arXiv:hep-th/0412077 v2 13 Dec 2004

Slow Roll in Brane Inflation

Sarah Shandera†

† Laboratory for Elementary Particle Physics Cornell University Ithaca, NY 14853

E-mail: seb56@mail.lns.cornell.edu

Abstract. We address the issue of slow-roll in string theory models of inflation. Using a Kähler transformation and results from the D3-D7 model, we show why we expect flat directions to be present and slow-roll to be possible in general. We connect with earlier discussions of shift symmetry for T^6/Z_2 and K3×T^2/Z_2 compactifications. We also collect various contributions to the inflationary potential and discuss their importance for slow-roll. We include a few simple checks of the form of the Kahler potential on T^6/Z_2 using T-duality.

PACS numbers: 11.25 Wx, 11.25 Mj

Submitted to: JCAP

1. Introduction

Models of stringy inflation have matured considerably in the past year as mechanisms of moduli stabilization have been found and implemented, and aspects of specific warped compactifications have been studied. We currently have a novel situation in string theory: these scenarios not only provide an interesting arena to study moduli and geometry, but are guided by close connections with observation. In particular, the models should satisfy the slow-roll conditions and agree with the observed spectrum of density fluctuations. They must include the standard model and a mechanism for reheating. They may also give testable predictions for details of the CMB spectrum that are just beyond current observational reach and perhaps for phenomena such as cosmic strings. Combining all of this in a single framework is a tall order, and there are many suggestions in the literature. We focus here on the first big hurdle: slowroll. We will show how the physical picture is clarified by using a form of the potential that is invariant under Kähler transformations. We show that there is a very general argument for why we expect flat directions in the inflaton potential, and give details of two geometries: T^6/Z_2, where the geometric picture is simple, and the more realistic K3 × T^2/Z_2, where many details have already been worked out. We will also summarize the many contributions to the inflationary potential and give a few simple calculations using T-duality.

In the early days, work on brane inflation [1] focused on achieving a flat enough potential between a non-BPS brane pair to allow for about 60 e-folds of inflation. This work was done assuming all moduli were stabilized in a way that did not affect the inflationary dynamics. At first glance, it seemed slow-roll could not be achieved unless a brane and an antibrane were separated by a distance greater than the size of the compactification. However, when the fact that the branes were sitting in a compact space was accounted for, slow-roll was found either by tuning the brane-antibrane case or by using branes at angles [2], [3], [4], [5]. In a complete string theory picture, the inter-brane potential is easily made small by introducing warped throats in the compactification manifold, but other contributions to the inflationary potential complicate the question. In particular, recent proposals that solve the problem of moduli stabilization show contributions that appear to ruin the slow-roll. But as we will discuss, there are many other terms in the potential that must also be calculated and flat directions that can be found.

The model that has emerged as a successful general framework for brane inflation is developed in three works, which we refer to as GKP[6] (Giddings, Kachru and Polchinski), KKLT [7] (Kachru, Kallosh, Linde and Trivedi) and KKLMMT [8] (Kachru, Kallosh, Linde, Maldacena, McAllister and Trivedi). The set-up is IIB string theory compactified on a Calabi-Yau 3-fold with one or more warped throats. Moduli are stabilized by fluxes and non-perturbative effects‡ and the warping of the throat aids

‡ Moduli fixing is a critical part of any fully consistent inflation model, but we will not review it here. For a general discussion, see for example [9].

inflation. Including multiple warped throats allows more freedom in setting multiple scales. Mobile D3 branes and D7 branes can be present in the bulk of the CY, and D̄3 branes naturally sit at the IR tips of the throats. The D̄3 branes lift the AdS vacuum to a meta-stable dS minimum. It is clear by now that the positions of D7-branes in a flux-stabilized N= 1 vacuum are fixed (though there are flat directions in N= 2 vacua) [10]. This means the only candidate for the inflaton in brane inflation in the KKLMMT like scenario is the position of a D3-brane. If the D3-brane annihilates with a D̄3-brane towards the end of inflation, this is brane-antibrane inflation. If the D3-brane collides with the D7-branes towards the end of inflation, this is the D3−D7 inflationary scenario. Since the attractive force in either scenario is, by itself, weak enough for slow roll, it is the other contributions to the inflaton mass that dictate the slow-roll condition. In this sense, the slow-roll analysis for these two scenarios is essentially identical. If the D3-brane position has an approximate shift symmetry (flat direction) at some particular locations in the CY manifold, then the relative forces (D3 − D7 versus D3 − D̄3) will determine which scenario will take place. Most effects we will discuss apply equally to both calculations.

The KKLMMT model at first glance appears to suffer from the η-problem. That is, it does not find a small enough slow-roll parameter

η = M^2_{P l} V^{′′} V (1) where V^{′′} is the second derivative of the potential with respect to the inflaton. The other slow-roll parameter, ϵ, is defined by ϵ = M_{P l} 2 ( V^′ V )_2 (2) where we want ϵ ≪ 1. Since ϵ is typically the smaller of the two parameters, we shall focus on η to determine the slow roll condition. To calculate η the derivatives must be taken with respect to the canonical inflaton. To have enough inflation to solve the horizon, the defect, the flatness and the angular momentum problems, typically |η| < 1/50. But in KKLMMT, the contribution from the Kähler potential alone gives |η| ∼ 2/3. However, there are in general many contributions to the inflationary potential. To determine slow-roll, we need to know all the pieces that contribute more than 1% (since V^{′′}/V ∼ 1/60). As a first pass at listing the contributions to the potential, we can write V = V^F + V^D + V_{SB} (3) where the last term includes effects which break supersymmetry. In general, there may be many contributions to each piece. The F-term, for example, contains the superpotential from fluxes (W_0) and non-perturbative effects (W_{np}) and the Kähler potential (K). Supersymmetry breaking terms will include interactions between branes, antibranes and branes with fluxes. Writing out the F-term and writing some explicit contributions to V_{SB} , we have V = e^K (g^{ab̄}D_aW D_bW − 3|W |^2) + V^D + V_(¯_{D)} + V_{(D}¯_{D)} + . . . (4) where

W = W_0 + W_{np} (5) V_(¯_{D)} comes from D̄3 branes in the throat, and V_{(D}¯_{D)} is the interbrane potential. The inclusion of the D-term may be motivated by considering flux on D7 branes [11] or by trying to include the standard model [12]. Note that these are no-scale models; that is, when the F-term is evaluated, we have V^F = e^K (g^{ab̄}D_aW D̄_bW − 3|W |^2) → e^K (Σ_{i,j≠ρ}g^{ij̄} D_iW D̄_j W ) (6)

This cancellation means we will have to find some different mechanism (i.e., nonperturbative effects) to fix the Kähler moduli.

In the F-term, W_0 can be fixed to a small constant in the KKLMMT model. The non-perturbative superpotential (e.g. from gaugino condensation [7]) has the form W_{np} = Ae^{−aσ} (7) where σ is the imaginary part of the Kähler modulus, ρ. The original KKLT paper made general arguments for why we expect this non-perturbative superpotential, but it is checked in detail in [13].

The term V_(¯_{D)} lifts the minimum from AdS to dS and comes from adding D̄3 branes in the tip of the throat. It has the form

V_(¯_{D)} = D σ^2 (8) where D is a postitive constant.

Taking as an example the case of D3-D̄3 interaction, the term V_{(D}¯_{D)} has the form (ignoring warping for now)

V_{(D}¯_{D)} = 2T_3 ( 1 − A y^4 ) (9) where y is the separation of the branes and A is a constant that depends on brane tension and the compactification volume. In the warped case, the distance to the tip of the throat is measured by the coordinate r. The D̄3 is located at r_0, close to the tip, and the D3 is at r_1. The warped coordinate is

R^4 = r^4h(r) (10) where h(r) = e^{−4A} (11)

The warped throat flattens the inter-brane potential, modifying Eq.(9):

V_{(D}¯_{D)} = 2T_3 r^4_0 R^4 ( 1 − 1 N r^4_0 r^4_1 ) (12)

where N is the number of D3 branes.

Some Mathematica code has been developed (and is freely available) based on the D3/D7 model. It is described in [14]. The code is useful for following the dynamics of the scalar fields and computing cosmological consequences, but does not contain all the physics of Eq.(3).

It may be possible to avoid the lengthy calculations suggested by Eq.(3) if there is a symmetry that provides a nearly flat direction for the inflaton. It was noted in Appendix F of KKLMMT that if the superpotential (W ) also had a dependence on the inflaton, it might cancel the Kähler contribution and allow slow roll. Several arguments were made for why just such a dependence might be reasonable. In [15], it was shown that the superpotential preserves part of a shift symmetry of ϕ that is apparent by looking at the form of the physical volume. For the D3/D7 model, a similar argument was made in [16] for the case of a mobile D7, which is found in N = 2 theories but not in N = 1. Using the special geometry construction of K3 × T^2/Z_2 [10] with moduli for the postitions of D3 branes (see §2 for details), [17] showed that the superpotential and Kähler potential still allow for a shift of the D3 brane position for the N=1 case. Furthermore, the authors of [18] (and a shorter version [19]) argue that the non-perturbative superpotential must include dependence on ϕ after one-loop contributions are included. In fact, we can immediately see with a Kähler transformation why W can depend on ϕ. This argument holds to a first approximation in a model-independent way. The only case that has been worked out in detail, K3 × T^2/Z_2, clearly has flat directions, so these two statements together are good evidence that such symmetries may be generic. The ideas are similar in spirit to earlier work done in [20], [21], and [22], which considered the inflaton as a pseudo-Goldstone boson.

Let us see how this works. Consider the F-term potential

V^F = e^K (g^{ab̄}D_aW D_bW − 3|W |^2) (13)

where

D_aW = ∂_aW + W ∂_aK (14)

and a and b label moduli. We will make use of the combination

G = K + log |W |^2. (15)

This is invariant under Kähler transformations K → K + f(ϕ) + f(ϕ) W → W e^{−f (ϕ)} (16) Then Eq.(13) can be rewritten in terms of G as

V^F = e^G [ G^{ab̄} ∂G ∂ϕ_a ∂G ∂ϕ_b − 3 ] (17)

Since the F-term potential depends only on G, dependence on ϕ can be shifted between the superpotential and Kähler potential.

Let us begin with the simplest form of the Kähler potential that is frequently assumed [23]. Our guide for how the inflaton ϕ should appear in K is the kinetic term in the action: L_{kinetic} = −^{∂2K(ϕ,ϕ̄)}_{∂ϕi∂ϕ̄j} ∂_μϕ_i∂^μϕ̄^j (18)

Since this depends on the mixed derivative, it does not fix terms that depend only on ϕ or ϕ̄. From this, we find

K_1(ϕ, ϕ̄, ρ, ρ̄) = −3 ln[ρ + ρ̄ − ϕϕ̄] ≈ −3 ln[ρ + ρ̄] + 3 ϕϕ̄ ρ + ρ̄ (19)

This form appears to treat the real and imaginary parts of ϕ equally. Let us compare with the result in the special geometry construction on K3 × T^2/Z_2 [10], where the form of K depends only on the imaginary part of ϕ. This is a geometric result, not an approximation. In our notation, it is K_2(ϕ, ϕ̄, ρ, ρ̄) = −3 ln [ ρ + ρ̄ +

(ϕ − ϕ̄)^2 2 ] (20)

Both K_1 and K_2 are equally valid from the perspective of kinetic terms. But since the real part of ϕ is not present in K_2, it will not receive a large mass in the manner of KKLMMT, and it appears we have a flat direction at this level. In a general brane inflationary scenario, there are several possible directions ϕ_i so that η is really a matrix

η_{ij} = M^2_{P l} ∂_i∂_j V V (21) It is sufficient for slow roll if every η_{ij} ≪ 1. However, we actually require a weaker constraint. If one or more ϕ_i start to oscillate, their oscillations will be rapidly damped by inflation. So, in the diagonal basis, large positive eigenvalues of η are totally harmless, provided they are stabilized, that is, the corresponding slow-roll parameter ϵ vanishes. For slow-roll inflation, we require at least one eigenvalue of η to be small. So we expect slow-roll if Re(ϕ) is protected.

How can we explain the difference between Eq.(19) and Eq.(20)? We will first determine a toy form of the superpotential for each case (ignoring volume stabilization) to motivate the form of the Kähler transfromation that connects K_1 and K_2. Throughout these calculations, we will assume ρ is large (since we want the supergravity description to be valid) and that Re(ρ) ≫ Im(ρ) (since we want non-imaginary kinetic terms). We also take ϕ ≪ ρ since the separation between branes should be smaller than the compactification size. As in [15], we will enforce the supersymmetry conditions to determine a basic expression for the superpotential. This form may be modified when the Kähler modulus is stabilized, but it is all we need to see the relationship between the two possible Kähler potentials. We require D_ϕW_{(s)} = ∂_ϕW_{(s)} + W_{(s)}∂_ϕK = 0 (22) D_ρW_{(s)} = 0 Using the Kähler potential in Eq.(19), with the inflaton outside the logarithm, and taking ϕ = ϕ̄ and ρ = ρ̄ (since W should be holomorhpic) we find

W_{1(s)} = w_0ρ^{3/2}e^{−3ϕ24ρ} ∼ w_0ρ^{3/2} ( 1 − 3ϕ^2 4ρ ) (23)

To first order, this agrees with the expression found in [15], but the two differ starting with the ϕ^4 term. If we do the same using K_2, we find that to all orders W_{2(s)} = w_0ρ^{3/2}. (24)

To first order, we can relate the two Kähler potentials using a Kähler transformation. Comparing Eq.(23) and Eq.(24) suggests we choose: f(ϕ) = − 3ϕ^2 4ρ (25)

Applying this gives

W_{1(s)} → w_0ρ^{3/2} (26)

K_1(ϕ, ϕ̄, ρ, ρ̄) → − 3 ln[ρ + ρ̄] + 3 ϕϕ̄ ρ + ρ̄ − 3ϕ^2 4ρ − 3ϕ̄^2 4ρ̄ + . . . Now, since we expect Im(ρ) to be small compared to Re(ρ) we can write K_1(ϕ, ϕ̄, ρ, ρ̄) → − 3 ln[2Re(ρ)] − 3(ϕ − ϕ̄)^2 4Re(ρ) + . . . (27) ≈ K_2 So we see that the pairs (K_1, W_1) and (K_2, W_2) are equivalent to first order. That is, the flat directions that are apparent from Eq.(20) are the same as the shift symmetries found in [15] and [17]. Using Eq.(20) has the advantage of making the shift symmetry transparent, and is well motivated by the calculation carried out in the K3×T^2/Z_2 case. However, at higher order we cannot connect K_1 and K_2 by a Kähler transformation because terms that are not holomorphic or antiholomorphic in ϕ appear. Also, the expansions of Eq.(19) and Eq.(20) have different coefficients for the ϕ^4/ρ^2 term. Since K_2 is derived from geometry (and is consistent with finding K from the Lagrangian [10]) and since K_1 (which is only a guess) can be rewritten in the same form, this indicates that the shift symmetry is in fact generically present. The differences at higher order should be resolved if we could determine the exact Kähler potential for T^6/Z_2 including brane position moduli. It is noted in [10] that this is geometrically related K3 × T^2/Z_2 without D7 branes. N = 4 SUGRA for IIB on T^6/Z_2 is discussed in detail in [24]. Perhaps this leads to a geometrical determination of the Kähler potential that can be used similarly to Eq.(20) and would clear up the issues with higher order terms.

The rest of the paper is organized as follows. In §2 we discuss a few details of the two known models: K3 × T^2/Z_2 and T^6/Z_2. In particular, we generalize previous discussions of shift symmetry to include more than one Kähler modulus and make use of T-duality to check the form of the Kähler potential. In §3 we comment on the relation between the analysis above and the many additional terms in the inflationary potential. We conclude in §4.

2. Specific Models

2.1. K3 × T^2/Z_2

The K3 × T^2/Z_2 model is the only realistic case that has been studied in much detail. A great deal of work has been done to investigate the supersymmetric vacua in the presence of 3-form fluxes [25], [26] and to include D3 and D7 branes to connect to the

D3-D7 inflationary scenario [10], [27]. Since these results contain all the pieces needed for a scenario that allows D3/D7 or D3/D̄3 inflation, we will review them here. For continuity with this work, we use the conventions of [25] in this section.

There are three moduli to consider in addition to the positions of the D3 and D7 branes: the Kähler modulus s, the T^2 complex structure t, and the axion-dilaton u. These are defined as s = C_{(4)} − iV ol(K3) (28) t = g_{12} g_{22} + i √ det(g) g_{22} u = C_{(0)} + ie^Φ where g_{ij} is the metric on T^2. Notice that s = −iρ to compare with the KKLMMT notation. The position of the rth D3 brane along the torus T^2 is ϕ^r, and the position of the kth D7 brane is x^k. The Kähler potential is [25]

K = − log [ −8 ( Im(s)Im(t)Im(u) − 1 2 Im(s)(Im(x)^i)^2 (29) − 1 2 Im(u)(Im(ϕ)^r)^2 )]

This depends only on the imaginary part of the D3 brane position as discussed above. The scalar potential is

V = 4e^{2Φ}e^K

[_3 ∑ Λ=0 (g_Λ)^2|X^Λ|^2 (30) + 1 2 (g^2_0 + g^2_1 )(t − t̄) ( (u − ū) − 1 2 (x^k − x̄^k)^2 (t − t̄) )

+ (ϕ^r − ϕ̄^r) 8(s − s̄)(u − ū) (g^2_0 (ūx^k − x̄^ku)^2 + g^2_1 (x^k − x̄^k)^2) ]

where the X^Λ are the components of the symplectic section Ω = (X^Λ, F_Λ = ∂F/∂X^Λ) (31)

X^0 = 1 √ 2 ( 1 − tu + (x^k)^2 2 )

X^1 = − t + u √ 2 X^2 = − 1 √ 2 ( 1 + tu − (x^k)^2 2 )

X^3 = t − u √ 2 X^k = x^k X^r = ϕ^r F is related to the prepotential F by F (X^Λ)/(X^0)^2 = F. The g_i are couplings related to the fluxes that break supersymmetry, so choosing various combinations of g_i non-zero corresponds to different amounts of supersymmetry. In the N = 2 case, g_0 = g_1 = 0 and any dependence on ϕ^r comes only through the factor e^K . In that case, both the D7 and D3 positions are moduli. For N = 1, the postitions of the D7 branes are fixed. This can also be seen from the earlier results of GKP: since the D7’s are wrapping some 4-cycles, then if the complex structure moduli are fixed the position of the D7s are fixed.

Specializing to the N = 1 case (x^k = 0) simplifies the expressions above. In particular, the scalar potential becomes:

V = 4e^{2Φ}e^K

[_3 ∑ Λ=0 (g_Λ)^2|X^Λ|^2 + 1 2 (g^2_0 + g^2_1 )(t − t̄)(u − ū) ] (32)

Note that Eq.(32) does not depend on the position of the D3 brane except through the Kähler potential. When the full potential depends on the inflaton only through the exponential factor e^K , with K given as in Eq.(29), the contribution of the F-term to η is always small (assuming y ≪ s). For the special case of u = t = −i, Eq.(32) is identically zero. We can then use Eq.(32) and Eq.(29) to calculate the superpotential for this case. We find that the superpotential is constant, and so does not depend on the brane position. So for the case of N = 1, regardless of the values of the other moduli, the contribution of the F-term to η does not destroy the slow-roll. Some additional analysis of the D3-D7 model can be found in [28]. A recent catalogue of results for IIB orientifolds with 3-form fluxes and D3 and D7 branes is [29].

2.2. T^6/Z_2

A simpler model to analyze is a compactification on T^6/Z_2. We have explained in the introduction how shift symmetry can be seen in this case. Here, we will also see that in this model T-duality is a good guide to the form of the Kähler potential, particularly in the N =2 case where mobile D7 branes may be present. We will work in a general scenario with three Kähler moduli, three complex strucutre moduli, and the dilaton. Previous work on this model includes Ref. [30], which gives examples of solutions with D=4, N = 3 supersymmetry and discusses dualities of these models. Ref. [31] finds choices of fluxes that give N = 3 and N = 1 minima and shows that the fluxes typically stabilize the dilaton, all complex structure moduli, and some Kähler moduli. This work also discusses when solutions with different values for the dilaton or complex structure moduli are actually physically distinct. A detailed supergravity analysis is done in [24]. Here, we would like to use this simple geometry to derive the form of the Kähler potential when all moduli are kept, check that the results are consistent with T-duality, and illustrate the shift symmetry.

In the following discussion we consider three square tori T_1, T_2 and T_3 with radii R_1, R_2 and R_3 respectively. Our ansatz for the metric in the Einstein frame is

ds^2 = (R_1R_2R_3)^{−2}g_{μν} dx^μdx^ν + 3∑ i R^2_i δ_{mn} dy^{mi} dy^{ni} m, n = 1, 2 (33) where g_{μν} stands for the four dimensional metric in the Einstein frame. Here we assume x^μ and y^{mi} are dimensionful such that R_i are dimensionless and y^{m1} ≡ (y^1, y^2), y^{m2} ≡ (y^3, y^4) and y^{m3} ≡ (y^5, y^6) represent the coordinates on T^2_1 , T^2_2 and T^2_3 . The prefactor (R_1R_2R_3)^{−2} is due to the transition from string frame to Einstein frame.

Up to second derivatives, the Kähler potential is found from the kinetic energy of mobile branes in the DBI action. In general there can be D7 branes wrapping different tori. We label these D7_i, where i indicates which torus is not wrapped. Complex scalars ψ_i and ϕ_i give the transverse positions of the D7_i and the D3-branes along the directions of the i-th torus. F_{μν} = ∂_μA_ν − ∂_ν A_μ and F_{(i)μmj} = ∂_μA_{(i) mj} are the real-valued gauge field strengths living on the D7_i-brane, while F^′_{μν} is that on the D3-brane.

The DBI action for one D3-brane and three D7-branes, up to second derivatives, is given by

S = − T_7

(2πα^′)^2 4 ∫ d^8 ξ √ −g [ ∑ i d_{ijk}(R_j R_k)^2F_{(i)μν} F^{μν}_{(i)} (34)

+ ∑ i,j d_{ijk} (R_iR_j )^{−2}F_{(i)μmj} F^{μmj}_{(i)} ]

− T_7 2 ∫ d^8 ξ √ −g e^Φ ∑ i ∂_μψ_i∂^μψ̄_i − T_3

(2πα^′)^2 4 ∫ d^4 ξ √ −g e^ΦF^′_{μν} F^{′μν} − T_3 2 ∫ d^4 ξ √ −g ∑ i d_{ijk} (R_j R_k )^{−2}∂_μϕ_i∂^μϕ̄_i

(35)

where the quantity d_{ijk} is defined such that d_{ijk} = 1 for (i, j, k) a permutation of (1,2,3) and 0 otherwise.

The background Kähler potential without mobile branes is given by

K_0 = −ln(τ + τ̄ ) − 3∑ i ln(ρ_i + ρ̄_i) (36)

where the complex scalar fields (chiral superfields) are defined by

τ = e^{−Φ} + iC_{(0)} ρ_i = (R_j R_k )^2 + i b_i (37)

where C_{(0)} is the RR scalar and the b_i are related to the RR four-form field C_{(4)}. Note that τ = −it to compare to the notation used in the K3 × T^2/Z_2 section. The easiest way to see the definition of τ and ρ_i in this particular way is to look at the gauge kinetic energy for gauge fields living on the D3 and D7-branes. The practical advantage of defining τ and ρ_i in this way is that the scalar kinetic energies are diagonalized. Here we will stick with this form (rather than transfroming to something of the form of K_2) since the T-duality is easier to see.

Reading off the kinetic energy for mobile D3/D7-branes will lead us to the following generalization of the Kähler potential §

K = − ln [ τ ρ_1ρ_2ρ_3 ( 1 − 3∑ i ϕ_iϕ̄_i ρ_i + ρ̄_i − 3∑ i ψ_iψ̄_i τ + τ̄ − 3∑ i,j d_{ijk} C_{ij}C̄_{ij} ρ_k + ρ̄_k )] .(38)

We have defined the complex fields C_{ij} from the real Wilson lines A_{(i)mj} such that C_{ij} ≡ 2∑ m=1 i^{m−1}A_{(i)mj} . (39)

For example C_{12} describes gauge fields living on D7_1 and having the components along T^2_2 :

C_{12} = A_{1 y3} + iA_{1 y4} (40)

As a self-consistent check, we investigate the invariance of K under T-duality. Consider the T-duality along tori T_2 and T_3. We have

τ ↔ ρ_1 , ρ_2 ↔ ρ_3 , D3 ↔ D7_1 , D7_2 ↔ D7_3 ϕ_1 ↔ ψ_1 , ϕ_2 ↔ C_{12} , ϕ_3 ↔ C_{13} ψ_2 ↔ C_{32} , ψ_3 ↔ C_{23} , C_{21} ↔ C_{31} (41)

One can explicitly verify that K given by Eq.(38) is invariant under the above transformations. One interesting aspect of this T-duality is the interchange of τ and ρ_1.

We now turn to the question of shift symmetry. To simplify the situation and emphasize our main result for shift symmetry, we truncate the gauge fields C_{ij} from our discussions. As before, we take the limit where ϕ_i, ψ_i ≪ ρ_i. In this limit, and neglecting C_{ij} , K is given up to second order in ϕ_i and ψ_i by

K = − ln(τ + τ̄ ) − 3∑ i ln(ρ_i + ρ̄_i) + 3∑ i ϕ_iϕ̄_i ρ_i + ρ̄_i + 3∑ i ψ_iψ̄_i τ + τ̄ (42)

Of course, the Kähler potential in Eq.(42) is not invariant under the whole set of transformations in Eq.(41) because we ignored C_{ij} .

The KKLMMT moduli stabilization procedure is easily generalized to the case at hand. The Kähler moduli ρ_1, ρ_2 and ρ_3 are respectively stabilized by gauge fields living on the three stacks D7_1, D7_2 and D7_3. These nonperturbative potentials originate from gaugino condensation of super-YM SU(N_i) on the D7_i. The form of nonperturbative superpotential on D7_i is given by W_{np,i} ∼ e^{−ai/gY M i2} (43) § K as given in Eq(38) agrees with the Kähler potential obtained from the perturbed DBI action up to second order in ϕ_i and ψ_i. Eq.(38) is a natural generalization of the perturbed Kähler potential such that it has SO(3) symmetry with respect to ϕ_i when ρ_1 = ρ_2 = ρ_3 and also it respects the T-duality. In our discussions we assume the inflaton ϕ_i or ψ_i is small, so we need K only up to second order in those fields. But as discussed in the introduction, it would be an interesting exercise to see if Eq.(38) actually is the Kähler potential to all order in ϕ_i and ψ_i.

where a_i is a particular property of the gauge group living on the stack of D7_i, like N_i. On the other hand, from the four dimensional effective action point of view 1 g_{Y M i}^2 ∼ e^{−Φ}Re(ρ_i) . (44)

This implies that W_{np,i} ∼ e^{−aiτ ρi} . (45) Each W_{np,i} will stabilize ρ_i separately.

As we saw in the introduction, we can make a Kähler transformation to write the Kähler potential in a way that depends only on the real part of each ϕ_i, so that we now have three flat directions. For the simple geometry of T^6/Z_2, we can in fact illustrate the symmetry. Figure 1(a) shows a simple case of DD̄ inflation where the D3 moves parallel to the D7. Note that this is an illustration of a flat direction of the F-term potential, not the interbrane potential. The geometric analogy is much more difficult to visualize for K3 × T^2/Z_2.

Figure 1. Simple possibilities for inflation. (a) The D3 moves along a flat direction, parallel to a D7 brane. (b) Whether DD̄ or D3-D7 inflation occurs depends on the arrangement of branes.

This fits nicely with the physical picture described in [15], where the shift symmetry is understood by looking at the strong interaction between the mobile D3 and a heavy stack of D7 branes. The D3-brane can move around this stack of D7s either radially or azimuthally as it moves toward the D̄3 in the throat. If we consider open strings stretched between the D3 and the stack of D7s, their mass must be proportional to the radial distance between the branes. As long as the D3 moves along the azimuthal direction with a fixed radial distance from the D7s, the strong interaction between them will remain unchanged and that is what we interpret as the flat direction of V_F .

We can also see from this picture that the locations of the D3, D̄3 and D7 branes will decide which interaction drives inflation. For example, it is likely the D3 and D̄3 will not be aligned exactly along a flat direction, as in Figure 1(b). Then the D3-D7 interaction may be the source of the slow-roll. In a realistic case, we may expect to have several throats and several stacks of D7’s, so there may be many competing effects. Just the competition between two throats can lead to an enhanced possibility for slow-roll [51].

One final comment is in order regarding shift symmetry for inflation in the N = 2 case. Consider a T-duality along tori T_2 and T_3. As mentioned before ρ_1 → τ and ϕ_1 → ψ_1. The discussion of shift symmetry for (ρ_i, ϕ_1) is now mapped to (τ, ψ_1), and it is now the τ stabilization which should be scrutinized. In fact, the situation seems more severe than before, because τ is stabilized at the perturbative level. In GKP it was shown that the perturbative superpotential has a linear dependence on τ , which will in general give η ∼ 1.

To see this more explicitly, let us assume we have one Kähler modulus, ρ, and ψ_1 is the inflaton. At the perturbative level W = W (ρ, τ )‖. With K given as in (42) and with ϕ = 0 (dropping the D3 brane), we obtain

V_F = e^K (g^{ab̄}D_aW D_bW − 3|W |^2)

∼ 2τ W^2_τ − 2W W_τ +

W^2 2τ + W^2 2τ^2 ψ_1ψ̄_1 , (46)

where for simplicity we assumed τ = τ̄ and W = W̄ .

Defining

V_0 = 2τ W^2_τ − 2W W_τ +

W^2 2τ (47)

for τ at the stable location, one sees

m^2_{ψ1} =

W^2 2τ . (48)

In the limit where τ ≫ 1 (since τ = 1/g_s ), m^2_{s1} ∼ V_0. For the superpotential created by fluxes as in GKP with linear dependence on τ , one can easily verify that m^2_{s1} ∼ V_0. This demonstrates that τ stabilization would spoil the shift symmetry of ψ even at the perturbative level.

3. Comments on the Inflationary Potential

In this section we return to Eq.(3) and the many contributions to the inflationary potential. The presence of a shift symmetry guarantees that the F-term will not ruin slow-roll, but we still must check the other terms. Also, in a model without shift symmetry, slow-roll may still take place if any large contributions are cancelled by other terms. At the end of this section we will review progress toward constructing complete models and possible observational consequences.

3.1. α^′ Corrections

Among the considerations for calculating the slow-roll potential are α^′ corrections. In general, it is important to ensure that any corrections to the superpotential be consistent with Eq.(15) and any known corrections to the Kähler potential. In other words, one should check that all results are invariant under Kähler transformations.

‖ ψ appears only in cubic form in non-perturbative superpotential [29] and we can safely ignore it since ψ << ρ.

Leading order α^′ corrections to the superpotential are calculated in [18] for the T^2 × T^4/Z_2 model and generalized to T^6/Z_N (without moduli stabilization). A naive dimensional argument suggests a typical dimensionless parameter involving α^′ is α^′/L^2, where L is the size of the compactification manifold, which is typically a small number. So one might assume such corrections may be ignored. However, in specific KKLT like scenarios, there are additional scales generated in the vacuum, so one should check the size of the α^′ corrections.

In [18], the correction to the gauge coupling was calculated by the background field method. In the presence of background gauge field strength F with gauge field A_i and Wilson lines a, the one-loop contribution (from the torus, the Klein bottle, the Mobious strip and the cylinder) takes the form :

Λ_{1−loop} = Λ_0 + 1 8π^2

F^2Λ_2(a) (49)

where Λ_0 is a cosmological constant and Λ_2(a) is identified with 1-loop correction to the gauge coupling g^{−2}_{1−loop} = g^{−2}_{tree} + 1 4π^2

Λ_2(a)/ √ −g (50)

In this way, the authors determined the 1-loop correction in the 9- and 5-brane picture of Type II orientifold. After T-dualizing the 6 compact dimensions, they obtain the 3- and 7-brane picture, where the A_i of a D9-brane becomes the position ϕ_i of a 3-brane, which is identified as the inflaton. The result for the corrected gauge kinetic function on the D7 brane is

f^7 = −iρ − 1 4π^2 ln ϑ_1(ϕ, τ ) + . . . (51)

This gives a correction to the superpotential that can be expressed in terms of a function w(ϕ, τ ) as W_{np} ∼ Ce^{−af7} = w(ϕ, τ )e^{iaρ} (52) From here, the 1-loop contribution to the inflaton mass (or equivalently the 1-loop contribution to η) can be determined. The corrected inflaton mass is

m^2 ≃ 2H^2(1 − V_{AdS} V_{dS} Δ) (53)

where Δ ≃ 0.1. This matches the general form calculated in Appendix F of KKLMMT for the effect of introducing ϕ dependence in the superpotential. In KKLMMT the two scales are related by

V_{dS} = 3H^2 ≃ V_{AdS} + V¯_D = V_{AdS} + D σ^2

(54)

Generically, we expect that |V_{AdS} | > V_{dS} (since we want a small cosmological constant), so the α^′ correction can be quite significant. If |V_{AdS} | ≫ V_{dS} , then higher order α^′ corrections to the superpotential as well as to the Kähler potential will be very important, and it is very questionable if they can ever be reliably determined. If

|V_{AdS} | ∼ V_{dS} , then next order α^′ correction will be important as well, since we want to determine the slow-roll parameter to 1%.

As we have seen, the inflaton potential (and so η) depends on the particular combination G of the Kähler potential K and the superpotential W . The calculation in [18] so far includes only the 1-loop contribution to W . Since a Kähler transformation can move any contribution from K to W or vice versa, it will be important to find the 1-loop contribution to K and check to see if the contribution to G or η is indeed large. Also, the calculation was carried out in simplified versions of the realistic model. It is not entirely clear how valid extrapolation is to a KKLMMT model.

Kähler corrections can usually be ignored for large volumes (and KKLT easily obtains a large volume, which is also needed for the supergravity description to hold), but [32] argues that the no-scale structure of the KKLT models makes the corrections significant for the qualitative form of the potential. Their concern is with a possible solution to the cosmological constant problem, and does not directly impact the η question, but in general such corrections may be important. The form of perturbative corrections to the Kähler potential is worked out in [33]. The leading order is an α^{′3} term that depends on the dilaton and appears in the part of the Kähler potential that contains the Kähler modulus. Since the D3-brane moduli appear together with ρ, this changes the kinetic term for ϕ and so changes the rescaling that must be done to obtain the canonically normalized field. The form of non-perturbative corrections to the Kähler potential are discussed in [34], [35] and [36].

3.2. D-terms and brane interactions

Investigations of how D-terms may be useful in inflation predate the brane inflation scenario [37], [38], and continue to be discussed outside that framework [39], [40]. We will review this work as it nicely illustrates the difference between D- and F-terms and since investigations along these lines may uncover ideas useful in brane inflation.

The original idea of including D-terms was to solve the η problem which arises from F-terms only. The issue is that all scalars receive a mass of order m^2 ∼ H^2, which ruins slow-roll. But if the D-term dominates and the inflaton is not charged under the gauge group involved, ϕ gets a mass only through loop effects. This can be small enough to keep η ≪ 1. This scenario goes by the name “D-term inflation”. Despite the promise of small η, these models suffer from a runaway dilaton and are in numerical conflict with CMB measurements (the magnitude of the FI term is too large) [41]. They also predict cosmic strings that would contribute too much to density perturbations.

Much work has also been done to discuss D-terms in the brane inflation scenario. We will first outline some considerations that do not directly deal with the η question, but arise any time D-terms are present. In [42], it was found that adding D-terms to the potential gave rise to dS vacua. Although several mechanisms have been used to achieve de Sitter space, starting with KKLMMT who included D̄3 branes in the throat (and [43] which demonstrated that D̄3s are not necessary), the advantage of adding D-terms is that the action is fully supersymmetric. The D3-D7 brane inflation model [44] takes advantage of the benefits of D-term inflation to get slow-roll. This scenario has been well-established in the KKLMMT context by [17], [16], [45].

Furthermore, [12] found that when the standard model is included in the warped throat of a KKLT model, D-terms are naturally introduced. The idea is to include the standard model on a D3 (or anti-D3) brane localized at a fixed point at the tip of the throat. The blowing-up modes associated with the singularities combine with the axions needed for anomaly cancellation to give new complex moduli. These contribute to the 4D potential as a D-term. The resulting model has the many desired features: inflation, reheating, and the standard model. Numerical work is included in [12] illustrating several possible trajectories for the inflaton. From this, it appears that it is much easier to get less than 60 e-folds of inflation in string theory, leading the authors to suggest some modifications of the usual inflation scenario (such as two periods of inflation). Other work relating D-term inflation to brane inflation includes [11] and [46].

The final class of terms, interbrane interactions, received the most attention prior to KKLT. The inter-brane potential was the focus of most earlier brane inflation work, when it was simply assumed that some mechanism fixed the moduli. It was found that in general brane/anti-brane scenarios have a potential that is too steep to give slow roll. However, there are at least three known solutions to this problem, all of which can be used in the KKLMMT context. The first has already been discussed: inflation between branes in a warped throat works because the warp factor can flatten the potential (see Eq.(9)). The second is used in D3/D7 inflation, which takes advantage of the D-term scenario discussed in the previous section. The third possibility is to use branes at angles [4], [5]. Branes intersecting at multiple angles may provide a way to more naturally include realistic particle content (chiral fermions) [47]. Then the interbrane potential depends on the angle roughly as θ^3 in the constant A in Eq.(9). The potential may then be quite flat for small angles. Since T-duality relates the D3/D7 model to inflation between two sets of D5-branes at angles, this possibility may also be incorporated in the current discussion. Along with the D3/D7 model, this shares the advantage of not needing the warping, which simplifies calculations. Other work on DD̄ inflation includes [48], [49] and [50].

Typically, we require the brane interaction term to give slow roll and then focus on the other effects that may ruin inflation. However, a recent proposal [51] takes advantage of Coulombic interactions to balance other contributions. The picture there is a compactification with symmetric throats containing anti-D3 branes. For a D3 placed near the symmetry point, the inter-brane interactions cancel the contribution from the superpotential and the system then satisfies slow-roll.

3.3. Complete models and observation

The models discussed in §2 are not quite complete since they do not address the issue of stabilization of Kahler moduli. In [52], a series of examples is found that completely realizes the procedure outlined in KKLT. That is, the dilaton and complex structure are fixed with fluxes, meta-stable dS minima are available, and non-perturbative effects stabilize all the Kahler moduli. Mathematical requirements limit the models that can do all this, but among those that work are Fano threefolds. These have the additional advantage that they have been well studied and classified [53]. The main result for these models is that the procedure for fixing all moduli works in many cases but not generically. The models are constructed such that α^′ corrections can be ignored. There is a claim that mathematically any usable model must have more than one Kahler moduli, which is already a complication from the examples cited above, although [13] argues that this restriction is not necessary.

After checking that a particular model gives enough inflation and a reasonable spectrum of density perturbations, one can look for signatures that may distinguish string theory models. Details and consequences of D3/D7 inflation are considered in [45]. A detailed analysis of the results from a KKLT scenario, including a possible explanation of dark energy, is found in [54]. Cosmic strings as a consequence of brane inflation are developed in [55] and [56]. Work on cosmic strings as D- and F-strings includes [57], [58], [59], and [60]. The possibility that the cosmic strings formed may be semilocal is discussed in [45] and [61].

4. Conclusions

We have seen that in practice the question of slow-roll in stringy inflation models can become mired in detailed calculations, especially in realistic compactifications. In spite of this, we would like to know if slow-roll can be expected as a general feature. The simplest approach seems to be to look for shift symmetries: flat directions that preserve slow-roll regardless of the results of the more difficult calculations. Our main conclusion is that the evidence so far (from D3 − D̄3 and D3 − D7 models), indicates that shift symmetry, at least to first order, is generic and so we expect slow-roll to be possible.

From our sample calculations, we also see that T-duality is a useful check on the form of the Kähler potential. It may be interesting to use T-duality in a more complete model to find, for example, the dual description of the D3/D7 model as D5 branes at angles. We can also imagine extending this idea to see what can be found from checking mirror-symmetric descriptions. At the very least, we will learn something about moduli stabilization since we would exchange moduli that are currently stabilized by very different (perturbative vs. non-perturbative) methods.

Finally, we note that there are recent ideas for achieving inflation that do not rely on the types of calculations discussed here. For example, [62] and [64] make use of the higher order kinetic terms in the DBI action and a “speed limit” on the moduli space to find enough inflation without the need for a flat potential. This model has distinctive observational signatures which are discussed in [63]. In general, it predicts more non- Gaussianities in the CMB spectrum and more power in tensor modes than the usual scenarios. Ideally, observations will allow us to compare competing models.

Inflation 18

Acknowledgements I thank John Hsu, Renata Kallosh, Louis Leblond, Liam McAllister, Alex Saltman, Sash Sarangi and especially Hassan Firouzjahi and Henry Tye for valuable discussions.

[1] G. R. Dvali and S. H. H. Tye, Brane inflation, Phys. Lett. B 450, 72 (1999) [hep-ph/9812483]. [2] C. P. Burgess, M. Majumdar, D. Nolte, F. Quevedo, G. Rajesh and R. J. Zhang, The inflationary brane-antibrane universe, JHEP 0107, 047 (2001) [hep-th/0105204].

[3] J. Garcia-Bellido, R. Rabadan and F. Zamora, Inflationary scenarios from branes at angles, JHEP 0201, 036 (2002) [hep-th/0112147].

[4] N. Jones, H. Stoica and S. H. H. Tye, Brane interaction as the origin of inflation, JHEP 0207, 051 (2002) [hep-th/0203163].

[5] S. Buchan, B. Shlaer, H. Stoica and S. H. H. Tye, Inter-brane interactions in compact spaces and brane inflation, JCAP 0402, 013 (2004) [hep-th/0311207].

[6] S. B. Giddings, S. Kachru and J. Polchinski, Hierarchies from fluxes in string compactifications, Phys. Rev. D 66, 106006 (2002) [hep-th/0105097].

[7] S. Kachru, R. Kallosh, A. Linde and S. P. Trivedi, De Sitter vacua in string theory, Phys. Rev. D 68, 046005 (2003) [hep-th/0301240].

[8] S. Kachru, R. Kallosh, A. Linde, J. Maldacena, L. McAllister and S. P. Trivedi, Towards inflation in string theory, hep-th/0308055.

[9] E. Silverstein, TASI / PiTP / ISS lectures on moduli and microphysics, [hep-th/0405068]. [10] R. D’Auria, S. Ferrara and M. Trigiante, Orientifolds, brane coordinates and special geometry, [hep-th/0407138].

[11] R. Kallosh and A. Linde, P-term, D-term and F-term inflation, JCAP 0310, 008 (2003) [hepth/0306058].

[12] C. P. Burgess, J. M. Cline, H. Stoica and F. Quevedo, Inflation in realistic D-brane models, [hepth/0403119].

[13] L. Gorlich, S. Kachru, P. K. Tripathy and S. P. Trivedi, Gaugino condensation and nonperturbative superpotentials in flux compactifications, [hep-th/0407130].

[14] R. Kallosh and S. Prokushkin, Supercosmology, [hep-th/0403060].

[15] H. Firouzjahi and S. H. H. Tye, Closer towards inflation in string theory, Phys. Lett. B 584, 147 (2004) [hep-th/0312020].

[16] J. P. Hsu, R. Kallosh and S. Prokushkin, On brane inflation with volume stabilization, JCAP 0312, 009 (2003) [hep-th/0311077].

[17] J. P. Hsu and R. Kallosh, Volume stabilization and the origin of the inflaton shift symmetry in string theory, JHEP 0404, 042 (2004) [hep-th/0402047].

[18] M. Berg, M. Haack and B. Kors, Loop corrections to volume moduli and inflation in string theory, [hep-th/0404087].

[19] M. Berg, M. Haack and B. Kors, On the Moduli Dependence of Nonperturbative Superpotentials in Brane Inflation, [hep-th/0409282].

[20] K. Freese, Natural Inflation, http://www.slac.stanford.edu/spires/find/hep/www?irn=3844757 SPIRES entry [21] F. C. Adams, J. R. Bond, K. Freese, J. A. Frieman and A. V. Olinto, Natural inflation: Particle physics models, power law spectra for large scale structure, and constraints from COBE, Phys. Rev. D 47, 426 (1993) [hep-ph/9207245].

[22] K. Freese, J. A. Frieman and A. V. Olinto, Natural Inflation With Pseudo - Nambu-Goldstone Bosons, Phys. Rev. Lett. 65, 3233 (1990).

[23] O. DeWolfe and S. B. Giddings, Scales and hierarchies in warped compactifications and brane worlds, Phys. Rev. D 67, 066008 (2003) [hep-th/0208123].

[24] R. D’Auria, S. Ferrara, F. Gargiulo, M. Trigiante and S. Vaula, N = 4 supergravity Lagrangian for type IIB on T**6/Z(2) in presence of fluxes and D3-branes, JHEP 0306, 045 (2003) [hepth/0303049].

Inflation 19

[25] L. Andrianopoli, R. D’Auria, S. Ferrara and M. A. Lledo, 4-D gauged supergravity analysis of type IIB vacua on K3 x T**2/Z(2), JHEP 0303, 044 (2003) [hep-th/0302174].

[26] P. K. Tripathy and S. P. Trivedi, Compactification with flux on K3 and tori, JHEP 0303, 028 (2003) [hep-th/0301139].

[27] C. Angelantonj, R. D’Auria, S. Ferrara and M. Trigiante, K3 x T**2/Z(2) orientifolds with fluxes, open string moduli and critical points, Phys. Lett. B 583, 331 (2004) [hep-th/0312019].

[28] F. Koyama, Y. Tachikawa and T. Watari, Supergravity analysis of hybrid inflation model from D3-D7 system, Phys. Rev. D 69, 106001 (2004) [hep-th/0311191].

[29] D. Lust, S. Reffert and S. Stieberger, Flux-induced soft supersymmetry breaking in chiral type IIb orientifolds with D3/D7-branes, [hep-th/0406092].

[30] A. R. Frey and J. Polchinski, N = 3 warped compactifications, Phys. Rev. D 65, 126009 (2002) [hep-th/0201029].

[31] S. Kachru, M. B. Schulz and S. Trivedi, Moduli stabilization from fluxes in a simple IIB orientifold, JHEP 0310, 007 (2003) [hep-th/0201028].

[32] V. Balasubramanian and P. Berglund, Stringy corrections to Kähler potentials, SUSY breaking, and the cosmological constant problem, [hep-th/0408054].

[33] K. Becker, M. Becker, M. Haack and J. Louis, Supersymmetry breaking and alpha’-corrections to flux induced potentials, JHEP 0206, 060 (2002) [hep-th/0204254].

[34] T. Barreiro, B. de Carlos and E. J. Copeland, On non-perturbative corrections to the Kaehler potential, Phys. Rev. D 57, 7354 (1998) [hep-ph/9712443].

[35] T. Higaki, Y. Kawamura, T. Kobayashi and H. Nakano, Non-perturbative Kaehler potential, dilaton stabilization and Fayet-Iliopoulos term, Phys. Lett. B 582, 257 (2004) [hep-ph/0311315].

[36] P. Binetruy, M. K. Gaillard and Y. Y. Wu, Dilaton Stabilization in the Context of Dynamical Supersymmetry Breaking through Gaugino Condensation, Nucl. Phys. B 481, 109 (1996) [hepth/9605170].

[37] P. Binetruy and G. R. Dvali, D-term inflation, Phys. Lett. B 388, 241 (1996) [hep-ph/9606342]. [38] E. Halyo, Hybrid inflation from supergravity D-terms, Phys. Lett. B 387, 43 (1996) [hepph/9606423].

[39] T. Higaki, T. Kobayashi and O. Seto, D-term inflation and nonperturbative Kaehler potential of dilaton, JHEP 0407, 035 (2004) [hep-ph/0402200].

[40] T. Kobayashi and O. Seto, Dilaton and moduli fields in D-term inflation, Phys. Rev. D 69, 023510 (2004) [hep-ph/0307332].

[41] D. H. Lyth and A. Riotto, Particle physics models of inflation and the cosmological density perturbation, Phys. Rept. 314, 1 (1999) [hep-ph/9807278].

[42] C. P. Burgess, R. Kallosh and F. Quevedo, de Sitter string vacua from supersymmetric D-terms, JHEP 0310, 056 (2003) [hep-th/0309187].

[43] A. Saltman and E. Silverstein, The scaling of the no-scale potential and de Sitter model building, [hep-th/0402135].

[44] K. Dasgupta, C. Herdeiro, S. Hirano and R. Kallosh, D3/D7 inflationary model and M-theory, Phys. Rev. D 65, 126002 (2002) [hep-th/0203019].

[45] K. Dasgupta, J. P. Hsu, R. Kallosh, A. Linde and M. Zagermann, D3/D7 brane inflation and semilocal strings, [hep-th/0405247].

[46] E. Halyo, Inflation on fractional branes: D-brane inflation as D-term inflation, JHEP 0407, 080 (2004) [hep-th/0312042].

[47] M. Gomez-Reino and I. Zavala, Recombination of intersecting D-branes and cosmological inflation, JHEP 0209, 020 (2002) [hep-th/0207278].

[48] A. Buchel and A. Ghodsi, Braneworld inflation, [hep-th/0404151].

[49] A. Buchel and R. Roiban, Inflation in warped geometries, Phys. Lett. B 590, 284 (2004) [hepth/0311154].

[50] J. J. Blanco-Pillado et al., Racetrack inflation, JHEP 0411, 063 (2004) [hep-th/0406230]. [51] N. Iizuka and S. P. Trivedi, An inflationary model in string theory, [hep-th/0403203].

Inflation 20

[52] F. Denef, M. R. Douglas and B. Florea, Building a better racetrack, JHEP 0406, 034 (2004) [hep-th/0404257].

[53] B. R. Greene and M. R. Plesser, Duality In Calabi-Yau Moduli Space, Nucl. Phys. B 338, 15 (1990).

[54] M. R. Garousi, M. Sami and S. Tsujikawa, Inflation and dark energy arising from rolling massive scalar field on the D-brane, [hep-th/0402075].

[55] S. Sarangi and S. H. H. Tye, Cosmic string production towards the end of brane inflation, Phys.

Lett. B 536, 185 (2002) [hep-th/0204074].

[56] N. T. Jones, H. Stoica and S. H. H. Tye, The production, spectrum and evolution of cosmic strings in brane inflation, Phys. Lett. B 563, 6 (2003) [hep-th/0303269].

[57] E. J. Copeland, R. C. Myers and J. Polchinski, Cosmic F- and D-strings, JHEP 0406, 013 (2004) [hep-th/0312067].

[58] G. Dvali and A. Vilenkin, Formation and evolution of cosmic D-strings, JCAP 0403, 010 (2004) [hep-th/0312007].

[59] M. G. Jackson, N. T. Jones and J. Polchinski, Collisions of cosmic F- and D-strings, [hepth/0405229].

[60] J. Polchinski, Cosmic superstrings revisited, [hep-th/0410082].

[61] J. Urrestilla, A. Achucarro and A. C. Davis, D-term inflation without cosmic strings, Phys. Rev.

Lett. 92, 251302 (2004) [hep-th/0402032].

[62] E. Silverstein and D. Tong, Scalar speed limits and cosmology: Acceleration from D-cceleration, [hep-th/0310221].

[63] M. Alishahiha, E. Silverstein and D. Tong, DBI in the sky, [hep-th/0404084]. [64] X. g. Chen, Multi-throat brane inflation, [hep-th/0408084].