arXiv:hep-ph/0407250 v2 31 Jul 2004

Brane inflation and the fine-tuning problem

Abderrahim Chafik Laboratoire de Physique Théorique, Faculté des Sciences, BP 1014, Agdal, Rabat, Morocco, (Dated: August 1, 2004)

Brane inflation can provide a promissing framework for solving the fine-tuning problem in standard inflationary models. The aim of this paper is to illustrate the mechanism by which this can be achieved. By considering the supersymmetric two-stage inflation model we show that the initial fine-tuning of the coupling parameter can be considerably relaxed. SubPlanckian values of the inflaton during inflation can also be obtained.

PACS numbers: 98.80.Cq

I. INTRODUCTION

Inflation has been initially invoked as a remedy for the conceptual problems of the cosmological hot big-bang model [1, 2]. These problems are essentially related to the fine-tuning of the initial conditions. However, inflation itself has given rise to another fine-tuning problem. Indeed, small values of the parameters of the theory are usually required in order to guarantee a sufficiently long period of inflation (i.e. flat potential) to solve the problems of the standard cosmological model (as the horizon and flatness ones), and to generate the correct magnitude of the density perturbations supposed to be the origin of the structure formation in the universe. This has been a great challenge for physicists.

Nevertheless, this problem can be removed in the context of the hybrid inflation [3, 4] which is one of the most attractive models of inflation, and is particularily relevent to the supersymmetric realisation of inflation [5] where a flat potential is naturally obtained. Hybrid inflation has also adressed a second issue which is the superPlanckian values of the inflaton field during inflation.

Unfortunately, these two problems reappear in a variant of hybrid inflation. Indeed, in reference [6] we have proposed a model of supersymmetric hybrid inflation which describes a scenario of two disconnected stages of inflation, but this can be only achieved with a severe fine-tuning of the coupling parameter. The same fine-tuning is required in order to generate the correct amplitude of the density perturbations.

Recently there has been a great deal of interest in conceiving our universe to be confined in a brane embeded in a higher dimensional space-time [7]. Such models are motivated by superstring theory solutions where matter fields (related to open string modes) live on the brane, while gravity (closed string modes) can propagate in the bulk [8, 9, 10]. In these scenarios extra dimensions need not be small and may even be infinite [11, 12]. Another important consequence of these ideas is that the fundamental Planck scale M_{4+d} in (4+d) dimensions can be considerably smaller than the effective Planck scale M_p = 1.2×10^{19} GeV in our four dimensional space-time.

It has also been noticed that in the context of extra dimensions and the brane world scenario the effective four-dimensional cosmology may deviate from the standard Big-Bang cosmology [13, 14, 15, 16, 17], which could lead to a different physics of the early universe. The origin of this difference is the correction to the Friedmann equation which becomes [14, 15, 16, 17]

H^2 = 8π 3M^2_p ρ [ 1 + ρ 2λ ] (1) where λ is the brane tension. The new term in ρ^2 is dominant at high energies, but at low energies we must recover the standard cosmology, in particular during the nucleosynthesis, which leads to a lower bound on the value of the brane tension λ ≥ (1M eV )^4 .

With this modified Friedmann equation and within the slow-rolling paradigm the two slow-rolling parameters become [18] ϵ ≡ M^2_p 16π ( V^′ V )_2[ 2λ(2λ + 2V ) (2λ + V )^2 ] (2) η ≡ M^2_p 8π ( V^{′′} V )[ 2λ 2λ + V ] (3) where, as usually assumed in the slow-roll approximation, the energy density is dominated by the potential energy V . It is clear that at low energies, V ≪ λ, the two parameters reduce to the standard form [1], but at high energies, V ≫ λ, this extra contribution to the Hubble expansion helps damp the rolling of the scalar field as ϵ and η are suppressed. Thus, brane effects ease the condition for slow-roll inflation for a given potential [18].

In the same way the number of e-folds during inflation become [18]

N ≃ − 8π M^2_p ∫_{σ2} σ_1 V V^′ [ 1 + V 2λ ] dσ (4)

Similiraly, at high energies this expression yields more inflation between any two values of the inflaton for a given potential. It follows from these two remarks that we can hope to solve or to reduce the fine-tuning problem in the inflationary models in the context of the braneworld scenario since as it has been mentioned, this problem is essentially due to the requirement of a sufficiently long period of inflation.

II. THE INITIAL MODEL

In reference [6] we have contributed to the resolution of the problem encountered in the first realisation of the hybrid inflation model in supersymmetry: the generation of a slope for the scalar potential. Indeed, the initial version of the supersymmetric hybrid inflation was based on a superpotential of the form [19, 20]

W = κS(−μ^2 + ϕϕ) (5)

where ϕ, ϕ is a conjugate pair of superfields transforming as non-trivial representation of some gauge group G under which the superfield S is neutrally charged, the coupling parameter κ and the mass scale μ can be taken to be real and positive.

Such a superpotential gives a scalar potential which is identical to the potential of the initial non supersymmetric hybrid model [3, 4] but without the mass-term of the inflaton field . Such a mass-term is necessary for inflation since it gives the slope of the valley of minima, and then drives the inflaton to its critical value where inflation ends.

Our approach was based on the modified superpotential [6]

W = κS(−μ^2 + ϕϕ) + λ_S 3 S^3 (6)

From the above superpotential we have derived an effective potential of the form

V (φ , σ) = κ^2 ( μ^2 − φ^2 4 )_2 + g^2 φ^2σ^2 4 + λ_σ σ^4 4 (7) (where λ_σ =λ^2_S ) which is the same as the one of the initial Linde’s model but the mass-term has been replaced by a quartic self-coupling one^1 .

In the resulting model a first phase of inflation occurs where the potential is dominated by the σ^4-term, and

1 The scalar fields φ and σ are proportional to the real parts of the scalar components of the superfields ϕ, ϕ and S respectively .

ends when the inflaton reaches a value σ_e ∼ O(M_p) (ϵ(σ_e) ∼ 1) which is much greater than σ_c = √ 2κμ/g . The inflaton undergoes a phase of oscillations about its minimum during which its energy decreases untill the vacuum energy V = κ^2μ^4 becomes dominant, then a second stage of inflation begins. The achievement of such a scenario requires the condition :

λ_σ σ^4_{60} 4 ≪ κ^2μ^4 (8)

where σ_{60} is the value of σ 60 e-folds before the end of inflation, which is given by the expression [6] 1 σ^2_{60} = [ 1 κ^2μ^2 ( g^2 2 − 30 π M^2_p λ_σ μ^2 )] (9) Substitute Eq.(9) into Eq.(8) yelds

λ_σ ≃ 5 × 10^{−12} (10)

The same value of the coupling parameter has also been deduced from the observational constraint δ_H = 1.9 × 10^{−5}.

This model describes a cosmologically rich scenario since the first inflationary phase may produce the homogeneity beyond the Hubble radius which makes natural the onset of the second stage during which the interesting length scales leave the horizon. However, a severe fine-tuning of the self-coupling constant is required to achieve such a second stage and to generate the correct magnitude of the spectrum of density perturbations.

III. THE BRANE VERSION

The above result may be interpreted as reflecting the simple fact that the two-stage scenario is less favourable and thus we should only consider the case of a single epoch of inflation where the σ^4 term remains dominant untill the instability point σ = σ_c, which is identical to the original model of chaotic inflation [21]. However, even in this case a fine-tuning is inevitable as was shown in in reference [22] where the COBE constraint has given the standard result :

λ_σ = 4.2 × 10^{−13} (11)

As it was explained in the introduction this situation can be improved in the context of the braneworld scenario, where the fine-tuning will be considerably relaxed in the second case.

In this section we shall restrict ourselves to the simple picture of the so-called Randall-Sundrum II model [23] where the matter of the universe is confined in a (3+1) brane with positive tension (the bulk space beeing empty), and the higher dimensional space is non compact. The fundamental equations in this case are Eq.(1)- (4). Hence, by calculating the value of σ_{60} using the expression Eq.(4) of the number N we find 1 σ^2_{60} = g^2 2κ^2μ^2 − 15M^2_p π λ_σ κ^2μ^4 [ 1 + κ^2μ^4 λ ]_{−1} (12)

The condition Eq.(8) then becomes

g^2 κλ_S ≫ 30M^2_p π λ_S κμ^2 [ 1 + κ^2μ^4 λ ]_{−1} (13)

or equivalently

g^2μ^2 [ 1 + κ^2μ^4 λ ] ≫ λ_σ M^2_p (14)

In the brane inflation context the main cosmological constraint comes from the amplitude of the scalar perturbations which is given by [18]:

A^2_s ≃ ( 512π 75M^6_p ) V^3 V^{′2} [ 2λ + V 2λ ]_3| | | |_{k=aH} (15)

In our model we obtain

A^2_s ≃ ( 512π 75M^6_p )( g^3μ^3 λ_σ )_2[ 1 + κ^2μ^4 λ ]_3

(16)

where we have used the condition Eq.(13) to neglect small terms.

The COBE observed value of A_s is

A_s = 2 × 10^{−5} (17)

Using Eq.(13) the above value implies

λ_σ ≪ 2 × 10^{−12} (18)

which implies that even in the braneworld scenariothe the two-stage inflation requires fine-tuning. However, in the case of the simple hybrid inflation with a quartic term the result is very interesting. Indeed, if the σ^4 term remains dominant the value of σ_{60} is given by:

σ^2_{60} ≃

1440 π M^2_p λ λ_σ + 8 ( κμ g )_6

(19)

and then the amplitude of the scalar perturbations becomes

A^2_s ≃ 8π 75 λ_σ ( 180 π )_3 (20)

where we have used the upper bound of the brane tension [24]

λ ≤ (1.7 × 10^{−4})^4 M^4_p (21)

The new result is then

λ_σ ≃ 0.8 × 10^{−6} (22)

or equivalently λ_S ≃ 0.9 × 10^{−3} for the fundamental parameter of the theory Eq.(6).

With this value of the coupling parameter λ_σ the finetuning in the initial model has been clearly relaxed as was expected. Furthermmore, as we have also expected, the value of the inflaton field during inflation can be made less than the Planck mass. Indeed, using Eq.(4) the condition N ≥ 70 for a sufficient inflation (with σ_e ≡ σ_c) gives the following initial value

σ_i ≥ 4 × 10^{−2} M_p (23)

Nevertheless, the two-stage scenario is not completely lost but its achievement with the present value of the coupling paramter [Eq.(22)] requires superPlanckian values of the inflaton. Indeed, as a minimal value of σ, in this case, the value σ_e > σ_c which satisfy ϵ(σ_e) ∼ O(1) is found to be σ_e ≃ 16 M_p.

IV. DISCUSSION AND CONCLUSION

In this paper the model of supersymmetric two-stage inflation has been reexamined in the context of the braneworld scenario. The aim of this extention was to relax the fine-tuning of the coupling parameter in the initial version. This goal has benn achieved but without having two disconnected stages of inflation, or by keeping superPlanckian initial values of the inflaton field. The resulting scenario is then a simple hybrid inflation with a quartic term where the potential is dominated by a σ^4-term. Such a model also requires fine-tuning in the standard case. In addition to this result it has been shown that the initial value of the inflaton field can be less than the Planck mass as it was initially achieved in the Linde’s hybrid inflation. So we have illustrated how the fine-tuning, usually seen as a generic problem of the standard inflationary models, can be relaxed in the braneworld picture.

The possibility of solving the fine-tuning problem in extra dimensions theories has also been studied in reference [25] where the authors have proposed a generalization of the so-called assisted inflation [26] (see also [27]) for power law potentials where the Kaluza-Klein modes of the 5-dimensional scalar field constitute the source of the necessary multiplicity of scalar fields. In this model the 4-dimensional coupling constant of the K-K fields is determined by the 5-dimensional one divided by the number of the K-K modes. As a result the effective coupling constant is suppressed by the number of scalar fields present in the theory, which means that it becomes naturally small (to satisfy the COBE constraint) without the need of any fine-tuning of the fundamental coupling constants. In the same framework the authors have also adressed the issue of the large initial values of the inflaton field in chaotic inflation [28]. They have demonstrated that for the initial values of the constituent fields many order of magnitude smaller than M_p the value of the inflaton can exceed the threshold of few M_p. While through this mechanism the solution of the above two problems depends on the number of the scalar fields present in the theory, in the braneworld scenarion it is directely related to the extra dimensions aspect of the cosmological equations.

On the other hand, the hierarchy problem which is usually seen as a fine-tuning problem can also be addressed in the brane theory [29], where in the so-called Randall- Sundrum model I with two branes the very small rapport between the electroweek and the Planck scales is due to the highly curved AdS background, which implies a large gravitational red-shift between energy scales in the two branes. In this model it is shown that by an appropriate inter-brane distance the 5-dimensional Planck scale M_5 is not very far from the electroweek scale. In the same framework there has been also a new hope to solve the cosmological constant problem, in particular through the so-called self-tuning mechanism (see e.g. [30] and references therein). We then conclude that the extra dimension theories, and in particular the brane theory, are very promessing for the solution of the challenging fine-tuning problem.

Acknowledgments

I would like to thank the Abdus Salam ictp for hospitality.

[1] E. W. Kolb and M. S. Turner, The Early Universe (Addison Wesly 1990, 1990).

[2] A. D. Linde, Particle Physics and Inflationary Cosmology (Harwood, 1990).

[3] A. D. Linde, Phys. Lett. B 259, 38 (1991). [4] A. D. Linde, Phys. Rev. D 49, 748 (1994). [5] D. H. Lyth and A. Riotto, Phys. Rep. (1999). [6] H. Boutaleb, A. Chafik, and A. L. Marrakchi, Acta Physica Slovaca 51, 297 (2001).

[7] J. Plochinski, String theory (Cambridge University Press, 1998).

[8] J. Polchinski, Phys. Rev. Lett. 75, 4724 (1995). [9] P. Horava and E. Witten, Nucl. Phys. B (1996). [10] A. Lukas, B. A. Ovrut, and D. Waldram, Phys. Rev. D 60, 086001 (1999).

[11] I. Antoniadis, Phys. Lett. B 264, 317 (1990). [12] N. Arkani-Hamed, S. Dinopoulos, and G. Dvali, Phys.

Lett. B 429, 263 (1998).

[13] A. Lukas, B. Ovrut, and D. Waldram, Phys. Rev. D 61, 023506 (2000).

[14] P. Binetruy, Nucl. Phys. B 565, 269 (2000). [15] P. Binetruy, C. Deffayet, U. Ellwanger, and D. Langlois, Phys. Lett. B 477, 269 (2000).

[16] T. Shiromizu, K. Maeda, and M. Sasaki, Phys. Rev. D 62, 024012 (2000).

[17] E. E. Flangan, S. H. Tye, and I. Wasserman, Phs. Rev.D 62, 044039 (2000).

[18] B. Maartens, D. Wands, B. A. Basset, and I. P. C. Heart, Phys. Rev. D 62, 041301 (2000).

[19] G. Dvali, Q. Shafi, and R. Shaefer, Phys. Rev. Lett. 73, 1886 (1994).

[20] E. J. Copeland, A. R. Liddle, D. H. Lyth, E. D. Stewart, and D. Wands, Phys. Rev. D 49, 6410 (1994).

[21] A. D. Linde, Phys. Lett. B 129, 177 (1983). [22] D. Roberts, A. D. Liddle, and D. Lyth, Phys. Rev. D 51, 4122 (1995).

[23] L. Randall and R. Sundrum, Phys. Rev. Lett. (1999). [24] H. Boutaleb, A. Chafik, and A. L. Marrakchi, Phys. Lett.

B 574, 89 (2003).

[25] P. Kanti and K. A. Olive, Phys. Rev. D 60, 043502 (1999).

[26] A. D. Liddle, A. Mazumdar, and F. E. Svhunck, Phys.

Rev. D 58, 061301 (1998).

[27] K. A. Malik and D. Wands, Phys. Rev. D 59, 123501 (1999).

[28] P. Kanti and K. A. Olive, Phys. Lett. B 464, 192 (1999). [29] L. Randall and R. Sundrum, Phys. Rev. Lett. 83, 3370 (1999).

[30] J. E. Kim, B. Kyae, and Q. Shafi, hep-ph/0402111.