arXiv:0912.5148v2 [astro-ph.CO] 5 Mar 2013

The Quantum Phase of Inflation

Arjun Berera^∗ School of Physics and Astronomy, University of Edinburgh, Edinburgh EH9 3JZ, UK

Raghavan Rangarajan^† Theoretical Physics Division, Physical Research Laboratory, Navrangpura, Ahmedabad 380 009, India

Abstract

Inflation models can have an early phase of inflation where the evolution of the inflaton is driven by quantum fluctuations before entering the phase driven by the slope of the scalar field potential. For a Coleman-Weinberg potential this quantum phase lasts 10^{7−8} e-foldings. A long period of fluctuation driven growth of the inflation field can possibly take the inflaton past ϕ_∗, the value of the field where our current horizon scale crosses the horizon; alternatively, even if the field does not cross ϕ_∗, the inflaton could have high kinetic energy at the end of this phase. Therefore we study these issues in the context of different models of inflation. In scenarios where cosmological relevant scales leave during the quantum phase we obtain large curvature perturbations of O(10). We also apply our results to quadratic curvaton models and to quintessence models. In curvaton models we find that inflation must last longer than required to solve the horizon problem, that the curvaton models are incompatible with small field inflation models and that there may be too large non-gaussianity. A new phase of thermal fluctuation driven inflation is proposed, in which during inflation the inflaton evolution is governed by fluctuations from a sustained thermal radiation bath rather than by a scalar field potential.

PACS numbers: 98.80.Cq

∗Electronic address: ab@ph.ed.ac.uk †Electronic address: raghavan@prl.res.in

I. INTRODUCTION

In the early stages of inflation the evolution of the inflaton field is dominated by quantum fluctuations rather than by the slope of the potential, V^′(ϕ). In the initial stages of inflation, V^′ is small, and ϕ̇ is not given by −V^′/(3H) but by the change in √ ⟨ϕ^2⟩ due to quantum fluctuations leaving the horizon, freezing out, and becoming part of the large wavelength background condensate [1, 2]. For a Coleman-Weinberg new inflation potential this initial phase can last for as long as 10^{7−8} e-foldings after which V^′(ϕ) dominates over the fluctuations and one gets standard evolution.

In this article we discuss the quantum evolution of the inflaton field in the context of new inflation, hilltop inflation, inflection point inflation, chaotic inflation and natural inflation, and then warm (new) inflation in the weak and strong dissipative regimes. A long quantum fluctuation driven phase for the inflaton can drive it to the bottom of its potential or past ϕ_∗, the value of the inflaton field when our present horizon scale crosses the horizon. This will necessarily change our understanding of inflation. Alternatively, even if the inflaton does not cross ϕ_∗, the inflaton kinetic energy at the end of the fluctuation driven phase can be large, thereby precluding standard inflation thereafter. While the quantum phase of inflation has been known for long these possibilities have not been discussed in the literature so far. The thermal fluctuation driven phase is new and for the first time is being proposed in this paper.

We first consider new inflation with a quartic potential, V = V_0 −^1_4 λϕ^4, which mimics the inflationary part of a Coleman-Weinberg potential when the field is far from the potential minimum [1, 2]. We initially presume that our current horizon scale leaves the horizon during the standard classical rolling phase (which fixes the coupling λ to be ∼ 10^{−14}) and then check for the viability of this scenario after a long period of quantum evolution. We find that the field is still high up on its potential at the end of the quantum phase, and its kinetic energy is not dominant. Therefore the standard new inflation scenario can follow an initial quantum fluctuation driven phase.

We then carry out the same analysis of quadratic new inflation, inflection point inflation, chaotic inflation and natural inflation. In chaotic, inflection point and natural inflation we find that, unlike in new inflation, quantum fluctuations do not play a significant role in the evolution of the inflaton, i.e., classical evolution effectively dominates from the beginning of inflation.

We next consider scenarios where our current horizon scale crosses the horizon during the quantum phase of inflation. These are new scenarios that to our knowledge have not been considered earlier. We consider two scenarios - ϕ_∗ > ϕ_Q > ϕ_e and ϕ_Q > ϕ_e, where ϕ_Q is the value of the inflaton at the end of the quantum phase and ϕ_e is the value of the inflaton field at the end of inflation. We do this for new inflation and hilltop inflation models. The expressions for ϕ_∗ must be rederived for these scenarios in which the current horizon scale leaves during the quantum phase. Since ϕ̇ in is not given by ϕ̇ = −V^′/(3H) but by √ ⟨ϕ̇^2⟩ the expression for the comoving curvature perturbation, R_k, too must be rederived.

For quartic new inflation models and ϕ_∗ > ϕ_Q > ϕ_e we find that consistency of the scenario requires the coupling λ to be greater than ∼ 10^{−2}. But this then implies that R_k ≈ 13 for modes leaving during the quantum phase. Thus this scenario is ruled out. This scenario for quadratic new inflation and hilltop inflation is also ruled out due to conflict with the observed density perturbations.

For the scenario where the quantum phase lasts the entire inflationary epoch, i.e. ϕ_Q > ϕ_e, we find that it requires a very large value of H ∼ M_{Pl} in new inflation models. This scenario also generates too large curvature perturbations.

We then apply our results for modes leaving during the quantum phase to quadratic curvaton models [3, 4], quintessence models and to a new model of dark energy [5] where the dark energy is a condensate of quantum fluctuations generated during inflation of a very light field. If quantum fluctuations of the curvaton determine the value of the curvaton field at the end of inflation then we find that the duration of inflation must be orders of magnitude larger than the usual number of e-foldings required to solve the horizon problem. We also find that the slow roll parameter ϵ_H is determined in these models, and has a value larger than those compatible with small field inflation models such as new inflation, small field natural inflation and some hybrid inflation models with a concave downward potential. In the context of certain alternate expressions in the literature for quantum fluctuations during quadratic chaotic inflation, the non-gaussianity in the curvaton models increases to levels in conflict with observations. In the dark energy model we investigate whether the large curvature perturbations associated with the dark energy condensate during inflation are compatible with the CMB constraints on the total curvature perturbation at decoupling.

We then consider the above issues in the warm inflationary scenario in which the continuous decay of the inflaton during inflation creates a thermal bath which survives throughout the inflationary phase [6]. In warm inflationary dynamics, ⟨ϕ^2⟩ can grow initially due to fluctuations of the inflaton field in this thermal background. We study the quartic new inflation potential in the context of both weak dissipation and strong dissipation of the inflaton field. We investigate whether the inflaton reaches the minimum of its potential during the fluctuation driven phase itself. We find that in the weak dissipative regime there is no thermal fluctuation dominated phase. Therefore the potential driven phase is preceded by a quantum fluctuation driven phase, as in cold inflation. In the strong dissipative regime there is a thermal fluctuation driven phase which lasts for 10^8 e-foldings. This is a new phase of warm inflation not considered earlier. The further requirement that the thermal fluctuations do not take the field to the bottom of the potential requires that the scale of inflation is less than 10^{14} GeV. This is two orders of magnitude less than earlier constraints [7]. For both dissipative regimes, after the fluctuation driven phase is over, standard warm inflation can follow, indicating the consistency of the warm inflation scenario.

Below we summarize the paper. In Sec. II we investigate the consistency of cold inflation models preceded by a quantum phase. In Secs. III and IV we consider scenarios in which the current horizon scale leaves the horizon during the quantum phase of inflation. In Sec. V we study the quantum phases of curvaton and quintessence fields. In Sec. VI we apply our ideas to warm inflation and investigate a thermal fluctuation driven phase. Sec. VII contains our conclusions.

II. COLD INFLATION

We first present the relevant equations for studying the quantum evolution phase in cold inflation models. There are three scenarios that we consider - i) the quantum phase ends before our current horizon scale crosses the horizon at time t_∗, ii) the quantum phase ends after t_∗ but before the end of inflation at t_e, and iii) the quantum phase lasts for the entire duration of inflation. In the first scenario our focus is on determining whether the inflaton ends the quantum phase with conditions suitable for a subsequent period of classical inflation (thereby confirming the validity of existing models of inflation which allow a quantum phase). For the other two cases, we investigate (in Secs. III and IV) the feasibility of models where the current horizon scale leaves during the quantum phase.

ϕ_Q < ϕ_∗ During the quantum evolution phase in cold inflation, field fluctuations about an initial value ϕ_0 grow as ⟨δϕ^2⟩ = 1 (2π)^3 ∫_{aH} H d^3k|ϕ_k|^2 = ( H 2π )_2 × N(t) , (1) where k is the comoving momentum, N(t) = H(t − t_0) is the number of e-foldings since the beginning of inflation at t_0, and we have only integrated over modes outside the horizon which can act as part of the homogeneous background field. For small field inflation models we ignore any initial ϕ_0.^1 (We have also assumed an effectively massless field, m_{eff} ≪ H.)

Therefore ϕ = ϕ_0 ± (H/2π) √ H(t − t_0) (2) (we take ϕ_0 > 0), and ϕ̇ during the quantum phase is then given by eq. (8.3.12) of Ref. [1] as ϕ̇_q = H^2 4π √ H(t − t_0)

. (3) The period of quantum evolution lasts while |ϕ̇_q| ≫ |ϕ̇_V | = | | |− V^′ 3H | | | , (4) that is, for values of ϕ satisfying 3H^4 8π^2 ≫ |ϕ − ϕ_0)| |V^′(ϕ)| (5) As we shall see, this condition is satisfied only for small field inflation models such as new inflation.

To confirm that the universe is potential energy dominated during and at the end of the fluctuation driven epoch we compare ⟨ϕ̇^2⟩ with V (ϕ). Now

⟨ϕ̇^2⟩ = 1 (2π)^3 ∫_{aH} H d^3k|ϕ̇_k|^2 (6)

Ignoring the gradient (k^2/a^2) term in the equation of motion for ϕ_k, ϕ̈_k + 3Hϕ̇_k + V^{′′}(ϕ) ϕ_k = 0 (7)

1 For standard classical inflation one argues that due to quantum fluctuations the initial value of the inflaton should not be less than H/(2π). This argument is not relevant when one is studying quantum fluctuation driven evolution. Nevertheless for small field models, presuming ϕ_0 > H/(2π), we impose ϕ_∗ > H/(2π). ϕ_0 actually depends on the inflaton dynamics as the universe approaches the inflationary epoch.

and, ϕ̇_k ≈ −V^{′′}(ϕ) 3H ϕ_k . (8)

Then

⟨ϕ̇^2⟩ = [ V^{′′}(ϕ) 3H ]_2 1 (2π)^3 ∫_{aH} H d^3k|ϕ_k|^2 (9)

= [ V^{′′}(ϕ) 3H ]_2 ⟨δϕ^2⟩ (10)

We now apply the above results to specific models of inflation.

A. Quartic new inflation

For a Coleman-Weinberg potential, modelled as V = V_0 −^λ_4 ϕ^4 for small ϕ, the quantum phase occurs for ϕ < ϕ_Q, where, using eq. (4) and eqs. (2) and (3),^2

ϕ_Q = H 2π ( 60 λ ) 1_4 (11)

for ϕ_0 ≈ 0. Using eq. (2), the number of e-foldings till t_Q is N_Q ≡ H(t_Q − t_0) = 8/ √ λ. For the scenario with ϕ_Q < ϕ_∗, λ ∼ 10^{−14} for GUT-scale inflation and one can see that N_Q ≈ 10^8, i.e., 10^8 e-foldings occur before one gets to classical evolution in this new inflation model. ϕ_Q ≈ 10^3H. For ϕ_Q < ϕ_∗ the number of e-foldings of inflation after the inflaton field crosses ϕ_∗ is given by eq. (8.62) of Ref. [8]) as

N (ϕ_∗ → ϕ_e) = 8π M^2_{Pl} ∫_{ϕe} ϕ_∗ V −V^′ dϕ (12) = 3H^2 2λ ( 1 ϕ^2_∗ − 1 ϕ^2_e ) (13)

and taking ϕ_e ≈ (V_0/λ)^{1/4} we get ϕ_∗ ≈ 10^6H, which is larger than ϕ_Q as presumed. (Typically one uses the slow roll condition |V^{′′}| ≪ 9H^2 to obtain ϕ_e = (3/λ)^{1/2}H [8]. But then V (ϕ_e) < 0. We instead take ϕ_e ≈ (V_0/λ)^{1/4}.)

V (ϕ_Q) = V_0 − H^4/π^4, and with V_0 ≈ 0.1H^2M^2_{Pl}, V (ϕ_Q) ≈ V_0. Using eq. (10), ⟨ϕ̇^2⟩ = λ^2ϕ^6/H^2 and for ϕ ≤ ϕ_Q, ⟨ϕ̇^2⟩ ≪ V_0, i.e., conditions for inflation remain valid during the quantum phase and at the end of the quantume phase.

2 Our value of ϕ_Q differs slightly from that obtained in Ref. [1], possibly because of some factors in eq.

(8.3.12) of Ref. [1].

The quantum evolution is statistical and thus ϕ = (H/2π) √ H(t − t_0) reflects the magnitude of the displacement due to quantum fluctuations averaged over many Hubble volumes. Even for the case where |ϕ̇_q| ≫ |ϕ̇_V | on average, there will be some regions where the classical dynamics dominates the quantum. However the number of such regions will be relatively small.

B. Quadratic new inflation

We now consider a quadratic model of new inflation. For quadratic new inflation with V = V_0 − m^2ϕ^2/2 the slow roll conditions |V^{′′}| ≪ 9H^2 and |V^′M_{Pl}/V | ≪ (48π)^{1/2} [8] give m^2 ≪ 9H^2 and ϕ ≪ (H^2/m^2)M_{Pl}. We take ϕ_e = V^{12}_0 /m, as in Ref. [9]. From eqs. (2), (3) and (4), ϕ_Q = 0.2(H/m)H. Then from eq. (2), N_Q = 1.6H^2/m^2.

For quadratic new inflation the WMAP bounds on 1 − n_s imply GUT-scale inflation [9]. Then for H = 10^{−6}M_{Pl}, N = 60 and using eq. (12)

ϕ_∗ = ϕ_ee^{−20m2 /H2} (14)

The condition that ϕ_Q < ϕ_∗ then gives m/H < 0.8. Setting R_k = H^2/(2πϕ̇)_∗ = 5 × 10^{−5} and using ϕ̇ = −V^′/3H, one gets m/H = 0.03 or 0.35. But 1 − n_s = 2m^2/(3H^2) [9] and WMAP observations imply that 0.025 < 1 − n_s < 0.049 (at 68% C.L.)[10], thereby allowing only m/H = 0.03. Then ϕ_Q = 7H and N_Q = 2000. Using eq. (10) we can also note that V (ϕ_Q) ≈ V_0 ≫ ⟨ϕ̇^2⟩ during the quantum phase, and so the universe is potential energy dominated during and at the end of the fluctuation driven phase. Thus the scenario with ϕ_Q < ϕ_∗ is consistent.

C. Other models of inflation

We have also investigated the quantum phase of inflation for inflection point inflation, chaotic inflation and natural inflation. A quantum phase during inflection point inflation about the saddle point ϕ̄_0 is mentioned in Refs. [11, 12] (though the criterion for quantum evolution is a bit different than ours) and it is assumed that the field is out of the range for quantum evolution for the cosmologically relevant phase of inflation. We did not consider this scenario further. The existence of the saddle point requires a certain fine-tuned relation between parameters in the lagrangian. Refs. [13, 14] consider deviations from this relation. In Ref. [14] the deviation is parametrised by a variable β. For weak scale SUSY with m ∼ 100 − 1000 GeV, one has ϕ̄_0 ∼ 10^{14−15} GeV and V_0 ∼ 10^{32−34} GeV^4, and CMB observations require β ∼ O(10^{−10}) [14]. (Also see Refs. [12, 13].) For such values the quantum phase condition in eq. (5) with ϕ_0 replaced by ϕ̄_0 is valid only for |ϕ − ϕ̄_0|^<∼ 10^{−6} GeV whereas H ∼ 10^{−2,−3} GeV. Therefore one can ignore the quantum phase for these models as the quantum phase range is much smaller than H. Ref. [14] also considers scenarios withput finetuning of β but again |ϕ − ϕ̄_0| ≪ H.

For quadratic and quartic chaotic inflation there is no quantum phase of inflation for ϕ < ϕ_{QG} where ϕ_{QG} is the value of the ϕ for which quantum gravity effects become important (V (ϕ_{QG}) = M^4_{Pl}). Natural inflation with a potential of the form V = Λ^4[1+cos(ϕ/f)] [15, 16] where ϕ lies between 0 and 2πf, and we take ϕ < πf, also does not have a quantum phase of inflation (unless the field value is extremely small, ϕ/f < 10^{−6}).

D. The quantum condition

Another approach to identifying the quantum phase is to compare the evolution of the inflaton due to quantum fluctuations and classical slow roll at an instant in time, over a time interval Δt = H^{−1} [1, 17] i.e., to check if δϕ_q = H 2π > δϕ_V = ϕ̇_V H^{−1} (15) = V^′(ϕ) 3H^2

(16)

This approach checks if instantaneously the quantum jump overrides the classical evolution, while the condition in eq. (2) is a measure of whether quantum evolution dominates over classical evolution averaged over longer time durations. One notices that the condition in eq. (15) is similar to that for eternal inflation K ≡ δϕ_q/[0.61ϕ̇_V H^{−1}]^>∼ 1 [18].

Comparing the above approach and that in eqs. (2) and (3), we see that the quantum evolution of the field in eq. (2) goes as ϕ_q(t) ∼ √ N (t) = √ Ht, which means ϕ̇_q ∼ 1/ √ N ∼ 1/ √ t. In other words ϕ̇_q decreases over time. Thus if one is comparing this motion with the classical motion and if the latter has approximately constant velocity, as expected in a slow-roll regime, then it implies that at late time eventually the classical motion always dominates. Since the quantum kicks on the scalar field are a random process, it might seem that there should be no dependence on the past history of the quantum evolution that should enter in comparing whether quantum or classical motion dominates at a given time. In fact at any given instant the RMS quantum kick in eq. (15) is of order H, and so the RMS velocity at any instant from quantum kicks is of order H^2. So from this point of view, one might think the relevant quantities to compare is whether this RMS velocity from quantum evolution, which is independent of past history, is the correct quantity to compare against the classical velocity, as in eq. (15). However the history of the evolution should enter the comparison. Even though at any given instant, the velocity from quantum kicks is some approximately constant value, the direction is random. As such, with increaing time steps, there is an ever increasing number if possible paths that the ϕ field could have followed. If one asks what is the net motion from the quantum kicks after some interval of time, on average it increases only as √ t. So a time derivative over an increasing time interval actually is decreasing as 1/ √ t. On the other hand, the classical evolution of the field, even if slow, is steadily always moving in the same direction. As such, the longer one waits, the greater the chance that the ϕ field has arrived at increasing field values due to classical rather than quantum evolution.

III. ϕ_e > ϕ_Q > ϕ_∗

We now consider the scenario where the quantum fluctuations take the inflaton beyond ϕ_∗ and so our current horizon scale leaves the horizon when inflaton evolution is dominated by quantum fluctuations. In this section we consider the scenario in which the fluctuations do not take the inflaton past ϕ_e. Since in the previous section we found that the quantum phase is important only for small field inflation models here we investigate only new inflation and hilltop inflation models.

To obtain ϕ_∗ we break the evolution from ϕ_∗ to ϕ_Q, and from ϕ_Q to ϕ_e. Then

N (ϕ_∗ → ϕ_e) = ∫_{te} t_∗ Hdt

= ∫_{ϕe} ϕ_∗ H dϕ ϕ̇ (17) = ∫_{ϕQ} ϕ_∗ H dϕ ϕ̇ + ∫_{ϕe} ϕ_Q H dϕ ϕ̇ (18) = 8π^2 H^2 ∫_{ϕQ} ϕ_∗ ϕ dϕ + 8π M^2_{Pl} ∫_{ϕe} ϕ_Q V (ϕ) −V^′(ϕ) dϕ (19) = 4π^2 H^2

(ϕ^2_Q − ϕ^2_∗) + 8π M^2_{Pl} ∫_{ϕe} ϕ_Q V (ϕ) −V^′(ϕ) dϕ (20)

where we have used eqs. (2) and (3) for ϕ̇ for ϕ < ϕ_Q.

The comoving curvature perturbation is given by

R = ψ_{com} = ψ + H δτ (21)

where ψ is the curvature potential, δτ = δϕ/ϕ̇ is the time-displacement to go from a generic slicing with generic δϕ to the comoving slicing with δϕ_{com} = 0 [19]. Evaluating the rhs in the flat gauge in which ψ = 0 gives

R_k = H δϕ_k ϕ̇ (22) We first evaluate the rhs at horizon crossing. In the flat gauge, δϕ_k is given by H/(2π). ϕ̇ represents the motion of the background condensate of long wavelength modes. Therefore ϕ̇ is given by eq. (10), Then R_k =

3H^3 2π|V^{′′}(ϕ_∗)|ϕ_∗ (23) where ϕ_∗ is given by the value at horizon exit obtained from eq. (20). (The sign of R_k is suppressed as the relevant quantity is the 2-point function ∼ |R_k|^2.)

While considering times after horizon exit the background should only include those superhorizon modes that are of longer wavelength than the mode being investigated. Therefore after horizon exit both δϕ_k and ϕ̇ in eq. (22) evolve as in the standard classical roll picture and one gets constancy of R_k outside the horizon as usual. (Quantum evolution of ϕ will continue as more and more modes cross the horizon and add to the condensate of fluctuations. But the condensate value of ϕ_∗ relevant in eq. (23) will not include modes that leave the horizon after the mode being investigated.)

We point out an interesting fact that both δϕ_k and ϕ̇ in R_k are quantum variables in the quantum phase of inflation. Therefore in the quantum phase we expect that there will be an increase in the cosmic variance because of the stochastic nature of the evolution of ϕ.

A. Quartic new inflation

For quartic new inflation, eq. (20) implies

ϕ^2_∗ = ϕ^2_Q − [ N H^2 4π^2 − 3H^2 2(60λ)^12 + 3 8π^2λ^12

H^4 V^{12}_0 ] . (24)

The third term in the square brackets is larger than the second only for H > 2M_{Pl}. Note that limits such as V^{1/4}_0 < 10^{16} GeV and H < 10^{13} GeV are derived for classical inflation and not valid in the quantum phase. Nevertheless, H > 3M_{Pl} implies V (ϕ) > M^4_{Pl} which would put us in the realm of quantum gravity. We take H < M_{Pl} and ignore the third term in the square brackets above.

To check for consistency of this scenario, the quantity in square brackets should be positive. We also impose ϕ_∗ > H/(2π). These conditions give a lower bound and an upper bound on λ respectively, namely, 60 N^2 < λ < 240 (N + 1)^2

. (25)

(Imposing ϕ_Q < ϕ_e only gives a weak bound H < 2M_{Pl}.) For GUT-scale inflation with N ≈ 60 this implies 0.02 < λ < 0.06 . (26) The cosmologically relevant scales leave inflation over 8 e-foldings. For all these scales to leave during the quantum phase for GUT-scale inflation the condition is 0.02 < λ. For inflation models with scales varying from the electroweak scale to the Planck scale, N ranges from 30-65 and we get a lower bound of (1 − 7) × 10^{−2} for λ for all these models. Clearly these values of λ are interesting but one has to also check for constraints from the the power spectrum.

From eq. (23) R_k = 1 2π H^3 λ ϕ^3_∗ (27) Using the expression for ϕ_∗ in eq. (24) in eq. (27) we get

R_k =

4π^2 λ [ 2 ( 60 λ ) 1_2 − N ] 3_2 (28)

For GUT-scale inflation with N = 60 we take λ = 4 × 10^{−2} consistent with eq. (26) and get

R_k ≈ 13 . (29)

Such a large value of the curvature perturbation is ruled out by observations. Therefore this scenario, despite its mild constraint on the inflaton coupling, namely, λ ∼ 10^{−2}, is not feasible.

It may be surprising that though in the quantum phase ϕ̇ is larger than the classical value, one gets such a large value of R_k. However note that while ϕ̇_q ≫ ϕ̇_V , √ ⟨ϕ̇^2⟩ which enters the expression for R_k is 3 ϕ̇_V . Now the expression for R_k for classical evolution, using eq. (22) and ϕ̇_V = −V^′/(3H), is R_k = 1 2π 3H^3 λ ϕ^3_∗ . (30) Comparing this with eq. (27) one sees that the expressions are similar. Yet, though λ in eq. (27) is large compared to λ in eq. (30), R_{k,q} ≫ R_{k,cl} because it happens that ϕ_∗ is much smaller than in the standard classical evolution scenario. As shown earlier, the value of ϕ_∗ for the classical case for λ = 10^{−14} and N = 60 is ϕ_{∗,cl} = 10^6H. However, for the value of λ = 4 × 10^{−2} and N = 60 one gets, from eq. (24), ϕ_{∗,q} = 0.7H.

To understand why ϕ_∗ is much smaller for the quantum evolution scenario note that i) ϕ_e ∼ 1/ √ λ is much smaller in the quantum scenario than for the classical scenario as λ is large, and ii) a larger ϕ̇_q in eq. (18) requires a larger displacement in ϕ to obtain the required number of e-foldings. Both these effects push the inflaton to a much smaller value of ϕ at the time of horizon exit for a given value of N .

B. Quadratic new inflation

For quadratic new inflation eq. (20) implies

ϕ^2_∗ = ϕ^2_Q − [ N H^2 4π^2 − 3H^4 4π^2m^2 ln ( ϕ_e ϕ_Q )] . (31)

Using expressions for ϕ_e and ϕ_Q from Sec. II B we get

ϕ^2_∗ = ϕ^2_Q − [ N H^2 4π^2 − 3H^4 4π^2m^2 ln ( 1.7M_{Pl} H )] . (32)

The constraint that ϕ_Q > ϕ_∗ implies m^2 H^2 > 3 N ln ( 1.7M_{Pl} H ) (33) while the requirement that ϕ_∗ > H/(2π) implies 1.6 N + 1 + 3 N + 1 ln ( 1.7M_{Pl} H ) > m^2 H^2

. (34)

Consistency of the above constraints implies

H > 1.7M_{Pl}e^{− N +12} (35)

For GUT-scale inflation with N = 60 this requires H > 10^6 GeV.

To obtain the curvature perturbation we use eq. (23) with ϕ_∗ given by eq. (31).

R_k = 3 2π H^3 m^2 ϕ_∗

. (36)

Now for ϕ_Q > ϕ_∗ the curvature perturbation satisfies R_k > 3 2π H^3 m^2 ϕ_Q = 2 H m (37)

For this to be consistent with observations would require m/H > 10^5. But such a large value of m/H is in conflict with the upper bound in eq. (34). Therefore this scenario is not feasible. (For electroweak scale inflation the lower bound on H is too large (3 × 10^{12} GeV) and so we do not consider it.)

C. Hilltop inflation

For the potential V = V_0 − λ ϕ^p p M^{p−4} p > 2 , (38)

N is obtained from eq. (20) as N = 4π^2 H^2

(ϕ^2_Q − ϕ^2_∗) + 8π M^2_{Pl}

V_0M^{p−4} λ(p − 2) ( 1 ϕ_Q^{p−2} − 1 ϕ^{p−2}e ) (39)

and so ϕ^2_∗ = ϕ^2_Q − [ N H^2 4π^2 − H^2 4π^2 8π M^2_{Pl}

V_0M^{p−4} λ(p − 2) ( 1 ϕ^{p−2}_Q − 1 ϕ^{p−2}e )] . (40)

Using H = [(8π/3)V_0/M^2_{Pl}]^{1/2} 1 ϕ^{p−2}_Q − 1 ϕ^{p−2}e = 1 [_{H2} M^2_{Pl}

V_0M^{p−4} λ ] p−2_p − 1 [_{V0M p−4} λ ]^{p−2}_p (41)

Considering H^2 ≪ M^2_{Pl}, we ignore 1/ϕ^{p−2}_e . For p > 4 and H ≪ M (the potential in eq. (38) is an effective potential for ϕ < M, and we only consider ϕ > H/(2π)) one gets from eq. (23) (using Mathematica) R_k = 0.5 1 λ^{1p} ( M H ) p−4_p (42) which is greater than 1.

IV. ϕ_Q > ϕ_e

We now consider the scenario where evolution in the inflationary phase is entirely dominated by quantum fluctuations, i.e., ϕ_Q > ϕ_e. Then

N (ϕ_∗ → ϕ_e) =

4π^2 H^2

(ϕ^2_e − ϕ^2_∗) , (43)

and so ϕ_∗ = [ ϕ^2_e − N 4π^2

H^2

] 1_2

. (44)

A. Quartic new inflation

For quartic new inflation, as discussed earlier, ϕ_e ≈ (V_0/λ)^{1/4}. The condition ϕ_Q > ϕ_e implies that H > 1.8 M_{Pl} . (45) (This is close to the limit H < 3M_{Pl} for classical gravity to be valid.) From eq. (44), ϕ^2_e > N H^2/(4π^2). (Imposing ϕ_∗ > H/(2π) gives a similar bound with N → N + 1.) For Planck scale inflation we take N = 65. This then implies H < 0.02 π^2 √ λ M_{Pl} . (46)

Combining the above two bounds one finds that for inflation to be in the quantum phase during its entire duration requires a large Hubble parameter during inflation and only a reasonable upper bound on λ, i.e.,

H > 1.8 M_{Pl} and λ < 1 × 10^{−2} . (47)

The comoving curvature perturbation is given by eq. (27) with ϕ_∗ as in eq. (44). Once again we obtain a large value of R_k (> 17) which rules out this scenario.

B. Quadratic new inflation

The condition that ϕ_Q > ϕ_e implies

H > 1.7M_{Pl} (48)

and the condition that ϕ^2_e > N H^2/(4π) in eq. (44) implies that 3 2N M^2_{Pl} > m^2 . (49)

For Planck scale inflation N = 65, and 0.15M_{Pl} > m. The curvature perturbation in eq. (36) satisfies R_k > 3 2π H^3 m^2 ϕ_e

. (50) Using eqs. (48) and (49) we get R_k > 26 which is in conflict with observations.

V. OTHER SCALAR FIELDS

A. Curvaton

We now consider scenarios where a field other than the inflaton evolves due to its quantum fluctuations during inflation. In the curvaton scenario, quantum fluctuations of a field σ with a flat potential is responsible for the density perturbations in the Universe [3, 4]. (Also see Refs.[20–23].) The curvature perturbation in these scenarios is given by ζ = 4ρ_rζ_r + 3ρ_σζ_σ 4ρ_r + 3ρ_σ

(51) ≈ rζ_σ (52)

where the subscript r refers to radiation, and the variable r is the ratio of the curvaton energy density ρ_σ to the total energy density ρ just before the curvaton decays. One presumes that ζ_r is negligible and it is ignored.

The curvature spectrum due to the curvaton field is obtained from the expression for ζ_σ at the time when the curvaton starts to oscillate after inflation when H falls to m_σ at t_{osc}. ζ_{σ,k} = 2 3 δσ_k σ |_{osc} , (53)

Since δσ_k is constant outside the horizon, we take δσ_k(t_{osc}) to be H/(2π). We take σ(t_{osc}) to be the value σ_e at the end of inflation at t_e. σ_e = σ_{cl}(t_e) ± δσ_q(t_e). If σ_e is determined by quantum fluctuations then ζ_σ = 2 3 δσ_k δσ(t_e) . (54)

For a curvaton mass m_σ, δσ(t_e) is either [H/(2π)] N^{12}e or 3H^4/(8π^2m^2_σ), depending on whether the condensate of curvaton fluctuations does not or does attain the asymptotic value by t_e. (N_e is the total number of e-foldings of inflation.) If it does not, then

ζ_σ = 2 3 1 N^{12}e

. (55)

Now ζ_σ = ζ/r where ζ = 5 × 10^{−5}, and 10^{−2} < r < 1. (The lower limit on r comes from the relation between r and the non-gaussianity parameter f_{NL}, namely f_{NL} = 5/(4r) [4], and the upper limit on f_{NL} of O(100) [24].) This then implies

2 × 10^4 < N_e < 2 × 10^8 . (56)

Therefore curvaton models where quantum fluctuations determine σ_e and where δσ has not reached the asymptotic value by t_e require more e-foldings of inflation than standard models of inflation. For quartic new inflation models the upper limit on N_e is of the same order as the duration of the quantum phase.

The condition that the curvaton has not reached its asymptotic limit (for a quadratic curvaton potential) is [25] 2m^2_σ 3H^2

N_e ≪ 1 . (57) Combining this with the lower bound on N_e above gives m^2_σ H^2

≪ 8 × 10^{−5} . (58)

Now the scalar power spectrum spectral index in the curvaton scenario is [4]

n_s = 1 − 2ϵ_H + 2η_{σσ} (59)

where ϵ_H = −Ḣ/H^2 and η_{σσ} = M^2_{Pl}/(8π)^{∂2V /∂σ2}_V . For a quadratic curvaton potential, η_{σσ} = m^2_σ/(3H^2). Then for n_s = 0.963 [24] m^2_σ 3H^2

≈ ϵ_H − 0.02 . (60)

Therefore the above upper bound on m^2_σ/H^2 further implies that in quadratic curvaton models where quantum fluctuations determine σ_e and δσ has not reached the asymptotic value by t_e, ϵ_H = 0.02.^3 Small field inflation models such as new inflation, small field natural inflation and some hybrid inflation models with a concave downward potential would not satisfy this criterion [26, 27].

If N_e ≫ (3H^2)/(2m^2_σ) one uses the asymptotic value for the curvaton fluctuations in Eq. (54). Then using the observed value of ζ and the bounds on r one finds 9 × 10^{−5} < m_σ H < 9 × 10^{−3} . (61) This is in conflict with the bound m_σ/H^<∼ 10^{−4} obtained in Sec. IIIB of Ref. [28] from CMB constraints. (We believe there is an error in the derivation of the bound in Ref. [28].) Once again, Eq. (60) implies that ϵ_H = 0.02 which is incompatible with small field inflation models. The lower bound on H/m_σ from Eq. (61) and the lower bound on N_e above also implies that inflation must last much longer than 10^4 e-foldings.

If σ_e is determined by σ_{cl}(t_e) rather than by quantum fluctuations then δσ_q(t_e) ≪ σ_e and ζ_σ ≪ 2 3 δσ_k δσ(t_e) . (62) and one can only conclude that N_e < 2 × 10^8 and m_σ/H > 9 × 10^{−5} respectively in the scenarios where the curvaton fluctuations do not and do attain their asymptotic value.

As an aside, we comment on certain existing results in the literature which may be relevant for the curvaton scenario. The asymptotic value of the quantum fluctuations for the curvaton ⟨σ^2⟩ =

3H^4 8π^2m^2_σ

. (63) may be used in eq. (53) as in Refs. [28]. However it may be shown (via eq. (4.11) of Ref. [29], eq. (13) of Ref. [30] and eq. (14) of Ref. [31]) that on including the time variation of H during quadratic chaotic inflation the asymptotic value of the fluctuations during inflation of any light scalar field goes as ⟨σ^2⟩ =

3H^4 16π^2m^2

, (64) where m is the inflaton mass. If one uses eq. (64) then one gets

ζ_σ = ( 2 3 ) 3_2 m H ≈ 1.6 × 10^{−2} (65)

3 This was also pointed out to us by K. Dimopoulos.

which would need r ≈ 3 × 10^{−3} to agree with the observed density perturbations. Such a small value of r will imply f_{NL} ≈ 400 which is in conflict with bounds on f_{NL} [24]. In models with non-quadratic terms in the curvaton potential f_{NL} can be small even when r is small [32–35] because the coefficient of the term proportional to 1/r in f_{NL} in the presence of non-quadratic terms can be very small. These models are then not ruled out (though Ref. [35] indicates that very small values of r are not favoured).

B. Quintessence

In quintessence models the dark energy is associated with a slowly rolling background field Q. Since the potential must be flat so that potential energy dominates the kinetic energy (and the pressure is negative) we verify whether quantum evolution can dominate over the slow classical evolution. Consider the potential

V = V_0 ( M_{Pl} Q )_p (66)

The condition in eq. (4) implies that quantum evolution dominates for H^2 4π √ N > p 8π ( M_{Pl} Q ) HM_{Pl} (67)

(We have presumed that the de Sitter result for the fluctuations is valid in our current epoch of acceleration.) For Q ∼ M_{Pl} [36] and H ≪ M_{Pl} the above inequality is not satisfied. Note that any perturbations generated in the current accelerating phase leave the horizon and can not be detected.

In the model of quintessential inflation [37] the quintessence field plays the role of the inflaton at early times. The potential is as in eq. (66) with p = 4. The value of Q today is approximately its value at the beginning of the radiation dominated era and is about 8M_{Pl}. Once again, for H ≪ M_{Pl} quantum evolution does not dominate during the current accelerated phase.

In Ref. [5] the dark energy today is associated with a frozen condensate of fluctuations of a field φ generated during inflation. The field, which has a quadratic potential, is almost massless during inflation and evolves due to quantum fluctatuations, similar to the evolution of the inflaton in the quantum phase that has been studied above. As the Universe evolves after inflation the superhorizon fluctations remain frozen as a condensate at a value φ_c =

[3H^4_I /(8π^2m^2)]^{1/2} and dominate the energy density of the Universe today (H_I is the Hubble parameter during inflation). The condensate behaves like a slowly rolling quintessence field today with the equation of state of dark energy. Inflation in this model occurs at a low scale of 5 TeV. The curvature perturbation generated during inflation due to quintessence field fluctuations is given by eq. (23) which implies R_k =

3H^2 m^2 δφ φ (68) = √ 6H_I /m ≫ 1 . (69) CMB fluctuations are influenced by the curvature perturbation at decoupling. The contribution of the dark energy to the curvature perturbation at decoupling will be R_k(t_{dec}) ∗ f where f = (ρ + p)_φ (ρ + p)

|_{dec} (70) = φ̇^2 ρ_{dm} |_{dec} (71) = m^2H^4_I 9πH^4_{dec}M^2_{Pl}

(72) and we have used φ̇ = −m^2φ/(3H) and approximated φ by the value φ_c above (as also in Ref. [5]). To obtain the value of the curvature perturbation at decoupling one assumes that δφ/φ remains constant during slow roll because both δφ and φ have the same equation of motion (as in curvaton models). Once the field starts oscillating when H ∼ m, then R_k ∼ δρ/ρ|_φ ∼ δφ/φ ∼ constant. Therefore R_k(t_{dec}) = √ 6(H_I /m)(m/H_I )^2. Then fR_k(t_{dec}) = √ 6m^3H^3_I 9πH^4_{dec}M^2_{Pl}

(73) ≪ 5 × 10^{−5} , (74) where m^<∼ H_0, the Hubble parameter today, as indicated in this model. Thus the curvature perturbation at decoupling due to the quintessence condensate will not give rise to a large net curvature perturbation. Therefore the curvature perturbation due to the quintessence field condensate in this model is not in conflict with CMB observations.

VI. WARM INFLATION

In warm inflation [6], dissipative effects are important during inflation so that radiation production occurs concurrently with inflationary expansion. The basic equation for describing the evolution of an inflaton field that dissipates energy is of a Langevin form [38, 39]

ϕ̈ + [3H + Υ]ϕ̇ − 1 a^2(t) ∇^2ϕ − ∂V ∂ϕ = ζ. (75)

In this equation, Υϕ̇ is a dissipative term and ζ is a fluctuating force. Both are effective terms, arising due to the interaction of the inflaton with other fields. In general these two terms are related through a fluctuation-dissipation theorem, which would depend on the statistical state of the system and the microscopic dynamics. Although the statistical state can be quite general, all studies so far have focused on the thermal state and we will restrict our consideration here to that also. Thus the evolution of the inflaton field has to be calculated in a thermal background.

The above dynamics need not be restricted just to the period when there is a potential driven inflation period. The above dynamics could also occur previous to such a period. This point leads to a new type of inflation phase in which while inflation occurs, the inflaton rather than being governed by the potential V is instead governed by the thermal background which produces large fluctuations in the inflaton field. This is similar to the quantum fluctuation driven inflation discussed in the previous sections, except now the fluctuations are thermal rather than quantum.

To examine the initial period during this thermal fluctuation dominated inflation phase, we first need to evaluate ϕ_T which is the value of ϕ when evolution due to the fluctuations is no longer dominant. Following the same procedure as done for the cold inflation case, we need to evaluate the equivalent of eq. (8.3.12) of Ref.[1] and eq. (3.11) of Ref. [2] to obtain ϕ̇ due to fluctuations and due to the potential and ascertain till when the former dominates. Fluctuations in warm inflation are obtained from a Langevin equation derived using a real-time formalism of thermal field theory [39, 40].

In treating warm inflation, one caveat is important. In general the inflaton dynamics is a non-equilibrium problem. Whether the case of cold or warm inflation, certain assumptions are already being made about this dynamics when one writes down the evolution equation. In cold inflation, the basic assumption is the inflaton is evolving at effectively zero temperature and interactions with other fields are negligible. In the case of warm inflation, one is assuming there is a thermal state and the inflaton interaction with other fields is significant. In this case there will be a point in time, t_d, when these conditions are realized. Previous to that time, in principle one would need to calculate the full quantum field dynamics and determine the statistical state and its evolution. This is beyond the scope of this paper. Here what we will assume is either dissipation effects are important and evolve as eq. (75) or else they are not important and to a good approximation the evolution is the same as the cold inflation case. If t_d is sufficiently early, then the entire fluctuation dominated era can be calculated based on the evolution eq. (75). However if t_d occurs fairly close to the onset of the slow-roll period, then this can allow for possibilities which combine both quantum and thermal fluctuation regimes before potential driven inflation.

There are two dissipative regimes that must be considered depending on whether in eq. (75) Υ ≤ 3H, which is called the weak dissipative regime, or Υ > 3H, which is called the strong dissipative regime. For all these cases, the Langevin equation for the modes of the inflaton field can be solved, as done in Ref. [41]. Our interest here is in the long wavelength modes, for which Ref. [41] finds the solution coincides with the homogeneous solution, as if the effect of the noise force had no effect. Thus calculation of ⟨δϕ^2⟩ in both these cases is found to have the same general form as for cold inflation and, following eqs. (7.3.10-7.3.12) of Ref.[1], ⟨δϕ^2⟩ = 1 (2π)^3 ∫_{aH} H d^3k|ϕ_k|^2 = ∫_{aH} H dk k P_ϕ(k) , (76) where only the inflaton power spectrum P_ϕ(k) ≡ k^3|ϕ_k|^2/(2π^2) is different for the various cases. The limits of the integral admit only those modes that have left the horizon during inflation. Below we consider a quartic new inflation potential.

A. Weak dissipation

In the scenario in which Υ < 3H the slow roll of the inflaton is because of the Hubble damping term in the equation of motion, so in particular the inflaton mass m < 3H must hold in order that a slow-roll regime is eventually achieved. The analysis for this case is very similar to the cold inflation case, except the expression for the inflaton fluctuation is different. In this regime the inflaton fluctuation at freeze-out gives P_ϕ(k) = (3π/4)^{1/2}HT [38, 39, 41] and ⟨δϕ^2⟩ = ( 3π 4 ) 1_2 HT × N(t) . (77) (This may be compared with eq. (1), ⟨δϕ^2⟩ = (H/2π)^2 × N(t).) Then, for ϕ_0 ≈ 0, ϕ = ( 3π 4 ) 1_4 (HT )^{12} √ H(t − t_0) , (78) and the evolution rate of the inflaton in the thermal fluctuation driven phase is

ϕ̇_{th} = 1 2 ( 3π 4 ) 1_4

H^{32} T^{12} 1 √ H(t − t_0)

. (79)

Thermal fluctuations will dominate the evolution of ϕ as long as 1 2 ( 3π 4 ) 1_4

H^{32} T^{12} 1 √ H(t − t_0) ≫ − V^′ 3H = λϕ^3 3H . (80)

Defining ϕ_T as the largest value for which thermal fluctuations dominate, ϕ_T ≈ H^34 T^14 /λ^14 .

The temperature during the thermal phase must be determined. Any residual radiation from initial conditions will rapidly redshift away during any inflation epoch, and so in order for a thermal fluctuation dominated phase of inflation to exist, there must be a source of radiation production. Although in general this is a problem of nonequilibrium quantum field theory, following our statements at the start of this section, we will assume the radiation is produced by the background component of the scalar field, ϕ, which is controlled by eq. (75) without the noise force, for which the radiation produced is

ρ_r =

Υϕ̇^2 4H . (81)

In the weak dissipative regime, ϕ̇ = −V^′/(3H), and for the quartic new inflation potential of Sec. II this gives ρ_r = λ^2Υϕ^6 36H^3

. (82) Since the radiation energy density increases with ϕ, an estimate of the largest radiation energy density produced will be for ϕ ∼ ϕ_T . Equating the expression eq. (82) with ρ_r ≈ g_∗T^4, the temperature can be expressed in terms of the other quantities, and we find T ∼ 0.2λ^{1/5}Υ^{2/5}H^{3/5}/g^{2/5}_∗ ≪ H. The latter inequality follows since λ ≪ 1 and in the weak dissipative regime Υ < H. Thus we conclude that in the weak dissipative case for the new inflation quartic potential, there is never a thermal fluctuation driven regime during inflation. The dynamics before potential driven inflation will be the same as for the quantum fluctuation dominated phase in cold inflation.

B. Strong dissipation

In the strong dissipation case P_ϕ(k) = √ π/4(ΥH)^12 T [39, 41] (see eq. (34) of Ref. [41]).

Results will now be calculated during the fluctuation era for the quartic new inflation model.

Using the above expression for P_ϕ(k) in eq. (76), ⟨δϕ^2⟩ in the fluctuation dominated regime can be obtained as ⟨δϕ^2⟩ = (π 4 ) 1_2

(ΥH)^{1/2}T × N(t) . (83)

Then, for ϕ ≈ 0, ϕ = (π 4 ) 1_4

(ΥH)^{14} T^{12} √ H(t − t_0) , (84) and so ϕ̇_{th} ≈ (ΥH)^14 T^12 H 1 2 √ H(t − t_0)

. (85)

The thermal fluctuations will dominate the ϕ evolution from the potential as long as

(ΥH)^{14} T^{12} H 1 2 √ H(t − t_0) ≫ λϕ^3 Υ . (86)

If fluctuations dominate evolution till ϕ_T then eq. (86) implies that

ϕ_T = (ΥH)^{3/8}T^{1/4}/λ^{1/4} . (87)

The temperature during the thermal fluctuation dominated phase must now be determined using eq. (81), where in the strong dissipative regime ϕ̇ = −V^′/Υ. To estimate the maximum the radiation energy density will be during the thermal fluctuation inflation regime, eq. (87) is used from which we find, T ∼ λ^{1/5} g^{2/5}_∗ (ΥH)^{1/2}. (88)

In order for this regime to be thermal dominated requires T > H, which implies the condition

Υ^>∼ g^{4/5}_∗ λ^{2/5} H. (89)

In this regime, from eqs. (84) and (87)

N_T =

(ΥH)^14 (λT )^12

. (90)

The curvature power spectrum for strong dissipation is given by [39, 41]

P^{12}_R = HΥ |V^′| P^{12}_ϕ (91)

= 2π^{14}

(λT )^12 (HΥ)^14

N^{32}_k , (92) with N_k ≈ HΥ/(2λ ϕ^2_k). (The expression for N_k is that for the weak dissipative regime with 3H replaced by Υ, as can be surmised from eq. (17).) Setting N_k = 60 and P^{12}_R = 10^{−5} gives N_T = (HΥ)^14 /(T λ)^12 = 10^8. One can verify that V (ϕ_T ) ≈ V_0 − (Υ/H)^32 T H^3/4 ≈ V_0 − λ^{1/5}(ΥH)^2/(4g^{2/5}_∗ ). In order that V (ϕ_T ) ≈ V_0 and so the fluctuations do not take the inflaton to the bottom of the potential, it requires the condition 10V_0/(λ^{7/20}M_{P l})^4 ≪ 1, which holds for V^{1/4}_0^<∼ 10^{14}GeV. This is two orders of magnitude less than earlier constraints based on CMBR density fluctuation measurements [7].

In this regime, we also must confirm that the kinetic energy of the field fluctuations does not dominate the potential during the fluctuation driven epoch. The kinetic energy of the field fluctuations is obtained from

⟨ϕ̇^2⟩ = ∫_{akF} k_F dk k |δ̇ϕ(k)|^2 , (93)

where δϕ(k) = (k^3/2π^2)^12 ϕ_k and k_F = (ΥH)^{1/2} is the freeze-out scale in the strong dissipative regime [39]. Using eq. (38) of Ref. [41] for δ̇ϕ(k), δ̇ϕ(k) = − (π 4 ) 1_4 k2 Υa^2

(ΥH)^{14} T^{12} , (94)

we get from eq. (93), ⟨ϕ̇^2⟩ ≈ Υ^{1/2}H^{5/2}T, (95) which is much smaller than V_0 = 0.1H^2M^2_{Pl} since T and Υ are much smaller than M_{Pl}. Also from eq. (88) it follows that ρ_r is much less than V_0.

This result has demonstrated a new thermal fluctuation inflation phase. There can be other variations to the above scenario. In the strong dissipative regime slow-roll motion only requires the condition on the inflaton mass m < Υ, thus in general the inflaton mass can be much bigger than the Hubble parameter. This feature, combined with the presence of a radiation component and dissipative dynamics can lead to other possible dynamics previous to the potential driven inflation phase. One example is if the dissipation dynamics is not initially active, previous to time t_d, the inflaton field now is massive and evolves like the cold inflation case, in that only a 3Hϕ̇ term damps its evolution. In such a case for a massive inflaton field the estimate for ⟨δϕ^2⟩ differs from that in eq. (1) and rather it is eq. (7.3.13) of Ref. [1].

VII. CONCLUSION

In this article we have investigated the evolution of the inflaton due to quantum fluctuations and studied its possible consequences. If the field travels far on its potential due to quantum fluctuations or acquires a large kinetic energy then standard inflation where the field rolls due to the slope of its potential will not subsequently occur. This will dramatically alter the inflationary scenario and significantly affect the density spectrum. For a given potential a priori one can not predict the impact of quantum fluctuations on the evolution of the inflaton. For example, for GUT-scale inflation the quantum phase lasts for 10^8 e-foldings for a Coleman-Weinberg potential (approximated by a quartic potential). In contrast, for quadratic new inflation the quantum phase lasts for 2000 e-foldings. For chaotic inflation, inflection point inflation and for natural inflation, the quantum phase is negligible and classical rolling is important from the beginning of inflation. One might have expected quantum fluctuations to be relevant for all small field inflation models but it is not so for small field natural inflation.

For new inflation models, if one assumes that our current horizon scale left the horizon during classical slow roll, then the earlier quantum phase ends with the inflaton far from the minimum of its potential and with sub-dominant kinetic energy. This allows for the standard classical rolling inflationary phase to follow. If cosmologically relevant scales leave the horizon during the quantum phase, which is subsequently followed by a classical phase, then for quartic new inflation this requires that the coupling λ is greater than 10^{−2}. We have derived the expression for the curvature perturbation which is valid for the quantum phase. We get a large value for the curvature perturbation for modes that leave during the quantum phase. This then rules out this scenario. We also consider a scenario where the quantum phase lasts for the entire inflationary epoch which is also ruled out because of the large curvature perturbations. Our conclusions are similar for quadratic new inflation.

We have also studied curvaton and quintessence models where quantum evolution can be relevant. For curvaton models, if the curvaton evolves during inflation due to quantum fluctuations which determine the curvaton field value at the end of inflation, we find that the number of e-foldings of inflation must be orders of magnitude more than the usual minimum value required to solve the horizon problem. We also find that the slow roll parameter ϵ_H is determined and has a value that is incompatible with small field inflation models. We further point out that newer results for asymptotic values of scalar fields during inflation can lead to large non-gaussianity in conflict with observations. Quantum fluctations in quintessence models do not lead to any inconsistencies with observations though in the condensate dark energy model the curvature perturbation associated with the condensate field is large during inflation.

We have studied quartic new inflation in the context of warm inflation (weak dissipation and strong dissipation regimes). We find that as in cold inflation about 10^8 e-foldings of inflation occur before inflaton evolution is driven by the slope of the potential. However in the weak dissipative regime, the fluctuation driven phase is due to quantum fluctuations while in the strong dissipative regime it is due to thermal fluctuations. Quantum fluctuations of the inflaton in a thermal background are larger than in vacuum, and the condition that the inflaton is not driven to the minimum of its potential by fluctuations in the strong dissipative regime requires that the scale of inflation must be less than 10^{14} GeV. In both dissipative regimes the kinetic energy of the inflaton at the end of the fluctuation driven phase is much less than the potential energy, thereby allowing for the standard warm inflation scenario with a slowly rolling inflaton field driven by the potential to commence after the fluctuation driven phase is over. This confirms the robustness of the warm inflation scenario.

Acknowledgments

A.B. would like to thank the Physical Research Laboratory, Ahmedabad, India for support and hospitality while researching this article. We would like to thank the organisers of the Xth Workshop on High Energy Physics Phenomenology (WHEPP-X) at the Institute of Mathematical Sciences, Chennai, India during which discussions on the above work were initiated. We would also like to thank Mar Bastero-Gil, Karim Malik and Kostas Dimopoulos for very useful discussions. We also acknowledge very useful comments from an anonymous referee.

[1] A. D. Linde, “Particle physics and inflationary cosmology”, Contemporary concepts in physics 5, Harwood, Switzerland (1990) [arXiv:hep-th/0503203].

[2] J. M. Bardeen, P. J. Steinhardt and M. S. Turner, Phys. Rev. D 28, 679 (1983).

[3] D. H. Lyth and D. Wands, Phys. Lett. B 524, 5 (2002) [arXiv:hep-ph/0110002]. [4] D. H. Lyth, C. Ungarelli and D. Wands, Phys. Rev. D 67, 023503 (2003) [arXiv:astro-ph/0208055].

[5] C. Ringeval, T. Suyama, T. Takahashi, M. Yamaguchi and S. Yokoyama, Phys. Rev. Lett.

105, 121301 (2010) [arXiv:1006.0368 [astro-ph.CO]].

[6] A. Berera, Phys. Rev. Lett. 75, 3218 (1995); [arXiv:astro-ph/9509049]. [7] M. Bastero-Gil and A. Berera, Int. J. Mod. Phys. A 24, 2207 (2009). [8] E. W. Kolb and M. S. Turner, “The Early Universe”, Front. Phys. 69, 1 (1990) (Addison- Wesley, Redwood City, California (1990)).

[9] A. R. Liddle and D. H. Lyth, “Cosmological inflation and large-scale structure”, Cambridge University Press, U.K. (2000) (see Sec. 8.3.3).

[10] N. Jarosik, C. L. Bennett, J. Dunkley, B. Gold, M. R. Greason, M. Halpern, R. S. Hill and G. Hinshaw et al., Astrophys. J. Suppl. 192 (2011) 14 [arXiv:1001.4744 [astro-ph.CO]].

[11] R. Allahverdi, K. Enqvist, J. Garcia-Bellido and A. Mazumdar, Phys. Rev. Lett. 97, 191304 (2006) [arXiv:hep-ph/0605035].

[12] R. Allahverdi, K. Enqvist, J. Garcia-Bellido, A. Jokinen and A. Mazumdar, JCAP 0706, 019 (2007) [arXiv:hep-ph/0610134].

[13] J. C. Bueno Sanchez, K. Dimopoulos and D. H. Lyth, JCAP 0701, 015 (2007) [arXiv:hep-ph/0608299].

[14] K. Enqvist, A. Mazumdar and P. Stephens, JCAP 1006, 020 (2010) [arXiv:1004.3724 [hepph]].

[15] K. Freese, J. A. Frieman and A. V. Olinto, Phys. Rev. Lett. 65, 3233 (1990). [16] F. C. Adams, J. R. Bond, K. Freese, J. A. Frieman and A. V. Olinto, Phys. Rev. D 47, 426 (1993) [arXiv:hep-ph/9207245].

[17] K. Dimopoulos, G. Lazarides, D. H. Lyth and R. Ruiz de Austri, Phys. Rev. D 68, 123515 (2003) [arXiv:hep-ph/0308015].

[18] A. H. Guth, J. Phys. A 40, 6811 (2007) [arXiv:hep-th/0702178]. [19] A. Riotto, hep-ph/0210162.

[20] S. Mollerach, Phys. Rev. D 42, 313 (1990).

[21] A. D. Linde and V. F. Mukhanov, Phys. Rev. D 56, 535 (1997) [arXiv:astro-ph/9610219]. [22] T. Moroi and T. Takahashi, Phys. Lett. B 522, 215 (2001) [Erratum-ibid. B 539, 303 (2002)]

[arXiv:hep-ph/0110096].

[23] T. Moroi and T. Takahashi, Phys. Rev. D 66, 063501 (2002) [arXiv:hep-ph/0206026]. [24] E. Komatsu et al. [WMAP Collaboration], Astrophys. J. Suppl. 192, 18 (2011) [arXiv:1001.4538 [astro-ph.CO]].

[25] A. D. Linde, Phys. Lett. B 116, 335 (1982).

[26] L. Boubekeur and D. H. Lyth, JCAP 0507, 010 (2005) [arXiv:hep-ph/0502047]. [27] L. Alabidi and D. H. Lyth, JCAP 0608, 013 (2006) [astro-ph/0603539]. [28] M. Postma, Phys. Rev. D 67, 063518 (2003) [see arXiv:hep-ph/0212005]. [29] G. N. Felder, L. Kofman and A. D. Linde, JHEP 0002, 027 (2000) [arXiv:hep-ph/9909508]. [30] F. Finelli, G. Marozzi, A. A. Starobinsky, G. P. Vacca and G. Venturi, Phys. Rev. D 79, 044007 (2009) [arXiv:0808.1786 [hep-th]].

[31] J. de Haro and E. Elizalde, arXiv:1201.1227 [gr-qc].

[32] K. Enqvist and S. Nurmi, JCAP 0510, 013 (2005) [arXiv:astro-ph/0508573]. [33] M. Sasaki, J. Valiviita and D. Wands, Phys. Rev. D 74, 103003 (2006) [arXiv:astro-ph/0607627].

[34] K. Enqvist and T. Takahashi, JCAP 0809, 012 (2008) [arXiv:0807.3069 [astro-ph]]. [35] K. Enqvist, S. Nurmi, O. Taanila and T. Takahashi, JCAP 1004, 009 (2010) [arXiv:0912.4657 [astro-ph.CO]].

[36] M. Malquarti and A. R. Liddle, Phys. Rev. D 66, 023524 (2002) [arXiv:astro-ph/0203232]. [37] P. J. E. Peebles and A. Vilenkin, Phys. Rev. D 59, 063505 (1999) [arXiv:astro-ph/9810509]. [38] A. Berera and L. Z. Fang, Phys. Rev. Lett. 74, 1912 (1995). [arXiv:astro-ph/9501024]. [39] A. Berera, Nucl. Phys. B 585, 666 (2000). [arXiv:hep-ph/9904409]. [40] M. Gleiser and R. O. Ramos, Phys. Rev. D 50, 2441 (1994) [arXiv:hep-ph/9311278]. [41] L. M. H. Hall, I. G. Moss and A. Berera, Phys. Rev. D 69, 083525 (2004) [arXiv:astro-ph/0305015].