arXiv:hep-th/0410196 v1 19 Oct 2004

Neutrino mixing and cosmological constant

M. Blasone^{♭♯}, A. Capolupo^♭, S. Capozziello^♭, S. Carloni^♭ and G. Vitiello^{♭♯}

♭ Dipartimento di Fisica ”E.R. Caianiello” and INFN, Università di Salerno, I-84100 Salerno, Italy

♯ Unità INFM, Salerno, Italy

We report on the recent result that the non–perturbative vacuum structure associated with neutrino mixing leads to a non–zero contribution to the value of the cosmological constant. Its value is estimated by using the natural cut–off appearing in the quantum field theory formalism for neutrino mixing.

In this report we show that the vacuum energy induced by the neutrino mixing may contribute to the value of cosmological constant [1].

It is known that vacuum for neutrinos with definite mass is not invariant under the field mixing transformation and in the infinite volume limit it is unitarily inequivalent to the vacuum for the neutrinos with definite flavor [2]- [10]. This phenomenon is crucial in order to obtain a non–zero contribution to the cosmological constant [1]; it also affects the oscillation formula which turns out to be different from the usual Pontecorvo formula [11]. In the following, for simplicity we restrict ourselves to the two flavor mixing and we use Dirac neutrino fields.

It was shown [6] that in Quantum Field Theory (QFT) it is possible to construct flavor states for neutrino fields. In the limit of infinite volume, these states are orthogonal to the mass eigenstates: we have two inequivalent vacua each other related by the mixing generator G_θ(t): |0(t)⟩_f ≡ G^{−1}_θ (t) |0⟩_m. Here, θ is the mixing angle, t is the time, |0(t)⟩_f and |0⟩_m, are the flavor and the mass vacua, respectively. G_θ(t) is given by:

G_θ(t) = exp [ θ ∫ d^3x ( ν^†_1(x)ν_2(x) − ν^†_2(x)ν_1(x) ) ] . (1)

A Bogoliubov transformation is involved in connecting the flavor annihilation operators to the mass annihilation operators. We consider in particular the Bogoliubov coefficient V_k which is related to the condensate content of the flavor vacuum [2]:

f ⟨0|α^{r†}_{k,j}α^r_{k,j}|0⟩_f =_f ⟨0|β^{r†}_{k,j}β^r_{k,j}|0⟩_f = |V_k|^2 sin^2 θ, j = 1, 2, (2)

where α^r_{k,j}, β^r_{k,j} are the annihilation operators for the neutrino fields ν_1, ν_2 with definite masses, m_1, m_2 . |V_k|^2 is zero for m_1 = m_2, it has a maximum at |k| = √ m_1 m_2 . For |k| ≫ √ m_1 m_2 , it goes like |V_k|^2 ≃ (m_2 − m_1 )^2/(4|k|^2).

We now use this formalism to derive a contribution to the value of the cosmological constant Λ. The connection between the vacuum energy density ⟨ρ_{vac}⟩ and Λ is provided by the usual relation ⟨ρ_{vac}⟩ = Λ/4πG, where G is the gravitational constant.

To compute Λ we can use the (0,0) component of the energy momentum tensor in the flat space-time T^{F lat}_{00} . Indeed, one can see that the temporal component of the spinorial derivative in the FRW metric is just the standard time derivative [1]: D_0 = ∂_0. Thus, T_{00} = T^{F lat}_{00} . We then obtain

T_{00}(x) = i 2 ∑ σ=e,μ : ( ν̄_σ(x)γ_0^↔∂_0 ν_σ(x) ) : = i 2 ∑ j=1,2 : ( ν̄_j(x)γ_0^↔∂_0 ν_j(x) ) : (3)

where : ... : denotes the customary normal ordering with respect to the mass vacuum in the flat space-time. In terms of the annihilation and creation operators of fields ν_1 and ν_2, the energy-momentum tensor T_{00} = ∫ d^3xT_{00}(x) is given by

T_{00} = ∑ r,j ∫ d^3k ω_{k,j} ( α^{r†}_{k,j}α^r_{k,j} + β^{r†}_{−k,j}β^r_{−k,j} ) . (4)

Note that T_{00} is time independent.

The expectation value of T_{00} in the flavor vacuum |0⟩_f gives the contribution ⟨ρ^{mix}_{vac} ⟩ of the neutrino mixing to the vacuum energy density:

f ⟨0|T_{00}|0⟩_f = ⟨ρ^{mix}_{vac} ⟩η_{00} . (5) Within the QFT formalism for neutrino mixing we have_f ⟨0|T_{00}|0⟩_f =_f ⟨0(t)|T_{00}|0(t)⟩_f for any t. We then obtain

f ⟨0|T_{00}|0⟩_f = ∑ r,j ∫ d^3k ω_{k,j} ( f ⟨0|α^{r†}_{k,j}α^r_{k,j}|0⟩_f +_f ⟨0|β^{r†}_{k,j}β^r_{k,j}|0⟩_f ) ,

and f ⟨0|T_{00}|0⟩_f = 8 sin^2 θ ∫ d^3k (ω_{k,1} + ω_{k,2}) |V_k|^2 = ⟨ρ^{mix}_{vac} ⟩η_{00}, (6)

i.e.

⟨ρ^{mix}_{vac} ⟩ = 32π^2 sin^2 θ ∫_K 0 dk k^2(ω_{k,1} + ω_{k,2})|V_k|^2, (7)

where the cut-off K has been introduced. Eq.(7) is our result: it shows that the cosmological constant gets a nonzero contribution induced purely from the neutrino mixing [1]. Notice that such a contribution is indeed zero in the no-mixing limit (θ = 0 and/or m_1 = m_2). Moreover, the contribution is absent in the traditional phenomenological (Pontecorvo) mixing treatment.

We may try to estimate ⟨ρ^{mix}_{vac} ⟩ by fixing the cut-off. If we choose the cut-off proportional to the natural scale appearing in the mixing phenomenon k_0 ≃ √ m_1m_2 [2]: using K ∼ k_0, m_1 = 7 × 10^{−3}eV , m_2 = 5 × 10^{−2}eV , and sin^2 θ ≃ 0.3 [12] in Eq.(7), we obtain ⟨ρ^{mix}_{vac} ⟩ = 0.43 × 10^{−47}GeV^4 and Λ ∼ 10^{−56}cm^{−2} which is in agreement with the upper bound of Λ [13]. Another possible choice is to use the electro-weak scale cut-off: K ≈ 100GeV . We then have Λ ∼ 10^{−24}cm^{−2}, which is, however, beyond the accepted upper bound.

In a recent paper [14], it was suggested that, in the context of hierarchical neutrino models, the cut-off scale can be taken as the sum of the two neutrino masses, K = m_1 + m_2, resulting in a contribution of the right order.

In conclusion, the QFT treatment of the neutrino mixing leads to a non zero contribution to the cosmological constant [1].

By choosing the cut–off given by the natural scale of the neutrino mixing phenomenon, we obtain a value of Λ which is consistent with its accepted upper bound. Our result discloses a new possible, non-perturbative mechanism contributing to the cosmological constant value.

Partial financial support by MURST, INFN, INFM and ESF Program COSLAB is acknowledged.

[1] M. Blasone, A. Capolupo, S. Capozziello, S. Carloni and G. Vitiello, Phys. Lett. A 323 (2004) 182 [2] M. Blasone and G. Vitiello, Annals Phys. 244 (1995) 283 [Erratum-ibid. 249 (1995) 363]. [3] K. C. Hannabuss and D. C. Latimer, J. Phys. A 33 (2000) 1369; J. Phys. A 36 (2003) L69. [4] M. Binger and C. R. Ji, Phys. Rev. D 60 (1999) 056005; C. R. Ji and Y. Mishchenko, Phys. Rev. D 64 (2001) 076004;

Phys. Rev. D 65 (2002) 096015.

[5] K. Fujii, C. Habe and T. Yabuki, Phys. Rev. D 59 (1999) 113003 [Erratum-ibid. D 60 (1999) 099903]; Phys. Rev. D 64 (2001) 013011; K. Fujii, C. Habe and M. Blasone, [hep-ph/0212076].

[6] M. Blasone and G. Vitiello, Phys. Rev. D60 (1999) 111302; M. Blasone, P. Jizba and G. Vitiello, Phys. Lett. B 517 (2001) 471; M. Blasone, P. P. Pacheco and H. W. Tseung, Phys. Rev. D 67 (2003) 073011.

[7] M. Blasone, P. A. Henning and G. Vitiello, Phys. Lett. B 451 (1999) 140; [8] M. Blasone, A. Capolupo, O. Romei and G. Vitiello, Phys. Rev. D 63 (2001) 125015.

A. Capolupo, C.R.Ji, Y.Mishchenko and G. Vitiello, Phys. Lett. B 594: 135-140, 2004. [9] M. Blasone, A. Capolupo and G. Vitiello, Phys. Rev. D66 (2002) 025033. [10] A. Capolupo, Ph.D. thesis, hep-th 0408228, (2004) ; [11] S. M. Bilenky and B. Pontecorvo, Phys. Rep. 41 (1978) 225.

[12] G.L. Fogli, E. Lisi, A. Marrone , A. Melchiorri, A. Palazzo, P. Serra, J. Silk, hep-ph/0408045. [13] Ya. B. Zeldovich, I. D. Novikov, Structure and evolution of the universe Moscow, Izdatel’stvo Nauka, (1975). [14] G. Barenboim and N. E. Mavromatos, arXiv:hep-ph/0406035.