arXiv:1106.1891v2 [astro-ph.CO] 28 Jun 2011

Beauty is Distractive:

Particle production during multifield inflation

Diana Battefeld^{1)},^∗ Thorsten Battefeld^{1)},^† Christian Byrnes^{2)},^‡ and David Langlois^{3)§} 1) Institute for Astrophysics, University of Goettingen, Friedrich Hund Platz 1, D-37077 Gottingen, Germany 2) Fakultät für Physik, Universität Bielefeld, Postfach 100131, 33501 Bielefeld, Germany and 3) APC (CNRS-Université Paris 7), 10, rue Alice Domon et Léonie Duquet, 75205 Paris Cedex 13, France (Dated: June 29, 2011)

Abstract

We consider a two-dimensional model of inflation, where the inflationary trajectory is “deformed” by a grazing encounter with an Extra Species/Symmetry Point (ESP) after the observable cosmological scales have left the Hubble radius. The encounter entails a sudden production of particles, whose backreaction causes a bending of the trajectory and a temporary decrease in speed, both of which are sensitive to initial conditions. This “modulated” effect leads to an additional contribution to the curvature perturbation, which can be dominant if the encounter is close. We compute associated non-Gaussianities, the bispectrum and its scale dependence as well as the trispectrum, which are potentially detectable in many cases. In addition, we consider a direct modulation of the coupling to the light field at the ESP via a modulaton field, a mixed scenario whereby the modulaton is identified with a second inflaton, and an extended Extra Species Locus (ESL); all of these scenarios lead to similar additional contributions to observables. We conclude that inflaton interactions throughout inflation are strongly constrained if primordial non-Gaussianities remain unobserved in current experiments such as PLANCK. If they are observed, an ESP encounter leaves additional signatures on smaller scales which may be used to identify the model.

∗email: dbattefe(AT)astro.physik.uni-goettingen.de †email: tbattefe(AT)astro.physik.uni-goettingen.de ‡email: byrnes(AT)physik.uni-bielefeld.de §email: langlois(AT)apc.univ-paris7.fr

Contents

I. Introduction 3

II. A grazing ESP encounter 5 A. Particle production in a simple multi-field model 5 B. Nonlinear curvature perturbation 8 1. The power-spectrum 9 2. The bi- and trispectrum 10 C. Slowing down 11 D. Geometric change of the trajectory 14 E. Discussion and numerical studies 16

III. Curvature fluctuations from a grazing ESP encounter 22 A. Confronting the model with observations 22 B. Several ESP encounters and connection to trapped inflation 27

IV. Observational signatures from modulated trapping 29 A. Special cases 31 B. The modulaton as a curvaton 31

V. Relating a grazing ESP encounter and modulated trapping 32 A. Modulated trapping in a 2-dimensional field space 33

VI. Conclusions 34

Acknowledgments 36

A. Conditions for instantaneous particle production 36

B. Backreaction 37

References 38

I. INTRODUCTION

In the simplest models of inflation, the inflaton smoothly rolls down its potential while continuously producing super-Hubble perturbations via amplification of quantum fluctuations. When trying to embed the inflaton into a more concrete framework based on high energy physics models, one finds that this uneventful story could be altered in several ways. It is important to identify these alternative possibilities and to relate them to specific observational signatures, that could be looked for in future cosmological data.

An example of such alterations is the possibility that the coupling of the inflaton to other fields might affect its evolution. This is in particular the case if some field coupled to the inflaton becomes suddenly light at some special point along the inflationary trajectory. Indeed, whenever the effective mass of a field becomes small, there may be an associated burst of particle production, as thoroughly studied in preheating [1] (see also [2, 3]) where this occurs while the inflaton is oscillating at the bottom of its potential.

The same phenomenon can also take place during inflation, as pointed out in [4–6], and such an event can temporarily trap or at least slow-down the inflaton by draining its kinetic energy. If such a trapping event occurs while observable modes are exiting the horizon during inflation this may lead to features in the power-spectrum [4], as well as localised non-Gaussian spikes in the CMB, (see [7] for a recent comprehensive paper on this topic). By contrast, if this event occurs well after all the observable modes have exited the Hubble radius there might not be any observable signature (except perhaps primordial black hole formation on very small scales) if the trapping effect is exactly the same in all parts of our accessible universe. However, if the strength of the trapping fluctuates, this acts as an additional source of primordial adiabatic perturbations because the duration of inflation varies from place to place [8]. This modulation of the trapping can be the consequence of an explicit dependence of the coupling on another light scalar field as considered in [8].

In the present work, we primarily focus on the situation where the modulation is due to the fluctuations of the initial conditions of a multi-dimensional inflaton. Indeed, if one assumes that particle production occurs near a specific point in the multi-dimensional inflaton field space, then the trapping effect is stronger if the inflationary trajectory comes closer to this point during the grazing encounter. A slight change in the initial position of the inflaton thus affects the whole duration of inflation, depending on how much particle production slows down the inflatons and/or alters its initial trajectory.

The location in field space where additional degrees of freedom become light are often associated with enhanced symmetries, which some authors consider beautiful [9]. These extra species/symmetry locations (ESL, ESP if it is a point) are a common occurrence in moduli spaces originating in string theory, see [10–18] for a small selection of examples, and moduli fields can get trapped near such loci [9, 19–23] (the string Higgs effect [19, 24]). If these fields drive inflation and if several ESPs/ESLs are encountered, trapped inflation can result [9, 25–27] (see also [28–33] for related work); however, in this paper, we focus on a single grazing ESP encounter. Since inflationary trajectories are slowed down and derail from their prior course as the ESP is passed, one might say that beauty is distractive in our case.

A modulated trapping event can easily produce significant non-Gaussianity of the local type, as stressed in [8]. The current observational bound on the local type of the bispectrum from seven years of WMAP data is −10 < f_{NL} < 74 at the 2σ level [34]. The bounds on the trispectrum, which are roughly τ_{NL} ≲ 10^5 and |g_{NL}| ≲ 10^6, come from large scale structure [35], and the CMB [36–38]. If there is no detection, constraints with Planck should be tightened by an order of magnitude. Future CMB constraints on the trispectrum parameters were considered in [39].

We find that a single close ESP encounter during inflation, as discussed in Sec. II, can yield the dominant contribution to the power-spectrum, see Sec. III, if the coupling is of order one (we also discuss mixed scenarios, where Ξ = P_{new}/P_{total} is neither close to zero nor one); this new contribution is accompanied by observably large non-Gaussianities. If the encounter occurs during the time-frame when large-scale modes are leaving the horizon, an additional bump-like feature in the power-spectrum results ruling out the model for g ∼ 1 [7, 40–42]; however, a subsequent encounter can successfully modulate large-scale fluctuations; the still present bump on smaller scales can, if observed in future experiments, be used to identify the time of the encounter and offer a consistency check. If non-Gaussianities are not observed, we can rule out the majority of ESP encounters, that is, we can severely constrain the interactions of the inflatons during inflation.

In models considered in this paper, the dominant contribution to observables originates from the slowing down of the inflatons, Sec. II C, whereas the bending of the trajectory can be neglected, Sec. II D. We derive approximate analytic expressions for the power-spectrum and non- Gaussianities, which we compare with a full numerical solution in Sec. II E. We find that the analytic expressions are excellent for intermediate impact parameters μ ∼ 10^{−3}M_P , which are needed anyhow if the additional contribution to the power-spectrum satisfies the COBE bound. For smaller impact parameters temporary trapping events can take place if the coupling is strong enough; however, since trajectories become chaotic and thus extremely sensitive to initial conditions, we can rule out such encounters. A summary of the different regimes that we discuss is provided in Table I.

We relate the likelihood of a single ESP encounter to the average inter ESP separation in (and the dimensionality of) field space in Sec. III B, where we also comment on the relationship to trapped inflation. Modest ESP densities with an average inter-ESP distance of y ∼ 0.2M_P are sufficient in a two dimensional field space to render a grazing ESP encounter a likely occurrence during the last sixty efoldings of inflation. Thus, no particular tuning is required.

A direct modulation of the coupling constant is considered in Sec. IV. We compute the same observables in several cases, Sec. IV A, and comment on the possibility to use the modulaton as a curvaton in Sec. IV B. The two proposals, a grazing ESP encounter and modulated trapping, are closely related, but neither is a subset of the other. This is evident if the modulaton is promoted to a second inflaton, Sec.V. In all cases we find comparable non-Gaussianities, and we provide consistency relations between the various observables n_s, r, f_{NL}, n_{fNL} , τ_{NL}, g_{NL} throughout this article.

Some technical aspects related to the validity of the approximations used to describe particle production (non-adiabaticity, sudden event) at an ESP are provided in the appendix.

II. A GRAZING ESP ENCOUNTER

We are interested in the effect that an ESP (Extra Species/Symmetry Point [9, 19]) encounter has on the trajectory, and subsequently on observables, in a 2D field space during inflation. An application of our results to higher dimensions is straightforward as long as only a single ESP encounter takes place. Throughout this section we set M_P = 1/ √ (8πG) = 1.

A. Particle production in a simple multi-field model

Consider a simple multi-field inflationary model with two inflatons φ_i, i = 1, 2, canonical kinetic terms and a quadratic potential

V (φ) = 1 2 m^2 ∑ i φ^2_i ≡ 1 2 m^2 ⃗φ^2 . (1)

In addition, we assume a coupling to another scalar field χ via the Langrangian L_{int} = − 1 2 g^2χ^2(⃗φ − ⃗φ_{ESP})^2 . (2)

FIG. 1: Schematic of a grazing Extra Species Point (ESP) encounter with impact parameter μ in a two dimensional field space. If the dimensionality is bigger than two, the depicted plane (and coordinates φ_⊥, φ_‖) is defined by the location of the ESP and the tangent to the unperturbed trajectory at φ_‖ = φ_p. Note that φ_⊥ is not an instantaneous isocurvature field, but defined via a global field redefinition. In case of a simple potential, as in (1), trajectories are straight lines in the absence of an ESP. N = 60 efoldings of inflation take place between |⃗φ| = φ_∗ and |⃗φ| = φ_{END}.

For g > 0.001 radiative corrections to the effective potential are possible; these can be absent in super-symmetric theories where bosonic and fermionic contributions tend to cancel each other out [1, 48], or in models within string theory [9, 25, 27]. In the following we assume the absence of such corrections. When the inflationary trajectory comes close to the ESP, the χ particles become light

m^{eff}_χ = g|⃗φ − ⃗φ_{ESP}| + m^{bare}_χ (3)

(in the following we ignore the presence of a small bare mass for the χ particles). Thus, if the impact parameter

μ = min(|⃗φ(t) − ⃗φ_{ESP}|) (4)

is small enough (see Figures 1 and 2), particle production can occur, similar to preheating [1, 3], see [43, 44] for reviews and [45–47] for multi-field preheating. For small impact parameters this event is fast compared to the Hubble time during inflation, Δt_p ≪ H, and can be treated as an instantaneous event in the following.

The particle occupation number increase can be approximated by [1, 9] (see Appendix A for technical details)

n_p = g^{3/2}v^{3/2}_p (2π)^3 e^{− πgμ} 2 vp , (5) where v_p ≡ | ˙⃗φ(t_p)|. The subscript p denotes the time of particle production when the distance to the ESP is minimal. Equation (5) is an analytic approximation valid for g > H^2_p /v_p [9] (always satisfied in this paper). The number of particles is diluted by the subsequent expansion n ≡ n_p (a_p a )_3

Θ(t − t_p) , (6)

so that backreaction is confined to a few efoldings at most (Θ is the Heaviside distribution).

Particle production is stronger the smaller the impact parameter μ is and the faster the trajectory is traversed. The velocity at which particle production occurs is easily found in the slow–roll regime when the slow-roll parameters ε_i ≡ (V_{,i}/V )^2 /2 and η_i ≡ V_{,ii}/V are small (we use the shorthand–notation V_{,i} ≡ ∂V/∂φ_i). Given the potential in (1) the total slow–roll parameters along the slow-roll trajectory are simply ε_‖ = η_‖ = 2/⃗φ^2 and we can solve the approximate Friedmann and Klein–Gordon equations to get the speed v_p ≃ √ 2 3 m = const . (7)

In our scenario, what matters is not the particle production in itself, but the influence of the particle production onto the motion of the inflaton. We thus need to compute the backreaction of these particles onto the inflatons. This is a complicated problem in general, but, in our case, it is reasonable to use the Hartree approximation, so that the equation of motion of the inflaton becomes (see Appendix (B) for details)

φ̈_i + 3Hφ̇_i + ∂V ∂φ_i = − ∂ρ_χ ∂φ_i , (8)

where ρ_χ ≈ n_p ( a_p a )_3 m^{eff}_χ , (9) is the energy density of the χ field. This energy density originates from infusing kinetic energy of the inflatons into ρ_χ, which is usually small^1, ρ_χ(t_p) ≪ ∑ i φ̇^2_i /2 = v^2_p/2.

1 The decrease in kinetic energy is accounted for in all numerical studies in this paper.

FIG. 2: Schematic of the change in trajectory of a grazing ESP encounter (no trapping, see Fig. 3 (c) for an example of a temporarily trapped trajectory): in the absence of an ESP the trajectory is aligned with the φ_‖ axis and the dotted line is the bent trajectory due to backreaction of χ-particles onto the inflaton fields. We approximate the production of χ-particles as a single, instantaneous event at the point of closest approach. The amount of bending (54) and slowing down (32) depends sensitively on the impact parameter μ, which impacts correlation functions. Actual trajectories are plotted in Fig. 3 (a).

B. Nonlinear curvature perturbation

As we will quantify in the following subsections, any change in the trajectory caused by the ESP encounter, be it a change in velocity or an actual deviation of the trajectory, leads to a change in the number of efoldings, ΔN. This change is sensitive to the initial conditions around sixty efoldings before the end of inflation at t_∗, which in turn causes additional contributions to correlation functions of the curvature perturbation on uniform density surfaces ζ, most easily recovered in the (non-linear) δN-formalism [49, 50]; these fluctuations are related to the fluctuations in the number of efoldings ζ = δN, where N = ∫_{tend} t_∗ Hdt . (10) In our case, the total number of efoldings can be written as

N = N_{SR} + ΔN, (11)

where N_{SR} corresponds to the number of efoldings along the slow–roll trajectory in absence of an ESP, while ΔN represents the change in the number of efoldings due to the ESP encounter.

In this section we provide the relevant expressions based on the δN-formalism for correlation functions, before computing ΔN numerically and, in certain regimes, analytically.

1. The power-spectrum

Since the masses of φ_i are smaller than the Hubble parameter, m ≪ H, all φ_i carry nearly scale invariant fluctuations on super Hubble scales with power-spectrum

⟨δφ^i_{k1} δφ^j_{k2} ⟩ = (2π)^3δ_{ij} δ^{(3)}(k_1 + k_2)P (k_1), P (k) ≡

2π^2 k^3 P(k), P = ( H_∗ 2π )_2 . (12)

(In this paper φ_i = φ^i). The index ∗ denotes Hubble crossing of the pivot scale (k_{60} = a_∗H_∗) at N = 60 efoldings before the end of inflation.

Expanding the number of efoldings at first order as a function of the inflaton perturbations, δφ_i, or alternatively δφ_‖ and δφ_⊥ (where φ_‖ and φ_⊥ are the components respectively parallel and orthogonal to the trajectory without particle production; see Fig. 1), the curvature perturbation can be written as

ζ = δN = δN_{SR} + δΔN = N_{,‖}δφ_‖ + ΔN_{,⊥}δφ_⊥ , (13)

with the notation N_{,‖} ≡ ∂N ∂φ^∗_‖ , ΔN_{,⊥} ≡ ∂ΔN ∂φ^∗_⊥ , (14)

(we employ corresponding expressions for higher–order derivatives). Here we used that due to the geometry of the ESP encounter, the impact parameter μ and consequently ΔN are only sensitive to changes of the initial field values perpendicular to the trajectory. Note that the perpendicular component of the inflaton plays a similar rôle as the modulaton field introduced in [8].

Hence we can write the power-spectrum as a sum of two contributions, the usual slow–roll contribution and a new one caused by the ESP encounter,

P_ζ ≡ P_{SR} + P_{ESP} = ( H_∗ 2π )_2 [ 1 2ε^∗ + ΔN^2_{,⊥} ] . (15)

where ε^∗ = −Ḣ/H^2 is the usual slow-roll parameter. Here ΔN is comprised of two contributions that decouple at first order: one due to the slowing-down (subscript “sl”) of the fields and the other due to the geometric change of the trajectory (subscript “ge”),

ΔN = ΔN_{sl} + ΔN_{ge} . (16)

Defining Ξ ≡ P_{ESP} P_ζ , (17) the scalar spectral index is given by [51] n_s − 1 ≡ d ln(P_ζ ) d ln(k)

= −(6 − 4Ξ)ε^∗ + 2(1 − Ξ)η^∗_‖ + 2Ξη^∗_⊥. (18)

where η^∗_‖ and η^∗_⊥ correspond to the usual slow-roll parameters parallel and perpendicular to the trajectory evaluated sixty efoldings before the end of inflation. For Ξ → 0, the slow roll result is recovered, while for larger Ξ the model is similar to the mixed inflaton/curvaton scenario [52] or modulated traping [8]^2, see forward to Sec. III. The tensor–to–scalar ratio can be computed to [51]

r = 16ε^∗(1 − Ξ) . (19)

2. The bi- and trispectrum

One can use the δN-formalism to compute the non-Gaussianities of the curvature perturbation associated with the trapping effect. Let us first recall the definition of the local non-linearity parameters f_{NL} (bispectrum) as well as τ_{NL} and g_{NL} (trispectrum). For a multi-field system, the expansion of the number of efoldings in terms of the scalar field fluctuations can be written as ζ = δN = N,_i δφ^i + 1 2 N,_{ij} δφ^i δφ^j + 1 6 N,_{ijk} δφ^i δφ^j δφ^k + . . . , (20) where we use the implicit summation convention for the field indices i, j, k, . . . and the notation N_i ≡ ∂N/∂φ^i|_∗, N,_{ij} ≡ ∂^2N/∂φ^i∂φ^j |_∗, etc. If all of the scalar field fluctuations are Gaussian, with the power-spectrum (12), one finds, using Wick’s theorem, that the bispectrum, i.e. the three-point function in Fourier space, is given by

⟨ζ_{k1} ζ_{k2} ζ_{k3} ⟩ ≡ (2π)^3δ^{(3)} ( ∑ i k_i ) B_ζ (k_1, k_2, k_3),

B_ζ (k_1, k_2, k_3) = 6 5 f_{NL} [P (k_1)P (k_2) + P (k_2)P (k_3) + P (k_3)P (k_1)] , (21)

with the non-linearity parameter 6 5 f_{NL} = N,_i N,_j N^{,ij} (N,_k N^{,k})^2

. (22)

Similarly, the trispectrum, defined as

⟨ζ_{k1} ζ_{k2} ζ_{k3} ζ_{k4} ⟩_c ≡ (2π)^3δ^{(3)} ( ∑ i k_i ) T_ζ (k_1, k_2, k_3, k_4) , (23)

2 In this reference, η^∗_⊥ ≪ η^∗_‖ was assumed. For us η^∗_⊥ = η^∗_‖ , due to (1).

can be written in the form [53]

T_ζ (k_1, k_2, k_3, k_4) = τ_{NL} [P (k_{13})P (k_3)P (k_4) + 11 perms] + 54 25 g_{NL} [P (k_2)P (k_3)P (k_4) + 3 perms] , (24) with

τ_{NL} = N_{,ij}N^{,ik}N^{,j}N_{,k} (N_{,l}N^{,l})^3

, g_{NL} = 25 54 N_{,ijk}N^{,i}N^{,j} N^{,k} (N_{,l}N^{,l})^3

(25)

and where k_{13} ≡ ‖k_1 + k_3‖.

In the present case, one finds that the non-linearity parameters due to the modulated trapping are given by f_{NL} = 5 6 ΔN^2_{,⊥}ΔN_{,⊥⊥} (ΔN^2_{,⊥} + N^2_{,‖})^2 = 5 6 Ξ^2 ΔN_{,⊥⊥} (ΔN_{,⊥})^2

, (26)

τ_{NL} = ΔN^2_{,⊥}ΔN^2_{,⊥⊥} (ΔN^2_{,⊥} + N^2_{,‖})^3 = (ΔN_{,⊥⊥})^2 (ΔN_{,⊥})^4

Ξ^3 = 36 25 Ξ^{−1} f^2_{NL} , (27)

g_{NL} = 25 54 ΔN^3_{,⊥}ΔN_{,⊥⊥⊥} (ΔN^2_{,⊥} + N^2_{,‖})^3 = 25 54 ΔN_{,⊥⊥⊥} (ΔN_{,⊥})^3

Ξ^3 . (28)

The inequality that τ_{NL} ≥ (6f_{NL}/5)^2, which here follows from the fact that Ξ ≤ 1, is true much more generally [54]. However it might be violated in special models in which the “loop” corrections are very large [55].

C. Slowing down

Our next goal is to estimate ΔN_{sl} analytically, closely following [8]. Assume that after the ESP encounter, the change in φ_⊥ remains small compared to φ_‖ and μ and consider that |φ_‖ − φ_p| ≫ μ. In this case, we can approximate the equation of motion (8) for φ_‖ by (see (B5) in the appendix)

φ̈_‖ + 3H_pφ̇_‖ + ∂V ∂φ_‖ = gn_p (a_p a )_3 Θ(t − t_p) . (29)

We would like to solve this equation over a brief time interval of a few Hubble times only; in this case we can treat H ≈ H_p = const and integrate (29) to φ̇_‖ ≈ −v_p + gn_pe^{−3Hp(t−tp )}(t − t_p) , (30) were we imposed |φ̇_‖| = v_p at t_p. By denoting

Δφ_‖(t) ≡ φ_‖(t, g ≠ 0) − φ_‖(t, g = 0) , (31) we get Δφ̇_‖ = gn_pe^{−3Hp(t−tp )}(t − t_p) , (32) which gives the amount by which the field is slowed down after the ESP encounter. Thus, the

trapping event delays the field by

Δφ_‖ = ∫_∞ t_p Δφ̇_‖dt = gn_p 9H^2_p

, (33)

and the net change in the number of efoldings becomes ΔN_{sl} ≈ − H_pΔφ_‖ φ̇_∗ (34) = g^{5/2}v^{1/2}_p 9H_p(2π)^3 e^{−πg μ} 2 vp . (35) Note the presence of the exponential, which is absent in the one dimensional case.

A small change in the position of the inflaton at time t_∗ induces a variation of the angle β

between the inflationary trajectory and the φ_1-axis (see Fig. 1), which entails a change of the

impact parameter δμ ≈ φ_pδβ ≈ φ_p φ_∗ φ^∗_⊥ . (36)

In this regime, the power-spectrum (15) picks up a piece that is boosted by ΔN^2_{sl,⊥} ≈ ( φ_p φ_∗ )_2 1 H^2_p g^7 v_p μ^2 (6π)^4 e^{−2 πgμ} 2 vp ≡ A^2C^2xe^{−2x} , (37)

where we have defined A ≡ g^{5/2}√v_p H_p9(2π)^3 , C ≡ 2 φ_p φ_∗ √ πg v_p , x ≡ πgμ^2 v_p . (38)

Moreover, the additional contributions to the non-linearity parameters due to the slowing down

effect become f^{sl}_{NL} ≈ 5 6 A^3C^4x ( x −^1_2 ) e^{−3x} ( A^2C^2xe^{−2x} +^{ϕ2∗}_4

)_2 , (39)

τ^{sl}_{NL} ≈ A^4C^6x ( x −^1_2

)_2 e^{−4x} ( A^2C^2xe^{−2x} +^{ϕ2∗}_4

)_3 , (40)

g^{sl}_{NL} ≈ 25 54 A^4C^6x^2 ( x −^3_2 ) e^{−4x} ( A^2C^2xe^{−2x} +^{ϕ2∗}_4

)_3 . (41)

Here, we also assumed that effects due to the geometric change of the trajectory are much smaller than the ones caused by slowing down, see Sec.II D.

Under which conditions can we trust these analytic expressions and when are they observable? The additional contribution to the power-spectrum is maximal at

μ_c = √ v_p 2πg . (42)

with a corresponding amplitude of P_{sl}(μ_c) ≃ g^6 e(2π)^73^4

≈ 1.2 × 10^{−8}g^6 , (43)

where we used the slow–roll approximation φ_pH_∗/(φ_∗H_p) ≃ 1 as well as β ≪ 1 (see Fig. 1). Given a large enough coupling g, it is possible that this contribution dominates, saturating the COBE bound. To find the coupling g_d beyond which the trapping effect can dominate we solve P_{sl}/P_{SR} = 1 to

g_d = (mφ^2_∗)^{1/3} ( (2π)^5e )_{1/6} ( 3 2 )_{1/2} ≈ 3.9(mφ^2_∗)^{1/3} . (44)

If g > g_d, there exists a range around μ_c for which the amplitude is larger than the usual slow–roll contribution. Of course it is then this contribution which needs to be tuned, i.e. by carefully choosing φ^∗_⊥. We investigate this model, including a discussion of non-Gaussianities, in Sec. III.

If the coupling becomes too large, a qualitative change in the trajectory occurs: instead of being merely slowed down, the velocity reverses and the trajectory gets temporarily trapped. This takes place when the force due to backreaction is bigger than the one stemming from the classical potential, | | | ∂V ∂φ_1 | | |_p < | | | ( ρ_χ ∂φ_1 )| | |_p ≃ g^{5/2}v^{3/2}_p (2π)^3 e^{− πgμ} 2 vp , (45) where the subscript p refers to evaluating a quantity at the time of particle production t_p. Solving for g in the μ = 0 case yields

g_{trap} ≡ (mφ^2_p)^{1/5} ( (2π)^3 ( 3 2 )_{3/4})2/5 ≈ 3.2(mφ^2_p)^{1/5} , (46)

which is bigger than the coupling at which the power-spectrum can be dominated by P_{sl}^3. 3 gd gtrap ∼ φ2/3∗ m2/15 φ2/5p ∼ φ −2/5 p < 1 for φ∗ = 16 and m = 10^{−6}; since inflation ends for 1.4 ≃ φ < φp < φ∗ and the inequality becomes stronger for smaller m we get gtrap > g_d.

However, even for large g > g_{trap}, the slowing down effect is well approximated by the above analytic expression if the impact parameter is bigger than

μ > μ_{an} ≡ m gπ √ 2 3 ln ( g^{5/2} mφ_p ( 2 3 )_{3/4} 1 (2π)^3 ) . (47)

This parameter is usually bigger than the one for which the power-spectrum has its peak, but low enough to allow for the use of the analytic approximation in Sec. III.

D. Geometric change of the trajectory

In this section we would like to estimate the path change compared to the trajectory in the absence of an ESP. The trajectory bends towards the ESP after particle production took place. Our goal is to estimate the maximal deviation in the perpendicular direction Δφ_⊥ under the assumption that Δφ_⊥ ≪ μ, which in turn leads to a slight enhancement of the number of efoldings ΔN_⊥, in addition to the slowing down effect discussed in the previous section. Since μ > Δφ_⊥ (see Fig.2), the effect is small compared to the slowing down effect. It becomes much stronger for large coupling g > g_{trap} and small impact parameters 0 < μ < μ_{an}, for which it is challenging to find analytic results. We compute such cases numerically in Sec. II E, enabling a comparison of our analytic approximations to the full solution.

There are two different regimes for φ_⊥ ≪ μ: in the first one, back-reaction is strong and the trajectory bends, which requires |φ_‖ −φ_p| ∼ v_p(t−t_p) ≪ μ, and we can approximate the equation of motion (8) by (for ease of notation, we put the ESP above the trajectory in this section φ_{⊥ESP} = +μ with μ > 0, opposite to Fig. 1 and Fig. 2 but in line with App. B, i.e. eqn. (B6))

φ̈_⊥ + 3H_pφ̇_⊥ + m^2φ_⊥ ≈ gn_pe^{−3Hp(t−tp )} , (48)

where we treat H_p ≈ const, since we are only interested in following φ_⊥ until v_p(t − t_p) = μ (a fraction of an efolding). Ignoring the classical potential (m = 0), the above can be integrated to

φ_⊥(t) = gn_p 9H^2_p ( 1 − e^{−3H(t−tp )}(1 + 3H_p(t − t_p)) ) . (49)

Hence, the excursion at t̃ − t_p = μ/v_p is of order φ_⊥(t̃) ∼ gn_p 9H^2_p 9 8 μ^2φ^2_p = Δφ_‖ 9 8 μ^2φ^2_p , (50)

with n_p from (5), we expanded the exponential for small v_pμ/H ≃ 2μ/φ_p ≪ 1 and we used Δφ_‖ from (33). We see that Δφ_⊥ ≪ μ for small μ. The corresponding velocity in the ⊥-direction is approximately v_⊥ ≡ φ̇_⊥(t̃) ≈ φ_pμgn_p 2H_p . (51)

Once v_p(t − t_p) > μ, the source term on the right hand side of (8) becomes unimportant quickly and the second phase commences: the field rolls freely until the classical potential and Hubble friction bring the trajectory back onto a slow–roll attractor. This takes place roughly within one Hubble time, see Fig. 3, panel a. The total excursion in the perpendicular direction can be estimated by solving

φ̈_⊥ + 3H_pφ̇_⊥ ≈ 0 (52)

with φ^{ini}_⊥ ≈ 0 (we checked that using φ_⊥ from (50) does not affect results significantly) and φ̇^{ini}_⊥ = v_⊥ from above to φ_⊥(t) ≈ v_⊥ 3H_p ( 1 − e^{−3Hp(t−tp)} ) , (53)

and taking the large-t limit (which maximises φ_⊥(t) in the limit that m_⊥ = 0), we find Δφ_⊥ ≈ Δφ_‖μφ_p 3 2 . (54)

Thus, the trajectory is prolonged by roughly^4 Δs ∼ Δφ_⊥ ≈ Δφ_‖μφ_p 3 2 , (55)

and the corresponding change in the number of efoldings can be estimated, up to factors of order unity, to ΔN_{ge} ∼ H_pΔs v_p . (56)

For small impact parameters, this change in the number of efoldings is much smaller than the corresponding one from slowing down, ΔN_{ge} ΔN_{sl} ∼ 3φ_pμ 2 . (57)

4 An alternative viewpoint might be instructive: during the first phase, the trajectory is bent by the angle tan(α) = φ_⊥(t̃)/μ, with respect to the unperturbed trajectory; since this angle is small we have α ∼ Δφ_‖μφ^2_p9/8. Since the overall speed decreases in a grazing ESP encounter and the decrease is not strong in the cases of interest, see Fig. 3 panel b, we take the slow–roll speed vp as an approximation for the speed along the intermediate trajectory before a slow–roll attractor is reached again (this provides an upper bound on effects). Then the difference in path-length during the excursion is of order Δs ∼ vp/Hp − l, where l = vp cos(α)/Hp ≈ (1 − α)vp/Hp. Plugging in α gives^{Δs}_{Δφ‖} ∼^9_4 μφp, consistent (up to factors of order one) with the above estimate.

Hence, as long as μ ≪ 2/(φ_p3), slowing down effects are dominant. Furthermore, since the ratio of the derivatives is ΔN_{ge,⊥} ΔN_{sl,⊥} ∼ − 3μφ_p 2 ( v 2πgμ^2 − 1 ) , (58)

the slope is dominated by the slowing down effects for μ_{an} < μ ≪ 2/(3φ_p) where μ_{an} = few × √ v_p/(πg) (the same holds true for higher–order derivatives up to factors of order unity). For small μ and small g the geometric effects can be bigger than slowing down effects at the level of correlation functions; however, in this regime the usual slow–roll contributions tend to dominate, since corrections scale as μ. This is the reason why, for μ > μ_{an}, we are justified to ignore ΔN_{ge} in Sec. II C when computing the power-spectrum and the non-linearity parameters. Then, the additional contribution to the power-spectrum and higher-order correlation functions caused by the geometric change in the trajectory are of order P_{ge} ∼ ( H_∗ 2π )_2

A^2B^2C^2e^{−2x} ( x − 1 2 )_2

, (59) f^{ge}_{NL} ∼ 5 6 A^3B^3C^4x^{1/2}e^{−3x} ( x −^1_2

)_2 (

x −^3_2 ) ( A^2C^2xe^{−2x} +^{ϕ2∗}_4

)_2 , (60)

τ^{ge}_{NL} ∼ A^4B^4C^6xe^{−4x} ( x −^3_2

)_2 (

x −^1_2

)_2 ( A^2C^2xe^{−2x} +^{ϕ2∗}_4

)_3 , (61)

g^{ge}_{NL} ∼ 25 54 A^4B^4C^6e^{−4x} ( x^2 − 3x +^3_4 ) ( x −^1_2

)_3 ( A^2C^2xe^{−2x} +^{ϕ2∗}_4

)_3 , (62)

where we defined B ≡ 3φ_p 2 √ v_p gπ . (63)

If g < g_{trap}, so that the analytic approximations are valid for all μ, and μ ≪ μ_{an}, so that |ΔN^{sl}_{,⊥}| ≪ |ΔN^{ge}_{,⊥}|, one only needs to replace the denominators above by appropriate powers of (C^2A^2B^2e^{−2x}(x − 1/2)^2 + φ^2_∗/4). Note that ΔN^{ge}_{,⊥} changes sign for μ < √ v/(2πg), indicating that increasing the impact parameter from zero up first leads to an increase in the number of efoldings, in accord with the trajectory being bent, before the weakening of the slowing down effect decreases N_{total} and, for μ > √ v/(2πg), trajectories show less of an excursion again, see Fig. 3 (a).

E. Discussion and numerical studies

We encountered several different regimes with qualitatively different behaviour, see table I for a summary. All regimes can be treated numerically without invoking the slow–roll approximation

Coupling Constant Impact Parameter Description g < g_{COBE} in (64) μ = any P_{COBE} > P_{ESP} g_d < g in (44) μ near μ_c in (42) P_{infl} < P_{ESP} g < g_{max} in (75) μ = μ̄ in (73) The non-adiabaticity parameter in (A2) is bigger than one and particle production is fast (this paper).

g ≫ g_{max} μ = μ̄ in (73) The approximation in App. C of [9] could be used, but NG are expected to be too large for m ∼ m_{COBE}/few.

g_d < g < g_{trap} in (46) μ ≪ 2/(φ_p3) Slowing down effects dominate over geometric effects. μ = μ̄ If m < m_{COBE} in (66) then P_{COBE} is saturated by P_{sl} at μ̄. μ ≳ 2/(φ_p3) Geometric effects dominate over slowing down effects, but they are usually negligible compared to slow-roll effects.

g_{trap} < g μ < μ_{an} in (47) Temporary trapping can occur, N(μ) can become non-analytic, Fig. 4 (d).

μ_{an} < μ ≪ 2/(φ_p3) No trapping, slowing down effects dominate. μ = μ̄ If m < m_{COBE} then P_{COBE} is saturated by P_{sl} at μ̄. μ ≳ 2/(φ_p3) Geometric effects dominate over slowing down effects, but they are usually negligible compared to slow-roll effects.

0.8 < g < 2.5 μ = μ̄ P_{COBE} is matched by P_{sl} in Sec. III and non-Gaussianities are observable (we use 0.02 < m/m_{COBE} < 0.2).

TABLE I: Different regimes depending on the coupling constant g and the impact parameter μ.

(which can be violated during the ESP encounter) or the small μ approximation, as long as we assume a single, instantaneous particle production event. The latter can be a good approximation even for temporarily trapped trajectories, since the velocity decreases after the first encounter with the ESP, v < v_p, and particle production is less efficient subsequently, (5) (see Fig. 3 (c) and (d) for a concrete case).

First, we would like to investigate some trajectories in field space and how they compare to our expectation. In Fig. 3 (a) we can see the that the bending of a trajectory grows as μ is increased from zero, before they remain essentially straight for larger impact parameters. This is in line with our predictions in Sec. II D, where we observed a sign change in the second derivative of ΔN_{ge} in (60). The corresponding velocity change is plotted in panel (b). At the particle production event, only a small fraction of the energy is transferred to χ particles, less than 1% in Fig. 3 (b), but the velocity decreases subsequently due to backreaction of χ particles. As the universe expands, ρ_χ, and thus the force due to backreaction, redshifts as a^{−3}, causing the field to speed up again

FIG. 3: (a) and (b) show the trajectory and corresponding velocity v = √ φ̇^2_1 + φ̇^2 (over t/t_H ≈ tmφ_p/ √ 6) directly after an ESP encounter (χ particles are produced instantaneously at t = 0 only) with g = 1 < g_{trap} ≈ 1.8 for a range of impact parameters μ (the same as in Fig. 4 (b)). The field slows down while the trajectory gets slightly disturbed, panel (a). The slowing down effect, which dominates correlation functions, is monotonically decreasing with increasing μ, and v approaches the slow–roll speed again after a few Hubble times, panel (b). (c) and (d) show a temporarily trapped trajectory with corresponding velocity, with an increased coupling g = 3.2 > g_{trap}. The fields oscillate temporarily around a non-parabolic minimum of the effective potential, and the resulting trajectories are highly sensitive to initial conditions. This leads to a non-analytic dependence of the number of efoldings on initial conditions for small impact parameters, Fig. 4 (d). In all plots m = 0.2 × m_{COBE}, defined in (66) (larger m increase g_{trap}).

and approach the slow–roll speed v_p in (7) after a few Hubble times. The maximal decrease of the velocity is monotonically decreasing as μ increases, since the exponential suppression in (35) becomes important and as a consequence, f^{sl}_{NL} in (39) is always positive.

The coupling in panels (a) and (b) of Fig. 3 satisfies g < g_{trap}, preventing a trapping of tra-

FIG. 4: The total number of efoldings N in the presence of an ESP divided by the number of efoldings in the absence of on ESP, N_{no ESP}, is plotted over the impact parameter μ, for (a) g = 0.5, m = m_{COBE} (slow–roll contributions dominate the power-spectrum), (b) g = 1, m = 0.2 × m_{COBE} (the slowing down effect can dominate the power-spectrum), (c) and (d) g = 3.2, m = 0.2 × m_{COBE} (for small μ the trajectory becomes temporarily trapped, the system becomes chaotic and N(μ) non-analytic, see panel (d); for μ > μ_{an}, trapping does not occur and the slowing down effect dominates again).

jectories. We chose g = 1 as a representative coupling, since it is the most natural value for a dimensionless parameter; it is large enough, g > g_{COBE} (see forward (64)) and g_d, for the powerspectrum to be dominated by the slowing down effect, Fig. 4 (b) and Fig.5 (a). If the coupling is increased above g_{trap} ≈ 1.8, trajectories can get temporarily trapped for small impact parameters μ < μ_{an}. An example of such a trajectory is shown in Fig. 3 (c) with the corresponding velocity in (d).

FIG. 5: The additional contribution to the power-spectrum normalized by P_{COBE} as well as the nonlinearity parameters f_{NL}, τ_{NL} and g_{NL} are computed numerically (crosses) and compared to the analytic approximations (red line) in Sec. II C which lead to (37) and (39)-(41) using g = 1 and m = 0.2 × m_{COBE}; slow–roll contributions are negligible and as a consequence, the impact parameter μ needs to be tuned in order to satisfy the COBE bound (the normalized power-spectrum in (a) needs to equal one, singling out two values of μ), see forward to Sec. III. The discrepancy between numeric and analytic results for large and small μ are due to additional effects caused by the geometric change of the trajectory, see Sec. II D, which are negligible in Sec. III where P/P_{COBE} = 1 at the larger of the two possible impact parameters. Rounding errors amplify quickly once P/P_{COBE} ≪ 1 (negligible in Sec. III).

If trajectories get trapped^5, they oscillate around the minimum of the effective potential close to the ESP. These trajectories are highly sensitive to initial conditions, as expected for a two

5 The way particle production is described as an instantaneous event here and elsewhere [9] is not a good approximation to describe trajectories during the actual trapping. Thus, plots like Fig. 3 (c) and (d) as well as Fig. 4 (c) and (d) should be taken with caution. However, the statement that trajectories get trapped and that they are sensitive to initial conditions is robust.

dimensional non-harmonic oscillator (the system is chaotic; see [23] for related work). For example, a trajectory can change qualitatively from having three revolutions to two revolutions at a critical impact parameter. This leads to discrete jumps in the number of efoldings, rendering N(μ) nondifferentiable. For such a chaotic system the δN formalism can not be applied. This is evident in Fig. 4 (c) and (d): for large μ, trajectories are not trapped and the shape of N(μ) is similar to the ones in panel (a) and (b) where g < g_{trap}, but for small μ the curve in panel (c) becomes irregular. A zoomed in version of this small μ range in panel (d) reveals that N(μ) is not smooth at all. An investigation of chaos in such a system is interesting^6, but goes beyond the scope of this article. In the following we focus on cases without temporary trapping (μ > μ_{an} if g > g_{trap}). A remnant of this sensitivity can be observed in regions where geometric effects become important, see forward to Fig. 5 (d), where a discontinuity in the second derivative of N causes a divergence in g_{NL} for small μ.

If slowing down effects dominate over geometric effects^7, μ_{an} < μ ≪ 2/(φ_p3), N(μ) is smooth. One can then tune the impact parameter to match the COBE normalization and compute corresponding non-Gaussianities, see Sec. III and Fig. 6. In order to make analytic predictions, we focus entirely on slowing down effects as described in Sec. III. This is an excellent approximation, which can be seen in Fig. 5 (a)-(d), where the full numerical solution (crosses) for the power-spectrum and the non-linearity parameters f_{NL}, τ_{NL} and g_{NL} are compared with the analytic approximations (37) and (39)-(41) for g = 1 and m = 0.2 × m_{COBE}. We chose m < m_{COBE} and the most natural coupling g = 1, since we focus on such cases in Sec. III. The differences for small and large μ are caused by geometric effects becoming important. However, it is clear that around the maximum of P/P_{COBE} the analytic approximations are excellent.

6 For example, do intermediate regions of smooth N(μ) exist? What is the fractal dimension of the non-smooth set? Etc. Note that in order to answer these questions, one needs to track subsequent particle production and the amplification of numerical errors. All numerics in this paper were done with MAPLE9’s standard integration routines, 14 digits accuracy (we varied this accuracy to check that no conclusions in this article are sensitive to it) and a single particle production event.

7 In the case of trapped trajectories, such a separation does not make sense anyhow, since neither of the two analytic descriptions in II C or II D are applicable.

III. CURVATURE FLUCTUATIONS FROM A GRAZING ESP ENCOUNTER

A. Confronting the model with observations

If the coupling of the extra species particles is strong, g > g_d in (44), the power-spectrum can be dominated by fluctuations in φ_⊥ due to the slowing down effect (Sec. II C) provided that the impact parameter is close to μ_c in (42), but less than μ ≪ 2/(φ_p3) at which point the geometric effect of Sec. II D becomes important, according to (58). To satisfy the COBE normalization via the slowing down effect alone, we need

g > g_{COBE} ≡ (e(2π)^73^4P_{COBE})^{1/6} ≈ 0.77 > g_d , (64)

where g_{COBE} is defined such that P_{sl}(μ_c) = P_{COBE}. For g ≳ g_d ∼ O(1) and φ_p ∼ 10, the inequality μ ≪ 2/(φ_p3) implies μ ≪ 0.1, which is easy to satisfy. Since g can be larger than g_{trap} in (46), and we would like to focus on trajectories that don’t become temporarily trapped (then ΔN_⊥ can be non-analytic, Sec. II E), we require μ > μ_{an} from (47) in this section. Under these assumptions, the slowing down effect is recovered well by the approximations in Sec. II C.

Since we do not want the COBE normalization to be saturated by slow–roll contributions, that is by perturbations in φ_‖, we require [34] ( H_∗ 2π )_2 1 2ε_∗ ≪ P_{COBE} ≈ 2.41 × 10^{−9} , (65) or m ≪ m_{COBE} ≡ 6.2 × 10^{−6} . (66)

This amounts to less fine tuning of the potential, since only an upper limit is imposed. On the other hand, the impact parameter needs to be just right to saturate the COBE bound, that is x = πgμ^2/v_p needs to solve

xe^{−2x} = D , (67)

where we used (37) and defined D ≡ ( P_{COBE} ( 2π H_∗ )_2 − 1 2ε_∗ ) 1 A^2C^2

(68)

= P_{COBE} ( 2π H_∗ )_2 Ξ A^2C^2

(69) = Ξ 2^63^4π^7 g^6

P_{COBE} ≈ 1.6 × 10^7 Ξ g^6

P_{COBE} (70) with A and C from (38). If slow–roll contributions are negligible Ξ → 1 (the proper value for Ξ is kept in all plots). For g > g_{COBE}, D is smaller than the maximum value of xe^{−2x} at x_c = 1/2 (corresponding to μ = μ_c), that is D < 1/(2e); then equation (67) has the two real solutions x_i ≡ − 1 2 W_i(−2D) , (71) for i = 0, −1, where W_i is the Lambert function. i = 0 leads to an impact parameter smaller than μ_c, and i = −1 to a bigger one; we focus on i = −1 primarily because impact parameters smaller than μ_c lead to a large negative f_{NL} (see Fig. 5), that is observationally disfavoured^8 and define x̄ ≡ x_{−1} = − 1 2 W_{−1}(−2D) . (72) This lower branch of the Lambert function is defined for arguments in the interval [−1/e, 0], but it has no simple series expansion at the boundaries (we are particularly interested in arguments close to the lower boundary of the interval).

How well do we have to tune x and thus the impact parameter to be within 1% of P_{COBE}? From Eq. (67) we find xe^{−2x} = D × (1 ± 10^{−2}) leading to x = x̄ ± δx with δx = |10^{−2}W_{−1}(−2D)/(2D(1 + W_{−1}(−2D)))| ≈ 0.08 ∼ O(10^{−1}), where we performed a Taylor expansion around x̄ and took^9 D ∼ 10^{−1} so that x̄ ≈ 1.3 in the last step; this corresponds to a tuning of about 6% of x̄, or about 3% of μ̄ ≡ μ_c √ 2x̄ . (73) We observe μ̄ ≳ μ_c ≫ δφ^{QM}_⊥ as long as φ_p √ g ≪ 2/ √ m ≳ 2/ √ m_{COBE} ∼ 800. For large m close to m_{COBE} and φ_p ∼ 10, the required tuning of the impact parameter δμ̄ becomes uncomfortably close to δφ^{QM}_⊥ if g ∼ 1; hence, we require the inflaton mass to be at least a factor of 5 smaller than m_{COBE} to be on the safe side.

If m < m_{COBE}, then P_{COBE} is matched by a mix of slow–roll and slowing–down contributions. In the limit m/m_{COBE} ≪ 1 the slow–roll contributions become negligible, Ξ → 1, and the scalar spectral index (18) becomes n_s − 1 ≈ 0 (74) to first order in slow–roll parameters, since η^∗_⊥ = ε^∗. An n_s this close to one is observationally disfavoured [34] at the two sigma level^{10}. However, a scale dependence in line with observations

8 We also want to prevent a tuning of μ smaller than quantum fluctuations in any given Hubble time, δφ^{QM}_⊥ ∼ H/(2π). Requiring μc/δφ^{QM}_⊥ ≫ 1 amounts to φp √ g ≪ 2/ √ m where m < mCOBE.

9 In the limit D → 0 the tuning becomes more severe since δx → 0 as well.

10 For more discussion of the spectral index in a related scenario see [56]. At second order in slow roll, ns −1 = −10ε^2/3 [57].

can easily be introduced by considering more general polynomials in (1) with ε^∗ ≠ η^∗_⊥ (we leave this to future studies). The tensor–to-scalar ratio in (19) approaches zero in the limit Ξ → 1 regardless of the potential. Thus, a detection of gravitational waves of order r ∼ 0.1 would rule out a grazing ESP encounter as the dominant contribution of the power-spectrum.

As discussed in appendix A, the impact parameter needs to be smaller than μ_{max} = √ v_p/g, to guarantee a large non-adiabaticity parameter and allow for particle production to be treated as instantaneous. Since μ̄/μ_{max} = 1/ √ 2π, we see that x̄ < π has to hold. Solving x̄(D) = π using (72), leads to D_{min} ≈ 0.0059, which in turn leads to an upper bound on the coupling g via (70) of

g < g_{max} ≡ ( Ξ 2^63^4π^7 D_{min}

P_{COBE} )_{1/6} ≈ 1.4 , (75)

where we used Ξ ≈ 1 in the last step. Therefore results for coupling constants above g_{max} and μ = μ̄, i.e. in Fig. 6, should be taken with caution, since our approximations start to become unreliable^{11}.

To briefly summarize, given a value of the coupling in the interval 1.4 ≈ g_{max} > g > g_{COBE} ≈ 0.77 and m ∼ m_{COBE}/few, the impact parameter needs to be μ = μ̄ within a few percent in order for the power-spectrum to be dominated by fluctuations in φ_⊥ while satisfying the COBE normalization, with n_s −1 ≈ 0 (different potentials can provide a red tilt) and unobservable small tensor–to–scalar ratio r. Next to the suppression of primordial gravitational waves, how can we tell this mechanism apart from a simple slow roll model?

Since the above mechanism is contingent on a relatively strong dependence of the number of efoldings onto the isocurvature direction φ_⊥, one should expect large non-Gaussianities^{12}. This is indeed readily checked, by plugging x̄ of (71) into the expressions for the non-linearity parameters (39)-(41). A plot of these parameters over g > 1.1 × g_{COBE} is given in Fig. 6, where we chose φ_p ≈ 11, so that the ESP is encountered around 30 efoldings before the end of inflation; we varied the inflaton mass in the range 0.02 < m/m_{COBE} < 0.2.

First, we observe that f_{NL} is generically observable (few < f_{NL} < 100) for g_{COBE} < g < g_{max} and m = m_{COBE}/few. f_{NL} increases monotonically with increasing g and decreases as the inflaton mass is decreased. As a consequence, for low inflaton masses, a relatively broad range of coupling

11 One could employ the iterative analytic approximation scheme in Appendix C of [9] (an expansion for small nonadiabaticity parameters) if g ≫ gmax and μ = μ̄, but since we expect non-Gaussianities to grow uncomfortably large, we refrain from applying it here.

12 Since we use a quadratic potential and equal masses for the two fields, the scale dependence of fNL, see forward to Sec. IV, is negligible. If a different power-law were used, a scale dependence of the non-linearity parameters would follow.

FIG. 6: The non-linearity parameters f_{NL}, τ_{NL} and g_{NL} in (39)-(41) from the slowing down effect, evaluated at μ = μ̄ in (73) for which the COBE normalization is satisfied; slow–roll contributions are negligible for the power-spectrum, since m ≪ m_{COBE} = 6.2×10^{−6}; we vary 0.02 < m/m_{COBE} < 0.2 and 1.1×g_{COBE} < g < 2.5. For masses not too small compared to m_{COBE}, non-Gaussianities are observable and keep increasing with g. Results are indicative even for g > g_{trap} as long as μ̄ > μ_{an} (satisfied above), but since g_{trap} > g_{max} in (75), the sudden particle production approximation ceases to be valid and effects may be overestimated.

constants permits observable non-Gaussianities that are not yet ruled out, but results become

untrustworthy above g > g_{max}. Values consistent with current observations are located around

g ∼ 1, the most natural value for the coupling constant, so no extra tuning is needed. The

non-linearity parameters of the trispectrum are naturally of order f^2_{NL} (Fig. 6): τ_{NL} f^2_{NL} | | | sl x=x̄ = ( 6 5 )_2 1 Ξ ≈ ( 6 5 )_2 , (76) g_{NL} f^2_{NL} | | | sl x=x̄ = 2 3 ( x̄ −^3_2 ) x̄ ( x̄ −^1_2

)_2 1 Ξ ≈ 2 3 ( x̄ −^3_2 ) x̄ ( x̄ −^1_2

)_2 . (77) τ_{NL}/f^2_{NL} is independent of g and only weakly dependent on m via H_∗ in Ξ, while g_{NL}/f^2_{NL} also depends on g via x̄. It is clear that measuring both the bi- and trispectrum would help to distinguish this model from other scenarios [54, 58] (see [59] for relationships between higher–order parameters). See the introduction for constraints on these parameters.

We put the ESP encounter around N_p ≈ 30 efoldings before the end of inflation, well after observable scales left the horizon, for a good reason: if the ESP encounter were to take place close to or within the observational window, back-scattering of χ particles onto the inflaton condensate would lead to an additional bump-like contribution to the power-spectrum and non-Gaussianities via IR cascading [7, 40–42]. This unobserved contribution would dominate the power-spectrum (and non-Gaussianities) for g ≳ 0.1 if μ is small^{13}, well before the ESP encounter starts to matter. But as long as the ESP is grazed later, the bump like feature is on smaller scales which are not tightly constrained by observations (but might be in the future). Choosing N_p different from 30 leads to changes of order O(1) in the constants A, B, C in (38) and (63), but x̄ in (72) is insensitive, since D in (68) depends only weakly on φ_p. As a consequence, the non-linearity parameters in (39)-(41) are simply rescaled in the Ξ → 1 limit (f_{NL} ∝ A ∝ 1/ϕ_p ∝ 1/ √ N_p and τ_{NL}, g_{NL} ∝ A^2 ∝ 1/ϕ^2_p ∝ 1/N_p) and the consistency relations in (76) and (77) remain unaffected.

The observation of a single bump caused by backscattering in the vicinity of k_b = √gv_p exp(N_b) where N_b = N − N_p, approximately^{14} given by P_b ≈ A_b (πe 3 )_{3/2} k3 k^3_b e^− π 2 k2 k2b e^{−π gμ̄} 2 vp , (78) with g ∼ 1 and A_b ≈ 10^{−6}g^{15/4} [40, 41], is a smoking gun of a grazing ESP encounter. Note that πgμ̄^2/v_p = x̄ = −W_{−1}(−2D)/2. The location of this feature determines when the ESP has been encountered, and the height offers a consistency check of the model, since no free parameters are left. This bump is accompanied by large, potentially detectable, non-Gaussianities [7, 42] in the vicinity of k_b.

It should be noted that all of the above arguments remain valid in higher dimensional field spaces and more general polynomial potentials (as long as all fields have the same potential); then the two fields that we consider above parametrize the plane spanned by the unperturbed trajectory and the ESP, while contributions from additional perpendicular directions are ignored.

13 The bound g ≲ 0.1 is derived in the μ = 0 limit. As μ grows, the exponential suppression in (78) suppresses the amplitude so that larger A_b ∝ g^{15/4} and thus g are possible. In our case, πgμ̄^2/vp = x̄ = −W−1(−2D)/2 is close to one so that the bound is not raised much (for example, x̄ ∼ 1.3 for D ∼ 10^{−1} so that g ≳ 0.14 instead of 0.1).

14 This approximation does not retain oscillations in the tail of the exponential [40, 41].

If the potential is more complicated, one may still compute additional contributions to correlation functions in a similar manner, with the appropriate changes in i.e. the relationship between μ_p and φ^∗_⊥ in (36). If the trajectory goes through an effective single-field stage after the observational window is passed but before the ESP is encountered, all sensitivity to the initial field values are erased and no additional super-horizon fluctuations are imprinted onto cosmological fluctuations when the ESP is passed. By single-field stage we mean a regime where all trajectories are funnelled through a valley in the potential such that all but one direction have a heavy mass.

So far, we just assumed that an ESP is closely grazed, but how likely is such a single encounter?

B. Several ESP encounters and connection to trapped inflation

If ESPs are dense we expect more than one close encounter during the last sixty efoldings of inflation. If χ-particles dilute sufficiently in between encounters and none of them involves actual trapping, the contributions to the power-spectrum and higher–order correlation functions are additive, and the results of the previous section can be used directly. However, if encounters start to overlap, that is if one or more ESPs are passed per Hubble time, their combined backreaction can lead to a reduction of the speed throughout inflation, enabling steeper potentials to be used. This phenomenon is sometimes referred to as trapped inflation [9, 25–27], which has been investigated in one dimensional [25, 27] and higher dimensional [26] field spaces.

For simplicity, let us assume that ESPs are distributed evenly over field space with some average inter-ESP distance y. In trapped inflation, the sensitivity of the inflationary trajectory to individual ESP encounters is greatly reduced: a change in φ^∗_⊥ lowers the distance to about one half of the relevant ESPs, while the distance to the other half is raised. Since the contributions to the number of efoldings N from each ESP encounter are additive, the dependence of N on φ^∗_⊥ vanishes in the limit of y → 0. Thus, the effects computed in the previous sections are diminished for y smaller than some critical inter-ESP separation y_{crit}.

Let us estimate this critical inter-ESP distance for a field-space of arbitrary dimensionality D. We assume the same quadratic potential for all inflatons, so that it has spherical symmetry. In the absence of ESPs, any trajectory from |⃗φ| = φ_∗ ∼ 15 to |⃗φ| = φ_{end} ∼ 1 yields the same inflationary dynamics. Thus, the total volume in which a slow–roll trajectory could lie is V_{tot} = (φ^D_∗ − φ^D_{end})V_D where V_D = π^{D/2}/Γ(D/2 + 1) is the volume of a unit sphere in D dimensions. On the other hand, a grazing ESP encounter would only lead to observationally relevant contributions to observables if the ESP is within a distance of μ_c ∼ 10^{−3} to a given inflationary trajectory. If ESPs are randomly spread over field space, we can compute the probability that a single ESP in V_{tot} is within reach of the trajectory to

p_{ESP} = V_{D−1}(φ_∗ − φ_{end})μ^{D−1}_c V_D(φ^D_∗ − φ^D_{end}) . (79)

Thus, if N_{ESP} ESPs are spread throughout V_{tot}, the probability that none of them is closely grazed becomes (1 − p_{ESP})^{NESP} . Demanding that the latter is less than 1/2 leads to the minimal number of ESPs in V_{tot} above which ESP encounters become likely,

N^{min}_{ESP} = ln ( p_{ESP} − 1 2 ) . (80)

The corresponding average inter-ESP distance is y_{crit} = ( V_D(φ^D_∗ − φ^D_{end}) N^{min}_{ESP} )_{1/D} . (81)

Note that y_{crit} → 0 in the limit of D → ∞. For D = 2, 10, 100 the minimal number of ESPs is N^{min}_{ESP} ≈ 1.7 × 10^4, 10^{38}, 10^{413} with corresponding average inter-ESP distances of y_{crit} ≈ 0.20, 0.0030, 0.00045. Thus, for low D, ESPs do not need to be particularly dense in order for a grazing ESP encounter to be likely.

However, with growing dimensionality D, it becomes increasingly unlikely that only a few ESP encounters take place: either y > y_{crit} and no ESP is encountered, or y is (slightly) below y_{crit} and many ESPs are grazed. Thus, in the large D limit we either expect undisturbed slow–roll inflaton, or trapped inflation at a terminal velocity [26].

If trapped inflation takes place, the dominant correction, next to the ones stemming from a reduced speed, originate from backscattering of χ-particles onto the inflaton condensate, which superpose to yield yet another nearly scale invariant contribution to the power-spectrum, accompanied by non-Gaussianities [7, 40–42]. This superposition of bumps in the power-spectrum has been investigated in [41] for trapped inflation in one dimension. The corresponding computation in higher dimensional field spaces for the power-spectrum and the three-point function is in progress [60]^{15}, but goes beyond the scope of the present article.

To summarize, for inter-ESP distances of order y_{crit} and low D, several ESP encounters are likely, without leading to trapped inflation, and the results of this article are valid, namely, the dominant contribution to the power-spectrum can originate from individual ESP-encounters, naturally leading to observably large non-Gaussianities.

15 Preliminary results show that the additional contribution to the power-spectrum acquires a blue tilt; hence, it cannot be the dominant contribution, but non-Gaussianities might still be observable.

IV. OBSERVATIONAL SIGNATURES FROM MODULATED TRAPPING

We now consider the model of modulated trapping introduced in [8]. In this scenario, there is only one inflaton field, so that the inflaton trajectory is single-dimensional, but there exists another field, the modulaton σ, which affects the strength of the trapping effect. As we will see below, the rôle of the modulaton on the primordial curvature perturbation is quite analogous to that of the perpendicular inflaton perturbation δφ_⊥ discussed in the previous sections.

More explicitly, the interaction between the inflaton φ and a bosonic field χ is of the form L = − 1 2 (m(σ) − λ(σ)φ)^2χ^2, (82)

leading to a trapping event at time t_p, with corresponding field value

φ_p = m(σ) λ(σ) . (83)

Both the time and the strength of the trapping event depend on σ, the modulaton field, which we assume to be light compared to the Hubble parameter during inflation.

However, in contrast to [8] we will not neglect its mass, and so its energy density after the trapping event should be taken into account. We will see that the modulatons potential in general also affects the spectral index and the scale dependence of f_{NL}. If the modulaton field decays after the end of inflation, it acts as a curvaton field. In this section we assume that the energy density due to the modulaton during inflation is negligible (in order to be able to neglect its effect after inflation), so that U(φ, σ) = V (φ) + W (σ) ≃ V (φ) ≃ 3H^2, V_{,φ} ≫ W_{,σ} ⇒ ε ≡ ε_φ ≃ ε_H ≫ ε_σ . (84) However, the above relations leave the relative values of the second derivatives undetermined, so it is possible to have 1 ≫ |η_σ| > |η_φ|.

We can write the primordial curvature perturbation as

ζ(k) = ζ^G_φ (k) + ζ^G_σ (k) + 3 5 f_σ(k) ( ζ^G_σ ⋆ ζ^G_σ ) (k) + 9 25 g_σ(k) ( ζ^G_σ ⋆ ζ^G_σ ⋆ ζ^G_σ ) (k) , (85)

where ζ^G_φ and ζ^G_σ are Gaussian, and it is a good approximation to treat the contribution from the fields as uncorrelated [57]. The quantity f_σ, which is f_{NL} in the limit that we neglect the inflaton field’s perturbations (and similarly for g_{NL}), is given by 6 5 f_σ = ΔN_{,σσ} (ΔN_{,σ})^2 , 36 25 g_σ = ΔN_{,σσσ} (ΔN_{,σ})^3

, (86) where ΔN = λ^{5/2} 18π^3

M^{1/2}_P H^{1/2}_p (2ε_p)^{1/4} = ΔN(σ_p) . (87)

The power-spectrum is given by P_ζ = P_{ζφ} + P_{ζσ} = P_{ζφ} (1 − Ξ)^{−1}, (88) where we have defined Ξ(k) analogously to (17) and the spectral index satisfies, (see (18)), n_s − 1 = −(6 − 4Ξ)ε + 2(1 − Ξ)η_φ + 2Ξη_σ . (89) Then the non-Gaussianity and its scale dependence is given by [61, 62] f_{NL} = Ξ^2(k)f_σ (k) , (90) n_{fNL} ≡

∂ ln |f_{NL}| ∂ ln k = 4(1 − Ξ)(2ε + η_σ − η_φ) + ∂ ln |f_σ| ∂ ln k = 4(1 − Ξ)(2ε + η_σ − η_φ) + ΔN_{,σ} ΔN_{,σσ} W_{,σσσ} V M^2_P , (91) τ_{NL} = 1 Ξ ( 6 5 f_{NL} )_2 , (92) g_{NL} = Ξ^3g_σ . (93) Note that Ξ is an observable if we can observe the bi- and trispectrum [39]. All terms, except those involving ΔN, in the above equations should be evaluated at horizon crossing. n_{fNL} is the sum of two independent parts: the first one is due to the presence of linear contributions from two scalar fields, as was discussed in Sec 2 of [62], see in particular the mixed inflaton-curvaton scenario; this part vanishes if one neglects the perturbations due to the inflaton field (Ξ = 1). The second part is due to non-linear interactions of the modulon field’s perturbations, which vanish if the modulaton field has a quadratic potential, since the modulaton field perturbations obey a linear equation of motion (see Sec. 3 of [62], in particular the interacting curvaton scenario). Observational prospects for n_{fNL} are considered in [63, 64].

In Sec. II, we considered two fields with equal mass and a quadratic potential (implying that all three first order slow–roll parameters are equal), so the scale dependence of f_{NL} is especially simple in this case, satisfying two independent consistency relations with the tensor–to–scalar ratio and spectral index r = 2n_{fNL} = −4(n_s − 1) = 16(1 − Ξ)ε_∗ . (94) In the limit that perturbations come from the (initially) isocurvature field and Ξ → 1 all observables, except for the three non-linearity parameters and the amplitude of the power-spectrum, are zero.

A. Special cases

In [8] a special case was considered for which W (σ) and all of its derivatives are negligible, with the consequence that

n_s − 1 = −(6 − 4Ξ)ε + 2(1 − Ξ)η_φ , (95) n_{fNL} = 4(1 − Ξ)(2ε − η_φ) . (96)

If modulated trapping provides the dominant contribution to the power-spectrum, f_{NL} is scale independent. Alternatively, if Ξ is not too close to unity and ε ≪ |η_{φφ}|, a non-trivial consistency relation holds:

n_{fNL} = −2(n_s − 1) . (97)

In the special case of a modulaton dependent coupling, that is λ = σ M , m = g̃σ , (98) φ_p is independent of σ. Then ΔN ∝ σ^{5/2}_p and it follows that ΔN_{,σ}/ΔN_{,σσ} = 2σ_p/3. Assuming W (σ) ∝ σ^q we find

n_{fNL} ≡

∂ ln |f_{NL}| ∂ ln k = 4(1 − Ξ)(2ε + η_σ − η_φ) + 2 3 (q − 2)η_σ . (99)

B. The modulaton as a curvaton

After the trapping event the modulatons energy density needs to be taken into account. If σ decays after the inflaton does, it can act as a curvaton, adding a third term to the curvature perturbation

ζ = ζ_{inf} + ζ_{trap} + ζ_{curv}. (100)

Since ζ_{trap} ∝ ζ_{curv} ∝ δσ_∗ the two latter terms are correlated, while ζ_{inf} ∝ δφ_∗ is uncorrelated to them. Unlike ζ_{curv}, ζ_{trap} usually does not lead to any isocurvature perturbations since any particles created during the ESP encounter, and their decay products will be quickly diluted by the subsequent inflation, unless the encounter is close to the end of inflation. Due to the correlation properties of the three terms, we extend the definition of Ξ to Ξ = P_{ζtrap} + P_{ζcurv} P_ζ , (101) where

P_ζ = P_{ζinf} + P_{ζtrap} + P_{ζcurv} . (102)

Then all of the formula’s given in (89)–(93) for the spectral index and the non-linearity parameters remain valid.

We would like to comment on a related idea: in the case of modulated reheating, the field which modulates the efficiency of reheating can also act as a curvaton [58]. One could explicitly calculate both the adiabatic and isocurvature perturbations arising from this scenario, at the level of the power- and bispectrum using the formalism developed in [65], and at the level of the trispectrum using the formalism in [66] which includes perturbations up to third order. We leave this project to future research.

V. RELATING A GRAZING ESP ENCOUNTER AND MODULATED TRAPPING

We have investigated two possibilities of how an ESP encounter can modulate perturbations in the presence of a second field: firstly, by putting the ESP in a two dimensional field space so that small fluctuations in the field perpendicular to the trajectory modulate the impact parameter and thus particle production, Sec. II. Secondly, by traversing the ESP head on, but including a dependence of the coupling to χ and/or its bare mass on a second scalar field, Sec. IV. How are these two scenarios related?

The modulated trapping model is more general in the sense that the strength of the coupling and the position of the ESP is allowed to depend on the isocurvature field. However, it is significantly more restricted in the sense that a straight trajectory is assumed throughout inflation that traverses the ESP, i.e. the σ field is not treated as an inflationary direction; consequently, no exponential suppression due to a non-zero impact parameter is possible (see e.g. the last term in (35)). Hence neither scenario is a subset of the other, but they are similar in spirit and in certain cases may become effectively equivalent.

Let us consider a modulaton-dependent coupling as in (98) (the only explicit model considered in [8] which can generate Ξ ≃ 1 with only one species of χ particles), but also allow the model to be two-dimensional, that is we identify the perpendicular direction in Sec. II with the modulaton σ. Then the change in the number of efoldings due to decreasing speed in field space in (35) becomes ΔN_{sl} ≃ σ^{5/2} M^{5/2}

10^{−4} √ mφ_p e^{−3σ3 /(M√m)} ≃ σ^{5/2} M^{5/2}

10^{−2}e^{−3σ3 /(M√m)}, (103) where we have chosen typical values φ_p ∼ 10 and m ∼ 10^{−6} after the second ≃ sign in order to simplify the analysis. This leads to ΔN_{sl,σ} ∝ 5 2 σ^{3/2} M^{5/2} − 9 σ^{9/2} √ mM^{7/2} . (104)

We see that the contribution from the exponential term dominates unless σ^3 ≲ 10^{−3}M, which is about the same condition for being able to neglect the exponential suppression in (103). Then in order to satisfy the COBE normalisation P_ζ ∼ 10^{−10} (see (65)), we need to satisfy σ^3H^2_∗ 10^{−4}/M^5 = 10^{−10}; hence, for this model to work in the regime of [8] we require M ≲ 10^{−2} and |σ| ≲ 10^{−2}. These conditions are consistent with those given in eq. (43) of [8], but here we have also checked whether or not one can neglect the exponential suppression term. We see that there exists a consistent regime, but within a fine tuned range of initial values for σ.

A. Modulated trapping in a 2-dimensional field space

The effect of the exponential suppression and fine tuning of the initial conditions is potentially reduced if we consider an Extra Species Locus (ESL) instead of an ESP. Two simple choices come to mind: a straight line ESL along φ = φ_p, so that every trajectory passes through the ESP during inflation, or a compact ESL i.e. a circular one centred at the origin. Both choices are feasibly in moduli spaces. since they simply indicate that the ESL is independent of a field (the first choice) or an angular direction. We choose to focus on the second case only, without any theoretical bias either way. To make the two-dimensional field space explicit, we replace σ by φ_2 from here on. Thus, we wish to investigate an interaction Lagrangian of the form L = − 1 2 g^2 ( |^→φ | − |^→φ_p | )_2 χ^2 , (105)

with a modulated coupling, g^2 = φ^2/M^2. Then all trajectories become nearly straight lines and the exponential suppression term can be neglected for any trajectory. However, a simple calculation shows that approximately the same fine-tuning on the initial condition for φ_2 is needed in order to have the correct amplitude of the power-spectrum if these perturbations dominate over the usual slow–roll contribution, i.e. |φ_2| ≲ 10^{−2} is still required.

If we had considered a constant coupling g, then all trajectories would be equally delayed by the ESL encounter and there would be no effect on the perturbation spectrum (in the case of a rotationally symmetric potential, which we are considering here). However, in general even an ESL with a constant coupling will generate perturbations provided that it breaks some symmetry between trajectories with an isocurvature perturbation between them. For example, an elliptical ESL centred at the origin, or a circular ESL not centred at the origin, will both generate a contribution to the curvature perturbation at the time of particle production. Such a model would be similar to an inhomogeneous end of inflation [67–72], which typically requires a very strongly elliptical surface on which inflation ends as well as a fine tuning of initial conditions [73].

Why do we require this tuning, even when we are justified in neglecting the exponential suppression in (103)? A discussion of this point is given in the conclusion of [74]. In order for the perturbations associated with the trapping (φ_2 direction) to dominate over those generated by the inflaton in the usual way (φ_1 direction), we require that ( ∂N ∂φ_2 )_2 ≫ ( ∂N ∂φ_1 )_2 ∼ 1 ε_∗ ≳ 10^2 . (106)

The size of the isocurvature perturbations in each model is given by δφ_2 = O(H) = O(m_1), independently of the background trajectory. Thus, these small perturbations correspond to a significant perturbation in the value of φ_2 only if the background trajectory lies close to φ_2 = 0, i.e. δφ_2/φ_2 is non-negligible only for small φ_2. This requirement is needed to satisfy the inequality (106) for all of the models that we have considered so far. However, if φ_2 is too small, i.e. φ_2 = O(δφ_2), then non-Gaussianities become large and the model is ruled out by observations 16.

VI. CONCLUSIONS

The possibility that the effective mass of a field coupled to the inflaton becomes small, leading to particle production, has been well studied in the case that this occurs either while modes of the scale observed today cross the horizon (a window of 5–10 efoldings) or shortly after inflation ends, i.e. preheating. However, there is a long period in between these two times (circa 50 efoldings) during which particle production may occur, and this case has been much less studied. Although we cannot directly observe any bump/feature this may cause on the power-spectrum on these scales, simply because we are unable to observationally probe these scales, we may see an effect on the usual CMB scales.

In the simplest case, with only one inflaton field, there is no affect onto observables caused by such particle production, but if the strength or position of the ESP depends on a second field,

16 In Sec. III the axis are chosen such that the ESP lies on the φ1-axis. The requirement that the value φ2 is small is then identical to the requirement that the impact parameter μ to the ESP is small in Sec. III. Further, φ2 > O(δφ2) was written as φ^∗_⊥ > δφ^{QM} which we imposed throughout Sec. II and Sec. III.

then this conclusion does not hold, as was studied by Langlois and Sorbo [8]. Here we focussed instead on multiple–field inflation. For most initial conditions, the trajectory in field space will not go through the ESP, but graze it, still leading to particle production and backreaction in the vicinity of the ESP. The dominant effect is usually the temporary slow down of the inflaton, as part of its kinetic energy is diverted to generating particles, which slow down the fields further via their backreaction; in addition the trajectory bends towards the ESP due to the attraction of the generated particles, whose mass grow as the inflaton moves further away. The expansion of the universe and associated dilution of these particles ensures that the effect only lasts a few efoldings before a slow–roll attractor trajectory is again reached.

In multi-field scenarios the minimum distance between trajectories and the ESP varies due to the presence of isocurvature perturbations (those perpendicular to the velocity along the inflaton trajectory). The closer to the ESP that a trajectory comes, the greater the particle production and the larger the consequent slow-down of the trajectory, hence the isocurvature perturbation is partially converted to the adiabatic perturbation on all scales which have already crossed the horizon. In order for this encounter to significantly affect the trajectory, it must pass close enough to be reasonably strongly distracted by the “beauty” of the ESP. For the models we have studied, an impact parameter of order 10^{−3}M_P is required, which would represent a fine tuning of the initial conditions if only one ESP exists, but for an average ESP spacing of order 0.3M_P at least one such encounter becomes likely. An order of unity coupling constant between the inflaton and the produced particles is the most interesting case, so no tuning of this parameter is required. The case of a very dense set of ESP’s, leading to multiple trapping events per efolding, was previously studied by D. and T. Battefeld in [26].

What are the most interesting consequences of such a grazing ESP encounter? Since this effect is asymmetric, most strongly affecting trajectories which pass closest to the ESP and most weakly those furthest away, this will generate a skewness in the probability distribution of trajectories, which is parametrised by f_{NL} (the amplitude of the bispectrum). The trispectrum is also affected, and the ratio τ_{NL}/(6f_{NL}/5)^2 ≥ 1 provides a measure on which proportion of the observed linear perturbation where generated by the ESP encounter, with the inequality being saturated in the case that the encounter gives the dominant effect and the usual slow–roll perturbations are negligible. Since we have studied a quadratic potential with equal masses the scale dependence of the power spectrum and non-linearity parameters are suppressed, but for a more complex potential they would typically be a larger.

We have also considered the possibility of a one dimensional enhanced symmetry locus, which is a natural generalisation of the modulated trapping model to multiple fields. In this case every trajectory may pass through a point where the coupled field becomes massless, removing the need to fine-tune initial conditions, but one needs a strong difference in the strength of the particle production event between trajectories in order generate an observably large signature.

In all cases we find observably large non-Gaussianities on CMB scales given that the powerspectrum is dominated by the effects brought forth via particle production during the intermediate 50-efoldings of inflation. Thus, if PLANCK does not observe primordial non-Gaussianities, the interaction of inflatons throughout inflation are constrained. If inflatons are identified with moduli fields in string theory, we can thus probe not only the potential along the inflationary trajectory, but also the presence of enhanced symmetries in moduli space in the vicinity of the path the fields take.

Acknowledgments

T.B. and D.B. are grateful for hospitality at the University of Bielefeld and the Institude de AstroParticule et Cosmologie (APC, Paris). CB is grateful for hospitality received from the University of Goettingen. We would like to thank N. Barnaby for discussions.

Appendix A: Conditions for instantaneous particle production

We assume particle production to be instantaneous through the paper, but when is this a good approximation? If the non-adiabaticity parameter is large [1] ω̇ ω^2

> 1 , (A1)

where ω(t) ≡ ( k^2 + g^2(⃗φ − ⃗φ_p)^2 )_{1/2} , (A2)

explosive particle production similar to pre-heating can take place. Evaluating the above at |⃗φ(t)− ⃗φ_p| = μ and focussing on k ≪ gμ we find the condition μ ≲ √ v_p g ≡ μ_{max} , (A3)

where v_p ≡ |φ̇_p|. The subscript p denotes the time of particle production when the distance to the ESP is minimal. For larger impact parameters, the approximation in App. C of [9] could be used (see Appendix B), which provides an iterative procedure under the assumption that ω̇/ω^2 ≪ 1.

However, as we shall see in Sec. III, the cases where an ESP encounter may be observable, but without observationally ruled out non-Gaussianities, indeed require μ ≲ μ_{max} anyhow. Then, the production event can be treated as instantaneous, as in Sec. II. One may further check that the time-scale of particle production is considerably less than the Hubble time, so that the expansion of the universe and the inflationary potential can be neglected during this interval.

Appendix B: Backreaction

The backreaction of particle production onto the inflaton is a delicate point. This question is addressed in [9] for a two-dimensional scalar field space, without including a potential, and ignoring the cosmological evolution.

In the present work, we follow the approximation proposed in [9], which consists of decomposing the impact of particle production into two successive phases. In the first phase, which is very short, adiabaticity is strongly violated and one can compute, using the methods of preheating, the number of particles produced, assuming that the trajectory remains unperturbed. In the second phase, by contrast, the number of particles is assumed to be conserved (i.e. simply diluted by the volume expansion in our cosmological case) and the backreaction on the trajectory is taken into account by considering the interaction between the scalar field and the produced particles, or more specifically the energy density of the particles, given by V_{int} = ρ_χ(⃗φ) = g|⃗φ − ⃗φ_p|n , (B1) where n is the number density of particles and m_χ(⃗φ) = g|⃗φ − ⃗φ_p| their effective mass.

For the model discussed in this paper, the dynamical evolution of the inflaton is thus described by the Lagrangian

L = a^3 [ 1 2 ˙⃗φ^2 − V_{int}(|⃗φ − ⃗φ_p|) − 1 2 m^2 ⃗φ^2 ] , (B2)

with V_{int}(|⃗φ − ⃗φ_p|) = g|⃗φ − ⃗φ_p|n_p (a_p a )_3

Θ(t − t_p) . (B3)

The associated equation of motion is given by ¨⃗φ + 3H ˙⃗φ + m^2 ⃗φ = −∂ρ^χ ∂ ⃗φ = −gn_p (a_p a )_3 ⃗φ − ⃗φ_{ESP} ‖⃗φ − ⃗φ_{ESP}‖ . (B4)

If one decomposes this equation along the directions parallel and orthogonal to the initial (unperturbed) trajectory, one finds

φ̈_‖ + 3Hφ̇_‖ + m^2φ_‖ = −g n_p (a_p a )_3 Θ(t − t_p) φ_‖ − φ_{‖ESP} √ (φ_‖ − φ_{‖ESP})^2 + (φ_⊥ − μ)^2

, (B5)

φ̈_⊥ + 3Hφ̇_⊥ + m^2φ_⊥ = −g n_p (a_p a )_3 Θ(t − t_p) φ_⊥ − μ √ (φ_‖ − φ_{‖ESP})^2 + (φ_⊥ − μ)^2

, (B6)

where we have used the fact that the gradient of the potential vanishes in the orthogonal direction and φ_{⊥ESP} = μ. (We put the ESP above the φ_‖-axis here, opposite to Fig. 1 and Fig. 2 but in line with (48) and the numerical plots in this paper).

The numerical results presented in the main body of this paper are based on the above system of equations. Moreover, the approximate equations (29) and (48), which are integrated analytically, are derived from (B5) and (B6) by assuming φ_⊥ ≪ μ.

When the above approximation is not valid, in particular when particle production cannot be considered as instantaneous, one must in general solve numerically the system involving the evolution of the mode functions of the χ field combined with the equation of motion for the scalar field, as done in [9] in the case of a scalar field with V = 0 in Minkowski spacetime^{17}.

[1] 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].

[2] A. D. Dolgov and D. P. Kirilova, “Production of particles by a variable scalar field,” Sov. J. Nucl. Phys.

51, 172 (1990) [Yad. Fiz. 51, 273 (1990)].

[3] J. H. Traschen, R. H. Brandenberger, “Particle Production During Out-of-equilibrium Phase Transitions,” Phys. Rev. D42, 2491-2504 (1990).

[4] D. J. H. Chung, E. W. Kolb, A. Riotto and I. I. Tkachev, “Probing Planckian physics: Resonant production of particles during inflation and features in the primordial power spectrum,” Phys. Rev. D 62, 043508 (2000) [arXiv:hep-ph/9910437].

[5] O. Elgaroy, S. Hannestad, T. Haugboelle, “Observational constraints on particle production during inflation,” JCAP 0309, 008 (2003). [astro-ph/0306229].

[6] A. E. Romano, M. Sasaki, “Effects of particle production during inflation,” Phys. Rev. D78, 103522 (2008). [arXiv:0809.5142 [gr-qc]].

[7] N. Barnaby, “Nongaussianity from Particle Production During Inflation,” Adv. Astron. 2010, 156180 (2010) [arXiv:1010.5507 [astro-ph.CO]].

17 Only the regime where the non-adiabaticity parameter ω̇/ω^2 is small seems to be analytically tractable.

[8] D. Langlois and L. Sorbo, “Primordial perturbations and non-Gaussianities from modulated trapping,” JCAP 0908, 014 (2009) [arXiv:0906.1813 [astro-ph.CO]].

[9] L. Kofman, A. D. 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]. [10] E. Witten, “Bound states of strings and p-branes,” Nucl. Phys. B 460, 335 (1996) [arXiv:hep-th/9510135].

[11] N. Seiberg and E. Witten, “Monopole Condensation, And Confinement In N=2 Supersymmetric Yang- Mills Theory,” Nucl. Phys. B 426, 19 (1994) [Erratum-ibid. B 430, 485 (1994)] [arXiv:hep-th/9407087].

[12] N. Seiberg and E. Witten, “Monopoles, duality and chiral symmetry breaking in N=2 supersymmetric QCD,” Nucl. Phys. B 431, 484 (1994) [arXiv:hep-th/9408099].

[13] K. A. Intriligator and N. Seiberg, “Lectures on supersymmetric gauge theories and electric-magnetic duality,” Nucl. Phys. Proc. Suppl. 45BC, 1 (1996) [arXiv:hep-th/9509066].

[14] A. Strominger, “Massless black holes and conifolds in string theory,” Nucl. Phys. B 451, 96 (1995) [arXiv:hep-th/9504090].

[15] E. Witten, “String theory dynamics in various dimensions,” Nucl. Phys. B 443, 85 (1995) [arXiv:hep-th/9503124].

[16] S. H. Katz, D. R. Morrison and M. Ronen Plesser, “Enhanced Gauge Symmetry in Type II String Theory,” Nucl. Phys. B 477, 105 (1996) [arXiv:hep-th/9601108].

[17] M. Bershadsky, K. A. Intriligator, S. Kachru, D. R. Morrison, V. Sadov and C. Vafa, “Geometric singularities and enhanced gauge symmetries,” Nucl. Phys. B 481, 215 (1996) [arXiv:hep-th/9605200].

[18] E. Witten, “Small Instantons in String Theory,” Nucl. Phys. B 460, 541 (1996) [arXiv:hep-th/9511030]. [19] S. Watson, “Moduli stabilization with the string Higgs effect,” Phys. Rev. D 70, 066005 (2004) [arXiv:hep-th/0404177].

[20] S. P. Patil and R. Brandenberger, “Radion stabilization by stringy effects in general relativity and dilaton gravity,” Phys. Rev. D 71, 103522 (2005) [arXiv:hep-th/0401037].

[21] S. P. Patil and R. H. Brandenberger, “The cosmology of massless string modes,” JCAP 0601, 005 (2006) [arXiv:hep-th/0502069].

[22] S. Cremonini and S. Watson, “Dilaton dynamics from production of tensionless membranes,” Phys.

Rev. D 73, 086007 (2006) [arXiv:hep-th/0601082].

[23] B. Greene, S. Judes, J. Levin, S. Watson, A. Weltman, “Cosmological moduli dynamics,” JHEP 0707, 060 (2007). [hep-th/0702220].

[24] J. Bagger and I. Giannakis, “Higgs mechanism in string theory,” Phys. Rev. D 56, 2317 (1997) [arXiv:hep-th/9703202].

[25] D. Green, B. Horn, L. Senatore and E. Silverstein, “Trapped Inflation,” Phys. Rev. D 80, 063533 (2009) [arXiv:0902.1006 [hep-th]].

[26] D. Battefeld and T. Battefeld, “A Terminal Velocity on the Landscape: Particle Production near Extra Species Loci in Higher Dimensions,” JHEP 1007, 063 (2010) [arXiv:1004.3551 [hep-th]].

[27] E. Silverstein and A. Westphal, “Monodromy in the CMB: Gravity Waves and String Inflation,” Phys.

Rev. D 78, 106003 (2008) [arXiv:0803.3085 [hep-th]].

[28] J. C. Bueno Sanchez and K. Dimopoulos, “Trapped Quintessential Inflation,” Phys. Lett. B 642, 294 (2006) [Erratum-ibid. B 647, 526 (2007)] [arXiv:hep-th/0605258].

[29] J. C. Bueno Sanchez and K. Dimopoulos, “Trapped quintessential inflation in the context of flux compactifications,” JCAP 0710, 002 (2007) [arXiv:hep-th/0606223].

[30] P. Brax, E. Cluzel, “Brane Bremsstrahlung in DBI Inflation,” JCAP 1003, 016 (2010). [arXiv:0912.0806 [hep-th]].

[31] T. Matsuda, “Spotted Inflation,” JCAP 1011, 036 (2010). [arXiv:1008.0164 [hep-ph]]. [32] P. Brax, E. Cluzel, “Perturbation Theory in k-Inflation Coupled to Matter,” JCAP 1104, 014 (2011).

[arXiv:1102.1917 [hep-th]].

[33] W. Lee, K. -W. Ng, I-C. Wang, C. -H. Wu, “Trapping effects on inflation,” [arXiv:1101.4493 [hep-th]]. [34] E. Komatsu et al. [WMAP Collaboration], “Seven-Year Wilkinson Microwave Anisotropy Probe (WMAP) Observations: Cosmological Interpretation,” Astrophys. J. Suppl. 192, 18 (2011) [arXiv:1001.4538 [astro-ph.CO]].

[35] V. Desjacques and U. Seljak, “Signature of primordial non-Gaussianity of phi3-type in the mass function and bias of dark matter haloes,” arXiv:0907.2257 [astro-ph.CO].

[36] P. Vielva and J. L. Sanz, “Constraints on fnl and gnl from the analysis of the N-pdf of the CMB large scale anisotropies,” arXiv:0910.3196 [astro-ph.CO].

[37] J. Smidt, A. Amblard, A. Cooray, A. Heavens, D. Munshi, P. Serra, “A Measurement of Cubic-Order Primordial Non-Gaussianity (gNL and tauNL) With WMAP 5-Year Data,” [arXiv:1001.5026 [astroph.CO]].

[38] J. R. Fergusson, D. M. Regan, E. P. S. Shellard, “Optimal Trispectrum Estimators and WMAP Constraints,” [arXiv:1012.6039 [astro-ph.CO]].

[39] J. Smidt, A. Amblard, C. T. Byrnes, A. Cooray, A. Heavens, D. Munshi, “CMB Constraints on Primordial non-Gaussianity from the Bispectrum (fNL) and Trispectrum (gNL and tauNL) and a New Consistency Test of Single-Field Inflation,” Phys. Rev. D81, 123007 (2010). [arXiv:1004.1409 [astroph.CO]].

[40] N. Barnaby, Z. Huang, L. Kofman and D. Pogosyan, “Cosmological Fluctuations from Infra-Red Cascading During Inflation,” Phys. Rev. D 80, 043501 (2009) [arXiv:0902.0615 [hep-th]].

[41] N. Barnaby and Z. Huang, “Particle Production During Inflation: Observational Constraints and Signatures,” Phys. Rev. D 80, 126018 (2009) [arXiv:0909.0751 [astro-ph.CO]].

[42] N. Barnaby, “On Features and Nongaussianity from Inflationary Particle Production,” Phys. Rev. D 82, 106009 (2010) [arXiv:1006.4615 [astro-ph.CO]].

[43] L. Kofman, “Preheating After Inflation,” Lect. Notes Phys. 738, 55 (2008). [44] B. A. Bassett, S. Tsujikawa and D. Wands, “Inflation dynamics and reheating,” Rev. Mod. Phys. 78, 537 (2006) [arXiv:astro-ph/0507632].

[45] D. Battefeld and S. Kawai, “Preheating after N-flation,” Phys. Rev. D 77, 123507 (2008) [arXiv:0803.0321 [astro-ph]].

[46] D. Battefeld, T. Battefeld and J. T. Giblin, “On the Suppression of Parametric Resonance and the Viability of Tachyonic Preheating after Multi-Field Inflation,” Phys. Rev. D 79, 123510 (2009) [arXiv:0904.2778 [astro-ph.CO]].

[47] J. Braden, L. Kofman and N. Barnaby, “Reheating the Universe After Multi-Field Inflation,” JCAP 1007, 016 (2010) [arXiv:1005.2196 [hep-th]].

[48] A. Berera and T. W. Kephart, “The interaction structure and cosmological relevance of mass scales in string motivated supersymmetric theories,” Phys. Lett. B 456, 135 (1999) [arXiv:hep-ph/9811295].

[49] D. H. Lyth, K. A. Malik and M. Sasaki, “A general proof of the conservation of the curvature perturbation,” JCAP 0505, 004 (2005) [arXiv:astro-ph/0411220].

[50] D. H. Lyth and Y. Rodriguez, “The inflationary prediction for primordial non-gaussianity,” Phys. Rev.

Lett. 95, 121302 (2005) [arXiv:astro-ph/0504045].

[51] D. Wands, N. Bartolo, S. Matarrese, A. Riotto, “An Observational test of two-field inflation,” Phys.

Rev. D66, 043520 (2002). [astro-ph/0205253].

[52] D. Langlois and F. Vernizzi, “Mixed inflaton and curvaton perturbations,” Phys. Rev. D 70, 063522 (2004) [arXiv:astro-ph/0403258].

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

[54] T. Suyama, M. Yamaguchi, “Non-Gaussianity in the modulated reheating scenario,” Phys. Rev. D77, 023505 (2008). [arXiv:0709.2545 [astro-ph]].

[55] N. S. Sugiyama, E. Komatsu, T. Futamase, “Non-Gaussianity Consistency Relation for Multi-field Inflation,” [arXiv:1101.3636 [gr-qc]].

[56] C. T. Byrnes, D. Wands, “Scale-invariant perturbations from chaotic inflation,” Phys. Rev. D73, 063509 (2006). [astro-ph/0512195].

[57] C. T. Byrnes, D. Wands, “Curvature and isocurvature perturbations from two-field inflation in a slowroll expansion,” Phys. Rev. D74, 043529 (2006). [astro-ph/0605679].

[58] T. Suyama, T. Takahashi, M. Yamaguchi, S. Yokoyama, “On Classification of Models of Large Local- Type Non-Gaussianity,” JCAP 1012, 030 (2010). [arXiv:1009.1979 [astro-ph.CO]].

[59] T. Suyama, S. Yokoyama, “Extension of local-type inequality for the higher order correlation functions,” [arXiv:1105.5851 [astro-ph.CO]].

[60] D. Battefeld, T. Battefeld, L. Lorentz, J. Grieb, in preparation.

[61] C. T. Byrnes, M. Gerstenlauer, S. Nurmi et al., “Scale-dependent non-Gaussianity probes inflationary physics,” JCAP 1010, 004 (2010). [arXiv:1007.4277 [astro-ph.CO]].

[62] C. T. Byrnes, S. Nurmi, G. Tasinato and D. Wands, “Scale dependence of local f_{NL},” JCAP 1002, 034 (2010) [arXiv:0911.2780 [astro-ph.CO]].

[63] E. Sefusatti, M. Liguori, A. P. S. Yadav, M. G. Jackson, E. Pajer, “Constraining Running Non-

Gaussianity,” JCAP 0912, 022 (2009). [arXiv:0906.0232 [astro-ph.CO]].

[64] S. Shandera, N. Dalal, D. Huterer, “A generalized local ansatz and its effect on halo bias,” JCAP 1103, 017 (2011). [arXiv:1010.3722 [astro-ph.CO]].

[65] D. Langlois, A. Lepidi, “General treatment of isocurvature perturbations and non-Gaussianities,” JCAP 1101, 008 (2011). [arXiv:1007.5498 [astro-ph.CO]].

[66] D. Langlois, T. Takahashi, “Primordial Trispectrum from Isocurvature Fluctuations,” JCAP 1102, 020 (2011). [arXiv:1012.4885 [astro-ph.CO]].

[67] D. H. Lyth, “Generating the curvature perturbation at the end of inflation,” JCAP 0511 (2005) 006 [arXiv:astro-ph/0510443].

[68] M. P. Salem, “On the generation of density perturbations at the end of inflation,” Phys. Rev. D 72 (2005) 123516 [arXiv:astro-ph/0511146].

[69] M. Sasaki, “Multi-brid inflation and non-Gaussianity,” Prog. Theor. Phys. 120 (2008) 159 [arXiv:0805.0974 [astro-ph]].

[70] A. Naruko and M. Sasaki, “Large non-Gaussianity from multi-brid inflation,” Prog. Theor. Phys. 121, 193 (2009) [arXiv:0807.0180 [astro-ph]].

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

[72] Q. G. Huang, “A geometric description of the non-Gaussianity generated at the end of multi-field inflation,” JCAP 0906, 035 (2009) [arXiv:0904.2649 [hep-th]].

[73] L. Alabidi and D. Lyth, “Curvature perturbation from symmetry breaking the end of inflation,” JCAP 0608 (2006) 006 [arXiv:astro-ph/0604569].

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