arXiv:hep-th/0511299 v3 7 Dec 2005

The Confining Heterotic Brane Gas: A Non-Inflationary Solution to the Entropy and Horizon Problems of Standard Cosmology

Robert Brandenberger and Natalia Shuhmaher Dept. of Physics, McGill University, 3600 University Street, Montréal QC, H3A 2T8, Canada (Dated: December 7, 2005)

We propose a mechanism for solving the horizon and entropy problems of standard cosmology which does not make use of cosmological inflation. Crucial ingredients of our scenario are brane gases, extra dimensions, and a confining potential due to string gas effects which becomes dominant at string-scale brane separations. The initial conditions are taken to be a statistically homogeneous and isotropic hot brane gas in a space in which all spatial dimensions are of string scale. The extra dimensions which end up as the internal ones are orbifolded. The hot brane gas leads to an initial phase (Phase 1) of isotropic expansion. Once the bulk energy density has decreased sufficiently, a weak confining potential between the two orbifold fixed planes begins to dominate, leading to a contraction of the extra spatial dimensions (Phase 2). String modes which contain momentum about the dimensions perpendicular to the orbifold fixed planes provide a repulsive potential which prevents the two orbifold fixed planes from colliding. The radii of the extra dimensions stabilize, and thereafter our three spatial dimensions expand as in standard cosmology. The energy density after the stabilization of the extra dimensions is of string scale, whereas the spatial volume has greatly increased during Phases 1 and 2, thus leading to a non-inflationary solution of the horizon and entropy problems.

PACS numbers: 98.80.Cq

I. 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].

In this paper, we will pay special attention to the “entropy problem” of standard cosmology [1]. The problem consists of the fact that without accelerated expansion of space, it is not possible to explain the large entropy, size and age of our current universe without assuming that at very early times the universe was many orders of magnitude larger than would be expected on dimensional arguments.

In the inflationary scenario, the entropy problem is solved by postulating a sufficiently long period of accelerated expansion, after which the universe reheats to a temperature comparable to that prior to the onset of the period of acceleration. In most] models of inflation, the accelerated expansion of space is sourced by the potential energy of a slowly rolling scalar field. Such models, however, are subject to serious conceptual problems (see e.g. [12, 13] for recent overviews of these problems). Most importantly, the source of the acceleration is very closely related to the source of the cosmological constant in field theory, a constant which is between 60 and 120 orders of magnitude larger than the maximal value of the cosmological constant allowed by current observations. Because of the existence of these conceptual problems, it is of great importance to look for possible alternatives to scalar field-driven inflationary cosmology.

There have been various suggestions for alternative cosmologies. In varying speed of light models [14, 15], postulating the existence of a period in the early universe during which the speed of light decreased very fast leads to a solution of the horizon problem. In the “Pre- Big-Bang scenario” [16], the Universe is born cold, flat and large, undergoes a period of super-exponential contraction before emerging into the period of radiationdominated expansion of standard cosmology. The contracting phase and the expanding phase are related via a duality of string theory, namely “scale-factor duality”. In a more recent cosmological scenario motivated by heterotic M-theory [17], namely the “Ekpyrotic scenario” [18], the collision of a bulk brane onto our boundary orbifold fixed plane generates a non-singular expansion of our brane. However, neither the Pre-Big-Bang nor the original Ekpyrotic scenario can explain why our Universe is so large and old (without assuming that the Universe is already much larger than would be expected by dimensional arguments at the end of the phase of contraction (see e.g. [19, 20]) (this problem is avoided in the “cyclic scenario” [21], a further development of ideas underlying the Ekpyrotic scenario, but this is achived at the cost of additional ad hoc assumptions about the cosmological bounce). The size problem has so far also prevented the “string gas cosmology” scenario [22, 23] (see e.g. [24, 25] for recent reviews) from making contact with late time cosmology, although a stringy mechanism for producing a scale-invariant spectrum of cosmological perturbations does exist in this context [26].

In this paper, we present a potential solution of the entropy problem which does not make use of a period of accelerated expansion. Our solution makes use of several ingredients from string theory: extra spatial dimensions, the existence of branes and orbifold fixed planes as fundamental extended objects in the theory, and a stringy mechanism for stabilizing the shape and volume moduli of string theory via the production of massless string states at enhanced symmetry points in moduli space. Thus, it is possible that our mechanism will find a natural realization in string theory.

II. OVERVIEW OF 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 , (1)

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 confining force between the orbifold fixed planes [44].

As our initial conditions, we take the bulk to be filled with an isotropic [45] gas of branes, as in the studies of [27, 28, 29]. These studies show that, in the context of Type IIB superstring theory, the bulk of the energy density will end up in three and possibly seven branes. However, if the initial Hubble radius is large relative to the size of space, there will be no residual seven branes. In the case of heterotic string theory or taking the starting point to be M-theory, we would be dealing with Neveu- Schwarz 5-branes.

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. We denote this as Phase 1. Our key observation is that in this phase, the energy density projected onto the orbifold fixed planes does not decrease. The reason is that the tension energy of the p-branes increases as a(t)^p, where here a(t) is the bulk scale factor. The volume parallel to the orbifold fixed planes is increasing as a(t)^3, and hence the projected energy density does not decrease (it is in fact constant in the case of 3-branes).

During 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. We denote this phase as Phase 2.

Once the orbifold fixed planes reach a microscopic separation, a repulsive potential due to string momentum modes becomes important (one example is the production of massless states at enhanced symmetry points [30, 31]). 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 [32, 33] (see also [34]). These modes would also ensure dynamical shape moduli stabilization [35]. We denote the time of radion stabilization by t_R since this time plays a similar role to the time of reheating in inflationary cosmology. 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.

After the radion degrees of freedom have stabilized at a microscopic value which presumably is set by the string scale, the three spatial dimensions parallel to the orbifold fixed planes will continue to expand. The energy density which determines the three-dimensional Hubble expansion rate is the projected energy density ρ_p, i.e. the bulk energy density integrated over the transverse directions. The key point is that during Phase 1, ρ_p does not decrease. If the bulk is dominated by 3-branes, ρ_p is constant, if it is dominated by 5-branes, ρ_p in fact increases. In Phase 2, the projected energy density ρ_p also remains constant if the bulk is dominated by 3-branes, modulo the conversion of brane tension energy into radiation as the bulk branes decay or are absorbed by the fixed planes. If we approximate the evolution by assuming that all of the brane tension energy converts to radiation at the time of radion stabilization, then the value of ρ_p at t_R, which is the energy density which determines the evolution of the scale factor of our three spatial dimensions after t_R, is equal to the projected energy density at the initial time, which we take to be given by the string scale [46]. If the branes decay during Phase 2, then the projected energy density at t_R is larger than the initial value, in which case we may be driven to a Hagedorn phase of string theory. The main point, however, it that since the volume of our three spatial dimensions has been expanding throughout Phases 1 and 2, the horizon and entropy problems of standard cosmology can easily be solved by simply assuming that the phase of bulk expansion lasted sufficiently long (numbers will be given later).

Note that we are assuming in this paper that the dilaton has been stabilized by some as yet unknown mechanism. In this case, the equations of motion of the bulk are those of homogeneous but anisotropic general relativity.

The metric is in this case given by

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

where x denote the three coordinates parallel to the boundary planes and y denote the coordinates of the perpendicular directions. In the case of d extra spatial directions the equations of anisotropic cosmology are ä + ȧ ( 2H + dH ) (3) = 8πGa [ P − 1 3 + d − 1

(3P + dP̃ ) + 1 3 + d − 1 ρ ] , b̈ + ḃ(3H + (d − 1)H) (4) = 8πGb [~ P − 1 3 + d − 1

(3P + dP̃ ) + 1 3 + d − 1 ρ ] , and (3H + dH)^2 − 3H^2 − dH^2 = 16πGρ , (5)

where H ≡ ȧ/a, H ≡ ḃ/b are the expansion rates of the parallel and perpendicular dimensions, respectively, ρ is the bulk energy density and P and P̃ are the parallel and perpendicular pressures, respectively.

III. THE PHASE OF BULK EXPANSION

During the phase of bulk expansion, the two scale factors coincide, P = P̃ , and both equations (3) and (4) reduce to ä a + (2 + d) ( ȧ a )_2 = 8πG 3 + d − 1 [ ρ − P ] . (6)

Making use of the equation of state P = wρ, and inserting (5), the dynamical equation (6) becomes ä a + (2 + d) ( ȧ a )_2 = 1 2 (3 + d)(1 − w) ( ȧ a )_2

, (7)

which leads to power law expansion

a(t) ∼ t^α (8)

where the value of α depends on the equation of state: α = 2 (3 + d)(1 + w)

. (9)

If the bulk energy is dominated by the tension of pbranes, then we have w = − p 3 + d

. (10)

In the example motivated by perturbative Type IIB superstring theory, namely d = 6 and p = 3 we obtain

a(t) ∼ t^{2/(3+d−p)} = t^{1/3} . (11)

What is important for us is that this is not accelerated expansion. Starting with heterotic string theory, we would have d = 6 and p = 5 and for M-theory we would take d = 7 and p = 5. These two cases lead to faster expansion rates, namely α = 1/2 in the former case and α = 2/5 in the latter.

IV. THE PHASE OF ORBIFOLD CONTRACTION

If we want the expansion which takes place in this initial phase to solve the size and horizon problems of standard cosmology independent of any further expansion during Phase 2, then the scale factor needs to increase by a factor F of at least

F ∼ 10^{30} . (12)

This result comes about by demanding that the predicted radius of the universe evaluated at the present temperature be greater than the presently observed Hubble radius, i.e. greater than 10^{42}GeV^{−1}, by taking the density at the time t_R to be given by the string scale which we take to be 10^{17}GeV, and taking into account that the scale factor in standard cosmology increases by a factor of about 10^{29} between when the temperature is of string scale and today. Correspondingly, the radiation temperature of the bulk will decrease by the same factor F.

We now assume the existence of a confining potential V between the orbifold fixed planes. In order to generate such a non-vanishing potential, we will need to assume that branes are stuck to the orbifold fixed planes. In terms of the distance r = l_sb between these planes (l_s being the string length), a typical confining potential is

V (r) = μr^n = μ(l_sb)^n, (13)

where n is an integer, μ ≡ Λ^{d+n+4}, and Λ is the typical energy scale of the potential. As we will show below, a value n ≥ 2 √ 2d + d is required for our scenario to work.

The presence of this potential will lead to a transition between the phase of isotropic expansion to a phase in which the extra dimensions contract while the dimensions parallel to the fixed planes keep on expanding (and we will verify below that the expansion is not inflationary). The transition between Phase 1 and Phase 2 takes place when the bulk energy density and the inter-brane potential become comparable. The bulk energy density in Phase 1 scales as

ρ_b(t) ∼ b(t)^{−d−3+p} (14)

(recall that in this phase a(t) = b(t)). Assuming that the initial bulk energy density is set by the string scale, and using the result (11), it follows that in order for the bulk to have expanded by the factor of (12), the upper bound on Λ should satisfy:

Λ ∼ l^{−1}_s 10^{−30 d−p+3+nd+4+n} . (15)

In the case d = 6, p = 3, and n = 2 we obtain

Λ ∼ l^{−1}_s 10^{−20} ∼ 1MeV . (16)

For d = 6 and p = 5 the result is Λ ∼ l^{−1}_s 10^{−15} ∼ 100GeV, for d = 7 and p = 5 we obtain Λ ∼ l^{−1}_s 10^{−210/13} ∼ 10GeV. Note that these values for Λ are not too different from the scale of electroweak symmetry breaking.

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. [25], Appendix A) φ = m_{pl} √ 2dlog(b) , (17)

where m_{pl} is the four-dimensional Planck mass. If the bulk size starts out at the string scale, then b(t_i) = 1, where t_i is the initial time. With these normalizations, φ = 0 corresponds to string separation between the branes. In terms of φ, the potential (13) then induces an effective potential for φ: V_{eff} (φ) = μl^{(n+d)}_s e^{ñφ/mpl} , (18) where ñ = (n − d)/ √ 2d. Note that the original bulk potential needs to be multiplied by the area of the orbifold fixed plane in order to obtain the effective potential for φ, V_{eff} (φ). There is also a factor of b^{−2d} coming from converting to the Einstein frame (see e.g. [25], Appendix A). The equation of motion for φ then becomes φ̈ + 3Hφ̇ = −ñ μl^{(n+d)} s m_{pl} e^{ñφ/mpl} (19) with

H^2 = 1 3m^2_{pl} [ φ̇^2 2 + μl^{(n+d)} s m_{pl} e^{ñφ/mpl} ] (20)

During Phase 2, the scale factor a(t) of the three spatial dimensions parallel to the orbifold fixed planes will expand according to the usual four space-time dimensional cosmological equations, where matter is dominated by the scalar field φ. The solution of the equations of motion (19 and 20) in the cases ñ = 1 and ñ = 2 is given by

φ = m_{pl} ñ ln 2m^2_{pl} (6 − ñ^2)

ñ^4μl_s^{(n+d)}t^2

(21)

The corresponding values of the equation of state parameter are w = ñ^2 − 3 3 . (22)

For ñ = 1 this equation of state corresponds to an accelerating background, but for ñ = 2 the background evolution is non-accelerating. In fact, as ñ grows one can easily show that the usual inflationary slow-roll conditions are grossly violated. Thus, for a value of ñ ≥ 2 or equivalently n ≥ 2 √ 2d + d the evolution of a(t) during this phase will be non-inflationary.

Taking into account the bulk expansion during Phase 1 of (12), it follows that for d = 6 and p = 3 the initial value of φ is about 69m_{pl}. The exponential form of the potential will lead to a rapid collapse of the extra dimensions. To estimate the time scale of the decrease, we replace the source of the right hand side of (19) by its initial value and estimate the time interval Δt for φ to decrease by an amount m_{pl}. We find that this time interval equals the initial Hubble time. Thus, a rough estimate of the duration of Period 2 is 10^2H^{−1}.

V. MODULUS STABILIZATION AND LATE TIME COSMOLOGY

The next crucial step in our scenario is to invoke a mechanism to stabilize the radius of the extra dimensions at a fixed radius. Such modulus stabilization mechanisms have recently been extensively studied both in the context of string theory models of inflation (see e.g. [37] for recent reviews) and in string gas cosmology [36]. We will make use of the mechanism developed in the latter approach.

String modes which carry momentum about the extra dimensions will generate an effective potential for the radion which is repulsive. These repulsive effects will dominate for values of the radion smaller than the selfdual radius. Since these modes are very light at large values of the radion, it is likely that they will be present in great abundance. Even if they are not, the subset of such modes which are massless at enhanced symmetry points will be copiously produced when the value of the radion approaches such points [30, 31] [47]. The induced potential will lead to a source term in the equation of motion for the scale factor b(t) which is of the form [32, 33] b̈ + 3Hḃ = 8πGn(t)[( 1 b )_2 − b^2 ] + ... , (23) where the dots indicate extra source terms from other string modes, as well as terms quadratic in ḃ. Note that n(t) is given by the number density of the modes. Translating to the scalar field φ, and neglecting terms quadratic in φ̇, the above equation becomes φ̈ + 3Hφ̇ = 8πGn(t)e^{−φ/mpl} m_{pl} ( e^{−2φ/mpl} − e^{2φ/mpl} ) . (24) Thus, it follows that after approaching the self-dual radius, b(t) will perform damped oscillations about b(t) = 1, or, in other words, φ(t) will undergo damped oscillations about and get trapped at φ = 0 (which corresponds to string scale separation between the orbifold fixed planes). At this separation, the four dimensional effective potential V_{eff} becomes

V_{eff} = Λ^{d+4+n}l^{n+d}_s , (25)

and, taking upper limit on Λ from (15), this becomes

V_{eff} = l^{−4}_s 10^{−30(d−p+3+n)} . (26)

Thus, starting with vanishing cosmological constant in the bare bulk Lagrangian, our scenario accidentely generates a cosmological constant energy density in our present universe which is suppressed by 30 × (d − p + 3 + n) orders of magnitude. This will provide the correct order of the cosmological constant to account for the current acceleration if d = p and n = 1.

Either at some point during the phase of contraction, or else when the distance between the orbifold fixed planes has decreased to the string scale, all of the bulk branes will decay, presumably predominantly into radiation along the fixed plane directions. The three unconfined spatial dimensions will thus emerge in the expanding radiation-dominated phase of standard cosmology. The energy density which at late time governs the dynamics of our scale factor a(t) is the bulk energy density integrated over the transverse dimensions. Since the bulk energy in Phase 1 is dominated by the p = 3 branes, the integrated energy density is constant. Thus, at the beginning of the radiation-dominated phase the effective energy density is of the same order of magnitude as the initial bulk energy density, namely given by the string scale.

From the point of view of late time cosmology, what has been achieved during Phase 1 is to increase the size of our spatial sections without decreasing the effective energy density. Without extra spatial dimensions, the energy density can only remain constant if the expansion of space is inflationary, but making use of the dynamics of extra spatial dimensions, constant effective energy density can be achieved using non-accelerated expansion of all dimensions.

Note that in the case of p > 3, specifically in the cases where we use Neveu-Schwarz 5-branes in the bulk, the projected energy density actually increases in Phase 1. If it decreases less during Phase 2 than it increased during Phase 1 (which will be the case e.g. if the branes convert to radiation during Phase 2), then the possibility emerges that we are driven to a Hagedorn phase of string theory towards the end of Phase 2 [22, 38]. In this case, a very nice mechanism for the generation of a scale-invariant spectrum of fluctuations [26] can be realized. This possibility will be briefly discussed in the next section.

There is another key prediction of our model which is closely related to the chosen topology of space. No odd-dimensional cycles exist on the inner space T^6/Z_2, thus prohibiting certain stable configurations of p-branes. Given that we are using odd-dimensional branes in our examples, only 1 or 3 brane dimensions can wrap our three-dimensional toroidal space T^3, because no odddimensional stable p-branes can have an odd number of their brane dimensions wrapped about the inner space. This prevents the creation of stable “stringy” domain walls and monopoles in our universe, but it may predict the existence and future detection of cosmic strings.

VI. DISCUSSION AND CONCLUSIONS

By making use of some tools coming from string theory, we have proposed a mechanism to solve the entropy (size) problem of standard cosmology without inflation. According to our proposal, the universe begins hot, small and dense. We assume that the six extra spatial dimensions of perturbative superstring theory are orbifolded, the three dimensions we see today are not (they are toroidal). The universe emerges with a gas of bulk branes (e.g. three branes if we have the perturbative limit of Type IIB superstring theory in mind or 5-branes if we start from heterotic string theory or M-theory) which drives an initial phase of isotropic bulk expansion of all nine spatial dimensions. During this phase, the energy density projected onto the orbifold fixed planes does not decrease, even though the scale factor is expanding (as t^{1/3} in the case of 3-branes in six extra dimensions). We assume the presence of a weak confining potential between the orbifold fixed planes (the cosmological scenario which emerges when considering a more conventional type of potential will be discussed in a followup paper [39]). Such a potential will eventually dominate over the bulk energy density and will lead to a second phase in which the extra spatial dimensions rapidly contract while our three spatial dimensions continue to expand. Once the orbifold fixed planes approach each other to within the string scale, stringy effects previously studied in the context of string gas cosmology will stabilize the radion degrees of freedom. The bulk branes decay, and the universe emerges into the radiation-dominated phase of standard cosmology, with a temperature which is of string scale, but a size which is many orders of magnitude larger than what would be expected on dimensional arguments [48]. Note that in the proposed scenario, the electroweak scale and the late time acceleration may be explained by the same source.

Since the initial spatial section is in thermal contact, the horizon problem of standard cosmology is explained, as well. Our scenario, however, does not solve the flatness problem of standard cosmology. If the initial spatial sections are curved, then the curvature will lead to a recollapse of the universe. One way to address the flatness problem is to invoke a special symmetry such as the BPS symmetry (see e.g. [41] for a textbook discussion) which prohibits spatial curvature.

In order to provide an alternative to inflation in terms of solving all of the cosmological problems of standard cosmology which inflation addresses, we need to find a mechanism for generating fluctuations. Work on this topic is in progress. Since the universe is initially in causal contact, there are no causality arguments which prevent the generation of adiabatic fluctuations. It is possible that bulk fluctuations similar to the ones proposed in the Ekpyrotic scenario could play this role. Provided there are scale-invariant fluctuations in bulk metric variables during the contracting phase, the work of [42] (see also [43]) shows that such fluctuations will induce a scale-invariant spectrum of four dimensional metric fluctuations in the radiation-dominated phase. Another possibility, in particular in the context of branes with spatial dimension larger than three, is that the post-collapse phase will lead to such high densities that a quasi-static Hagedorn phase will result. The Hagedorn phase makes a smooth transition to the radiation-dominated phase of standard cosmology. In this case, string thermodynamics automatically generates a scale-invariant spectrum of adiabatic fluctuations on all scales smaller than the Hubble radius during the quasi-static phase [26].

Acknowledgments

We wish to thank Keshav Dasgupta for useful discussions and for comments on our manuscript, and Thorsten Battefeld for pointing out a scaling error in an initial draft of the paper. 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, [arXiv:hep-ph/9910410]. [13] R. H. Brandenberger, arXiv:hep-th/0509076. [14] J. W. Moffat, Int. J. Mod. Phys. D 2, 351 (1993) [arXiv:gr-qc/9211020].

[15] A. Albrecht and J. Magueijo, Phys. Rev. D 59, 043516 (1999) [arXiv:astro-ph/9811018].

[16] M. Gasperini and G. Veneziano, Astropart. Phys. 1, 317 (1993) [arXiv:hep-th/9211021].

[17] P. Horava and E. Witten, Nucl. Phys. B 460, 506 (1996) [arXiv:hep-th/9510209];

P. Horava and E. Witten, Nucl. Phys. B 475, 94 (1996) [arXiv:hep-th/9603142].

[18] J. Khoury, B. A. Ovrut, P. J. Steinhardt and N. Turok, Phys. Rev. D 64, 123522 (2001) [arXiv:hep-th/0103239].

[19] M. S. Turner and E. J. Weinberg, Phys. Rev. D 56, 4604 (1997) [arXiv:hep-th/9705035];

N. Kaloper, A. D. Linde and R. Bousso, Phys. Rev. D 59, 043508 (1999) [arXiv:hep-th/9801073].

[20] R. Kallosh, L. Kofman and A. D. Linde, Phys. Rev. D 64, 123523 (2001) [arXiv:hep-th/0104073].

[21] P. J. Steinhardt and N. Turok, Phys. Rev. D 65, 126003 (2002) [arXiv:hep-th/0111098].

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

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

Rev. D 62, 103509 (2000) [arXiv:hep-th/0005212]. [24] R. Brandenberger, [arXiv:hep-th/0509099], Challenges for String Gas Cosmology to appear in the proceedings of the 59th Yamada Conference “Inflating Horizon of Particle Astrophysics and Cosmology” (University of Tokyo,

Tokyo, Japan, June 20 - June 24, 2005).

[25] T. Battefeld and S. Watson, arXiv:hep-th/0510022. [26] A. Nayeri, R. Brandenberger and C. Vafa, “Producing a Scale-Invariant Spectrum of Perturbations in a Hagedorn Phase of String Cosmology”, arXiv:hep-th/0511140 [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. Watson, Phys. Rev. D 70, 066005 (2004) [arXiv:hep-th/0404177].

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

[32] S. P. Patil and R. Brandenberger, Phys. Rev. D 71, 103522 (2005) [arXiv:hep-th/0401037].

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

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

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

[36] 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.

[37] 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.

[38] A. A. Tseytlin and C. Vafa, Nucl. Phys. B 372, 443 (1992) [arXiv:hep-th/9109048].

[39] N. Shuhmaher and R. Brandenberger, arXiv:hep-th/0512056.

[40] G. D. Starkman, D. Stojkovic and M. Trodden, Phys.

Rev. D 63, 103511 (2001) [arXiv:hep-th/0012226]; G. D. Starkman, D. Stojkovic and M. Trodden, Phys. Rev. Lett. 87, 231303 (2001) [arXiv:hep-th/0106143].

[41] J. Polchinski, String Theory, Vol. 2, (Cambridge Univ.

Press, Cambridge, 1998).

[42] T. J. Battefeld, S. P. Patil and R. H. Brandenberger, arXiv:hep-th/0509043.

[43] A. J. Tolley, N. Turok and P. J. Steinhardt, Phys. Rev.

D 69, 106005 (2004) [arXiv:hep-th/0306109].

[44] 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 [45] Note that the orbifolding will prohibit the existence of certain branes along certain of the dimensions and will thus lead to a breaking of the condition of isotropy. The details are fairly model-specific and will be discussed in a followup paper. The bottom line, however, is that the noninflationary bulk expansion of the first phase in all directions remains a valid conclusion.

[46] We assume that initial radii and densities are all set by the string scale, i.e. we introduce no unnaturally small or large numbers.

[47] As discussed in [33], stabilization via string modes which are massless at the self-dual radius leads to a consistent late time cosmology.

[48] Note that our proposal has certain similarities with the approach of [40], in which - in the context of brane world cosmology - it was proposed that the decay of Kaluza- Klein bulk modes will lead to an entropy flow from the bulk to the brane which can solve the entropy and homogeneity problem of standard cosmology without requiring a phase of inflationary expansion.