arXiv:1306.5470v1 [gr-qc] 23 Jun 2013

Bimetric Gravity, Variable Speed of Light Cosmology and Planck2013

J. W. Moffat

Perimeter Institute for Theoretical Physics, Waterloo, Ontario N2L 2Y5, Canada and Department of Physics and Astronomy, University of Waterloo, Waterloo, Ontario N2L 3G1, Canada

June 25, 2013

PACS: 98.80.C; 04.20.G; 04.40.-b

Abstract

A bimetric gravity model with a variable speed of light is shown to be in agreement with the results reported from the Planck satellite in 2013. The predicted scalar mode spectral index is ns ≈ 0.96 and its running is αs ≈ 8 × 10^{−4} when the fundamental length scale ℓ0 in the model is fixed to be ℓ0 ≈ 10^5ℓP , where ℓP is the Planck length ℓP = 1.62 × 10^{−33} cm, giving the observed CMB fluctuations: δH ≈ 10^{−5}. The enlarged lightcone ensures that horizon and flatness problems are solved. The model is free from many of the fine-tuning problems of the inflationary models and the fluctuations that form the seeds of structure formation do not lead to a chaotic inhomogeneous universe and the need for a multiverse.

The Planck mission satelilite data [1, 2, 3] has disfavoured a wide class of inflationary models. The surviving inflation models are of the plateau-like models which, according to Ijjas, Steinhardt and Loeb [4], suffer from problems. They produce the unlikely possibility of allowing an initial inflationary phase and due to a chaotic post-inflationary evolution, the fluctuations responsible for primordial structure growth lead to a multiverse unpredictability (eternal inflation). After the Planck2013 data the inflationary paradigm faces serious difficulties, encouraging consideration of alternatives to inflation. Two possible alternatives are the periodic cyclic models with a bounce [5, 6, 7] and the variable speed of light (VSL) cosmology [8, 9, 10, 11]. In the following, we will investigate a version of VSL called bimetric gravity [12, 13, 14, 15, 16, 17, 18, 19, 20, 21].

A bimetric gravity theory was developed based on the geometric relationship: ĝ_{μν} = g_{μν} + B∂_μϕ∂_ν ϕ, (1) with B a constant with the dimensions of a squared length: B = aℓ^2_0 where a is constant, and ϕ is the biscalar field. The matter metric tensor ĝ_{μν} provides the geometry on which matter fields propagate and interact, whereas the gravitational metric g_{μν} represents the gravitational geometry through which gravitational waves and light waves propagate. The presence of this type of prior-geometric structure in spacetime implies a differing propagation speed for matter, gravitational waves and light, and alters the coupling of matter to geometry. An alternative bimetric theory has also been developed based on the structure: ĝ_{μν} = g_{μν} +Bψ_μψ_ν where ψ_μ is a vector field [12].

In contrast to the picture described by Hollands and Wald [22, 23], the radiation density in the volume of space determined by ℓ_0 is highly diluted by means of a VSL mechanism. This justifies the use of the biscalar field ϕ to generate the seeds of structure formation. The other important observation is that ℓ_0 can be chosen to be related to the parameter B in the bimetric structure through: ℓ_0 ≈ √ 12B, and we obtain the correct order of magnitude of the CMB spectrum δ_H ≈ 10^{−5} if ℓ_0 ≈ 10^5ℓ_P = 1.62 × 10^{−28} cm, where ℓ_P is the Planck length, ℓ_P = √ Gℏ/c^3 = 1.62 × 10^{−33} cm.

The model introduced in [12, 13, 15, 16, 17, 18] consisted of a self-gravitating scalar field coupled to matter through the matter metric (1), with the action

S = S_{grav} + S_ϕ + Ŝ_M, (2)

where S_{grav} = − 1 κ ∫ dμ(R[g_{μν} ] + 2Λ), (3)

κ = 16πG/c^4, Λ is the cosmological constant, and we employ a metric with signature (+, −, −, −). We will write, for example, dμ = √ −g d^4x and μ = √ −g for the metric density related to the gravitational metric g_{μν} , and similar definitions of dμ̂ and μ̂ in terms of the matter metric ĝ_{μν} , and c denotes the currently measured speed of light. Note that from (1) the determinants are related by μ = √ Kμ̂, (4) where K = 1 − Bĝ^{μν} ∂_μϕ∂_ν ϕ. (5) The minimally-coupled scalar field action is

S_ϕ = 1 κ ∫ dμ [ 1 2 g^{μν} ∂_μϕ∂_ν ϕ − V (ϕ) ] , (6)

where the scalar field ϕ has been chosen to be dimensionless. The energy-momentum tensor for the scalar field that we will use is given by

T^{μν}_ϕ = 1 κ [ g^{μα}g^{νβ} ∂_αϕ∂_β ϕ −^1_2 g^{μν} g^{αβ}∂_αϕ∂_β ϕ + g^{μν} V (ϕ) ] , (7)

and is the variation of the scalar field action with respect to the gravitational metric: δS_ϕ/δg_{μν} = −^1_2 μT^{μν}_ϕ .

We construct the matter action Ŝ_M using the combination (1) resulting in the identification of ĝ_{μν} as the physical metric that provides the arena on which matter fields interact. That is, the matter action Ŝ_M[ψI ] = Ŝ_M[ĝ, ψI ], where ψI represents all the matter fields in spacetime, is one of the standard forms, and therefore the energy-momentum tensor derived from it by δS_M δĝ_{μν} = − 1 2 μ̂T̂^{μν} , (8)

satisfies the conservation laws ^∇_ν [ μ̂T̂^{μν} ] = 0, (9)

as a consequence of the matter field equations only [12]. It is the matter covariant derivative ^∇_μ that appears here, which is the metric compatible covariant derivative determined by the matter metric: ^∇_αĝ_{μν} = 0. In this work we assume a perfect fluid matter model:

T̂^{αβ} = ( ρ + p c^2 ) û^αû^β − pĝ^{αβ} , (10)

with ĝ_{μν}û^μû^ν = c^2.

The gravitational field equations for this model can be written as

G^{μν} = Λg^{μν} + κ 2 T^{μν}_ϕ + κ 2 μ̂ μ T̂^{μν} . (11)

The scalar field equation of motion is given by

ḡ^{μν} ^∇_μ ^∇_ν ϕ + KV^′[ϕ] = 0. (12)

In the latter, we have defined the biscalar field metric

ḡ^{μν} = ĝ^{μν} + B K ^∇^μϕ ^∇^ν ϕ − κB √ KT̂^{μν} , (13)

which is a third metric that controls the causal propagation of the biscalar field. We have previously shown that the field equations in this theory are consistent with the Bianchi identities [12, 15]. Note that there is no source for the biscalar field in (12). This implies that as the universe expands the biscalar field becomes increasingly diluted to the point where it has unobservable consequences at present, despite the rather large energy scale implied by the relation √ 12B = ℓ_0 ∼ 10^5 ℓ_P that we derive below.

We will work in a frame where the gravitational metric g_{μν} is comoving:

g_{μν} = diag(c^2, −a^2(t)γ_{ij} ), (14)

with coordinates (t, x^i) and 3-metric γ_{ij} on the spatial slices of constant time. As a result of this coordinate choice and the definitions (1) and (13), we find

ĝ_{μν} = diag(K^{−1}c^2, −a^2(t)γ_{ij} ), (15)

where from (5): K = ( 1 + B c^2 ϕ̇^2 )_{−1} . (16)

We see from (14) that the constant c will represent the speed of propagation of gravitational waves in this model, whereas from (15) the speed of light (and the limiting speed of other matter fields) is time-dependent and given by c_γ (t) = c/ √ K = c ( 1 + B c^2 ϕ̇^2 )_{1/2} . (17)

It follows that c_γ (t) → ∞ and K(t) → 0 when Bϕ̇^2/c^2 → ∞, and we expect that at present K ∼ 1 and so c_γ ∼ c. We adopt an early universe radiation equation of state: p =^1_3 c^2ρ, and we will write:

ρ = ρ_{rad,0} ( a_0 a )_4

, (18)

where the radiation energy density at present is: ρ_{rad,0} ≈ 4.8 × 10^{−34} g/cm^3.

The Friedmann equation is given by

H^2 + kc^2 a^2 = 1 3 c^2Λ + 1 6 ( 1 2 ϕ̇^2 + c^2V [ϕ] ) + 1 6 κc^4 √ Kρ, (19) and the biscalar field equation is:

(1 − κc^2BK^{3/2}ρ)ϕ̈ + 3H(1 + κB √ Kp)ϕ̇ + c^2V^′[ϕ] = 0, (20)

with the biscalar field metric given by:

ḡ_{μν} = diag(c^2(1 − κc^2BK^{3/2}ρ), −a^2(t)(1 + κB √ Kp)γ_{ij} ). (21) The following quantities can be derived from the constant B:

H^2_B = c^2 12B , ρ_B = 1 2κc^2B , (22)

the latter comes from H^2_B =^1_6 κc^4ρ_B .

We will now obtain the seeds for structure formation from a purely VSL mechanism by working in the comoving gravitational metric (14) (VSL metric frame). In the very early universe K is very small: Bϕ̇^2 ≫ c^2, in which case the matter contribution to the Friedmann equation is small compared to the contribution from the biscalar field kinetic term. We are interested in a scenario that does not depend on choosing a particular form for the biscalar field potential, and so we will set V [ϕ] = 0.

We assume in (20) that the bracketed terms are both approximately one and so: ḡ_{μν} ≈ g_{μν} , which gives us the solution: ϕ̇ = √ 12H_B (a_{pt} a )_3

. (23)

We have chosen the arbitrary constant of integration a_{pt} to parameterize the time at which K = 1/2, that is K = [ 1 + ( a_{pt} a )_6]−1 , (24)

so that it indicates the time at which the gravitational and matter metrics are close to coinciding. The subscript pt indicates that this is the “phase transition”, when standard local Lorentz symmetry with a single light cone will be restored.

The Friedmann equation is given by

H^2 + kc^2 a^2 = 1 3 c^2Λ + H^2_B

( a_{pt} a )_6

, (25)

At early enough times the behavior of the universe is dominated by the contribution from the biscalar field. We neglect the cosmological constant and spatial curvature throughout the remainder of this work. We have the approximate solution a = a_{pt} (3H_B t)^{1/3}, H = 1 3t , (26)

where we have chosen t = 0 when a = 0, and at the phase transition t_{pt} = 1/(3H_B), which means that H_{pt} = H_B .

It appears that this is not an inflationary solution, so it does not solve the horizon and flatness problems. However, we are working in a comoving gravitational frame, and the speed of matter propagation is very much larger than that of gravitational waves. The coordinate distance that light would travel since the initial singularity is given by the null geodesics of (15) rather than those of (14). It follows that ∫ c dt Ka ∝ 1 t^{4/3} , (27)

where we have used (26). This clearly diverges as t → 0, showing that there is no (matter) particle horizon in the spacetime and the horizon problem is resolved. Similar arguments can be employed to solve the flatness problem [9].

In the comoving gravitational frame with a minimally-coupled Einstein Klein-Gordon field, the scalar mode fluctuations: ϕ = ϕ(t) + δϕ(t, ⃗x) about the background cosmological solution can be treated in a straightforward way. We find the field equation for the perturbation of the biscalar field: d^2δϕ_{⃗k} dt^2 + 3H dδϕ_{⃗k} dt + c^2⃗k^2 a^2 δϕ_{⃗k} = 0, (28)

where δϕ = (2π)^{−2/3} ∫ d^3k exp[−i⃗k · ⃗x]δϕ_{⃗k}. (29) The solution to (28) for our spacetime is given by Bessel functions: δϕ_{⃗k} = A(⃗k)J_0(ξ) + B(⃗k)Y_0(ξ), ξ = ck 2a_{pt} H_B ( a a_{pt}

)_2 . (30)

Since ξ ≳ 1 would correspond to a mode passing inside the horizon, we expect that in the very early universe we would have ξ ≪ 1 for modes of interest. Using the fact that a_0H_0/(a_{pt} H_{pt} ) ≪ 1, for modes near the pivot point: ck ∼ 7a_0H_0 we see that this is the case. Thus, we cannot assume a scenario where the modes are “born” in the quantum vacuum in the early universe.

Rewriting (28) in terms of the matter comoving time τ results in a field equation that is very different than in what would appear in a deSitter spacetime: d^2δϕ_{⃗k} dτ^2 + d ln ( a^3/ √ K ) dτ dδϕ_{⃗k} dτ + Kc^2⃗k^2 a^2 δϕ_{⃗k} = 0. (31)

The additional factor K multiplying the spatial derivative terms is a reflection of the fact that the null cone of the biscalar field is smaller by exactly this factor over that of matter. Since in the very early universe K ∼ a^6, the biscalar field modes never appear to be “inside the horizon”.

Hollands and Wald [22] assume that modes are born or emerge in the ground state of a flat spacetime wave operator at some length scale ℓ_0. The modes emerge in a semi-classical state as a normalized plane wave of the flat spacetime wave operator:

δϕ_{⃗k}(t_k ) = √ κℏc^2 (2πa_k)^32ω_k cos(ω_kt_k − ⃗k · ⃗x + δ), ω_k = ck a_k , (32)

where the scale at which the mode is born is given by the condition:

a_k = kℓ_0. (33)

We match not only the initial perturbation but also its time derivative. Keeping only the dominant contribution as ξ → 0 gives δϕ_{⃗k} ≈ √ 9κℏc^2 (2πa_k)^332ω_k cos(ω_kt_k − ⃗k · ⃗x + δ) ln(ξ_k)J_0(ξ), (34)

where ξ_k represents ξ evaluated at a = a_k. There is a non-scale invariant contribution, for we matched to the initial state and its time derivative, and the Bessel function Y_0(z) is logarithmically divergent when ξ → 0. This will lead to slight deviations from a scale invariant spectrum.

We obtain the spectrum of scalar field fluctuations to be P_{δϕ} = 9 2(2π)^3 ( ℓ_P ℓ_0

)_2 ln^2(ξ_k ). (35)

The curvature power spectrum is then given by (recall that ϕ̇^2 = 12H^2 in this spacetime):

P_R = ( H^2 ϕ̇2 ) P_{δϕ} = 3 8(2π)^3 ( ℓ_P ℓ_0

)_2 ln^2(ξ_k), (36)

where by using the condition (33) we have

ξ_k = √ 12Bℓ^2_0k^3 2a^3_{pt}

. (37)

From (36) the scalar mode spectral index is calculated:

n_s = 1 + d ln P_R d ln k = 1 + 6 ln(ξ_k)

, (38)

and the running of the spectral index is calculated from: α_s = dn_s/d ln k, from which we find the relation

α_s = −^1_2 (1 − n_s)^2. (39)

In the large scale limit, we also have

δ_H = 2 5 √ P_R ≈ 2 5 √ 3 8(2π)^3 ( ℓ_P ℓ_0 ) | ln(ξ_k )|. (40)

Assuming that ℓ_0 ≈ √ 12B and evaluating the logarithm at the pivot point, ck ∼ 7R_0H_0, this simplifies to δ_H ≈ ℓ_P ℓ_0

. (41)

To see this, note that for this scale: ξ_k ≈ (7H_0R_0/H_{pt} R_{pt} )^3, where we have used: H_{pt} = H_B and (22). Using standard physics following R_{pt} , one finds that H_{pt} R_{pt} /R_0H_0 ≈ √ 10^{60}z_{eq}(T_P /T_{pt}) [24], which gives ln(ξ_k ) ≈ −(150 − 200), which combines with the coefficient in (40) to give a factor of order unity. We can then match the amplitude of the observed CMB fluctuations: δ_H ∼ 10^{−5} by fixing the bimetric length scale:

ℓ_0 ≈ √ 12B ≈ 10^5 ℓ_P , (42)

which gives n_s ≈ 0.96, α_s ≈ −4.5 − −8 × 10^{−4}. (43)

This compares well with the recent Planck satellite mission result: n_s = 0.96 ± 0.0073 [1, 2, 3]. While it is straightforward to use this mechanism to also generate a nearly scale invariant spectrum of tensor fluctuations, we expect that as with the scalar mode fluctuations the gravitational or tensor mode fluctations will be outside the horizon, so the ratio r = tensor/scalar will be zero. The assumption that we can take ḡ_{μν} ≈ g_{μν} can be justified by showing that κc^2B √ Kρ ≪ 1 since from (24), K ≪ 1 in the very early universe.

A VSL motivated scheme based on a scalar-tensor bimetric gravity theory leads successfully to an approximately scale invariant CMB spectrum with n_s ≈ 0.96. Moreover the model predicts that the ratio r = tensor/scalar will be zero. This prediction distinguishes the model from inflationary models in which r is expected to be non-zero. The model does not suffer from many of the fine-tuning problems of standard inflation models. The fluctuations that yield a spectral index in agreement with the Planck2013 mission result do not suffer from the production of large inhomogeneities in the later universe, which in the chaotic and eternal inflation models are rationalized in terms of a multiverse and anthropic principle scenario with a resulting lack of predictability.

acknowledgments

This research was generously supported by the John Templeton Foundation. Research at the Perimeter Institute for Theoretical Physics is supported by the Government of Canada through NSERC and by the Province of Ontario through the Ministry of Research and Innovation (MRI).

References

[1] P. Ade et al. (Planck Collaboration) (2013), arXiv:1303.5076 [astro-ph].

[2] P. Ade et al. (Planck Collaboration) (2013), arXiv:1303.5082 [astro-ph].

[3] P. Ade et al. (Planck Collaboration) (2013), arXiv:1303.5084 [astro-ph].

[4] A. Ijjas, P. J. Steinhardt, and A. Loeb, Phys. Lett., B723, 2261-266, 2013. arXiv:1304.2785

[astro-ph].

[5] P. J. Steinhardt and N. Turok, Phys. Rev. D65, 126003 (2002), arXiv:0111098 [hep-ph].

[6] P. Steinhardt and N. Turok, Science 296, 1436 (2002).

[7] J. L. Lehners and P. J. Steinhardt, arXiv:1304.3122 [astro-ph.CO].

[8] J. W. Moffat, Int. J. Mod. Phys., D2:351, 1993. arXiv:9211020 [gr-qc].

[9] A. Albrecht and J. Maguiejo. Phys. Rev., D59:043516, 1999. arXiv:9811018 [astro-ph].

[10] J. Magueijo, Rep. on Prog. in Phys., 66 (11), 2025, 2003.

[11] J. Magueijo and J. Moffat, Gen. Rel. Grav., 40:1797-1806, 2008 arXiv:0705.4507 [gr-qc]. [12] M. A. Clayton and J. W. Moffat, Phys. Lett., B460:263–270, 1999. arXiv:9812481 [gr-qc]. [13] M. A. Clayton and J. W. Moffat, Phys. Lett., B477:269–275, 2000. arXiv:9910112 [gr-qc]. [14] I. Drummond, Phys. Rev., D63, 043503, 2001.

[15] M. A. Clayton and J. W. Moffat, Phys. Lett., B506:177–186, 2001. arXiv:0101126 [gr-qc]. [16] M. A. Clayton and J. W. Moffat, Int. Journ. Mod. Phys., D11:187–205, 2002. arXiv:0003070 [arXiv]. [17] M. A. Clayton and J. W. Moffat. Int. Journ. Mod. Phys., D12:697–712, 2003. arXiv:0203164

[gr-qc].

[18] M. A. Clayton and J. W. Moffat, JCAP 0307:004 (2003). arXiv:0304058 [gr-qc] [19] J. W. Moffat, Int. Journ. Mod. Phys., D12:281–298, 2003, arXiv:0202012 [gr-qc]. [20] J. Magueijo, Phys. Rev., D79:043525, 2009, arXiv:0807.1689 [gr-qc].

[21] J. Magueijo, J. Noller and F. Piazza, Phys. Rev. D82:043521 (2010), arXiv:1006.3216 [astro-ph] [22] S. Hollands and R. M. Wald, Gen. Rel. Grav., 34:2043–2055, 2002. arXiv:0205058 [hep-th]. [23] S. Hollands and R. M. Wald, arXiv:0210001 [hep-th], 2002.

[24] P. Coles and F. Lucchin, Cosmology: The origin and evolution of cosmic structure. John Wiley and Sons, Chichester, England, 1995.

[25] A. D. Linde, Particle Physics and Inflationary Cosmology: Contemporary Concepts in Physics. Harwood Academic Publishers, Chur, Switzerland, 1990.

[26] James R. Liddle and David H. Lyth, Cosmological Inflation and Large Scale Structure. Cambridge University Press, New York, 2000.