arXiv:1212.5831v1 [hep-th] 23 Dec 2012

Preprint typeset in JHEP style - HYPER VERSION IPPP/12/95

DCPT/12/190

Spinflation with backreaction

Dariush Kaviani^∗

Institute of Particle Physics Phenomenology, Department of Physics, Durham University, South Road, Durham, DH1 3LE, UK

Abstract: We study brane inflation in flux compactifications at the nonlinear level, solving the D3-brane DBI-equations of motion including backreaction from the D3- D7 brane potential and from perturbations of the warp factor. We first numerically compute the exact functional form of the Kähler modulus valid on the entire supergravity background and obtain a two-field potential along radial and harmonic directions. We find that a valid perturbative expansion on the entire supergravity background with the Kähler modulus integrated out adiabatically in DBI inflation requires hierarchies of scales that determine compactification parameters different from those typical in slow-roll models. Our numerical results then show that the DBI inflationary solutions are quite robust against these nonlinear corrections.

Keywords: String theory and cosmology; inflation.

∗Email: dariush.kaviani@durham.ac.uk

Contents

1. Introduction 1

2. Type IIB supergravity 3

3. Multifield D-brane inflation 9

4. Inflationary solutions 18

5. Summary and conclusions 21

1. Introduction

The isotropy and homogeneity of the universe suggests that in very early times after the big bang the universe must have gone through a period of rapid exponential expansion called inflation. The quest for deriving inflation from a fundamental theory has led to the construction of inflationary models within the framework of string theory. For embedding inflation into string theory, one has to specify a string compactification whose low-energy effective theory contains a suitable inflaton field and potential. The many moduli fields that arise from Calabi-Yau compactifications can provide a large number of candidate scalar fields in the four-dimensional theory and any of these scalar fields may play the role of the inflaton field. However, moduli fields are generically either massless, or have a potential with runaway behaviour, which makes their interpretation as inflatons rather difficult. In addition to this, the computation of the effective potential in terms of all these scalar fields and degrees of freedom is a highly nontrivial task. Nevertheless, by considering the systematics of flux compactifications [1] and nonperturbative effects [2] in string theory, it is possible to reduce the degrees of freedom and stabilize all the moduli fields as required for a suitable model of inflation.

One particular way of constructing string inflationary models has been within the ‘KKLT’ framework, [2], according to which the older idea of brane inflation [3–6] is realised via the motion of a brane in the compact extra dimensions [7]. It was shown in [7] that the potential of the D3-brane in a Calabi-Yau flux compactification of type IIB theory [1] with the Kähler moduli stabilized according to [2] receives corrections that make the inflaton potential too steep for slow-roll inflation. It was

– 1 – also conjectured in [7] that further compactification corrections to the inflaton potential may lead to a finely tuned cancellation of correction terms, so that the inflaton potential can be made flat. Major progress in this direction was made when these corrections were computed from ultraviolet deformations of the warped throat geometry and applied to explicit brane inflation models [8–22] (see also the reviews [23–29]). In these models the flattening of the inflaton potential is analysed under fine tuning and vast scanning of the compactification parameters. In particular, in the ‘delicate universe’ models studied in [12, 14, 15] it was shown that the inflaton potential can be made flat only in small region around an inflection point; elsewhere the potential remains steep. However, whether or not the potential can be made flat to realise slow-roll conditions, inflation can occur by the DBI effect with high speed and steep potentials [30, 31]. But the usual approach taken by the DBI brane inflation models in the literature is to consider brane motion in an imaginary self-dual (ISD) compactification in which the effects of moduli stabilization and backreaction are not included.

Any successful brane inflation model has to include the effects of compactification and moduli stabilization, which induce important corrections to the inflaton action. One particular correction from moduli stabilization is the departure of the ISD solution which induces harmonic dependence in the action of the probe D3-brane, [13–18], which has been studied to some extend in [19–21] and analysed in more detail in [32]. In previous work [32], we solved the DBI brane equations of motion in the warped deformed conifold [33] with harmonic dependent corrections from linearized perturbations around the ISD solution. We showed that just as angular motion increases the number of e-foldings (spinflation) [34–37], having additional angular dependence from linearized corrections also increases the number of e-foldings. However, this line of analysis considered multifield effects in D-brane inflation from only linearized perturbations around the ISD supergravity solution. In this paper, we extend our previous analysis [32] by including further harmonic dependent corrections from nonlinear perturbations around the ISD solution, which also contribute to the inflaton action. In the noncompact limit, non-linear perturbations are dominated by imaginary anti-self-dual (IASD) fluxes sourced by moduli stabilizing wrapped D7-branes and the flux induced potential for the probe D3-brane in ten-dimensional supergravity equals the nonperturbatively-generated D3-D7 potential in four-dimensional supergravity [18].

One particular motivation of extending our previous analysis [32] by including such nonperturbative corrections is the possibility of increasing the amount of inflation and decreasing the level of non-Gaussianity due to backreaction effects [17]. The backreaction on the mobile D3-brane is sourced by itself [13]. The D3-brane in a flux compactification containing holomorphically embedded D7-branes corrects the warp factor which in turn corrects the warped volume of four-cycles wrapped by D7-branes. This then corrects the D3-D7 potential causing the backreaction on the D3-brane.

– 2 –

The perturbations of the warp factor are given by the Green’s function and correct the γ_{DBI}-factor which controls the level of non-Gaussianity. The Green’s function solves the noncompact supergravity equation of motion describing the perturbations around the ISD solution sourced by IASD fluxes and may be expanded in an infinite set of eigenstates of the Laplacian containing harmonic dependent hypergeometric functions [38, 39].

In this paper we solve the D3-brane equations of motion from the DBI action in the warped deformed conifold [33] with harmonic dependence from the leading correction terms of the warp factor and the D3-D7 potential. To solve the brane equations of motion, we note that the D3-brane potential including nonperturbative corrections depends on the functional form of the Kähler modulus and that of the D7-brane embedding. For the Kuperstein embedding of D7-branes [40] and a simple choice of an harmonic dependent trajectory on the deformed conifold, we integrate out the Kähler modulus and reduce the multifield D3-brane potential to a simple two-field potential depending on one radial and one harmonic direction of the conical geometry. In our numerical integrations we integrate out the Kähler modulus by computing its exact functional form valid on both the infrared (IR) and ultraviolet (UV) regions of the supergravity background. We find that computing the Kähler modulus within the adiabatic approximation in DBI inflation requires certain hierarchies of scales which determine the set of compactification parameters different from those in slow-roll models. Integrating the brane equations of motion for the consistent choice of parameters with the numerically computed Kähler modulus shows that the DBI inflationary solutions are quite robust against non-linear harmonic dependent corrections from perturbations of the warp factor and the D3-D7 brane potential.

The paper is organized as follows. In section 2, we outline our supergravity background and specialize to the warped deformed conifold. In section 3, we consider the general set up for brane inflation in the warped deformed conifold deriving the explicit form of our D3-brane potential and its relating DBI brane equations of motion. In section 4, we present our numerical results. We first determine the relevant parameter space and compute the Kähler modulus. We then solve the DBI brane equations of motion. In section 5, we conclude with a brief discussion.

2. Type IIB supergravity

The setting that we choose for our brane inflationary analysis is the Calabi-Yau flux compactification of type IIB theory containing a warped throat region generated by fluxes [1]. We therefore consider backgrounds in low-energy IIB supergravity, which in the Einstein frame can be represented by the action

– 3 –

S_{IIB} = 1 2κ^2_{10} { ∫ d^{10}x √ |g| [ R_{10} − | ∂τ|^2 2(Imτ)^2 − | G_3|^2 12 Imτ − | F̃_5|^2 4 · 5 ! ]

+ 1 4i ∫ C_4 ∧ G_3 ∧ G^∗_3

Im(τ)

+ S_{loc} } . (2.1)

Here S_{loc} stands for localized contributions from D-brane and orientifold planes; τ = C_0 + ie^{−iϕ} is the axion-dilaton field; G_3 = F_3 − τH_3 is the combination of the R–R and NS–NS three-form fluxes F_3 = dC_2 and H_3 = dB_2 (with C_2 and B_2 being the R–R and NS–NN two-forms, respectively); C_4 is the R–R four-form; F̃_5 = dC_4 −^1_2 C_2 ∧ H_3 +^1_2 B_2 ∧ F_3 is the self-dual five-form, F̃_5 = ⋆_{10}F̃_5, with ⋆_{10} denoting the ten-dimensional Hodge-star operator; R_{10} is the ten-dimensional Ricciscalar; κ^2_{10} =^1_2 (2π)^7α^{′4}g^2_s is the ten-dimensional gravitational coupling.

In a flux compactification we may take the line element of the form

ds^2_{10} = h^{−1/2}(y)ds^2_4 − h^{1/2}(y)ds^2_6, (2.2)

where h is the warp factor depending only on the internal coordinates y := y^m, ds^2_6 is the metric on the internal manifold and ds^2_4 is the four-dimensional flat metric, which will be the FRW metric for cosmological analysis.

Following [1], we take the self-dual five-form to be given by

F̃_5 = (1 + ⋆_{10}) [ dα(y) ∧ dx^0 ∧ dx^1 ∧ dx^2 ∧ dx^3 ] , (2.3)

in the Poincare invariant case, where α(y) is a function of the internal coordinates. The Einstein equations and five-form Bianchi identity then imply

Δ_{(0)}Φ_± = e^Φ 24h^2

| G_±|^2 + h|∇Φ_±| + R_4 + local (2.4)

where Δ_{(0)} is the Laplacian with respect to the six-dimensional unperturbed Calabi- Yau metric g^{(0)}mn, and

G_± ≡ (i ± ⋆_6)G_3, Φ_± ≡ 1 h ± α. (2.5)

The equation of motion for the three-form flux is

dΛ + i 2 dτ Im(τ)

∧ (Λ + Λ̄) = 0, (2.6)

where by definition

Λ ≡ Φ_+G_− + Φ_−G_+. (2.7)

– 4 –

For G_− = 0, i.e. ⋆_6G_3 = iG_3 , the flux G_3 is imaginary self-dual (ISD), the background metric is Calabi-Yau with the five-form flux given by α = h^{−1} [1]. The background that satisfies these conditions is called ISD. The specific example of such a background that we are interested in is the warped deformed conifold [33]. The deformed conifold is a noncompact and nonsingular Calabi-Yau three-fold in C^4 defined by the following constraint equation: 4∑ A=1 (z_A)^2 = ϵ^2. (2.8)

where {z_A, A = 1, 2, 3, 4} represent the local complex coordinates in C^4 , and ϵ is the deformation parameter which can be made real by phase rotation. For vanishing ϵ, Eq. (2.8) gives the singular conifold and describes a cone over a five-dimensional Einstein manifold X_5. For us the nonsingular limit is relevant in which X_5 is the [ SU(2) × SU(2) ] / U(1) coset space T^{1,1} of topology S^2 × S^3 parametrised by a set of five Euler angles Ψ = {θ_i, φ_i, ψ} with 0 ≤ θ_i ≤ π, 0 ≤ φ_i ≤ 2π, 0 ≤ ψ ≤ 4π (i = 1, 2), and the would-be singularity at the tip, r = 0, is replaced by a blown-up S^3 of T^{1,1} amounting to the deformation measured by ϵ. The base of the cone can be parametrised by the coordinates y_i in a standard way [41]

y_1 = 1 √ 2 ( cos θ_1 2 cos θ_2 2 e^{i2 (φ1+φ2+ψ)} − sin θ_1 2 sin θ_2 2 e^{− i2 (φ1+φ2−ψ)} ) , (2.9)

y_2 = i √ 2 ( cos θ_1 2 cos θ_2 2 e^{i2 (φ1+φ2+ψ)} + sin θ_1 2 sin θ_2 2 e^{− i2 (φ1+φ2−ψ)} ) , (2.10)

y_3 = − 1 √ 2 ( cos θ_1 2 sin θ_2 2 e^{i2 (φ1−φ2+ψ)} + sin θ_1 2 cos θ_2 2 e^{i2 (φ2−φ1+ψ)} ) , (2.11)

y_4 = i √ 2 ( cos θ_1 2 sin θ_2 2 e^{i2 (φ1−φ2+ψ)} − sin θ_1 2 cos θ_2 2 e^{i2 (φ2−φ1+ψ)} ) . (2.12)

In terms of these, the coordinates of the deformed conifold in (2.8) can be written as

z_1 = ϵ √ 2 (e^{η2} y_1 + e^{− η2} y_1), z_2 = ϵ √ 2 (e^{η2} y_2 + e^{− η2} y_2),

z_3 = ϵ √ 2 (e^{η2} y_3 + e^{− η2} y_3), z_4 = ϵ √ 2 (e^{η2} y_4 + e^{− η2} y_4), (2.13)

where η is the ‘radial coordinate’. The six-dimensional Calabi-Yau metric, ds^2_6, on the deformed conifold can be obtained from the Kähler potential given as [41] k(η) = ϵ^{4/3} 2^{1/3} ∫_η 0 dη^′[sinh(2η^′) − 2η^′]^{1/3}. (2.14)

Here we note that this Kähler potential is derived from the relation

– 5 – r^3 = 4∑ A=1 |z_A|^2 = ϵ^2 cosh η, (2.15)

and the metric for the deformed conifold reads as [41]

ds^2_6 = 1 2 ϵ^{4/3}K(η) [ 1 3K(η)^3

{dη^2 + (ω^5)^2} + cosh^2 η 2 { 1 2 4∑ i=1 (ω^i)^2 + 4∑ i≠j=1 ω^iω^j }

+ sinh^2 η 2 { 1 2 4∑ i=1 (ω^i)^2 − 4∑ i≠j=1 ω^iω^j }] , (2.16)

where

ω^1 = − sin θ_1dφ_1, ω^2 = dθ_1, ω^3 = cos ψ sin θ_2dφ_2 − sin ψdθ_2, ω^4 = sin ψ sin θ_2dφ_2 + cos ψdθ_2, ω^5 = dψ + cos θ_1dφ_1 + cos θ_2dφ_2, (2.17) and K(η) = (sinh(2η) − 2η)^{1/3} 2^{1/3} sinh η

. (2.18)

The proper radial coordinate which measures the actual distance up the throat in the six-dimensional metric is given by r(η) = ϵ^{2/3} √ 6 ∫_η 0 dx K(x) . (2.19)

The warping in this background is induced by the presence of type IIB background fluxes including M units of F_3 flux through the cycle A and −K units of H_3 flux through the cycle B. Due to the presence of three-form fluxes the above background emerges as a solution to Einstein’s equations and the resulting supergravity background is described by a throat with its tip being located at a finite radial coordinate r_{IR} while at r_{UV} the throat is glued into an unwarped bulk geometry. The warp factor is given in terms of the η coordinate as [33]

h_{KS} = 2(g_sMα^′)^2 ϵ^{−8/3} I(η), (2.20) I(η) ≡ ∫_∞ η dx x cosh x − 1 sinh^2 x

(sinh x cosh x − x)^{1/3}. (2.21)

At small and large radius, the warp factor takes the form:

– 6 – h_{KS} =

2(g_sMα^′)^2ϵ^{−8/3} ( 0.5699 − 2ϵ^{−4/3 r2}_3 ) ; η → small 27 8 (g_sMα^′)^2 r^4 ( ln^{r3}_{ϵ2} + ln^{4√2}_3^√_3 −^1_4 ) ; η → large

In an ISD compactification such as the warped deformed conifold, only the complex-structure moduli are stabilized but not the Kähler moduli. Embedding the warped throat into the Calabi-Yau sector with Kähler moduli stabilized breaks the no-scale structure and induces perturbations around the ISD solution. In the noncompact limit (M_{pl} → ∞), these perturbations are sourced by non-linear effects including only IASD fluxes. These fluxes satisfy the IASD conditions [17]

dΛ = 0, where ⋆_6 Λ = −iΛ (2.22) on general Calabi-Yau cones. The perturbations of Φ_− around ISD conditions containing IASD fluxes as the dominant source satisfy the second-order supergravity equation of motion [17, 18]

Δ_{(0)}Φ_− = g_s 96 |Λ|^2, (2.23)

where Δ_{(0)} is the Laplacian obtained from the unperturbed Calabi-Yau metric g^{(0)}mn, as before. The solution of Eq. (2.23) can always be written as the sum of first order homogeneous and second order inhomogeneous solution in the form [17, 18]:

Φ_−(y) = Φ^{(1)}_− (y) + Φ^{(2)}_− (y), (2.24) where the homogeneous solution satisfies the Laplace equation

Δ_{(0)}Φ^{(1)}_− (y) = 0. (2.25) A particularly simple solution of the Laplace equation on the deformed conifold takes the form [32]

Φ^{(1)}_− (η, θ) ∝ (cosh η sinh η − η)^{1/3} cos θ. (2.26) The inhomogeneous solution can always be written in the form:

Φ^{(2)}_− (y) = g_s 96 ∫ d^6y^′G(y; y^′)|Λ|^2(y^′), (2.27)

where

Δ_{(0)}G(y; y^′) = δ(y − y^′). (2.28) Here and in what follows y denotes a collective internal coordinate consisting of the radial and six angular directions, where the later will always be denoted by Ψ. On a

– 7 – general Calabi-Yau cone with Kähler form J and holomorphic (3,0) form Ω, we may turn on (1,2) flux, Λ_1, and a non-primitive (2,1) flux, Λ_2 [17, 18]:

Λ_1 = ∂∂f_1Ω̄, Λ_2 = ∂f_2 ∧ J, (2.29)

with f_1 and f_2 being holomorphic functions. The solution (2.27) takes the form [17, 18]: Φ^{(2)}_− (y) = g_s 32 [ K^{ΣΞ̄}∂_Σf_1∂_Ξf_1 + 2|f_2|^2 ] , (2.30)

where K^{ΣΩ̄} is the Kähler metric. For a specific choice of the f_i’s, Eq. (2.30) determines the explicit solution of Eq. (2.23) up to harmonic terms.

In the IR region of the throat where η is small, the Green’s function is that of the deformed conifold and takes the form [39]

G(y; y^′) = G(η, y_4; e_0) = −

3^{2/3} 2^{8/3}π^3ϵ^{8/3} ∑ j=0,^1_2 ,1,... j∑ m=−j √ 2j + 1 η F_{jm}(y_4, y_4), (2.31)

where e_0 parametrizes the blown up S^3 at η = 0 and F_{jm} stand for the hypergeometric functions given by

F_{0,0} = 1, F 1_{2 ,} 1_2 = 2y_4, F 1_{2 ,−} 1_2 = 2y_4, F_{1,1} = 2 √ 3y^2_4 ,

F_{1,0} = − √ 3(1 − 4y_4y_4), F_{1,−1} = 2 √ 3y^2_4, F 3_{2 ,} 3_2 = 4 √ 2y^3_4, F 3_{2 ,} 1_2 = −4 √ 2y_4(1 − 3y_4y_4), F 3_{2 ,−} 1_2 = −4 √ 2y_4(1 − 3y_4y_4),

F 3_{2 ,} 3_2 = 4 √ 2y^3_4. (2.32)

In the UV region of the throat where η is large, we may introduce another radial coordinate r through r^3 ∼ ϵ^2e^η (see Eq. (2.15)) and the Green’s function is that of the singular conifold given by [13]

G(y; y^′) = ∑ L Y^∗_L (Ψ^′)Y_L(Ψ) 2 √ Λ_L + 4 × 1 r^{′4} ( r r^′ )_c+_L r ≤ r^′ 1 r^4 ( r^′ r )_c+_L r ≥ r^′ (2.33)

with the harmonic eigenfunctions

Y_L(Ψ) = Z_{j1,m1,R}(θ_1)Z_{j2,m2,R}(θ_2)e^{im1φ1+im2φ2} e^{i2 Rψ}, (2.34)

– 8 –

Z^I_{ji,mi,R}(θ_i) = N^I_L(sin θ_i)^{mi} ( cot θ_i 2 )_{R/2} × 2F_1 ( − j_i + m_i, 1 + j_i + m_i, 1 + m_i − R 2 ; sin^2 θ_i 2 ) , (2.35)

Z^{II}_{ji,mi,R}(θ_i) = N^{II}_L (sin θ_i)^{R/2} ( cot θ_i 2 )_{mi} × 2F_1 ( − j_i + R 2 , 1 + j_i + R 2 , 1 − m_i + R 2 ; sin^2 θ_i 2 ) . (2.36)

The normalization factors N^{I/II}_L relation is given by

V_T 1,1

∫_1 0 dx[Z_{j1,m1,R}(x)]^2 ∫_1 0 dy[Z_{j2,m2,R}(y)]^2 = 1. (2.37)

In the above relations_2F_1(a, b, c; d) stands for hypergeometric functions; L is a multiindex with the data L ≡ (j_1, j_2), (m_1, m_2), R, where j_1 and j_2 are both integers or half-integers with m_1 ∈ {−j_1, · · · , j_1} and m_2 ∈ {−j_2, · · · , j_2}; Λ_L = 6(j_1(j_1 + 1) + l_2(j_2+1)−R^2/8) denotes the spectrum of the full wave function and the eigenfunctions transform under SU(2)_1 × SU(2)_2 as the spin (j_1, j_2) representation and under the U(1)_R with charge R; c^+_L ≡ −2 ± √ Λ_L + 4.

3. Multifield D-brane inflation

We now embed a mobile D3-brane in the supergravity background described in the previous section and analyse its the four-dimensional effective action. In the supergravity background with metric ansatz (2.2) the effective action takes the form

I = M_{P l} 2 ∫ d^4x √ −gR − g^{−1}_s ∫ d^4x √ −g [ h^{−1}(γ^{−1}_{DBI} − 1) + V (ϕ^m) ] , (3.1)

γ^{−1}_{DBI} = √ 1 − hg_{mn}g^{μν}∂_μϕ^m∂_ν ϕ^n. Here g_s is the string coupling, and M_{pl} is the Planck-mass. The first term in this action is the ordinary four-dimensional Einstein-Hilbert action, which arises from dimensional reduction of the closed string sector of the ten-dimensional action. The second part contains the action that controls the dynamics of the fields, parametrizing the position of the brane along the internal coordinates, ϕ^m. In a strongly warped region, h ≫ 1, the kinetic energy’s pre-factor of h^{−1} in Eq. (3.1) suppresses it relative to V (ϕ^m) even when the motion is relativistic.

To study brane inflation, we will take the position of the D3-brane to be homogeneous, ϕ^m = ϕ^m(t), and we will consider the four-dimensional metric to be the

– 9 – standard unperturbed FRW metric:

ds^2_4 = g_{μν} dx^μdx^ν = dt^2 − a^2(t)dx^2, (3.2)

where a(t) is the scale factor. The variation of the later part of the action (3.1) with respect to the metric produces the energy-momentum tensor, which has the form of a perfect fluid with its energy density and pressure given by:

E = T_3(h^{−1}[γ_{DBI} − 1] + V ], (3.3) P = T_3(h^{−1}[1 − γ^{−1}_{DBI}] + V ]. (3.4)

Here T_3 = ((2π)^3α^{′2})^{−1} is the D3-brane tension. The full equations of motion are:

H^2 = E 3M^2_{pl}

, (3.5)

Ḣ = −(E + P )

2 M^2_{pl}

, (3.6) 1 a^3 d dt [ a^3γ_{DBI} g^{(0)}_{mn} ϕ̇^n ] = −T_3γ_{DBI} ( γ^{−1}_{DBI} − 1

)_2 ∂_mh 2h^2 + γ_{DBI} 2 ∂g^{(0)}_{ln} ∂ϕ^m ϕ̇^lϕ̇^n − ∂_mV, (3.7)

where g^{(0)}mn is the unperturbed Calabi-Yau metric, as before. The Planck-mass, M_{pl}, appearing above is bounded by the UV-scale as [32]:

M^2_{pl} > ϵ^{4/3}g_sM^2T_3 6π J(η_{UV}), (3.8)

where J(η) = ∫ I(η) sinh^2 η with I(η) given by (2.21).

The D3-brane potential appearing in the above equations of motion is:

T_3V = 1 2 m^2ϕ^2 + T_3Φ_−. (3.9)

Here the first term is a mass term generated for the canonical inflaton ϕ = √ T_3r(η), which by (3.10) takes the form:

ϕ = ϵ^{2/3} √ T_3 6 ∫_η 0 dx K(x) . (3.10)

We note that the normalization is strictly dependent on the position of the brane, which affects the volume modulus (see e.g. [13–18]), and also on the trajectory of the brane, even in the slow roll approximation, due to the inflaton, ϕ, being a sigma model field, [43–45]. The last term in (3.9) arises from perturbations around the noncompact (ISD) supergravity solution described by Eq. (2.23). The homogeneous

– 10 – linearized solution of Eq. (2.23) is given by (2.26). The inhomogeneous non-linear solution of Eq. (2.23) given in its implicit form as (2.30) equals the nonperturbatively generated D3-brane F-term potential in four-dimensional supergravity [18]. The Fterm potential takes the following form: V_F = e^{κ2K} [ D_ΣW K^{ΣΞ}D_ΞW − 3κ^2W W ] , (3.11)

where {z^Σ} ≡ {ρ, z_α; α = 1, 2, 3} and D_ΣW = ∂_ΣW + κ^2(∂_ΣK)W with K and W denoting the Kähler potential and superpotential, and κ^2 = M^{−2}_{pl} with M^2_{pl} bounded by (3.8). From (3.8) one can see that large η_{UV} implies large M_{pl}. In the noncompact limit (M_{pl} → ∞), the F-term potential (3.11) takes the form

V_F = K^{ΣΞ}∂_ΣW ∂_ΞW . (3.12)

For any holomorphic function W on the conical geometry, we may turn on the flux

Λ_Σ¯_Ξ¯_Γ = ∂_Σ∂_ΥW K^{ΥΘ̄}Ω̄¯_Θ¯_Ξ¯_Γ = ∂∂W · Ω̄, (3.13)

where Ω is the holomorphic (3, 0)-form. Solving Eq. (2.23) for Eq. (3.13) gives [18]

T_3Φ_− = K^{ΣΞ̄}∂_ΣW ∂_ΞW . (3.14)

The Kähler potential, K, depends on the complex Kähler modulus ρ = σ + iχ, and on the D3-brane position, {z_α, z̄_α}, [46]

K(z^α, z̄^α, ρ, ρ̄) = −3κ^{−2} log[ρ + ρ̄ − γk(z^α, z̄^α)] ≡ −3κ^{−2} log U(z, ρ). (3.15)

Here k(z^α, z̄^α) is the so-called ‘little’ Kähler potential of the Calabi-Yau manifold, κ^2 = M^{−2}_{pl} as before, and γ is a normalization factor given by γ = σ_0T_3 3M^2_{pl}

(3.16)

where σ_0 denotes the value of σ when the D3-brane is at its stabilized configuration [8, 14]. The Kähler metric and its inverse take the form [8]

K_{ΞΣ} = 3 κ^2U^2 ( 1 −γk¯_β −γk_α Uγk_α¯_β + γ^2k_αk¯_β ) , (3.17)

K^{ΔΓ} = κ^2U 3 ( U + γk_γ k^{γδ̄}k_{γ̄} k_γ k^{γβ̄} k^{αδ̄} k¯_δ^1_γ k^{αβ̄} ) , (3.18)

where k_α¯_β ≡ ∂_α∂¯_βk is the Calabi-Yau metric, and k_α ≡ k_{,α}. The superpotential W , also depends on the D3-brane positions, {z_α}, and is given by

– 11 –

W (ρ) = W_0 + A(z^α)e^{−aρ}. (3.19)

The first part of the superpotential is the Gukov-Vafa perturbative superpotential [47]. The second part in the superpotential comes from nonperturbative effects sourced by moduli stabilizing D7-branes wrapping certain four-cycles in the compactification and a = 2π/n is a constant with n denoting the number of wrapped branes. The inflaton dependence of the superpotential is induced by the interaction between the inflationary D3-brane and wrapped D7-brane. The displacement of the D3-brane in the compactification slightly modifies the supergravity background, perturbing the warp factor, h = h_{KS} + δh, which corrects the warped volume of four-cycles from D7-branes. This then corrects the D3-D7 potential inducing the backreaction on the mobile D3-brane. The prefactor in the nonperturbative part of (3.19) computed from corrections to the warped background takes the form [13]:

A(z^α) = A_0 [ f(z^α) f(0) ]_{1/n} , (3.20)

where f(z^α) denotes the holomorphic embedding function of D7-branes depending on the D3-brane coordinates and A_0 is a constant.

According to this and (3.17) - (3.18), the scalar potential (3.11) takes the form [8, 14]

V_F (z^α, z̄^α, ρ, ρ̄) = κ^2 3U(z, ρ)^2 {[ U(z, ρ) + γk^{γδ̄}k_γ k¯_δ ] |W_{,ρ}|^2 − 3(W W_{,ρ} + c.c.) }

+ κ^2 3U(z, ρ)^2 [( k^{αδ̄}k¯_δW_{,ρ̄}W_{,α} + c.c. ) + 1 γ k^{αβ̄} W_{,α}W_,¯_β ] . (3.21)

The first part in Eq. (3.21) is the standard KKLT F-term potential, and the second part arises exclusively from corrections to the nonperturbative superpotential. By considering appropriate formulas for the various terms in the potential (e.g. see [12]), it is straightforward to show that the F-term potential (3.21) takes the functional form V_F = V_F (z_1 + z̄_1, |z_1|^2, η, σ, χ). To obtain the explicit form of the potential, we need to specify an embedding for D7-branes. For the Kuperstein embedding of D7-branes [40], we have

f(z_1) = μ − z_1 = 0. (3.22)

Thus the prefactor of the nonperturbative superpotential, Eq. (3.20), and its derivative with respect to the independent coordinates take the form

A(z_1) = A_0 ( 1 − z_1 μ )_{1/n} , (3.23)

– 12 –

A_i(z_1) = −

A_0 nμ ( 1 − z_1 μ )_{1/n−1} δ_{i1}. (3.24)

To obtain a simple trajectory depending only on one harmonic mode, say θ_1 = θ, we fix the rest of angular directions of T^{1,1} by imposing the following constrains

φ_1 − φ_2 ± ψ 2 = ± π 2 , φ_1 + φ_2 + ψ 2 = π, ψ − φ_1 − φ_2 2 = 0, θ_2 = 0. (3.25)

Accordingly to this, the coordinates on the deformed conifold read as

z_1 = −ϵ cosh ( η 2 ) cos ( θ 2 ) , z_2 = −iϵ sinh ( η 2 ) cos ( θ 2 ) , z_3 = −iϵ sinh ( η 2 ) sin ( θ 2 ) , z_4 = +ϵ cosh ( η 2 ) sin ( θ 2 ) . (3.26)

The imaginary part of the Kähler modulus can be integrated out by e^{iaχ} A → 1 |A| . (3.27)

Accordingly, the four-dimensional supergravity potential is^1

V_F =

2κ^2a^2_n|A_0|^2e^{−2anσ} U^2 |g(η, θ)|^{2/n} × { U 6 + 1 a_n ( 1 − |W_0| |A_0| e^{an σ} g(η, θ)^{1/n} ) + F (η, θ) } , (3.28)

where

F (η, θ) = γ 4 ϵ^{4/3}K^4 sinh^2 η − ϵK^3 anμg cos ( θ 2 ) cos ( η 2 ) sinh^2 ( η 2 )

+ ϵ^{2/3}K^2 4n^2a^2μ^2γg^2 [ sinh^2 ( η 2 ) cos^2 ( θ 2 ) + 2 3K^2 sin^2 ( θ 2 )] . (3.29)

Here we have defined U(η, θ) = 2σ(η, θ) − γk(η), (3.30) 1It is straightforward to check that for θ = 0 our two-field potential (3.28) coincides with the single field potential derived in [12].

– 13 – g(η, θ) = 1 + ϵ μ cosh ( η 2 ) cos ( θ 2 ) . (3.31)

Compactifying the warped deformed conifold throat via attaching it to the compact Calabi-Yau space at some finite radius r_{UV} requires Kähler modulus stabilization. This involves integrating out σ by the assumption that it evolve adiabatically while remaining in its instantaneous minimum σ_∗(η, θ) using the following equation:

∂(V_F + V_{uplift})(η, θ) ∂σ | | | σ_⋆(η,θ) = 0. (3.32)

Here we have added a D-term potential V (η, σ) = D_{uplift}/U(η, σ)^2 which is needed to uplift KKLT AdS minimum to a dS minimum. The uplifting can be sourced by distant anti-D3-branes or wrapped D7-branes. The instantaneous minimum of σ is denoted by σ_∗ including a shift due to its coordinate dependence induced by adding a mobile D3-brane to the compactification. The functional form of σ_∗ can be determined by the numerical solution of the transcendental equation (3.32), which we will solve in the next section. Before turning to numerical computation, we need to look at the minimum of the D3-D7 potential which specifies σ_F and D_{uplift} and constrains the rest of parameters on which these depend.

The critical value σ_F of the Kähler modulus before uplifting is determined by the condition D_σW |_{η=0, θ=0, σF} = 0, or equivalently [2], e^{aσF} = |A_0| |W_0| ( 1 + 2 3 aσ_F ) g(0, 0)^{1/n} ⇒ ∂V_F ∂σ | | |_{σF} = 0, (3.33)

where g is given by (3.31). We may write this in the form:

σ_F = 1 a log [ |A_0| |W_0| ( 1 + 2 3 aσ_F )( 1 + ϵ μ )_{1/n}] . (3.34)

From Eq. (3.28) and Eq. (3.33) we note that

V_F (0, σ_F ) = −

3a^2κ^2W^2_0 2σ_F (3 + 2aσ_F )^2

. (3.35)

The uplifting parameter is given by s = V_{uplift}(0, σ_F ) |V_F (0, σ_F )| with V_{uplift}(0, σ_F ) =

D_{uplift} 4σ^2_F

. (3.36)

From this we obtain

D_{uplift} =

6s a^2κ^2W^2_0 σ_F (3 + 2aσ_F )^2

. (3.37)

– 14 –

Here 1 ≤ s ≤ 3 to avoid decompactification, a is determined by the choice of n, κ depends on the UV cut-off, and the value of σ_F can be derived from Eq. (3.34) once the set of parameters {ϵ, μ, n, s, |A_0|, |W_0| } are specified. We also note that uplifting the KKLT AdS minimum to a dS minimum introduces a small shift in the stabilized volume, σ_0 ≡ σ_F + δσ. At the tip, we have [15]:

aσ_0 ≈ aσ_F + s aσ_F . (3.38)

Here we note that both Eq. (3.34) and Eq. (3.38) which give σ_F and δσ, respectively, are derived from the local minimum of the F-term potential (3.28) at the tip. The critical value σ_m of the Kähler modulus away from the tip and its shift δσ_m can be derived from the global minimum of the F-term potential (3.28). By computing the first and the second derivatives of the F-term potential V_F with respect to σ, it is straightforward to show that the global minimum of V_F requires:

σ_m = 1 a [ g(η, θ)^{1/n} |A_0| |W_0| ( 1 + aU 3 + 2aF aU + 2 aU + 4 )] . (3.39)

Under the assuption that V_D only shifts the minimum by a small amount gives:

V^′(σ_m + δσ) = V^′_D(σ_m + δσ) + V^′_F (σ_m + δσ) ≃ V^′_D(σ_m) + δσV^{′′}_F (σ_m) = 0(3.40) ⇒ δσ = − V^′_D(σ_m) V^{′′}_F (σ_m) = 4V_D(σ_m) U_mV_F (σ_m)

V (σ_m) V^{′′}(σ_m)

. (3.41)

We would like to remark here that in most of the brane inflation models in the literature (e.g. see [12, 15]) the perturbative expansion of the potential is analysed in either the UV or the IR region. In these models ϵ and μ are considered to have similar order magnitude. However, we note that a consistent expansion along the entire throat including both the UV and IR regions requires a large hierarchy between ϵ and μ. In particular, the final piece of our potential term F (η, θ) given by Eq. (3.29) scales as ϵ^{−4/3}(ϵ/μ)^2. Unless the hierarchy between ϵ and μ is large this term will dominate the potential and destabilize the vacuum expansion. Moreover, the key point here is that in our DBI brane inflation set up the full potential contains a large leading order mass term for the radial coordinate and in order to keep the adiabatic approximation (3.32) valid the hierarchy between ϵ and μ has to be large, so that the mass generated for the Kähler modulus is much larger than the Hubble rate (see Section 4).

As mentioned above, apart from the shift induced by uplifting, δσ, the addition of a mobile D3-brane in the compactification induces a further shift in the Kähler modulus that depends on the coordinates of the brane, σ_∗(η, θ). Thus the nonperturbatively generated D3-D7 potential about a dS minimum takes the form:

– 15 –

V_F + V_D = 2κ^2a^2_n|A_0|^2e^{−2anσ∗(η,θ)} U[η, σ_∗(η, θ)]^2 |g(η, θ)|^{2/n} × { U[η, σ_∗(η, θ)] 6 + 1 a_n ( 1 − |W_0| |A_0| e^{anσ∗(η,θ)} g(η, θ)^{1/n} ) + F (η, θ) }

+ D_{uplift} U[η, σ_∗(η, θ)]^2 . (3.42)

Hence the total potential takes the form:

T_3V = T_3 ( 1 2 m^2_0 [r(η)^2 + c_2K(η) sinh η cos ϑ] + V_0 )

+V_F + V_D. (3.43)

Here D_{uplift} is given by (3.37), the constant V_0 is chosen so that the global minimum of V is V = 0, and c_2 is an arbitrary constant. Because c_2 multiplies a solution to a free Laplace equation, it is not fixed. For a self-consistent expansion, we expect c_2 to be smaller, or of a magnitude comparable with other terms in the potential.

Finally, to derive the explicit form of the D3-brane equations of motion on the deformed conifold for the simplest case including only one angular direction for the potential (3.43) first note that a simple S^3 round metric on the deformed conifold can be obtained from (2.16) as:

ds^2 = A(η)dη^2 + B(η)dθ^2, (3.44)

where

A(η) = ϵ^{4/3} 6K(η)^2 , B(η) = ϵ^{4/3}K(η) 4 [ cosh(η/2) + sinh(η/2) ] . (3.45)

The brane equations of motion can then be derived upon cross elimination from (3.7) in the following form:

η̈ = − 3H γ^2_{DBI} η̇ + h^′ γ_{DBI}h η̇^2(1 − γ_{DBI}) + h^′ 2h^2A

(γ^{−1}_{DBI} − 1)^2 − 1 2A (A^′η̇^2 − B^′θ̇^2) + hθ̇η̇ V_θ γ_{DBI}T_3

− (1 − hAη̇^2) V_η γ_{DBI}AT_3

−η̇θ̇(1 − γ^{−1}_{DBI}) h_θ h , (3.46)

– 16 – θ̈ = −3H θ̇ γ^2_{DBI}

+ (1 − γ_{DBI})θ̇η̇ h^′ γ_{DBI}h − θ̇η̇ B^′ B + hθ̇η̇ V_η γ_{DBI}T_3

−(1 − hBθ̇^2) V_θ γ_{DBI}BT_3

− (1 − γ^{−1}_{DBI}) [ θ̇^2 − (1 − γ^{−1DBI}) 2hB ] h_θ h . (3.47)

Here we note that in the absence of non-linear corrections including the contribution of the D3-D7 potential and perturbations of the warp factor, the potential (3.43) and Eqs. (3.46) - (3.47) reduce to the D3-brane potential and equations of motion including only linearized corrections studied in [32]. We also note that in the slow-roll regime γ_{DBI} ≃ 1 and the perturbations of the warp factor have no effect. However, since we are neither slow-rolling nor restricting ourselves to the linearized case, we need to take into account the perturbations of the warp factor which amount superpotential corrections in the D3-D7 potential. For the warped deformed conifold, the perturbations of the warp factor in the tip region can be expressed as [39]

δh = −(2π)^4g_sp(α^′)^2G(η, y_4) = 16π · 3^{2/3}g_sp(α^′)^2 (2ϵ)^{8/3} · η [ 1 + 2 √ 2y_4 + 6y^2_4 + 8 √ 2y^3_4 − · · · ] with (3.48)

y_4 = [ cos ( θ_1 2 ) sin ( θ_2 2 ) e^{i(φ1 −φ2+ψ)2} − sin ( θ_1 2 ) cos ( θ_2 2 ) e^{−i(φ1−ϕ2−ψ)2} ] . (3.49)

Here G(η, y_4) is the Green’s function (expanded in the eigenfunctions of the Laplacian) on the deformed conifold given by (2.31), y_4 comes from (2.12) and p specifies the number of mobile D3-branes, which we take to be p = 1. By the first angular condition in (3.25) along an S^3 (θ_1 = 0) for relations (3.48) and (3.49) we have δh = 16π · 3^{2/3}g_sp(α^′)^2 (2ϵ)^{8/3} · η [ 1 + 2 √ 2y_4 + 6y^2_4 + 8 √ 2y^3_4 − · · · ] with (3.50)

y_4 = − 1 √ 2 sin ( θ 2 ) . (3.51)

In the off-tip region, where r is large, we may use the very first line in (3.48) together with relations (2.33) - (2.37) for the quantum numbers j_1 = j_2 = R/2 = 1/2 and m_1 = m_2 = 1/2, and obtain δh in the form

δh ≃ − 10g_spα^{′2} π^2 cos^4 θ 2 ( 1 r^4 ) + · · · with (3.52)

r^3 = ϵ^2e^η. (3.53)

– 17 –

Figure 1: The behaviour of σ_F for choice of compactification parameters (4.1), and the behaviour of σ_m for choice of parameters (4.1) with θ = 0 (solid), π/2 (tiny-dashed) and π (large-dashed).

Figure 2: The behaviour of the function F and δσ for the choice of parameters (4.1) and θ = π.

Figure 3: The Hubble rate, H^2 ≃ V/3M^2_{pl} , and the σ mass squared, M^2_σ for the choice of parameters (4.1) and θ = π.

4. Inflationary solutions

In order to integrate the full brane equations of motion, we first need to specify a suitable choice of parameters and then compute the real part of the Kähler modulus that appears in th e brane equations of motion. To choose a reasonable set of compactification parameters, we note the following points. Firstly, we require a large hierarchy between A_0 and W_0 to guarantee large σ_F which ensures suppressed α^′-corrections.

– 18 –

Secondly, we also need a large hierarchy between ϵ and μ in addition to the A_0/W_0 hierarchy to guarantee a valid perturbative expansion, δσ ≪ 0. When both these hierarchies are turned on, σ_∗ can be computed within the adiabatic approximation from Eq. (3.32). We also remark from the literature that choosing a large value of the UV-scale, η_{UV}, sets a large value for the Planck-mass (e.g. see [32]) in which case curvature corrections may be omitted and non-linear corrections are dominated by IASD fluxes sourced by moduli stabilizing wrapped D7-branes whose number is given by n > 1. Furthermore, we remark that the supergravity solution requires large g_sM and the value of s has to be chosen within the range 1 ≤ s ≤ 3 to ensure a small positive cosmological constant and to avoid runaway decompactification.

In line with the above requirements we choose in our numerical analysis the following specific set of compactification parameters:

η_{UV} = 15, n = 2, s = 2, ϵ = 0.001 g_sM = 100, μ = 5, W_0 = 29, A_0 = 25 × 10^{12}. (4.1)

Inspection of Eq. (3.34) and Eq. (3.39) shows that for the choice of parameters (4.1) σ_F and σ_m scale to large values (see Fig. 1); inspection of Eq. (3.29) and Eq. (3.41) shows that for the choice of parameters (4.1) and θ = π the functions δσ and F scale to reasonably small values on the entire warped deformed conifold (see Fig. 2); for the choice of parameters (4.1) the mass squared of the Kähler modulus, M^2_σ ≡ V_{, σσ} , is much larger than the approximate squared Hubble rate, H^2 ≃ V/3M^2_{pl} (see Fig. 3), which guarantees an adiabatic expansion [15, 48]. We note here that by decreasing these hierarchies much below their values (4.1) makes M^2_σ and H^2 scale similarly which invalidates the adiabatic approximation, in addition δσ and F become large which invalidates the perturbative expansion.

In the literature of brane inflation, the most common way of computing the Kähler modulus, σ, is to adopt a semi - analytic approach with the assumption that σ evolves adiabatically (e.g. see [14]). In this approach, σ in U(η, σ) is set to its large fixed value σ_0, and (3.32) is treated as an equation in the variable exp[−aσ_∗(η)]. The value of σ_∗ is then obtained from Eq. (3.32) by expanding in specific conical regions including either the IR or the UV regions where the canonical inflaton (3.10) is given by its small or large η limit, respectively. This may be a good approximation but it gives only a qualitative understanding. Here we compute σ_∗ by solving the transcendental equation (3.32) numerically to obtain the exact value of σ_∗ on the entire supergravity background. For the choice of parameters (4.1) we show σ_∗ in Fig. 4.

For the choice of parameters (4.1) and the numerically computed Kähler modulus, we integrated the full D3-brane equations of motion, Eqs. (3.5) - (3.7) with Eq. (3.7) given by Eqs. (3.46) - (3.47), and our inflationary solution is displayed in

– 19 –

Fig. 5. The solution describes spiral brane motion at high speed in the warped throat region of the compact Calabi-Yau space containing holomorphically embedded wrapped D7-branes involved in (Kähler) moduli stabilization. The conserved angular momentum is lifted by harmonic dependent corrections from linearized as well as non-linear perturbations including contributions from the D3-D7 potential and corrections of the warp factor. The brane accelerates along the radial and angular directions as it falls down the throat from the UV end where it is attached to the compact Calabi-Yau space. Inflation ends when the brane reaches the IR location where the throat smoothly closes off. For the choice of parameters and the numerically computed Kähler modulus, we integrated the brane equations of motion and found that the inflationary solution is quite robust against harmonic dependent corrections from the D3-D7 potential and corrections of the warp factor. In particular, we found (as displayed in Fig. 5) that harmonic dependent corrections induced by the D3-D7 potential and perturbations of the warp factor do not have the effect of increasing the number of e-foldings and decreasing the γ_{DBI}-factor. This result differs from our previous results [32] in which harmonic dependent correction to brane motion from linearized perturbations of the supergravity solution increased the number of e-foldings compared to the number of e-foldings produced by brane motion with conserved angular momentum (spinflation) where no supergravity corrections and hence no harmonic dependence in brane motion is present.

We repeated the above computation for a various choices of initial conditions and compactification parameters and our findings are summarized as follows. • Decreasing ϵ below its considered value while keeping other parameters fixed tends to flatten the functional form of σ_∗ and changes its overall scale insignificantly. Also, the decrease in ϵ leaves σ_F unchanged.

• Decreasing the value of μ while keeping other parameters fixed slightly decreases the value of σ_F and changes the scale of σ_∗ by a minimal amount. Note that here we decrease μ by an amount, so that the hierarchy between ϵ and μ still remains large. • Increasing/decreasing n while keeping other parameters fixed strongly impacts the σ_F and the scale of σ_∗. Also, increasing n induces fluctuations in σ_∗ at large η. • Increasing/decreasing the hierarchy between A_0 and W_0 while keeping other parameters fixed increases/decreases the value of σ_F and slightly changes the scale of σ_∗ but leaves its overall shape unchanged. Here again we do not decrease the hierarchy between A_0 and W_0 too much. Also, increasing the hierarchy between A_0 and W_0 by taking W_0 much smaller than its considered value increases σ_F and suppresses the uplifting contribution. This slightly changes the form of σ_∗ near the origin. • Changing the set of compactification parameters and initial conditions indicates that the number of e-foldings produced by spinflation including non-linear harmonic dependent corrections depends more on the subset of compactification parameters {ϵ, g_sM, η_{UV}} than on the initial conditions and is insensitive to the choice of the remaning subset of compactification parameters {n, s, μ, A_0, W_0}. Comparing with

– 20 –

Figure 4: The Kähler modulus, σ_∗(η, θ), on the entire supergravity background with the choice of compactification parameters (4.1).

the number of e-foldings generated by spinflation including only linearized harmonic dependent corrections each time when varying the set of parameters and initial conditions shows no differece in the number of e-foldings (as Fig. 5). • The γ_{DBI}-factor produced by spinflation including non-linear harmonic dependent corrections is insensitive to the choice of compactification parameters and initial conditions. Comparing with the γ_{DBI}-factor produced by spinflation with only linearized harmonic dependent corrections each time when varying the set of parameters and initial conditions shows no differece in the γ_{DBI}-factors (as Fig. 5).

The above findings show that the inflationary solution is quite robust against harmonic dependent corrections from the D3-D7 potential and perturbations of the warp factor not just for the specific choice of compactification parameters (4.1) but for a very large set of consistent parameters.

5. Summary and conclusions

In this paper we studied brane inflation in a warped string compactification incorporating the effects of moduli stabilization and backreaction from UV-deformations of the warped throat geometry. The focus of our paper was on DBI brane inflation in the warped deformed conifold with a UV/IR consistent perturbative expansion around the noncompact ISD solution. The perturbations were dominated by IASD fluxes sourced by moduli stabilizing wrapped D7-branes.

– 21 –

Figure 5: The number of e-foldings, N , and the γ-factor, γ_{DBI}, with (gray-dashed) and without (black-solid) non-linear harmonic dependent corrections for the choice of compactification parameters (4.1).

We computed the D3-brane potential on the entire deformed conifold including non-linear corrections from the flux induced potential in ten-dimensional supergravity which equals the nonperturbatively generated D3-D7 brane potential in four-dimensional supergravity. For a simple choice of a trajectory on the deformed conifold, we integrated out the Kähler modulus and reduced the D3-brane potential to a simple two-field potential depending on radial and harmonic directions of the deformed conifold. We integrated out the Kähler modulus by full numerical computation determining its exact functional form on the entire supergravity background including both the IR and UV regions. We found that a UV/IR consistent perturbative expansion in the supergravity potential with the Kähler modulus integrated out within the adiabatic approach in DBI inflation requires certain hierarchies of scales that determine the set of compactification parameters different from those in slow-roll models.

– 22 –

For the consistent choice of parameters and the numerically computed Kähler modulus, we integrated the D3-brane equations of motion in the warped deformed conifold with harmonic dependence from the D3-brane potential and perturbations of the warp factor. We found that our numerical solutions are quite robust against nonlinear perturbations including harmonic dependent corrections from perturbations of the warp factor and the D3-D7 brane potential. In particular, we found that harmonic dependent corrections from the D3-D7 potential and perturbations of the warp factor do not have the effect of increasing the number of e-foldings and decreasing the γ_{DBI}-factor. We therefore conclude that the most leading order harmonic dependent correction to brane (spin)inflation comes from the linearized corrections analysed in [32] with the level of non-Gaussianity remaining large.

Our analysis can be extended in several ways. One direction would be to consider different embedding functions for D7-branes with different trajectories on the deformed conifold and see how this may affect the inflationary solutions. Despite the fact that different embedding functions for D7-branes and different trajectories on the deformed conifold modify the functional form of the supergravity potential, the Kähler modulus and perturbations of the warp factor, we expect this to have a subdominant effect on the number of e-foldings and the γ_{DBI}-factor. It would also be interesting to consider the possibility of a dynamical Kähler modulus (instead of stabilized) [48], and integrate the brane equations of motion for a less restricted choice of parameters. Since taking the Kähler modulus field dynamical adds to the number of brane equations of motion, we expect this to have a less trivial impact on the inflationary solutions, though we do not expect this to decrease the γ_{DBI}-factor by an appreciable amount.

The other, perhaps more interesting way of extending our analysis is to consider further corrections to the inflaton action and analyse in detail the effects of cosmological perturbation theory. One particular correction comes from the contribution of the flux induced potential of harmonic type [18]. The flux induced D3-D7 potential that we considered in our inflationary analysis came from the holomorphic solution of the noncompact supergravity equation of motion which described non-linear perturbations around the ISD solution. Since the general solution should be harmonic rather than just holomorphic it would be necessary to include such harmonic contributions which have not been computed for the deformed conifold to date.

Another correction to the inflaton action arises from departures of the noncompact limit [18] considered in this paper. Despite the fact that our Planck-mass was set large by the UV-scale we considered, it would be interesting to consider possible departures from the noncompact limit and compute further contributions to the D3- brane potential from coupling to curvature corrections which also induce harmonic dependence in brane motion [18]. In particular, coupling to the Ricci-scalar introduces a non-minimal coupling in the DBI action which corrects the γ_{DBI}-factor and may have the capacity of decreasing the level of non-Gaussianity significantly [49].

– 23 –

It would be interesting to confirm this result in the concrete supergravity set up considered in this paper and investigate its implications for cosmological perturbations in more detail [50] in our framework.

Finally, it would be important to confirm whether in our supergravity set up multifield effects (e.g. from phase transition) induced by an instability along harmonic directions [51] do have the capacity to evade stringent constraints in cosmological perturbations for single field inflationary models. Moreover, it would be very interesting, though formidable, to consider our DBI brane inflation model along a trajectory on the deformed conifold depending on all six directions and extract the full multifield effects for cosmological perturbations in a UV/IR consistent expansion and make contact with some of the results obtained in [52] by taking the singular conifold limit. We shall leave the investigation of these for the future.

Acknowledgment

I am very grateful to Prof. Ruth Gregory for useful discussions on this paper and for collaboration on previous work.

References

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

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

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

[4] S. H. S. Alexander, “Inflation from D - anti-D-brane annihilation,” Phys. Rev.

D 65, 023507 (2002) [arXiv:hep-th/0105032].

[5] C. P. Burgess, M. Majumdar, D. Nolte, F. Quevedo, G. Rajesh and R. J. Zhang, “The Inflationary brane anti-brane universe,” JHEP 0107, 047 (2001) [arXiv:hep-th/0105204].

[6] G. Shiu and S. H. H. Tye, “Some aspects of brane inflation,” Phys. Lett. B 516, 421 (2001) [arXiv:hep-th/0106274].

[7] S. Kachru, R. Kallosh, A. D. Linde, J. M. Maldacena, L. P. McAllister and S. P. Trivedi, “Towards inflation in string theory,” JCAP 0310, 013 (2003) [arXiv:hep-th/0308055].

– 24 –

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

[9] C. P. Burgess, J. M. Cline, K. Dasgupta and H. Firouzjahi, “Uplifting and inflation with D3 branes,” JHEP 0703, 027 (2007) [arXiv:hep-th/0610320].

[10] F. Chen and H. Firouzjahi, “Dynamics of D3-D7 Brane Inflation in Throats,” JHEP 0811, 017 (2008) [arXiv:0807.2817 [hep-th]].

[11] H. Y. Chen, J. O. Gong and G. Shiu, “Systematics of multi-field effects at the end of warped brane inflation,” JHEP 0809, 011 (2008) [arXiv:0807.1927 [hep-th]].

[12] H. Y. Chen and J. O. Gong, “Towards a warped inflationary brane scanning,” Phys. Rev. D 80, 063507 (2009) [arXiv:0812.4649 [hep-th]].

[13] D. Baumann, A. Dymarsky, I. R. Klebanov, J. M. Maldacena, L. P. McAllister and A. Murugan, “On D3-brane potentials in compactifications with fluxes and wrapped D-branes,” JHEP 0611, 031 (2006) [arXiv:hep-th/0607050].

[14] D. Baumann, A. Dymarsky, I. R. Klebanov, L. McAllister and P. J. Steinhardt, “A Delicate Universe,” Phys. Rev. Lett. 99, 141601 (2007) [arXiv:0705.3837 [hep-th]].

[15] D. Baumann, A. Dymarsky, I. R. Klebanov and L. McAllister, “Towards an Explicit Model of D-brane Inflation,” JCAP 0801, 024 (2008) [arXiv:0706.0360 [hep-th]].

[16] D. Baumann, A. Dymarsky, S. Kachru, I. R. Klebanov and L. McAllister, “Holographic Systematics of D-brane Inflation,” JHEP 0903, 093 (2009) [arXiv:0808.2811 [hep-th]].

[17] D. Baumann, A. Dymarsky, S. Kachru, I. R. Klebanov and L. McAllister, “Compactification Effects in D-brane Inflation,” Phys. Rev. Lett. 104, 251602 (2010) [arXiv:0912.4268 [hep-th]].

[18] D. Baumann, A. Dymarsky, S. Kachru, I. R. Klebanov and L. McAllister, “D3-brane Potentials from Fluxes in AdS/CFT,” JHEP 1006, 072 (2010) [arXiv:1001.5028 [hep-th]].

[19] S. Kecskemeti, J. Maiden, G. Shiu and B. Underwood, “DBI Inflation in the Tip Region of a Warped Throat,” JHEP 0609, 076 (2006) [arXiv:hep-th/0605189].

[20] O. DeWolfe, L. McAllister, G. Shiu and B. Underwood, “D3-brane Vacua in Stabilized Compactifications,” JHEP 0709, 121 (2007) [arXiv:hep-th/0703088].

– 25 –

[21] E. Pajer, “Inflation at the Tip,” JCAP 0804, 031 (2008) [arXiv:0802.2916 [hepth]].

[22] H. Y. Chen, J. O. Gong, K. Koyama and G. Tasinato, “Towards multi-field Dbrane inflation in a warped throat,” JCAP 1011, 034 (2010) [arXiv:1007.2068 [hep-th]].

[23] S. H. Henry Tye, “Brane inflation: String theory viewed from the cosmos,” Lect.

Notes Phys. 737, 949 (2008) [arXiv:hep-th/0610221].

[24] J. M. Cline, “String cosmology,” arXiv:hep-th/0612129.

[25] R. Kallosh, “On Inflation in String Theory,” Lect. Notes Phys. 738, 119 (2008) [arXiv:hep-th/0702059].

[26] C. P. Burgess, “Lectures on Cosmic Inflation and its Potential Stringy Realizations,” Class. Quant. Grav. 24, S795 (2007) [PoS P2GC, 008 (2006)] [PoS C ARGESE2007, 003 (2007)] [arXiv:0708.2865 [hep-th]].

[27] L. McAllister and E. Silverstein, “String Cosmology: A Review,” Gen. Rel.

Grav. 40, 565 (2008) [arXiv:0710.2951 [hep-th]].

[28] D. Baumann, “TASI Lectures on Inflation,” arXiv:0907.5424 [hep-th].

[29] D. Baumann and L. McAllister, “Advances in Inflation in String Theory,” Ann.

Rev. Nucl. Part. Sci. 59, 67 (2009) [arXiv:0901.0265 [hep-th]].

[30] E. Silverstein and D. Tong, “Scalar Speed Limits and Cosmology: Acceleration from D-cceleration,” Phys. Rev. D 70, 103505 (2004) [arXiv:hep-th/0310221].

[31] M. Alishahiha, E. Silverstein and D. Tong, “DBI in the sky,” Phys. Rev. D 70, 123505 (2004) [arXiv:hep-th/0404084].

[32] R. Gregory and D. Kaviani, “Spinflation with Angular Potentials,” JHEP 1201, 037 (2012) [arXiv:1107.5522 [hep-th]].

[33] I. R. Klebanov and M. J. Strassler, “Supergravity and a confining gauge theory:

Duality cascades and chiSB-resolution of naked singularities,” JHEP 0008, 052 (2000) [arXiv:hep-th/0007191].

[34] D. A. Easson, R. Gregory, D. F. Mota, G. Tasinato and I. Zavala, “Spinflation,” JCAP 0802, 010 (2008) [arXiv:0709.2666 [hep-th]].

[35] D. A. Easson and R. Gregory, “Circumventing the eta problem,” Phys. Rev. D 80, 083518 (2009) [arXiv:0902.1798 [hep-th]].

– 26 –

[36] D. A. Easson, S. Mukohyama and B. A. Powell, “Observational Signatures of Gravitational Couplings in DBI Inflation,” Phys. Rev. D 81, 023512 (2010) [arXiv:0910.1353 [astro-ph.CO]].

[37] Y. -F. Cai, J. B. Dent and D. A. Easson, “Warm DBI Inflation,” Phys. Rev. D 83, 101301 (2011) [arXiv:1011.4074 [hep-th]].

[38] I. R. Klebanov and A. Murugan, “Gauge/Gravity Duality and Warped Resolved Conifold,” JHEP 0703, 042 (2007) [arXiv:hep-th/0701064].

[39] S. S. Pufu, I. R. Klebanov, T. Klose and J. Lin, “Green’s Functions and Non-Singlet Glueballs on Deformed Conifolds,” J. Phys. A 44, 055404 (2011) [arXiv:1009.2763 [hep-th]].

[40] S. Kuperstein, “Meson spectroscopy from holomorphic probes on the warped deformed conifold,” JHEP 0503, 014 (2005) [arXiv:hep-th/0411097].

[41] P. Candelas and X. C. de la Ossa, “Comments on Conifolds,” Nucl. Phys. B 342, 246 (1990).

[42] D. Baumann and L. McAllister, “A Microscopic Limit on Gravitational Waves from D-brane Inflation,” Phys. Rev. D 75, 123508 (2007) [arXiv:hepth/0610285].

[43] A. Achucarro, J. -O. Gong, S. Hardeman, G. A. Palma and S. P. Patil, “Features of heavy physics in the CMB power spectrum,” JCAP 1101, 030 (2011) [arXiv:1010.3693 [hep-ph]].

[44] D. Langlois and S. Renaux-Petel, “Perturbations in generalized multi-field inflation,” JCAP 0804, 017 (2008) [arXiv:0801.1085 [hep-th]].

[45] M. -x. Huang, G. Shiu and B. Underwood, “Multifield DBI Inflation and Non- Gaussianities,” Phys. Rev. D 77, 023511 (2008) [arXiv:0709.3299 [hep-th]].

[46] O. DeWolfe and S. B. Giddings, “Scales and hierarchies in warped compactifications and brane worlds,” Phys. Rev. D 67, 066008 (2003) [arXiv:hepth/0208123].

[47] S. Gukov, C. Vafa and E. Witten, “CFT’s from Calabi-Yau four folds,” Nucl. Phys. B 584, 69 (2000) [Erratum-ibid. B 608, 477 (2001)] [arXiv:hepth/9906070].

[48] S. Panda, M. Sami and S. Tsujikawa, “Prospects of inflation in delicate D-brane cosmology,” Phys. Rev. D 76, 103512 (2007) [arXiv:0707.2848 [hep-th]].

– 27 –

[49] C. van de Bruck, D. F. Mota and J. M. Weller, “Embedding DBI inflation in scalar-tensor theory,” JCAP 1103, 034 (2011) [arXiv:1012.1567 [astro-ph.CO]].

[50] J. M. Weller, C. van de Bruck and D. F. Mota, “Inflationary predictions in scalar-tensor DBI inflation,” JCAP 1206, 002 (2012) [arXiv:1111.0237 [astroph.CO]].

[51] T. Kidani, K. Koyama and S. Mizuno, “Non-Gaussianities in multi-field DBI inflation with a waterfall phase transition,” arXiv:1207.4410 [astro-ph.CO].

[52] L. McAllister, S. Renaux-Petel and G. Xu, “A Statistical Approach to Multifield Inflation: Many-field Perturbations Beyond Slow Roll,” arXiv:1207.0317 [astroph.CO].

– 28 –