arXiv:1306.3236v1 [hep-th] 13 Jun 2013

Loops in reheating and cosmological perturbations

Ali Kaya

Bog̃aziçi University, Department of Physics, 34342, Bebek, İstanbul, Turkey

Abstract

We show that in scalar field inflationary models, the loop corrections in reheating corresponding to the decay of the inflaton can cause nontrivial superhorizon evolution of the curvature perturbation. The effect turns out to be prominent when the decay occurs via parametric resonance, even indicating the breakdown of the perturbation theory, as we demonstrate in a specific model.

1. Introduction

The conservation of the curvature perturbation ζ on superhorizon scales is an important feature for the inflationary predictions to hold. According to the standard picture, the Fourier transformed curvature perturbation ζ_k becomes classical as it crosses the horizon during inflation and its amplitude freezes out until it reenters the horizon at a later epoch. The constancy of ζ is shown to be maintained during inflation in single field models including all loop corrections [1, 2] (see also [3]). However, in the presence of the entropy perturbations, which exist generically in multi-field models, this property is well-known to break down (see e.g. [4, 5]).

In scalar models, the nearly exponential expansion is usually followed by a phase of coherent inflaton oscillations and the Universe is reheated by the decay of the inflaton. This decay process can be formulated as quantum particle production in a time dependent background and in some cases it may happen in the parametric resonance regime, which is called preheating [6, 7, 8, 9]. As pointed out in [10, 11, 12], the metric perturbations can be amplified on superhorizon scales during preheating. Although the original proposal was shown to be inefficient due to the suppression of the reheating scalar modes during inflation [13, 14, 15], this problem is shown to be absent in some specific models [16, 17, 18]. Remarkably, the superhorizon amplification can be achieved without violating the causality due to the coherency of the inflaton oscillations [10].

In this paper, we consider the well-known chaotic m^2ϕ^2 model with the interaction ϕ^2χ^2 involving a massless scalar χ responsible for the inflaton decay and calculate 1-loop corrections to the ζ-ζ correlation function during reheating. Assuming that the standard picture holds, this model is actually ruled out by Planck with a 95% confidence level [19], but our aim is to see whether loop corrections are significant and there are various good reasons to study this problem: First, as pointed above, at least in some preheating models the superhorizon metric fluctuations are known to be affected by the inflaton decay, even at the linearized level. Second, when reheating occurs by the decay of the inflaton to another scalar, the constancy of ζ is not guaranteed since entropy perturbations exist in two-field models. Third, the mode functions of the reheating scalar χ enter in the loops of the ζ-ζ correlation function and thus if the decay occurs in the parametric resonance regime the loop contributions can be greatly enhanced.

According to the standard lore, ζ_k becomes classical as it crosses the horizon. Therefore, the subsequent loop effects can be thought to give quantum corrections to this classical configuration, similar to the usual treatment of solitons.^1 By causality, the loop effects are expected to be effective on superhorizon scales as long as the inflaton oscillations are coherent [10] (the coherence of the oscillations can be lost earlier than expected [20, 21]). Indeed, unless some form of approximation is employed there should not arise any violation of causality since the equations are relativistic by construction and causality is guaranteed to be preserved. An important technical

1I would like to thank Robert Brandenberger for suggesting this interpretation.

complication in this computation is that the ζ-gauge, which is defined by setting the inflaton perturbation to zero, becomes ill defined when the inflaton velocity is zero at the oscillation turning points. Therefore, it turns out to be much more convenient to carry out the calculation in the ζ = 0 gauge. One may switch to the ζ-gauge at any suitable time, e.g. when the coherence of the inflaton oscillations is lost, after which the loops are expected to affect the local physics only and ζ can be assumed to be conserved on superhorizon scales. This will be the main strategy of our computations.

2. The model and loop corrections in reheat- ing We consider the following chaotic model with the potential V (ϕ, χ) = 1 2 m^2ϕ^2 + 1 2 g^2ϕ^2χ^2, (1)

where ϕ is the inflaton and χ is the scalar that reheats the universe as a result of ϕ → χ decay. The background metric is taken to be the usual Freedman- Robertson-Walker one

ds^2 = −dt^2 + a^2(dx^2 + dy^2 + dz^2). (2)

During inflation χ = 0 and ϕ > M_p, where M_p denotes the (reduced) Planck mass^2 and inflation ends around ϕ ∼ M_p/6 (see e.g. [9]).

Assuming m ≫ H, (3) where H denotes the Hubble parameter H = ȧ/a, the post inflationary evolution of the background during reheating can be determined as

ϕ(t) ≃ Φ sin(mt), (4)

where Φ̇ + 3H 2 Φ ≃ 0 (5) and a ≃ ( t t_R )_{2/3} , H ≃ 2 3t . (6)

The time t_R marks the beginning of reheating and the initial inflaton amplitude can be taken as Φ_0 ≃

2We define Mp to be the reduced Planck mass where M^2_p = 8πG/3.

M_p/6. The background still has χ = 0, which can be assumed until the backreaction effects are set in.

The perturbations are defined as

g_{ij} = a^2e^{2ζ} δ_{ij} , ϕ = ϕ(t) + φ, (7) χ = 0 + χ.

Note that we use the same letter χ to denote the reheating scalar fluctuations since the background value of χ vanishes. Under an infinitesimal coordinate transformation x^μ → x^μ + k^μ, the leading order change of a tensor field T is given by the Lie derivative δT = L_kT. (8) Thus, the covariance of the field equations under the transformation t → t + k^0 implies the following gauge freedom for the perturbations ζ, φ and χ: δζ = Hk^0, δφ = ϕ̇k^0, δχ = 0. (9) Using this freedom it is possible to set ζ = 0 or φ = 0 provided H ≠ 0 or ϕ̇ ≠ 0, respectively. In inflationary loop calculations, one usually employs the φ = 0 gauge since ζ is taken to be conserved on superhorizon scales and thus it is enough to determine the loop integrals till the first horizon crossing time which sets an upper limit for the time integrals. From (9), we see that φ = 0 gauge breaks down when ϕ̇ = 0, which occurs repeatedly during reheating. As another manifestation of this issue, the ζ kinetic term in the φ = 0 gauge becomes (Ḣ/H^2)ζ̇^2, which is degenerate when Ḣ = 0, and therefore when ϕ̇ = 0. As a result, in what follows we choose the ζ = 0 gauge for the calculation of the loop effects during reheating. It is clear that the superhorizon evolution of φ must be carefully taken into account in this calculation as we discuss below.^3

We follow [22] and use the ADM decomposition to write the action as S = 1 2 ∫ √ h [ NA + B N ] , (10)

where A = R^{(3)} − 2V − h^{ij} ∂_iϕ∂_j ϕ − h^{ij}∂_iχ∂_j χ, 3There are other ways of circumventing the breakdown of the φ = 0 gauge. One possibility is to impose it for all times except in some time intervals near the turning points ϕ̇ = 0. Alternatively, one may include higher order terms in the tensor transformation expression in the form δT = L_kT +^1_2 L^2_kT + ... so that the gauge can still be imposed. 2 and B = K_{ij} K^{ij} − K^2 + (ϕ̇ − N^i∂_iϕ)^2 + (χ̇ − N^i∂_iχ)^2.

As noted in [3], the lapse N can be solved algebraically as N^2 = B/A, which can be used back in the action to eliminate N completely. However, in the following we will only need first order solutions for N and N^i and thus proceed with the usual treatment. After setting the tensor perturbations to zero, imposing the gauge

ζ = 0 (11)

and using the background equations for some simplifications, the lapse and the shift can be solved as

N = 1 + ϕ̇ H φ, N^i = δ^{ij} ∂_j ψ, (12)

where ∂_i∂^iψ = − 1 4H [ 2V H ϕ̇φ + 2V_ϕφ + 2V_χχ + 2ϕ̇φ̇ ] . Here a subindex denotes a partial derivative and an over-line indicates the background value. Comparing with the expressions given in [22], we see that the presence of the second scalar χ does not change the lapse N. On the other hand, (1) shows that V_χ = 0 in our case. From (9) the Faddeev-Popov determinant of the gauge (11) can be seen to be trivial.

Using^4 (12) in (10), one may obtain the following quadratic action for φ and χ:

S^{(2)} = ∫ a^3 2 [ φ̇^2 − 1 a^2

(∂φ)^2 + χ̇^2 − 1 a^2

(∂χ)^2

−m^2φ^2 − g^2ϕ^2χ^2 − m^2ϕϕ̇ H φ^2 − ϕ̇2 H φφ̇ ] . (13)

As usual, the fields can be expanded as φ = 1 (2π)^{3/2} ∫ d^3k e^{i⃗k.⃗x} φ_k(t)a_{⃗k} + h.c. (14) χ = 1 (2π)^{3/2} ∫ d^3k e^{i⃗k.⃗x} χ_k(t)ã_{⃗k} + h.c. (15) where the canonical quantization implies the standard commutation relations for the ladder operators

4As pointed out in [22] to obtain the cubic order action, it is enough to determine N and N^i to first order.

provided the following Wronskian conditions are satisfied

φ_kφ̇^∗_k − φ^∗_kφ̇_k = χ_kχ̇^∗_k − χ^∗_kχ̇_k = i a^3

. (16)

The mode functions obey

φ̈_k + 3Hφ̇_k (17) + [ m^2 +

2m^2ϕϕ̇ H + 3ϕ̇^2 − ϕ̇4 2H^2 + k^2 a^2 ] φ_k = 0 and χ̈_k + 3Hχ̇_k + [ g^2ϕ^2 + k^2 a^2 ] χ_k = 0. (18)

The initial conditions for the mode functions must be imposed during inflation when the wavelengths are well within the horizon (naturally referring to the Bunch-Davies vacuum). As can be seen from (18), the χ-field becomes very massive during inflation since ϕ ≃ M_p and thus the amplitude χ_k is suppressed like a^{−3/2}, which prevents the amplification of the curvature perturbation at the linear level as discussed in [13, 14, 15].

To determine the evolution of φ_k on superhorizon scales, for which k^2/a^2 term in (17) is negligible, we first note that φ_k = ϕ̇/H is a solution of (17) with k = 0. This solution can be obtained by a gauge transformation from a constant ζ_k configuration in the φ = 0 gauge. Therefore, the coefficient of this solution can be identified with the constant superhorizon value of the curvature perturbation, which we denote as ζ^{(0)}_k . The second linearly independent solution can be found using the Wronskian to be φ_k ≃ ϕ̇f/H, where df dt = H^2 a^3ϕ̇^2

. (19)

Therefore, on superhorizon scales one finds φ_k ≃ ϕ̇ H [ ζ^{(0)}_k + c_kf(t) ] , (20)

where c_k is a complex constant. During inflation f ∼ 1/a^3 and thus (20) contains the “constant” and the decaying pieces as expected. The normalization (16) implies ζ^{(0)}_k c^∗_k − ζ^{(0)}_k^∗c_k = i. (21)

In principle both ζ^{(0)}_k and c_k can be determined from the evolution equation (17) provided that the initial conditions are given. In finding the solution (20) we have not employed any specific property of the 3 background and thus it is also valid during reheating, which can be verified directly from (17) by using the background field equations. Although df/dt diverges at times t obeying ϕ̇(t) = 0, the solution (20) is well defined since around such a time f ∼ 1/ϕ̇ and thus ϕ̇f is well behaved (see (31)).

As emphasized above, our strategy is to carry out the loop calculation in the ζ = 0 gauge until the coherence of the inflaton oscillations is lost and then switch to the φ = 0 gauge to determine the ζ correlation function. Using (9), the set ζ = 0 and φ(t, ⃗x) can be transformed into φ = 0 and ζ(t, ⃗x) by choosing k^0 = −φ(t, ⃗x)/ϕ̇(t), which would give ζ(t, ⃗x) = − H ϕ̇ φ(t, ⃗x). (22) Eq. (22) can be used to convert φ-spectrum to ζspectrum. Indeed, it can be viewed as an operator equation that implies <ζ(t, ⃗x)ζ(t, ⃗y)>= H^2 ϕ̇2 <φ(t, ⃗x)φ(t, ⃗y)> . (23) Defining the power spectrum P^ϑ_k (t) corresponding to a scalar field ϑ by <ϑ(t, ⃗x)ϑ(t, ⃗y)>= 1 (2π)^3 ∫ d^3k e^{i⃗k.(⃗x−⃗y)} P^ϑ_k (t), (24) (23) gives

P^ζ_k (t) =

H^2 ϕ̇2 P φ k (t). (25)

Using (14), (20), (24) and (25) one may obtain the tree-level result (note that the decaying solution in (20) is negligible here)

P^{ζ(0)}_k (t) = |ζ^{(0)}_k |^2 (26)

and our aim is to use the same formulas in the loop calculations during reheating. As we will see P^φ_k turns out to have enough powers of ϕ̇ to make (25) well defined for P^ζ_k even when ϕ̇ = 0. However, it is enough for us to evaluate (25) at the time t_∗, just before the coherence of the inflaton oscillations is lost, which can be chosen so that ϕ̇(t_∗) ≠ 0.

The expansion of the action (10) around the background solution gives various interaction terms but the effect of the reheating loops on the power spectrum of ζ can be seen most straightforwardly from

Figure 1: The 1-loop graphs arising from the potential (1) and contributing to the ζ-ζ correlation function during reheating. The same graph gives various ± vertex contributions, which are not shown explicitly.

the interaction potential (1) that gives a quartic coupling involving φ and χ. Using the corresponding interaction Hamiltonian

H_I (t) = 1 2 g^2 a(t)^3 ∫ d^3x φ(t, ⃗x)^2χ(t, ⃗x)^2, (27)

the in-in formalism can be used to evaluate the contribution of the 1-loop diagram of Fig.1a to the power spectrum P^φ_k as

P^φ_k (t)^{(1)} = ig^2 ∫_t t_i dt^′a(t^′)^3 <χ^2(t^′)> [ φ_k(t^′)^2φ^∗_k(t)^2 − φ^∗_k(t^′)^2φ_k(t)^2 ] . (28)

The initial conditions for the mode functions are imposed at t_i referring to the vacuum of the theory. In principle, t_i must correspond to the beginning of inflation but one usually lets t_i → −∞. Although we write them in the same integral in (28), the iϵ prescriptions for the two terms in the square brackets are different, which is important for the convergence of the integral as t_i → −∞. This technical complication will not be important for us since we are interested in the loop contributions during reheating. For now the time t refers to an arbitrary time during reheating, but we eventually set t = t_∗, where at t_∗ the coherence of the inflaton oscillations is lost, as defined above.

The terms in the square brackets in (28) comes from a commutator and as shown in [23] they decay like 1/a^3 canceling the a^3 factor arising from the spatial volume measure. Therefore, (28) is negligible during inflation since < χ^2 > cannot take large values. In the reheating stage, the mode function φ_k takes the asymptotic form (20). Using (20) and (21) in (28) one easily finds

P^φ_k (t)^{(1)} = 2g^2 ϕ̇(t)2 H(t)^2

|ζ^{(0)}_k |^2 ∫_t t_R dt^′a(t^′)^3 <χ^2(t^′)> ϕ̇(t′)2 H(t^′)^2 [ f(t^′) − f(t) ] , 4 where t_R denotes the beginning of reheating. Converting the power spectrum from (25) we find

P^ζ_k (t)^{(1)} = P^{ζ(0)}_k × (29)

2g^2 ∫_t t_R dt^′a(t^′)^3 <χ^2(t^′)> ϕ̇(t′)2 H(t^′)^2 [ f(t^′) − f(t) ] . This result clearly shows the superhorizon evolution of the power spectrum as <χ^2 > gets larger in time. Eq. (29) corrects the tree-level amplitude but does not change the index of the spectrum since there is no dependence on the wavenumber k. Since (29) depends on the difference of two f-functions, there is no need to fix the integration constant that arises from (19).

Let us now estimate the correction (29). Using (4) in (19) one finds df dt = H^2 a^3(Φm cos(mt) + Φ̇ sin(mt))^2

. (30)

Since H, a, Φ and Φ̇ are slowly varying compared to sin(mt) and cos(mt), one can approximately integrate this equation by treating them as constants to obtain f ≃ H^2 sin(mt) a^3Φm^2ϕ̇

. (31)

Since f decreases like 1/a^3, one has f(t^′) ≫ f(t) in (29), which is valid most of the time in the integration interval. Neglecting f(t) and using (31), the second line of (29) becomes

2g^2 ∫_t t_R dt^′ <χ^2(t^′)> ϕ̇(t′) sin(mt′) m^2Φ

. (32)

The cos(mt^′) term in ϕ̇(t^′) gives an oscillating factor that is negligible. After using (5) the last equation becomes

3g^2 ∫_t t_R dt^′ <χ^2(t^′)> H sin^2(mt^′) m^2

. (33)

In integrating this expression from t_R to t_∗ (remember that t_∗ marks the end of coherent inflaton oscillations), we note that <χ^2(t^′)> increases exponentially in time thus the largest contribution comes from the last few oscillations of the inflaton so that <χ^2(t^′)> reaches its maximum value. In that interval <χ^2(t^′)> and H can be treated as constants and one may obtain

P^ζ_k (t_∗)^{(1)} ≃ P^{ζ(0)}_k [ 3π n g^2 H <χ^2> m^3 ] , (34) where n is the number of oscillations with nearly maximum χ^2 expectation value. Eq. (34) gives the 1-loop correction to the power spectrum at the end of the first stage of reheating during which inflaton oscillates coherently. It is known that if the decay occurs in the parametric resonance regime <χ^2 > can have enormously large values [9], which would give a large loop correction during reheating. For instance, if g = 10^{−2}, m = 10^{−6}M_p, one has √ <χ^2> ∼ 10^{−4}M_p [9], giving an order one correction

P^ζ_k (t_∗)^{(1)} ≃ 0.1 n P^{ζ(0)}_k . (35)

The total power spectrum is given by the sum of the tree-level result P^{ζ(0)}_k and the 1-loop correction P^ζ_k (t_∗)^{(1)}, therefore the amplitude of the observed power spectrum is increased.

To simplify the estimate (34), we note that in this model the backreaction kicks in when the interaction potential energy g^2χ^2ϕ^2 catches up the inflaton potential energy m^2ϕ^2. Therefore, the first stage of reheating ends when <χ^2>∼ m^2/g^2. This gives

P^ζ_k (t_∗)^{(1)} ≃ P^{ζ(0)}_k [ 3π n H m ] , (36)

irrespective of the nature of the parametric resonance. As pointed out above, in this model the analysis of the linearized field equations show that the amplification of the curvature perturbation on superhorizon scales is not possible due to the suppression of χ_k modes during inflation [13, 14, 15]. This problem is bypassed in the loop since the effect depends on < χ^2 > which involves the integral of all Fourier modes. The loop infinity is also hiding in < χ^2 >, which must be suitably renormalized as discussed in [9].

The correction (29) does not change the index of the spectrum, however there are other interactions which can. Consider the cubic interaction term that arises from the interaction potential (1) with one inflaton field is set to its background value. The corresponding interaction Hamiltonian is given by

H_I (t) = g^2ϕ(t) a(t)^3 ∫ d^3x φ(t, ⃗x)χ(t, ⃗x)^2. (37) The 1-loop correction to the power spectrum P^φ_k arising from this interaction involves two H_I vertices. The corresponding graph is shown in Fig.1b and us- 5 ing in-in formalism it can be evaluated as

P^φ_k (t)^{(1)} =

4g^4 (2π)^3 ∫_t t_R dt_1 ∫_{t1} t_R dt_2 ∫ d^3q a(t_1)^3 a(t_2)^3

ϕ(t_1) ϕ(t_2) [ χ_q(t_1)χ_{k+q}(t_1)χ^∗_q (t_2)χ^∗_{k+q}(t_2) ] (38) φ_k(t)φ^∗_k(t_2) [φ^∗_k(t)φ_k(t_1) − φ_k(t)φ^∗_k(t_1)] +c.c. where we focus on the reheating contribution by setting the lower limit of the time integrals to t_R. In this expression, the suppression of χ_k modes during inflation is overcame since χ(t_1) ∼ a(t_1)^{−3/2} and χ(t_2) ∼ a(t_2)^{−3/2}, which are compensated by a(t_1)^3 and a(t_2)^3 factors. On the other hand, the term in the square brackets in the third line also falls like 1/a^3, which would make the graph completely irrelevant if not canceled out. But, in the parametric resonance regime the instability bands appear in the physical momentum scale. For instance, the first instability band, which gives maximum amplification, is defined in the interval q_{phys} ∈ (0, q_∗), where q_∗ is given by [9]

q_∗ = √ gmΦ (39)

with Φ denoting a suitable “average” of Φ(t). Therefore, this extra 1/a^3 factor can simply change the comoving momentum integral measure d^3q to the physical one, avoiding the suppression.

In what follows we estimate (38) for the modes in the first instability band and restrict the range of the momentum integration variable q_{phys} = q/a to (0, q_∗). We further assume that the subtractions required for the renormalization of the graph are negligible in this interval and as a result we are not bothered by the loop divergence in (38). Using (20) and (21), the third line of (38) approximately becomes i ϕ̇(t)2ϕ̇(t_1)ϕ̇(t_2) H(t)^2H(t_1)H(t_2)

[f(t) − f(t_1)] |ζ^{(0)}_k |^2, (40)

where we neglect all other decaying pieces, which are small compared to this term. Converting the φspectrum to the ζ-spectrum by using (25), one may obtain

P^ζ_k (t)^{(1)} ≃ 4ig^4 (2π)^3 ∫_t t_R dt_1 ∫_{t1} t_R dt_2 ∫ d^3q ϕ(t_1) ϕ(t_2)

ϕ̇(t_1)ϕ̇(t_2) H(t_1)H(t_2)

[f(t) − f(t_1)] F P^{ζ(0)}_k , (41)

where

F = a(t_1)^3a(t_2)^3 (42) [ χ_q(t_1)χ_{k+q}(t_1)χ^∗_q (t_2)χ^∗_{k+q}(t_2) − c.c. ] , which is purely imaginary and thus makes (41) real as it should be.

Next, lest us work out the function F . It is known that the evolution of χ_q given by (18) is nearly adiabatic between successive moments where the inflaton vanishes [9] so that it can be written as

χ_q = 1 √ 2a^3ω_q [ α_qe^{−i} ∫ ω_q + β qe^i ∫ ω_q ] , (43)

where ω^2_q = g^2ϕ^2 + q^2/a^2, α_q(t_R) = 1, β_q(t_R) = 0. The initial conditions for α_q and β_q are fixed by using the initial value of χ_q in the beginning of the reheating process, which, up to an irrelevant phase, becomes χ_q(t_R) ∼ 1/ √ 2a^3gΦ_0 (this is because during inflation χ becomes a very massive field with mass gΦ_0). As the inflaton passes through the potential minimum ϕ = 0, χ_q changes non-adiabatically and this process can be formulated as the particle creation by parabolic potentials that gives the exponential increase β_q = e^{μq mt}, where μ_q is the index describing the exponential growth in a given instability band. For |α_q| ≃ |β_q| ≫ 1 one may write

χ_q = β_q e^{iθq} √ 2 a^3ω_q cos ( θ_q + ∫ ω_q ) , (44)

where 2θ_q is the phase between β_q and α_q. As shown in [9], in the broad parametric resonance regime θ_q behaves like a random variable that changes as the inflaton passes through the potential minimum. Since ω^2_q = g^2Φ^2 sin(mt)^2 + q^2_{phy}, one may take ω_q ≃ q_∗ for the modes in the first instability since the other term is oscillating. Thus, for our estimate the mode function can be written as χ_q(t) ≃ e^{iθq} P (t) √ a(t)^3q_∗ e^{μq m(t−tR )}, (45) where P (t) is the cosine function that can be read from (44). Using (45) in (42), we see that the complex phase factors do not cancel each other since they have different time arguments. This forbids F to vanish and one may approximate F ∼ Q P (t_1)^2P (t_2)^2 q^2_∗ e^{2m(t−tR )(μq +μk+q )}, (46) where

Q = i sin [θ_q(t_1) + θ_{k+q}(t_1) − θ_q(t_2) − θ_{k+q}(t_2)] . (47) 6

In the broad parametric resonance regime the θphases and thus the function Q randomly changes as the inflaton passes through its minimum.

Returning to (41), we again neglect f(t) compared to f(t_1) and use (31) to find

P^ζ_k (t)^{(1)} ∼ P^{ζ(0)}_k ∫_t t_R dt_1 ∫_{t1} t_R dt_2 ∫_{q∗} 0 d^3q [ g^4 m^2Φq^2_∗ ] e^{2m(t−tR )(μq +μk+q )} (48) ϕ(t_1)ϕ(t_2)ϕ̇(t_2) sin(mt_1)P (t_1)^2P (t_2)^2 Q,

where the factor of a^3 coming from (31) is used to convert the comoving momentum integral to the physical one, i.e. q now refers to the physical scale and k can be chosen the same way. For ϕ(t_2)and ϕ̇(t_2) to be in phase, the time derivative of ϕ̇(t_2) must act on the amplitude Φ, which produces an HΦ term from (5). As in the previous loop graph, the exponential growth of the mode functions reaches its maximum near the time t_∗ and thus the the largest contribution to the time integrals comes from the last few oscillations, which gives a factor of 1/m^2. Note that although the oscillations of the χ-field can be very large, of the order of gΦ_0 ∼ gM_p in the beginning of reheating, this frequency drops appreciably as Φ decreases and m becomes a good estimate for the frequency of oscillations. On the other hand, the time integrals can be significantly reduced due to the random phase shifts in the function Q. Introducing a possibly large constant C incorporating this reduction, the time integrals in (48) can be estimated to yield

P^ζ_k (t)^{(1)} ∼ P^{ζ(0)}_k [ g^4HΦ^2 Cm^4q^2_∗ ] ∫_{q∗} 0 d^3q e^{4πN(μq +μk+q )}, where N is the total number oscillations. Depending on the phase factors in (47), this contribution can be positive or negative, which is sensitive to the initial conditions in reheating. For k ≪ q, the leading order change of the power spectrum can be written as

P^ζ_k (t)^{(1)} ∼ P^{ζ(0)}_k [ g^4HΦ^2q_∗ Cm^4 ] e^{8πNμ} ( 1 + B k q_∗ ) , (49) where B is a dimensionless number of order one that depends on the index μ_q, or more precisely dμ_q/dq, which can be estimated from the approximate formula [9] μ_q ≃ μ − μ q^2_∗

(q − q_∗)^2. (50)

For cosmologically interesting scales k/q_∗ is a very small number and therefore the running of the spectral index is negligible. Nevertheless, the scale dependence of the index can be significant for the modes entering the horizon during reheating. It is known that such perturbations can cause formation of primordial black holes and the modification of the spectral index may change the formation rate and thus the constraints on the inflationary models [24].

Estimating the dimensionfull parameters, one may see that the 1-loop correction (49) can be much larger than the tree-level contribution. For instance, for g = 10^{−3}, m = 10^{−6}M_p one has Φ ∼ 10^{−3}M_p and H ∼ 10^{−3}m [9]. Therefore, the square bracket in (49) becomes 10^{−9}/C, which can easily be balanced by the exponential growth of the modes. Indeed, for this case one has μ ∼ 0.12 and N ∼ 15 [9], which shows that P^ζ_k (t)^{(1)} ≫ P^{ζ(0)}_k . (51)

This indicates that the perturbation theory might be broken down in this model, which would modify the inflationary predictions profoundly. From the interaction potential (1), an effective coupling constant g_{eff} can be defined as g_{eff} = g e^{2πNμ}, (52) where the exponential enhancement arises from χ^2 term in (1). For the above example, one may find g_{eff} ≃ 82 indicating that the theory becomes strongly coupled near the end of reheating. However, to show that the perturbation theory is not applicable one must carefully check all estimates including important numerical factors to make sure that higher order graphs are not suppressed. Moreover, the renormalization of the graphs should be considered in detail that might change the amplitudes in an important way. In any case, the fact that the resonant χ-modes grow exponentially and more and more χ-mode functions appear at higher orders clearly threaten the perturbation theory.

3. Conclusions

In this work we show that the loop effects in reheating can meaningfully modify the curvature perturbation power spectrum, which is usually assumed to be conserved on superhorizon scales after horizon exit during inflation. It is known that the entropy perturbations can change the power spectrum and the 7 effect we have studied is similar in spirit since it involves a second scalar field to which inflaton decays. Nevertheless, the loops arise from nonlinear interactions and thus the two effects are essentially different from each other. Although the chaotic m^2ϕ^2 model is ruled out by Planck with a 95% confidence level assuming that the standard tree-level results hold [19], our findings indicate a possible modification by higher order quantum effects.

The loop corrections to the ζ-ζ correlation function involve time integrals, which are practically limited by the moment of horizon exit since ζ is assumed to be conserved afterwords. It is clear that if ζ possibly evolves on superhorizon scales, this upper limit must be extended further. When the limit is pushed to the reheating stage, the φ = 0 gauge becomes ill defined at times the inflaton velocity vanishes and thus it is much more convenient to work with the inflaton fluctuation φ by imposing the ζ = 0 gauge.^5 In that case, we have observed that the loops involving the reheating scalar χ become significant at times near the end of the first stage of reheating, just before the backreaction effects become important, i.e. when the χ modes are amplified most. As discussed in [10], this superhorizon influence does not violate causality since the coherently oscillating inflaton background can produce the same effect at different points in space.

In this paper we have only calculated the 1-loop graphs arising from the interaction potential (1). There are other types of interactions that came from the solutions of the lapse and shift (12). These terms are suppressed during inflation by the slow roll parameters, but this is no longer true during reheating. Indeed, they do not involve a coupling constant, yet in general they are multiplied by the oscillating functions like ϕ̇. Thus, it would be interesting to calculate their contribution to the power spectrum. As we saw above, the amplitude corresponding to the graph Fig.1b turned out to be large compared to the tree-level result and therefore it is crucial to check whether perturbation theory really breaks down during preheating by systematically estimating the contributions of all higher order graphs.

5If one would still insist on using the ζ variable in this calculation, the singular 1/ϕ̇ terms coming from the ζ propagator can be seen to be canceled out by the ϕ̇ terms coming from the interaction vertices that arise by replacing φ with ζ in the interaction Hamiltonians. One can easily check that the results are simply the same.

Acknowledgment

I would like to thank Robert Brandenberger for useful discussions.

References

[1] L. Senatore and M. Zaldarriaga, The constancy of ζ in single-clock Inflation at all loops, arXiv:1210.6048 [hepth].

[2] V. Assassi, D. Baumann and D. Green, Symmetries and Loops in Inflation, JHEP 1302 (2013) 151, arXiv:1210.7792 [hep-th].

[3] E. O. Kahya, V. K. Onemli and R. P. Woodard, The Zeta- Zeta Correlator Is Time Dependent, Phys. Lett. B 694 (2010) 101, arXiv:1006.3999 [astro-ph.CO].

[4] V. F. Mukhanov, H. A. Feldman and R. H. Brandenberger, Theory of cosmological perturbations. Part 1. Classical perturbations. Part 2. Quantum theory of perturbations. Part 3. Extensions, Phys. Rept. 215 (1992) 203.

[5] C. Gordon, D. Wands, B. A. Bassett and R. Maartens, Adiabatic and entropy perturbations from inflation, Phys. Rev. D 63 (2001) 023506, astro-ph/0009131.

[6] J.H. Traschen and R.H. Brandenberger, Particle production during out-of-equilibrium phase transitions, Phys. Rev. D 42 (1990) 2491.

[7] L. Kofman, A. D. Linde and A. A. Starobinsky, Reheating after inflation, Phys. Rev. Lett. 73 (1994) 3195, hepth/9405187.

[8] Y. Shtanov, J. H. Traschen and R. H. Brandenberger, Universe reheating after inflation, Phys. Rev. D 51 (1995) 5, hep-ph/9407247.

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

[10] B. A. Bassett, D. I. Kaiser and R. Maartens, General relativistic preheating after inflation,” Phys. Lett. B 455 (1999) 84, hep-ph/9808404.

[11] F. Finelli and R. H. Brandenberger, Parametric amplification of gravitational fluctuations during reheating, Phys. Rev. Lett. 82 (1999) 1362, hep-ph/9809490.

[12] B. A. Bassett, F. Tamburini, D. I. Kaiser and R. Maartens, Metric preheating and limitations of linearized gravity. 2., Nucl. Phys. B 561 (1999) 188, hep-ph/9901319.

[13] K. Jedamzik and G. Sigl, On metric preheating, Phys.

Rev. D 61 (2000) 023519, hep-ph/9906287.

[14] P. Ivanov, On generation of metric perturbations during preheating, Phys. Rev. D 61 (2000) 023505, astroph/9906415.

[15] A. R. Liddle, D. H. Lyth, K. A. Malik and D. Wands, Superhorizon perturbations and preheating, Phys. Rev. D 61 (2000) 103509, hep-ph/9912473.

[16] B. A. Bassett and F. Viniegra, Massless metric preheating, Phys. Rev. D 62 (2000) 043507, hep-ph/9909353.

[17] B. A. Bassett, C. Gordon, R. Maartens and D. I. Kaiser, Restoring the sting to metric preheating, Phys. Rev. D 61 (2000) 061302, hep-ph/9909482.

[18] J. P. Zibin, R. H. Brandenberger and D. Scott, Back reaction and the parametric resonance of cosmological fluctuations, Phys. Rev. D 63 (2001) 043511, hep-ph/0007219. 8

[19] P. A. R. Ade et al. [Planck Collaboration], Planck 2013 results. XXII. Constraints on inflation, arXiv:1303.5082 [astro-ph.CO].

[20] A. Kaya, Fluctuations of Quantum Fields in a Classical Background and Reheating, Phys. Rev. D 81 (2010) 023521, arXiv:0909.2712 [hep-th].

[21] R. Easther, R. Flauger and J. B. Gilmore, Delayed Reheating and the Breakdown of Coherent Oscillations, JCAP 1104 (2011) 027, arXiv:1003.3011 [astro-ph.CO].

[22] J. M. Maldacena, Non-Gaussian features of primordial fluctuations in single field inflationary models, JHEP 0305 (2003) 013, astro-ph/0210603.

[23] S. Weinberg, Quantum contributions to cosmological correlations. II. Can these corrections become large?, Phys. Rev. D 74 (2006) 023508, hep-th/0605244.

[24] A. M. Green and A. R. Liddle, Constraints on the density perturbation spectrum from primordial black holes, Phys. Rev. D56 (1997) 6166, astro-ph/9704251.

9