Received: June 4, 2001, Accepted: July 30, 2001 Revised: July 24, 2001

HYPER VERSION

The inflationary brane-antibrane universe

Clifford P. Burgess,^{ab} Mahbub Majumdar,^c Detlef Nolte,^a Fernando Quevedo,^c Govindan Rajesh^a and Ren-Jie Zhang^a

aSchool of Natural Sciences, Institute for Advanced Study, Princeton NJ 08540 USA bPhysics Department, McGill University, 3600 University Street, Montréal, Québec, H3A 2T8 Canada cCentre for Mathematical Sciences, DAMTP, University of Cambridge, Cambridge CB3 0WA UK E-mail: cliff@hep.physics.mcgill.ca, m.majumdar@damtp.cam.ac.uk,

f.quevedo@damtp.cam.ac.uk, rajesh@ias.edu, rjzhang@ias.edu

Abstract: We show how the motion through the extra dimensions of a gas of branes and antibranes can, under certain circumstances, produce an era of inflation as seen by observers trapped on a 3-brane, with the inflaton being the inter-brane separation. Although most of our discussion refers to arbitrary p-branes, when we need to be specific we assume that they are D-branes of type-II or type-I string theory. For realistic brane couplings, such as those arising in string theory, the inter-brane potentials are too steep to inflate the universe for acceptably long times. However, for special regions of the parameter space of brane-antibrane positions the brane motion is slow enough for there to be sufficient inflation. Inflation would be more generic in models where the inter-brane interactions are much weaker. The spectrum of primordial density fluctuations predicted has index n slightly less than 1, and an acceptable amplitude, provided that the extra dimensions have linear size 1/r ∼ 10^{12} GeV. Reheating occurs as in hybrid inflation, with the tachyonic instability of the brane-antibrane system taking over for small separations. The tachyon field can induce a cascade mechanism within which higher-dimension branes annihilate into lower-dimension ones. We argue that such a cascade naturally stops with the production of 3-branes in 10-dimensional string theory.

Keywords: D-branes, Cosmology of Theories beyond the SM, Physics of the Early Universe.

Dedicated to the memory of Detlef Nolte

Contents

1. Introduction and summary 1

2. Inflation due to inter-brane motion 3 2.1 The effective action 3 2.2 Inter-brane interactions 4 2.3 The effective 4D inflaton 5 2.4 The case M^{−1}_s ≪ y ≪ r_⊥ 7 2.5 The case y ∼ r_⊥ and special points 9

3. Collisions, reheating and cascade 11

1. Introduction and summary

Inflationary cosmology [1] provides a compelling explanation for many otherwise unnatural features of the observed early universe. However, no equally compelling microscopic model of the dynamics underlying inflation has yet emerged. All extant models seem to require fine-tuning in order to reproduce all of the features which successful inflation must have: sufficient universal expansion, an acceptable density spectrum and amplitude of primordial density fluctuations, and so on [2].

The relatively recent realization that spacetime may be full of p-branes — or (p + 1)-dimensional defects — on which most or all of the observed particle species may be trapped [3], provides a new framework within which to search for natural mechanisms for inflation. Indeed, for many choices of parameters (like the dimension of space, and the energy scale of brane physics) inflationary cosmology may provide one of the few constraints we have on the various possible brane constructions. This has inspired several investigations of how inflationary ideas might be rooted in the brane-world framework [4, 5, 6].

In this paper we examine the possibility that inflation can be due to the motion of branes and antibranes^1 within the extra dimensions, with inflation ending when branes and antibranes collide and annihilate. Other scenarios were considered before in terms of only branes, without antibranes. These earlier analyses either made phenomenological assumptions about the nature of brane-brane interactions [5], or

1An antibrane is an extended object which has the same tension as the corresponding brane, but with opposite Ramond-Ramond (R-R) charge.

were performed assuming the collisions of BPS branes in M-theory [6], for which the interactions are known to vanish to all orders in perturbation theory and so for which some form of non-perturbative potential must be assumed.

Brane-antibrane collisions are natural candidates for inflation, since branes and antibranes interact with one another in a way which has long been well understood at large distances [7], and since their annihilation might be expected to provide a relatively efficient mechanism for converting the energy of relative brane motion into reheating the universe. Furthermore, much progress has been made of late in understanding their interactions at short distances within string theory [8]. (See [9] for a discussion of some inflationary issues associated with short-distance brane interactions.)

In the calculations to be presented here, we explore inflation due to braneantibrane collisions for branes of arbitrary dimension, using what is known about their long- and short-distance interactions. In a nutshell, our main findings are these:

• We find that if the brane-antibrane couplings are very weak then their motion towards one another is slow enough for sufficient inflation to occur for generic initial brane positions. Unfortunately, the couplings derived from string theory are too strong for this mechanism to work for generic initial conditions, since the branes and antibranes collide too quickly to provide sufficient inflation. Inflation of this type, if it occurs, gives rise to a spectrum of primordial density fluctuations with a spectral index n ≳ 1.

• For string theory couplings inflation can nonetheless arise, but only if the initial brane-antibrane configuration starts near special parts of the extra dimensions where their interactions are particularly weak. We identify these special initial conditions explicitly for toroidal compactifications and show that they are sufficiently large for inflation not to be unlikely given a reasonable density of branes and antibranes in the extra dimensions. Primordial density fluctuations are also predicted to have n ≳ 1, and have the correct amplitude in this scenario if the compactification scale is of order 1/r ∼ 10^{12} GeV.

• Once the brane and antibrane get sufficiently close to one another they very naturally enter a hybrid inflation regime [10], where the slow change in interbrane separation becomes replaced with a quick roll down a tachyonic direction. (We have checked that the tachyonic roll is too quick to provide sufficient inflation on its own, without the inter-brane relative motion.) This provides an efficient release of the energy of relative motion into reheating.

• Brane-antibrane collisions do not always annihilate to a no-brane final state, so the energy released by reheating can easily have significant portions trapped on the daughter brane. This is a good feature since we imagine all standardmodel particles to be so trapped, and so the reheat energy can plausibly find its way into our observable universe. Typical reheat temperatures are of order 10^{13} GeV.

• Since brane-antibrane annihilation typically produces branes of lower dimension, it would be natural to have a cascade of annihilations where higher dimensional branes successively annihilate into lower ones. Furthermore, the endpoint of such a cascade may furnish a dynamical explanation for the present-day conditions which are widely assumed within brane scenarios. For instance, since larger-dimension branes can find one another more easily and annihilate, the cascade scenario qualitatively suggests a migration of the brane abundance towards lower-dimensional branes as the universe evolves. Furthermore, branes which are (3 + 1)-dimensional (or less) can plausibly fail to find one another throughout the history of the universe in a 10-dimensional theory, potentially providing an explanation within string theory for why the late universe might prefer to be populated by 3-branes. Finally, these final survivors of brane collisions can be argued to prefer to be aligned parallel with the large dimensions of space, as is usually assumed in phenomenological applications.

We now turn to the more detailed explanation of these results.

2. Inflation due to inter-brane motion

In this section we present formulae for the predictions of slow-roll inflation, where the slowly rolling inflaton is the separation between two branes, y^μ = x^μ_1 − x^μ_2 . After first outlining our assumptions concerning the brane and bulk dynamics, and the nature of the interaction between branes, we describe two scenarios in which inflation might arise. Although both can provide viable inflation if the strength of the inter-brane interaction is allowed to be sufficiently weak, only the second is viable (see section 2.5) if the coupling strengths are taken from string theory.

2.1 The effective action

We take as our starting point the following low-energy effective action governing the inter-brane interactions: S = S_B + S_{b1} + S_{b2}, where the bulk action is^2

S_B = − ∫ d^4xd^dy √ −g [ M^{2+d}_s 2 e^{−2ϕ} R + · · · ] . (2.1)

2Our metric has signature (− + . . . +) and we use Weinberg’s curvature conventions.

Here ϕ is the dilaton,^3 R is the full (4+d)-dimensional scalar curvature, and eq. (2.1) defines the fundamental (string) scale, M_s. (For string theory applications, d = 6.) The ellipses denote all other bulk massless fields which mediate forces between branes.

The dynamical variables of the brane actions are the brane positions, x^μ_i , with i = 1, 2 and μ = 0, . . . , 3 + d. The relevant part of the action is: S_{bi} = − ∫ d^4xd^{p−3}y √ −γ[T_p + · · ·] , (2.2)

where γ_{ab} = g_{μν} ∂_ax^μ_i ∂_bx^ν_i is the induced metric on the brane, and T_p = αM^{p+1}_s e^{−ϕ} is the brane tension, where α is a dimensionless constant which drops out of most of our results.

For our purposes we will assume the branes to be parallel, and choose coordinates for which the branes lie along coordinate surfaces. If we then separate the part of x^m_i transverse to the brane into the relative motion, y^m = (x_1 − x_2)^m, of the branes and the motion of their center-of-mass, x^m = (x_1 + x_2)^m/2, then expanding in powers of ∂_ay^m gives

S_{b1} + S_{b2} = − ∫ d^4xd^{p−3}y √ −γT_p [ 2 + 1 4 g_{mn}γ^{ab}∂_ay^m∂_by^n + · · · ] . (2.3)

2.2 Inter-brane interactions We assume the dominant interaction between the branes at large distances (compared to 1/M_s) to be due to the exchange of massless bulk modes, including the metric, dilaton and any other massless bosons which couple to the branes. Any such interaction gives an inter-brane potential energy (per unit brane area) which falls with separation like 1/y^{d⊥−2} where

d_⊥ = d − p + 3 , (2.4)

is the number of spatial dimensions transverse to the branes. In most models the couplings of these modes is gravitational in strength, so we parameterize the long distance potential energy by E A_p = −β ( e^{2ϕ} M^{2+d}_s ) T^2_p y^{d⊥−2} , (2.5)

where β is a model-dependent dimensionless number which characterizes the overall strength of the inter-brane force, and depends on the details of the number and kinds of bulk states which are exchanged.

By far the best motivated candidate for these branes are the p-dimensional BPS Dirichlet branes (Dp-branes) of type-II string theory [7]. In string theory, the potential for the brane-antibrane (Dp-Dp) system is attractive, since the contributions

3For non-string applications ϕ = 0 can be taken everywhere, although we shall find that ϕ drops out of most formulae.

due to dilaton/graviton exchange are equal to and reinforce the attraction due to the opposite R-R charges carried by these branes. This is to be contrasted with the Dp-Dp case where the dilaton/graviton contributions exactly cancel the repulsion due to the like-sign R-R charges. Direct calculation [7] gives β = π^{−d⊥/2}Γ [ d_⊥ − 2 2 ] . (2.6)

2.3 The effective 4D inflaton

Several assumptions are required in order to analyze the implications of these interactions for inflating the 4 non-compact dimensions. Our most crucial assumption is that the moduli of the compact dimensions are stabilized by some unknown physics. This assumption precludes the dynamics of these moduli — including in particular the space’s overall volume — from playing a role in inflation, allowing us to use the volumes V_⊥ ≡ r^{d−p+3}_⊥ (transverse to the brane) and V_‖ ≡ r^{p−3}_‖ (along the brane) as parameters which we may adjust to our own ends.

The volumes V_⊥ and V_‖ may be freely adjusted, subject to two constraints. First, their product is related to the four-dimensional reduced Planck mass, M_p = (8πG_N )^{−1/2} ∼ 10^{18} GeV, by

M^2_p = e^{−2ϕ}M^{2+d}_s V_⊥V_‖ (2.7)

as is seen by dimensionally reducing the bulk action, eq. (2.2). We use this expression in what follows to eliminate the volume V_‖ in favor of M_p, leaving only V_⊥ as an adjustable parameter.

The second constraint we demand of these volumes is that they be large when measured in units of M_s: M_sr_⊥ ≫ 1, M_sr_‖ ≫ 1. For instance, this is required within string theory in order to be able to treat the bulk dynamics using only the low-energy effective field theory corresponding to the massless string states.^4

In what follows we find that the amplitude of primordial density fluctuations depends only on the combination M_pr_⊥ (and not separately on e^ϕ or M_s, for example), with agreement requiring M_pr_⊥ ∼ 10^6. Since weak-coupling in string theory requires M_s < M_p, we see that M_s may easily be chosen to satisfy the constraints 1/r_⊥ ≪ M_s < M_p.

With these assumptions, we dimensionally reduce to recast the dynamics of the inter-brane separation, y, as that of a canonically normalized four-dimensional scalar field, which we denote by ψ. (It is effectively a scalar field because only one component of y is dynamical if the brane and antibrane move toward each other

4This is also the condition under which the nonlinear contributions of Einstein’s equations are negligible when considering the gravitational field of a single D-brane, say. Therefore our approximate 4D effective field theory treatment is self-consistent.

along a straight line.) Inspection of the brane action, eq. (2.3), shows the canonically normalized field to be related to y by: ψ = y √ T_pV_‖ 2 = y [ αe^ϕ 2(M_sr_⊥)^{d⊥} ]_{1/2} M_sM_p . (2.8)

The effective scalar potential for y, obtained by combining the tension term of eq. (2.3) with the inter-brane potential energy of eq. (2.5), becomes: V (y) = A − B y^{d⊥−2} , (2.9)

with

A = 2T_pV_‖ = 2αe^ϕ (M_sr_⊥)^{d⊥} M^2_s M^2_p , B = βe^{2ϕ} M^{2+d}_s

T^2_p V_‖ = α^2βe^ϕM^2_p M^{2(d⊥−2)} s r^{d⊥}_⊥ . (2.10)

These expressions for V (y) apply if the separation between the branes is large compared to 1/M_s, but is not large enough to be comparable to the overall size of the compact transverse dimensions. In our application to string theory, we shall find that in order to obtain sufficient inflation, one requires inter-brane separations which are comparable with r_⊥. We therefore require the modifications to V which arise in this case.

Although we cannot provide explicit expressions for the modified V in general geometries, we can do so for simple cases like tori. The potential energy of a brane on a torus can be represented by summing the above potential over a lattice of “image” branes. As a brane is moved to an antipodal point from the source brane on a torus, it can interact equally strongly with two or more of the image charges. Inflationary calculations in this instance may be performed using the potential of eq. (2.9), but with the interaction term summed over the contributions of all images.

The potential (2.9) neglects several effects. First, it neglects dependence on the inter-brane speeds and orientations. The velocity dependence is legitimate for a slow roll, where speeds are assumed to be initially very small. Neglect of the dependence on orientation presumes the branes and antibranes to be moving strictly parallel to one another, and has been done for simplicity of analysis. We believe further study of the dependence of inflation on these variables to be warranted.^5

The inter-brane potential also neglects angular momentum terms, corresponding to the assumption that the branes of interest are moving directly towards one another. Since the angular momentum, L, contributes to the radial potential as V_L ∼ L^2/y^2, we see that it dominates the large-y limit unless there are three transverse dimensions

5See next section for a short discussion of these points.

(corresponding to d−p = 0, e.g. 6-branes in 10 spacetime dimensions). We believe the neglect of angular momentum to be justified for the branes which initiate inflation, since these branes must move very slowly. Branes which attract and which start initially essentially from rest should approach each other directly.

2.4 The case M^{−1}_s ≪ y ≪ r_⊥ Let us first consider the case of a parallel p-brane and antibrane separated from each other by a distance y. We assume that the branes wrap a (p − 3)-dimensional space of volume V_‖, and that the space transverse to the branes is compactified on a space of volume V_⊥. We will show that it is only possible to satisfy the slow-roll conditions for inflation in this set-up if the constant β parameterizing the strength of the inter-brane force is chosen sufficiently small. The β predicted for Dp-Dp branes in string theory (see eq. (2.6)) turns out to be too large to permit slow-roll inflation, precluding the generation of inflation using this mechanism in string theory.

We use the potential of eq. (2.9) which is valid when the inter-brane separation is large compared to 1/M_s, but small compared with the scale r_⊥ of the compact transverse dimensions. The standard equations of motion of a Friedmann-Robertson- Walker universe are ψ̈ + 3Hψ̇ = −dV dψ , H^2 = 1 3M^2_p [ V + ψ̇2 2 ] , (2.11)

where H is the Hubble parameter. The slow roll conditions require the friction and potential terms dominate, i.e., |ψ̈| ≪ 3H|ψ̇| and ψ̇^2 ≪ V . Consistency with the field equations requires small values for the two slow-roll parameters ϵ = M^2_p 2 ( V^′ V )_2 , η = M^2_p V^{′′} V , (2.12)

where the primes denote derivatives with respect to ψ. For slow-roll inflation, both |ϵ| and |η| should be much less than 1.

In our case, |ϵ| is always smaller than |η| and will be neglected in the following discussion. The η parameter is η ≈ −β(d_⊥ − 1)(d_⊥ − 2) ( r_⊥ y )_{d⊥} . (2.13)

Here we see the requirement for small β. For the string theoretic value of β as in eq. (2.6), the slow-roll condition |η| ≪ 1 would require a brane separation y much bigger than the size of transverse dimension r_⊥, which violates the assumptions under which eq. (2.13) was obtained.^6

6On the last point, we disagree with ref. [11].

One might imagine attempting to satisfy the slow-roll condition using β from string theory in eq. (2.13) by using a compactification manifold which is asymmetric, with some (say, n) transverse dimensions much smaller than the others. This permits y > r_⊥ if the branes are separated along one of the long directions. This stratagem turns out to fail, however, although the analysis which shows this requires the inclusion of the corrections to the inter-brane potential which arise when y ∼ r_⊥, such as we consider in the next section. The potential which results may be shown by a simple scaling argument — or by considerations of T-duality — to be modified in this case to V ∼ 1/a^ny^{d⊥−n} (where a is the “small” radius). Repeating the calculation for this potential gives y ≫ (V_⊥/a^n)^{1/(d⊥−n)}, which is no improvement over eq. (2.13).

If we adopt at this point a phenomenological approach, and simply treat β as a model-dependent parameter, we may compute the predictions of the resulting slowroll inflation.^7 The number of e-foldings occurring after the scales probed by the COBE data leave the horizon can be computed as N = ∫_{ψend} ψ_∗ H ψ̇ dψ ≈ (y_∗/r_⊥)^{d⊥} d_⊥(d_⊥ − 2)β

, (2.14)

where y_∗ is the brane separation when the primordial density perturbation exits the de Sitter horizon during inflation. We assume y_∗ ≫ y_{end} in deriving this result. The number of e-foldings can be made sufficiently large (N ≲ 60) by choosing small enough β.

The amplitude of this density perturbation when it re-enters the horizon, as observed by Cosmic Microwave Background (CMB) experiments, may be written as follows: δ_H ≈ 1 5 √ 3π V^{3/2} M^3_p V^′ ≈ 2 5 √ 3π (d_⊥N)^{(d⊥−1)/d⊥} [(d_⊥ − 2)β]^{1/d⊥} 1 M_pr_⊥ , (2.15)

where the COBE results imply δ_H = 1.9 × 10^{−5} [13].

The spectrum of perturbations is similarly calculated. For a (gaussian) perturbation δ(⃗x, t), it is conventional to Fourier transform it into the momentum space, δ(⃗x, t) = ∫ d^3⃗kδ(⃗k, t) exp(i⃗k · ⃗x), where ⃗k is the wave vector in the comoving frame and k is its norm. The power spectrum P_δ(k) is then defined in terms of the twopoint correlation functions ⟨δ(⃗k)δ(⃗k^′)⟩ = δ^3(⃗k−⃗k^′)(2π^2/k^3)P_δ(k). The function P_δ(k) has the form ∼ k^{n−1} where n is known as the spectral index. In these conventions, inflationary models predict a scale invariant Harrison-Zel’dovich spectrum (n = 1) to high precision. In our case the spectral index and its derivative can be readily calculated n − 1 ≈ − 2(d_⊥ − 1) d_⊥N , dn d ln k ≈ − 2(d_⊥ − 1) d_⊥N^2

. (2.16)

7Potentials similar to eq. (2.9) were considered in [12] with B < 0, inspired by nonperturbative supersymmetric potentials. The fact that B < 0 was the reason they found a blue spectrum, in contrast with our result.

2.5 The case y ∼ r_⊥ and special points

In this subsection we study the case where the brane-antibrane separation is comparable to the size of compactified transverse dimensions. We will show that the difficulty encountered in the previous case is resolved by an interesting cancellation in the brane potential.

For our purposes, we assume the compactified transverse manifold to be a d_⊥- dimensional square torus with a uniform circumference r_⊥. When the brane-anti-brane separation is comparable to r_⊥, we have to include contributions to the potential from p-brane images, i.e., we have to study the potential in the covering space of the torus, which is a d_⊥-dimensional lattice, (R/Z)^{d⊥} .

The potential at the position of the antibrane is V (⃗r) = A − ∑ i B |⃗r − ⃗r_i|^{d⊥−2} , (2.17)

where the parameters A and B are defined in eq. (2.10), ⃗r and ⃗r_i are the vectors denoting the positions of the p-branes and antibranes in the d_⊥-dimensional coordinate space, and the summation is over all the lattice sites occupied by the brane images, labelled by i. We schematically show our set-up in figure 1.

It is easy to show the first and second derivatives of the above potential vanish when the antibrane is located at the center of a hyper-cubic cell, which we denote as ⃗r_0. To see the vanishing of these quantities, compute ∂V ∂r_a | | | ⃗r=⃗r_0 = (d_⊥ − 2) ∑ i B(r_0 − r_i)_a |⃗r_0 − ⃗r_i|^{d⊥} , ∂^2V ∂r_a∂r_b | | |_{⃗r=⃗r0} = (d^⊥ − 2) ∑ i B |⃗r_0 − ⃗r_i|^{d⊥} [ δ_{ab} − d_⊥ (r_0 − r_i)_a(r_0 − r_i)_b |⃗r_0 − ⃗r_i|^2 ] , (2.18)

where a, b ∈ {1, 2, . . . , d_⊥} are coordinate-axis indices. The first derivative obviously vanishes when evaluated at ⃗r_0 because of a reflection symmetry of the lattice, showing that the net force on the antibrane at this point is zero.

It is perhaps more remarkable that the second derivative also vanishes at ⃗r_0. The vanishing of the leading contribution may be verified by explicit summation of the 2^{d⊥} nearest neighbors. More generally, the vanishing of the entire sum may be seen as follows. Consider the two cases, a = b and a ≠ b:

1. When a = b, given any lattice point ⃗r_1, we can generate other lattice sites equidistant from ⃗r_0 (if necessary, we choose a coordinate system such that ⃗r_0 is the origin, with coordinate axes aligned along those of the lattice) by cyclically permuting the coordinates of ⃗r_1 −⃗r_0. We can generate at most d_⊥ −1 new points in this way. If all these d_⊥ points (including ⃗r_1) are distinct, then ∑_{d⊥} i=1(r_0 − r_i)^2_a = |⃗r_0 − ⃗r_1|^2 for all a, where the summation is over these lattice sites. If instead only ℓ < d_⊥ points are distinct (so that they transform under a Z_ℓ subgroup of the Z_{d⊥} group of cyclic permutations of the coordinates), then Lagrange’s factor theorem for the dimension of a subgroup implies that d_⊥ ∑_ℓ i=1(r_0 − r_i)^2_a/|⃗r_0 − ⃗r_1|^2 = ℓ for all a, which cancels the contribution of the δ_{ab} term in eq. (2.18).

2. When a ≠ b, the second derivative vanishes due to a reflection symmetry along any plane where, say, (r_0 − r_i)_a is a constant.

We therefore conclude the second derivative

Figure 1: The covering space of a square torus. Solid circles represent images of the Dp-brane, and the open circle represents the Dp-brane, which is near the center of a hyper-cubic cell during the slow-roll inflationary phase. The images of the antibrane are omitted because they do not contribute to the potential of the antibrane since the force between an antibrane and another antibrane is zero.

of the potential is zero along any direction at this special point of the hyper-cubic cell. Of course, this conclusion depends upon our choice of the square lattice.

Consider now antibrane motion when the antibrane is near the center of a hyper-cubic cell. In this case we may expand the potential in terms of power series of this small displacement ⃗z from the center. From a simple symmetry argument, one can easily see that all the odd powers in ⃗z vanish. Furthermore, we have shown above that the quadratic terms in ⃗z also vanish, so that the leading contribution to the potential is the quartic term in ⃗z.

We can therefore model the relative motion of the branes in a quartic potential V (z) = A − 1 4 Cz^4 , (2.19)

where A is defined as before and

C = γM^{−(2+d)}_s e^{2ϕ}T^2_p V_‖r^{−(2+d⊥)}_⊥ (2.20)

with γ a constant of order O(1). It is straightforward to derive for this potential the slow roll parameter η and the density perturbation δ_H η ≈ −3γ ( z r_⊥ )_2 , δ_H ≈ 2 5π √ γ 3 N^{3/2} M_pr_⊥ , (2.21)

where again we have used the standard slow-roll equations. We see now that slow-roll is guaranteed for sufficiently small z.

The value of the antibrane displacement from the center of the hyper-cubic cell at the time when the COBE perturbation leaves the horizon during the inflation is z_∗ ≈ r_⊥ √ 2γN . (2.22)

From this the spectral index and its derivative in this model can be easily determined n − 1 ≈ − 3 N , dn d ln k ≈ − 3 N^2

. (2.23)

One can also compute similar quantities for primordial tensor perturbations.

Using N ≈ 60 we find z_∗ ≈ 0.1 r_⊥ and the value of the displacement at the end of slow roll z_{end} ≈ 0.5 r_⊥ (from |η| ≈ 1). Both of these are fairly natural numbers. Comparing to the COBE normalization [13], δ_H ≈ 1.9 × 10^{−5}, we obtain the size of the compactified transverse dimension

M_p r_⊥ ≈ 1.3 × 10^6 or r^{−1}_⊥ ≈ 10^{12} GeV . (2.24)

The deviation of the spectral index n from the scale-invariant form is at a few percent level, and the spectrum is slightly red. dn/d ln k is at the order of O(10^{−3}). These features of the predicted CMB spectrum are quite common for inflationary models, and are consistent with current data [14]. They will be tested more precisely in future satellite experiments such as MAP and Planck.

3. Collisions, reheating and cascade

In the final stages of brane-antibrane annihilation, many more degrees of freedom are relevant than simply the inter-brane separation. This is a good thing, since these provide many channels for reheating which are not constrained by the flatness of the potential responsible for the initial slow roll of the inflationary phase. In this general sense brane collisions are an extreme example of hybrid inflation [10].

The connection to hybrid inflation can be made much more explicit within string theory. The amplitude for brane-antibrane annihilation develops a negative mode when the distance between a brane and antibrane shrinks to M^{−1}_s . This signifies the opening up of new channels for annihilation. In particular, it signals the appearance of tachyonic open strings connecting the branes to the antibranes [8, 15]. The mass of the tachyon is a function of the inter-brane distance and is given by [7] M^2_T = y^2/(2πα^′)^2 − 2/α^′. Here, y is the inter-brane separation and α^′ ∼ M^{−2}_s . Clearly this mass is tachyonic for small y, changing sign when M_sy ≲ 1.

Although the complete form of the potential as a function of both y and T is not known, the limiting forms for T = 0 and y = 0 are. For large y, the large positive M^2_T localizes T at zero, leaving only the relatively flat function of y on which the analysis of the previous sections was based. More recent work has also given the potential for y = 0, in which case the two-derivative truncation of the exact tachyon action (in the dimensionally-reduced form) is conjectured to be [16]

S_T = −M^2_s M^2_p ∫ d^4xe^{−|T |2} [ 1 + κ_1 ( 2 + κ_2|T |^2 M^2_s ) |∂T |^2 ] . (3.1)

Here κ_1 and κ_2 are calculable, dimensionless O(1) numbers, whose values need not concern us further. Only one feature of eq. (3.1) is important for our present purposes: the qualitative shape of the potential well, which is a Mexican hat potential once expressed in terms of the canonically normalized scalar field.

Thus, the tachyon potential behaves as follows: while the branes are still far apart, the potential is parabolic and the tachyon field is localized at the bottom of the potential, T = 0. Once the distance shrinks to less than M^{−1}_s , the potential develops a double well shape and the tachyon starts to roll downwards until it reaches one of the degenerate minima of the potential. If the winding number of the tachyon is zero, then the brane and antibrane will annihilate. According to a famous conjecture of Sen [17], the height of the tachyon potential is equal to the brane tension and the end product of brane-antibrane annihilation is the closed string vacuum. On the other hand, if the tachyon has non-trivial winding, then stable lower dimensional branes will be formed after it condenses.

Many types of lower dimensional branes may be formed [18]. For example, on the worldvolume of the Dp-Dp pair there are kink-like solutions to the tachyon field equations that correspond to unstable non-BPS D(p − 1)-branes. These Dbranes in turn contain a real tachyon field which induces them to decay into stable BPS D(p − 2)-branes. Equivalently, these D(p − 2)-branes correspond to vortex configurations of the complex tachyon that lives on the worldvolume of the Dp-Dp. By considering more than just a single brane-antibrane pair it is actually possible to describe a system of D(p − 2)-branes. Furthermore, by looking at anti-kink solitons on the unstable D(p − 1)-branes one obtains D(p − 2)-branes. This then allows the formation of (p − 2)-dimensional brane-antibrane systems that can lead, in turn, to D(p − 4)-branes and so on. Starting from a system of D9-D9-branes we can thus generate all possible D-brane configurations in type-I and type-IIB string theory. A similar story holds for type IIA, with the non-BPS D9-brane as the starting point. This is the basis of the K-theory classification of D-branes [19].

The tachyon potential above may have important applications for cosmology. We have checked that in its simplest setting it does not produce slow-roll inflation by itself, as might be expected given the absence of small parameters. Its role begins once inflation ends, when the inter-brane separation becomes of order 1/M_s. Once this point is reached, the tachyon mass changes sign and T is free to quickly roll away from zero.

In a field theory example [20], this roll along the tachyonic direction has been shown to be very rapid, with the initial potential energy being quickly converted into gradient energy for the tachyon field, and may also result in topologically non-trivial configurations. We regard the quickness of this transfer of energy into gradients of T as a sign that a significant number of lower-dimensional daughter branes are produced in each brane-antibrane collision. If most of these daughter branes very quickly find nearby antibranes to annihilate, liberating the gradient energy to heat, then we are left with a post-collision world involving some remnant lower-dimensional branes, and with much of the collision energy converted into exciting both bulk modes and the internal degrees of freedom on the daughter branes. A crude estimate of the reheat temperature is given by equating T^4_{rh} with the initial potential energy density, leading to

T_{rh} ∼ [ 2αe^ϕ (M_sr_⊥)^{d⊥} ]_{1/4} √ M_sM_p = [ 2αe^ϕ (M_pr_⊥)^{d⊥} ( M_p M_s )_{d⊥−2}]1/4 M_p . (3.2)

For instance if d = 6 and p = 5 and we take M_pr_⊥ ∼ 10^6 (as is suggested by the amplitude of primordial density fluctuations) and αe^ϕ ∼ 10^{−2} and M_p/M_s ∼ 10^3 then we find T_{rh} ∼ 10^{13} GeV.

Although a careful analysis of this collision process is beyond the scope of this paper, we remark that the picture has several attractive features:

• Because the collisions can have daughter branes, the reheating process can be expected to efficiently excite the brane modes as well as those of the bulk, as is required if most of the observable universe now lives on one of these branes.

• Since the collision process produces daughter branes of lower dimension, successive episodes of brane collisions will move the brane population away from the higher-dimensional branes. Furthermore, since lower dimensional branes have more difficulty finding one another than do higher dimensional ones, this annihilation process will eventually be self-limiting. The branes found in the late universe will have a dimension which is small enough to preclude their having found anti-partners to annihilate during the history of the universe.

• There is a simple estimate — following an argument similar to that of ref. [21] — of what dimension a brane must have in order to plausibly fail to find partners with which to annihilate, and so to dominantly survive into the present. The basic observation is that p-branes — whose world-sheets are (p+1)-dimensional — generically have difficulty missing one another if they are moving within a spacetime whose dimension is less than or equal to 2(p+1). For 10-dimensional spacetime, passing p-branes with p ≥ 4 will generically collide, while those with p ≤ 3 will generically miss. We see then that if we start with a 10- dimensional spacetime only branes of dimensions greater or equal than 3 have finite probability of colliding with each other. If we start with a system of D9- D9-branes they will give rise to pairs of D7-D7 which can still annihilate each other to produce pairs of D5-D5 and then D3-D3. However, assuming the 3- branes can resolve the compact dimensions, these 3-branes will have negligible probability of finding each other. This implies that the cascade naturally stops there.

• Furthermore, as is illustrated in figure 2, brane collisions can plausibly act to align the surviving branes parallel to the noncompact dimensions of space. This is because collisions between branes wrapped around the compact dimensions and branes parallel to the noncompact dimensions tend to leave daughter branes which are both parallel to the noncompact dimensions and wrapped around the compact ones. Furthermore, the residual wrapping about the extra dimensions can be removed through the collisions of branes with opposite winding number, such as discussed in ref. [21].

• Within the cascade picture there are many branes colliding, but only some will cause inflation: those which move slowly enough to give sufficient e-foldings. Once inflation happens, the inflated area dominates the volume of the universe. For branes wrapped about a common direction there is an energetic cost to be not straight and parallel with one another, so given enough time branes will tend to align and straighten. Now one of the reasons it is hard to find real string potentials which inflate is that, in general, adjustments of brane energy (like removal of wiggles, or alignment of branes, or their relative rotations) take place on string timescales, making them too fast for inflation. But since inflation preferentially happens for the slowest collisions, it is plausible that these other processes will have had time to already have taken place, tending to make the branes align, be straight, etc. So we believe that the simplifying assumptions we make for our initial conditions are plausible for those relatively rare collisions which are of most interest for inflation. This plausibility needs to be further investigated within our cascade scenario.

It is quite intriguing that a D3-brane universe with branes aligned with the large dimensions of space seems to be selected in such a natural way. Notice that our arguments are not identical to the one given in [21], but complements it in an interesting way. Their argument was based on the fact that winding modes tend to compactify the space dimensions where they are winding around and then prefer only three spatial dimensions to become large (in the original counting, winding strings with p = 1 cannot annihilate in dimensions larger than 4 = 2(p + 1)), therefore splitting naturally the ten dimensional spacetime into four large and six small dimensions. Our argument would complement this by stating that in this spacetime there will be stable D3-brane-worlds where we may live.^8 Notice that in some sense the assumptions of our argument are less constrained than that in the discussion of [21]. For their argument to hold they have to assume all the spatial dimensions to be toroidal, in our case the argument applies independent of the properties of the full ten-dimensional spacetime.^9

We see that a cosmology of cascad-

Figure 2: The figure on the left shows two branes along orthogonal directions of a long cylinder. In the middle, the branes reconnect. The final configuration, shown on the right, consists of a single brane winding once around the compact direction.

ing brane annihilations may explain our finding ourselves on a 3-brane parallel to the large dimensions, by relating it to the prediction that spacetime is ultimately 10- or 11-dimensional.^{10} Although the arguments we propose along these lines are preliminary and qualitative, we believe they have sufficient promise to deserve more careful further investigation.

Let us finish by recapitulating the results of this article. In the first part of our paper we asked the question: Is the brane/antibrane potential leading naturally to inflation? Our answer was no. We then asked the question: Is inflation possible at all in this system? and the answer to this is yes, but only in special configurations when the potential happens to be flat enough. This is the first time that inflation is achieved from a computable potential in string theory. Furthermore the, also computable, stringy tachyon potential

8More specifically, one can imagine the following scenario: Branes of all types are initially there, and all dimensions are compact but small. The large dimension branes annihilate out instantly, leading a population of branes which dominantly involves 3-branes or lower. The winding of these various branes keeps any dimensions from growing. Then the Brandenberger-Vafa mechanism kicks in, making 4 dimensions large and 6 small, with no windings about the large spatial directions. Energetic arguments can prevent these small dimensions from growing or collapsing. After this, we have the particular collision which causes inflation of the large 4 dimensions, as studied in the previous section.

9Actually, the D3-brane-world is preferred if we start with type IIB or type I strings for which the starting point in the cascade are pairs of D9-D9-branes. In type IIA, the starting point would be non-BPS D9-branes which then would give rise to even dimensionality BPS D-branes and the cascade would stop with 4-branes.

10On the remaining 3-brane we may have remnant cosmic strings and monopoles which could overclose the Universe. In order to properly pose and solve this question a more detailed knowledge of the final state distribution of branes after annihilation is required, including a good understanding of what the branching fraction for the production of daughter branes (as opposed to no branes) given a brane-antibrane collision. Also an understanding of how these daughters are distributed given the geometry of the initial brane/antibrane collision. These considerations are beyond the scope of our paper (see the second article of reference [21] for a related discussion).

provides the natural way to exit inflation in an elegant realization of hybrid inflation in terms of string theoretical fields. The fact that at the minimum of the tachyon potential supersymmetry is recovered guarantees the vanishing of the vacuum energy at that point without any fine-tunning.

Our proposal of the cascade mechanism, obtained from the tachyon potential, then addresses the issue of how to accomplish inflation naturally if it is so hard to achieve. If only two branes exist, it would be fine-tuned to expect them to collide in the way which inflates. But in the cascade picture the universe starts in a generic state in which many branes are present and colliding, and so the inflationary collisions are rare, but happen. Furthermore we can trace back the origin of the branes gas to overlapping, static, 9-brane/anti 9-brane systems as providing the initial conditions for the multi-brane Universe. We believe our scenario has many interesting features deserving further investigation.

Acknowledgments

We would like to thank A. Aguirre, V. Barger, K. Benakli, S. Gratton, C. Grojean, T. Han, J. Khoury, E. Kiritsis, M. Klein, J. March-Russell, D. Mateos, G. Ross, A. Tseytlin, N. Turok, E. Zavala and B. Zwiebach for useful conversations and C.R. Burgess and E. Quevedo for their assistance. M.M. thanks A. Davis for various discussions. The work of C.P.B. was supported in part by N.S.E.R.C. (Canada), F.C.A.R. (Québec) and the Ambrose Monnell Foundation. D.N. was supported in part by DOE grant DE-FG02-90ER40542. M.M. was partially supported by the Isaac Newton Institute and FQ by PPARC. G.R. was supported in part by NSF grant NSF-PHY-0070928 as well as a Helen and Martin Chooljian fellowship and RJZ by NSF grant NSF-PHY-0070928.

Note added. The results of this article were presented at the conference “From the Planck Scale to the Weak Scale” Les-Londes-de Maures, France. We learned there of related work by G. Dvali, S. Solganik and Q. Shafi [11] that was also presented in the conference and overlaps with the content of sections 2.1–2.4, however, we disagree with their conclusion (see footnote 6). We thank them for bringing this work to our attention.

References

[1] A.H. Guth, The inflationary universe: a possible solution to the horizon and flatness problems, Phys. Rev. D 23 (1981) 347;

A.D. Linde, A new inflationary universe scenario: a possible solution of the horizon, flatness, homogeneity, isotropy and primordial monopole problems, Phys. Lett. B 108 (1982) 389;

A. Albrecht and P.J. Steinhardt, Cosmology for grand unified theories with radiatively induced symmetry breaking, Phys. Rev. Lett. 48 (1982) 1220.

[2] For reviews, see, A. Linde, Particle physics and inflationary cosmology, Harwood Academic Publishers, 1990;

E.W. Kolb and M.S. Turner, The early universe, Addison-Wesley, 1990; A.R. Liddle and D.H. Lyth, Cosmological inflation and large-scale structure, Cambridge University Press, 2000.

[3] I. Antoniadis, A possible new dimension at a few TeV, Phys. Lett. B 246 (1990) 377;

J.D. Lykken, Weak scale superstrings, Phys. Rev. D 54 (1996) 3693 [hep-th/9603133]; N. Arkani-Hamed, S. Dimopoulos and G. Dvali, The hierarchy problem and new dimensions at a millimeter, Phys. Lett. B 429 (1998) 263 [hep-ph/9803315]; K.R. Dienes, E. Dudas and T. Gherghetta, Extra spacetime dimensions and unification, Phys. Lett. B 436 (1998) 55 [hep-ph/9803466];

I. Antoniadis, N. Arkani-Hamed, S. Dimopoulos and G. Dvali, New dimensions at a millimeter to a fermi and superstrings at a TeV, Phys. Lett. B 436 (1998) 257 [hep-ph/9804398];

G. Shiu and S.H.H. Tye, Tev scale superstring and extra dimensions, Phys. Rev. D 58 (1998) 106007 [hep-th/9805157];

K.R. Dienes, E. Dudas and T. Gherghetta, Grand unification at intermediate mass scales through extra dimensions, Nucl. Phys. B 537 (1999) 47 [hep-ph/9806292]; Z. Kakushadze and S.H.H. Tye, Brane world, Nucl. Phys. B 548 (1999) 180 [hep-th/9809147];

K. Benakli, Phenomenology of low quantum gravity scale models, Phys. Rev. D 60 (1999) 104002 [hep-ph/9809582];

C.P. Burgess, L.E. Ibáñez and F. Quevedo, Strings at the intermediate scale or is the Fermi scale dual to the Planck scale?, Phys. Lett. B 447 (1999) 257 [hep-ph/9810535]; L. Randall and R. Sundrum, A large mass hierarchy from a small extra dimension, Phys. Rev. Lett. 83 (1999) 3370 [hep-ph/9905221];

L. Randall and R. Sundrum, An alternative to compactification, Phys. Rev. Lett. 83 (1999) 4690 [hep-th/9906064].

[4] D.H. Lyth, Inflation with TeV-scale gravity needs supersymmetry, Phys. Lett. B 448 (1999) 191 [hep-ph/9810320];

N. Kaloper and A. Linde, Inflation and large internal dimensions, Phys. Rev. D 59 (1999) 101303 [hep-th/9811141];

A. Mazumdar, Extra dimensions and inflation, Phys. Lett. B 469 (1999) 55 [hep-ph/9902381];

N. Arkani-Hamed, S. Dimopoulos, N. Kaloper and J. March-Russell, Rapid asymmetric inflation and early cosmology in theories with sub-millimeter dimensions, Nucl. Phys. B 567 (2000) 189 [hep-ph/9903224];

A. Riotto, D-branes, string cosmology and large extra dimensions, Phys. Rev. D 61 (2000) 123506 [hep-ph/9904485];

J.M. Cline, Inflation from extra dimensions, Phys. Rev. D 61 (2000) 023513

[hep-ph/9904495];

E.E. Flanagan, S.H. H. Tye and I. Wasserman, A cosmology of the brane world, Phys. Rev. D 62 (2000) 024011 [hep-ph/9909373];

S.W. Hawking, T. Hertog and H.S. Reall, Trace anomaly driven inflation, Phys. Rev. D 63 (2001) 083504 [hep-th/0010232].

[5] G. Dvali and S.H.H. Tye, Brane inflation, Phys. Lett. B 450 (1999) 72 [hep-ph/9812483].

[6] J. Khoury, B.A. Ovrut, P.J. Steinhardt and N. Turok, The ekpyrotic universe: colliding branes and the origin of the hot big bang, hep-th/0103239; R. Kallosh, L. Kofman and A. Linde, Pyrotechnic universe, hep-th/0104073.

[7] J. Polchinski, String theory, Cambridge University Press 1998.

[8] For reviews, see A. Sen, Non-BPS states and branes in string theory, hep-th/9904207;

M.R. Gaberdiel, Lectures on non-BPS Dirichlet branes, Class. and Quant. Grav. 17 (2000) 3483 [hep-th/0005029].

[9] S.H.S. Alexander, Inflation from DD̄- brane annihilation, hep-th/0105032.

[10] A. Linde, Hybrid inflation, Phys. Rev. D 49 (1994) 748 [astro-ph/9307002].

[11] G. Dvali, S. Solganik and Q. Shafi, to appear.

[12] W.H. Kinney and A. Riotto, Dynamical supersymmetric inflation, Astropart. Phys.

10 (1999) 387 [hep-ph/9704388].

[13] G.F. Smoot et al., Structure in the COBE DMR first year maps, Astrophys. J. 396 (1992) L1;

C.L. Bennett et al., 4-year cobe dmr cosmic microwave background observations: maps and basic results, Astrophys. J. 464 (1996) L1 [astro-ph/9601067].

[14] C.B. Netterfield et al., A measurement by boomerang of multiple peaks in the angular power spectrum of the cosmic microwave background, astro-ph/0104460; C. Pryke et al., Cosmological parameter extraction from the first season of observations with dasi, astro-ph/0104490;

R. Stompor et al., Cosmological implications of the MAXIMA-I high resolution cosmic microwave background anisotropy measurement, astro-ph/0105062.

[15] T. Banks and L. Susskind, Brane-antibrane forces, hep-th/9511194.

[16] J.A. Minahan and B. Zwiebach, Field theory models for tachyon and gauge field string dynamics, J. High Energy Phys. 09 (2000) 029 [hep-th/0008231]; A.A. Gerasimov and S.L. Shatashvili, On exact tachyon potential in open string field theory, J. High Energy Phys. 10 (2000) 034 [hep-th/0009103];

D. Kutasov, M. Marino and G. Moore, Some exact results on tachyon condensation in string field theory, J. High Energy Phys. 10 (2000) 045 [hep-th/0009148];

J.A. Minahan and B. Zwiebach, Effective tachyon dynamics in superstring theory, J. High Energy Phys. 03 (2001) 038 [hep-th/0009246];

A.A. Tseytlin, Sigma model approach to string theory effective actions with tachyons, J. Math. Phys. 42 (2001) 2854 [hep-th/0011033];

T. Takayanagi, S. Terashima and T. Uesugi, Brane-antibrane action from boundary string field theory, J. High Energy Phys. 03 (2001) 019 [hep-th/0012210].

[17] A. Sen, Stable non-BPS bound states of BPS D-branes, J. High Energy Phys. 08 (1998) 010 [hep-th/9805019]; Tachyon condensation on the brane antibrane system, J. High Energy Phys. 08 (1998) 012 [hep-th/9805170].

[18] O. Bergman and M.R. Gaberdiel, Stable non-BPS D-particles, Phys. Lett. B 441 (1998) 133 [hep-th/9806155];

A. Sen, SO(32) spinors of type-I and other solitons on brane-antibrane pair, J. High Energy Phys. 09 (1998) 023 [hep-th/9808141];

A. Sen, Type-I D-particle and its interactions, J. High Energy Phys. 10 (1998) 021 [hep-th/9809111].

[19] R. Minasian and G. Moore, K-theory and Ramond-Ramond charge, J. High Energy Phys. 9711 (1997) 002 [hep-th/9710230];

E. Witten, D-branes and K-theory, J. High Energy Phys. 12 (1998) 019 [hep-th/9810188];

P. Hořava, Type IIA D-branes, K-theory and matrix theory, Adv. Theor. Math. Phys. 2 (1999) 1373 [hep-th/9812135].

[20] G. Felder, J. Garcia-Bellido, P. B. Greene, L. Kofman, A. Linde and I. Tkachev, Dynamics of symmetry breaking and tachyonic preheating, Phys. Rev. Lett. 87 (2001) 011601 [hep-ph/0012142].

[21] R. Brandenberger and C. Vafa, Superstrings in the early universe, Nucl. Phys. B 316 (1989) 391;

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