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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
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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 Schrédinger 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
(0|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|I§(m)|0) can
be minimized only at an instant 7;; at some other time 71 > 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 7;, and as inflation unfolds, the state |0) con-
tains “particles” at other time 7;. Another related issue is that
usual renormalization methods, which make (Oll:l(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 (Too) 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 (6|f‘00|f)) 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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2. Inflation in the semiclassical picture

In this section, we will summarize some basic concepts re-
garding the inflationary model in the framework of semiclassical
gravity. Extra details can be consulted in previous works (e.g. [14,
19,47,48]).

In the inflationary regime, the dominant type of matter is mod-
eled by a scalar field ¢, called the inflaton, with a potential V
responsible for the accelerating expansion. At the end of the in-
flationary epoch, the universe follows the standard Big Bang evo-
lution whose transition mechanism is provided by a reheating pe-
riod.

We begin describing the inflationary universe by the action of
a scalar field minimally coupled to gravity,

1

1
S[¢. gan]l = /d4X«/ —g[mR[g] - EVanb(Pgab - V[¢]]~
(1)

Varying this last equation with respect to the metric yields the
Einstein field equations G,, = 8w GTgp, with Ggp the Einstein ten-
Sor.

We will use conformal coordinates and, as usual, we will split
the metric and the scalar field into a background perfectly homo-
geneous and isotropic, plus small perturbations. That is, we write
the metric as ggp = gsg) + 88ap, and ¢ = Po(n) + S¢ (X, ), where
the background will be represented by a spatially flat FLRW space-
time and the homogeneous part of the scalar field (in the slow-roll
regime) by ¢o(n). From Einstein equations for the background, it
follows that G(()%) = SJTGT((]g) = 81 Ga®p, so the Friedmann equa-
tion is 3H2 = 87 Ga’p where H =d'(n)/a(n) is the conformal
Hubble parameter, and a(n) is the scale factor. As is customary,
the scale factor will be set to a =1 at the present time. Remember
that the inflationary phase extends between —oo < 1 < 1, where
nr ~ —10722 Mpc is the conformal time when inflation comes to
an end. From here on, primes over functions will denote deriva-
tives with respect to the conformal time . During the inflationary
phase, the potential V is the major contribution to the energy den-
sity p.

In the slow-roll inflationary model, the conformal Hubble pa-
rameter is expressed by H ~ —1/[n(1 — €7)], with € =1 —H'/H?
the Hubble slow-roll parameter, which during inflation 1> €1 ~
constant.

We will only focus on first-order scalar perturbations; hence,
the FLRW perturbed metric can be written as

ds* = a*(m){ — (1 — 2@)dn? +2(3;B)dx'dn +
+[(1 = 2y)8j + 28;9;Eldx'dx}. 2)

Within the semiclassical framework, it is convenient to work with
the well known gauge-invariant Bardeen potentials. They are de-
fined as ® = ¢ + 1[a(B — E")' and W = + H(E' — B). On
the other hand, the inflaton perturbation can be modeled by the
gauge-invariant fluctuation of the scalar field 8¢V (1, x) = §¢ +
$(B — E').

Working with the perturbed Einstein equations (in the ab-
sence of anisotropic stress), it can be found that W = ®. Also,
these perturbed equations, along with the Friedmann equation and
the equation of motion for ¢g in the slow-roll approximation, i.e.
3Hey + a28¢V A~ 0, imply that (see for instance Appendix A of
[49]):

VAU + W = 47 Go)sg P, (3)

where = H?% — H' = ;2. In Fourier space, Eq. (3) results,

_Jja__H NG
\Ifk(n)—\/; My (kz_maéaﬁk(n) . (4)

with H the Hubble parameter, Mp = \/1/(87G) is the reduced
Planck mass, and we have also used the definition of €;. Notice
that during most of the inflationary phase, the inequality k% > u
is satisfied (both when |kn| > 1 and |kn| <« 1). Only when €;
starts departing from being a constant (i.e. when €; — 1 which
means that inflation is ending) that inequality is violated. Given
that modes of observational interest are bigger than the Hubble
radius (|kn| < 1) while the inflationary phase is still going on, the
approximation k% >y remains valid. Therefore, Eq. (4) can be ap-
proximated by

€n_H /(N (GD
v ~ . = as . 5
K =,/ Vo2 () (5)
In the semiclassical framework, Eq. (5) can be generalized to
€1 H ~
W) =~ | — ———=a (8¢’ () V). 6
NOENE T 09sm ) (6)

Last equation is expressed in terms of gauge-invariant quantities
Wi (n) and 8¢/,(17) V. Note that, in our approach, the metric per-
turbation will be always a classical quantity.

3. Quantum perturbations, vacuum choice and collapse
hypothesis

In this section, we perform the quantization of the perturba-
tions. However, before proceeding with the quantization, we will
first briefly address the subject of gauge and its relation with the
metric and field perturbations.

In the following, we will choose to work with a fixed gauge
and not in terms of the so-called gauge-invariant combinations. We
are forced to do so because, in our approach, the adoption of the
semiclassical gravity framework leads to consider a classical metric
perturbation and a quantum field perturbation, i.e. the metric and
field perturbations are treated on a different footing. This contrasts
with the standard treatment in which, normally, one chooses to
work with gauge invariant quantities which mix matter and geom-
etry degrees of freedom. Then, the quantization results essentially
the same for both types of perturbations (matter and geometry).

On the other hand, the choice of gauge implies that the time
coordinate is attached to some specific slicing of the perturbed
spacetime. And thus, our identification of the corresponding hy-
persurfaces, those of constant time as the ones associated with
the occurrence of collapses-something deemed as an actual phys-
ical change-turns what is normally a simple choice of gauge into
a choice of the distinguished hypersurfaces, tied to the putative
physical process behind the collapse. This naturally leads to ten-
sions with the expected general covariance of a fundamental the-
ory, a problem that afflicts all known collapse models, and which
in the non-gravitational settings becomes the issue of compatibility
with Lorentz or Poincare invariance of the proposals. We must ac-
knowledge that this generic problem of collapse models is indeed
an open issue for the present approach. One would expect that its
resolution would be tied to the uncovering of the actual physics
behind what we treat here as the collapse of the wave function
(which we view as a merely effective description). As it has been
argued in related works, and in ideas originally exposed by Pen-
rose [50], we hold that the physics that lies behind all this links
the quantum treatment of gravitation with the foundational issues
afflicting quantum theory in general; and in particular, those with
connection to the so-called “measurement problem”.

The gauge we choose is the longitudinal gauge (B = E = 0). The
advantage of working with this gauge is that the action at second
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order involving the matter and metric perturbations is mathemat-
ically the same as the one using gauge invariant quantities, i.e. the
Bardeen potentials and 8¢(CD. Also, note that W represents the cur-
vature perturbation in this gauge, and it is related to 8¢ in the
exact same way as in Eq. (6) [51]. Therefore, we can be certain
that the field perturbations are actual physical degrees of freedom
and not pure gauge. Additionally, in our approach, before the col-
lapse (i.e. in the vacuum state) there are no metric perturbations.
Hence, the resulting action is the one involving only 8¢. After the
collapse, when the metric perturbations are indeed present, the
quantum theory should be modified as presented in [20]. How-
ever, we will not consider such backreaction, mainly because we
are interested in describing the quantum theory using a non-BD
vacuum.

Next, we will present the quantum theory for the field §¢ (x, 1),
which will be carried out by choosing a vacuum state different
from the BD vacuum. We point out that the criterion used is
physically different from the usual BD vacuum. Then, we will char-
acterize the collapse scheme, calculate the curvature perturbation,
and finally we will show our expression for the primordial scalar
power spectrum.

We start (for simplicity) re-scaling the field variable as y = ad¢.
Then, we proceed by expanding the action (1) up to second order
in the scalar field perturbation y. This results in:

1 a\?
55@ :/d“xi [y/z —(Vy)* + (E) y?

a/
_2 (E) vy — yzazafwv}. (7)

Therefore, the canonical momentum conjugated to y is m =
LD /3y =y — (@ Ja)y =ad¢'.

In order to facilitate the calculations, we will neglect the slow
roll parameters €; and €, = €] /(He1) in the quantization proce-
dure. At the end of the computations, we will argue how we can
generalize our result to the quasi-de Sitter case, in which the slow
roll parameters are considered.

Now, the field and momentum variables are promoted to op-
erators satisfying the equal time commutator relations [y (X, 7),

A, ml=is(x—x) and [y(x,n), yX', M1 =0=[7 (X, ), 7 (X', ]

Expanding the fields operators in Fourier modes yields

N 1 N i
yo1%0 = 73 3 e (8)
k

N 1 N i
A% = 13 ) Fwme'™ (9)
k

where the sums are over the wave vectors Kk, satisfying k;L = 27 n;
for i =1,2,3 with n; integer. Also, we have defined J(n) =
V(i +y§ (ma' y, and 7y(n) = g+ g; (a’, with g (7) =
Y () —Hyr(n) and g, aI( being the usual annihilation/creator op-
erators, respectively. Note that the quantization is on a finite cubic
box of length L, and at the end of the calculations we will take the
continuum limit (L — oo, k— cont.).
From action (7), the equation of motion for yj (1) results in

"

y;g(n>+<12—“—> Yk =0 (10)

a

with a”/a = 2/n?. The general solution is,
1 ) 1\

v = (1= - )e ™+ By (14 el (11
kn kn

where Aj and By are two constants (dependent on k) that will be
fixed by the initial conditions at some 7.

Therefore, to complete the quantization, we have to specify the
solutions yi(n), through constants Ay and By. This choice is not
completely free; to insure that canonical commutation relations

between y and 7 give [y, af(,] = 138y ', they must satisfy:

Yi&; — Yi&k=1i (12)

for all k at some (and hence any) time 7.

The choice of the yy(n) corresponds to the choice of a vacuum
state |0) for the field, defined by ax|0) = O for all k. In the present
case, as on any non stationary spacetime, it is not unique. Condi-
tion (12) is not sufficient to fully determine yy(n). The traditional
approach in inflationary models is to consider the (homogeneous
and isotropic) so-called BD vacuum. In this case, the choice corre-
sponds to the situation in which, when kno — —oo, the solution

yr(n) — ﬁe*”‘”; this is, the solutions are the same as the ones

with positive frequencies in the flat Minkowski spacetime. In the
case of inflation in a quasi-de Sitter background, this last condition

together with (12) correspond to fix By =0 and |Ax| = %. Read-

ers interested in how the quasi-de Sitter case is analyzed within
collapse schemes, when the BD vacuum is chosen as the initial
condition (and where the prediction for the scalar spectral index
is ng # 1), are invited to see the work [49].

At this point, we must make a short digression regarding our
conceptual approach and its differences with the standard pic-
ture. Any selection of a vacuum (made through the choice of the
Yik(n) that we take as positive energy modes), would be a spa-
tially homogeneous and isotropic state of the field, as it can be
seen by evaluating directly the action of a translation or rotation
operators (associated with the hypersurfaces n = constant of the
background spacetime) on the state |0). A formal proof of this can
be found, for instance, in Appendix A of [16]. As the dynamical
evolution (through Schrédinger equation) preserves such symme-
tries, the state of the system will be symmetric (homogeneous and
isotropic) at all times. In fact, there is nothing, given the standard
unitary evolution of the quantum theory, that could be invoked to
avoid such conclusion. The issue is then: How do we account for a
universe with seeds of cosmic structure, starting from an isotropic
and homogeneous background spacetime and an equally symmet-
ric vacuum state? Note that this is an open issue in all current
models of inflation relying in the traditional treatment of the pri-
mordial perturbations.

As we mentioned in the Introduction, one possible solution
to the aforementioned problem relies on supplementing the stan-
dard inflationary model with an hypothesis involving the modifica-
tion of quantum theory so as to include a spontaneous dynamical
reduction of the quantum state (sometimes referred as the self-
induced collapse of the wave function) [14,15]. The dynamical
reduction can be considered as an actual physical process taking
place independently of observers or measuring devices. Therefore,
our approach regarding the origin of the primordial perturbations
can be summarize as follows: a few e-folds after inflation has
started, the universe finds itself in an homogeneous and isotropic
quantum state. Then, during the inflationary regime, a quantum
collapse of the wave function is triggered (by novel physics that
could possibly be related to quantum gravitational effects), break-
ing in the process the unitary evolution of quantum mechanics and
also, in general, the symmetries of the original state. That is, the
post-collapse state will not be, in general, isotropic nor homoge-
neous. Also, the collapse mechanism functions as a generator of
the metric perturbations, as will become clear below.

Readers familiar with the subject might take the posture that
the problem we are characterizing is equivalent to the quantum-to-
classical transition of the primordial perturbations. Several works
in the literature, based on decoherence or evolution of the vacuum
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state into a squeezed state, have dealt with such a problem (see
e.g. [17,18]). On the other hand, in Refs. [14-16] it is exposed why
such arguments are not entirely convincing. Nevertheless, in the
standard approach, at some point during inflation occurs the tran-
sition \i/k — Wy = Ael®, with o a random phase (recall that Wy
represents the metric perturbation). The amplitude A is identified
with the quantum uncertainty of Wy, i.e. A2 = (0]¥Z|0). Moreover,
quantum expectation values are identified with ensemble averages
of classical stochastic fields based on postulate, and the theoreti-
cal predictions agree with the observational data. Finally, note that
in our approach, because our reliance on semiclassical gravity, the
primordial curvature perturbation is always a classical quantity.

In the next subsections, we are going to analyze whether the
replacement of the BD vacuum state by another one (motivated by
different physical criteria) can affect the primordial scalar power
spectrum, under the incorporation of the collapse hypothesis. As
we will see, under certain conditions, one can recover a scale free
spectrum for scalar perturbations, but generically there would be
some characteristic deviations thereof. Note that neglecting the
slow roll parameters indicates that our prediction for the primor-
dial scalar power spectrum should be an essentially scale free
spectrum, i.e. P(k) k% On the other hand, the observations (e.g.

CMB [12]) suggest that P(k) oc k—3TO€1.€2) n other words, the
scalar spectral index is such that ng # 1. We think that when rein-
corporating the slow-roll parameters in the equation of motion for
the field variable, we would obtain a prediction for ng consistent
with the observational data. However, the modification of the P (k)
induced by the collapse hypothesis, would be practically the same
as the one obtained using the mode functions, Eq. (11), which
neglects the slow roll parameters. In fact, one is led to a similar
conclusion in Refs. [14,21], in which the BD vacuum was chosen.

3.1. Novel vacuum conditions

As it is well known, the choice of a vacuum state is not unique
in spacetimes that do not possess a time-like Killing field. This is
precisely the case when, for example, we try to describe the in-
flationary phase of the early universe. There are several ways to
choose the initial conditions; some of which can be seen in [52,53].

Traditionally, quantum initial conditions for perturbations in in-
flation are set using the BD vacuum.

The typical selection of the BD vacuum, described previously,
can be deduced, for example, looking for the conditions that
modes y(n) must satisfy to achieve the diagonalization of the
Hamiltonian of perturbations. However, those conditions are sat-
isfied for a given initial time 7¢; because as is known, in a curved
spacetime the vacuum is a time-dependent notion. Hamiltonian di-
agonalization is the simplest approach for setting quantum initial
conditions in a general spacetime, and derives the vacuum from
the minimization of the Hamiltonian density. However, this ap-
proach has been criticised in the past [36,39].

In order to avoid the issues raised against Hamiltonian diago-
nalization, the authors in [41] motivated different initial conditions
from the minimization of the renormalized stress-energy density.
The authors in [41], start from the action for a scalar field ¢ with
mass m,

S :/d4x4/—g|: - %Va¢Vb¢gab - %m%z]. (13)

By expanding the field ¢ in Fourier modes in the context of a
FLRW spacetime as

$k . ikx | a0y ,—ikx
o= [ Gyt LB +alogone ] (1)

if the field satisfies its equation of motion, and the commutation

relation between dy and &I( is the standard one, then it is well
known that the mode functions xyx must satisfy:

Z

a
X+ [+ mPa? = = =0 (15)

XX — XX =1 (16)

Later, the authors computed a renormalized stress-energy ten-
sor, (0|Tab|0)ren, via a Hadamard point splitting procedure. To do
that, they build the stress-tensor (0|7 4510V ren using the Hadamard
Green function with the mode expansion (14), and subtracting off
de-Witt-Schwinger geometrical terms to obtain a non-divergent
quantity. Then, finally they write:

O1To0010)en = & [ L4 a
00 ren = 2 (2]_[)3(12

+ (2 +mPa®) uxp + T (17)

!/

a/
(X — EX]()(Xk* - Exf{)

where T signifies additional terms arising from the renormal-
ization process that have no dependence on the variables ¥ =
{X1e: X+ Xpeo Xi*)- Minimizing (17) with respect to %, subject to
the normalization (16), yields the relations [41]:

1
Xl = ———= (18)
X 24/k? +m2a?

. a
ti=(— Ve +m2a? + E)Xk (19)

Conditions (18) and (19) will be our guide to determine the novel
vacuum conditions in the present work.

Now, let us return to our particular situation. Quantum field
theory in curved spacetime describes the effects of gravity upon
the quantum fields. The semiclassical Einstein equation describes
how quantum fields act as the source of gravity. This equation is
usually taken to be the classical Einstein equation, with the source
as the quantum expectation value of the matter field stress-energy
tensor operator fab, that is,

Gap = 871G (Tap). (20)

But, this expectation value is only defined after suitable regulariza-
tion and renormalization.

As already mentioned, since we are not interested in the ef-
fects on the power spectrum (and its scalar spectral index) coming
from slow-roll parameters, we assume m =0 in Eq. (15), which is
equivalent to neglect the second slow roll parameter €;. Moreover,
note that the equation of motion for yy(n), Eq. (10), is identical to
Eq. (15), which is the one obtained by the authors of [41] when
m = 0. In particular, it involves the quantity %N This contrasts with
the traditional procedure involving the Mukhanov-Sasaki variable,
which results in an equation of motion similar in structure to
Eq. (15), but replacing “FH — Z where z = J/2€1aMp. In other
words, the quantum theory proposed by the authors of [41] is
better suited for the field yi(n), than for the Mukhanov-Sasaki
variable because strictly if €] # 0, then %” #* 27”

Therefore, we consider once again, the general solution (11),
which is

V() = Ak(l - %)e_”‘” + Bk<1 + %)eik”. 21)

Here, without loss of generality, we will assume A, € R and
By € C. That is, only By will carry a complex phase. Normaliza-
tion (12) imposes that

1
AZ — B> = - (22)
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On the other hand, identifying xx with y(n), conditions (18) and
(19) yield

472 +1
2
8kzg
B 1
k=—7—=——68€
++/8k |Zo|
where we have defined zg =kno and g = —2z¢ + arctan(2zp) + 7.
Note that when zg — —oo, the BD vacuum is recovered; this is,
-1 —
A= T and By, =0.

Equation (21) together with Eqgs. (23) and (24) constitute our
choice of initial vacuum conditions at time 17o. In the next subsec-
tion, we will introduce the specific collapse scheme and calculate
the primordial curvature perturbation.

Ak:+

(23)

ip (24)

3.2. Emergence of curvature perturbation within a collapse scheme

In this subsection, we are going to consider a modification to
the standard inflationary proposal, designed to account for break-
ing the symmetries of the initial quantum state, leading to the
generation of the primordial inhomogeneities.

As we have claimed, when considering a quantum description
for the early universe, one must face the situation in which a com-
pletely homogeneous and isotropic stage must nevertheless lead,
after some time, to a universe containing actual inhomogeneities
and anisotropies. This issue has been considered at length in other
works, including detailed discussions of the shortcomings of the
most popular attempts to address the problem, and we will not re-
peat such extensive discussions here. It is clear that such transition
from a symmetric situation to one that is not, cannot be simply
the result of quantum unitary evolution, since, as we noted, the
dynamics does not break these initial symmetries of the system.
As discussed in [15], and despite multiple claims to the contrary
(e.g. [18]), there is no satisfactory solution to this problem within
the standard physical paradigms.

The proposal to handle this shortcoming was considered for the
first time in [14]. There, the problem was addressed by introduc-
ing a new ingredient into the inflationary account of the origin of
the seeds of cosmic structure: the self-induced collapse hypothesis.
The basic idea is that an internally induced spontaneous collapse
of the wave function of the inflaton field is the mechanism by
which inhomogeneities and anisotropies arise at each particular
scale. That proposal was inspired on early ones for the resolution
of the measurement problem in quantum theory [54-58], which
regarded the collapse of the wave function as an actual physical
process taking place spontaneously. Also, on the ideas by R. Pen-
rose and L. Diosi [50,59,60] who assumed that such process should
be connected to quantum aspects of gravitation.

A collapse scheme [14,19] is a recipe to characterize and se-
lect the state into which each of the modes of the scalar field
jumps at the corresponding time of collapse. The collapse itself
is described in a purely phenomenological manner, without ref-
erence to any particular mechanism. As reported in, for instance,
[14,29,48,61], the different collapse schemes generally give rise to
different characteristic departures from the conventional Harrison-
Zel'dovich flat primordial spectrum. There are, of course, more
sophisticated theories describing the collapse dynamics, such as
those in [22-25,55-58,62]. However, we will not consider those in
the present study, which is meant a first exploration of such ideas
in the context of different choices of the initial quantum state.

The self-induced collapse hypothesis is based on assuming that
the collapse acts similar to a “measurement” (in an early uni-
verse where, clearly, there are no external observers or measur-
ing devices), this lead us to consider Hermitian operators, which

in ordinary quantum mechanics are the ones susceptible of di-
rect measurement. Therefore, we will separate yy(n) and (1)
into their real and imaginary parts: Ji(n) = yX (1) + iy’ (n) and
) = AR () + if (). In this way, the operators j/ﬁ"(n) and

frlf’l (n) are Hermitian operators and then they can be written as,

I ) = V2Relyi (g ] (25a)
() = V2Re[g (g '] (25b)
where af = %(&k +d_y), and @ = \7—%(&1( —d_y); and where the
non-standard commutation relations for the ﬁﬁ" are,

(g a1 = L2 Gicae % S -10). (26)
In the last equation, the + and — signs correspond to the commu-
tators with the R and I labels respectively; and all other commu-
tators vanish.

Next, we will show how in our approach the quantum theory
of the inflaton perturbations can be connected with the primor-
dial curvature perturbation. Moreover, we will illustrate how the
collapse process generates the seeds of cosmic structure. Here, we
will proceed by choosing to work in the longitudinal gauge, and
then, since 7k = ad¢’y, we will express Eq. (6) in terms of the ex-
pectation value of the conjugated momentum. Thus,

v = L e (27)
2 Mpkz

At the initial conformal time 7o, the state |0) is perfectly sym-
metric, which implies that (73 (1)) = 0 and so, ¥y = 0; i.e. there
are no perturbations of the symmetric background spacetime. Af-
terwards, under the self-induced collapse hypothesis, at some later
time 7, called the time of collapse, a transition to a new state
|0) — |®) is produced, which does not have the initial symme-
tries. And in this new state, we will have that (7x(n))e # 0 for
all n > ny, and Wy # 0. From Eq. (27), which was provided by the
semiclassical framework, and given that all modes of the inflaton
field are now in the post-collapse state |®), we can clearly see that
the expectation value (i (1)) serves as a source for W for all k.
These collapses will be assumed to take place according to certain
collapse scheme which we will describe in detail below.

Taking into account Eq. (27), and that the collapse is somehow
analogous to an imprecise measurement of the operators j/l':" n)

and ftlf’l(n). our next objective is to find an equation for the dy-

namics of the expectation values of (frlf" (n)), evaluated in the

post-collapse state. This equations, as we shall see, will be related
to the values (j/ﬁ"(n,ﬁ)) and (ﬁlf’l(r;,i)), through the proposed col-
lapse scheme.

In the vacuum state, yj and 7y individually are distributed ac-
cording to Gaussian wave functions centered at zero with spread
(AJ)3 and (A7t)3, respectively. Our assumption is that the effect
of the collapse on a state is analogous to some sort of approximate
measurement. Therefore, after the collapse the expectation values
of the field and momentum operators, in each mode, will be re-
lated to the uncertainties of the initial state.

We will adopt a collapse scheme, where it is assumed that the
expectation values of the field mode j/ﬁ” and their conjugate mo-

mentum ﬁlf" acquire independent values randomly, and where
the expectation (in the new state |®)) at the time of collapse is
given by:

2

G )e = A xgy (Ajf,’}’ (n,g)) (28)

0

2
e D)o = A2 X (Aﬁ,f~’ (n,g))o (28b)
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The parameters A1 and A, are viewed as “switch-offfon” param-
eters. This is, they can only take the values 0 or 1 depending
on which variable yk , 771 or both is affected by the collapse.
For instance, in past works [14,63], the name independent scheme
was coined for the case A1 =1 =21, i.e. j/l}i" and ﬁlf" are both
affected independently by the collapse. In this scheme the ex-
pectation value jumps to a random value xRD multiplied by the
uncertainty of the vacuum state of the field. The random variables
XI((R; ,xl((l)l,xl((Rz) and x:(')z are selected from a Gaussian distribution
centered at zero, with unity spread, and all of them are assumed
statistically uncorrelated. In Appendix A we show the quantum un-

2
certainties (Aj/ﬁ ’(nk)> and <Afrlf ’(nk))o in the vacuum state

within this collapse scheme.

Having established the relation between the curvature pertur-
bation and the quantum matter fields [see Eq. (27)], as well as
the characterization of the collapse, the next aim is to present an
explicit expression for the curvature perturbation in terms of the
parameters characterizing the collapse scheme. In order to achieve
that goal, we must first find an expression for the evolution of the
expectation values of the fields. In fact, as can be seen from Eq.
(27), we will only be concerned with the expectation value of the
conjugated momentum (7T (1)).

In Appendix A, we show that:

—L*2[Fen, 2) 1yk(nf)] 21 Xict +

+ Glkn, 2¢) 1gk(n) | 22 Xic2 | (29)

where Xi1 =x% | +ix;, X2 =x§,+1x,, and the functions
F(kn, z), G(kn, z), |yk(np)| and |ge(np)| are also defined in Ap-
pendix A. Notice that the constants Ay and By appear in all these
functions, and is in such constants that the information about the
initial conditions is found, through its dependence with zg = kno.
Also, the parameter z; is defined as z, = kny; thus, z is directly
associated to the time of collapse 7j.

Finally, substituting Eq. (29) in Eq. (27), we find the expression
for the curvature perturbation (in the longitudinal gauge):

3/2

((m)e =

é]HL
2 Mp Mp k2

+ Glkar, ) 8T %2 Xic2 | (30)

The curvature perturbation W in the longitudinal gauge, is a
constant quantity for modes “outside the horizon” during any
given cosmological epoch, but not during the transition between
epochs. In fact, during the transition from the inflationary stage
to the radiation dominated stage, W is amplified by a factor of
1/€1 [51,64]. On the other hand, an useful gauge-invariant quan-
tity often encountered in the literature is the variable R(x). The
field R(x) is a field representing the curvature perturbation in the
comoving gauge. Its Fourier transform, represented by Ry, is con-
stant for modes greater than the Hubble radius (irrespectively of
the cosmological epoch), i.e. for modes with k <« H =aH (and
assuming adiabatic perturbations). This is, the value of Ry dur-
ing inflation (in the limit k « ) will remain unchanged during
the post-inflationary evolution, until the mode “re-enters the hori-
zon”, namely when k >~ H, at the later radiation/matter dominatted
epochs. The curvature perturbation in the comoving gauge R and
the curvature perturbation in the longitudinal gauge W are related
by R=W+ 2/3)(H~ W + ¥)/(1 4+ w), with @ = p/p. There-
fore, for modes such that k <« H, during the inflationary epoch
w+1>~2€1/3, it is found that

'Y
llm Ri(n) ~ lim ()
k<H €1

OB [Fkn. 20 1G] 21 Xic +

(31)

with Wi (n), calculated during inflation, in the limit such that the
modes are well outside the horizon.

In the next subsection, we are going to find an expression for
the scalar power spectrum of the perturbations Ry, namely P (k).
The power spectrum serves as the initial condition to obtain the
angular spectrum, denoted usually in the literature as C;, which is
the theoretical prediction that is contrasted with the observations
directly. Henceforth, we will obtain an expression for Ry during
inflation explicitly, for the observationally relevant modes. Specif-
ically, we take the limit |kn| — O in the functions F(kn, z;) and
G(kn,z), and we define M(zo, z¢) = limyy o F(kn, zx) 1yk(7p)|
and N(zo, zx) = limyy 0 G(kn, i) |g,(p)]. Thus,

—HL3/?
N \/2€1Mpk2

Note the explicit dependence on the initial time 1y through the
quantity zo = kno. Equation (32) is the main result of this section.

We strongly remark that the random variables Xy correspond-
ing to the collapse scheme are fixed after the collapse of the wave
function has occurred. In other words, if we somehow knew their
exact value, we would be able to predict the exact value for R.
We will do make use of the statistical properties of these random
variables to be able to make theoretical predictions for the obser-
vational quantities. For a more detailed comparison between our
approach and the traditional inflationary picture see Ref. [61].

Next, we will consider whether, and under what circumstances,
one can obtain a prediction for the power spectrum of the scalar
perturbations Ry, for the case of the observationally relevant
modes, which have wavelengths greater than the Hubble radius at
the time of inflation.

[M(z0.20) 21 Xt + N@o. 20 22 Xica | (32)

3.3. Primordial scalar power spectrum

In this subsection, we will calculate the primordial power spec-
trum of the scalar perturbations Ry, and analyze its relation with
the CMB observations under our approach.

The temperature anisotropies of the CMB, §T /Ty, are the most
direct observational quantity available, with Ty the mean tem-
perature today. Expanding 8T /Ty using spherical harmonics, the
coefficients aj,, are

i = / OMYE, (0. ). (33)

with fi = (sinf sin ¢, siné cos ¢, cosd) and 6, ¢ the coordinates on
the celestial two-sphere. By defining © (i) = 8T (f1)/Tog and assum-
ing instantaneous recombination, the relation between the primor-
dial perturbations and the observed CMB temperature anisotropies
is
, 1o
em) =[V¥+ Zéy](nD)Jrﬁ-\77/(770)+2/‘If’(77)dﬂ, (34)
np

where 7p is the time of decoupling; §,, and \7y are the density
perturbations and velocity of the radiation fluid.

On the other hand, the temperature anisotropies in Fourier
modes is

O(h) =Z%;()eik-RDﬁ (35)
k

being Rp the radius of the last scattering surface. Then, the fluid
motion equations can be solved with the initial condition provided
by the curvature perturbation during inflation. Furthermore, using
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that e'kRot — 47 > m il ji(kRp)Yim (0, (p)Y,’,‘n(IQ), expression (33) can
be rewritten as

47ri! ) .
am =5~ ) iikRp)Ypr, (O k), (36)

k

with jj(kRp) the spherical Bessel function of order I. To incorpo-
rate the linear evolution that relates the initial curvature perturba-
tion Ry and the anisotropies ®(k), is defined a transfer function
T (k). This function results of solving the fluid motion equations
(for each mode) with the initial condition provided by the cur-
vature perturbation Ry, and then make use of Eq. (34) to relate
it with the temperature anisotropies. In this way, ® (k) = T (k)R-
Therefore, the coefficients a;;, in terms of the modes Ry, are given
by

aril -
=5~ > ikRD) Y (T () Ric (37)
k

with Rk during inflation, and in the limit k <« .

Now, substituting the explicit form of Ry given by Eq. (32) in
Eq. (37), the coefficients q;, are directly related to the random
variables Xi. Notice that the coefficients aj;, are a sum of ran-
dom complex numbers (i.e. a sum over k), where each term is
characterized by the random complex variables X. This leads to
what can be considered effectively as a two-dimensional random
walk. As it is well known, one cannot give a perfect estimate for
the direction of the final displacement resulting from the random
walk. However, it is possible to give an estimate for the length
of the total displacement. In the present case, such length can be
naturally associated with the magnitude |a;,|2. Hence, the most
likely value of |aj|? can be estimated, and thus interpret it as our
theoretical prediction for the observed |a;,|%. Moreover, since the
collapse is being modeled by a random process, we can consider
a set of possible realizations of such a process characterizing the
universe in an unique manner, i.e., through the random variables
Xx. If the probability distribution function of X is Gaussian, then
we can identify the most likely value ‘almﬁu with the mean value
|ajm |2 of all possible realizations. This is, |ayn |3, = |aym|?. The most
likely value |almh%/1L in our collapse scheme is explicitly given in
Appendix B.

Since we are assuming that the xﬁ" variables are uncorrelated,
the ensemble average of the product of these random variables
satisfies

R,R 1,1
XX = Okl + 0k -k XX = Sk — Ok, K (38)

We have also considered the correlation between the modes k and
—Kk in accordance with the commutation relation given by [ﬁl‘f, ﬁl’? 1
and [a;, &IIJ].

Typically, the observational CMB data is presented in terms of
the angular power spectrum, C;. The definition of C; is given in
terms of the coefficients aj, as C; = 21+ 1)~ Y, lajm|?. There-
fore, we can use the prediction for |alm|2ML for our collapse scheme
considered, and give a theoretical prediction for C;. Thus, form Eqgs.
(38) and using our values for the |alm\§AL we can write,

00
Ci=4m / %j?(kRD)T(kVA Q (20, 2) (39)
0
where the explicit form of the function Q (zp, z) is shown in Ap-
pendix B, and A is:
42

P — 40
2712M2 € (40)

Also, we have taken the limit L — oo and k — continuum in order
to go from sums over discrete k to integrals over k.

In the standard inflationary paradigm, a well-known result is
that the dimensionless power spectrum P (k) for the perturbation
Rx and the C; are related by

C =4nm / %jf(kRD)T(k)ZP(k). (41)
0

Therefore, by comparing Eq. (39) with Eq. (41) we can extract an
equivalent power spectrum,’ which finally turns out to be:

2

P(k) = 5 Q (20, Zk). (42)

2
T Mjé€

Equation (42) is the main result of this work. Notice that because
of z; = kn,i and zg = kng, the function Q (zo, zx) depends on k ex-
plicitly.

In the next section, we will discuss the results, compare them
with previous works, and analyze under which conditions one can
recover an essentially scale free spectrum of primordial inhomo-
geneities, as suggested by the observations.

We would like to end this section by making some comments
about our prediction for the power spectrum. Our model gives a
direct theoretical prediction for the observed Cj, Eq. (39), and then
from such expression we have read what can be identified as the
“power spectrum” in the traditional approach of inflation. How-
ever, note that this is conceptually different from the traditional
approach [65] in which the power spectrum is obtained from the
two-point correlation function (0|R,R;,|0). In contrast, our power

spectrum is obtained from (7Ty) (7 )*, where the expectation val-
ues are evaluated at the post-collapse state. In Appendix C, we
show in detail the calculation of the CMB temperature angular
spectrum and its relation with the scalar power spectrum. The in-
terested reader can find there an explanation on how to calculate
the power spectrum within the collapse framework, and why our
proposal does not rely on the quantum two-point correlation func-
tion.

4. Results and discussion

Let us summarize briefly the results obtained in the present
manuscript. We started by choosing a novel initial quantum vac-
uum state for the perturbations of the inflaton [whose mathemat-
ical description is given by Eqgs. (21), (23) and (24)]. Then, we
included the collapse hypothesis and finally arrived at Eq. (42) for
the primordial scalar power spectrum. Note that, as already men-
tioned, the vacuum yg(n) in Eq. (21) includes the initial condition
of the BD vacuum if zg — —oo. However, notice that the physical
criteria for the choice of both vacuum states are very different.

Now, from our result shown in Eq. (42) for P(k), we are go-
ing to analyze under which conditions a scale free spectrum can
be obtained (this is, when the function Q (zg, zx) does not depend
on k and results in a constant). Also, we will analyze those cases
where P(k) shows small deviations from a scale invariant spec-
trum, but are still consistent with observational data. Here, we will
adopt A1 =1 =A; (i.e. the independent collapse scheme).

We consider three cases, according to |zg| values:

T Bear in mind that there are two power spectrum in the literature: the dimen-
sional power spectrum P (k) and the dimensionless power spectrum P (k). The latter
is defined in terms of the former by P(k) = (k®/272)P (k). We are expressing our
main result as the P (k).
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41 |z9| > 0

In this case, the (dimensional) scalar power spectrum results
in P(k) kis both in the standard scenario and in ours having
included the hypothesis of collapse. In our approach, if |zg| — O,
then the time of collapse must satisfy |zx| — O since the collapse
always occurs for 7 > 10. There is no possible parametrization for
1. such that the spectrum is scale invariant; the proof can be seen
in the Appendix D. We stress that, the loss of scale invariance in
the resulting power spectrum, is not due to the physics behind
the collapses, but because the novel vacuum choice is not the best
option for smaller values of |zg]|.

4.2. |zo| — 00

In this case, we observe that taking the limit |zg| — oo, implies
that the function Q (zo, zi) results in exactly the same function as
the one shown in Eq. (88) of Ref. [14], i.e.

1 2 ., 1 .
Q20,20 ~ Ca) = g[14 s’z — sz | (43)
k

Note that the aforementioned result of Ref. [14] was obtained us-
ing the BD vacuum state. Equation (43) is expected because if
|zg| — o0, the initial condition of the BD vacuum is recovered.

In Ref. [14], it was shown that if |z;| — oo or |zx| — O then
the function C(zy) is a constant. Thus, leading to an exactly scale
invariant power spectrum. Also, if 1y = % is assumed (with A a
constant), whatever the value of z, then the resulting spectrum
is scale free, and its observational analysis can be consulted, for
instance, in Refs. [29,61].

4.3. Other |zp| cases

For intermediate |zp| values, that is, values not included in the
cases A and B described previously, in Fig. 1 we plot Q (k) vs. k
having chosen the time of collapse as 1y = % (A a constant), with
Al =102 and |no| = 10* Mpc. Note that when a parametriza-
tion for nlﬁ is chosen and the time ng is set, the function Q (k)
is only dependent on k. As it can be seen, the resulting function
Q (k) is constant for large values of k, while departures from a
constant behavior for lower k. Therefore, we expect that the (di-
mensional) scalar power spectrum results in P (k) ~ l3 for large
k values, while departures from the standard prediction affect the
smallest ones. Since the observational relevant modes are such that
k €[1076,101] Mpc~!, only for observationally relevant small k
values (i.e. low multipoles [), a difference is expected between our
prediction for the C; and that corresponding to a perfectly scale
invariant spectrum. Also, note that Fig. 1 includes a wide range of
intermediate |zg| values and, in addition, the graph is representa-
tive for |zx| — 0 and intermediate |zj| values.

Although here we will not perform a complete statistical anal-
ysis with the observational data, in Fig. 2 we show our predicted
angular spectrum C; and compare it with a fiducial model.

In order to perform our analysis, we modified the public avail-
able CAMB code [66]. The cosmological parameters of our fidu-
cial flat ACDM model considered are: baryon density in units of
the critical density Quh% = 0.02225, dark matter density in units
of the critical density €cqmh? = 0.1198, Hubble constant Hg =
67.27 kms~! Mpc~!, reionization optical depth T =0.079, and the
scalar spectral index, ng = 0.96. Those are the best-fit values pre-
sented by the Planck Collaboration [12]. Recall that, we have ne-
glected the effects on the power spectrum and the scalar spectral
index coming from the slow-roll parameters. Consequently, our an-
gular spectrum should be compared with a canonical scale free
spectrum.

10000 e ————r

1000 b 1Al= 1072
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0.1 F
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Fig. 1. The function Q(k) vs. k, for intermediate |zp| values and when the
parametrization ny = % is assumed. The values considered are |.A| = 1072 and
Ino| = 10* Mpc. The behavior of Q is nearly constant except for large scales (i.e.
small k values), for which, small deviations from a scale free spectrum are expected
in our prediction for the C;.
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Fig. 2. Our prediction for the CMB angular spectrum within an inflationary collapse
model, with |z¢| = |.A| = 1072, and having chosen a different vacuum state than
the traditional one, being |1o| = 10* Mpc. As a reference, we also show a fiducial
model coming from the best-fit to the Planck data [12], with scalar spectral index
ng = 0.96 (dotted line) and ng =1 (dashed line). See the text for details.

In Fig. 2, we present three plots: One, is the fiducial model de-
scribed previously. Another one is a quasi fiducial model with the
best-fit values from Planck, except for the spectral index, for which
ns = 1. And, the remaining plot, corresponds to the predicted curve
in our model, also with ng =1.

As it can be seen, our prediction agrees very well with the stan-
dard prediction curve plotted with the best-fit values from the
Planck data. As anticipated, only small differences for low multi-
pole values appear, where the cosmic variance is dominant.

We conclude this section with a final remark: the fact of having
chosen a vacuum different from that which is typically chosen as
the initial condition for inflation, led us to a function Q (zg, z) that
is generically different from that of the authors in [14]. Then, one
could think that it would be very difficult to find a parametrization
for np, such that the shape of the power spectrum would be com-
patible with the CMB observations. However, as inferred from the
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A

plots, the parametrization 7y = £,

no values.

is still valid for a wide range of

5. Conclusions

In this work, we have analyzed under which conditions one can
recover an essentially scale free spectrum of primordial inhomo-
geneities, when the standard BD vacuum is replaced by another
one that minimizes the renormalized stress-energy tensor via a
Hadamard procedure. This new prescription for selecting the ini-
tial vacuum state is better suited for cosmological models built to
give a description of the early universe, particularly those that in-
clude the self-induced collapse proposal within the semiclassical
gravity picture.

We found that a scale invariant scalar power spectrum can be
obtained (and compatible with the CMB observations), for a wide
range of initial times 7g. By choosing for the collapse time the
parametrization 7 = .A/k (being A a constant), in Fig. 2, we show
that our predicted angular spectrum C; agrees very well with the
standard prediction curve plotted with the best-fit values from the
recent Planck data. As anticipated in our analysis, only small differ-
ences for low multipole I values appear, where the cosmic variance
is dominant.

For |zg| = k|no| — O the choice of this novel vacuum does not
lead to a scale invariant scalar power spectrum, but not due to
the collapse hypothesis. As a matter of fact, this is generically true
for the standard inflationary model using the new vacuum choice.
In other words, small values of |kng| are not allowed by the ob-
servations using the new vacuum state either within the standard
inflation or using the self-induced collapse hypothesis.

On the other hand, for values |zp| 2 1, it is possible to obtain a
scale free spectrum concordant with observations. In particular, for
|zg| > 1, the initial conditions are the same as the one provided
by the BD vacuum.

The fact of having chosen a vacuum different from that which
is typically chosen as the initial condition for inflation, led us to
the function Q (zp, zx), shown explicitly in Eq. (B.4). The obtained
function is generically different from that of the authors in [14],
who also considered the collapse proposal but using the standard
BD vacuum. Therefore, one could think that it would be very diffi-
cult to find a parametrization for 7y, such that the power spectrum
would become scale free, and, as a consequence, compatible with
the CMB data. However, we have found that the parametrization
N = % which is the same as the one originally proposed in all
the previous works based on the collapse hypothesis, is still valid
for a wide range of 1o values. Thus, we conclude that the collapse
mechanism might be of a more fundamental character than previ-
ously suspected.

Note that the model considered here involved some phe-
nomenological characterization of the self-induced collapse pro-
posal. For instance, the dependence of the time of collapse on each
mode k, and the Gaussian distribution in the random variables.
However, this characterization can be taken as ansatz modifica-
tions of the standard inflationary scenario, inspired by collapse
schemes proposals based on spontaneous individual collapses (e.g.
the GRW model [58]). The GRW objective reduction model has
been originally proposed to deal with the quantum measurement
problem, independent of any cosmological context. In this work,
we used a GRW-inspired collapse scheme, by incorporating some
of its generic features. Nevertheless, we think that a dynamical re-
duction mechanism (which can be seen as less ad hoc than the
one considered here), such as the Continuous Spontaneous Local-
ization (CSL) model [57,67], can be subjected to the same analysis
presented in the present paper.

Finally, it is also important to mention some previous results
regarding other observables; specifically, the primordial bispectrum
[61,68] and tensor modes [27,28]. Those results were obtained un-
der our self-induced collapse proposal but maintaining the usual
choice of the BD vacuum. In respect to the bispectrum, we have
obtained a completely different shape than the usual one. As a
matter of fact, the characterization is not based on the usual quan-
tum three-point function. Meanwhile, a possible detection of pri-
mordial gravitational waves would be considered as the “smoking-
gun” between our proposal, based on semiclassical gravity, and
the traditional one. Our framework predicts a strong suppression
of the tensor modes amplitude; essentially undetectable by any
present or future experiments. Based on the results obtained in
this paper, we think that the aforementioned predictions will re-
main unchanged.
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Appendix A. Explicit equations of Sect. 3.2

In this Appendix, we are going to show some steps to arrive at
Eq. (29). We will use the collapse scheme chosen in Eq. (28), where
appear the expectation values of (ffﬁ”(n,ﬁ))@ and (ﬁ{f"(n,ﬁ))@,
evaluated at the collapse time, and related to the quantum un-
certainties of the vacuum state.

From Egs. (25), together with definitions of 4R and a} and the

non-standard commutation relations for the &1':"1 in Eq. (26), we
can rewrite the quantum uncertainties of the vacuum state y (1)
of Eq. (21) (at collapse time) as

. L
(A58 D), =

3
(A ), = S lawrp)P
where g =y, — Hyi. Then, the collapse scheme can be written
as:
3
SR, ¢ R L2 c

e (e =r x4 7|yk(nk)| (Ala)

L3
i e =ha x5 < |8k0Tp)] (A1b)

Now, we need the values of Ji(17) and 7x(n) for n > ng, in the
post-collapse state. To do this, we introduce the quantity dﬁ" =

<®|&l'§" |®), that determines the expectation value of the field and
momentum operator for the mode k at all times after the collapse.
That is, from Eq. (25), we have

(Il m)e = v2Relyr(mdg']
(771( (7]) o—x/—Re[gk(Tl)dk ]

which corresponds to expectation values at any time after the col-
lapse in the post-collapse state |®). One can then relate the value
of dﬁ" with the value of the expectation value of the fields op-

erators at the time of collapse (Qﬁ’l(nﬁ))@) = ﬁRe[yk(n,‘é)dﬁ*I],

(A2)
(A3)
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(frlf"(n,i))@ = «/ERe[gk(n,i)dﬁ’I]. Using the latter relations to ex-

press dﬁ" in terms of the expectation values at the time of col-
lapse, and substituting it in Eq. (A.3), we obtain an expression for
the expectation value of the momentum field operator in terms
of the expectation value at the time of collapse. Since (7 (1))e =
(LYo +1i ((n))e, we write

. 1 . o
(Fcm)e —{F(kn, 20[ TR e +iGkmD)e | +

" D)

+ Glkn, 20 FRMD)e + i<fr1£(n§)>@]} (A4)

where z, = kng. On the other hand, functions D, F and G are de-
fined by:

D(z) = Im[gr(m) IRe[yx (m)] — Imyy () IRe[ gk ()]
F(kn, z) = Re[g(m1Im[gk (})] — Im[gk (1) IRe[gk ()]
G(kn, z) = Im[g (1) IRe[yk ()] — Re[gk (M Imy (77})]

Substituting in Eq. (A.4) what was found in Egs. (A.1), we can fi-
nally write,

(A5)

L2

" 2D(z0
+ Glkn, 2¢) 18k(m) | 22 X2

(e [Fkn. 20 1y 21 e +

(A.6)

with X1 = Xl’i,] —|—ixl’(!1 and X > Exﬁyz + ixf(yz. From the equation
for yi(m), Eq. (21) at ny, together with the relation between Ay
and By given by Eq. (22), we obtain that D = —1/2. The explicit
forms for F and G functions turn out to be:

F(k = (A ) k? sin(k

(kn, zi) = (A — |Bk|*) k* sin(kn — zi)
k(A% — | By
Gkn, z) = _M
Zj

X [zk cos(kn — zy) + sin(kn — zk)]

(A7)
On the other hand,
e = Lt 'Bkz'j)“ 5 o AdIBIE - D
x €0s(2z + ;kﬁ) — 4| Ak||Bk |z sin(2zy + B)
8k =K AZ + [Bel2 — 2| Al Byl x
X C0s(2z¢ + ﬂ)] (A8)

Remember that Ay and By [Egs. (23) and (24)] have dependence
on zp = knop, the initial condition of the vacuum state chosen.

Appendix B. The |a,m|,2V, 1. and the explicit form of Q (2o, z)

Since we are interested in the observational relevant modes,
which have wavelengths greater than the Hubble radius during
inflation, as we mentioned in section 3.2, we will take the limit
|kn| — 0 in the functions F and G given in Egs. (A.7), and we will
define M and N as:

M(z0,ze) = lim F(kn, z) [yr(p)l
lkn|—0

N(zo,zr) = Ikizi\rg OG(kn, Z1) |gk(mp)| (B.1)

Note that we have explicitly written that there is a dependence on
zo = knp in the functions M and N.

The explicit expressions for |a,m|2ML can be found by substituting
Rx, given in Eq. (32), into Eq. (37) and then making the identifi-
cation |aym|3y = |am|?. This is,

1672 , .
iy, = 6 > " JikRp) ji(k'Rp)

kK’

X i () Yim ()T () T (K YRRy, (B.2)

Therefore, it is

87 2H? 3 JikRp)ji(k'Rp)

LeiMy & k2 k'2

2
|@m Iy, =

X Y (R Yim®)T (0T () [ 13M (20, 200 M (20, 20
X Xi1 Xy + 43 N o, 20N @0, 26) Xic2 Xy 5 | (B3)

where we have used that the random variables Xi 1 and Xy, are
uncorrelated, so Xy 1Xj, , = 0= Xk 2Xp ;-

From Eq. (B.3), and since we are assuming that the xﬁ’l vari-
ables are uncorrelated, and thus the ensemble average of the prod-
uct of these random variables satisfies Eq. (38), we can finally
identify the function Q (zg, zx) with

1
Q0. 20 =7 [#3 M2 @0, 200 + 33 N2 (20, 20)|

which explicitly turns out to be:

1 [ 1
Q(ZOsZk):ﬁ{)u% [l-i-ZZ%—ZO 4+—2
16 z;, zg z2

X €0s[2z, — 229 + arctan(Zzo)]] [zx cos(—zk) + sin(—zk)]2

i 1
+ )‘% sz(_zk) |:(1 + Z,%)(l + 22(2)) + ZO\/E
0

x [(z,f — 1) cos[2z — 220 + arctan(2zo)]
— 2z, sin[2z, — 229 + arctan(ZZg)]]i| } (B4)

Appendix C. Equivalent power spectra P (k)

In the traditional inflationary scenario, the power spectrum
P(k) is obtained by computing the quantum two-point correlation
function. That is, if R represents the quantum field associated to
the scalar metric perturbation, then the power spectrum is taken
to be

2
(0| Rk R}y 10) = zklz P(k)s(k —K) (c1)

On the other hand, let us recall that in general, the definition of
the power spectrum is given in terms of Ry, i.e. a classical stochas-
tic field and not a quantum field. Therefore, the standard approach
is based on the identification:

(0IRk Ry 10) = RicRy, (C2)

with RgR;, denoting an average over an ensemble of classical
stochastic fields. The justification for the relation above relies on
arguments based on decoherence and the squeezing nature of the



G.R. Bengochea, G. Ledn / Physics Letters B 774 (2017) 338-350 349

evolved vacuum state [18,69] (although we do not subscribe to
such arguments for the reasons exposed in [15,16]). It is also im-
portant to mention that based on the above hypotheses, there is
a strong matching between the predictions based on the standard
approach and the observational data.

On the other hand, in our proposal, the procedure to obtain
an equivalent power spectrum is different from the traditional ap-
proach. We start by focusing on the temperature anisotropies of
the CMB observed today on the celestial two-sphere and its re-
lation to the scalar metric perturbation R. In Fourier space, this
relation can be written as (see Sect. 3.3),

Ok) =T k) Rk (C.3)

where T (k) is known as the transfer function, which contains the
physics between the beginning of the radiation-dominated era and
the present, i.e the modifications associated with late-time physics.
[A well known result (the Sachs-Wolfe effect) is, for instance, that
T (k) ~1/5 for very large scales].

On the other hand, the observational data are described in
terms of the coefficients ay,;, of the multipolar series expansion

8T
7,69 = > amYim(©, ¢),
Im (C4)

5T .
aim = T_O (9’ ¢)ylm (9’ (p)dgv

here 6 and ¢ are the coordinates on the celestial two-sphere, with
Yim (6, @) as the spherical harmonics.
The values for the quantities a;;,, are then given by

47ri! d3k
= | @ Jt(kRD)Ylm(k)T(k)Rk

with jj(kRp) being the spherical Bessel function of order [, and Rp
is the comoving radius of the last scattering surface. The metric
perturbation Ry is the primordial curvature perturbation (in the
comoving gauge).

Aim = (C5)

By using Eq. (27) (with Rk >~ Wk/€1) into Eq. (C.5) we obtain
47l H d3k . (Fr)
Uy = —— j1(kRp)Y;: (k)T (k) —=—. C6
m= 3 ey ] @) J1kRp)Y i (T (k) = 5 (C6)

The previous expression shows how the expectation value of the
momentum field in the post-collapse state acts as a source for the
coefficients ay,.

Furthermore, the angular power spectrum is defined by

G= 21+1Z| ml*.

For the reasons presented in Sect. 3.3, we can identify the observed
value |aj,|? with the most likely value of |a,m|%,,L and in turn, as-
sume that the most likely value coincides approximately with the

average |am|2.
Thus, in our approach, the observed C; coincides with

1 -
>~ — 2,
T ;|alm|
From Eq. (C.6) we obtain
47 d3kd3k’
|aym|? = ( > 2m)% ———J1(kRp) ji(k'Rp)
X Ylm (k) Yim (k YT (k)T (k’)RkR;}

B (471) d3kd3k’

@b ———¢ JikRp) ji(k'Rp)

(C.7)

- H? () (Fe)*
X Y () Yim (KT () T (k) [261 M3 W]

(C.9)

Consequently using the generic definition of the power spec-
trum,

— 2n? ,
RiRy = e P(k)s(k —K') (C10)
and also using Eq. (C.9), the power spectrum, associated to R, in

our approach is given by

(7T () (T () * .

P(k)=
® 4r2e; M3 k

(C11)

The quantity (7Tx(n)){7k(n))* is obtained by using Eq. (29) in the
limit —kn — 0, i.e. when the proper wavelength of the modes of
interest are bigger than the Hubble radius.

Appendix D. A non-scale invariant power spectrum for |z9| — 0

In this Appendix, we will show that if |zo] — 0, in both ap-
proaches, i.e. in the standard inflationary model and in our picture
with the additional collapse hypothesis, then the resulting shape
of the scalar power spectrum P (k) is not consistent with the ob-
servational data.

In the standard approach, the modes vj of the Mukhanov-
Sasaki variable satisfy [37,65],

Z//
vy, + (k2 - ?)vk =0

Note that the equation of motion for yy(n), Eq. (10), is identical

to Eq. (D.1). That is, when neglecting the slow roll parameters 27 ~

" . . .
% = % As we know, a general solution in such a case will be,

(D.1)

1 . 1\
V() = Ak<1 - —)e"k" n Bk<1 + —)e’k" (D.2)
kn kn
where we assumed Ay € R and By € C.
On the other hand, in the standard scenario, the (dimensional)

scalar power spectrum is obtained from

2
v
P(k) ~ E"L)' (D.3)
7I<na0 Mge1a?(n)
By using Eq. (D.2) into Eq. (D.3) one obtains
HZ
Pk) ~ 7}2[,42 + 1Byl — 2ARe(Bi) | (D.4)

From Eqgs. (23) and (24) we have seen that if zg — —oo, the
initial conditions provided by the BD vacuum are recovered, which

implies that, Ay = ﬁ and By = 0. In that case, Eq. (D.4) implies

P k) o k1—3 so a scale invariant power spectrum is obtained.
However, if |zo| — 0 then we can make the following approxi-
mations in Eqs. (23) and (24):

By|? = D.5

|Akl® ~ 8kizo ]2 | Bl 8Kzl (D.5)
A ! Re(By) ! (D.6)

kS —Y— k) = — .

T V/BKlzo| © T Bkl
and since zg = knp, we obtain from Eq. (D.4),

H? 1 1

Pk) ~ (D.7)

20 «=
8k3 |zo2 Kk
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Therefore, if |zg| — 0, then the shape of the power spectrum,
which resulted from choosing a vacuum state such that it mini-
mizes the renormalized stress-energy tensor via a Hadamard pro-
cedure, is not compatible with the observational data. The initial
conditions obtained from the vacuum choice fix the value of A
and By given by Egs. (23) and (24).

Now, let us show that under our approach, with the collapse
hypothesis included, we arrive at the same result. For simplicity,
we will assume A1 =1=2A;.

For |zg| — 0, and taking into account that |zy| < |zg|, we per-
form a Taylor expansion in Eq. (B.4). At the leading order in |zp|
and |z|, we obtain:

§ 2 O(lzol, |z[*)
81201 = 12|20/2

Again, keeping the first relevant term in Eq. (D.8), and since
zo = kno we finally arrive at

Q (20, z) ~ (D.8)

1
Pk) o 15 (D.9)

We observe that the result is independent of the parametrization
for ny. Therefore, as in the standard case, the shape of the power
spectrum is not consistent with the data. We attained this negative
result not due to the collapse hypothesis but because of the ini-
tial conditions, provided by the novel choice of the vacuum state,
when |zg| — 0.

References

[1] A.A. Starobinsky, Phys. Lett. B 91 (1980) 99.
[2] AH. Guth, Phys. Rev. D 23 (1981) 347.
[3] A.D. Linde, Phys. Lett. B 108 (1982) 389.
[4] A. Albrecht, PJ. Steinhardt, Phys. Rev. Lett. 48 (1982) 1220.
[5] V.E. Mukhanov, G.V. Chibisov, JETP Lett. 33 (1981) 532.
[6] V.E. Mukhanov, G. Chibisov, Sov. Phys. JETP 56 (1982) 258.
[7] A.A. Starobinsky, Sov. Astron. Lett. 9 (1983) 302.
[8] S.W. Hawking, I.G. Moss, Nucl. Phys. B 224 (1983) 180.
[9] S.W. Hawking, Phys. Lett. B 115 (1982) 295.
[10] PA.R. Ade, et al., Planck Collaboration, Astron. Astrophys. 594 (2016) A13.
[11] N. Aghanim, et al., Planck Collaboration, Astron. Astrophys. 594 (2016) A11.
[12] PAR. Ade, et al, Planck Collaboration, Astron. Astrophys. 594 (2016) A20,
arXiv:1502.02114.
[13] J. Martin, C. Ringeval, R. Trotta, V. Vennin, J. Cosmol. Astropart. Phys. 1403
(2014) 039.
[14] A. Perez, H. Sahlmann, D. Sudarsky, Class. Quantum Gravity 23 (2317) (2005),
arXiv:gr-qc/0508100.
[15] D. Sudarsky, Int. J. Mod. Phys. D 20 (2011) 509, arXiv:0906.0315.
[16] S. Landau, G. Leén, D. Sudarsky, Phys. Rev. D 88 (2013) 023526, arXiv:1107.
3054.
[17] D. Polarski, A.A. Starobinsky, Class. Quantum Gravity 13 (377) (1996), arXiv:gr-
qc/9504030.
[18] C. Kiefer, D. Polarski, Adv. Sci. Lett. 2 (2009) 164, arXiv:0810.0087.
[19] A. de Unénue, D. Sudarsky, Phys. Rev. D 78 (2008) 043510, arXiv:0801.4702.
[20] A. Diez-Tejedor, D. Sudarsky, J. Cosmol. Astropart. Phys. 7 (2012) 045, arXiv:
1108.4928.
[21] G. Leédn, S.J. Landau, M.P. Piccirilli, Phys. Rev. D 90 (2014) 083525, arXiv:1410.
1562.
[22] P. Cafate, P. Pearle, D. Sudarsky, Phys. Rev. D 87 (2013) 104024, arXiv:1211.
3463.
[23] J. Martin, V. Vennin, P. Peter, Phys. Rev. D 86 (2012) 103524, arXiv:1207.2086.
[24] S. Das, K. Lochan, S. Sahu, T. Singh, Phys. Rev. D 88 (2013) 085020, arXiv:
1304.5094.
[25] G. Leon, G.R. Bengochea, Eur. Phys. J. C 76 (2016) 29, arXiv:1502.
04907.

[26] S. Alexander, D. Jyoti, ]. Magueijo, Phys. Rev. D 94 (2016) 043502, arXiv:1602.
01216.

[27] G. Leédn, L. Kraiselburd, SJ. Landau, Phys. Rev. D 92 (2015) 083516, arXiv:
1509.08399.

[28] G. Ledn, A. Majhi, E. Okon, D. Sudarsky, Reassessing the link between B-modes
and inflation, arXiv:1607.03523, 2016.

[29] M. Benetti, S.J. Landau, ].S. Alcaniz, ]. Cosmol. Astropart. Phys. 1612 (2016) 035,
arXiv:1610.03091.

[30] S. Hollands, R.M. Wald, Phys. Rep. 574 (2015) 1, arXiv:1401.2026.

[31] J.A. Wheeler, in: B.S. DeWitt, C. DeWitt (Eds.), Relativity, Groups, and Topology,
Gordon and Breach, 1964.

[32] D. Finkelstein, Phys. Rev. 184 (1969) 1261.

[33] T. Konopka, F. Markopoulou, S. Severini, Phys. Rev. D 77 (2008) 104029.

[34] D. Oriti, in: D. Oriti (Ed.), Approaches to Quantum Gravity, Cambridge Univer-
sity Press, 2009.

[35] H. Steinacker, Class. Quantum Gravity 27 (2010) 133001.

[36] S. Fulling, Aspects of Quantum Field Theory in Curved Spacetime, London
Mathematical Society St, Cambridge University Press, ISBN 9780521377683,
1989.

[37] V.E. Mukhanov, H.A. Feldman, RH. Brandenberger, Phys. Rep. 215 (1992) 203.

[38] V. Mukhanov, S. Winitzki, Introduction to Quantum Effects in Gravity, Cam-
bridge University Press, ISBN 0521868343, 2007.

[39] S.A. Fulling, Gen. Relativ. Gravit. 10 (1979) 807.

[40] C. Armendariz-Picon, J. Cosmol. Astropart. Phys. 0702 (2007) 031, arXiv:astro-
ph/0612288.

[41] W. Handley, A. Lasenby, M. Hobson, Phys. Rev. D 94 (2016) 024041, arXiv:1607.
04148.

[42] J. Martin, RH. Brandenberger, Phys. Rev. D 63 (2001) 123501, arXiv:hep-th/
0005209.

[43] U.H. Danielsson, Phys. Rev. D 66 (2002) 023511, arXiv:hep-th/0203198.

[44] J. Martin, C. Ringeval, Phys. Rev. D 69 (2004) 083515, arXiv:astro-ph/0310382.

[45] E. Komatsu, Class. Quantum Gravity 27 (2010) 124010, arXiv:1003.6097.

[46] 1. Agullo, J. Navarro-Salas, L. Parker, ]. Cosmol. Astropart. Phys. 1205 (2012) 019,
arXiv:1112.1581.

[47] G. Le6n, D. Sudarsky, Class. Quantum Gravity 27 (2010) 225017, arXiv:1003.
5950.

[48] A. Diez-Tejedor, G. Leon, D. Sudarsky, Gen. Relativ. Gravit. 44 (2012) 2965,
arXiv:1106.1176.

[49] G. Leon, S. Landau, M.P. Piccirilli, Eur. Phys. J. C 75 (2015) 393, arXiv:1502.
00921.

[50] R. Penrose, Gen. Relativ. Gravit. 28 (1996) 581.

[51] RH. Brandenberger, H. Feldman, V.F. Mukhanov, pp. 19-30, arXiv:astro-ph/
9307016, 1993.

[52] C. Armendariz-Picon, E.A. Lim, ]J. Cosmol. Astropart. Phys. 0312 (2003) 006,
arXiv:hep-th/0303103.

[53] U.H. Danielsson, Phys. Rev. D 66 (2002) 023511, arXiv:hep-th/0203198.

[54] D. Bohm, ]. Bub, Rev. Mod. Phys. 38 (1966) 453.

[55] P.M. Pearle, Phys. Rev. D 13 (1976) 857.

[56] P. Pearle, Int. J. Theor. Phys. 18 (1979) 489.

[57] P.M. Pearle, Phys. Rev. A 39 (1989) 2277.

[58] G. Ghirardi, A. Rimini, T. Weber, Phys. Rev. D 34 (1986) 470.

[59] L. Diosi, Phys. Lett. A 120 (1987) 377.

[60] L. Diosi, Phys. Rev. A 40 (1989) 1165.

[61] SJ. Landau, C.G. Scéccola, D. Sudarsky, Phys. Rev. D 85 (2012) 123001,
arXiv:1112.1830.

[62] S. Das, S. Sahu, S. Banerjee, T. Singh, Phys. Rev. D 90 (2014) 043503,
arXiv:1404.5740.

[63] G. Ledn, A. De Unanue, D. Sudarsky, Class. Quantum Gravity 28 (2011) 155010,
arXiv:1012.2419.

[64] N. Deruelle, V.F. Mukhanov, Phys. Rev. D 52 (5549) (1995), arXiv:gr-qc/9503050.

[65] V. Mukhanov, Physical Foundations of Cosmology, Cambridge University Press,
New York, 2005.

[66] A. Lewis, A. Challinor, A. Lasenby, Astrophys. J. 538 (2000) 473, arXiv:astro-ph/
9911177.

[67] A. Bassi, G.C. Ghirardi, Phys. Rep. 379 (257) (2003), arXiv:quant-ph/0302164.

[68] G. Ledn, D. Sudarsky, J. Cosmol. Astropart. Phys. 1506 (2015) 020, arXiv:1503.
01417.

[69] L. Grishchuk, Y. Sidorov, Phys. Rev. D 42 (1990) 3413.


http://refhub.elsevier.com/S0370-2693(17)30797-9/bib737461726F62696E736B79s1
http://refhub.elsevier.com/S0370-2693(17)30797-9/bib67757468s1
http://refhub.elsevier.com/S0370-2693(17)30797-9/bib6C696E6465s1
http://refhub.elsevier.com/S0370-2693(17)30797-9/bib616C627265636874s1
http://refhub.elsevier.com/S0370-2693(17)30797-9/bib6D756B68616E6F763831s1
http://refhub.elsevier.com/S0370-2693(17)30797-9/bib6D756B68616E6F7632s1
http://refhub.elsevier.com/S0370-2693(17)30797-9/bib737461726F62696E736B7932s1
http://refhub.elsevier.com/S0370-2693(17)30797-9/bib6861776B696E67s1
http://refhub.elsevier.com/S0370-2693(17)30797-9/bib6861776B696E6732s1
http://refhub.elsevier.com/S0370-2693(17)30797-9/bib706C616E636B32303135s1
http://refhub.elsevier.com/S0370-2693(17)30797-9/bib706C616E636B323031356C696B656C69686F6F6473s1
http://refhub.elsevier.com/S0370-2693(17)30797-9/bib706C6B696E666C6174696F6E3135s1
http://refhub.elsevier.com/S0370-2693(17)30797-9/bib706C6B696E666C6174696F6E3135s1
http://refhub.elsevier.com/S0370-2693(17)30797-9/bib4D617274696E3134s1
http://refhub.elsevier.com/S0370-2693(17)30797-9/bib4D617274696E3134s1
http://refhub.elsevier.com/S0370-2693(17)30797-9/bib5053533036s1
http://refhub.elsevier.com/S0370-2693(17)30797-9/bib5053533036s1
http://refhub.elsevier.com/S0370-2693(17)30797-9/bib53686F7274636F6D696E6773s1
http://refhub.elsevier.com/S0370-2693(17)30797-9/bib4C4C533133s1
http://refhub.elsevier.com/S0370-2693(17)30797-9/bib4C4C533133s1
http://refhub.elsevier.com/S0370-2693(17)30797-9/bib706F6C6172736B69s1
http://refhub.elsevier.com/S0370-2693(17)30797-9/bib706F6C6172736B69s1
http://refhub.elsevier.com/S0370-2693(17)30797-9/bib6B6965666572s1
http://refhub.elsevier.com/S0370-2693(17)30797-9/bib55533038s1
http://refhub.elsevier.com/S0370-2693(17)30797-9/bib44543131s1
http://refhub.elsevier.com/S0370-2693(17)30797-9/bib44543131s1
http://refhub.elsevier.com/S0370-2693(17)30797-9/bib706961s1
http://refhub.elsevier.com/S0370-2693(17)30797-9/bib706961s1
http://refhub.elsevier.com/S0370-2693(17)30797-9/bib4350533133s1
http://refhub.elsevier.com/S0370-2693(17)30797-9/bib4350533133s1
http://refhub.elsevier.com/S0370-2693(17)30797-9/bib6A6D617274696Es1
http://refhub.elsevier.com/S0370-2693(17)30797-9/bib747073696E6768s1
http://refhub.elsevier.com/S0370-2693(17)30797-9/bib747073696E6768s1
http://refhub.elsevier.com/S0370-2693(17)30797-9/bib4C4232303135s1
http://refhub.elsevier.com/S0370-2693(17)30797-9/bib4C4232303135s1
http://refhub.elsevier.com/S0370-2693(17)30797-9/bib6D61677565696A6F32303136s1
http://refhub.elsevier.com/S0370-2693(17)30797-9/bib6D61677565696A6F32303136s1
http://refhub.elsevier.com/S0370-2693(17)30797-9/bib6C7563696C61s1
http://refhub.elsevier.com/S0370-2693(17)30797-9/bib6C7563696C61s1
http://refhub.elsevier.com/S0370-2693(17)30797-9/bib616268697368656Bs1
http://refhub.elsevier.com/S0370-2693(17)30797-9/bib616268697368656Bs1
http://refhub.elsevier.com/S0370-2693(17)30797-9/bib62656E657474693036s1
http://refhub.elsevier.com/S0370-2693(17)30797-9/bib62656E657474693036s1
http://refhub.elsevier.com/S0370-2693(17)30797-9/bib57616C645146544353s1
http://refhub.elsevier.com/S0370-2693(17)30797-9/bib456D31s1
http://refhub.elsevier.com/S0370-2693(17)30797-9/bib456D31s1
http://refhub.elsevier.com/S0370-2693(17)30797-9/bib456D32s1
http://refhub.elsevier.com/S0370-2693(17)30797-9/bib456D33s1
http://refhub.elsevier.com/S0370-2693(17)30797-9/bib456D34s1
http://refhub.elsevier.com/S0370-2693(17)30797-9/bib456D34s1
http://refhub.elsevier.com/S0370-2693(17)30797-9/bib456D35s1
http://refhub.elsevier.com/S0370-2693(17)30797-9/bib66756C6C696E67626F6F6Bs1
http://refhub.elsevier.com/S0370-2693(17)30797-9/bib66756C6C696E67626F6F6Bs1
http://refhub.elsevier.com/S0370-2693(17)30797-9/bib66756C6C696E67626F6F6Bs1
http://refhub.elsevier.com/S0370-2693(17)30797-9/bib4D756B68616E6F7631393932s1
http://refhub.elsevier.com/S0370-2693(17)30797-9/bib4D756B68616E6F765146544353s1
http://refhub.elsevier.com/S0370-2693(17)30797-9/bib4D756B68616E6F765146544353s1
http://refhub.elsevier.com/S0370-2693(17)30797-9/bib66756C6C696E673739s1
http://refhub.elsevier.com/S0370-2693(17)30797-9/bib7069636F6E32303037s1
http://refhub.elsevier.com/S0370-2693(17)30797-9/bib7069636F6E32303037s1
http://refhub.elsevier.com/S0370-2693(17)30797-9/bib68616E646C65793136s1
http://refhub.elsevier.com/S0370-2693(17)30797-9/bib68616E646C65793136s1
http://refhub.elsevier.com/S0370-2693(17)30797-9/bib4D617274696E32303030s1
http://refhub.elsevier.com/S0370-2693(17)30797-9/bib4D617274696E32303030s1
http://refhub.elsevier.com/S0370-2693(17)30797-9/bib44616E69656C73736F6E32303032s1
http://refhub.elsevier.com/S0370-2693(17)30797-9/bib4D617274696E32303033s1
http://refhub.elsevier.com/S0370-2693(17)30797-9/bib4B6F6D6174737532303130s1
http://refhub.elsevier.com/S0370-2693(17)30797-9/bib4167756C6C6F32303131s1
http://refhub.elsevier.com/S0370-2693(17)30797-9/bib4167756C6C6F32303131s1
http://refhub.elsevier.com/S0370-2693(17)30797-9/bib4C656F6E3130s1
http://refhub.elsevier.com/S0370-2693(17)30797-9/bib4C656F6E3130s1
http://refhub.elsevier.com/S0370-2693(17)30797-9/bib444C533131s1
http://refhub.elsevier.com/S0370-2693(17)30797-9/bib444C533131s1
http://refhub.elsevier.com/S0370-2693(17)30797-9/bib6761627269656C716465736974746572s1
http://refhub.elsevier.com/S0370-2693(17)30797-9/bib6761627269656C716465736974746572s1
http://refhub.elsevier.com/S0370-2693(17)30797-9/bib70656E726F736531393936s1
http://refhub.elsevier.com/S0370-2693(17)30797-9/bib6272616E64656E62657267657231393933s1
http://refhub.elsevier.com/S0370-2693(17)30797-9/bib6272616E64656E62657267657231393933s1
http://refhub.elsevier.com/S0370-2693(17)30797-9/bib617069636F6E32303033s1
http://refhub.elsevier.com/S0370-2693(17)30797-9/bib617069636F6E32303033s1
http://refhub.elsevier.com/S0370-2693(17)30797-9/bib64616E693032s1
http://refhub.elsevier.com/S0370-2693(17)30797-9/bib626F686D3636s1
http://refhub.elsevier.com/S0370-2693(17)30797-9/bib506561726C653736s1
http://refhub.elsevier.com/S0370-2693(17)30797-9/bib506561726C653739s1
http://refhub.elsevier.com/S0370-2693(17)30797-9/bib706561726C6531393839s1
http://refhub.elsevier.com/S0370-2693(17)30797-9/bib676869726172646931393835s1
http://refhub.elsevier.com/S0370-2693(17)30797-9/bib64696F736931393837s1
http://refhub.elsevier.com/S0370-2693(17)30797-9/bib64696F736931393839s1
http://refhub.elsevier.com/S0370-2693(17)30797-9/bib4C53533132s1
http://refhub.elsevier.com/S0370-2693(17)30797-9/bib4C53533132s1
http://refhub.elsevier.com/S0370-2693(17)30797-9/bib6461734757s1
http://refhub.elsevier.com/S0370-2693(17)30797-9/bib6461734757s1
http://refhub.elsevier.com/S0370-2693(17)30797-9/bib4C656F6E3131s1
http://refhub.elsevier.com/S0370-2693(17)30797-9/bib4C656F6E3131s1
http://refhub.elsevier.com/S0370-2693(17)30797-9/bib44657275656C6C6531393935s1
http://refhub.elsevier.com/S0370-2693(17)30797-9/bib4D756B68616E6F7632303035s1
http://refhub.elsevier.com/S0370-2693(17)30797-9/bib4D756B68616E6F7632303035s1
http://refhub.elsevier.com/S0370-2693(17)30797-9/bib43414D42s1
http://refhub.elsevier.com/S0370-2693(17)30797-9/bib43414D42s1
http://refhub.elsevier.com/S0370-2693(17)30797-9/bib626173736932303033s1
http://refhub.elsevier.com/S0370-2693(17)30797-9/bib626973706563s1
http://refhub.elsevier.com/S0370-2693(17)30797-9/bib626973706563s1
http://refhub.elsevier.com/S0370-2693(17)30797-9/bib67726973686368756Bs1

	Novel vacuum conditions in inﬂationary collapse models
	1 Introduction
	2 Inﬂation in the semiclassical picture
	3 Quantum perturbations, vacuum choice and collapse hypothesis
	3.1 Novel vacuum conditions
	3.2 Emergence of curvature perturbation within a collapse scheme
	3.3 Primordial scalar power spectrum

	4 Results and discussion
	4.1 |z0|->0
	4.2 |z0|->∞
	4.3 Other |z0| cases

	5 Conclusions
	Acknowledgements
	Appendix A Explicit equations of Sect. 3.2
	Appendix B The |alm|ML2 and the explicit form of Q (z0, zk)
	Appendix C Equivalent power spectra P(k)
	Appendix D A non-scale invariant power spectrum for |z0|->0
	References


