arXiv:0909.0503v2 [hep-th] 13 Dec 2009

Preprint typeset in JHEP style - HYPER VERSION

Preheating After Modular Inflation

Neil Barnaby^1, J. Richard Bond^2, Zhiqi Huang^3 and Lev Kofman^4

Canadian Institute for Theoretical Astrophysics, University of Toronto, 60 St. George St. Toronto, Ontario M5S 3H8 Canada 1barnaby@cita.utoronto.ca,^2bond@cita.utoronto.ca,^3zqhuang@astro.utoronto.ca, 4kofman@cita.utoronto.ca

Abstract: We study (p)reheating in modular (closed string) inflationary scenarios, with a special emphasis on Kähler moduli/Roulette models. It is usually assumed that reheating in such models occurs through perturbative decays. However, we find that there are very strong non-perturbative preheating decay channels related to the particular shape of the inflaton potential (which is highly nonlinear and has a very steep minimum). Preheating after modular inflation, proceeding through a combination of tachyonic instability and broad-band parametric resonance, is perhaps the most violent example of preheating after inflation known in the literature. Further, we consider the subsequent transfer of energy to the standard model sector in scenarios where the standard model particles are confined to a D7-brane wrapping the inflationary blow-up cycle of the compactification manifold or, more interestingly, a non-inflationary blow-up cycle. We explicitly identify the decay channels of the inflaton in these two scenarios. We also consider the case where the inflationary cycle shrinks to the string scale at the end of inflation; here a field theoretical treatment of reheating is insufficient and one must turn instead to a stringy description. We estimate the decay rate of the inflaton and the reheat temperature for various scenarios.

Keywords: string theory inflation, (p)reheating, large volume compactifications.

Contents

1. Introduction 1

2. Kähler Moduli/Roulette Inflation in the Large Volume Compactification 4 2.1 Large Volume Compactification 4 2.2 Roulette Inflation 7

3. Preheating via Self-interactions in the Inflaton Sector 9 3.1 Equations for Linear Fluctuations 9 3.2 Instability of Kähler Modulus Fluctuations 12 3.3 Lattice Simulations of Preheating in Roulette Inflation 14

4. Transfer of Energy into the SM Sector: D7 Wrapping the Inflationary 4-Cycle 19 4.1 Inflaton Coupling to Photons 19 4.2 Photon Preheating 20 4.3 Perturbative Decays to Photons 20 4.4 Inflaton Coupling to Fermions 22 4.5 Reheating Temperature 23

5. Transfer of Energy into the SM Sector: D7 Wrapping a Non-Inflationary 4-Cycle 24

6. Stringy Reheating via Kähler Moduli Shrinking 26

7. Summary and Discussion 27

1. Introduction

Reheating at the endpoint of inflation is a crucial requirement for any successful model. Depending on how inflation ends and how the inflaton interacts, the process of reheating – the creation of particles from the decaying inflaton and subsequent thermalization – can proceed differently. Examples are known of perturbative inflaton reheating [1], nonperturbative preheating [2, 3] (leading to excitations of both bosons and fermions [4]), and also reheating via string theory mechanisms such as intermediate Kaluza-Klein (KK) modes [5, 6], etc.

In the last several years there has been significant progress in string theory related to the realization of realistic compactifications with stabilized moduli [7, 8, 9, 10]. This

– 1 – progress has stimulated the development of a new generation of inflationary models based on such stabilized string theory constructions; see [11, 12, 13] for reviews. Among the various possible string theory models of inflation, one can distinguish different classes depending on the origin of the inflaton. Modular inflation deals with the inflaton living in the closed string sector. On the other hand, brane inflation [14] deals with that in the open string sector. In the first case it is sufficient to identify one or more moduli fields which are already present in the stabilized compactification scheme and which are displaced from the minimum of the potential. In the second case, on the top of the setting required by the stabilized compactification, the inflaton field must be engineered by including also probe D-branes. The multitude of possible inflationary scenarios in string theory may, at first glance, seem confused and far from unique. However, this multitude may all in fact be realized if the paradigm of the string theory landscape is adopted [15], leading to a picture where different types of inflation may proceed in different regions of the landscape. Indeed, even simple field theory models may admit a similar landscape of inflationary possibilities.

String theory inflation models offer a unique opportunity to study (p)reheating in an ultra-violet (UV) complete setting where it is conceivable to determine all couplings between the inflaton and the standard model (SM) sector from first principles, rather than simply assuming some ad hoc couplings on a phenomenological basis. Moreover, because post-inflationary dynamics are extremely sensitive to the details of these couplings, it follows that any observables generated during preheating (such as nongaussianities [16, 17] or gravitational waves [18]) have the potential to provide a rare observational window into stringy physics.

Reheating in brane inflation was studied in detail in a number of papers [5, 6, 19, 20, 21, 22]. One of the most interesting realizations of brane inflation is the “warped” KKLMMT model [23], constructed in the context of the KKLT stabilized vacuum [7]. The endpoint of inflation in this scenario is the annihilation of a brane-antibrane pair. (The inhomogeneous dynamics of this annihilation have been discussed in [24, 25].) The details of reheating in this model are very complicated and involve several stages of energy cascading, first from the D − D̄ pair annihilation into closed string modes, next the closed string loops decay to excitations of Kaluza-Klein (KK) modes which finally decay to excitations of open string modes on the standard model (SM) brane(s). An adequate description of this process requires input from string theory.

Reheating after closed string inflation, on the other hand, is usually assumed to occur in the regime where ordinary quantum field theory (QFT) is applicable. In this paper we investigate in detail the theory of reheating after closed string modular inflation [26, 27] models. We will focus our attention in particular on the scenario of Kähler moduli [26] or Roulette [27] inflation models based on the Large Volume Compactification scheme of [8, 9, 10]. In this model the role of the inflaton is played by a Kähler modulus, τ, (corresponding to the volume of a 4-cycle of the internal Calabi Yau manifold) and also by its axionic partner, θ. However, some of our results may be applicable also in other modular inflation models, such as racetrack inflation [28] based on the KKLT compactification [7].

We find that reheating after modular inflation can be quite multifarious and may proceed through a variety of different channels (including both perturbative and nonper-

– 2 – turbative effects and also intrinsically stringy physics). The precise identification of these decay channels may depend on model building details, such as the location of the SM in the Calabi Yau (CY) compactification manifold. In all cases, however, the initial stages of the decay of the inflaton in modular inflation proceed via very strong nonperturbative preheating decay channels. This is due to the specific shape of the effective inflaton potential V (τ), which is very nonlinear and which has a sharp minimum. Preheating proceeds through a combination of both tachyonic (spinodal) instability and broad-band parametric resonance and leads to the copious production of δτ inhomogeneities (particles). Within 2-3 oscillations of the background field, nonlinear backreaction effects become important and the homogeneous condensate is completely destroyed. In fact, this is perhaps the most violent known example of preheating after inflation!

In order to understand the full dynamics of reheating in modular inflation we must also identify the decay channels of the inflaton into the visible SM sector. In the case where the SM is incorporated on a D7 brane wrapped on the inflationary 4-cycle, the Kähler modulus τ decays via a direct coupling to brane-bound SM gauge bosons. The initial stages of this decay are nonperturbative and involve parametric resonance of the gauge fields while the later stages involve perturbative decays. We also consider interactions between the inflaton τ and brane-bound MSSM fermions such as the Higgsino and gaugino.

On the other hand, the D7 brane construction described above may result in dangerous g_s-corrections to the inflaton potential which violate the smallness of the slow roll parameters and spoil inflation [29]. Therefore, it may be desirable to exclude such a wrapping. In this case the SM can still be localized on a D7 wrapping some non-inflationary 4-cycle of the CY compactification. Such a configuration forbids any direct coupling between the inflationary sector and the SM sector, thus complicating the process of reheating. In this case the inflaton may still decay to SM states via a nontrivial mixing between the inflaton fluctuations and the fluctuations of the moduli associated with the 4-cycle that the SM D7 wraps. The latter may couple directly to brane-bound SM states. Since the intermediate stages of the inflaton decay involve bulk states, the mixing proceeds via Planck suppressed operators.

Finally, we have identified another reheating mechanism which involves distinctly stringy physics and which does not require a D7 brane to wrap the inflationary 4-cycle. An important model parameter is the value of the inflationary 4-cycles volume, τ, at the stable minimum of the effective potential, τ_m. If τ_m > l_s then the supergravity description remains valid during both inflation and reheating [26]. In this case, reheating treatment is purely field-theoretical and involves calculating the couplings between the inflaton and standard model degrees of freedom, as described above. However, as was noted in [27], although the choice of τ_m does not alter the field-theoretical treatment of inflation, it does crucially impact the dynamics of reheating.^1 If τ_{min} ≤ l_s then the supergravity approximation is valid only during the slow roll (large τ) regime. At the small values of τ relevant

1A simple field theoretic analogue of this scenario is a toy model where the inflaton potential is extremely flat (to provide sufficient inflation) with an extremely steep minimum. For this toy example ordinary QFT is valid during the inflationary stage. However, in the limit that the mass at the minimum approaches ms the field theoretical treatment of reheating breaks down and one must instead turn to a stringy description.

– 3 – for (p)reheating stringy degrees of freedom, in addition to the supergravity ones, will be excited. In this case the physics of reheating will change drastically from the naive picture. One expects, along the lines of [5, 6], that when τ becomes of order the string scale, light winding modes are created, and these subsequently decay into free closed strings which cascade into KK excitations. These intermediate KK modes can, finally, decay into SM states on the brane as in [5, 6]. One can also think about the shrinking 4-cycle as an enhanced symmetry point, associated with the quantum production of light degrees of freedom [30].

This paper is organized as follows. In section 2 we review the large volume compactification of type IIB string theory and also discuss Kähler Moduli/Roulette inflation models embedded within that setting. In section 3 we discuss the decay of the inflaton in modular inflation via self interactions, showing that fluctuations of the Kähler modulus τ are produced copiously at the end of inflation via strong preheating effects. We study this explosive particle production first by solving the linearized equations of motion for the τ, θ fluctuations and next by performing fully nonlinear lattice field theory simulations. In section 4 we discuss the decay of the inflaton into SM particles (both perturbative and nonperturbative) for the scenario where the SM lives on a D7 wrapping the inflationary 4-cycle. In section 5 we discuss the decay of the inflaton in SM particles for the case where the SM D7 instead wraps some non-inflationary 4-cycle of the CY. In section 6 we propose another mechanism for reheating in modular inflation which involves distinctly stringy excitations. Finally, in section 7, we summarize our results and conclude.

2. Kähler Moduli/Roulette Inflation in the Large Volume Compactification

In this section we briefly review recent progress in constructing stabilized “large volume” compactifications in type IIB string theory [8, 9, 10] and also describe recent efforts to embed inflation into such constructions [26, 27] with the role of the inflaton played by the Kähler modulus of the internal CY manifold and its axionic partner.

2.1 Large Volume Compactification Let us first discuss the “large-volume” moduli stabilization mechanism of [8, 9, 10]. In this scenario the Kähler moduli of the CY manifold are stabilized by both perturbative and non-perturbative effects. As argued in [8, 9, 10], a minimum of the moduli potential in the corresponding effective 4d theory exists for a large class of models.^2 An effective 4d N = 1 supergravity is completely specified by a Kähler potential, superpotential and gauge kinetic function. In the scalar field sector of the theory the action is

S_{N =1} = ∫ d^4x √ −g [ M^2_P 2 R − K_{,i}¯_j D_μϕ^iD^μϕ̄^j − V (ϕ, ϕ̄) ] , (2.1)

where V (ϕ, ϕ̄) = e^{K/M 2P} ( K^{ij̄} D_iŴ D¯_j ^̄W − 3 M^2_P Ŵ ^̄W ) + D-terms. (2.2)

2The only restrictions being the existence of at least one blow-up mode resolving a point-like singularity and also the requirement that h^{1,2} > h^{1,1} > 1, where h^{1,2}, h^{1,1} are the Hodge numbers of the CY.

– 4 –

Here K and Ŵ are the Kähler potential and the superpotential respectively, M_P is the reduced Planck mass M_P = 1/ √ 8πG = 2.4 × 10^{18}GeV and ϕ^i represent all scalar moduli.

The α^{′3}-corrected Kähler potential [31], after stabilization of the complex structure and dilaton, is K M^2_P

= −2 ln ( V + ξ 2 ) + ln(g_s) + K_{cs} , (2.3)

Here K_{cs} is some constant, V is the volume of the CY manifold M in units of the string length l_s = 2π √ α^′ and g_s is the string coupling. The second term ξ in the logarithm represents the α^′-corrections with ξ = −^{ζ(3)χ(M)}_{2(2π)3} proportional to the Euler characteristic χ(M) of the manifold M. The Kähler metric appearing in (2.1) was computed explicitly in [27].

The superpotential depends explicitly upon the Kähler moduli T_i when non-perturbative corrections are included Ŵ = g 3 2 s M^3_P √ 4π W_0 + h^{1,1}∑

i=1 A_ie^{−aiTi} . (2.4)

Here W_0 is the tree level flux-induced superpotential. The exponential terms A_ie^{−aiTi} arise due to non-perturbative (instanton) effects such as a gaugino condensate on the worldvolume of a D7 brane, or Euclidean D3 brane instanton (see e.g. [7, 8, 9, 10]). The Kähler moduli are complex, T_i = τ_i + iθ_i , (2.5)

with τ_i the volume of the i-th 4-cycle and θ_i its associated axionic partner, arising from the Ramond-Ramond 4-form C_4. In (2.4) the constants A_i, a_i depend upon the specific nature of the dominant non-perturbative mechanism. For example, a_i =^{2π}_{gs} for Euclidean D3-brane instantons.

In the simplest cases (such as P^4_{[1,1,1,6,9]}) the volume V can be written in terms of the τ_i as follows: V = α ( τ^{3/2}_1 − n∑ i=2 λ_iτ^{3/2}_i ) . (2.6)

Here α and λ_i are positive constants depending on the particular model. For example, the two-Kähler model with the orientifold of P^4_{[1,1,1,6,9]} studied in [9, 10, 33] has n = 2, α = 1/9 √ 2 and λ_2 = 1.

The formula (2.6) suggests a “Swiss-cheese” picture of a CY, in which τ_1 describes the 4-cycle of maximal size and controls the overall size of the CY. This modulus may be arbitrarily large. On the other hand, τ_2, . . . , τ_n, are the blow-up cycles which control the size of the holes in the CY. These moduli cannot be larger than the overall size of the compactification manifold. This CY manifold is schematically illustrated in Fig. 1.

Including both leading perturbative and non-perturbative corrections one obtains a potential for the Kähler moduli which, in general, has two types of minima. The first type is the KKLT minima [7]. Relevant for the present study are the “large-volume” AdS minima studied in [8, 9, 10]. These minima exist in a broad class of models and at arbitrary values

– 5 –

Figure 1: A cartoon of the large volume compactification manifold illustrating the ingredients relevant for Kähler moduli inflation and (p)reheating. The modulus τ_1 = Re(T_1) controls the overall size of the compactification while the moduli τ_i = Re(T_i) (i ≥ 2) control the size of the blow-up 4-cycles (hole sizes). We have labeled τ_2 as the last 4-cycle to stabilize, and hence this modulus is associated with the final observable phase of inflation. The total volume τ_1 and other cycles (for example τ_3) are assumed to already be stabilized. In the text we consider two possible scenarios for the location of the SM: (i) a D7-brane wrapping the inflationary 4-cycle, τ_2, and, (ii) a D7-brane wrapping the non-inflationary 4-cycle, τ_3. We have illustrated these wrappings schematically.

of parameters. An important characteristic feature of these models is that the stabilized volume of the internal manifold is exponentially large, V_m ∼ exp (aτ_m) (here V_m, τ_m denote the values of V and τ_2 at the minimum of the potential), and can be O(10^5 −10^{20}) in string units. The relation between the Planck scale and string scale is

M^2_P = 4πV_m g^2_s m^2_s (2.7)

Thus, these models can have m_s in the range between the GUT and TeV scale.

As argued in [9, 10], for generic values of the parameters W_0, A_i, a_i one finds that τ_1 ≫ τ_i (i ≥ 2) and V ≫ 1 at the minimum of the effective potential. In other words, the sizes of the holes are generically much smaller than the overall size of the CY.

An important consistency condition for the supergravity approximation to be valid is that the value of each τ_i at the minimum of the potential should be larger than a few. This criterion ensures that the geometrical sizes of the 4-cycles of the CY are all larger than the string scale. One expects any violation of this condition to be associated with the

– 6 – production of stringy (as opposed to field theoretic) degrees of freedom, such as winding modes. More on this later.

2.2 Roulette Inflation

Let us now consider inflation in the context of the large volume compactification described above [26, 27]. The scenario we have in mind is the following. Suppose all the moduli T_i are initially displaced from their minima. The dynamics will then drive the various fields T_i to roll towards their respective minima. For inflation, we focus on the last modulus T_2 ≡ τ + iθ to reach its minimum so that τ, θ are still dynamical while all other moduli (in particular the total volume V) are stabilized.^3 See Fig. 1 for a cartoon of this scenario. Note that in the Roulette inflation model both fields τ and θ play an important role in driving inflation. After having fixed all moduli T_i (i ≠ 2) we find an effective potential for the inflaton fields τ, θ of the form V (τ, θ) = g^4_s 8π [ 8(a_2A_2)^2 √ τe^{−2a2τ} 3αλ_2V_m + 4W_0a_2A_2τe^{−a2 τ} cos (a_2θ) V^2_m

+ ΔV ] , (2.8)

where we have expanded to order 1/V^3_m in the (exponentially) small parameter 1/V_m. In (2.8) the uplifting ΔV is some model-dependent constant which should be tuned so that V = 0 at the minimum.

The potential surface V (τ, θ) has a rich structure, illustrated in Fig. 2. The potential is periodic in the axion direction and is exponentially flat (but slightly rippled) at large values of the radial coordinate τ in field space. The minimum (near τ = O(1) and cos(a_2θ) = −1) is extremely steep. At τ → 0 there is a sharp potential barrier, which we have cut-off in Fig. 2 in order to make the salient features of the potential more transparent. The shape of the potential near the edge of the minimum is locally reminiscent of the the racetrack inflation potential [28], as well as the “natural inflation” potential involving a pseudo-Goldstone boson [32] (except that in our case both θ and τ must be simultaneously considered).

The potential (2.8) allows for a rich ensemble of inflationary trajectories in the Kähler moduli space [27], depending on the choice of initial conditions and model parameters. We have superposed several of these trajectories on the potential surface in Fig. 2 for illustration. Inflationary trajectories may undergo many revolutions at roughly constant τ, spiraling along the angular direction, θ, like a ball on a roulette wheel. At some point, the inflaton eventually gets caught in the trough along θ =^{π(2l+1)}_{a2} (where l is an integer) and rolls down to small τ. Generically the last few e-foldings of inflation occur along this trough, which is stable against δθ perturbations and along which V (τ, θ) takes the form considered in [26]. Inflation ends when the inflaton rolls into the sharp minimum, like the ball on a roulette wheel falling into the pocket.

Models of this type necessarily introduce a statistical (“gambling”) aspect to the constraints that observational data imposes on inflationary model building. In [27] it was

3The consistency of this approach was discussed in [27], see [34] for more general types of inflationary trajectories.

– 7 –

Figure 2: The T_2 potential V (τ, θ) surface for a representative choice of parameters, using polar coordinates to illustrate the periodic structure of the potential in the axion direction, θ. Superimposed on the potential surface are three different inflationary trajectories, showing the rich set of possibilities in Roulette inflation. Inflation proceeds in the large τ region where the potential is exponentially flat. On the other hand, preheating after inflation takes place during the phase of oscillations the extremely steep minimum near τ = O(1) and cos(a_2θ) = −1.

advocated to view this theory prior as a probability distribution on an energy landscape with a huge number of potential minima. In [38] the spectrum and nongaussianity of the curvature fluctuations for the variety of Roulette inflation trajectories was discussed. In [39] cosmological fluctuations were studied more generally in multi-field models with non-standard kinetic terms and the Roulette model was considered as a special case.

As discussed previously, consistency of the supergravity approximation requires adjusting the parameters so that τ_m ∼> a few. We note, however, that even if the SUGRA description in terms of the scalar potential is not valid at the minimum, it still can be valid at large τ, exactly where we wish to realize inflation. Hence a small value of τ_m does not constrain the Kähler Moduli/Roulette inflation. Rather, the only consequence of

– 8 – small τ_m is that the endpoint of inflation, reheating, would have to be described by string theory degrees of freedom (rather than simple field theoretic objects). In this paper, we will propose one of the possible scenarios of this type.

Finally, we note that there are several types of perturbative corrections that could modify the classical potential (2.8) on Kähler moduli space: those related to higher string modes, or α^′-corrections (coming from the higher derivative terms in both bulk and brane effective actions) and also string loop, or g_s-corrections (coming from closed and open string loop diagrams). The most dangerous corrections that could spoil exponential flatness of the potential at large τ, are the latter category: those coming from open string diagrams. This type of corrections are relevant for the models where the SM lives on a D7 brane wrapped on the 4-cycle associated with the inflationary modulus,^4 τ_2, and are expected to spoil the flatness of the inflaton potential; see [29] for an estimate of this effect. One can evade this problem simply by excluding such a wrapping and assuming that the SM lives on a D7 wrapping some other (non-inflationary) hole in the compactification.^5 This scenario has the disadvantage of complicating the reheating process, since it forbids a direct coupling between the inflaton and the visible sector. In this paper, we proceed phenomenologically and consider models both with and without a D7 brane wrapped on the inflationary cycle. In both cases we identify the dominant decay channels of the inflaton into SM particles.

It will be handy for the discussion below to have estimates of the masses of the fields playing a role in inflation and reheating. Recall that from equation (2.7) the string scale and Planck scale are related as m_s/M_p ∼ V^{−1/2}. The gravitino mass is m_{3/2}/M_p ∼ V^{−1} and the masses associated with the deformations of the total volume and hole size(s) are, respectively, given by m_{τ1} /M_p ∼ V^{−3/2}(ln V)^{−1/2}, m_{τi} /M_p ∼ ln V/V (for i ≥ 2). See [37] for more detailed discussion.

3. Preheating via Self-interactions in the Inflaton Sector

In this section we study the energy transfer from the homogeneous inflaton condensate into fluctuations. We proceed by first considering the dynamics of linear perturbations about the homogeneous inflaton background and next by studying the fully nonlinear dynamics of the system using lattice field theory simulations. In the next section we study the subsequent transfer of energy from these fluctuations into excitations of the SM particles.

3.1 Equations for Linear Fluctuations We consider the endpoint of inflation in the Roulette inflation model reviewed in the last section. To this end we study the action S = ∫ d^4x √ −g [ 1 2 R − 1 2 K_2¯_2 (∂_μτ∂^μτ + ∂_μθ∂^μθ) − V (τ, θ) ] (3.1)

where the (2, ¯2) component of the Kähler metric depends only on the 4-cycle volume

K_2¯_2 = 3αλ_2 [ 2V_m + ξ + 6αλ_2τ^{3/2} ] 2(2V_m + ξ)^2 √ τ ∼= 3αλ^2 4V_m 1 √ τ + · · · (3.2)

4This possibility is illustrated schematically as “scenario 1” in Fig. 1. 5This possibility is illustrated schematically as “scenario 2” in Fig. 1.

– 9 –

The potential V (τ, θ) is given explicitly by (2.8) and in the second equality of (3.2) we have expanded to leading order in V^{−1}_m . Throughout the rest of this paper we use Planck units, M_P ≡ 1, although we occasionally write out the factors of M_p explicitly. For simplicity we restrict ourselves to “parameter set 1” (as defined in [27]) corresponding to the choice W_0 = 300, a_2 = 2π/3, A_2 = 0.1, λ_2 = 1, α = 1/(9 √ 2), ξ = 0.5, g_s = 0.1 and V = 10^6. We have considered also different parameter choices and found the results to be qualitatively similar in all cases.

To understand preheating in the model (3.1), let us first consider the linearized equations for the fluctuations. In order to make the analysis tractable we introduce the canonical inflaton field ϕ defined by dϕ = ± √ K_2¯_2 dτ so that ϕ ∼=

√_4 3 αλ_2 V_m τ 3/4 in the large volume limit and with some arbitrary convention for the origin of field space. Now the action (3.1) takes the form S = − ∫ d^4x √ −g [ 1 2 (∂ϕ)^2 + 1 2 e^{2b(ϕ)}(∂θ)^2 + U(ϕ, θ) ] (3.3)

where b(ϕ) = 1 2 ln [K_2¯_2 (τ(ϕ))] (3.4) U(ϕ, θ) = V [τ(ϕ), θ] (3.5) Our choice of notation follows [39].

For generic inflationary trajectories, the final few e-foldings of inflation take place along the trough θ = π(2l + 1)/a_2 (with l integer) [27]. Thus, to study the linear regime of particle production during preheating after inflation we expand the fields as

ϕ(t, x) = ϕ_0(t) + δϕ(t, x) (3.6) θ(t, x) = (2l + 1)π a_2

+ δθ(t, x) (3.7)

In the left panel of Fig. 3 we plot the effective potential for the homogeneous motion of the canonical inflaton ϕ along the θ = (2l + 1)π/a_2 trough, that is U [ϕ, (2l + 1)π/a_2]. This potential displays a long flat region at large ϕ which is relevant for inflation and a very steep minimum at ϕ = ϕ_m. Preheating during inflation takes place during the phase of oscillations about this minimum. In the right panel of Fig. 3 we plot the time dependence of the inflaton condensate ϕ_0(t) during this oscillatory phase. Due to the extreme sharpness of the potential minimum the inflaton passes very quickly through the region close to ϕ_m while the extreme flatness at larger ϕ means that the inflaton spends a long time near the right-hand side of the valley. We denote the period of oscillations about the minimum by T and note that for typical parameters T ∼ 10^{−3}H^{−1}.

Let us now consider the linear fluctuations δϕ, δθ in the inflaton and axion fields. The equations of motion for the Fourier modes δϕ_k and δθ_k take the form

δϕ̈_k + 3Hδϕ̇_k + [ k^2 a^2 + U_{,ϕϕ} ] δϕ_k = 0 (3.8)

δθ̈_k + [3H + 2b_{,ϕ}] δθ̇_k + [ k^2 a^2 + e^{−2b}U_{,θθ} ] δθ_k = 0 (3.9)

– 10 –

Figure 3: The left panel shows the effective potential for the canonical Kähler modulus ϕ along the axion trough, U(ϕ, (2l + 1)π/a_2) showing the long exponentially flat region relevant for inflation and also the steep minimum relevant for the preheating phase of post-inflationary oscillations. We have labeled the point where inflation ends (where the ϵ slow roll parameter is unity) and also the point where the effective mass-squared V^{′′}(ϕ) flips sign, corresponding to the cross-over between the tachyonic and non-tachyonic regions. The right panel shows the oscillatory time evolution of the homogeneous inflaton ϕ_0(t) at the end of inflation.

where the quantities U(ϕ, θ) and b(ϕ) (and their derivatives) are understood to be evaluated on the unperturbed values ϕ = ϕ_0(t) and θ = θ_0(t) ≡ (2l+1)π/a_2. Neglecting the expansion of the universe^6 and defining the canonical axion fluctuation δψ as

δψ_k ≡ e^bδθ_k (3.10)

we obtain oscillator-like equations for the mode functions

δϕ̈_k + ω^2_{ϕ,k}δϕ_k = 0 (3.11) δψ̈_k + ω^2_{χ,k}δψ_k = 0 (3.12)

In (3.11,3.12) the effective frequencies are

ω^2_{ϕ,k} = k^2 + U_{,ϕϕ}

≡ k^2 + M^2_{ϕ,eff} (t) (3.13) ω^2_{ψ,k} = k^2 − b_{,ϕ}ϕ̈_0 − (b^2_{,ϕ} + b_{,ϕϕ})ϕ̇^2_0 + e^{−2b}U_{,θθ} ≡ k^2 + M^2_{ψ,eff} (t) (3.14)

and we have introduced the notation M^2_{eff} (t) for the time-dependent effective masses of the fields. We solve equations (3.11,3.12) numerically. As usual [3] we initialize the modes as δϕ_k = 1/ √ 2ω_{ϕ,k}, δϕ̇_k = −i √ ω_{ϕ,k}/2 at t = 0 (and similarly for δψ_k) which, physically, corresponds to starting with pure quantum vacuum fluctuations with occupation number

6This neglect is justified since typically the total time for preheating to complete is of order 10^{−3}H^{−1}.

– 11 – n_k = 0. Violations of the adiabaticity condition |ω̇_k|/ω^2_k ≪ 1 are associated with particle production and lead to the generation of nonzero occupation number, n_k ≠ 0. As is typical in the theory of preheating [3] we define the occupation number for the inflaton fluctuations as n^ϕ_k = ω_{ϕ,k} 2 [ |δϕ̇_k|^2 ω^2_{ϕ,k} + |δϕ_k|^2 ] − 1 2 (3.15)

and similarly for the occupation number n^ψ_k associated with the axion.

3.2 Instability of Kähler Modulus Fluctuations

Let us first consider the equation (3.11) for the fluctuations δϕ_k of the (canonical) inflaton. This equation can be viewed as an effective Schrodinger-like oscillator equation with “potential” determined by the effective mass term, M^2_{ϕ,eff} (t). In Fig. 4 we plot the behaviour of this effective mass (the dashed blue curve) as a function of time. We see that M^2_{ϕ,eff} has a very particular time dependence: the fluctuations δϕ are nearly massless during the inflaton oscillations except for periodic “spikey” features uniformly spaced at intervals Δt = T . As long as the adiabatic invariant |ω̇_k|/ω^2_k remains small, |ω̇_k|/ω^2_k ≪ 1, particles are not produced and the occupation number n_k will be close to a constant. For modes with wavenumber k^2 sufficiently small, the spikey structure in M^2_{ϕ,eff} leads to extreme violations of adiabaticity: |ω̇_k|/ω^2_k ≫ 1. In Fig. 5 we plot the adiabaticity parameter taking k = 0 for illustration (the dashed blue curve). Notice that each spike in M^2_{ϕ,eff} is also accompanied by a tachyonic phase where M^2_{ϕ,eff} < 0.

The periodic time-dependent behaviour of the effective mass M^2_{ϕ,eff} leads to unstable momentum bands where the modes δϕ_k grow exponentially as δϕ_k(t) ∼ e^{μk t/T} f_k(t/T ) (3.16) with f_k(t/T ) some periodic oscillatory function. We computed the Floquet exponent μ_k appearing in (3.16) numerically and the result is displayed in Fig. 6. The broad unstable region at low k corresponds to tachyonic growth of IR modes coming from the M^2_{ϕ,eff} < 0 regions in Fig. 4. On the other hand, the UV region of Fig. 6 featuring a band structure is a result of broad-band parametric resonance. The modes δϕ_k belonging to these two regions of phase space display very different behaviour and both tachyonic and resonance effects play a crucial role in the dynamics of preheating. In Fig. 7 we plot the time evolution of the Kähler modulus mode functions for k = 0.01 m_ϕ (corresponding to the IR tachyonic regime), k = 0.5 m_ϕ (corresponding to the UV regime of broad-band parametric resonance) and k = 0.08 m_ϕ (corresponding to the intermediate regime where these two effects cannot be disentangled). Here m_ϕ denotes the mass of the canonical inflaton at the minimum of the potential. Note that these different kinds of preheating can only be separated in the linear theory; at the nonperturbative level such a distinction is impossible.

To illustrate how violent the process of preheating in modular inflation is, we consider the energy density ρ_k in a given wave-number k, which coincides with ∼ k^4n_k if we evaluate ρ_k at the point in the inflation oscillations where M_{ϕ,eff} = 0 (this point is illustrated on the potential in the left panel of Fig. 3). This quantity is plotted as a function of k in

– 12 –

Figure 4: The effective mass-squared of both the Kähler modulus ϕ (the dashed blue curve) and axion ψ (the solid red curve) as a function of time. We plot the effective mass in units of m_ϕ, the mass at the minimum of the potential. Note that M_{eff} (t) actually exceeds m_ϕ during the inflaton oscillations. This corresponds to the steep curvature on the left-hand-side of the potential minimum in Fig. 3.

Fig. 8 for three different time steps in the (linear) evolution. We see that within only three oscillations of the background field (that is, at t = 3T ) the fluctuations contain many orders of magnitude more energy than the condensate. At this point backreaction becomes critical and the linearized treatment breaks down. Therefore, in order to study the dynamics after the first 2-3 oscillations one must turn to nonlinear lattice simulations, which we consider in the next subsection.

We have also studied the dynamics of the linear fluctuations of the axion, equation (3.12). The effective mass M^2_{ψ,eff} (t) for the fluctuations δψ_k of the (canonical) axion. is plotted in Fig. 4 (the solid red curve). The behaviour is qualitatively similar to the inflaton effective mass, however, the spikes are less sharp and the tachyonic regions are absent. Thus, we expect the production of axion fluctuations to be less efficient. This intuition is confirmed in Fig. 5 where we show that adiabaticity is never violated for these modes (see the solid red curve). Therefore the endpoint of modular inflation is dominated

– 13 –

Figure 5: The quantity |dM_{eff} /dt|/|M^2_{eff} | for both the Kähler modulus ϕ (the dashed blue curve) and axion ψ (the solid red curve) as a function of time. This quantity provides a measure of the violation of adiabaticity and coincides with the adiabatic invariant ω̇_k/ω^2_k in the IR. The spikey structure of the Kähler modulus effective mass leads to extremely strong violations of adiabaticity and particle production. On the other hand, the axion effective frequency varies slowly during the inflaton oscillations and axion particles are not produced.

by the extremely nonperturbative production of Kähler modulus fluctuations, rather than their axionic partner. During later stages of reheating, however, axions may be produced by rescattering effects.

3.3 Lattice Simulations of Preheating in Roulette Inflation

In the last subsection we studied the dynamics of the linear fluctuations δτ, δθ at the endpoint of inflation. We found that the particular shape of the inflaton potential (which is highly nonlinear and has a very steep minimum) imparts an extremely non-adiabatic time dependence to the 4-cycle modulus τ and leads to explosive production of δτ particles. Hence the linearized analysis of this dynamics breaks down very rapidly, within just 2-3 oscillations of the background field, and a full treatment requires fully nonlinear lattice field theory simulations. Hence we now study the evolution of the fields τ, θ in a fully

– 14 –

Figure 6: The dimensionless characteristic exponent μ_k (Floquet exponent) for the exponetial instability of the (canonical) Kähler modulus fluctuations δϕ_k, defined in (3.16). The broad unstable region in the IR comes from the tachyonic regions where M^2_{ϕ,eff} < 0 whereas the UV region displays the band structure that is characteristic of parametric resonance. The behaviour of the modes δϕ_k in these two regions is qualitatively different.

nonlinear way, taking into account also the expansion of the universe self-consistently.

Our numerical simulations are done using a new lattice code which contains (modified) elements of both LatticeEasy [35] and DEFROST [36]. The first version of this code was employed in the paper [40] to study infra-red cascading during inflation. Here we have further generalized the code to allow for scalar fields with non-canonical kinetic terms. With the MPI-parallelized code we have used 64 processors on the CITA cluster to evolve the fields τ and θ in a cubic box with 512^3 grids. Vacuum mode functions are put in as initial conditions. The very first stage of the evolution, when inhomogeneity can be treated linearly^7, is performed in momentum space. From this initial stage of momentum-space evolution we can determine which Fourier modes τ_k, θ_k experience unstable growth during preheating and ensure that the relevant dynamical scales are captured by our simulations (that is, the k-modes which dominate the unstable growth are well between the IR cut-off

7In the case of Roulette inflation this occurs only during inflation and the first oscillation of preheating.

– 15 –

Figure 7: The behaviour of linear Kähler fluctuations during preheating after modular inflation illustrating the combination of tachyonic instability and parametric resonance. The left panel shows the mode behaviour for k = 0.01m_ϕ (corresponding to the IR tachyonic regime) while the right panel shows the mode behaviour for k = 0.5m_ϕ (corresponding to the UV regime of parametric resonance). The middle panel is k = 0.08m_ϕ, corresponding to the intermediate regime where both effects are active.

k_{IR} = L^{−1} defined by the box size L and the UV cut-off k_{UV} = Δx^{−1} defined by the lattice spacing Δx). Once the particle occupation numbers become large we switch over to configuration-space evolution (at the switching time the gradient energy is roughly 10^{−4} as compared to the energy in the homogeneous condensate). We subsequently run our configuration-space evolution for a total time Δt = O(3 − 4)T (where T is the period of oscillations of the homogeneous background). This time scale is more than sufficient to see the homogeneous inflaton condensate completely decohered into inhomogeneous fluctuations.

To illustrate the rapid and violent development of inhomogeneities during modular preheating we study the energy density in gradients of the Kähler modulus τ, given by

ρ_{grad} = K_{,τ τ} 1 a^2 ∂_iτ∂^iτ = ∫ d ln k 2π^2 k^5 a^2

K_{,τ τ} |δτ_k|^2 (3.17)

In Fig. 9 we plot the power in gradient energy, given by k^5K_{,τ τ} |δτ_k|^2/(2π^2a^2), for three time steps in the evolution. After the first oscillation, at t ∼ T , we see the band structure of growing modes in the UV is characteristic of parametric resonance. However, by the time t ∼ 2T the evolution has become completely nonlinear leading to the destruction of the band structure and the cascading of power into both the IR and UV. By the time t ∼ 3T the energy density in gradients is comparable to the homogeneous background energy density, illustrating the decay of the condensate. By this time, however, our numerical evolution has become unreliable since the power in inhomogeneous fluctuations has cascaded down to the UV cut-off, k_{UV} = Δx^{−1}; beyond this point we are bleeding energy into the grid. In any case, at later times decays into fields which were not included, such as brane-bound gauge fields and fermions, start to become important. We consider these decays for a variety of scenarios in the remainder of this paper.

We have also considered the dynamics of the expansion of the universe during preheating. The effective equation of state during preheating is ω = P/ρ ∼= 0.1, which is very

– 16 –

Figure 8: The energy spectrum ∼ k^4n_k for δτ, calculated with linear theory, showing the rapid and violent production of particles after modular inflation. Within three oscillations of the background field (by t = 3T ) the energy density is significantly larger than the energy in the homogeneous condensate and at this point nonlinear feedback must be taken into account.

close to a matter dominated expansion. This is consistent with Fig. 8 where we see that, in the linear theory, the δτ particles which dominate the energy density of the universe have momentum in the band k/m_ϕ ∼ O(0.01 − 0.1) and hence we expect these to be nonrelativistic near the minimum: ω_k = √ k^2 + m^2_ϕ ∼= m_ϕ +^{k2}_{2mϕ} + · · · . (Note also that the Floquet exponent μ_k in Fig. 6 peaks over roughly the same range of scales.)

The violent production of inhomogeneities leads to significant backreaction effects which alter the form of the effective potential, in particular the location of the minimum and the effective mass at that minimum, m_τ . The late-time perturbative decays of the produced inflaton fluctuations δτ into SM fields (which we study in detail in the remainder of this paper) depend sensitively on the value of m_τ at the minimum, hence it is important to determine whether this differs significantly from the value one obtains neglecting backreaction effects.

To illustrate how backreaction effects modify the effective potential, consider a simple scalar field with equation of motion □ϕ = V^′(ϕ). Writing ϕ = ⟨ϕ⟩ + δϕ and taking the

– 17 –

Figure 9: The power in Kähler modulus gradient energy, which is given by k^5K_{,τ τ} |δτ_k |^2/(2π^2a^2), from our lattice simulations, normalized this to the total background energy density, ρ̄. The spectrum is shown for four time steps in the evolution: t = T , t = 2T , t = 2.25T and t = 3T , illustrating the rapid decay of the homogeneous inflaton condensate into inhomogeneous fluctuations. See the text for further discussion.

average of the Klein-Gordon equation we find an equation for the mean field □⟨ϕ⟩ = ⟨V^′ [⟨ϕ⟩ + δϕ]⟩ ≡ V^′_{eff} [⟨ϕ⟩] (3.18)

In general the effective potential V_{eff} will differ from V (ϕ). This can be illustrated explicitly

by defining the averaging procedure as ⟨V^′(ϕ)⟩ ≡^{1√}_{2π σϕ} ∫ d[δϕ] e^− δϕ2 2σ2ϕ V ′(ϕ) with σ ϕ the variance of ϕ. In general this averaged force differs from V^′(ϕ). Note that in our case both inhomogeneous fluctuations and nonlinear effects are large, thus a Gaussian distribution for δτ = τ − ⟨τ⟩ may not be appropriate. However, this does not alter the qualitative argument that we are making.

We have estimated the effective mass for the τ fluctuations at the minimum, m_τ , including backreaction effects, by extracting the rate of oscillation of the (spatially) averaged

– 18 – field ⟨τ⟩ from our lattice simulations. We find that

m^{new}_τ = β m^{old}_τ (3.19)

with β ∼ 2.5 for our choice of parameters. Hence, the true mass including backreaction effects differs from the mass without backreaction by a factor order unity. However, since the decay of δτ into brane-bound gauge fields depends on the effective mass as Γ ∝ m^3_τ the value of the factor β may be important.

We have also investigated the production of gravitational waves from the rapid development of inhomogeneities associated with the violent decay of the inflaton after modular inflation. We have quantified the production of gravitational waves numerically, following the approach adopted in [18]. We did not find any significant production of gravitational waves for the model parameters considered.

4. Transfer of Energy into the SM Sector: D7 Wrapping the Inflationary 4-Cycle

We have seen that the initial stages of preheating in Roulette inflation proceed nonperturbatively by a very strong instability and lead to explosive production of δτ fluctuations (particles) which destroy the homogeneous inflaton within just a few oscillations. However, this violent particle production is not sufficient to make contact with the usual hot big bang picture. We must also ensure that the energy in δτ fluctuations can be efficiently transferred into excitations of the visible (SM) sector. Determining the details of this energy transfer requires a complete understanding of how the inflaton fields τ, θ couple to SM degrees of freedom and hence this is is necessarily a model dependent issue. Below we will proceed phenomenologically and consider a variety of possible scenarios, identifying the dominant decay channel of the inflaton in each case. Throughout this section (and the next) we assume that the value of τ at the minimum, τ_m, is sufficiently large to validate the effective supergravity treatment and hence the details of reheating can be studied using only QFT methods. In a subsequent section we will relax this assumption.

First let us consider the case where the SM lives on a D7 brane wrapping the inflationary 4-cycle, T_2 = τ + iθ. This wrapping is illustrated schematically in Fig. 1 as “scenario 1”. From the computational point of view this is the simplest imaginable scenario since it allows for a direct coupling between the inflationary τ and the fields of the SM. However, as discussed previously, such couplings lead to loop corrections to the inflaton potential which are expected to spoil slow roll [29]. Until a robust calculation of such loop effects is available we will proceed phenomenologically and suppose that the offending contributions to the slow roll parameters can be canceled by some fine tuning (or otherwise).

4.1 Inflaton Coupling to Photons Since the inflaton, τ, is the volume of the 4-cycle wrapped by the SM D7 we expect that τ couples to visible states as an overall prefactor to the SM Lagrangian. Thus, an effective Lagrangian for the inflaton-photon interaction takes the form [37]

L_γ = − λ 4 τF^{μν} F_{μν} (4.1)

– 19 – where F_{μν} = ∂_μA_ν − ∂_ν A_μ is the field strength associated with the gauge field A_μ and λ = τ^{−1}_m once we have normalized A_μ so that it has canonical kinetic term when τ is stabilized at the minimum.

4.2 Photon Preheating

The strong nonperturbative production of δτ fluctuations observed in section 3 provides a motivation to look for preheating also in other bosonic fields, such as the photon, A^μ. Therefore we study the stability of the quantum fluctuations of A^μ in the background of the oscillating homogeneous inflaton τ_0(t). To this end we choose the transverse gauge: A^0 = 0, ∂_iA^i = 0. The equation of motion for the Fourier transform of the spatial components of the gauge field A^i(t, x) in the homogeneous inflaton background takes the form

Ä_k + [ H + τ̇_0 τ_0 ] Ȧ_k + k^2 a^2

A_k = 0 (4.2)

where we suppress the vector index i on the modes A^i_k(t) for ease of presentation. Equation (4.2) can be put into oscillator-like form by introducing the field Ã_k ≡ (aτ_0)^{1/2} A_k. We find [ d^2 dt^2 + ω^2_{γ,k} ] Ã_k = 0 (4.3)

where the time-varying frequency is

ω^2_{γ,k} = k^2 a^2 + 1 4 ( τ̇_0 τ_0

)_2 − 1 2 τ̈_0 τ_0 − 1 2 H τ̇_0 τ_0 − 1 4 H^2 − 1 2 Ḣ ≡ k^2 a^2

+ M^2_{γ,eff} (t) (4.4)

The time dependence of the effective photon mass M^2_{γ,eff} (t) (neglecting the expansion of the universe) is plotted in the left panel of Fig. 10. The behaviour is qualitatively similar to the effective mass for the δτ fluctuations (up to an overall sign flip). The oscillatory behaviour of the photon effective mass leads to parametric resonance of the photon modes Ã_k with stability/instability bands in which the photon fluctuations grow exponentially as Ã_k(t) ∼ eμk t/T . We have computed the Floquet exponent, μ_k, numerically and this result is plotted in the right panel of Fig. 10 where we see the characteristic features of narrow band parametric resonance.

We have seen that very early stages of oscillations of the inflaton condensate τ_0(t) leads to copious production of photons living on the SM D7-brane via parametric resonance preheating. This phase of violent, nonperturbative photon production is very short-lived since the production of δτ inhomogeneities completely destroys the condensate within 2- 3 oscillations. The later stages of the production of SM photons will instead involving perturbative decays τ → γγ, to which we now turn our attention.

4.3 Perturbative Decays to Photons

After the phase of violent nonperturbative particle production discussed above the homogeneous inflaton τ will settle down to the minimum of the potential and reheating will

– 20 –

Figure 10: The left panel shows the time dependence of the effective photon mass, M^2_{γ,eff} (t). The right panel shows the Floquet exponent μ_k for the mode functions A_k(t) ∼ e^{μk t/T} .

be dominated by the perturbative decays of produced inflaton fluctuations into SM photons. To study such processes let us consider the Lagrangian for the total volume modulus τ_1 ≡ τ_b (where the subscript b stands for “big”) and the hole-size τ_2 ≡ τ ≡ τ_s (where the subscript s stands for “small”). Writing τ_i = ⟨τ_i⟩ + δτ_i (with i = b, s) we have, near the vicinity of the minimum

L = −K_i¯_j ∂_μ(δτ_i)∂^μ(δτ_j ) − V_0 − (M^2)_{ij} (δτ_i)(δτ_j ) − λ 4 τ_s F^{μν} F_{μν} + · · · (4.5)

The mass matrix (K^{−1}M^2)_{ij} is not diagonal, nor are the fields δτ_i canonically normalized. Following [37] we can put this action into a more conventional form by introducing the physical modulus fields Φ, χ defined by ( δτ_b δτ_s ) = ( R_{bΦ} R_{bχ} R_{sΦ} R_{sχ} ) ( Φ χ ) (4.6)

The elements of the rotation matrix R_{ij} are computed explicitly in [37], however, parametrically we have R_{bΦ} ∼ V^{1/6}, R_{bχ} ∼ V^{2/3}, R_{sΦ} ∼ V^{1/2} and R_{sχ} ∼ V^0. Thus the canonical field Φ is mostly the small 4-cycle δτ_s, while the field χ is mostly the big 4-cycle δτ_b. In terms of the canonical basis χ, Φ the Lagrangian (4.5) takes the form L = − 1 2 (∂Φ)^2 − 1 2 (∂χ)^2 − V_0 − m^2_Φ 2 Φ^2 − m^2_χ 2 χ^2 − 1 4 F^{μν} F_{μν} + λ_{χγγ} 4 χ F^{μν} F_{μν} + λ_{Φγγ} 4 Φ F^{μν} F_{μν} + λ_{χΦΦ}χΦ^2 + λ_{Φχχ}Φχ^2 + λ_{χχχ}χ^3 + λ_{ΦΦΦ}Φ^3 + · · · (4.7)

The masses of the canonical moduli are m_χ ∼ 1 V^{3/2}(ln V)^{1/2}

M_p (4.8)

m_Φ ∼ ln V V M_p (4.9)

– 21 – so that Φ is significantly more massive than χ, consistent with the intuition that since τ_b ≫ τ_s the volume modulus should be lighter than the modulus associated with the hole size (at the minimum). The light χ particles have Planck suppressed couplings to branebound gauge fields λ_{χγγ} ∼ 1 M_p ln V

(4.10)

since the fluctuations of the total volume are bulk modes. On the other hand, the coupling of massive Φ particles to gauge fields are only string suppressed λ_{Φγγ} ∼ 1 m_s ∼ √ V M_p (4.11)

The violent production of δτ_s fluctuations at the end of inflation leads to a huge number of canonical Φ particles near the minimum, in addition to a small admixture of χ which arise due to the nontrivial mixing of δτ_s and δτ_b, see equation (4.6). The massive Φ particles subsequently decay to photons via perturbative processes such as Φ → γγ mediated by the couplings in (4.7). The decay width was computed in [37]

Γ_{Φ→γγ} = λ^2_{Φγγ} m^3_Φ 64π (4.12)

Using the estimates (4.9) and (4.11) we find Γ_{Φ→γγ} ∼ (ln V)^3 V^2

M_p (4.13)

Also notice that, due to the δτ_b − δτ_s mixing, a certain amount of χ particles will be produced from the oscillating inflaton field. This does not lead to a cosmological moduli problem because the χ particles are extremely massive for the value of V which we consider. For example, taking V ∼ 10^6 −10^9 we have m_χ ∼ 10^4 −10^8 GeV which is sufficiently massive that the residual χ moduli will decay well before Big Bang Nucleosynthesis (BBN) [41].^8

4.4 Inflaton Coupling to Fermions

The inflaton τ_s will couple not only to photons but also to fermion fields living on the worldvolume of the D7 brane wrapping the inflationary 4-cycle. The effective action describing these interactions generically takes the form [44]:

L_{int} = h_{ΦΨΨ}Φ Ψ̄Ψ (4.14)

where h_{ΦΨΨ} is the dimensionless coupling and Ψ schematically denotes any MSSM fermion. The decay rate for this type of interaction is

Γ_{Φ→ΨΨ} ∼= h^2 8π m_Φ (4.15)

8For very large values of the compactification volume, V ∼ 10^9 , the χ modulus may decay very close to the onset on BBN. For such parameters a more careful treatment of the decay of χ, taking into account factors of order unity, may be necessary.

– 22 –

(in the limit m_Φ ≫ m_Ψ).

Prior to electro-weak symmetry breaking a direct coupling to SM fields (such as the electron) is absent and the decay of Φ into fermions is dominated by the production of Higgsinos Φ → H̃H̃ and gauginos Φ → λλ. The relevant couplings were computed in [44] h_{ΦH̃H̃} ∼ 1 V^{1/2} ln V

(4.16) h_{Φλλ} ∼ 1 V^{3/2} ln V

(4.17)

We therefore have the following estimates for the decay rates

Γ_{Φ→H̃H̃} ∼ 1 V^2 ln V

M_p (4.18) Γ_{Φ→λλ} ∼ 1 V^4 ln V

M_p (4.19)

We see that the decays of Φ into Higgsinos dominate over the decays into gauginos.

4.5 Reheating Temperature

Let us now estimate the reheating temperature for the scenario where the SM lives on a D7 wrapping the inflationary cycle T_2. Note that Γ_{Φ→γγ} /Γ_{Φ→H̃H̃} ∼ (ln V)^4 ∼ 10^4 for a compactification volume of order V ∼ 10^6 − 10^9, which is of interest for Roulette inflation. Thus, comparing equations (4.13) and (4.18) we see that the lifetime of the inflaton is dominated by its decay into photons. Using the standard result from the theory of reheating [3] the reheat temperature is given by T_r ∼ 0.1 √ ΓM_p ∼ 0.1

(ln V)^{3/2} V M_p (4.20)

Using V ∼ 10^6 we obtain T_r ∼ 10^{13} GeV and using V ∼ 10^9 we have T_r ∼ 10^{10} GeV. Normally such a high reheat temperature would lead to a gravitino problem (specifically the late decays of the gravitino interfere with the successful predictions of Big Bang Nucleosynthesis). However, in our case the gravitino mass is extremely high [37]:

m_{3/2} ∼ M_p V (4.21)

For V ∼ 10^6 − 10^9 we have m_{3/2} ∼ 10^9 − 10^{12} GeV, hence the gravitino is so massive that it decays well before nucleosynthesis [41]. The disadvantage of such a high gravitino mass temperature is that SUSY is broken at too high a scale to explain the electro-weak hierarchy of the SM. An alternative scenario to explain the fine-tuning of the Higgs mass is through vacuum selection effects on the string landscape [42]. On the other hand, see [43] for a scenario where this gravitino mass is compatible with TeV scale soft terms.

There is, however, another cause for concern. At sufficiently high temperatures thermal corrections to the effective potential tend to destabilize the moduli and drive them to infinity, leading to decompactification [44]. The decompactification temperature, T_{max}, can be accurately approximated by T_{max} ∼= V^{1/4}_b where V_b ∼= m^3_{/2}M_p is the height of

– 23 – the potential barrier separating the large volume AdS minimum from the supersymmetric minimum at infinity in moduli space. The maximum allowed reheat temperature (above which the internal space decompactifies) is therefore

T_{max} ∼= M_p V^{3/4} (4.22)

Comparing (4.20) to (4.22) one sees that, keeping track only of factors of the total volume V, we have T_r is marginally below the decompactification temperature. However, this conclusion could easily be altered by factors of order unity which we have not taken into account. Such factors depend sensitively on the details of the compactification and we leave a careful determination to future studies. Indeed, the requirement T_r < T_{max} may significantly constraint the parameter space of the model [44].

5. Transfer of Energy into the SM Sector: D7 Wrapping a Non-Inflationary 4-Cycle

As discussed previously, the wrapped D7 scenario of the previous section may lead to dangerous g_s-corrections to the inflaton potential. Thus, it may be desirable to exclude such a wrapping. Doing so, of course, also forbids a direct coupling between the inflaton and the SM fields. In this case the inflaton may still decay to SM particles via some intermediate bulk states. Such decays which involve bulk modes must necessarily be suppressed by the compactification volume, which is exponentially large. Here we discuss one possible scenario of this type.

We could imagine the SM living on a D7 which wraps the big cycle T_1, however, this leads to unnaturally small gauge couplings [37] and hence is phenomenologically disfavoured. Instead, let us suppose the SM lives on a D7 wrapping some stabilized noninflationary cycle, T_3, which is stabilized to a value ⟨τ_3⟩ = O(1). This wrapping is illustrated schematically in Fig. 1 as “scenario 2”.

At this point we must extend the discussion from section 4.3 to the case with more than two moduli fields, namely, instead of 2 fields τ_b (= τ_1) and τ_s (= τ_2) (corresponding to canonical moduli χ and Φ) we consider 3 fields τ_1, τ_2 and τ_3 (corresponding to canonical moduli χ, Φ_2 and Φ_3).

As we have seen, the endpoint of inflation is marked by the violent production of fluctuations δτ_2 of the inflationary 4-cycle, T_2. Near the minimum of the potential these τ_2 fluctuations mix with the total volume τ_1 and the non-inflationary hole τ_3 through an off-diagonal mass matrix similar to (4.6), except now there are three relevant moduli rather than two. Diagonalizing the mass matrix one finds three canonical fields χ and Φ_i (i = 2, 3) which are schematically related to the 4-cycle volumes as

δτ_1 ∼ O(V^{2/3}) χ + ∑ i O(V^{1/6}) Φ_i (5.1)

δτ_i ∼ O(V^{1/2}) Φ_i + O(1) χ + ∑ j≠i O(V^{−1/2})Φ_j where i = 2, 3 (5.2)

– 24 – so that χ is mostly the total volume δτ_1 while Φ_2, Φ_3 are mostly the blow-up modes δτ_2 and δτ_3 respectively. The modulus χ is light, having mass m_χ ∼ 1 V^{3/2}(ln V)^{1/2}

M_p (5.3)

while the moduli Φ_2, Φ_3 are heavier

m_{Φ2} ∼ m_{Φ3} ∼ ln V V M_p (5.4)

These moduli couple to gauge fields living on the D7 wrapping T_3 via the interaction τ_3F_{μν} F^{μν} , which gives us

L_{int} = λ_{χγγ} 4 χ F^{μν} F_{μν} + ∑ i=2,3 λ_{Φiγγ} 4 Φ_i F^{μν} F_{μν} (5.5)

using equations (4.5) and (5.2). Physically, these couplings originate from the mixing between τ_2 and τ_1, τ_3. From equation (5.2) we can estimate the magnitude of the moduli couplings. The largest coupling is, obviously, the one involving Φ_3 since the SM D7 wraps the cycle T_3. This coupling is set by the string scale λ_{Φ3γγ} ∼ 1 m_s ∼ V^{1/2} M_p (5.6)

On the other hand, the coupling to the large cycle is λ_{χγγ} ∼ 1 M_p ln V

(5.7)

where the factor M^{−1}_p comes from that fact that χ is a bulk mode and the factor of (ln V)^{−1} is nontrivial [37]. The coupling between the inflationary 4-cycle T_2 and brane-bound SM gauge fields is λ_{Φ2γγ} ∼ 1 M_p 1 V^{1/2} (5.8)

This is even more than Planck suppressed.

Thus, the picture of reheating in this scenario is the following. Preheating produces copious amounts of δτ_2 fluctuations which lead to a large number of canonical Φ_2 moduli near the minimum, plus a small admixture of light χ and heavy Φ_3 moduli. The Φ_3 particles are the first to decay, they produce brane-bound SM photons via the process Φ_3 → γγ with a rate identical to (4.13): Γ_{Φ3→γγ} ∼ (ln V)^3 V^2

M_p (5.9)

This decay, however, does not correspond to true reheating since at this point the energy density of the universe is dominated by the almost nonrelativistic^9 Φ_2 particles with matter dominated equation of state, rather than SM radiation. Thus, the SM radiation which is

9See subsection 3.3 for a discussion of the fact that the bulk of the inflation fluctuations produced by preheating are nonrelativistic near the minimum.

– 25 – produced at by the decay of Φ_3 is rapidly diluted, ρ_{radn} ∼ a^{−4}, relative to the nonrelativistic Φ_2 particles whose energy density dilutes as: ρ_{Φ2} ∼ a^{−3}.

True reheating occurs when the Φ_2 particles subsequently decay into SM states via the suppressed coupling (5.8). This decay proceeds with rate: Γ_{Φ2→γγ} ∼ m^3_{Φ2} M^2_p V ∼ (ln V)^3

V^4

M_p (5.10)

It is the decay rate (5.10) which determines the reheat temperature of the universe: T_r ∼ 0.1 √ ΓM_p ∼ 0.1

(ln V)^{3/2} V^2

M_p (5.11)

This is smaller than the result of the previous section, equation (4.20), by a factor of V^{−1} corresponding to the fact that the Φ_2 is a bulk mode in this set-up with suppressed coupling to brane-bound states (5.8). This suppression is actually favorable since it keeps the reheat temperature (5.11) well below the decompactification scale T_{max}, given by (4.22). Taking V ∼ 10^6 we have T_r ∼ 10^7 GeV and taking V ∼ 10^9 we have T_r ∼ 10 GeV. Hence, for extremely large values of the compactification volume, V ∼ 10^9, the reheating temperature is so low that it may be difficult to realize baryogenesis at the electroweak phase transition. We leave this issue to future investigations.

In this scenario the gravitino decays too early in the history of the universe to interfere with BBN: for V ∼ 10^6 − 10^9 we have m_{3/2} ∼ 10^9 − 10^{12} GeV. As previously, the residual volume modulus χ particles decay after reheating but before BBN.

The results of this section may also have some relevance for the scenario where the SM cycle is much smaller than the string scale, see [43]. We leave a detailed investigation to future studies.

6. Stringy Reheating via Kähler Moduli Shrinking

In this section, we propose yet another reheating mechanism in Kähler moduli inflation models. This mechanism can operate even in the absence of a D7 wrapping the inflationary 4-cycle. Hence, in the ensuing text we suppose (as in section 5) that the SM lives on a D7 wrapping T_3.

The inflationary dynamics of τ(t) corresponds to the shrinking of the 4-cycle associated with T_2. If this inflationary cycle of the internal CY shrinks to a minimal size τ_m comparable with the string scale, supergravity description breaks down and new, stringy degrees of freedom must kick in. A natural candidate for such degrees of freedom is winding modes: closed strings with a nonzero winding number with respect to the inflationary 4-cycle. Because of winding number conservation winding string are created in pairs with winding numbers of equal absolute value but having opposite signs. Two such closed strings can merge into a one with zero winding number, i.e. a string that can move away from the inflationary 4-cycle and into the bulk region of the CY. In other words, the energy of the shrinking inflationary cycle (i.e. inflaton kinetic energy) is transferred into closed string excitations living in the bulk. This is somewhat similar to the energy transfer from

– 26 – annihilating branes into closed string excitations that occurs at the end of stringy warped throat brane inflation [5, 6]. The excited closed strings decay via many cascades into closed strings with the lowest level of excitation, i.e., KK gravitons. The produced KK gravitons interact with the SM brane scalar moduli Y_i (corresponding to the transverse fluctuations of the brane) and also SM particles. Consider, for example, the interaction between KK gravitons and brane moduli Y_i. This interaction is gravitational and can be described by a vertex^1_{M 2P} h^{KK}_{μν} T^{μν} (Y ), the corresponding decay width is

Γ_{KK→Y} ∼ m^3_{KK} M^2_P

. (6.1)

As discussed in [6], this coupling is sufficiently generic to work for any low-lying degrees of freedom on the SM brane world. (In particular, world-volume fermions.) For the purposes of making a rough estimate of the reheat temperature we can safely assume that Γ_{KK→Y} ∼ Γ_{KK→SM} . Let us now estimate (6.1). The KK modes have typical mass m_{KK} ∼ 1/R_{CY} , where the overall size of the internal CY is R_{CY} ∼ V^{1/6} √ α^′. In the models under consideration we have √ α^′ ∼ 1 m_s ∼ √ V M_P , (6.2)

so that R_{CY} ∼^{V 2/3}_{MP} , m_{KK} ∼^{MP}_{V 2/3} , and from (6.1) we have Γ_{KK→SM} ∼ M_P V^2

. (6.3)

The decay rate (6.3) is suppressed as compared to the case with the wrapped D7, equation (4.13) by a logarithm which gives a numerical factor of about 10^{−3}.

The decay rate (6.3) allows us to estimate the reheat temperature as T_r ∼ 0.1 1 V M_p (6.4)

Taking, for illustration, V ∼ 10^6 we have T_r ∼ 10^{11} GeV and taking V ∼ 10^9 we have T_r ∼ 10^8 GeV. As in the scenarios discussed in sections 4 and 5, such a high reheat temperature is phenomenologically sensible because the gravitino is extremely massive. As in the scenario discussed in section 5 (but unlike the scenario is section 4) this reheat temperature is well below the decompactification scale, T_r/T_{max} < V^{−1/4} ≪ 1.

7. Summary and Discussion

Modular inflation, and other string theory inflation models, provide a natural playground for studying reheating in a context where (at least in theory) one can actually determine all decay channels of the inflaton to the visible (SM) sector from first principles. Here we investigated in detail reheating after modular/Roulette string theory inflation models in the context of large volume compactifications. Our results show that in realistic microscopic models the details of reheating can be rather complicated and may proceed through a

– 27 – variety of channels, including perturbative decays, nonperturbative preheating and also inherently stringy processes.

We found that modular inflation models (such as Kähler modulus or Roulette inflation) in particular display very rich post-inflationary dynamics.

The initial stages of the decay of the inflaton proceed via extremely efficient nonperturbative particle production involving a combination of tachyonic instability and parametric resonance. This combination may lead to the most violent example of preheating known in the literature.

The subsequent stages of reheating involve the transfer of energy from the inflaton into excitations of the visible sector. This phase is more model dependent since we must identify the location of the standard model of particle physics in the compactification volume. We have considered three separate scenarios for transferring the energy from the inflaton fluctuations δτ into SM degrees of freedom. These are as follows:

D7 wrapping T_2 (assuming a SUGRA description of reheating is valid, i.e., the minimum hole size is larger than the string length): In this case the SM fields live on a D7 wrapping the inflationary 4-cycle, T_2, so that there is a direct coupling between the SM fields and the inflaton τ. Photon production (both perturbative and nonperturbative) dominates the decay of the inflaton. The resulting reheat temperature is given by (4.20). Using V ∼ 10^6 we obtain T_r ∼ 10^{13} GeV and using V ∼ 10^9 we have T_r ∼ 10^{10} GeV. Although such reheat temperatures are extremely high, there is no problem with BBN because m_{3/2} ∼ 10^9 − 10^{12} GeV is so large that the gravitinos decay before the onset of nucleosynthesis. However, such a high reheat temperature may lead to decompactification. This scenario also has the disadvantage that g_s-corrections may spoil the flatness of the inflaton potential.

D7 wrapping T_3 (assuming a SUGRA description of reheating is valid, i.e., the minimum hole size is larger than the string length): In this case the SM fields live on at D7 wrapping some non-inflationary 4-cycle, T_3 (we exclude the big cycle T_1 since this would give unacceptably small gauge couplings). Near the minimum of the potential the produced inflaton fluctuations δτ_2 mix with the fluctuations of the big 4-cycle δτ_1 and also of the small non-inflationary 4-cycle δτ_3 through a non-diagonal mass matrix. The decay of the δτ_2 fluctuations into brane-bound SM states via Planck suppressed operators leads to reheating. This scenario evades any dangerous g_s-corrections to the inflaton potential and the fact that reheating proceeds through Planck suppressed operators suppresses the reheat temperature to well below the decompactification scale. Taking V ∼ 10^6 we have T_r ∼ 10^7 GeV and taking V ∼ 10^9 we have T_r ∼ 10 GeV. As above, there is no gravitino problem because m_{3/2} ∼ 10^9 − 10^{12} GeV.

Stringy reheating: In this case closed strings are produced when the inflationary 4- cycle size becomes of order the string length. These closed strings cascade into KK gravitons which can subsequently interact with brane-bound SM fields (wrapping

– 28 – some non-inflationary 4-cycle) via Planck-suppressed operators. Taking, for illustration, V ∼ 10^6 we have T_r ∼ 10^{11} GeV and taking V ∼ 10^9 we have T_r ∼ 10^8 GeV. There is, again, no gravitino problem because m_{3/2} is so large. Decompactification is evaded due to the Planck suppression of the interactions between bulk and brane modes. This scenario also evades potentially dangerous g_s-corrections to the inflaton potential.

For convenience we summarize the rates for the dominant decay channel of the inflaton in the various scenarios in the following table:

Summary of Dominant Decay Rates Γ/M_p Scenario

∼^{(ln V)3}_{V 2} D7 wrapping T_2

∼^{(ln V)3}_{V 4} D7 wrapping T_3

∼^1_{V 2} stringy reheating from shrinking hole

In all cases considered there is the disadvantage that SUSY is broken at too high a scale to explain the small value of the Higgs mass. This happens because the typical compactification volumes which are favorable for inflation V ∼ 10^6 − 10^9 are much smaller than the value V ∼ 10^{15} that is favored for particle phenomenology [37].^{10} See, however, [43] for a scenario where V ∼ 10^6 − 10^7 may be compatible with TeV soft terms.

Our first scenario, the SM D7 wrapping T_2, is afflicted by two potential complications: g_s-corrections may destroy the flatness of the inflaton potential and the reheat temperature is so high that it may lead to decompactification. Both of these issues will require further study, however, at first glance this scenario seems disfavoured. On the other hand, the scenario with the SM D7 wrapping T_3 evades both of these potential difficulties and therefore seem most promising. For such models there are again a number of directions open for further study. Also, it would be interesting to perform a more detailed study the topology-changing transition in the case where the inflationary hole size shrinks to the string length at the end of inflation. We leave these, and other, interesting issues to future investigations.

Acknowledgments

We are grateful to M. Cicoli, J. Cline, J. Conlon, K. Dasgupta, R. Kallosh, A. Linde and F. Quevedo for helpful discussions and comments. Thanks also to P. Vaudrevange and S. Prokushkin for early collaboration. This work was supported in part by NSERC.

10This tension is similar to what happens in KKLMMT brane inflation where the value of the warping that would be required to solve the hierarchy problem à la Randall and Sundrum is much larger than the warping that is favorable for inflation. In the case of KKLMMT this can be evaded by adding additional throats to the compactification [5] at the expense of complicating the reheating process.

– 29 –

References

[1] L. Kofman, “Preheating After Inflation,” Lect. Notes Phys. 738, 55 (2008). [2] L. Kofman, A. D. Linde and A. A. Starobinsky, “Reheating after inflation,” Phys. Rev. Lett.

73, 3195 (1994) [arXiv:hep-th/9405187].

[3] L. Kofman, A. D. Linde and A. A. Starobinsky, “Towards the theory of reheating after inflation,” Phys. Rev. D 56, 3258 (1997) [arXiv:hep-ph/9704452].

[4] P. B. Greene and L. Kofman, “Preheating of fermions,” Phys. Lett. B 448, 6 (1999) [arXiv:hep-ph/9807339].

P. B. Greene and L. Kofman, “On the theory of fermionic preheating,” Phys. Rev. D 62, 123516 (2000) [arXiv:hep-ph/0003018].

M. Peloso and L. Sorbo, “Preheating of massive fermions after inflation: Analytical results,” JHEP 0005, 016 (2000) [arXiv:hep-ph/0003045].

[5] N. Barnaby, C. P. Burgess and J. M. Cline, “Warped reheating in brane-antibrane inflation,” JCAP 0504, 007 (2005) [arXiv:hep-th/0412040].

[6] L. Kofman and P. Yi, “Reheating the universe after string theory inflation,” Phys. Rev. D 72, 106001 (2005) [arXiv:hep-th/0507257].

[7] S. Kachru, R. Kallosh, A. Linde and S. P. Trivedi, “De Sitter vacua in string theory,” Phys.

Rev. D 68, 046005 (2003) [arXiv:hep-th/0301240].

[8] V. Balasubramanian, P. Berglund, “Stringy corrections to Kähler potentials, SUSY breaking, and the cosmological constant problem,” JHEP 0411 (2004) 085, [arXiv:hep-th/0408054] [9] V. Balasubramanian, P. Berglund, J. P. Conlon and F. Quevedo, “Systematics of moduli stabilization in Calabi-Yau flux compactifications,” JHEP 0503 (2005) 007 [arXiv:hep-th/0502058] [10] J. P. Conlon, F. Quevedo and K. Suruliz, “Large-volume flux compactifications: Moduli spectrum and D3/D7 soft supersymmetry breaking” [arXiv:hep-th/0505076].

[11] L. McAllister and E. Silverstein, “String Cosmology: A Review,” Gen. Rel. Grav. 40, 565 (2008) [arXiv:0710.2951 [hep-th]].

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

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

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

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

[15] L. Susskind, “The anthropic landscape of string theory,” arXiv:hep-th/0302219. [16] N. Barnaby and J. M. Cline, “Nongaussian and nonscale-invariant perturbations from tachyonic preheating in hybrid inflation,” Phys. Rev. D 73, 106012 (2006) [arXiv:astro-ph/0601481].

N. Barnaby and J. M. Cline, “Nongaussianity from Tachyonic Preheating in Hybrid Inflation,” Phys. Rev. D 75, 086004 (2007) [arXiv:astro-ph/0611750].

– 30 –

[17] J. R. Bond, A. V. Frolov, Z. Huang and L. Kofman, “Non-Gaussian Spikes from Chaotic Billiards in Inflation Preheating,” arXiv:0903.3407 [astro-ph.CO].

[18] J. F. Dufaux, A. Bergman, G. N. Felder, L. Kofman and J. P. Uzan, “Theory and Numerics of Gravitational Waves from Preheating after Inflation,” Phys. Rev. D 76, 123517 (2007) [arXiv:0707.0875 [astro-ph]].

J. F. Dufaux, G. N. Felder, L. Kofman and O. Navros, “Gravity Waves from Tachyonic Preheating after Hybrid Inflation,” JCAP 0903, 001 (2009) [arXiv:0812.2917 [astro-ph]].

[19] N. Barnaby and J. M. Cline, “Creating the universe from brane-antibrane annihilation,” Phys. Rev. D 70, 023506 (2004) [arXiv:hep-th/0403223].

[20] J. F. Dufaux, L. Kofman and M. Peloso, “Dangerous Angular KK/Glueball Relics in String Theory Cosmology,” Phys. Rev. D 78, 023520 (2008) [arXiv:0802.2958 [hep-th]].

[21] A. Buchel and L. Kofman, “’Black Universe’ epoch in String Cosmology,” Phys. Rev. D 78, 086002 (2008) [arXiv:0804.0584 [hep-th]].

[22] A. R. Frey, A. Mazumdar and R. Myers, “Stringy effects during inflation and reheating,” Phys. Rev. D 73, 026003 (2006) [arXiv:hep-th/0508139]; X. Chen and S. H. Tye, JCAP 0606, 011 (2006) [arXiv:hep-th/0602136].

[23] S. Kachru, R. Kallosh, A. 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] G. N. Felder, L. Kofman and A. Starobinsky, “Caustics in tachyon matter and other Born-Infeld scalars,” JHEP 0209, 026 (2002) [arXiv:hep-th/0208019]. G. N. Felder and L. Kofman, “Inhomogeneous fragmentation of the rolling tachyon,” Phys. Rev. D 70, 046004 (2004) [arXiv:hep-th/0403073].

N. Barnaby, “Caustic formation in tachyon effective field theories,” JHEP 0407, 025 (2004) [arXiv:hep-th/0406120].

[25] N. Barnaby, A. Berndsen, J. M. Cline and H. Stoica, “Overproduction of cosmic superstrings,” JHEP 0506, 075 (2005) [arXiv:hep-th/0412095].

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

[27] J. R. Bond, L. Kofman, S. Prokushkin and P. M. Vaudrevange, “Roulette inflation with Kaehler moduli and their axions,” Phys. Rev. D 75, 123511 (2007) [arXiv:hep-th/0612197].

[28] J. J. Blanco-Pillado, C. P. Burgess, J. M. Cline, C. Escoda, M. Gomez-Reino, R. Kallosh, A. Linde, F. Quevedo, “Racetrack inflation,” JHEP 0411, 063 (2004) [arXiv:hep-th/0406230]. J. J. Blanco-Pillado, C. P. Burgess, J. M. Cline, C. Escoda, M. Gomez-Reino, R. Kallosh, A. Linde, F. Quevedo, “Inflating in a better racetrack,” JHEP 0609, 002 (2006) [arXiv:hep-th/0603129].

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

[30] L. Kofman, A. Linde, X. Liu, A. Maloney, L. McAllister and E. Silverstein, “Beauty is attractive: Moduli trapping at enhanced symmetry points,” JHEP 0405, 030 (2004) [arXiv:hep-th/0403001].

– 31 –

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

[32] K. Freese, J. A. Frieman and A. V. Olinto, “Natural inflation with pseudo - Nambu-Goldstone bosons,” Phys. Rev. Lett. 65, 3233 (1990).

F. C. Adams, J. R. Bond, K. Freese, J. A. Frieman and A. V. Olinto, “Natural Inflation: Particle Physics Models, Power Law Spectra For Large Scale Structure, And Constraints From Cobe,” Phys. Rev. D 47, 426 (1993) [arXiv:hep-ph/9207245].

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

[34] J. J. Blanco-Pillado, D. Buck, E. J. Copeland, M. Gomez-Reino and N. J. Nunes, “Kahler Moduli Inflation Revisited,” arXiv:0906.3711 [hep-th].

[35] G. N. Felder and I. Tkachev, “LATTICEEASY: A program for lattice simulations of scalar fields in an expanding universe,” [arXiv:hep-ph/0011159].

[36] A. V. Frolov, “DEFROST: A New Code for Simulating Preheating after Inflation,” JCAP 0811, 009 (2008) [arXiv:0809.4904 [hep-ph]].

[37] J. P. Conlon and F. Quevedo, “Astrophysical and Cosmological Implications of Large Volume String Compactifications,” JCAP 0708, 019 (2007) [arXiv:0705.3460 [hep-ph]].

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

[39] Z. Lalak, D. Langlois, S. Pokorski and K. Turzynski, “Curvature and isocurvature perturbations in two-field inflation,” JCAP 0707, 014 (2007) [arXiv:0704.0212 [hep-th]].

[40] N. Barnaby, Z. Huang, L. Kofman and D. Pogosyan, “Cosmological Fluctuations from Infra-Red Cascading During Inflation,” arXiv:0902.0615 [hep-th].

[41] M. Kawasaki, K. Kohri and T. Moroi, “Hadronic decay of the gravitino in the early universe and its implications to inflation,” arXiv:hep-ph/0410287.

[42] N. Arkani-Hamed and S. Dimopoulos, “Supersymmetric unification without low energy supersymmetry and signatures for fine-tuning at the LHC,” JHEP 0506, 073 (2005) [arXiv:hep-th/0405159].

G. F. Giudice and A. Romanino, “Split supersymmetry,” Nucl. Phys. B 699, 65 (2004) [Erratum-ibid. B 706, 65 (2005)] [arXiv:hep-ph/0406088].

[43] R. Blumenhagen, J. P. Conlon, S. Krippendorf, S. Moster and F. Quevedo, “SUSY Breaking in Local String/F-Theory Models,” arXiv:0906.3297 [hep-th].

[44] L. Anguelova, V. Calo and M. Cicoli, “LARGE Volume String Compactifications at Finite Temperature,” arXiv:0904.0051 [hep-th].

– 32 –