arXiv:hep-th/0512056 v2 25 Apr 2006

Brane gas-driven bulk expansion as a precursor stage to brane inflation

Natalia Shuhmaher and Robert Brandenberger Dept. of Physics, McGill University, 3600 University Street, Montréal QC, H3A 2T8, Canada (Dated: April 25, 2006)

We propose a new way of obtaining slow-roll inflation in the context of higher dimensional models motivated by string and M theory. In our model, all extra spatial dimensions are orbifolded. The initial conditions are taken to be a hot dense bulk brane gas which drives an initial phase of isotropic bulk expansion. This phase ends when a weak potential between the orbifold fixed planes begins to dominate. For a wide class of potentials, a period during which the bulk dimensions decrease sufficiently slowly to lead to slow-roll inflation of the three dimensions parallel to the orbifold fixed planes will result. Once the separation between the orbifold fixed planes becomes of the string scale, a repulsive potential due to string effects takes over and leads to a stabilization of the radion modes. The conversion of bulk branes into radiation during the phase of bulk contraction leads to reheating.

PACS numbers: 98.80.Cq

1. Introduction: The Inflationary Universe scenario [1] (see also [2, 3, 4]) has been extremely successful phenomenologically. It has provided a solution to some of the key problems of standard cosmology, namely the horizon and flatness problems, and yielded a mechanism for producing primordial cosmological perturbations using causal physics, a mechanism which predicted [5, 6] (see also [2, 7]) an almost scale-invariant spectrum of adiabatic cosmological fluctuations, a prediction confirmed more than a decade later to high precision by cosmic microwave background anisotropy experiments [8, 9, 10, 11].

However, it has proven difficult to find convincing realizations of inflation in the context of quantum field theory models of matter in four space-time dimensions. It is usually assumed that the quasi-constant potential energy of a slowly rolling scalar field (the so-called “inflaton”) leads to the accelerated expansion which inflation requires. The Standard Model of particle physics, however, does not contain a scalar field whose dynamics leads to slow-rolling. In single field models with a renormalizable potential, field values larger than m_{pl} (the fourdimensional Planck mass) are required in order to obtain slow-rolling as a local attractor in the phase space of homogeneous solutions to the scalar field equations of motion [12].

Superstring theory and M-theory, on the other hand, contain a lot of degrees of freedom which at the level of the four space-time dimensional effective field theory are described by scalar fields. Supersymmetry ensures that some of these fields (the so-called “moduli fields” are sufficiently weakly coupled to provide potential candidates to be an inflaton.

In the context of brane world cosmology [13, 14], an appealing possibility is that the separation between a brane and an antibrane [15, 16] can serve as the inflaton. A problem with the proposed constructions, which were all in the context of a static bulk, was that the bulk size was generically too small to allow for the large values of the inflaton field required to generate inflation. This problem was addressed in [17, 18]. Another possibility is to have topological brane inflation [19], but this construction also requires special parameters in order to obtain a wide enough brane.

The constructions mentioned in the previous paragraph were all done in the context of phenomenological field theoretical models inspired by string theory. After the discovery that flux constructions can lead to a stabilization mechanism for most moduli fields of string theory [20, 21], a lot of attention (beginning with [22, 23]) was focused on how to obtain inflationary models in the context of flux compactifications (see [24] for reviews and comprehensive lists of references). These constructions are, once again, in the context of static bulk configurations, and have to assume very special configurations (special configurations of branes and special flux choices).

In this paper, we present a new model of brane inflation. In contrast to previous constructions, the dynamics of the bulk dimensions is essential to our model. Also, in contrast to previous constructions, we start with initial conditions which we consider to be very natural, namely a hot brane gas in the context of an initial universe in which all spatial dimensions are democratically small (of the string scale), similar to what is assumed in “string gas cosmology” [25] and its brane generalizations [26, 27, 28, 29]). The hot brane gas leads to an initial phase of isotropic bulk expansion (Phase 1 of our cosmology). During this phase, the bulk energy density decreases.

The isotropy of space is explicitly broken by our assumption that the extra spatial dimensions are orbifolded. This leads to the existence of orbifold fixed planes. We assume the existence of a weak attractive potential between the orbifold fixed planes [40]. Eventually, the associated potential energy will begin to dominate the dynamics and will lead to a contraction of the dimensions perpendicular to the orbifold fixed planes (Phase 2). We will consider a potential of the form V (r) = −μ 1 r^n , (1)

where r is the separation of the orbifolds, and n is an exponent which we will fix later. Such a potential could emerge from charges on branes pinned to the orbifold fixed planes. We will show that such a potential can lead to slow-roll inflation. The inflationary slow-roll parameters are set by the coefficient μ ≡ Λ^{4+d−n} (where Λ has dimensions of energy) which characterizes the strength of the potential. The requirement of a sufficient number of e-foldings to solve the cosmological problems of standard cosmology [1] sets an upper bound on Λ.

Once r decreases to the string scale, a repulsive potential created by stringy effects will take over. The competition of the repulsive short range force and the attractive long range force, together with the continued expansion of space parallel to the orbifold fixed planes, will lead to a stabilization of r. This stabilization scenario is an application of the mechanism of radion stabilization which has recently been studied extensively in the context of string gas cosmology [30, 31, 32] (see [33] for a short review). Either during Phase 2, or once the separation of the orbifold fixed planes has decreased to the string scale, the bulk branes annihilate and decay into radiation. This leads to a smooth transition into the radiation phase of standard cosmology.

Note that a very similar setup was used recently [34] to construct a non-inflationary solution to the entropy and horizon problems of standard cosmology. In [34], we assumed that the inter-brane potential was confining, a potential of the type that could be generated by non-perturbative effects. Here, we take the potential (1) which could come from string exchange between branes [35].

2. The Model: Our starting point is a topology of space in which all but three spatial dimensions are orbifolded, and the three dimensions corresponding to our presently observed space are toroidal. Specifically, the space-time manifold is

M = R × T^3 × T^d/Z_2 , (2)

where T^3 stands for the three-dimensional torus, and d is the number of extra spatial dimensions, which we will take to be either d = 6 in the case of models coming from superstring theory, or d = 7 in the case of models motivated by M-theory. We will assume that there is a weak force between the orbifold fixed planes given by the potential (1) [41].

As our initial conditions, we take the bulk to be filled with a gas of p-branes, as in our previous work [34]. In the context of Type IIB superstring theory we will have D-branes with p = 3, in the case of heterotic string theory or taking the starting point to be M-theory, we have Neveu-Schwarz 5-branes (p = 5).

Assuming that the universe starts out small and hot, it is reasonable to assume that the energy density in the brane gas will initially be many orders of magnitude larger than the potential energy density generated by the force between the orbifold fixed planes. Thus, initially our universe will be expanding isotropically. As shown in [34], this expansion is non-inflationary. During this phase (Phase 1), the bulk energy density will decrease.

Hence, eventually the inter-orbifold potential will begin to dominate. At this point, the cosmological evolution will cease to be isotropic: the directions parallel to the orbifold fixed planes will continue to expand while the perpendicular dimensions begin to contract: this marks the beginning of Phase 2. In the following we will show that for a wide class of potentials, the expansion of our dimensions will be inflationary.

The metric in the non-isotropic phase (and in the absence of spatial curvature) is given by

ds^2 = dt^2 − a(t)^2dx^2 − b(t)^2dy^2 , (3)

where x denote the three coordinates parallel to the boundary planes and y denote the coordinates of the perpendicular directions. Hence, the radius r of the dimensions perpendicular to the orbifold fixed planes is given by r(t) = l_sb(t) .

We will analyse the evolution during Phase 2 using a four-dimensional effective field theory, where we replace the radion b(t) by a scalar field φ(t). In order that φ be canonically normalized when starting from the higher dimensional action of General Relativity, φ and b must be related via (see e.g. [36], Appendix A for a review) φ = √ 2dm_{pl}log(b) . (4)

If the bulk size starts out at the string scale, then b(t_b) = 1, where t_b is the initial time. With these normalizations, φ = 0 corresponds to string separation between the branes. The dimensional reduction of the higher dimensional gravitational action to the four space-time dimensional Einstein frame action yields the following effective potential for φ [36]

V_{eff} (φ) = l^d_s b(φ)^{−d}V (r(φ)) . (5)

Note that the dilaton is assumed to be fixed, and the dilaton-dependence of the potential is neglected. From the potential (1) and inserting the relation (4) we obtain V_{eff} (φ) = −Λ^{4+d−n}l^{d−n}_s e^{− d+n√2d φmpl} = −Λ^{4+d−n}l^{d−n}_s e^{−α̃ φmpl} , (6) where we have defined a constant α̃ ≡ (d + n)/ √ 2d. As an example, for n = 1 and d = 6 we obtain α̃ = 2.02.

To ensure vanishing of the four-dimensional cosmological constant today, we must add a positive constant V_0 to the effective potential (6). If the stabilization radius of the extra dimensions is the string scale l_s, then V_0 is given by

V_0 = Λ^{4+d−n}l^{d−n}_s . (7)

From the form of the potential, it should be expected that a period of slow-roll inflation is possible as long as the initial value of φ at the beginning of Phase 2 is larger than m_{pl} . The special feature of our scenario (and the major advantage compared to previous versions of brane inflation), is that such large values of φ dynamically emerge and do not have to be inserted as ad hoc initial conditions.

In our scenario, inflation has a graceful exit. Once the orbifold fixed planes reach a microscopic separation, Kaluza-Klein momentum modes of strings (e.g. the momenta of the massless states produced at enhanced symmetry points) produce a repulsive potential which scales as b^{−2} [37, 38] and hence on short distances overwhelms the large-distance attractive potential (provided n < 2). The interplay between this repulsive potential which dominates at small separations and the attractive potential which dominates at large distances, coupled to the expansion of the three dimensions parallel to the orbifold fixed planes, will lead to the stabilization of the radion modes at a specific radius (presumably related to the string scale). In the context of heterotic string theory, we could use the string states which are massless at the self-dual radius to obtain stabilization of the radion modes at the self-dual radius [30, 31] (see also [32]). These modes would also ensure dynamical shape moduli stabilization [39]. The branes decay into radiation either during or at the end of Phase 2. This brane decay is the main source of reheating of our three dimensional space. We denote the time of radion stabilization and reheating by t_R. After reheating, our three spatial dimensions emerge in the radiation phase of standard cosmology.

3. The Phase of Bulk Expansion: The phase of isotropic bulk expansion (a(t) = b(t)) proceeds as discussed in [34]. The equation of motion for a(t) is ä a + (2 + d) ( ȧ a )_2 = 8πG 3 + d − 1 [ ρ − P ] , (8)

where ρ is the energy density and P denotes the pressure. Making use of the equation of state P = wρ, and inserting the Einstein constraint equation ( (3 + d)^2 − 3 − d ) H^2 = 16πGρ , (9)

where H ≡ ȧ/a, we obtain power law expansion

a(t) ∼ t^α with α = 2 (3 + d)(1 + w)

. (10)

In the case of bulk energy dominated by the tension of p-branes, we have w = − p 3 + d

. (11)

Thus, in the example motivated by perturbative Type IIB superstring theory, (d = 6 and p = 3) we obtain α = 1/3. Starting with heterotic string theory (d = 6 and p = 5) we obtain α = 1/2, and for M-theory (d = 7 and p = 5) we get α = 2/5. Thus, the phase of bulk expansion is non-inflationary.

4. The Period of Inflation: The period of bulk expansion ends when the bulk potential energy becomes equal to the bulk brane energy density. The bulk energy density in Phase 1 scales as

ρ_b(t) ∼ a(t)^{−d−3+p} (12)

Assuming that the initial bulk energy density is given by the string scale, i.e.

ρ_b(t_b) ∼ l^{−4−d}_s (13)

where t_b denotes the initial time, then the transition between Phase 1 and Phase 2 takes place at a time t_i given by b(t_i)^{−(d+3−p−n)} = ( Λl_s )_{d+4−n} . (14)

The value of the radion φ at this time is given by

φ(t_i) = √ 2dm_{pl}log(b(t_i)) . (15)

Since φ is canonically normalized, its equation of motion is given by (see the form of the effective potential of (6))

φ̈ + 3Hφ̇ = −Λ^{4+d−n}l^{d−n}_s α̃ m_{pl} e^{−α̃φ/mpl} . (16) The slow-roll conditions are satisfied provided: φ ≫ m_{pl} α̃ log { 1 + α̃^2 } . (17)

Thus, to get N efolding of inflation, the initial value of φ should exceed the bound φ(t_i) > m_{pl} α̃ log { α̃^2(N + 1) + 1 } (18)

leading to the condition l_sΛ < [ α̃^2(N + 1) + 1 ]_−^{d+3−p−n} √ 2dα̃(d+4−n) (19)

which allows Λ of order of the string scale.

We conclude that, provided the bound (19) on the energy scale Λ is satisfied, Phase 2 will provide a sufficient length of inflation of our three spatial dimensions, inflation driven by the slow rolling of the modulus field.

5. Discussion and Conclusions: In this paper we have proposed a new way of obtaining inflation in the context of theories with extra dimensions and branes. We assume that our three spatial dimensions are singled out by the orbifold construction of (2), and that there is a weak potential between branes pinned to the orbifold fixed planes. We assume attractive potentials such as could emerge if opposite charges were localized on the two branes.

In our scenario, the universe begins small and hot, filled with an isotropic gas of branes. This brane gas drives a period of isotropic bulk inflation which continues until the potential between the branes localized on the orbifold fixed planes becomes dominant. We have shown that the potential of the radion supports a period of slow-roll inflation. The new feature of our model compared to other models of brane inflation is that the large values of the radion required to obtain sufficient inflation are dynamically generated during the phase of bulk expansion.

Inflation ends when the radion shrinks to string-scale values, the bulk branes annihilate into radiation, and the radion becomes stabilized by string gas effects.

An interesting lesson obtained by comparing our present results with those of our preceding paper [34] is that the details of the potential between the orbifold fixed planes is very important in determining the evolution of our three spatial dimensions. For a sufficiently confining potential, our three spatial dimensions never undergo a period of accelerated expansion - but the period of bulk expansion still enables us to solve the horizon and entropy problems because the energy density of the brane gas projected onto the orbifold fixed planes does not decrease.

The condition on the power n appearing in the potential (1) in order to obtain inflation is n < d+3−p. This limit mirrors the requirement that orbifold fixed plane potential is diluted slower than energy density of p-branes in the bulk.

Acknowledgments: We wish to thank Thorsten Battefeld and Keshav Dasgupta for useful discussions and for comments on our manuscript. This work is supported by funds from McGill University, by an NSERC Discovery Grant and by the Canada Research Chairs program. N.S. would like to acknowledge support from a Carl Reinhardt McGill Major Fellowship.

[1] A. H. Guth, Phys. Rev. D 23, 347 (1981). [2] K. Sato, Mon. Not. Roy. Astron. Soc. 195, 467 (1981). [3] R. Brout, F. Englert and E. Gunzig, Annals Phys. 115, 78 (1978).

[4] A. A. Starobinsky, Phys. Lett. B 91, 99 (1980). [5] V. F. Mukhanov and G. V. Chibisov, JETP Lett. 33, 532 (1981) [Pisma Zh. Eksp. Teor. Fiz. 33, 549 (1981)].

[6] V. N. Lukash, Sov. Phys. JETP 52, 807 (1980) [Zh. Eksp.

Teor. Fiz. 79, (1980)].

[7] W. Press, Phys. Scr. 21, 702 (1980). [8] G. F. Smoot et al., Astrophys. J. 396, L1 (1992). [9] C. B. Netterfield et al. [Boomerang Collaboration], Astrophys. J. 571, 604 (2002) [arXiv:astro-ph/0104460].

[10] S. Hanany et al., Astrophys. J. 545, L5 (2000) [arXiv:astro-ph/0005123].

[11] C. L. Bennett et al., Astrophys. J. Suppl. 148, 1 (2003) [arXiv:astro-ph/0302207].

[12] R. H. Brandenberger and J. H. Kung, Phys. Rev. D 42, 1008 (1990).

[13] N. Arkani-Hamed, S. Dimopoulos and G. R. Dvali, Phys.

Lett. B 429, 263 (1998) [arXiv:hep-ph/9803315]; I. Antoniadis, N. Arkani-Hamed, S. Dimopoulos and G. R. Dvali, Phys. Lett. B 436, 257 (1998) [arXiv:hep-ph/9804398].

[14] L. Randall and R. Sundrum, Phys. Rev. Lett. 83, 4690 (1999) [arXiv:hep-th/9906064].

[15] G. R. Dvali and S. H. H. Tye, Phys. Lett. B 450, 72 (1999) [arXiv:hep-ph/9812483].

[16] G. R. Dvali, Q. Shafi and S. Solganik, arXiv:hep-th/0105203.

[17] C. P. Burgess, M. Majumdar, D. Nolte, F. Quevedo, G. Rajesh and R. J. Zhang, JHEP 0107, 047 (2001) [arXiv:hep-th/0105204].

[18] C. P. Burgess, P. Martineau, F. Quevedo, G. Rajesh and R. J. Zhang, JHEP 0203, 052 (2002) [arXiv:hep-th/0111025].

[19] S. H. S. Alexander, Phys. Rev. D 65, 023507 (2002) [arXiv:hep-th/0105032].

[20] K. Dasgupta, G. Rajesh and S. Sethi, JHEP 9908, 023 (1999) [arXiv:hep-th/9908088];

S. Gukov, C. Vafa and E. Witten, Nucl. Phys. B 584, 69 (2000) [Erratum-ibid. B 608, 477 (2001)] [arXiv:hep-th/9906070].

[21] S. B. Giddings, S. Kachru and J. Polchinski, Phys. Rev.

D 66, 106006 (2002) [arXiv:hep-th/0105097].

[22] S. Kachru, R. Kallosh, A. Linde, J. Maldacena, L. McAllister and S. P. Trivedi, JCAP 0310, 013 (2003) [arXiv:hep-th/0308055].

[23] K. Dasgupta, C. Herdeiro, S. Hirano and R. Kallosh, Phys. Rev. D 65, 126002 (2002) [arXiv:hep-th/0203019].

[24] C. P. Burgess, Pramana 63, 1269 (2004) [arXiv:hep-th/0408037];

A. Linde, eConf C040802, L024 (2004) [arXiv:hep-th/0503195];

J. M. Cline, arXiv:hep-th/0501179.

[25] R. H. Brandenberger and C. Vafa, Nucl. Phys. B 316, 391 (1989).

[26] S. Alexander, R. H. Brandenberger and D. Easson, Phys.

Rev. D 62, 103509 (2000) [arXiv:hep-th/0005212]. [27] M. Majumdar and A.-C. Davis, JHEP 0203, 056 (2002) [arXiv:hep-th/0202148].

[28] R. Durrer, M. Kunz and M. Sakellariadou, Phys. Lett. B 614, 125 (2005) [arXiv:hep-th/0501163].

[29] A. Karch and L. Randall, arXiv:hep-th/0506053. [30] S. P. Patil and R. Brandenberger, Phys. Rev. D 71, 103522 (2005) [arXiv:hep-th/0401037].

[31] S. P. Patil and R. H. Brandenberger, arXiv:hep-th/0502069.

[32] S. Watson and R. Brandenberger, JCAP 0311, 008 (2003) [arXiv:hep-th/0307044].

[33] R. Brandenberger, Moduli Stabilization in String Gas Cosmology to appear in the proceedings of YKIS 2005 (Yukawa Institute for Theoretical Physics, Kyoto, Japan, June 27 - July 1, 2005). arXiv:hep-th/0509159.

[34] R. Brandenberger and N. Shuhmaher, arXiv:hep-th/0511299.

[35] M. Fabinger and P. Horava, Nucl. Phys. B 580, 243 (2000) [arXiv:hep-th/0002073];

M. R. Douglas and G. W. Moore, arXiv:hep-th/9603167; J. Polchinski, S. Chaudhuri and C. V. Johnson, arXiv:hep-th/9602052;

J. Polchinski, arXiv:hep-th/9611050.

[36] T. Battefeld and S. Watson, arXiv:hep-th/0510022. [37] S. Watson, Phys. Rev. D 70, 066005 (2004) [arXiv:hep-th/0404177].

[38] L. Kofman, A. Linde, X. Liu, A. Maloney, L. McAllister and E. Silverstein, JHEP 0405, 030 (2004) [arXiv:hep-th/0403001].

[39] R. Brandenberger, Y. K. Cheung and S. Watson, arXiv:hep-th/0501032.

[40] Note that in terms of having inflation driven by the potential between orbifold fixed planes, our setup is similar to that of [18].

[41] It may be necessary to have branes pinned to the orbifold fixed planes in order to induce such a potential. Our approach, at this stage, is purely phenomenological, and we simply postulate the existence of a potential with the required properties