arXiv:hep-th/0501194 v2 8 Feb 2005

BROWN-HET-1436, MCGILL-01-05, NORDITA-07-05

Coupled Inflation and Brane Gases

Tirthabir Biswas^{1)∗}, Robert Brandenberger^{1,2)†}, Damien A. Easson^{3)‡}, and Anupam Mazumdar^{4,5)§} 1) Department of Physics, McGill University, Montréal, QC, H3A 2T8, CANADA 2) Department of Physics, Brown University, Providence, RI 02912, USA 3) Department of Physics, Syracuse University, Syracuse, NY 13244, USA 4) NORDITA, Blegdamsvej 17, Copenhagen 2100, DENMARK. and 5) The Niels Bohr Institute, Blegdamsvej-17, Copenhagen, DENMARK

We study an effective four-dimensional theory with an action with two scalar fields minimally coupled to gravity, and with a matter action which couples to the two scalar fields via an overall field-dependent coefficient in the action. Such a theory could arise from a dimensional reduction of supergravity coupled to a gas of branes winding the compactified dimensions. We show the existence of solutions corresponding to power-law inflation. The graceful exit from inflation can be obtained by postulating the decay of the branes, as would occur if the branes are unstable in the vacuum and stabilized at high densities by plasma effects. This construction provides an avenue for connecting string gas cosmology and the late-time universe.

PACS numbers: 98.80.Cq.

I. INTRODUCTION

String gas cosmology, originally discussed in [1, 2] (see also [3]) and later reconstructed in the context of branes as fundamental degrees of freedom in string theory [4, 5], provides a mechanism for constructing a nonsingular cosmology and a mechanism which confines all but three spatial dimensions to be microscopic in size. String winding modes play a key role in this scenario: they are unable to annihilate in more than three spatial dimensions [1] because the probability that two string world sheets intersect is of measure zero (see [6] for some recent caveats regarding this scenario). A key assumption in string gas cosmology is that all spatial dimensions start out at string scale, and that the universe is hot (and brane degrees of freedom excited). However, in order to connect this scenario to our current universe, a mechanism is required which expands the volume of our observed three spatial dimensions to be large enough to contain the currently observed Hubble volume. This is one aspect of the “flatness problem” of Standard Big Bang cosmology (see e.g. [7] for a discus-

∗tirtho@hep.physics.mcgill.ca †rhb@hep.physics.mcgill.ca ‡easson@physics.syr.edu §anupamm@nordita.dk

sion), and a period of cosmological inflation after the winding modes in our three spatial dimensions have disappeared is the only currently known solution.

Thus, an outstanding challenge for string gas cosmology has been to provide a stringy realization of inflation [34]. One suggestion was recently made in [9] and made use of a gas of co-dimension one branes which provide a period of power-law inflation, with an equation of state ω = −2/3 (where ω = p/ρ, and p and ρ are the pressure and energy density, respectively), which is however incompatible with inflation being the source of the cosmic microwave anisotropies (see e.g. [10]). The graceful exit from inflation was achieved by considering the branes to be unstable in the vacuum, and stabilized by plasma effects in a hot gas, in analogy to how embedded defects in field theory can be stabilized in the plasma of the early universe [11, 12].

In this paper we consider a more natural realization of inflation in the context of string gas cosmology. We study the period of cosmology after our three dimensions have shredded their winding modes (as discussed in detail in [5]), but the other dimensions are still confined by strings and branes which wind around them. We consider the fourdimensional effective action, and focus in particular on two scalar fields in this action, one corresponding to a modulus of the higher-dimensional theory, the other corresponding to the radion. We assume an exponential potential for the modulus field and consider brane string matter (treated as a hydrodynamical fluid) whose overall action has a prefactor which depends exponentially on the two scalar fields. We then demonstrate that it is possible to obtain solutions of power-law inflation with an effective equation of state more negative than ω = −2/3. The coupling of matter to the scalar fields required for acceleration arises automatically if we consider branes winding around the compact space as our matter. To obtain a graceful exit from inflation, we again require the branes to be unstable, as in [9]. Compared to [9], our mechanism may provide an inflationary phase with a smaller value of ω, and it does not require branes which are extended in our large spatial dimensions. Our mechanism relies of the analysis of [13] which we now review.

II. COUPLED INFLATION

In [13] a mechanism to realize an accelerated phase of expansion was proposed which relies on a rolling scalar field being coupled (roughly with gravitational strength) to some form of matter or radiation. Although the main motivation in [13] came from trying to explain the late time acceleration phase that we seem to be entering into today, in this paper we show how one can obtain inflation with a gas of unstable branes via a similar mechanism. Since branes in general couple to both the dilaton and the radion (the volume of the extra dimensions), unless one invokes an additional mechanism to stabilize one of the scalars, one has to study the dynamics involving both the radion and the dilaton. Hence we first review and generalize the analysis done in [13].

Evolution Equations: We start with an effective four dimensional action with two scalar fields minimally coupled to gravity

Ŝ = M^{2p} 2 ∫ d^4x √ −g [ R − ∂_{^m}ϕ∂^{^m}ϕ (1) − ∂_{^m}ψ∂^{^m}ψ − 2V_0 M^2_p e^{−2(αϕ+βψ)} ] . where M_p is the reduced Planck mass which we will set to 1 from now on. Such exponential potentials are common in dimensionally reduced supergravity/M-theories in dilaton-radion systems [14], or in the context of large extra dimensions [15] and we will give some explicit examples later. In the above, α, β are constants which depend on the origin of the potential as well as on the dimensionality of the original model. Consider now that a form of matter or radiation also couples to the scalar fields:

S_{mat} = ∫ d^4x √ −g~ρ = ∫ d^4x √ −gρe^{2(μψ+νϕ)} (2) where, as usual, ~ρ is the observed energy density and we define a “bare density”, ρ ≡ ~ρe^{−2(μψ+νϕ)}, which obeys the familiar evolution equations involving an equation of state parameter ω

ρ̇ + 3H(p + ρ) = 0 (3)

with p = ωρ ⇒ ρ = ρ_0 ( a a_0

)_{−3(1+ω)}

. (4)

In the next section we will identify ~ρ with the energy density of a gas of branes wrapping extra dimensions and will derive the coupling exponents μ and ν explicitly.

Due to this coupling, the brane action not only acts as a source term for gravity but also provides an effective potential term for the scalar fields. The field equations for the scalars now read:

ϕ̈ + 3Hϕ̇ = − ∂V^{eff} (ϕ, ψ) ∂ϕ (5) and ψ̈ + 3Hψ̇ = − ∂V^{eff} (ϕ, ψ) ∂ψ (6) where

V_{eff} (ϕ) = V_0e^{−2(2αψ+βϕ)} + e^{2(μψ+νψ)}ρ . (7)

The above multi-field exponential potential has been studied in the context of assisted inflation, see [16]. Similar multi-field potentials were also used to construct inflationary models in [17, 18]. From here onwards it is useful to work in terms of rotated fields [19], ( ψ^′ ϕ^′ ) = ( cos θ sin θ − sin θ cos θ ) ( ψ ϕ ) (8) where we choose

cos θ = μ √ μ^2 + ν^2 (9) such that

~ρ = ρe^{2μ′ ψ′} with μ^′ = √ μ^2 + ν^2 (10)

depends only on a single field. The exponents α, β transform in the same way as the fields: ( α^′ β^′ ) = ( cos θ sin θ − sin θ cos θ ) ( α β ) (11)

Thus, the “rotated” field equations read as ϕ̈′ + 3Hϕ̇′ = 2β^′V_0e^{−2(α′ψ′+β′ ϕ′ )} (12) and ψ̈′+3Hψ̇′ = 2α^′V_0e^{−2(α′ψ′+β′ ϕ′)}−2μ^′ρe^{2μ′ ψ′} (13) One can also write down the Friedmann equation for a Robertson Walker metric:

H^2 =^1_3 (_{ϕ̇′2} 2 +^{ψ̇′2}_2 + V_0e^{−2(α′ψ′+β′ ϕ′)} + ρe^{2μ′ ψ′} ) (14)

Inflation from a Single Field: Before we solve (12-14) in its full generality, it is insightful to look at a special case when the dynamics reduces to that of a single field which has been studied in detail in [13]. This happens when β α = tan θ = ν μ ⇒ β^′ = 0 (15)

In this case, ϕ^′ remains frozen (even if one starts with a non-zero ϕ̇^′ it is quickly Hubble damped) and ψ^′ evolves under the influence of the effective potential (7) with exponents α^′ = √ α^2 + β^2 and μ^′. As discussed in [13], provided the exponents are of O(1) and have the same sign, ψ^′ tracks the minimum formed between the two opposing exponentials. Since ρ redshifts, the minimum redshifts and one can solve for the evolution of ψ^′ and a(t) to get

e^{2ψ′} = ( α^′V_0 μ^′ρ )_{1/(μ}′_{+α}′_) (16) = ( α^′V_0 μ^′ρ_0

)_{1/(μ}′_{+α}′_) ( a a_0

)_{3(1+ω)/(μ}′_{+α}′_) and a(t) = a_0 ( t t_0

)_{(2/3α}′_)[_{(μ}′_{+α}′_{)/(1+ω)}] . (17)

Thus, the universe accelerates if μ^′ α^′ > 1 2 (1 + 3ω) (18)

For non-relativistic dust type matter, like wrapped branes, we have ω = 0, so that (18) becomes √ μ^2 + ν^2 α^2 + β^2 > 1 2 (19)

In the next section, when we discuss the dynamics involving a gas of branes, we will see that, although the system does not reduce to a single field dynamics, one can get power law inflation in a manner similar to the case discussed above.

As a next step then, let us calculate the density fluctuations and spectral tilt in this model. From (16) and (17) one can compute ψ̇^′ and H and hence the amplitude of density fluctuations

δ_H =

H^2 2πψ̇^′ = (μ^′ + α^′)H 3πM_p (20)

= (μ^′ + α^′) 3πM_p √ V_0(μ^′ + α^′)e^{−2α′ψ′} 3μ^′M^2_p or δ^2_H ∼ a^{− 3(1+ω)α} ′ μ′+α′ , (21) where the right hand side is evaluated at the time when the length scale of the fluctuation being considered is exiting the Hubble radius (see e.g. [20, 21] for reviews). Therefore, the spectral tilt η is given by

η ≈ 1 + 1 a d ln δ^2_H da = 1 −

3(1 + ω) 1 + μ^′/α^′ (22)

It is clear from (22) that in order to explain the observed spectral tilt of the CMB spectrum (see e.g. [10]), η > 0.94, one needs a very large ratio μ^′/α^′ ∼ O(10) which is difficult to achieve from string theory. Hence, it seems likely that one needs to supplement this inflationary mechanism with an additional mechanism to generate the observed almost scale-invariant spectrum of density perturbations. We will comment on this later.

Two Field Dynamics: To solve the evolution equations (12-14) for the two field case we choose the usual ansatz

a = a_0 ( t t_0 )_m ; e^ψ = e^{ψ0} ( t t_0 )_n ; e^ϕ = e^{ϕ0} ( t t_0 )_p

(23) In order that all the terms in (12-14) have the same t dependence, t^{−2} to be specific, we get by looking at the exponents

α^′n + β^′p = 1 = 3m 2 − μ^′n (24)

Further, one can substitute the potentials associated with V_0 and ρ_0 from (12,13) in (14) to obtain another relation between the power law exponents:

m^2 =^1_3

[_1 2 (n^2 + p^2) (25)

+ (3m − 1)( p 2β^′ (1 + α^′ μ^′ ) − n 2μ^′ ) ]

One can thus solve (25) and (24) to obtain m, n and p in terms of the exponents α^′, β^′ and μ^′ (see Appendix for details). In particular one finds

m = 2

3μ^′α^′ + α^{′2} + β^{′ 2} + 2μ^{′2} 6μ^′α^′ + 3α^{′2} + 3β^{′ 2} + 8μ^{′2}β^{′ 2}

(26)

In order to find out whether one gets inflation, one has to check whether m > 1 or not.

Intuitively, it is clear what needs to happen in order to have an accelerated expansion: Along the ψ^′ direction, due to the coupling, one has a slowly evolving minimum due to the two opposing exponential potentials as before. The field, though, can also roll along the ϕ^′ direction, since β^′ ≠ 0. However, if β^′ is sufficiently small (in other words if the two exponents corresponding to the potential V_0 and ρ_0 are approximately collinear) then the field rolls slowly also along the ϕ^′ direction and thus we can have acceleration.

Finally, one has to check that the ansatz (23) gives meaningful solutions, i.e. solutions exist for positive V_0 and ρ_0. We show in the Appendix that this is indeed the case provided m > 1/3, which is obviously true for inflationary solutions.

III. SUPERGRAVITY AND BRANE GASES

Supergravity and Effective Potentials: Let us start with a typical bosonic sector of a supergravity theory:

Ŝ = 1 16πĜ ∫ d^{^D}x √ −g [^ R − ∂_{^m}ϕ∂^{^m}ϕ (27) − 1 2 ∑ i e^{−2aiϕ} 1 n_i!

F^2_{ni} − V (ϕ) ]

where hatted quantities denote the full higher ( ^D) dimensional objects, ϕ is the dilaton field and the field strengths F_{ni} ’s are n_i forms with i = 1 . . . M . For generality, we have also included a potential for the dilaton which may have both a classical [22] or a quantum [23] origin depending on the specific supergravity/string theory model. In general, the potential runs to either ±∞, leading to the much studied issue of dilaton stabilization. For the purposes of this paper, we do not concern ourselves with this issue and simply assume that either it is stabilized after inflation or it is coupled very weakly (if at all) to standard model particles and therefore even though the dilaton slowly runs towards infinity, constraints coming from fifth force experiments and variation of physical constants [24] are satisfied. Indeed a “least coupling mechanism” has been proposed [25] to explain why the dilaton may couple very weakly to the ordinary standard model particles. As a simple example of a running potential we choose

V (ϕ) = V_0e^{−2δϕ} (28)

We mention in passing that such exponential potentials are found in several supergravity theories [22].

To obtain an effective four-dimensional theory one has to perform a consistent dimensional reduction [26]. For a flux compactification the only consistent ansatz (without involving squashing) is given by [14, 27] ^g_{^m^n} = ( g_{mn}(x) 0 0 e^{2ψ(x) ∘}g ∘_m ∘_n (y) ) (29) and F ∘_{m1...} ∘_{m ∘D} ∼ ϵ ∘_{m1...} ∘_{m ∘D} (30) where F has to be a^∘D-form,^∘D being the number of extra dimensions and we use the symbol “∘” to indicate extra dimensional quantities. Once one solves the Bianchi identity and the field equations for F , the F^2 term in the action (27) gives us a potential term for the scalars, ϕ and ψ. After performing the usual dimensional reduction by integrating the extra dimensions and applying conformal transformations ^g → e^{− ∘Dψ/( ∘D+2)}^g (31) followed by

ψ → √_∘ D (^∘D +2) 2 ψ (32)

to go to the Einstein frame in four dimensions, one finds that ∫ d^{^D}x √ −^g e^{−2aiϕ} n_i!

F^2_{ni} (33)

becomes ∫ d^4x √ −g^∘c^2 e^{−2(aϕ+γ′ ψ)} (34)

with

2γ^′ ≡ 3 2 ∘ D ∘ D +2

(35)

and a is the same exponent that appears in the dilaton coupling to the^∘D-form in (27), its value depends on the specific supergravity model. Also, ∘ c is a constant determining the strength of the flux background.

Let us now compute the four dimensional effective potential coming from the dilaton potential V (ϕ). We observe that dimensional reduction followed by conformal transformation (32) gives a ψ dependence which is in fact the same as one gets from a higher dimensional cosmological constant. The four dimensional potential reads

V (ϕ, ψ) = V_0e^{−2(δϕ+γψ)} (36)

with

2γ = 2 ∘ D ∘ D +2

(37)

The full four dimensional action then reads S = 1 2 ∫ d^4x √ −g [ R − ∂_mϕ∂^mϕ − ∂_mψ∂^m ψ − 2(V^′_0 e^{−2(aϕ+γ′ ψ)} + V_0e^{−2(δϕ+γψ)}) ] (38)

where as before we have set M_p = 1, and redefined c_0 in terms of V^′_0 .

As a specific example, let us consider type IIA string theory. In the string frame the relevant bosonic part of the action reads

Ŝ_{II} = ∫ d^{10}x √ −ge^{−2ϕ} [^ R + 4∂_{^m}ϕ∂^{^m}ϕ − V (ϕ) ]

+ 1 2 1 4! F^2_4 + . . . (39)

where we have only included the 4-form whose dual is a 6-form field strength and hence can be consistently turned on as there are 6 extra dimensions. The ellipsis involve other form and fermionic fields which are set to zero as usual. To be general we have also added a potential for the dilaton which could result from quantum corrections. Performing the well known conformal transformation ĝ_{^m^n} → e^{−4ϕ/( ∘D+2)}ĝ_{^m^n} (40) followed by ϕ → √ 4_∘

D +2 ϕ (41)

one recovers an action of the form (27) in the 10- dimensional Einstein frame with 2a_4 = −1/ √ 2 corresponding to the four form coupling exponent, or in terms of the 6-form dual, 2a_6 = 1/ √ 2: 1 4! e^ϕF^2_4 ↔ 1 6! e^{−ϕ}F^2_6 . (42)

The dimensionally reduced 4-dimensional action then looks like (38) with

2a_6 = 1 √ 2 and 2γ^′ = 3 √ 3 2 (43)

where γ^′ and a_6 can be identified with α and β of section 2 respectively.

Instead of looking at a flux background one may also study a potential of the form (36) coming from a higher dimensional dilatonic potential where substituting^∘D= 6 we get

2γ = √ 3 2 (44)

and δ remains a free parameter.

Brane Stress Energy: Let us now consider a gas of branes wraping all the compact internal dimensions and hence these are^∘D-branes. The action for such a gas is given by

S_{brane} = ∫ d^{^D}x √ −^gρ_0e^{−2νϕ}e^{−3α} = ∫ d^{^D}x √ −^gρ̂ (45) where e^α = a/a_0 denotes the usual scale factor of our observable universe. The exponential involving the dilaton in the last term originates from the dilaton coupling present in the brane action in the string frame which depends on several factors like the nature of the brane/string (whether it is fundamental or solitonic etc. [28]), the dimensionality of the supergravity model, etc. The second exponential corresponds to the well known fact that the brane energy density redshifts as non-relativistic dust along the transverse directions, which in this case are the three large spatial dimensions.

In order to obtain the brane energy density in the 4-dimensional Einstein frame one has to perform the conformal rescalings (32), so that in terms of the rescaled ψ one has

S_{brane} = ∫ d^4x √ −gρ_0e^{2(μψ+νϕ)} ( a a_0 )_{−3} (46)

with

2μ = ∘ D 2(^∘D +2)

, (47) or S_{brane} = ∫ d^4x √ −gρ_0e^{2μ′ψ′} ( a a_0 )_{−3}

= ∫ d^4x √ −g~ρ (48) where ψ^′ is now the linear combination of the dilaton and the radion as defined earlier in (8). ~ρ corresponds to the observed four dimensional energy density of the wrapped branes.

Let us focus our attention now onto the 10 dimensional superstring theories. The DBI action for a p-brane in string frame is given by [29] S_{DBI} = T_p ∫ d^{p+1}σe^{−2ϕ} √ −γ (49)

where γ is the induced metric on the world volume of the brane parameterized by σ’s. (49) leads to an action for a gas of 6-branes wrapping all the compact extra six directions, which looks like

S_{brane} = ∫ d^{10}x √ −^gρ_0e^{−2ϕ}e^{−3α} (50) in the string frame. Conformal transformation of ^g (41) and subsequent rescaling of ϕ then gives us the action in Einstein frame (46) with

2ν = ∘ D 2 √ 1 ∘ D +2 = 3 √ 8 (51)

while substituting^∘D= 6 in (47) gives us the exponent μ

2μ = √ 3 8 . (52)

Moreover, one finds in this case

ψ^′ = cos(π/3)ψ + sin(π/3)ϕ and μ^′ = √ 3 8 . (53)

Inflation from 10 Dimensional Universe: We have finally accumulated all the objects neccessary to understand whether or not one can indeed obtain a phase of acceleration in the early universe with branes in conjunction with string theory potentials for modulii fields and the dilaton. Let us first look at the case when no flux is turned on (V^′_0 = 0 in (38)) but rather we have a dilatonic potential of the form (36). In this case we have one free parameter, namely δ, and whether one has acceleration or not depends on it. First, realize that in order to end inflation we want α_{eff} ≡ √ α^{′2} + β^{′ 2} > 1 (54)

This is because, once the branes have decayed, the scalars evolve as if under the influence of an exponential potential with an effective exponent α_{eff}

[27]. Therefore, in order for the scalars to track radiation [30] after the end of inflation we require (54). (54) implies a bound δ > √ 5/8. Now, plugging in all the relevant exponents in the expression for m in (26) one finds that it is possible to have an inflationary paradigm provided √ 5 8 < δ < √ 9 8 , (55)

For these values of δ one finds

1 < m < 1.1 (56)

in other words, when δ is close to 1, and this seems reasonable from the string theory point of view.

Next, let us look at the potential coming from the 4-form flux. Substituting the exponents a_6 and γ^′ in (26) one finds

m < 1 (57)

Thus, with just a 4-form flux and branes one cannot get acceleration. This situation however can change if a seperate mechanism is available to stabilize a particular linear combination of the dilaton and the radion.

IV. GRACEFUL EXIT AND REHEATING

Branes in string theory can also be interpreted as solitonic solutions in the corresponding low energy supergravity theory. One subclass of such branes are the unstable branes of string theory (e.g. evendimensional branes in Type IIB string theory). Provided that the tachyon which describes the decay of these branes interacts with fields which are in thermal equilibrium in the early universe, these branes could be stabilized at early times - like the embedded Z-string in the standard electroweak theory [11] - and thus trigger inflation as described above. The phase of inflation would last until the fields which mediate the interaction, e.g. the photon in the case of the standard model Z-string, fall out of equilibrium. At that time, the tachyonic instability could set in. The energy density stored in the unstable branes would lead to reheating. In the example below, the role of the bulk modes is played by the Kaluza-Klein modes.

To be specific, we consider a subclass of branelike solutions of the supergravity equations known as black branes [31] which appear to us (i.e. in the effective four dimensional world) as black holes. Stability of such black branes (both charged and uncharged) has been discussed in detail in [32], and in particular it was realized that when the Kaluza- Klein modes of the gravitational supermultiplet are lighter than the tension of the branes, these modes become unstable (Gregory-Laflamme instability) [32][35]. Since in our model the volume of the internal manifold slowly grows, the Gregory-Laflamme instability thus provides us with a natural mechanism to end inflation. Assume that the mass scale associated with the tension of the branes is given by T = 10^{−B}M_p (58)

The mass of the Kaluza-Klein modes are, on the other hand, given by

M_K = e^{−ζψ} M_p with ζ = ∘D +2 2^∘D

(59)

The branes become unstable when M_K ∼ T . In terms of the rotated basis this happens when

10^B = e^{ζ(ψ′ cos θ−ϕ′ sin θ)} (60) = e^{ζ(ψ′0 cos θ−ϕ′0 sin θ)} ( t t_0 )_{ζ(n cos θ−p sin θ)}

= e^{−ζψ0} ( a a_0 )_{ζ(n cos θ−p sin θ)/m}

≡ N_0e^{N ζ(n cos θ−p sin θ)/m} where N is the number of e-foldings. In the spirit of string gas cosmology [1] we assume that, initially, the internal volume is of Planck size, i.e. ψ ≈ 0. This implies N_0 ∼ O(1). One can then estimate the number N of e-foldings as N = 2.3Bm ζ(n cos θ − p sin θ)

(61)

For a range of the relevant parameters one can indeed obtain a sufficient number of efoldings. For example, for a ten-dimensional model, substituting ∘ D= 6 and θ = π/3 one finds N = 2.3Bm 0.41n − 0.71p (62)

For the exponent calculated for a gas of six branes (53) with a dilatonic potential (36,44), δ within the range (55), one finds that for a moderate hierarchy, B ∼ 5 − 7 we get around 50-60 efoldings which is neccessary to solve the flatness and horizon problems.

After the black-branes have decayed, the field starts rolling along the exponential potential of the dilaton and the radion. At late times, there are two possible scenarios. If the potential is indeed a pure exponential as we considered in our model, then the fields would continue to roll tracking first the radiation and later on the matter energy density (since √ α^2 + β^2 > 1). One can try to connect this model to a late time coupled quintessence regime as discussed in [13]. However, the phenomenological viability of this scenario requires a mechanism which ensures that the standard model particles are only very weakly coupled to radion and the dilaton - otherwise one has conflicts with fifth force experiments. Indeed, in [25] such a least coupling principle was proposed for the coupling of the dilaton to standard model particles. We here do not further speculate on the details of such mechanisms. The other possibility could be if the radion-dilaton potential has a minimum where the fields could be stabilized after the end of inflation. This possibility might be realized if, for example, the potential is really a sum of exponentials. This occurs quite commonly in supergravity reductions [14, 27]. In this case, of course, the moduli are stabilized and one does not need to worry about the fifth force constraints (as long as the potential is sufficiently curved at the minimum).

V. DISCUSSION AND CONCLUSIONS

We have presented a mechanism for obtaining inflation in the context of string gas cosmology. We start with the conventional scenario of string gas cosmology: the universe starts out hot and small (string scale), with all spatial dimensions of comparable scale. As discussed in [1, 4, 5], the fundamental string winding modes can disappear in at most three spatial dimensions, thus leading to an explanation of why the spatial dimensions predicted by string theory but not seen experimentally are confined. Radion stabilization is a natural result of the string winding and momentum modes about the extra spatial dimensions [8].

At the later times studied in this paper, we have focused on the effective four-dimensional field theory coming from dimensionally reducing the Lagrangian of string gas cosmology. Assuming the existence of an exponential potential for the dilaton and the radion at these later times, we have shown that the coupling of branes winding the extra dimensions couple to the radion and dilaton and can lead to a period of power-law inflation. This inflationary period is generated by the combined radion-dilaton system tracking its timedependent potential minimum position. The timedependence of the effective potential is induced by the coupling of the brane gas to the two fields. A graceful exit from inflation is obtained by making use of a gas of unstable branes, branes which are stabilized at early times via their interactions with the Kaluza-Klein modes of the fields of the bulk gravitational supermultiplet. The decay of these branes then leads to reheating after inflation.

For the specific branes we considered we obtained a power law exponent m which is too small to be consistent with the observational limits on the tilt in the power spectrum of density fluctuations. In addition, a hierarchy between the Planck scale and the tension of the branes is required in order to obtain a sufficient number of e-foldings of inflation. Both of these problems can be solved provided the brane coupling exponents are larger than what we obtained for 6-branes in the context of 10 dimensional supergravity/string theory. This can happen in several ways. As noted in [23], quantum stingy loop corrections can change several coefficients in the effective dilatonic action which in turn will change the exponents (For example, if the coefficient in front of the kinetic term for the dilaton changes, one has to rescale the dilaton field which in turn changes its coupling exponent to the brane.).

One could also consider various types of branes with different dimensionalities, perhaps in the context of lower dimensional supergravity models. The various exponents again are expected to be different, as is evident from the general analysis we performed. Finally, it is not neccessary to restrict oneself only to radion-dilaton systems. For example, one could consider squashed configurations where the branes couple to the volume as well as the shape moduli (the dilaton would be stabilized by some other mechanism). As shown in [27], for such configurations it is possible to consistently turn on other lower form fluxes (not just the 6-form as considered here) which may come with the right exponents to realize an accelerated regime in conjunction with the branes. We leave an exploration of all these possibilities for the future.

VI. APPENDIX: TWO FIELD SOLUTION

We want to solve cosmological evolution equations of the form (13-14):

ϕ̈ + 3Hϕ̇ = 2βV_0e^{−2(αψ+βϕ)} (63)

ψ̈ + 3Hψ̇ = 2αV_0e^{−2(αψ+βϕ)} − 2μρe^{2μψ} (64)

H^2 =^1_3 (_{ϕ̇2} 2 +^{ψ̇2}_2 + V_0e^{−2(αψ+βϕ)} + ρe^{2μψ} ) .(65)

We choose the ansatz as in (23)

a = a_0 ( t t_0 )_m ; e^ψ = e^{ψ0} ( t t_0 )_n ; e^ϕ = e^{ϕ0} ( t t_0 )_p

(66) In order that all the terms in (64,65) have the same t dependence, t^{−2}, to be specific, we get by looking at the exponents

αn + βp = 1 = 3m 2 − μn (67) Further, one can substitute the potentials associated with V_0 and ρ_0 from (64) in terms of the field derivatives in (65) to obtain

H^2 =^1_3 (_{ϕ̇2} 2 +^{ψ̇2}_2 −^1_{2μ} (ψ̈ + 3Hψ̇) − 1 2β (1 + α/μ)(ϕ̈ + 3Hϕ̇) ) (68)

Substituting the ansatz (66) in the above equation one finds another relation between the power law exponents

m^2 =^1_3

[_1 2 (n^2 + p^2) + (3m − 1)(^p_{2β} (1 +^α_μ ) −^n_{2μ} ) ] (69) One can thus solve (69) and (67) to obtain m, n and p in terms of the exponents α, β and μ:

m = 2

3μα + α^2 + β^2 + 2μ^2 6μα + 3α^2 + 3β^2 + 8μ^2β^2

(70) n = 3α + 6μ − 8β^2μ 6μα + 3α^2 + 3β^2 + 8μ^2β^2

(71)

p = β(8μ^2 + 3 + 8μα) 6μα + 3α^2 + 3β^2 + 8μ^2β^2

(72)

Although the t dependence now cancels in all the evolution equations by virtue of (70-72), we are still left with matching the coefficients in the two equations (63) and (64). These equations essentially determine the other unknown parameters ϕ_0 and ψ_0 in terms of V_0 and ρ_0 or vice-versa. In fact to have a consistent solution one should check whether these equations can be satisfied for positive values of V_0 and ρ_0 as those are the physical scenarios we are interested in. After some algebra one finds

V_0 = e^{−2(αψ0+βϕ0 )} p(3m − 1) 2β (73) and ρ_0 = e^{−2μψ} ( 3m − 1 2μ ) ( α β p − n )

= e^{−2μψ}(3m − 1) ( 4(α^2 + β^2) − 3 + 4μα 6μα + 3α^2 + 3β^2 + 8μ^2β^2 ) (74)

From (72) it is clear that the ratio p/β is positive. Also, for the solutions we are looking at, m > 1 > 1/3, and thus the right hand side of (73) is positive implying V_0 > 0. Next let us look at the right hand side of (74).

In order for the potential to track radiation after inflation we demanded α^2 + β^2 > 1 and thus it is clear that ρ_0 is positive too. We indeed have consistent attractor solutions.

Acknowledgments

RB is supported in part (at McGill) by an NSERC Discovery grant and (at Brown) by the US Department of Energy under Contract DE-FG02- 91ER40688, TASK A. The work of TB is supported by NSERC Grant No. 204540. DE is supported in part by NSF-PHY-0094122 and funds from Syracuse University.

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

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

[6] R. Easther, B. R. Greene, M. G. Jackson and D. Kabat, “String windings in the early universe,” arXiv:hep-th/0409121;

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

[7] A. H. Guth, “The Inflationary Universe: A Possible Solution To The Horizon And Flatness Problems,” Phys. Rev. D 23, 347 (1981).

[8] S. P. Patil and R. Brandenberger, “Radion stabilization by stringy effects in general relativity and dilaton gravity,” arXiv:hep-th/0401037.

[9] R. Brandenberger, D. A. Easson and A. Mazumdar, “Inflation and brane gases,” Phys. Rev. D 69, 083502 (2004) [arXiv:hep-th/0307043].

[10] H. V. Peiris et al., “First year Wilkinson Microwave Anisotropy Probe (WMAP) observations: Implications for inflation,” Astrophys. J. Suppl. 148, 213 (2003) [arXiv:astro-ph/0302225].

[11] M. Nagasawa and R. H. Brandenberger, “Stabilization of embedded defects by plasma effects,” Phys. Lett. B 467, 205 (1999) [arXiv:hepph/9904261];

M. Nagasawa and R. Brandenberger, “Stabilization of the electroweak Z string in the early universe,” Phys. Rev. D 67, 043504 (2003) [arXiv:hep-ph/0207246].

[12] B. Carter, R. H. Brandenberger and A. C. Davis, “Thermal stabilisation of superconducting sigma strings and their drum vortons,” Phys. Rev. D 65, 103520 (2002) [arXiv:hep-ph/0201155].

[13] T. Biswas and A. Mazumdar, “Can we have a stringy origin behind Omega(Lambda)(t) proportional to Omega(m)(t)?,” arXiv:hep-th/0408026.

[14] M. S. Bremer, M. J. Duff, H. Lu, C. N. Pope and K. S. Stelle, “Instanton cosmology and domain walls from M-theory and string theory,” Nucl.

Phys. B 543, 321 (1999) [arXiv:hep-th/9807051]. [15] A. Mazumdar, R. N. Mohapatra and A. Perez- Lorenzana, “Radion cosmology in theories with universal extra dimensions,” JCAP 0406, 004 (2004) [arXiv:hep-ph/0310258].

[16] A. R. Liddle, A. Mazumdar and F. E. Schunck, “Assisted inflation,” Phys. Rev. D 58, 061301 (1998) [arXiv:astro-ph/9804177]. E. J. Copeland, A. Mazumdar and N. J. Nunes, “Generalized assisted inflation,” Phys. Rev. D 60, 083506 (1999) [arXiv:astro-ph/9904309].

[17] P. R. Ashcroft, C. van de Bruck and A. C. Davis, Phys. Rev. D 69, 083516 (2004) [arXiv:astroph/0210597].

[18] P. R. Ashcroft, C. van de Bruck and A. C. Davis, Phys. Rev. D 69, 063519 (2004) [arXiv:astroph/0310643].

[19] K. A. Malik and D. Wands, “Dynamics of assisted inflation,” Phys. Rev. D 59, 123501 (1999) [arXiv:astro-ph/9812204].

[20] 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).

[21] A. R. Liddle and D. H. Lyth, “Cosmological inflation and large-scale structure,” (Cambridge Univ. Press, Cambridge, 2000).

[22] See for example, L. J. Romans, “The F(4) Gauged Supergravity In Six-Dimensions,” Nucl. Phys. B 269, 691 (1986);

A. Salam and E. Sezgin, “Chiral Compactification On Minkowski X S**2 Of N=2 Einstein-Maxwell Supergravity In Six-Dimensions,” Phys. Lett. B 147, 47 (1984).

[23] M. Gasperini, F. Piazza and G. Veneziano, “Quintessence as a run-away dilaton,” Phys. Rev. D 65, 023508 (2002) [arXiv:gr-qc/0108016].

[24] C. M. Will, “The confrontation between general relativity and experiment,” Living Rev. Rel. 4, 4 (2001) [arXiv:gr-qc/0103036];

C. J. A. Martins, A. Melchiorri, G. Rocha, R. Trotta, P. P. Avelino and P. Viana, “WMAP Constraints on varying α and the Promise of Reionization,” Phys. Lett. B 585, 29 (2004) [arXiv:astro-ph/0302295].

[25] T. Damour and A. M. Polyakov, “The String dilaton and a least coupling principle,” Nucl. Phys. B 423, 532 (1994) [arXiv:hep-th/9401069].

[26] M. J. Duff, B. E. W. Nilsson, C. N. Pope and N. P. Warner, “On The Consistency Of The Kaluza-Klein Ansatz,” Phys. Lett. B 149, 90

(1984);

M. J. Duff and C. N. Pope, “Consistent Truncations In Kaluza-Klein Theories,” Nucl. Phys. B 255, 355 (1985).

[27] T. Biswas and P. Jaikumar, “Cosmology from moduli dynamics,” JHEP 0408, 053 (2004) [arXiv:hep-th/0407063].

[28] M. J. Duff, R. R. Khuri and J. X. Lu, “String solitons,” Phys. Rept. 259, 213 (1995) [arXiv:hepth/9412184].

[29] R. G. Leigh, Mod. Phys. Lett. A 4, 2767 (1989). [30] E. J. Copeland, A. R. Liddle and D. Wands, “Exponential potentials and cosmological scaling solutions,” Phys. Rev. D 57, 4686 (1998) [arXiv:grqc/9711068].

[31] M. J. Duff, H. Lu and C. N. Pope, “The black branes of M-theory,” Phys. Lett. B 382, 73 (1996) [arXiv:hep-th/9604052];

R. Argurio, “Brane physics in M-theory,” arXiv:hep-th/9807171.

[32] R. Gregory and R. Laflamme, “Black strings and p-branes are unstable,” Phys. Rev. Lett. 70, 2837 (1993) [arXiv:hep-th/9301052];

R. Gregory and R. Laflamme, “The Instability of charged black strings and p-branes,” Nucl. Phys. B 428, 399 (1994) [arXiv:hep-th/9404071].

[33] T. Hirayama, G. w. Kang and Y. o. Lee, “Classical stability of charged black branes and the Gubser- Mitra conjecture,” Phys. Rev. D 67, 024007 (2003) [arXiv:hep-th/0209181].

[34] It has recently been shown that a conventional four-dimensional realization of inflation using regular scalar fields in the four-dimensional effective field theory is not consistent with the late-time stabilization of the extra dimensions [8].

[35] Stability of branes depends on various factors like the charge and the dilatonic coupling of the branes [33], but for simplicity we will consider uncharged branes and assume that the dilatonic couplings do not run.