arXiv:1301.6076v3 [hep-th] 25 Mar 2013

MPP-2013-15

On Non-Gaussianities in Two-Field

Poly-Instanton Inflation

Xin Gao^{†, ‡1} and Pramod Shukla^{†2}

† Max-Planck-Institut für Physik (Werner-Heisenberg-Institut), Föhringer Ring 6, 80805 München, Germany

‡ State Key Laboratory of Theoretical Physics, Institute of Theoretical Physics, Chinese Academy of Sciences, P.O.Box 2735, Beijing 100190, China

Abstract

In the context of Type IIB LARGE volume orientifold setup equipped with poly-instanton corrections, the standard single-field poly-instanton inflation driven by a ‘Wilson’ divisor volume modulus is generalized by the inclusion of respective axion modulus. This two-field dynamics results in a “Roulette” type inflation with the presence of several inflationary trajectories which could produce 50 (or more) e-foldings. The evolution of various trajectories along with physical observables are studied. The possibility of generating primordial non-Gaussianities in the slow-roll as well as in the beyond slow-roll region is investigated. We find that although the nonlinearity parameters are quite small during the slow-roll regime, the same are significantly enhanced in the beyond slow-roll regime investigated up to the end of inflation.

1Email: gaoxin@mppmu.mpg.de 2Email: shukla@mppmu.mpg.de

1 Introduction

On the way of understanding the early universe cosmology, the inflationary mechanism has been proven to be quite fascinating as it successfully addresses several outstanding issues of the standard big bang scenario, e.g. the horizon problem, the flatness problem and the monopole problem. Initially, the idea of inflation was introduced to explain the homogeneous and isotropic nature of the universe at large scale structure [1, 2], however its best advantage is being utilized in studying the inhomogeneities and anisotropies of the universe, which is a consequence of the vacuum fluctuations of the inflaton (as well as the metric fluctuations). In this regard, the idea of inflation also provides a way to understand the physics which could be responsible for generating the correct amount of primordial density perturbations initiating the structure formation of the universe and the cosmic microwave background (CMB) anisotropies. The simplest (single-field) inflationary process can be understood via a (single) scalar field slowly rolling towards its in a nearly flat potential. The vacuum fluctuations of the inflaton result in an almost scale invariant spectrum with a small tilt reflecting unique predictions via the CMB radiation. Although the single-field inflationary models fit well with the current observation constraints [3, 4], the present observational data is not sufficient to discriminate among the various models. In this regard, the detection of non-Gaussianity can be a crucial data to distinguish the various models in the ongoing/future experiments such as PLANCK [5, 6, 7, 8].

In the context of string cosmology, inflationary model building have been started quite early in [9]. Since string framework can provide several flat-directions (moduli), it is promising for the embedding of inflationary scenarios in string theory. The main requirement for this purpose is to identify a scalar which could play the role of the inflaton field, i.e. its effective scalar potential has to admit a slow-roll region. In this respect, those “moduli” that have a flat potential at leading order and only by a sub-leading effect receive their dominant contribution are of interest. The perturbative effects [10, 11] as well as the instanton effects [12, 13] are proven to be extremely crucial,F especially for moduli stabilization purpose. As far as cosmological model building is concerned, the string inspired models could be given the hallmark of being ‘(semi)realistic’ only after all the moduli could be stabilized and de-Sitter solutions be realized in [14]. Since then several dS realizing mechanisms have been developed in type IIB framework [15, 16, 17, 18, 19, 20]. With the present understanding, it is fair to say that the moduli stabilization is quite well (and relatively much better) understood in type IIB orientifold models with the mechanisms like KKLT [14], Racetrack [21, 22] and the LARGE volume scenarios [23]. Significant amount of progress has been made in building up inflationary models in type IIB orientifold setups with the inflaton field identified as an open string modulus [24, 25, 26, 27] or a closed string modulus [28, 29, 30, 31, 32]. Along the lines of moduli getting lifted by sub-dominant contributions, recently so-called poly-instanton corrections became of interest. These are sub-leading non-perturbative contributions which can be briefly described as instanton corrections to instanton actions. In the recent work [33], we have clarified the zero mode conditions for an Euclidean D3-brane instanton, wrapping a divisor of the threefold, to generate such a poly-instanton effect. Utilizing the poly-instanton effects, moduli stabilization and inflation have been studied in a series of papers [32, 34, 35, 36]. Meanwhile, the studies made in the context of axionic inflationary models in the type IIB orientifold framework have been quite promising too [21, 37, 38, 39, 40, 41, 42, 43]. In [44], inflation has been realized by a combination of the brane-motion and an axion while in [45, 46, 47],, it has been driven by a combination of a (divisor) volume mode and an axion.

The signatures of non-Gaussianities are encoded in non-linearity parameters f_{NL} (and τ_{NL}) which parametrize the bispectrum (and trispectrum) and could be the direct evidence for detecting the non-Gaussianities. In fact, an observation of order one values for f_{NL} would rules out (most of) the single field inflationary models^3. and thus can be a potential discriminator towards picking up a more promising one. This boosts up the motivation for the study of non-Gaussianties in recent years, although it has been initiated very early [52]. A review on initial attempts regarding f_{NL} computations along with observational constraints can be found in [5]. In the standard single-field models, the f_{NL} parameter is usually suppressed by slow-roll parameters (ϵ, η), e.g. f_{NL} = n_s − 1 has been reported in [52]. Subsequently, the multi-field inflationary models started getting significant attention but large f_{NL} could not be realize in the initial attempts [53, 54, 55, 56]. For generating observable non-Gaussianities, enormous amount of work has been done in recent couple of years and several explicit multi-field models with large f_{NL} values have been found. These multi-field models can be categorized to be of separable and non-separable types.

For the separable type models, either the inflationary potential [53, 54, 55, 57, 58] or the Hubble rate [59, 60] is of sum or product separable form, and several models are available now which can produce large non-Gaussianities^4. The possibilities of generating detectable large values of f_{NL} during the evolution of two-fields within the slow-roll region has been proposed in [63, 64, 65]. In these models, non-Gaussianities are generated after horizon exit and consist of non-adiabatic perturbation modes. It implies such non-Gaussianities to be of local-type and hence distinguishable from the other shapes of non-Gaussianity which are realized during horizon exit [66, 67].

Unlike the separable type models, the non-Gaussianities issues in the nonseparable type of potential are relatively less studied. In [56, 68, 69], a concise analytic formula for computing the non-linear parameter for a given generic

3There has been some proposals of single-field models with large f_{NL} values [48, 49, 50, 51]. 4A nice recent review about generating large non-Gaussianities for separable type setups can be found in [61, 62].

multi-field potential has been developed for both the slow-roll region and beyond slow-roll region. The possibility of generating large non-Gaussianity parameter has been shown by ‘momentarily’ violating the slow-roll conditions. Following the ideas developed in [68], order one values of the f_{NL} parameter has been reported in the beyond slow-roll region for a two-field large volume axionic setup [70]. Recently, some examples with (non-)separable multifield potentials have been studied in [71] which can produce large detectable values for the non-linear parameter f_{NL} and τ_{NL}. Higher order correction to the non-linearity parameters have been studied in [72, 73, 74, 75].

In the framework of type IIB orientifolds, several single/multi-field models have been studied for aspects of non-Gaussianities. The curvaton scenarios have been proposed in [76] for the Kähler moduli inflation setup in the context of LARGE volume scenarios. A case study have been performed in [77] for a blowup multi-field inflationary setup (resulting in f_{NL} ∼ 0.01) and a curvaton scenario (resulting in large f_{NL} values). Later on, detectable large values of f_{NL} have also been proposed via the modulated reheating mechanism in [36]. The computation of non-Gaussianties in racetrack models has been made in [78] and within the framework of KKLT-like setup, a two-field inflationary model has been proposed with inflaton dynamics governed by the Calabi Yau volume mode and the respective C_4 axion which complexifies the divisor volume mode [45]. This idea has been extended in the context of LARGE volume scenarios by generalizing the Kähler moduli (blow-up) inflation with inclusion of the corresponding C_4 axion in [46, 47]. The presence of various types of trajectories resulting in 60 (or more) number of e-foldings have been reported in this so-called “Roulette inflation” model and a subsequent investigation of non-Gaussianities in such a setup has been made in [79] resulting in small values of the f_{NL} parameter.

In this article, we present a systematic analysis for a two-field inflationary model driven by a combination of a Wilson divisor volume modulus and an axion modulus in the Poly-instanton setup. The so-called Wilson divisor has a single non-trivial Wilson line modulino and is relevant for generating poly-instanton contributions which will be summarized in Section 2. For analyzing the non- Gaussianities, we proceed with the formalism developed in [68, 69] which is valid for a given generic multi-field potential in beyond slow-roll region also. We find that although the non-linearity parameters are quite small during the slow-roll regime, the same are significantly enhanced in the beyond slow-roll regime. The two-field dynamics is such that the non-linearity parameters (f_{NL}, τ_{NL} and g_{NL}) do not get frozen at the horizon exit and keep evolving up to the end of inflation where it acquires a large value. Here, we stress that following the motion/decay of inflaton fields after the end of inflation and addressing reheating issues etc. can be extremely crucial in such models. However, the same is beyond the scope of the present analysis, and for the time being we assume that the respective values for these non-linearity parameters realized at the end of inflation do not change significantly before and by the reheating process.

The article is organized as follows. In Section 2, we start with a brief review of the relevant background about the poly-instanton setup [33] and the related moduli stabilization part [32]. In Section 3, we generalize the single field polyinstanton inflationary process into a two-field inflationary process with the inclusion of the corresponding C_4 axion and discuss the subsequent relevant changes in the slow-roll parameters. In Section 4, we present a detailed and systematic (numerical) analysis of evolutions of various inflationary trajectories (as well as the other physical observables) in terms of number of e-foldings. This analysis shows that there is a “Roulette” type inflation. In section 5, we investigate the possibility of generating finite/detectable values for the primordial non-Gaussianity parameters f_{NL}, τ_{NL}, g_{NL} and observe that although in the slow-roll region these are negligibly small, beyond it there exists the a possibility of enhancement to large values. Finally, in section 6 we give our conclusions followed by an appendix providing some of the lengthy intermediate expressions.

2 Poly-Instanton Setup

In this section, we collect the relevant ingredients for generating the poly-instanton corrections in a type IIB orientifold setup developed in [33] and briefly summarize the moduli stabilization mechanism discussed in [32]. Building on the same, we continue with the study of a generalized two-field inflationary process as well as with the computation of the non-linearity parameters (e.g. f_{NL}, τ_{NL} and g_{NL}).

2.1 Poly-instanton corrections

Now, we recall some results from [33, 80] (see also [81] for related studies) on the contribution of poly-instantons to the superpotential in the framework of Type IIB orientifold compactifications on Calabi-Yau threefolds with O7- and O3-planes. In this case the orientifold action is given by Ωσ(−1)^{FL} , where σ is a holomorphic, isometric involution acting on the Calabi-Yau threefold M.

The notion of poly-instantons [34, 80] means the correction of an Euclidean D-brane instanton action by other D-brane instantons. The configuration we considered has two instantons a and b with proper zero modes to generate a non-perturbative contribution to the superpotential of the form

W = A_a exp^{−Sa} + A_aA_b exp^{−Sa−Sb} + ... , (1)

where A_{a,b} are moduli dependent one-loop determinants and S_{a,b} denote the classical D-brane instanton actions.

In Type IIB orientifolds models, the sufficient conditions for the zero mode structures for poly-instanton corrections to the superpotential have been worked out in [33](for orientifold with O5- and O9- plane, see [80]). Both instantons, a and b, should be O(1) instantons, i.e. a single instanton placed in an orientifold invariant position with an O(1) projection which corresponds to an SP −type projection for a corresponding space-time filling D7-brane. Instanton a is an Euclidean E3 instanton wrapping a rigid divisor E in the Calabi-Yau threefold with H^{1,0}(E, O) = H^{2,0}(E, O) = 0 while instanton b is an Euclidean E3-brane instanton wrapping a divisor which admits a single complex Wilson line Goldstino, i.e. a so-called Wilson line divisor with equivariant cohomology H^{∗,0}(W, O) = (1_+, 1_+, 0) under the involution σ. In fact, the sufficient condition for a geometric configuration to support the poly-instanton correction is that it precisely contains one Wilson line modulino in H^1_+(E, O).

Some concrete Calabi-Yau threefolds both with and without K3 fibration structure were presented in [33] which featured all the requirements mentioned above. For the present purpose, we focus on one particular model which not only admits a Wilson line divisor W but also rigid and shrinkable del Pezzo divisors. Such geometries are particularly interesting for studying moduli stabilization as they give rise to a swiss-cheese type Kähler potential. The Calabi-Yau threefold M is given by a hypersurface in a toric variety with defining data,

x_1 x_2 x_3 x_4 x_5 x_6 x_7 x_8 2 -1 0 1 1 0 0 0 1 4 -2 0 2 2 1 0 1 0 2 -3 0 2 1 1 1 0 0 2 1 1 0 0 0 0 0 0

with Hodge numbers (h^{21}, h^{11}) = (72, 4) and the corresponding Stanley-Reisner ideal

SR = {x_1 x_2, x_4 x_7, x_5 x_7, x_1 x_4 x_8, x_2 x_5 x_6, x_3 x_4 x_8, x_3 x_5 x_6, x_3 x_6 x_8} . (2)

This geometry admits two inequivalent orientifold projections σ : {x_4 ↔ −x_4, x_7 ↔ −x_7} with h^{11}_− (M) = 0 so that for the Wilson line divisor W = D_8 = {x_8 = 0} the Wilson line Goldstino is in H^1_+(W, O). It was checked that the D3- and D7- brane tadpoles can be canceled. For the analysis in the following sections, we focus on the involution x_7 ↔ −x_7. The corresponding topological data of the relevant divisors are shown in table 1.

We also showed that there are no extra vector-like zero modes on the intersection of E3∩D7, i.e. all sufficient conditions were satisfied for the divisor W to generate a poly-instanton correction to the non-perturbative superpotential

W = A_1 exp (−2πT_1) + A_1 A_8 exp (−2πT_1 − 2πT_8) + A_7 exp (−a_7T_7) + A_7 A_8 exp (−a_7T_7 − 2πT_8) + . . . . (3) Taking into account the Kähler cone constraints, the volume form for this model could be written in the strong swiss-cheese like form

V =^1_9 (_{1√} 2 (τ_1 + 3τ_6 + 6τ_7 + 3τ_8)^{3/2} − √ 2τ^{3/2}_1 − 3τ^{3/2}_7 − 3(τ_7 + τ_8)^{3/2} ) . (4) divisor (h^{00}, h^{10}, h^{20}, h^{11}) intersection curve

D_7 = dP_7 (1_+, 0, 0, 8_+) W : C_{g=1} D_5 (1_+, 0, 1_+, 21_+) W : C_{g=1} D_8 = W (1_+, 1_+, 0, 2_+) D_5 : C_{g=1}, D_7 : C_{g=1} D_1 = P^2 (1_+, 0, 0, 1_+) D_5 : C_{g=0}

Table 1: Divisors and their equivariant cohomology under x_7 ↔ −x_7. The first two lines are O7-plane components and the remaining two divisors can support E3 instantons. The D_7 divisor also supports gaugino condensation.

This volume form indicates that the large volume limit is given by τ_6 → ∞ while keeping the other shrinkable del Pezzo four-cycles volumes τ_{1,7} and the Wilson line four-cycle volume τ_8 small. In fact, all the models studied in [33] shared a similar strong swiss-cheese like volume form with the same intriguing appearance of the Wilson line Kähler modulus.

2.2 Moduli stabilization

A generic orientifold compactification of Type IIB string theory leads to an effective four-dimensional N = 1 supergravity theory^5. In the closed string sector, the bosonic part of the massless chiral superfields arises from the dilaton, the complex structure and Kähler moduli and the dimensional reduction of the NS-NS and R-R p-form fields. The bosonic field content is given by

τ = C^{(0)} + ie^{−ϕ} , U^i = u^i + iv^i, i = 1 . . . h^{21}_+ ,

G^a = c^a − τb^a , a = 1, . . . , h^{11}_− ,

T_α = 1 2 κ_{αβγ} t^βt^γ + i ( ρ_α − κ_{αab} c^ab^b ) + i 2 τκ_{αab}b^ab^b and α = 1, . . . , h^{11}_+ , (5)

where c^a and b^a are defined as integrals of the axionic C^{(2)} and B^{(2)} forms and ρ_α as integrals of C^{(4)} over a basis of four-cycles D_α. From now on, as in our aforementioned concrete example, we assume h^{11}_− = 0.

The supergravity action is specified by the Kähler potential, the holomorphic superpotential W and the holomorphic gauge kinetic function. The Kähler potential for the supergravity action is given as,

K = − ln ( −i(τ − τ̄) ) − ln ( −i ∫ M Ω ∧ Ω̄ ) − 2 ln ( V(T_α) ) , (6)

where V =^1_6 κ_{αβγ} t^αt^βt^γ is the volume of the internal Calabi-Yau threefold. The general form of the superpotential W is given as W = ∫ M G_3 ∧ Ω + ∑ E A_E (τ, U^i) e^{−aE γα Tα} (7) 5For a review on moduli stabilization and relevant compactification geometries, see [82, 83].

with the instantonic divisor given by E = ∑ γ^αD_α. The first term is the Gukov-Vafa-Witten (GVW) flux induced superpotential [11] and the second one denotes the non-perturbative correction coming from Euclidean D3-brane instantons (a_E = 2π) and gaugino condensation on U(N) stacks of D7-branes (a_E = 2π/N) [12]. In terms of the Kähler potential and the superpotential the scalar potential is given by V = e^K ( ∑ I, J K^{IJ̄} D_I W D̄¯_JW̄ − 3|W |^2 ) , (8)

where the sum runs over all moduli. As usual in the LARGE volume scenario [23], the complex structure moduli and the axio-dilaton are stabilized at order 1/V^2 by K and the GVW-superpotential respectively. Since the stabilization of the Kähler moduli is by sub-leading terms in the V^{−1} expansion, for this purpose the complex structure moduli and the dilaton can be treated as constants.

Let us proceed with the following ansatz for Kähler and superpotential^6 which is well motivated by our mathematical discussion in the previous subsection 2.1,

K = −2 ln Y , W = W_0 + A_s e^{−asTs} + A_sA_w e^{−asTs−aw Tw} − B_s e^{−bsTs} − B_sB_w e^{−bsTs−bw Tw} , (9)

where Y = V(T_α) + C_α′ such that

Y = ξ_b(T_b + T̄_b)^{32} − ξ_s(T_s + T̄_s)^{32} − ξ_{sw} ( (T_s + T̄_s) + (T_w + T̄_w)

) 3_2 + C_α′ . (10)

Note that, for h^{11}_− = 0, the N = 1 Kähler coordinates are simply given as T_α = τ_α + iρ_α. Here, C_α′ denotes the perturbative α^{′3}-correction given as [10] C_α′ = − χ(M) (τ − τ̄ )^32 ζ(3) 4(2π)^3 (2i)^32

(11)

with χ(M) being the Euler characteristic of the Calabi-Yau. The large volume limit is defined by taking τ_b → ∞ while keeping the other divisor volumes small.

In the large volume limit, the most dominant contributions to the generic scalar potential V(τ_b, τ_s, τ_w, ρ_s, ρ_w) are collected by three types of terms. In the absence of poly-instanton effects, they simplify to

V(V, τ_s, ρ_s) ≃ V_α′ (V) + V_{np1}(V, τ_s, ρ_s) + V_{np2}(V, τ_s, ρ_s) , (12)

6We consider the racetrack form of superpotential as it has been realized in [32] that the same is needed for having a (non-susy) minimum which could be trusted in the effective supergravity.

where

V_α′ =

3 C_α′ |W_0|^2 2 V^3 , V_{np1} =

4 a_s A_s W_0 e^{− asτs} τ_s cos( a_sρ_s) V^2 − 4 b_s B_s W_0 e^{− bsτs} τ_s cos( b_sρ_s) V^2

, (13)

V_{np2} = 2 √ 2 a^2_s A^2_s e^{−2 asτs} √ τ_s 3 ξ_s V − 4 √ 2 a_s b_s A_s B_s e^{−( as+ bs)τs} √ τ_s cos ( ( a_s − b_s)ρ_s ) 3 ξ_s V + 2 √ 2 b^2_s B^2_s e^{−2 bsτs} √ τ_s 3 ξ_s V . As expected, the potential (13) does not depend on the Wilson line divisor volume modulus τ_w. Therefore, at this stage it remains a flat-direction to be lifted via sub-dominant poly-instanton effects.

The extremality conditions ∂_V V = ∂_{τs} V = ∂_{ρs} V = 0 are collectively given as

W_0 =

V (b_sλ_2 − a_sλ_1) [ b_sλ_2(−1 + 4b_sτ_s) − a_sλ_1(−1 + 4a_sτ_s) ] 6 √ 2 ξ_s √ τ_s [ b_sλ_2(−1 + b_sτ_s) − a_sλ_1(−1 + a_sτ_s) ] ,

C_α′ = 32 √ 2 ξ_s τ^{52}s (b^2_s λ_2 − a^2_s λ_1) [ b_sλ_2(−1 + b_sτ_s) − a_sλ_1(−1 + a_sτ_s) ] [ a_sλ_1(−1 + 4a_sτ_s) − b_sλ_2(−1 + 4b_sτ_s)

]_2 ,

a_s ρ_s = Nπ with λ_1 = A_s e^{−asτ s} and λ_2 = B_s e^{−bsτ s} .

(14)

One finds that τ_s gets stabilized in terms of C_α′ as τ_s ∼ (C_α′ )^23 and then V gets stabilized via an exponential term exp(a_sτ_s) (encoded in λ_i’s) so that the overall volume of the Calabi-Yau threefold is exponentially large.

Now, in addition to the leading order standard racetrack terms (13), the generic scalar potential also involves sub-dominant contributions, which are further suppressed by powers of exp(−a_wτ_w). Collecting these sub-leading terms, the effective potential for τ_w, ρ_w becomes

V(V, τ_s, τ_w, ρ_s, ρ_w) = V^{LVS}(V, τ_s, ρ_s) + V(τ_w, ρ_w) , (15)

where, V^{LVS}(V, τ_s, ρ_s) is the racetrack version of the standard large volume potential which stabilizes the Kähler moduli τ_b (or V) and τ_s at order V^{−3} and

V(τ_w, ρ_w) ∼

4W_0 V^2 [ λ_1 A_w e^{− aw τw} (a_sτ_s + a_wτ_w) cos(a_wρ_w)

− λ_2 B_w e^{−bw τw} (b_sτ_s + b_wτ_w) cos(b_wρ_w) ]

+ 4 √ 2 (b_sλ_2 − a_sλ_1) √ τ_s 3 ξ_s V [ λ_2(b_s − b_w)B_w e^{−bw τw} cos(b_wρ_w)

− λ_1(a_s − a_w)A_w e^{−aw τw} cos(a_wρ_w) ] (16)

. After stabilizing the heavier moduli V, τ_s, and ρ_s-axion at their respective minimum and using a_w = b_w along with eliminating W_0 via the first relation in eq.(14), the above effective scalar potential can be written as

V(τ_w, ρ_w) = V_0 + e^{−aw τw} (μ_1 + μ_2 τ_w) cos(a_wρ_w) . (17)

Here V_0, μ_1, μ_2 are constants depending on the stabilized values of the heavier moduli as

μ_1 = μ_0 [ 4τ_s ( (a_s − a_w)A_wλ_1 − (b_s − a_w)B_wλ_2 )

+ τ_s (b_sB_wλ_2 − a_sA_wλ_1) ( a_sλ_1(−1 + 4a_sτ_s) − b_sλ_2(−1 + 4b_sτ_s) ) a_sλ_1(−1 + a_sτ_s) − b_sλ_2(−1 + b_sτ_s) ] ,

μ_2 = μ_0a_w [( B_wλ_2 − A_wλ_1 )( a_sλ_1(−1 + 4a_sτ_s) − b_sλ_2(−1 + 4b_sτ_s) ) a_sλ_1(−1 + a_sτ_s) − b_sλ_2(−1 + b_sτ_s) ] (18)

with

μ_0 = √ 2( a_sλ_1 − b_sλ_2) 3 ξ_s V √ τ_s . (19)

After stabilizing the ρ_w-axion at its minimum ρ_w = 0, it has been shown (in [32]) that the divisor volume modulus τ_w corresponding to the Wilson divisor D_w gets stabilized to

a_wτ_w = 1 − a_w μ_1 μ_2

, (20)

where^{μ1}_{μ2} < 0 is required for stabilizing τ_w inside the Kähler cone. A couple of benchmark models have been constructed for a set of sampling parameters displacing the Kähler modulus τ_w away from its minimum, investigations of inflationary behavior have been made in a single field approximation [32]. In this article, we generalize the inflationary model via including the dynamics of corresponding ρ_w axion and discuss various subsequent cosmological implications.

3 Two-Field Poly-Instanton Inflation

In all the remaining sections, we will be assuming that the heavier moduli are stabilized at their respective minimum position and we consider the effective potential for the two lighter fields (τ_w and ρ_w) given by (17). Furthermore, we assume that a suitable uplifting of the AdS minimum to a dS minimum can be processed via an appropriate mechanism (e.g. by the introduction of anti-D3 brane [14]^7 or other mechanism like using dilaton-dependent term in superpotential [19]). Thus, the resulting inflationary potential looks like

V_{inf} (τ_w, ρ_w) = V_{up} + V_0 + e^{−aw τw} (μ_1 + μ_2 τ_w) cos(a_wρ_w) (21)

Now, we state the effective potential studied before in roulette inflation [46] which after stabilizing all but one Kähler moduli effectively looks as,

V_{roulette}(τ_n, ρ_n) = V_{up} + V_0 + √ τ_n e^{−2an τn} V + τ_n e^{−anτn} cos(a_nρ_n) V^2

(22)

where τ_n is stabilized at τ_n ∼ lnV. Let us mention some important differences between the aforementioned potentials. First, the geometric origin of these two potential are different as we have explained in the previous sections. The former one comes from a Wilson divisor volume modulus while the later one comes from a blow-up volume modulus. Second, these moduli are stabilized by corrections which scales differently in terms of CY volume. Moreover, the stabilized values at the respective minimum have different volume scaling; τ_n is stabilized at order lnV while τ_w is stabilized by eq.(20). Here, the V dependence, which could have appeared via τ_s, gets effectively canceled.

The uplifting term V_{up} in eq.(21) needs to be such that the uplifted scalar potential acquires a small positive value (to be matched with the cosmological constant) when all the moduli sit at their respective minimum. This potential has the following set of critical points

(i). τ_w = μ_2 − a_w μ_1 a_w μ_2

, a_wρ_w = 2p π (23) (ii). τ_w = μ_2 − a_w μ_1 a_w μ_2

, a_wρ_w = (2p + 1)π

where p ∈ Z. Moreover, in order to trust the effective field theory we need^{μ1}_{μ2} < 0. In order to ensure the minimum, one has to consider the Hessian V_{ab} (evaluated at these two sets of critical points) which is given as V_{ab} = ( ∓a_w μ_2 e^{−1+ aw μ1μ}2 0 0 ∓a_w μ_2 e^{−1+ aw μ1μ}2 ) , (24)

where ∓ sign corresponds to critical points (i) and (ii) respectively. Hence depending on whether {μ_1 < 0, μ_2 > 0} or {μ_1 > 0, μ_2 < 0}, we find that one set of critical point corresponds to minima while the other corresponds to maxima. From now on, we fix our notation with a sampling of parameters such that

7For uplifting process using anti-D3 brane, there has been some sensitive issues as mentioned in [84, 85, 86].

{μ_1 > 0, μ_2 < 0} (as in [32]) and performing the redefinitions τ_w = ϕ_1, ρ_w = ϕ_2, the uplifted scalar potential takes the form

V_{inf} (ϕ_1, ϕ_2) = ( g_s 8π ) e^{KCS} [ − μ_2 e^{−1+ aw μ1μ}2 a_w + e^{−aw ϕ1} (μ_1 + μ_2 ϕ_1) cos(a_wϕ_2) ] .(25)

Here, a proper normalization factor (_{gs} 8π ) e^{KCS} has been included [28], where K_{CS} denotes the Kähler potential for the complex structure moduli. We assume that e^{KCS} ∼ O(1). Furthermore, we set the numerical parameters for moduli stabilization similar to the ones chosen in one of the benchmark models (in [32]). The parameters which would be directly relevant for further computations in this article are,

μ_1 = 2.9 × 10^{−8}, μ_2 = −1.9 × 10^{−8}, a_w = 2π, g_s = 0.12 (26) V = 905, τ_s = 5.7, ξ_{sw} = 1/(6 √ 2) The ‘effective’ non-flat moduli space metric G_{ab} relevant for inflaton dynamics can be computed as G_{ab} = (_{3ξsw} 2 √ 2 V √ τ_s+ϕ_1 0 0^{3ξsw} 2 √ 2 V √ τ_s+ϕ_1 ) (27)

Utilizing the large volume limit, the same is written from the Kähler metric component K_{Tw T w} expressed in the real moduli basis {ϕ_1, ϕ_2}. The Christoffel connections are defined as Γ^a_{bc} = G^{ad}Γ_{bc,d} =^1_2 G^{ad} (∂_bG_{cd} + ∂_cG_{bd} − ∂_dG_{bc}) and the only non-zero connection components are

Γ^1_{11} = − 1 4(τ_3 + ϕ_1)

= Γ^2_{12} = Γ^2_{21}, Γ^1_{22} = 1 4(τ_3 + ϕ_1) . Furthermore, the non-zero components of the Riemann tensor, defined as R^a_{bcd} = ∂_cΓ^a_{db} − ∂_dΓ^a_{cb} + Γ^a_{ck}Γ^k_{db} − Γ^a_{dk}Γ^k_{cb}, are

R^1_{212} = − 1 2(τ_3 + ϕ_1)^2

= R^2_{121}, R^1_{221} = 1 2(τ_3 + ϕ_1)^2

= R^2_{112}.

Under the sampling (26), the effective two-field inflationary potential from eq.(21) is shown in Fig.1.

4 Evolution of Trajectories

In this section, we investigate the field evolutions and look for the possible inflationary trajectories which could reproduce 50 (or more) e-foldings. For a given

Figure 1: The effective potential as a function of the moduli τ_w and ρ_w.

initial condition, we numerically trace the entire inflationary trajectories including beyond slow-roll region. Using the background N e-folding number as the time coordinate, i.e. dN = Hdt, the Einstein-Friedmann equations are obtained as d^2 dN^2 ϕ^a + Γ^a_{bc} dϕ^b dN dϕ^c dN + ( 3 + 1 H dH dN ) dϕ^a dN + G^{ab}∂_bV H^2

= 0, (28a)

H^2 = 1 3 ( V (ϕ^a) + 1 2 H^2 G_{ab} dϕ^a dN dϕ^b dN ) . (28b)

Using expressions (28a) and (28b), one can derive another useful expression for variation of Hubble rate in terms of e-folding, 1 H dH dN = V H^2

− 3. (29)

For numerical convenience, we solve these equations in the time basis t and then change the result back to the basis N e-folding. As introduced in [69], we will follow the field redefinitions given as^8

φ^a_1 ≡ ϕ^a, φ^a_2 ≡ ϕ̇^a = ( dϕ^a dt ) , where a = 1, 2. (30)

8The use of this notation would be more clear in the next section regarding computations of non-linearity parameters. Further, we will be using a combined indexing A such that any object O^A has two components given as O^A ≡ {O^a_1 , O^a_2 }.

which translates the second-order background equations of motions eq.(28a) into two first-order ODEs as follows

F^a_1 ≡ dφ^a_1 dN = ( dϕ^a dN ) = φ^a_2 H , F^a_2 ≡ Dφ^a_2 dN = −3φ^a_2 − G^{ab} V_b H . (31)

where D is the covariant derivative defined as Dφ^a_2 = dφ^a_2 + Γ^a_{bc}φ^b_2dφ^c_1, subject to the constraints H^2 =^1_3 ( V +^1_2 G_{ab}φ^a_2φ^b_2 ) . Then eq.(29) will be simplified as dH dt = −^1_2 G_{ab}φ^a_2φ^b_2. Now, in the context of studying inflationary aspects, one has to look at the sufficient conditions for realizing slow-roll inflation which are encoded in the so-called slow-roll parameters. For multi-field inflationary process with inflatons moving in a non-flat background, these slow-roll parameters are given as, ϵ ≡ − 1 H^2 dH dt , η ≡ 1 ϵH dϵ dt . (32)

Now, we can solve the background field equations (31) to get the full trajectories under different initial conditions. We choose ϕ^a(0) = ϕ^a_0 and^{dϕa}_{dt}^{dϕa}_{dt} |_{t=0} = 0; for a ∈ {1, 2} as a set of initial conditions and trace the corresponding trajectories up to the end of inflation (see Table 2).Figure 2 shows the complex evolution of trajectories for some samples of general starting conditions where the value of N e-folding at the end of inflation is labeled on each of these trajectories. Note, although it looks like a single field inflation in the late period of trajectory, the axion field in fact oscillates (Figure 3) during that time before settling into its minimum. The fact that both of the fields in each trajectories keep evolving up to the end of inflation might be relevant for generating large Non-Gaussianity. This indicates that isocurvature modes are not completely finished even though it looks as a single field motion in the final stage of the trajectories. The N e-folding when the axion ρ_w first crosses its minimum is denoted as N^†. One has to note that at this time N^†, the Wilson divisor volume mode is still quite far from its respective minimum. However, it rolls quickly enough to reach there. All of these points N^† are already in the beyond slow-roll region as the slow-roll parameter η > 1.

The various inflationary trajectories shown in Figure.2 can be classified in the following categories

(a) If the axion initial condition is such that the axion is minimized at its respective minimum, then two-field inflationary process reduces to its single field analogue which has been studied in [32]. These are stable trajectories and are attracted towards the respective valley in a straight line like the trajectory in Figure.2 with N_F = 62. These can produce the required number of e-foldings if the Wilson divisor volume mode is displaced significantly away from the minimum.

Figure 2: The full inflationary trajectories for various initial conditions where the value of N e-folding at the end of inflation is labeled on each of these trajectories. Various minima in dark blue are separated by maxima in light blue shade.

(b) If the axion initial condition is a little bit away from the minimum, the trajectories rolls to the nearest valley and trace towards the respective minimum like those trajectories in Figure.2 with N_F = 1, 53.4, 65, 98.8.

(c) If the axion initial condition starts with its value at the maximum, this results in an unstable trajectory directed straightly outwards from the respective attractor point showing a run-away behavior like the yellow trajectory in Figure.2.

(d) The trajectories starts from axion initial conditions being closer (but not exactly equal) to some maximum value as well as the initial values for the divisor volume mode being not very far from its respective minimum, one observes that inflationary trajectories cross several axion-ridges before getting attracted into a valley. This can be understood from the fact that this class of initial conditions is such that the initial potential energy is just a little higher to begin with (as shown in Figure.4 ) and the N e-folding increase very slow

Figure 3: Oscillation of axion-field ρ_w during late period in the beyond slowroll regime. The N e-folding when the ρ_w crosses its minimum is denoted as N^† = {64.67, NULL, 53.08, 98.42}. At the time N^†, the divisor volume mode is still quite far from its minimum and thus both fields are dynamical and it is already in beyond slow-roll regime. Notice that the second trajectory corresponds to a single-field inflation.

at the beginning of these trajectories, see Figure.2 with N_F = 7.4, 44.2, 270.

Figure 4: The potential V as a function of e-folding N, where the value of N e-folding at the end of inflation is labeled on each of these trajectories.

For most of these trajectories except the single-field one, they momentarily undergo some sort of quick-roll region before staring the slow-roll (see Figure 4, 5 and 6). The slow-roll region ends when any of the slow roll conditions ϵ ≪ 1, η ≪ 1 is violated. The evolution of the slow-roll parameter ϵ and η

Class τ_w ρ_w N_F a 5 1 62 4 0.3 1 b 4.5 1.475 53.4 4 0.496 65 3.9 1.495 98.8 c 3.5 -0.5 - 3.65 0.2 7.4 d 3.4 0.3 44.2 3.7 0.4 270

Table 2: Initial conditions for these trajectories shown in Figure.2.

depending on the variation of e-folding for four of these trajectories are shown in Figure 5 from which one can see that these parameter changes dramatically at the end of inflation. Also, there is a region in field space where there is a strong violation of slow-roll condition via η ≫ 1 before the end of inflation. This beyond slow-roll region can be interesting from the non-Gaussianities point of view as explained later. Furthermore, we can define the scalar perturbation power spectrum P_s (in the slow-roll region) as P_s =^{H2}_{(2π)2 ϵ} . Figure 6 shows the evolution of the Hubble rate H and power spectrum P_s with e-folding variations for the corresponding trajectories. It shows that the Hubble rate H is almost constant (at 10^{−8}M_p) during entire inflationary process including the beyond slow-roll region also. This indicates a high scale inflation as M_{inf} ∼ V^{14}_{inf} ∼ H^12 ∼ 10^{14}GeV. The power spectrum for scalar perturbations P_s reaches a value of order 10^{−9} at the horizon exit. Also, within the slow-roll limit, the spectral index is found to be negligibly small. All of these results are consistent with the observational constraints today.

5 Primordial Non-Gaussianities

The signatures of non-Gaussianities are encoded in a set of non-linearity parameters which are commonly denoted as f_{NL}, τ_{NL} and g_{NL}. These are generically related to the n-point correlators of curvature perturbations; the 2-point correlators simply give rise to a Gaussian shaped power spectrum while the 3-point correlators are related to the bi-spectrum which encodes the non-Gaussianities via the non-linearity parameter f_{NL}. Similarly, the 4-point correlators give rise to a tri-spectrum via τ_{NL} and g_{NL} parameters. These non-linearity parameters can be computed in the δN-formalism which relates the curvature perturbations to the difference between the number of e-foldings δN of two constant timehypersurfaces [52], ζ(t, x) ≃ δN = Hδt

Figure 5: Slow-roll parameter ϵ and η as a function of e-folding N, where the value of N e-folding at the end of inflation is labeled on each of these trajectories. The enhancement of the η parameter towards the end of inflation is illustrated for one trajectory corresponding to N_F = 65 in the last plot.

Following the redefinitions of the background field evolutions as made in the previous section, the perturbations of the scalar field on N = constant gauge can be expressed as, δφ^A(λ, N) ≡ φ^A(λ + δλ, N) − φ^A(λ, N) where λ’s are 2n−1 integration constants (for an n- component scalar field) which, along with N, parametrizes the initial values of the fields [68, 69]. The curvature

Figure 6: The Hubble rate H and the power spectrum P_s as a function of efolding N, where the value of N e-folding at the end of inflation is labeled on each of these trajectories.

perturbations at each spatial point of the field space are subsequently expressed in terms of variations of the number of e-foldings in various field directions,

ζ(N_F , x) = ∑ 1 n! N^∗_{A1A2....An} δφ^{A1} (x) δφ^{A2} (x)......δφ^{An} (x), (33) N^∗_{A1A2....An} ≡ ( ∂^nN(N_F , φ^A) ∂φ^{A1} ∂φ^{A2} ....∂φ^{An} ) at φ^A=φ^A_{(0)}(N_∗)

where φ^A_{(0)} corresponds to an unperturbed trajectory and N_F corresponds to a final time-hypersurface of uniform energy density. The non-linearity parameters f_{NL}, τ_{NL} and g_{NL} are generically defined as, f_{NL} = 5 6 N^A N^B N_{AB} (N^D N_D)^2 , τ_{NL} = N^A N_{AB} N^{BC} N_C (N^D N_D)^3

, (34) g_{NL} = 25 54 N^A N^B N^C N_{ABC} (N^D N_D)^3 where the field variations of N are defined as N_A = ∂_AN, N_{AB} = ∂_{AB}N and N^A = G^{AB}N_B. Now, the main task in computing the non-linearity parameters is to find out the fields variations of the number of e-foldings and for the same we would follow the strategy developed in [68, 69] using δN formalism. It is important to mention that this approach is valid in the beyond slow-roll regime as well. So one can explore the evolutions of the non-linearity parameter in the non slow-roll regime up to the end of inflation.

5.1 Strategy for computing f_{NL}, τ_{NL} and g_{NL}

Let us briefly discuss the necessary ingredients from [68, 69] which are relevant for computing the non-linearity parameters. For a given generic form of the scalar potential, the concise expressions for the non-linearity parameters f_{NL}, τ_{NL} and g_{NL} are^9, f_{NL} = 5 6 1 (N^∗_D Θ^D_∗ )^2 [ N^F_{AB} Θ^A_F Θ^B_F + ∫_{NF} N_∗ N_A Q^A_{BC} Θ^B Θ^C dN ] (35a)

τ_{NL} = 1 (N^∗_D Θ^D_∗ )^3 [ A^{AB} Ω_A(N_∗) Ω_B(N_∗) ] (35b)

g_{NL} = 25 54 1 (N^∗_D Θ^D_∗ )^3 [ N^F_{ABC} Θ^A_F Θ^B_F Θ^C_F + 3 ∫_{NF} N_∗ Ω_A Q^A_{BC} Θ^B Θ^C dN + ∫_{NF} N_∗ N_A Q^A_{BCD} Θ^B Θ^C Θ^DdN ] (35c)

Let us explain the meaning of the various symbols,

• It is important to recall that in (35a,35b,35c), any object O^A has two components O^A ≡ {O^a_1 , O^a_2 } and the indices are appearing due to field redefinitions (30), i.e.

φ^a_1 ≡ ϕ^a, φ^a_2 ≡ dϕ^a dt , where a ∈ {1, 2}. • The expressions of various derivatives {N_A(N), Θ^A(N), Ω_A(N)} at a generic time during the inflationary dynamics is required for computing the integrals. These vector quantities have to be computed by solving the respective ODEs. This is among the main task of the computation and we will elaborate more on it later.

9To avoid any possible confusion with the notations, we mention that all capital letters appearing as the sub/super scripts are denoted in calligraphic font.

• The symbols Θ^A(N) are defined as

Θ^A(N) ≡ Λ^A_B(N, N_∗) N^B_∗ ; where (36)

Λ^A_B(N, N_∗) = [ T exp (∫_N N^∗ P^A_B(N) dN )] with Λ^A_B(N_∗, N_∗) = δ^A_B .

In the above, T denotes time-ordering. The expressions for P^A_B(N) are given as,

P^{a1}_{1b} = − 1 6H^3 φ^a_2 V_b

P^{a1}_{2b} = − V^a_b H + 1 6H^3

V^aV_b − R^a_{cbd} φ^c_2 φ^d_2 (37)

P^{a2}_{1b} = 1 H δ^a_b − 1 6H^3 φ^a_2 (G_{bd}φ^d_2)

P^{a2}_{2b} = −3 δ^a_b + 1 6H^3

V^a (G_{bc}φ^c_2).

• The symbol A^{AB} is defined as, ⟨ δφ^A_∗ δφ^B_∗ ⟩ = A^{AB} ( H_∗ 2π )_2 . (38)

In general, A^{AB} depends on the non-flat background metric. The respective expressions are given in appendix (A) taking the slow-roll corrections [87] into account.

• The expressions of various derivatives of e-folding N evaluated at some final constant time-hypersurface t_F (e.g. N^F_A , N^F_{AB}, N^F_{ABC} ) are given as,

N^F_A = − ( H_A H_D F^D ) at φ=φ^{(0)}(N_F ) N^F_{AB} = − ( U_{AB} H_D F^D ) at φ=φ^{(0)}(N_F )

(39) N^F_{ABC} = − ( Z_{ABC} H_D F^D ) at φ=φ^{(0)}(N_F )

• The expressions for quantities H_A(N), H_{AB}(N), H_{ABC} (N),U_{AB}(N),Z_{ABC} (N) as well as Q^A_{BC} (N) and Q^A_{BCD}(N) involve various derivatives of the scalar potential and the Hubble rate. Being quite lengthy, their explicit expressions can be found in (A).

The main advantage of the formulation involving the redefinitions (30) is that this simplifies the computation of the non-linearity parameters f_{NL}, τ_{NL} and g_{NL}.

It remains to solve first order ODEs for vector quantities (like Θ^A(N), N_A(N), Ω_A(N)). Furthermore, this formulation reduces the number of O(n^2) calculations to O(n) where n is the number of scalar fields involved in the dynamics. This makes numerical calculations much more efficient in a multi-field scenario which has a large number of scalar fields.

The expressions for Θ^A(N), N_A(N), Ω_A(N) required for solving the integrals can be obtained by solving the following set of first order ODEs, D dN N_A(N) = −P^A_B(N) N_B(N), D dN Θ^A(N) = P^A_B(N) Θ^B(N), (40) D dN Ω_A(N) = −Ω_B(N) P^B_A(N) − N_B(N) Q^B_{AC} (N) Θ^C (N).

Each set of these involves four ODEs for each quantity Θ^A(N), N_A(N) and Ω_A(N). Of course, even this simplification of the problem into solving first order ODEs does not allow to proceed analytically for a given generic multi-field potential. However for concrete models, it is much easier to solve the aforementioned twelve ODEs numerically. As an important observation, the first two expressions of (40) are mutually dual to each other. This implies that the quantity X (N_∗) = N_A(N_∗) Θ^A(N_∗) is constant irrespective of N_∗. The algorithmic approach of solving the ODEs in (40) can be summarized as,

• First, one numerically solves the set of ODEs for N_A(N) by using the boundary conditions corresponding to the final constant time-hypersurface N_A(N_F ) = N^F_A = − [_{HA} H_C F^C ] N=N_F . Then, utilizing the numerical solutions obtained, one traces back to N_A(N_∗).

• Using the backward traced values for N_A(N_∗), one gets the initial conditions Θ^A(N_∗) = A^{AB}(N_∗) N_B(N_∗) and subsequently one numerically solves the set of ODEs for Θ^A(N).

• Utilizing the solutions for Θ^A(N), one traces forward for Θ^A(N_F ), and then one can easily solve the set of ODEs for Ω_A(N) via using the initial conditions Ω_A(N_F ) = N^F_{AB} Θ^B(N_F ).

Substituting the various numerical solutions for all the relevant quantities in (34), one obtains the values for all the three non-linearity parameter f_{NL}, τ_{NL} and g_{NL}.

5.2 Numerical Results

Now, we present the numerical results applying the strategy discussed so far for our potential (25). The various non-linearity parameters f_{NL}, τ_{NL} and g_{NL} have been estimated for slow-roll as well as beyond slow-roll regime for the four trajectories mentioned before corresponding to sufficiently large e-folding N > 50. We observe that in the slow-roll regime, the f_{NL} (as well as τ_{NL}, g_{NL}) are very τ_w ρ_w N |f_{NL}| g_{NL} τ_{NL} 3.9 1.495 96.51 0.020 -0.010 6.26 ×10^{−4} 4 0.496 62.60 0.030 -0.009 1.35 ×10^{−3} 4.5 1.475 51.17 0.035 -0.010 1.89 ×10^{−3} 5 1 60 0.017 -0.0097 4.54 ×10^{−4}

Table 3: Various non-linearity parameters estimated up to the end of slow-roll region.

small which is also something quite expected [52]. Table 3 presents the collection of non-linearity parameter values estimated in the slow-roll regime. τ_w ρ_w N^† |f^†_{NL}| N_F |f_{NL}| g_{NL} τ_{NL} 3.9 1.495 98.42 0.07 98.74 9.8 592.2 138.3 4 0.496 64.67 0.08 65 377 4.39 ×10^8 2.05 ×10^5 4.5 1.475 53.08 0.09 53.42 48.6 4.27 ×10^5 3404.5 5 1 NULL NULL 62 0.068 -0.34 0.0067

Table 4: Various non-linearity parameters estimated in the beyond slow-roll regime. The time corresponding to N^† is simply the time where axion ρ_w first crosses its minimum and oscillates up to the end of inflation.

Table 4 shows that one can get large non-linearity parameters in the beyond slow-roll region for these trajectories except the single-field one. Especially, most of these large values are generated after the time when axion crosses its minimum for the first time, i,e. between N_F and N^†. One can see that in the beyond slow-roll regime (N_F − N = 2 or at most 3), the trajectories acquire quick turns via oscillations in axionic directions when one approaches towards the end of inflation. This might be a reason for these non linearity parameters getting enhanced to significantly large values. Another reason for having large values of non-linearity parameters could be attributed to one of the slow-roll parameters getting significantly large, η ∼ O(10^2 − 10^3). Moreover, contributions to the ϵ parameter coming from each of the two-fields are such that ϵ_1 ≫ ϵ_2 in beyond slow-roll regime^{10}. These can cause large enhancements in the intermediate quantities such as Θ^A in the regime where the slow-roll condition is strongly violated. The reason could be simply thought of to be as Θ^A(N) = Λ^A_B(N, N^′)N^B(N^′) and

10In two-field model with ϵ_1 ≫ ϵ_2, it has been argued that f_{NL} can be enhanced by a factor of O (ϵ_1/ϵ_2) to its naively expected O(ϵ) value [62]. Note that such hierarchies in slow-roll parameters can be extremely crucial and this has been a key in realizing large f_{NL} even in slow-roll regime [63]. Similar example could be a two-field DBI inflationary model like [88].

Λ^A_B(N, N^′) are defined through exponential of integrals involving P^A_B (N) which depends on the combinations of slow-roll parameters. However, in the slow-roll regime, Λ^A_B(N, N^′) ∼ O(1) and this results in the f_{NL} parameters to be of slowroll suppressed values for various trajectories. Also, in [89], it has been argued that the value of f_{NL} parameter can be expected to be crucially enhanced or suppressed if Λ^A_B(N, N^′) happens to be so.

6 Conclusions and Discussions

In this article, we generalized the standard single field poly-instanton inflationary model to a two-field model in which inflation is driven by a combined dynamics of a (Wilson) divisor volume mode and the respective C_4 axion. In this setup, we have focused on two aspects. The first one was the study related to the two-field inflationary model. The second one has been an investigation of the possibility to realize the non-Gaussianities by computing the non-linearity parameters such as f_{NL}, τ_{NL} and g_{NL}. This was done in the slow-roll as well as in the beyond slow-roll regime.

In the context of the first aspect, we studied the evolutions of background fields and explored the various possible types of inflationary trajectories. We observed that, depending on the choice of initial conditions, one can have inflationary trajectories corresponding to a wide range (order one e-folding to quite large) number of e-foldings. However, we mainly focused on the class of trajectories which could produce order 50 (or more) e-foldings. The nature of various trajectories are also quite different; some are attracted (repelled) inwards (outwards) to the attractor point in a straight line and hence implying that such trajectories have no isocurvature perturbations. The other type of trajectories have significant curving due to the axion dynamics and do have isocurvature perturbations. Further, if the axion initial conditions are not very far from the respective minimum, the respective trajectories are attracted into the nearest valley. Interestingly, there are some trajectories which are predominantly axionic before getting trapped into an attractor point. This situation is similar to the rotation of a roulette ball before being trapped into a particular slot, and so justifies the name “roulette” inflation [46]. We analyzed the running of the slow-roll parameters, the Hubble rate and the power spectrum of scalar perturbations in terms of e-foldings. Similar to the single-field inflationary models [28, 32] realized in type IIB LARGE volume orientifold compactifications, the values of slow-roll parameters ϵ and η are quite hierarchial. The slow-roll parameter ϵ is very small (ϵ ∼ 10^{−9}) during slow-roll and it increases only up to order 10^{−6} values when slow-roll conditions are violated by η ∼ O(1). In fact, the ϵ parameter increases exponentially fast near the end of inflation and at the same time the η parameter also gets enhanced to a very large values. Thus, from the point of view of e-foldings, a very narrow window is available in the ‘beyond’ slow-roll regime in which η parameter is very large. Moreover, a significant hierarchy ϵ_1 ≫ ϵ_2 is also realized within the components of ϵ in beyond slow-roll regime. Also, as we have found several trajectories with significant curving, it has been a good motivation for looking at the non-Gaussianities signatures in this “roulette poly-instanton inflation” setup.

Subsequently, we have investigated the possibilities for generating detectable values for the non-linearity parameters f_{NL}, τ_{NL} and g_{NL} for various trajectories. We followed the strategy developed in [68, 69] which is applicable for a given generic scalar potential and is also valid in the beyond slow-roll regime. For the trajectory which has initial conditions such that axion sits at its minimum position to start with, this two-field inflationary process reduces to its singlefield analogue [32]. Thus, for this trajectory, we get quite small value for the non-linearity parameters f_{NL}, τ_{NL} and g_{NL} in the slow-roll regime. In fact, within the slow-roll regime, we obtain small values for each of the the three nonlinearity parameters for all the ‘types’ of trajectories we have classified in this setup. However, in the beyond slow-roll regime (N_F − N = 2 or at most 3), the trajectories acquire turns due to oscillations in axionic directions when one approaches towards the end of inflation.These might be responsible for the non linearity parameters getting enhanced to significantly large values. Moreover, a sharp increment of the η parameter towards the end of inflation could be another reason for the non-linearity parameters getting enhanced in the beyond slow-roll regime. Recently, in the context of estimating non-Gaussianities signatures in the beyond slow-roll regime, large f_{NL} values have been observed in [59, 60] with a potential having a combination of various exponential terms such that the Hubble rate is sum separable. Such a potential has been argued to be possibly realized in string models such as [28]. Although, our two-field scalar potential does not have a separable form for the Hubble rate (and hence one can not expect to reproduce our results from the strategy developed in [59, 60]), nevertheless there are important similarities which could be responsible for the large values of f_{NL} parameter. A few of these are,

• Large f_{NL} is realized only in the region of the final stage of inflation where there is no significant increment in the number of e-folds.

• In both of the cases, there is a significant enhancement in the η-parameter towards the end of the inflation resulting in hierarchial values for the ϵ and η parameters.

• Without going into all the details of [60], we state as an observation that the exponent appearing in the form of the Hubble rate as e^{−αk ϕk} results in f_{NL} ∼ O(n α_k/ √ m_k), where n is the number of fields involved in the dynamics and α_k, m_k are some model dependent parameters. For α_k ∼ O(100), m_k ∼ 1, one gets f_{NL} ∼ O(100). Now for our case, after considering the canonically normalized forms of the divisor volume modulus, as seen in single-field analogue in [32], the exponential term in the potential appears as e^{−αk ϕ4/3k} where α_k ∼ V^{2/3} and V is the stabilized value for the Calabi Yau volume. For the present case, V ∼ 905. Moreover, recall that such exponential form results in η ∼ √ ϵ ∼ e^{−αk ϕ4/3k} which is similar to those of [60].

Along these lines, our analysis could be a supporting step towards looking for the non-Gaussianities in the beyond slow-roll limit. Also, a systematic study of what happens after the end of inflation, for example following the motion/decay of inflaton fields and reheating issues etc. can be extremely crucial in such models^{11}. In the context of Kähler moduli inflation models [28, 30], it has been found that there is a possibility of inflaton dumping all its energy into the hidden sector instead of the visible sector [91, 92]. For investigating this aspect, one has to extend our setup by explicitly embedding the visible sector. It would be interesting to know how generic is the problem and we hope to get back with this aspect in a future work.

Acknowledgments

We would like to thank Ralph Blumenhagen, Godfrey Leung, Anupam Majumdar, Aalok Misra, Takahiro Tanaka, Lingfei Wang and Shuichiro Yokoyama for helpful discussions. In addition, we also gratefully acknowledge very enlightening discussions and comments from Shuichiro Yokoyama and Lingfei Wang. PS would like to thank the IPhT Saclay group and the Institut Henri Poincaré (IHP), Paris for hospitality during visits to the respective centers (during SCGSC-2012) where related inflationary aspects have been presented. XG is supported by the MPG-CAS Joint Doctoral Promotion Programme and PS is supported by a postdoctoral research fellowship from the Alexander von Humboldt Foundation.

A Collection of the relevant expressions

Recalling the field redefinitions,

φ^a_1 = ϕ^a, φ^a_2 = dϕ^a dt the background field-evolution is governed by the following equivalent expressions, d dN φ^a_1 ≡ F^a_1 = 1 H φ^a_2, D dN φ^a_2 ≡ F^a_2 = −3φ^a_2 − G^{ab} V_b H where D is the covariant derivative defined as Dφ^a_2 = dφ^a_2+Γ^a_{bc}φ^b_2dφ^c_1, and Hubble rate is defined via H^2 =^1_3 ( V +^1_2 G_{ab}φ^a_2φ^b_2 ) . Now, utilizing the aforementioned

11We thank E. Copeland and A. Mazumdar for pointing this out to us and bringing our attention to the related studies in [90, 91, 92, 93]

relations, the various useful expressions appearing at the intermediate stages in the computation of non-linearity parameters (f_{NL}, τ_{NL} and g_{NL}) can be easily derived. The expressions for P^A_B = (_{DF A} ∂φ^B ) at φ^A=φ^A_{(0)}(N)

are simply given as

P^{a1}_{1b} = − 1 6H^3 φ^a_2 V_b

P^{a1}_{2b} = − V^a_b H + 1 6H^3

V^aV_b − R^a_{cbd} φ^c_2 φ^d_2 (41)

P^{a2}_{1b} = 1 H δ^a_b − 1 6H^3 φ^a_2 (G_{bd}φ^d_2)

P^{a2}_{2b} = −3 δ^a_b + 1 6H^3

V^a (G_{bc}φ^c_2)

The expressions for Q^A_{BC} = (_{DP AB} ∂φ^C ) at φ^A=φ^A_{(0)}(N)

are given as

Q^{a11}_{1bc} = − 1 H^3 φ^a_2 V_{bc} + 1 12 H^5 φ^a_2 V_b V_c − R^a_{bcd} φ^d_2

Q^{a12}_{1bc} = − 1 H^3 δ^a_c V_b + 1 12 H^5 φ^a_2 V_b(G_{cd}φ^d_2)

Q^{a21}_{1bc} = − 1 H^3 δ^a_b V_c + 1 12 H^5 φ^a_2 (G_{bd}φ^d_2)V_c

Q^{a22}_{1bc} = − 1 H^3 δ^a_b (G_{cd}φ^d_2) + 1 12 H^5 φ^a_2 (G_{bd}φ^d_2)(G_{cf} φ^f_2 ) − 1 H^3 δ^a_c (G_{bd}φ^d_2) − 1 H^3 φ^a_2 G_{bc} (42)

Q^{a11}_{2bc} = − 1 H V^a_{bc} + 1 6H^3

(V^a_b V_c + V^a_c V_b + V^a V_{bc}) − 1 12 H^5

V^aV_bV_c − ∇_cR^a_{pbq} φ^p_2φ^q_2

Q^{a12}_{2bc} = 1 6 H^3

V^a_b (G_{cd}φ^d_2) − 1 12 H^5

V^a V_b (G_{cd}φ^d_2) − 2R^a_{cbd} φ^d_2

Q^{a21}_{2bc} = 1 6 H^3

V^a_c (G_{bd}φ^d_2) − 1 12 H^5

V^a (G_{bd}φ^d_2) V_c − R^a_{dcb} φ^d_2

Q^{a22}_{2bc} = − 1 12 H^5

V^a (G_{bd}φ^d_2) (G_{bd}φ^d_2) + 1 6 H^3 V^a G_{bc} After including the slow-roll corrections in A^{AB} [87] and keeping in mind that background metric for our case is diagonal, we get the following components,

A^{aa}_{11} = G^{aa} [ 1 + 2ϵ + α ( −4ϵ + G_{aa} ( dϕ^a dN )_2 − G_{bb} ( dϕ^b dN )_2 − 2 G^{aa}V_{aa} V )] ; A^{ab}_{11} = 0 for a ≠ b, where a = {1, 2} and α ∼ 0.7,

A^{ab}_{12} = G^{ac}V_c G^{bd}V_d V^2 − G^{ac}G^{bd} (V_{cd} − Γ^q_{cd}V_q) V = A^{ab}_{21}, (43)

A^{ab}_{22} = ( V^a V_c V^2 − G^{ak} (V_{ck} − Γ^q_{ck}V_q) V ) ( V^c V^b V^2 − G^{cp}G^{bq} ( V_{pq} − Γ^l_{pq}V_l ) V ) . In the first two-lines of (43), the indices are not summed over. Furthermore, the expressions for H_A, H_{AB}, H_{ABC} are elaborated as,

H^1_a = 1 6 H V_a, H^2_a = 1 6 H (G_{ab}φ^b_2) (44)

H^{11}_{ab} = 1 6 H V_{ab} − 1 36 H^3 V_a V_b H^{12}_{ab} = − 1 36 H^3

V_a (G_{bc}φ^c_2)

H^{21}_{ab} = − 1 36 H^3

V_b (G_{ac}φ^c_2)

H^{22}_{ab} = 1 6 H G_{ab} − 1 36 H^3

(G_{ac}φ^c_2)(G_{bd}φ^d_2)

H^{111}_{abc} = 1 6 H V_{abc} − 1 36 H^3

(V_{ab}V_c + V_{ac}V_b + V_aV_{bc}) + 1 72 H^5 V_aV_bV_c H^{112}_{abc} = − 1 36 H^3

V_{ab}(G_{cd}φ^d_2) + 1 72 H^5

V_aV_b(G_{cd}φ^d_2)

H^{121}_{abc} = 1 72 H^5

V_a(G_{bd}φ^d_2)V_c − 1 36 H^3

V_{ac}(G_{bd}φ^d_2)

H^{122}_{abc} = 1 72 H^5

V_a(G_{bd}φ^d_2)(G_{cp}φ^p_2) − 1 36 H^3 V_a G_{bc} H^{211}_{abc} = 1 72 H^5

(G_{ad}φ^d_2) V_bV_c − 1 36 H^3 (G_{ad}φ^d_2) V_{bc} H^{212}_{abc} = 1 72 H^5

(G_{ad}φ^d_2)V_b (G_{cp}φ^p_2) − 1 36 H^3 G_{ac} V_b H^{221}_{abc} = − 1 36 H^3

G_{ab} V_c + 1 72 H^5

(G_{ad}φ^d_2) (G_{bp}φ^p_2) V_c

H^{222}_{abc} = 1 72 H^5

(G_{ad}φ^d_2)(G_{bp}φ^p_2) (G_{cq}φ^q_2) − 1 36 H^3

G_{ab} (G_{cd}φ^d_2) − 1 36 H^3

G_{ac} (G_{bd}φ^d_2) − 1 36 H^3 (G_{ad}φ^d_2) G_{bc} The expressions of various derivatives of e-folding N evaluated at a final timehypersurface t_F (e.g. N^F_A , N^F_{AB}, N^F_{ABC} ) which is used for providing the initial conditions while solving for the ODEs backward in time are given as,

N^F_A = − ( H_A H_D F^D ) at φ=φ^{(0)}(N_F )

N^F_{AB} = − ( U_{AB} H_D F^D ) at φ=φ^{(0)}(N_F )

(45) N^F_{ABC} = − ( Z_{ABC} H_D F^D ) at φ=φ^{(0)}(N_F )

where

U_{AB} = H_{AB} + 2 ( H_C P^C_A + F^C H_{CA} ) N^F_B + ( F^CH_{CD} F^D + H_C P^C_D F^D ) N^F_A N^F_B Z_{ABC} = H_{ABC} + [ H_D ( Q^D_{EF} F^E + P^D_E P^E_F ) F^F + H_{DEF} F^DF^E F^F (46)

+3 F^DH_{DE} P^E_F F^F ] N^F_A N^F_B N^F_C + 3 [ ( H_{ADE} F^D + H_{AD} P^D_E ) F^E +2 F^DH_{DE} P^E_A + H_D ( Q^D_{EA} F^E + P^D_E P^E_A ) ] N^F_B N^F_C +3 ( 2H_{AD} P^D_B + F^D H_{DAB} + H_D Q^D_{AB} ) N^F_C +3 ( F^D H_{DE} F^E + H_D P^D_E F^E ) N^F_A N^F_{BC} + 3 ( F^D H_{DA} + H_D P^D_A ) N^F_{BC} Finally, the expressions for Q^A_{BCD} = (_{DQABC} ∂φ^D ) at φ^A=φ^A_{(0)}(N)

are given as,

Q^{a111}_{1bcd} = 1 12H^5 φ^a_2 V_{bc} (G_{dp}φ^p_2) − 1 6H^3 δ^a_d V_{bc} − 5 72H^7 φ^a_2 V_b V_c (G_{dp}φ^p_2) + 1 12H^5 δ^a_d V_b V_c Q^{a112}_{1bcd} = − 1 6H^3 δ^a_d V_{bc} + 1 12H^5 δ^a_d V_b V_c − 5 72H^7 φ^a_2 V_b V_c (G_{dp}φ^p_2) + 1 12H^5 φ^a_2 V_{bc} (G_{dp}φ^p_2)

Q^{a121}_{1bcd} = − 1 6H^3 δ^a_c V_{bd} + 1 12H^5 δ^a_c V_b V_d − 5 72H^7 φ^a_2 V_b (G_{cp}φ^p_2) V_d + 1 12H^5 φ^a_2 V_{bd} (G_{cp}φ^p_2)

Q^{a211}_{1bcd} = 1 12H^5 δ^a_b V_c V_d − 1 6H^3 δ^a_b V_{cd} + 1 12H^5 φ^a_2 (G_{bp}φ^p_2) V_{cd} − 5 72H^7 φ^a_2 (G_{bp}φ^p_2) V_c V_d

Q^{a122}_{1bcd} = 1 12H^5 δ^a_b V_c (G_{dp}φ^p_2) + 1 12H^5 δ^a_d V_b (G_{cp}φ^p_2) − 5 72H^7 φ^a_2 V_b (G_{cp}φ^p_2) (G_{dq}φ^q_2) + 1 12H^5 φ^a_2 V_b G_{cd}

Q^{a221}_{1bcd} = 1 12H^5 φ^a_2 G_{bc} V_d + 1 12H^5 δ^a_b (G_{cp}φ^p_2) V_d + 1 12H^5 δ^a_c (G_{bp}φ^p_2) V_d − 5 72H^7 φ^a_2 (G_{bp}φ^p_2) (G_{cq}φ^q_2) V_d

Q^{a212}_{1bcd} = 1 12H^5 δ^a_b V_c (G_{dp}φ^p_2) + 1 12H^5 δ^a_d (G_{bp}φ^p_2) V_c − 5 72H^7 φ^a_2 (G_{bp}φ^p_2) V_c (G_{dq}φ^q_2) + 1 12H^5 φ^a_2 V_b G_{cd}

Q^{a222}_{1bcd} = 1 12H^5 [ δ^a_b (G_{cp}φ^p_2) (G_{dq}φ^q_2) + δ^a_c (G_{bp}φ^p_2) (G_{dq}φ^q_2) + φ^a_2 G_{bc} (G_{dq}φ^q_2) ]

− 1 6H^3 [ δ^a_b G_{cd} + δ^a_c G_{bd} + δ^a_d G_{bc} ] − 5 72H^7 φ^a_2 (G_{bp}φ^p_2)(G_{cr}φ^r_2)(G_{ds}φ^s_2) + 1 12H^5 [ δ^a_d(G_{bq}φ^q_2)(G_{cr}φ^r_2) + φ^a_2 G_{bd}(G_{cr}φ^r_2) + φ^a_2 (G_{br}φ^r_2) G_{cd} ]

Q^{a111}_{2bcd} = − 1 H V^a_{bcd} + 1 6H^3 [ V^a_{bc} V_d + V^a_{bd} V_c + V^a_b V_{cd} + V^a_{cd} V_b + V^a_c V_{bd} +V^a_d V_{bc} + V^a V_{bcd} ] − 1 12H^5 [ V^a_b V_c V_d + V^a_c V_b V_d + V^a_d V_b V_c

+V^a V_{bc} V_d + V^a V_{bd} V_c + V^a V_b V_{cd} ] + 5 72H^7

V^a V_b V_c V_d

Q^{a112}_{2bcd} = 1 6H^3

V^a_{bc} (G_{dq}φ^q_2) − 1 12H^5

V^a_b V_c (G_{dq}φ^q_2) − 1 12H^5

V^a_c V_b (G_{dq}φ^q_2) − 1 12H^5

V^a V_{bc} (G_{dq}φ^q_2) + 5 72H^7

V^a V_b V_c (G_{dq}φ^q_2)

Q^{a121}_{2bcd} = 1 6H^3

V^a_{bd} (G_{cq}φ^q_2) − 1 12H^5

V^a_b (G_{cq}φ^q_2) V_d + 5 72H^7

V^a V_b (G_{cq}φ^q_2) V_d − 1 12H^5

V^a_d V_b (G_{cq}φ^q_2) − 1 12H^5

V^a V_{bd} (G_{cq}φ^q_2)

Q^{a211}_{2bcd} = 1 6H^3

V^a_{cd} (G_{bq}φ^q_2) − 1 12H^5

V^a_c (G_{bq}φ^q_2) V_d − 1 12H^5

V^a (G_{bq}φ^q_2) V_{cd} + 5 72H^7

V^a (G_{bq}φ^q_2) V_c V_d − 1 12H^5

V^a_d (G_{bq}φ^q_2) V_c

Q^{a122}_{2bcd} = 1 6H^3 V^a_b G_{cd} − 1 12H^5

V^a_b (G_{cp}φ^p_2) (G_{dq}φ^q_2) − 1 12H^5

V^a V_b G_{cd} + 5 72H^7

V^a V_b (G_{cp}φ^p_2) (G_{dq}φ^q_2)

Q^{a221}_{2bcd} = − 1 12H^5 V^a G_{bd} V_c − 1 12H^5

V^a_c (G_{bp}φ^p_2) (G_{dq}φ^q_2) + 5 72H^7

V^a (G_{bp}φ^p_2) V_c (G_{dq}φ^q_2) + 1 6H^3 V^a_c G_{bd} Q^{a212}_{2bcd} = − 1 12H^5

V^a_c (G_{bp}φ^p_2) (G_{dq}φ^q_2) + 5 72H^7

V^a (G_{bp}φ^p_2) V_c (G_{dq}φ^q_2) + 1 6H^3 V^a_c G_{bd} − 1 12H^5 V^a G_{bd} V_c Q^{a222}_{2bcd} = 5 72H^7

V^a (G_{bp}φ^p_2) (G_{cq}φ^q_2) (G_{dr}φ^r_2) − 1 12H^5

V^a G_{bd} (G_{cp}φ^p_2) (47) − 1 12H^5

V^a (G_{bp}φ^p_2) G_{cd} − 1 12H^5

V^a G_{bc} (G_{dp}φ^p_2)

30

References

[1] A. H. Guth, “The Inflationary Universe: A Possible Solution to the Horizon and Flatness Problems,” Phys. Rev. D23 (1981) 347–356.

[2] A. D. Linde, “A New Inflationary Universe Scenario: A Possible Solution of the Horizon, Flatness, Homogeneity, Isotropy and Primordial Monopole Problems,” Phys. Lett. B108 (1982) 389–393.

[3] D. Larson, J. Dunkley, G. Hinshaw, E. Komatsu, M. Nolta, et al., “Seven-Year Wilkinson Microwave Anisotropy Probe (WMAP) Observations: Power Spectra and WMAP-Derived Parameters,” Astrophys.J.Suppl. 192 (2011) 16, 1001.4635.

[4] WMAP Collaboration, E. Komatsu et al., “Seven-Year Wilkinson Microwave Anisotropy Probe (WMAP) Observations: Cosmological Interpretation,” Astrophys.J.Suppl. 192 (2011) 18, 1001.4538.

[5] N. Bartolo, E. Komatsu, S. Matarrese, and A. Riotto, “Non-Gaussianity from inflation: Theory and observations,” Phys.Rept. 402 (2004) 103–266,

astro-ph/0406398.

[6] Planck Collaboration, “The Scientific programme of planck,”

astro-ph/0604069.

[7] A. P. Yadav and B. D. Wandelt, “Evidence of Primordial Non-Gaussianity (f(NL)) in the Wilkinson Microwave Anisotropy Probe 3-Year Data at 2.8sigma,” Phys.Rev.Lett. 100 (2008) 181301, 0712.1148.

[8] G. Efstathiou and S. Gratton, “B-mode Detection with an Extended Planck Mission,” JCAP 0906 (2009) 011, 0903.0345.

[9] G. Dvali and S. H. Tye, “Brane inflation,” Phys.Lett. B450 (1999) 72–82,

hep-ph/9812483.

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

[11] S. Gukov, C. Vafa, and E. Witten, “CFT’s from Calabi-Yau four folds,” Nucl.Phys. B584 (2000) 69–108, hep-th/9906070.

[12] E. Witten, “Non-Perturbative Superpotentials In String Theory,” Nucl.

Phys. B474 (1996) 343–360, hep-th/9604030.

[13] R. Blumenhagen, M. Cvetic, S. Kachru, and T. Weigand, “D-Brane Instantons in Type II Orientifolds,” Ann. Rev. Nucl. Part. Sci. 59 (2009) 269–296, 0902.3251.

[14] S. Kachru, R. Kallosh, A. D. Linde, and S. P. Trivedi, “De Sitter vacua in string theory,” Phys.Rev. D68 (2003) 046005, hep-th/0301240.

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

[16] A. Saltman and E. Silverstein, “The Scaling of the no scale potential and de Sitter model building,” JHEP 0411 (2004) 066, hep-th/0402135.

[17] A. Westphal, “de Sitter string vacua from Kahler uplifting,” JHEP 0703 (2007) 102, hep-th/0611332.

[18] A. Misra and P. Shukla, “Moduli stabilization, large-volume dS minimum without D3-bar branes, (non-)supersymmetric black hole attractors and two-parameter Swiss cheese Calabi-Yau’s,” Nucl.Phys. B799 (2008) 165–198, 0707.0105.

[19] M. Cicoli, A. Maharana, F. Quevedo, and C. Burgess, “De Sitter String Vacua from Dilaton-dependent Non-perturbative Effects,” 1203.1750. 22 pages + two appendices, typos corrected.

[20] J. Louis, M. Rummel, R. Valandro, and A. Westphal, “Building an explicit de Sitter,” JHEP 1210 (2012) 163, 1208.3208.

[21] J. Blanco-Pillado, C. Burgess, J. M. Cline, C. Escoda, M. Gomez-Reino, et al., “Racetrack inflation,” JHEP 0411 (2004) 063, hep-th/0406230.

[22] H. Abe, T. Higaki, and T. Kobayashi, “Moduli-mixing racetrack model,” Nucl.Phys. B742 (2006) 187–207, hep-th/0512232.

[23] V. Balasubramanian, P. Berglund, J. P. Conlon, and F. Quevedo, “Systematics of moduli stabilisation in Calabi-Yau flux compactifications,” JHEP 0503 (2005) 007, hep-th/0502058.

[24] S. Kachru, R. Kallosh, A. D. Linde, J. M. Maldacena, L. P. McAllister, et al., “Towards inflation in string theory,” JCAP 0310 (2003) 013,

hep-th/0308055.

[25] K. Dasgupta, J. P. Hsu, R. Kallosh, A. D. Linde, and M. Zagermann, “D3/D7 brane inflation and semilocal strings,” JHEP 0408 (2004) 030,

hep-th/0405247.

[26] A. Avgoustidis, D. Cremades, and F. Quevedo, “Wilson line inflation,” Gen.Rel.Grav. 39 (2007) 1203–1234, hep-th/0606031.

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

[28] J. P. Conlon and F. Quevedo, “Kahler moduli inflation,” JHEP 0601 (2006) 146, hep-th/0509012.

[29] J. P. Conlon, R. Kallosh, A. D. Linde, and F. Quevedo, “Volume Modulus Inflation and the Gravitino Mass Problem,” JCAP 0809 (2008) 011,

0806.0809.

[30] M. Cicoli, C. Burgess, and F. Quevedo, “Fibre Inflation: Observable Gravity Waves from IIB String Compactifications,” JCAP 0903 (2009) 013, 0808.0691.

[31] M. Cicoli and F. Quevedo, “String moduli inflation: An overview,” Class.Quant.Grav. 28 (2011) 204001, 1108.2659.

[32] R. Blumenhagen, X. Gao, T. Rahn, and P. Shukla, “Moduli Stabilization and Inflationary Cosmology with Poly-Instantons in Type IIB Orientifolds,” JHEP 1211 (2012) 101, 1208.1160.

[33] R. Blumenhagen, X. Gao, T. Rahn, and P. Shukla, “A Note on Poly-Instanton Effects in Type IIB Orientifolds on Calabi-Yau Threefolds,” JHEP 1206 (2012) 162, 1205.2485.

[34] R. Blumenhagen, S. Moster, and E. Plauschinn, “String GUT Scenarios with Stabilised Moduli,” Phys.Rev. D78 (2008) 066008, 0806.2667.

[35] M. Cicoli, F. G. Pedro, and G. Tasinato, “Poly-instanton Inflation,” JCAP 1112 (2011) 022, 1110.6182.

[36] M. Cicoli, G. Tasinato, I. Zavala, C. Burgess, and F. Quevedo, “Modulated Reheating and Large Non-Gaussianity in String Cosmology,” JCAP 1205 (2012) 039, 1202.4580.

[37] S. Dimopoulos, S. Kachru, J. McGreevy, and J. G. Wacker, “N-flation,” JCAP 0808 (2008) 003, hep-th/0507205.

[38] J. Blanco-Pillado, C. Burgess, J. M. Cline, C. Escoda, M. Gomez-Reino, et al., “Inflating in a better racetrack,” JHEP 0609 (2006) 002,

hep-th/0603129.

[39] R. Kallosh, N. Sivanandam, and M. Soroush, “Axion Inflation and Gravity Waves in String Theory,” Phys.Rev. D77 (2008) 043501, 0710.3429.

[40] M. Cicoli, F. G. Pedro, and G. Tasinato, “Natural Quintessence in String Theory,” 1203.6655.

[41] T. W. Grimm, “Axion inflation in type II string theory,” Phys.Rev. D77 (2008) 126007, 0710.3883.

[42] A. Misra and P. Shukla, “Large Volume Axionic Swiss-Cheese Inflation,” Nucl.Phys. B800 (2008) 384–400, 0712.1260.

[43] L. McAllister, E. Silverstein, and A. Westphal, “Gravity Waves and Linear Inflation from Axion Monodromy,” Phys.Rev. D82 (2010) 046003,

0808.0706.

[44] C. Burgess, J. M. Cline, and M. Postma, “Axionic D3-D7 Inflation,” JHEP 0903 (2009) 058, 0811.1503.

[45] R. Kallosh and S. Prokushkin, “SuperCosmology,” hep-th/0403060.

[46] J. R. Bond, L. Kofman, S. Prokushkin, and P. M. Vaudrevange, “Roulette inflation with Kahler moduli and their axions,” Phys.Rev. D75 (2007) 123511, hep-th/0612197.

[47] J. J. Blanco-Pillado, D. Buck, E. J. Copeland, M. Gomez-Reino, and N. J.

Nunes, “Kahler Moduli Inflation Revisited,” JHEP 1001 (2010) 081,

0906.3711.

[48] T. Qiu and K.-C. Yang, “Non-Gaussianities of Single Field Inflation with Non-minimal Coupling,” Phys.Rev. D83 (2011) 084022, 1012.1697.

[49] M. H. Namjoo, H. Firouzjahi, and M. Sasaki, “Violation of non-Gaussianity consistency relation in a single field inflationary model,” 1210.3692.

[50] J. Noller and J. Magueijo, “Non-Gaussianity in single field models without slow-roll,” Phys.Rev. D83 (2011) 103511, 1102.0275.

[51] K. T. Engel, K. S. Lee, and M. B. Wise, “Trispectrum versus Bispectrum in Single-Field Inflation,” Phys.Rev. D79 (2009) 103530, 0811.3964.

[52] J. M. Maldacena, “Non-Gaussian features of primordial fluctuations in single field inflationary models,” JHEP 0305 (2003) 013,

astro-ph/0210603.

[53] F. Vernizzi and D. Wands, “Non-gaussianities in two-field inflation,” JCAP 0605 (2006) 019, astro-ph/0603799.

[54] T. Battefeld and R. Easther, “Non-Gaussianities in Multi-field Inflation,” JCAP 0703 (2007) 020, astro-ph/0610296.

[55] K.-Y. Choi, L. M. Hall, and C. van de Bruck, “Spectral Running and Non-Gaussianity from Slow-Roll Inflation in Generalised Two-Field Models,” JCAP 0702 (2007) 029, astro-ph/0701247.

[56] S. Yokoyama, T. Suyama, and T. Tanaka, “Primordial Non-Gaussianity in Multi-Scalar Slow-Roll Inflation,” JCAP 0707 (2007) 013, 0705.3178.

[57] G. Rigopoulos, E. Shellard, and B. van Tent, “Quantitative bispectra from multifield inflation,” Phys.Rev. D76 (2007) 083512, astro-ph/0511041.

[58] D. Seery and J. E. Lidsey, “Non-Gaussianity from the inflationary trispectrum,” JCAP 0701 (2007) 008, astro-ph/0611034.

[59] C. T. Byrnes and G. Tasinato, “Non-Gaussianity beyond slow roll in multi-field inflation,” JCAP 0908 (2009) 016, 0906.0767.

[60] D. Battefeld and T. Battefeld, “On Non-Gaussianities in Multi-Field Inflation (N fields): Bi and Tri-spectra beyond Slow-Roll,” JCAP 0911 (2009) 010, 0908.4269.

[61] C. T. Byrnes and K.-Y. Choi, “Review of local non-Gaussianity from multi-field inflation,” Adv.Astron. 2010 (2010) 724525, 1002.3110.

[62] T. Suyama, T. Takahashi, M. Yamaguchi, and S. Yokoyama, “On Classification of Models of Large Local-Type Non-Gaussianity,” JCAP 1012 (2010) 030, 1009.1979.

[63] C. T. Byrnes, K.-Y. Choi, and L. M. Hall, “Conditions for large non-Gaussianity in two-field slow-roll inflation,” JCAP 0810 (2008) 008,

0807.1101.

[64] C. T. Byrnes, “Constraints on generating the primordial curvature perturbation and non-Gaussianity from instant preheating,” JCAP 0901 (2009) 011, 0810.3913.

[65] C. T. Byrnes, K.-Y. Choi, and L. M. Hall, “Large non-Gaussianity from two-component hybrid inflation,” JCAP 0902 (2009) 017, 0812.0807.

[66] E. Komatsu, N. Afshordi, N. Bartolo, D. Baumann, J. Bond, et al., “Non-Gaussianity as a Probe of the Physics of the Primordial Universe and the Astrophysics of the Low Redshift Universe,” 0902.4759.

[67] J. Fergusson and E. Shellard, “The shape of primordial non-Gaussianity and the CMB bispectrum,” Phys.Rev. D80 (2009) 043510, 0812.3413.

[68] S. Yokoyama, T. Suyama, and T. Tanaka, “Primordial Non-Gaussianity in Multi-Scalar Inflation,” Phys.Rev. D77 (2008) 083511, 0711.2920.

[69] S. Yokoyama, T. Suyama, and T. Tanaka, “Efficient diagrammatic computation method for higher order correlation functions of local type primordial curvature perturbations,” JCAP 0902 (2009) 012, 0810.3053.

[70] A. Misra and P. Shukla, “’Finite’ Non-Gaussianities and Tensor-Scalar Ratio in Large Volume Swiss-Cheese Compactifications,” Nucl.Phys. B810 (2009) 174–192, 0807.0996.

[71] A. Mazumdar and L.-F. Wang, “Separable and non-separable multi-field inflation and large non-Gaussianity,” JCAP 1209 (2012) 005, 1203.3558.

[72] D. H. Lyth and Y. Rodriguez, “The Inflationary prediction for primordial non-Gaussianity,” Phys.Rev.Lett. 95 (2005) 121302, astro-ph/0504045.

[73] I. Zaballa, Y. Rodriguez, and D. H. Lyth, “Higher order contributions to the primordial non-Gaussianity,” JCAP 0606 (2006) 013,

astro-ph/0603534.

[74] H. R. Cogollo, Y. Rodriguez, and C. A. Valenzuela-Toledo, “On the Issue of the zeta Series Convergence and Loop Corrections in the Generation of Observable Primordial Non-Gaussianity in Slow-Roll Inflation. Part I: The Bispectrum,” JCAP 0808 (2008) 029, 0806.1546.

[75] Y. Rodriguez and C. A. Valenzuela-Toledo, “On the Issue of the zeta Series Convergence and Loop Corrections in the Generation of Observable Primordial Non-Gaussianity in Slow-Roll Inflation. Part 2. The Trispectrum,” Phys.Rev. D81 (2010) 023531, 0811.4092.

[76] C. Burgess, M. Cicoli, M. Gomez-Reino, F. Quevedo, G. Tasinato, et al., “Non-standard primordial fluctuations and nongaussianity in string inflation,” JHEP 1008 (2010) 045, 1005.4840.

[77] P. Berglund and G. Ren, “Non-Gaussianity in String Cosmology: A Case Study,” 1010.3261.

[78] C.-Y. Sun and D.-H. Zhang, “The Non-Gaussianity of Racetrack Inflation Models,” Commun.Theor.Phys. 48 (2007) 189–192, astro-ph/0604298.

[79] A. C. Vincent and J. M. Cline, “Curvature Spectra and Nongaussianities in the Roulette Inflation Model,” JHEP 0810 (2008) 093, 0809.2982.

[80] R. Blumenhagen and M. Schmidt-Sommerfeld, “Power Towers of String Instantons for N=1 Vacua,” JHEP 0807 (2008) 027, 0803.1562.

[81] C. Petersson, P. Soler, and A. M. Uranga, “D-instanton and polyinstanton effects from type I’ D0-brane loops,” JHEP 1006 (2010) 089, 1001.3390.

[82] M. Grana, “Flux compactifications in string theory: A Comprehensive review,” Phys.Rept. 423 (2006) 91–158, hep-th/0509003.

[83] R. Blumenhagen, B. Kors, D. Lust, and S. Stieberger, “Four-dimensional String Compactifications with D-Branes, Orientifolds and Fluxes,” Phys.Rept. 445 (2007) 1–193, hep-th/0610327.

[84] J. Blaback, U. H. Danielsson, and T. Van Riet, “Resolving anti-brane singularities through time-dependence,” 1202.1132.

[85] I. Bena, M. Grana, S. Kuperstein, and S. Massai, “Polchinski-Strassler does not uplift Klebanov-Strassler,” 1212.4828.

[86] I. Bena, M. Grana, S. Kuperstein, and S. Massai, “Anti-D3’s - Singular to the Bitter End,” 1206.6369.

[87] C. T. Byrnes, M. Sasaki, and D. Wands, “The primordial trispectrum from inflation,” Phys.Rev. D74 (2006) 123519, astro-ph/0611075.

[88] Y.-F. Cai and H.-Y. Xia, “Inflation with multiple sound speeds: a model of multiple DBI type actions and non-Gaussianities,” Phys.Lett. B677 (2009) 226–234, 0904.0062.

[89] T. Tanaka, T. Suyama, and S. Yokoyama, “Use of delta N formalism - Difficulties in generating large local-type non-Gaussianity during inflation -,” Class.Quant.Grav. 27 (2010) 124003, 1003.5057.

[90] A. Mazumdar and J. Rocher, “Particle physics models of inflation and curvaton scenarios,” Phys.Rept. 497 (2011) 85–215, 1001.0993.

[91] M. Cicoli and A. Mazumdar, “Reheating for Closed String Inflation,” JCAP 1009 (2010) 025, 1005.5076.

[92] M. Cicoli and A. Mazumdar, “Inflation in string theory: A Graceful exit to the real world,” Phys.Rev. D83 (2011) 063527, 1010.0941.

[93] G. Leung, E. R. Tarrant, C. T. Byrnes, and E. J. Copeland, “Reheating, Multifield Inflation and the Fate of the Primordial Observables,” JCAP 1209 (2012) 008, 1206.5196.