arXiv:hep-th/0607061 v2 25 Nov 2006

Predictions of Dynamically Emerging Brane Inflation Models

Thorsten Battefeld^{1)∗} and Natalia Shuhmaher^{2)†} 1) Dept.of Physics, Brown University, Providence R.I. 02912, U.S.A. and 2) Dept.of Physics, McGill University, Montréal QC, H3A 2T8, Canada (Dated: November 25, 2006)

We confront the recent proposal of Emerging Brane Inflation with WMAP3+SDSS, finding a scalar spectral index of ns = 0.9659^{+0.0049}_{−0.0052} in excellent agreement with observations. The proposal incorporates a preceding phase of isotropic, non accelerated expansion in all dimensions, providing suitable initial conditions for inflation. Additional observational constraints on the parameters of the model provide an estimate of the string scale.

A graceful exit to inflation and stabilization of extra dimensions is achieved via a string gas. The resulting pre-heating phase shows some novel features due to a redshifting potential, comparable to effects due to the expansion of the universe itself. However, the model at hand suffers from either a potential over-production of relics after inflation or insufficient stabilization at late times.

PACS numbers:

I. INTRODUCTION

Inflation provides a natural explanation for major problems of standard cosmology such as the homogeneity, horizon and flatness problems [1]. An almost scaleinvariant spectrum of adiabatic cosmological fluctuations was predicted [2, 3] more than a decade before the cosmic microwave background anisotropies were analyzed [4, 5, 6, 7]. Encouraged by the great success of the inflationary paradigm, one is urged to find a successful realization of inflation within more fundamental theories, such as string theory.

The heuristic approach of obtaining inflation consists of introducing one or more scalar fields (inflatons), which evolve slowly due to some appropriately tuned potential. Simple single field models require the inflaton to start out at a value larger than the Planck mass. However, at these values radiative corrections to the inflaton mass threaten to spoil slow roll dynamics. Therefore, unless some underlying symmetry protects the inflaton mass, it is hard to implement an inflationary scenario within gauge theories. Moreover, in the framework of four dimensional inflationary models the physical interpretation of the inflaton is unclear. Generally, it is taken to be a singlet of the Standard Model and typically of all of the visible sector too. (See [8] for a recently proposed exception.)

The advent of extra dimensions [9, 10] opened up a venue for new inflationary scenarios where the inflaton has a physical meaning; for example, in brane-antibrane inflationary models the inter-brane separation serves as the inflaton [11, 12]. However, to provide a sufficient amount of inflation in brane-antibrane models, one requires fine tuning of initial conditions [13, 14], e.g. large inter brane separation, special configurations or very weak couplings.

∗email: battefeld@physics.brown.edu †email: shuhmaher@hep.physics.mcgill.ca

In this article, we would like to discuss the recent proposal of emerging brane inflation [15, 16] that makes use of extra dimensions, a gas of p-branes in the bulk to drive an initial isotropic but non accelerated expansion of the universe, as well as orbifold fixed planes responsible for contraction of the extra dimensions and inflation of our three dimensions. The presence of a string gas at the end of inflation provides a graceful exit, pre-heating and stabilization of extra dimensions. The model at hand does not need any fine tuning of initial conditions and will turn out to be in good agreement with observations.

In this scenario the multidimensional universe starts out small and hot, with our three dimensions compactified on a torus and the extra dimensions on an orbifold of the same size. The pre-inflationary expansion [15, 16] is governed by topological defects (p-branes) in the bulk and responsible for a large inter brane separation. As the universe expands isotropically due to the gas of p-branes, the energy density stored in the gas gets diluted until additional weak forces come into play, changing the overall dynamics. For example, branes pinned to orbifold fixed planes, which exhibit an attractive force, may eventually cause a contraction of the extra dimensions while our dimensions inflate. From the four dimensional point of view, the inflaton is identified with the radion and consequently, the pre-inflationary bulk expansion explains the large initial value of the inflaton. Inflation comes to an end when the extra dimensions shrink down to a small scale where moduli trapping [17, 18, 19, 20] and pre-heating [21, 22, 23, 24, 25, 26] can occur.

Our main goal in this article is to examine the viability of the emerging brane inflation model outlined above and to make contact with observations.

The outline of this article is as follows: In Ch. II we review the details of the model, followed by a computation (Ch. III) within the slow roll approximation of the spectral index n_s, the running of the index d n_s/(d ln k), the scalar to tensor ratio r and the tensor index n_T . We confront our predictions with the observation of the cosmic microwave background radiation measured by the Wilkinson Microwave Anisotropy Probe (WMAP3) [27, 28, 29, 30] and the Sloan Digital Sky Survey (SDSS) [31], resulting in good agreement. In order to get sufficient initial expansion one requires the inter brane potential to remain subdominant for a long time compared to the energy density stored in the bulk p-branes. This requirement imposes constraints on the scale of interactions between branes pinned to the orbifold fixed points. This, together with constraints from observational data, will be sufficient to provide an estimate of the string scale. In Chapter IV, we study the viability of pre-heating after inflation and stabilization at late times. While preheating can occur in the standard manner, albeit some novel effects are present, we do find potential problems associated with either late time stabilization or relics: if the branes pinned to the orbifold fixed planes annihilate after inflation they could produce an over-abundance of relics such as cosmic strings, and if they do not annihilate they will destabilize the extra dimensions at late times. We conclude with a comment on open issues within the framework of emerging brane inflation.

II. THE MODEL

Following [15], we assume a spacetime

M = R × T^3 × T^d/Z_2 , (1)

so that our three dimensions have the topology of a torus T^3, and the d extra dimensions are compactified on the orbifold T^d/Z_2. Note, that this specific choice of the manifold is not crucial for the model – many other manifolds distinguishing our three dimensions could be chosen instead. Next, we assume that pairs of branes are pinned to the different orbifold fixed planes a distance r apart. Furthermore, we also assume inter brane interactions such that a weak attractive force is generated via some potential V . It should be noted that we take a phenomenological approach and postulate the existence of a potential with the desired properties. A discussion of possible origins of inter-brane potentials can be found in [11].

The special feature of the underlying scenario is the pre-inflationary dynamics which explains the large size of the extra dimensions just before inflation. Initially, the universe starts out small and hot with all spatial dimensions of the same size. The bulk is filled with a gas of pbranes. In this phase, the energy density in the brane gas is assumed to be many orders of magnitude larger than the potential energy density, which provides the force between the orbifold fixed planes. Thus, the universe expands isotropically but not inflationary, as shown in [16]. During the expansion phase the bulk energy density of the gas decreases and eventually the potential V begins to dominate, causing inflation of the directions parallel to the orbifold fixed planes, and contraction of the extra dimensions. It should be noted that whether or not inflation occurs is sensitive to the form of the inter-brane potential V .

Following [15], we consider a potential of the form V (r) = −μ 1 r^n , (2)

where r is the inter brane separation and n > 0 is a free parameter, which could in principle be computed from the underlying fundamental theory. As we shall see below, this form of the potential results in inflation.

We shall first compute how dynamics can be described in a four dimensional effective theory. Let G_{ab} be the metric for the full space-time with coordinates X^a. In the absence of spatial curvature, the metric of a maximally symmetric space which distinguishes ’our’ three dimensions is given by

ds^2 = G_{ab}dX^adX^b = dt^{′2} − α(t^′)^2dx^2 − b(t^′)^2dy^2 , (3)

where x denotes the three coordinates parallel to the orbifold fixed planes and y denotes the coordinates of the d perpendicular directions.

Our goal is to find a four-dimensional effective potential which governs the inflationary phase. We start out with the higher dimensional action S = ∫ d^{d+4}X √ − det G_{ab} { 1 16πG_{d+4} R_{d+4} + L̂_M } , (4) where R_{d+4} is the d + 4 dimensional Ricci scalar and L̂_M is the matter Lagrangian density with the metric determinant factored out. Note that the dilaton is assumed to be fixed already, e.g. via the proposal of [32]. In the effective four-dimensional action, the radion b(t) is replaced by a canonically normalized scalar field φ(t) which is related to b(t) through [33, 34]

φ = β^{−1}m_{pl} ln(b) , (5)

where

m^2_{pl} = 1 8πG_4 (6) is the reduced four dimensional Planck mass and we defined

β^{−1} := √ d(d + 2) 2 . (7)

After performing a dimensional reduction and a conformal transformation to arrive at the Einstein frame [33, 34] we are left with S = ∫ d^4xa^3 { 1 2 m_{pl}R_4 − 1 2 (∂φ)^2 (8) + Ve^{−dφ/mplβ}L̂_M } , where V = ∫ d^dy = l^d_s (9) is the volume of the extra dimensions, and

ds^2_E = b^d(dt^{′2} − α^2dx^2) = dt^2 − a(t)^2dx^2 (10)

is the effective four dimension metric. Further, assuming that the initial separation between the orbifold fixed planes is of string length l_s one can compute the distance between the orbifold fixed planes to

r(t^′) = l_sb(t^′) . (11)

Note that b = 1 corresponds to the string scale. Setting L̂_M = V yields

V_{4d}(φ) = g^4_s l^d_s b(φ)^{−d}V (r(φ)) = −μg^4_s l^{d−n}_s e^{−α̃ φmpl} , (12) where we used (2), restored the string coupling dependence and defined

α̃ := (n + d)β . (13)

To account for the brane tension/zero cosmological constant today we add a positive constant V_0 to the effective potential (12) and arrive at the effective four dimensional potential V_{ef f} (φ) = V_0 − μg^4_s l^{d−n}_s e^{−α̃ φmpl} = V_0(1 − ζe^{−α̃/mp φ}) (14)

where we defined

ζ := μg^4_s l^{d−n}_s V_0

. (15)

This potential yields inflation for large enough values of the radion/inflaton φ. Similar potentials have been considered before, see e.g. [35] in the context of brane inflation or [36] in the context of supergravity. These proposals differ from ours in the form of the graceful exit, the details of pre-heating as well as the the pre-inflationary dynamics of our model, which pull φ far from its minimum such as to provide suitable initial conditions for inflation without fine tuning.

III. PREDICTIONS

Inflation gives rise to a viable mechanism of structure formation: quantum vacuum fluctuations, present during inflation on microscopic scales, exit the Hubble radius and are subsequently squeezed, resulting in classical perturbations at late times, see e.g. [37]. Moreover, current observations are precise enough to distinguish between different inflationary models [27, 28, 29, 30, 31, 38, 39].

In the following, we derive observable quantities within the slow roll approximation and make contact with observations. Thereafter, we show how one can estimate the string scale in the model at hand.

A. Cosmological Parameters

The equation of motion for a scalar field in an expanding universe is given by

φ̈ + 3Hφ̇ + V^′_I = 0 , (16)

where H = ȧ/a is the Hubble parameter, V_I := V_{ef f} from (14) is the inflaton potential and V^′_I := dV_I /dϕ. If the scalar field φ governs the evolution of the Universe, the Friedmann Robertson Walker equations become

H^2 = 1 3m^2_{pl} [ 1 2 φ̇^2 + V_I (φ) ] , (17) ( ä a ) = 1 3m^2_{pl} [ V_I (φ) − φ̇^2 ] . (18)

If the potential energy of the inflaton dominates over the kinetic energy, accelerated expansion of the universe results. In other words, if the potential is flat enough to allow for slow roll of the inflaton field, inflation occurs. In this case (16) and (17) become

3Hφ̇ = −V^′_I , (19)

H^2 = V_I 3m^2_{pl} , (20)

where we assumed φ̇^2 ≪ V_I and φ̈ ≪ 3Hφ̇.

This approximation is valid if both the slope and the curvature of the potential are small, that is if the slow roll parameters ε = m^2_{pl} 2 ( V^′_I V_I )_2 , (21) η = m^2_{pl} V^{′′}_I V . (22)

satisfy ε ≪ 1 and η ≪ 1. Let φ_i denote the value of the inflaton field N e-folds before the end of inflation. This value can be determined from N = ∫_{tf} t_i H(t)dt ≈ 1 m^2_{pl} ∫_{φi} φ_f V V^′ dφ , (23) where φ_f is the value of the inflaton field at which the slow roll approximation breaks down.

Within the slow roll regime one can then compute the scalar spectral index, the scalar to tensor ratio and the tensor spectral index to [38]

n_s ≈ 1 − 6ε + 2η , (24) r ≈ 16ϵ , (25) n_T ≈ −r/8 , (26) where ϵ and η have to be evaluated at φ_i. For the potential (14) the slow roll parameters become ε = α̃^2 2 1 (ζ^{−1}e^{α̃/mpl φ} − 1)^2 , (27)

η = −α̃^2 1 ζ^{−1}e^{α̃/mp φ} − 1 . (28)

Since |η| > ε in our case, inflation ends once |η| = O(1), that is once φ approaches

φ_f = m_{pl} α̃ ln ((α̃^2 + 1)ζ) . (29)

By using V_I from (14) in (23) we can compute the required initial value of the inflaton by solving N = e^{α̃/mpl φi} − e^{α̃/mpl φf} α̃^2 ζ + (φ_f − φ_i) α̃ m_{pl} , (30)

for φ_i, which can be done analytically. Neglecting O(1) terms in (29) gives φ_f ≈^{mpl}_{α̃} ln (α̃^2ζ) which in turn leads to N ≈ 1 α̃^2 ( e^{α̃/mpl φ} − α̃^2 ) , (31)

after neglecting the second term in (30). This expression can be solved to φ_i ≈ m_{pl} α̃ ln (α̃^2ζN + α̃^2ζ) . (32)

The slow roll parameters (21) and (22) evaluated at φ_i can now be approximated by ϵ ≈ 1 2α̃^2 (N + 1)^2 ∼ O ( 1 (Nα̃)^2 ) , (33) η ≈ − 1 N + 1 ∼ O ( 1 N ) . (34)

Henceforth, the scalar spectral index becomes n_s ≈ 1 − 2 N + 1

(35) ≈ 1 − 2 N , (36)

whereas the scalar to tensor ratio and the tensor spectral index read

n_T = − r 8 ≈ − 1 α̃^2 (N + 1)^2

(37) ≈ − 1 α̃^2N^2

. (38)

In addition, the running of the scalar spectral index can be evaluated to d n_s d ln(k) = −m_{pl} V^′_I V_I d n_s d φ (39) ≈ − 2 N^2

, (40) which is negligible.

Now, we can evaluate (24)-(26) after specifying some parameters: first, since our model is motivated by string theory and the dilaton is fixed, we have d = 6 extra dimensions. Second, as we shall see in section IV, stabilization of the extra dimensions after inflation at the string scale is possible. Lastly, we have to specify the exponent n in (14), which in turn determines α̃. This last parameter will barely influence the scalar spectral index but has some effect on the scalar to tensor ratio and the tensor spectral index. If we take n = 4 [66] and N = 54 ± 7 we get

n_s = 0.9659^{+0.0049}_{−0.0052} , (41) r = ( 6.1^{+1.9}_{−1.3} ) × 10^{−4} , (42) n_T = ( −7.6^{+2.4}_{−1.6} ) × 10^{−5} , (43)

where we used the more cumbersome exact analytic expressions within the slow roll regime. These predictions [67] can now be compared with observational data. To be specific, the combined observational data of WMAP3 [27, 28, 29, 30] and SDSS [31] was used by Kinney et.al. in [38]: the above predictions for n_s and r lie in the middle of the 1σ region in the case of negligible running (see Fig. 1 in [38]).

Hence, the model of emerging brane inflation of [15] passes this first observational test.

B. Estimate of the Fundamental String Length

In the proposed scenario, brane inflation emerges after the inflaton got pushed up its potential in the preceding bulk expansion phase. The inflaton is related to the scale factor of extra dimensions, b, through (5). Therefore, the requirement to obtain N e-foldings of inflation (32) leads to a constraint on the minimal value of b at the beginning of inflation,

b_i ≳ (α̃^2Nζ)^{β/α̃} . (44)

On the other hand, the preceding expansion phase sets an upper limit on the scale factor b [15]. The end of bulk expansion and the beginning of inflation is indicated by V = ρ_b where ρ_b is the energy density of the brane gas. This yields the condition μl^{−n}_s b^{−n} = l^{−d−4}_s b^{−d−3+p} , (45) where we assumed that the energy density stored in pbranes at the beginning of the bulk expansion phase is of the order of the string scale. Rearranging parameters leads to b_i ≲ (μl^{d+4−n} s )^{−1/(d+3−p−n)} . (46) The bound (46) relates the scale of the inter-brane potential Λ = μ^{1/(d+4−n)} to the scale factor of the extra dimensions. Therefore, the requirement of N e-folds set an upper bound on Λ (Λl_s)^{d+4−n} ≲ (α̃^2Nζ)^{−β/α̃(d+3−p−n)} . (47) Next, we can use observational data to constrain the effective inflationary potential. To be specific, COBE data implies [40] for the scale of inflation ( V ε )_{1/4} = 0.027m_{pl} . (48)

Evaluating this expression N e-folds before the end of inflation leads to

0.027m_{pl} ≃ V_0( √ 2α̃N)^{1/2} (49) = μl^{d−n}_s g^4_s ( √ 2α̃N)^{1/2} ζ (50) ≲ g^4_s ( √ 2α̃N)^{1/2} ζ (α̃^2Nζ)^{(d+3−p−n)/(d+n)} l^{−4}_s , (51)

where we used (47) in the last expression. Substituting l^{−2}_s with g^2_s m^2_{pl}, one eventually arrives at a constraint for the string coupling

g^8_s ≳ 0.027 ζ (α̃^2Nζ)^{(d+3−p−n)/(d+n)} ( √ 2α̃N)^{1/2}

. (52)

For (ζ, d, p, n, N) = (1, 6, 3, 4, 54) this expression reduces to g_s ≳ 0.53 . (53)

In conclusion, we found in the model at hand that inflation of about 60 e-folds requires the string scale to be slightly below the Planck scale.

A word of caution might be in order here: we assumed the dilaton to be fixed throughout bulk expansion and inflation; but if the dilaton is rolling during these early stages, it will modify the above estimate. Hence, a better understanding of the dilatons stabilization mechanism is of great interest.

IV. STABILIZATION AND PRE-HEATING

We saw in the previous sections how brane inflation can emerge in a higher dimensional setup. The specific inflaton potential in the effective four dimensional description was given by (14)

V_I = V_0 ( 1 − e^{−α̃φ} ) , (54)

where we set m_p ≡ 1 and fine tuned ζ = 1. The inflaton is related to the radion via (5) where β^{−2} = d(d + 2)/2 was introduced. Furthermore, we assumed an already stabilized dilaton, e.g. via the proposal of [32]. It should be noted that a free dilaton could potentially invalidate the predictions of the model at hand.

In the following we would like to address three questions: How does inflation end, how does the universe reheat and can the radion/inflaton be stabilized at late times?

A. Stabilization

Based on the idea of moduli stabilization at points of enhanced symmetry [17, 18, 19, 20, 43] it was advocated in [33, 42] that an inflationary phase driven by the radion could be terminated by the production of nearly massless states if the radion comes close to such a point [68]. To be specific, if we work within heterotic string theory (d = 6) such a point of enhanced symmetry could be the self dual radius corresponding to φ = 0. This was already anticipated by setting ζ = 1 so that the potential V_I in (54) vanishes at φ = 0 (the self dual radius) [69].

The mechanism for stabilizing moduli at points of enhanced symmetry was illustrated in detail in [18, 19], and can be implemented in string gas cosmology. In the specific toy model of [19] it was shown that new massless states, gauge vectors and scalars, appear at the self dual radius. These states have to be included in the effective four dimensional action, leading to trapping of the volume modulus: as the radius shrinks down to the string size, the evolution becomes non-adiabatic and light states are produced via parametric resonance. Since the coupling of moduli to vector states is a gauge coupling, one expects parametric resonance to be efficient. The produced vectors stop to be massless as the radius shrinks further, generating an effective potential for the volume modulus. As a consequence, the size of extra dimensions ceases to shrink. The mechanism of moduli trapping at enhanced symmetry points (ESP) was discussed more generally in [18]: the trapping force is proportional to the number of states that becomes massless at the ESP, since enlarging the amount of new light degrees of freedom effectively causes an enhanced coupling of the moduli. As a consequence of the larger coupling, the effectiveness of parametric resonance and the trapping effect are enhanced. Therefore, points with greater symmetry are dynamically preferred.

We refer the interested reader to [45, 46] for a basic introduction and to [33] for a technical review of string gas cosmology, and jump into the discussion right after the string gas got produced.

As mentioned above, the string gas leads to an effective potential from a four dimensional point of view which is given by [33, 44]

V_S = Ñ a^3 e^{− d2 βφ} √ q^2 a^2

+ sinh^2(βφ) , (55)

where q parameterizes the momentum of the string gas along the three large dimensions and Ñ is proportional to the number density of strings. We shall treat both parameters as free ones [70]. Note the novel feature that the potential redshifts like matter, unlike potentials usually encountered for scalar fields.

This redshifting leads to a problem if we insist that the present day radion be stabilized by V_S , which can be seen as follows: let us for simplicity set q = 0 for the time

FIG. 1: The inter-brane potential V_S of (54), string gas potential V_I of (55) and total potential V = V_I + V_S with d = 6, n = 4. The height of V at the minimum φ = σ ≈ 0 is given by the momentum of the string gas along the three large dimensions q. We chose l := q/a = 10^{−6} and Ñ/(V_0a^3) = 4α̃/β for instructive reasons only, such that V_I , V_S and V are clearly discernable. Note that V_S is only viable around φ = σ. In order for a minimum to exist and moduli trapping to occur, conditions (58) and (62) need to be satisfied.

being and ask whether the total potential

V = V_I + V_S , (56)

which is plotted in Fig. 1, exhibits a minimum. Expanding V around φ = 0 yields V ≈ V_0α̃φ + Ñ a^3 |βφ| . (57) In order to stabilize the radion at φ = 0 we need Ñ a^3V_0 ≫ α̃ β = O(1) , (58)

so that the stabilizing potential V_S is able to prevent the collapse of the internal dimensions due to the inter brane potential V_I . Since the universe expanded roughly another 60 e-foldings after inflation until today, we would need Ñ V_0

≫ e^{180} (59)

if we want a stable radion at late times, which is clearly an unreasonable condition. This problem is a simple reflection of the fact that the inter brane potential does not redshift, whereas the string gas redshifts like matter. Henceforth, it is not surprising that the attractive force between the branes wins in the long run. Notice that the same reason makes this type of stabilization incompatible with the presence of a cosmological constant [47].

If one insists on achieving stabilization via a string gas, there must be a mechanism present that cancels out V_I ; luckily, such a mechanism seems possible in our scenario: once the branes associated with the orbifold fixed planes approach each other within the string scale they could annihilate via tachyon decay [48, 49, 50, 51, 52, 53, 54]. It should be noted that the universe itself does not go through a singularity: the radion gets stabilized at the self dual radius so that there is no big crunch.

What is more, one can imagine that this decay contributes to pre-heating, similar to the mechanism employed in the cyclic/ekpyrotic scenario [71] or in more recent realizations of brane inflation as in the KKLMMT proposal [55, 56, 57]. However, this mechanism comes with a price: the potential over-production of relics like cosmic strings. If too many of these un-observed relics are produced, the model at hand would be ruled out [58] [72]. Hence, we shall assume that a mechanism to cancel the inter brane potential exists without producing too many relics.

Since the redshifting of the string gas potential can potentially spoil stabilization at late times, it is a concern whether this redshifting will also spoil standard preheating methods or leave them unaffected. Thus, we will address this question in the next subsection.

B. Pre-heating

Assuming that the inter brane potential cancels via some unspecified mechanism near the self dual radius, the complete potential for the radion is provided by the string gas alone, that is V = N a^3 e^{− d2 βφ} √ q^2 a^2

+ sinh^2(βφ) . (60)

We would now like to address the question whether the standard theory of pre-heating after inflation can be applied. The novel feature in our model is the dependence of the potential on the scale factor a. If one could neglect this feature, pre-heating would progress as usual, see e.g. [21, 22, 23, 24, 25, 26] for a sample of the extensive literature on the subject.

As a first estimate we can compare the rate at which the potential changes with the Hubble factor. As we shall see below in (66), both quantities are of the same order. Hence we expect any effects due to the redshifting of the potential to be of the same magnitude as those directly caused by the expansion of the universe. As a consequence, whenever the Hubble expansion needs to be included, e.g. in the case of stochastic pre-heating [21] (broad parametric resonance in an expanding universe), one should also include the time dependence of the potential.

In order to examine more carefully whether the redshifting of an inflaton potential can be neglected under the assumption that the expansion of the universe itself is unimportant, we will focus on a specific toy model for preheating [21, 22]: narrow parametric resonance [24, 25]. It should be noted that narrow or broad parametric resonances will not be viable reheating mechanisms if the inflaton is identified with the radion (as in our case), since the couplings between the radion and other matter-fields are heavily suppressed [73]. Nevertheless, we will focus on narrow resonance as an instructive example, since the mechanism is quite simple and very sensitive to changes in the shape of V : any change in the potential during the time-scale of pre-heating will cause the center of the resonance band to shift. If this shift is larger than the width of the resonance band, modes would not stay within the band long enough to get reasonably amplified. But if the shift is small compared to the width, narrow resonance will commence in the usual way. As we shall see below, the latter is the case so that there are no new effects and/or constraints due to the redshifting potential.

To study pre-heating, let us first expand the potential around the minimum of the potential at φ_{min} =: σ and thereafter couple the radion to a scalar matter field χ. At this first stage we neglect the expansion of the universe so that n := N/a^3 ≈ const and l^2 := q^2/a^2 ≈ const. The minimum of (60) can be found at σ(l) = 1 2β ln ( −3l^2 + 3 2 − √ 36(l^4 − l^2) + 1 2 ) ,(61)

Where we used d = 6. Note that a minimum only exists for 0 ≤ l < l̃ (62)

with l̃ := ( √ 12 − √ 6)/6, leading to 0 ≤ σ < ln(2)/(4β).

Expanding the potential around σ leads to

V ≈ Ṽ_0 + m^2 2 ϕ^2 , (63)

where we used a shifted inflaton ϕ := φ − σ and Ṽ_0 = ne^{−3βσ} √ l^2 + sinh^2(βσ) , (64)

as well as m ≈ β √ n l − β 63 4 √ nl^{3/2} , (65)

where we expanded m around l = 0. Note that m(l = l̃) ≡ 0 exactly, so that any value of m can be achieved by appropriately tuning l. We will not need the cumbersome exact expression for m in the following, hence we shall omit it.

At this point we should step back for a second and estimate the rate of change of the potential. Using l ∝ 1/a and q ∝ 1/a^3 we arrive at ṁ m ≈ −H , (66) where we only kept the leading order term in (65). Hence, we naively expect that the expansion of the universe and the redshifting of the potential lead to comparable effects. This estimate can be made more concrete at the level of the toy model of narrow parametric resonance: if we couple the radion to a scalar matter field via V_{int} = −g^2ϕ^2χ^2, the system will be in the regime of narrow resonance if gΦ ≪ σ ≪ m holds, where Φ(t) is the amplitude of the oscillating inflaton [21]. This condition can be satisfied if we are free to tune g and m appropriately. Following the analysis of [21] closely, we find the first resonance band of the resulting Mathieu-equation for χ_k at the wave-number k ≈ m/2 with a width of Δk ≈ q̃m/2 where q̃ := 4g^2σΦ/m^2 ≪ 1.

Since parametric resonance usually commences during the first few oscillations of ϕ around its minimum, the characteristic time-scale is given by the period of these oscillations T = 2π/m.

Turning on the expansion of the universe yields the requirement

H ≪ q̃^2m , (67)

in order for narrow resonance to take place [74], otherwise modes would leave the resonance band too fast [21]. Given that inequality, we can give an upper bound on the change of the scale factor a within the period T : because the scale factor makes a transition from an inflating one to a solution for a radiation dominated universe during pre-heating, we can use the inflationary solution as an upper bound for the change in a, that is

a(t_0 + T ) a(t_0)

≈ e^{2ϵπq̃2} (68)

where we used H ≈ ϵq̃^2m with ϵ ≪ 1. This results in a change of the potential’s shape via a change in the inflaton mass

m(t_0 + T ) ≈ β √ n l (69)

≈ m(t_0)e^{−ϵ2πq̃2} (70) ≈ m(t_0)(1 − ϵ2πq̃^2) , (71)

where we only kept the leading order term in l from (65), plugged in l ∝ 1/a as well as n ∝ 1/a^3 and expanded around q̃ = 0. Since the position of the first resonance band is located at k = m/2, we see that the shift of its position is given by D_k = ϵπq̃^2m(t_0). This shift has to be compared with the width of the band Δk ≈ q̃m(t_0)/2. We immediately see that D_k ≪ Δk and henceforth, we can safely ignore the slight change of the radion potential.

C. Discussion

We saw in the previous section that the time dependence of the inflaton potential does not interfere much with the process of pre-heating. We estimated the effect on the toy model of narrow parametric resonance, because this pre-heating mechanism is most sensitive to changes in the mass of the inflaton. We found that new effects due to the redshifting potential are comparable to the ones already present due to the expanding universe.

Hence, we expect no novel features during pre-heating if a string gas supplies the stabilizing potential for the inflaton, and the standard theory of pre-heating can be applied (we refer the reader to [21, 22, 24, 25, 26] and follow up papers for the relevant literature). However, whenever the expansion of the universe itself is crucial, one should also consider the redshifting of the potential; for example, in the case of stochastic resonance [21] the Hubble expansion causes a mode to scan many resonance bands during a single oscillation of the inflaton. Naturally, including the redshifting of the potential will add to this effect, since the resonance bands themselves shift, just as in the case of narrow resonance we examined in the previous section.

There is another issue worth stressing again: since the inflaton is identified with the radion in our setup, its couplings to matter fields are heavily suppressed. As a consequence, we do not expect parametric resonance to be the leading pre-heating channel (see however [61] for the possibility of enhanced pre-heating), but instead tachyonic pre-heating (see e.g. [23, 62, 63] and references therein), which occurs in case of a negative effective mass term for the matter field. This effect was used to address the moduli problem in [64] and warrants further study [65].

Yet another possibility to reheat the universe could be provided by the annihilation of the boundary branes via tachyon decay [48, 49, 50, 51, 52, 53, 54] once the branes come close to each other. A potential hinderance could be an over-production of relics such as cosmic strings. It seems possible to avoid this problem in certain circumstances [59, 60], but we postpone a study of this interesting possibility to a future publication, since it is beyond the scope of this article.

Last but not least, since the production of the stabilizing string gas will overlap with the early stages of preheating, one should discuss both processes in a unified treatment.

V. CONCLUSIONS

In this article, we examined observational consequences of the recently proposed emerging brane inflation model. After reviewing the aforementioned model, observational parameters were computed within the slow roll regime, once and foremost the scalar spectral index n_s = 0.9659^{+0.0049}_{−0.0052}. This index is a generic prediction of emerging brane inflation, independent of model specific details and in excellent agreement with recent constraints of WMAP3 and SDSS. Furthermore, based one the COBE normalization we were able derive a bound onto the fundamental string scale, (52).

Thereafter, we examined the consequences of a redshifting string gas potential, which arises at the end of inflation. Even though the radion/inflaton can initially be stabilized, the mechanism fails at late times as long as there is a contribution to the effective potential that does not redshift, like a cosmological constant or a remaining interbrane potential. Consequently, a mechanism to cancel out all such contributions needs to be found in order for the model to work.

Related to this mechanism, we encountered another potential problem: since the interaction of boundary branes is responsible for inflation, but branes have to be absent at late times in order to keep extra dimensions stable, we concluded that they had to annihilate after inflation. During this annihilation, which could in principle be responsible for pre-heating, relics like cosmic strings are expected to be produced. Mechanisms to avoid an overproduction of said relicts are conceivable, but warrant further study.

Concerned that pre-heating after inflation might also get disrupted via the time dependence of the potential, we focused on narrow parametric resonance as a toy model for pre-heating to estimate the magnitude of new effects: we find that new effects are comparable to those originating directly from the expansion of the universe. Henceforth, we concluded that the standard machinery of pre-heating can be applied to the model at hand, but the time dependence of the potential needs to be incorporated if expansion effects are crucial for pre-heating, as is the case in e.g. stochastic resonance. Since the annihilation of boundary branes and the production of the stabilizing string gas occurs during the early stages of pre-heating, one should incorporate these effects in a detailed study of pre-heating.

To summarize, the proposal of emerging brane inflation is a viable realization of inflation, if the potential problems associated with the annihilation of branes after inflation can be overcome.

Acknowledgments

We would like to thank Robert Brandenberger for many helpful discussions as well as Diana Battefeld, Cliff Burgess, Jerome Martin and Scott Watson for comments on the draft. T.B. would like to acknowledge the hospitality of Yale University and McGill University. N.S. would like to acknowledge the hospitality of the Perimeter Institute and to thank Justin Khoury for useful comments regarding dynamics of the scale factors as seen in the Einstein frame.

[1] A. H. Guth, Phys. Rev. D 23, 347 (1981). [2] V. F. Mukhanov and G. V. Chibisov, JETP Lett. 33, 532

(1981) [Pisma Zh. Eksp. Teor. Fiz. 33, 549 (1981)]. [3] V. N. Lukash, Sov. Phys. JETP 52, 807 (1980) [Zh. Eksp.

Teor. Fiz. 79, (1980)].

[4] G. F. Smoot et al., Astrophys. J. 396, L1 (1992). [5] C. B. Netterfield et al. [Boomerang Collaboration], Astrophys. J. 571, 604 (2002) [arXiv:astro-ph/0104460].

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

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

[8] R. Allahverdi, K. Enqvist, J. Garcia-Bellido and A. Mazumdar, arXiv:hep-ph/0605035.

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

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

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

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

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

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

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

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

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

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

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

[19] S. Watson, Phys. Rev. D 70, 066005 (2004) [arXiv:hep-th/0404177].

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

[21] L. Kofman, A. D. Linde and A. A. Starobinsky, Phys.

Rev. D 56, 3258 (1997) [arXiv:hep-ph/9704452]. [22] P. B. Greene, L. Kofman, A. D. Linde and A. A. Starobinsky, Phys. Rev. D 56, 6175 (1997) [arXiv:hep-ph/9705347].

[23] G. N. Felder, J. Garcia-Bellido, P. B. Greene, L. Kofman, A. D. Linde and I. Tkachev, Phys. Rev. Lett. 87, 011601 (2001) [arXiv:hep-ph/0012142].

[24] J. H. Traschen and R. H. Brandenberger, Phys. Rev. D 42, 2491 (1990).

[25] Y. Shtanov, J. H. Traschen and R. H. Brandenberger, Phys. Rev. D 51, 5438 (1995) [arXiv:hep-ph/9407247].

[26] L. Kofman, A. D. Linde and A. A. Starobinsky, Phys.

Rev. Lett. 73, 3195 (1994) [arXiv:hep-th/9405187]. [27] D. N. Spergel et al., arXiv:astro-ph/0603449. [28] L. Page et al., arXiv:astro-ph/0603450. [29] G. Hinshaw et al., arXiv:astro-ph/0603451. [30] N. Jarosik et al., arXiv:astro-ph/0603452. [31] M. Tegmark, A. J. S. Hamilton and Y. Z. S. Xu, Mon. Not. Roy. Astron. Soc. 335, 887 (2002) [arXiv:astro-ph/0111575].

[32] S. Cremonini and S. Watson, arXiv:hep-th/0601082.

[33] T. Battefeld and S. Watson, Rev. Mod. Phys. 78, 435 (2006) [arXiv:hep-th/0510022].

[34] S. M. Carroll, J. Geddes, M. B. Hoffman and R. M. Wald, Phys. Rev. D 66, 024036 (2002) [arXiv:hep-th/0110149].

[35] J. P. Conlon and F. Quevedo, JHEP 0601, 146 (2006) [arXiv:hep-th/0509012].

[36] E. D. Stewart, Phys. Rev. D 51, 6847 (1995) [arXiv:hep-ph/9405389].

[37] V. F. Mukhanov, H. A. Feldman and R. H. Brandenberger, Phys. Rept. 215, 203 (1992).

[38] W. H. Kinney and E. W. Kolb, arXiv:astro-ph/0605338. [39] J. Martin and C. Ringeval, arXiv:astro-ph/0605367. [40] A. R. Liddle, D. H. Lyth, “Cosmological Inflation and Large-Scale Structure”, Cambridge University Press, 2000.

[41] L. Alabidi and D. H. Lyth, arXiv:astro-ph/0603539. [42] T. J. Battefeld, S. P. Patil and R. H. Brandenberger, Phys. Rev. D 73, 086002 (2006) [arXiv:hep-th/0509043].

[43] S. P. Patil and R. H. Brandenberger, JCAP 0601, 005 (2006) [arXiv:hep-th/0502069].

[44] T. Battefeld and S. Watson, JCAP 0406, 001 (2004) [arXiv:hep-th/0403075].

[45] R. H. Brandenberger, Prog. Theor. Phys. Suppl. 163, 358 (2006) [arXiv:hep-th/0509159].

[46] R. H. Brandenberger, arXiv:hep-th/0509099. [47] F. Ferrer and S. Rasanen, JHEP 0602, 016 (2006) [arXiv:hep-th/0509225].

[48] A. Sen, JHEP 0204, 048 (2002) [arXiv:hep-th/0203211]. [49] A. Sen, JHEP 0207, 065 (2002) [arXiv:hep-th/0203265]. [50] P. Mukhopadhyay and A. Sen, JHEP 0211, 047 (2002) [arXiv:hep-th/0208142].

[51] S. J. Rey and S. Sugimoto, Phys. Rev. D 67, 086008 (2003) [arXiv:hep-th/0301049].

[52] B. Chen, M. Li and F. L. Lin, JHEP 0211, 050 (2002) [arXiv:hep-th/0209222].

[53] N. Lambert, H. Liu and J. Maldacena, arXiv:hep-th/0303139.

[54] M. Gutperle and P. Yi, JHEP 0501, 015 (2005) [arXiv:hep-th/0409050].

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

[56] X. Chen and S. H. Tye, arXiv:hep-th/0602136. [57] L. Kofman and P. Yi, Phys. Rev. D 72, 106001 (2005) [arXiv:hep-th/0507257].

[58] H. Firouzjahi and S. Watson, private communication. [59] K. Dasgupta, J. P. Hsu, R. Kallosh, A. Linde and M. Zagermann, JHEP 0408, 030 (2004) [arXiv:hep-th/0405247].

[60] P. Chen, K. Dasgupta, K. Narayan, M. Shmakova and M. Zagermann, JHEP 0509, 009 (2005) [arXiv:hep-th/0501185].

[61] R. Allahverdi, R. Brandenberger and A. Mazumdar, Phys. Rev. D 70, 083535 (2004) [arXiv:hep-ph/0407230].

[62] J. F. Dufaux, G. Felder, L. Kofman, M. Peloso and D. Podolsky, arXiv:hep-ph/0602144.

[63] B. R. Greene, T. Prokopec and T. G. Roos, Phys. Rev.

D 56, 6484 (1997) [arXiv:hep-ph/9705357].

[64] N. Shuhmaher and R. Brandenberger, Phys. Rev. D 73, 043519 (2006) [arXiv:hep-th/0507103].

[65] N. Shuhmaher and R. Brandenberger, in preparation. [66] We have n = 4 in our specific setup, since n = d+3−p−2 with p = 3 if we put a 3-brane on the orbifold fixedplanes.

[67] The limit p → −∞ of [41] corresponds to an exponential potential like the one discussed in this article; however, no estimate of r and nT , which depend on the exponent α̃, were given, and the WMAP3 data set alone was used for comparison. This led Alabidi and Lyth to conclude that an exponential potential would be allowed at the 2σ level.

[68] We focus on the overall volume modulus here – all other moduli (e.g. complex structure moduli and Kähler moduli) are assumed to be stabilized already. Since it is not always possible to find points of enhanced symmetry, one can not use the notion of quantum moduli trapping [33] for all of them.

[69] By choosing ζ = 1 we effectively set the cosmological constant to zero.

[70] Both Ñ and q could in principle be computed via a study of the production mechanism of the sting gas. This process shares similarities to pre-heating and in fact overlaps with the early stages of pre-heating. Consequently, preheating might be influenced (see section IV B).

[71] Note that the cyclic scenario includes a singular collision of branes pinned to orbifold fixed planes, which is not what we are dealing with here: the branes in the scenario at hand come close to each other (within string length), but do not actually collide.

[72] One way to avoid the defect overabundance problem is to enhance the symmetry which is broken during the annihilation; this can be achieved by having several overlapping branes instead of just one [59, 60].

[73] Nevertheless, there are possibilities to enhance suppressed reheating channels by considering large vacuum expectation values of scalar matter fields after inflation, see e.g. [61].

[74] Notice that g is expected to be small in our model. As a consequence, condition (67) is not satisfied and preheating will not progress in the regime of narrow parametric resonance.