arXiv:0912.2733v2 [hep-th] 22 Jun 2010

Cosmological constant is probably adjustable in brane worlds

Jihn E. Kim Department of Physics and Astronomy and Center for Theoretical Physics, Seoul National University, Seoul 151-747, Korea

In the brane world scenario, possessing the self-tuning property of the cosmological constant, we study the probability amplitude for an initial state of the Universe to transform to final states with some curvatures. In the Kim, Kyae and Lee model, there exists a finite range of parameters such that the transition amplitude to a near flat universe is exponentially dominated by the smallness of curvature, ≳ e^{positive number/ Λ2} , i.e. is dominated by an almost flat universe of |Λ| < ϵ.

PACS numbers: 98.80.Es, 04.50.-h, 11.25.Wx, 04.20.Ex Keywords: Cosmological constant, Self-tuning solution, Brane world

I. MOTIVATION AND STRATEGY

There are three cases where the cosmological constant(CC) appears explicitly in the evolution of the Universe. The most well-known problem is the fine-tuning problem of the present CC [1]. The second case is a huge CC, Λ_{infl}, needed in inflationary models [2]. Λ_{infl} here is somewhat below the Planck scale Λ_{infl} < (10^{−6}M_P )^2, or V_{vac} < (10^{−3}M_P )^4 in terms of the vacuum energy. The third CC problem is to understand why the current vacuum energy, observed in 1998, is so tiny at the order of (2 × 10^{−3}eV)^4 [3]. Among these, the most difficult CC problem is the first one, the fine-tuning problem of V_{vac} compared to the energy scale in consideration.

In quantum theory, paths of a field configuration are integrated over to obtain the transition amplitude from an initial state to a final state. At present, there does not exists a well defined field theory of quantum gravity. Nevertheless, (in the hope of finding a hint) one may guess that from the path integral approach some gravity effects can be attainable, in particular for obtaining the classical terms. This may be justified for situations where the relevant scale of physics is far below the reduced Planck mass M_P = 2.44 × 10^{18} GeV. For the vacuum transition amplitude, it has been argued that this truncation to classical terms might be useful [4]. With this philosophy, Baum and Hawking used the Euclidian action for the probability amplitude from an initial state |I⟩ to a final state |Λ_f ⟩ [4], ⟨Λ_f |I⟩ ∝ ∫ d[g] e^{−IE [g]} (1) where the Euclidian action I_E is calculated with the wave function specified by the metric g and the initial state |I⟩.

In 4 dimensions(4D), the CC is a fixed parameter and we can infer naively that e^{−IE [g]} diverges for a small Λ as e^{(positive constant)/ Λ}, leading to the probability amplitude dominated by a large positive exponent for Λ = 0^+ [4]. The detailed reason for (positive constant)/ Λ in the exponent in the Euclidian space comes from the Euclidian action −I_E = ∫ d^4x_E (^1_2 R_E − V_0) where V_0 is the vacuum energy. The Einstein equation relates the curvature Λ to the vacuum energy, Λ = V_0. In the maximally symmetric space, the Einstein tensor is simply related to the curvature by R_{μν} = Λg_{μν} , R_E = 4Λ and hence 1 2 R − V_0 = Λ. So, we notice that the contribution to the Euclidian space integral from^1_2 R_E for the de Sitter (dS) space case is positive, dominating the negative contribution of the particle physics contribution, −V_0. Hawking used this fact to state, “Cosmological constant is probably zero.”

However, one should notice that this argument of choosing Λ = 0^+ is based on the fact that the Euclidian space action −I_E is dominated by one negative power of Λ as 1/ Λ. If it is dominated by two negative powers of Λ as 1/ Λ^2, which is not unreasonable in self-tuning models, the argument changes completely to the case that Λ = 0 is approached from the Anti-dS(AdS) space side. In fact, we will show in this paper that this behavior is happening in the self-tuning model of Kim, Kyae and Lee(KKL) [5, 6].

It is well known that in 4D the first CC problem is a fine-tuning problem and it does not have a solution [1]. Furthermore, one needs a large vacuum energy for inflation in the very early universe, exiting to a final state with a negligible vacuum energy. To understand the first CC problem, therefore, one may go beyond 4D with extra space dimensions. For example, with one extra space added, i.e. in 5D, the amplitude ⟨Λ_f |I⟩ may not be proportional to a delta function and then one can literally talk about the probability of transition from |I⟩ to |Λ_f ⟩. This has been a reason for the renewed CC study in 5D at the turn of the century [5–9], under the name of selftuning solutions. In a typical Randall-Sundrum model of type II (RS-II) [10], the 5D bulk CC Λ_b must be finetuned to a certain value of the brane tension Λ_1. This requires a fine-tuning and does not lead to a solution even in 5D [8, 9]. The only existing self-tuning model in 5D is the one presented in Ref. [5]. Here, we do not worry about how such a KKL term, starting from a fundamental Lagrangian, can be written below the 5D fundamental scale scale.^1 We try to investigate just the effect of the self-tuning property of some theory.

1 At the field theory level, one may try to obtain an effective theory

FIG. 1. The region |Λ1| < √ −6Λ_b allows a finite range of parameters for the 4D flat space.

The self-tuning model of Ref. [5] shows a certain nice behavior. The flat solution is possible for some finite range of the brane tension Λ_1 compared to the 5D AdS bulk cosmological constant Λ_b [12]. This situation is depicted in Fig. 1. If the brane tension Λ_1 is in the red color region of Fig. 1, only the dS space solution is allowed. The brane tension Λ_1 is determined by dynamics of the observable sector at the brane. So, this can be used as a model for inflation at the brane. Then, the inflationary phenomenology is described by physics at the brane.

The exit from the inflationary period always accompanies a huge change of the vacuum energy. So, after the inflation Λ_1 changes drastically to be placed in the green region of Fig. 1 where dS, flat and AdS solutions are possible. In this paper, we will begin physics from a new Λ_1 placed in the green region of Fig. 1, and then estimate the transition amplitude to flat, dS and AdS solutions. This setup does not have any ambiguity for the initial state condition after inflation. We choose it to be the eigenstate of the Hamiltonian, |Λ_1⟩, in the green region.

So, our strategy to solve all CC problems is using a self-tuning solution containing a flat-space-forbidden region. At present, we are not sure about that this property survives in all self-tuning models. The first CC problem is solved just by showing a diverging probability of (1) in the flat-space-allowed region, which is our main calculation in this paper. The second CC problem is solved just by assuming the Universe starting from a flat-space-forbidden region in self-tuning models. The third CC problem is attributed to a small difference of the potential energy in the brane as done in Ref. [13], which is not repeated in this paper.

from a fundamental Lagrangian along the line of Wilson and Weinberg [11]. At present, we are far from adopting this strategy.

II. EIGENSTATES OF THE UNIVERSE

In the one-brane world scenario with a Z_2 symmetry, we assume that there exists the brane tension Λ_1 at the y = 0 brane and the bulk (y ≠ 0) cosmological constant Λ_b as in the RS-II model [10]. There exists a Z_2 symmetry: y → −y. In addition, we assume that there exist(s) additional fields such that self-tuning solutions are possible as done in terms of three index antisymmetric tensor gauge field A_{MNP} and its field strength H_{MNP Q} in [5, 6]. For a given Λ_1, it is possible to have multiple solutions. For simplicity of discussion, we restrict to the maximally symmetric spaces of flat, dS, and AdS solutions. In quantum mechanics, our initial state vector is,

|I⟩ = |Λ_1⟩. (2)

The bulk cosmological constant Λ_b is a God-given number in the theory and is not a changeable parameter. However, Λ_1 is treated as a changeable parameter due to physics at the y = 0 brane. A sudden change of Λ_1 at the brane is a new state chosen by a filtering process in quantum mechanics. We assume that the complete set of maximally symmetric states in the bulk of the Universe covers flat, dS and AdS states

|g_{MN} , bulk fields⟩ = |Λ, h⟩ (3)

where h denotes integration constants in the bulk in selftuning models and the 4D curvature Λ is assumed to be independent of y. Consider an initial state |Λ_1⟩. It is immediately related to a nearby bulk state which we again call |Λ_1⟩. Technically, this corresponds to the boundary conditions of the bulk field values at y = 0^+. This properly-connected bulk state corresponds to the brane with the tension Λ_1. This boundary condition does not choose the curvature Λ uniquely, and here we talk about the probability amplitude to choose a Λ. Namely, we are interested in the probability amplitude C(Λ, h_i) obtaining a Λ universe, starting from the brane tension Λ_1,

|Λ_1⟩ = ∫ [dh] ∫ [dΛ]C(Λ, h)|Λ, h⟩ (4) where

C(Λ, h) = ⟨Λ, h|Λ_1⟩. (5)

The probability amplitude is the form given in Eq. (1), and the relevant factor is ∫ [dΨ][dΛ][dh]C(Λ, h) ∝ ∫ [dΨ][dΛ][dh] e^{−IE [Ψ,Λ,h]} (6) where Ψ is the warp factor introduced in the metric.

III. SOLUTIONS OF THE SELF-TUNING KKL MODEL

To show some effect of self-tuning models in the CC problem, we take up the known example [5] whose key points are summarized below. In the 5D Euclidian space with one 3-brane at y = 0, the KKL model with the three index antisymmetric-tensor gauge field A_{MNP} is given by [5, 6], −I_E = ∫ d^5x_E √g_{(5)} ( 1 2 R_{(5)} −

2 · 4! H^2

− Λ_b − Λ_1δ(y) )

= ∫ dy ∫ d^4x_E { − Ψ^4Λ_1δ(y) + 1 2 RΨ^2

+ 4Ψ^3Ψ^{′′} + 6Ψ^2(Ψ^′)^2 +

2 · 4!Ψ^4 H^2

− Ψ^4Λ_b } (7) where the 5-dimensional fundamental scale M is set to 1, H_{MNP Q} is the field strength of A_{MNP} ,^′ denotes the derivative with respect to y and the metric is given by ds^2_E = Ψ^2(y)g_{μν} dx^μ_E dx^ν_E + dy^2. (8) The solution satisfying the field equation and the Bianchi identity has been given in [5, 6] for H_{μνρσ} = √ g ϵ^{(E)}μνρσ n(y) , H_{5νρσ} = 0, ϵ^{(E)}_{0123} = ϵ^{0123}_{(E)} = 1 (9)

with n(y) = h^{−1} √ g = h^{−1}Ψ^4(y), where the Greek indices μ, ν, · · · run over the 4D space. Then, H^2 given by g^{AM} g^{BN} g^{CP} g^{DQ}H_{ABCD}H_{MNP Q} becomes H^2 = 4!Ψ^{−8}h and hence 1/H^2 = Ψ^8/(4!h), where h is the integration constant (with h > 0) determined by the solution of the differential equations with appropriate boundary conditions. Two relevant bulk Einstein equations are [6] − 3 Λ Ψ^2 + 3 ( Ψ^′ Ψ )_2 + 3 Ψ^{′′} Ψ = −Λ_b − 2 · 4! ( 3 H^2 )

− 6 Ψ^2

Λ + 6 ( Ψ^′ Ψ )_2

= −Λ_b − 2 · 4! ( 1 H^2 ) . (10)

Or, keeping the brane Λ_1 term also, we have 1 4 Y^{′′} = 3Λ √ Y + 2m^2k^2 3 Y − 8 3h Y^3 −

Λ_1 3 δ(y)Y (11)

plus one of (10), where Y = Ψ^4, Λ_b = −m^2k^2. From Eq. (11), we find that Ψ(0^+) at y = 0^+ becomes

Ψ^′(0^+) = −

Λ_1 6 A, A = Ψ(0^+). (12)

From the flat-space solution [5], Y of the form Y = A[sech(ky + c_0) + c(y)] can be tried for the nearby dS and AdS solutions

Ak^2sech − 2Ak^2sech^3 + Ac^{′′} = 12 Λ √ Y + A 8m^2k^2 3 sech − 32A^3 3h (sech^3 + 3sech^2c + 3sechc^2 + c^3) (13) where the argument of sech is (ky + c_0). So, for the flat, dS, and AdS cases, we determine

m^2 = 3 8 , 16A^2 3h = k^2. (14)

IV. THE PROBABILITY AMPLITUDE

In calculating the probability amplitude in 4D with H_{μνρσ} , there have been some arguments which value of the H^2 term must be used in the action integral. For example, with the Λ and R terms, Duff shows that substituting an ansatz into an action and varying that action does not yield the same result as substituting an ansatz into the equation of motion [14]. To obtain the same result, Duff considers a surface term ϵ^{μνρσ} H_{μνρσ} [15], which does not change the equation of motion. If a surface term value is added under Duff’s condition, he shows that it amounts to changing the sign of H^2 term in the action integral [14] and concluded that the probability amplitude for Λ = 0 is least probable with H_{μνρσ} . Recently, however, Wu obtained the opposite result from that of Duff [16]. This example shows that we need a care when surface terms are considered.

In our case also, we may consider a surface term (due to x-independent Ψ^8/H^2), in the language of the first order formalism of Ref. [15], −I_E ⊃ ∫ dy ∫ d^4x_E { ρ 2Ψ^8 H^2 ϵ^{μνρσ} H_{μνρσ} − Ψ^4 2 ρ^2 } , and so we need a care. When a surface term is considered, it involves instanton solutions and hence the vacuum structure must be properly defined as done in QCD. In our case at hand, we must consider an φ-vacua, similar to the θ-vacua of QCD. For the simplicity of the algebra, we show the φ-vacuum with the H^2 term. [For 1/H^2 term, the argument goes in parallel.]

For two antisymmetric indices from μ, ν, ρ, and σ, there are six (_4C_2 = 6) independent second rank antisymmetric gauge functions, for which A_{μνρ} transforms as A_{μνρ} → A_{μνρ} − ∂_μΛ_{νρ} − ∂_ν Λ_{ρμ} − ∂_ρΛ_{μν} . (15) The gauge symmetry of the instanton solution is given by any six directions of Λ_{μν} , three for the instanton (Λ_{ij} ) and three for the anti-instanton (Λ_{0i}) and the instanton action is ∫ d^5x∂_y ϵ^{μνρσ} H_{μνρσ} . Namely, there exist maps of S_3 → S_3. (16)

For the surface term ∫ d^4xH_{μνρσ} to be finite, H_{μνρσ} should tend to r^{−4} for a large r. In the bulk, it arises from a 2D curl in 5D, ∫ dydx^0 ⃗∇ × ⃗A = ∫ d⃗s · ⃗A = ∫ dydx^0[∂_yA_0 − ∂_0A_5] = ∫ dydx^0∂_yA_0 = ∫ dx^0A_0 = ∫ d^4xH_{μνρσ} (17) where

A_0 = ∫ d^3x ∂_0A_{ijk} = ∫ d^3x H_{μνρσ} A_5 = ∫ d^3x ∂_5A_{ijk} = ∫ d^3x H_{5ijk} (18)

So a gauge invariant instanton of size ρ located at x = x_0 takes the form A_{αβγ} ∝ ϵ_{αβγμ}x^μ (r^2 + ρ^2)^2

, r = |x − x_0| (19)

so that A_{μνρ} is proportional to r^{−3}, and H_{μνρσ} is proportional to r^{−4}. The gauge symmetry of the instanton solution is given by any six directions of Λ_{μν} , three for the instanton (Λ_{ij} ) and three for the anti-instanton (Λ_{0i}) and the instanton action is ∫ d^5x∂_yϵ^{μνρσ} H_{μνρσ} . In non- abelian gauge theories, there are many possible gauge configurations such that the irreducible instanton solution give many possible integers for the Pontryagin index. On the other hand, in our case at hand H_{μνρσ} instanton gives only ±1 for the Pontryagin index.

Now, let us construct a gauge invariant φ-vacuum,

|φ⟩ = +∞∑ n=−∞ |n⟩e^{inφ} (20)

In the φ-vacuum let us integrate out the H^2 field first. Then, what Duff chose is equivalent to φ = π and what Wu chose is equivalent to φ = 0. As in the θ-vacuum of QCD, any value of φ is a possibility.

As commented above, this φ-vacuum can be defined also with the 1/H^2 term. We calculate the action integral for φ = 0 [with the original sign of the 1/H^2 term] and π [with the sign of the 1/H^2 term flipped]. For any other values of φ, the value of the action integral is between them.

In the maximally symmetric space with a constant Λ, the Euclidian Ricci scalar is R = 4Λ, and hence we consider the quantity in the curly bracket of Eq. (7), neglecting the surface term but with the plus and minus signs of the 1/H^2 term, as 2ΛΨ^2 + 4Ψ^3Ψ^{′′} + 6Ψ^2(Ψ^′)^2 − Ψ^4Λ_b ±2^{4!}_{H2} −^{Λ1}_2 δ(y), which is integrated over the 4D Euclidian space, from 0 to a_{max}, and then over the warped 5th space, from 0 to d_m. a is the length parameter in the maximally symmetric 4D space, a^2 ∝ 1/|Λ|, d_m is the y-space size. The integration region in the 4D space is up to a_{max} where a_{max} = aξ_{max} with ξ_{max} = 1 and ∞ for the dS and AdS spaces, respectively. For the flat space, the curvature part of the 4D integral is 0 but we keep the particle physics part as if it has a finite Λ, perform the y integration, and finally take the limit Λ → 0. The 4-dimensional dS (flat) volume is 2π^2a^4_{dS} with the metric ds^2 = a^2_{dS}[dr^2/(1 − kr^2) + r^2dΩ^2_3] with k = 1(0). The 4- dimensional AdS volume diverges for whatever value of |Λ|, but we take out the scale factor a^4_{AdS} to compare the results of integration for different |Λ|’s. To compare the results for different Λ’s in the AdS, we Weyl-transform the metric to ds^2 = a^2_{AdS}f^2(η)(dη^2+η^2dΩ^2_3) where f(η) = r/η = 2/(1 − η^2). Then, the 4D AdS volume is regularized, as shown in Appendix, to (12π/|Λ|)^2Γ(−3)/Γ(−1) where a^4_{AdS} ∝ 1/|Λ|^2. Therefore, performing the action

FIG. 2. The Euclidian space action in the KKL model with an exaggerated dS part.

integral over 2 ∫_{dm} 0 dy ∫_a2_{max} 0 π^2r^2dr^2, we obtain

−I_E ∝ M^4_P a^4_{dS} × O(ky_H ), dS M^4_P a^4_{dS} × O(∞) × O(^k_{|Λ|1/2} ), flat M^4_P a^4_{AdS} × O(∞) × O(ky_P ), AdS

(21)

where the last factor denotes the result of the y integration. All expressions are proportional to M^4_P / Λ^2. In the KKL model, y_H is the horizon distance in the 5th direction and y_P is the first y value where Ψ^′ = 0 [5]. The y integration can give a positive or a negative result, depending on the value of Λ_1.

To have a positive result, including the brane tension contribution, the following condition must be satisfied

tanh(c_0)sech^2(c_0) ≤ k 3 F (c_0/k, d_m) (22)

where F (c_0/k, d_m) is the result of the integration. If the condition (22) is not satisfied, Λ = 0 would be least probable. In the integral, the following one is the dominant contribution to the 1/ Λ^2 term, F (c_0/k, d_m) ≃ ∫_{dm} 0 dy ( 14 8 sech ± 22 8 sech^3 ) (23)

where ± corresponds to φ = π, 0, respectively, and the arguments of sech is (ky + c_0). c_0 is the argument at y = 0. The integral is a function G(y), and F is G(d_m)−G(0) which can be made positive. Here, G(∞) has a simple expression, 14 8k sin^{−1}(tanh) + 22 8 1 2k sinh sech^2 + 22 8 1 2k tan^{−1}(sinh)

which is^9_{2k}^π_2 and^3_{8k}^π_2 , respectively, for φ = π and 0. With the inequality (22) satisfied, a schematic behavior of −I_E is shown in Fig. 2, with an exaggerated dS part.

We are interested in the parameter space where Eq. (22) is satisfied, where e^{−IE} behaves as e^{−IE} ∝ exp [ positive number

Λ^2 ] (24) from which we note:

• The exponential factor diverges at least as e^{|const.|/ Λ2} , which is equivalent to almost going to the flat space regime.

• The dominant contribution to the divergence is from the AdS vacuum energy Λ_b, and a somewhat smaller bulk matter(H_{MNP Q}) contribution has the same sign as that of the AdS energy contribution.

• Near Λ = 0, the AdS space is preferred. But, slightly outside Λ = 0, the dS solution is preferred.

V. CONCLUSION

We have shown that self-tuning models may solve two CC problems, one the fine-tuning problem and the other the huge inflationary vacuum energy problem. The solution of the fine-tuning problem needed an AdS bulk with an extra dimension(s) and an appropriate range of the brane tension, and the solution of the inflationary vacuum energy problem needed a solution region where the flat space is forbidden. Even though we used a specific example in deriving these features, they may survive in other self-tuning models.

ACKNOWLEDGMENTS

I thank J.-H. Huh, B. Kyae and P. Yi for useful discussions. This work is supported in part by the Korea Research Foundation, Grant No. KRF-2005-084-C00001.

Appendix: The AdS volume Here, we comment on our method of comparing the infinite volumes of the AdS spaces. The n-dimensional Euclidian space metric is given by

ds^2 = a^2 ( dr^2 1 − kr^2 + r^2dΩ^2_{n−1} )

= a^2f^2(η) ( dη^2 + η^2dΩ^2_{n−1} ) (25)

where k = 0, ±1 and in the second equation the Weyl transformation is used since it is simple because of the vanishing Weyl tensor in this space, dr √ 1 − kr^2 = f(η)dη, f(η) = r η . (26)

Now, let us specify to the AdS space of k = −1. Then, Eq. (26) is integrated to give ln η = − sinh^{−1}(1/r), or f(η) = r η = 2 1 − η^2

. (27)

The Ricci scalar for the metric g^′_{μν} = a^2f^2(η)g_{μν} is given by R^′ =a^{−2}f^{−2} { R − 2(n − 1)∇^2(ln f)

− (n − 1)(n − 2) ( f^′ f )_2 } . (28)

Noting that R^′_{μν} = Λg^′_{μν} or R^′ = nΛ, we have Λ = −(n − 1)/a^2 in the n-dimensional Euclidian AdS.

Using Eq. (26), the n-dimensional Euclidian AdS volume with the metric (25) is regularized to

V_{AdS}n = a^n ∫ d^nx ( 2 1 − η^2 )_n

= a^n ∫_1 0 dη η^{n−1}V_Sn−1 ( 2 1 − η^2 )_n

= (2a)^nV_Sn−1 1 2 ∫_1 0 dξ ξ^{n/2−1}(1 − ξ)^{−n} = 1 2 (2a)^nV_Sn−1 B(n/2, 1 − n) = 1 2 (2a)^n 2π^{n/2} Γ(n/2) Γ(n/2)Γ(1 − n)

Γ(1 − n/2) = ( 4(n − 1)π |Λ| )_{n/2} Γ(1 − n) Γ(1 − n/2) .

(29)

Eq. (29) factored out the diverging Gamma functions, and we can compare the Λ dependences. For n = 4, it diverges as 1/|Λ|^2 as Λ tends to zero.

[1] S. Weinberg, The cosmological constant problem, Rev.

Mod. Phys. 61 (1989) 1.

[2] A. Guth, The inflationary Universe: A possible solution to the horizon and flatness problems, Phys. Rev. D23, 347 (1981); A. D. Linde, A new inflationary Universe scenario: A possible solution of the horizon, flatness, homogeneity, isotropy and primordial monopole problems, Phys. Lett. B108 (1982) 389; A. Albrecht and P. J. Steinhardt, Cosmology for grand unified theories with radiatively induced symmetry breaking, Phys. Rev. Lett. 48 (1982) 1220.

[3] S. Perlmutter et al.(Supernova Cosmology Project), Measurements of Ω and Λ from 42 high redshift supernovae, Astrophys. J. 517 (1999) 565 [astro-ph/9812133][Spires]; A. G. Riess et al.(Supernova Search Team), Observational evidence from supernovae for an accelerating universe and a cosmological constant, Astron. J. 116, 1009 (1998) [astro-ph/9805201][Spires].

[4] E. Baum, Zero cosmological constant from minimum action, Phys. Lett. B133 (1983) 185; S. W. Hawking, The cosmological constant is probably zero, Phys. Lett. B134 (1984) 403.

[5] J. E. Kim, B. Kyae and H. M. Lee, Randall-Sundrum model for self-tuning the cosmological constant, Phys.

Rev. Lett. 86 (2001) 4223 [hepth/0011118][Spires]; Selftuning solution of the cosmological constant problem with antisymmetric tensor field, Nucl. Phys. B613 (2001) 306 [hep-th/0101027][Spires].

[6] K.-S. Choi, J. E. Kim and H. M. Lee, Dual description of brane world cosmological constant with HMNP Q, J. Kor. Phys. Soc. 40 (2002) 207 [hep-ph/0201055][Spires]; J. E. Kim and H. M. Lee, More selftuning solutions with HMNP Q, J. High Energy Phys. 09 (2002) 052 [hep-th/0207260][Spires].

[7] N. Arkani-Hamed, S. Dimopoulos, N. Kaloper, and R. Sundrum, A small cosmological constant from a large extra dimension, Phys. Lett. B480 (2000) 193 [hep-th/0001197][Spires]; S. Kachru, M. Schulz, and E. Silverstein, Selftuning flat domain walls in 5-D gravity and string theory, Phys. Rev. D62, 045021 (2000) [hep-th/0001206][Spires].

[8] S. Forste, Z. Lalak, S. Lavignac, and H. P. Nilles, A comment on selftuning and vanishing cosmological constant in the brane world, Phys. Lett. B481 (2000) 360 [hep-th/0002164]; The cosmological constant problem from a brane world perspective, J. High Energy Phys. 09 (2000) 034 [hep-th/0006139].

[9] C. Csaki, J. Erlich, C. Grojean, and T. J. Hollowood, General properties of the selftuning domain wall approach to the cosmological constant problem, Nucl. Phys. B584 (2000) 359 [hep-th/0004133][Spires].

[10] L. Randall and R. Sundrum, An alternative to compactification, Phys. Rev. Lett. 83 (1999) 3370 [hep-th/9906064][Spires].

[11] K. G. Wilson, Rev. Mod. Phys. 47 (1975) 773; S. Weinberg, Physica A96, 327 (1979). For a recent review, see, S. Weinberg, arXiv:0908.1964.

[12] J. E. Kim, Inflation with blowing up solution of cosmological constant problem, J. High Energy Phys. 01 (2003) 042 [hep-th/0210117][Spires].

[13] J. E. Kim and H. P. Nilles, A quintessential axion, Phys. Lett. B553 (2003) 1 [hep-ph/0210402][Spires]; Axionic dark energy and a composite QCD axion, J. Cos. Astropart. Phys. 0905 (2009) 010 [arXiv: 0902.3610][Spires].

[14] M. J. Duff, The cosmological constant is possibly zero, but the proof is probably wrong, Phys. Lett. B226 (1989) 36. [15] A. Aurilia, H. Nicolai and P. K. Townsend, Hidden constants: The theta parameter of QCD and the cosmological constant of N = 8 supergravity, Nucl. Phys. B176 (1980) 509.

[16] Z. C. Wu, The cosmological constant is possibly zero, and the proof is possibly right, Phys. Lett. B659 (2008) 891.