
Physics Letters B 752 (2016) 344–351

Contents lists available at ScienceDirect

Physics Letters B

www.elsevier.com/locate/physletb

Inflationary gravitational waves in collapse scheme models

Mauro Mariani a, Gabriel R. Bengochea b,∗, Gabriel León c

a Facultad de Ciencias Astronómicas y Geofísicas, Universidad Nacional de La Plata, Paseo del Bosque S/N, 1900 La Plata, Argentina
b Instituto de Astronomía y Física del Espacio (IAFE), UBA-CONICET, CC 67, Suc. 28, 1428 Buenos Aires, Argentina
c Departamento de Física, Facultad de Ciencias Exactas y Naturales, Universidad de Buenos Aires, Ciudad Universitaria – Pab. I, 1428 Buenos Aires, Argentina

a r t i c l e i n f o a b s t r a c t

Article history:
Received 22 December 2014
Received in revised form 18 September 
2015
Accepted 29 November 2015
Available online 2 December 2015
Editor: S. Dodelson

Keywords:
Cosmology
Inflation
Collapse schemes
Gravitational waves

The inflationary paradigm is an important cornerstone of the concordance cosmological model. However, 
standard inflation cannot fully address the transition from an early homogeneous and isotropic stage, to 
another one lacking such symmetries corresponding to our present universe. In previous works, a self-
induced collapse of the wave function has been suggested as the missing ingredient of inflation. Most 
of the analysis regarding the collapse hypothesis has been solely focused on the characteristics of the 
spectrum associated to scalar perturbations, and within a semiclassical gravity framework. In this Letter, 
working in terms of a joint metric-matter quantization for inflation, we calculate, for the first time, 
the tensor power spectrum and the tensor-to-scalar ratio corresponding to the amplitude of primordial 
gravitational waves resulting from considering a generic self-induced collapse.

© 2015 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license 
(http://creativecommons.org/licenses/by/4.0/). Funded by SCOAP3.

1. Introduction

The vast majority of the cosmological community considers 
the inflationary paradigm on a stronger footing than ever given 
the agreement between its predictions and the latest observations 
(e.g. WMAP9 [1], Planck [2]). In particular, last year a claim by 
BICEP2 Collaboration regarding the detection of primordial tensor 
modes [3], in spite of the subsequent controversy of their results 
[4–6], has made some cosmologists think that this important pre-
diction from the traditional inflation model will be confirmed in 
the foreseeable future, which in turn will reassert the standing of 
the model.

According to the traditional inflationary paradigm, the early 
universe undergoes an accelerated expansion (lasting at least some 
70 e-folds or so), resulting in an essentially flat, homogeneous 
and isotropic space–time with an extreme dilution of all unwanted 
relics. Note that the dynamics of the space–time is governed by 
Einstein equations which are symmetry preserving, i.e. the sym-
metry being the homogeneity and isotropy (H&I). Another im-
portant aspect is that when considering the quantum features of 
the scalar field (the inflaton) driving the expansion. This field, 
is assumed to be in the vacuum state as a result of the same 
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exponential expansion, and one finds also that it contains “fluctua-
tions” with the appropriate nearly-scale-invariant spectrum. These 
vacuum fluctuations are considered responsible for all the struc-
tures we observe in the actual universe, and in particular, the 
observed cosmic microwave background (CMB) anisotropies.

One cannot deny the favorable matching between the model 
predictions and observations; nevertheless, from the conceptual 
point of view something is missing. Even if the inflaton contains 
quantum uncertainties (or vacuum fluctuations), according to the 
Quantum Theory, the physical state of the system is encoded in 
the quantum state. The vacuum state of the quantum fields is H&I, 
i.e. it is an eigen-state of the operators generating spatial transla-
tions and rotations (see Appendix A of Ref. [7] for a proof). The fact 
that a system contains quantum uncertainties does not necessarily 
implies that it contains actual inhomogeneities and anisotropies, 
since the quantum state, which characterize the physical state of 
the system, can still be perfectly H&I. Additionally, the dynam-
ics of the quantum state is governed by Schrödinger equation, 
which does not break translational and rotational invariance. Con-
sequently, the initial quantum state cannot be evolved into a final 
state lacking such symmetries. Thus, there is an important issue, 
namely: what is the precise mechanism by which the primordial 
perturbations are born given that the equations governing the dy-
namics are symmetry preserving? In other words, it is not clear 
how from an initial condition that is H&I (both in the background
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space–time and in the quantum state that characterizes the quan-
tum fields), and based on a dynamics that supposedly preserves 
those symmetries, one ends up with a non-homogeneous and non-
isotropic state associated to the late observed universe.

The above described situation is sometimes related to the issue 
of the quantum-to-classical transition of the primordial quantum 
fluctuations. And, although decoherence provides a partial under-
standing of the issue [8,9], it does not fully address the problem; 
mainly because decoherence does not solve the quantum measure-
ment problem, which appears in an exacerbated manner in the 
case of the inflationary universe. We invite the interested reader to 
consult, for instance, Refs. [10,11] where a more detailed analysis 
has been made regarding the issues with decoherence and other 
approaches to the problem at hand.

In order to account for the aforementioned problem, Sudarsky 
et al. [10] proposed a self-induced collapse of the wave function, 
i.e. a spontaneous change from the original quantum state asso-
ciated to the inflaton field into a new quantum state lacking the 
symmetries of the initial state. Also, their approach relies on the 
semiclassical gravity framework, in which matter is described by 
a Quantum Field Theory and the space–time is always treated in 
a classical manner. The self-induced collapse is considered as be-
ing the responsible of generating the primordial perturbations. In 
particular, by relying on Einstein semiclassical equations, the ex-
pectation value in the post-collapse state of the quantum matter 
fields is related to the metric of the space–time which is always 
classical. The result of the evolution of the metric perturbations, 
born after the collapse, is related to the actual anisotropies and 
inhomogeneities observed in the CMB radiation. Thus, in this pro-
posal, after the collapse, the universe is described by a space–time 
and a quantum state that are no longer H&I.

On the other hand, it is evident that the collapse mechanism 
should be a physical process independent of external entities, since 
in the early universe there is not a clear notion of observers, mea-
surement devices, environment, etc. It is worthwhile to comment 
that models involving an objective dynamical reduction of the 
wave function (in different contexts from cosmology) have been 
proposed in past years [12–17]. These models attempt to provide 
a solution to the so-called measurement problem of Quantum Me-
chanics by eliminating from the theory the need of an external 
agent responsible for localizing the wave function. It is also in-
teresting that these models give predictions that can be tested 
experimentally and that are different from the standard Quantum 
Theory [18]. We will not deal with all the conceptual framework 
concerning the self-induced collapse and instead we will refer the 
interested reader to Refs. [7,10,11,19] for a more in depth analy-
sis.

Previous works, e.g. [10,20,21], have analyzed the characteris-
tics of the spectrum associated with the scalar perturbations re-
sulting from considering the self-induced collapse hypothesis in 
different inflationary scenarios, e.g. multiple collapses [22], corre-
lation between the modes caused by the collapse [23], collapse 
occurring during the radiation dominated era [24], and also in a 
non-inflationary model [25]. Moreover, in Ref. [26] two quantum 
collapse schemes were tested with recent data from the CMB, in-
cluding the 7 year release of WMAP [27] and the matter power 
spectrum measured using LRGs by the Sloan Digital Sky Survey 
[28]. However, as we have mentioned, most previous mentioned 
works have been based on the semiclassical gravity approximation, 
which enables a quantum treatment of the matter fields, while a 
classical description of gravitation is maintained. In particular, the 
amplitude of primordial tensor modes provided by the collapse hy-
pothesis, within the semiclassical gravity approximation, is exactly 
zero at first-order in perturbation theory [10,21]. At second-order, 

the model prediction for the amplitude is too low that is practi-
cally undetectable by any recent and future experiments [29].

On the other hand, last year an allegation concerning the de-
tection of primordial B-modes polarization of the CMB by BICEP2 
Collaboration [3] (notwithstanding the apparent tension with the 
results provided by Planck mission and a strong evidence of prob-
able contamination by Galactic dust [30]), has made the revelation 
of primordial gravity waves a real possibility. In the plausible sce-
nario of a confirmed detection of primordial B-mode polarization, 
the framework of semiclassical gravity applied to the inflationary 
universe faces several issues, nevertheless, one could still imple-
ment the self-induced collapse hypothesis. One possible option 
(and probably the simplest) is to apply the collapse proposal di-
rectly within the standard analysis, in terms of a quantum field 
jointly characterizing the inflaton and metric perturbations, the so-
called Mukhanov–Sasaki variable. In Ref. [31] a first step, regarding 
the implications of considering the collapse of the wave function 
characterizing the state of the quantum field associated to the 
Mukhanov–Sasaki variable, was made. In particular, it was shown 
that the standard shape of the spectrum associated to the scalar 
perturbations becomes altered by introducing the collapse hypoth-
esis. Furthermore, in Refs. [32,33] a particular objective collapse 
model, called Continuous Spontaneous Localization (CSL) collapse 
model [14–16], was implemented resulting in interesting modifi-
cations to the standard scalar power spectrum corresponding to 
the Mukhanov–Sasaki variable field.

In this work, we will make a step further and obtain the spec-
trum associated to the tensor modes within the framework of 
quantizing both the matter and metric perturbations. We will show 
that, as in the scalar case, the tensor power spectrum becomes 
modified by introducing the collapse hypothesis. Additionally, we 
will obtain the tensor-to-scalar ratio r and show that it is of the 
same order of magnitude as the one predicted by standard single-
field slow-roll inflation. Nevertheless, an interesting result is that r
is independent of the collapse parameters. Thus, the precise mea-
surement of r sets the energy scale of inflation (the same as in 
the standard case), but cannot yield any significant information 
concerning the collapse. Moreover, we will not consider a specific 
collapse mechanism, but we will parameterize the collapse generi-
cally through the expectation values of the field and its conjugated 
momentum evaluated in the post-collapse state. It is worthwhile 
to mention that, in Ref. [34], the CSL collapse model was used 
to analyze the tensor modes in the same context as the present 
work, in relation to the quantum treatment of the fields. The au-
thors conclude that accurate measurements of r and the tensor 
spectral index nT can help to constraint such model parameters. 
However, their point of view regarding the physical implications 
of the collapse is different from ours. Specifically, in our picture 
if there is no quantum collapse the quantum state of the field 
is homogeneous and isotropic and there are no perturbations of 
the space–time, thus r = 0. On the other hand, within the model 
analyzed in [34], in the absence of a quantum collapse one re-
covers the standard inflationary predictions concerning the tensor 
and scalar power spectra. This is an important distinction with 
further implications regarding the observational quantities, as it 
will be shown in future work, but more importantly it consti-
tutes a difference in the physical implication of the self-induced 
collapse.

The present Letter is organized as follows: in Section 2 we re-
view some basics about previous results regarding the power spec-
trum of scalar perturbations, in the framework of collapse scheme 
models and working in terms of a joint metric-matter quantization 
for inflation; in Section 3 we show our results for the power spec-
trum of tensor modes and the tensor-to-scalar ratio; and finally, in 
Section 4 we summarize our conclusions.
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