Received: June 29, 2000, Accepted: July 25, 2000

HYPER VERSION

Brane-world cosmology in higher derivative gravity or warped compactification in the next-to-leading order of AdS/CFT correspondence

Shin’ichi Nojiri

Department of Applied Physics, National Defence Academy Hashirimizu Yokosuka 239, JAPAN E-mail: nojiri@cc.nda.ac.jp

Sergei D. Odintsov^∗

Instituto de Fisica de la Universidad de Guanajuato Apdo.Postal E-143, 37150 Leon, Gto., MEXICO E-mail: odintsov@ifug5.ugto.mx, odintsov@mail.tomsknet.ru

Abstract: The general model of higher-derivative (HD) gravity is considered. The search of brane-world cosmology in such theory is presented when bulk is d5 AdS and boundary is spherical, hyperbolic or flat (single) brane. It is found the wide range of theory parameters where such cosmology may be realized. Special attention is paid to the version of HD theory representing SG dual of N = 2 Sp(N) SCFT (in next-to-leading order of large-N expansion). In particular, it is shown that inflationary brane Universe does not occur for SG dual while hyperbolic brane occurs (which was not possible in leading order). The quantum effects of CFT living on the brane (via the corresponding conformal anomaly induced effective action) may qualitatively change the results of classical analysis. There appears inflationary (or hyperbolic) brane Universe induced by only quantum effects. In AdS/CFT correspondence (next-to-leading order) the addition of such CFT effective action (in some energy region) is naturally explained in terms of holographic renormalization group. It results in the possibility of quantum creation of inflationary brane Universe (with small rate) even for SG dual.

Keywords: Superstrings and Heterotic Strings, D-branes, AdS-CFT Correspondance.

∗On leave from Tomsk Pedagogical University, 634041 Tomsk, RUSSIA

Contents

1. Introduction 1

2. Brane-world cosmology in HD gravity 3

3. Brane-worlds with account of brane quantum matter 13

4. Discussion 17

1. Introduction

In brane-world scenarios one lives on the boundary (observable Universe) where gravity is trapped [1]. Such brane is embedded in higher-dimensional bulk space. The investigation of cosmological aspects of brane-worlds [2, 3] (see also references therein) shows that at some circumstances the inflationary Universe could be realized on the brane. Even the experimental tests to search for higher-dimensional deviations of our world due to bulk/boundary structure may be proposed [4]. However, the study of such brane cosmology has been done so far almost exclusively for Einstein or dilatonic gravities. On the same time, higher-derivative (HD) gravity represents very natural generalization of general relativity. It enjoys various nice features like renormalizability [5] and asymptotic freedom in four dimensions (see [7] for introduction and review), possibility of self-consistent compactification on quantum and classical levels (see examples in [8]), sufficiently small corrections to Newton potential at reasonable range of parameters, etc. Moreover, HD terms are typical for string effective action in the derivatives expansion [9, 10]. Hence, HD gravity in higher dimensions represents the interesting model where brane-world cosmology should be investigated and the trapping of gravity should be discussed. Note that propagator in such theory is qualitatively different from the one in general relativity that is why some new phenomena may be expected.

The important remark is in order. In the widely accepted versions of braneworld scenario [1, 2, 3] one studies d + 1-dimensional gravity coupled to a brane in the formalism where normally two free parameters (bulk cosmological constant and brane tension) present. Adding of d-dimensional Gibbons-Hawking boundary action and brane cosmological constant term to action one can get de Sitter brane in AdS bulk even in Einstein gravity. The position of such brane is fixed in terms of brane tension.

Our ideology is somehow different, in the spirit of refs. [12, 22]. Namely, one considers the addition of surface counterterms which make variational procedure to be well defined and eliminate the leading divergences of action. Brane cosmological constant (or brane tension) is not considered as free parameter (as it was in original brane-world scenario) but it is fixed by condition of finiteness of spacetime when brane goes to infinity. In such approach, the possibility of cosmological de Sitter brane-world in Einstein theory is eliminated. However, as we explain below in theories different from Einstein gravity this possibility is not ruled out thanks to other free parameters of theory.

Our purpose in the present work will be to study the brane-world cosmology in d5 HD gravity without (or with) quantum corrections. We consider general model with arbitrary coefficients (section 2) and derive bulk and boundary equations of motion. The explicit structure of surface counterterms is very important in such derivation.

The solution of bulk equation of motion gives d5 AdS. Then, the brane equation of motion is discussed. It gives the restrictions to HD gravity parameters from the condition of realization of spherical, hyperbolic or flat branes on the boundary. The corresponding radius is derived when it exists. The specific versions of HD gravity like Weyl or Gauss-Bonnet theories appear in this formalizm as particular examples.

It is very important that there may be twofold point of view to HD gravity. From one side, this is just alternative to general relativity. From another side, within AdS/CFT correspondence [6] some versions of HD gravity represent SG duals where Einstein and cosmological terms are of leading order and HD terms are of nextto-leading order in large-N approximation. The explicit example of that sort is presented in section 2 (SG dual to N = 2 SCFT). Brane-world cosmology for such theory naturally appears as warped compactification in the next-to-leading order of AdS/CFT correspondence. It is shown that in such situation the creation of spherical brane is impossible in leading as well as in next-to-leading order of large-N expansion. On the same time, the account of next-to-leading order terms makes possible the creation of hyperbolic brane living in d5 AdS bulk (this effect was prohibited in the leading order of AdS/CFT correspondence).

In section 3 we investigate the modification of above scenario when quantum CFT is living on the brane. This is done via the anomaly induced effective action. (The corresponding study for bulk Einstein gravity has been done in refs. [11, 12, 22].^2 In fact, this puts world-brane scenario in form of warped compactification in AdS/CFT set-up as the corresponding RG flow.) We show that for range of HD gravity parameters where classical consideration does not give inflationary or

2In usual 4d world the anomaly driven inflation has been proposed in refs. [13].

hyperbolic branes, the quantum brane matter effects improve the situation: purely quantum creation of inflationary or hyperbolic branes in d5 AdS occurs (like in Einstein gravity). On the same time if the phenomenon already existed on classical level then quantum corrections do not destroy it. The bulk clearly is not modified.

For SG dual of N = 2 SCFT theory such picture may be naturally understood in terms of holographic RG description [23] in AdS/CFT set-up. That is two dual descriptions (SG dual and QFT dual) are matched together in some energy region into the global representation of some RG flow. It is interesting that both sides are given in next-to-leading order of large-N expansion as conformal anomaly coefficients for SCFT under discussion include not only quadratic but also linear terms on N. Then, it is shown that in such theory the spherical brane in d5 AdS is created (the role of conformal anomaly coefficients is dominant). Without quantum CFT living on the brane it was impossible. For hyperbolic brane creation the qualitative results are not changed if compare with previous section. Finally, in the last section we present brief summary of results and mention some possible developments along the direction under consideration.

2. Brane-world cosmology in HD gravity

We consider 5d spacetime whose boundary is 4-dimensional sphere S_4, which can be identified with a D3-brane, four-dimensional hyperboloid H_4, or four-dimensional flat space R_4. The bulk part is given by 5-dimensional euclidean anti-de Sitter space AdS_5

ds^2_AdS_5 = dy^2 + sinh^2 y l dΩ^2_4 . (2.1)

Here dΩ^2_4 is given by the metric of S_4, H_4 or R_4 with unit radius. One also assumes the boundary (brane) lies at y = y_0 and the bulk space is given by gluing two regions given by 0 ≤ y < y_0.

One starts with the following action: S = ∫ d^5x √ Ĝ { aR̂^2 + bR̂_{μν}R̂^{μν} + cR̂_{μνξσ}R̂^{μνξσ} + 1 κ^2 R̂ − Λ } . (2.2)

Here the conventions of curvatures are given by R = g^{μν} R_{μν} , R_{μν} = −Γ^λ_{μλ,κ} + Γ^λ_{μκ,λ} − Γ^η_{μλ}Γ^λ_{κη} + Γ^η_{μκ}Γ^λ_η ,

Γ^η_{μλ} = 1 2 g^{ην} (g_{μν,λ} + g_{λν,μ} − g_{μλ,ν} ) . (2.3) When a = b = c = 0, the action (2.2) becomes that of the Einstein gravity: S = ∫ M_{d+1} d^{d+1}x √ Ĝ { 1 κ^2 R̂ − Λ } . (2.4)

If we choose a = 1 6 ĉ , b = − 4 3 ĉ , c = ĉ (2.5) the HD part of action is given by the square of the Weyl tensor C_{μνρσ} : S = ∫ d^5x √ Ĝ { ĉĈ_{μνξσ}Ĉ^{μνξσ} + 1 κ^2 R̂ − Λ } . (2.6)

It is interesting that the string theory dual to N = 2 superconformal field theory is presumably IIB string on AdS_5 × X_5 [16] where X_5 = S^5/Z_2. (The N = 2 Sp(N) theory arises as the low-energy theory on the world volume on N D3-branes sitting inside 8 D7-branes at an O7-brane). Then in the absence of Weyl term, 1/κ^2 and Λ are given by 1 κ^2 = N^2 4π^2

, Λ = −

12N^2 4π^2

. (2.7) This defines the bulk gravitational theory dual to super YM theory with two supersymmetries. The Riemann curvature squared term in the above bulk action may be deduced from heterotic string via heterotic-type I duality [17], which gives O(N) correction: a = b = 0 , c = 6N 24 · 16π^2

. (2.8) Hence, HD gravity with above coefficients defines SG dual of super Yang-Mills theory (with two supersymmetries) in next-to-leading order of AdS/CFT correspondence [6].

Using field redefinition ambiguity [18] one can suppose that there exists the scheme where R^2_{μναβ} may be modified to C^2_{μναβ} in the same way as in ref. [19]. Then, the action (2.4) is presumably the bulk action (in another scheme) dual to N = 2 SCFT.

Let us start from the bulk equations of motion. First we investigate if the equations of motion for the general action (2.2) have a solution which describes anti-de Sitter space, whose metric is given by

ds^2 = Ĝ^{(0)}_{μν} dx^μdx^ν = l^2 4 ρ^{−2}dρdρ + 4∑ i=1 ρ^{−1}η_{ij} dx^idx^j . (2.9)

When we assume the metric in the form (2.9), the scalar, Ricci and Riemann curvatures are given by

R̂^{(0)} = −20

l^2

, R̂^{(0)}_{μν} = − 4 l^2

G^{(0)}_{μν} , R̂^{(0)}_{μνρσ} = − 1 l^2 ( G^{(0)}_{μρ} G^{(0)}_{νσ} − G^{(0)}_{μσ} G^{(0)}_{νρ} ) , (2.10)

which tell that these curvatures are covariantly constant. Then in the equations of motion from the action (2.2), the terms containing the covariant derivatives of the curvatures vanish and the equations have the following form:

0 = − 1 2 G^{(0)}_{ζξ} { aR̂^{(0)2} + bR̂^{(0)}_{μν} R̂^{(0)μν} + cR̂^{(0)}_{μνρσ}R̂^{(0)μνρσ} + 1 κ^2

R̂^{(0)} − Λ } + + 2aR^{(0)}R^{(0)}_{ζξ} + 2bR̂^{(0)}_{μζ} R̂^{(0)μ}_ξ + 2cR̂^{(0)}_{ζμνρ}R̂^{(0)μνρ}_ξ + 1 κ^2

R̂^{(0)}_{ζξ} . (2.11)

Then substituting eqs. (2.10) into (2.11), one gets 0 = 80a l^4 + 16b l^4 + 8c l^4 − 12 κ^2l^2

− Λ . (2.12)

Equation (2.12) can be solved with respect to l^2 if 144 κ^4

− 16 {20a + 4b + 2c} Λ ≥ 0 (2.13)

which can been found from the determinant in (2.12). Then we obtain [20]

l^2 = −

12/κ^2 ±

√_{144}

κ^4 − 16 {20a + 4b + 2c} Λ 2Λ . (2.14)

The sign in front of the root in the above equation may be chosen to be positive which corresponds to the Einstein gravity (a = b = c = 0). For SG dual of N = 2 Sp(N) theory, we find from (2.8) 1 l^2

= 1 + 1 24N + O ( N^{−2} ) . (2.15)

Now, let us discuss the surface terms in HD gravity on the chosen background ds^2 ≡ Ĝ_{μν} dx^μdx^ν = l^2 4 ρ^{−2}dρdρ + d∑ i=1 ĝ_{ij}dx^idx^j , ĝ_{ij} = ρ^{−1}g_{ij} . (2.16)

If the boundary of AdS_5 lies at ρ = ρ_0, the variation δS contains the derivative of δĝ^{ij} with respect to ρ, which makes the variational principle ill defined. In order that the variational principle is well defined on the boundary, the variation of the action should be written in the form of δS = ∫ d^5x √ Ĝδĝ^{ij} × (eq. of motion) + ∫ ρ=ρ_0 d^4x √ ĝδĝ^{ij} {· · ·} (2.17) after using the partial integration. If we put {· · ·} = 0 for {· · ·} in (2.17), we could obtain the boundary condition. If the variation of the action on the boundary contains (δĝ^{ij})^′, however, we cannot partially integrate it with respect to ρ on the boundary to rewrite the variation in the form of (2.17) since ρ is the coordinate expressing the direction perpendicular to the boundary. Therefore the “minimum” of the action is ambiguous. Such a problem was well studied by Gibbons and Hawking in [14] for the Einstein gravity (a = b = c = 0). The boundary term was added to the action, which cancels the variation:

S^{GH}_b = − 2 κ̃^2 ∫ ρ=ρ_0 d^4x √ ĝD_μn^μ . (2.18)

Here n^μ is the unit vector normal to the boundary. In the coordinate choice (2.16), the action (2.18) has the form

S^{GH}_b = − 2 κ̃^2 ∫ ρ=ρ_0 d^4x √ ĝ ρ l ĝ_{ij} (ĝ_{ij} )^′ . (2.19)

Then the variation over the metric ĝ_{ij} gives

δS^{GH}_b = − 2 κ̃ ∫ ρ=ρ_0 d^4x √ ĝ ρ l × × [ δĝ^{ij} { −ĝ_{ik}ĝ_{il} (ĝ_{kl})^′ − 1 2 ĝ_{ij}ĝ_{kl} (ĝ_{kl})^′ } + ĝ_{ij} (δĝ_{ij})^′ ] . (2.20)

From the other side, the surface terms in the variation of the bulk Einstein action (a = b = c = 0 in (2.4)) have the form

δS^{Einstein} = ∫ d^5x √ Ĝδĝ^{ij} × (Einstein equation) + + 1 κ^2 ∫ ρ=ρ_0 d^4x √ ĝ 2ρ l [ ĝ^′_{ij}δĝ^{ij} + ĝ_{ij} ( δĝ^{ij} )_′] . (2.21)

Then we find the terms containing (δĝ^{ij})^′ in (2.20) and (2.21) are cancelled with each other.

We also need the counterterms, besides Gibbons-Hawking term (2.18), to cancell the divergence coming from the infinite volume of AdS. Such a kind of counterterms can be given by the local quantities on the 4-dimensional boundary. In [20], the surface counterterms are discussed for higher derivative gravities in all detail. Note that they are relevant also for quantum cosmology [15].

We also add the surface terms S^{(1)}_b corresponding to Gibbons-Hawking term (2.18) and S^{(2)}_b which is the leading counterterm corresponding to the vacuum energy on the brane:

S_b = S^{(1)}_b + S^{(2)}_b ,

S^{(1)}_b = ∫ d^4x √ ĝ [ 4ãR̂D_μn^μ + 2b̃ ( n_μn_νR̂^{μν} D_σn^σ + R̂_{μν} D^μn^ν ) + + 8c̃n_μn_νR̂^{μτ νσ}D_τ n_σ − 2 κ̃^2 D_μn^μ ] , S^{(2)}_b = −η ∫ d^4x √ ĝ . (2.22)

In [20], in order to cancell the leading order divergence, which appears when the brane goes to infinity, we got η = − 32T l^3 + 8 lκ^2 + 4T̃ l^3 − 2 lκ̃^2 . (2.23)

Here T = 10a + 2b + c , T̃ = 10ã + 2b̃ + c̃ . (2.24) Note that unlike to standard brane-world scenarios η is not free parameter.

The metric of S_4 with the unit radius is given by

dΩ^2_4 = dχ^2 + sin^2 χdΩ^2_3 . (2.25)

Here dΩ^2_3 is described by the metric of 3-dimensional unit sphere. If we change the coordinate χ to σ by sin χ = ± 1 cosh σ

, (2.26)

one obtains dΩ^2_4 = 1 cosh^2 σ ( dσ^2 + dΩ^2_3 ) . (2.27)

On the other hand, the metric of the 4-dimensional flat euclidean space is given by

ds^2_{4E} = dζ^2 + ζ^2dΩ^2_3 . (2.28)

Then by changing the coordinate as

ζ = e^σ , (2.29)

one gets ds^2_{4E} = e^{2σ} ( dσ^2 + dΩ^2_3 ) . (2.30) For the 4-dimensional hyperboloid with the unit radius, the metric is given by

ds^2_{H4} = dχ^2 + sinh^2 χdΩ^2_3 . (2.31)

Changing the coordinate χ to σ

sinh χ = 1 sinh σ

, (2.32)

one finds ds^2_{H4} = 1 sinh^2 σ ( dσ^2 + dΩ^2_3 ) . (2.33)

Motivated by (2.27), (2.30) and (2.33), one takes the metric of 5-dimensional space time as follows:

ds^2 = dz^2 + e^{2A(z,σ)} 4∑ i,j=1 g̃_{ij}dx^idx^j , g̃_{μν} dx^μdx^ν ≡ l^2 ( dσ^2 + dΩ^2_3 ) . (2.34)

Here the coordinate z is related the coordinate ρ in (2.9) by

ρ = e^{−2z/l} . (2.35)

Under the choice of metric in (2.34), the curvatures have the following forms: R_{zizj} = e^{2A} ( −A_{,zz} − (A_{,z})^2 ) g̃_{ij} , R_{zAzσ} = −l^2e^{2A}A_{,zσ}g^s_{AB} , R_{σAσB} = ( −l^2e^{2A}A_{,σσ} − l^2e^{4A} (A_{,z})^2 ) g^s_{AB} , R_{ABCD} = ( l^2e^{2A} − l^2e^{2A} (A_{,σ})^2 − l^4e^{4A} (A_{,z})^2 ) (g^s_{AC} g^s_{BD} − g^s_{AD}g^s_{BC} ) , R_{zz} = 4 ( −A_{,zz} − (A_{,z})^2 ) , R_{zσ} = −3A_{,zσ} , R_{σσ} = l^2l^2e^{2A} ( −A_{,zz} − 4 (A_{,z})^2 ) − 3A_{,σσ} , R_{AB} = ( l^2e^{2A} ( −A_{,zz} − 4 (A_{,z})^2 ) − A_{,σσ} − 2 (A_{,σ})^2 + 2 ) g^s_{AB} , R = −8A_{,zz} − 20 (A_{,z})^2 + l^{−2}e^{−2A} ( −6A_{,σσ} − 6 (A_{,sigma})^2 + 6 ) . (2.36)

Here ·_{,μν···} ≡^∂_{∂xμ}^∂_{∂xν} · · · (·). Other curvatures except those obtained by permutating

the indeces of the above curvatures vanish. We also write the metric of S_3 in the

following form:

dΩ^2_3 = 3∑ A,B=1 g^s_{AB}dx^Adx^B . (2.37) One gets that n^μ and the covariant derivative of n^μ are

n^μ = δ^μ_ρ , D_in^j = δ^j_i A_{,z} (others = 0) . (2.38)

Then the actions S in (2.2) and S_b in (2.22) have the following forms:

S = l^4 ∫ d^5xe^{4A} √ g^s [ a { 64 (A_{,zz})^2 + 320A_{,zz} (A_{,z})^2 + 400 (A_{,z})^4 +

+ 36l^{−4}e^{−4A} (A_{,σσ})^2 + 72l^{−4}e^{−4A}A_{,σσ} (A_{,σ})^2 + 36l^{−4}e^{−4A} (A_{,σ})^4 +

+ l^{−2}e^{−2A} ( 96A_{,zz} + 240 (A_{,z})^2 ) ( A_{,σσ} + (A_{,σ})^2 − 1 ) + + l^{−4}e^{−4A} ( −72A_{,σσ} − 72 (A_{,σ})^2 + 36 )} + + b { 20 (A_{,zz})^2 + 64A_{,zz} (A_{,z})^2 + 80 (A_{,z})^4 + 18l^{−2}e^{−2A} (A_{,zσ})^2 +

+ 12l^{−4}e^{−4A} (A_{,σσ})^2 + 12l^{−4}e^{−4A}A_{,σσ} (A_{,σ})^2 + 12l^{−4}e^{−4A} (A_{,σ})^4 +

+ l^{−2}e^{−2A} ( 12A_{,zz} + 48 (A_{,z})^2 ) ( A_{,σσ} + (A_{,σ})^2 − 1 ) + + l^{−4}e^{−4A} ( −12A_{,σσ} − 24 (A_{,σ})^2 + 12 )} + + c { 16 (A_{,zz})^2 + 32A_{,zz} (A_{,z})^2 + 40 (A_{,z})^4 + 24l^{−2}e^{−2A} (A_{,zσ})^2 +

+ 12l^{−4}e^{−4A} (A_{,σσ})^2 + 12l^{−4}e^{−4A} (A_{,σ})^4 +

+ 24l^{−2}e^{−2A} (A_{,z})^2 ( A_{,σσ} + (A_{,σ})^2 − 1 ) + 12l^{−4}e^{−4A} ( (−2A_{,σ})^2 + 1 )} + + 1 κ^2 {( −8A_{,zz} − 20 (A_{,z})^2 ) + + ( −6A_{,σσ} − 6 (A_{,σ})^2 + 6 ) e^{−2A} } + Λ ] , (2.39)

S_b = l^4 ∫ d^4xe^{4A} √ g^s [ 16ã {( −8A_{,zz} − 20 (A_{,z})^2 ) + + ( −6A_{,σσ} − 6 (A_{,σ})^2 + 6 ) e^{−2A} } A_{,z} + + 2b̃ {( −20A_{,zz} − 32 (A_{,z})^2 ) + ( −6A_{,σσ} − 6 (A_{,σ})^2 + 6 ) e^{−2A} } A_{,z} + + 32c̃ ( −A_{,zz} − (A_{,z})^2 ) + η ] . (2.40) ¿From the variation over A, one obtains the following equation on the brane, which lies at z = z_0:

δ (S + 2S_b) =

= 2V_3l^4 ∫ dσe^{4A} [ ( −32T̃ + 24Ũ ) A_{,z}δA_{,zz} + + { ( 32T − 24U − 32T̃ + 24Ũ ) A_{,zz} + {( 32T − 24U − 96T̃ + 72Ũ ) (A_{,z})^2 +

+ 12(U − Ũ)l^{−2}e^{−2A} ( A_{,σσ} + (A_{,σ})^2 − 1 ) − 8 κ^2 + 8 κ̃^2 } δA_{,z} + + { ( 64T − 128T̃ + 96Ũ ) A_{,zz}A_{,z} + + ( 160T − 128T̃ ) (A_{,z})^3 × × ( 48T − 24Ũ ) l^{−2}e^{−2A} ( A_{,σσ} + (A_{,σ})^2 − 1 ) A_{,z} + + ( −36b − 96c − 12Ũ ) l^{−2}e^{−2A}A_{,zσσ} + (−72b − 192c) l^{−2}e^{−2A}A_{,σ}A_{,zσ} + + ( − 8 κ^2 + 32 κ̃^2 ) A_{,z} − 4η } δA ] . (2.41)

The factors 2 in front of S_b and V_3 come from the fact that we are considering two bulk space (corresponding to B^{(1,2)}_5 in [12]) which have one common boundary (S_4 in [12]) or brane.

Here T and T̃ are defined in (2.24) and U = 8a + b , Ũ = 8ã + b̃ (2.42) and V_3 is the volume of the unit 3 sphere:

V_3 = ∫ d^3x_A √ g^s = 2π^2 . (2.43)

In order that the variational principle is well defined, the coefficients of δA_{,zz} and δA_{,z} should vanish. For general A, only one solution is given by the Weyl gravity in (2.5) a = 1 6 ĉ , b = − 4 3 ĉ , c = ĉ , ã = 1 6 ^̃c , b̃ = −4 3 ^̃c , c̃ = ^̃c , κ̃^2 = κ^2 . (2.44)

This remarkable property of Weyl gravity indicates to some natural connection between such version of HD gravity and brane physics.

When A is given by the AdS_5 and the brane is S_4,

A = ln sinh z l − ln cosh σ . (2.45)

Equation (2.41) has the following form:

δ (S + 2S_b) = (2.46)

= 2V_3l^4 ∫ dσ sinh^4 z_0/l cosh^4 σ [( −32T̃ + 24Ũ

) coth z_0/l l δA_{,zz} + + { − 64T̃ l^2 coth^2 z_0 l + 32(T − T̃ ) l^2 + 8 κ̃^2 − 8 κ^2 } δA_{,z} +

+ { − 48Ũ l^2 sinh^{2 z0}_l ( − 8 κ^2 + 32 κ̃^2 ) coth z_0/l l − 4η } δA ] . Then in order that the variational principle is well defined, we obtain

0 = −32T̃ + 24Ũ , 0 = T̃ , 0 = 32(T − T̃ ) l^2 + 8 κ̃^2 − 8 κ^2

, (2.47) or 0 = T̃ = Ũ , 1 κ̃^2 = 1 κ^2 − 4T l^2

. (2.48)

The above results are consistent with those in [20]. Then since η in (2.23) is given by η = 6 lκ^2 − 24T l^3

(2.49)

the equation of motion (in terms of the coefficients) has the following form: 0 = ( 24 κ^2 + 32T l^2 ) coth z_0/l l − 24 lκ^2 + 96T l^3

. (2.50)

For the pure Einstein case (a = b = c = 0 or T = 0), the eq. (2.50) reproduces the previous equation in [12, 22] by putting κ^2 = 16πG. In the pure Einstein case, there is no solution of eq.(2.50). Then for the case, we need to add the quantum correction coming from the trace anomaly of the matter fields on the brane in order that the equation corresponding to (2.50) has a non-trivial solution.

In case of the higher derivative gravity in (2.50), there can be a solution in general. The r.h.s. in eq. (2.50) goes to positive infinity when z_0 → +0 if 24/κ^2 + 32T/l^2 > 0. On the other hand, the r.h.s. becomes 128T/l^2 when z_0 goes to positive infinity. Then if T < 0, there can be a solution in (2.50) without the quantum correction on the brane. As the r.h.s. is the monotonically increasing function of z_0, there is only one solution if T < 0. We should also note that there does not appear corrections from R^2 gravity terms for the Weyl gravity (2.5), where T = 0. For SG dual of N = 2 Sp(N) theory, from (2.8), we find T = 6N 24 · 16π^2

. (2.51)

As T > 0, there is no classical solution for spherical brane.

If we rewrite (2.50) as

coth z_0/l l = 24/lκ^2 − 96T /l^3 24/κ^2 + 32T /l^2

, (2.52)

the r.h.s. is the monotonically increasing function of the absolute value |T | of T if T < 0. Since coth z_0/l is the monotonically decreasing function of z_0, the radius R of S_4, which is given by R = le^{Ã(y0)} = l sinh z_0 l , (2.53)

decreases if |T | increases when T < 0 and l is fixed. We should note that l can be a function of T since l is given by (2.14), which is given in terms of T as follows:

l^2 = −

12/κ^2 ± √ 144/κ^4 − 32T Λ 2Λ . (2.54)

If we fix Λ instead of l, the situation becomes very complicated.

Using R in (2.53), we can rewrite eq. (2.52) in the following form: 0 = ( 24 lκ^2 + 32T l^3 ) √ 1 + l^2 R^2 − 24 lκ^2 + 96T l^3

. (2.55)

For SG dual of N = 2 Sp(N) theory, using (2.15) and (2.51), one gets 0 = √ 1 + 1 R^2

− 1 + 1 48N √ 1 + 1 R^2 ( 5 − 1 R^2 + 1 ) + 22 48N + O ( N^{−2} ) . (2.56)

In this case, there is no any solution for R. It is remarkable that warped compactification to spherical brane is not realistic in leading (Einstein theory) as well as in next-to-leading order of AdS/CFT correspondence.

Instead of the brane of S_4 in (2.45), we can consider the brane of H_4, where A is given by A = ln cosh z l − ln sinh σ . (2.57)

By the similar calculation as for S_4, we again obtain the eqs. (2.48) and (2.49). The equation corresponding to (2.50) has the following form: 0 = ( 24 κ^2 + 32T l^2 ) tanh z_0/l l − 24 lκ^2 + 96T l^3

. (2.58)

In case of pure Einstein gravity, there is no solution. When z_0 = 0, the r.h.s. in eq. (2.58) becomes −^{24}_{lκ2} +^{96T}_{l3} , which can be regarded as negative. On the other hand, when z_0 goes to positive infinity, the r.h.s. becomes 128T/l^2. Then if T > 0, which is different from the case of the S_4 brane, there can be a solution in (2.58) without the quantum correction on the brane. Rewriting eq.(2.58) in the form

tanh z_0/l l = 24/lκ^2 − 96T /l^3 24/κ^2 + 32T /l^2

, (2.59)

we find the radius R_H of H_4, which is defined by

R_H = le^{Ã(y0)} = l cosh z_0 l . (2.60)

The radius R_H is monotonically decreasing function of |T | again if T > 0 and l is fixed since the l.h.s. in (2.59) is the monotonically increasing function of z_0 and the r.h.s. is the monotonically decreasing function of |T | if T > 0.

Using R_H in (2.60), one can present eq. (2.59) in the following form: 0 = ( 24 lκ^2 + 32T l^3 ) √ 1 − l^2 R^2_H − 24 lκ^2 + 96T l^3

. (2.61)

For SG dual of N = 2 Sp(N) theory, using (2.15) and (2.51), we have 0 = √ 1 − 1 R_H^2

− 1 + 1 48N √ 1 − 1 R^2 ( 5 − 1 R_H^2 − 1 ) + 22 48N + O ( N^{−2} ) . (2.62)

For large R_H, eq. (2.56) has the following form:

0 = − 1 2R_H^2 + 2 3N + O ( R_H^{−4} ) + O ( N^{−2} ) + O ( N^{−1}R_H^{−2} ) (2.63) or 1 R^2_H = 4 3N + O ( N^{−2} ) . (2.64)

Thus, we demonstrated that next-to-leading order of AdS/CFT correspondence may qualitatively change the results on brane-world cosmology in the leading order. Indeed, in the leading order (Einstein theory) the warped compactification as 5d AdS with hyperbolic brane was impossible. On the same time, account of next-to-leading terms (on the example of particular SCFT dual) improves the situation: creation of hyperbolic brane in 5d AdS space becomes possible.

Let us discuss the situation where the higher derivative gravity in five dimensions corresponds to the Gauss-Bonnet combination which is topological invariant in four deimensions. Then a, b and c are given by

a = c = â , b = −4â . (2.65)

One gets T_{GB} = 3â . (2.66) Then all the discussion given above can be used by replacing T by 3â (compare with independent calculation in ref. [21]).

The situation is changed for the case that the brane is R_4, where A is given by A = z l + σ . (2.67)

Since A_{,zz} = A_{,σσ} = 0, the coefficient of δA_{,z} in (2.41) is given by 0 = 32T − 24U − 96T̃ + 72Ũ l^2 − 8 κ^2 + 8 κ̃^2

. (2.68)

Then we obtain equations weaker than (2.48):

Ũ = 4 3 T̃ , 1 κ̃^2 = 1 κ^2 − 4T − 3U l^2

, (2.69)

and η in (2.23) is given by η = 6 lκ^2 − 24T + 6U − 4T̃ l^3

. (2.70)

The brane equation, which is the coefficient of δA in (2.41) has the following form: 0 = ( 160T − 128T̃ ) 1 l^3 + ( − 8 κ^2 + 32 κ̃^2 ) 1 l − 4η = 128T + 120U − 144T̃ l^3

. (2.71)

Then we have T̃ = 8 9 T + 5 6 U . (2.72)

As one sees it admits the number of solutions for very large range of HD terms coefficients. Actually, chosing the suitable surface term the flat brane solution always exists. Thus, we explicitly showed that brane-world cosmology with spherical or hyperbolic or flat brane is possible for big class of HD gravities. The corresponding restrictions to HD terms coefficients are explicitly obtained. The version of HD gravity corresponding to next-to-leading order of AdS/CFT correspondence for specific SCFT is naturally included as sub-class of such theory.

3. Brane-worlds with account of brane quantum matter

In the present section we will discuss the modification of the above scenario in the situation when quantum matter lives on the brane. Of course, bulk dynamics is not touched by brane quantum effects. It is interesting to remark also that in case of AdS/CFT correspondence the explanation of presence of such quantum brane matter effective action naturally appears via holographic renormalization group [23]. In other words, the two dual descritions (SG dual and QFT one) could be patched together into the unique global description of some RG flow [23]. Of course, we will consider general situation when for general HD gravity with arbitrary coefficients some quantum CFT lives on the brane.

The quantum correction induced by the trace anomaly of the free conformally invariant matter fields on the brane can be realized by adding the following effective action W to S + S_b: W = b̂ ∫ d^4x √ ~g ~F A + + b^′ ∫ d^4x √ ~g { A [ 2 ~Δ^2 + ~R_{μν} ~∇_μ ~∇_ν − 4 3 ~R ~Δ^2 + 2 3 ( ~∇^μ ~R) ~∇_μ ] A + + ( ~G − 2 3 ~Δ ~R ) A } − − 1 12 { b^{′′} + 2 3 (b + b^′) } ∫ d^4x √ ~g [ ~R − 6 ~ΔA − 6( ~∇_μA)( ~∇^μA) ]_2 . (3.1)

In (3.1), one chooses the 4-dimensional boundary metric as

g_{(4)μν} = e^{2A}g̃_{μν} (3.2)

and we specify the quantities with g̃_{μν} by using ~. G (G̃) and F (F̃ ) are the Gauss- Bonnet invariant and the square of the Weyl tensor: G = R^2 − 4R_{ij}R^{ij} + R_{ijkl}R^{ijkl} , F = 1 3 R^2 − 2R_{ij} R^{ij} + R_{ijkl}R^{ijkl} . (3.3) In the effective action (3.1), with N scalar, N_{1/2} spinor, N_1 vector fields, N_2 (= 0 or 1) gravitons and N_{HD} higher-derivative conformal scalars, b̂, b^′ and b^{′′} are

b̂ = N + 6N^{1/2} + 12N^1 + 611N^2 − 8N^{HD} 120(4π)^2 , b^′ = −

N + 11N_{1/2} + 62N_1 + 1411N_2 − 28N_{HD} 360(4π)^2 , b^{′′} = 0 . (3.4)

As usually, b^{′′} may be changed by the finite renormalization of local counterterm in gravitational effective action. As we shall see later, the term proportional to { b^{′′} +^2_3 (b̂ + b^′) } in (3.1), and therefore b^{′′}, does not contribute to the equations of motion. For N = 4 SU(N) SYM theory

b̂ = −b^′ = N^2 − 1

4(4π)^2

, (3.5) and for N = 2 Sp(N) theory

b̂ = 12N^2 + 18N − 2 24(4π)^2 , b^′ = − 12N^2 + 12N − 1 24(4π)^2

. (3.6)

Notice that due to the structure of conformal anomaly the next-to-leading term for N = 4 super Yang-Mills theory dual is zero. Non-trivial term proportional to third power on curvatures appears in gravitational action as next-to-next-to-leading term. We should also note that W in (3.1) is defined up to conformally invariant functional, which cannot be determined from only the conformal anomaly. The conformally flat space is an example where anomaly induced effective action is defined uniquely. However, one can argue that such conformally invariant functional is irrrelevant for us because it does not contribute to brane dynamics (does not depend on A).

In the choice of the metric (2.34), we find F̃ = G̃ = 0, R̃ = 6/l^2 etc. and (3.1) looks

W = V_3 ∫ dσ [ b^′A (2A_{,σσσσ} − 8A_{,σσ}) − 2(b + b^′) ( 1 − A_{,σσ} − (A_{,σ})^2 )_2]

. (3.7)

Under the variation over A, the change of W is given by

δW = V_3l^4 ∫ dσ { 4b^′ (A_{,σσσσ} − 4A_{,σσ}) − − 4(b̂ + b^′) ( A_{,σσσσ} + 2A_{,σσ} − 6(A_{,σ})^2A_{,σσ} ) } δA . (3.8)

Then by substituting the solution (2.45), we find eq. (2.50) is changed as

0 = 2 {( 24 κ^2 + 32T l^2 ) coth z_0/l l − 24 lκ^2 + 96T l^3 } sinh^4 z_0 l + 24b^′ . (3.9)

Using the radius R of S_4, which is given in (2.53), eq. (3.9) is rewritten

0 = 2 {( 24 lκ^2 + 32T l^3 ) √ 1 + l^2 R^2 − 24 lκ^2 + 96T l^3 } R^4 + 24b^′ . (3.10)

For H_4 brane, using the radius R_H in (2.60), one gets

0 = 2 {( 24 lκ^2 + 32T l^3 ) √ 1 − l^2 R^2_H − 24 lκ^2 + 96T l^3 } R^4_H + 2b^′ . (3.11)

For R_4 brane, the eq. (2.71) or (2.72) is not changed.

For the case of S_4, the l.h.s. of (3.10) goes to 24b^′ when R → 0 and behaves as^{256T}_{l3} R^4 for large R if T ≠ 0. Furthermore if T > 0, the l.h.s. of (3.10) is the monotonically increasing function of R. Then if T > 0, b^′ < 0, there is a unique solution. Since when T > 0 there is no solution for the classical case in (2.50), the solution for T > 0 is generated by the quantum brane matter effects. We should note that even if b^′ > 0 there is always a solution again if T < 0. Here, HD gravity plays the essential role. On the other hand even if b^′ < 0 and T < 0, the l.h.s. of (3.10) has a unique maximum as a function of R. Then if the value of the maximum is positive, there are two solutions for R, which satisfies (3.10). Since the l.h.s. of (3.10) is the monotonically increasing function of R when T > 0, there is no any solution if T > 0 and b^′ > 0.

For the case of H_4, the situation does not change if compare with S_4 if T ≠ 0. This is because the behavior of the r.h.s. in (3.11) is again governed by the sign of T when R_H is large. Then if b^′ < 0 and T > 0 or if b^′ > 0 and T < 0, there is always a solution. The solution for T < 0 is generated by the brane matter quantum effects. If T < 0 and b^′ < 0, there can be two (quantum) solutions. If b^′ < 0 and T < 0, there is no any solution.

The interesting example is provided by N = 2 Sp(N) theory in the situation when SG dual and QFT descriptions are matched together via holographic RG, in both cases in next-to-leading order of AdS/CFT correspondence. In other words, using (2.15), (2.51) (SG dual up to next-to-leading order) and (3.6) (conformal anomaly for SCFT), in eqs. (3.10) and (3.11) leads to

0 = {√ 1 + 1 R^2

− 1 + 1 48N √ 1 + 1 R^2 ( 5 − 1 R^2 + 1 ) + 22 48N } R^4 − − 1 384 − 1 384N + O ( N^{−2} ) , (3.12) 0 = {√ 1 − 1 R_H^2

− 1 + 1 48N √ 1 − 1 R^2 ( 5 − 1 R_H^2 − 1 ) + 22 48N } R_H^4 − − 1 384 − 1 384N + O ( N^{−2} ) . (3.13)

Since T > 0 and b^′ < 0, there are always solutions in (3.12) and (3.13) for finite R and R_H. When the brane is S_4 in (3.12), R becomes O(1) and the higher derivative terms give a correction of O (N^{−1}). When N → ∞, the solution of (3.12) is numerically given by R^2 = 0.020833 . . . Substituting this value into the r.h.s. of (3.12), we find that it takes a negative value of −0.00215076/N. Since T > 0, the r.h.s. is monotonically increasing function of R and goes negative when R → 0. Then the above result tells that the correction of O (N^{−1}) makes R large. Since 1/R corresponds to the rate of inflation when we Wick-rotate S_4 to de Sitter space, the correction makes the rate small. This is some indication that realistic inflationary cosmology may not be comfortable with warped compactification in AdS/CFT correspondence.

For the brane of H_4, the quantum correction of O(N^{−2}) to 1/R^2_H of the classical solution in (2.64) exists but since further higher derivative gravity terms like R^4 also give the contribution of O(N^{−2}), the correction is beyond the control.

Hence, we demonstrated that role of quantum brane matter may be in the significant change of bulk/boundary structure. As we saw there exists the range of HD terms coefficients for which the creation of inflationary or hyperbolic Universe living in d5 AdS is caused exclusively by brane quantum effects. It could be also relevant in frames of AdS/CFT set-up where correct holographic RG description shows the necessity of anomaly induced effective action of brane CFT. In its own turn, the corresponding quantum effects change the brane structure and indicate (despite the negative results of leading order analysis) to the possibility of quantum creation of inflationary brane in d5 AdS space in the next-to-leading order of AdS/CFT correspondence.

4. Discussion

In summary, we investigated brane-world Universe solutions (of special form) for five-dimensional higher derivative gravity. It is shown that such Universe occurs for range of theory parameters. As brane part may be given by de Sitter space which after analytical continuation to lorentzian signature represents ever expanding inflationary Universe then such configuration could be relevant to observable world. The particular examples of Weyl, Gauss-Bonnet or SG dual to some SCFT are also examinated. The role of brane quantum CFT is investigated in the quantum creation of spherical or hyperbolic brane Universes.

There are few interesting topics which may be left for future studies. First of all, one has to investigate the structure of HD propagator near brane in order to understand in detail how HD gravity is trapped. In other words, graviton profile and corrections to Newton potential should be estimated. Second, the dilaton may be included into the analysis of this paper. However, the number of HD terms in dilatonic gravity grows significally. As a result, the analysis is getting too complicated technically. Nevertheless, it could be done at least for some truncated versions of HD dilatonic gravity (say, conformally invariant theory or dilatonic Gauss-Bonnet). Note also that some versions of such theory may be considered as SG duals for non-commutative (super) Yang-Mills theory (presumbly in next-to-leading order). Third, other cosmologies may be considered in the same fashion where bulk and (or) boundary is modified. In particular, the situation where bulk is AdS black hole and boundary is some FRW Universe (or vice-versa) deserves careful study. Fourth, it would be interesting to discuss the cosmological perturbations around our background and the details of late-time inflation. For example, in Einstein gravity the domain wall CFT significally suppresses the metric perturbations [12]. What will be the role of HD gravitational terms in such phenomenon?

Acknowledgments

We thank O. Obregon and V. Tkach for helpful discussions. The work by SDO has been supported in part by CONACyT (CP, ref.990356 and grant 28454E) and in part by RFBR.

References

[1] L. Randall and R. Sundrum, A large mass hierarchy from a small extra dimension, Phys. Rev. Lett. 83 (1999) 3370 [hep-ph/9905221] An alternative to compactification, Phys. Rev. Lett. 83 (1999) 4690 [hep-th/9906064].

[2] H.A. Chamblin and H.S. Reall, Dynamic dilatonic domain walls, Nucl. Phys. B 562 (1999) 133 [hep-th/9903225];

N. Kaloper, Bent domain walls as braneworlds, Phys. Rev. D 60 (1999) 123506 [hep-th/9905210];

A. Lukas, B.A. Ovrut and D. Waldram, Boundary inflation, Phys. Rev. D 61 (2000) 023506 [hep-th/9902071];

T. Nihei, Inflation in the five-dimensional universe with an orbifold extra dimension, Phys. Lett. B 465 (1999) 81 [hep-ph/9905487];

H.B. Kim and H.D. Kim, Inflation and gauge hierarchy in Randall-Sundrum compactification, Phys. Rev. D 61 (2000) 064003 [hep-th/9909053];

D.J. H. Chung and K. Freese, Cosmological challenges in theories with extra dimensions and remarks on the horizon problem, Phys. Rev. D 61 (2000) 023511 [hep-ph/9906542];

J. Garriga and M. Sasaki, Brane-world creation and black holes, Phys. Rev. D 62 (2000) 043523 [hep-th/9912118];

J.E. Kim and B. Kyae, Exact cosmological solution and modulus stabilization in the Randall-Sundrum model with bulk matter, Phys. Lett. B 486 (2000) 165 [hep-th/0005139].

[3] P. Binetruy, C. Deffayet and D. Langlois, Non-conventional cosmology from a braneuniverse, Nucl. Phys. B 565 (2000) 269 [hep-th/9905012];

J.M. Cline, C. Grojean and G. Servant, Cosmological expansion in the presence of extra dimensions, Phys. Rev. Lett. 83 (1999) 4245 [hep-ph/9906523]; W.D. Goldberger and M.B. Wise, Modulus stabilization with bulk fields, Phys. Rev. Lett. 83 (1999) 4922 [hep-ph/9907447];

S. Giddings, E. Katz and L. Randall, Linearized gravity in brane backgrounds, J. High Energy Phys. 03 (2000) 023 [hep-th/0002091];

E.E. Flanagan, S.H. H. Tye and I. Wasserman, A cosmology of the brane world, Phys. Rev. D 62 (2000) 024011 [hep-ph/9909373];

C. Csáki, M. Graesser, C. Kolda and J. Terning, Cosmology of one extra dimension with localized gravity, Phys. Lett. B 462 (1999) 34 [hep-ph/9906513]; P. Kanti, I.I. Kogan, K.A. Olive and M. Pospelov, Cosmological 3-brane solutions,

Phys. Lett. B 468 (1999) 31 [hep-ph/9909481];

S. Mukohyama, T. Shiromizu and K. ichi Maeda, Global structure of exact cosmological solutions in the brane world, Phys. Rev. D 62 (2000) 024028 [hep-th/9912287]; D. Youm, Bulk fields in dilatonic and self-tuning flat domain walls, hep-th/0002147; J.-W. Chen, M.A. Luty and E. Ponton, A critical cosmological constant from millimeter extra dimensions, hep-th/0003067;

S.P. de Alwis, A.T. Flournoy and N. Irges, Brane worlds, the cosmological constant and string theory, hep-th/0004125;

S. Nojiri, O. Obregon and S.D. Odintsov, (Non)-singular brane-world cosmology induced by quantum effects in D5 dilatonic gravity, hep-th/0005127; C.-J. Zhu, A self-tuning exact solution and the non-existence of horizons in 5d gravityscalar system, J. High Energy Phys. 06 (2000) 034 [hep-th/0005230]; Z. Kakushadze, Localized (super)gravity and cosmological constant, hep-th/0005217.

[4] H. Davoudiasl, J.L. Hewett and T.G. Rizzo, Experimental probes of localized gravity:

on and off the wall, hep-ph/0006041.

[5] K.S. Stelle, Renormalization of higher derivative quantum gravity, Phys. Rev. D 16 (1977) 953.

[6] J. Maldacena, The large-N limit of superconformal field theories and supergravity, Adv. Theor. Math. Phys. 2 (1998) 231 [hep-th/9711200];

E. Witten, Anti-de Sitter space and holography, Adv. Theor. Math. Phys. 2 (1998) 253 [hep-th/9802150];

S.S. Gubser, I.R. Klebanov and A.M. Polyakov, Gauge theory correlators from noncritical string theory, Phys. Lett. B 428 (1998) 105 [hep-th/9802109].

[7] I.L. Buchbinder, S.D. Odintsov and I.L. Shapiro, Effective action in quantum gravity, IOP publishing, Bristol 1992.

[8] V.G. Bagrov, I.L. Buchbinder and S.D. Odintsov, Effective action and spontaneous compactification in Kaluza-Klein quantum R^2 gravity, Phys. Lett. B 184 (1987) 202; W.F. Kao, Kaluza-Klein higher derivative gravity and Friedmann-Robertson-Walker cosmology, hep-th/0006110.

[9] M.B. Green, J.H. Schwartz and E. Witten, Superstring theory, Cambridge University Press, Cambridge 1987.

[10] J. Polchinski, String theory, Cambridge University Press, Cambridge 1998.

[11] S. Nojiri, S.D. Odintsov and S. Zerbini, Quantum (in)stability of dilatonic AdS backgrounds and holographic renormalization group with gravity, Phys. Rev. D 62 (2000) 064006 [hep-th/0001192].

[12] S.W. Hawking, T. Hertog and H.S. Reall, Brane new world, Phys. Rev. D 62 (2000) 043501 [hep-th/0003052].

[13] A.A. Starobinsky, A new type of isotropic cosmological models without singularity, Phys. Lett. B 91 (1980) 99;

S.G. Mamaev and V.M. Mostepanenko, Isotropic cosmological models determined by vacuum quantum effects, Sov. Phys. JETP 51 (1980) 9.

[14] G.W. Gibbons and S.W. Hawking, Action integrals and partition functions in quantum gravity, Phys. Rev. D 15 (1977) 2752.

[15] S.W. Hawking and J.C. Luttrell, Higher derivatives in quantum cosmology, 1. The isotropic case, Nucl. Phys. B 247 (1984) 250.

[16] A. Fayyazuddin and M. Spalinski, Large-N superconformal gauge theories and supergravity orientifolds, Nucl. Phys. B 535 (1998) 219 [hep-th/9805096]; O. Aharony, A. Fayyazuddin and J. Maldacena, The large-N limit of N = 2, 1 field theories from three-branes in F-theory, J. High Energy Phys. 07 (1998) 013 [hep-th/9806159].

[17] A.A. Tseytlin, Heterotic-type-I superstring duality and low-energy effective actions, Nucl. Phys. B 467 (1996) 383 [hep-th/9512081].

[18] D.J. Gross and E. Witten, Superstring modifications of Einstein’s equations, Nucl.

Phys. B 277 (1986) 1;

A.A. Tseytlin, Ambiguity in the effective action in string theories, Phys. Lett. B 176 (1986) 92.

[19] M.T. Grisaru and D. Zanon, Sigma model superstring corrections to the Einstein- Hilbert action, Phys. Lett. B 177 (1986) 347;

M.D. Freeman, C.N. Pope, M.F. Sohnius and K.S. Stelle, Higher order sigma model counterterms and the effective action for superstrings, Phys. Lett. B 178 (1986) 199.

[20] S. Nojiri and S.D. Odintsov, Finite gravitational action for higher derivative and stringy gravities, hep-th/9911152.

[21] J.E. Kim, B. Kyae and H.M. Lee, Various modified solutions of the Randall- Sundrum model with the Gauss-Bonnet interaction, Nucl. Phys. B 582 (2000) 296 [hep-th/0004005].

[22] S. Nojiri and S.D. Odintsov, Brane world inflation induced by quantum effects, Phys.

Lett. B 484 (2000) 119 [hep-th/0004097].

[23] E. Verlinde and H. Verlinde, RG-flow, gravity and the cosmological constant, J. High Energy Phys. 05 (2000) 034 [hep-th/9912018].