arXiv:1108.5086v5 [gr-qc] 25 Dec 2011

The cosmological constant:

a lesson from the Weyl superfluid^3He-A

G.E. Volovik Low Temperature Laboratory, Aalto University, P.O. Box 15100, FI-00076 AALTO, Finland and Landau Institute for Theoretical Physics RAS, Kosygina 2, 119334 Moscow, Russia

December 30, 2011

Abstract

In the bi-metric analog gravity emerging in superfluid^3He-A there is a certain connection between the properly determined cosmological constant and vacuum energy. This is in contrast to the effective acoustic gravity emerging in Bose-Einstein condensates, where the “value of this constant cannot be easily predicted by just looking at the ground state energy of the microscopic system from which spacetime and its dynamics should emerge” [1]. In^3He-A, the parameter λ, which enters the cosmological term in bi-metric theory, can be considered as the cosmological constant. It coincides with the difference in the proper energy of the vacuum in two states (the nonequilibrium state without gravity and the equilibrium state in which gravity emerges) and is on the order of the characteristic Planck energy scale of the system. The latter however does not provide the problem for cosmology: though the cosmological constant λ is huge, the cosmological term itself vanishes in the equilibrium vacuum, and thus the equilibrium state of any system including the final state of the Universe is not gravitating.

1 Introduction

It is known that in Einstein theory the cosmological constant coincides with the vacuum energy. This is because according to Einstein equation the source of gravity is the energy momentum tensor. In condensed matter analogs, typically only the first part of general relativity (GR) is reproduced: quasiparticles move in the effective metric produced by inhomogeneity of the vacuum state. The second part of GR does not work there, since the metric field does not obey Einstein equation. As a result the analog of the cosmological constant may essentially differ from the vacuum energy, as was found for acoustic gravity in BEC [1]. We discuss here the connection between the vacuum energy and cosmological constant in effective gravity, which emerges in superfluid^3He-A – the system with Fermi points (Weyl points) where gravity appears together with Weyl fermions and effective gauge fields.^1

2 Bi-metric gravity in systems with Fermi points

3He-A presents a unique example of a non-relativistic system, when under certain conditions the analog of the cosmological constant may coincide with the proper vacuum energy, which obeys the equation of state ρ_{vac} = −P_{vac}. In condensed matter, the proper vacuum energy is the grand canonical energy ρ_{vac} = ϵ(n) − ndϵ/dn, where n is particle density. This energy obeys the equation of state w = −1 due to the thermodynamic Gibbs-Duhem relation. Gravity in superfluid^3He-A is bi-metric, with g^{(0)}_{μν} being the effective metric in equilibrium. It is anisotropic due to uni-axial anisotropy of the broken symmetry superfuid state:

g^{(0)μν} = diag ( −1, c^2_{⊥0}, c^2_{⊥0}, c^2_‖ ) , √ −g^{(0)} = 1 c^2_{⊥0}c_‖

. (1)

Here is c_⊥ is the “speed of light” in the direction perpendicular to the anisotropy axis, it appears as the amplitude of the order parameter in the

1The interest to matter with Weyl points (superfluid^3He-A and Weyl semimetals [3, 4]) is renewed due to suggestion that Weyl semimetal can be realized in pyrochlore iridates, see Refs. [5, 6, 7]

symmetry breaking phase transition from the normal liquid^3He to^3He-A; c_{⊥0} is its equilibrium value. One may say that gravity appears as a result of the broken symmetry. The grand canonical energy which governs this transition represents the analogue of Ginzburg-Landau energy [8]:

ρ_{vac} = λ √ −g^{(0)} √ −g^{(0)} √ −g ln √ −g^{(0)} √ −g − √ −g^{(0)} √ −g + 1 , λ = Δ^4_0 6π^2h̄^3

, (2)

where Δ_0 is an analogue of the Planck energy. Close to equilibrium this vacuum energy density is quadratic in deviation from equilibrium:

ρ_{vac} ≈ λ 2 √ −g^{(0)} (√ −g − √ −g^{(0)}

)_2

. (3)

This demonstrates that in equilibrium, when g^{μν} = g^{(0)μν} , both the proper vacuum energy ρ_{vac} and the cosmological term T^Λ_{μν} = (2/ √ −g)∂ρ_{vac}/∂g^{μν} are nullified. Nullification of ρ_{vac} is the consequence of the fact that^3He-A belongs to the class of self-sustained systems, which adjust themselves to external conditions, so that its grand canonical energy is automatically nullified in the absence of environment. The nullification of the cosmological term T^Λ_{μν} in equilibrium is a more general phenomenon. It is applicable not only to the self-sustained systems but also to the non-self-sustained systems such as weakly interacting Bose-Einstein condensate discussed in [1]. The nullification of the cosmological term T^Λ_{μν} is the consequence of thermodynamic stability of the system.

3 Cosmological constant and massive gravitons

Deviation of the vacuum energy in the bi-metric theory from the standard form Λ √ −g does not allow us to unambiguously define the cosmological constant. Nevertheless, the natural choice could be to use for the cosmological constant the parameter λ in Eq.(2), Λ = λ. This is the energy of the false vacuum state, which existed before the phase transition to the equilibrium state with emerging gravity. The false vacuum has c_⊥ = 0, 1/ √ −g = 0, and thus ρ_{vac}(false vacuum) = λ √ −g^{(0)} . (4)

Eq.(2) is the vacuum energy in^3He-A as a function of √ −g only. Let us consider the energy as function of metric elements g^{11}, g^{22} and g^{12}, which are induced in^3He. Introducing

η_1 = δg^{11} − δg^{22} 2c^2_{⊥0}

, η_2 = δg^{12} c^2_{⊥0}

, η_3 = δg^{11} + δg^{22} 2c^2_{⊥0}

, (5)

one obtains [9]:

ρ_{vac} = 1 2 λ √ −g^{(0)} ( η^2_3 + 1 2 (η^2_1 + η^2 ) ) . (6)

For g^{11} = g^{22} and g^{12} = 0 this transforms to Eq.(3).

This energy (6) determines masses of gravitons – propagating perturbations of the effective metric. Gravitons propagating along the anisotropy axis with spin S = 2 are described by perturbations δg_{11} − δg_{22} and δg_{12}. In addition there is graviton with spin S = 0, which is described by δg_{11} + δg_{22}. From Eq.(6) it follows that masses of gravitons obey the ratio ζ = m^2_{S=0} m^2_{S=2}

= 2 . (7)

In relativistic theory, such as that in the next Sec. 4, the mass of graviton is determined by the product of the cosmological constant and the Newton constant, m^2 ∼ Gλ. In^3He-A, the Newton constant is not well defined, because the terms which describe gravity are not combined into a single Einstein action, and that is why they have different “Newton constants” on order of Planck scale, G ∼ Δ^{−2}_0 [8, 10]. In the graviton sector this gives m^2_{S=0} = (8/3)Δ^2_0 and m^2_{S=2} = (4/3)Δ^2_0.

4 Bi-metric relativistic theory of gravity

Let us compare the bi-metric theory emerging in^3He-A with the relativistic bi-metric theory – the so-called relativistic theory of gravity (RTG) discussed in Ref. [11]. In RTG the Λ term is modified in the following way:

ρ_{vac} = Λ (1 2 √ −gg^{(0)}_{μν} g^{μν} − √ −g − √ −g^{(0)} ) = (8) Λ (√ −g − √ −g^{(0)} + 1 2 √ −g(g^{μν} − g^{(0)μν} )g^{(0)}_{μν} ) , (9) where g^{(0)}_{μν} is the Minkowski background metric. In the Minkowski vacuum, i.e. for g_{μν} = g^{(0)}_{μν} , which is an analogue of the equilibrium vacuum in^3He-A, the vacuum energy is zero. The cosmological term 2 √ −g ∂ρ_{vac} ∂g^{μν} = Λ (( g_{μν} − g^{(0)}_{μν} ) + 1 2 g_{μν} g^{(0)}_{αβ} ( g^{αβ} − g^{(0)αβ} )) , (10)

is also zero in the Minkowski vacuum, while the cosmological constant Λ is nonzero and is on the order of Planck scale. All this is very similar to what happens in^3He-A. One can write the^3He-A energy in Eq.(6) in a manner similar to RTG, as expansion of the following expression: λ 2 (√ −g − √ −g^{(0)} + 1 2 √ −g^{(0)}(g^{μν} − g^{(0)μν} )g^{(0)}_{μν} ) . (11)

The only difference from the RTG in Eq.(9) is √ −g^{(0)} instead of √ −g in the third term. This difference is responsible for the graviton mass ratio ζ = 2 in Eq. (7) in^3He-A. The bi-metric gravity with arbitrary ζ can be found in [12].

5 Grand canonical vacuum energy and cosmological constant

Using their example of effective gravity in BEC, the authors of Ref. [1] state that “it is conceivable that the very notion of cosmological constant as a form of energy intrinsic to the vacuum is ultimately misleading”. From our point of view this conclusion is based on the example, where the effective gravity is very far from GR or from bi-metric theory of gravity. In our example, gravity in^3He-A is close to bi-metric gravity. Though this gravity emerges on the non-relativistic background, some terms in the effective action for gravity are similar to that in bi-metric gravity, which allows us to identify the analogue of cosmological constant. One can see the connection arising between the cosmological constant and properly defined vacuum energy. The cosmological constant appears to be equal to the difference in energy densities of the vacuum states with and without gravity. In other words the cosmological constant coincides with that part of the vacuum energy, which comes from the degrees of freedom responsible for the emergence of the effective lowenergy space-time and thus for the effective gravity.

Another example is provided by the q-theory – the phenomenological theory of the quantum vacuum [13, 14, 15]. In this theory the quantity q is the Lorentz invariant variable, which describes the vacuum. At first glance, the connection between the cosmological constant Λ and vacuum energy is lost in the q theory: the cosmological constant is not equal to the vacuum energy ϵ(q) of the field q. But it coincides with the analog of the grand canonical energy of the field, Λ = ρ_{vac}(q) = ϵ(q) − qdϵ/dq: from thermodynamic analysis and from the dynamic equations of the q-theory it follows that it is this energy which is gravitating, rather than ϵ(q). The cosmology in the q-theory is the process of the relaxation of the Universe towards the equilibrium vacuum state. The vacuum energy density ρ_{vac} has initially a Planck-scale value, which corresponds to the^3He false vacuum state without gravity. In the process of relaxation, ρ_{vac} drops to zero value in the final equilibrium vacuum, while the energy ϵ(q) is still of the Planck scale value. This property of the final state of the Universe is similar to the property of equilibrium^3He-A.^2

6 Conclusion

In conclusion, the notion of cosmological constant as a form of energy intrinsic to the vacuum is not misleading. The closer is the emergent gravity to GR the better is the connection between these two notions. The nonrelativistic^3He-A and relativistic q-theory teach us that the cosmological constant is related to the grand canonical energy of the vacuum, which is relevant for thermodynamics. The grand canonical energy is the proper vacuum energy, which excludes the irrelevant contributions of high-energy degrees of freedom from the cosmological constant. Gravity emerging in nonrelativistic 3He-A is the bi-metric gravity, where the cosmological term is complicated

2A small remnant cosmological constant in our Universe may result from the lack of the negative mass-effect contribution in the neutrino sector of the quantum vacuum still not having reached their equilibrium state [15]. Incidentally, the phase transitions in the neutrino sector of the quantum vacuum may lead to the spontaneous breaking of the Lorentz symmetry for neutrinos [16], which is now discussed [17, 18, 19] in relation to the OPERA experiments [20].

and the notion of the cosmological constant is ambiguous. Nevertheless the parameter λ, which enters the cosmological term in Eq.(2) and which can be considered as the cosmological constant, has a definite relation to the vacuum energy. It is the difference in the proper energy of the vacuum in two states: the nonequilibrium state without gravity and the equilibrium state in which gravity emerges. This difference is of the Planck energy scale, which however does not provide the problem for cosmology: the cosmological term vanishes in equilibrium vacuum, and thus the final state of the Universe is not gravitating.

I thank Gil Jannes for discussion. This work is supported in part by the Academy of Finland and its COE program 2006–2011.

References

[1] S. Finazzi, S. Liberati and L. Sindoni, The cosmological constant: a lesson from Bose-Einstein condensates, arXiv:1103.4841 (see also Ref. [2]).

[2] L. Sindoni, Emergent models for gravity: an overview, arXiv:1110.0686.

[3] A.A. Abrikosov and S.D. Beneslavskii, Possible existence of substances intermediate between metals and dielectrics, Sov. Phys. JETP 32, 699 (1971).

[4] A.A. Abrikosov, Quantum magnetoresistance, Phys. Rev. B 58, 2788 (1998).

[5] Xiangang Wan, A.M. Turner, A. Vishwanath and S.Y. Savrasov, Topological semimetal and Fermi-arc surface states in the electronic structure of pyrochlore iridates, Phys. Rev. B 83, 205101 (2011).

[6] A.A. Burkov and L. Balents, Weyl semimetal in a topological insulator multilayer, Phys. Rev. Lett. 107, 127205 (2011); arXiv:1105.5138.

[7] Vivek Aji, Adler-Bell-Jackiw anomaly in Weyl semi-metals: Application to Pyrochlore Iridates, arXiv:1108.4426.

[8] G.E. Volovik, The Universe in a Helium Droplet, Clarendon Press, Oxford (2003).

[9] G.E. Volovik, Analog of gravity in superfluid^3He-A, JETP Lett. 44, 498–501 (1986).

[10] G.E. Volovik, Gravity of monopole and string and gravitational constant in^3He-A, JETP Lett. 67, 698 - 704 (1998); cond-mat/9804078.

[11] A. A. Logunov, M. A. Mestvirishvili, Relativistic theory of gravitation and the graviton rest mass, Teoret. Mat. Fiz. 65, 3–15 (1985); Theoretical and Mathematical Physics 65, 971–979 (1985).

[12] S.V. Babak and L.P. Grishchuk, Finite-range gravity and its role in gravitational waves, black holes and cosmology, Int. J. Mod. Phys. D12, 1905–1960 (2003).

[13] F.R. Klinkhamer and G.E. Volovik, Self-tuning vacuum variable and cosmological constant, Phys. Rev. D 77, 085015 (2008).

[14] F.R. Klinkhamer and G.E. Volovik, Dynamic vacuum variable and equilibrium approach in cosmology, Phys. Rev. D 78, 063528 (2008).

[15] F.R. Klinkhamer and G.E.Volovik, Dynamics of the quantum vacuum:

Cosmology as relaxation to the equilibrium state, J. Phys. Conf. Ser. 314, 012004 (2011); arXiv:1102.3152.

[16] F.R. Klinkhamer and G.E. Volovik, Emergent CPT violation from the splitting of Fermi points, Int. J. Mod. Phys. A 20, 2795 (2005), arXiv:hep-th/0403037.

[17] F.R. Klinkhamer, OPREA’s superluminal muon-neutrino velocity and a Fermi-point-splitting model of Lorentz violation, Pis’ma ZhETF 94, 731–733 (2011); arXiv:1109.5671.

[18] F.R. Klinkhamer and G.E.Volovik, Superluminal neutrino and spontaneous breaking of Lorentz invariance, Pis’ma ZhETF 94, 731–733 (2011); JETP Lett. 94, 673 (2011); arXiv:1109.6624.

[19] F.R. Klinkhamer, Superluminal neutrino, flavor, and relativity, arXiv:1110.2146.

[20] T. Adam et al. [OPERA Collaboration], Measurement of the neutrino velocity with the OPERA detector in the CNGS beam, arXiv:1109.4897v1.