arXiv:hep-ph/0005182 v2 14 Dec 2000

UT-894 May, 2000

Quintessential Vanishing of the Cosmological Constant

Izawa K.-I.

Department of Physics and RESCEU, University of Tokyo, Tokyo 113-0033, Japan

Abstract We consider an effective field theory description of gravity coupled to a scalar field with volume-preserving diffeomorphism and Weyl invariances. The smallness of the cosmological constant is achieved when the potential of the scalar is extremely flat. This implies a possible relationship between the smallness and the quintessential sector of the cosmological constant.

The smallness of the cosmological constant poses a severe problem [1, 2] on our natural understanding of an effective field theory description of the universe. The problem is twofold: One is the apparent absence or cancellation of the contributions from the standard model dynamics including gravity to the vacuum energy. The other is the small (vanishing or tiny nonvanishing) value of the cosmological constant itself.

The former implies that we need another compensating sector whose contribution to the vacuum energy is a dominant one and controls the size of the net cosmological constant. The simplest candidate description of the additional sector is given by the interaction of a scalar field in four dimensions. If the dynamics of this scalar field by itself adjusted the value of the cosmological constant to (almost) zero, it would also resolve the latter half of the problem. Unfortunately, this turns out to be not the case generally in the ordinary Einstein gravity [1, 3].

If it is nonvanishing as recent observations might suggest [2], the size of the cosmological constant may be determined by a quintessential scalar field whose potential is extremely flat [2, 4]. In this paper, we investigate a possible relationship between the smallness and the quintessential sector of the cosmological constant. Concretely, we consider a scalar field in an alternative Einstein gravity [5] with the cosmological constant as an integration constant determined by an initial condition of the universe. This setup eliminates the former half of the problem. As for the latter half, it sheds new light on a possible solution to the problem and implies that the scalar may be quintessential, though we do not completely avoid fine tuning of the scalar interaction to achieve a tiny value of the cosmological constant in accordance with quintessential difficulty [6].

Let us introduce a symmetric tensor g_{μν} and a scalar ϕ in four-dimensional spacetime. We impose volume-preserving diffeomorphism and Weyl invariances to obtain the Lagrangian [5]. Weyl symmetry δW gμν = λgμν , δW ϕ = 0 (1) implies that the metric field comes in the Lagrangian solely in the combination

ḡ_{μν} = g�^{14} g_{μν} , (2) where g = � det g_{μν} . Invariance under volume-preserving diffeomorphism δV ḡμν = �ε^ρ∂ρḡμν � ḡμρ∂νε^ρ � ḡνρ∂με^ρ, δV ϕ = �ε^μ∂μϕ; ∂με^μ = 0 (3) can be achieved [7] in complete analogy to the case of full diffeomorphism invariance. The Lagrangian bears the same form as that in the ordinary Einstein gravity except for the field g_{μν} in the latter replaced by ḡ_{μν} in the former:

L =^1_2ḡ^{μν} ∂μϕ∂ν ϕ � V (ϕ) +^1_2 U(ϕ)^¯R. (4)

Here ḡ^{μν} denotes the inverse of ḡ_{μν} , R̄ is the scalar curvature corresponding to ḡ_{μν} , and we adopt the mass unit based on a fundamental scale (presumably around the Planck scale) in some fundamental theory, which yields the present effective field theory of gravity^1 in a portion of its moduli space parameterizing effective theories. The volume density (in particular, the apparent cosmological term) is absent from the expression since det ḡ_{μν} =

�1. Note that the functions V (ϕ) and U(ϕ) have independent meanings in the above

Lagrangian due to the Weyl symmetry. This is in sharp contrast to the case of the ordinary Einstein gravity, where the function corresponding to U(ϕ) may be brought to one by a metric redefinition through a ϕ-dependent Weyl transformation.

Let S[ḡ_{μν} , ϕ] be the corresponding action, whose equations of motion are obtained as δS δg_{μν} = g�^{14} ( δS δḡ_{μν} � 1 4 ḡ^{μν}ḡ_{ρσ} δS δḡ_{ρσ} ) = 0, δS δϕ = 0. (5)

On the other hand, we get an equation D̄_μ δS δḡ_{μν} = 0 (6)

with the aid of the second equation of motion and the Noether identity due to diffeomorphism invariance of the action S[g_{μν}, ϕ], where D̄_μ denotes the covariant derivative corresponding to ḡ_{μν} . Hence the first equation of motion yields D̄_μ( δS δḡ_{μν} � 1 4 ḡ^{μν}ḡ_{ρσ} δS δḡ_{ρσ} ) = �^1_4ḡ^{μν} ∂μ(ḡρσ^{δS}_{δḡρσ} ) = 0, (7)

which indicates that ḡ_{ρσ} δS δḡ_{ρσ} = 2Λ (8)

1Quantization as an effective field theory is straightforward in the present formulation [5].

is a constant independent of spacetime. Therefore we conclude that the equations of motion are given by δS δḡ_{μν} � 1 2 Λḡ^{μν} = 0, δS δϕ = 0, (9)

which are none other than those in the ordinary Einstein gravity with a partial gauge-fixing g = 1. This implies that the theory is equivalent to the ordinary Einstein gravity with the cosmological constant as an integration constant determined by an initial condition.^2 In particular, the background with a constant scalar field (after inflation) satisfies

U(ϕ)R̄ = V (ϕ) + Λ, 1 2 ∂U(ϕ) ∂ϕ R̄ = ∂V (ϕ) ∂ϕ . (10)

This indicates that an almost flat background metric is realized provided U0(ϕ) 6= 0 and V 0(ϕ)/U0(ϕ) is small enough, which implies that the potential V (ϕ) is quintessential. For a small V (ϕ) + Λ, we may have a stable vacuum with a small cosmological constant at a reasonable value of the field ϕ. If V (ϕ) + Λ were not small so that U(ϕ) should be too large to attain small R̄, the effective field theory description would break down.^3 Hence the present setup implies a tiny cosmological constant in its range of validity.

The vacuum energy V (ϕ) + Λ is determined by the initial condition of the universe. The quantum state of the universe may be a superposition of states with different values of Λ, and a ‘chaotic initial condition [9]’ for Λ is expected through decoherence. Then the classical patches in the universe realize various values of Λ, which contain a desirable small value of V (ϕ) + Λ described by the present effective field theory of gravity. On the other hand, a portion of the moduli space corresponding to large values of V (ϕ) + Λ in the fundamental theory would deserve other descriptions generically with other field contents, other spacetime dimensions and so forth. Thus the presented setup has chances to achieve an almost flat four-dimensional spacetime.

In this paper, we have utilized an alternative Einstein gravity with a cosmological constant as an integration constant. A similar setup may be realized in a higher-dimensional

2We may use the Weyl transformation to impose the unimodular condition g = 1 in the theory. Then the theory is classically reduced to the unimodular gravity [1, 8], which is known to have the features just mentioned.

3In the ordinary Einstein gravity, the vacuum energy is not expected to be small without fine tuning of couplings. Then U (ϕ), if present, is enforced to become large, which implies decoupling of gravity [1].

gravity with warped compactification [10]. Combined with a brane world scenario,^4 the four-dimensional metric induced on a brane from a bulk spacetime might have meanings independent of the field-dependent Weyl rescalings on the brane. Then the quintessential vanishing of the effective four-dimensional cosmological constant may work just as in the alternative Einstein gravity with a quintessential scalar field.

Acknowledgments

The author would like to thank Y. Nomura, T. Watari and T. Yanagida for valuable discussions.

4For investigations on the vanishing cosmological constant in brane world scenarios, see Ref.[11].

References

[1] For a review, S. Weinberg, Rev. Mod. Phys. 61 (1989) 1. [2] For a review, S.M. Carroll, astro-ph/0004075.

[3] V.A. Rubakov, Phys. Rev. D61 (2000) 061501, hep-ph/9911305;

A. Hebecker and C. Wetterich, hep-ph/0003287. [4] For a review, P. Binétruy, hep-ph/0005037.

[5] Izawa K.-I., Prog. Theor. Phys. 93 (1995) 615, hep-th/9410111. [6] C. Kolda and D.H. Lyth, Phys. Lett. B458 (1999) 197, hep-ph/9811375. [7] W. Buchmüller and N. Dragon, Phys. Lett. B207 (1988) 292. [8] J.J. van der Bij, H. van Dam, and Y.J. Ng, Physica 116A (1982) 307;

Y.J. Ng and H. van Dam, hep-th/9911102.

[9] A.D. Linde, Particle Physics and Inflationary Cosmology, (Harwood, 1990). [10] V.A. Rubakov and M.E. Shaposhnikov, Phys. Lett. B125 (1983) 139. [11] N. Arkani-Hamed, S. Dimopoulos and G. Dvali, Phys. Rev. D59 (1999) 086004, hepph/9807344;

R. Sundrum, Phys. Rev. D59 (1999) 085010, hep-ph/9807348;

M. Gogberashvili, hep-ph/9812296; Europhys. Lett. 49 (2000) 396, hep-ph/9812365; Mod. Phys. Lett. A14 (1999) 2025, hep-ph/9904383; hep-ph/9908347; L. Randall and R. Sundrum, Phys. Rev. Lett. 83 (1999) 3370, hep-ph/9905221; 4690, hep-th/9906064;

P.J. Steinhardt, Phys. Lett. B462 (1999) 41, hep-th/9907080; C. Csáki and Y. Shirman, Phys. Rev. D61 (2000) 024008, hep-th/9908186; A.E. Nelson, hep-th/9909001;

C.P. Burgess, R.C. Myers and F. Quevedo, hep-th/9911164; E. Verlinde and H. Verlinde, hep-th/9912018; C. Schmidhuber, hep-th/9912156;

N. Arkani-Hamed, S. Dimopoulos, N. Kaloper and R. Sundrum, Phys. Lett. B480 (2000) 193, hep-th/0001197;

S. Kachru, M. Schulz and E. Silverstein, hep-th/0001206; hep-th/0002121.