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Quantum fast-roll initial conditions for the inflaton which are different from the classical fast-roll
conditions and from the quantum slow-roll conditions can lead to inflation that lasts long enough. These
quantum fast-roll initial conditions for the inflaton allow for kinetic energies of the same order of the
potential energies and nonperturbative inflaton modes with nonzero wave numbers. Their evolution starts
with a transitory epoch where the redshift due to the expansion succeeds to assemble the quantum excited
modes of the inflaton in a homogeneous (zero mode) condensate, and the large value of the Hubble
parameter succeeds to overdamp the fast roll of the redshifted inflaton modes. After this transitory stage
the effective classical slow-roll epoch is reached. Most of the e-folds are produced during the slow-roll
epoch, and we recover the classical slow-roll results for the scalar and tensor metric perturbations plus
corrections. These corrections are important if scales which are horizon size today exited the horizon by
the end of the transitory stage and, as a consequence, the lower cosmic microwave background (CMB)
multipoles get suppressed or enhanced. Both for scalar and tensor metric perturbations, fast roll leads to a
suppression of the amplitude of the perturbations (and of the low CMB multipoles), while the quantum
precondensate epoch gives an enhancement of the amplitude of the perturbations (and of the low CMB
multipoles). These two types of corrections can compete and combine in a scale dependent manner. They
turn out to be smaller in new inflation than in chaotic inflation. These corrections arise as natural
consequences of the quantum nonperturbative inflaton dynamics, and can allow a further improvement of
the fitting of inflation plus the ACMB model to the observed CMB spectra. In addition, the corrections to
the tensor metric perturbations will provide an independent test of this model. Thus, the effects of
quantum inflaton fast-roll initial conditions provide a consistent and contrastable model for the origin of
the suppression of the quadrupole and for other departures of the low CMB multipoles from the slow-roll
inflation-ACMB model, which are to be contrasted with the TE and EE multipoles and with the

forthcoming and future CMB data.
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L. INTRODUCTION

Inflation (an epoch of accelerated expansion of the
Universe) solves the horizon and flatness problems of the
standard big bang model. It naturally generates scalar
density fluctuations that seed large scale structure and the
temperature anisotropies in the cosmic microwave back-
ground (CMB), and tensor perturbations (primordial gravi-
tational waves) [1,2]. Inflation is based on a scalar field
(the inflaton) whose homogeneous expectation value drives
the dynamics of the scale factor, plus small quantum
fluctuations.

A great diversity of inflationary models predict fairly
generic features: a Gaussian, nearly scale invariant spec-
trum of (mostly) adiabatic scalar and tensor primordial
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fluctuations, and they provide an excellent fit to the highly
precise wealth of data of the Wilkinson Microwave
Anisotropy Probe (WMAP) [3] making the inflationary
paradigm fairly robust. Precise CMB data reveal peaks
and valleys in the temperature fluctuations resulting from
acoustic oscillations in the electron-photon fluid at recom-
bination. These and future CMB and large scale structure
(LSS) observations require more precise theoretical pre-
dictions from inflation, and a deeper understanding of how
inflation begins and ends.

Amongst the wide variety of inflationary scenarios, the
single field slow-roll model provide an appealing, simple,
and fairly generic description of inflation. Its simplest
implementation is based on a single scalar field (the in-
flaton). The inflaton potential is fairly flat, and it dominates
the Universe energy during inflation. This flatness leads to
a slowly varying Hubble parameter (slow roll), ensuring a
sufficient number of inflation e-folds to explain the homo-
geneity, isotropy, and flatness of the Universe, and also
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explains the Gaussianity of the fluctuations as well as the
(almost) scale invariance of their power spectrum.

The dynamics of inflation is usually described by the
classical evolution of the inflaton in a dynamical space-
time whose scale factor obeys the classical Friedmann
equation. This is justified by the enormous stretching of
physical lengths during inflation that classicalizes the dy-
namics. On the other hand, both the perturbations of the
metric and of the inflaton are computed considering their
quantum nature. The observable consequences of slow-roll
inflation are well known [2], in particular, those for the
CMB anisotropies. Present observational data agree with
its predictions for a class of slow-roll inflaton potentials
except for the CMB quadrupole suppression [3,4].

However, the large energy densities during inflation
allow for the creation of inflaton particles, and call for a
quantum treatment for the inflaton field. References [5—7]
considered a quantum treatment to study the dynamics of
the inflaton. Quantum excited initial conditions lead to
inflation that lasts long enough, provided the quantum
inflaton background satisfies the quantum generalized
slow-roll conditions [5,7]. In addition, after a transitory
precondensate epoch, the excited modes of the inflaton
assemble in a homogeneous zero mode condensate [5-7].
Once formed, this condensate obeys the inflaton classical
evolution equations, and we therefore recover the classical
inflation slow-roll description.

More recently, classical fast-roll initial conditions have
been shown to lead to long enough inflation and to the
CMB quadrupole suppression [8—10]. In this article we
consider more general inflaton initial conditions which
lead to long enough inflation, and that we call quantum
fast-roll initial conditions. They are different from the
quantum slow-roll conditions and include the classical
fast-roll conditions as a particular case.

All these general initial conditions lead, after a transitory
precondensate stage, to a slow-roll inflationary epoch that
admits a classical description, thus recovering the classical
slow-roll inflation predictions for the scalar and tensor
metric perturbations. Moreover, if the larger cosmologi-
cally relevant scales exited the horizon close to the end of
the transitory stage, the effect of the modified initial con-
ditions in the bulk modes that dominate the energy density
will be imprinted as corrections to the amplitudes of the
lower CMB multipoles. These corrections have been com-
puted for classical fast-roll initial conditions [8], and they
have been shown to improve the fit of inflation plus the
ACMB model to the CMB data [9]. For quantum slow-roll
initial conditions the corrections were first estimated in
Ref. [5], and they will be computed in more detail here.

In the present article we also compute the corrections
due to the quantum fast-roll initial conditions introduced
here. We show that quantum slow-roll conditions and
quantum fast-roll conditions may improve the fit of the
CMB data with the ACMB model plus inflation. These
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corrections to the spectrum of scalar and tensor metric
perturbations arise as natural consequences of the quantum
precondensate dynamics of the inflaton field. The two
possible types of transitory epochs present before slow
roll, namely, effective classical fast-roll and quantum
(fast-roll or slow-roll) precondensates, lead to opposite
kinds of corrections for the low CMB multipoles. This
quantum precondensate dynamics predict corrections to
the low TE and EE multipoles (temperature T and E-
polarization mode correlations) and to the low CMB tensor
multipoles. Therefore, this is a consistent and contrastable
theory for the origin of the suppression of the quadrupole
and for other departures of the low CMB multipole data
from the classical slow-roll inflation plus the ACMB
model.

This paper is organized as follows: in Sec. II we present
the quantum inflaton field and its evolution equations in the
limit of a large number of components, as well as the
theory to compute corrections to the spectrum of perturba-
tions due to departures from classical slow-roll evolution,
and the relative change in the CMB quadrupole due to
these corrections. In Sec. Il we compute first the correc-
tions to the primordial spectrum of perturbations due to
quantum slow-roll initial conditions. Next, we introduce
quantum fast-roll initial conditions and compute the infla-
tionary evolution. Then, we compute the corrections to the
primordial spectrum of perturbations due to the quantum
fast-roll initial conditions, and the relative change in the
low CMB multipoles. Finally, in Sec. IV we further discuss
the results and present our conclusions.

We use units # = 1, ¢ = 1, and in the figures we also
take m = 1 with m the inflaton mass. For the scale factor of
the Friedmann-Robertson-Walker (FRW) metric, we take
a(0) = 1.

II. QUANTUM INFLATON EVOLUTION

The action for the quantum inflaton dynamics can be
written as

S=S,+S8, + 8, + 55, (1)

where each term describes the dynamics of one of the
components: S, describes the dynamics of the metric
background, 85, that of the cosmologically relevant metric
perturbations, S, accounts for the dynamics of the inflaton
field, and 65, the dynamics of the cosmologically relevant
inflaton perturbations. Here, we consider all these terms to
be quantum mechanical except for the metric background
S, which is purely classical. This generalizes the classical
framework where only the perturbations are quantized.
On one hand, the gravitational terms are

1
Sg + 5Sg = _% /«/—gd“xR (2)

where G is Newton’s gravitational constant, and R is the
Ricei scalar for the complete metric g,,. By expanding
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guv 1n terms of the spatially flat FRW metric and its

perturbation, g,, = g(ﬂfw) + 08, the corresponding S,

terms (those which do not contain 6g ,,) and the S, terms
can be recognized (see Refs. [5,11] for more details). We
are interested in the metric perturbations at the cosmolog-
ically relevant scales.

On the other hand, the inflaton terms in the action are

1
S+ 88, = [ VRt yaakek - v @

where y is the inflaton quantum field and V() the inflaton
potential. We consider a multicomponent inflaton quantum
field ¥ = (xy, ..., xy) since it allows us to apply a non-
perturbative method to compute the dynamics, namely, the
large N limit. It must be stressed that we consider O(N)
invariant initial states with an O(N) invariant inflaton
Lagrangian, since the Universe as a whole should be ex-
pected to be in an O(N) invariant state. This leads to
straight trajectories in field space, and therefore, this is
effectively a single field inflaton model [5].

It is also convenient to split the contribution from the
inflaton terms in the action S,, and the contributions from
the cosmologically relevant inflaton and metric perturba-
tions in the term 65,,.

Let us call A the k scale in momentum space that
separates the modes contributing to the background
(k< A) from those that contribute to the perturbations
(k> A). Modes with k >> m cannot be significantly ex-
cited since the energy density during inflation must be of
the order ~20 M* in order to have = 60 e-folds of inflation
[7], where M ~ 10'® GeV is the energy scale of inflation,

MZ

m=
Mp

“
is the inflaton mass, and My, is the Planck mass given by
Mp = 1//87G = 2.4 X 10'® GeV.

On the other hand, the modes that are cosmologically
relevant, i.e., those corresponding to the scales of large
scale structures and the CMB, are, today, in the range from
0.4 Mpc to 4 X 10° Mpc. These scales correspond to
physical wave numbers at the beginning of inflation in
the range from [9]

H H
10eNe =02 —, to 107eNe=02py, 415 (5)
10 MPI 10 MPI

where N, is the number of e-folds since the CMB quad-
rupole modes exit the horizon till the end of inflation, and
H is the Hubble parameter during inflation.

Notice that the CMB quadrupole modes are, today,
horizon size (4 X 10®> Mpc) while at horizon exit their
physical wave number corresponds to the left-hand side
of Eq. (5).

Thus, A is in an intermediate k range of modes whose
contributions are irrelevant both for the background and for
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the perturbations at the cosmologically relevant scales,

— 100No—62 H
A~ 10e LAV

independent of the particular value of A. (For a more
detailed discussion see Ref. [5]).

The quantum evolution equation for the inflaton back-
ground is

and the observable results are

.. . V2y
¥+3Hy - X+ v =0 (6)
a

with a the scale factor of the FRW metric, H = a/a the
Hubble parameter, and V' the derivative of the inflaton
potential with respect to ¥, and the dot stands for the
derivative with respect to the cosmic time. As the back-
ground is homogeneous, this implies that the expectation
values of the field and of its momenta are homogeneous. It
is important to note that this homogeneity of the expecta-
tion values does not prevent excited modes with nonzero
wave numbers. These homogeneous states with wave-
number excited modes can be thought of as homogeneous
seas of particles with nonzero momenta.

The evolution equations for the quantum inflaton are
coupled to the Friedmann classical evolution equations for
the space-time metric

P
3IME,

Gy =Ty, = H> = )

with G, the Einstein tensor for the FRW metric, (T',,,,) the
expectation value of the energy-momentum tensor for the
inflaton quantum field, and p = (T%) the energy density.

The approach of considering the expectation value of the
energy-momentum tensor of the matter quantum fields as
the source for the metric evolution is usually called semi-
classical gravity. This approach is justified provided the
quantum gravity corrections can be neglected, as is our
case here: they are of order ~(m/Mp)*> ~ 107°.

The evolution equations for the quantum perturbations
of the metric and of the inflaton are well known when the
inflaton is a classical field (see, for example, Ref. [11]).
However, they are not known in the case of quantum
inflaton fields. It is only known how to compute the spec-
trum of perturbations in the regimes where the quantum
inflaton can be described by an effective classical field.

A. Quantum evolution equations. The precondensate
and the condensate epochs

It is not an easy task to compute the time evolution
defined by Eq. (6) for a generic quantum state, and it is
only known how to compute this evolution under certain
approximations. Here, as we need to compute the evolution
of excited nonperturbative states with homogeneous ex-
pectation values, we will use the large N limit method [5—
7,12]. This method gives the evolution equations in the
limit of a large number of components N and provides
consistent evolution equations which can be numerically
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implemented both for the inflaton expectation value and for
the nonperturbative inflaton modes. The large N limit
captures the relevant physics of inflation.

We consider the inflaton potential

1 A Nm* 1l -«
\% ) — _ 2"2+ "22+ ,
) =5 am™x* T o ()" + 3 —
with a = *1. ()

The last constant term here sets the minimum of V(y) at
V(x) = 0. The quartic self-coupling A is of the order [13]

A~ (£)4 ~ 10712 9)

Pl

The quantum field Fock state (or density matrix) describing
the inflaton field is assumed invariant under translations
and rotations, that is, homogeneous and isotropic [6,7]. The
quantum field states consist of a distribution of k¥ modes
over the Fock vacuum. We choose a mode distribution of
width Ak centered around a value k = ky < A. The field
operator y(X, t) can be Fourier expanded in terms of crea-
tion and annihilation operators and mode functions [5-7]
as

3 7=
x(x 1) =é o)+ [%[@fk(t)eim

+alfr(e ik, (10)

where &, = (1,0,...,0) and a; and &Z obey canonical
commutation rules.

In the large N limit the evolution equations for the
quantum inflaton background are given by [5,7]

$+3Hp + M?p =0, (11)

2
f'k+3ka+<%+le2)fk=0 (12)
with

A A [ Bk
MZ — 2 + = 2 + = -
am ¢ R 2023

2
> 5 £l 13)

where ¢ = (¥;) is the expectation value of the quantum
inflaton field, (y,) = 0 for2 < a < N, and f} its quantum
modes [5]. The inflaton evolution equations are coupled to
the evolution equations for the scale factor,

m=_"r
3IME,
p_1,2+.’M4—m4+m41—a
N 2 22 24 2 (14)
L[ Bk, K
_ - + 2,
3 (27)3(|fk| azlfkl)

where p = (T%) is the energy density. The pressure
(p8 = (T}7)) is given by
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ptp 5, 1 &k (. 5 k? 2

=gt as [ SRR 5a i) as
The index R denotes the renormalized expressions of these
integrals [7]. This means that we must subtract the appro-
priate asymptotic ultraviolet behavior in order to make the
integrals convergent in Egs. (13)—(15).

The characteristic mass scale of the inflaton modes f(¢)
is clearly the inflaton mass m [see Eqs. (12) and (13)]. In
order to have an energy density p = O(M*) and not
O(m*) < O(M*), the inflaton modes with k < A must
have a nonperturbative amplitude |f,(r)] = O(A~1/?).
Thus,

m4

o= @(—) — o).
A
where we used Eqgs. (4), (9), and (14).
Two types or classes of quantum inflation scenarios have
been considered [5-7]:

(i) Quantum chaotic inflation, in which the inflaton field
has a large amplitude (in the expectation value and/
or in the quantum modes). The inflaton potential
energy is due to the potential energy of this large
amplitude state.

(i1) Quantum new inflation, in which the inflaton field
has a small amplitude, and the inflaton potential
energy is due to the large values of the potential
for small amplitudes of the field.

In this framework the quantum generalized slow-roll

condition is given by [5,7]

&’k

&Sk,
) + 2 < 2( 2 + 2).

(16)

This is a sufficient condition to guarantee inflation (d > 0)
and to guarantee that it lasts long (for both scenarios). The
classical slow-roll condition is a particular case,

¢ << miol (17)

The states that verify the quantum generalized slow-roll
conditions, Eq. (16), lead to two inflationary epochs sepa-
rated by a condensate formation [5,7]:
(a) The precondensate epoch: During this epoch the
term

&Pk K

R ) & |l (18)
gives an important contribution to the energy
[Eq. (14)], while it decreases due to the redshift of
the excitations (k/a — 0). This epoch ends when all
the contributions of k?/a” to the background dy-
namics are negligible. Then, all the excited modes
are effectively assembled in a zero mode
condensate.
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(b) The condensate slow-roll epoch: Once the excited
modes behave effectively as a zero mode conden-
sate, the inflaton background can be described as the
classical effective field [5,6],

3
& () = m\/¢2(t) " [ %m(mz. (19)

This effective classical inflaton verifies the classical
evolution equations
G ot T 3HPesr + i@y + A3 =0, (20)

H=_"r_
3Mp, 21)
~ 1 X 1 ~? o~ X - m4
p= qugff + 5“’”2@2% + ZﬁDgr‘f + ﬁ(l —a),
with
y_ A ) 2
)l=ﬁ, m- = m-, a=*1. (22)
The pressure is given by
ptp= G;bgff* (23)

It is important to note that the initial conditions for
the classical effective inflaton @.¢ are fixed by the
quantum state (i.e. the quantum precondensate
epoch). During the condensate slow-roll epoch the
effective inflaton @ verifies the classical slow-roll
condition, Eq. (17), i.e., $% < m? ;.

In addition, we introduce and study in this article novel
quantum initial conditions for the inflaton which are not of
quantum slow-roll type, and which we call quantum fast-
roll initial conditions. These quantum fast-roll initial con-
ditions also lead to inflation that lasts long enough, as we
show in the next section. The effective description,
Egs. (19)—(23), also proves to be valid for quantum fast-
roll initial conditions after the evolution has redshifted the
modes and assembled them in a zero mode condensate.

These quantum initial conditions concern the nonpertur-
bative inflaton modes that contribute significantly to the
background, that is, the kK << A inflaton modes. We choose
the usual Bunch-Davies (BD) initial conditions for the
cosmologically relevant perturbations k > A. Physical ef-
fects of non-Bunch-Davies initial conditions for the cos-
mologically relevant modes were presented in Ref. [8].

B. Corrections to the spectrum of perturbations.
The transfer function D (k)

The spectrum of scalar and tensor metric perturbations
for quantum inflation (new and chaotic) has been computed
in Ref. [5]. There, we found that, provided the cosmolog-
ically relevant scales exited the horizon during the conden-
sate epoch, the classical inflation results are recovered at
leading order. In addition, this study had identified several
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sources of quantum corrections and computed their order
of magnitude:

(i) Coupling of the cosmologically relevant modes with
the quantum inflaton dynamics yields corrections of
order ~(H/Mp)* ~ 10~ or smaller; this estimation
has been confirmed by the more detailed study in
Ref. [14].

(ii) Contributions from higher orders in 1/N.

(iii) Contributions from the precondensate epoch. These
can be important for large scales that exited the
horizon before or during the formation of the
condensate.

Here we compute these last quantum corrections in more
detail and for more general initial conditions. That is, we
compute the effects of the quantum precondensate epoch in
the primordial spectrum of perturbations and in the ob-
served CMB multipoles.

In addition to the usual method to compute the primor-
dial spectrum of perturbations, we also use here the method
developed in Refs. [8] to compute the changes in the
primordial spectrum due to generic initial conditions, in
particular, the fast-roll conditions. Both of these methods
have been obtained for a classical inflaton field. Therefore,
they can only be applied, in principle, to regimes where the
quantum inflaton can be described by an effective classical
field, as in the condensate epoch. In order to obtain esti-
mates of the effects of the precondensate epoch, we use
these formalisms when the inflaton is close to the forma-
tion of the condensate and thus can be described by the
effective inflaton, Eq. (19).

The modes of the curvature perturbations S fulfill the
equation [8]

d? 1 &%z
— k=W ]S k;m) =0, Wg =-—
[dn2 (1) |Sw(k; 1) R= L dr

(24)

where 7 = [{ di'/a(?') is the conformal time and z(7) is
given in terms of the derivative of the classical inflaton
which for our study is the effective inflaton field @4 (7),
Eq. (19), i.e.,

g:beff
= . 25
z2(n) =a i (25)
Wx(n) is the potential felt by the curvature perturbations
during the whole evolution: fast roll as well as slow roll.
For the curvature perturbations the quantity that leads to

the differences with respect to slow roll is the potential

Vg =W — Wi (26)

that is, the difference of the potential Wx and its value for
slow roll, W;{, where to first order in slow roll

_2+9¢, =37,

2 >

WSt =
R n

27)
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with €, 7, the first order slow-roll parameters evaluated
during slow roll:
52 V(& e
[ and Ny = M}%I (fDeft)‘
V(gpeff)

The potential Vg, Eq. (26), is determined by the depar-
tures of the background dynamics from slow roll. Notice
that when the potential Vg is negative (attractive) the
perturbations are suppressed, while when it is positive
(repulsive) the perturbations are enhanced [8]. In the
purely classical fast-roll case, Vg is attractive and the
perturbations are suppressed [8].

In the slow-roll regime with a classical inflaton, the
perturbation modes, Eq. (24), feel the repulsive potential
Wi, Eq. (27), which yields the scale invariant primordial
power [11]

k\ns—1
PEP(k) = IAZEMIZ(,C—O) , (28)
when BD initial conditions are imposed on the perturbative
modes.

In the classical fast-roll case the primordial power spec-
trum gets modified by the transfer function D g (k) as [8,9]

Pr(k) = PR(K[1 + Dr (k)] (29)

The effect of the precondensate regime on the primordial
power both for quantum slow-roll and quantum fast-roll
initial conditions can also be encoded in an appropriate
transfer function D (k).

We will consider the effects on the primordial power at
the end of the transitory epoch before the effective classical
slow-roll epoch. The effects on the low CMB multipoles
have two different origins that come from the two kinds of
transitory epochs before slow roll:

(1) Precondensate effects. For perturbative k modes that
exit the horizon before the condensate, Eq. (19), is
formed and before the classical equations (20) and
(21) hold, the transfer function D (k) is nonzero and
the power spectrum is given by Eq. (29). This entails
an enhancement in the low CMB multipoles as we
show in Sec. IIL

(ii) Fast-roll effects. As for the purely classical fast-roll
inflation initial conditions [8,9], when the nonper-
turbative £ modes obey quantum fast-roll initial
conditions, a nonzero transfer function Dg (k) ap-
pears in Eq. (29) and the primordial power is sup-
pressed as we show in Sec. III.

The transfer function in the primordial power due to the

deviation from the slow-roll dynamics is given by

DW= /. ngR<n)[sin(2kn>(1 E k%nz)

2
+ H cos(2kn):|. (30)

PHYSICAL REVIEW D 78, 083508 (2008)

This function allows us to obtain the changes (suppression
or enhancement) in the low multipoles resulting from the
early fast-roll dynamics [8],
AC _ [5 D) (x)dx an
G J© fi(x)dx
where x = k/k, k = ayH,/3.3, with a, and H, the scale
factor and the Hubble parameter today, and

fi0) = Li()F /x (32)

for a nearly scale invariant spectrum of perturbations [8]
with j;(x) the spherical Bessel functions [15]. In particular,
for the quadrupole this yields

AC 1
o= [ anVaewen. 63
with
—_ ody.. (2 1)
W) = 12 [T S0 (17 - ) sinr
+ Zy cos(2yx)].
X

Analogously, tensor perturbation modes S verify the evo-
lution equation

A o ()
[d—nz +k Wr(n)]sr(k’ m=0  Wr= a(n)’
(34)

with a(n) the scale factor as a function of the conformal
time and a”(7) its second derivative with respect to 7.
Wr(n) is the potential felt by the tensor perturbations
during the whole evolution: fast-roll as well as slow-roll
inflation.
It is convenient to define the potential

Ve=wr-wy owp=23M )
where WY is the value of W7 in the slow-roll evolution. The
potential V7 is determined by the fast-roll dynamics.
When the potential V; is negative (attractive) the tensor
perturbations are suppressed, while when it is positive
(repulsive) the tensor perturbations are enhanced [8]. In
the purely classical fast-roll case, V7 is attractive and the

tensor perturbations are suppressed [8].

III. QUANTUM INITIAL CONDITIONS AND
OBSERVABLE CONSEQUENCES

Several initial conditions have been shown to lead to
inflationary periods that last long enough (55 e-folds or
more) to explain the observed flatness and homogeneity of
the Universe. Namely, classical initial conditions that ver-
ify the classical slow-roll conditions ¢? << m?¢?, quantum
initial conditions that verify the quantum generalized slow-
roll conditions, Eq. (16), and more recently, classical fast-
roll initial conditions ¢> ~ m?¢? have been shown to lead
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to long enough inflation [5,8]. We show in this section that
more general quantum initial conditions lead to inflation.
These initial conditions are different from the quantum
slow-roll conditions and we call them quantum fast-roll
initial conditions. The classical fast-roll initial conditions
are a particular case.

The observable consequences of slow-roll inflation are
well known [2], in particular, those for the CMB fluctua-
tions. Present observational data agree with the slow-roll
predictions for appropriate inflaton potentials within the
present accuracy, except for the quadrupole of the CMB.
All initial conditions mentioned here lead, after a transitory
epoch, to a period of slow-roll inflation. If the slow-roll
inflation period is large enough, all the details of the
previous initial conditions will be erased. However, if the
larger scales exited the horizon close to the end of the
transitory epoch, the initial conditions imprint features in
the low multipoles of the CMB spectrum with respect to
the slow-roll results. Such corrections have been computed
for the case of classical fast-roll initial conditions in
Refs. [8,9]. We compute here the corrections for the quan-
tum slow-roll conditions, and for the quantum fast-roll
initial conditions introduced in this paper. This computa-
tion shows that the two possible types of transitory epochs
present before slow roll, namely, fast roll and preconden-
sate, lead to different kinds of corrections for the low CMB
multipoles.

A. Quantum slow-roll initial conditions

We first consider quantum initial conditions that verify
the quantum slow-roll condition, Eq. (16). The background
dynamics of these quantum initial conditions has been
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studied in Ref. [7]. These initial conditions have initial
equations of state between p(0)/p(0) =~ —1 [for classical
slow roll, Eq. (17)] and p(0)/p(0) =~ —1/3 for the quantum
extreme case. The latter equation of state is found when the
integral of Eq. (18) dominates the energy p [Eq. (14)]. (See
Fig. 1).

During the transitory precondensate inflationary epoch,
the modes are rapidly redshifted, and at the end of this
epoch they are assembled in a zero mode condensate. After
that, the condensate epoch starts and the quantum field
condensate can be described by the effective classical field
Eq. (19) that verifies the classical slow-roll conditions.
This allows us to recover the known slow-roll results for
the cosmological relevant modes provided they exited the
horizon during the condensate epoch [5]. In addition,
quantum corrections have been predicted in Ref. [5] for
large scales that exited the horizon close to the transition
between the quantum precondensate and the classical con-
densate inflationary epochs.

Here, we numerically compute these quantum correc-
tions to the scalar and tensor metric perturbations. First, we
compute the potentials Vg and V7 felt by the scalar and
tensor fluctuations, respectively.

For quantum chaotic inflation we consider

M \2
(—) and
Mp,
- M \4
A= 118X 10712 ~ (—)
Mp

(best fit to WMAP3 and Sloan Digital Sky Survey data
found in Ref. [16]).

M 102%x 1075 ~
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Quantum chaotic inflation with guantum slow-roll initial conditions. The nonperturbative inflaton modes have wave numbers

around k ~ 8m with a characteristic width Ak ~ 0.8m. Top left panel: equation of state p/p as a function of comoving time for early
times. Top right panel: the potential V% felt by the scalar curvature perturbations as a function of the conformal time 7. Bottom right
panel: the potential "V felt by the tensor perturbations as a function of the conformal time 7. Bottom left panel: the CMB quadrupole
amplitude, AC,/C,, as a function of the scale k. AC,/C, increases due to the effect of the quantum precondensate inflaton epoch.
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We consider quantum initial states that verify the quan-
tum slow-roll condition [Eq. (16)] with various wave-
number distributions and with amplitudes chosen to lead
to an energy density at the beginning of slow roll, p =
6.5m*/ A. (These values guarantee that the slow-roll part of
inflation lasts 55 e-folds). In particular, in Fig. 1 we show
the results obtained for a distribution of nonperturbative
inflaton modes around k = ky ~ 8m with width Ak ~
0.8m and the slow-roll initial conditions

K2/a(0) + M2(0)

f1(0) = 3H0)

fx(0),

which follow by neglecting f,(0) in Eq. (12) [7].

The results for quantum chaotic inflation show that both
the scalar and the tensor metric perturbations became
enhanced by the quantum slow-roll initial conditions at
the large scales that correspond to the end of the precon-
densate epoch. Figure 1 illustrates this effect. In this case
the potentials Vg and "V felt by the fluctuations are both
repulsive. This also implies that if the scale corresponding
to the CMB quadrupole exited the horizon at the end of the
precondensate epoch, its amplitude will be larger than if it
exited deep inside the condensate epoch. This enhance-
ment is larger for initial distributions whose energy is
dominated by modes with higher momenta. Since the
CMB observations show a suppression of the quadrupole
instead of an enhancement, this simply implies that the
CMB quadrupole mode cannot exit the horizon during a
quantum slow-roll precondensate epoch. We will see below
that this statement gets weaker if the scale of the quadru-
pole exited the horizon during a quantum fast-roll epoch.

For quantum new inflation, on the other hand, initial
conditions have small amplitudes for the inflaton modes
and for the expectation value of the inflaton. This implies
that even the more excited inflaton modes have small
amplitudes, and if they have k ~ m the contribution of
the integral Eq. (18) to the energy density will be small,
and the precondensate corrections to the spectrum will also
be small. In addition, if the initial conditions verify the
quantum slow-roll condition, then the kinetic contribution

3
Lol [ 25 pp
2 4 JrQ2m)?
is also small. This implies that for new inflation, if the more
excited inflaton modes have k ~ m, the corrections to the
scalar and tensor perturbations from the slow-roll precon-
densate are negligible.

B. Quantum fast-roll initial conditions

We call quantum fast-roll initial conditions all those
quantum initial conditions that are different from the quan-
tum slow-roll condition, Eq. (16). The classical fast-roll
initial conditions ¢? ~ m?@? are particular cases of these
quantum fast-roll initial conditions. We have found that

PHYSICAL REVIEW D 78, 083508 (2008)

quantum fast-roll initial conditions can lead to inflation
that lasts long enough, even when their initial kinetic
energy is of the order of their initial potential energy.
Generalizing the dimensionless variable y defined in
Ref. [8], we define here the variable [see Eq. (15)]

3ptp

yZE2 , 0=y>=3. (36)
p
Since inflation requires
4 — (1 -y >0, 37)
a

the range of the variable y? for inflationary evolution is 0 <
yr <.

The classical slow-roll regime corresponds to y> << 1.
On the other hand, y2 = 3 can only be reached if the kinetic
energy dominates the energy density; in this case the
equation of state is p =~ p. We consider here quantum
fast-roll initial conditions that have kinetic energy of the
order of their potential energy and therefore y* ~ 1. In this
case the equation of state is p =~ —p/3.

For quantum chaotic inflation we consider m/Mp =

LO2X 1070 ~ ()2 and A =118 X 10712 ~ (L)
(best fit to WMAP3 and Sloan Digital Sky Survey data

found in Ref. [16]). We consider initial states obeying the
fast-roll condition,

2
O~ aron0 o9

with various distributions and with amplitudes chosen to
lead to an initial energy density at the beginning of slow
roll, p = 6.5m*/A. (These values guarantee that inflation
lasts at least 55 e-folds). The conditions (38) do not fulfill
the quantum slow-roll conditions, Eq. (16).

We find that quantum fast-roll initial conditions lead to
an early fast-roll epoch, in which the contribution from the
kinetic energy dominates the total energy density. During
this fast-roll epoch the large value of the Hubble constant
overdamps the derivatives of the inflaton modes and of the
inflaton expectation value, rapidly reducing the kinetic
energy. This means that generically the fast-roll epoch is
followed by the slow-roll epoch. In fact, it is in this slow-
roll epoch that most of the required e-folds take place.

Two situations arise depending on whether the initial
distribution of nonperturbative inflaton modes is centered
around small or large kq (kg << m or kg ~ m):

(1) When the initially excited nonperturbative inflaton
modes are excited only for low wave numbers, k ~
ko << m, they effectively behave as a zero mode
condensate, and we have an effective classical de-
scription in terms of the effective inflaton field de-
fined in Eq. (19) with the evolution given by
Egs. (20) and (21). For these initial conditions we
recover the classical fast-roll epoch described in

083508-8



QUANTUM SLOW-ROLL AND QUANTUM FAST-ROLL ...

Refs. [8,9], followed by the classical slow-roll
epoch; in particular, we have from Egs. (15), (23),
and (36)

[\OR OS]

Consistently, the corrections for the scalar and tensor
metric perturbations are the same as those found in
Refs. [8,9]. Both scalar and tensor metric perturba-
tions that exited the horizon by the end of this
effective classical condensate fast-roll epoch have
their amplitudes suppressed with respect to their
values for pure slow roll, implying a suppression of
the low CMB multipoles, in particular, of the CMB
quadrupole. See Fig. 2.

(i) When the initially excited inflaton modes have k ~
ko ~ m or larger, the evolution starts with a quan-
tum precondensate epoch, and the fast-roll and
quantum  precondensate  effects = compete.
Perturbation modes that exit the horizon during
the fast-roll epoch are suppressed, while modes
exiting the horizon during the precondensate epoch
are enhanced. Their respective intensity depends on
the values of y? and of the characteristic k scale of
the excited inflaton modes. This competition results
in that, at some scales, the perturbations are en-
hanced while at other scales they are suppressed,
as can be seen, for example, in Fig. 3. The relative
relevance between the kinetic |f;|?> and momentum
contributions ’;—z | f|? to the energy [Eq. (14)] seems

0.2 T T T T T
0
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to determine which is the more relevant effect at this
k scale, and whether the perturbations exiting the
horizon at this scale k are enhanced or suppressed
relative to their classical slow-roll amplitude (see
right panels of Fig. 3). The enhancement is more
notorious for the tensor perturbations. In addition,
the fact that the perturbations at some scales are
enhanced while at other scales they are suppressed
implies that some CMB multipoles can be sup-
pressed while others are enhanced (see bottom right
panel of Fig. 3).

If the quantum initial precondensate effects dominate
when the quadrupole mode exits the horizon, the quadru-
pole mode would get enhanced, contrary to the CMB
observations which show a suppression for the quadrupole.
Therefore, this imposes upper bounds on the characteristic
ko scale of the nonperturbative inflaton modes. However,
increasing the value of y? reduces the enhancement of
these inflaton k modes, relaxing such upper bounds on k.

On the other hand, for quantum new inflation, the quan-
tum initial conditions require initially small amplitudes for
the inflaton modes; this makes the contribution of the
integral Eq. (18) small, and therefore the precondensate
corrections to the spectra will also be small.

We can summarize the time evolution for the quantum
fast-roll inflaton initial conditions as follows:

(1) The early precondensate fast-roll epoch where the
inflationary dynamics is described by the nonpertur-
bative inflaton k modes f(7).

(i) The first of the two transitions happens. Either the
fast roll is damped ending the fast-roll epoch, or the
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1
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~
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FIG. 2. Quantum chaotic inflation with quantum fast-roll initial conditions given by Eq. (38), with low k inflaton excited modes
having k ~ ky << m. In this case the quantum fast-roll stage is an effectively classical condensate epoch. Top left panel: equation of
state p/p as a function of comoving time for early times. Top right panel: the potential Vg felt by scalar curvature perturbations as a
function of the conformal time 7. Bottom right panel: the potential V7 felt by tensor perturbations as a function of the conformal time
7. Bottom left panel: change of the CMB quadrupole amplitude—AC,/C, as a function of the scale k. The quadrupole gets

suppressed by the fast-roll condensate.
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FIG. 3. Quantum chaotic inflation with quantum fast-roll initial conditions given by Eq. (38) for excited inflaton modes having
k ~ ko =~ 8m and a characteristic width Ak ~ 0.8m. Top left panel: equation of state p/p as a function of comoving time for early
times. Top right panel: fraction of the total energy p expressed as a percentage (%) that comes from the momentum contribution [the
integral Eq. (18)] and from the kinetic term contribution (the derivative of the mode amplitudes f,). Middle right panel: the effective
potential felt by the scalar perturbations V¢ as a function of the conformal time 7. Bottom right panel: the effective potential felt by
the tensor perturbations V7 as a function of the conformal time 7. Middle left panel: change of the quadrupole amplitude of the CMB,
AC,/C,, as a function of the scale k. AC,/C, gets suppressed or enhanced depending on the value of the scale . Bottom left panel:
change of the low multipoles of the CMB, AC,/C,, as a function of the multipole order [ for x = 29.12m.

condensate is formed ending the precondensate
epoch. The initial conditions determine what hap-
pens first. If the fast roll is stopped first, this second
epoch is a precondensate slow-roll epoch, while if
the condensate forms first, this second epoch is a
fast-roll condensate epoch where the inflationary
dynamics is described by the effective inflaton
Geii(t) of Eq. (19).

(iii)) The second of the two transitions happens. The
dynamics reaches a slow-roll condensate regime
from its previous precondensate slow-roll epoch
or fast-roll condensate epoch. This slow-roll con-
densate evolves according to the effective descrip-
tion given by Egs. (20) and (21); i.e., this third
epoch is effectively a classical slow-roll epoch.

IV. CONCLUSIONS

We have introduced a new type of inflationary initial
condition, namely, quantum fast-roll initial conditions
which lead to long enough inflation. They are different

from the quantum generalized slow-roll conditions and
yield to the classical fast-roll conditions as a particular
case. Quantum fast-roll initial conditions are far beyond
slow roll, as their kinetic energy can be of the same order as
their potential energy.

Two relevant issues play an important role in the quan-
tum inflaton dynamics: the redshift due to the expansion
and the large value of the Hubble parameter. The redshift
due to the expansion succeeds to suppress the contributions
from the quantum inflaton k-terms, and assembles all the
nonperturbative inflaton modes in an inflaton condensate
after a transitory precondensate epoch. On the other hand,
the large value of the Hubble parameter succeeds to over-
damp the oscillations of the redshifted inflaton quantum
modes, thus stopping the fast roll. Therefore, an effective
classical slow-roll inflation epoch is reached after a tran-
sitory quantum inflation epoch as a consequence of the
combined effect of the redshift due to the expansion and
the large values of the Hubble parameter.

Such a transitory epoch can have observable effects. If
scales which are, today, horizon size exited the horizon
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close to the end of the transitory epoch, the spectra of
scalar and tensor metric perturbations are similar to the
spectra for classical slow roll, but with corrections for the
larger scales. These corrections for the larger cosmologi-
cally relevant scales of the scalar and tensor metric pertur-
bations are reflected in the amplitudes of the lower
multipoles of the CMB spectra. We have found that for
both scalar and tensor metric perturbations, the classical or
effective classical condensate fast-roll epoch suppresses
the amplitude of the perturbations (and therefore the am-
plitude of the respective CMB multipoles), while the quan-
tum precondensate epoch enhances the amplitude of the
perturbations (and of the respective CMB multipoles).

The corrections to the CMB multipoles from the quan-
tum precondensate turn out to be smaller in new inflation
than in chaotic inflation.

In addition, when both fast-roll and quantum precon-
densate effects compete, they can lead to suppression in
some scales and enhancement in other scales. Therefore,
these corrections for the lower multipoles can allow one to
further improve the fit of the predictions of the inflation
plus the ACMB model to the observed TT, TE, and EE
CMB spectra.

It is important to note that these corrections to the
spectrum of scalar metric perturbations arise as natural

PHYSICAL REVIEW D 78, 083508 (2008)

consequences of the quantum dynamics of the inflaton.
Since the quantum dynamics also predicts corrections to
the spectrum of tensor perturbations, when the tensor
perturbation spectrum is observed, an independent test of
the quantum fast-roll model will be possible. Therefore,
effects due to quantum fast-roll initial conditions in the
nonperturbative inflaton modes (k > A) are a consistent
and contrastable explanation for the suppression of the
CMB quadrupole and for the other departures of the low
CMB multipoles from the slow-roll inflation plus ACMB
model.

The consequences of our study of quantum fast-roll
initial conditions on the low TE and EE multipoles need
to be explored. Forthcoming data for low CMB multipoles
motivate this work and are needed to reach a clear under-
standing on these issues.
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