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According to cosmological inflation, the inhomogeneities in our Universe are of quantum-mechanical
origin. This scenario is phenomenologically very appealing as it solves the puzzles of the standard hot big
bang model and naturally explains why the spectrum of cosmological perturbations is almost scale
invariant. It is also an ideal playground to discuss deep questions among which is the quantum
measurement problem in a cosmological context. Although the large squeezing of the quantum state of
the perturbations and the phenomenon of decoherence explain many aspects of the quantum-to-classical
transition, it remains to understand how a specific outcome can be produced in the early Universe, in the
absence of any observer. The continuous spontaneous localization (CSL) approach to quantum mechanics
attempts to solve the quantum measurement question in a general context. In this framework, the wave
function collapse is caused by adding new nonlinear and stochastic terms to the Schrodinger equation. In
this paper, we apply this theory to inflation, which amounts to solving the CSL parametric oscillator case.
We choose the wave function collapse to occur on an eigenstate of the Mukhanov-Sasaki variable and
discuss the corresponding modified Schrodinger equation. Then, we compute the power spectrum of the
perturbations and show that it acquires a universal shape with two branches, one which remains scale
invariant and one with ng = 4, a spectral index in obvious contradiction with the cosmic microwave
background anisotropy observations. The requirement that the non-scale-invariant part be outside the
observational window puts stringent constraints on the parameter controlling the deviations from ordinary
quantum mechanics. Due to the absence of a CSL amplification mechanism in field theory, this also has
the consequence that the collapse mechanism of the inflationary fluctuations is not efficient. Then, we
determine the collapse time. On small scales the collapse is almost instantaneous, and we recover exactly
the behavior of the CSL harmonic oscillator (a case for which we present new results), whereas, on large
scales, we find that the collapse is delayed and can take several e-folds to happen. We conclude that
recovering the observational successes of inflation and, at the same time, reaching a satisfactory resolution
of the inflationary ‘“macro-objectification” issue seems problematic in the framework considered here.
This work also provides a complete solution to the CSL parametric oscillator system, a topic we suggest
could play a very important role to further constrain the CSL parameters. Our results illustrate the

remarkable power of inflation and cosmology to constrain new physics.
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L. INTRODUCTION

Inflation is currently the leading paradigm for explaining
the physical conditions that prevailed in the very early
Universe [1-5]. It solves the puzzles of the standard hot
big bang phase and it explains the origin of the inhomo-
geneities in our Universe [6-11] (for reviews, see
Refs. [12-18]). According to the inflationary scenario,
these inhomogeneities result from the amplification of
the unavoidable vacuum quantum fluctuations of the gravi-
tational and inflaton fields during a phase of accelerated
expansion. In particular, inflation predicts an almost scale
invariant power spectrum for the cosmological fluctuations
[19], a prediction which fits very well the high accuracy
astrophysical data now at our disposal [20-26].
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Often less emphasized is the fact that inflation is also
particularly remarkable from the theoretical point of view.
Indeed, the inflationary mechanism for the production of
cosmological perturbations makes use of general relativity
and quantum mechanics, two theories that are notoriously
difficult to combine. Moreover, this mechanism leads to
theoretical predictions that are possible to study observa-
tionally with great accuracy. In fact, inflation is probably
the only case in physics where an effect based on general
relativity and quantum mechanics leads to predictions that,
given our present day technological capabilities, can be
tested experimentally.

The situation described above can be used to investigate
deep questions. Among these deep questions is how the
quantum measurement problem looks in a cosmological
context. According to inflation, the cosmic microwave
background (CMB) radiation anisotropy [27] is an observ-
able and is therefore described by a quantum operator. As a
consequence, when one looks at a CMB map, one observes
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the result of a measurement of that observable. According
to the postulates of quantum mechanics in the Copenhagen
interpretation, this means that the wave function of the
inflationary perturbations has collapsed to an eigenvector
of this operator and that the CMB map corresponds to one
of its eigenvalues. The problem with this approach is that
the collapse is supposed to occur only when an observer
performs a measurement on the system. Clearly, there was
no observer before or when the CMB was emitted. This
seems to contradict the phenomenological fact that large-
scale structure formation started early in the history of the
Universe since these structures are seeded by the same
early physics which led to CMB fluctuations. As a matter
of fact, CMB fluctuations can also be understood as the
earliest hint that primordial inhomogeneities had already
started to grow at that time. Furthermore, in some sense,
the observers are actually the end product of the structure
formation process. Of course, this measurement problem is
already present in conventional laboratory situations but it
seems to be exacerbated (to use the words of Ref. [28]) in a
cosmological context.

Important steps towards a better understanding of these
issues have already been accomplished. In particular, it was
shown that the inflationary accelerated expansion trans-
forms a coherent vacuum state into a strongly squeezed
state [29], the corresponding squeezing being much more
important than whatever can be realized in the laboratory
[30]. In this limit, the predictions of the quantum formalism
are indistinguishable from that of a theory where the fluc-
tuations are just assumed to be realizations of a classical
stochastic process [31-33]. The classical limit is a subtle
concept in quantum mechanics but, in this sense (and in this
sense only), the system can be characterized as being clas-
sical [34]. Moreover, the large-scale cosmological pertur-
bations are not isolated and, as a consequence, the
phenomenon of decoherence [35-37] is relevant for them.
This has the consequence that their density matrix becomes
diagonal before recombination, a criterion which is also
considered as necessary in order to understand the
quantum-to-classical transition [31,32,38-43]. However,
it is known that decoherence per se does not solve the
measurement problem [44,45]. Indeed, it remains to under-
stand how a single outcome can be produced. This point is
particularly important given that we only have one CMB
map, that is to say only one measurement of the correspond-
ing observable. In other words, even if the cosmological
fluctuations can be viewed as a classical stochastic problem,
this does not explain how a given realization of this process
becomes an actual perception. This “macro-objectivation”
problem is already present in a conventional situation but, as
already mentioned before, it becomes particularly embar-
rassing in the context of inflation where the collapse of the
wave function cannot be due to the presence of a conscious
observer. Facing this situation, the common attitude is to
postulate that decoherence should be combined with a new
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interpretational scheme, different from the Copenhagen
interpretation [46,47]. Typically, in cosmology, the many
world approach is often implicitly assumed [34,46-50].
Another frequently mentioned possibility, which seems to
be particularly well suited to the cosmological context, is to
consider that the wave function only represents the infor-
mation that we have on the system [51]. In this case, the
issue of the wave function collapse becomes irrelevant since
it just corresponds to a situation where the observer updates
their knowledge (in the Bayesian sense) about the physical
properties of the system. Other attempts, such as the non-
local hidden variable theories, have also been tried [52-57].
In all of these cases, the cosmological situation does not
differ much from a conventional laboratory situation and,
moreover, does not lead to new, falsifiable, predictions.1
Then, itbecomes a question of taste which approach best fits
one’s own prejudices.

However, there exists an exception to the conclusion of
the previous discussion, namely the case of the collapse
models [61-66] (for reviews, see Refs. [67,68]). In this
approach, the Schrodinger equation is modified by adding
nonlinear and stochastic terms which render dynamical the
collapse of the wave function. The model has nice features:
first, the approach seems to follow a conservative strategy
since, in physics, it is standard to first consider a linear
theory and then, in order to have a more accurate descrip-
tion, to consider nonlinear corrections; in some sense, the
collapse theories follow this line of argument. Second,
there is now a single law of evolution for the state vector
and, third, the Born laws can be derived instead of postu-
lated. There are also disadvantages such as the property
that energy is not conserved or the fact that the relativistic
formulation of the theory appears to be technically and
conceptually difficult to develop (however, see Ref. [69]).
But, clearly, the main advantage in comparison to the
possibilities discussed above is that this approach is falsifi-
able since it leads to predictions different from that of
conventional quantum mechanics. This fact has been
widely used in order to constrain collapse theories in the
laboratory [68,70-73] but, clearly, it is also important to
see whether this could be done in a cosmological context
[74-76]. It is therefore interesting to investigate what the
collapse theories have to say about the inflationary mecha-
nism. Notice that, regardless of one’s opinion about col-
lapse theories, the subject is worth studying: a supporter
would argue that the cosmological measurement problem
can possibly find a natural solution within this theory and
an opponent would hope that the constraints obtained in a
cosmological context can rule out the theory. In fact, this
last question turns out to be very important. Indeed, as

'In the case of the Bohm-de Broglie approach, there could be a
transitory regime, before ‘“‘quantum equilibrium” is reached,
where the predictions differ from conventional quantum me-
chanics [58]. Cosmology is also precisely considered as a
situation where this regime could be relevant [59,60].
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already mentioned, the constraints that exist on collapse
theories are usually obtained from physical phenomena
that can be observed in the laboratory. Therefore, by study-
ing collapse theories in the context of cosmology and
inflation, one can hope to derive very relevant new con-
straints since one now deals with characteristic scales
(energy, length, etc.) which typically differ by many orders
of magnitude from those used in a down-to-earth context.
This illustrates again the conceptual relevance of inflation
when it comes to very fundamental questions and its power
to constrain alternatives to gravity but also to quantum
mechanics. In some sense, inflation represents an ideal
playground to test new theories. Notice in passing that
the very same strategy was used in the case of the so-called
trans-Planckian problem of inflation [77-79] where it
was shown that the inflationary observables could pos-
sibly contain an imprint (although probably small) of
string theory.

We are using a (modified) Schrodinger-type of equation
to describe the behavior of cosmological perturbations.
This is justified because each Fourier mode of those effec-
tively evolves in an independent way and cosmological
expansion permits one to define a privileged time. This
allows for a sensible treatment of cosmological perturba-
tions even though a fully relativistic continuous spontane-
ous localization (CSL) model, which could be naively
expected to be required, is still lacking. At this moment,
surprisingly, it is easier to treat inflationary perturbations
than ordinary particle physics.

It should also be emphasized that the idea of applying
collapse theories to inflationary perturbations of quantum-
mechanical origin was first considered in Refs. [80-82]. In
these articles, a phenomenological model for the collapse
process was assumed and the corresponding physical prop-
erties were derived. In particular, the power spectrum of
the perturbations was calculated and was shown to deviate
from the standard predictions. Therefore, Refs. [80-82]
have demonstrated that, in principle, it is possible to ob-
servationally test collapse theories in a cosmological con-
text. Our approach differs from that of Refs. [80—82] in the
fact that we use the CSL model to implement the collapse
dynamics. This has the advantage that our calculations can
be directly confronted and compared to other results ob-
tained in other branches of physics.

This paper is organized as follows. In the next section,
Sec. 11, we present a brief review of the theory of infla-
tionary cosmological perturbations of quantum-
mechanical origin. We especially focus on the calculation
of the power spectrum since this quantity is the tool that
allows us to relate the inflationary theory with the CMB
observations. Then, in Sec. III, we discuss the cosmologi-
cal measurement problem and we explain how high accu-
racy CMB measurements can constrain inflation. In
Sec. IV, we consider collapse theories, in particular, its
CSL version, which is, as already mentioned, the case we
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use in this article. These sections aim at rendering the
present work self-contained for readers with different ex-
pertise. Then, we show how the harmonic oscillator can be
treated in this context. This case is particularly relevant for
cosmological fluctuations since it corresponds to the small-
scale limit (in comparison to the Hubble radius) of the
theory of cosmological perturbations. In Sec. V, we apply
the CSL theory to inflation and to the calculation of the
power spectrum. We use this result to constrain the pa-
rameter that controls the deviations from ordinary quantum
mechanics. In Sec. VI, we study in more details the col-
lapse phenomenon and explicitly compute the collapse
time on small and large scales. In Sec. VII, we summarize
our results and present our conclusions. We end the paper
with an Appendix where it is shown that changing the
“temporal gauge” in which the modified Schrédinger
equation is written does not affect the shape of the power
spectrum. This calculation reinforces the generic character
of the results obtained in this work.

II. INFLATIONARY COSMOLOGICAL
PERTURBATIONS

A. Basic formalism

By definition, inflation is a phase of accelerated expan-
sion that took place in the very early Universe, prior to the
standard hot big bang phase [1-5] (for reviews, see
Refs. [13—15]). As is well known, postulating such a phase
of evolution allows us to solve the standard problems of the
hot big bang model. Given that at very high energies, field
theory is the relevant framework to describe matter, a
natural way to realize inflation is to consider that a real
scalar field (the ‘““inflaton” field) dominated the energy
density budget of matter in the early Universe. Moreover,
this assumption is compatible with the observed homoge-
neity, isotropy and flatness of the early Universe.
Technically, the above-mentioned situation can be de-
scribed by the metric tensor ds?=—dr* +a?(1)5,;dx'dx/,
where a(f) is the Friedman-Lemaitre-Robertson-Walker
(FLRW) scale factor and ¢ the cosmic time.> The
Einstein equations imply that d/a = —(p + 3p)/(6M3),
p and p being the energy density and pressure of the matter
sourcing the gravitational field and Mp, the Planck mass
(a dot denotes a derivative with respect to the cosmic
time 7). For a scalar field, this reduces to d/a = V(¢) X
(1 — ¢2/V)/(3M3,), where V() is the scalar field poten-
tial. This means that inflation (i.e., @ > 0) can be obtained
provided the inflaton slowly rolls down its potential so that
its potential energy dominates over its kinetic energy. This
also shows that the inflaton potential must be sufficiently
flat, a requirement which is not always easy to obtain in

2Unless explicit mention of the contrary, we shall in what
follows assume natural units in which 2= ¢ = 1 so that the
Newton constant Gy is related with the Planck mass Mp, through
87T GN = Ml;lz
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realistic situations and makes the inflationary model build-
ing problem a difficult issue [83]. The physical nature of
the inflaton field has not been identified (there are many
candidates) and, as a consequence, the shape of V(¢) is not
known. Of course, different V(¢) lead to different infla-
tionary expansions but, since these different potentials
must all be sufficiently flat, the corresponding scale factors
are all approximately given by the de Sitter solution. This
solution is described by the scale factor a(z) =~ e/, where
H = a/a is the Hubble parameter, a slowly-varying quan-
tity directly related to the energy scale of inflation.
Observationally, this last quantity is not known but is con-
strained [22] to be between the grand unified theory (GUT)
scale, that is to say ~10!> GeV, and ~1 TeV. The pre-
vious considerations show that inflation can also be viewed
as a phase of quasiexponential expansion.

A concrete illustration of the above discussion consists
in considering power-law inflation [84]. Although it is
based on a specific model with potential V(¢) =
M*e~@¢/Mn (with « constant), it captures, in a simple
way, all the essential properties of inflation and, moreover,
is the only scenario which permits an exact integration of
the equations of motion (at the background level but also at
the perturbative level, see below). The corresponding scale
factor is given by

a(n) = €o(=n)'*~, (1)

where €, is a length the value of which is fixed once the
energy scale of inflation is known and 7 in the conformal
time defined by d# = adn, see Eq. (2). The quantity 8 is a
free parameter such that 8 = —2 and is related to «
through o?/2 = (B +2)/(B + 1). The case B8 = —2 rep-
resents the de Sitter solution since it implies « = 0, i.e., a
flat potential (and, of course, in cosmic time, the solution
a « 1/m is given by an exponential). Therefore, different 8
represents different inflationary solutions and [ must
always be close to —2 in order for the potential to be
sufficiently flat. As announced, power-law inflation illus-
trates well the discussion of the previous paragraph.

The above arguments can be considered as strong hints
in favor of inflation. However, soon after its advent, it was
realized that inflation, combined with quantum mechanics,
leads to an even more impressive result, namely it naturally
explains the origin of the CMB anisotropies and of the
large-scale structures. According to the inflationary para-
digm, these deviations from homogeneity and isotropy
originate from the unavoidable zero-point quantum fluctu-
ations of the coupled inflaton and gravitational fields.
Statistically, the fluctuations are characterized by their
two-point correlation function or power spectrum. The
observations [20-26] indicate that the corresponding
power spectrum is close to the Harrison-Zel’dovich, scale
invariant, power spectrum with equal power on all scales.
That this power spectrum represents a good fit to the
astrophysical data was in fact realized before the advent
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of inflation but no convincing fundamental theory was
known to explain this result.

The main success of inflation is that it precisely predicts
an almost scale invariant power spectrum, the small devia-
tions from scale invariance being connected with the mi-
crophysics of inflation [6—11]. The fact that different types
of inflationary scenarios lead to a power spectrum which is,
at leading order, always close to scale invariance is con-
nected with the fact that the inflationary scale factor is
always close to the de Sitter solution (see above) or,
equivalently, with the fact that the inflaton potential is
always almost flat. The deviations from scale invariance
are related to the deviations from a flat potential and,
therefore, depend on the detailed shape of the potential.
As a consequence, measuring them allows us to say some-
thing about V(¢) and there is currently an important effort
in this direction using the high accuracy CMB data that
have been released in the past years.

Let us now see how the results reviewed before can be
derived. Clearly, in order to model the cosmological fluc-
tuations, one needs to go beyond homogeneity and iso-
tropy. The most general metric describing small
fluctuations of the scalar type on top of a FLRW
Universe can be written as [12]

ds?=a*(n){—(1 —2¢)dn> +2(9;B)dx'dn
+[(1 = 29)8,; + 20,0, E}dx'dxi). 2)

A similar approach could be used to take into account
tensor perturbations (i.e., gravity waves). Here, we do not
include them since they are subdominant in the CMB,
representing less than ~20% at 20 confidence level [22]
and, in addition, doing it would not bring any new aspects
to the question we want to investigate in this article. In
Eq. (2), the four functions ¢, B, ¢ and E are of course
functions of time and space since we consider an inhomo-
geneous and anisotropic situation. As is well known, the
above approach is redundant because of gauge freedom
[12,85,86]. A careful study of this question shows that the
gravitational sector can in fact be described by a single,
gauge-invariant, quantity, the Bardeen potential ¥y de-
fined by [85]

Dy(nx) = ¢+ [a(B ~ BN, G

where a prime denotes a derivative with respect to the
conformal time 7. In the same manner, the matter sector
can be modeled by the gauge invariant fluctuation of the
scalar field

8¢ (n,x) =S¢ + ¢'(B - E). )

The two quantities ®5 and 6 are related by a perturbed
Einstein constraint. This implies that the scalar sector can
in fact be described by a single quantity. For this reason, we
now introduce the so-called Mukhanov-Sasaki variable
[6,87] which is a combination of the Bardeen potential
and of the gauge invariant field
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v(n, x) = a[5¢>(gi) + ¢’§;], )

where H = a’/a. All the other relevant quantities can be
expressed in terms of v(n, x) which, therefore, fully char-
acterizes the scalar sector.

The next step consists in deriving an equation of motion
for v(m, x). This can be done directly from the perturbed
Einstein equations but, here, we first establish the action for
the quantity v(n, x). Expanding the action of the system
(i.e., Einstein-Hilbert action plus the action of a scalar field)
up to second order in the perturbations, one obtains [12]

258 = % fd4x[(v’)2 — 89, vd;v + (a \/—\/_—_)N ] (6)

where €, = 1 — H'/JH? is the first slow-roll parameter
[88,89]. As the formula éi/a = H*(1 — €,) shows, the con-
dition €; <1 is in fact sufficient to have inflation. Moreover,
we have slow-roll inflation [19,88-91] if €; < 1. In this
case, it is easy to show that €, = (M3 /2V?)(dV/de)?,
i.e., €; is in fact a measure of how much the inflaton
potential deviates from a flat potential. Equivalently, ac-
cording to the previous considerations, this is also a mea-
sure of how much the inflationary expansion deviates from a
pure de Sitter solution. In the case of power-law inflation,
onechas e, = (2 + B)/(1 + B) and, of course, €, = 0 when
B = —2 (de Sitter solution). The scale factor can also be
rewritten as a(n) = €,(—n) !~ € and this formula is in fact
valid for any slow-roll model of inflation, i.e., for arbitrary
shaped potentials, not necessarily of the exponential type.
In this sense, power-law inflation with 8 < —2 is a simple
representative of all the slow-roll scenarios. Therefore, the
fact that, in this paper, we focus on this particular model for
technical reasons (again, because this model allows an easy
integration of the equations of motion at the background
and perturbative level) does not restrict in any way the
generality of our considerations.

Our next move consists in Fourier transforming the
quantity v(n, x). This is of course justified by the fact
that we work with a linear theory and, hence, all the modes
evolve independently. We have

v, x) = [ #rutmer @)

&
with v_;, = v} because v(7, x) is real. Then inserting this
expansion into Eq. (6), one arrives at [12]

(2)55=[dn[d3k{vk +vkuk[(i—*\/—/_—)” kz]}, 8)

where the integral over k is taken over half the Fourier
space only. Next, we define p;, the variable canonically
conjugate to vy

6L
Pk = W}:’ = U;c, 9)
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where L is the Lagrangian density in Fourier space that can
be derived from Eq. (8). This allows us to calculate the
Hamiltonian which reads

T

This Hamiltonian represents a collection of parametric
oscillators (i.e., one oscillator per mode), the time-
dependent frequency of which can be expressed as

B (a\/e—l)//
617\/3—1' (11)

We see that the frequency depends on the scale factors and
its derivatives (up to the fourth). This means that different
inflationary backgrounds (i.e., different inflaton potentials)
lead to different w(m, k) and, therefore, to different behav-
iors for v (7). From Eq. (10) or Eq. (8), it is easy to derive
the equation of motion for the Mukhanov-Sasaki variable.
One obtains

H= /d3k{pkp; + vkvzlik2

w’(n, k) = k?

v+ @i (n, kv, =0, (12)

which confirms that each mode behaves as a parametric
oscillator. Once a model of inflation has been chosen, the
potential V(¢) is known and, hence, the corresponding
scale factor can be calculated. This, in turn, allows us to
determine w?(7, k) and, then, one can solve the equation of
motion (12). However, in order to find the solution for the
Fourier component of the Mukhanov-Sasaki variable, one
also needs to specify the initial conditions. Classically,
there does not seem to exist a natural criterion to choose
them. However, when quantization has been performed,
the requirement that it be initially in the vacuum state of the
theory leads to well-defined initial conditions. We now turn
to these questions.

B. Quantization in the Schrodinger picture

In this section, we review how the cosmological pertur-
bations are quantized. Very often in the literature, this is
done in the Heisenberg picture. Here, we carry out the
quantization in the Schrodinger picture [15] because this is
more convenient for the problem we want to investigate in
this article. In order to quantize the system, it is also more
convenient to work with real variables. Therefore, we
introduce the following definitions:

1 1

v = \/—E(UE + iv}), Pr = \/—E(PE +ipp).  (13)
In the Schrdodinger approach, the quantum state of the
system is described by a wave functional, W[v(7n, x)].
Since we work in Fourier space (and since the theory is
still free in the sense that it does not contain terms with
power higher than 2 in the Lagrangian), the wave func-
tional can also be factorized into mode components as
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Wlv(n, )] = [TV @} vp) = [TYR@RD)YL()).  (14)
k k

Quantization is achieved by promoting v; and py to quan-
tum operators, v and py, and by requiring the canonical
commutation relations

(0%, pgl = i6(k — q), [0}, Pyl = i6(k —¢q).  (15)
These relations admit the following representation:
A4

RI"
dvy

oW = v, W = —i (16)

The wave functional W[v(n, x)] obeys the Schrodinger
equation which, in this context, is a functional differential
equation. However, since each mode evolves indepen-
dently, this functional differential equation can be reduced
to an infinite number of differential equations for each V.
Concretely, we have

R,I
-q,k —

] —— =

7 (RILLRI
v 17
877 k k ( )

where the Hamiltonian densities j—[ E’I are related to the
Hamiltonian by H = [ d3k(H, ,l: + H ;). They can be ex-
pressed as

A 1 92 1

RI _ _ 2 AR T\2
.7‘[k = 56(7}31)2"‘50) (ﬂ,k)(vk), (18)
where we have made use of the representations (16).

We are now in a position where we can solve the
Schrodinger equation. Let us consider the following
Gaussian state

VR, vgh) = Nie(pe™ B0, (19)

The functions Ny (n) and Q;(n) are time dependent and do
not carry the subscripts “‘R” and/or “I”’ because they are the
same for the wave functions of the real and imaginary parts
of the Mukhanov-Sasaki variable (see below). Then, insert-
ing W, given by Eq. (19) into the Schrédinger equation (17)
implies that Ny and ); obey the differential equations

i~k =0, QL =-2i02+ %wz(n, K. (20)

The solutions can be easily found and read
i fr
Ml = ( -k
2 fu
where f is a function obeying the equation f}/ + 0’ fr =0,

that is to say exactly Eq. (12). The first equation (21) guar-
antees that the wave function is properly normalized, i.e.,

29%er)1/4

k= 21

f WRIWRT ot = 1. (22)
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Let us now discuss the initial conditions. The fundamen-
tal assumption of inflation is that the perturbations are
initially in their ground state. At the beginning of inflation,
all the modes of astrophysical interest today have a physi-
cal wavelength smaller than the Hubble radius, i.e.,
k/(aH) — . In this regime, one has w?(n, k) — k> and
each mode now behaves as an harmonic oscillator (as
opposed to a parametric oscillator in the generic case)
with frequency w = k. As a consequence, the differential
equation for f(7) can easily be solved and the solution
reads f, = Age™®" + Bre 7, A, and By being integration
constants. Upon using the second equation (21), one has

k 14keilﬂ7 - Bkﬁ_ikn

O — =2 .
k772 Age*n + Bremikn

(23)

The wave function (19) represents the ground state wave
function of an harmonic oscillator if (), = k/2. Therefore,
one must choose the initial conditions such that B, = 0.
Moreover, it is easy to check that the Wronskian W =
fifx — fi fx is a conserved quantity, dW/dn = 0, thanks
to the equation of motion of f;. Straightforward calcula-
tion leads to W = 2ik|A,|*. In the Heisenberg picture the
canonical commutation relations require that W = i. Even
if in the Schrodinger picture presently used, the specific
value of W is irrelevant since it cancels out on all calcu-
lable physical quantities, this value is conventionally
adopted, which amounts to setting A; = 1/ V2k. As an-
nounced, requiring the initial state to be the ground state
has completely fixed the initial conditions. We see that
Eq. (12) (or, equivalently, the equation for f) should thus
be solved with the boundary condition

1 .
lim =_— ek, 24
Ly @4

This choice of initial conditions is referred to as the Bunch-
Davies vacuum.

C. The power spectrum

Let us now turn to the calculation of the power spectrum
and first introduce the two-point correlation function, de-
fined by

W|o(n,x)0(n,x +r)|T)
= /ndvgdv}c\lf,t(v}i, vpv(n,x)v(n,x +r) W (v}, vh).
k

(25)

The next step consists in using the Fourier transform of the
Mukhanov-Sasaki variable, see Eq. (7) and the explicit
form of the wave function of Eq. (19). One arrives at
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(P|o(n, x)0(n, x + r)|T)

1 o 2Ne)
- - ip'x .iq-(x+r) k
Gy J apaaer e I(502)

=2 ReQu[(0R)?+(w})?]
X[ndvfdv}ce k ‘ ! vpv,. (26)
k

If p # £¢q, the result of the integration is zero since the
integrand (up to the Gaussian weight) becomes linear in
vl or v If p = g, then the only nonlinear term in the
integrand is given by [(vR)? — (v})?]/2. Each term con-
tributes the same amount, so the difference vanishes. The
only possibility left is therefore p = —¢, such that v,v, =
[(v})* + (v},)*]/2, the factor 1/2 coming from the defini-

tion of vf‘l, see Eqs. (13). This leads to
(Plo(n, x)0(n, x + r)|P)

201 e T (2N
~ Gz e T

k

=23 Re[(vR)*+(})*]

N
X[ndvﬁdv}{e x
k

the factor of 2 originating from the fact that we have two
contributions, one given by the term (UE)2 and the other by
(vp)>. The Gaussian integrals can easily be carried out.

WR2 @)

(13 —_ 2 29
They are all of the form f dxe™**",” except of course the
. . — 2 2
one over vy which is of the form “[dxx?e™*".” As a
consequence, one obtains

(¥lo(n, x)0(n, x + r)|¥)

s forem i

k 2| (e, )

N \/F N—-1 ﬁ
- l:[(\/rie(b) l:[ (w/rﬁeﬂk). .

The infinite product “[TY~'” means a product over all the

wave vectors but p. One can always write this product as

“‘/ZEReQ p/mIIy 7 then the two last infinite products in

the above expression exactly cancel the first one.
Therefore, we are left with

(Plo(n, x)0(n, x +r)|¥) = (2%)3 fdp e ipT

1

4ReQ),”

(29)
We now need to express e ), in terms of the function f,.
From the second Eq. (21), one easily shows that
W

41fp1*

and we obtain our final expression for the two-point corre-
lation function

Re), = (30)
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1 o
(Wi o(n.x + PIV) = s [ dpe P I, P

1 +oo dp sinpr
27 p pr

Plfpl%

(3D

where, in the last expression, we have used our choice
W = i. The power spectrum is just defined as the square
of the Fourier amplitude per logarithmic interval at a given
scale, i.e.,

k3
Tu(k) = Wlfklz (32)

The same manipulations allow us to express the two-
point correlation of two Fourier amplitudes. It can be
written as

(W0, 03| W) = f [[dvRdv, Wy0,03%,  (33)
q

This integral is nonvanishing only if k = p (otherwise one
has to integrate an odd function) and receives two contri-
butions, one from (v¥)? and the other from (v} )?. Repeating
calculations already performed before, one finally arrives at

A 2772
(PlogoyI¥) = 5 P05tk —p). (34)

We now need to explain how the cosmological pertur-
bations of quantum-mechanical origin studied above are
related to observables in cosmology. This is the goal of the
next section.

D. From quantum fluctuations to CMB anisotropies

The presence of quantum fluctuations in the inflaton and
gravitational fields has many observational implications.
Here, we focus on one of them, namely the existence of
CMB temperature anisotropies. The importance of this
observable is that we now have at our disposal very high
accuracy measurements of those anisotropies [20,21].
Moreover, even more accurate data will be released soon
[92]. The relation between the temperature fluctuations
along a given direction e and the cosmological perturba-
tions is expressed by the so-called Sachs-Wolfe effect
[93,94]. A simplified version of this result, valid on large
angular scales only, can be written as [94]

1
8—;(‘3) = gf[ﬂess, _e(’nfss - 7’0) + xO]x (35)

where T represents the averaged background temperature,
ie., T = 2.7 K, 1y is the conformal time at emission (that
is to say at the surface of last scattering) and 7 is the
present conformal time. The vector x,, landmarks the place
of reception, in the present case Earth (or a satellite orbit-
ing the Earth). The quantity { denotes the curvature per-
turbation. It is related to the Bardeen potential defined in
Eq. (3) through the following expression [12,86,95]:
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g_gﬂ "Dy + by
14+w

where w = p/p is the equation of state parameter, that is to
say the energy density to pressure ratio of the dominant
fluid. For instance, for the matter dominated era (w = 0),
during which recombination takes place (at a redshift of
Zess = 1100), on large scales, one simply has ¢ =~ 5®/3
since the Bardeen potential is constant. The importance of
lies in the fact that it is a conserved quantity on large scales
[86,95]. Therefore, its spectrum, calculated at the end of
inflation, can directly be propagated to the recombination
time as it is not sensitive to the details of the cosmological
evolution, in particular to those of the complicated reheat-
ing era [96—-100]. The curvature perturbation can also be
expressed in terms of the Mukhanov-Sasaki variable as

+ Pp, (36)

1 v
a\/2€| MPl '

Finally, in the framework of the theory of inflationary
cosmological perturbations of quantum-mechanical origin,
we have seen that v is in fact an operator. This implies that
{ and 8T /T are also quantum operators and, for this reason,
from now on, we will denote them with a hat.

{= (37

Since the operator 8T /T lives on the celestial sphere, it
can be expanded over the spherical harmonic basis accord-
ing to

—~

o m={
oT (e Z Z &fmyfm

(0, &), (38)

where 6 and ¢ are the angles defining the direction along
which the vector e is pointing. Then, the angular two-point
correlation function can be expressed in terms of the multi-

pole moments Cy as
<\I}|&€m&;m'|q}> = C€8€€/5mm/r (39

and, as a consequence, the two-point correlation function
of the temperature fluctuations operator can be written as

|—(e1>—<e2>

1 [e )
VY= o 32+ DCPer )
=2

(40)

the quantity P, denoting Legendre polynomials.

In order to pursue our demonstration that the CMB
anisotropies are entirely determined by the quantum fluc-
tuations, let us now express the multipole moments in
terms of the cosmological perturbation power spectrum.
Upon using Egs. (35) and (38), one obtains

N gk(nfse) —1k el X #
fgy= (27T)3/2 j' A0, dk 2R ik letni—m)-xily? (o)

(4D)

and, from this expression, it is easy to show that
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1

C -
¢ 2a?Me 25 k

Je[k(no Nes) 1Py (k) (42)
where j, is a spherical Bessel function and where we used

Eq. (34) to show that

1

i (k)6(k — p)
P, (k)6 (k . 43
MPll © @

(1L, 0) =
We see that C, is given by an integral over wave numbers
of the Mukhanov-Sasaki power spectrum times a quantity
that can be viewed as a ‘transfer matrix jj =
J2[k(1o— mess)]” which allows us to “translate” a three
dimensional spatial frequency k into a two-dimensional
spatial frequency € on the celestial sphere. We emphasize
again that the above result is valid on large scales only;
otherwise the integral in Eq. (42) contains another transfer
function T,(k) which takes into account the subsequent
evolution of the modes when they reenter the Hubble
radius after inflation. Since { is a conserved quantity, we
have Ty(k — 0) = 1.

Finally, let us also notice that Eq. (41) implies that
(W, |P) = 0 since (V|| ¥) = 0. Of course, this also

means that (‘Iflg}/TI‘If) =0.

E. Inflationary predictions

We have just seen that, in order to calculate the CMB
multipole moments, we need to evaluate the curvature
perturbation power spectrum. In this section, we calculate
this quantity for power-law inflation.

The first step consists in solving the equation of motion
(12). Upon using Eq. (11), one obtains the time dependence
of the frequency of the parametric oscillator, which reads

w*(n, k) =k — 7'8(3172— 1). (44)

From this expression, one sees that there are two regimes
depending on whether the first term is dominant or sub-
dominant. The Hubble radius is given by €y = 1/H =
an/(1 + B) and the Fourier mode wavelength can be ex-
pressed in terms of the comoving wave number as A =
2ma/k. The first term dominates if [kn| > 1 or, equiva-
lently, A < €. In this case w = k and we expect the mode
function to oscillate as it would in Minkowski spacetime
since, at those scales, spacetime curvature is negligible for
the mode evolution. On the contrary, if |kn| < 1, or A >
€y, one has w ~ 1/7, so curvature dominates and one
obtains one growing mode and one decaying mode.
These arguments are confirmed when one studies the exact
solution for the mode function fy. It can be expressed in
terms of Bessel functions J,(z) as [101,102]

fr= (k) 2[Cyd g11/2(—km) + Dy (g1 2(—km)],
(45)

where Cy and Dy, are two integration constants. In order to
match the initial vacuum behavior (24), one must choose

103524-8



COSMOLOGICAL INFLATION AND THE QUANTUM ...

D — i‘/?e—iﬂ'/4—i7r(ﬂ+l/2)/2
K72V k sin[#(B + 1/2)]°

(46)

In particular, one notices that both coefficients C; and Dy,
scale as 1/+/k.

Since we want to evaluate the power spectrum on large

scales, it is sufficient to take the limit kn — O in Eq. (45).
Then, one is led to

Cp, = _DkeiW(BJr 1/2)’

1
2612M1%1 €]

1 _
e RIS AT AD

7){lstand = ?u(k)

where Mp, = mp/+/87r and the function f(3) is defined by
[90]

w]zy (48)

1
1o ==L
where I'(z) is the Euler integral of the first kind [101,102].
This function is such that, for the de Sitter case 8 = —2,
one has f(B8 = —2) = 1. The scalar spectral index ng =
2 + 5 and, for solutions close to the de Sitter solutions,
one has ng =~ 1, i.e., we have an almost scale invariant
power spectrum. As discussed before, the deviations
from scale invariance are related to the deviation from
the de Sitter case 8 = —2. This conclusion is in fact valid
for any slow-roll models. The amplitude Ag determines the
level of the temperature fluctuations observed in the sky,
namely 8T/T ~ 1077,
Finally, let us evaluate the multipole moments explicitly.
Upon using Eq. (42) and the expression of the power
spectrum established above, one arrives at

_ PTG = ng) /20T[€ + (ns — 1)/2] o )l-nsﬁ
CTTI@ — ng) 20T + 2 — (ng — 1)/2] 25
(49)

where we have defined rp, = 19 — 7. Since this equa-
tion has been derived for large scales, roughly speaking one
can estimate it to be valid in the regime € < 20. For ng =~ 1,
the above expression implies that C, o< 1/[€(€ + 1)].

Of course, in the real world, the argument goes the other
way around. From measurements of the CMB anisotropies,
we observe that, on large scales, C; o 1/[€(€ + 1)] and,
therefore, we deduce that the corresponding power spec-
trum is close to scale invariance, i.e., ng = 1. Obviously,
this also means that a spectrum that is not very close to scale
invariance is now ruled out (more precisely, the WMAP
data indicate that 1 — ng = 0.018759) [20-22]). As al-
ready emphasized, the great success of inflation is that it
precisely leads to such a power spectrum.

It should also be clear that the above discussion, although
perfectly correct at the level of principles, is oversimplified
at the technical level. The multipole moments are in fact
computed at any scale (i.e., for any value of €) by means of
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numerical calculations (since, in the most general case, they
are solutions of more involved differential equations) [103].
Moreover, their shape is not only determined by the spectral
index but is also affected by the other cosmological pa-
rameters. The constraints on the different inflationary mod-
els are then obtained by a Markov chain exploration of the
parameter space [104]. But these technical considerations
do not affect the considerations presented in this paper.
Once again, as far as physical principles are concerned,
the discussion presented in this section is accurate.

III. THE COSMOLOGICAL
MEASUREMENT PROBLEM

A. Squeezed state

In this section, we study in more detail the properties of
the quantum state in which the cosmological perturbations
are placed [29,31,34,105]. As already mentioned around
Eq. (19), it is described by the wave function

2NReQy\1/2 R
\Pk(')’], U;}, ‘U}c) = ( e k) e—Qk[(vk) +(vk)2] (50)
1/2
= (%) / e_zﬂk(‘q)vkv;' (51)
o

We see that this quantum state is completely known once the
time dependence of 4 (n) has been determined. The dif-
ferential equation controlling the evolution of Q,(n) is
given by the second part of Eq. (20). This equation is a
Ricatti equation (i.e., a first order, nonlinear, differential
equation). As is well known, it can always be reduced to a
second order but linear differential equation. As already
mentioned, this is achieved through the change of variable
Q= —if’/(2f)- The function f;(n) obeys f} + w*f; =0
and has been solved in Eq. (45). In the small-scale limit, one
has Q) — k/2 and the wave function (50) is the ground state
of an harmonic oscillator. In the large-scale limit, a lengthy
but straightforward calculation leads to

Qi () i i
_ - _|_ - _ @ (=
k ST by ey A
— Lo sin(27T,B)F2<B + %)(—kn)‘z’g‘2
a
2B+1
e — VY Wt AR R 52
1,2(_3_1/2)( 7) (52)
From this expression, one deduces that
k7T225+l
Re) =T (—kn) 24 0,
Ney(n) (g 1/2)( ) 0, (53
and
~ 1 a'
SmQ(n)=—-——0+p)+ - +=———0, (54
2n 2a

where the limits are taken in the super-Hubble regime in
which kn — 0.
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We have mentioned above that the Ricatti equation (20)
can always be reduced to a linear second order differential
equation. Of course, it can also be expressed as two linear,
first order, differential equations. Therefore, one can in-
troduce the functions u;(7) and vi(n) such that f;, =
(ug +vy)/ 2k, the normalization 1/~/2k being introduced
for convenience. Then it is easy to show that these two
functions obey

. (a[€7)
[ — k + *
uj, = ikuy e vy, (55)
!
v, = ikyy + (a/er) uj. (56)

a./e;
The Wronskian W = f} fr — fi'fx can be straightfor-

wardly evaluated as W = l(lukl2 |vg]?). This means
that, if we want to work with the choice W = i, one must

have |ug|®> — |vg|?> = 1. This suggests to introduce the
following parametrization:

uy(n) = e% coshry, (57)

vi(n) = e 0t 2% sinhry. (58)

The three functions ry(7), 8;(n) and ¢, (7) are called the
squeezing parameter, rotation angle and squeezing angle,
respectively. It is clear that the knowledge of these three
functions is equivalent to that of the function (4(n) and,
therefore, of the wave function. Upon using Egs. (57) and
(58), it is easy to show that

(a /€)'

re = e cos(2ey), (59)

b =k~ % coth(2ry) sin(2¢g), (60)

(i:ji?/tmﬂu%shﬂ2¢kl 61)

The explicit relation between () and the three squeezing
parameters is given by

0, =k —

k coshry — e *%xsinhr, '
k=5 e —i—, (62)
2 coshry, + e %% sinhry 2a

from which one deduces that

k 1
2 cosh(2ry) + cos(2¢y) sinh(2ry)’

NeQy, = (63)

k sin(2¢y,) sinh(2ry,) B a_’
2 cosh(2ry) + cos(2¢y) sinh(2r,)  2a’

Sm)y, = (64)
Equations (59)-(61), are highly nonlinear differential

equations and cannot be solved in general. We notice that
Egs. (59) and (60) are in fact decoupled from Eq. (61).
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Therefore, they can be solved in a first step and then the
solutions can be inserted in Eq. (61) to find the behavior of
0. In the case of power-law inflation, one can find explicit
solutions for the de Sitter case, 8 = —2. Although this is
not a solution for an arbitrary value of B, it is sufficient to
understand the main features of the phenomenon of
squeezing. One obtains

re(n) = —argsinh(ﬁ), (65)
1 1
dr(n) = Z + 3 arctan(Zk ) (66)

Therefore, we see that, initially in the sub-Hubble limit,
re, =0 (and ¢, = 7/4) while the super-Hubble limit
corresponds to the limit of strong squeezing r; — +o0
(and ¢y — 0).

Based on the previous considerations, it is clear that the
super-Hubble limit is always associated with strong squeez-
ing, even if we do not deal with the exact de Sitter solution.
Indeed, now for an arbitrary 8, Eq. (60) can be written as
¢ = —(B + 1)sin(2¢;)/m which can be integrated and
leads to ¢, = arctan[C|n|~2F*D]. For B < —2, this con-
firms the fact that ¢, — 0. In the same limit, one has r} =
1/m from which one obtains r; « (1 + 8) Ina. This con-
firms that the super-Hubble limit is the strong squeezing
limit and, given the fact that modes of astrophysical interest
today leave the Hubble scale 50—60 e-folds before the end of
inflation, one can deduce that r; =~ 120 for those modes
[29,30]. Compared to what can be achieved in the labora-
tory in quantum optics, this is a very large value [106].

In order to understand better the features of the quan-
tum state (50), it is also interesting to calculate the mean
values and dispersion of various quantities. First of all, it
is clear that

(WIog' W) = (Wl pg' W) = 0. (67)
Second, we also have
1
W|(OpW) = ———
o 2
ARI\2 = n (Jmﬂk)
CPIGE?ID) = ey + G0t (69)
Finally, the cross products can be expressed as
()
W|oR pRIT) = "k 7
AR AR _ le
<\P|pk Uqu,> Ziﬁeﬂk’ (71)

and, of course, similar expressions for the operators ﬁ}c
and p}. It is also interesting to notice that (W[ p} |W) =
(W0} pRIW) = 0.
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At this point, it is worth digressing about the definition
of the conjugate momentum. The action (6) is of course
defined up to a total derivative. In Ref. [15], it was shown that
adding the term d[(a'/a)(WR)? + (a'/a)(v})?]/(2dn) can
also be viewed as a canonical transformation. This generates
an additional term (a'/a)(pS'vd"™ + pR" UE’I) in the
Hamiltonian. A complete study was presented in Ref. [15]
and, here, we only quote the main results. It was shown that,
at the quantum level, this canonical transformation leaves

the amplitude ﬁE’I invariant but induces the following trans-
formations for the momentum: f)E’I — ﬁ'g’l with
/
et = p = S (72)

On the _other hand, the wave function is also modified,
W, — W, and the function (); changes according to
QO — Qy, where

Q=0 +i—. (73)

2a
In particular, we see that the canonical transformation is
such that the term ia’/(2a) in the expression (62) of the
function Q(7n) is exactly canceled. The factor N of the
wave function is not modified and is still given by the first of
Eq. (21) (but of course should be used either with Q) or ),
according to which set of variables is used). This also means
that when the averages (67)—(71) are computed in the state
| P), one obtains exactly the same expression, (), being just
replaced with () (of course, | W) and | W), being related by a
canonical transformation, represent the same physical state).
We now come back to our calculation of the dispersion
of amplitude operator and its conjugate momentum. Upon

using Egs. (68) and (63), one obtains

- - 1
(P y = Sleosh(2re) + cos2¢hy)sinh(2ry)} - (74)
In the same manner, the dispersion of the operator ﬁ',lj'l is
given by
k 1+ sin?(2¢y)sinh?(2r;)

Y O
(Wi )2|w>_§cosh(2rk) +cos(2¢) sinh(2ry)” o

Let us now consider two new operators le,ls’l and By,
defined from ﬁ,‘?‘l /~/k and \/lzﬁf’l through a rotation by the
squeezing angle ¢y,

~AR1
AR =T cosp 4 il sng 00
. Al
B}}I = "k _ sing;, — \/lzﬁil cosgy. 77

Vk

It is easy to check that [ A, B,] = i. Then, a lengthy but
straightforward calculation leads to
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2r,

(T AR ===, (78)
A _ 2rg
(PIB D) = - (19)

Therefore, we see that there exists a direction in the plane
(71, v) where the dispersion is extremely small. This is
why the corresponding state is called a squeezed state. In
order to satisfy the Heisenberg inequality, the dispersion
along the direction perpendicular to the previous one be-
comes very large. As already mentioned, the phenomenon
of squeezing is widely studied in many different branches
of physics, in particular in quantum optics. Squeezing
occurs each time the quantization of a parametric oscillator
is carried out. It is remarkable that the quantization of
small fluctuations on top of an expanding universe also
leads to that concept (squeezing here, i.e., r, # 0, does not
require an accelerated expansion, only a dynamical back-
ground is necessary).

B. The classical limit

We have seen in the last section that the super-Hubble
limit corresponds to a limit where the squeezing parameter
ry is large. In the literature, this regime is very often
described as a regime where the cosmological perturba-
tions have classicalized [31,32,39,39,107]. Since this con-
cept is subtle in quantum mechanics (and particularly when
quantum mechanics is applied to cosmology), we need to
come back to this issue and to describe accurately what is
meant by a “classical limit” in this context. In particular, it
may seem strange at first sight that a quantum system
placed in a strongly squeezed state can be described as a
classical state since, in the context of, say, quantum optics,
a similar situation would precisely be described as a non-
classical situation [108,109].

A convenient tool to study this question is the Wigner
function, defined by

1 X
W(UE’ U}p PE, P}c) = W dedY‘I'*<U}§ ~5 v}c — %)

—ipRy—inl X y
Xe Pt ’Pky‘If(vf + > vy + 5)' (80)
Indeed, it is well known that the Wigner function can be
understood as a classical probability distribution function

whenever it is positive definite. Then, upon using the
quantum state (50), the following explicit form is obtained

W, vy Pk PR)

1
v el - (R4 23m0 Rz]
27N, e"p[ 2ty Px T 2ImAv)
1
X exp[— e, (pL + 2Skau}c)2]_ (81)

The following remark is in order at this stage. One could
have calculated the Wigner function with the state Wy.
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FIG. 1 (color online).

PHYSICAL REVIEW D 86, 103524 (2012)

Pk\

Wigner function of a squeezed quantum state at different times during inflation. Only the two-dimensional

function corresponding to the set of variables (v}, pR) has been represented, see Eq. (81). The time evolution of e, and ImQ; has
been expressed in terms of the two squeezing parameters r; and ¢;. These ones are given by the solutions (65) and (66). The left upper
panel corresponds to r, = 0.0005 and the corresponding state is almost a coherent one. The right upper panel corresponds to r; =
0.48, the left bottom one to r;, = 0.88 and, finally, the right bottom one to r;, = 2.31. The effect of the squeezing and the cigar shape of

Eq. (82) are clearly visible.

Obviously, one would have obtained exactly the same ex-
pression except that all the (); terms would have been
replaced with () and p,lj'l with 77',]}1. In particular, this means
that the term in parenthesis in the argument of the exponen-
tials would have read 77,13’1 + ZTSkav%I. But, thanks to
Egs. (72) and (73), this is precisely p,lj’l + ZSkav%I since
the two terms proportional to a’/a exactly cancel out. This is
of course related to the fact that the Wigner function is
invariant under a canonical transformation.

The Wigner function (81) is represented in Fig. 1 at
different times or, equivalently, at different values of ry
(ry = 0.0005, 0.48, 0.88 and 2.31). The effect of the strong
squeezing is clearly visible. Initially, in the sub-Hubble
regime, r; is small and the Wigner function is peaked
over a small region in phase space. As inflation proceeds,
the modes become super Hubble and r; increases. As a
consequence, the Wigner function spreads and acquires a
cigar shape typical of squeezed states. In fact, in the strong
squeezing limit, one has Re Q) — 0 and ImQ;, — ksingy/
(2cosghy) — 0, see Egs. (63) and (64). Let us notice in
passing that this last equation is consistent with Eq. (54).
On the other hand, if one considers %mﬂk, then the leading
term a’/(2a) is absent and one has to go to the next order in
Eq. (64). This one is given by k/[4(B8+3/2)](—kn) and
represents the leading term of Im{),. It goes to zero in

agreement with the fact that ¢;, — 0 in the strong squeezing
limit. In this regime, the Wigner function can be written as

singy, vR)
cosgy K
singy I)

v k|
cosy,
This last equation represents the mathematical formulation
of the cigar shape mentioned above.

It is important to notice that the behavior described
above is very different from the behavior of the Wigner
function of a coherent state. The coherent states are usually
considered as the “most classical” states and their Wigner
function is given by

W, vi, pR. pi) — \I’\I’*é(pg +k

X 5(p; +k (82)

WOk, pf) = L e 0 e il (53)
where vi’d and p,f’“l represent the classical solutions. The
typical shape is plotted in Fig. 2. One sees that the Wigner
functions remain peaked over a small region in phase space
and that this packet follows the classical trajectory (an
ellipse in this context). Comparing Figs. 1 and 2, we
understand why a coherent state is usually considered as
classical while a squeezed state is considered as highly
nonclassical. In the case of the coherent state, if one is given,
say, the value of v,li, then one obtains a value for the
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FIG. 2 (color online).

PHYSICAL REVIEW D 86, 103524 (2012)

Wigner function of a coherent state (83), represented at different times during inflation. Contrary to the Wigner

function of a squeezed state of Fig. 1, the shape remains unchanged during the cosmological evolution. The Wigner function just
follows the classical trajectory, an ellipse here since we deal with an harmonic oscillator. This justifies the fact that a coherent state can

be viewed as the ‘““most classical quantum state.”

momentum, pf, which is very close to the one we would
have inferred in the classical case. This is of course due to
the fact that the Wigner function follows the classical
trajectory and has minimal spread around it in all phase
space directions. On the contrary, in the case of the squeezed
state, if one is given p} then the value of v} is very uncertain
since the Wigner function is spread over a large region in
phase space. Therefore, we conclude that the cosmological
perturbations do not behave classically in the usual sense.

Given the previous discussion, it may seem relatively
easy to observe genuine quantum effects in the CMB.
Unfortunately this is not so, essentially because, in the
strong squeezed limit, all quantum predictions can be in
fact obtained from averages performed by mean of a
classical stochastic process.

Let us first study how this question is usually treated. For
this purpose, let us consider again the expectation of the
operator (73'5)2 [of course, one could also treat the case of
(#R)"]. The quantum average is given by Eq. (69), namely

RV (ISmQ,)?
(WI(7R)* ) = NReQyy, + e, (84)

On the other hand, if one computes the quantity
[avkamiw, o AR, 69

where W, _o(vy, 7y) refers to the Wigner function in
the strong squeezing limit (82), then one obtains

(SmQy)?/NReQy, which coincides with Eq. (84) in the
limit r; — oo. This result is often taken as a proof that a
strongly squeezed state can be described as a classical
stochastic process. However, this argument is not very
convincing since it is a theorem [31] that the exact
Wigner function [we stress again that, in Eq. (85), we
have not used the general Wigner function but its limit
when ry is large] satisfies the following property:

(AR, 7R)) = f dvRdmRW R, 7R)AWR, 7}),  (86)

where A is an arbitrary operator. Therefore, it does not come
as a surprise that an expression like Eq. (85) reproduces the
corresponding quantum average in the limit r;, — oco.

In fact, as was discussed in Refs. [34,39,110], what
makes the situation so peculiar is something different.
The point is that, in the limit r, — oo, all the quantum
predictions can be reproduced if one assumes that the
system always followed classical laws but had random
initial conditions with a given probably density function.
This can be easily understood on the example of a free
particle [34,39,110]. Let us assume that, initially (at z = 0),
the probability to find the particle at x is given by

2
|W(x, 0)]2 = ,/—bz e 2/ (87)
7.

where b is a parameter that characterizes the width of the
distribution. At time ¢, this probability is given by

103524-13



MARTIN, VENNIN, AND PETER

2 1
1 + 472/ (m?b*)
2b%(x — kot/m)?
>< —_
x [ b* + 42/ m?

W (x, 0)]* =

] es

where m is the mass of the particle and k&, the center of the
Gaussian wave packet in Fourier space.

Now let us consider a situation where we repeat many
times an experiment consisting in sending a classical par-
ticle from the origin with a velocity v (equivalently, instead
of repeating the experiments many times, one could also
consider an ensemble of classical particles) and detecting it
at a position x # 0. By definition, the particle follows the
laws of classical physics which means that its motion can
be described by the equation: x = vt (they all start from
x = 0 at t = 0). Then, let us assume that the velocities are
classical random variables with a probability distribution
function given by

P(v) = 1 e v/(Av), (89)

JTAv

This means that according to the particle considered, the
velocity is in fact not always the same. But because differ-
ent particles have different velocities, they will not reach
the position x at the same time. It is important to stress that,
here, only the initial conditions are random and that the
trajectory is purely classical. From the above distribution,
we can easily infer that the probability of finding a particle
at x, at time ¢, is

1
JmtAv

This distribution is in fact exactly |W(x, £)|?> in the limit
t— o0 provided we identify v=ko/m and Av = +/2/(mb).
Let us notice that this last relation is exactly what is
obtained at the quantum level since x and v are conjugate
variables. As a matter of fact, Eqs. (87) and (89) are Fourier
transforms of each other. We conclude that, provided we
detect the particles far from the origin, the quantum pre-
dictions for the particles can be completely mimicked by
means of a classical stochastic process.

Asdiscussed in Ref. [110], the situation is exactly similar
for the inflationary perturbations. The limit r;, — oo is in
fact equivalent to the limit of large times in the example
above. One can even calculate the Wigner function of the
free particle described by the wave function (88) and show
that it takes the same form as the one of Eq. (81). Therefore,
the inflationary perturbations are said to be classical in the
sense explained before: they can be described by a classical
stochastic process. In practice, for instance, one can con-
sider the ay, in Eqgs. (38) and (39) as classical random
variables with probability density functions given by

P(x, ) = e~ (mv0?/(tAv)?, (90)
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1 R )2
P(aR) = e~ (a)*/2C) 91
0 = e, o
1 R
P(ag,) = J7C, e~ @i/ Co, m#0, (92)
1
P(ay,,) = e~ (@, /Ce, m#0.  (93)

J7Cy

Of course one can check that (a?;;al{}fn,} = CyOpp O
where, now, the bracket means a classical average calcu-
lated by means of the above distributions.

Finally, we conclude this section by a few words on the
density matrix ﬁ}?. In fact, the density matrix is nothing but
the Fourier transform of the Wigner function. Let us denote
by |vR) the eigenstates of the operator DF. Then, we have

R/ R
v Ty
2

Upon using Eq. (81) in the above equation, one arrives at

Wil = [ et hw(ME M ) o

R PRIR) = (2m69k)1/2 o~ NeQu [P+ wR)]
k PV -
X e~ iSmOUR)?~ (k7] (95)

We notice that the off-diagonal terms, vy’ # vy, oscillate
very rapidly in the strong squeezing limit. This means
that decoherence (defined as the disappearance of those
off-diagonal terms) does not occur without taking into
account an environment for the perturbations. Various dis-
cussions on what this environment may be can be found in
Refs. [41-43].

C. Ergodicity

Let us now discuss how, in practice, we can check
the predictions of the theory previously reviewed.
Initially, the system is placed in an eigenstate of the
Hamiltonian (the vacuum state) of Eq. (19), which can
also be expressed as a superposition in the basis of the
states |vR), namely

W) = f dvR N, () e D@ PRy, (96)

The corresponding mean value of the Hamiltonian operator
can be expressed as

1GmO)? 0 1
2 29{eﬂk 2 49{“'er

Of course, initially ), = k/2 and the energy is nothing but
w/?2 as expected for the vacuum state.

In the real world, we measure the temperature anisotro-
pies. As we have seen (and as is appropriate for an observ-
able in the quantum-mechanical framework), this quantity
is represented by an operator. According to Eq. (38), mea-
suring the temperature anisotropies is equivalent to mea-
suring the observables dg,, which, in turn, according to

(V| HR ) = %fﬁeﬂk + ©97)

103524-14



COSMOLOGICAL INFLATION AND THE QUANTUM ...

Eq. (41), is equivalent to measuring the observables ¢ 1 OT Uy
(that is to say D% and 9}).

According to the postulates of quantum mechanics, mea-
suring the observable ﬁg gives an eigenvalue vE (nohat, itis
a number) with probability [(v}|W)|*> and, immediately
after this measurement, the system is placed in the eigen-
state |v§>. More concretely, after the measurement, we
“see”” a specific CMB map and we say that the measure-
ment has produced a specific ‘“‘realization.” The result is
given in terms of coefficients ag,, (again, no hat) expressed
in terms of the numbers v,§ through Eq. (41) (except, of
course, that this equation should now be used with no hat on
both sides). Equivalently, we see a specific temperature
pattern 67(e)/T (no hat) corresponding to the set of num-
bers ay,,, see also Eq. (38). In conclusion, the CMB map
observed, say, by the WMAP satellite corresponds to one

measurement (or one realization) of the operator 5T (e)/T.

Then comes the question of how one can operationally
verify these theoretical predictions. In quantum mechanics,
in an ordinary laboratory situation, one would check that
the theory is correct by repeating the experiment many
times. In this way, one would generate many realizations of

ﬁg (or, equivalently, of d;,, or 6T/T) i.e., one would obtain
Nieg numbers vR, i =1,+++, Ny [or a}, or (6T/T)]
where N, is the number of realizations (that is to say
the number of times the experiments have been per-
formed). With these N,.,; CMB maps, one could then check
that the UE" are indeed distributed with a Gaussian proba-
bility density function in agreement with Eq. (50) or, with
the N, sets of numbers a%m, one could infer whether they
follow Egs. (91)—(93), determine the corresponding vari-
ance and check that it is given by the C, predicted by the
theory. Let us notice that the above discussion is indepen-
dent from the fact that the perturbations can be described
classically or not. If we are in the classical limit (in the
restricted sense defined in the previous section), then we
showed that measuring the observable d,,, can be viewed
as measuring a classical system with random initial con-
ditions but this does not change the fact that we need many
realizations to check that the probability density function
predicted by the theory is the correct one.

Clearly, in cosmology, the program described above
cannot be carried out because one cannot repeat the ex-
periment many times since we are given only one CMB
map [33]. How, then, can we check the predictions of the
theory of cosmological perturbations? To discuss this ques-
tion, let us be more accurate about the operator 87/T(e). In
the large-squeezing limit, we have seen that it can be
viewed as a classical stochastic process and, therefore, it
is convenient to write it as

5—TT (& e), (98)

where the symbol ¢ labels the realizations. A given realiza-
tion of a stochastic process is a function of e. By contrast, a
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given realization of a random variable is not a function but a
number. This is for instance the case of ay,,(£). The idea is
then to replace ensemble averages by spatial averages (i.e.,
averages over different directions e) [33]. If the process is
ergodic, these two types of averages are equal [33]. In that
case, one can check the predictions of the theory even if one
has only one realization at our disposal. Unfortunately, one
can also show that a stochastic process living on a sphere
(here, of course, the celestial sphere) cannot be ergodic [33].
Therefore, we are left with the task of constructing unbiased
estimators with minimal variances. For instance, let us
assume that we have calculated the number C, in some
inflationary scenario and that we would like to compare its
value to an actual measurement. How would we proceed?
We would consider the random variable C,(¢) defined by
the following expression [33]:

1 oT oT
Cu) =4 [ 40100:P (c0s51) T (6 e0) - (6,
(99)

where 81, is the angle between the direction e; and e,. As
announced, the estimator Cy(£) is expressed as a spatial
average of the stochastic process 6T/T. It is easy to show
that it is unbiased, ({C;)) = C,; and has the minimum
variance [33] (called the “cosmic variance’) given by

V2/(2€ + 1)C,. The double brackets {)) mean an ensemble
average, which amounts to a quantum average in the high
squeezing limit as mentioned before. One should be careful
that this ensemble average has nothing to do with the one
introduced below (denoted [E) for the CSL modifications of
the Schrodinger equation, since these two stochasticities
have completely different natures, the former being effec-
tive and the later intrinsic.

In practice, we would proceed as follows. From our CMB
map 8T (&, e)/T, we compute the integral in Eq. (99) and
this gives a number representing one realization of the
estimator C,, the only one we can have access to. It is
unlikely that this number will be C, because it is unlikely
that one realization of a random variable will be exactly
equal to the mean value of that variable. However, if the
variance is small (i.e., if the estimator is good), the corre-
sponding probability density function will be sharply peaked
around the mean value and any realization will therefore be
close to the mean (and, in our case, it is not possible to
decrease the value of the variance since we work with the
best estimator). Therefore, we can study where the number
we have obtained by following the above described proce-

dure falls, compared to the interval C, = 4/2/(2¢ + 1)C,,
where C, is the theoretically predicted multipole moment.
Then, for instance, one can start a calculation of the )(2 to
assess to which confidence we have verified the theory. In
fact, the cosmic variance can simply be seen as another
source of error, besides those coming from the instruments.

Given the previous discussion, there is one issue that one
can raise and which is the subject of the present paper. The
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question is how a specific outcome (a realization) is produced.
Above, we have just assumed that this happens without
discussing this point. According to the postulates of quantum
mechanics in the Copenhagen interpretation, this macro-
objectification takes place when a measurement is performed.
Since the CMB anisotropies were produced at a redshift of
Zpss = 1100, this means that it should have happened prior to
that epoch (possibly during inflation itself). But, clearly, there
was no observer at those early times. We face here the
conventional measurement problem of quantum mechanics
which is, in the context of cosmology, exacerbated.

IV. THE PEARLE-GHIRARDI-RIMINI-WEBER
THEORY

A. A dynamical collapse model

Although one can manage to obtain, based on primordial
vacuum quantum fluctuations, a set of correlation functions
that are formally indistinguishable from a classical sto-
chastic distribution, one still has to face the problem of
reaching a specific realization before cosmological pertur-
bations can start to grow in a classical way. This amounts to
the question of the measurement problem in quantum
mechanics, namely that there are two distinct evolution
processes: the unitary and linear Schrodinger time evolu-
tion on the one hand, and the stochastic and nonlinear wave
packet reduction on the other.

In what follows, we briefly present the collapse theories
and explain how the Schrédinger equation can be modified
in order to allow a dynamical description of the wave
packet reduction. In fact, to be more precise, we shall
restrict attention to the case of CSL [62,63,65,67].

The CSL model relies on the idea that an extra stochastic
behavior should be added to the Schrodinger linear evolu-
tion, encoded through a Wiener process W,, whose differ-
ential acts as a random square root of that of time, namely

E(dW,) =0, and E@W,dW,) = 8(r — £)d  (100)

where [ stands for an ensemble average. One then expands
the state vector variation d| y) up to first order in time through

d|y) = (Adr + BdW,)|x), (101)

where A and B are operators acting on the Hilbert space of
available states. One then demands that, on average, the wave
function will be normalized, i.e.,

E(xlx) = 1= Ed(xIx)]=0,

which, upon using Ité calculus® for the differentials and
Eq. (100), yields

(102)

3This means that for two functions f and g of the stochastic
variable W, one has d(fg) = fdg + (df)g + E[(df)(dg)] and
df(W) = f'(W)dW + 1 f"(W)E[(dW)*], where a prime stands
for ordinary derivative with respect to the argument W. It is
necessary to expand ug to second order in the noise because
Eq. (100) means E(dW?) = dr.
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At +A=-BB (103)
since the state |y) is arbitrary. The general solution of
Eq. (103) is A= —iH — %é*é, where H is Hermitian and
to be identified with the Hamiltonian leading to the usual
Schrodinger dynamics.

In order to assign a probabilistic meaning to the norm of
the wave function, it should be normalized. However,
according to Eq. (101), although this is true on average,
it varies stochastically according to

dllxII> = (xI(B + BN x)dw, = 2(x|Blx)dW,  (104)

where from now on we assume that B is Hermitian.

Equation (104) implies that the state | y) is not normal-
ized, and one can define a normalized one whose proba-
bility distribution will thus be interpretable in terms of
measurements. We then set

LX)
lp) = ”—
Xl
whose dynamics can be computed using the previously
derived rules. One finds

(105)

alg) = {[ =it = 5B~ By ar + B - Braw}iv)
(106)

where the quantum expectation value is taken on the
normalized state vector and thus defined as

(B) = (y|Bly).

The operator B can be decomposed as B = ﬁQ The
coupling constant 7y is the product of the localization rate
with the width of the Gaussian wave function inducing the
localizations [62], and sets the strength of the nonlinear
effects and therefore the characteristic time scale over
which these are measurable. The observable Q for in-
stance the position operator, is the basis on which the states
are to spontaneously collapse to (in the following, we also
call the operator Q, the ““collapse operator’).

As it turns out, and this is exemplified later in the case
where the operator QO is identified with a cosmological
perturbation Fourier mode (see Sec. VA), the natural evo-
lution of Eq. (106) is to project an initial state | ;) on an
eigenstate |a) of the operator Q setting

0 => q.laXal,

(107)

(108)

(the sum being replaced by an integral in the case of a
continuous spectrum for Q) such that Qla) = ¢,|a), one
finds that lim,_.,| ¥ (z)) = |a) for a given value of «, and
this with a probability P(a) = [{¥|a)|?. In other words,
the Born rule is naturally implemented as a dynamical
consequence instead of being imposed as an extra
hypothesis.
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Finally, defining the density operator as

p = E(¥)XVI), (109)

one obtains, using Eq. (106) the so-called Lindblad equa-
tion, namely

o _ a1 YA TA A
& ilH, p] - S1Q.[Q. 1)
providing its time development.

Let us now come to another very important aspect of the
CSL theory and describe the so-called ‘‘amplification
mechanism” which enables one to understand why the
dynamics of microscopic systems is not much altered by
the extra stochastic and nonlinear terms in Eq. (106). This
is phenomenologically very important since this means
that the laboratory experiments performed on ‘‘small”
quantum systems are still accurately predicted by the stan-
dard Schrodinger equation while the macroscopic objects
are quickly and efficiently localized. Let us consider an
ensemble of N identical particles, assuming that, for each
of them, the collapse operator is the physical position in
space. Therefore, we can identify the operator and Wiener
processes according to

(110)

N
B— 7Y % and dW,— dw (111)
i=1
in Eq. (106), with &%; the position operator for the ith
particle. Note that in this case, one has as many indepen-
dent Wiener processes as there are particles; they satisfy
E[dWdW\'] = 61 5(t — 1')dr (112)
This naturally generalizes Eq. (106) to a set of operators
and particles on which to project the relevant states.

We now assume that one can decompose the total wave
vector | W) in the form

[P ({xi) = [Wem(R) @ [ Wi ({ri}),

where the total wave function depends on the set of all of
the position operators {x;}, while the “macroscopic” part
of it, | W), depends only on the position R = N~ 'Y .x; of
the center of mass, and the rest is a function only of the
relative coordinates r; defined through x; = R + r;.

Using It6 calculus to evaluate the differential of the
tensor product in Eq. (113), it is easily checked that
|W({x;})) satisfies Eq. (106) with B and dW, given by
Eq. (111) if the components of the product respectively
satisfy

(113)

Ao (R) = {[ ~iflew = 73 (R — (B Jas
+ TR - <R>)dw,}I%M(R>>, (114)

and
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A1V alrip) = {[ i - T_le@- -G Jo

D[R

N—-1
7S (- <f,~>)dwi">}|«1frel({r,-}>>,
i=1

(115)

where we have assumed the total Hamiltonian could be
split into A = Hcy(R) + Hy({7;}) and the new constant
vcum appearing in Eq. (114) is given by ycy = N7y. This
illustrates the mechanism thanks to which localization is
amplified for a macroscopic object containing a large
number (in practice N ~ 10?3 > 1 for usual classical sys-
tems) of particles, while the usual quantum spread is
mostly conserved for the internal degrees of freedom. A
recent inventory of all the constraints derived so far in
various physical situations on the CSL parameter y can
be found in Ref. [111].

B. An illustrative example: The harmonic oscillator

In this section, we illustrate how the CSL theory works
on the example of the harmonic oscillator, resetting the
Planck constant A for easier comparison with previous
works. This is an interesting case because it represents
the prototypical example of a quantum system and, to
our knowledge, this case has not been solved explicitly in
the case of the CSL theory. Moreover, in cosmology, as
explained before, we deal with a parametric oscillator, a
case which shares some similarities with an harmonic
oscillator, at least in some regimes. It is therefore important
to understand first this simplest case in the CSL frame-
work. In the following, we assume that the operator B
introduced in the previous section is the position operator
X. As a consequence, the modified Schrodinger equation
can be written as

dw = [— %Ifldt + (& — (@)W, — %(ﬁ - <f>)2df]‘1’:
(116)

where H = p%/(2m) + mw?%%/2 is the Hamiltonian. The
parameter 7y sets the strength of the collapse mechanism
and, since we have chosen the position as the preferred
basis, it has dimension L~2 X T~!. Following Ref. [73],
the wave function can be taken as a Gaussian state and the
most general form can be expressed as

(1, x) = |N(1)| exp{—NeQ()[x — x(1)]* + io(1)

+ix()x — iSmQ(Hx2}, (117)

where, a priori, |N|, ReQ, %, o, y and Im ) are real
stochastic variables. Introducing this wave function in
Eq. (118), one obtains the following set of equations:

IN] 4 ReQ) m 4NeQ)’ (118)
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Re) = y + 47 (He)(SmQ), (119)
m
2
@m0 = — Pee0)? — 2am)21 + ™ 22 (120)
m h 2
o on 7 aw,
] — _ [
X m[X 2(ImO)x] +—2§ReQ o (121)
a“=ﬁ[—%d)+2@%QV*L—lXﬂ, (122)
m 2
y:—%mwamwoﬁmm, (123)

where a prime means a derivative with respect to time. We
see that the first equation can be integrated to give |[N| =
(29MeQ /)4, which ensures that the wave function is
properly normalized. Then, the two following equations,
Egs. (119) and (120) ““decouple’ from the other equations
and can be integrated separately. In particular, if we add
them up, we arrive at

. .
Q=20+ y+ = (124)
m

2h
This equation should be compared to Eq. (21). As ex-
pected, they are identical provided we take A =m = 1
and y = 0. Of course, in the present case, the frequency
w is constant since we deal with a harmonic oscillator
rather than a parametric oscillator as is the case for cos-
mological perturbations. Equation (124) is a Ricatti equa-
tion and we have already seen that the appropriate change
of variable to transform it into a linear second order
differential equation is Q = —imf'/(2hf), where the
function f(r) obeys the equation

!+ <w2 - 21'%7/)]‘ =0.

This equation admits simple solutions that can be ex-
pressed in terms of exponentials, namely f(r)
exp(*=at) where « is defined by

(125)

2iyh 5
- w?.
m

o=

(126)
As a consequence, the solution for )(¢) can be written as
Q) = — " atanh(ar + @),

2h
where ¢ is an integration constant that can be expressed in
terms of the initial value of the function Q(z)

b = argtanh[ — % M]

(127)

(128)

a

This solution resembles the formula obtained in the case of
the free particle, see Ref. [73].

At this stage, we need to discuss the initial conditions.
Our assumption is that, at ¢+ = 0, the quantum state is
simply given by the ground state of the harmonic oscillator
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in conventional quantum mechanics. Technically, this
means that we require the wave function to be

\If(l‘ =0, x) — (@)1/4 e*mwxz/(Zh)y
h
which implies that He() = mw/(2h) and ImQ = 0 or,
equivalently, ¢ = argtanh(iw/a). Notice that this choice
is fully compatible with the normalization established
above, |N| = 2NReQ/m)/*. Of course, our choice also
amounts to imposing x(r=0) = o(t=0) = y(r=0) =0.
Since the evolution of the stochastic wave function is
controlled by the function {)(¢), it is interesting to study
how it evolves with time. Writing the number a as o =
a® + ial, where it is easy to show that

1/2
R_©® n?y?
a = — —
ﬁ(1+4m2w4 1] .

~1/2
24,2
1447 —1) .33y

and ¢ = @R + i, straightforward algebraic manipula-
tions lead to the following expressions for e} and Im):

m a'sinh[2(aRt+ ¢R)]+ aRsin[2(alt + ¢1)]

(129)

(130)

NReQ 1) =7 cos 2(alr + O] + cosh[2(a®s + pB)]
(132)
ImQ() =" alsin[2(alr + ¢1)] — aRsinh[2(aR7 + ¢R)]

2h cos[Z(alt + d)I)] + COSh[Z(aRt + ¢R)]
(133)

In particular, the function e )(z), with the initial condi-
tion specified above, is always positive. Notice also that
there is a sign ambiguity in the definitions of the quantities
a® and o! in Egs. (130) and (131), but one can show that
this does not affect the physical predictions of the model. It
is also interesting to calculate the limit for large times of
the two functions in Eqs. (132) and (133). One obtains

mal  mo 1 7A2y?
li gtﬂz—:—]+_—+..., 134
Jmaote % 271( 2 b ) (134)
R 1 h2 2
lim SmQ = — 2% 'z—l(]—_ Pl )
t—+00 2h 2w 2m2w4
(135)

where the dots indicate an expansion in the small dimen-
sionless parameter 7y/(mw?). We see that, if y = 0, we
obtain the ground state given by Eq. (129). Deviations from
that solution are controlled by the parameter 2y/(mw?).
We are now in a position where one can investigate the
physical properties of the quantum state (117). In particu-
lar, it is easy to show that () =% and (p)= y —
2(ImQ)x. Initially, ¥ = 0 and the position operator has a
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FIG. 3 (color online).
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Spread in position and momentum for different values of 7y in the case of the harmonic oscillator; see Eq. (138).

The conventional Schrédinger evolution corresponds to y = 0 and is represented by the black curve which oscillates with constant
amplitude. On the contrary, when the collapse mechanism is turned on, the oscillations are damped (blue and red curves), the spreads tend

toward a constant value and localization occurs.

vanishing mean value as expected for the ground state of
the harmonic oscillator but, at later times, due to the
stochastic evolution of the wave function, it acquires a
nonzero value. It is also possible to calculate the spread
in position and momentum. One obtains

= (% 2>_<>2_2\/SR_Q (136)
(57— (P = g Q"+ BmOY )

NeQ)

We see that these quantities only depend on NMe{) and
JIm{). As a consequence, inserting Egs. (132) and (133)
in the above expressions of ¢, and 0 ,, One arrives at

f\/ cos[2(a't + ¢1)] + cosh[2(aRt + @R)]
a'sinh[2(aRt + ¢R)] + aRsin[2(a't + DT

a-p — J: (aR)Z + (al)Z

\/ cosh[2(aRt + ¢R)] — cos[2(a't + ¢1)]
a'sinh[2(aRt + pR)] + aRsin[2(a't + ¢D]
(138)

The time evolution of these quantities is displayed in
Fig. 3. The black curves correspond to the conventional
Schrodinger evolution, i.e., the case y = 0. They show the
usual oscillatory behavior. On the contrary, when y # 0, we
see that the oscillations are damped (see the smaller ampli-
tude decaying red and blue curves). Then, the spreads con-
verge towards a constant value, which only depends on y, w
and m. This value is easy to evaluate and one finds

L) 1/4
limo. = 1+ [¢ 1+4hy —1| ., az9
—oo  23/4y m?w*

hZ ’}’2

2.4

limap = mw(l + 4
m-w

t > X tlim o, (140)

From these formulas one can see that the spread in position

at infinity decreases with 7y, from 4//(2mw) fory = 0to 0
for y — co. We see that the modified Schrodinger equation,
as expected, implies a localization in position. We also
notice that the microscopic behavior of the system is altered
by the nonlinear and stochastic terms added to the theory. By
contrast, in order to satisfy the Heisenberg uncertainty rela-
tion, the spread in momentum increases with 7y, from
Jmwh/2 for y = 0 to infinity for y — co. For y = 0 and
at large times, one finds that the Heisenberg relation is
saturated, 0,0, = /2, as appropriate for a coherent state.
In the limit y — oo, one finds a larger value 0,0, = 1/ V2.
Letus alsoremark that an exact eigenstate of the operator X is
given by a Dirac function 6(x — X) centered at some value X.
On the other hand, we see that adding nonlinear and sto-
chastic terms results in a spreading of the Dirac function into
a Gaussian wave function with a finite width decreasing for
increasing y. Therefore, the modified Schrodinger equation
does not exactly lead to an eigenstate of the position opera-
tor. In fact, the asymptotic value of o, obtained above
defines the “precision” of the collapse and characterizes
how close to an eigenstate of the collapse operator the final
state is. In that sense, since o, decreases with vy, the bigger
v, the more “precise” the collapse.

To conclude this section, it is also interesting to calculate
the time derivative of the quantum mean value of the
Hamiltonian operator. One obtains

dA) n? ImQ
o % —f Teld <P>
e Y AV,
—I—2m (£ >‘Reﬂ a (141)

This equation implies that
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~ 2
dE[A)] _ 7

P m (142)

As is well know, this formula expresses the nonconserva-
tion of energy in the CSL theory. From a phenomenologi-
cal point of view, this increase of energy is usually so small
(given the values of y usually considered) that it cannot be
detected. Put differently, the nonconservation of energy in
the CSL theory cannot be used to rule out this theory [68].

V. THE INFLATIONARY CSL THEORY

The dynamical collapse model of the previous sections
should apply to any quantum system, and hence in particu-
lar to cosmological perturbations as they arise from vac-
uum fluctuations. Spontaneously collapsing these happens
to be a tremendously complicated task for many reasons
discussed below, so in what follows, we suggest a much
simplified modeling method which we then apply to the
inflationary situation.

A. The modified Schrodinger equation for the
Mukhanov-Sasaki variable

The first obvious problem one encounters when dealing
with quantum cosmological perturbations is that the under-
lying theory ought to be relativistic. The straightforward
relativistic generalization of the CSL model for quantum
field theory, starting with the action (6) in the Tomonaga
picture for instance, leads to unremovable divergences [65]
(see however Ref. [69]), even more so when nonlinearities
inherent to general relativity are taken into account.

The second option which happens to lead to a model in
which calculations are actually possible consists in noting,
as mentioned earlier in Sec. IID, that the spectrum of
primordial perturbations depends on the wave number k.
In other words, once the Fourier spectrum is known, all of
the observable quantities related with the CMB can be
computed and compared with actual data. This means
that mere knowledge of the modes ¥ ought to be enough
in order for a complete description of the possible obser-
vations to be realized.

We shall therefore accordingly assume in what follows
that the modified Schrodinger equation of motion for the
wave function will be done at the level of the Fourier mode
V¥, with spontaneous localization on the ¥ eigenmani-
folds. This is consistent with previous approaches aimed at
studying decoherence of cosmological perturbations where
the pointer basis is often assumed to be precisely the
Mukhanov-Sasaki operators, see Ref. [38]. Separating as
before into real and imaginary parts, we shall thus assume
the following basic equation:

dWR = [—ij{ Rdn + YR — @R)dw,

- %(ﬁg - <ﬁ}§>)2dn]wg, (143)
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and a similar equation for \If}c Here, the quantity vy is a
positive constant with mass dimension 2 if the scale factor
is chosen to be dimensionless but is dimensionless if the
scale factor is chosen to have mass dimension — 1, which is
the convention adopted here. As in Sec. IV, the parameter y
sets the strength of the collapse mechanism.

Let us now review all the limitations of postulating an
ansatz equation such as Eq. (143). First, one should note
that the constant y in Eq. (143) cannot be the same as the
one associated with the choice of the position operator as
the collapse operator appearing in Eq. (116), despite our
choice of the same notation. It is clear that each time one
considers different collapse operators, this leads to differ-
ent CSL parameters with different mass dimension. The
same phenomenon is observed in Ref. [70] where the
collapse operator is chosen to be a spin operator. In this
case, it is clear that the corresponding CSL parameter
cannot be the same as the one corresponding to the case
where the collapse operator is the position (as it is for the
case of the free particle [73]). This is unfortunate when it
comes to a comparison of the constraints obtained in the
laboratory with the constraints obtained in cosmology. In
fact, what could be done is to consider the strict CSL
theory where the collapse operator is usually taken to be
the averaged density operator. In the language of cosmo-
logical perturbations, this amounts to assuming that there is

spontaneous localization on the 6/,\0(77, x) eigenmanifold,
where 8 p(n, x) is the perturbed energy density. This would
have the advantage to introduce a universal -y with always
the same dimension. Unfortunately, 6p(n, x) is a compli-
cated functional of v, and this would probably render the
whole approach untractable. Let us also notice that y could
be taken as a function of the wave number k, i.e., different
CSL parameters for different modes. In this article, for
simplicity, we do not follow this route.

Another issue is that we moved from real to reciprocal
space while keeping the structure of the equation un-
changed. In doing so, we also avoid from the outset any
mode mixing that would be naturally arising from a real
space modified Schrodinger equation: its stochastic version
being nonlinear, one would expect a coupling of the Fourier
modes, which is here automatically set to zero. Note this
approximation is justified by data observations of the CMB.

Another important limitation of our treatment is the
fact that the collapse concerns the modes independently.
As a result, the amplification mechanism, so crucial to
explain why the quantum behavior becomes increasingly
less important for increasingly large systems (the effec-
tive collapse time being inversely proportional to the
number of particles involved and, hence, to the size of
the system), is simply not operating here. Therefore, even
though one might consider cosmological size effects, the
collapse will occur just as it would for an independent
quantum particle. As we will see, that implies a severe
constraint on the constant y when comparison of the
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FIG. 4 (color online). Evolution of various physical length
scales with time during the cosmic history in the CSL model
described by Eq. (143) with a zoom on the transition from inflation
to reheating inserted (see the concluding section). The solid line
represents the Hubble radius € and the dashed-dotted green and
red lines, the physical wavelengths of two Fourier modes of
cosmological relevance today. The solid blue line represents the
built-in CSL scale 57, see the discussion above Eq. (157). Itis a
preferred comoving scale and can also be viewed as a time-
dependent preferred physical scale. Therefore, when a mode is
below (above) €, it remains so during the whole history of the
Universe as is clear from the plot. This means that, contrary to the
Hubble scale, there is no ““€,, crossing” during the cosmic evolu-
tion. As a consequence, one expects the power spectrum to acquire
a broken power-law shape, with two different branches, an ex-
pectation confirmed by the calculations in Sec. V D.

modified spectrum is made to actual observations on
Hubble-size scales.

Finally, Eq. (143) is written in terms of the conformal
Fourier mode of the original action. Because its normaliza-
tion implies the equation be nonlinear, this means the con-
stant y can be translated, as we will show later, into a
privileged conformal scale, and hence a time-dependent
privileged length €., as shown in Fig. 4 and the discussion
above Eq. (157). This is somehow similar to the fact, except
at the perturbative and conformal levels, that considering
nonflat spatial sections permits to define a curvature length
and thus forbids to renormalize the scale factor arbitrarily.
However, as shown in the Appendix, this last limitation does
not affect the general conclusions drawn here.

B. Gaussian state

Our goal is now to solve Eq. (143). As was done for the
standard case (50), one considers that the wave function
assumes a Gaussian shape. Concretely, we take the most
general form, namely

VR (g, v") = Ny () exp{—ReQy () [vp' = 5 ()
+iod () +ixy (mvg!
—iImQy () (W)}, (144)
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where 17,]3 I a'k Tand Xk Dare real numbers. The fact that one

can assume |N;| and € to be independent of “R” or “I”
will be justified in the following. Compared to Eq. (50), we
see that Eq. (144) is more general and, therefore, contains
more parameters. The case of Eq. (50) corresponds to
'RI =0, X = 0 and argN; = oy. Of course, the above
Gauss1an is similar to the wave function considered in the
case of the harmonic oscillator of Eq. (117). The only
difference is that the stochastic functions characterizing
the wave function now depend on the wave number k and
the role of the position is played by the Fourier amplitude of
the Mukhanov-Sasaki variable.

The next step is to insert Eq. (144) into Eq. (143) in order
to derive the differential equations obeyed by the functions
parametrizing the Gaussian state. Straightforward manipu-
lations making use of the It6 calculus lead to the following
expressions:

[N 1T (Rep) o Y
N 3 men, ™At s, (145)
(ReQy) = v + 4(NeQp)(ImQy), (146)
(SmO,) = —2(Re,)? + 2(3mQ, ) +%w2(17, k), (147)

I — R,I \/7 di _ o~

(v h Xi +29fer an 2(Iml), )vk ,  (148)
(1) = —NeQy + 2(Re Q)2 (op")? — (XE")Z, (149)
O = —4ReQ)? 50" + 2 (SmQy). (150)

Several remarks are in order at this point. First, we see that
the evolution equations for |N;|, RHeQ), and Jka are
deterministic and independent of that of vk s o-k or )(k .
This justifies the fact that one can assume these quantities
to be independent on R, I provided similar initial condi-
tions are chosen for R, I. This also means that these three
quantities are not random (but their evolution is still ex-
plicitly modified by the stochastic dynamics when y # 0).
Second, Eq. (145) explicitly implies the conservation of the
wave function norm: if one initially has a normalized

state, 1.e.,
29ed; \1/4
|Ng| = ( k) ,
T

it will remain so at any time. In fact, this equation is similar
to Eq. (21) which is therefore not modified by the intro-
duction of the nonlinear stochastic terms. Moreover, in the
present case where the wave function is given by a single
Gaussian, (rf’l is just an irrelevant global phase and can be
ignored (this will no longer be the case when the quantum
state is the sum of two Gaussians, see below). Third, it is
easy to check that Egs. (145)—(150), are the exact counter
parts of Egs. (118)—(123). The only difference is that w is

(151)
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now a time-dependent quantity as expected since we deal
with a parametric oscillator. We conclude that, instead of
six coupled stochastic differential equations, we have in
fact to solve two sets of two coupled differential equations,
the first one being deterministic and the second one being
stochastic. In particular Egs. (146) and (147) can be com-
bined and lead to the following Ricatti equation for the
quantity NeQ; + iImQ, = Q:

QL = —2i02 + y + %wz(n, k). (152)

This equation is similar to Eq. (124) obtained for the
harmonic oscillator. Of course, if y = 0, then one exactly
recovers the Ricatti equation (20). As discussed before, a
Ricatti equation can always be reduced to a linear but
second order differential equation: this is achieved through
the transformation Q) = —if} /(2f;), where fy is a solu-
tion of the following linear differential equation:

7+ [w?(n, k) = 2iy]fi = 0. (153)
This equation is very similar to the equation for the mode
function considered before. The only difference is the
appearance of the term —2ivy in the effective frequency.
Obviously, if y = 0, then one recovers the conventional

case. Moreover, the fact that this is the counterpart of
Eq. (125) is obvious.

C. Evolution of the stochastic wave
function during inflation

We now study the time evolution of the quantum state
(144) in more detail. We start with the evolution of Mel);
and Im{); since we have shown in the last section that it
decouples from the other equations of motion. To derive
the corresponding solutions, it is sufficient to solve
Eq. (153). If the background is driven by a phase of
power-law inflation, w(m, k) is given by w(n, k) = k* —
B(B + 1)/n? and the differential equation (153) reads

+1
i+ [k2 - 7'8('8 5 )_ 2iy]fk = 0. (154)
n
We see that the only effect of the CSL term —2ivy is to
modify the comoving wave number k> — k*> — 2iy. The
solution of Eq. (154) can be written in terms of Bessel

functions
fi(n) = (=zkm) P[Ced g (= zikm)
+ DiJ —(gr1/2)(—zkkn)],

where Cy and Dy, are integration constants and where the
complex number z; is defined by

2 2\I/4 2
1/1 i = (1 + 4%) o faretnCy/E) (156

Equation (155) should be compared to its non-CSL coun-
terpart, Eq. (45). The only difference is the appearance of
the z; factor. This is consistent with the remark made

(155)

Zk
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above since this factor always multiplies the expression
km and can, therefore, be viewed as a ‘““renormalization” of
the wave number k. In the non-CSL case where y = 0, one
obviously has z; = 1 and Eq. (155) reduces to Eq. (45). It
is interesting to remark that z;, for the parametric oscillator
plays a role similar to that of « for the harmonic oscillator,
see the definition (126). In fact, strictly following this last
definition, one can introduce a mode-dependent «; pa-
rameter, namely a; = 4/2iy — k> (using @ = k for mass-
less perturbations) and, then, z; appears to be just a
rescaled «; parameter: «; = ikz;. Finally, notice also
that the sign ambiguity in the definition of z; due to the
presence of a square root has absolutely no impact on the
results presented below.

Let us now discuss the solution f;(n) and what this
implies for the behavior of the wave function. In the
presence of the CSL term, the problem is characterized
by three scales: the wavelength of the Fourier mode given
by Ax(n) = a(n)/k, the Hubble radius €;(n) = a*/a’ and
a new scale associated with the parameter y defined by
€, = a(n)//y or, in terms of mass scale, M,, = ./y/a(n).
Notice that €., is a new, time-dependent, physical scale that
is built in the inflationary CSL theory, see Fig. 4. In terms
of these three physical scales, the quantity zzkn which
appears in Eq. (155) can be written as

€ M2
zekn = (1 + B)-24(1 = 2i 52, (157)
Ay kphys

where Ky = k/a is the physical wave number. At
the beginning of inflation, the modes of cosmological
interest today laid far inside the Hubble radius, which
means A, <K {y, i.e., kn — —oo. Notice that these consid-
erations are independent of the value of M,. Indeed, if
kpnys > M., then z; =1 and the previous limit is not
changed. On the contrary, if ks << M., then the condi-
tion |z;| > 1is even better satisfied. It is also interesting to
remark that, in this last case, z; kn does not go to — oo along
the real axis but along a direction that is inclined in the
complex plane. However, this does not change the asymp-
totic behavior of the Bessel functions in this regime. Upon
using Eq. (155), one obtains

2 T
I — =] Cysinf —zikn = T
Ak/}{}}:flﬁofk(ﬁ) \/;I:Ck Sln( zkkn 2ﬁ)

+ D, cos(—zkkn + gﬁ)] (158)

This expression can also be re-expressed in term of ““plane
wave” functions (writing a; = af + ia})

ea}flr]lfioz}{n*iﬂ'ﬂ

Ag
lim =
,\k/eH—»ofk(m e
+ By e—a;:lnl+ia;(77+i7r/4,

2

(159)
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where the coefficients A; and By, can be expressed as linear
combinations of Cj, and D;, namely

Ak — Ck e—iﬂ'(,B+1/2)/2 + Dk eiﬂ'(,B+1/2)/2 (160)

Bk — Ck eiﬂ'(,B+l/2)/2 + Dk e*iﬂ'(,BJrl/Z)/Z' (161)
The solution (159) is nothing but the Wentzel-Kramers-
Brillouin (WKB) mode function exp(*i [ wd7)/ V.
The reason for this result is that, in the sub-Hubble regime,
the WKB approximation is still valid even in presence of the
CSL term. As is well known, this approximation is satisfied
when the quantity |Q/w?| < 1, where Q is given by

3 1 (dw)2 1 dw

0 4 @? (dn) 20 dn?’
Since, in the limit under consideration, w? tends toward a
constant, namely w”> = k> — 2ivy, and since Q is given in
terms of derivatives of w, it is obvious that the criterion is
satisfied. As already mentioned, the only effect of the CSL
theory is to add the constant term —2i7y to w?. Although this
modifies the solution for the mode function, clearly, this
cannot change the fact that WKB is valid at the beginning of
inflation.

Let us now comment on Eq. (159). When |n| goes to
infinity, the second branch of the above solution is going to
die away since a,’? > 0. As a consequence, only the first
branch remains and, since () is given in terms of a ratio,
ie., —if;/(2fy), the remaining constant A; disappears
from the final expression. Therefore, {); becomes inde-
pendent of the initial conditions and is given by () =
iay/2, which implies that NeQy =~ —al/2 =~ —k/2.
Returning to Eq. (144), this means that the wave function
is not bounded at infinity and is not normalizable. The deep
reason is that, in the CSL context, z; (or ay) is complex
and this implies that the WKB solution acquires either a
growing or a decaying exponential component which au-
tomatically kills one of the two branches. And, of course,
7 (or ay) is complex because of the CSL term —2ivy.

Based on the previous discussion, it is clear that the only
meaningful choice of initial conditions is to require that
Ay = 0. From Egs. (160) and (161), we see that this
implies

(162)

Cyp = — Dy ei™B+1/2), (163)

This choice exactly coincides with the Bunch-Davies initial
conditions (46). From now on, we assume Eq. (163) but we
will come back soon to this discussion. Then, one can
rederive the behavior of ) in the sub-Hubble regime.
One obtains

lim Qu(n) = -+ ay, (164)

A/ €g—0 2

which is fully consistent with Egs. (134) and (135). In
particular, one can check that, now, MeQ; — k/2 and the
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wave function becomes normalizable (of course, it tends to
the ground state wave function). Therefore, we have proven
that, as expected, the cosmological perturbations behave, in
the sub-Hubble regime, exactly as the CSL harmonic
oscillator.

Having studied the behavior of the stochastic wave
function in the sub-Hubble regime, we now turn to the
super-Hubble case. In the framework of CSL, and contrary
to the sub-Hubble regime studied before, it is clear that this
regime has no counter part in the case of the harmonic
oscillator. It corresponds to the limit €y << A; and, from
Eq. (157), we see that this means |z;kn| — 0. Let us notice
that one could also consider the case where ks < M,
such that M, /k, >> 1 compensates the ratio €y/A; in
Eq. (157) resulting in a large |zzkml, even in the super-
Hubble regime. Below, we briefly comment on this case.
Here, we assume that M, is such that this does not happen.
Then, upon using the asymptotic behavior of the Bessel
functions for small values of their argument, one arrives at

QG _ iU+ kg (k) ¥
k 2kn  HB+3/2) 2(B+3/2) K
Dy Y\ B (]
+zC—k<1—2zp) 228 1(,8+§>
I'(g+1/2) _ap-

This equation should be compared to the corresponding
non-CSL formula (52). If v =0 and if one takes the
Bunch-Davies initial conditions, D; = —Cye 7(F*1/2),
then the above equation exactly reduces to Eq. (52).
Here, although we argued before that one should use the
Bunch-Davies initial conditions (163), we temporarily
keep the coefficients C; and D arbitrary because, later
on, we shall want to comment on their influence on the
shape of the CSL power spectrum. Let us also notice that
the last term of the above expression is in fact proportional
to z,:(z'gﬂ). If we write z; in polar form, z; = |z;|e%* (of
course, #; should not be confused with the squeezing
angle) where the modulus and the phase can be read off
directly from Eq. (156), and parametrize the initial con-
ditions as Cj, = |Cile'®c and Dy = |Dye/a=i7F+im/2 (50
that the Bunch-Davies limit is simply 8, — 6, = 0), then it
is easy to determine the real and imaginary parts of the
function (). One finds

S k) + ekl 09

X cos[mB+ (2B +1)8, — 6, + 6,]
k,n.22ﬁ+l

“TA=B — 1/2)cos(wB)

X (—ky) 262 4 -,

ReQy(n) = -

(166)
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~ k k
Ssm{;(n) 2kn(1 B) 4(,8+3/2)( kn)
_k | D] -(2B8+1)
Gl

1
X 22135 sinf[7B+(2B+1)0,—0,+6,]

X cos(w,B)Fz(B + %)(—kn)—ZB—Z -

(167)

These equations are the CSL counterparts of Egs. (53) and
(54). Of course, for v = 0 and the Bunch-Davies initial
conditions, they exactly reduce to those equations. We see
that the main effect of the CSL theory is to strongly modify
NRe ), since its leading term in the above expansion is a
term which cancels if y = 0. We also see that we still have
NReQy — 0 in the super-Hubble limit. In the absence of the
CSL term, we would obtain the same limit but not with
the same power. Compared to Mel),, ImL); is much less
modified since the first correction show up only in the third
term of the expansion. As a consequence, we still have
JIml);, — oo in the super-Hubble regime.

We now use the above results to discuss the collapse of
the wave function in more detail. Since we have assumed in
Eq. (143) that the “collapse operator” is Uy, we expect the
nonlinear and stochastic terms in the modified Schrodinger
equation to drive the initial Gaussian state to an eigenvec-
tor of ¥y, that is to say to the Dirac function (v — Uy).
However, in practice, as we learned from the harmonic
oscillator example in Sec. IV B, this is not what happens. In
practice, we find that the wave function tends towards a
Gaussian state with a constant spread in position and that
the larger the value of vy, the smaller the amplitude of this
spread, ie., lim,_ .0, — [A/(4my)]'/* when 7y — oo.
Therefore, strictly speaking, the exact localization is ob-
tained only in the y — oo limit. Of course, if the spread is
very small, then for all practical purposes, the collapse has
been achieved. In fact, this is the essence of the amplifica-
tion mechanism discussed in Sec. IVA. The effective value
vcm of v for a macroscopic object (or for its center of
mass) is the fundamental y times the number of particles in
that object which results in a huge effective y and, there-
fore, a very efficient localization. As a consequence, a
collapse can occur for macroscopic objects while it does
not happen for microscopic particles even if their behavior
is slightly disturbed.

Let us now see how the previous discussion applies to
inflation. The first difference is that the standard deviation,

1/(24/Ne;), does not go to a constant as for the harmonic
oscillator but to infinity since Eq. (166) implies that ) o
n — 0. We remark that the divergence is less violent than
when y # 0 since, in that case, Q; « 5> — 0, according to
Eq. (53). This is of course due to the influence of the
nonlinear and stochastic terms. However, this influence is
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not sufficient to prevent the divergence of the variance and,
therefore, to ensure an efficient localization. As a matter of
fact, we see that, in the limit » — 0, the main divergence in
the Hamiltonian comes from the term « w?v? while the
CSL term goes like 'yv,%. Hence, it is because the term
w? « =% diverges at the end of inflation that the
Hamiltonian strongly dominates the dynamics of the sys-
tem, preventing the CSL terms o yv,zc to carry out its job
and to localize vy (however, see the Appendix). This is
certainly a problem for the inflationary CSL theory. This
issue can also be related to the fact that it is unclear how an
amplification mechanism could be implemented in quan-
tum field theory. As a consequence, the collapse mecha-
nism is controlled by the parameter -y and no effective y
can be derived which would ensure a better localization.
Finally, let us mention that one could wonder whether
the localization can be achieved during the radiation domi-
nated era that takes place after inflation. In this case, the
scale factor behaves as a(n) « 1 and, therefore, €, = 2
and (a,/€7)"/(a /€) = 0. As consequence, the mode
equation for f} is exactly that of a harmonic oscillator.
This means that the variance now goes to a constant, see
Sec. IV B, which seems to cure the problem discussed
above. However, one can show that the corresponding
value remains large for modes of astrophysical interest
today. Therefore, this remains an unsatisfactory solution.

D. The CSL power spectrum

‘We now turn to one of the main goal of the present paper,
namely the determination of the power spectrum predicted
by the CSL theory. It was shown in Egs. (29) and (37) that the
power spectrum of the conserved quantity {; can be ex-
pressed as

K 1
167> M3, a’e ReQ)y,”

P (k) = (168)
Since we have determined the quantity ReQ);, in Eq. (166),
the calculation of PP, becomes straightforward. One obtains

P,k = g,k /3)[1 L, B (B)

(kP

B+3/2 e

-1
:| j){(k)lstandr
where P|gang is the standard power spectrum given by
Eq. (47) and the function f(3) has been defined in Eq. (48).
The function g, (k, B)

|G|
g')’(k’ B)E |DI;| |Zk|ZB+1

cos(mB)
cos[mB+R2B+1)0,—6,+6.]
(170)

is seen to depend on the choice of the initial conditions. It has
the property that, for y = 0 and the Bunch-Davies initial
conditions, g.,—o(k, B) = 1.Inthis case, and as expected, one
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can check that the modified power spectrum (169) reduces to
the standard inflationary power spectrum. We also notice that
the power spectrum (169) is still a time-dependent quantity,
contrary to the conventional case where the time dependence
cancels out. For this reason, it is convenient to evaluate it at
the end of inflation. In that case, the quantity —k7 can be
rewritten as

—kn = —kﬁ(l + B) eAN/U+B), (171)

0

where k is the comoving wave number of the Fourier mode,
the wavelength of which equals the Hubble radius today, i.e.,
ko = agHy. The quantity AN, denotes the number of e-folds
spent by a mode of cosmological relevance today outside the
Hubble radius during inflation; typically, one has AN, =
50-60. As a consequence, the power spectrum (169) can be
reexpressed as

1+ BPeT
(B+3/2)
k

2B8+17-1
Xe(2B+3)AN*/(1+/”)(k—) ] P (B)lgiana- (172)
0

Po(0) =g,k B)] 1~ To,k (B
0

Let us notice that, in Eq. (170), the quantities | z; | of Eq. (156)
and #; must now be written as

2
Y2 (ko 4]1/4
=[1+4~— , 173
ol = [ kg<k) a73)
1 ko\2
0, = ~3 arctan[Z%%(f) ], (174)

such that the amplitude of the CSL correction is controlled by
the dimensionless ratio y/ k(z). The formula (172) is one of the
main results of this article and the corresponding power
spectra for different values of the ratio y/k3 are represented
in Fig. 5.

Let us now discuss in more detail the CSL power spec-
trum (172). First, we notice that, in the short-wavelength
regime k/ky — oo, the power spectrum reduces to P (k) =
gy(k, B)P¢lgana- Moreover, in this limit, we see that
|zx|— 1 and 6; — 0. As a consequence, an almost scale
invariant (namely, ng =28 + 4 with 8 =< —2) power
spectrum is recovered if one assumes the Bunch-Davies
initial conditions, |C,| = |Dy| and 6, — 6, = 0 since, in
that case, g, (k, 8) = 1. This almost scale invariant branch
of the power spectrum is clearly seen in Fig. 5. Second,
there is clearly another regime which corresponds to the
case where the second term in the square brackets in
Eq. (172) starts playing a role. If we neglect factors of
order one, this happens at k = k,,, where k,, solves

Y k. \2B+1
28k, B) e@B”)AW”B)(—’) =1 (179
0

ko

The value of g, is mainly controlled by the value of |zl
which is always close to unity provided that k < k, with

PHYSICAL REVIEW D 86, 103524 (2012)

[ T T T T T
0.0
—05F .
L 7/ko*=107" ]
§_10F y/kF=10"2 ]
g’ L 7/ko*=107"8 ]
3;: -15 7/kf2=10"® 7]
= C
u 20 3 7/et=10 ]
r 7/kE=10"%
-25F .
-3.0 b ! 1 1 1 1 ]
107% 10° 10® 10* 108 108 10"

k/ko

FIG. 5 (color online). Ratio of the power spectrum given by
Eq. (172) to the standard power spectrum given by Eq. (47) for
different values of the parameter y/ k% (and for B = —2.01, a
value leading to a standard power spectrum close to scale
invariance). The number of e-folds between Hubble radius
crossing and the end of inflation (for the modes of cosmological
interest today) has been taken to AN, = 60 and the initial
conditions have been chosen to be the adiabatic vacuum.

kz Y )1/2
= =2(5) . 176

C=V ( z (176)
Then, let us assume that g,, = 1 when the condition (175) is

met. In this case, the scale ky can be expressed as

k, (y\V0+28 [ 2B+3
% (ké) e"p[ B+ 1)(2ﬁ+1)AN"]’ {177

Choosing the fiducial value 8=~ —2 leads to k,/ky ~

(y/k3)'/* exp(AN,/3). One can check that, indeed,
k, > k. and, therefore, assuming g, =1 was, in retro-
spect, valid. As a consequence, in the range k < k,, the
spectrum approximately behaves as o« k28+4/k2B+1 = 3,
that is to say with a spectral index of ng = 4. This second
branch is also clearly visible in Fig. 5. In addition, the
dependence in g, is canceled out which means that this
prediction is actually independent of the choice of the
initial conditions, a remarkable property indeed (this also
means that, even if k < k_, the spectral index remains the
same). Moreover, we see that this spectral index is also
independent of 8 which is also remarkable. In this sense,
the CSL branch of the power spectrum can be said to be
“universal” (unfortunately not scale invariant).

We are now in a position where we can discuss the
cosmological constraints on the parameter y. From the
high accuracy measurements of the CMB anisotropies
[20-22], we know that the power spectrum is almost scale
invariant, ng = 1, and that a spectral index ng = 4 is com-
pletely excluded. This means that the CSL branch must
correspond to scales much larger than the present Hubble
radius, in other words k,/ky < 1. This condition means
that, for 8 =~ —2, one has
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Y
2 < e AN =~ 10728, (178)
0

To our knowledge, this is the first time that a constraint on
the parameter vy is obtained from cosmological consider-
ations (see, however, Ref. [76]). We see that the constraint
is expressed as a limit not on vy itself but on the combina-
tion y/ k(z) where we remind the reader that k, is the
comoving wave number of the Hubble radius today.
Looking at Eqgs. (143) and (153), this was expected since
the CSL modification amounts to a redefinition of the
comoving wave number k> — k*> — 2ivy. This means that,
in order to characterize the amplitude of the modification,
one has to compare the comoving wave number to 7y, hence
the ratio y/k3. The appearance of the comoving wave
number in the observational constraint reflects the fact
that the theory contains a built-in “time-dependent physi-
cal preferred scale” €, (n). In terms of physical scales, the
constraint (178) can be rewritten as

4
" < 10713,

(179)
e}/ today

Clearly, the constraint is very strong and means that the
scale €, is very large in comparison to the Hubble radius
today. This is another illustration of the fact that squeezed
states are fragile and easily perturbed. For the CSL theory
itself, this probably means that, in order to be compatible
with cosmological inflation, an important fine-tuning is
required. Of course, this conclusion should be toned
down given the uncertainty that exists on a CSL formula-
tion of quantum field theory as discussed in Sec. VA. One
might argue for instance that the above result could be due
to the fact that our modified Schrodinger equation is not
necessarily the appropriate one in the context of quantum
field theory. It would also be interesting to compare the
cosmological constraint with the other constraints on 7y
derived in the literature. But, as explained before, because
we assumed ¥y to be the preferred basis for the collapse,
our parameter 7 is actually different from the parameter y
considered elsewhere, in particular it has a different di-
mension. This complicates tremendously any comparison
with other systems.

Finally, before closing this section, let us discuss the
following question. In this article, we have defined the
power spectrum in the CSL theory by means of the formula
E((92)) — E((Dx)?). However, there is an issue regarding
this definition. Indeed, it is clear that it does not go to zero
when the parameter y vanishes. Actually, it tends towards
the standard result when the Schrodinger equation is re-
covered. However, it was argued in Ref. [112] that the
power spectrum should go to zero in the limit where
v — 0 and, therefore, cannot be given by the definition
used above. The reason advocated by Ref. [112] is that,
without a collapse, the theory remains homogeneous
and isotropic and, as a consequence, there is simply no
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perturbations at all. This has led Ref. [112] to define the
CSL power spectrum by E((D;)*) — E2({(D4)), a quantity
which indeed vanishes when y — 0 and differs from the
previous one. In this last paragraph, we explore the differ-
ence between these two alternative definitions. At any
time, the wave function can always be expanded as

Vi v) = [0 500 — B)dz, (150
where the superscripts “R, I”” have been ignored for con-
venience. If a dynamical collapse of the wave function
takes place then W is projected (collapsed) on an eigenstate
of the operator ¥y, namely

v — \Ifcol = 5(‘Uk - l_}k), (181)

where v, depends on the specific realization under consid-
eration, then one obviously has

<‘Pcollﬁ]2(|\lrcol> = <\pcollﬁk| wcol>2’

— 2
= 'Uk.

(182)

Therefore, for each realization, one has (97) = (9;)?, once
the wave function has collapsed. Since this is true for all
realizations, it remains the case after taking the stochastic
average. Therefore, after the collapse, one can write

E (7)) = E(D)),

and this remains true for any Hermitian operator. Note that
this argument strongly depends on the fact that the wave
function has actually collapsed to an eigenstate of the
operator . For instance, in the case of a harmonic oscil-
lator studied in Sec. IV B, it was shown that the asymptotic
state is not exactly a Dirac wave function, but a Gaussian
state the spread of which does not vanish for finite values
of y. In that situation, the two above expressions are not
identical.

On the other hand, the second terms in both definitions
of the power spectrum differ

E (1)) # E(0)),

so the two spectra do not coincide even after the collapse.
The difference ultimately boils down to the fact that it is
built out of a standard deviation which is not a Hermitian
operator. This is a generic question for the predictions of
any theory mixing different kinds of averages (in the case
at hand, quantum and stochastic) whenever nonlinear com-
binations of Hermitian operators are involved.

(183)

(184)

VI. THE COLLAPSE OF COSMOLOGICAL
PERTURBATIONS

In this section, we investigate the collapse mechanism
and its dynamics in more detail. In particular, we calculate
the collapse time and compare it with the cosmological
characteristic times. For this purpose, we now consider the
following double Gaussian quantum state [73]:
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W (m, v) = IND () exp{—Re QL (m)[vy — 5 ()
+io\V(m) +ix\ (g — iSmOQLY () (v,)?}
+ N2 () exp{—Re QP (n)[vg — 5P ()P
+ioP () + ix2(nv — iSmOP () (v},
(185)

where, as before, IN,(CI’Z)I, 9?605{1’2), 175(1’2) (1, 2), ,\/(1 2 and
‘?smﬂg’z) are real, possibly stochastic, numbers. The super-
scripts “R, I”” have not been written for convenience but it
should be remembered that they are of course present.
Inserting the above state into the modified Schrodinger
equation leads to the following set of formulas:

NPT xm00? + ) — 3]
Ny 49e 9“2)

X ddin 5[<0k> - 577, (186)

[ReQ?T =y + 4[ReQ P [SmO 2], (187)

1
[SmO?T = —2[ReQP P + 2[ImQ PP + S @(1.k),
(188)

ST dw,

~(1L,2)y — (1,2 +
o] 20e0l? dn

Z[Nst(l 2)] —(1,2)

+ W[w ! (189)
[o{P] = —ReQ"? + 2[ReQ P P[>
- %[){21’2)]2, (190)
[X(l 2)]/ _ 4[%69(1 2)]2 -(1,2) + 2/\/21'2)[31119;(1'2)].
(191)

These equations should be compared to Eqgs. (145)-(150).
They are obviously very similar except the two last terms
of Eq. (186) and the last term of Eq. (189) which are new.
In the case of a single Gaussian, one has (9;) = v, and
these terms disappear. In the present case, the expression of
(Dy) is a very complicated function of all the parameters
describing the wave function. Let us also notice that, since
the evolution of 0'21’2) and X;(l,z) depends on 17;(1‘2), these
quantities also feel the coupling between the two Gaussian
components. However, one can see that the equations of

motion for S‘ieﬂg’z) and S‘mﬂg’z) decouple from the other
equations of motion and form an independent and closed
subsystem. This means that the evolution of these two
functions is identical to that of their counterpart in the
simple Gaussian case and, moreover, that, if the initial
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conditions are chosen to be the same, Q;cl) = Qf) at any
subsequent time. From now on, for this reason, the super-
scripts “(1)” and/or ““(2)” on these quantities will be
dropped.

It should be clear that the above system of differential
equations is rather complicated to study. However, as we
shall see, the most relevant properties of the evolution of
the double Gaussian quantum state can be analyzed in a
rigorous way. In particular, it is interesting to introduce the
function Ty(n) = I[INP[/IN"[], see Ref. [73]. This
quantity characterizes the relative importance of one
Gaussian component to the other and, therefore, provides
a criterion to decide whether the collapse has taken place.
The superposition of the two Gaussian quantum states
reduces to one of them when | I'; | goes to infinity. In
practice, the collapse will be said to have occurred when
| I'y | >b with, say, b ~ 10 [73]. Then, by subtracting the
two equations (186), one arrives at the following evolution
equation for I',

dr, 0
H = ﬁ[vk) -

— [ - uk>][u<1> + 32 — 200

dw
621)]—

(192)

This equation remains complicated because of the presence
of the term (9 ). However, the calculation can be simplified
if one assumes that the two Gaussian components of the
wave function do not overlap, i.e., have separate supports.
Technically, this means that ?heﬂk[v(z) '(])]2 > 1,
leading to the following simple formula:

|N,(cl)|2l—};€l) + |Nl(€2)|2522)

(Og) =
|N’El)|2 + |Nl(c2)|2

(193)

Inserting this formula into Eq. (192) and defining X}, by

X, = 175{2) — vg), one obtains the following expression:

I
d —k d + yX; tanh(I';).

ka (194)

This stochastic differential equation can be further simpli-
fied. Indeed, using the new timelike variable [73]

sc=7y |7 X2(u)du, (195)
Mini
Eq. (194) can be rewritten as
dr dw;,
k= (196)
dSk Sk
where
W, = /7 f X dw, (197)
0

is another Wiener process with respect to the time
variable sy.
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A. Collapse time: Definition

Let us now study the stochastic differential equation
driving the evolution of I'y in more detail. In particular,
we would like to know how much time it takes for the wave
function to collapse or, in technical terms, we would like to
determine the value of s; such that || > b. The quantity
I';, being stochastic, two complications arise. First, once it
has reached a value larger than b, there is no guarantee that
it will stay in this region. The random behavior of I';, could
temporally bring it back to the region |[I';| = b. However,
since the average trend is clearly to have a collapse, this
would happen for a limited amount of time only before I'
returns in the regime where |I'y| = b. For this reason, we
will consider that the wave function has collapsed when I'y,
has crossed the value = b for the first time. Technically, this
means that we are led to define the “collapse time,” S, as
S, = inf(s;) such that |I';(s;)| > b, see also Ref. [73]. A
second issue is that, clearly, the value of S; will differ from
one realization to the other or, in other words, that S, is still
a random variable. Therefore, we will rather define the
collapse time as the ensemble average value of S; but we
will also be interested in calculating its higher order
momenta.

We now seek an explicit expression for the quantity Sy.
It can be obtained in the following manner. Let us consider
a function ¢(I';) that we do not characterize in more detail
for the moment (but see below). It can always be Taylor
expanded in dI';. At second order, the result reads

C(Fk + dFk) = C(Fk) + C/(Fk)drk + %C”(Fk)dri + @(dri),
(198)

where dI'; is given by Eq. (196). At first order in dsy, this
leads to

de[T(sp)] = '[Ti(s)1dW, + ¢/[Tg(sg)] tanh[ Ty (s5.) Jdsy
+ %C”[Fk(sk)]dsk. (199)

Then, integrating the above expression between s, = 0
where [';(s; = 0) = by and s, = Sy where Iy (s, = S) =
+b, one gets the following (It6) formula:

c(£b) — clby) = [0 (s 1dW, + fo S*{c'[rk(sk)]

X tanh[I', (s;)] + %C”[I‘k(sk)]}dsk.
(200)

At this stage, we now specify the function c. We require it
to be the solution of the differential ordinary equation
3¢ + tanh(e'(x) = 1, (201

with boundary conditions ¢(—b) = c(+5b) = 0. It is easy
to show that c(x) = b tanh(b) — x tanh(x). This means that
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the first term on the left-hand side of Eq. (200) vanishes
and that the integrand of the second term on the right-hand
side is just —1. Therefore, Eq. (200) can be rewritten as
S
Se=clbo) + [ MulslaW,  o2)
0
and this gives an (implicit) expression for the quantity Sy.
Finally, by averaging over all realizations, one obtains [73]

E (Sx) = c(by) = btanh(b) — b, tanh(b). (203)

The fact that the stochastic average of the integral in
Eq. (202) vanishes comes from the fact that ¢/[I';(sy)]
depends only on stochastic events occurring at s; < s.
As a consequence, it can be expressed as an integration
over ds; and dWy where s; < sg. Since E(dWydW,) =
8(sk, — s;)ds?, at first order in dsy, the stochastic average
of the integral term in Eq. (202) vanishes. Actually, things
are slightly more complicated since the upper bound of this
integral, S}, is a stochastic quantity itself. Therefore, the
averaging process should also be carried out on this upper
bound, and a generalized demonstration which includes
this case can be found in Ref. [113] (theorem 1 on p. 28).
In order to characterize better the properties of this
collapse time, it is also important to determine its variance.
Interestingly enough, the same technique described above
can be used in order to calculate iteratively higher orders of
Sy. Upon using Eq. (202) one has
Sk
E(52) = (bo) + fo PT(s)ldse.  (204)
We see that we now need to evaluate the integral in the
above expression. For this purpose, we consider a new
function e(I'y). As was done before, it can be Taylor
expanded and this leads exactly to Eq. (200) (with, of
course, ¢ replaced by e). Compared with the proof that
allowed us to obtain F(S;), at this point, the strategy
changes. We now require the function e(x) to be the
solution of the following ordinary differential equation
[compare with Eq. (201)]:

%e”(x) T tanh()e'(x) = —e2(x), (205
with boundary conditions e(—b) = e(b) = 0. As before,
one can use this differential equation into the It6 formula to
simplify the second integral in Eq. (204) [more precisely,
the integrand is replaced by —e’?(x)]. Taking the stochastic
average of the resulting equation, one gets

S,
ebo) = [ P Tu(50)1dss (206)
0
As a consequence, we deduce that

The only thing which remains to be done is to solve
Eq. (205). In fact, it turns out to be more convenient to
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solve the slightly simpler differential equation satisfied by
e1(x) = c*(x) + e(x), namely ef(x)/2 + tanh(x)e}(x) =
—2c¢(x), with boundary conditions e;(—b) = e,(b) = 0.
It is straightforward to show that e;(x) = x> — b*>+
[1 + 2btanh(b)][b tanh(b) — x tanh(x)]. Then, the second
moment of S can be simply expressed as E(SZ) = e,(b)
which, therefore, gives an explicit expression for the vari-
ance of the collapse time. Since b is supposed to be a large
number b >> 1 and if we assume that the two Gaussians
have comparable initial weights which implies that by ~ 0,
then one obtains, at leading order in b,

E(Sy) = b, (208)

E(S2) — E2(Sg) = Vb. (209)
These two equations tell us that the relative standard
deviation scales as 1/ \/B and, therefore, that the distribu-
tion of S, becomes more peaked as b increases. For this
reason, in the following, we will simply estimate the
collapse time by means of the sloppy requirement that
sx = b. Finally, let us mention that one could also apply
the technique used in this section in order to determine the
higher order correlation functions of the process Sy.

B. Collapse time in the sub-Hubble regime

In the last section, we have explained how to determine
the collapse time in terms of the variable s;. In order to
translate this result in terms of a more physical time
(conformal time or, better, number of e-folds), we need
to use Eq. (195) which, in turn, requires the knowledge of
the function X;. This one cannot be determined in full
generality but it is easy to characterize it in the sub- and
super-Hubble regimes. In this section, we investigate the
sub-Hubble regime.

Let us define K; = ,\/f) - )(g). This quantity measures
the shift in momentum between the two Gaussian compo-
nents of the wave function (185) (we recall that X; mea-
sures the shift in position). Then, taking the difference
between the versions “(1)” and “(2)” of Eq. (189) on
the one hand, and versions “(1)”" and “(2)” of Eq. (191)
on the other hand, we arrive at a closed system which can
be written in a matrix form, namely

i(&) _ (—2?9ka ~ Sy 1 )(Xk)
dn Kk —4(3%6016)2 2%1’1’10,( Kk .

(210)
At this stage, there is no approximation and the above
equation is general. In the sub-Hubble regime, one can
use Eq. (164) to simplify the expressions of JHe(); and
Im{);. Moreover, we are mainly interested in computing
the collapse time for the modes that correspond to the
(almost) scale invariant part of the power spectrum since
it is clearly less interesting to compute this quantity in a
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regime that is already excluded by the data. As was dis-
cussed before, this amounts to considering that y/k* << 1.
Under those conditions, one has Ne(), — k/2 and
Im);, — —v/(2k) and Eq. (210) can be reexpressed as

d Xk _ _’)//k 1 Xk
ﬁ(l(k>_<—k2 —7/k><Kk>' @b

This system of differential equations can be integrated and
the solution reads

Ky () = e Y= mal/K{K, ¢ cos[k(n — i)

— kX ini Sin[k(n — min) 1} (212)
Xe(m) = e-vw—mnﬂ/k{xk,mi cos[k(n — )]
K, .
+ A Gk mm)]}, 213)

where Kj i, and X ;,; are two integration constants con-
veniently chosen to be the values of Kj and X at initial
time n = 7);,. For simplicity, we now consider a situation
such that K ;,; = 0. Upon using Eq. (195), one finds that

k =
=—_ ,%,ini[e 2y(m=mwi)/k — 1]

Sk 4
- 1
T e T gy
—sin[2k(n — 1) ] — 1}

If we expand the above result in y/k* for the reason
discussed before then, at leading order, one obtains an
approximated expression for the mapping between the
variables 7 and sy

kX?

e 2Y=mn)/Kcos[ 2k(1 — Nin)]

(214)

Sp = %[1 — e 2y m)/k], (215)
This expression means that s; runs from O to kX,iini /4 when

7 runs from 7);,; to infinity. Therefore, the time s; evolves
in a finite range. However, in order to be consistent, one
must have 1 < 5, = —1/k since the equations that have
been used in order to derive s; are valid only in the sub-
Hubble regime. As a consequence, we have in fact s; €
[0, 5.] where s, = kX¢,./H1 — exp[(2y/k*)(1 + kniy) ]}
Since we have |km;,;| > 1, one can thus write s, =
kXg /A1 — expRymini/K)]. If s <s,, then Eq. (215)
can be inverted in order to evaluate the (total) number of
e-folds in terms of the time variable s;. One finds

k2 1 4Sk
Ny = (1 B)ln[l 72 X ” 111(1 X2 ):I, (216)

k,ini

and one checks that if s; = 0 then N, = 0, if 5, = s, then
N — o0, and that the condition s < s, is sufficient to guar-
antee that the above expression is well defined.

Let us now discuss the above results in more detail. First,
we notice in Egs. (212) and (213) that the functions K;(n)
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and X;(n) tend to zero when 1 — m;,; > 1. When this
happens, the two Gaussians have the same mean in position
and momentum; in other words the two Gaussians have
merged. This “merging phenomenon” seems to be a ge-
neric feature and can also be observed for the free particle
[73] and/or the harmonic oscillator in Minkowski space-
time. Therefore, it does not come as a surprise that it also
shows up in the sub-Hubble regime where the Fourier
mode under consideration does not feel spacetime curva-
ture. This also means that it is not a peculiar property of
inflation.

The free particle situation can be studied [73] by return-
ing to Eqgs. (118)—(123). It is sufficient to consider that
o = 0 in those equations to obtain this case. This means
that the mode equation (125) now reads f} — a’f, =0,
where the quantity «, defined in Eq. (126) for the harmonic
oscillator, now reads @ = /2iyh/m = /yh/m(1 + i) and
is obtained from Eq. (126) by taking @ = 0. As a conse-
quence, the solution for )(¢) has exactly the same form as
in Eq. (127) but now with the new a given above. This
implies that MeQ) — /ym/h/2 and ImQ — Jym/h/2
when t— oo. These formulas should be compared to
Egs. (134) and (135). Then, considering the equations
of motion for a double Gaussian state, and defining X =
X, —X; and K = y, — x;, upon using Eq. (210), one
obtains the following set of equations:

S =(m ()

This equation should be compared to Eq. (211). In particu-
lar, one notices that, here, the free particle case is not
simply obtained from this equation by considering k =
o = 0. If we assume that K(0) = 0, then the solution for
X(2) is given by X(¢r) = X(0)exp(—t/hy/m)cos(t/y/m).
We see that this solution resembles solutions (213) and
(212) obtained before. Therefore, the merging is indeed
already present for a free particle in flat spacetime and is
not a specific feature of inflation. The exponential factor is
mainly responsible for the merging and this means that the
“merging time” of the free particle is given by

217)

fp _ m
Tmerge ~alz

ry (218)

This expression is consistent with the merging time derived
in Ref. [73].

In order to discuss our inflationary result, one should
consider the merging time of the harmonic oscillator in-
stead of that of the free particle since this is the appropriate
limit in the sub-Hubble regime. Following the same logic
as before, it is easy to show that, for the harmonic oscil-

lator, Eq. (217) is replaced by
()= (e ) e

ar\ K —mw?/h
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We see that it is indeed similar to Eq. (211) if we take
w =k (and m = A = 1). The solution for X(¢) can be
expressed as X(7) = X(0)exp[—hy/(mw)t]cos(w?), as-
suming as before K(0) = 0. This solution is perfectly
consistent with (212) and (213). Compared to the free
particle case, one notices that the coefficient in the expo-
nential is now different from the frequency of the trigono-
metric function. But the most important result that one can
deduce from the above considerations is that the merging
phenomenon is also present for the harmonic oscillator and
that the corresponding merging time is given by

maw

H (220)

ho — fp 2
Tmerge = = w(Tmerge) .

Let us remark that the last expression could have been
guessed on dimensional grounds.

In the case of inflation, the conformal merging time is

given by [see Eqgs. (212) and (213)]
k2
k(nmerge = Mini) = —. (221)

Y

However, there is a new twist in the discussion. It is not
obvious that the above equation admits a solution because,
in some sense, we have a limited amount of time from 7;,;
to 7., the time of Hubble horizon crossing (defined by
|kn.| = 1). For times such that |kn| < 1, we are no longer
in the sub-Hubble regime and the above equation can no
longer be used. But, given a value of k?/7, and an initial
time 7y, it is not obvious that there exists a time Nperge
such that Eq. (221) is satisfied. In fact, there exists a
solution only if |kn;,;| > 1 + k?/7y. This condition means
that, for a given k?/7, one can always give more time to the
system to satisfy Eq. (221) by starting its evolution earlier
(which is equivalent to increasing |1;,;|). It is easy to show
that the previous inequality is in fact a condition on the
total number of e-folds during inflation (8 = —2), namely

k2
Nt = AN, + ln<1 + —), (222)
Y
where AN, = 50 for the modes of cosmological interest

today. If this condition is met, then the merging occurs
after N, "% with

k2
NPEEe = — ln(l + ) (223)

Yk Nini

Moreover, the term k?/(ykm;,;) is of the order
~k?>e N30 /9 and it seems reasonable to assume that it
is small. Indeed, typically, the total number of e-folds
during inflation is very large and, even if k?/y > 1, the
factor e ™ will entirely compensate its influence (to be
more concrete, we know that k*/y = 10?® but Ny can
easily be larger than, say, 1000 and can even be as large
as 10%). Then, the merging time during inflation can be
approximated by
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2

NP o — <1 (224)

Yk Nini

We see that this expression scales as « k/ v, in full agree-
ment with the previous considerations on the harmonic
oscillator, see Eq. (220).

Let us now study the collapse time. First of all, the
collapse can occur in the sub-Hubble regime only if
b <s,. If we use the expression of s, and assume, as
before, that k*/(ykmiy) < 1, then s, = kX, /4 and the
condition for having the collapse in the sub-Hubble regime
can be simply rewritten as

kX2 .
b < + (225)
If this condition is satisfied, then the ‘“‘e-fold collapse
number”’ of the mode under consideration is obtained by
putting s; = b in the above expression (216). Upon using
the same assumptions as before, we obtain that

2b
Nl ——— < L.

')’X/%,ini Nini
At this point, several remarks are in order. First, we notice
that N{°'/ Ny = 4b/(kX} ;) << 1. This means that the
collapse occurs on a much smaller time scale than the
merging. This property was also noticed in the case of a
free particle in Ref. [73]. This means that the merging cannot
be viewed as a substitute for the collapse. Second, we notice
that N§°! is actually independent of k. We interpret this fact
as meaning that, on sub-Hubble scales, the mode under
consideration must behave as in flat spacetime. Indeed, for
a free particle or the harmonic oscillator in Minkowski
spacetime, the condition for the collapse to occur can be

written as s=1y [X2(7)dr=yX(0)2T" =b, where we
have used X(r) = X(0) since we have shown that the merging

takes place on a much longer time scale. This implies that

(226)

fp,ho ~ b
“ X0

and one verifies that it is similar to Eq. (226). Therefore, if
the collapse occurs on sub-Hubble scales, its properties are,
as expected, similar to what happens in flat spacetime.
Finally, if one starts from an initial state made of several
well-separated Gaussian wave functions, the previous cal-
culation suggests that it will almost instantaneously turn into
a single Gaussian state. As a matter of fact, it is a general
property [64,114] of the CSL dynamics that it asymptoti-
cally leads to Gaussian states. A posteriori, this remark
reinforces the assumption of using a Gaussian state for the
calculation of the spectrum in Sec. V D.

When condition (225) is not satisfied, there will be no
collapse on sub-Hubble scales. However, we can still hope
it will happen on super-Hubble scales. In fact, the claim
that the collapse has occurred depends on the value chosen
for b. Before, we used b = 10 and for this value, given that
our working assumption is kX,%, > 1, condition (225) is

(227)

ini
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probably always satisfied. Therefore, it is only if we are
more demanding about the criterion that defines the col-
lapse that this condition can be violated. It is clear that a
more stringent criterion takes more time to be satisfied and,
in this case, the time ‘“‘at our disposal” in the sub-Hubble
regime may not be sufficient. In this situation, we have to
consider the super-Hubble regime. In the next section, we
turn to this case and show that the collapse is less efficient
on large scales than it is on small scales.

C. Collapse time in the super-Hubble regime

In this section, we repeat the previous discussion but
now in the super-Hubble regime. Therefore, we restart
from equations (210) but now use the super-Hubble limit
(166) and (167) for Ne);, and Im ). For the modes of
cosmological interest today in the (almost) scale invariant
branch of the CSL power spectrum, one has y/k*<<1 and
the solution for X;(7) can be simply written as

Xi(m) = Xp.(—km)P 1,

where Xj. is the value of X,(7n) when the mode under
consideration k crosses the Hubble radius. One can see that
X () increases with time contrary to what happens in the
sub-Hubble regime. From this expression, it is easy to
derive the relation between s; and the conformal time.
One obtains

(228)

v kXE,
K2 2B +3

The last formula is valid only on super-Hubble time, that
is to say for 5 > 1, = —1/k. At 3 = 7., s = 0 and then
s — o0 as n — 0. From this expression, it is also possible
to relate the time variable s; and the number of e-folds.
One arrives at

Sk =

[(—kn)*P*3 — 1], (229)

Nk=Nv+

1+5 ln(l (230)

_K®2B+3 )
2B +3 k

kX2,
This expression is always well defined because 28 + 3 <O0.
One verifies that s; = 0 corresponds to Ny = N.,.

Let us now derive the time of collapse. As usual, it is
obtained by s; = b. As a consequence, it is simply given by

k2B 3b)
kX3,

1+
Nl =N, + P ln(l (231)

2B+ 3
As a first check of this equation, we notice that, when
y — 00, N,iOl =~ N,. Of course, this result is expected since
alarge value of y means that the collapse mechanismis very
efficient and, therefore, that the wave function almost in-
stantaneously collapses. On the other hand, formula (231)
can be further simplified. Indeed, if the collapse has not
taken place on sub-Hubble scales, it is also the case for the
merging since N{°' /N, “*° < 1. As a consequence, X;(7)
has not evolved much and one can replace Xj. by Xj ;.
Moreover, for the same reason, one must have b =
kX2 . /4, see also Eq. (225). In addition, we know that

k,ini
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k*/ > 1. Therefore, the first term in the argument of the
logarithm in Eq. (231) can be neglected. For 8 =~ —2, this
equation can be rewritten as

K2 b
N — N, = 1n<7) + ln<kX2 )

k,ini

(232)

Of course the result will depend on what we require for b
and what we assume for X; ;,;. However, it seems reason-
able to assume that the second logarithm will not lead to a
dominant contribution. If this is the case, then our result
simply says that the wave function collapses just
In(k?>/vy) e-folds after the Hubble radius crossing. Given
the constraint obtained from the measurement of the power
spectrum in Eq. (178), one already knows that N§°' — N, =
28. Smaller values of y/k?> would of course lead to a larger
number of e-folds. We conclude this section by noticing that
the constraint (178) is compatible with a collapse occurring
during inflation. Only for values of vy such that y/k* <
107 (and b = kX3 ;;/4) would the collapse happen after
inflation.

D. The Born rule derived

Finally, we conclude with a section where we calculate
the probabilities of collapsing to each of the two branches
of the wave function. We show that these probabilities are
given by the Born rule, which is of course expected since
the CSL theory is precisely designed to reproduce this
result, as already discussed in Sec. IV (see also Ref. [73]).

Let us denote by p; the probability that the system
collapses on the first Gaussian branch of the wave function.
This is also the probability that, from given initial con-
ditions, the stochastic quantity I'; reaches first the region
I'y < —b (i.e., before the region I'y, > b) and that, there-
fore, one has I';(S;) = —b. Clearly, the probability p, that
the wave function collapses on the second branch is the
probability that I';(S;) = b. Now, let us introduce a func-
tion ¢ (x) which is defined by

(x) — g(b)
win) =50
g(=b) — g(b)
where g(x) will be specified soon. By construction, one has
Y (—b) = 1and (b) = 0. Since, by definition, I';(S;) can
only take two values (namely *b), one has

E{¢[Te(Sl} = prp(=b) + pap(b) = py,

and this gives us a method to calculate p;. To do so, we
follow what was explained in Sec. VI A, see in particular
Eq. (200), and we write the corresponding It6 formula

YT (Sp)] — w(bg)
Sk Sk
=[ MHWWM+[{MHWWMHMM
0 0

(233)

(234)

1
+3 ¢”[Fk(sk)]}dsk. (235)
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Then, let us choose the function g(x) such that it obeys the
equation

%g”(x) + tanh(x)g’(x) = 0, (236)
or, equivalently, g(x) = tanh(x). Since Eq. (233) implies
that ¢ (x) and g(x) are linearly related, ¢ (x) also obeys the
above differential equation. As a consequence, the second
integral in Eq. (235) vanishes. Taking the stochastic aver-
age, one obtains

E{y k(ST = p1 = ¢ (by),

which is explicitly known since g(x) has been determined.

The probability p, can be deduced along the same lines,
by introducing a new function ¢ such that, this time,
¢ (—b) =0 and (b) = 1. Another method, much sim-
pler, is just to use the condition p; + p, = 1. The final
result reads

(237)

__ tanh(b,) — tanh(b)

pr= tanh(—5b) — tanh(b)’ (238)

_ tanh(by) — tanh(—5)

tanh(b) — tanh(—5) (239)

P2

From the definition of I'y, these two formula can be re-
written as [73]

[Ny (750) 12
= , (240)
PE N i) P+ Ny (i) P
No(in) 2
Py | 2(771m)| (241)

AN (i) 2+ [Ny (i) 12

which are exactly the Born rules of conventional quantum
mechanics.

VII. CONCLUSION

Let us now summarize our main findings. In this paper,
we have applied the CSL theory to inflation. Since the CSL
scenario addresses the measurement problem in quantum
mechanics, it is a priori relevant to explain how the wave
packet reduction took place in the early Universe, in the
absence of any observer. Assuming that the wave function
has to collapse on an eigenstate of the Mukhanov-Sasaki
operator, we have computed the scalar power spectrum of
cosmological perturbations and studied the dynamics of
the wave function collapse. We have found that, in order to
preserve the scale invariance of the power spectrum, it is
necessary to fine-tune the parameter y which controls the
amplitude of the CSL corrections. Typically, depending
on which temporal gauge is chosen (see the Appendix),
we have found that the dimensionless parameter that
can be constructed out of y must be smaller than
exp(—a fewAN.,), where AN, =~ 50-60 is the number of
e-folds spent by the relevant modes outside the Hubble
radius during inflation. We have also found that the time
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available during the inflationary phase is sufficient in order
for the perturbations’ wave function to collapse. However,
due to the smallness of vy, the spread of the final wave
function is too important, rendering the collapse process
not sufficiently efficient. Therefore, under the assumptions
made in this paper, it seems fair to claim that the collapse
theories cannot solve the inflationary macro-objectification
question.

The conclusions drawn above may not be as drastic as
they appear at first sight, because they are subject to some
assumptions, and in particular the choice of the collapse
operator as the Fourier space Mukhanov-Sasaki v; vari-
able: all cosmological predictions made to date are based
on this variable, rendering this choice very sensible, but it
is by no means unique (see, e.g., the discussion in
Sec. VA). Moreover, v, can be understood as a quantum
field living in a curved spacetime, so it should be treated by
a quantum field theory version of the CSL mechanism. The
present state of the art of this subject technically forbids
such a direct treatment, hence our simplifying hypothesis.
Could it be that a full relativistic version of CSL, reproduc-
ing the many successes of quantum field theory and of the
ensuing particle physics, is needed before we can even
embark in examining cosmological perturbations? We
doubt so, because cosmology, contrary to ordinary quan-
tum field theory, is endowed with a preferred timelike
direction that renders the ‘“‘time-dependent Minkowski
approximation’ accurate enough for all practical purposes.
It is left for future investigations to verify that the potential
problems raised and stringent constraints obtained in this
work could be naturally solved in a more general, yet
unknown, framework.

There are other questions that could be the subject of
further works. In particular, there is the issue that energy is
not conserved in the CSL theory. In the case of the har-
monic oscillator, this is expressed through Eq. (142). In the
case of cosmological perturbations, it is easy to show that
this leads to

d A~
g#ﬂp=%+wwwp (242)

The CSL contribution can easily be integrated and gives

(H )lest = ¥Mini/2 at the end of inflation. Expressed in
terms of the Hamiltonian rather than the Hamiltonian
density, one arrives at

(Bles. = 4w Tm [0k @43
which is infinite. It does not come as a surprise as it is
known that the CSL Tomanaga-Schwinger equation pre-
cisely leads to this type of divergence [67,68]. It could be
regularized by introducing an ultraviolet cutoff although
we notice on the above equation the weird property that the
infinite integral is over comoving wave numbers rather
than over physical ones. This energy nonconservation
should cause a continuous increase of energy density
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during inflation. It is interesting to notice that it cannot

occur at first order in the perturbations since [E((g;) ) = 0.
This means that it will be important at second order only.
Then, it would be important to quantify this effect and, in
particular, to compare it to the background energy density
~ H?M3, in order to check whether this leads to a back-
reaction problem.

Another point is that we have shown that the power
spectrum, contrary to what happens in the standard case,
remains a time-dependent quantity, i.e., still evolves with
time on large scales during inflation. It is therefore not
obvious that 2, evaluated at the end of inflation is exactly
the power spectrum that should be used at recombination.
In fact, what happens just after the end of inflation is of
great interest for the cosmological consequences of CSL.
Indeed, just after inflation, the stages of preheating and
reheating begin [96-98]; this is also shown in Fig. 4.
During this phase of evolution, the inflaton field oscillates
at the bottom of its potential, ¢(z) o« sin(mr + A)/(mt)
where A is a phase and m the mass of the inflaton (in the
case of power-law inflation, the potential has no minimum
and, therefore, can only be used to describe the slow-roll
regime; here, we assume that the potential can be approxi-
mated by m?¢? in the vicinity of the minimum). In this
case, the equation of motion (12) for the Mukhanov-Sasaki
variable takes the form of a Mathieu equation [99]. As is
well known, this equation possesses unstable solutions
when the parameters falls in the resonant bands. In the
case of inflation, one can show that the large-scale pertur-
bations are in the first instability band which makes vy
growing and £}, staying constant [99,100]. In the CSL case,
the corresponding Mathieu equation would read

2
ddvzk + [ A — 2gcos(2z + 2A) v, =0,
z

(244)

where z = mt + /4, a., t. denoting the scale factor and
the cosmic time at the end of inflation and with

K2 - 2i
Ag=1+—"22 (245)
m-a
2 3/2
g= —(%) . (246)
mt. \a

Since g < 1, in the regular case when y = 0, the condition
to be in the first resonant bands, 1 — g < A, <1 + g, is
equivalent to 0 <k/a <+3Hm. In the CSL case, the
coefficient A, becomes complex. Therefore, in order to
determine the corresponding Floquet index, it now be-
comes necessary to study the instability chart of the
Mathieu equation in the complex domain. Although this
is beyond the scope of this paper, this is certainly a subject
worth investigating. In particular, it would be interesting to
see whether the instability is enhanced in this case as one
can, maybe naively, suspect. If so, maybe the preheating
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stage can put even more stringent constraints on the pa-
rameter .

We have seen that the study of the CSL cosmological
perturbations is in fact equivalent to the study of the CSL
parametric oscillator (i.e., a harmonic oscillator with a
time-dependent frequency). The previous discussion sug-
gests that it would be interesting to investigate the case of a
parametric oscillator in the presence of a resonance in
the CSL framework. In quantum field theory, this is a
common situation and typical examples are the dynamical
Schwinger effect [115] (the analogy between cosmological
perturbations and the Schwinger effect was discussed in
Ref. [15]) or the dynamical Casimir effect [116] which was
recently observed for the first time [117] in the laboratory.
In fact, if we want to avoid the objection that the quantum
field CSL theory is not yet ready, it would be even more
interesting to find a nonrelativistic system governed by a
Mathieu equation and to investigate its behavior within the
CSL theory. We believe that all of the equations presented
in the present article can be straightforwardly applied to
this case. Here, we suggest that a Paul trap [118] could be
such an example. As for the inflationary preheating, we
expect the coefficients of the Mathieu equation to become
complex because of the —2iy term. This will probably
make the system extremely unstable and, as a conse-
quence, it will probably be possible to put very tight
constraints on the value of y. We hope that this case will
be treated in details soon.
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APPENDIX: “GAUGE INVARIANCE” OF
THE CSL POWER SPECTRUM

In section VA, we discussed the choice of the collapse
operator, i.e., the operator that appears in the nonlinear and
stochastic part of the modified Schrodinger equation. In
principle, this operator should be determined by a more
fundamental theory. However, the CSL model is just a
phenomenological approach and the collapse operator is
just put by hand in order to match what we observe when
an experiment or an observation is performed (the position
of a spot in a detector, the energy density of a field, etc.). In
the case of the cosmological primordial perturbations, we
have argued that the Mukhanov-Sasaki variable 0, is the
most sensible choice. But this variable often appears fac-
torized by a background quantity, typically a power of the
scale factor a(n). Therefore, instead of ¥y, one could very
well choose the collapse operator to be h(a)dy, where h is
a priori an arbitrary function of the scale factor a. After all,
Dy and h(a)Dy share the same eigenspectrum and drive the
system towards the same target states with the same prob-
abilities. But the point is that, a priori and as is discussed in
detail below, this does not lead to the same solution for the
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mode function f;(n) and, therefore, a priori, for the power
spectrum.

In fact, this issue is related to an even more fundamental
problem. Indeed, one could claim that the conformal time
7 used in this paper to write the modified Schrodinger
equation is not the physical one and that one should use
instead, say, the cosmic time ¢ (of course, the discussion
also applies to any other time variables related to 7 through
a transformation that depends only on the background). In
fact, a choice of time is equivalent to a choice of & since it
has the same effect on the modified Schrodinger equation.
And, of course, as already mentioned, one could worry that
different choices lead to different predictions. Therefore,
the phenomenological approach used in this article suffers
from what can be called a temporal gauge problem. This
problem probably originates from the fact that the CSL
equation is not covariant under diffeomorphisms (contrary
to the standard theory of cosmological perturbations).

In this appendix, we investigate this question, showing
the remarkable property that the conclusions obtained in
this paper for h(a) = 1 are in fact valid for any other
functions h. It is true that the detailed shape of the power
spectrum depends on the gauge but its global properties are
independent of the choice of /. This means that, a priori
for any & allowing meaningful initial conditions, the power
spectrum of cosmological perturbations has a broken
power-law shape, with ng = 1 at small wavelengths and
ng = 4 at large wavelengths. As a consequence, the re-
quirement of moving the non-scale-invariant part of the
spectrum beyond the Hubble radius today always leads to
extreme constraints on the parameter 7.

Let us now consider the modified Schrodinger equation
of motion for ¥y in the CSL picture, with spontaneous
localization on the h(a)d; eigenmanifolds. It reads

dWR = [—ij{ rdn + JFh(@) R — (DR)AW,

- L@} - ofypan |k (AD
and a similar equation for \If}c This equation should be
compared with Eq. (143), the only difference being that the
operator Dy, is now multiplied by i(a). Parametrizing Wy, as
in Eq. (144) using again Q = —if};/(2f}), one is led to
the following equation for the mode function

"+ [w?(n, k) — 2iyh*(a)]f; = 0.

This expression should be compared with Eq. (153): as
expected, the only difference is that an extra h*(a) appears
in front of the y term. For simplicity, let us choose % to be a
simple power law and let us assume the inflationary dy-
namics to be close to a de Sitter universe a(n) = —€,/7.
Then, the mode function can be reexpressed as

(A2)

2
o+ (k2 T 2iyap) fi = 0. (A3)
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If p <0, the Bunch-Davies vacuum state cannot be chosen
at the onset of inflation since the k> term does not dominate
in the parenthesis. This means that one must work with
p = 0. In this paper the case p = 0 [i.e., h(a) = 1] has
been studied, hence one only needs to study the p >0
cases. It is interesting first to notice that the cases p > 0
provide a natural amplification phenomenon depending on
the physical length of the mode since the amplitude of the
term proportional to y now increases as the mode is
stretched by the growth of the scale factor. This is consis-
tent with the physical intuition which tells us that the
collapse should occur for macro extended objects only. If
p > 2, the term proportional to v dominates the dynamics
at the end of inflation, when kn goes to 0, and one can
expect the power spectrum scale invariance to be de-
stroyed. Therefore, if p is an integer, we are left with the
cases p = 1 and p = 2 that we now study.

If p = 1, the general solutions of Eq. (A3) can be ex-
pressed in terms of Whittaker functions W, ,(z) [101,102]
as

Fe(m) = CeWoe jk3/2(2ikn) + DW_q /32(—2ikm),
(A4)

where C, and D, are integration constants that can be
determined by choosing the Bunch-Davies vacuum state
for the initial conditions. This leads to C;, = 0. Then, in
the limit where k7 goes to 0, HeQy(n) can be Taylor
expanded, and this provides a simple expression for this
quantity. In particular, we find that ReQ, /k = y€,/(2k) +
O(kn), showing that, in this case, the spread does not
diverge in the large-scale limit and that, as a consequence,
the localization of the wave function becomes much more
accurate. Moreover, since the inverse of He{); is basically
P, this allows us to calculate the power spectrum, provided
we push the expansion to higher orders. One obtains

€ £ € ko\3
o= A )

by (toy €%72) k
—2—gl—][1 - In{2—
k g(k)( 2 n( ko
X ,-Pg(k)lstand:
where Tglsmnd is the standard power spectrum (47), and
where g(x) is defined by
1

20 +3x =302 — 3 — 2x(1 — [ (2 +x) — 24 (1)],

)

(AS5)

(A6)

i (x) being the digamma Euler function [101,102]. Let us
notice that, in Eq. (AS5), we have sometimes introduced the
quantity €4y/k. Of course, the most convenient way of
dealing with this quantity is to express it as (€yy/ky)ko/k
such that the dimensionless small parameter €,y /k, explic-
itly appears. The spectrum given by Eq. (AS5) should be
compared with the one obtained in Eq. (172) with the choice
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FIG. 6 (color online). Ratio of the power spectrum given by
Eq. (AS) (p = 1) to the standard power spectrum given by
Eq. (47) for different values of the parameter y€y/k.

h = 1. They share the same broken power-law structure,
with a scale-invariant part ng = 1 at small scales and a
branch with ng = 4 on large scales. This spectrum is dis-
played in Fig. 6 for different values of the parameter €,y / k.

The break in the power spectrum appears at k*/k} =
€oy/koe**N-. Therefore, in order for the non-scale-
invariant part of the power spectrum to be outside the
Hubble radius, one must have

rbo

<K e N 1073
k()

(A7)

This equation should be compared to Eq. (178). We see
that, in the present case, we also obtain a constraint that can
be considered as “‘extreme’’. In other words, it seems that a
very important fine-tuning is necessary to maintain the
consistency of the CSL predictions with the CMB obser-
vations. We also notice that, instead of y/k3, it is now the
combination y€,/k, that is constrained. Of course, this is
just the consequence of the fact that, as already discussed,
changing the collapse operator can change the dimension
of the parameter y. In some sense, we face again the
discussion of the temporal gauge issue.

Let us now turn to the case p =2 in Eq. (A3). The
general solutions of this equation can be expressed in terms
of Bessel functions with a complex order [101,102],
namely

fe(n) = Ckv—knfg\/l—;m(—kn)

where C;, and D; are integration constants that can
be determined by requiring, as usual, the initial state to

be the Bunch-Davies vacuum. This leads to C; =
— D, 32189 I the limit where k7 goes to 0,
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NRe; can be Taylor expanded and, at first order in the
parameter y{Z, the power spectrum reads

2 3
P =1+ 2y ) 1+ 0 o)

3 3 k
4 k -1
+ § 7€(2) ?O eAN* ] T((k)lstand‘ (A9)

The formula (A9) should be compared with Egs. (172) and
(AS5). Again, the power spectrum has the same shape, with a
scale invariant part on small scales and a noninvariant branch
with ng = 4 on large scales. This is clearly seen in Fig. 7,
where the spectrum (A9) is represented for different values
of the parameter y{3. The break in the power spectrum
appears at k3/kj =~ y€3/3e3*N-. Therefore, in order for
the non-scale-invariant part of the power spectrum to be
outside the observational window, one must require that

Y2 < e 38N = 1077 (A10)
Again, we can consider the above constraint as a fine-tuning.
It is also interesting to notice that, contrary to Eqs. (178)
or (A7) and (A10) involves physical quantities only.
This is because, when p = 2, the CSL correction that
should be compared to the comoving wave number squared
is « ya®, see Eq. (A3). In other words, 7y should now be
compared to the physical wave number. If we take €=
10°€p;, which comes from the CMB normalization, then
one arrives at y << 1073,

Let us conclude this appendix by noticing that the above
results are in fact generic and do not depend on the value of
p. Technically, the power spectrum is obtained by taking the
super-Hubble limit of the mode function fy (%), by inserting
it in the expression of Nel), = Re[—if}/(2f;)] and by
retaining only the leading order in k7. In the standard case,
the leading terms of the mode function expansion turn out to
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FIG. 7 (color online). Ratio of the power spectrum given by
Eq. (A9) (p =2) to the standard power spectrum given by
Eq. (47) for different values of the parameter y¢3.

cancel out in Ne()y, leaving an expression which precisely
gives a scale-invariant power spectrum. This cancellation
originates from the fact that the Wronskian is conserved. In
the CSL case, the factthat y # O implies that this symmetry
no longer exists, and, as a consequence, the nice cancella-
tions mentioned above no longer show up and scale invari-
ance is immediately broken. In some sense, the fact that the
v term destroys the scale invariance of the power spectrum
does not come from the fact that its presence modifies the
time dependence of the effective frequency (the value of p
or the choice of /), but is rather due to the fact that it makes
the effective frequency a complex quantity. We conclude
that modifying the definition of the collapse operator by
multiplying it with a background function, despite changing
the dimension of vy, always constrains this parameter to be
extremely fine-tuned.
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