arXiv:1112.0300v1 [hep-ph] 1 Dec 2011

Inflationary Cosmology and Superluminal Neutrinos

C. A. G. Almeida,^1 M.A. Anacleto,^2 F.A. Brito,^2 and E. Passos^2 1Departamento de Ciências Exatas, Universidade Federal da Paraíba, 58297-000 Rio Tinto, PB, Brazil 2Departamento de Física, Universidade Federal da Campina Grande, 58109-970 Campina Grande, PB, Brazil (Dated: December 2, 2011)

We show that in the presence of a distance dependent Lorentz-violating time-like background one may find superluminal neutrinos at some high energy such as OPERA’s scale. The similar behavior but approaching the subluminal branch is found to appear for inflaton field in the low energy scale. Thus this scenario seems to be suitable to acomplish both superluminal neutrinos and dark energy.

We address some issues related to superluminal neutrinos recently reported by the OPERA’s group [1]. In this letter we shall focus on a theoretical approach that deals with both neutrinos and inflaton field in a inflationary Universe. The main point is that a time-like Lorentz-violating background permeating the space is responsible for both superluminal neutrinos and dark energy. Some recent related studies have been considered recently [2].

Let us start with the Lagrangian of a d + 1-dimensional field theory in a curved background describing an inflaton field and a fermion field coupled to another scalar field that plays the role of a Lorentz-violating scalar background field in the form

e^{−1}L = R 2κ^2 − 1 2 ( g_{μν} + ξ_1k^1_{μν} (φ) ) ∂^μϕ∂^ν ϕ − i ( g_{μν} + ξ_2k^2_{μν} (φ) ) ψ̄γ^μ∂^ν ψ − 1 2 ∂_μφ∂^μφ − V(φ, r) − V (ϕ), (1) where e = √ −g and κ^2 = 8πG. V (ϕ) and V(φ, r) are the inflaton and ‘background’ potentials. The potential V(φ, r) with explicit dependence on the radial coordinate r is given in the form [3] V(φ, r) = W^2_φ 2r^{2d−2} , (2)

where W (φ) is the ‘superpotential’ whose first derivative is defined as follows

W_φ = φ^{a−1a} − φ^{a+1a} . (3)

with a = 1, 3, 5, · · · . Since we are assuming the scalar field φ as a background field we neglect couplings to other fields in its equation of motion. The general solution is then given by [3]

φ(r) = tanh^a [ 1 a(d − 2)r^{d−2} ] . (4)

In our present discussions, we shall restrict ourselves to a = 1 and d = 3. The time-like tensors k^i_{μν} (i = 1, 2) are such that only k^i_{00} ≠ 0, that is

k^i_{μν} (φ) = ( −β_i(φ) 0 0 0 ) , β_1(φ) = φ(r) − 1, β_2(r) = φ(r). (5)

Notice the tensors couple the inflaton and fermion fields to the Lorentz-violating scalar background field through different couplings ξ_1 > 0 and ξ_2 > 0, respectively. See Figs. 1. The inflaton field is assumed to couple to this background field more strongly than neutrinos.

We shall study cosmological issues in this model, so that our background metric is the FRW metric of a flat Universe given as

ds^2 = g_{μν} dx^μdx^ν = −c^2dt^2 + a(t)^2(dx^2 + dy^2 + dz^2). (6)

The effective metric due to presence of the background field is

ds̃^2 = g̃_{μν} dx^μdx^ν = ( g_{μν} + ξ_ik_{μν} (φ) ) dx^μdx^ν = − ( 1 + ξ_iβ(φ) ) c^2dt^2 + a(t)^2(dx^2 + dy^2 + dz^2), i = 1, 2, (7)

where c = 1 is the speed of light. The effective velocities for inflaton and neutrino due to the background field are given by [4]

v_i = √ 1 + ξ_iβ_i(r^∗)c, i = 1, 2, (8)

FIG. 1: The Lorentz-violating background couplings β1(φ(r)) = β2(φ(r)) − 1 < 0 and β2(φ(r)) > 0 that couples to inflaton field with ξ1 > 0 (left panel) and to neutrinos with ξ2 > 0 (right panel).

where β_i(r) = 0 for photons. Notice that the inflaton field is subluminal but approaches velocity of light for very small distances. The neutrinos behave in the opposite manner, i.e., they become superluminal at short distances, but become subluminal at extremely large distances. See Figs. 1. The scale r^∗ corresponds to distances (or energies E ∼ 1/r^∗) probed by inflaton or neutrinos.

We assume regimes where only the inflaton is the dominant species. So the Einstein equations R_{μν} −^1_2 g_{μν} R = κ^2T_{μν} lead to the Friedmann equation H^2 =^{8πG}_3 ρ_ϕ whose inflaton density ρ_ϕ is governed by the inflaton field with energymomentum tensor

T_{μν} = ∂_μϕ∂_ν ϕ + g_{μν} L_ϕ, T^μ_ν = diag ( −ρ_ϕ, p_ϕ, p_ϕ, p_ϕ ) . (9)

Since we will be interested in homogeneous inflaton configurations ϕ ≡ ϕ(t), we can write down the energy density ρ_ϕ and pressures p_i = p_ϕ (i = 1, 2, 3) as follows

ρ_ϕ = 1 2 ( 1 − ξ_1β_1 ) ϕ̇^2 + V (ϕ), (10a)

p_ϕ = 1 2 ( 1 + ξ_1β_1 ) ϕ̇^2 − V (ϕ), (10b)

where the dot stands for derivative with respect to the temporal coordinate.

The equation of state for the inflaton field can be readily found and is given by

ω ≡ p ρ = 1 2 ( 1 + ξ_1β_1 ) ϕ̇2 − V (ϕ) 1 2 ( 1 − ξ_1β_1 ) ϕ̇2 + V (ϕ)

. (11)

Note that when the potential part dominates one finds the usual ω ≃ −1 and an inflationary regime takes place, where we may constrain ξ_1β_1 via calculation of the number of e-folds — see below. On the other hand, when the kinetic part dominates over the scalar potential part we find the interesting equation of state ω ≃ 1 + ξ_1β_1 1 − ξ_1β_1

, (12)

that agrees with radiation regime ω →^1_3 as ξ_1β_1 → −^1_2 . Furthermore, other interesting regimes also appear for ξ_1β_1 → −1, that corresponds to dust (ω = 0) and for ξ_1β_1 < −2 that corresponds to dark energy (ω < −^1_3 ). See Fig. 2.

FIG. 2: The equation of state as a function of β1(r). After inflation, there is the possibility of radiation, dust and dark energy for ξ1β1 < 0. In this plot, we assume ξ1 = 2.5.

The modified equation of motion for the inflaton field is ϕ̈ + 3Hϕ̇ + ( 1 1 + ξ_1β_1 )∂V ∂ϕ = 0, (13)

whereas the modified Friedmann equation reads

H^2 = 8πG 3 [ 1 2 ( 1 − ξ_1β_1 ) ϕ̇^2 + V (ϕ) ] . (14)

Note the presence of the Lorentz-violating background field β_1 ≡ β_1(r) in both equations which will drive new effects as we shall see below — See [5] for a recent related discussion. In the equation (13) we may find a slow-roll regime, that is, when the friction term 3Hϕ̇ dominates over the acceleration term ϕ̈. This is also accompanied by the condition ϕ̇2 ≪ V (ϕ) into (14). Thus we find now the following equations 3Hϕ̇ + ( 1 1 + ξ_1β_1 ) ∂V ∂ϕ ≃ 0, H ≡ ( d ln a dt ) ≃ √ 8πG 3 V (ϕ). (15)

Let us now consider the simplest inflaton potential, the quadratic potential

V (ϕ) = 1 2 m^2ϕ^2. (16)

For the slow-roll condition the equation (14) simplifies to H = √ 4πG 3 mϕ, (17) and the equation (15) leads to ϕ̇ = − m √ 12πG(1 + ξ_1β_1)

, (18)

that is ϕ(t) = ϕ_0 − m √ 12πG(1 + ξ_1β_1) t. (19)

Finally using (17) we obtain the scale factor

a(t) = a_0 exp [√ 4πG 3 mϕ_0t − m^2 6(1 + ξ_1β_1) t^2 ] . (20)

This describes an inflationary phase of the Universe for sufficiently small time.

Now to understand the effect of the Lorentz-violating background on the inflationary phase of the Universe we make use of the e-folds number defined as

N_e = ∫_{tf} t_i Hdt, (21) that making use of (15) we find

N_e = ∫_{tf} t_i Hdt = − 8πG 1 + ξ_1β_1 ∫_{tf} t_i V V_ϕ dϕ dt dt = − 8πG 1 + ξ_1β_1 ∫_{ϕ(tf )} ϕ(t_i) V V_ϕ dϕ. (22) For the inflaton potential defined in (16) we find the modified e-fold number

N_e = − 8πG 1 + ξ_1β_1 ∫_{ϕ(tf )} ϕ(t_i ) ϕdϕ = 2πG 1 + ξ_1β_1 ( ϕ(t_i)^2 − ϕ(t_f )^2 ) . (23)

Now assuming ϕ(t_f ) ≈ 0 we obtain

N_e = 2πG 1 + ξ_1β_1 ϕ(t_i)^2, (24)

that implies

ξ_1β_1 = 2πGϕ(t_i)^2 N_e − 1. (25)

For N_e ≃ 60, ϕ(t_i)^2 ≃ 4m^2_{pl} and G ≃ 1 m^2_{pl} we find for (25)

β_1 ≃ ( 8π 60 − 1 ) ξ^{−1}_1 ≃ −

0.5811

ξ_1

, ξ_1 > 0. (26)

Notice this agrees with the range of the Lorentz-violating background field depicted in Fig. 1 - (left panel). In summary we conclude that a time-like Lorentz-violating background can be responsible for superluminal neutrinos at large energy (short distances) and dark energy at low energy (large distances). Some further studies should be addressed elsewhere.

Acknowledgments

We would like to thank CNPq, CAPES, PNPD/PROCAD - CAPES for partial financial support.

[1] T. Adam et al, “Measurement of the neutrino velocity with the OPERA detector in the CNGS beam”, arXiv:1109.4897 [hep-ex].

[2] M. -L. Yan, N. -C. Xiao and W. Huang, “Superluminal Neutrinos from Special Relativity with de Sitter Space-time Symmetry,” arXiv:1111.4532 [hep-ph].

[3] D. Bazeia, J. Menezes and R. Menezes, Phys. Rev. Lett. 91, 241601 (2003) [arXiv:hep-th/0305234]. [4] S. S. Gubser, Phys. Lett. B 705, 279 (2011) [arXiv:1109.5687 [hep-th]].

[5] P. P. Avelino, D. Bazeia, L. Losano, R. Menezes and J. J. Rodrigues, “Impact of Lorentz violation on the dynamics of inflation,” Phys. Rev. D 79, 123503 (2009) [arXiv:0903.5297 [astro-ph.CO]].