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In this Letter, we study analytically the evolutions of the flat Friedmann-Lemaitre-Robertson-Walker
(FLRW) universe and its linear perturbations in the framework of the dressed metric approach in loop
quantum cosmology (LQC). Assuming that the evolution of the background is dominated by the kinetic
energy of the inflaton at the quantum bounce, we find that both evolutions of the background and its
perturbations are independent of the inflationary potentials during the pre-inflationary phase. During
this period the effective potentials of the perturbations can be well approximated by a Pdschl-Teller
(PT) potential, from which we find analytically the mode functions and then calculate the corresponding
Bogoliubov coefficients at the onset of the slow-roll inflation, valid for any inflationary model with a
single scalar field. Imposing the Bunch-Davies (BD) vacuum in the contracting phase prior to the bounce
when the modes are all inside the Hubble horizon, we show that particles are generically created due
to the pre-inflation dynamics. Matching them to those obtained in the slow-roll inflationary phase, we
investigate the effects of the pre-inflation dynamics on the scalar and tensor power spectra and find
features that can be tested by current and forthcoming observations. In particular, to be consistent with
the Planck 2015 data, we find that the universe must have expanded at least 141 e-folds since the
bounce.
© 2017 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/). Funded by SCOAP3.

1. Introduction

The paradigm of cosmic inflation has achieved remarkable suc-
cesses in solving several problems of the standard big bang cos-
mology and predicting the primordial perturbation spectra whose
evolutions explain both the formation of the large scale struc-
ture of the universe and the small inhomogeneities in the cos-
mic microwave background (CMB) [1]. Now they are matched to
observations with unprecedented precisions [2-4]. However, such
successes are contingent on the understanding of physics in much
earlier epochs when energies were about the Planck scale. This
leads to several conceptual issues. For example, to be consistent
with observations, the universe must have expanded at least 60
e-folds during its inflationary phase. However, if the universe had
expanded a little bit more than 70 e-folds during inflation (as it
is the case in a large class of inflationary models [5]), then one
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can show that the wavelengths of all fluctuation modes which are
currently inside the Hubble radius were smaller than the Planck
length at the beginning of the period of inflation. This was referred
to as the trans-Planckian issue in [6], and leads to the question
about the validity of the assumption: the matter fields are quantum
in nature but the spacetime is still classical, which are used at the be-
ginning of inflation in order to make predictions [1]. In addition,
insisting on the use of general relativity (GR) to describe the in-
flationary process will inevitably lead to an initial singularity [7].
Moreover, the inflation paradigm usually sets the BD vacuum state
at the time when the wavelength of fluctuations were well within
the Hubble horizon during the inflationary process. However, such
treatment ignores the pre-inflationary dynamics which could lead
to non-BD states at the onset of inflation, even when these modes
were well inside the Hubble horizon during inflation. For more de-
tail about the sensibility of the inflationary paradigm to Planckian
physics, we refer the readers to [6,8].

All the issues mentioned above are closely related to the fact
that we are working in the regime where GR is known to break
down. One believes that new physics in this regime - a quantum
theory of gravity, will provide a complete description of inflation as
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well as its pre-inflationary dynamics. LQC is one of such theories
that offers a framework to address these issues, in which the infla-
tionary scenarios can be extended from the onset of the slow-roll
inflation back to the Planck scale in a self-consistent way [9-11].
Remarkably, the quantum geometry effects of LQC at the Planck
scale provide a natural resolution of the big bang singularity (see
[12-15] and references therein). In such a picture, the singular-
ity is replaced by a quantum bounce, and the universe that starts
at the bounce can eventually evolve to the desired slow-roll infla-
tion [16-23]. An important question now is whether the quantum
bounce can leave any observational signatures to current/forth-
coming observations, so LQC can be placed directly under exper-
imental tests. The answer to this question is affirmative. In fact,
with some (reasonable) assumptions and choice of the initial con-
ditions, the deformed algebra approach already leads to inconsis-
tence with current observations [21]. Note that in general there are
two main approaches to implement cosmological perturbations in
the framework of LQC, the dressed metric and deformed algebra ap-
proaches [12-14]. In both, the primordial perturbations have been
intensively studied numerically [10,11,19-23].

One of our purposes of this Letter, in contrast to the previous
numerical studies, is to present an analytical analysis of the effects
of the quantum bounce and pre-inflation dynamics on the evo-
lutions of both background and spectra of the scalar and tensor
perturbations, in the framework of the dressed metric approach
[9-11]. It is expected that such an analysis will provide a more
complete understanding of the problem and deeper insights. In the
following, we will focus on the case that the kinetic energy of the
inflaton dominates the evolutions at the bounce, because a poten-
tial dominated bounce is either not able to produce the desired
slow-roll inflation [22], or leads to a large amount of e-folds of ex-
pansion. This will wash out all the observational information about
the pre-inflation dynamics and the resulting perturbations are the
same as those given in GR [12-14]. Assuming that the influence of
the potential at the bounce is negligible, our studies show that:

e During the pre-inflationary phase, the evolutions of the back-
ground and the scalar and tensor perturbations are indepen-
dent of the inflationary potentials. Thus, the evolution of the
background is the same for any chosen potential, and in this
sense we say that it is universal.

During this phase the potentials of the scalar and tensor per-

turbations can be well approximated by an effective PT poten-

tial, for which analytic solutions of the mode functions can be
found. The Bogoliubov coefficients at the onset of the slow-
roll inflation can thereby be calculated [cf. (13)], which are
valid for any slow-roll inflationary model with a single scalar
field. Assuming that the universe is in the BD vacuum in the
contracting phase (the moments where t < —t; as shown in

Fig. 2) we find that particle creations occur generically during

the pre-inflation phase.

e Oscillations always happen in the power spectra, and their
phases for both scalar and tensor perturbations are the same,
in contrast to other theories of quantum gravity [6,24].

o Fitting the power spectra to the Planck 2015 data [4], we find
the lower bound for Ny = In(ag/ag) > 141 (95% C.L.), where
ag and ap denote the expansion factor at the bounce and
current time, respectively. Details of the calculations will be
reported elsewhere [25].

2. Quantum bounce

In LQC, the semi-classical dynamics of a flat FLRW universe

with a single scalar field ¢ and potential V(¢) is described by
[9-11],
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Fig. 1. Evolutions of a(t) and wy for the power-law V (¢) = %m“’"qﬁ" and Starobin-
sky V(¢) = 3M2MZ (1 — e~V2/3¢/Mr)2 potentials. Solution (3) is also shown. We
choose m=1.3x107% forn=2, m=1.1x 1073 forn=1/3, and M =2.5 x 1076
for the Starobinsky potential. In all the cases we set mp; = 1.
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where H =a/a is the Hubble parameter, a dot denotes the deriva-
tive with respect to the cosmic time t, and p. is the maximum
energy density, with p = $2/2 + V (¢) < p. Eq. (1) shows that the
big bang singularity now is replaced by a non-singular quantum
bounce at p = p. [cf. Fig. 1]. The background evolution has been
extensively studied, and one of the main results is that, following
the bounce, a desired slow-roll inflation phase is almost inevitable,
provided that the evolution is dominated initially by the kinetic
energy of the scalar field at the quantum bounce [12,17,18,22]. In
this Letter, we will focus on this case. Then, ignoring the potential
term V (¢), from Eqs. (1) and (2) we find

,\ 1/6
t
a(t) =ag (1 + v tT) ) (3)

Pl

where ag = a(tp), yp = 247rpc/ml‘§l, and tp; denotes the Planck
time. In writing the above expression we also set tg = 0. In Fig. 1
we display the above analytical solution and the equation of state

$* =2V (¢)
W¢ = = 5 , (4)
$%+2V(9)
together with several numerical solutions of a(t) for different po-
tentials. From this figure, specially the curves of wg, we can see
that the universe experiences three different phases: bouncing,
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