spherically symmetric, regular, localized, attractive, stable perfect-fluid configurations with positive definite energy density. In this case the conserved Noether charge associated to the shiftinvariance is the total entropy in the system.

As an example, rotation-less perfect fluids with a barotropic equation of state, p = wρ, are described by the Lagrangian density L ∼ X^{(w+1)/2w}, leading to Tolman- Oppenheimer-Volkoff configurations in a disguise [28].

As with any no-go theorem, the results in this paper can be circumvented by relaxing some of the initial assumptions: possible way outs involve dynamical spacetimes [29], galactic halos made of smaller mini-halos [30], and thermal distributions for the scalar field [31]. These last two situations are analogous to that of a perfect fluid, where a scalar field with a shift-invariance has to propagate at the effective description.

Acknowledgments

We are grateful to Alex Feinstein, Robert Scherrer, and Luis Ureña-Lopez for useful comments and discussions. This work was partially supported by PIFI, PROMEP, DAIP-UG, CAIP-UG, the “Instituto Avanzado de Cosmología” (IAC) collaboration, DGAPA-UNAM grant No. IN115311, and CONACyT México under grants 182445 and 167335.

Appendix A: Perfect fluid halos are Newtonian

The three conditions below, when satisfied simultaneously, guaranty the viability of a Newtonian description: i) Weak gravitational fields, g_{μν} = η_{μν} + γ_{μν} , ii) Negligible stresses when compared to the mass-energy density, p_{ij} ≪ ρ, and, iii) Relative motions much smaller than the speed of light, u^i ≪ 1. (See for instance Section 4.4 in Ref. [32] for details.) Here η_{μν} = diag(−1, 1, 1, 1) is the Minkowski spacetime metric, γ_{μν} ≪ 1 a measure for the deviations with respect to this metric, p_{ij} the spatial stresses, and u^μ = (u^0, u^i) the four-velocity for the particles in the configuration.

Perfect fluids satisfy p_‖ = p_⊥. Combining this identity with Eqs. (7b) and (7c), we obtain a differential equation for the metric function h(r),

(2 + ℓ) h^′ h r − 4h + (4 + 4ℓ − 2rℓ^′ − ℓ^2) = 0 . (A1)

Astrophysical observations provide ℓ(r) ≲ 10^{−5}. To the first order in ℓ, the solution to the Eq. (A1) that is regular at the origin takes the form h(r) = 1 + ℓ(r). Introducing this expression into Eqs. (7), we can read u^i_{test} ∼ O(ℓ^{1/2}), γ, ρ ∼ O(ℓ), p ∼ O(ℓ^2), and u^i_{halo} = 0, i.e. perfect fluid halos are Newtonian objects. This is no longer true for the static scalar field configurations, where p_⊥ = −ρ, see Eqs. (2) above.

Appendix B: The canonical and the purely-kinetic scalar fields

Let us show that, for the canonical and the purelykinetic scalar fields, there are no static, spherically symmetric, regular, localized, stable, attractive spacetime configurations, even with negative energy densities.

For the case of a purely-kinetic scalar field, deriving Eq. (2) for p_‖ with respect to the radial coordinate, we obtain dp_‖ dr = − ( ∂L ∂X + 2X

∂^2L ∂X^2 ) ∂X ∂r . (B1)

Regular, static scalar field configurations satisfy X(r = 0) = 0, X(r > 0) ≤ 0. That is, the sign of ∂X/∂r is negative, at least for some values of the radial coordinate. Since dp_‖/dr < 0 for hydrostatic equilibrium, the sign of ∂L/∂X + 2X∂^2L/∂X^2 should be negative also, at least for this same interval with negative gradients of the kinetic scalar, signaling the appearance of tachyons in the low energy spectra; see Eq. (C3) in Appendix C.

On the other hand, localized, regular canonical scalar field configurations satisfy ∂_rϕ(r = 0) = 0, ϕ(r → ∞) = constant. Together with the Klein-Gordon equation, □ϕ − ∂L/∂ϕ = 0, this implies ∂L/∂ϕ(r = 0) = ∂L/∂ϕ(r → ∞) = 0. That is, for two different values of the scalar field, ϕ(r = 0) = ϕ_0 and ϕ(r → ∞) = ϕ_∞, we need to satisfy ∂L/∂ϕ|_{ϕ0} = ∂L/∂ϕ|_{ϕ∞} = 0. This is possible only if ∂^2L/∂ϕ^2 changes sign between ϕ_0 and ϕ_∞, signaling the appearance of tachyons in the low energy spectra; see Eq. (C3) in Appendix C.

Appendix C: Absence of tachyons and ghosts in the low energy spectra

In order to have a sensible theory, at least at the effective level, we should avoid the appearance of classical and quantum instabilities in the spectrum of low energy perturbations.

Let us consider the behavior of the small perturbations around a static, spherically symmetric scalar field configuration. Two comments are in order here. First, we will consider only perturbations in the scalar field, neglecting any possible backreaction on the metric tensor. Second, since any regular spacetime metric is locally Minkowski, we can restrict our analysis to flat spacetime. We can then propose a solution of the form ϕ(t, ⃗x) = ϕ_0(z) + δϕ(t, ⃗x), with ϕ_0(z) the background solution, and z signaling the direction of the field gradients, ⃗x = (x, y, z). Expanding Eq. (1) to the quadratic order in field perturbations, δϕ(t, ⃗x), we obtain

L ∼ c_1(∂_0δϕ)^2 − c_1(∂_⊥δϕ)^2 − c_2(∂_zδϕ)^2− 2c_3(∂_z δϕ)δϕ − c_4(δϕ)^2 , (C1a)

with (∂_⊥δϕ)^2 = (∂_xδϕ)^2 + (∂_yδϕ)^2, and

c_1 = ∂L ∂X , c_2 = ∂L ∂X + 2X

∂^2L ∂X^2 , (C1b)

c_3 = 1 2 ∂^2L ∂X∂ϕ ∂_z ϕ , c_4 = −

∂^2L ∂ϕ^2 . (C1c)

All these quantities are evaluated at ϕ_0, X_0 = −(∂_zϕ_0)^2/2. In order to have a positive definite Hamiltonian density we should satisfy

c_1 > 0 , c_+ ± δ ≥ 0 , (C2)

where c_± = (c_2 ± c_4)/2, and δ^2 = c^2_− + c^2_3. All the conditions in Eq. (C2) are necessary in order to avoid tachyons. The first condition, ∂L/∂X > 0, guaranties absence of ghosts.

For the particular case in which c_3 = 0 (a canonical scalar field, for instance, for a purely-kinetic theory), the conditions ∂L ∂X > 0 , ∂L ∂X + 2X

∂^2L ∂X^2 ≥ 0 , ∂^2L ∂ϕ^2 ≤ 0 , (C3)

guaranty the absence of classical and quantum instabilities. Notice that these conditions coincide with those obtained for the stability of a homogeneous and isotropic background.

[1] J.D. Bekenstein, “Relativistic gravitation theory for the MOND paradigm,” Phys. Rev D 70 083509 (2004) [astro-ph/0403694]; J.A.R. Cembranos, “Dark matter from R^2-gravity,” Phys. Rev. Lett. 102 141301 (2009) [arXiv:0809.1653] [2] G. Bertone, D. Hooper and J. Silk, “Particle dark matter: Evidence, candidates and constraints,” Phys. Rept. 405 279-390 (2005) [hep-ph/0404175]; L. Bergstrom, “Dark matter evidence, particle physics candidates and detection methods,” Annalen Phys. 524 479-496 (2012) [arXiv:1205.4882] [3] G. Bertone, “The moment of truth for WIMP dark matter,” Nature 468 389-393 (2010) [arXiv:1011.3532] [4] W. Hu, R. Barkana and A. Gruzinov, “Fuzzy cold dark matter: the wave properties of ultralight particles,” Phys. Rev. Lett. 85 11581161 (2000) [astro-ph/0003365]; T. Matos and L.A. Ureña-Lopez, “A further analysis of a cosmological model of quintessence and scalar dark matter,” Phys. Rev. D 63 063506 (2001) [astro-ph/0006024]; P. Sikivie and Q. Yang, “Bose-Einstein condensation of dark matter axions,” Phys. Rev. Lett. 103 111301 (2009) [arXiv:0901.1106]; L.A. Ureña-Lopez, “Bose- Einstein condensation of relativistic scalar field dark matter,” JCAP 0901 014 (2009) [arXiv:0806.3093]; T. Rindler-Daller and P.R. Shapiro, “Angular momentum and vortex formation in Bose-Einstein-condensed cold dark matter haloes,” Mon. Not. Roy. Astron. Soc. 422 135 (2012) [arXiv:1106.1256]; P.H. Chavanis, T. Harko, “Bose-Einstein Condensate general relativistic stars,” Phys. Rev. D 86 064011 (2012) [arXiv:1108.3986]; A. Suarez, V. Robles and T. Matos, “A review on the scalar field/Bose-Einstein condensate dark matter model,” (2013) [arXiv:1302.0903] [5] C. Armendariz-Picon, T. Damour abd M. Mukhanov, “k-inflation,” Phys. Lett. B 458 209-218 (1999) [hep-th/9904075]; C. Armendariz-Picon, V.F. Mukhanov and P.J. Steinhardt, “Essentials of k-essence,” Phys. Rev. D 63 103510 (2001) [astro-ph/0006373]; A.D. Rendall, “Dynamics of k-essence,” Class. Quant. Grav. 23 1557- 1570 (2006) [gr-qc/0511158] [6] M.S. Turner, “Coherent scalar field oscillations in an expanding universe,” Phys. Rev. D 28 1243 (1983) [7] A. Sen, “Rolling tachyon,” JHEP 0204 048 (2002) [hep-th/0203211] [8] A. Feinstein, “Power law inflation from the rolling tachyon,” Phys. Rev. D 66 063511 (2002) [hep-th/0204140]; T. Padmanabhan, “Accelerated expansion of the universe driven by tachyonic matter,” Phys. Rev. D 66 021301 (2002) [hep-th/0204150]

[9] R.J. Scherrer, “Purely kinetic k-essence as unified dark matter,” Phys. Rev. Lett. 93 011301 (2004) [astro-ph/0402316] [10] A.Y. Kamenshchik, U. Moschella and V. Pasquier, “An alternative to quintessence,” Phys. Lett. B 551 265-268 (2001) [gr-qc/0103004] [11] A. Nicolis, R. Rattazzi and E. Trincherini, “The Galileon as a local modification of gravity,” Phys. Rev. D 79 064036 (2009) [arXiv:0811.2197] [12] T. Matos, F.S. Guzman and D. Nuñez, “Spherical scalar field halo in galaxies,” Phys. Rev. D 62 061301 (2000) [astro-ph/0003398] [13] C. Armendariz-Picon and E.A. Lim, “Haloes of kessence,” JCAP 0508 007 (2005) [astro-ph/0505207]; D. Bertacca, N. Bartolo and S. Matarrese, “Halos of unified dark matter scalar field,” JCAP 0805 005 (2008) [arXiv:0712.0486]; D. Nuñez, A.X. Gonzalez-Morales, J.L. Cervantes-Cota and T. Matos, “Testing DM halos using rotation curves and lensing: warning on the determination of the halo mass,” Phys. Rev. D 82 024025 (2010) [arXiv:1006.4875] [14] G. Rosen, “Existence of particlelike solutions to nonlinear field theories,” J. Math. Phys. 7 2066 (1966); ibid. 7 2071 (1966) [15] G.H. Derrick, “Comments on nonlinear wave equations as models for elementary particles,” J. Math. Phys. 5 1252 (1964) [16] R.C Tolman, “Static solutions of Einstein’s field equations for spheres of fluid,” Phys. Rev. 55 364-373 (1939) [17] A. Vilenkin and E.P.S. Shellard, “Cosmic strings and other topological defects,” Cambridge University Press, 580 pages, (2000) [18] T.D. Lee and Y. Pang , “Nontopological solitons,” Phys.

Rep. 221, 251350 (1992) [19] T. Kodama, K.C. Chung and A.F. da F. Teixeira, “Bound states of nonlinear scalar field,” Il Nuovo Cimento 46 206 (1978) [20] S. Côté, C. Carignan, and K.C. Freeman, “The various kinematics of dwarf irregular galaxies in nearby groups and their dark matter distributions,” Astrophys. J. 120 3027-3059 (2000); G. Gilmore et ál, “The observed properties of dark matter on small spatial scales,” Astrophys. J. 663 948-959 (2007) [astro-ph/0703308] [21] U. Nucamendi, M. Salgado and D. Sudarsky, “An alternative approach to the galactic dark matter problem,” Phys. Rev. D 63 125016 (2001) [gr-qc/0011049] [22] M.J. Williams, M. Bureau and M. Cappellari, “Kinematic constraints on the stellar and dark matter content of spiral and S0 galaxies,” Mon. Not. Roy. Astron. Soc.

40 1665 (2010) [arXiv:0909.0680] [23] W.J.G. de Blok et ál, “High-Resolution Rotation Curves and Galaxy Mass Models from THINGS,” Astron. J. 136 2648-2719 (2008) [arXiv:0810.2100] [24] M. Barriola and A. Vilenkin, “Gravitational field of a global monopole,” Phys. Rev. Lett. 63 341 (1989); D. Harari and C. Lousto, “Repulsive gravitational effects of global monopoles,” Phys. Rev. D 42 2626-2631 (1990) [25] R. Ruffini and S. Bonazzola, “Systems of selfgravitating particles in general relativity and the concept of an equation of state,” Phys. Rev. 187 1767-1783 (1969) [26] S.L. Liebling and C. Palenzuela, “Dynamical Boson Stars,” Living Rev. Rel. 15 6 (2012) [arXiv:1202.5809] [27] B.F. Schutz, “Perfect fluids in general relativity: velocity potentials and a variational principle,” Phys. Rev. D 2 2762-2773 (1970); B.F. Schutz and R. Sorkin, “Variational aspects of relativistic field theories, with applications to perfect fluids,” Ann. Phys. 170 1-43 (1977); J.D. Brown, “Action functionals for relativistic perfect fluids,” Class. Quant. Grav. 10 1579-1606 (1993) [gr-qc/9304026] [28] A. Diez-Tejedor and A. Feinstein, “The Homogeneous scalar field and the wet dark sides of the universe,” Phys. Rev. D 74 023530 (2006) [gr-qc/0604031] [29] E. Seidel and W.M. Suen, “Oscillating soliton stars,” Phys. Rev. Lett. 66 1659-1662 (1991) [30] J. Barranco and A. Bernal, “Self-gravitating system made of axions,” Phys. Rev. D 83 043525 (2011) [arXiv:1001.1769] [31] N. Bilic and H. Nikolic, ‘Selfgravitating bosons at nonzero temperature,” Nucl. Phys. B 590 575-595 (2000) [gr-qc/0006065] [32] R.M. Wald, “General relativity,” University of Chicago Press (June 1, 1984), 506pp