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ABSTRACT: The theory of inflation provides a mechanism to explain the structures we
observe today in the Universe, starting from quantum-mechanically generated fluctuations.
However, this leaves the question of: how did the quantum-to-classical transition, occur?
During inflation, tensor perturbations interact (at least gravitationally) with other fields,
meaning that we need to view these perturbations as an open system that interacts with an
environment. In this paper, the evolution of the system is described using a Lindblad equation,
which describes the quantum decoherence of the system. This is a possible mechanism for
explaining the quantum-to-classical transition. We show that this quantum decoherence
during a de Sitter phase leads to a scale-dependent increase of the gravitational wave power
spectrum, depending on the strength and time dependence of the interaction between the
system and the environment. By using current upper bounds on the gravitational wave power
spectrum from inflation, obtained from CMB and the LIGO-Virgo-KAGRA constraints, we
find an upper bound on the interaction strength. Furthermore, we compute the decoherence
criterion, which indicates the minimal interaction strength needed for a specific scale to
have successfully decohered by the end of inflation. Assuming that the CMB modes have
completely decohered, we indicate a lower bound on the interaction strength. In addition,
this decoherence criterion allows us to look at which scales might not have fully decohered
and could still show some relic quantum signatures. Lastly, we use sensitivity forecasts to
study how future gravitational-wave detectors, such as LISA and ET, could constrain the
decoherence parameter space. Due to the scale-dependence of the power spectrum, LISA
could only have a very small impact. However, ET will be able to significantly improve our
current constraints for specific decoherence scenarios.
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1 Introduction

A period of accelerated expansion during the early universe, namely inflation [1, 2], provides
a mechanism to explain the origin of all structures in our Universe, namely the large-scale
structure (LSS), and the Cosmic Microwave Background (CMB) anisotropies. Vacuum
quantum fluctuations (of one or more scalar fields) were stretched on cosmological scales
by accelerated expansion and (gravitationally) amplified during the accelerated expansion
epoch and became primordial density fluctuations that eventually led to the formation
of the LSS, which we observe today [3-6]. Through the same mechanism, inflation also
predicts the generation of a relic background of primordial gravitational waves (GWs) [7-12].
This scenario and its predictions are in complete agreement with a variety of cosmological
observations (see, e.g. [13-15]).

However, the quantum origin of the perturbations also lead to new questions (see, e.g., [16—
20]). We observe a classical universe so an important question is how the quantum-to-classical
transition occurred in a cosmological context. At the moment, there is no definitive answer,
although such an issue has been studied extensively [21-35]. One of the most important



possible mechanisms to explain this transition is quantum decoherence, since it is a well-
established and physically tested concept [25, 36—41].

The most important aspect of quantum decoherence is that we are working with an
open quantum system that interacts with its environment, not a closed one [38, 42-46].
There are two different types of environmental interactions that have been studied for cosmic
decoherence. First, decoherence can occur between large- and small-scale modes of the same
fluctuation fields. In this case, the short-wavelength modes act as the environment for the
long-wavelength system [25, 47-50]. The second type of decoherence, and the one we will focus
on in this work, is the decoherence arising from interactions between the inflationary field
and an external field that represents the environment [51-56]. The study of these field-field
interactions is motivated by the likely presence of multiple fields in the early universe.

The interaction between the system and the environment suppresses the off-diagonal
elements of the reduced density matrix of the system. However, due to the time duration
of the decoherence, the diagonal elements of the density matrix are also affected, which
alters the probabilities associated with the final outcomes of measurements. In several
works [25, 51-54, 57] it is shown that, in fact, the statistical properties of the primordial
perturbations are affected. These changes are shown to be essential if one accounts for the
quantum-to-classical transition in the early universe, and observing them would give concrete
proof of both inflation and decoherence during inflation. In addition, they carry observational
signatures of quantum origin for primordial fluctuations.

Despite the fact that cosmic decoherence has been studied extensively, including in [25,
40, 47, 48, 51-53, 55], most of the literature has mainly focused on scalar perturbations. We
extend on this by using the techniques presented in [51, 53] and applying them to tensor
perturbations from inflation (namely primordial GWs from inflation). In particular, we
study the GW power spectra including a term induced by decoherence due to, e.g., an
external field acting as an environment, and how this change in the power spectrum varies
depending on several parameters.

A further aim of this paper is to investigate how to constrain the decoherence process for
gravitational waves by exploiting not only CMB information, but also the one coming from
interferometers. This leads us also to the question of whether, and on which frequencies, the
primordial inflationary gravitational waves might have preserved some relic signatures of their
quantum origin. Using the upper bound on the GW power spectrum, from CMB [14, 15, 58—
64] and ground-based laser interferometers [65-67], one can find an upper bound on the
interaction strength between the system and the environment. This can be combined with
the decoherence criterion, which indicates how mixed the state of the system has become
due to the interaction with the environment (see, e.g., [25]). This depends on the strength of
the interaction and therefore assuming that CMB scales have fully decohered by the end of
inflation gives us a lower bound on the interaction strength on CMB scales. However, very
small scales (such as those probed by interferometers) might not have fully decohered at the
end of inflation, meaning there would be some genuine quantum signatures left on those
scales [24, 32, 68-78]. If these quantum signatures are observed, this would conclusively prove
the quantum origin of primordial fluctuations, which is therefore of fundamental importance
to the scientific community. In addition, using such an observation in combination with



the decoherence criterion, would allow us to tighten the upper bounds on the interaction
strength of the decoherence process.

Several future GW detectors are on the horizon, including at least two next-level ground-
based laser interferometers, namely the Einstein Telescope [79, 80] and the Cosmic Explorer [81,
82], and the space-based laser interferometer LISA [83-85]. For both ET and LISA we study
which decoherence scenarios they could observe or, in case of no detection, exclude. Recently,
the Pulsar Timing Array (PTA) method has been used to observe the nanohertz GW
background [86-91]. More research is needed to definitively state the origin of this signal,
but it is nonetheless also a very promising step toward a better understanding of early
universe physics.

This work is organized as follows. We start in section 2 with a brief overview of the
method applied in this work, mainly summarizing the approach introduced in [51] (and used
in [53] for a first application to inflationary gravitational waves). In section 3 we derive
the full expression for the GW power spectrum, including the additional decoherence term,
and study how this changes when using different parameter values. Section 4 focuses on
constraining the interaction strength between the system and the environment, both using
observational data and the decoherence criterion. Moreover, we look at which decoherence
scenarios could be probed with future detectors and we address the crucial question of at
which scales (frequencies) the gravitational waves might not have fully decohered, thus leaving
some relic quantum signatures on those scales. Finally, in section 5 we summarize our results
and discuss possible future work. In appendix A we give some details on the computations
performed to get the main results. In appendix B we discuss and analyze the power-spectrum
and decoherence arising from anther interaction term between tensor and scalar perturbations,
already considered in [53]. Appendix C presents the equations governing the cross-spectra
between different polarization states of gravitational waves, where we point out also the
emergence of some interesting effects regarding the gravitational waves’ polarization.

2 DMaster equation

2.1 Lindblad equation

During inflation, the primordial perturbations interact, at least gravitationally, with other
degrees of freedom, possibly including the standard-model fields. Therefore, we consider
inflationary tensor perturbations as an open system “S”, interacting with a given environment
“E”, defined only by certain characteristics (within an effective approach). As we are only
interested in the effect the environment has on the system, the environmental degrees of
freedom are traced out during the derivation of the master equation for the system. This
leads to the Lindblad equation that describes the evolution of the system. The full derivation
of the Lindblad equation is described, e.g., in appendix A of [51], but here we briefly recap
the most important aspects, parameters, and assumptions. The Lindblad equation is derived
using Born and Markov approximations [39, 92-94]. The former means that we can take our
equations to be perturbative in terms of the coupling. The latter means that the typical
correlation time of the environment is much shorter than the time over which the system
evolves (so the effect the system has on the environment is negligible).



The total Hamiltonian, for both the system and the environment, in the Hilbert space
£ = & ® Eg is given by

I:I:I:Is ®1A.E +fs®lﬁf1~:+gﬁmt, (2.1)

where Hg(Hp) is the free Hamiltonian of the system (environment), Zg(Zg) the identity
operator acting £s(&g), and ﬁint is the interaction Hamiltoniain with a dimensionless
coupling parameter g characterizing the strength of interactions between the system and
the environment. Assuming the interactions are local, we can write the interaction between
the system and environment in the form!

Hin() = [ dwdinz) @ B2, (2.2)

where A(R) is the local functional of the fields describing the system (environment) sector,
and 7 is the conformal time.

The complete system is described by a density matrix p, which at the initial time can be
written as p(tin) = ps(tin) ® Pr(tn), assuming that the system and the environment become
entangled only at later times. As we are only interested in the evolution of the system,
and we treat the environment in an effective way as unobservable degrees of freedom, we
focus on the reduced density matrix

ps(t) = Tre[p(t)], (2.3)
where the environment degrees of freedom have been traced out. This pg(t) evolves according
to the Lindblad equation?® [25, 51, 94-97]

dps

75— ilps, i) - 3 [ dad*yCula,y)[A(). [A(y). ps]). (2.4)

with v = 2¢%n., where 7. is the autocorrelation time of the environment. As v is in general
time dependent, we adopt a power-law dependence on the scale factor, following [51],

727430{ (2.5)

A

where p represents a free parameter, and * refers to a reference time which is taken to be the
time when the pivot scale k, = O.O5Mpc_1 crosses the Hubble radius (i.e. ky = a.Hy).

Furthermore, Cr(x,y) is the same-time correlation function of the environment R,
defined by

Cr(z,y) = Trg(ppR(z)R(y)). (2.6)

Assuming that the environment is statistically homogeneous and isotropic, and that a single
physical length scale [g is involved, we take this to be a top-hat function, using [51]

Crlz,y) = CR@(C“‘BZE_”'), (2.7)

!Notice that the interaction term (2.2) is not of the form normally required to derive a Lindblad equation.
However, in appendix A [51], it is shown that the usual treatment can be generalized to an interaction term of
the form (2.2).

2Also called Gorini-Kossakowski-Sudarshan-Lindblad equation.



where ©(z) is 1 if 2 < 1 and 0 otherwise, and C is a constant. In Fourier space this

sin (klE> _ HMe cos <klE>], (2.8)
a a a

which can again be approximated by a top-hat function

) 5 CRll [k
Crlk) =~/ 323]3@(;:)’ (2.9)

can be written as

- 20
Cr(k) = %?31%

where the amplitude at the origin has been matched.
Usually the Lindblad equation (2.4) cannot be fully solved, therefore it is convenient
to write it in terms of quantum expectation values

(0) = Ta(psO), (2.10)

where O is an arbitrary operator acting in the Hilbert space of the system. This leads to
a Lindblad equation of the form:
d(0) <8O

SR 8n>—¢[é,ﬁ5]—; / Pad®yCr(z,y)([0, Ax)], A(y)).  (211)

2.2 Tensor perturbations

In this work we study how inflationary tensor perturbations, h;;(n, ) are decohered by an
environment. Focusing only on tensor perturbations, the perturbed (spatially flat) Friedmann-
Lemaitre-Robertson-Walker (FLRW) metric [98] is given by

ds? = a®(t)[ — dn® + (8 + haj(n, ®))da’da? ], (2.12)

where 7 is the conformal time, x the conformal spatial coordinate, and a(t) the scale
factor. Tensor perturbations are transverse (&-h; = 0), traceless (h! = 0) and represent the
dynamical degrees of freedom of the gravitational sector, meaning that they correspond to
GWs. Analogously to [53], we use the Fourier expansion of tensor perturbations,

1 3 ik-x
hij(n, x) = @i /d khij(k)e™™, (2.13)
with
hijk) = > ha(k)eli(k), e(k)el (k) =26 (2.14)
A=+,X

For canonical normalization, we use a tensor variable, similar to the Mukhanov-Sasaki
variable [98, 99] for scalar perturbations

aMy
V321

At the perturbative linear order, the tensor perturbations will evolve according to the free

hy. (2.15)

U\ =

Hamiltonian which, written in Fourier space, reads

U

N 1 VS AAAA : a
Hy =5 z}\:/d?)k[pkp—k + Wzvk“—k} with o* =k — a’ (2.16)



where 0y, is the Fourier transform of the tensor variable (2.15), Py its conjugate momentum,
!/
ie., ﬁﬁ = (@,’:) , and a prime denotes the derivative with respect to the conformatl time 7.

For these tensor perturbations, we use the system interaction operator:
A(n, x) = Orhij(n, x)0'h¥ (n, x). (2.17)

The focus is on the quadratic interaction because h;; is transverse, which means that at linear
order the correction to the tensor power spectrum vanishes (see [53]). Such an interaction
term is inspired by the cubic tensor-scalar interactions arising in the Lagrangian of (single-
field) inflation,® and it incorporates the spatial derivatives of the tensor fluctuation modes,
naturally appearing in general relativity (GR).

A specific model for the quantum decoherence of tensor perturbations following this
approach has already been studied in [53] (see also, e.g. [49, 50, 101, 102], which does not in-
corporate these spatial derivatives. However, from partial integration of the Lagrangian (2.18)
it can be shown that both of these operators should be considered; therefore, we expand
on this model a bit more in the appendix B. The exact interplay between the different
decoherence models is left for future work.

Inserting this system operator into (2.11), gives

N

d(0) <30 >_¢[o,ﬁs]—7§2 / Brxd®yCr(z, y) ([0, dhii(x)0'h¥ (x)], uhie(y)I*h (y)]),

dp \on
(2.19)
where £2 is an expansion constant that serves to set the right dimensions. In Fourier space,
and using eq. (2.15), this becomes?
d(O o0\ A . B2
§> = <8> —il0. 8] -5y / A*kd’p1d’pap1i(—k — p1)'pa.a(k — p2)*
Ui Ui AN (2.20)
~ A A NN
: CR(‘kD<[O7 Upllvfkfpl]? Up20k7p2]>7
where we define
2¢
b =—, (2.21)
M,
being a coupling constant, used to maintain the analogy with [51, 53].
3The cubic term of the action for two gravitons and a scalar is given by [100]:
€My, 3. 3.7 4 3; 2\~ 1
S = T dtd z| a Ch”h,] + a(&lhijalhij — 2a hijalhijal (V ) C s (2.18)

where the dot denotes a derivative with respect to time t.
Tt may seem that there is a missing factor of a~* in the real part of (2.20) but actually it is absorbed in
the definition of v given in eq. (2.5), analogue to the approach in [53].



3 Power spectrum of primordial gravitational waves

3.1 Two-point correlation functions

To obtain the GW power spectrum from eq. (2.11), we insert two-point correlators of the
form <O> = <Ok1@k2> with Okl = 0y, or Py, where s refers to the polarization, finding:

d<f}lsc @]‘z > ~S A PN
# = (0, Pky) + (Pk,Pky)
(08, PEy) s s b5 o5
% = Pk, D) — w2(/€2)<vk1”kz>

n
d(py,, oy,
k) — (3,58, — w200 0, ) o
{91, ) 5t i 5, i
B TR ) P G

+ 5 (27r 3/2 /d3kkl (K + k1)iks (ks — k)aCR(E)(0F 15, D) -

The system is solved through a perturbative expansion in ~, and the environment
correlator preserves statistical isotropy and homogeneity (see eq. (2.7)). This means we have
a statistically homogeneous and isotropic solution of the form

(O, Op,) = (27)* Poor (k)6 (ke + k). (3.2)

In the last line of eq. (3.1), the last term shows that we sum over the indices [ and a.
This allows us to take the dot product, giving

Ky (k + K1)k (ke — K)o = (k1 - k)* + ki + 27 (k1 - k). (3.3)
Using (3.3) and (3.2), the system of equations (3.1) can be written as®
Lolh) o) + Ponlh)
olE) ST — By ) — (0 Pusl) -
Tt _ (va<k> + Py(h)

B s [ (UK K 20 K)) Cn ) P+ 1),
These equations can be combined into a single third-order equation for P,
P+ 4w? (k) P}, + dww' Py, = S(k, ), (3.5)

where the source function S(k,n) is dependent on P, and defined as

Slhn) = 85 3/2/d3k:’ ((k K2 + K + 262 (K K)) Cr(K ) Pl + K']).  (3.6)

5Since in eq. (3.1) all terms depend on the same polarization s, we drop it for simplification and do our
computation for one polarization. When computing the final power spectrum we add a factor of 2 to account
for both polarizations. For more details on the polarization of the gravitational waves, see appendix C.



We obtain a source function similar to the one obtained by [51] for a quadratic system
operator, with a different coefficient in front and an additional dependence on k, which arises
from the derivatives in A. Therefore, we continue using their approach, while accounting
for this additional dependence. The source function depends on P,,, making eq. (3.5) an
integro-differential equation that couples all modes together. It is very difficult to solve this
in full generality. However, since we are working at first order in -y, the free theory is used to
calculate the source function S(k,7).5 The complete solution to (3.5) is given by the sum
of the homogeneous solution and a new term due to the interaction, namely:”

Ponl) = o) 242 [ S (k)3 o i) (3.7

Here vg, is Bunch-Davies normalized, meaning P,, matches the Bunch-Davies result in the
infinite past if ng = —oo.

3.2 Computation of the source function

The source function is computed explicitly, with the full derivation shown in appendix A,
and here we provide just a short recap of the main steps and results. Starting by using a
change of variables (k' = p — k) to perform the angular integration, we can write

/d3k:’<(k: KR+ k4 2R (k- K)) Cr(K D) Pool [k + B))
- %/ dppPuy(p) /( " dz(k:2 +p2 - Z)QOR(\/E)-
0 (k—p)?
The integral over z (which is defined as z = k? 4+ p? — 2kp cos #, with 6 the polar angle between
k and p), is done using eq. (2.8) and results in eq. (A.5). To compute the second integral
over p, we need to substitute the expression of the power spectrum, which can be divided
into two cases. First, a UV part (p > aH, sub-Hubble scales) where P,, = (2p)~!, and an IR
part (p < aH, super-Hubble scales) where P,, = (2p)~!(—pn) 2. Note that we are neglecting
slow-roll corrections, similarly to [51], since the integral of the power spectrum over all modes
appears in the source function. This means the slow-roll expansion around k, cannot be used
consistently to describe the entire set of modes. A more complete calculation would have to
be done on a model-by-model basis, which is beyond the scope of this work. Moreover, since
the slow-roll parameters are very small and standard inflationary models predict the tensor
spectral index to be slightly red-tilted, we expect them to have a negligible effect compared to

5Notice that this does not mean that the contributions coming from decoherence cannot be larger that the
zero-order solution. The latter situation can happen e.g. if the system is coupled with an environment provided
by an external, different degree of freedom. On the other hand, higher order contributions will be of 0(5403)
and higher. Since 820, is small, these higher order contributions are expected to be smaller than the first
order contribution. Moreover, as shown in figure 2, for lower values of the coupling, the decoherence induced
term starts to dominate over the standard power spectrum at higher k. Therefore, we expect the effects of
higher order contributions to arise at even higher k, possibly outside of the scale range considered in this work.
For these reasons, we only focus on the first order contribution. Additionally, let us note that the form of
the master equation we are using, i.e., the Lindblad equation, has been proven to provide a resummation at
late-times (see [103]).

"See [51] for a more detailed explanation of this solution.



the effect from quantum decoherence we show below. The UV part is regularized by adiabatic
subtraction [104, 105], as is usually done. This is equivalent to neglecting the sub-Hubble
part of the integral and limiting ourselves only to the super-Hubble perturbations by setting
the upper bound of the integral over p to be the comoving Hubble scale —1/7.

Inserting the expression for P,, shows that the IR part is divergent and needs to be
regularized by imposing an IR cut off —1/ng, which corresponds to the comoving Hubble
scale at the onset of inflation. Using the known assumption® —Ig/(an) < 1, leads to

~ BCrk) /1 1
/d3k’<(k KN 4+ k2K (K- k’))CR(!k’|)Pw(|k + E|) ~ ”7’5() (2 — 2). (3.9)
3n e MR
Combining this expression (3.9) with (3.6), the source function is given by
2k262yCr(k) [2/ 1 1
Sk,n)=——F5—"\/= (2 - 2). (3.10)
3n TANT MR
When comparing this result with the scalar perturbation case ([51]), we again clearly see an
additional k* dependence, as seen in eq. (3.3), this is due to the partial derivatives in A.

3.3 Power spectrum

Finally, the power spectrum (3.7) is obtained by inserting this source function (3.10), together
with the approximation (2.9) and the parameterization (2.5), giving

8, 3213.Cpk2nP 3 Kl 1 1
Puu = o2 + IECRETE [ v om-)

Ima? a n')? TR

(3.11)
- Jm ok (0 )vg ().

To compute the integral, we start from the last term, using the explicit form of the Bunch-
Davies normalized mode function

1 m —im/2(v
_ 2\/;\/_7776 2012 52 (<o), (3.12)

with H, ,SQ)(z) the Hankel function of the second kind of order v, using v = 3/2 as we neglect
slow-roll corrections Inserting this? and calculating the integral gives

. 5215.C _
Py (k) = [on(n)|* + —2 220k (— k)P~ (= k) T (k, m, v), (3.13)
18a3 sin (v)

where we use

Jl(k77777/) = JEV(_kn)Il(Vv k»77)—2J—u(—k77)Ju(—k77)12(V7 kan)+J3(_kn)Il(V>kan)a (3'14)

8We assume the correlation length of the environment to be much smaller than the Hubble radius. This is
true if Ip ~ t. since the derivation of the Lindblad equation requires t. < H™', see appendix A of [51].

9Decomposing the Hankel function into real and imaginary parts, HS” (z) = J,(z) — iY,(z), and making
use of the relation Y, (z) = [J,(z) cos (vm) — J_,(2)]/[sin (v7)].



and the integrals I; and I are defined by

(Hulg)™! 1
Dk = [0 4t (5 - o )R

- 22 (—knm)

R 1 (3.15)
L, k, z/ d —P<—)Jy T (2).
2(’/ 77) —kn Rz 52 (_ka)Q (z) (Z)

The upper bound in these integrals corresponds to the time when the wavelength a/k of the

co-moving mode under consideration k crosses the correlation length of the environment g,

at leading order, this is —kng = (Hplg) ' ~ (H«lg)~' (neglecting slow-roll corrections).
The final step is to convert (3.13) to the total dimensionless GW power spectrum, using

k3 327 - 2P,
Pr(k) = TﬁW = Prjstanll + APr(k)], (3.16)
with )
16 / H
P San:() , 3.17
Tlst -\t (3.17)
and n ! 2 / /
2 (M S(k,n')T £ ()]d
APy (E) = J2oo S (e, ) Im" oy, (1) v, (m)}dny (3.18)

ok (1) |2
In eq. (3.16) we add a factor of two to account for both polarizations of the gravitational
waves. Inserting eq. (3.13) and (3.12), we obtain

2, p+1 y
PT(k) = PTIstan (1 + %77 <k> [Jg(_JI(k’ n.v) ) . (3.19)

9sin?(vr) \ ks kn) + Y2 (—kn)]

The kP*! again indicates a shift of k*, w.r.t. the scalar perturbation case [51]. For the
purposes of this work, we mainly focus on a specific range of scales, namely scales that can
be probed with ground-based interferometers up to scales probed by the CMB. Furthermore,
in these expressions, N — Nig = In (nr /1) denotes the number of e-folds elapsed since the
onset of inflation and N — N, = In (7, /n) denotes the number of e-folds elapsed since the

1

pivot scale k., = 0.05Mpc™ " crosses out of the Hubble radius. We have also introduced

the dimensionless coefficient

o, = BCRIRE (3.20)
a
that characterizes the strength of the interaction with the environment. We chose to use
this notation to clearly distinguish between the cases presented in [51, 53], but we will
treat this as one parameter.

The GW power spectrum is shown in figure 1. The other model parameters are chosen to
be Hlp = 1073, 820, = 1073, AN, = Nena — Ni = 50 and Ny = Nepg — Nig = 104, similarly
to [51], to simplify comparisons between the scalar and tensor case. Unless specifically stated
otherwise, we use these values in all our figures. Let us emphasize that on small scales
there is a cut-off point (at —kn = (H,lg)~!) of the power spectrum. This is because a

mode must have crossed the correlation length of the environment to be affected by the
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Figure 1. The GW power spectrum at the end of inflation, including the effects of decoherence. The
colors represent different values of p. The dotted lines correspond to the transition scale k;, defined by
APy, = 1. Assuming de Sitter inflation, the other model parameters are chosen to be H,lg = 1073,
ﬁZO',y = 10_37 AN, = Neng — N, =50 and Ny = Nepng — Nir = 10%.

environment [51]. This provides a natural cut-off mechanism depending on the value of the
parameters. In the derivation of the Lindblad equation, we assume H,lgp < 1, which means
that the cut-off point is on scales outside of the range considered in this work (for the number
of e-folds since the pivot scale entered the horizon chosen to be 50). Consequently, we will
leave constraining the value of H,lgp for future work.

Figure 1 clearly shows that the tensor power spectrum can be divided into two distinct
regions: one where the standard, (almost) scale-invariant tensor power spectrum dominates
and the other characterized by a strong increase from decoherence. The only exception
is the case p = —1, where we see that the contributions from decoherence effects remain
scale-invariant. The dotted line indicates the scale k; where the transition between the two
branches occurs, such that APy, = 1. We can also clearly distinguish three different scenarios
for the effect that decoherence has on the power spectrum, depending on the value p (see
eq. (2.5)). The first case, p < —1, only changes the power spectrum on large scales. Second,
the case p = —1 results in a scale-invariant decoherence contribution to the power spectrum.
And finally, for p > —1, decoherence affects only small scales. This shows that the main
dependence of the power spectrum (3.19) on p is encapsulated in the kP*! term, but note
that the integrals inside the JI(k,n,v) also depend on p.

One of the parameters that we will focus more on is the interaction strength, so in figure 2
we illustrate the effect that changing this parameter has on the tensor power spectrum for
different values of p. It shows that changing the value of the interaction strength changes
the transition scale k;, but does not affect the slope of our increase induced by decoherence.
This behaviour is clear if one recalls that the main dependence of the decoherence-induced
contribution to the tensor power spectrum is dictated by (k/k.)P*! and that such contribution
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Figure 2. The GW power spectrum at the end of inflation, including the effects of decoherence. The
colors represent different values of %0, shown for three different values of p, each corresponding to
a different scenario (p < —1,p = —1,p > —1). The dotted lines correspond to the transition scale
ki, defined by APy, = 1. Assuming de Sitter inflation, the other model parameters are chosen to be
H.lg =10"3, AN, = Nepng — N, =50 and Ny = Nepng — Nig = 10%.

is proportional to the coupling strength ﬂQUV. Figure 2 illustrates that the change in the
power spectrum represents a potential signature of quantum decoherence and, therefore, also
of the quantum nature of inflationary gravitational waves. This signature can be probed
by present, and future, CMB, and (direct) interferometric observations, allowing us to put
significant constraints on the interaction strength.

4 Constraints on the interaction strength

From eq. (3.19) it is clear that the full GW power spectrum depends on three quantities:
Pristans ﬁ2a,y and p. In order to constrain these parameters, we will make use of both

observational constraints and of properties of the decoherence process.

4.1 Observational constraints

There are several works on constraining the primordial GW power spectrum [14, 15, 58-64],
however, almost all of them are limited to observations at CMB scales. With direct detections
of GWs by the LIGO, Virgo and KAGRA Collarboration (LVK) [65-67] new observational
scales has become available. In this work we will use the results found in [62] to constrain
the primordial GW power spectrum, since it represents the most updated data analysis
that leaves the spectral tensor index as a free parameter. In [62] the tensor spectrum is
parameterized as a power law, of the form

k NT|obs
Priobs(k) = ri.A (/Z:) ; (4.1)

where the subscript & indicates that the parameters are evaluated at this pivot scale (cor-
responding to the pivot scale used in the data analysis), r = A;/A; is the tensor-to-scalar
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perturbation ratio, As(A;) is the amplitude of scalar (tensor) perturbations, and nypjgps is
the tensor spectral index considered in [62]. Assuming this simple power law, [62] finds
r0.01 < 0.028 and —1.37 < npjeps < 0.42 at 95% CL. As the cosmological GW background
(CGWB) has not definitively been observed, this is an upper bound on the primordial tensor
power spectrum. In addition to this, they also look for constraints using the CMB data and the
12.5 years NANOGrav collaboration results [106], giving r < 0.033 and 0.47 < ngjops < 0.85
at 95% CL. This is inconsistent with the results obtained when using the LVK data and
therefore will not be used in this work. Indeed, this inconsistency indicates that more
complicated models for the power spectrum need to be considered when trying to account
simultaneously of the Pulsar Timing Arrays and LVK data.
In order to constrain the interaction strength, we parameterize (3.17) using

7DT|stan = T*As,k*’ (42)

where this is evaluated at k, = 0.05Mpc~', and we assume the standard power spectrum is
scale-invariant (nT|Stan = 0), since the tensorial spectral index is expected to be very small in
slow-roll inflation (nygan = —2€ with € < 1), and, as remarked above, we expect its effect
to be negligible w.r.t. to the contributions coming from quantum decoherence. In order to
consider more complex models, the Prga, wWould simply have to be replaced with a more
complex power spectrum. On cosmological scales ranging from LVK to CMB we require:

Pr(k) < Priobs(k)- (4.3)

Specifically, we assume the power law (eq. (4.1)) holds only on these specific scales (LVK
to CMB). Therefore, the upper bound on the power spectrum leads to an upper bound
for the interaction strength, namely

AN I N S AN (7 N
Tx (/;:) 1] [9sin2(y7r)(k;*> [J2(—kn) + Y2(—kn)] ) (4.4)

where we use A_; ~ A, ~2.1-1079 [15, 62].'° Figure 3 shows the highest values of %o,
allowed by observations for each r, (red-shaded region), shown for different values of p. For

5207 <

reference, we show the Starobinsky model of inflation [1], corresponding to . = 0.00461 [107].
This is the observational goal of future CMB surveys like LiteBIRD [107], which we expand
on in section 4.4. Figure 3 also shows for which scenarios the CMB scales have completely
decohered, as discussed in section 4.2. It does not come as a surprise that there are two
features that are clearly evident. On the one hand, the observational constraints (4.3) impose
an upper bound on the interaction strength between the GW fluctuations modes (the system)
and the environment, in such a way that the contributions to the power spectrum from the
decoherence process are not too large to make the tensor power spectrum conflict with present
observations. On the other hand, imposing that GWs have fully decohered on CMB scales
imposes necessarily a lower bound on such coupling strength, because we are requiring the
decoherence process to be sufficiently effective on those scales. Figure 3 shows how different
the allowed interaction strength is, depending on the scenario for p. This is because of the

19This assumption automatically implies we require 7. < rg, in order to satisfy eq. (4.3).
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Figure 3. The red area shows the values of 5207 excluded by observations done at scales ranging from
CMB to LVK, shown for a range of r, indicating the amplitude of the spectrum at k, = 0.05Mpc~!
and for three different values of p, each corresponding to a different scenario (p < —1,p = —1,p > —1).
The blue region indicates the scenarios excluded due to assuming the CMB scales have completely
decohered. For reference the Starobinsky model of inflation (r, = 0.00461) is shown. Assuming de
Sitter inflation, the other model parameters are chosen to be H.lp = 1072, AN, = Nepq — N, = 50
and NT = Nend - NIR = 104

scales on which we have constraints. Figure 1 shows that for a specific value of %a,, all
p scenarios have their transition scale at (almost) the same value. Because of the way the
interaction strength affects the power spectrum (see figure 2), the constraints on scenarios
with p < —1 (which mainly depend on the CMB observations) are much weaker (in terms of
the magnitude of the coupling strength allowed) than those for scenarios with p > —1 (which
mainly depend on the LVK upper bound). This is because in the latter case the tensor power
spectrum increases with the scale, over many orders of magnitude (from CMB to LVK scales),
thus shifting the transition scales to much smaller scales and in turn pushing the coupling
strength to be very small. The same analysis has been applied to the model presented in [53],
for which the results are shown in appendix B. We similarly find that the scenarios with
an increase on small scales are much better constrained.

Recently, the Pulsar Timing Array method was used to find evidence for a GW back-
ground [86-91], although it has not yet been definitively determined whether it is of cosmo-
logical or astrophysical origin (see, e.g., [L08-111]. Due to the frequency and amplitude of
the signal, it is not possible that this signal aises from the quantum decoherence scenarios
analyzed here. As any decoherence scenario corresponding to this observed signal would have
already been observed in the CMB or with LVK, because the cut-off of the power spectrum
is on scales smaller than LVK (due to the requirement that H.lp < 1).

In addition to the methods mentioned above, Big Bang Nucleosynthesis (BBN) can also
be used to constrain the gravitational wave power spectrum, especially on small scales [112,
113].This bound is much weaker than the ones provided by LVK and CMB, but because it
extends to much higher frequencies, it could still be useful to constrain quantum decoherence
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(depending on the environmental correlation length). For those interested in the use of
alternative data to constrain the stochastic background of GWs, we refer to [114, 115].

4.2 Decoherence process

In [38, 42, 51] it is shown how the non-unitary term in the evolution equation (2.4) of the
reduced density matrix of the system, that models the interaction with environmental degrees
of freedom, leads to the dynamical suppression of its off-diagonal elements in the basis of the
eigenstates of the interaction operator. This allows us to calculate the required interaction
strength that leads to decoherence at the end of inflation (hence leading the quantum-to-
classical transition of the primordial fluctuations). To quantify this, the parameter Jj is
introduced for scalar perturbations, which characterizes the additional decrease in off-diagonal
elements produced by the environment. This can be linked to the purity of the state,'' where
dr < 1 means that the state remains pure and for d; > 1 the state is highly mixed (for
more details see, e.g., [25, 51, 103]). Therefore, successful decoherence is characterized by
the condition d; > 1. Additionally, in [51] a generic formula for this parameter is derived
in the case of a scalar perturbation system, that we have explicitly checked to hold for

our tensor case'?

i) =5 [ Stk Pl (1.5

Therefore we apply it by inserting eq. (3.10). As this calculation is performed at linear order
in v, P,, is evaluated in the free theory. Plugging in our source function (3.10) gives

2 k
5(n) = 20 0 (

p+1
= 9sin? (v) /-c*> [Li(v, k,n) + Li(—v, k,n) — 2I(v, k,n) cos (vm)]. (4.6)

The evolution of ¢}, is shown in figure 4 for different values of p. On the left, we show
the scale dependence of 6 when evaluated at the end of inflation. This illustrates the fact
that for small scales exiting the horizon at a later time, their off-diagonal elements are less
suppressed at the end of inflation. This seems to be consistent with the intuition that the
smaller the scale, the less there is from horizon-crossing until the end of inflation, for that
perturbation mode. Therefore, we expect the decoherence process to happen for a shorter
period of time and thus be less effective. On the right, we show the time evolution of ¢}, for
the pivot scale. This clearly illustrates that higher values of p have a much steeper increase
over time. Looking at eq. (2.5) this makes sense, as a higher value of p means the interaction
strength increases more steeply over time. The stronger interaction strength means that over
time the pivot scale will decohere rapidly and will have decohered more by the end of inflation.

The equation for 47 can be rewritten to calculate the minimum interaction strength
required to achieve the complete classicalization of our perturbations on a given scale due

"The purity of the state is defined as Tr(p;) = L ~ 1 — 20. This is valid at lowest order in the

/1445,

coupling parameter (g2).

2Here, as a first approximation, we assume that the two polarization states are independent, i.e. we assume
that the reduced density matrix is a product over the two polarization states, leading to the two separate
quantities Jj, for each polarization state.
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Figure 4. The parameter (J3) characterizing the decrease of the off-diagonal elements due to the
interaction with the environment (rescaled by Bza.y), for various p scenarios. Left: the value of d;,
at the end of inflation are shown depending on the scales, which are chosen to be inside the range
of observational interest, from CMB to LVK scales. Right: the time evolution is shown, for CMB
scales, in number of e-folds since the pivot scale exited the Hubble horizon. Assuming de Sitter
inflation, the other model parameters are chosen to be H,lg = 1073, AN, = Ngng — N, = 50 and
NT = Nend - NIR = 104.

to this interaction,before the end of inflation:

9sin?(vr)

—p—1
5 (k) (v, ) + D=, k) — 2D (v, by ) cos (vm)] L (47)

2
O~y >

Assuming the CMB scales have become fully classical due to this interaction by the end
of inflation and combing this with observational constraints from the CMB and LVK data,
leads to the allowed region for 43 as shown by the blue contour in figure 3. Let us note, that
since the gravitational wave background from inflation has not been observed yet, it is not
necessarily true that all the CMB scales have completely decohered. However, due to the
amount of time spent outside the environmental correlation length scale, it is reasonable
to assume that they have, in fact, decohered fully.

On the other hand, by exploiting eq. (4.7) we can determine (for a given correlation
length of the environment [z, interaction strength 5207 and time dependence p) on which
scales decoherence would not have been completed by the end of inflation (dx < 1). This
information can provide an indication of what scales to probe in order to possibly find some
signatures of the (relic) quantumness of the inflationary gravitational waves. Given the
recent direct detection of gravitational waves, there has been a renewed interest in looking
for these quantum signatures, with various proposals both using interferometers and using
table-top experiments [75-78, 116-119].'3 If in the future we will have some firm observational
probes or constraints on the quantum nature of primordial gravitational waves, then this in
its turn will allow to put tighter constraints on the parameter space of the open quantum
system under consideration.

131t is also possible to test the quantum nature of inflationary perturbations with CMB data [31, 72, 73],
however this is will be very difficult. See also [120] for a first attempt to look at the quantumness of the
primordial perturbations via Large-Scale-Structure observables.
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In fact, a crucial question we will address below is: given the parameter space allowed
by imposing that CMB scales are fully decohered, what are the scales at which the tensor
perturbations have not fully decohered? And more importantly, are future direct interfer-
ometers and proposed high-frequency experiments able to probe such frequency ranges and
possibly detect these quantum signatures?

4.3 Quantum signatures

The evolution of 3, (figure 4) shows us that depending on the decoherence scenario and the
interaction strength, not all scales need to have fully decohered due to this interaction, by the
end of inflation. This naturally leads to the question: can gravitational waves from inflation
still have some quantum signatures?' In figure 5, we show the maximum interaction strength
for which specific scales have not fully decohered by the end of inflation. This is shown
for different decoherence scenarios and for scales corresponding to those probed by PTA
(k/ki ~ 107), by space-based interferometers (k/k. ~ 10'%), by ground-based interferometers
(k/ky ~ 10'®) and by possible future high frequency detectors (k/k, ~ 10%4). Tt is clear from
figure 5 that for p > —1 scenarios, we need much more sensitive instruments to be able to
probe these decoherence scenarios and look for possible quantum signatures. For p < —1, it
is more difficult to see the effects of quantum decoherence, due to the shape of the power
spectrum (see figure 1), but a much larger range 6207 allows for leftover quantum signatures.

Let us note some caveats about possible relic quantum signatures. Firstly, here we only
focus on our model of quantum decoherence, and we do not take the additional decoherence
from other processes into account. As discussed in section 2.2 and appendix B, there are other
decoherence processes that we expect to happen during inflation, making this a simplification.
Secondly, we are considering d;, at the end of inflation, which means that these are quantum
signatures that would be present at the end of inflation. However, let us note that since we
are dealing with gravitational waves, it is well conceivable that once they reach a given state
at the end of inflation, they remain so. This because, once reentered inside the horizon, they
will essentially free-stream, being extremely weakly coupled to matter.

4.4 Future detectors

There are several future projects that focus on obtaining more GW data that can be used
to further constrain the primordial GW power spectrum and the properties of GW. The
constraints are on different frequency ranges and allow us to further constrain different
decoherence scenarios. This can be achieved from direct detection with, for example, the
space-based laser interferometer LISA [83, 84, 122, 123], the Einstein Telescope [79, 80], Cosmic
Explorer [81, 82], fourth generation gravitational wave detectors like BBO/DECIGO [124-126]
and possible ultra high-frequency detectors [117]. Additionally, this can be done using the

MThe criteria adopted here, to establish when relic quantum signatures might have survived, is a conservative
one. The criterion is based on the determination of scales on which gravitational waves from inflation have
not fully decohered. However, as shown in [71, 121], there are cases where decoherence has been reached
but quantum signatures (in the form of, e.g., quantum discord or violation of Bell inequalities) are large.
As explained in [71, 121] this is due to a competition between quantum decoherence on side and quantum
squeezing of the system on the other side: the larger the squeezing, the smaller the purity needs to be to erase
quantum effects. A more extensive search for quantum signatures is left for future work.
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Figure 5. The maximum interaction strength, allowing for quantum signatures at specific scales,
namely those probed by PTA (k/k. = 107), by space-based interferometers (k/k, = 10'*), by ground-
based interferometers (k/k. = 10'8) and by possible future high frequency detectors (k/k. = 10%).
This is shown for various decoherence scenarios (p-values). For reference the maximum interaction
strength allowed by observations is shown, assuming a Starobinsky model of inflation (r, = 0.00461).
Assuming de Sitter inflation, the other model parameters are chosen to be H,lp = 1073, AN, =
Nend - N* =50 and NT = Nend - NIR = 104.

Pulsar Timing Arrays method [86-91] and future CMB experiments [127-131]. Specifically,
future CMB experiments will be able to further constrain r.. The current goal is to reach
sensivities able to probe the Starobinsky model of inflation r» = 0.00461, shown in figure 3
as the dashed black line for reference.

The benefit of ultra-high-frequency detectors [117], is that they could be used to constrain
the parameter H.lg, which we cannot do using current observational constraints. Indeed,
as can be seen from egs. (3.15), (3.19), the increase of the power spectrum is only on scales
which have crossed out of the environmental correlation length (—kng = (H.lg)~'). This
leads to a small-scale cut off of the decoherence-induced increase of the power spectrum,
which (for the values of the parameters considered here) is on scales much smaller than our
current detectors. With future high-frequency detectors, we could reach these very small
scales and constrain H,lg.

We now study which decoherence scenarios could be observed by two future detectors,
namely LISA and ET. Due to the frequency range of these detectors, we focus only on
the scenarios with p > —1, since these show an increase in the power spectrum due to
decoherence on small scales.'® Using the predicted sensitivity of these detectors together
with the approach layed out in section 4.1.16

15We assume the constraints currently set by both the CMB and LVK hold.
16We are using the exact same approach but now Priobs(k) is taken to be the power spectrum that can
be observed by a future detector. Then requiring Pr(k) > Prjons(k) allows us to probe which decoherence
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Figure 6. In red the values of 3?0, excluded by observations done at scales ranging from CMB to
LVK, shown for a range of 7, indicating the amplitude of the spectrum at k, = 0.05Mpc~! and for three
different values of p, each corresponding to the p > —1 scenario. The green (purple) region indicates
the scenarios would be seen with the future detector ET (LISA). For reference the Starobinsky model
of inflation (r, = 0.00461) is shown. Assuming de Sitter inflation, the other model parameters are
chosen to be H,lg = 1073, AN, = Ngng — N, = 50 and Ny = Ngpg — Nig = 10%.

For LISA, projected sensitivities [132] have been used to study which decoherence
scenarios could be investigated. Assuming a power law spectrum (4.1), LISA will be able
to observe stochastic background GWs for a specific region of (r,nr), see figure 3 of [132].
These observations would correspond to specific decoherence scenarios, shown in figure 6.
Unfortunately, due to the frequency range and expected sensitivity of LISA, we will only be
able to observe/exclude very specific decoherence scenarios. Therefore, our main focus will
be on ET, for which observable scenarios can be computed using the power-law integrated
sensitivity estimated for ET [80]. Expressing the GW energy density fraction today in terms
of the scalar ratio r and the spectral index np,'” [133], allows us to employ the same method
shown above. This shows that we will be able to probe the decoherence scenarios shown
in figure 6 with ET. The same analysis has been applied to the model presented in [53],
for which the results are shown in appendix B.

It is clear from figure 6 that for p = 0 the constraints on ﬁQJA, can increase by more
than three orders of magnitude, just using LISA, and even more when using ET. However,
unfortunately, for higher values of p we cannot use LISA to further constrain the decoherence
scenario, as increasing p leads to an increase in the slope of the power spectrum, which

scenarios would be visible with these instruments. Note that this is an estimation depending on the final
designs of both LISA and ET and therefore serves only as an indication.

1"Using
np 2
QGW(f) = 13789rad7ﬂAs (f]:() |:; (f;q) + 196:| )

where f. = k+«/(2mao) is the pivot frequency, feq = HoQmat/(TV/20aa) is the frequency entering the horizon
at matter-radiation equality, and ;.4 is the radiation energy density.
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would then have already been observed with LVK. For p = 1 ET could still increase our
constraints but for higher values of p we encounter the same problem as for LISA. This is
another good motivation to look at other future detectors such as DECIGO/BBO [124-126].
Not only because we will be able to constrain p > —1 scenarios much further, due to the
power spectrum increase on small scales, but also, because their high sensitivities allows
us to further constrain r,, therefore also putting further constraints on p < —1 scenarios.
Similarly, future CMB experiments will be able to further constrain r,. The goal is to get
a sensitivity of r, = 0.00461, which would allow us to constrain the entire parameter space
above the dashed black line shown in figure 3.

Unfortunately, as explained above, PTA observes on frequencies and with a sensitivity
that will not allow us to further constrain the quantum decoherence models considered
here. This is because any scenario that could be probed with PTA, would also need to be
seen by either CMB or LVK. Still, PTA still provides important information about the
stochastic GW background.

5 Conclusions

In this work, we studied the effect of the quantum decoherence of inflationary gravitational
waves on their power spectrum, adopting the approach of open quantum systems used
in [51] and first applied to tensor perturbations in [53]. The system is given by tensor
perturbations, and the environment is another field present during inflation, which (within
an open effective field theory approach) we do not specify but we assume satisfies certain
conditions (like the assumption that the environmental correlation length is much smaller
than the Hubble radius). In particular, we extend on previous works by using the quadratic
system interaction operator containing the partial spatial derivatives of tensor perturbations,
which naturally appear within GR.

Using the Lindblad equation allows us to describe the dynamics of the system, giving the
time evolution of the two-point correlators of the tensor perturbations and its momentum
conjugate. This system of equations can be combined into a third-order differential equation
for the GW power spectrum, including a source term due to decoherence. Calculating the
source term explicitly allows us to obtain the expression for the full GW power spectrum,
shown in figure 1. Looking at the GW power spectrum, it is clear that there are three possible
scenarios, depending on the time dependence of the interaction strength (described by the
parameter p). The first option is that the power spectrum increases as a power law on large
scales (small k) due to decoherence and remains unchanged at small scales. Second, the
power spectrum increases on small scales (large k) and remains unchanged on large scales.
Lastly, the power spectrum has a scale-independent change.

The main parameter focused on in this work is the interaction strength (3%0.), whose
value changes the power spectrum as shown in figure 2. This interaction strength can be
constrained in two ways. First, using observational constraints on the spectral tilt and
amplitude of the GW power spectrum [62]. This gives an upper bound on the interaction
strength, depending on its time dependence p and the amplitude of the power spectrum
without decoherence effects. Secondly, an indication of a lower bound on the interaction
strength can be obtained by using the constraints set by the decoherence process itself. In
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order for decoherence to explain the quantum-to-classical transition, it is important that
decoherence lasts long enough for the perturbations to become classical, thus providing a
lower limit on the interaction strength. Let us note, this is dependent on the decoherence
scenario (see figure 4) and assumes the classicalization of the perturbations is only due to
this type of decoherence. Combining both observational constraints and the requirement that
primordial tensor perturbations are fully decohered on CMB scales allows us to constrain
the parameter space as shown in figure 3.

In addition to this, we study which decoherence scenarios could be probed using future
GW detectors like LISA and ET. It is shown that especially with ET, but also with LISA,
specific decoherence scenarios (corresponding to a range of p and ﬁQO'-y values) could be
observed and the interaction strength can be tighter constrained. However, for higher values
of p the slope of the power spectrum is steeper, so that it quickly approaches the regime
already probed by LVK, which therefore is already putting tight constraints on these cases.
Similarly for values p < —1, any scenario that could be probed with future GW detectors
would already have been ruled out by the CMB data due to the shape of the power spectrum.
This means that in order to constrain the parameter space even further we need to use future
detectors with an even higher sensitivity, like DECIGO/BBO [124], and we need to determine
the amplitude of the GW power spectrum (without decoherence effects), possibly using CMB
observations from Simons Observatory [128], CMB-S4 [131] or LiteBIRD [107].

We have also investigated under which conditions and, most importantly, on which
scales the decoherence process might not be completed. This leaves an open window to
test the quantumness of inflationary tensor fluctuations (see figure 5). Within the scenarios
considered here, such relic quantumness of primordial GWs will be hard to be tested at future
interferometers like ET and LISA, if we require the corresponding power-spectrum amplitude
to be measured in the first instance. Nevertheless we believe this computation and this
investigation is valuable as a pathway to future studies for different decoherence scenarios.
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A Computation of the source function

Looking at eq. (3.6) we start by working out the integrals, similarly to appendix D.1 of [51].
In the following, we show this computation. The integral I we need to compute is given by

- /d?’k;’((k: 4R 22k - K)) Cr(R) Pool[k + ). (A1)

To simplify the computation, we perform a change of integration variable k/ = p — k and
negate the prefactors for simplicity. We choose 6 to be the angle between p and k. Therefore,
the term with the dot product becomes

(k-E)? + k' +2k%(k- k)= (k- (p—k))? + k' +2k%(k- (p— k) = k*p?cos0?.  (A.2)

Plugging this back into the integral and changing to spherical coordinates, where 6 is the
polar angle, one has

I= 271'/ dpp2/ df sin 0k*p? cos °Cr <\//€2 + p? — 2kpcos 6) Py (p), (A.3)
0 0

where the integral over the azimuth angle has been performed. Using the change of variable
2z = k% + p?> — 2kpcosf, one obtains

T 00 (k+p)? 9 9 9 ~
=" / dppPou(p) / dz(K? + p? — 2)2CR(V/3). (A.4)
4k Jo (k—p)2

This allows us to perform one-dimensional integrals only.

We perform the second integral using the ansatz shown in eq. (2.8) for the environment
correlator. Doing this integral exactly, the integral becomes

FCR\F/OO 16a®> 16apk (lE\ker\)
I=——=4/= dppPyy - EE—
1k Vo fy PP | T Jeos (T

. [lelk+p —16a® 16apk lglk—p
(4p*k?1%,—8a? (k+p)?) sin ( i . ’) + ( R cos (E‘ " ‘)
E E

B Jk+p]

+

lp|lk—
5 (4p*k?1%,—8a*(k—p)?) sin (M> ) (A.5)
lplk—pl

Next, we insert the power spectrum into the above equation and perform the integral.
For simplicity, we neglect the slow-roll corrections and use the piecewise approximation for
the power spectrum. We split the integral into sub-Hubble scales (UV part) with —pn > 1,
for which we have P,,(p) = (2p)~!, and super-Hubble scales (IR part) with —pn < 1, for
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which we have P,,(p) = (2p)~'(—pn)~2. This leads to I = Iy + Iyy, with

7Cr / 1/n dp 16(1 _ 16apk (lE\k—i—p\)
IR= 51\~ cos | ———
8kn? g a

2 . (lelk+p| —16a®  16apk Ig|k—p|
o 4 2k2l2 _8 2 k 2 ( E ) _ ( )
Bk p] (7 TS (e sin (TR o g ees (T
2 . [lglk—p
+ Zh—p| (4p*k?1%,—8a*(k—p)?) sin (Elalﬂ , (A.6)
E

7TCR / 16a _ 16apk (lE]k—i—p])
Iyv = % V= cos [ ———
1/n s lE a

2 . (le|k+p| —16a®  16apk lg|k—p|
sy (I (1010 s
l%|k+p|( p k15 —8a”(k+p)?) sin . + B ) cos ”
2 . [lelk—p
tw ] (4p*k?1%,—8a*(k—p)?) sin (E’a’ﬂ : (A.7)
E

The UV integral (A.7) is usually removed by adiabatic subtraction [104, 105], therefor
we do not consider it and instead focus on the IR integral (A.6).

The IR integral does not converge so we introduce an IR cut off and replace the lower
bound of the integral 0 with —1/mr, which can be seen as the comoving mode that corresponds
to the Hubble radius at the onset of inflation. The integral can be performed explicitly, and
to simplify we define two parameters K = klg/a and y = lgp/a. The integral becomes

o= 2002 f(2) +(52)

where we have introduced the function Z defined by

8a2K?
12

32a

Z(y) = l2 smy[a sin K — aK cos K}

[SiK +y) +Si(K —y)] (A9
We assume that the correlation length of the environment (g is much smaller than the Hubble
radius H~!, which is true if [y ~ t, since the derivation of the Lindblad equation requires
t. < H™', see the appendix A of [51]. This amounts to lg/an < 1, which also implies that
lp/amr < 1 since, by definition, 7 > nr during inflation. As a consequence, we need to
study the limit y — 0, which gives

16 2K2 8 2,2
I(y) ~ S [smK K cos K| — = ==Si(K) + —)
l z 312

[sinK — KcosK|.  (A.10)

Using the ansatz shown in eq. (2.8) for the environment correlator the integral can be written as

tk?Cr(k) [ 1 1
I = 32 1;( ) (2 - 2) : (A-11)
n n MRr
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As the UV integral can be subtracted adiabatically, we can take I ~ Iig. This leads to
the source function

8y62  2k2824Cr(k) 2<1 1 ) (A.12)

S(k,n) = I= z _
( ’77) (271')3/2 3772 T 772 7712R

B Another contribution

In [53] a specific model for the quantum decoherence of tensor perturbations is presented.
The system operator used is

Ap(n, ) = hij(n, 2)h" (1, ), (B.1)

where the subscript D will be used to indicate this model. This operator shows that the
difference between the model presented in our work and the model presented in [53] is the
spatial partial derivatives. However, through partial integration of the Lagrangian, it can be
shown that both of these terms can be present. Therefore, we expand on previous work done
by studying how this model can be constrained using observations. Studying how exactly
these two models and possible others need to be combined is left for future work.

The full expression for the power spectrum is given by

_ ABhoyp (kN\PPTP JIp(kn,v)
Pr.p(k) = Pristan (1 + %T(Lw) (kz*> [72(—n) + Y2(—kn)] ) (B.2)

with Bp = 26p/M?, and we use

P
JIp(k,n,v) = J2,(=kn) I3 (v, k) — 20 (—=kn) o (=kn) La(v, k,0) + T} (—kn)I3(v, k, ),
(B.3)
and the integrals I3 and I are defined by
(Hulp,p)™" _
Is(v, k,n) = / dzz?7PP In ( : )Jf(z),
—kn R (B.4)
(H»JE,D)il 9 —z ’
ILi(v,k,n) = / dzz*7PP In ( )Jl,(z)J,,(z).
—kn R

This shows there is a k% shift with respect to our model. This is also apparent when looking at
the power spectrum, shown in figure 7. The change in power spectrum is now scale-invariant
for pp = 3, and for values below (above) the change is on large (small) scales.

For this model the decoherence criterion is given by

55— %W)(k)m_?)[l (v, k,n) + Is(—v, k,n) — 2I4(v, k,n) cos (vr)] (B.5)
k,D 3 sin2 (Vﬂ') k. 3\Y vy 3 s vy 4\Vy v, : .
Combining this with the observational constraints set by [62], in the same way as done in
section 4.1 allow us to find the allowed range for the interaction strength of this model,

as shown in figure 8.
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Figure 7. The GW power spectrum at the end of inflation, including the effects of decoherence. The
colors represent different values of pp. The dotted lines correspond to the transition scale k;, defined
by AP, = 1. Assuming de Sitter inflation, the other model parameters are chosen to be H,lp = 1073,
520'7 = 10_3, AN, = Nepg — N, =50 and Ny = Nepg — Nir = 10%.
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Figure 8. The values of 840, p excluded by observations done at scales ranging from LVK, up to
CMB, shown in red for a range of r, indicating the amplitude of the spectrum at k, and for three
different values of p, each corresponding to a different scenario (pp < 3,pp = 3,pp > 3). The blue
region indicates the scenarios for which the CMB scales have completely decohered. For reference the
Starobinsky model of inflation (r, = 0.00461) is shown. Assuming de Sitter inflation, the other model
parameters are chosen to be Hylg = 1073, AN, = Neng — N, = 50 and Ny = Nepg — Nig = 10%.
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Figure 9. In red the values of B%O’% p excluded by observations done at scales ranging from LVK, up
to CMB, shown for a range of r, indicating the amplitude of the spectrum at k, and for two different
values of p, each corresponding to the pp > 3 scenario. The light green (purple) region indicates the
scenarios would be seen with the future detector ET (LISA). For reference the Starobinsky model
of inflation (r. = 0.00461) is shown. Assuming de Sitter inflation, the other model parameters are
chosen to be H,lg = 1073, AN, = Ngng — Ny = 50 and Ny = Nepg — Nig = 10%.

Analogue to section 4.4, we can see which decoherence scenarios could be probed with
future detectors like LISA and ET. For this model we focus on scenarios with pp > 3,
due to the shape of the power spectrum. The regions that could be probed are shown in
figure 9. It is evident that for both our and this model, ET and LISA can further constrain
the interaction strength in the same way. Therefore it is important for future work to focus
on the interplay between the different decoherence models.

C Polarization of gravitational waves

In this appendix we provide the extension of the hierarchy of equations written in (3.1) which
were used to compute the power-spectrum of the gravitational waves. Here we consider also the
two-point correlation functions between different polarization states for the tensor fluctuations.
Now we have the two-point correlators of the form (O) = (O, O,) with Ok, = 0y, or
Pk, Furthermore, we use the relation [9,, ] = i8S ) (p + k). The full computations and
results for these correlators are shown below. Starting with the (v,‘im,‘é) one we get

d<Ulf: Ulsc/> 1.5 s —i s 8
e = iyl ) = Z/d3q<[vklvk2»1’ép5q]>
A

—1 / AT A A DY A A ’ A , A
=< Z/di”q@z‘il (V7 DD g + (VR PRl VR, 02 ¢ + P[0k, > DX gIVE, + Pavi, [V, 02 o))
A
il , ) /
=52 / dq(i6@ v}, (ks + q)5" P + 6@ (k1 + @)5 v, p + pis® (k1 — q)6™ i,
A

s 8 s’ s s .8 s’ s
(Vky Py + VioPhy T PhyViky + PhoVy)
2

+p¢’>vzli5(3)(k2 —q)6*N) = = (U, Phy T Pky Vky)-

(C.1)
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Second, we look at the two correlators that contain both vy and pi;.

d<Uzlle2> ’ —1 3 / ’
SBR — il(oi b 1) = 5 [ A s H + (o HpE)
dn 1 2 2 XA: 1 2 1 2 (02)
= il (k)i v, + Pk PE) = (Phpis) — (k) (0 L),
(v, vi) / i / /
— _il[pS oS Hv - _° d3 S s Hv s 7H’U s
Gt = ik i) = 5 Y [ ek B )

= —i{—iw? (k1)VR, Vi, + 1, Piy) = (Phy Phy) — w0 (k1) (VR Vi, )-

Lastly, we look at the <p;il pZ;) correlator. This is the most involved one, so we will compute
the correlators separately.

dpi v, . B2y
T4 —i{ [Pk, Phys Hol) — 22m)32 /\z};

: /d3kd3n1d3n2n1,l(—k — 1) na,a(k — 12) Crk) ([P}, Dy U, 0 k] Uiy Uy ])-
(C.4)

First we compute the commutator with the free Hamiltonian,

_Z<[pilp227 HU]> = _Z<pzl [pigﬂ H’U] + [p227 HU]pzl>
= —i(—iw?(k2)p}, vf, — iw?(k1)vg, P}, ) (C.5)

2 ' 2 !
= W (k2) (P, Ui,) — @ (k1) (Vk, Piy)-
Second we work out the commutator with v))

l ! A A
nl(_k - nl)l[pilp227 v’n1 U*kifnl]

l oA A A oA
nl(_k - nl)l[pil [p227 /Unl]vfkfnl + pzlvnl [pZQ ? U*kf’nl]

A A / A A /
+ [Phys Uy V2 k—ny Py + Uy [Py Vo gy PRy )

nt (—k —n1)i[p;, 0P (ko + 11) 35 0+ pf v 108 (ko — k — mp)8%

) o s . sA,.s C.6
+i6®) (kg +m1)8 /\vik_mpk2 + v,),‘lzé(g’)(h —k—mn1)é /\pkzz] (C6)

= —i(—ka) (= + k2D, v gy — (K2 — k) (—k2)1Dh, 0% ke

+ Z(—kl)l(—k + kl)lvik+k1pz; + Z(—k + kl)l(—kl)lvikJrklpz;

= —2i ((—/@)l(—k + k2) Dk, V2 kg ky T ”Sm(kl)l(mkl)lklpzz)-

— 27 —



Now we plug this into the second commutator,

—ing(k=na)a | 2(—k2)! (—k+ ko) ([P, U 08 1y Uk Vg P U0 bk )
+2( k) (— B0 s [Py Vo JUR iy 0 ks Vg [P Vi) )|
= —in§(k—na)a | 2(—k2)! (—k+k2)i (=100 (o1 +12) 8" v, 07,

/

, 15(3) kq +k—n2>5>\ISUS_k+k2>

’

(
+2( =t ) (~ R )i 0% sy 16 (o 12) 8 VR, = 0% g vy 10 (By k7))
= —(2—ka)! (~k+k)2(—kr) (k+kt)aVi 1, v 1y
+2(—7€1)l(—k+kl)ZQ(—kQ)a(kJer)avimklUZ’+@>
= —4(—ko) (—k+k2)i(—k1)* (k+E1)a (0 sk, 0 s 1)
—4(—k)" (—k+E (k) (k+k2)a (0" ki Vi) (C.7)

where we have used that the upper and lower indices are interchangeable because we sum
over them. Now we use that we integrate over d3k, so we can replace k with —k and add
the two terms together. Plugging all this together into the final term of eq. (C.4), and
plugging (C.5) into the first term we get the final result

d<p5 pSl > s s s s
=PRI — R (k) (phy vi,) — (k1) (0 )
N 83 (C.8)
ﬁ)/ a ~ s S/
+ Gy / ARk, ( + k0 )ikS (ks — K)o Cr (1)) (0, 0 k).

These equations allow in particular to obtain predictions for the (cross-)correlations
<U,§1v,‘z;>, between the two polarization states + and x, and hence to investigate the evolution
of net polarization of the gravitational waves in terms of Stokes parameters @), U and V
(see, e.g., [134, 135] for the expression of the Stokes parameters in terms of the correlators
of the two polarization states). The latter can be performed given some initial conditions
and possibly given some properties of the environment. For example, we can see that a
nonvanishing cross-correlation between the two polarization states x and + will remain zero
if the initial cross-correlation is zero. Similarly, one could think of initial conditions such
that gravitational waves can be produced with only + or with only x polarization states.
Such initial conditions should be provided by a mechanism production, e.g. similar to the
one envisaged in [120] (exploiting the interaction (0;hi;0;hi;, which is similar to the kind
of interactions we consider in this paper (see (2.18)).

— 28 —



References

[1] A.A. Starobinsky, A New Type of Isotropic Cosmological Models Without Singularity, Phys.
Lett. B 91 (1980) 99 [inSPIRE].

[2] A.H. Guth, The Inflationary Universe: A Possible Solution to the Horizon and Flatness
Problems, Phys. Rev. D 23 (1981) 347 InSPIRE].

[3] V.F. Mukhanov and G.V. Chibisov, The vacuum energy and large scale structure of the
ungverse, Sov. Phys. JETP 56 (1982) 258 [InSPIRE].

[4] A.A. Starobinsky, Dynamics of Phase Transition in the New Inflationary Universe Scenario
and Generation of Perturbations, Phys. Lett. B 117 (1982) 175 [inSPIRE].

[6] J.M. Bardeen, P.J. Steinhardt and M.S. Turner, Spontaneous Creation of Almost Scale-Free
Density Perturbations in an Inflationary Universe, Phys. Rev. D 28 (1983) 679 [INSPIRE].

[6] A.H. Guth and S.Y. Pi, Fluctuations in the New Inflationary Universe, Phys. Rev. Lett. 49
(1982) 1110 [INSPIRE].

[7] A.A. Starobinsky, Spectrum of relict gravitational radiation and the early state of the universe,
JETP Lett. 30 (1979) 682 [INSPIRE].

[8] V.A. Rubakov, M.V. Sazhin and A.V. Veryaskin, Graviton Creation in the Inflationary
Universe and the Grand Unification Scale, Phys. Lett. B 115 (1982) 189 [INSPIRE].

[9] B. Allen, The Stochastic Gravity Wave Background in Inflationary Universe Models, Phys. Rev.
D 37 (1988) 2078 [InSPIRE].

[10] L.P. Grishchuk, Amplification of gravitational waves in an istropic universe, Zh. Eksp. Teor.
Fiz. 67 (1974) 825 [INSPIRE].

[11] R. Fabbri and M. Pollock, The Effect of Primordially Produced Gravitons upon the Anisotropy
of the Cosmological Microwave Background Radiation, Phys. Lett. B 125 (1983) 445 [INSPIRE].

[12] L.F. Abbott and M.B. Wise, Constraints on Generalized Inflationary Cosmologies, Nucl. Phys.
B 244 (1984) 541 [INSPIRE].

[13] PLANCK collaboration, Planck 2018 results. IX. Constraints on primordial non-Gaussianity,
Astron. Astrophys. 641 (2020) A9 [arXiv:1905.05697] [INSPIRE].

[14] PLANCK collaboration, Planck 2018 results. X. Constraints on inflation, Astron. Astrophys. 641
(2020) A10 [arXiv:1807.06211] INSPIRE].

[15] PLANCK collaboration, Planck 2018 results. VI. Cosmological parameters, Astron. Astrophys.
641 (2020) A6 [Erratum ibid. 652 (2021) C4] [arXiv:1807.06209] [INSPIRE].

[16] A. Perez, H. Sahlmann and D. Sudarsky, On the quantum origin of the seeds of cosmic
structure, Class. Quant. Grav. 23 (2006) 2317 [gr-qc/0508100] [INSPIRE].

[17] A. Ashtekar, A. Corichi and A. Kesavan, Emergence of classical behavior in the early universe,
Phys. Rev. D 102 (2020) 023512 [arXiv:2004.10684] [INSPIRE].

[18] D. Green and R.A. Porto, Signals of a Quantum Universe, Phys. Rev. Lett. 124 (2020) 251302
[arXiv:2001.09149] [INSPIRE].

[19] D. Polarski and A.A. Starobinsky, Semiclassicality and decoherence of cosmological
perturbations, Class. Quant. Grav. 13 (1996) 377 [gr-qc/9504030] [INSPIRE].

[20] A.H. Guth and S.-Y. Pi, The Quantum Mechanics of the Scalar Field in the New Inflationary
Universe, Phys. Rev. D 32 (1985) 1899 [iNnSPIRE].

[21] C. Kiefer and D. Polarski, Why do cosmological perturbations look classical to us?, Adv. Sci.
Lett. 2 (2009) 164 [arXiv:0810.0087] [InSPIRE].

— 29 —


https://doi.org/10.1016/0370-2693(80)90670-X
https://doi.org/10.1016/0370-2693(80)90670-X
https://inspirehep.net/literature/157549
https://doi.org/10.1103/PhysRevD.23.347
https://inspirehep.net/literature/154280
https://inspirehep.net/literature/187795
https://doi.org/10.1016/0370-2693(82)90541-X
https://inspirehep.net/literature/183959
https://doi.org/10.1103/PhysRevD.28.679
https://inspirehep.net/literature/13328
https://doi.org/10.1103/PhysRevLett.49.1110
https://doi.org/10.1103/PhysRevLett.49.1110
https://inspirehep.net/literature/182708
https://inspirehep.net/literature/147727
https://doi.org/10.1016/0370-2693(82)90641-4
https://inspirehep.net/literature/183571
https://doi.org/10.1103/PhysRevD.37.2078
https://doi.org/10.1103/PhysRevD.37.2078
https://inspirehep.net/literature/252235
https://inspirehep.net/literature/94477
https://doi.org/10.1016/0370-2693(83)91322-9
https://inspirehep.net/literature/194384
https://doi.org/10.1016/0550-3213(84)90329-8
https://doi.org/10.1016/0550-3213(84)90329-8
https://inspirehep.net/literature/199813
https://doi.org/10.1051/0004-6361/201935891
https://doi.org/10.48550/arXiv.1905.05697
https://inspirehep.net/literature/1735190
https://doi.org/10.1051/0004-6361/201833887
https://doi.org/10.1051/0004-6361/201833887
https://doi.org/10.48550/arXiv.1807.06211
https://inspirehep.net/literature/1682899
https://doi.org/10.1051/0004-6361/201833910
https://doi.org/10.1051/0004-6361/201833910
https://doi.org/10.48550/arXiv.1807.06209
https://inspirehep.net/literature/1682902
https://doi.org/10.1088/0264-9381/23/7/008
https://doi.org/10.48550/arXiv.gr-qc/0508100
https://inspirehep.net/literature/690686
https://doi.org/10.1103/PhysRevD.102.023512
https://doi.org/10.48550/arXiv.2004.10684
https://inspirehep.net/literature/1792143
https://doi.org/10.1103/PhysRevLett.124.251302
https://doi.org/10.48550/arXiv.2001.09149
https://inspirehep.net/literature/1777172
https://doi.org/10.1088/0264-9381/13/3/006
https://doi.org/10.48550/arXiv.gr-qc/9504030
https://inspirehep.net/literature/394392
https://doi.org/10.1103/PhysRevD.32.1899
https://inspirehep.net/literature/213392
https://doi.org/10.1166/asl.2009.1023
https://doi.org/10.1166/asl.2009.1023
https://doi.org/10.48550/arXiv.0810.0087
https://inspirehep.net/literature/798149

[22]

23]

[32]

[33]

J. Lesgourgues, D. Polarski and A.A. Starobinsky, Quantum to classical transition of
cosmological perturbations for nonvacuum initial states, Nucl. Phys. B 497 (1997) 479
[gr-qc/9611019)] [INSPIRE].

C. Kiefer, D. Polarski and A.A. Starobinsky, Quantum to classical transition for fluctuations in
the early universe, Int. J. Mod. Phys. D 7 (1998) 455 [gr-qc/9802003] [INSPIRE].

D. Campo and R. Parentani, Inflationary spectra and violations of Bell inequalities, Phys. Rewv.
D 74 (2006) 025001 [astro-ph/0505376] [INSPIRE].

C.P. Burgess, R. Holman and D. Hoover, Decoherence of inflationary primordial fluctuations,
Phys. Rev. D 77 (2008) 063534 [astro-ph/0601646] [INSPIRE].

D. Sudarsky, Shortcomings in the Understanding of Why Cosmological Perturbations Look
Classical, Int. J. Mod. Phys. D 20 (2011) 509 [arXiv:0906.0315] [INSPIRE].

N. Pinto-Neto, G. Santos and W. Struyve, Quantum-to-classical transition of primordial
cosmological perturbations in de Broglie-Bohm quantum theory: the bouncing scenario, Phys.
Rev. D 89 (2014) 023517 [arXiv:1309.2670] [INSPIRE].

J. Martin, V. Vennin and P. Peter, Cosmological Inflation and the Quantum Measurement
Problem, Phys. Rev. D 86 (2012) 103524 [arXiv:1207.2086] [INSPIRE].

S. Das, K. Lochan, S. Sahu and T.P. Singh, Quantum to classical transition of inflationary
perturbations: Continuous spontaneous localization as a possible mechanism, Phys. Rev. D 88
(2013) 085020 [Erratum ibid. 89 (2014) 109902] [arXiv:1304.5094] [INSPIRE].

J. Maldacena, A model with cosmological Bell inequalities, Fortsch. Phys. 64 (2016) 10
[arXiv:1508.01082] [INSPIRE].

J. Martin and V. Vennin, Quantum Discord of Cosmic Inflation: Can we Show that CMB
Anisotropies are of Quantum-Mechanical Origin?, Phys. Rev. D 93 (2016) 023505
[arXiv:1510.04038] [iNSPIRE].

S. Choudhury, S. Panda and R. Singh, Bell violation in the Sky, Fur. Phys. J. C' 77 (2017) 60
[arXiv:1607.00237] [NSPIRE].

S. Choudhury, Cosmological Geometric Phase From Pure Quantum States: A Study
without/with having Bell’s Inequality Violation, Fortsch. Phys. 70 (2022) 2100144
[arXiv:2105.06254] [INSPIRE].

S. Choudhury, S. Panda and R. Singh, Bell violation in primordial cosmology, Universe 3
(2017) 13 [arXiv:1612.09445] [INSPIRE].

F.S. Arani, M.B. Harouni, B. Lamine and A. Blanchard, Constraining tensor-to-scalar ratio
based on VLBI observations: PGWs induced-incoherence approach, arXiv:2312.00474
[INSPIRE].

M. Brune et al., Observing the Progressive Decoherence of the ‘Meter’ in a Quantum
Measurement, Phys. Rev. Lett. 77 (1996) 4887 [INSPIRE].

M. Schlosshauer, Quantum decoherence, Phys. Rept. 831 (2019) 1 [arXiv:1911.06282]
[INSPIRE].

W.H. Zurek, Pointer Basis of Quantum Apparatus: Into What Mixture Does the Wave Packet
Collapse?, Phys. Rev. D 24 (1981) 1516 [InSPIRE].

M. Schlosshauer, The quantum-to-classical transition and decoherence, arXiv:1404.2635
[INSPIRE].

A.O. Barvinsky, A.Y. Kamenshchik, C. Kiefer and 1.V. Mishakov, Decoherence in quantum
cosmology at the onset of inflation, Nucl. Phys. B 551 (1999) 374 [gr-qc/9812043] [INSPIRE].

— 30 —


https://doi.org/10.1016/S0550-3213(97)00224-1
https://doi.org/10.48550/arXiv.gr-qc/9611019
https://inspirehep.net/literature/425658
https://doi.org/10.1142/S0218271898000292
https://doi.org/10.48550/arXiv.gr-qc/9802003
https://inspirehep.net/literature/466751
https://doi.org/10.1103/PhysRevD.74.025001
https://doi.org/10.1103/PhysRevD.74.025001
https://doi.org/10.48550/arXiv.astro-ph/0505376
https://inspirehep.net/literature/682823
https://doi.org/10.1103/PhysRevD.77.063534
https://doi.org/10.48550/arXiv.astro-ph/0601646
https://inspirehep.net/literature/709355
https://doi.org/10.1142/S0218271811018937
https://doi.org/10.48550/arXiv.0906.0315
https://inspirehep.net/literature/821861
https://doi.org/10.1103/PhysRevD.89.023517
https://doi.org/10.1103/PhysRevD.89.023517
https://doi.org/10.48550/arXiv.1309.2670
https://inspirehep.net/literature/1253707
https://doi.org/10.1103/PhysRevD.86.103524
https://doi.org/10.48550/arXiv.1207.2086
https://inspirehep.net/literature/1121673
https://doi.org/10.1103/PhysRevD.88.085020
https://doi.org/10.1103/PhysRevD.88.085020
https://doi.org/10.48550/arXiv.1304.5094
https://inspirehep.net/literature/1228880
https://doi.org/10.1002/prop.201500097
https://doi.org/10.48550/arXiv.1508.01082
https://inspirehep.net/literature/1386659
https://doi.org/10.1103/PhysRevD.93.023505
https://doi.org/10.48550/arXiv.1510.04038
https://inspirehep.net/literature/1397802
https://doi.org/10.1140/epjc/s10052-016-4553-3
https://doi.org/10.48550/arXiv.1607.00237
https://inspirehep.net/literature/1473318
https://doi.org/10.1002/prop.202100144
https://doi.org/10.48550/arXiv.2105.06254
https://inspirehep.net/literature/1863181
https://doi.org/10.3390/universe3010013
https://doi.org/10.3390/universe3010013
https://doi.org/10.48550/arXiv.1612.09445
https://inspirehep.net/literature/1507281
https://doi.org/10.48550/arXiv.2312.00474
https://inspirehep.net/literature/2729246
https://doi.org/10.1103/PhysRevLett.77.4887
https://inspirehep.net/literature/439179
https://doi.org/10.1016/j.physrep.2019.10.001
https://doi.org/10.48550/arXiv.1911.06282
https://inspirehep.net/literature/1765152
https://doi.org/10.1103/PhysRevD.24.1516
https://inspirehep.net/literature/172316
https://doi.org/10.48550/arXiv.1404.2635
https://inspirehep.net/literature/1766540
https://doi.org/10.1016/S0550-3213(99)00208-4
https://doi.org/10.48550/arXiv.gr-qc/9812043
https://inspirehep.net/literature/480840

[41]

[42]

S.M. Chandran, K. Rajeev and S. Shankaranarayanan, Real-space quantum-to-classical
transition of time dependent background fluctuations, Phys. Rev. D 109 (2024) 023503
[arXiv:2307.13611] [INSPIRE].

E. Joos and H.D. Zeh, The emergence of classical properties through interaction with the
environment, Z. Phys. B 59 (1985) 223 [INSPIRE].

M. Schlosshauer, Decoherence, the Measurement Problem, and Interpretations of Quantum
Mechanics, Rev. Mod. Phys. 76 (2004) 1267 [quant-ph/0312059] [INSPIRE].

H.-P. Breuer and F. Petruccione, The Theory of Open Quantum Systems, Oxford University
Press (2007) [DOI:10.1093/acprof:0s0/9780199213900.001.0001] [INSPIRE].

D. Giulini et al., Decoherence and the appearance of a classical world in quantum theory,
Springer (1996) [INSPIRE].

A. Rivas and S.F. Huelga, Open Quantum Systems, Springer (2012)
[DOI:10.1007/978-3-642-23354-8] [INSPIRE].

F.C. Lombardo and D. Lopez Nacir, Decoherence during inflation: The generation of classical
inhomogeneities, Phys. Rev. D 72 (2005) 063506 [gr-qc/0506051] [INSPIRE].

E. Nelson, Quantum Decoherence During Inflation from Gravitational Nonlinearities, JCAP 03
(2016) 022 [arXiv:1601.03734] [INSPIRE].

J.-O. Gong and M.-S. Seo, Quantum non-linear evolution of inflationary tensor perturbations,
JHEP 05 (2019) 021 [arXiv:1903.12295] [INSPIRE].

C.P. Burgess et al., Minimal decoherence from inflation, JCAP 07 (2023) 022
[arXiv:2211.11046] NSPIRE].

J. Martin and V. Vennin, Observational constraints on quantum decoherence during inflation,
JCAP 05 (2018) 063 [arXiv:1801.09949] [INSPIRE].

P. Martineau, On the decoherence of primordial fluctuations during inflation, Class. Quant.
Grav. 24 (2007) 5817 [astro-ph/0601134] [INSPIRE].

A. Daddi Hammou and N. Bartolo, Cosmic decoherence: primordial power spectra and
non-Gaussianities, JCAP 04 (2023) 055 [arXiv:2211.07598] [INSPIRE].

D. Boyanovsky, Effective field theory during inflation: Reduced density matriz and its quantum
master equation, Phys. Rev. D 92 (2015) 023527 [arXiv:1506.07395] [INSPIRE].

J. Liu, C.-M. Sou and Y. Wang, Cosmic Decoherence: Massive Fields, JHEP 10 (2016) 072
[arXiv:1608.07909] [INSPIRE].

C.P. Burgess et al., Cosmic purity lost: perturbative and resummed late-time inflationary
decoherence, JCAP 08 (2024) 042 [arXiv:2403.12240] [INSPIRE].

J. Martin and V. Vennin, Non Gaussianities from Quantum Decoherence during Inflation,
JCAP 06 (2018) 037 [arXiv:1805.05609] [INSPIRE].

BICEP2 and KECK ARRAY collaborations, BICEP2/Keck Array z: Constraints on Primordial
Gravitational Waves using Planck, WMAP, and New BICEP2/Keck Observations through the
2015 Season, Phys. Rev. Lett. 121 (2018) 221301 [arXiv:1810.05216] [INSPIRE].

M. Tristram et al., Planck constraints on the tensor-to-scalar ratio, Astron. Astrophys. 647
(2021) A128 [arXiv:2010.01139] [INSPIRE].

BICEP and KECK collaborations, Improved Constraints on Primordial Gravitational Waves
using Planck, WMAP, and BICEP/Keck Observations through the 2018 Observing Season,
Phys. Rev. Lett. 127 (2021) 151301 [arXiv:2110.00483] INSPIRE].

— 31 —


https://doi.org/10.1103/PhysRevD.109.023503
https://doi.org/10.48550/arXiv.2307.13611
https://inspirehep.net/literature/2680423
https://doi.org/10.1007/BF01725541
https://inspirehep.net/literature/199214
https://doi.org/10.1103/RevModPhys.76.1267
https://doi.org/10.48550/arXiv.quant-ph/0312059
https://inspirehep.net/literature/639351
https://doi.org/10.1093/acprof:oso/9780199213900.001.0001
https://inspirehep.net/literature/2702141
https://inspirehep.net/literature/431611
https://doi.org/10.1007/978-3-642-23354-8
https://inspirehep.net/literature/2742664
https://doi.org/10.1103/PhysRevD.72.063506
https://doi.org/10.48550/arXiv.gr-qc/0506051
https://inspirehep.net/literature/684476
https://doi.org/10.1088/1475-7516/2016/03/022
https://doi.org/10.1088/1475-7516/2016/03/022
https://doi.org/10.48550/arXiv.1601.03734
https://inspirehep.net/literature/1415531
https://doi.org/10.1007/JHEP05(2019)021
https://doi.org/10.48550/arXiv.1903.12295
https://inspirehep.net/literature/1727367
https://doi.org/10.1088/1475-7516/2023/07/022
https://doi.org/10.48550/arXiv.2211.11046
https://inspirehep.net/literature/2513010
https://doi.org/10.1088/1475-7516/2018/05/063
https://doi.org/10.48550/arXiv.1801.09949
https://inspirehep.net/literature/1651278
https://doi.org/10.1088/0264-9381/24/23/006
https://doi.org/10.1088/0264-9381/24/23/006
https://doi.org/10.48550/arXiv.astro-ph/0601134
https://inspirehep.net/literature/708112
https://doi.org/10.1088/1475-7516/2023/04/055
https://doi.org/10.48550/arXiv.2211.07598
https://inspirehep.net/literature/2181839
https://doi.org/10.1103/PhysRevD.92.023527
https://doi.org/10.48550/arXiv.1506.07395
https://inspirehep.net/literature/1377733
https://doi.org/10.1007/JHEP10(2016)072
https://doi.org/10.48550/arXiv.1608.07909
https://inspirehep.net/literature/1484268
https://doi.org/10.1088/1475-7516/2024/08/042
https://doi.org/10.48550/arXiv.2403.12240
https://inspirehep.net/literature/2769964
https://doi.org/10.1088/1475-7516/2018/06/037
https://doi.org/10.48550/arXiv.1805.05609
https://inspirehep.net/literature/1673194
https://doi.org/10.1103/PhysRevLett.121.221301
https://doi.org/10.48550/arXiv.1810.05216
https://inspirehep.net/literature/1698282
https://doi.org/10.1051/0004-6361/202039585
https://doi.org/10.1051/0004-6361/202039585
https://doi.org/10.48550/arXiv.2010.01139
https://inspirehep.net/literature/1821438
https://doi.org/10.1103/PhysRevLett.127.151301
https://doi.org/10.48550/arXiv.2110.00483
https://inspirehep.net/literature/1938051

[61]
[62]
[63]
[64]

[65]

M. Tristram et al., Improved limits on the tensor-to-scalar ratio using BICEP and Planck data,
Phys. Rev. D 105 (2022) 083524 [arXiv:2112.07961] [INSPIRE].

G. Galloni et al., Updated constraints on amplitude and tilt of the tensor primordial spectrum,
JCAP 04 (2023) 062 [arXiv:2208.00188] [iNSPIRE].

PLANCK collaboration, Planck 2013 results. XVI. Cosmological parameters, Astron. Astrophys.
571 (2014) A16 [arXiv:1303.5076] [INSPIRE].

PLANCK collaboration, Planck 2015 results. XIII. Cosmological parameters, Astron. Astrophys.
594 (2016) A13 [arXiv:1502.01589] INSPIRE].

LIGO ScieNTIFIC and VIRGO collaborations, Upper Limits on the Stochastic
Gravitational-Wave Background from Advanced LIGO’s First Observing Run, Phys. Rev. Lett.
118 (2017) 121101 [Erratum ibid. 119 (2017) 029901] [arXiv:1612.02029] [INSPIRE].

KAGRA et al. collaborations, Search for anisotropic gravitational-wave backgrounds using data
from Advanced LIGO and Advanced Virgo’s first three observing runs, Phys. Rev. D 104 (2021)
022005 [arXiv:2103.08520] [INSPIRE].

KAGRA et al. collaborations, Upper limits on the isotropic gravitational-wave background from
Advanced LIGO and Advanced Virgo’s third observing run, Phys. Rev. D 104 (2021) 022004
[arXiv:2101.12130] [iNSPIRE].

S. Kanno, J. Soda and J. Tokuda, Noise and decoherence induced by gravitons, Phys. Rev. D
103 (2021) 044017 [arXiv:2007.09838] [INSPIRE].

A. Micheli and P. Peter, Quantum Cosmological Gravitational Waves?, in Handbook of
Quantum Gravity, Springer (2023), [DOI:10.1007/978-981-19-3079-9_10-1] [arXiv:2211.00182]
[INSPIRE].

R.N. Raveendran and S. Chakraborty, Distinguishing cosmological models through quantum
signatures of primordial perturbations, Gen. Rel. Grav. 56 (2024) 55 [arXiv:2302.02584]
[INSPIRE].

J. Martin, A. Micheli and V. Vennin, Comparing quantumness criteria, EPL 142 (2023) 18001
[arXiv:2211.10114] [INSPIRE].

B. Allen, E.E. Flanagan and M.A. Papa, Is the squeezing of relic gravitational waves produced
by inflation detectable?, Phys. Rev. D 61 (2000) 024024 [gr-qc/9906054] [INSPIRE].

S. Banerjee, Quantum Imprints on CMBR, Universe 9 (2023) 405 [INSPIRE].

M. Sharifian et al., Open quantum system approach to the gravitational decoherence of spin-1/2
particles, Phys. Rev. D 109 (2024) 043510 [arXiv:2309.07236] [INSPIRE].

M. Parikh, F. Wilczek and G. Zahariade, The Noise of Gravitons, Int. J. Mod. Phys. D 29
(2020) 2042001 [arXiv:2005.07211] [INSPIRE].

M. Parikh, F. Wilczek and G. Zahariade, Quantum Mechanics of Gravitational Waves, Phys.
Rev. Lett. 127 (2021) 081602 [arXiv:2010.08205] INSPIRE].

M. Parikh, F. Wilczek and G. Zahariade, Signatures of the quantization of gravity at
gravitational wave detectors, Phys. Rev. D 104 (2021) 046021 [arXiv:2010.08208] [INSPIRE].

B. Lamine, R. Hervé, A. Lambrecht and S. Reynaud, Ultimate Decoherence Border for
Matter-Wave Interferometry, Phys. Rev. Lett. 96 (2006) 050405 [quant-ph/0505074].

ET collaboration, Science Case for the Einstein Telescope, JCAP 03 (2020) 050
[arXiv:1912.02622] INSPIRE].

M. Branchesi et al., Science with the Finstein Telescope: a comparison of different designs,
JCAP 07 (2023) 068 [arXiv:2303.15923] [INSPIRE].

- 32 —


https://doi.org/10.1103/PhysRevD.105.083524
https://doi.org/10.48550/arXiv.2112.07961
https://inspirehep.net/literature/1991357
https://doi.org/10.1088/1475-7516/2023/04/062
https://doi.org/10.48550/arXiv.2208.00188
https://inspirehep.net/literature/2129615
https://doi.org/10.1051/0004-6361/201321591
https://doi.org/10.1051/0004-6361/201321591
https://doi.org/10.48550/arXiv.1303.5076
https://inspirehep.net/literature/1224741
https://doi.org/10.1051/0004-6361/201525830
https://doi.org/10.1051/0004-6361/201525830
https://doi.org/10.48550/arXiv.1502.01589
https://inspirehep.net/literature/1343079
https://doi.org/10.1103/PhysRevLett.118.121101
https://doi.org/10.1103/PhysRevLett.118.121101
https://doi.org/10.48550/arXiv.1612.02029
https://inspirehep.net/literature/1502061
https://doi.org/10.1103/PhysRevD.104.022005
https://doi.org/10.1103/PhysRevD.104.022005
https://doi.org/10.48550/arXiv.2103.08520
https://inspirehep.net/literature/1851731
https://doi.org/10.1103/PhysRevD.104.022004
https://doi.org/10.48550/arXiv.2101.12130
https://inspirehep.net/literature/1843263
https://doi.org/10.1103/PhysRevD.103.044017
https://doi.org/10.1103/PhysRevD.103.044017
https://doi.org/10.48550/arXiv.2007.09838
https://inspirehep.net/literature/1808010
https://doi.org/10.1007/978-981-19-3079-9_10-1
https://doi.org/10.48550/arXiv.2211.00182
https://inspirehep.net/literature/2174672
https://doi.org/10.1007/s10714-024-03242-8
https://doi.org/10.48550/arXiv.2302.02584
https://inspirehep.net/literature/2629955
https://doi.org/10.1209/0295-5075/acc3be
https://doi.org/10.48550/arXiv.2211.10114
https://inspirehep.net/literature/2512137
https://doi.org/10.1103/PhysRevD.61.024024
https://doi.org/10.48550/arXiv.gr-qc/9906054
https://inspirehep.net/literature/501789
https://doi.org/10.3390/universe9090405
https://inspirehep.net/literature/2694652
https://doi.org/10.1103/PhysRevD.109.043510
https://doi.org/10.48550/arXiv.2309.07236
https://inspirehep.net/literature/2697700
https://doi.org/10.1142/S0218271820420018
https://doi.org/10.1142/S0218271820420018
https://doi.org/10.48550/arXiv.2005.07211
https://inspirehep.net/literature/1796541
https://doi.org/10.1103/PhysRevLett.127.081602
https://doi.org/10.1103/PhysRevLett.127.081602
https://doi.org/10.48550/arXiv.2010.08205
https://inspirehep.net/literature/1823394
https://doi.org/10.1103/PhysRevD.104.046021
https://doi.org/10.48550/arXiv.2010.08208
https://inspirehep.net/literature/1823395
https://doi.org/10.1103/physrevlett.96.050405
https://doi.org/10.48550/arXiv.quant-ph/0505074
https://doi.org/10.1088/1475-7516/2020/03/050
https://doi.org/10.48550/arXiv.1912.02622
https://inspirehep.net/literature/1768678
https://doi.org/10.1088/1475-7516/2023/07/068
https://doi.org/10.48550/arXiv.2303.15923
https://inspirehep.net/literature/2646541

[81]
[82]
[83]
[84]
[85]

[86]

[87]

(3]

[91]

[92]

[99]

D. Reitze et al., Cosmic Explorer: The U.S. Contribution to Gravitational-Wave Astronomy
beyond LIGO, Bull. Am. Astron. Soc. 51 (2019) 35 [arXiv:1907.04833].

M. Evans et al., A Horizon Study for Cosmic Explorer: Science, Observatories, and
Community, arXiv:2109.09882 [INSPIRE].

LISA collaboration, New horizons for fundamental physics with LISA, Living Rev. Rel. 25
(2022) 4 [arXiv:2205.01597] [INSPIRE].

LISA CosMoLOGY WORKING GROUP collaboration, Cosmology with the Laser Interferometer
Space Antenna, Living Rev. Rel. 26 (2023) 5 [arXiv:2204.05434] [nSPIRE].

N. Bartolo et al., Science with the space-based interferometer LISA. IV: Probing inflation with
gravitational waves, JCAP 12 (2016) 026 [arXiv:1610.06481] [INSPIRE].

J.P.W. Verbiest, S. Ostowski and S. Burke-Spolaor, Pulsar Timing Array Ezperiments, in
Handbook of Gravitational Wave Astronomy, Springer (2021), p. 1-42
[DOI:10.1007/978-981-15-4702-7_4-1].

NANOGRAV collaboration, The NANOGrav 15 yr Data Set: Fvidence for a Gravitational-wave
Background, Astrophys. J. Lett. 951 (2023) L8 [arXiv:2306.16213] [INSPIRE].

EPTA collaboration, The second data release from the Furopean Pulsar Timing Array V.
Search for continuous gravitational wave signals, Astron. Astrophys. 690 (2024) A118
[arXiv:2306.16226] [INSPIRE].

D.J. Reardon et al., Search for an Isotropic Gravitational-wave Background with the Parkes
Pulsar Timing Array, Astrophys. J. Lett. 951 (2023) L6 [arXiv:2306.16215] [INSPIRE].

INTERNATIONAL PULSAR TIMING ARRAY collaboration, Comparing Recent Pulsar Timing
Array Results on the Nanohertz Stochastic Gravitational-wave Background, Astrophys. J. 966
(2024) 105 [arXiv:2309.00693] [INSPIRE].

H. Xu et al., Searching for the Nano-Hertz Stochastic Gravitational Wave Background with the
Chinese Pulsar Timing Array Data Release I, Res. Astron. Astrophys. 23 (2023) 075024
[arXiv:2306.16216] [NSPIRE].

H.-P. Breuer and F. Petruccione, Concepts and methods in the theory of open quantum systems,
in Irreversible Quantum Dynamics. Lecture Notes in Physics, Springer (2003), p. 65-79
[DOI:10.1007/3-540-44874-8_4] [quant-ph/0302047] [INSPIRE].

G. Lindblad, On the Generators of Quantum Dynamical Semigroups, Commun. Math. Phys. 48
(1976) 119 [arXiv:2202.06812] [INSPIRE].

V. Gorini, A. Kossakowski and E.C.G. Sudarshan, Completely Positive Dynamical Semigroups
of N Level Systems, J. Math. Phys. 17 (1976) 821 [INSPIRE].

S. Shandera, N. Agarwal and A. Kamal, Open quantum cosmological system, Phys. Rev. D 98
(2018) 083535 [arXiv:1708.00493] [INSPIRE].

P. Pearle, Simple derivation of the Lindblad equation, Eur. J. Phys. 33 (2012) 805
[arXiv:1204.2016].

C.A. Brasil, F.F. Fanchini and R.J. Napolitano, A simple derivation of the Lindblad equation,
Rev. Bras. Ensino Fis. 35 (2013) 01 [arXiv:1110.2122].

V.F. Mukhanov, H.A. Feldman and R.H. Brandenberger, Theory of cosmological perturbations.
Part 1. Classical perturbations. Part 2. Quantum theory of perturbations. Part 3. FExtensions,
Phys. Rept. 215 (1992) 203 [InSPIRE].

J.E. Lidsey et al., Reconstructing the inflation potential: An overview, Rev. Mod. Phys. 69
(1997) 373 [astro-ph/9508078] [INSPIRE].

— 33 —


https://doi.org/10.48550/arXiv.1907.04833
https://doi.org/10.48550/arXiv.2109.09882
https://inspirehep.net/literature/1925221
https://doi.org/10.1007/s41114-022-00036-9
https://doi.org/10.1007/s41114-022-00036-9
https://doi.org/10.48550/arXiv.2205.01597
https://inspirehep.net/literature/2076195
https://doi.org/10.1007/s41114-023-00045-2
https://doi.org/10.48550/arXiv.2204.05434
https://inspirehep.net/literature/2066207
https://doi.org/10.1088/1475-7516/2016/12/026
https://doi.org/10.48550/arXiv.1610.06481
https://inspirehep.net/literature/1492951
https://doi.org/10.1007/978-981-15-4702-7_4-1
https://doi.org/10.3847/2041-8213/acdac6
https://doi.org/10.48550/arXiv.2306.16213
https://inspirehep.net/literature/2672619
https://doi.org/10.1051/0004-6361/202348568
https://doi.org/10.48550/arXiv.2306.16226
https://inspirehep.net/literature/2672643
https://doi.org/10.3847/2041-8213/acdd02
https://doi.org/10.48550/arXiv.2306.16215
https://inspirehep.net/literature/2672611
https://doi.org/10.3847/1538-4357/ad36be
https://doi.org/10.3847/1538-4357/ad36be
https://doi.org/10.48550/arXiv.2309.00693
https://inspirehep.net/literature/2693511
https://doi.org/10.1088/1674-4527/acdfa5
https://doi.org/10.48550/arXiv.2306.16216
https://inspirehep.net/literature/2672606
https://doi.org/10.1007/3-540-44874-8_4
https://doi.org/10.48550/arXiv.quant-ph/0302047
https://inspirehep.net/literature/2154811
https://doi.org/10.1007/BF01608499
https://doi.org/10.1007/BF01608499
https://doi.org/10.48550/arXiv.2202.06812
https://inspirehep.net/literature/98305
https://doi.org/10.1063/1.522979
https://inspirehep.net/literature/2064
https://doi.org/10.1103/PhysRevD.98.083535
https://doi.org/10.1103/PhysRevD.98.083535
https://doi.org/10.48550/arXiv.1708.00493
https://inspirehep.net/literature/1614113
https://doi.org/10.1088/0143-0807/33/4/805
https://doi.org/10.48550/arXiv.1204.2016
https://doi.org/10.1590/s1806-11172013000100003
https://doi.org/10.48550/arXiv.1110.2122
https://doi.org/10.1016/0370-1573(92)90044-Z
https://inspirehep.net/literature/303063
https://doi.org/10.1103/RevModPhys.69.373
https://doi.org/10.1103/RevModPhys.69.373
https://doi.org/10.48550/arXiv.astro-ph/9508078
https://inspirehep.net/literature/398445

[100]

[101]

[102]
[103]
[104]
[105]

[106]

[107]

[108]

109

[110]

[111]

[112]

[113]

[114]

[115]
[116]
[117]

[118]

J.M. Maldacena, Non-Gaussian features of primordial fluctuations in single field inflationary
models, JHEP 05 (2003) 013 [astro-ph/0210603] [INSPIRE].

S. Brahma, A. Berera and J. Calderén-Figueroa, Quantum corrections to the primordial tensor
spectrum: open EFTs & Markovian decoupling of UV modes, JHEP 08 (2022) 225
[arXiv:2206.05797] [INSPIRE].

S. Ning, C.M. Sou and Y. Wang, On the decoherence of primordial gravitons, JHEP 06 (2023)
101 [arXiv:2305.08071] [INSPIRE].

C.P. Burgess et al., Cosmic purity lost: perturbative and resummed late-time inflationary
decoherence, JCAP 08 (2024) 042 [arXiv:2403.12240] [INSPIRE].

T.S. Bunch, Adiabatic reqularization for scalar fields with arbitrary coupling to the scalar
curvature, J. Phys. A 13 (1980) 1297 [nSPIRE].

T. Markkanen, Renormalization of the inflationary perturbations revisited, JCAP 05 (2018) 001
[arXiv:1712.02372] [INSPIRE].

NANOGRAV collaboration, The NANOGrav 12.5 yr Data Set: Search for an Isotropic
Stochastic Gravitational-wave Background, Astrophys. J. Lett. 905 (2020) L34
[arXiv:2009.04496] [INSPIRE].

LITEBIRD collaboration, Probing Cosmic Inflation with the Lite BIRD Cosmic Microwave
Background Polarization Survey, PTEP 2023 (2023) 042F01 [arXiv:2202.02773] [INSPIRE].

NANOGRAV collaboration, The NANOGrav 15 yr Data Set: Search for Signals from New
Physics, Astrophys. J. Lett. 951 (2023) L11 [Erratum ibid. 971 (2024) L27)
[arXiv:2306.16219] [INSPIRE].

D.G. Figueroa, M. Pieroni, A. Ricciardone and P. Simakachorn, Cosmological Background
Interpretation of Pulsar Timing Array Data, Phys. Rev. Lett. 132 (2024) 171002
[arXiv:2307.02399] [INSPIRE].

L. Bian et al., Gravitational wave sources for Pulsar Timing Arrays, arXiv:2307.02376.

D. Wang, Nowel Physics with International Pulsar Timing Array: Azionlike Particles, Domain
Walls and Cosmic Strings, arXiv:2203.10959 [INSPIRE].

M. Maggiore, Gravitational wave experiments and early universe cosmology, Phys. Rept. 331
(2000) 283 [gr-qc/9909001] [INSPIRE].

L.A. Boyle and A. Buonanno, Relating gravitational wave constraints from primordial
nucleosynthesis, pulsar timing, laser interferometers, and the CMB: Implications for the early
Universe, Phys. Rev. D 78 (2008) 043531 [arXiv:0708.2279] [INSPIRE].

P.D. Meerburg, R. Hlozek, B. Hadzhiyska and J. Meyers, Multiwavelength constraints on the
inflationary consistency relation, Phys. Rev. D 91 (2015) 103505 [arXiv:1502.00302]
[INSPIRE].

G. Cabass et al., Updated Constraints and Forecasts on Primordial Tensor Modes, Phys. Rev. D
93 (2016) 063508 [arXiv:1511.05146] [INSPIRE].

T. Guerreiro et al., Quantum signatures in nonlinear gravitational waves, Quantum 6 (2022)
879 [arXiv:2111.01779] [INSPIRE].

N. Aggarwal et al., Challenges and opportunities of gravitational-wave searches at MHz to GHz
frequencies, Living Rev. Rel. 24 (2021) 4 [arXiv:2011.12414] InSPIRE].

S. Kanno and J. Soda, Detecting nonclassical primordial gravitational waves with
Hanbury-Brown—Twiss interferometry, Phys. Rev. D 99 (2019) 084010 [arXiv:1810.07604]
[INSPIRE].

— 34 —


https://doi.org/10.1088/1126-6708/2003/05/013
https://doi.org/10.48550/arXiv.astro-ph/0210603
https://inspirehep.net/literature/600699
https://doi.org/10.1007/JHEP08(2022)225
https://doi.org/10.48550/arXiv.2206.05797
https://inspirehep.net/literature/2094985
https://doi.org/10.1007/JHEP06(2023)101
https://doi.org/10.1007/JHEP06(2023)101
https://doi.org/10.48550/arXiv.2305.08071
https://inspirehep.net/literature/2659768
https://doi.org/10.1088/1475-7516/2024/08/042
https://doi.org/10.48550/arXiv.2403.12240
https://inspirehep.net/literature/2769964
https://doi.org/10.1088/0305-4470/13/4/022
https://inspirehep.net/literature/157575
https://doi.org/10.1088/1475-7516/2018/05/001
https://doi.org/10.48550/arXiv.1712.02372
https://inspirehep.net/literature/1641716
https://doi.org/10.3847/2041-8213/abd401
https://doi.org/10.48550/arXiv.2009.04496
https://inspirehep.net/literature/1816057
https://doi.org/10.1093/ptep/ptac150
https://doi.org/10.48550/arXiv.2202.02773
https://inspirehep.net/literature/2029403
https://doi.org/10.3847/2041-8213/acdc91
https://doi.org/10.48550/arXiv.2306.16219
https://inspirehep.net/literature/2672657
https://doi.org/10.1103/PhysRevLett.132.171002
https://doi.org/10.48550/arXiv.2307.02399
https://inspirehep.net/literature/2674467
https://doi.org/10.48550/arXiv.2307.02376
https://doi.org/10.48550/arXiv.2203.10959
https://inspirehep.net/literature/2055720
https://doi.org/10.1016/S0370-1573(99)00102-7
https://doi.org/10.1016/S0370-1573(99)00102-7
https://doi.org/10.48550/arXiv.gr-qc/9909001
https://inspirehep.net/literature/506400
https://doi.org/10.1103/PhysRevD.78.043531
https://doi.org/10.48550/arXiv.0708.2279
https://inspirehep.net/literature/758496
https://doi.org/10.1103/PhysRevD.91.103505
https://doi.org/10.48550/arXiv.1502.00302
https://inspirehep.net/literature/1342405
https://doi.org/10.1103/PhysRevD.93.063508
https://doi.org/10.1103/PhysRevD.93.063508
https://doi.org/10.48550/arXiv.1511.05146
https://inspirehep.net/literature/1405049
https://doi.org/10.22331/q-2022-12-19-879
https://doi.org/10.22331/q-2022-12-19-879
https://doi.org/10.48550/arXiv.2111.01779
https://inspirehep.net/literature/1958922
https://doi.org/10.1007/s41114-021-00032-5
https://doi.org/10.48550/arXiv.2011.12414
https://inspirehep.net/literature/1832786
https://doi.org/10.1103/PhysRevD.99.084010
https://doi.org/10.48550/arXiv.1810.07604
https://inspirehep.net/literature/1699032

[119]
[120]
[121]
[122]
[123]

[124]

[125]
[126]

[127]

[128]

[129]

[130]

[131]
[132]
[133]

[134]

[135]

S. Kanno, Nonclassical primordial gravitational waves from the initial entangled state, Phys.
Rev. D 100 (2019) 123536 [arXiv:1905.06800] [INSPIRE].

P. Tejerina-Pérez, D. Bertacca and R. Jimenez, An Entangled Universe, arXiv:2403.15742
[INSPIRE].

J. Martin, A. Micheli and V. Vennin, Comparing quantumness criteria, EPL 142 (2023) 18001
[arXiv:2211.10114] [INSPIRE].

N. Bartolo et al., Science with the space-based interferometer LISA. IV: Probing inflation with
gravitational waves, JCAP 12 (2016) 026 [arXiv:1610.06481] [INSPIRE].

E. Barausse et al., Prospects for Fundamental Physics with LISA, Gen. Rel. Grav. 52 (2020) 81
[arXiv:2001.09793] [INSPIRE].

K. Yagi and N. Seto, Detector configuration of DECIGO/BBO and identification of
cosmological neutron-star binaries, Phys. Rev. D 83 (2011) 044011 [Erratum ibid. 95 (2017)
109901] [arXiv:1101.3940] [INSPIRE].

S. Kawamura et al., The Japanese space gravitational wave antenna: DECIGO, Class. Quant.
Grav. 28 (2011) 094011 [INSPIRE].

V. Corbin and N.J. Cornish, Detecting the cosmic gravitational wave background with the big
bang observer, Class. Quant. Grav. 23 (2006) 2435 [gr-qc/0512039] [INSPIRE].

B. Bahr-Kalus, D. Parkinson and R. Easther, Constraining cosmic inflation with observations:
Prospects for 2030, Mon. Not. Roy. Astron. Soc. 520 (2023) 2405 [arXiv:2212.04115]
[INSPIRE].

SIMONS OBSERVATORY collaboration, The Simons Observatory: Science goals and forecasts,
JCAP 02 (2019) 056 [arXiv:1808.07445] [INSPIRE].

LiTeEBIRD collaboration, LiteBIRD: JAXA’s new strategic L-class mission for all-sky surveys
of cosmic microwave background polarization, Proc. SPIE Int. Soc. Opt. Eng. 11443 (2020)
114432F [arXiv:2101.12449] [NSPIRE].

LITEBIRD collaboration, LiteBIRD science goals and forecasts: improving sensitivity to
inflationary gravitational waves with multitracer delensing, JCAP 06 (2024) 010
[arXiv:2312.05194] [INSPIRE].

CMB-54 collaboration, CMB-S): Forecasting Constraints on Primordial Gravitational Waves,
Astrophys. J. 926 (2022) 54 [arXiv:2008.12619] [INSPIRE].

N. Bartolo et al., Science with the space-based interferometer LISA. IV: Probing inflation with
gravitational waves, JCAP 12 (2016) 026 [arXiv:1610.06481] [INSPIRE].

C. Caprini and D.G. Figueroa, Cosmological Backgrounds of Gravitational Waves, Class. Quant.
Grav. 35 (2018) 163001 [arXiv:1801.04268] [INSPIRE].

T.L. Smith and R. Caldwell, Sensitivity to a Frequency-Dependent Circular Polarization in an
Isotropic Stochastic Gravitational Wave Background, Phys. Rev. D 95 (2017) 044036
[arXiv:1609.05901] [INSPIRE].

B. Thorne et al., Finding the chiral gravitational wave background of an axion-SU(2)
inflationary model using CMB observations and laser interferometers, Phys. Rev. D 97 (2018)
043506 [arXiv:1707.03240] [INSPIRE].

,35,


https://doi.org/10.1103/PhysRevD.100.123536
https://doi.org/10.1103/PhysRevD.100.123536
https://doi.org/10.48550/arXiv.1905.06800
https://inspirehep.net/literature/1735248
https://doi.org/10.48550/arXiv.2403.15742
https://inspirehep.net/literature/2771413
https://doi.org/10.1209/0295-5075/acc3be
https://doi.org/10.48550/arXiv.2211.10114
https://inspirehep.net/literature/2512137
https://doi.org/10.1088/1475-7516/2016/12/026
https://doi.org/10.48550/arXiv.1610.06481
https://inspirehep.net/literature/1492951
https://doi.org/10.1007/s10714-020-02691-1
https://doi.org/10.48550/arXiv.2001.09793
https://inspirehep.net/literature/1777475
https://doi.org/10.1103/PhysRevD.83.044011
https://doi.org/10.48550/arXiv.1101.3940
https://inspirehep.net/literature/884842
https://doi.org/10.1088/0264-9381/28/9/094011
https://doi.org/10.1088/0264-9381/28/9/094011
https://inspirehep.net/literature/900259
https://doi.org/10.1088/0264-9381/23/7/014
https://doi.org/10.48550/arXiv.gr-qc/0512039
https://inspirehep.net/literature/699718
https://doi.org/10.1093/mnras/stad092
https://doi.org/10.48550/arXiv.2212.04115
https://inspirehep.net/literature/2612994
https://doi.org/10.1088/1475-7516/2019/02/056
https://doi.org/10.48550/arXiv.1808.07445
https://inspirehep.net/literature/1689432
https://doi.org/10.1117/12.2563050
https://doi.org/10.1117/12.2563050
https://doi.org/10.48550/arXiv.2101.12449
https://inspirehep.net/literature/1843948
https://doi.org/10.1088/1475-7516/2024/06/010
https://doi.org/10.48550/arXiv.2312.05194
https://inspirehep.net/literature/2734225
https://doi.org/10.3847/1538-4357/ac1596
https://doi.org/10.48550/arXiv.2008.12619
https://inspirehep.net/literature/1813863
https://doi.org/10.1088/1475-7516/2016/12/026
https://doi.org/10.48550/arXiv.1610.06481
https://inspirehep.net/literature/1492951
https://doi.org/10.1088/1361-6382/aac608
https://doi.org/10.1088/1361-6382/aac608
https://doi.org/10.48550/arXiv.1801.04268
https://inspirehep.net/literature/1647939
https://doi.org/10.1103/PhysRevD.95.044036
https://doi.org/10.48550/arXiv.1609.05901
https://inspirehep.net/literature/1487403
https://doi.org/10.1103/PhysRevD.97.043506
https://doi.org/10.1103/PhysRevD.97.043506
https://doi.org/10.48550/arXiv.1707.03240
https://inspirehep.net/literature/1609428

	Introduction
	Master equation
	Lindblad equation
	Tensor perturbations

	Power spectrum of primordial gravitational waves
	Two-point correlation functions
	Computation of the source function
	Power spectrum

	Constraints on the interaction strength
	Observational constraints
	Decoherence process
	Quantum signatures
	Future detectors

	Conclusions
	Computation of the source function
	Another contribution
	Polarization of gravitational waves

