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Within the framework of inflationary models that incorporate a spontaneous reduction of the wave
function for the emergence of the seeds of cosmic structure, we study the effects on the primordial
scalar power spectrum by choosing a novel initial quantum state that characterizes the perturbations of
the inflaton. Specifically, we investigate under which conditions one can recover an essentially scale free
spectrum of primordial inhomogeneities when the standard Bunch-Davies vacuum is replaced by another
one that minimizes the renormalized stress-energy tensor via a Hadamard procedure. We think that this
new prescription for selecting the vacuum state is better suited for the self-induced collapse proposal
than the traditional one in the semiclassical gravity picture. We show that the parametrization for the
time of collapse, considered in previous works, is maintained. Also, we obtain an angular spectrum for
the CMB temperature anisotropies consistent with the one that best fits the observational data. Therefore,
we conclude that the collapse mechanism might be of a more fundamental character than previously

suspected.

© 2017 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

Inflation is considered as a fundamental component of the stan-
dard ACDM cosmological model characterizing the initial stages
of the universe [1-4]. Essentially, according to the inflationary
paradigm, the early universe underwent an accelerated expansion
induced by a scalar field named the inflaton. In addition, it is
widely accepted that the quantum fluctuations of the inflaton gave
birth to the primordial curvature perturbation, which in turn, gen-
erated the primeval density perturbations [5-9]. These primordial
perturbations are thus responsible for the origin of all the observed
structure in the universe. The predicted properties of such pertur-
bations are consistent with recent observational data from the cos-
mic microwave background (CMB) [10-12]. In particular, the data
are consistent with a nearly scale invariant spectrum associated to
the perturbations, which also favors the simplest inflationary mod-
els [12,13].

According to the standard inflationary picture, the dynamical
expansion of the early universe is governed by Einstein equa-
tions which are symmetry preserving; the symmetry being the
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homogeneity and isotropy. Another important aspect is that, when
considering the quantum description of the fields, the vacuum
state associated to the inflaton is also homogeneous and isotropic,
i.e. it is an eigenstate of the operator generating spatial transla-
tions and rotations. Furthermore, the dynamical evolution of the
vacuum satisfies the Schrédinger equation, which does not break
translational and rotational invariance. As a consequence, we ar-
rive at an important conundrum: it is not clear how from a perfect
symmetric initial situation (both in the background spacetime and
in the quantum state that characterizes the inflaton), and based
on dynamics that preserves the symmetries (the homogeneity
and isotropy), one ends up with a final state that is inhomoge-
neous and anisotropic describing the late observed universe. The
aforementioned problem was originally introduced in [14] (and
extensively discussed in [15,16]) together with a possible solu-
tion: the self-induced collapse hypothesis. The collapse proposal
consists that at some point, during the inflationary epoch, a spon-
taneous change occurs, transforming the original quantum state of
the inflaton (the vacuum) into a new quantum state lacking the
symmetries of the initial state.

It is worthwhile to mention that the situation we are fac-
ing is connected with the so called quantum measurement prob-
lem. Sometimes in the literature, the problem is presented as the
quantum-to-classical transition of the primordial quantum fluctua-
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tions, and then decoherence is introduced into the picture [17,18].
Although, decoherence can provide a partial understanding of the
issue, it does not fully addresses the problem mainly because de-
coherence does not solve the quantum measurement problem. We
will not dwell in all the conceptual aspects regarding the appeal
of decoherence during inflation, neither the perceived advantages
that the objective reduction models could offer when applied to
the early universe. Instead, we referred the interested reader to
Refs. [14,15] for a more in depth analysis.

The collapse hypothesis during inflation has been analyzed
using two approaches: In the first, one characterizes the post-
collapse state phenomenologically through the expectation values
and quantum uncertainties of the field, and its conjugated momen-
tum, evaluated at the time of collapse [14,19-21]. In the second
approach, one employs a particular collapse mechanism called the
continuous spontaneous localization model, where a modification
of the Schroédinger equation is proposed, resulting in an objective
dynamical reduction of the wave function [22-26]. In both ap-
proaches, one obtains a prediction for the scalar and tensor power
spectra that, in principle, is different from the standard prediction
[27,28]. The first approach has been tested using the most recent
data provided by the Planck collaboration, and, under certain cir-
cumstances, provides the same Bayesian evidence of the minimal
standard cosmological model ACDM [29]. Therefore, we will follow
the first approach to characterize the self-induced collapse, but the
framework exposed in the present work can be extended to the
second approach.

Another important feature of the collapse proposal is the adop-
tion of semiclassical gravity [30], which serves to relate the space-
time description in terms of the metric and the degrees of freedom
of the inflaton. In the semiclassical picture, gravity is always clas-
sical while the matter fields are treated quantum mechanically.
We assume such a framework to be a valid approximation during
the inflationary era, which is well after the full quantum gravity
regime has ended. This approach is different from the standards
models of inflation in which metric and matter fields are quantized
simultaneously. We should mention that there are many argu-
ments suggesting that the spacetime geometry might emerge from
deeper, non-geometrical and fundamentally quantum mechanical
degrees of freedom [31-35]. Therefore, in this work, we will em-
ploy Einstein semiclassical equations Ggp = 87 G (Tap)-

On the other hand, the selection of the pre-collapse state, i.e.
the vacuum state, which is perfectly homogeneous and isotropic, is
not generic. It is known that since we are dealing with a theory of
a scalar field (the inflaton) in a curved spacetime, the choice of the
vacuum state is not unique [30,36]. Traditionally, the Bunch-Davies
(BD) vacuum is selected when considering the quantum theory of
the inflaton. The criterion used for the BD vacuum is based on
finding a state |0) such that it minimizes the expectation value
(O|I:I(m)|0) at some initial time n;, with A the Hamiltonian asso-
ciated to the perturbations [37,38]; this prescription is also called
Hamiltonian diagonalization. On the other hand, there are known
unresolved issues with such procedure. One is that (O|ﬁ(m)|0) can
be minimized only at an instant 7;; at some other time 77 > 7;,
the BD vacuum does not achieve the sought minimization of the
expectation value. In other words, the zero “particle” state is only
defined at the time 1;, and as inflation unfolds, the state |0) con-
tains “particles” at other time 177. Another related issue is that
usual renormalization methods, which make (O|1:I(ni)|0) finite, can
only be defined at n; — —oo, that is, at the very early stages of in-
flation. Some authors consider those arguments sufficient to find
alternatives to the Hamiltonian diagonalization method [39-41].
Here it is also important to mention that different choices other
than the BD vacuum state have been analyzed previously. For ex-
ample in Refs. [42-44] it is presented an analysis regarding the

observable effects of trans-Planckian physics in the CMB and its
relation with a non-BD vacuum. In addition, a non-BD vacuum is
usually associated with large non-Gaussianities in the CMB [45,46].

One of the possible alternatives is proposed in Ref. [41]. Those
authors suggest that, instead of minimizing (O|I:I|0), one should
focus on minimizing the renormalized (Tgo(x)). Specifically, the
vacuum |0) (which is not the same as the BD vacuum), is such that
it minimizes the 0-0 component of the renormalized expectation
value of the energy-momentum tensor, which can be considered
as a local energy density. Moreover, the vacuum |0) only mini-
mizes the renormalized (0|Tgo(x)|0) at some particular time 7.
However, conceptually, it is easier to handle a notion of an instan-
taneous local energy density minimum than dealing with a notion
of “particle” that changes with time. Also, the time 7o does not
need to be taken in the limit 7o — —oo, although, if one chooses
to set 1 at such early times, then |0) coincides with the prescrip-
tion of the BD vacuum, but not with its physical interpretation of
a “particle-less” state.

All previous works regarding the self-induced collapse proposal,
when applied to the inflationary scenario, have been based on se-
lecting the BD vacuum, which is the usual choice in traditional
models of inflation as well. Nonetheless, one of the key objects in
the inflationary collapse proposal, based on the semiclassical grav-
ity framework, is the expectation value (fab(x)). In our approach,
if the post-collapse state does not share the same symmetries as
the initial-vacuum-state then <fab), evaluated in the post-collapse
state, will result in a geometry that is no longer homogeneous and
isotropic, thus, providing the primordial perturbations for cosmic
structure. Therefore, a criterion based on selecting a vacuum state
that minimizes the renormalized expectation value of foo seems
better suited for our picture than one based on choosing a zero
“particle” state at a particular time. Furthermore, after the collapse,
clearly (f”go) will no longer be the same as the one evaluated in
the vacuum state. Hence, if one thinks the collapse as a dynamical
process, changing continuously from |0) to the post-collapse state,
then it is clear to picture the expectation value of Too also chang-
ing continuously. In particular, the value ((~)|f00|(~)) will transform
from a minimum, which produces a perfectly symmetric space-
time, into a different value generating the perturbations of the
geometry.

From discussion above the motivation for the present work is
established. That is, we are interested in analyzing the possible ef-
fects on the primordial power spectrum generated by choosing the
novel prescription based on minimizing the renormalized (Too). In
particular, we are interested in analyzing which aspects of the col-
lapse proposal are modified when the initial conditions are also
changed. As we will show, one of our findings indicate that the
parametrization of the time of collapse, for each mode of the field,
surprisingly remains the same. This led us to think that the physics
behind the self-induced collapse of the wave function should be
studied in more detail.

The article is organized as follows: in Sect. 2, we review some
basics about inflation in the semiclassical gravity framework; in
Sect. 3, we analyze the quantization of perturbations, the vac-
uum choice and present the emergence of curvature perturbation
within the collapse hypothesis. Then, we show our prediction for
the scalar power spectrum. In Sect. 4 we make a discussion of our
results, and finally in Sect. 5 we summarize our conclusions.

Regarding conventions and notation, we will be using a (—, +,
+,+) signature for the spacetime metric, and we will use units
where c=1=h.
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