arXiv:hep-th/0608186 v1 25 Aug 2006

DCTP-06/21,HUTP-06/A0035

More on the Spectrum of Perturbations in String Gas Cosmology

Robert H. Brandenberger^{1)} ,^∗ Sugumi Kanno^{1)},^† Jiro Soda^{2)},^‡ Damien A. Easson^{3)},^§ Justin Khoury^{4)},^¶ Patrick Martineau^{1)},^{∗∗} Ali Nayeri^{5)},^{††} and Subodh P. Patil^{1)‡‡} 1) Department of Physics, McGill University, Montréal, QC, H3A 2T8, Canada 2) Department of Physics, Kyoto University, Kyoto, Japan 3) Centre for Particle Theory, Department of Mathematical Sciences, Durham University, Science Laboratories, South Road, Durham, DH1 3LE, U.K. 4) Perimeter Institute, 31 Caroline St. N., Waterloo, ON, N2L 2Y5, Canada and 5) Jefferson Physical Laboratory, Harvard University, Cambridge, MA, 02138, USA (Dated: August 25, 2006)

String gas cosmology is rewritten in the Einstein frame. In an effective theory in which a gas of closed strings is coupled to a dilaton gravity background without any potential for the dilaton, the Hagedorn phase which is quasi-static in the string frame corresponds to an expanding, nonaccelerating phase from the point of view of the Einstein frame. The Einstein frame curvature singularity which appears in this toy model is related to the blowing up of the dilaton in the string frame. However, for large values of the dilaton, the toy model clearly is inapplicable. Thus, there must be a new string phase which is likely to be static with frozen dilaton. With such a phase, the horizon problem can be successfully addressed in string gas cosmology. The generation of cosmological perturbations in the Hagedorn phase seeded by a gas of long strings in thermal equilibrium is reconsidered, both from the point of view of the string frame (in which it is easier to understand the generation of fluctuations) and the Einstein frame (in which the evolution equations are well known). It is shown that fixing the dilaton at some early stage is important in order to obtain a scale-invariant spectrum of cosmological fluctuations in string gas cosmology.

PACS numbers: 98.80.Cq

INTRODUCTION

String gas cosmology is a model of superstring cosmology which is based on coupling to a classical dilaton gravity background a gas of classical strings with a mass spectrum corresponding to one of the consistent perturbative superstring theories [1, 2] (see also [3] for early work, and [4, 5, 6] for reviews). String gas cosmology has been developed in some detail in recent years [7, 8, 9]. In particular, it was shown [10, 11, 12, 13, 14, 15, 16] that string modes which become massless at enhanced symmetry points lead to a stabilization of the volume and shape moduli of the six extra spatial dimensions (see [1, 17] for arguments in the context of string gas cosmology on how to naturally obtain the separation between three large and six string-scale dimensions [49]) .

String gas cosmology is usually formulated in the string frame, the frame in which stringy matter couples canonically to the background dilaton space-time. The existence of a maximal temperature [20] of a gas of weakly interacting strings in thermal equilibrium has crucial consequences for string cosmology. As discussed in [1], as we follow our universe back in time through the radiation phase of standard cosmology, then when the temperature approaches its limiting value, the energy shifts from the radiative modes to the string oscillatory and winding modes. Thus, the pressure approaches zero. In the string frame, and for zero pressure, as follows from the equations derived in [2, 21], the universe is quasi-static. There is an attractive fixed point of the dynamics in which the scale factor of our large three dimensions is constant, but the dilaton is dynamical (we consider the branch of solutions in which the dilaton is a decreasing function of time). We call this phase the quasi-static Hagedorn phase. Since the string frame Hubble radius is extremely large in the Hagedorn phase (infinite in the limiting case that the scale factor is exactly constant), but decreases dramatically during the transition to the radiation phase of standard cosmology, all comoving scales of interest in cosmology today are sub-Hubble initially, propagate on super-Hubble scales for a long time after the transition to the radiation phase before re-entering the Hubble radius at late times. Thus, it appears in principle possible to imagine a structure formation mechanism driven by local physics.

As was recently suggested [23], string thermodynamic fluctuations in the Hagedorn phase may lead to a nearly scale-invariant spectrum of cosmological perturbations. There would be a slight red tilt for the spectrum of scalar metric perturbations. A key signature of this scenario would be a slight blue tilt for the spectrum of gravitational waves [24] (see also [25, 26] for more detailed treatments). Since this result is surprising from the point of view of particle cosmology, and since the analyses of [23, 24] contained approximations, it is an interesting challenge to analyze the cosmology from the point of view of the Einstein frame, the frame in which cosmologists have a better physical intuition.

In this paper, we analyze both the background dynamics of string gas cosmology and the generation and evolution of cosmological perturbations in the Einstein frame. A naive extrapolation of the background solutions of [2] into the past would yield a cosmological singularity. Such an extrapolation is clearly not justified once the dilaton reaches values for which we enter the strong coupling regime of string theory. Rather, at early times one must have a new phase of the theory in which the dynamics is consistent with the qualitative picture which emerges from string thermodynamics. This phase is meta-stable and will decay into a phase with rolling dilaton. The modified background evolution can solve the horizon and singularity problems in the context of string gas cosmology.

An improved analysis of generation of fluctuations in the string frame shows that the conclusions of [23, 24] concerning the spectra of cosmological perturbations and gravitational waves (we are considering the case where our three large dimensions are toroidal) are only obtained if the dilaton velocity can be neglected.

BACKGROUND DYNAMICS IN THE EINSTEIN FRAME

String gas cosmology is based on T-duality symmetry and on string thermodynamics. String thermodynamics yields the existence of a maximal temperature of a gas of strings in thermal equilibrium, the Hagedorn temperature [20]. If we consider [1] adiabatic evolution of a gas of strings in thermal equilibrium as a function of the radius of space R, T-duality [27] yields a temperatureradius curve (see Fig. 1) which is symmetric about the self-dual radius. Being at the self-dual radius must be a fixed point of the dynamics. The higher the entropy of the string gas is at a fixed radius, the larger is the flat region of the curve, the region where the temperature remains close to the Hagedorn temperature. This implies that the duration of the Hagedorn phase will increase the larger the energy density is.

In a regime in which it is justified to consider the dynamics in terms of a gas of strings coupled to background dilaton gravity, the string frame action for the background fields, the metric and the dilaton (we will set the antisymmetric tensor field to zero) is S = − ∫ d^{1+N} x √ −ge^{−2ϕ} [ R + 4g^{μν} ∂_μϕ∂_ν ϕ ] , (1)

where R is the string frame Ricci scalar, g is the determinant of the string frame metric, N is the number of spatial dimensions, and ϕ is the dilaton field. Note that we are working in units in which the dimensionful prefactor appearing in front of the action is set to 1.

The background is sourced by a thermal gas of strings. Its action S_m is given by the string gas free energy density

FIG. 1: Sketch (based on the analysis of [1] of the evolution of temperature T as a function of the radius R of space of a gas of strings in thermal equilibrium. The top curve is characterized by an entropy higher than the bottom curve, and leads to a longer region of Hagedorn behaviour.

f (which depends on the string frame metric) via

S_m = ∫ d^{1+N} x √ −gf . (2) The total action is the sum of S and S_m. Note that the factor e^{−2ϕ} gives the value of Newton’s gravitational constant.

In the case of a spatially flat, homogeneous and isotropic background given by

ds^2 = dt^2 − a(t)^2dx^2 , (3)

the three resulting equations of motion of dilaton-gravity (the generalization of the two Friedmann equations plus the equation for the dilaton) in the string frame are [2] (see also [21])

− N λ̇^2 + φ̇^2 = e^φE (4) λ̈ − φ̇λ̇ = 1 2 e^φP (5)

φ̈ − N λ̇^2 = 1 2 e^φE , (6)

where E and P denote the total energy and pressure, respectively, and we have introduced the logarithm of the scale factor

λ(t) = log(a(t)) (7)

and the rescaled dilaton φ = 2ϕ − N λ . (8) where N is the number of spatial dimensions (in the following, the case of N = 3 will be considered).

The Hagedorn phase is characterized by vanishing P and, therefore, constant total energy E. Thus, combining

(4) and (6) to eliminate the dependence on λ̇, yields a second order differential equation for φ with the solution

e^{−φ(t)} = E_0 4 t^2 − φ̇_0e^{−φ0} t + e^{−φ0} (9)

subject to the initial condition constraint

φ̇_0^2 = e^{φ0} E_0 + N λ̇_0^2 (10)

which follows immediately from (4). In the above, the subscripts stand for the initial values at the time t = 0.

In the Hagedorn phase, the second order differential equation (5) for λ can easily be solved. If the initial conditions require non-vanishing λ̇_0, the solution is

λ(t) = λ_0 + 1 √ N ln [ √ N λ̇_0 − G √ N λ̇_0 + G ] , (11)

where G is an abbreviation which stands for G = Et 2 e^{φ0} − φ̇_0 . (12)

For vanishing initial value of the derivative of the scale factor, the solution is simply

λ(t) = λ_0 , (13)

i.e. a static metric. In the static case, the result (9) simplifies to e^{−φ(t)} = e^{−φ0} ( φ̇_0t 2 − 1 )_2 . (14)

These solutions are slight generalizations of the solutions given in the appendix of [2]. These solutions have also very recently been discussed in [22]. We are interested in the branch of solutions with ϕ̇ < 0.

One important lesson which follows from the above solution is that, although the metric is static in the Hagedorn phase, a dilaton singularity develops at a time t_s given by

t_s = − 2 |φ̇_0| . (15)

In fact, already at a slightly larger time t_c, the dilaton has reached the critical value ϕ = 0, beyond which string perturbation theory breaks down. The times |t_s| and |t_c| are typically of string scale. Thus, unless the current value of the dilaton is extremely small, the duration of the phase in which the above solution is applicable will be short.

Note, however, that the solution (14) is not consistent with the qualitative picture which emerges from string thermodynamics [1] (see Fig. 1) according to which the evolution of all fields close to the Hagedorn temperature should be almost static. We know that the dilaton gravity action ceases to be justified in the region in which the theory is strongly coupled. This leads to the conclusion that the phase during which (14) is applicable must be preceded by another phase of Hagedorn density, a phase in which the dynamics reflects the qualitative picture which emerges from Fig. 1, and corresponds to fixed scale factor and fixed dilaton. We call this phase the strong coupling Hagedorn phase [50] Note that the Einstein action is not invariant under T-duality. Hence, we expect that intuition based on Einstein gravity will give very misleading conclusions when applied to the strong coupling Hagedorn phase. In particular, constant energy density should not lead to a tendency to expansion. The strong coupling phase is long-lived but meta-stable and decays into a solution in which the dilaton is free to roll, a phase described by the equations (4 - 6).

If the equation of state is that of radiation, namely P = 1/N E, then a solution with static dilaton is an attractor. For static dilaton, the equations (5) and (6) then reduce to the usual Friedmann-Robertson-Walker- Lemaitre equations.

Figure 2 shows a space-time sketch from the perspective of string frame coordinates. The Hagedorn phase lasts until the time t_R (the time interval from t_c to close to t_R being describable by the equations of motion of dilaton gravity) when a smooth transition to the radiation phase of standard cosmology takes place. This transition is governed by the annihilation of string winding modes into oscillatory modes and is described by Boltzmann-type equations [8] (with corrections pointed out in [18, 19]). These Boltzmann equations are analogs of the equations used in the cosmic string literature (see [28] for reviews) to describe the transfer of energy between “long” (i.e. super-Hubble) strings and string loops. Note that the decay of string winding modes into radiation is the process that “reheats” the universe.

Close to the time t_s, we reach the strong coupling Hagedorn phase, the phase responsible for generating a large horizon.

In order that the cosmological background of Figure 2 match with our present cosmological background, the radius of space at the end of the Hagedorn phase needs to be of the order of 1mm, the size that expands into our currently observed universe making use of standard cosmology evolution beginning at a temperature of about 10^{15}GeV. This is many orders of magnitude larger than the string size. Thus, without further assumptions, there is a cosmological “horizon” and “entropy” problem, similar to the one present in Standard Big Bang (SBB) cosmology. Provided that the strong coupling Hagedorn phase is long-lived (and, based on Fig. 2 this is more likely the higher the initial energy density is chosen), string gas cosmology will be able to resolve these problems. In particular, there will be enough time to establish thermal equilibrium over the entire spatial section, a necessary condition for the structure formation scenario outlined in [23] to work.

FIG. 2: Space-time diagram (sketch) showing the evolution of fixed comoving scales in string gas cosmology. The vertical axis is string frame time, the horizontal axis is comoving distance. The Hagedorn phase ends at the time tR and is followed by the radiation-dominated phase of standard cosmology. The solid curve represents the Hubble radius H^{−1} which is cosmological during the quasi-static Hagedorn phase, shrinks abruptly to a micro-physical scale at tR and then increases linearly in time for t > tR. Fixed comoving scales (the dotted lines labeled by k1 and k2 ) which are currently probed in cosmological observations have wavelengths which are smaller than the Hubble radius during the Hagedorn phase. They exit the Hubble radius at times ti(k) just prior to tR, and propagate with a wavelength larger than the Hubble radius until they reenter the Hubble radius at times tf (k). Blindly extrapolating the solutions (13, 14) into the past would yield a dilaton singularity at a finite string time distance in the past of tR, at a time denoted ts. However, before this time is reached (namely at time tc) a transition to a strong coupling Hagedorn phase with static dilaton is reached. Taking the initial time in the Hagedorn phase to be t0, the forward light cone from that time on is shown as a dashed line. The shaded region corresponds to the strong coupling Hagedorn phase.

The above issues become more manifest when the cosmological background is rewritten in the Einstein frame. It is to this subject to which we now turn.

The conformal transformation of the metric to the Einstein frame is given by

g̃_{μν} = e^{−4ϕ/(N−1)}g_{μν} = e^{−2ϕ}g_{μν} (16)

where quantities with a tilde refer to those in the Einstein frame, and in the final expression we have set N = 3. The dilaton transforms as (for N = 3)

ϕ̃ = 2ϕ . (17)

Under this transformation, the action (1) becomes

S_E = − ∫ d^4x √ −g̃ (~ R − 1 2 g̃^{μν} ~∇_μϕ̃ ~∇_νϕ̃ ) . (18)

The matter action in the Einstein frame becomes

S_m = ∫ d^4xe^{2ϕ}f[g̃, ϕ] √ g̃ , (19)

from which we see that the factor e^{2ϕ} plays the role of the gravitational constant.

We apply the conformal transformation for the metric (3) of a homogeneous and isotropic universe. To put the resulting Einstein frame metric into the FRWL form, we have to re-scale the time coordinate, defining a new Einstein frame time t̃ via dt̃ = e^{−ϕ}dt . (20) The resulting scale factor ã in the Einstein frame then is given by

ã = e^{−ϕ}a . (21)

The comoving spatial coordinates are unchanged.

The Hubble parameters H̃ and H in the Einstein and string frames, respectively, are related via H̃ = e^ϕ(H − ϕ̇) . (22) It is important to note that they denote very different lengths.

Let us now calculate the evolution of the Einstein frame scale factor. Making use of the solution for the string frame dilaton (14), it follows from (21) that

ã = e^{λ0} e^{−ϕ0} ( 1 − ϕ̇_0t ) . (23)

By integrating (20) we find that the physical time in the Einstein frame is given by t̃ = e^{−ϕ0} t ( 1 − 1 2 ϕ̇_0t) . (24)

It is important to keep in mind that ϕ̇ < 0.

It follows that, in the Einstein frame, the evolution looks like that of a universe dominated by radiation. This is easy to verify for large times, when the factors of −1 within the parentheses in (23) and (24) are negligible, and it thus it follows that

ã(t̃) ∼ t̃^{1/2} . (25)

The same conclusion can also be reached for times close to the singularity, by explicitly inverting (24) and inserting into (23).

We thus see that the expansion is non-accelerated and the Hubble radius is expanding linearly. The dilaton singularity in the string frame is translated into a curvature singularity in the Einstein frame, a singularity which occurs at the Einstein frame time t̃_s = − exp(−ϕ^0) 2 |ϕ̇_0|^{−1} . (26)

FIG. 3: Space-time diagram (sketch) showing the evolution of fixed comoving scales in string gas cosmology. The vertical axis is Einstein frame time, the horizontal axis is comoving distance. The solid curve represents the Einstein frame Hubble radius H̃^{−1} which is linearly increasing after t̃_c. Fixed comoving scales (the dotted lines labeled by k_1 and k2 ) which are currently probed in cosmological observations have wavelengths which are larger than the Einstein frame Hubble radius during the part of the Hagedorn phase in which the dilaton is rolling. However, due to the presence of the initial strong coupling Hagedorn phase, the horizon becomes much larger than the Hubble radius. The shaded region corresponds to the strong coupling Hagedorn phase.

From the constraint equation (10) it follows that this of the order of the string scale.

As stressed earlier, these solutions cannot be applied when the value of the dilaton is larger than 0 (when the string theory enters the strong coupling regime). Instead, we will have a strong coupling Hagedorn phase characterized by constant dilaton, and hence also almost constant Einstein frame scale factor.

The space-time sketch of our cosmology in the Einstein frame is sketched in Figure 3. In the absence of the strong coupling Hagedorn phase, the horizon (forward light cone beginning at t̃_s) would follow the Einstein frame Hubble radius (up to an irrelevant factor of order unity), thus yielding a horizon problem. However, during the strong coupling Hagedorn phase and, in particular, during the transition between the strong coupling Hagedorn phase and the phase described by the rolling dilaton, the horizon expands to lengths far greater than the Einstein frame Hubble radius. This phase can, in particular, establish thermal equilibrium on scales which are super-Hubble in the rolling dilaton phase. In the last section of this paper we will come back to a discussion of how to model the strong coupling Hagedorn phase.

We will close this section with some general comments about the relationship between the string and the Einstein frames. Obviously, since the causal structure is unchanged by the conformal transformation, the comoving horizon is frame-independent. The Hubble radius, on the other hand, is a concept which depends on the frame. The string frame and the Einstein frame Hubble radii are two very different length scales. Both can be calculated in any frame, but they have different meanings.

COSMOLOGICAL PERTURBATIONS IN THE STRING FRAME

From the point of view of the string frame, the scale of cosmological fluctuations is sub-Hubble during the Hagedorn phase. In [23] it was assumed that thermal equilibrium in the Hagedorn phase exists on scales of the order of 1mm. It was proposed to follow the string thermodynamical matter fluctuations on a scale k until that scale exits the string frame Hubble radius at the end of the Hagedorn phase, to determine the induced metric fluctuations at that time, and to follow the latter until the present.

To study cosmological perturbations, we make use of a particular gauge choice, longitudinal gauge (see [29] for an in depth review article on the theory of cosmological perturbations and [30] for a pedagogical introduction), in which the metric takes the form

ds^2 = e^{2λ(η)} ( (1 + 2Φ)dη^2 − (1 − 2Ψ)δ_{ij} dx^idx^j ) , (27)

where η is conformal time, and where Ψ and Φ are the fluctuation variables which depend on space and time. In Einstein gravity, and for matter without anisotropic stress, the two potentials Φ and Ψ coincide, and Φ is the relativistic generalization of the Newtonian gravitational potential. In the case of dilaton gravity, the two potentials are related via the fluctuation of the dilaton field.

According to the proposal of [23], the cosmological perturbations are sourced in the Hagedorn phase by string thermodynamical fluctuations, in analogy to how in inflationary cosmology the quantum matter fluctuations source metric inhomogeneities [51]. On sub-Hubble scales, the matter fluctuations dominate. Hence it was suggested in [23, 25] to track the matter fluctuations on a fixed comoving scale k until the wavelength exits the Hubble radius at time t_i(k) (see Fig. 2). At that time, the induced metric fluctuations are calculated making use of the Poisson equation

∇^2Ψ = 4πGa^2δT^0_0 . (28)

The key feature of string thermodynamics used in [23] (and discussed in more detail in [25, 26]) is the fact that the specific heat C_V scales as R^2, where R is the size of the region in which we are calculating the fluctuations. This result was derived in [31] and holds in the case of three large dimensions with topology of a torus. The specific heat, in turn, determines the fluctuations in the energy density. The scaling

C_V ∼ R^2 (29)

leads to a Poisson spectrum

P_{δρ}(k) ∼ k^4 (30)

for the energy density fluctuations, and a similar spectrum for the pressure fluctuations [24, 25]. Making use of the Poisson equation (28), this leads to a scale-invariant spectrum for the gravitational potential Φ [52].

However, in the context of a relativistic theory of gravity, what should be used to relate the matter and metric fluctuations is the time-time component of the perturbed Einstein equation, or - more specifically - its generalization to dilaton gravity, and not simply the Poisson equation. There are correction terms compared to (28) coming from the expansion of the cosmological background and from the dynamics of the dilaton. The analysis of [23, 24] was done in the string frame. In this frame, during the Hagedorn phase the correction terms coming from the expansion of space are not present, but the dilaton velocity is important. The important concern is whether the resulting correction terms will change the conclusions of the previous work.

The perturbation equations in the string frame were discussed in [32]. Denoting the fluctuation of the dilaton field by χ, the equations read

⃗∇^2Ψ − 3HΨ^′ − 3H^2Φ (31) = 1 2 e^{2ϕ+2λ} ( 2χT^0_0 + δT^0_0 ) − 6HΦϕ^′ −3Ψ^′ϕ^′ − ⃗∇^2χ + 3Hχ^′ + 2Φϕ^{′2} − 2χ^′ϕ^′,

∂_iΨ^′ + H∂_iΦ = (32) 1 2 e^{2ϕ+2λ}δT^i_0 + ∂_iΦϕ^′ − ∂_iχ^′ + H∂_iχ

∂_i∂_j ( Φ − Ψ − 2χ ) = 0 i ≠ j, (33)

− 2Ψ^{′′} − 4HΨ^′ − 2H^2Φ − 4H^′Φ − 2Φ^′H (34)

= e^{2ϕ+2λ} ( 2χT^i_i + δT^i_i ) − 4Φϕ^{′′} − 2Φ^′ϕ^′ − 4HΦϕ^′ − 4Ψ^′ϕ^′ + 2χ^{′′} + 2Hχ^′ + 4Φϕ^{′2} − 4χ^′ϕ^′,

and − 2Φϕ^{′2} + 2ϕ^′χ^′ + Φϕ^{′′} + 1 2 Φ^′ϕ^′ + 2HΦϕ^′ + 3 2 Ψ^′ϕ^′ − 1 2 χ^{′′} + 1 2 ⃗∇^2χ − Hχ^′ = 1 4 e^{2ϕ+2λ} ( 2χT + δT ) , (35)

where T ≡ T^μ_μ is the trace. The first equation is the time-time equation, the second the space-time equation, the next two the off-diagonal and diagonal space-space equations, respectively, and the last one is the matter equation.

The times t_i(k) when the metric perturbations were computed are in the transition period between the Hagedorn phase and the radiation phase of standard cosmology. Space is beginning to expand. In this case, neither the terms containing the Hubble expansion rate nor those containing the dilaton velocity vanish.

We will first consider the case when the dilaton velocity is negligible (we will come back to a discussion of when this is a reasonable approximation), and then the case when the dilaton velocity is important.

If the dilaton velocity is negligible, then the equations simplify dramatically. We first note that at the time t_i(k), the comoving Hubble constant H is of the same order of magnitude as k. Consider now, specifically, the time-time equation of motion (31). The terms containing H and its derivative on the left-hand side of this equation are of the same order of magnitude as the first term. We will, therefore, neglect all terms containing H. Hence, the equation simplifies to

⃗∇^2Ψ = 1 2 e^{2ϕ+2λ} ( 2χT^0_0 + δT^0_0 ) − ⃗∇^2χ . (36)

Similarly, the perturbed dilaton equation simplifies to − 1 2 χ^{′′} + 1 2 ⃗∇^2χ = 1 4 e^{2ϕ+2λ} ( 2χT + δT ) , (37)

From the latter equation, it follows that the Poisson spectrum of δT induces a Poisson spectrum of the dilaton fluctuation χ. Subtracting (37) from (36) and keeping in mind that the background pressure vanishes in the Hagedorn phase yields

⃗∇^2Ψ = 1 2 e^{2ϕ+2λ} ( δT^0_0 − δT ) − χ^{′′} (38)

from which it follows that the induced spectrum of Ψ will be scale-invariant

P_Ψ ∼ k^0 . (39)

It is easy to check that the other equations of motion are consistent with this scaling.

If the Hagedorn phase is modeled by the equations (4 - 6), then the dilaton velocity is not negligible, since it is related to the energy density via the constraint equation (4):

ϕ̇^2 = 1 4 e^φE . (40)

Thus, the terms containing the dilaton velocity are as important as the other terms in the Hagedorn phase. Now, the prescription of [23, 25] was to use the constraint equation at the time t_i(k) when the scale k exits the Hubble radius. This time is towards the end of the Hagedorn phase. However, in the context of our action, Eq. (4) always holds. The right-hand side of this equation must be large since it gives the (square of the) Hubble expansion rate at the beginning of the radiation phase. At the time t_i(k), then, for scales which are large compared to the Hubble radius at the beginning of the radiation phase, the value of the terms containing λ̇ in (4) are negligible, and hence the dilaton velocity term is non-negligible.

Let us now compute the induced metric fluctuations in the Hagedorn phase taking into account the terms depending on the dilaton velocity. The time-dependence of the dilaton introduces a critical length scale into the problem, namely the inverse time scale of the variation of the dilaton. Translated to the Einstein frame, this length is the Einstein frame Hubble radius (this radius is, up to a numerical constant, identical to the forward light cone computed beginning at the time of the dilaton singularity). On smaller scales, the dilaton-dependent terms in the time-time Einstein constraint equation (31) are negligible, Eq. (31) reduces to the Poisson equation (28) and we conclude that the Poisson spectrum of the stringy matter induces a flat spectrum for the metric potential Ψ. On larger scales, however, it is the dilaton-dependent terms in (31) which dominate. If we insist on the view that it is the string gas matter fluctuations which seed all metric fluctuations, then we must take all terms independent of the string sources to the left-hand side of the equations of motion. If we do this and keep the terms on the left-hand side of the equations which dominate in a gradient expansion, then the time-time equation becomes

3Ψ^′ϕ^′ − 2Φϕ^{′2} + 2χ^′ϕ^′ = 1 2 e^{2ϕ+2λ} ( 2χT^0_0 + δT^0_0 ) , (41)

and the analogous approximation scheme applied to the dilaton equation yields

− 2Φϕ^{′2} + 2ϕ^′χ^′ + Φϕ^{′′} + 1 2 Φ^′ϕ^′ + 3 2 Ψ^′ϕ^′ − 1 2 χ^{′′} = 1 4 e^{2ϕ+2λ} ( 2χT + δT ) . (42)

Inspection of (42) shows that a Poisson spectrum of δT will induce a Poisson spectrum of χ. Subtracting two times (42) from (41) shows that, given a Poisson spectrum of χ, the resulting equation is no longer consistent with a scale-invariant spectrum for Ψ and Φ, since terms which have a scale-invariant spectrum would remain on the left-hand side of the equation. Hence, we conclude that the induced spectrum of Φ and Ψ will also be Poisson:

P_Ψ ∼ k^4 . (43)

The above conclusion is consistent with the Traschen Integral constraints [33] which state that in the absence of initial curvature fluctuations, motion of matter cannot produce perturbations with a spectrum which is less red than Poisson on scales larger than the horizon. This view is consistent with the fact that on small scales, the spectrum is scale-invariant: on small scales it is possible to move around matter by thermal fluctuations to produce new curvature perturbations.

As we have stressed earlier, however, the equations (4 - 6) are definitely not applicable early in the Hagedorn phase, namely in the strong coupling Hagedorn phase. In that phase, the dilaton is fixed, and thus the arguments of [23] imply the presence of scale-invariant metric fluctuations seeded by the string gas perturbations [53]. These fluctuations will persist in the phase in which the dilaton is rolling (the fluctuations cannot suddenly decrease in magnitude). Hence, we believe that the conclusions of [23] are robust.

COSMOLOGICAL PERTURBATIONS IN THE EINSTEIN FRAME

From the point of view of the Einstein frame, the scales are super-Hubble during the phase of dilaton rolling. How is this consistent with their sub-Hubble nature from the point of view of the string frame? The answer is that, whereas the causal structure of space-time (and thus concepts like horizons) are frame-independent, the Hubble radius depends on the frame. The physical meaning of the Hubble radius is that it separates scales on which matter oscillates (sub-Hubble) from scales where the matter oscillations are frozen in (super-Hubble). Matter which is coupled minimally to gravity in the string frame feels the string frame Hubble radius [54], matter which is minimally coupled to gravity in the Einstein frame feels the Einstein frame Hubble radius. Strings couple minimally to gravity in the string frame and hence feel the string frame Hubble radius.

If we take into account the presence of the strong coupling Hagedorn phase, then it becomes possible, also in the Einstein frame, to study the generation of fluctuations. During the strong coupling Hagedorn phase, the dilaton is fixed and hence the fluctuation equations are those of Einstein gravity. Since scales of cosmological interest today are sub-Hubble during this phase, a scaleinvariant spectrum of metric fluctuations is induced by the string gas fluctuations, as discussed in the previous section. If the strong coupling Hagedorn phase is long in duration, then a scale-invariant spectrum can be induced consistent with the Traschen integral constraints. Note that the a long duration of the strong coupling phase is required in order to justify the assumption of thermal equilibrium on the scales we are interested in.

We can also obtain the Einstein frame initial conditions by conformally transforming the initial conditions obtained in the string frame. The transformation of the perturbation variables in straightforward:

Ψ̃ = (Ψ + χ) (44)

Φ̃ = (Φ − χ) (45)

χ̃ = 2χ , (46)

where, as before, tilde signs indicate quantities in the Einstein frame.

Note, in passing, that the string frame off-diagonal spatial equation of motion (33) immediately implies that

Ψ̃ = Φ̃ , (47)

which is the well-known result for Einstein frame fluctuations in the absence of matter with anisotropic stress.

Given the transformation properties (44 - 46) of the fluctuation variables, it is obvious that the conclusions about the initial power spectra of the fluctuations variables are the same as in the string frame: if the dilaton velocity can be neglected, the spectrum of Φ and Ψ is scale-invariant, if the dilaton velocity is important, the spectra of these variables are Poisson.

Whereas setting the initial conditions for the fluctuations may look more ad hoc in the Einstein frame, the evolution of the perturbations is easier to analyze since we can use all of the intuition and results developed in the context of fluctuations in general relativity. In particular, we can use the Deruelle-Mukhanov [34] matching conditions to determine the fluctuations in the post-Hagedorn radiation phase of standard cosmology from those at the end of the Hagedorn phase. The Deruelle-Mukhanov conditions are generalization to space-like hyper-surfaces of the Israel matching conditions [35] which state that the induced metric and the extrinsic curvature need to be the same on both sides of the matching surface. Applied to the case of cosmological perturbations, the result [34] is that (in terms of longitudinal gauge variables) both Φ̃ and ζ need to be continuous [55] where ζ is defined as [39, 40, 41]

ζ ≡ Φ̃ + H H^2 − H^′ (~ Φ^′ + HΦ̃ ) , (48)

where here H the Einstein frame Hubble expansion rate with respect to conformal time.

In the Einstein frame, the universe is radiationdominated both before and after the transition. Hence, in both phases the dominant mode of the equation of motion for Φ̃ is a constant. The constant mode in the phase t̃ < t̃_R couples dominantly to the constant mode in the phase t̃ > t̃_R. The initial value of the spectrum of Φ̃ will seed both the constant and the decaying mode of Φ̃ with comparable strengths and with the same spectrum. Hence, the late-time value of Φ̃ is given, up to a factor of order unity, by the initial value of Φ̃ at the time t̃_i(k)

P_{Φ̃}(k, t) ≃ P_{Φ̃}(k, t̃_i(k)) ∼ k^0 t̃ >> t̃_R . (49)

DISCUSSION AND CONCLUSIONS

In this paper we have recast string gas cosmology in the Einstein frame rather than in the string frame in which the analysis usually takes place. Our analysis sheds new light on several important cosmological issues.

At the level of the background evolution, it becomes clear that solutions of the dilaton gravity equations (4 - 6) with decreasing dilaton contain an initial singularity. From the point of view of the Einstein frame, there is an initial curvature singularity which follows from the presence of a singularity in the dilaton field in the string frame. Obviously, however, these solutions are not applicable at very early times since they correspond to times when the string theory is strongly coupled. Hence, there must be, prior to the phase of rolling dilaton, a strong coupling Hagedorn phase in which both the size of space and the dilaton must be quasi-static. Provided that this phase lasts sufficiently long, thermal equilibrium over all scales relevant to current observations can be established.

Note that during the period when the solutions of (4 - 6) have a rolling dilaton, then in the Einstein frame the expansion of space never accelerates. The evolution corresponds to that of a radiation-dominated universe. The Einstein frame Hubble radius increases linearly in time throughout. However, the presence of the strong coupling Hagedorn phase can solve the horizon problem in the sense of making the comoving horizon larger than the comoving scale corresponding to our currently observed universe.

How to model the strong coupling Hagedorn phase now becomes a crucial question for string gas cosmology [56]. Since the singularity of string gas cosmology is (from the point of view of the string frame) associated with the dilaton becoming large, and thus with string theory entering a strongly coupled phase, it is interesting to conjecture that a process like tachyon condensation [43] will occur and resolve the singularity (like in the work of [44]). If this phase lasts for a long time, it will produce a large space in thermal equilibrium.

There are other possible scenarios in which there is a precursor phase of the rolling dilaton period which establishes thermal equilibrium on large scales. One such possibility was discussed in [42] and makes use of a pre- Hagedorn phase in which the extra spatial dimensions initially expand, driven by a gas of bulk branes. The resulting increase in the energy stored in the branes leads to the increase in size and entropy which solves both the horizon and entropy problems. Once the extra spatial dimensions have contracted again to the string scale, the size of our three spatial dimensions can be macroscopic while the temperature of matter is of string scale.

Another possibility to obtain a solution to the horizon problem and to justify thermal equilibrium over large scales is to invoke a bouncing cosmology such as obtained in the context of higher derivative gravity models in [45] (see also [46] for an earlier construction). The phase of contraction could produce the high densities required to form a string gas with the necessary requirements.

We have also studied the mechanism for the generation of fluctuations proposed in [23, 25] in more detail, both from the point of view of the string frame and the Einstein frame. We have shown that a small value of the dilaton velocity in the Hagedorn phase is required in order that the string thermodynamic fluctuations are able to generate a scale-invariant spectrum of cosmological fluctuations. If dilaton velocity terms are important, then a Poisson spectrum is produced. If the dilaton velocity is negligible, and if thermal equilibrium on the scales of interest can be justified, then a scale-invariant spectrum of metric fluctuations is induced. Acknowledgements Two of us (R.B. and A.N.) are grateful to Lev Kofman, Andrei Linde and Slava Mukhanov for detailed discussions, and for emphasizing the need to analyze the dynamics of string gas cosmology completely in the Einstein frame. R.B. thanks Misao Sasaki and the Yukawa Institute for Theoretical Physics for hospitality during the time when this project was initiated. We wish to thank Misao Sasaki, Scott Watson and in particular Cumrun Vafa for fruitful conversations. J.S. would like to thank the Department of Physics, McGill University for kind hospitality during the course of this work. The research of R.B. and S.P. is supported by an NSERC Discovery Grant, by the Canada Research Chairs program, and by an FQRNT Team Grant. The work of D.E. is supported in part by PPARC. S.K. is supported by a JSPS Postdoctoral Fellowship for Research Abroad. The research of J.K. at Perimeter Institute is supported in part by the Government of Canada through NSERC and by the Province of Ontario through MEDT. The work of A.N. is supported in part by NSF grant PHY-0244821 and DMS-0244464. The work of J.S. is supported by the Japan-U.K. Research Cooperative Program, the Japan- France Research Cooperative Program, and the Grantin-Aid for Scientific Research Fund of the Ministry of Education, Science and Culture of Japan No.18540262 and No.17340075.

∗ email: rhb@hep.physics.mcgill.ca † email: sugumi@hep.physics.mcgill.ca ‡ email: jiro@tap.scphys.kyoto-u.ac.jp § email: damien.easson@durham.ac.uk ¶ email: jkhoury@perimeterinstitute.ca ∗∗ email: martineau@hep.physics.mcgill.ca †† email: nayeri@feynman.harvard.edu ‡‡ email: patil@hep.physics.mcgill.ca [1] R. H. Brandenberger and C. Vafa, “Superstrings In The Early Universe,” Nucl. Phys. B 316, 391 (1989).

[2] A. A. Tseytlin and C. Vafa, “Elements of string cosmology,” Nucl. Phys. B 372, 443 (1992) [arXiv:hep-th/9109048].

[3] J. Kripfganz and H. Perlt, “Cosmological Impact Of Winding Strings,” Class. Quant. Grav. 5, 453 (1988).

[4] 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).

[5] R. Brandenberger, [arXiv:hep-th/0509159], 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).

[6] T. Battefeld and S. Watson, “String gas cosmology,” arXiv:hep-th/0510022.

[7] S. Alexander, R. H. Brandenberger and D. Easson, “Brane gases in the early universe,” Phys. Rev. D 62, 103509 (2000) [arXiv:hep-th/0005212].

[8] R. Brandenberger, D. A. Easson and D. Kimberly, “Loitering phase in brane gas cosmology,” Nucl. Phys. B 623, 421 (2002) [arXiv:hep-th/0109165].

[9] G. B. Cleaver and P. J. Rosenthal, “String cosmology and the dimension of space-time,” Nucl. Phys. B 457, 621 (1995) [arXiv:hep-th/9402088];

D. A. Easson, “Brane gases on K3 and Calabi-Yau manifolds,” Int. J. Mod. Phys. A 18, 4295 (2003) [arXiv:hep-th/0110225];

R. Easther, B. R. Greene and M. G. Jackson, “Cosmological string gas on orbifolds,” Phys. Rev. D 66, 023502 (2002) [arXiv:hep-th/0204099];

S. Watson and R. H. Brandenberger, “Isotropization in brane gas cosmology,” Phys. Rev. D 67, 043510 (2003) [arXiv:hep-th/0207168];

T. Boehm and R. Brandenberger, “On T-duality in brane gas cosmology,” JCAP 0306, 008 (2003) [arXiv:hep-th/0208188];

R. Easther, B. R. Greene, M. G. Jackson and D. Kabat, “Brane gas cosmology in M-theory: Late time behavior,” Phys. Rev. D 67, 123501 (2003) [arXiv:hep-th/0211124]; S. Alexander, “Brane gas cosmology, M-theory and little string theory,” JHEP 0310, 013 (2003) [arXiv:hep-th/0212151];

A. Kaya and T. Rador, “Wrapped branes and compact extra dimensions in cosmology,” Phys. Lett. B 565, 19 (2003) [arXiv:hep-th/0301031];

B. A. Bassett, M. Borunda, M. Serone and S. Tsujikawa, “Aspects of string-gas cosmology at finite temperature,” Phys. Rev. D 67, 123506 (2003) [arXiv:hep-th/0301180]; A. Kaya, “On winding branes and cosmological evolution of extra dimensions in string theory,” Class. Quant.

Grav. 20, 4533 (2003) [arXiv:hep-th/0302118]; A. Campos, “Late-time dynamics of brane gas cosmology,” Phys. Rev. D 68, 104017 (2003) [arXiv:hep-th/0304216];

R. Brandenberger, D. A. Easson and A. Mazumdar, “Inflation and brane gases,” arXiv:hep-th/0307043; R. Easther, B. R. Greene, M. G. Jackson and D. Kabat, “Brane gases in the early Universe: Thermodynamics and cosmology,” arXiv:hep-th/0307233;

T. Biswas, “Cosmology with branes wrapping curved internal manifolds,” arXiv:hep-th/0311076; A. Campos, “Late cosmology of brane gases with a two-form field,” arXiv:hep-th/0311144;

S. Watson, “UV perturbations in brane gas cosmology,” Phys. Rev. D 70, 023516 (2004) [arXiv:hep-th/0402015]; T. Battefeld and S. Watson, “Effective field theory approach to string gas cosmology,” JCAP 0406, 001 (2004) [arXiv:hep-th/0403075];

T. Biswas, R. Brandenberger, D. A. Easson and A. Mazumdar, “Coupled inflation and brane gases,” Phys. Rev. D 71, 083514 (2005) [arXiv:hep-th/0501194]; F. Ferrer and S. Rasanen, “Dark energy and decompactification in string gas cosmology,” arXiv:hep-th/0509225; M. Borunda and L. Boubekeur, “The effect of alpha’ corrections in string gas cosmology,” arXiv:hep-th/0604085.

[10] S. Watson and R. Brandenberger, “Stabilization of extra dimensions at tree level,” JCAP 0311, 008 (2003) [arXiv:hep-th/0307044].

[11] S. P. Patil and R. Brandenberger, “Radion stabilization by stringy effects in general relativity,” Phys. Rev. D 71, 103522 (2005) [arXiv:hep-th/0401037].

[12] S. P. Patil and R. H. Brandenberger, “The cosmology of massless string modes,” arXiv:hep-th/0502069.

[13] R. Brandenberger, Y. K. Cheung and S. Watson, “Moduli stabilization with string gases and fluxes,” arXiv:hep-th/0501032.

[14] S. Watson, “Moduli stabilization with the string Higgs effect,” Phys. Rev. D 70, 066005 (2004) [arXiv:hep-th/0404177];

S. Watson, “Stabilizing moduli with string cosmology,” arXiv:hep-th/0409281.

[15] S. Kanno and J. Soda, “Moduli stabilization in string gas compactification,” arXiv:hep-th/0509074.

[16] A. Kaya, “Volume stabilization and acceleration in brane gas cosmology,” JCAP 0408, 014 (2004) [arXiv:hep-th/0405099];

A. J. Berndsen and J. M. Cline, “Dilaton stabilization in brane gas cosmology,” Int. J. Mod. Phys. A 19, 5311 (2004) [arXiv:hep-th/0408185];

S. Arapoglu and A. Kaya, “D-brane gases and stabilization of extra dimensions in dilaton gravity,” Phys. Lett. B 603, 107 (2004) [arXiv:hep-th/0409094]; T. Rador, “Intersection democracy for winding branes and stabilization of extra dimensions,” Phys. Lett. B 621, 176 (2005) [arXiv:hep-th/0501249];

T. Rador, “Vibrating winding branes, wrapping democracy and stabilization of extra dimensions in dilaton gravity,” JHEP 0506, 001 (2005) [arXiv:hep-th/0502039]; T. Rador, “Stabilization of extra dimensions and the dimensionality of the observed space,” arXiv:hep-th/0504047;

A. Kaya, “Brane gases and stabilization of shape moduli with momentum and winding stress,” Phys. Rev. D 72, 066006 (2005) [arXiv:hep-th/0504208];

D. A. Easson and M. Trodden, “Moduli stabilization and inflation using wrapped branes,” Phys. Rev. D 72, 026002 (2005) [arXiv:hep-th/0505098];

A. Berndsen, T. Biswas and J. M. Cline, “Moduli stabilization in brane gas cosmology with superpotentials,” JCAP 0508, 012 (2005) [arXiv:hep-th/0505151]; S. Cremonini and S. Watson, “Dilaton dynamics from production of tensionless membranes,” arXiv:hep-th/0601082;

A. Chatrabhuti, “Target space duality and moduli stabilization in string gas cosmology,” arXiv:hep-th/0602031.

[17] M. Sakellariadou, “Numerical Experiments in String Cosmology,” Nucl. Phys. B 468, 319 (1996) [arXiv:hep-th/9511075].

[18] R. Easther, B. R. Greene, M. G. Jackson and D. Kabat, “String windings in the early universe,” JCAP 0502, 009 (2005) [arXiv:hep-th/0409121].

[19] R. Danos, A. R. Frey and A. Mazumdar, “Interaction rates in string gas cosmology,” Phys. Rev. D 70, 106010 (2004) [arXiv:hep-th/0409162].

[20] R. Hagedorn, “Statistical Thermodynamics Of Strong Interactions At High-Energies,” Nuovo Cim. Suppl. 3, 147 (1965).

[21] G. Veneziano, “Scale factor duality for classical and quantum strings,” Phys. Lett. B 265, 287 (1991).

[22] Y. i. Takamizu and H. Kudoh, “Thermal Equilibrium of String Gas in Hagedorn Universe,” arXiv:hep-th/0607231.

[23] A. Nayeri, R. H. Brandenberger and C. Vafa, “Producing a scale-invariant spectrum of perturbations in a Hagedorn phase of string cosmology,” Phys. Rev. Lett. 97, 021302 (2006) [arXiv:hep-th/0511140].

[24] R. H. Brandenberger, A. Nayeri, S. P. Patil and C. Vafa, “Tensor modes from a primordial Hagedorn phase of string cosmology,” arXiv:hep-th/0604126.

[25] R. H. Brandenberger, A. Nayeri, S. P. Patil and C.

Vafa, “String gas cosmology and structure formation,” arXiv:hep-th/0608121.

[26] A. Nayeri, “Inflation free, stringy generation of scaleinvariant cosmological fluctuations in D = 3 + 1 dimensions,” arXiv:hep-th/0607073.

[27] K. Kikkawa and M. Yamasaki, Phys. Lett. B 149, 357 (1984);

N. Sakai and I. Senda, Prog. Theor. Phys. 75, 692 (1986) [Erratum-ibid. 77, 773 (1987)];

V. P. Nair, A. D. Shapere, A. Strominger and F. Wilczek, Nucl. Phys. B 287, 402 (1987);

P. H. Ginsparg and C. Vafa, Nucl. Phys. B 289, 414 (1987);

B. Sathiapalan, Phys. Rev. Lett. 58, 1597 (1987). [28] A. Vilenkin and E.P.S. Shellard, “Cosmic Strings and Other Topological Defects,” (Cambridge Univ. Press, Cambridge, 1994);

M. B. Hindmarsh and T. W. B. Kibble, “Cosmic strings,” Rept. Prog. Phys. 58, 477 (1995) [arXiv:hep-ph/9411342];

R. H. Brandenberger, “Topological defects and structure formation,” Int. J. Mod. Phys. A 9, 2117 (1994) [arXiv:astro-ph/9310041].

[29] V. F. Mukhanov, H. A. Feldman and R. H. Brandenberger, “Theory Of Cosmological Perturbations. Part 1. Classical Perturbations. Part 2. Quantum Theory Of Perturbations. Part 3. Extensions,” Phys. Rept. 215, 203 (1992).

[30] R. H. Brandenberger, “Lectures on the theory of cosmological perturbations,” Lect. Notes Phys. 646, 127 (2004) [arXiv:hep-th/0306071].

[31] N. Deo, S. Jain, O. Narayan and C. I. Tan, “The Effect of topology on the thermodynamic limit for a string gas,” Phys. Rev. D 45, 3641 (1992).

[32] S. Watson and R. Brandenberger, “Linear perturbations in brane gas cosmology,” arXiv:hep-th/0312097.

[33] J. H. Traschen, “Constraints On Stress Energy Perturbations In General Relativity,” Phys. Rev. D 31, 283 (1985).

[34] N. Deruelle and V. F. Mukhanov, “On matching conditions for cosmological perturbations,” Phys. Rev. D 52, 5549 (1995) [arXiv:gr-qc/9503050].

[35] W. Israel, “Singular hypersurfaces and thin shells in general relativity,” Nuovo Cim. B 44S10, 1 (1966) [Erratumibid. B 48, 463 (1967 NUCIA,B44,1.1966)].

[36] R. Durrer, “Clarifying perturbations in the ekpyrotic universe: A web-note,” arXiv:hep-th/0112026; R. Durrer and F. Vernizzi, “Adiabatic perturbations in pre big bang models: Matching conditions and scale invariance,” Phys. Rev. D 66, 083503 (2002) [arXiv:hep-ph/0203275].

[37] M. Gasperini and G. Veneziano, “Pre - big bang in string cosmology,” Astropart. Phys. 1, 317 (1993) [arXiv:hep-th/9211021].

[38] J. Khoury, B. A. Ovrut, P. J. Steinhardt and N. Turok, “The ekpyrotic universe: Colliding branes and the origin of the hot big bang,” Phys. Rev. D 64, 123522 (2001) [arXiv:hep-th/0103239].

[39] J. M. Bardeen, P. J. Steinhardt and M. S. Turner, “Spontaneous Creation Of Almost Scale - Free Density Perturbations In An Inflationary Universe,” Phys. Rev. D 28, 679 (1983).

[40] R. H. Brandenberger and R. Kahn, “Cosmological Perturbations In Inflationary Universe Models,” Phys. Rev. D 29, 2172 (1984).

[41] D. H. Lyth, “Large Scale Energy Density Perturbations And Inflation,” Phys. Rev. D 31, 1792 (1985).

[42] R. Brandenberger and N. Shuhmaher, “The confining heterotic brane gas: A non-inflationary solution to the entropy and horizon problems of standard cosmology,” JHEP 0601, 074 (2006) [arXiv:hep-th/0511299].

[43] A. Sen, “Tachyon condensation on the brane antibrane system,” JHEP 9808, 012 (1998) [arXiv:hep-th/9805170].

[44] J. McGreevy and E. Silverstein, “The tachyon at the end of the universe,” JHEP 0508, 090 (2005) [arXiv:hep-th/0506130].

[45] T. Biswas, A. Mazumdar and W. Siegel, “Bouncing universes in string-inspired gravity,” JCAP 0603, 009 (2006) [arXiv:hep-th/0508194].

[46] V. F. Mukhanov and R. H. Brandenberger, “A Nonsingular universe,” Phys. Rev. Lett. 68, 1969 (1992); R. H. Brandenberger, V. F. Mukhanov and A. Sornborger, “A Cosmological theory without singularities,” Phys. Rev. D 48, 1629 (1993) [arXiv:gr-qc/9303001]; D. A. Easson and R. H. Brandenberger, “Nonsingular dilaton cosmology in the string frame,” JHEP 9909, 003 (1999) [arXiv:hep-th/9905175].

[47] J. Magueijo and L. Pogosian, “Could thermal fluctuations seed cosmic structure?,” Phys. Rev. D 67, 043518 (2003) [arXiv:astro-ph/0211337].

[48] M. Maggiore and A. Riotto, “D-branes and cosmology,” Nucl. Phys. B 548, 427 (1999) [arXiv:hep-th/9811089].

[49] See, however, [18, 19] for some caveats.

[50] Another argument supporting the assumption that in the strong coupling Hagedorn phase the dilaton is fixed can be given making use of S-duality. Under S-duality, the dilaton ϕ is mapped to −ϕ. It is reasonable to assume that close to the maximal temperature, the system is in a configuration which is self S-dual, and in which the dilaton is hence fixed - we thank C. Vafa for stressing this point. Note that we are assuming that the existence of the maximal temperature remains true at strong coupling.

[51] In spite of this analogy, there is a key difference, a difference which is in fact more important: In inflationary cosmology, the fluctuations are quantum vacuum perturbations, whereas in our scenario they are classical thermal fluctuations.

[52] Note that thermal particle fluctuations would not give rise to a scale-invariant spectrum - see [47] for an interesting study of the role of thermal particle fluctuations in cosmological structure formation.

[53] However, in this phase one must reconsider the computation of the string thermodynamic fluctuations, since our analysis implicitly assumes weak string coupling.

[54] Note, however, that the dilaton coupling to stringy matter can produce friction effects which are similar to Hubble friction.

[55] Note that the application of Israel matching conditions is, in our case, well justified. The concerns raised in [36] regarding the application of the matching conditions in the base of the Pre-Big-Bang [37] and Ekpyrotic/Cyclic [38] scenarios do not apply since in our case the matching conditions are satisfied at the level of the background solution.

[56] See also [48] for an interesting discussion of these issues.