arXiv:hep-ph/0403231 v2 24 Mar 2004

Preprint typeset in JHEP style - HYPER VERSION

Spacetime dynamics and baryogenesis in braneworld

Tetsuya Shiromizu

Department of Physics, Tokyo Institute of Technology, Tokyo 152-8551, Japan, Advanced Research Institute for Science and Engineering, Waseda University, Tokyo 169-8555, Japan

shiromizu@th.phys.titech.ac.jp

Kazuya Koyama

Department of Physics, The University of Tokyo, Tokyo 113-0033, Japan

kazuya@utap.phys.s.u-tokyo.ac.jp

Abstract: We point out that the effective theory for the Randall-Sundrum braneworld models with bulk fields contains the baryon number violation process depending on the spacetime dynamics. Combining to the curvature-current interaction, the net baryon number observed today may be explained. The resultant baryon to entropy ratio is determined by the ratio of the Planck scales in four dimensional and five dimensional spacetime except for the parameter for CP violation.

Keywords: Physics of the Early Universe, Cosmology of Theories beyond the SM.

Contents

1. Introduction and summary 1

2. Baryon number violation from spacetime dynamics 1

3. Gravitational baryogenesis 3

A. The derivation of effective action on the brane 6

1. Introduction and summary

The origin of the baryon asymmetry is an important problem in cosmology [1]. Recently, stimulated by the development of string theory, the brane world idea is actively investigated. In the brane world, a new mechanism to realize baryon number violation process arises [2]. In this paper we shall point out that there exists the classical baryon number (B) violation process in the Randall-Sundrum (RS) brane world model with bulk fields. Even if they have no potentials, the baryon number conservation is violated by the spacetime dynamics via the four dimensional curvature and its derivative terms. In order to explain the observed Baryon asymmetry, we consider the CP/CPT violation via the curvature-current interaction (∂_μR)J^μ. This interaction is also naturally induced on the brane if there is an explicit CP violating interaction. In order to make this mechanism work, Ṙ ≠ 0 is necessary in radiation dominated (RD) universe. In four-dimensional general relativity Ṙ = 0 in RD universe. However, interestingly, Ṙ ≠ 0 is realized in the RS model due to the effect of the higher dimensional gravity. Then we show that the observed baryon to entropy ratio can be explained. Our finding indicates that the higher-dimensional gravity will bring a new way to generate baryon asymmetry in the universe via the dynamics of the spacetime.

2. Baryon number violation from spacetime dynamics

We begin with the action motivated by the Randall-Sundrum(RS) model [3, 4].

S_{tot} = S_{bulk} + S_{brane}, (2.1)

where S_{bulk} is the bulk action

S_{bulk} = ∫ d^5x √ −G [ M^3_5 2 (5)R(G) − Λ − |∇_M Φ|^2 ] , (2.2)

– 1 – and S_{brane} is the brane action

S_{brane} = ∫ d^4x √ −g [ −σ + L_{matter} ] . (2.3)

G_{M N} is the five dimensional bulk metric and g_{μν} is the brane induced metric. Λ is the bulk negative cosmological constant and σ is the brane tension. We assume RS tuning and take Λ = −^{σ2}_{6M 35} . Φ is the bulk complex scalar field. In adS spacetimes, the scalar fields is localised on the brane as graviton.

We will derive the effective theory on the brane. Our argument relies on the braneworld holography. It is well known that the holographic picture is naturally held in RS models. The five-dimensional theory can be described by the four-dimensional theory coupled to the CFT. This is because the setup in RS models is quite resemble to that of adS/CFT correspondence [5, 6]. For example, the zero mode(φ) of the bulk complex scalar field(Φ) will be localised on the brane [7]. In our model, φ might be regarded as the squarks or sleptons that carry the Baryon/Lepton number. Applying the braneworld adS/CFT correspondence [5, 6] to the present model, we will be able to have the following effective action on the brane (See appendix A for the brief sketch of the derivation.)

S_{eff} ≃ ∫ d^4x √ −g [ M^2_4 2 R + L_{matter} − |∇φ|^2 − 1 4 log ϵ

M^4_4 M^6_5 ( −4R_{μν} ∇^μφ^∗∇^ν φ + 4 3 R|∇φ|^2

+ R^μ_ν R^ν_μ − 1 3 R^2 + 2 3 |∇φ|^4 + 2|(∇φ)^2|^2 ) + 2|∇^2φ|^2 ] + Γ_{CFT}, (2.4)

where Γ_{CFT} is the effective action for the holographic CFT field on the brane. g_{μν} , R and ∇_μ are the induced metric, the Ricci scalar and the covariant derivative on the brane. M_4 is the four dimensional Planck scales given by M^2_4 = lM^3_5 where l is the curvature radius of the adS spacetime defined by Λ = −6M^3_5 /l^2. L_{matter} is the leading part of the Lagrangian density for the other localised matters on the brane. The higher derivative terms come from the counter terms [5, 6]. ϵ determines the renormalization scale of the CFT.

A point is that, even if the scalar field has no potential in higher dimensional theory, R(∂φ)^2 interaction terms can produce the B-violation process in the effective theory. Indeed, for the current J^μ := −i(φ∇^μφ^∗ − φ^∗∇^μφ), its divergence becomes ∇_μJ^μ ≃ M^4_4 M^6_5 [ 2 3 (∇_μR)J^μ + 4R_{μν} ∇^μJ^ν ] , (2.5)

where we assumed that the contribution of the scalar fields into the background geometry is negligible and neglected a numerical coefficient,^1_4 logϵ. In the expanding universe, R_{μν} has the time dependence in general. This means that J_μ is not conserved in general. It is reminded that there is a conserved current J̃^μ by virtue of the global U(1) symmetry

J̃^μ = J^μ − M^{44} M^6_5 [ 4R^μ_ν J^ν − 4 3 RJ^μ − 4 3 |∇φ|^2J^μ

– 2 –

+4i ( φ^∗∇^μφ(∇φ^∗)^2 − φ∇^μφ^∗(∇φ)^2 )] . (2.6)

3. Gravitational baryogenesis

For the generation of the net baryon number, C and CP violations are also required [8]. Let us consider a new C and CP violation source recently proposed in paper [9](Gravitational baryogenesis). The reason why we consider is that the essence is surprisingly common with the new B-violation process found in the previous section, that is, CP violation is supposed to be raised from the interaction

S_{int} ∼ 1 M^2_∗ ∫ d^4x √ −g(∂_μR)J^μ. (3.1)

Note that there appears the same factor ∂_μR as the B-violating terms. The authors in Ref. [9] expect such an interaction in the low energy effective theory due to some non-perturbative effects from quantum gravity. This is the simplest coupling to the spacetime curvature that breaks C and CP. In the brane world context, such a term may exist on the brane in the same way as the B-violating terms. For example, we assume that there is an explicit CP violating term on the brane as supposed in spontaneous baryogenesis [10],

S_{int} = 1 M ∫ d^4x √ −g(∂_μθ)J^μ (3.2)

where θ is a real scalar field and M is a constant with dimension of mass. Then the integration by parts and using of Eq. (2.5) bring us the following interaction term

S_{int} ≃

M^4_4 M^6_5 ∫ d^4x √ −g ( −θ M ) [ 2 3 (∇_μR)J^μ + 4R_{μν} ∇^μJ^ν ] . (3.3)

This is the curvature-current interaction that leads to gravitational baryogenesis.

Then M_∗ is expected to be proportional to M^3_5 /M^2_4 . The coefficient depends on the model for the violation of CP, so we set M_∗ = fM^3_5 /M^2_4 and leave f as a parameter in our model. If J^μ is a current which produces net B − L, it is not wiped away by the electroweak sphaleron process [11]. The interaction (3.1) violates CPT spontaneously due to the dynamics of the expanding universe. Thus the out of thermal equilibrium is not necessary for the baryogenesis. We denote the temperature at which the B-violating process is decoupled from thermal equilibrium as T_D. Then the produced baryon to entropy ratio will be n_B s ∼ Ṙ M^2_∗ T | | | T_D . (3.4)

where n_B and s are the net baryon number density and the entropy density, respectively. An essential ingredient to realize this mechanism is a non-zero time dependence of R. In

– 3 – the conventional four dimensional general relativity, Ṙ = 0 in radiation dominated universe because T^μ_μ = 0, where T_{μν} is the energy-momentum tensor of matters. Hence the authors in Ref. [9] considered the quantum effect, that is, trace anomaly introduced the non-zero T^μ_μ . On the other hand, in the brane world considered here, Ṙ ≠ 0 will be realised even in the radiation dominated universe due to the higher order curvature correction terms in the effective theory.

In the Randall-Sundrum braneworld models [3, 4], using the geometrical projection method [12], we can derive the following gravitational equation on the brane R_{μν} − 1 2 g_{μν} R = 1 M^2_4 T_{μν} + 1 M^6_5 π_{μν} − E_{μν} . (3.5)

where T_{μν} is the energy-momentum tensor on the brane, π_{μν} := −^1_4 T_{μα}T^α_ν +^1_{12} T T_{μν} + 1 8 g_{μν} T^α_β T^β_α −^1_{24} g_{μν} T^2 and E_{μν} is projected Weyl tensor. Here we assumed that the contribution to the gravity is dominated by the ordinal matter L_{matter}. Hence the equation of Eq. (3.5) is equivalent with that derived from the effective action of Eq. (2.4). For example, E_{μν} contains the holographic CFT stress tensor [6, 13]. Furthermore, π^μ corresponds to the trace anomaly of holographic CFT fields which is evaluated by^{1√}_{−g}^{δΓCFT}_{δgμν} g_{μν} . T_{μν} obeys the local conservation low ∇^μT_{μν} = 0.

From the trace term of Eq. (3.5) we obtain R = − 1 M^2_4 T^μ_μ − 1 M^6_5 π^μ (3.6)

The second term in right-hand side is higher order corrections to conventional cosmology. Now we are thinking of the homogeneous and isotropic universe with perfect fluid. In this case R and Ṙ become

R = (1 − 3w) ρ M^2_4 − 1 6 (1 + 3w) ρ^2 M^6_5

(3.7) and Ṙ = −3(1 + w)H [ 1 − 3w M^2_4 − (1 + 3w)ρ

3M^6_5 ] ρ, (3.8)

where w = P/ρ, H = ȧ/a and a is the scale factor of the universe.

In the very early universe, the radiation is dominated and then w =^1_3 . So the contribution from the conventional cosmology does vanish. But, the corrections remains and then

Ṙ = 8 3 Hρ^2 M^6_5 ∼ T^{10} M^6_5 M_4

, (3.9)

where T is the temperature. Therefore the reaction rate is given by

Γ_B ∼

M^4_4 M^6_5

Ṙ ∼ M^{34} T^{10} M^{12}_5

. (3.10)

– 4 –

The decoupling temperature T_D is the temperature at which Γ_B = H, thus it is determined as T_D ∼ M^{3/2}_5 M^{1/2}_4

(3.11)

In Eq. (3.10) we tacitly assumed that the first term of right-hand side in Eq. (2.5) is dominated. It is easy to check that T_D does not depend on such an assumption. Then the net baryon to entropy ratio is given by n_B s ∼ T^9_D M^2_∗ M^6_5 M_4 ∼ M^3_4 T^9_D f^2M^{12}_5 ∼ 1 f^2 ( M_5 M_4 )_{3/2} . (3.12)

This is quite an interesting result. The resultant baryon to entropy ratio is determined by the ratio of the Planck scales in four dimensional and five dimensional spacetime except for the parameter for CP violation.

Now we consider the parameters in our model. In RS model, there is one parameter l that determines the scale below which Newton’s force low is modified. Today’s experiment restricts l smaller than 0.2mm. Then M_5 is bounded below, M_5 > 10^8GeV. The tension of the brane is also bounded below as σ > (TeV)^4. The decoupling temperature is estimated as

T_D ∼ 10^{2.5} ( M_5 10^8GeV )_{3/2} GeV (3.13)

Finally we obtain the net baryon to entropy ratio n_B s ∼ 10^{−10} ( 0.001 f )_2( 10^8GeV M_5

)_{12}( T_D 10^{2.5}GeV

)_9

. (3.14)

This is quite reasonable value at T_D ∼ 10^{2.5}GeV, M_5 ∼ 10^8GeV and f ∼ 0.001. As Ref. [9], we should require T_D < T_R < M_I where T_R and M_I are the reheating temperature and the inflationary scale if the entropy production was occurred at the reheating after the inflation. For the chaotic inflation with the potential V =^1_2 m^2ϕ^2 at the very high energy, observations lead us the constraints m ∼ 5 × 10^{−5}M_5 and ϕ ∼ 3 × 10^2M_5[14]. Thus, the inflationary scale becomes M_I ∼ V^{1/4} ∼ 10^{−0.5}M_5 which satisfies T_D ≪ M_I .

Acknowledgments

TS would like to thank Norisuke Sakai and Katsushi Ito for discussions. The work of TS was supported by Grant-in-Aid for Scientific Research from Ministry of Education, Science, Sports and Culture of Japan(No.13135208, No.14740155 and No.14102004). The work of KK was supported by JSPS.

– 5 –

A. The derivation of effective action on the brane

adS/CFT correspondence in the braneworld can be formulated using the partition function in the path integral presentation [5] Z = ∫ DGDΦe^{iS5 (G,Φ)+ i}2^{Sbrane(g)} = ∫ DgDφe^i2^{Sbrane+iSct +iΓCFT} , (A.1)

where Γ_{CFT} is the effective action for holographic CFT on the brane. φ is the value at the location of the brane, φ = Φ|_{brane}. S_{ct} is the counter-term which makes the total action finite. S_{ct} can be derived as the solution to the Hamilton-Jacobi(HJ) equation: − 2 √ −g δS δg_{μν} δS δg_{αβ} ( g_{μα}g_{νβ} − 1 3 g_{μν} g_{αβ} ) − 1 2 √ −g [( δS δϕ )_2 + (δS δχ )_2]

+ 1 2 √ −g [ (∇ϕ)^2 + (∇χ)^2 − (R − 2Λ) ] = 0. (A.2)

where φ = (1/ √ 2)(ϕ + iχ). HJ equation can be solved by gradient expansion with small parameter (l/L)^2, where l is the adS radius and L is typical length scale on the brane [15]. After all, the total effective action on the brane becomes

S_{eff} = S_{ct} + 1 2 S_{brane} + Γ_{CFT} . (A.3)

See Refs. [5, 6, 15] for the details.

References

[1] A. Riotto and M. Trodden, Recent progress in baryogenesis, Ann. Rev. Nucl. Part. Sci. 49, 35(1999).

[2] G. Dvali and G. Gabadadze, Nonconservation of global charges in the brane universe and baryogenesis, Phys. Lett. B460, 47(1999); G. L. Alberghi, R. Casadio and A. Tronconi, Radion induced spontaneous baryogenesis, hep-ph/0310052.

[3] L. Randall and R. Sundrum, An alternative to compactification, Phys. Rev. Lett. 83, 4690(1999).

[4] For the review, R. Maartens, Brane world gravity, gr-qc/0312059.

[5] S. W. Hawking, T. Hertog and H. S. Reall, Brane new world, Phys. Rev. D62, 043501(2000); S.

S. Gubser, AdS/CFT and gravity, Phys. Rev. D63, 084017(2001); S. Nojiri, S.D. Odintsov and S. Zerbini, Quantum (in)stability of dilatonic AdS backgrounds and holographic renormalization group with gravity, Phys. Rev. D62,064006(2000); S. Nojiri and S.D. Odintsov, Brane world inflation induced by quantum effects, Phys. Lett. B484, 119(2000); L. Anchordoqui, C. Nunez and L. Olsen, Quantum cosmology and AdS/CFT, J. High Energy Phys. 10, 050(2000); S. B. Giddings, E. Katz and L. Randall, Linearized gravity in brane backgrounds, J. High Energy Phys. 02, 023(2000); M. J. Duff and J. T. Liu, Complementarity of the Maldacena and Randall-Sundrum pictures, Phys. Rev. Lett. 85, 2052(2000); T. Tanaka, AdS/CFT correspondence in a Friedmann-Lemaitre-Robertson-Walker brane, gr-qc/0402068.

– 6 –

[6] T. Shiromizu, T. Torii and D. Ida, Brane world and holography, J. High Energy Phys. 007, 050(2002); S. Kanno and J. Soda, Low-energy effective action for dilatonic brane world: A formalism for inflationary brane world, Gen. Rel. Grav. 36, 689(2004); T. Shiromizu, K. Koyama, S. Onda and T. Torii, Can we live on a D-brane? effective theory on a self-gravitating D-brane, Phys. Rev. D68, 063506(2003).

[7] B. Bajc and G. Gabadadze, Localization of matter and cosmological constant on a brane in anti-de Sitter space, Phys. Lett. B474, 282(2000).

[8] A. D. Sakharov, Quark-muonic currents and violation of CP invariance, JETP Letters 5, 24(1967).

[9] H. Davoudiasl, R. Kitano, G. Kribs, H. Murayama and P. J. Steinhardt, Gravitational baryogenesis, hep-ph/0403019.

[10] A. G. Cohen and D. B. Kaplan, Thermodynamics generation of the baryon asymmetry, Phys.

Lett. B199, 251 (1987).

[11] V. A. Kuzmin, V. A. Rubakov and M. E. Shaposhnikov, On the anomalous electroweak baryon number nonconservation in the early universe, Phys. Lett. B155, 36(1985).

[12] T. Shiromizu, K. Maeda and M. Sasaki, The Einstein equation on the 3-brane world, Phys. Rev.

D62, 024012(2000).

[13] T. Shiromizu and D. Ida, Anti-de Sitter no hair, AdS/CFT and the brane world, Phys. Rev.

D64, 044015(2001).

[14] R. Maartens, D. Wands, B. A. Bassett and I. P. C. Heard, Chaotic inflation on the brane, Phys.

Rev. D62, 041301(2000).

[15] K. Koyama and J. Soda, Strongly coupled CFT in FRW universe from AdS/CFT correspondence, JHEP 0105 027 (2001).

– 7 –